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Post-traumatic stress disorder (PTSD) afflicts approximately 8% of the United States
population and represents a significant public health burden, but the underlying neural
mechanisms of this and other anxiety- and stressor-related disorders are largely
unknown. Within the last few decades, several preclinical models of PSTD have been
developed to help elucidate the mechanisms underlying dysregulated fear states. One
brain area that has emerged as a critical mediator of stress-related behavioral processing
in both clinical and laboratory settings is the bed nucleus of the stria terminalis (BNST).
The BNST is interconnected with essential emotional processing regions, including
prefrontal cortex, hippocampus and amygdala. It is activated by stressor exposure and
undergoes neurochemical and morphological alterations as a result of stressor exposure.
Stress-related neuro-peptides including corticotropin-releasing factor (CRF) and pituitary
adenylate cyclase activating peptide (PACAP) are also abundant in the BNST, further
implicating an involvement of BNST in stress responses. Behaviorally, the BNST is critical
for acquisition and expression of fear and is well positioned to regulate fear relapse after
periods of extinction. Here, we consider the role of the BNST in stress and memory
processes in the context of preclinical models of PTSD.
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INTRODUCTION

Stress-related disorders, such as post-traumatic stress disorder (PTSD), are among the most
debilitating neuropsychopathologies in the world. PTSD is nonexclusive and can affect individuals
either directly or indirectly exposed to actual or perceived life-threatening events (Herman, 1992;
Nievergelt et al., 2018). According to the National Institute of Mental Health (NIMH), an estimated
31% of United States adults experience symptoms of an anxiety disorder at some point in their
lives (Kessler et al., 1995, 2004, 2005, 2009; Merikangas et al., 2010), and approximately 8% of
Americans have PTSD at any given time (PTSD Statistics, 2018). With increasing costs associated
with diagnosis, treatment (and sometimes even misdiagnosis and under treatment), lost work
productivity, and high comorbidity rates with addiction disorders, anxiety-related disorders cost
the US as much as $42.3 billion annually (PTSD Statistics, 2018).

Despite the continued economic and social burden of stress-related disorders, the molecular
mechanisms underlying PTSD and other stress- and anxiety-related disorders are just now
being thoroughly investigated (Insel et al., 2010; Cuthbert and Insel, 2013; Cuthbert, 2014;
Insel, 2014), although common symptoms of these debilitating conditions are well known and
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include conditioned fear responses (Maren and Quirk, 2004;
Todd et al., 2014; Giustino andMaren, 2015; Maren and Holmes,
2016; Maren, 2017; Trask et al., 2017; Ressler and Maren, 2019;
Trask and Bouton, 2018). Once acquired, fear memories may
span years or even decades in humans and contribute to the
maintenance of fear and anxiety disorders like PTSD. Hence,
there has been a considerable effort in the past several years
to understand the neural mechanisms underlying acquisition
of fear responses in animal models (Goode and Maren, 2017),
particularly in regions associated with behavioral responses
to stressor exposure. However, developing pre-clinical animal
behavioral models to research the causes of anxiety disorders
in the laboratory is challenging. Often, rodents are evaluated
based on whether their behavioral changes following stressor
exposure match a PTSD phenotype in humans after trauma
(despite differences in motivation, emotion, and cognition
between rodents and humans; for review, see Lezak et al., 2017),
and whether these changes can be attenuated by medications
used to treat stress-related disorders. Using this approach, early
studies identified several brain regions, including the bed nucleus
of the stria terminalis (BNST) and the amygdala, that are
highly involved in mediating PTSD-like behaviors in rodents.
Although these regions are in close proximity anatomically, they
each make unique contributions to PTSD-associated behavioral
phenotypes. Hence, we begin this review by discussing the
differences between amygdala and BNST as they relate to
PTSD. In subsequent sections, we address the role of the BNST
in the stress response and identify neuropeptides that drive
fear behavior. Finally, we consider current animal models of
PTSD, critically review the specific involvement of BNST in
each, and discuss the neural mechanisms driving behavioral
manifestations of fear-related pathologies like PTSD. Based on
these ideas, and a growing literature in BNST research, we
suggest a critical role of BNST in PTSD-related behaviors and
recommend continued research to explain how neural circuits
involved in stress processing become dysregulated, and stay
dysregulated, in response to trauma.

Differentiating the BNST and Amygdala
Anatomical Distinctions
The BNST is a limbic system structure widely implicated
in mediating behavioral responses to anxiety and stressor
exposure (Walker et al., 2003; Choi et al., 2007; Hammack
et al., 2009; Kocho-Schellenberg et al., 2014; Lezak et al.,
2014a,b; Miles et al., 2018). It has been linked to anxiety
and stress in both clinical and laboratory settings (Walker
et al., 2003; Avery et al., 2016), and is subject to long-term
physiological alterations after stressor exposure (Dumont et al.,
2008) that enhance BNST function and mediate stress-related
behaviors. The rodent BNST lies just dorsal to the neighboring
amygdala and shares similar morphology. Although often
grouped together as the ‘‘extended amygdala,’’ this term
can be misleading, as studies have uncovered unique roles
for each region in behavior that depend on their different
projections, neuropeptides, and functional output. While a
discussion of the multiple sub-regions and cell types associated
with the BNST and amygdala are beyond the scope of this

review, it is important to note the heterogeneity throughout
each structure, as different regions and cell types may be
activated in response to one stressor, for example, but not
another (see Lebow and Chen, 2016). In short, BNST is
often divided into anterior and posterior divisions that can
be further categorized into distinct sub-regions including the
well-recognized anterolateral, oval, and dorsomedial regions,
among others. A heavy presence of androgen receptors,
GABA receptors, adrenergic receptors, vesicular glutamate
transporter 3 (VGLUT3) and PAC1 receptors are found
in the anterior BNST, while posterior BNST also includes
glutamate receptors and kainate receptors. Neuropeptide density
also differs regionally: corticotropin releasing factor (CRF),
dynorphin, enkephalin, pituitary adenylate cyclase activating
peptide (PACAP), somatostatin, and neuropeptide Y (NPY)
are all highly expressed in regions of the anterior BNST;
glutamate, glutamate decarboxylase, and cholecystokinin, in
contrast, have higher densities in the posterior BNST (see Lebow
and Chen, 2016). Efferent projections both within the BNST
and to surrounding regions [including amygdala, hypothalamus,
ventral tegmental area (VTA), and lateral septum] help relay
emotion-related information, whereas afferent projections [from
frontal cortex, locus coeruleus (LC), ventral subiculum, VTA,
amygdala, and even olfactory bulb] help integrate information
about emotion.

The anatomy of the amygdala has also been reviewed
elsewhere, but it includes the basolateral amygdala (which
further subdivides into lateral and basal divisions, appropriately),
the central amygdala (CeA; subdivided into lateral and
medial components), and medial amygdala (Eleftheriou, 2013).
Neuronal diversity in the amygdala is similar to the BNST: BLA
contains glutamatergic neurons that serve to integrate and relay
information between prefrontal cortex and hippocampus, among
other regions, as well as GABAergic interneurons that gate
information flow within the amygdala (Ramikie and Patel, 2012).
The CeA, in turn, contains GABAergic neurons that integrate
excitatory information from surrounding regions and project to
the hypothalamus and BNST as well as downstream targets in
the brainstem. Hence, the BLA serves as a sensory interface to the
amygdala that directs the CeA to coordinate behavioral responses
to biologically significant events.

BNST vs. Amygdala in Behavior Regulation
Although the BNST and amygdala are neuroanatomically
distinct, they often communicate through CRF-containing
projections: the BNST transmits information about stress-
state through CRF projections to the amygdala, which then
gets transmitted to hypothalamic-pituitary-adrenal (HPA) axis
(Walker et al., 2003) neurons to stimulate the stress response
system. Stress responses are generally protective short-term
(Selye, 1955; Gold, 2015), but chronic stressor exposure results in
many deleterious physiological and neuropsychological changes
including increased risk for psychiatric disease (Vale, 2005;
Pittenger and Duman, 2008; Gold, 2015). Upon stressor
exposure, several stress response systems are activated, including
the HPA axis and the sympathetic nervous system (SNS), as
well as neural circuits important for emotional behavior such

Frontiers in Behavioral Neuroscience | www.frontiersin.org 2 April 2019 | Volume 13 | Article 68

https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


Miles and Maren BNST in PTSD: Preclinical Models

as fear and anxiety. Brain areas involved in regulating these
physiological and emotional processes, such as the BNST and
amygdala, undergo neurochemical and morphological changes
following stressor exposure; these changes may underlie several
mental health disorders (including PTSD and depression, among
others; Hammack et al., 2010, 2012; Maren and Holmes, 2016).

An effort to delineate the behavioral responses dependent
on BNST activity has been ongoing since Davis and colleagues
initially argued that the BNST mediates a delayed response
system following stressor exposure (in which the stress response
system becomes activated sometime after stressor exposure
rather than in direct response to a footshock, for example—akin,
perhaps, to human states of anxiety; Walker et al., 2003; Davis
et al., 2010). Notably, these early studies showed that lesions
to CeA attenuated conditioned fear responses, but did not
affect anxiety-like responses; in contrast, BNST lesions lessened
anxiety-like responses, but not fear responses (Walker and Davis,
1997; Walker et al., 2003), illustrating an important distinction
between the BNST and amygdala. Since then, several additional
studies have suggested a purely temporal role of the BNST
in fear learning (Davis et al., 2010; Hammack et al., 2015;
Goode et al., 2018) although the BNST also acts in response
to contextual cue reminders of perceived (i.e., sustained; not
immediate) threat. Amygdala activation, however, seems critical
to the immediate threat. Human and animal studies corroborate
this idea (Hammack et al., 2010; Alvarez et al., 2015; Fox
et al., 2015). A functional magnetic resonance imaging (fMRI)
study of humans with phobias found increased BNST (and not
amygdala) activation in response to an image of phobia-related
objects (Straube et al., 2007), but dual activation of BNST and
amygdala in response to current phobia-related challenges. In
rodents, local infusion of AMPA-receptor antagonist NBQX
into BNST decreased fear-potentiated startle but had no effect
when infused into amygdala, indicating a selective mediation of
sustained fear responses by the former (for review, see Davis
et al., 2010). Hence, BNST appears to mediate trepidation while
amygdala comes on board only in the threat of imminent danger
(Goode and Maren, 2017).

BNST vs. Amygdala in Pavlovian Fear Conditioning
The general distinction between BNST and amygdala has been
carried over to the fear-conditioning realm. Both structures
have been widely implicated in the dysregulated stress response
observed in psychiatric patients, but the BNST, in particular,
has provided insight on fear memory neural circuitry that
may underlie PTSD. Indeed, Pavlovian fear conditioning,
where laboratory animals associate an aversive event (the
unconditioned stimulus, or US; i.e., a footshock) with a cue that
predicts the event (the conditioned stimulus, or CS; i.e., a tone),
is believed to mediate fear learning associated with PTSD.
The acquisition, expression, extinction and relapse of fear
memories is perhaps the most common symptom of PTSD
and often manifests as behavioral responses to trauma-related
cues. Studying the learning mechanisms associated with fear
memories is critical to understanding the neural circuitry behind
the development, maintenance, and subsequent treatment of
PTSD. However, BNST circuits become activated in response to

limited stimulus modalities. The status of a CS as a contextual
stimulus does not appear to rely on BNST activity (although
Zimmerman and Maren demonstrated that BNST inactivation
blocks freezing to a conditioning context, but not a CS,
suggesting that BNST activation plays a role in the expression
of contextual fear; Zimmerman and Maren, 2011; Hammack
et al., 2015). In contrast, long-duration stimuli (and not short)
does involve BNST (Waddell et al., 2006; Hammack et al.,
2015). Furthermore, BNST activation does not appear to become
more or less prevalent depending on how long a stressor may
be presented (Walker et al., 2009; Hammack et al., 2015).
BNST circuits may also process ambiguous threat signals: BNST
inactivation reversed freezing to a backward CS (ambiguous
signal for shock onset that occurs after shock) but did not
affect freezing in response to CS’s that preceded shock exposure
(Goode et al., 2018). Research on stress-network contributions
has further informed this debate: ultra-high-field magnetic
resonance imaging studies observed CeA and BNST responses
to sustained threat and demonstrated decreases in intrinsic
functional connectivity to regions including ventral medial PFC
(Torrisi et al., 2018). Indeed, the role of vmPFC in human
emotion regulation has been well studied (Dickie et al., 2008;
Rougemont-Bücking et al., 2011; Bisson et al., 2013; Garfinkel
et al., 2014), and if vmPFC drives BNST activity, activation
of behavioral and physiological components of PTSD-like
symptoms may occur. Further research should explore the direct
connections between BNST, amygdala, and surrounding regions
to identify involvement in the multiple stages of Pavlovian
fear conditioning. Understanding these connections and how
dysregulated neural circuitry drives trauma-related behaviors
will become critical in developing new therapies.

BNST NEUROPEPTIDES INVOLVED IN
PTSD

The heterogeneity of the BNST, and the neuropeptides present
within its nuclei suggests that the regulation of BNST activity is
complex. The BNST is thought to aid communication between
limbic system structures and emotional processing systems,
insofar as it projects to and receives projections from areas
responsible for both emotional and physiological responses to
a stressor. As such, the BNST may have a prominent role in
mediating stress disorders (i.e., PTSD; Hammack et al., 2010;
Roman et al., 2014; Hammack and May, 2015). Furthermore,
the BNST may not only be activated by stressor exposure but
may undergo physical alterations as a result of stressor exposure
(Lezak et al., 2014a); BNST neurochemistry and morphology
is altered with repeated exposure to stress. In a study of
unpredictable stress in rats, several researchers observed an
increase in BNST volume and behavioral manifestations of
stress after 28 days of chronic stressor exposure (McEwen and
Chattarji, 2007). Hence, the BNST appears well suited to mediate
stress-related behavior.

Corticotropin Releasing Factor
CRF is widely regarded as a key regulator of the stress responses
system (Bale and Vale, 2004; Slominski et al., 2013) as CRF
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and its cognate receptors, CRFR1 and CRFR2, are abundant in
stress-related brain regions including BNST. CRF also initiates
HPA axis activation by binding to CRFR1 receptors in the
anterior pituitary after stressor exposure (Tsigos and Chrousos,
2002; Bale and Vale, 2004), which suggests CRF activation may
mediate behavioral and physiological stress responses related
to PTSD. The BNST oval nucleus, in addition to containing
its own CRF, also receives CRF inputs from the CeA, BLA,
parabrachial nucleus (PBn), hippocampus, and medial prefrontal
cortex (mPFC), and contains CRF afferents to regions of
the hypothalamus (i.e., paraventricular nucleus), limbic system
structures and brainstem nuclei that mediate emotional behavior
(Crestani et al., 2013).

Perhaps not surprisingly, CRF receptor expression
is correlated with stress- and PTSD-related behavior:
CRFR1 expression increases after stressor exposure in BNST,
while CRFR2 expression decreases in certain sub-regions of
BNST (Elharrar et al., 2013). As CRFR1 antagonists can block
the effects of stressor exposure, it is thought that stress effects are
mediated by CRFR1 (Binder and Nemeroff, 2010). In support
of this, CRFR1 knockout mice exhibit decreased anxiety-like
behavior (Timpl et al., 1998). However, CRFR2 receptors
appear to mediate sustained fear and actually attenuate stress
responses after the threat has passed (Bale and Vale, 2004).
Mice with PTSD-like symptoms also show increased levels
of BNST CRFR2 mRNA levels, and lentiviral knockdown of
CRFR2 attenuates anxiety-like behavior (Lebow et al., 2012).
Indeed, CRFR2 activation may recruit ‘‘coping genes’’ and
reduce PTSD symptoms (Lebow and Chen, 2016). Hence,
an important role of CRF receptors has been implicated in
stress- and anxiety-related behaviors. In the clinical realm, it is
interesting to note that CRF antagonists have been developed to
treat stress-related illnesses, but have thus far been unsuccessful
in treating behavioral disparities related to the disorder
(Zorrilla and Koob, 2010).

Research on behavioral stress responses, such as contextual
fear conditioning, has also been shown to increase CRF
mRNA in dorsal regions of the BNST (Shalev et al., 2001;
Davis et al., 2010). Recently, Pomrenze et al. (2019) showed
a distinct CRF-mediated CeA to BNST circuit related to the
generation of anxiety-like behaviors in rodents. Stress has
also been shown to increase Fos expression (indicative of
neuronal activity; Lin et al., 2018) that can be reduced by CNO
activation of Gi-coupled DREADDs in PBN regulating BNST
CRF neurons (Fetterly et al., 2019), further implicating BNST
CRF neurons in response to stressor exposure. Optogenetic
activation of CRFR2 neurons has also been shown to decrease
anxiety and reduce PTSD-like symptoms in rodents (Henckens
et al., 2017), suggesting the importance of CRF receptors in
modulating behavioral outputs associated with stressor exposure.
Furthermore, lateral hypothalamus-BNST circuits mediating
emotional states, such as PTSD-related anxiety, depends on
CRF activation (Giardino et al., 2018). Several researchers have
observed increases in CRF following chronic variable stress
paradigms in the dorsal lateral aspect of BNST—changes that
are linked to an increase in anxiety-like behavior (Lee and
Davis, 1997; Schulkin et al., 1998) and subsequent PTSD-like

behaviors. Additionally, the amygdala is a major source of CRF
afferents to the LC that modulate noradrenergic (NE) activity,
and NE afferents directly innervate CRF-containing amygdala
neurons (Kravets et al., 2015). Indeed, hyperarousal is mediated
by NE BNST projections (Forray and Gysling, 2004), and is
a common symptom of PTSD in humans. Hence, if CRF is
downstream of stress-activated norepinephrine, integration may
occur in the BNST. In support of these findings, patients
exhibiting symptoms of PTSD in a clinical setting (Arató et al.,
1989; Nemeroff et al., 1991; Baker et al., 1999; Ressler et al.,
2011) have higher levels of CRF in their system compared to
healthy controls. Depressed individuals also have heightened
levels of CRF mRNA in BNST and amygdala (Merali et al.,
2006) which, given the high levels of comorbidity between
PTSD and depression (Kessler et al., 1995; Flory and Yehuda,
2015), further implicates CRF as a critical component of
PTSD symptomology. Notably, using animal models, Dunn
and Berridge (1987) showed that central CRF administration
produces the same physiological effects as those associated with
stressor exposure: increased heart rate, increased anhedonia
and anorexic-like behaviors (Dunn and File, 1987), low sex
drive (Dunn and Berridge, 1990), and reduced social interaction
(Dunn and File, 1987). Hence, CRF activity regulates stress- and
PTSD-related behavior.

Pituitary Adenylate Cyclase Activating
Peptide
PACAP has recently been implicated as a key regulator of
peptide signaling in stress-related brain regions (Stroth et al.,
2011; Hammack and May, 2015), and patients with PTSD show
dysregulated PACAP activity that correlates with the severity
of the disorder (Hashimoto et al., 2011, 2016; Ressler et al.,
2011). A neurotrophic factor, PACAP promotes cell survival
of multiple neuron types including progenitor cells, dorsal
root ganglion cells, cerebellar granule cells, and peripheral
sympathetic neurons (Stroth et al., 2011). Importantly, PACAP
has been shown to increase cell survival in response to stressor
exposure (Stroth et al., 2013), and regulates CRF via upstream
activation in several stress-related regions to modulate CRF
release and subsequent HPA axis activation (Gray and Cline,
2019). PACAP and its cognate G-protein coupled receptor,
PAC1, are highly expressed in areas that project to the HPA
axis, including the PVN where PACAP is heavily co-localized
with CRF neurons (Hannibal et al., 1995). Furthermore,
CRF transcription is increased in response to PACAP in
hypothalamic cells (Stroth et al., 2011). Intracerebroventricular
administration of PACAP has also increased CRF mRNA in
PVN (Hashimoto et al., 2010), and PACAP-immunoreactive
fibers form synapses in close proximity to CRF-expressing
neurons in the PVN and BNST (Sherwood et al., 2000;
Missig et al., 2014, 2017; Roman et al., 2014) suggesting
PACAP may regulate neuroendocrine and behavioral responses
to stressor exposure via CRF-dependent mechanisms. Indeed,
PACAP null mice exhibit long-term HPA axis activation in
response to chronic stressors, a finding that supports PACAP’s
role in regulating the HPA axis during stressor exposure
(Vaudry et al., 2005; Hammack et al., 2010). PACAP-deficient
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mice also exhibit lower CRF peptide content in PVN and
subsequently demonstrate attenuated stress-hormone release
after stressor exposure (Stroth and Eiden, 2010), indicating
upstream activation of CRF activity by PACAP neurons.
Hence, PACAP is involved in the regulation of PVN CRF
neurons that activate HPA axis activity and subsequent stress
response systems.

Recently, researchers observed that intra-BNST infusion
of PACAP mimics behavioral and physiological responses
to stressor exposure (Hammack et al., 2009; Miles et al.,
2018). For example, when exposed to a 7-day chronic variable
stress paradigm, rats exhibit anxiety- and stress-like behaviors
that correspond with a significant increase in PACAP and
PAC1 receptors in the BNST. Bilateral intra-BNST infusion
of PACAP on its own is also sufficient to cause these same
stress-related behaviors (Kocho-Schellenberg et al., 2014; Lezak
et al., 2014a,b; Roman et al., 2014). Indeed, PACAP infusions
mimic chronic stress-related responses by increasing startle and
anxiety-like behavior on the elevated plus maze (i.e., rodents
spend more time in the closed arm, indicative of anxiety), and
elevating circulating corticosterone levels (Hammack et al., 2009;
Stroth et al., 2011; Kocho-Schellenberg et al., 2014; Lezak et al.,
2014a,b; Roman et al., 2014; King et al., 2017b). Additionally,
the bilateral intra-BNST infusion of a PAC1 receptor antagonist
reduced stress-induced consequences of repeated variable stress,
suggesting that BNST PACAP is necessary for the stress
responses observed (Roman et al., 2014). Combined, these data
implicate PACAP as an important regulator of stress-related
pathologies (Hammack et al., 2012) including PTSD.

Neuropeptide Y
Translational research also points to the NPY system as a critical
mediator of stress responses. Although NPY is expressed widely
throughout the brain, mRNA and peptide content have been
observed specifically in the BNST. Interestingly, the heightened
expression in this region may be due to axons from NPY
interneurons synapsing in BNST rather than local expression
among BNST neurons themselves (Kash et al., 2015), although
NPY receptors also densely populate the BNST, which lends
support to its label as an ‘‘anti-stress’’ peptide. Indeed, NPY
exhibits anxiolytic properties (Sajdyk et al., 2004; Reichmann and
Holzer, 2016), perhaps due to its heightened presence between
the hypothalamic arcuate nucleus (a major source of NPY), the
PVN (the major source of CRF; Reichmann and Holzer, 2016),
and the BNST. NPY also innervates the BNST and facilitates
afferent cellular and circuit-based activity within limbic system
structures including the amygdala.

Few studies have observed the direct effects of BNST NPY
manipulations and behavioral output as it relates to PTSD,
although chronic restraint stress (discussed in detail below)
has been shown to increase NPY expression in BNST in
mice susceptible to stress-effects (DBA/2J mice; Pleil et al.,
2012, 2015), suggesting an involvement in NPY activity after
stressor exposure. Appropriately, rodents exposed to chronic
variable stress also show reduced NPY levels in BNST and
amygdala (Kautz et al., 2017). Intranasal administration of NPY
prior to Single Prolonged Stress (SPS) attenuated PTSD-like

behavior in rats (Serova et al., 2013) and reversed PTSD-like
behavior when administered after stressor exposure (Serova
et al., 2014). Human patients with PTSD exhibit consistent
alterations in peripheral levels of NPY (Rasmusson et al.,
2000) and combat veterans with a diagnosis of PTSD had
significantly lower levels of cerebrospinal fluid NPY than
combat-experienced controls who did not develop PTSD-like
symptoms (Sah et al., 2014). Hence, NPY involvement has been
implicated in stress- and PTSD-related behaviors (Pleil et al.,
2015), but more research is needed to determine BNSTs role in
this activity.

Cortisol/Corticosterone
A steroid hormone produced by the adrenal glands, cortisol
(in humans; corticosterone in rodents) is known to be heavily
involved in stress response systems. Although cortisol travels
through the blood stream, receptors for cortisol are present
on almost every bodily cell, facilitating vastly different effects
depending on the location of peptide-receptor binding. The
secretion of cortisol is controlledmainly by activation of the HPA
axis through PVN CRF action after stressor exposure. Notably,
BNST is anatomically situated to appropriately integrate synaptic
activity from limbic system structures monitoring negative
valance and PVN, and lesions to BNST attenuate corticosterone
response to stress-related contextual stimuli (Sullivan et al., 2004)
indicating an important role of BNST in stress- and PTSD-related
behaviors. Furthermore, corticosterone injections in rodents
facilitate an increase in anxiety-like behavior coupled with a
decrease in dorsolateral BNST activity (Conrad et al., 2011),
suggesting a distinct role of BNST/corticosterone interactions in
stress responding.

The development of PTSD and other stress-related disorders
facilitates a change in cortisol levels in humans. Recent data
indicates lower levels of cortisol could be used as a predictor
of risk to develop PTSD (Steudte-Schmiedgen et al., 2015). In
rodent models, BNST inactivation leads to increased systemic
corticosterone following restraint stress (see below; Myers
et al., 2014), although sub-nuclei of the BNST may have
different roles in mediating corticosterone release (Lebow and
Chen, 2016). Intra-BNST (but not intraventricular) PACAP
infusion increased plasma corticosterone levels in males and
females, suggesting that BNST PACAP plays a key role in
regulating stress responses (Lezak et al., 2014a). However,
stress-induced elevations in corticosterone may not drive
BNST peptide expression, as corticosterone treatment does
not increase BNST PACAP transcript levels (Lezak et al.,
2014b). Interestingly, PACAP knockout animals show reduced
corticosterone levels after emotional stress (Ressler et al., 2011),
and BNST PAC1 receptor antagonism blocks corticosterone
release in a sensitized stress model (Roman et al., 2014). Recently,
researchers showed that emotional stressors (i.e., open-field
exposure or restraint stress), but not physical stressors, attenuate
corticosterone release in PACAP knockout mice (Tsukiyama
et al., 2011). Furthermore, blunted basal corticosterone levels
appear to serve as a risk factor for PTSD-like behaviors
in rats (Danan et al., 2018) and intraperitoneal injection
of corticosterone following fear memory reactivation reduces
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retrieval of strong contextual memories (Abrari et al., 2008).
Finally, exposure to high levels of corticosterone leads to
impaired fear extinction to contextual freezing (Gourley et al.,
2009), which may be BNST dependent. Hence, hypocortisolism
and subsequent HPA axis alterations may serve as a risk factor
for PTSD development, although additional research is needed
to thoroughly examine the relationship between cortisol release
and BNST activity.

ANIMAL MODELS OF PTSD

Several animal models of PTSD have been developed (recently
reviewed in detail by Flandreau and Toth, 2018) to model
different aspects of PTSD symptomology widely used to study
neural and behavioral manifestations of trauma. The remainder
of this review discusses the role of the BNST in each of
these models.

Restraint Stress
Restraint stress, in which a rodent is placed in an enclosed
chamber and allowed minimal movement, is typically used
to model PTSD-like anxiety symptoms in rodents and has
been shown to induce structural remodeling throughout stress-
related regions of the brain (Pham et al., 2003). In rats,
restraint stress disrupts fear extinction compared to non-stressed
animals (Izquierdo et al., 2006) consistent with human PTSD
literature. Adami et al. (2017) showed that, after restraint, BNST
glutamatergic neurotransmission in rodents influences changes
in heart rate and tail skin temperature via co-activation of
N-Methyl-D-aspartate (NMDA) and non-N-Methyl-D-aspartate
(NMDA) receptors. Several studies have also demonstrated
an involvement of CRF1 and CRF2 receptors (Oliveira et al.,
2015), α1-adrenoceptors (Barretto-de-Souza et al., 2018), and
endocannabinoid CB1 receptors (Gomes-de-Souza et al., 2016)
in the BNST in cardiovascular adjustments during restraint
stress (Oliveira et al., 2015). However, PVN CRF mRNA is
not upregulated following restraint stress (Stroth et al., 2011)
indicating upstream activation of CRF function (via PACAP,
for example; Hammack et al., 2010; King et al., 2017b). Acute
restraint also causes an increase in corticosterone release in
mice, but this change is significantly attenuated in PACAP- and
PAC1-deficient mice, suggesting that PACAP-PAC1 receptor
binding in BNST may mediate central short-term effects of
restraint stress (Mustafa et al., 2015). Relatedly, acute stress
(i.e., a short, potent stressor) has been shown to elevate
norepinephrine in the BNST: Schmidt et al. (2018) showed,
using optogenetic-assisted fast-scan cyclic voltammetry, elevated
norepinephrine release across several stimulation parameters and
reduced sensitivity to norepinephrine auto-receptors in mice
exposed to 5 days restraint stress. In contrast to reports of
acute restraint, chronic immobilization increases BNST (but not
amygdala) dendritic branching (Vyas et al., 2003), suggesting
a role of stress in remodeling neurons in stress-related brain
regions after the traumatic event that underlies PTSD. Chronic
variable stress paradigms that include restraint stress (as well
as pedestal stress, forced swim, footshock, and oscillation; but
not single stress exposure) are also associated with increased

levels of histone H2A-X phosphorylated at serine 139 (γH2AX),
a marker of DNA damage associated with cell death in the
BNST (Hare et al., 2018). Hence, chemical and morphological
changes that occur in BNST as a result of restraint stress
generate behavioral anxiety-like phenotypes that match human
PTSD characteristics.

Footshock Stress
One of the most widely accepted methods of stressor exposure,
footshock stress has been used to study effects of a single
traumatic stressor (modeling, appropriately, a single traumatic
experience that leads to the development of PTSD) and fear
conditioning (observing the mechanisms underlying stressor
exposure; for review, see Goode and Maren, 2017; Flandreau
and Toth, 2018; Goode et al., 2018). Fear conditioning using
footshock stress generally includes tests for fear extinction,
which is impaired in PTSD patients, and dependent on
BNST activity. Interestingly, the presentation of footshock
stress not only induces reliable freezing in response to
previously neutral cues associated with the shock, but
suppresses instrumental responding for food (conditioned
suppression; Bouton, 1986; Waddell et al., 2006; Allcoat et al.,
2015) and increases startle responses to non-related aversive
stimuli (fear potentiated startle; Walker and Davis, 1997),
both of which are mediated by BNST activity. Chronically
stressed rats exposed to a single footshock stressor also
show enhanced neuronal activation in regions associated
with stress responses, including the BNST and BLA. Indeed,
exposure to an aversive event, in general, has been shown to
activate or modify BNST signaling (Daniel and Rainnie, 2016;
Marcinkiewcz et al., 2016; Rainnie et al., 2017) but with very
little uniformity.

GABAergic neurons are widespread within the rodent
BNST and active during fear conditioning. Photoinhibition
of BNST-VTA projections during footshock, for example,
reduces freezing behavior in contexts previously associated with
stressor exposure (Ch’ng et al., 2018) and decreases closed
arm entries on an elevated plus maze (akin to anxiety-like
behavior in PTSD patients; Jennings et al., 2013), indicating
a potentially anxiolytic role of GABAergic pathways projecting
to and from the BNST. Additionally, chronic exposure to
unpredictable footshock stress increases serotonin release in the
BNST and modifies cell type-specific distribution of serotonin
receptors within the BNST and amygdala (Hazra et al., 2012).
Appropriately, dysregulation of the GABAergic and serotonin
systems increases anxiety-states and has been linked to the
pathophysiology of PTSD (Krystal and Neumeister, 2009;
Kelmendi et al., 2016).

Learned helplessness (LH) has also recently been classified
as a potential model of PTSD (although was initially developed
to model depression; Seligman, 1974; Maier and Seligman,
2016). Here, animals exposed to controllable or uncontrollable
shock stress ultimately learn appropriate avoidance responses
that may be BNST-dependent (Hammack et al., 2012).
Notably, behavioral changes associated with controllable or
uncontrollable shock presentation appear mediated by the
controllability of the stressor rather than the shock stress
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itself (Hammack et al., 2012) and mimic anxiety-like states seen
in PTSD and depression phenotypes. LH-associated shocks
activate BNST neurons (Greenwood et al., 2005) that may drive
CRF- or PACAP-induced behavioral responses. Given the high
rates of comorbidity between depression and PTSD, continued
research on the BNST mechanisms underlying LH may aid our
understanding of the shared neural activity.

Forced Swim
The forced swimming model of depression has long been used
as a measure of antidepressant drug efficacy (although the
translational implications of this model are arguably weak),
and requires that rodents swim for 15 min in a deep water-
filled tank. Typically, rodents demonstrate escape behaviors
but eventually adopt an immobile posture when escape fails.
Subsequent tests show the rodents becoming immobile earlier
(generally accepted as a sign of depression), but are eventually
re-mobilized with the administration of antidepressants (Pezuk
et al., 2008). Because the immobility, or signs of ‘‘giving up,’’
mimics symptoms of mood disorders in humans, the forced
swim test has been adopted as a model of PTSD. High levels
of comorbidity between PTSD and depression suggest the two
phenotypes share common neural circuitry underlying their
respective behavioral manifestations.

BNST activity appears critical for both PTSD- and
depression-like symptoms in rodents, and modulation of
this region alters behavioral phenotypes associated with the
disorders. BNST lesions (Pezuk et al., 2008) and temporary
inactivation of synaptic transmission within the BNST
(Crestani et al., 2010) result in increased immobility after
multiple swim trials in both male and female rats compared
to controls. Intraperitoneal injections of CRF antagonists
(known to demonstrate antidepressant-like effects) decreased
immobility (Jutkiewicz et al., 2005), as did the subcutaneous
administration of δ opioid agonists (Broom et al., 2002),
both of which may act on stress-related brain regions like
BNST. CRF may also have a differential role at BNST and
amygdala in forced swim: lentivirus overexpression of CRF
in CeA attenuated swim-induced anxiety-like behaviors, but
overexpression in BNST promoted depressive-like behaviors
(Regev et al., 2011). Local BNST CRF administration also
reduces activity in LC (an established brain region mediating
arousal) following forced swim (Curtis et al., 1999), suggesting
a role of stressors in mediating threshold activation of arousal.
Furthermore, mice deficient in PACAP (upstream of CRF in
BNST) show immediately increased immobility during forced
swim (Hashimoto et al., 2009), indicating an importance of
BNST CRF and PACAP in PTSD and depression phenotypes.
Underwater holding has also been used to target PTSD
phenotypes in rodents (Richter-Levin, 1998; Flandreau and
Toth, 2018). Notably, 20–30 s of forced water submersion
results in increased startle reactivity (Richter-Levin, 1998),
which may be BNST-PACAP dependent (for review, see
King et al., 2017a). The forced swim test of ‘‘behavioral
despair’’ (Flandreau and Toth, 2018) has predictive validity
for antidepressant medications (which have shown some
efficacy in PTSD treatment; see Cryan and Kaupmann, 2005),

but more research is needed to determine the relationship
between models of depression, PTSD, and associated
neural circuitry.

Predator Based Psychosocial Stress
The predator-based psychological stress (PPS) model of PTSD
is an ethologically relevant stressor based on a threat to survival
and a lack of social support (both factors of PTSD in humans).
Rodents exposed to 2,5-dihydro-2,4,5-trimethylthiazoline
(TMT), a synthetic derivative of fox feces, exhibit intense stress
responses mediated (in part) by the BSNT (Janitzky et al.,
2015). Notably, the BNST receives afferent projections from
the olfactory bulbs (Kang et al., 2009; Janitzky et al., 2015)
and is well suited to integrate neural information, endocrine
responses, and behavioral manifestations of stress. Indeed,
temporary inactivation of BNST (but not amygdala) with
muscimol (a GABAa receptor agonist) blocked TMT-induced
freezing in rats (Fendt et al., 2003), supporting a role of BNST
in unlearned fear. This activity may be regulated by interactions
between CRF and GABAergic transmission within the BNST,
as higher stress sensitivity in mice (measured by working
memory tasks) could result from high CRF expression and low
GABAergic signaling (Janitzky et al., 2014). Exposure to a cat
reduces pCREB expression in the BNST (Blundell and Adamec,
2007), but increases pCREB in CeA (Adamec et al., 2006) of rats.
Importantly, some models of predator exposure cause long-term
(i.e., months-long) behavioral changes that mimic the lasting
clinical symptoms of PTSD in humans.

Social Defeat Stress
A particularly effective social stress model in rodents is
the resident-intruder social defeat model in which mice are
repeatedly exposed to an unfamiliar, dominant aggressor
(Newman et al., 2018) and either socialize with this intruder
(where the mice are then dubbed ‘‘resilient’’) or become
anti-social (and are considered more ‘‘susceptible’’ to trauma).
This distinction is then used to study biological markers of
trauma in the susceptible population. Social defeat stress mimics
PTSD symptoms including anxiety- and depressive-like behavior
in rodents that persist long after the initial stressor exposure; it
is, therefore, high in translational validity and commonly used as
a model of PTSD.

In mice, social defeat tests demonstrate increases in
brain-derived neurotrophic factor (BDNF; critical for the
growth, maturation, and survival of neurons) protein in the
BNST of females (and not males; Greenberg et al., 2014)
and exaggerated social withdrawal. Intraspecific confrontation
between male and female rats, in which an aggressor socially
defeats a subordinate, increased c-fos expression in BNST,
showing a cellular change in stress-related regions specific
to stressor exposure. Furthermore, selective antagonism of
CRFR2 (but not CRFR1) receptors reduces defensive behavior
following social defeat in Syrian hamsters when administered
intracerebroventricularly or directly into BNST. Previous studies,
however, demonstrate that CRF receptors modulate social
defeat at the BNST (and not amygdala; Jasnow et al., 2004),
suggesting that even ICV infusion may act specifically on
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BNST receptors (Cooper and Huhman, 2005). Despite altered
activity of the BNST following social defeat, pCREB and pERK
expression were unchanged (although perhaps these markers are
not activated by social stimuli; Trainor et al., 2011). Finally,
intermittent episodes of social stress escalate alcohol and cocaine
intake in rats, but continuous exposure attenuates cocaine
intake and increases alcohol intake (Newman et al., 2018),
a behavioral change that may (like other models of stress-
induced reinstatement to drug-seeking; see Miles et al., 2018) be
BNST-dependent. Because BNST activity may drive PTSD-like
symptomology, neurochemical and anatomical alterations after
social defeat stress suggest a critical involvement of BNST in the
maintenance and development of PTSD.

Single Prolonged Stress (SPS)
This animal model is based on the finding that PTSD may be
induced after a person experiences a single traumatic incident.
While SPS causes a number of behavioral changes similar to
those described in PTSD patients, little work has been done to
determine the role of BNST activity in this model. However,
exposure to 2-h restraint followed by forced swim and ether
anesthesia does successfully reproduce neuroendocrine and
behavioral characteristics of PTSD including HPA axis activation
(Liberzon et al., 1997) and increased acoustic startle response
(Khan and Liberzon, 2004). These responses, in turn, may
be BNST dependent, as intra-BNST administration of AMPA
antagonists block light-potentiated acoustic startle response
(Walker and Davis, 1997). Furthermore, rats exposed to an SPS
procedure showed reduced fear extinction learning (likely due to
disrupted retention) that led to enhanced renewal (Knox et al.,
2012). SPS also has been shown to decrease open arm exploration
on an elevated plus maze (indicating an anxiogenic state; Qiu
et al., 2016), which could be attributed to BNST activation (Butler
et al., 2016). Given the overlap between SPS-induced behaviors
and PTSD-related characteristics in humans, the BNST may be a
key area of interest for future investigations in this model.

Prenatal Stress
While not a model of PTSD per se, early life events often have
long-lasting impacts on cardiovascular, neuroendocrine, and
cognitive development (Harris and Seckl, 2011). Rodents that
undergo restraint stress during pregnancy deliver offspring that
demonstrate increased vulnerability to PTSD, anxiety disorders,
and learning difficulties (Ward et al., 2000; Harris and Seckl,
2011). Early environmental challenges increase anxiety and
depressive-like behavior as they age, corroborating human data
(Meaney and Szyf, 2005). However, is it unclear whether HPA
axis dysregulation and subsequent BNST activity, in these
animals (and humans) is a cause or symptom of PTSD. Data from
human women who were pregnant on September 11, 2001 and
in/near the World Trade Center who developed PTSD show
lower cortisol (Lupien et al., 2000) levels than women who
did not develop PTSD (Yehuda et al., 2005). This reduction
may be facilitated by BNST activation, as animal models of
PTSD show lower levels of corticosterone following stressor
exposure (see above). Offspring of these women also have
significantly lower levels of cortisol compared to children from

mothers without PTSD (Yehuda, 2002; Yehuda et al., 2005).
Furthermore, extended amygdala CRF expression and receptor-
bound activation were increased in rodent adult prenatally
stressed offspring (Cratty et al., 1995; Ward et al., 2000).
Elevated plasma corticosterone and adrenal hypertrophy were
also observed in prenatally stressed rats (Ward et al., 2000),
and prenatal stress leads to long-lasting increases in plasma
corticosterone after restraint stress in adulthood (Louvart et al.,
2009). CRF receptor antagonists can also attenuate the defensive
withdrawal behavior of prenatally stressed offspring. Hence,
prenatal stress may contribute to stress vulnerability later in
life that manifests as susceptibility to stress-related disorders
including PTSD.

BNST-Related Sex Differences in PTSD
Adult women exposed to trauma demonstrate a two-fold higher
lifetime prevalence of PTSD than their male counterparts
(Kessler et al., 1995; Breslau et al., 1997; Olff, 2017), and although
it is clear that psychosocial and biological factors may contribute,
the underlying neural mechanisms of this discrepancy are not
well understood. To date, an animal model of PTSD does not
exist that reliably shows females developing and maintaining
PTSD-like characteristics at a two-fold higher rate than males
that would match clinical manifestations of PTSD (Shansky,
2015; but also see Pooley et al., 2018). While a thorough
discussion of sex differences in trauma (including PTSD) is
beyond the scope of this review, a few points regarding BNST
sex differences relating to PTSD are worth noting.

In several learning conditioning paradigms thought to
mimic PTSD development and maintenance, BNST activity
enhances the effect of stressor exposure on males and
not females (Bangasser et al., 2005, 2016; Bangasser and
Wicks, 2017), suggesting that different circuits mediate stress-
responses depending on sex. Indeed, the BNST itself is
sexually dimorphic: the human BNST region is approximately
2.5 times greater in males than females, a sexual dimorphism
that also appears in rodents (Allen and Gorski, 1990). This
size difference corresponds appropriately with differences in
neurochemical composition and connections to other sexually
dimorphic nuclei (Simerly and Swanson, 1986) that mediate
behavioral outputs associated with stressor exposure, including
PTSD-like behaviors. The regulation of sex-related peptides
may also be estrogen-dependent (Ramikie and Ressler, 2016).
PACAP transcripts, for example, are increased in BNST in
ovariectomized female rats after continuous exposure to estrogen
(Ressler et al., 2011), and the PACAP system itself appears
sexually dimorphic in stress-related regions (King et al., 2017a).
CRF activation of the HPA axis is also stronger in females than
males (Bangasser and Valentino, 2012, 2014), and CRF receptor
activation in stress-related regions appears lower in females after
acute stress (Bangasser et al., 2010). In a study of contextual
fear conditioning, researchers found that intra-BNST infusion
of allopregnanolone, a metabolite of progesterone, in males
suppressed freezing behavior, but inhibiting allopregnanolone
in females enhanced fear conditioning (Nagaya et al., 2015),
suggesting a role of BNST in anxiety-related behaviors that
depend on steroidal regulation. Sex-dependent differences
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in HPA axis activity (Stephens et al., 2016) also supports
the divergence in stress-related behaviors observed in males
compared to females. As mentioned, HPA axis dysregulation
underlies stress-related disorders including PTSD and is linked
to BNST activity. Continued research is needed to determine why
females tend to show different neurochemical and behavioral
responses to trauma than males and the underlying neural
circuitry responsible for these differences.

CONCLUSION

The BNST has long been implicated in stress- and anxiety-related
behaviors, but has only recently been considered a potential
therapeutic target for PTSD symptoms. A review of animal
behavior in preclinical models of PTSD suggests that the
BNST may underlie symptoms of stress-related disorders in
humans. Indeed, the BNST appears critical for the acquisition
and expression of fear and is well positioned to regulate fear
relapse after periods of extinction that mimics fear relapse in
PTSD patients. Stress-related peptides are also prevalent in this
region, suggesting interactions between BNST and HPA axis
activation mediates behavioral outputs. It is important to note,

however, that BNST activity and subsequent peptide release may
differ depending on the preclinical model under investigation.
Furthermore, the BNST itself comprises multiple sub-regions,
cell types, and peptide expression, all of which may not
contribute equally to stress-related behavioral outputs. A more
thorough understanding of how these different sub-regions
contribute to PTSD-related symptomology will be important
moving forward. Indeed, continued research in this area may aid
the development of novel pharmacotherapeutic treatments for
PTSD in humans.
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