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Abstract

Stressor exposure is associated with the onset and severity of many psychopathologies that are
more common in women. Moreover, the maladaptive expression and function of stress-related
hormones have been implicated in these disorders. Evidence suggest that PACAP has a critical role
in the stress circuits mediating stress-responding, and PACAP may interact with sex hormones to
contribute to sex differences in stress-related disease. In this review, we describe the PACAP/PAC1
system in stress biology focusing on the role of stress-induced alterations in PACAP expression
and signaling in the development of stress-induced behavioral change. Additionally, we present
more recent data suggesting potential interactions between stress, PACAP and E/estrus in
pathological states, including PTSD. These studies suggest that the level of stress and circulating
E/estrus may differentially regulate the PACAPergic system in males and females to influence
anxiety-like behavior and may be one mechanism underlying the discrepancies in human
psychiatric disorders.
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Introduction

Stress-related disorders are now as prevalent as many global health pandemics (Hariri &
Holmes, 2015), leading the World Health Organization to declare stress as the “health
epidemic of the 21st century” (WHO). Furthermore, there are significant sex differences
among psychiatric and neurobiological disorders related to or exacerbated by stress. For
example, alcoholism, attention deficit hyperactivity disorder (ADHD) and psychiatric
disorders are more prevalent among men, while women have higher rates of mood and
anxiety disorders, including depression, anxiety and stress-/trauma-related disorders (i.e.,
post-traumatic stress disorder; PTSD;Dalla & Shors, 2009). Several factors are suggested to
contribute to these discrepancies, including sex differences in social, societal and
psychological factors; however, when these factors are controlled for, the discrepancy
remains, suggesting additional causes contribute to the sex bias in stress-related disorders
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(Bangasser, 2013). Recently, research investigating sex differences in stress responses
indicates that biology is a major contributing factor to the disparate prevalence of stress-
related psychiatric disorders in men and women. Thus, a better understanding of how the sex
of an animal and stress affect central nervous system (CNS) stress circuits and behavioral
output; both independently and in conjunction, will lead to more effective prevention and
treatment of these stress-related disorders.

Here we describe the pituitary adenylate cyclase activating polypeptide (PACAP)/PAC1
system, including our data implicating this system in stress biology. We suggest that stress-
induced alterations in PACAP expression and signaling may produce psychopathologies. We
review our work implicating intra-bed nucleus of the stria terminalis (BNST) PACAP
signaling in mediating multiple consequences of repeated stressor exposure, as well as our
more recent work examining potential interactions between stress, PACAP and estrogen (E)/
estrus in pathological states. We propose that the level of stress and circulating E/estrus may
differentially regulate the PACAPergic system in males and females to influence anxiety-like
behavior and may be one mechanism driving the discrepancies in human psychiatric
disorders. Furthermore, we argue that there is now enough evidence to support the
possibility of these types of interactions in stress circuitry and sexually divergent behaviors
and emphasize the critical need for further investigation of these interaction to understand
the susceptibility to stress-related disorders, especially in women.

The PACAP System

In 1989, Arimura and colleagues identified the pleiotropic and phylogenetically ancient
peptide, PACAP. Since its initial discovery, PACAP has been extensively studied in multiple
body systems as a potent stimulator of intracellular cyclic adenosine monophosphate
(cAMP) production and intracellular calcium (Vaudry et al., 2009). PACAP is highly
conserved across species and is the ancestral molecule in the glucagon/secretin/vasoactive
intestinal peptide (VIP) superfamily of peptides (reviewed in Vaudry et al., 2009). Within the
CNS and periphery, two major biologically active forms of PACAP exist: the 38 amino acid
polypeptide, PACAP-38 and the 27 amino acid polypeptide PACAP-27, with PACAP-38
being 10—100-fold more abundant (Arimura et al., 1991; Kormos & Gaszner, 2013).

Three seven transmembrane G-protein coupled receptors (GPCR) for PACAP have been
identified—PAC1, VPACL and VPAC2; however, only PAC1Rs are selective for PACAP,
while VPACL1 and VPAC2 show equal affinities for PACAP and VIP (Shen, Gehlert, &
Collier, 2013). All three subtypes are highly expressed in central and peripheral tissues, but
generally PAC1 is the most abundant (Joo et al., 2004). A few exceptions to this exist. For
instance, VPACL1Rs are more abundant in hippocampal pyramidal cells while the CeA
expresses VPAC2Rs primarily (reviewed in Hashimoto et al., 2011).

Uniquely, alternative splicing produces multiple PAC1R isoforms which can be differentially
coupled to Gas and/or Gaq to produce diverse downstream consequences, including
enhanced neurotransmitter and neuropeptide synthesis/release and structural plasticity
within stress- and anxiety-related circuits (see Hammack and May, 2015 and Vaudry et al.,
2009 for reviews). In support of this, the BNST, amygdala, hippocampus and mPFC, brain
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regions known to underlie stress- and anxiety-related process, show high levels of PACAP
and PACL1 transcripts and PACAP activation of PAC1 within these structures regulates
various stress-like neuroendocrine and behavioral responses (Table 1).

Biological Functions of the PACAP System

PACAP and PACAP-PACL1 signaling are involved in several biological actions, including
both cellular function and behavioral responses. Stimulation of PAC1 via binding of PACAP
activates the MEK/ERK and PI13K/Akt pathways (for review, see May & Parsons, 2017),
suggesting a key role for PACAP as a trophic signal facilitating the development, function,
survival, repair and regeneration of neurons during development, and/or following injury.
PACAP can activate PAC1 receptors both presynaptically and postsynaptically and hence,
acts both as a neuromodulator and neurotransmitter (Vaudry et al., 2009). In the following
sections, we focus on the role of PACAP signalling in the response to stressor exposure.

PACAP in the Response to Stress

In response to stressor exposure, the release of corticotropin-releasing hormone (CRH) from
hypophysiotropic neurons in the medial parvocellular subdivision of the PVN into
hypophysial portal vessels stimulates the release of adrenocorticotropic hormone (ACTH)
from pituitary corticotropes into the bloodstream (see Smith & Vale, 2006 for review).
ACTH, in turn stimulates synthesis and release of glucocorticoids (cortisol in humans,
corticosterone in rodents) from the adrenal cortex; together this cascade of events is referred
to as the HPA axis. The sustained activation of the stress system in response to chronic
stressor exposure has been argued to produce maladaptive morphological and functional
changes within stress-related brain regions such as the hippocampus, amygdala, PVN and
BNST and result in psychiatric conditions like anxiety disorders, and depression (reviewed
in Herman, 2013; Herman, Ostrander, Mueller, & Figueiredo, 2005; Radley, Morilak, Viau,
& Campeau, 2015). Furthermore, the development of these maladaptive responses appears to
involve PACAP (Mustafa, 2013). In rodents, PACAP is most abundant in hypothalamic
regions, with the magnocellular region of the PVN expressing high levels of both PACAP
and PAC1 (Hashimoto et al., 2011). Furthermore, PACAP has a modulatory role on multiple
levels of the HPA axis (Mustafa, 2013). PACAPergic projections can form synapses with
PVN CRH-expressing neurons (Legradi, Hannibal, & Lechan, 1998); and, PACAP can
stimulate CRH gene expression (Hashimoto et al., 2011) and promote CRH production and
secretion in the PVN (Agarwal, Halvorson, & Legradi, 2005). Intracerebroventricular (ICV)
infusions of PACAP increase CRH levels (Grinevich, Fournier, & Pelletier, 1997), CREB
phosphorylation in CRH neurons, and c-Fos immunoreactivity in the PVN (Agarwal et al.,
2005; Dore et al., 2013). Furthermore, PACAP-deficient mice show attenuated CRH content
in the PVN, and diminished corticosterone release to a sustained stressor (Stroth & Eiden,
2010), suggesting that PACAP release may be upstream of PVN CRH activity. Together,
these findings suggest that PACAP is critically involved in the activation of PVN neurons to
regulate the HPA axis.

PACAP is also involved in autonomic stress responses. For instance, PACAP application
increases the synthesis and release of adrenal catecholamines in cultured adrenomedullary
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cells (Isobe, Nakai, & Takuwa, 1993; Wakade, Guo, Strong, Arimura, & Haycock, 1992;
Watanabe et al., 1992) and stress-induced upregulation of catecholamine-synthesizing
enzymes is blocked in PACAP-deficient mice (Stroth et al., 2013). Autonomic sensory areas
also express PACAP (Kormos & Gaszner, 2013) and PACAP can activate the autonomic
nervous system, driving increased sympathetic activity, including blood pressure and heart
rate, and suppressed parasympathetic activity (Tanida et al., 2010). These studies suggest
that PACAP regulates autonomic function and is critical for maintaining peripheral
homeostasis.

The activation of PACAP systems in extrahypothalamic brain regions may also play key
roles in regulating the responses to stressors. For example, PACAP infusion into the BNST,
or central nucleus of the amygdala (CeA), mimics many of the consequences of stressor
exposure, including glucocorticoid release (reviewed in Hammack & May, 2015). PACAP
systems may also be implicated in the function of other key HPA-regulating brain regions.
For instance, in addition to their roles in inhibitory control and memory formation, the
hippocampus and mPFC are also key HPA-regulating brain areas (Herman et al., 2003) and
both densely express PACAP and PAC1 (Vaudry et al., 2009). Additionally, ICV PACAP
infusion has been shown to alter the expression levels of proteins involved in synaptic
plasticity, cellular differentiation, neuroprotection, neurodegeneration and apoptosis in the
hippocampus and prefrontal cortex (Gasperini et al., 2012). Together, these data led several
investigators to argue that PACAP systems play a critical role in regulating neuroendocrine
and cellular stress responses (Stroth et al., 2011). In the following sections, we discuss our
findings which extend this role by associating PACAP with the regulation of the behavioral
responses to stressful stimuli.

PACAP in Stress- and Anxiety-related behavior: Evidence from Rodent

Studies

Early studies from Hashimoto and colleagues reported irregular behavioral phenotypes in
mice deficient for PACAP (PACAP-/—; Hashimoto et al., 2001). These PACAP null mice
showed significantly enhanced locomotor activity as compared to PACAP+/+ controls and
mice heterozygous for the PACAP gene (PACAP+/— mice). This increased activity was
associated with increased rearing and jumping behavior that increased in frequency during
open-field testing (Hashimoto et al., 2001). Increased activity in PACAP-/- mice was also
associated with increased exploration in the open-field, elevated plus-maze, and novel-object
tests (Hashimoto et al., 2001; see also Gaszner, Kormos, Kozicz, & Hashimoto, 2012).
These results suggested that PACAP systems may be involved in psychotic behavior and/or
anxiety.

In mice, PAC1 deficiencies produced deficits in long-term potentiation induced by mossy
fiber stimulation in the hippocampus and attenuated contextual, but not cued, fear
conditioning (Otto, 2001A, 2001B). These results were consistent with a previous report
(Sauvage, Brabet, Holsboer, Brockaert, & Steckler, 2000), and in congruence with earlier
studies in which mice deficient for PAC1 receptors exhibited an anxiolytic behavioral
phenotype (Hashimoto et al., 2001). Consistent with these data, ICV infusions of PACAP
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were reported to increase stereotyped behaviors, and produce postures consistent with
freezing behavior (Agarwal et al., 2005), which was shown to be dependent on CRH
receptor activation (Dore et al., 2013). Moreover, PACAP-/- mice exhibit reduced c-Fos
expression in response to a forced-swim stressor in the basolateral nucleus of the amygdala
(BLA), BNST, and PVN, as well as other stress-related brain regions (Gaszner et al., 2012).

The data described above guided our own work with Victor May’s laboratory on the role of
PACAP systems in stress and anxiety (reviewed in Hammack & May, 2015). We initially
reported a substantial upregulation of PACAP and PACL1 receptor transcript in the dorsal
aspect of the BNST following exposure to a chronic variate stress paradigm in which rats
were exposed to one of several possible stressors each day for 7 days (Hammack et al.,
2009). While we also saw smaller but significant PACAP transcript increases in the PVN,
the substantial elevations appeared selective to the BNST (Hammack et al., 2009).
Furthermore, we showed that the increased transcript levels were associated with increased
immunostaining for PACAP protein, specifically in the BNST oval nucleus (Roman et al.,
2014). These results were notable for several reasons: 1) BNST PACAP and PAC1
transcripts were increased at a time when anxiety-like behavior was also substantially
elevated in chronically stressed rats, 2) dense PACAP staining had been previously described
in this region of the BNST, where PACAP-positive fibers appear to make contacts with
CRH-expressing neurons in the BNST oval nucleus, and 3) BNST activity and CRH
expression have been heavily implicated in mediating behavioral states that resembled
“anxiety” as distinct from “fear” and have been characterized as the sustained response to
long-duration stimuli that predict threat (Waddell, Morris, & Bouton, 2006; Walker & Davis,
1997).

Subsequently, we showed that in the absence of stress infusion of PACAP directly into the
BNST was also behaviorally relevant, driving anxiogenic responses on multiple measures of
anxiety-like behavior, including the open-field, EPM (Roman et al., 2014) and the acoustic
startle response (Hammack et al., 2009). Furthermore, intra-BNST PACAP infusion
mimicked many other consequences of chronic stress exposure, including anorexia and
weight loss (Kocho-Schellenberg et al., 2014) and increased circulating plasma
corticosterone (Lezak et al., 2014; Roman et al., 2014). Moreover, we showed that these
effects were not due to leakage into the adjacent lateral ventricles, because PACAP infusions
at the same lower concentrations and volumes directly into the lateral ventricles was
ineffective. In addition, we reported that chronic BNST PACAP receptor antagonism during
the 7-day stress paradigm (delivered directly to the BNST via an osmotic minipump loaded
with the PAC1 specific antagonist, PACAP6-38) could completely block the increased
anxiety-like behavior, anorexia and weight loss, and sensitized corticosterone release
normally observed following chronic stress (Roman et al., 2014). Recently, we corroborated
and extended these findings, showing that chronic stress couldsensitize the BNST PACAP
circuitry, enhancing both the behavioral and endocrine responses to a normally subthreshold
infusion of intra-BNST PACAP in males, and that this effect was likely mediated via
PAC1Rs in the BNST (King et al., 2017). Hence, chronic stress substantially elevated BNST
PACAP expression and signalling in the BNST; moreover, BNST PACAP activation was
both necessary and sufficient to produce the behavioral and endocrine consequences of
chronic stress exposure (see Hammack & May, 2015).
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The activation of PVN and BNST PACAP systems has now been heavily implicated in
modulating the physiological and behavioral responses to stressor exposure; however as
mentioned above, other stress- and emotion-related brain regions are also likely key sites of
PACAP action. For example, subregions of the amygdala have been heavily implicated in the
acquisition, expression and extinction of learned fear (see Walker & Davis, 2008), and
converging evidence suggests that these regions are also regulated by PACAP (Cho et al.,
2012; Legradi et al., 2007). High levels of both CRH and PACAP expression are observed in
the CeA, particularly in the lateral capsular division (CeLC; Missig et al., 2014), and
PACAP has been shown to enhance excitatory synaptic input in CeLC neurons in a VPAC1-
dependent fashion (Cho et al., 2012). Behaviorally, CeA PACAP infusion has been shown to
increase passive avoidance in the shock-probe defensive burying test (Legradi et al., 2007).
In the BLA, a region critical for the acquisition of learned fear responses, PAC1 receptor
transcripts were found to be elevated following a standard fear conditioning procedure, and
PACL transcript levels were significantly correlated with freezing behavior (Andero, Dias, &
Ressler, 2014). BLA PACAP receptor antagonism with PACAP6-38 immediately after
contextual fear conditioning significantly attenuated the expression of freezing to the
context, implicating BLA PACAP release in the consolidation of contextual fear (Schmidt et
al., 2015).

Taken together, the data implicate key functions for PACAP in several principal stress-
related brain regions and suggest that PACAP signalling within these CNS regions mediates
fear- and anxiety-like behaviors in rodents. Furthermore, PACAP dysregulation in these
regions is implicated in animal models of anxiety and fear. In humans, dysregulated PACAP
signaling has been linked to a number of stress-related psychiatric disorders (Hammack &
May, 2015; Lebois and Ressler, 2016) and several single nucleotide polymorphisms (SNPs)
in PACAP-related genes have been reportedly linked to schizophrenia (Hashimoto et al.,
2007) and major depression disorder (MDD; Hashimoto et al., 2010).

Estrogen in the Response to Stress

In addition to their well-known reproductive actions, E and estrogen receptors (ER) have
been shown to function as critical mediators of several neurobiological stress systems. For
instance, animal studies have shown that E can modulate several neurotransmitter systems,
including the serotonergic, dopaminergic, adrenergic, and cholinergic systems (reviewed in
ter Horst, Wichmann, Gerrits, Westenbroek, & Lin, 2009). Additionally, E can induce
differential limbic activity and have profound and dynamic influence on both HPA axis
(Carey, Deterd, de Koning, Helmerhorst, & De Kloet, 1995) and behavioral stress responses
(reviewed in ter Horst, de Kloet, Schachinger, & Oitzl, 2012). For instance, E can both
inhibit and enhance ACTH and corticosterone responses to perceived threats or stressors;
likely due to the opposing effects of its two ER’s (reviewed in Weiser, Foradori, & Handa,
2008). A full review of the effects of E and sex differences on stress circuits and behaviors is
beyond the scope of this review (but see Bangasser & Wicks, 2017; McEwen & Alves, 1999;
Solomon & Herman, 2009; ter Horst et al., 2012 for reviews); however, we briefly discuss
the evidence for sex differences in stress responses and subsequent behavioral effects.
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In many species, endogenous glucocorticoid levels show a prominent sex difference with
higher levels in females under both basal and stressed conditions (reviewed in Bangasser &
Valentino, 2014). For example, female rodents have a higher basal (Carey et al., 1995) and
diurnal level of corticosterone compared to males (Seale et al., 2004) and in response to
stress, females show a greater and longer elevation in levels of ACTH and corticosterone
compared to males (Figueiredo, Dolgas, & Herman, 2002). These sex differences in the
neuroendocrine response are mediated, at least in part, by circulating ovarian hormones as
females in proestrus (i.e., high E and progesterone) have high corticosterone levels
compared to females in diestrus (i.e., low E and progesterone levels) or males (Bangasser &
Valentino, 2014). Overall, studies indicate that females exhibit stronger activation of the
HPA axis by CRH compared to males (reviewed in Bangasser & Valentino, 2012).

Studies also report sex differences in glucocorticoid negative feedback of the HPA axis in
rats, with females showing a longer latency to return to baseline levels, an effect that can be
prolonged by E (reviewed in Bangasser & Valentino, 2012; Weiser & Handa, 2009).
Glucocorticoid negative feedback is mediated via GR receptors, and females have lower GR
expression and binding in the hypothalamus and pituitary, likely induced by the effect of E
in theses brain regions (Bangasser & Valentino, 2012). Taken together, these results suggest
a number of sex differences at multiple levels of the endocrine stress response

Estrogen in Anxiety-related Behavior

Tests designed to provoke anxiety-like responses in rodents typically use novel, innately
threatening environmental stimuli such as the elevated plus maze, open-field test, social
interaction tests, and the acoustic startle response. Using these tests, studies have reported
that proestrus females (high E), relative to diestrus (low E) females and males show less
anxiety-like behaviors, spend more time in the open arm of the EPM, enhanced exploratory
behavior in the open-field, and increased social interaction with conspecifics (Frye, Petralia,
& Rhodes, 2000; Frye & Walf, 2002; Marcondes et al., 2001; Walf et al., 2009). Similar
results have been obtained in ovariectomized (OVX) females with E replacement. For
instance, Frye and Walf (2004) report that OV X females that receive subcutaneous or intra-
amygdala E show increased center entries in the open-field and more time in the open arm of
the EPM compared to vehicle treated OV X females. Additional studies have reported similar
decreases in anxiety-like behavior in the open-field, EPM and social interaction in OV X
females treated with E compared to vehicle (Bowman, Ferguson, & Luine, 2002; McCarthy,
Schwartz-Giblin, & Wang, 1997). However, it should be noted that not all studies are
consistent with this interpretation as several studies have reported increased anxiogenic
behavior in proestrus or in sexually receptive female rats and mice (i.e., high endogenous
levels of E) compared to other phases with lower levels of E (Mora, Dussaubat, & Diaz-
Veliz, 1996; Morgan & Pfaff, 2001). Still other studies have shown no difference between
OV X females treated with E or with vehicle on anxiety-related behaviors. Indeed, we have
previously reported no differences in plasma corticosterone responses to intra-BNST
PACAP in OVX female rats treated with E2 compared to cholesterol (Lezak et al., 2014).

A number of factors likely contribute to the paradoxical effects of E on anxiety-like
behavior, including species differences, time of day tested, phase of cycle when tested,
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hormonal dosage, and method of administration. Importantly, previous exposure to other
behavioral tasks likely play a critical role, as repeated exposure would decrease novelty and
thus anxiety-like behaviors. It is also important to keep in mind that other hormones in
addition to E fluctuate over the course of the estrus cycle and with OV X, including
progesterone and corticosterone, both of which are known to influence anxiety-like behavior
in rodents. Of these potential factors, stress is a major contributor as will be further
discussed in the subsequent sections.

Estrogen effects during chronic stress and PTSD may involve PACAP

ERs (alpha and beta) are densely expressed in CNS structures shown to be critical for
anxiety-like responding, including the pituitary, PVN and extra-hypothalamic HPA
regulatory sites (i.e., hippocampus, BNST); and E likely mediates HPA axis activity at
multiple levels (Solomon & Herman, 2009). Additionally, E has been implicated in the
regulation of PACAP and PAC1 expression and function (Mercer et al., 2016; Ressler et al.,
2011) and recent evidence from our lab, as well as our colleagues suggest that E may
interact with and/or modulate PACAP/PAC1 signaling in central stress- and anxiety-
associated brain regions and circuits.

Functional MRI (fMRI) studies have shown changes in brain activity in areas associated
with emotional processing across the menstrual cycle in women (Goldstein et al., 2005). For
instance, emotion centers like the amygdala show increased activity when women are
scanned during the early follicular phase (low E) and attenuated activity during phases
marked by high E levels (i.e., ovulation; Goldstein et al., 2005; Goldstein, Jerram, Abbs,
Whitfield-Gabrieli, & Makris, 2010). Additionally, women show differences in behavioral
biomarkers such as acoustic startle, across the menstrual cycle (i.e., more startle during
phases marked by low E; Jovanovic et al., 2004). These studies suggest a neuromodulatory
role of E on emotional processing and suggest that the cyclical release of E may play a
critical role in women’s increased propensity to stress- and anxiety-related disorders.
Furthermore, these findings emphasize the need for continued examination of the role of E,
and other cyclical ovarian hormones in psychopathologies, like PTSD, that particularly
affect women (Dalla & Shors, 2009).

Evidence from rodent models of stress and anxiety support a neuromodulatory role for E in
PACAPergic BNST stress circuits. For instance, we examined BNST PACAP-mediated
stress effects in OV X female rats with or without E replacement and found that acute BNST
PACAP infusion dramatically reduced food intake and caused weight loss over 24 hours in
OVX females with E replacement (Kocho-Schellenberg et al., 2014), effects which were
comparable with what we have observed in male rats (Kocho-Schellenberg et al., 2014;
Lezak et al., 2014; Roman et al., 2014). Surprisingly, although E was required for the effect
of PACAP on weight-loss, significant PACAP interactions with E were only observed on
food intake, suggesting that the interaction effect may be subtle. BNST PACAP infusions
also produced an increase in circulating plasma corticosterone levels 30 minutes after
infusion in OV X female rats, but this effect was independent of E replacement and similar to
the increase seen in males (Lezak et al., 2014). These nuanced findings could be due to a
number of factors. For instance, PACAP treatment regimens could have obscured the effects
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of E. Additionally, the OV X surgery could have influenced the effects of PACAP in these
studies as PACAP levels in multiple stress-related regions, including the
hypothalamohypophyseal system, pituitary and brainstem have been shown to be decreased
in females following OV X (Nemeth et al., 2006). Finally, it seems likely that the interaction
between these two systems may depend on the natural cyclical nature of E across the estrous
cycle.

With this last point in mind, we recently examined the effects of prior stress on anxiety-like
startle responding to a subthreshold dose of intra-BNST PACAP in intact, cycling females.
Unlike what we showed in males in the same study, stress did not enhance the acoustic
startle response in intact, cycling females, insteadstartle amplitude appeared attenuated
following the subthreshold PACAP infusion (King et al., 2017). A number of factors could
account for the opposing results in males and females. It seems likely that the cyclical nature
of gonadal hormones (i.e., E and progesterone) across the phase of the female’s cycle
imparted some sort of protection to the stressed females. For instance, studies have shown
that females in proestrus (high levels of E and progesterone) are less anxious compared
diestrus (low E) females and males (Frye & Walf, 2002; Marcondes et al., 2001). However,
E has been shown to upregulate BNST PACAP and PAC1 transcripts in rodents (Ressler et
al., 2011), so the exact mechanism of this protection remains unclear.

Interestingly, King et al. (2017) also found that startle amplitude following PACAP infusion
was a function of both stress and estrous. Proestrus females who were stressed showed
attenuated startle following PACAP infusion, while those who were in proestrus, but were
not stressed showed an enhanced startle response that was similar to males (King et al.,
2017). Females in other phases showed basal levels of startle responding following PACAP
infusion, regardless of prior stress, suggesting that the level of stress and phase of estrus
differentially mediates the response to intra-BNST PACAP in females (King et al., 2017).

Following chronic stress, the Es that act to potentiate acute stress responses are thought to
mitigate the effects of chronic stress in females, but the mechanism for this is unknown
(Mosca et al., 2015). The results from King et al. (2017) suggest that PACAP may be acting
as one of the mechanism through which E mitigates the effects of chronic stress in females
as stress, proestrus (when E is high) females had attenuated startle following PACAP
infusion. Proestrus females who were not stressed showed an enhanced startle response that
was similar to males (King et al., 2017), suggesting that the PACAP infusions may have
been functioning as an acute stressor in these females.

Our findings suggest that stress may modulate the BNST PACAP system differently in males
and females. Supporting this assumption, studies have shown that males and females show
sex differences in PACAP expression in stress-related tissues, including the adrenals and
superior cervical ganglia (SCG) under basal conditions (Mosca et al., 2015). This difference
likely influences sex-dependent stress signaling and responses to stress in males and
females. Moreover, stress (i.e., food/water deprivation) has been shown to sex-dependently
alter PACAP expression in the hypothalamus and brain stem, resulting in decreased PACAP
levels in females, and increased levels in males (Kiss et al., 2007). Thus, the PACAP system
may be sexually dimorphic in stress-related regions, and stress may result in further sexual
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divergences in the PACAP system and subsequent responses to stressors. It seems likely that
PACAP levels and signaling may be similarly altered in the BNST by stress.

Additionally, similar sexual divergences have been observed in the CRH system following
stress. Bangasser and colleagues (2013) have shown robust sex difference in neuronal
responses to CRH. Furthermore, these sex differences were linked to differences in CRH1
receptor function such that following stress, females showed decreased coupling of -
arrestin to CRH1 receptors and enhanced coupling to Gs, rendering females more responsive
to acute stress and less able to adapt to chronic stress (Bangasser et al., 2010). Thus, at the
cellular level, there are robust sex difference in CRH receptors, and additional research
suggests analogous sex difference may occur with other seven transmembrane G
proteincoupled receptor systems (reviewed in Valentino, Bangasser, & Van Bockstaele,
2013). Furthermore, sex-biased signaling may result in divergent behavior at a systems level.
For example, under normal, unstressed conditions males and females show similar
performance on a standard sustained attention task (SAT); however, following central
administration of CRH, task performance decreases in both sexes, but females are more
impaired than males, and this was dependent on estrous stage (Cole et al., 2016). Hence,
stress may result in sexual divergences in multiple neuropeptide/transmitter systems,
including the PACAP system, which are then further influenced by E/estrus cycle. These sex
differences may underlie the increased prevalence of stress-related disorders in females.
These findings also suggest that compounds that could shift the bias of CRH1R signaling
away from Gs could make females more resilient. In the present scenario, PACAP may be
acting in this fashion. The various PACAP receptor isoforms can be coupled to both Gs and
Gq (reviewed in Hammack & May, 2015) and it could be that following stress, PACAP
signals more through Gq coupled receptors as a sort of compensatory response to the already
enhanced CRH1 Gs signaling in cycling females, resulting in the sex difference in anxiety-
like behavioral responses to PACAP in males and females. Additionally, as mentioned
above, activation of the different PAC1 signaling pathways may lead to opposing responses
(i.e., excitability versus neuroplasticity). These hypotheses are currently under investigation
in our laboratory.

There is evidence that PACAP’s interaction with E in the response to chronic stress is
involved in the etiology of PTSD in women. It was reported that a SNP (rs2267735) within a
putative estrogen response element (ERE) within the PAC1 receptor promoter region was
associated with PTSD symptoms and diagnosis in women, but not men (Ressler et al., 2011).
Women with a C-C genotype exhibited higher levels of PTSD-associated hyperarousal than
G-carrying women. Moreover, blood levels of PACAP38 were similarly correlated with
PTSD symptoms in these women (Ressler et al., 2011). Notably, the sex differences in PAC1
SNP effects on anxiety-like responses were not observed in pre-pubertal children, suggesting
the presence of ovarian hormones are responsible for the SNP-induced vulnerability towards
PTSD in post-pubertal women (Jovanovic et al., 2012). The same SNP is also associated
with impaired fear discrimination and dark-enhanced startle in women, (Almli et al., 2013)
and with amygdala and hippocampal activity in response to threat (Stevens et al., 2014), as
well as hippocampal activity during contextual (but not cued) fear conditioning (Pohlack et
al., 2015). Recently, Ressler and colleagues provided evidence for a functional role of
rs2267735 in the dysregulation of ERa/ERE transcriptional activation of the PAC1R gene.
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Previously, female rats were shown to have a stress-induced increase in both PACAP and
PACL transcript in the BNST (reviewed in Hammack et al., 2010) and E treatment resulted
in higher levels of PAC1 mRNA in the BNST (Ressler et al., 2011). Mercer et al. (2016)
extends this to female mice and provides further evidence that E can increase the expression
of the PAC1 gene through ligand activation of ER alpha and binding to an ERE within the
gene. The authors argue that carriers of the risk allele (‘C”) have compromised binding of E/
ERa, resulting in less transcription and expression of PAC1, which is associated with PTSD
(Mercer et al., 2016). Lower mRNA likely results in lower PAC1 protein, further
complicating and disrupting cellular PACAP/PAC1 mechanisms, which are normal processes
of the stress response. Thus, the E mediated adaptive response to stress (i.e., E/ER alpha
binding to the ERE to induce PAC1 upregulation) is inhibited, resulting in less PAC1 in
carriers of the risk allele. This dysregulation may be further disrupted by chronic stress
and/or extreme trauma, leading to increased PTSD symptoms.

Corroborating this, there may be differences in BNST PACAP and PAC1 transcript levels
across the estrus cycle, which suggest that the effects of PACAP may be strongest during
proestrus (King, Brumbaugh, Hammack and May, unpublished). These results are in line
with other studies showing that PACAP expression within the PVVN also varies across the
estrus cycle (Moore et al., 2005). These potential interactions represent an important area of
future research.

Conclusion and Future Directions

The studies described in this review illustrate how convergence from animal and human
studies can inform potential treatments for stress related disorders. Stress produces
maladaptive consequences on multiple levels of responding including HPA axis activity,
plasticity within stress responsive regions, and enhanced anxiety-like behavioral responding.
Furthermore, dysregulation within these stress systems has been argued to result in stress-
related psychopathologies like anxiety disorders and PTSD. Here, we reviewed studies that
suggest that PACAP is a critical mediator for both the adaptive and maladaptive stress
response. These studies further suggest that stress-induced dysregulation of the PACAP
system results in psychopathologies. Moreover, the results describe an E/estrus-PACAP
interaction that may underlie the disproportionate occurrence of anxiety disorders and PTSD
in women. However, it is important to emphasize the continued exploration and
characterization of E modulation of PACAP/PACL signaling in stress-related
psychopathologies as these mediators may provide novel therapeutic targets and treatments
for psychopathologies more prevalent in women.
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