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Abstract

Anxiety disorders are frequently long-lasting and debilitating for more than 40 million American
adults. Although stressor exposure plays an important role in the etiology of some anxiety disorders,
the mechanisms by which exposure to stressful stimuli alters central circuits that mediate anxiety-
like emotional behavior are still unknown. Substantial evidence has implicated regions of the central
extended amygdala, including the bed nucleus of the stria terminalis (BNST) and the central nucleus
of the amygdala (CeA) as critical structures mediating fear- and anxiety-like behavior in both humans
and animals. These areas organize coordinated fear- and anxiety-like behavioral responses as well
as peripheral stress responding to threats via direct and indirect projections to the paraventricular
nucleus of the hypothalamus (PVN) and brainstem regions (Walker et al., 2003; Ulrich-Lai and
Herman, 2009; Walker et al., 2009). In particular, the BNST has been argued to mediate these central
and peripheral responses when the perceived threat is of long duration (Waddell et al., 2006) and/or
when the anxiety-like response is sustained (Walker and Davis, 2008); hence, the BNST may mediate
pathological anxiety-like states that result from exposure to chronic stress. Indeed, chronic stress
paradigms result in enhanced BNST neuroplasticity that has been associated with pathological
anxiety-like states (Vyas et al., 2003; Pego et al., 2008). Here we review evidence that suggests that
pituitary adenylate cyclase activating polypeptide (PACAP) and corticotropin-releasing hormone
(CRH) work together to modulate BNST function and increase anxiety-like behavior. Moreover, we
have shown that BNST PACAP as well as its cognate PAC1 receptor are substantially upregulated
following chronic stress, particularly in the BNST oval nucleus where PACAP-containing neurons
closely interact with CRH-containing neurons (Kozicz et al., 1997; Hammack et al., 2009). We
describe how interactions between PACAP and CRH in the BNST may mediate stress-associated
behaviors, including anorexia and anxiety-like behavior. These studies have the potential to define
specific mechanisms underlying anxiety disorders, and may provide important therapeutic strategies
for stress- and anxiety-management.
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Stress

The term "stress™ has different meanings in the scientific literature, but is generally used to
delineate any threat to an organism’s homeostasis. Hence, even manipulations that are
associated with positive outcomes (such as exercise) can be considered stressors because they
alter the resting state of the body. Homeostatic threats produce peripheral catabolic endocrine
and autonomic stress responses through activation of corticotropin-releasing hormone (CRH)-
containing neurons in the paraventricular nucleus (PVN) of the hypothalamus, which may help
provide the organism with the energy required to cope with homeostatic challenges and/or may
serve to regulate stress responses after they have been initiated (Sapolsky et al., 2000; Ulrich-
Lai and Herman, 2009). Specific stressor types initiate the activation of the PVN via different
brain regions. "Processive" or "exteroceptive" stressors, threats that require limbic structures,
can activate peripheral stress response systems via projections to the PVN, and also stimulate
central (behavioral) stress responding via extrahypothalamic projections to brain nuclei
associated with fear- and anxiety-like behaviors (Herman et al., 1996; Ulrich-Lai and Herman,
2009; Figure 1). Notably, two CRH-rich areas that mediate responding to processive/
exteroceptive stressors include the bed nucleus of the stria terminalis (BNST) and the central
nucleus of the amygdala (CeA; Figure 2). Activation of either the BNST or CeA has been
argued to coordinate a constellation of appropriate behavioral responses to cope with the
perceived threat, while at the same time engaging peripheral catabolic systems that support
these behavioral changes. Hence, both the CeA and BNST have been implicated in mediating
the stress response as well as being critical for affective (fear- and anxiety-like) behavior.
Unlike the CeA, which has been implicated to respond to short-duration (phasic) and perhaps
predictable threats, the BNST has been argued to mediate long-term (tonic) anxiety-like
responding to long-duration, diffuse and/or unpredictable negatively valenced threats (Walker
et al., 2003; Waddell et al., 2006; Walker and Davis, 2008; Walker et al., 2009). Chronic
exposure to negatively valenced processive stressors alters BNST function and leads to changes
in anxiety-like behavior (Pego et al., 2008). Because chronic exposures to negatively valenced
stressors are a critical component in the etiology of many anxiety disorders, understanding the
mechanisms by which stress alters the BNST is critical in determining the relationships
between stressor exposure and emotion.

The bed nucleus of the stria terminalis (BNST)

The BNST is a complex brain region and has historically been divided into anterior and
posterior regions by the fibers of the stria terminalis, and further divided into medial and lateral
subdivisions (Ju and Swanson, 1989; Ju et al., 1989). Swanson and colleagues have defined as
many as 30 subdivisions based on cytoarchitecture, chemoarchitecture and connectivity (Dong
et al., 2001). However, one anterolateral BNST region of particular note is the oval nucleus
(Figure 2); the oval nucleus is activated by stressors, demonstrates high levels of PACAP and
CRH expression, and is associated with affective behavior (Kozicz et al., 1997; Day et al.,
1999; Walker et al., 2003; Funk et al., 2006).

The BNST and peripheral stress responding

As discussed above, threats to homeostasis activate many CNS-coordinated stress responses
(Figure 1). The neuroendocrine stress response is initiated by increased hypothalamic PVN
CRH biosynthesis and secretion into the pituitary portal system, which in turn elicits the release
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of anterior pituitary gland adrenocorticotropic hormone (ACTH) and downstream release of
glucocorticoids from the adrenal cortex. Hypothalamic CRH neurons also regulate the
autonomic stress response via fiber projections to brainstem and lower spinal nuclei (Arborelius
et al., 1999;Ulrich-Lai and Herman, 2009); the activation of catecholaminergic sympathetic
fibers results in the peripheral release of these catabolic neurotransmitters. The measurement
of plasma glucocorticoid and catecholamine levels as end-points has long been used to confirm
the stressful nature of experimental manipulations. Critically, CRH signaling from the PVN
appears to be a central regulator of both the endocrine and autonomic pathways which provide
the organism with coping strategies in the face of homeostatic threats (Herman and Cullinan,
1997;Ulrich-Lai and Herman, 2009).

Depending on the nature of the stressor, the hypothalamic PVN, in turn, can be driven by
different upstream neural pathways (Figure 1). At least two pathways have been described by
Herman and colleagues (Herman et al., 1996). The limbic-insensitive pathway regulates PVN
responses to "systemic or interoceptive" stressors that include immediate and threatening
visceral changes, such as respiratory and cardiovascular distress. These stimuli activate a direct
pathway to the PVN and do not require higher-level cognitive processing associated with limbic
brain regions. The limbic-sensitive pathway, by contrast, mediates PVN responses to
""processive or exteroceptive" stressors and often requires not only higher-level central
integration of sensory modalities, but also comparisons with prior experiences to determine
the salience/valence of the perceived threat. The limbic structures that project to and stimulate
the PVN include the hippocampus, medial prefrontal cortex, amygdala and BNST (Herman et
al., 2005) (Figure 2). Among these regions, the BNST has intimate and direct connections with
the PVN, and the anterolateral BNST stimulates PVN and stress responding (Dunn, 1987;Gray
et al., 1993;Herman et al., 1994;Crane et al., 2003). Stimulation of the anterolateral BNST
increases plasma corticosterone (Dunn, 1987), anterior BNST lesions reduce PVN CRH levels
(Herman et al., 1994), and anterolateral BNST lesions attenuate prolactin, ACTH and
corticosterone levels following a conditioned stress paradigm (Gray et al., 1993). While the
BNST oval nucleus has few direct projections to the PVN (Dong and Swanson, 2001) this
region likely increases PVN activity indirectly via projections to other BNST subregions. The
posterior and medial regions of the BNST can elicit opposite effects (Dunn, 1987;Herman et
al., 1994), reducing PVN activity, suggesting that neuronal projections from different BNST
subregions can elicit distinct stress responses. These results demonstrate the importance of the
BNST in the integration and modulation of PVN activity. Perhaps more interestingly, as
reviewed below, the role of the BNST in stress is even broader to encompass anxiety-like
behavior to negatively-valenced, diffuse and unpredictable threatening stimuli (Figure 1, right
side) (Walker et al., 2003).

The BNST and anxiety-like behavior

In response to perceived threat, mammals display an array of defense behaviors that are
adaptive for survival and the maintenance of homeostasis. The defensive responses are species-
and stimulus-specific, centrally coordinated, and are often associated with changes in affect/
motivation (Blanchard et al., 2003). The behavioral indices of emotion have been well studied:;
the defensive behaviors in rodents, such as freezing, avoidance of brightly lit areas, defensive
withdrawal, and shock-probe burying, and the startle response are routinely measured and have
been associated with changes in fear and anxiety-like responding (Davis, 1986; Fanselow and
Helmstetter, 1988; Kliethermes, 2005; Legradi et al., 2007). Consistent with this interpretation,
experimental manipulations such as the use of m-chlorophenylpiperazine (mCPP) and
benzodiazepines to increase and decrease, respectively, the experience of fear and anxiety in
humans also alter the expression of these defensive behaviors in rodents. Hence, the behavioral
response to homeostatic challenge likely reflects changes in emotional state, particularly in
fear and anxiety. Some of the underlying neurocircuits mediating stressor-responding coincide
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with the neurocircuitry mediating defensive responses, and these structures (such as the BNST)
appear to be critical nodes for mediating stress-induced fear- and anxiety-like behavior. Hence,
chronic exposure to stressors may produce maladaptive changes within these structures, and
these changes likely underlie anxiety disorders in humans.

While many CNS regions may participate in behavioral responses observed after stressor
exposure, some forebrain nuclei have been argued to coordinate defensive responding in a
manner similar to that described above. Of these forebrain areas, the central extended amygdala
has garnered significant attention in mediating these behaviors in a variety of paradigms (Davis
and Shi, 1999). The central extended amygdala includes the CeA and the anatomically-related
BNST (Figure 2). As noted above, the BNST has been implicated in certain fear and anxiety-
like behaviors that are not mediated by the CeA. Davis and colleagues (1997) initially found
that lesions of BNST cell bodies blocked the enhanced startle responding (a behavioral measure
of fear/anxiety) observed after central administration of CRH, whereas CeA lesions did not
(Lee and Davis, 1997). Other fear-like behaviors that have subsequently been shown to be
BNST-mediated include startle responding enhanced by bright light (Walker and Davis,
2002a, b), freezing behavior induced by predator odor (Fendt et al., 2003), fear responding to
long-duration conditioned stimuli (Waddell et al., 2006), contextual fear conditioning (Sullivan
et al., 2004), and the anxiogenic behavioral changes observed after uncontrollable stress
(Hammack et al., 2004). Importantly, the BNST and CeA both receive substantial afferent
information from the basolateral amygdala (BLA, Figure 2), and both project to many of the
same regions involved in mediating individual fear responses (Walker et al., 2003). Based on
these data, Davis and colleagues (2003, 2009, 2010) have suggested that the BNST mediates
a"'slower or sluggish" tonic fear response system that mediates behavioral responding to diffuse
stimuli that persists long after the stimulus has terminated. By contrast, the CeA appears to
mediate a rapid phasic response system to specific threat that dissipates when the threat is
removed. Davis and colleagues have likened the former to an "anxiety" response system and
have suggested that the maladaptive responding of the BNST may underlie some forms of
anxiety disorders in humans, including post traumatic stress disorder (PTSD). Electrical
stimulation of the anterolateral BNST region produces many of the endocrine, cardiovascular
and respiratory responses that are elicited by anxiogenic stimuli (Casada and Dafny, 1991).
Moreover, anxiogenic pharmacological agents, such as yohimbine and m-
chlorophenylpiperazine (mCPP), increase BNST expression of activation markers such as c-
fos (Singewald et al., 2003). The data implicating the BNST in the response to stressor exposure
are not limited to rodents. Kalin et al. (2005) showed that increased BNST activity in rhesus
monkeys was most positively correlated with individual differences in freezing behavior in
response to eye contact with an intruder, which in this species represents a threatening stimulus
(Kalin et al., 2005). The BNST has also been linked to fear behavior in humans; Straube et al.
(2007) found that BNST activation was increased in spider phobic humans when they
anticipated the presentation of an artificial spider (Straube et al., 2007). Notably, substantial
evidence suggests that BNST activity mediates anxiety-like behavior, and altered function
within the BNST likely mediates enhanced anxiety in humans. Our data suggest that chronic
stress selectively increases multiple neurotrophic peptides and growth factors within the BNST,
and this is consistent with previously published reports suggesting that chronic stress
selectively activates the BNST (see below). Given the substantial data implicating the BNST
in mediating anxiety-like behavior, we argue that the BNST is a critical site of confluence
between stress responding and pathological anxiety.

Chronic stress and BNST plasticity

As noted above, stressor exposure can activate the BNST, and chronic exposure to stressors
and/or pharmacological treatments (e.g., mCPP, corticosterone) have been shown to alter
BNST plasticity. Several studies have found that the expression of BNST CRH was increased
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following prolonged social subjugation (chronic social stress), chronic "mild" stress, and
chronic treatment with corticosterone (Makino et al., 1994; Watts and Sanchez-Watts, 1995;
Schulkin et al., 1998). In addition, these treatments have been shown to increase signs of
neuroplasticity within the BNST; exposure to a chronic unpredictable stress paradigm was
associated with increased BNST volume and dendritic length (Pego et al., 2008), chronic
immobilization increased the number of branch points observed in the dendritic arborization
of BNST neurons (Vyas etal., 2002; Vyas et al., 2003), and a one-week variate stress paradigm
increased BNST dendritic length (May, Braas and Hammack, unpublished data). Physiological
correlates to BNST neuroplasticity have also been observed, so that chronic exposure to drugs
of abuse has been shown to increase excitatory postsynaptic currents in ventral-tegmental area
(VTA)-projecting BNST neurons (Dumont et al., 2008) as well as increase the expression of
norepinephrine transporter within the BNST (Macey et al., 2003). Elevations in BNST CRH
and neuroplasticity have been associated with increases in anxiety-like behavior and anhedonia
(asymptom of depression, (Stout et al., 2000)). Hence, chronic exposure to stressors facilitates
BNST function by changing neurochemistry, morphology and physiology within this structure,
and these changes are associated with increases in fear- and anxiety-like behavior. From these
data, increased neuroplasticity within the BNST has been argued to mediate anxiety disorders
in humans whose etiology is associated with chronic stressor exposure.

Neuropeptides and the BNST

As discussed, the anterolateral BNST and CeA have high levels of stress-related peptides,
including CRH. Extrahypothalamic CRH has been heavily implicated in mediating many of
the behavioral responses to stressful stimuli, including fear and anxiety (Koob and Heinrichs,
1999), and CRH1 receptor knockout mice exhibit an anxiolytic behavioral profile (Timpl et
al., 1998). CRH antagonists within the BNST reduce the anxiogenic response to
intracerebroventricular (ICV) CRH injection (Lee and Davis, 1997). Other peptides associated
with anxiety and stress in the extended amygdala include CRH-related urocortin peptides,
neuropeptide Y (NPY), galanin, vasopressin and oxytocin (Walter et al., 1991; Veinante and
Freund-Mercier, 1997; Koob and Heinrichs, 1999). As we discuss below, pituitary adenylate
cyclase activating polypeptides (PACAP) are well studied pleiotropic factors and have diverse
functions in development, physiology and injury responses. From tissue distribution studies,
high levels of PACAP and its cognate G protein-coupled PAC1 receptor have been identified
in the amygdala and BNST (Hashimoto et al., 1996; Hannibal, 2002), particularly in CRH-rich
regions. Although several studies have implicated the PACAP family of peptides in behavior
and extended amygdala function, few studies have investigated their function in the BNST.
Recently, our studies have shown that BNST PACAP and PAC1 receptor mRNA levels are
selectively induced in the extended amygdala after chronic stress (Hammack et al., 2009). Our
data demonstrating the anxiogenic properties of PACAP are consistent with behavior studies
in PACAP or PACL1 receptor knockout studies (Jamen et al., 2000; Hashimoto et al., 2001;
Otto et al., 2001; Colwell et al., 2004; Girard et al., 2006); further, from its trophic properties,
chronic PACAP signaling may be one mechanism underlying BNST neuronal cytoarchitectural
remodeling and adaptation during stress (see below).

PACAP peptides and receptors: a primer

There are many excellent recent reviews on the PACAP family of related peptides (Sherwood
et al., 2000; Vaudry et al., 2009) and hence, only some of the fundamental details will be
highlighted here to facilitate future discussions. PACAP, the archetypical member of
vasoactive intestinal peptide (VIP)-secretin-glucagon family of bioactive peptides, was
isolated from hypothalami based its ability to stimulate anterior pituitary gland adenylyl cyclase
activity (Miyata et al., 1990; Ogi et al., 1990; Arimura, 1998; Vaudry et al., 2009). Two a-
amidated forms of PACAP arise from alternative posttranslational processing of the precursor
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molecule; PACAP38 has 38 amino acid residues [pro-PACAP(131-68)] while PACAP27
corresponds to the amino terminus of PACAP38 [proPACAP(131-157)]. PACAP27 exhibits
68% amino acid identity with VIP (Kimura et al., 1990; Miyata et al., 1990; Ogi et al., 1990).
The relative levels of the two forms of PACAP are tissue-specific, although PACAP38
predominates in most tissues (Arimura et al., 1991; Arimura, 1998). For example, the ratio of
PACAP38 to PACAP27 can range from 500:1 in testes to 15:1 in the hypothalamus. The 28-
amino acid VIP peptide is also a-amidated but, unlike PACAP, is not alternatively processed.
From gene duplication, VIP and PACAP form one branch of the cladistic tree and are highly
conserved among species implicating their physiological importance in evolution. For
example, there is only one amino acid difference in PACAP27 between tunicates and mammals.
The gene exon-intron organization, transcript untranslated regions and alternative splicing, and
molecular conformation of PACAP and VIP have been reported (see Vaudry et al., 2009). Yet
despite the similarities, PACAP and VIP can be differentially expressed and regulated
(Pavelock etal., 2007; Vaudry et al., 2009) and the targeted deletion of one gene does not result
in compensatory expression responses by the other (Girard etal., 2006). The cloning of cDNASs
encoding three distinct G-protein-coupled receptors for PACAP and VIP has provided a
molecular basis for understanding the complexity of PACAP and VIP signaling (Ishihara et
al., 1992; Hashimoto et al., 1993; Hosoya et al., 1993; Lutz et al., 1993; Spengler et al.,
1993; Inagaki et al., 1994; Laburthe et al., 2002). Only PACAP peptides exhibit high affinity
for the PAC1 receptor, whereas VIP and PACAP have similar high affinities for VPAC1 and
VPAC2 receptors. While VPAC receptors appear to be coupled principally to adenylyl cyclase,
PACL receptor isoforms display unique patterns of adenylyl cyclase and PLC activation, which
differ for PACAP27 and PACAP38 (Spengler et al., 1993; Vaudry et al., 2009). Isoforms are
produced by alternative splicing of the PACL1 receptor transcript regions encoding the amino-
terminal extracellular domain and third cytoplasmic loop. Variants resulting from the presence
or absence of a 21-residue insert into the amino-terminal extracellular domain can affect
PACAP38 and PACAP27 potency (Pantaloni et al., 1996). Other variants, from the alternative
splicing of two 84 bp HIP and HOP exons in the region encoding the third cytoplasmic loop,
exhibit differential patterns of adenylyl cyclase and PLC activation by PACAP (Spengler et
al., 1993). Stimulation of the PAC1 null receptor (neither HIP nor HOP), for example, activates
adenylyl cyclase; the presence of the HIP cassette (PAC1HIP receptor) can dampen the potency
and efficacy of PAC1 receptor-mediated cyclic AMP production. The PAC1HOP receptor
variant can be promiscuous in Gs/Gq coupling and allow both adenylyl cyclase and
phospholipase C activation for diverse downstream intracellular signaling events. These
potential multifactorial PAC1 receptor signaling in adenylyl cyclase, phospholipase C, MAPK
and Akt pathways can be key in understanding neurotrophic signaling during development,
plasticity and regeneration (Barrie et al., 1997; Villalba et al., 1997; May et al., 2010). The
limited number of pharmacological tools have hampered studies on the roles of the different
receptor subtypes in central and peripheral tissues. While the PACAP(6-38) antagonist acts at
both PAC1 and VPAC?2 receptors, M65 (also called max.d.4), a 19-amino acid deletion mutant
of the sand fly vasodilatory maxadilan peptide, is a potent and selective PAC1 receptor
antagonist (Moro and Lerner, 1997; Moro et al., 1999). Interestingly, several acyl hydrazides
have now been identified as small non-peptide PAC1 receptor antagonists, but their relative
selectivity at VPAC1 and VPAC?2 receptors has not been described (Beebe et al., 2008).
PG97-269 and PG99-465 have been developed as VPAC1 and VPAC2 receptor selective
antagonists, respectively (Vanneste et al., 2004). The chimeric, substituted peptide
Lys15Argl6Leu27-VIP(1-7)/GRF(8-27) is a high affinity VPACL agonist (Gourlet et al.,
1997); R025-1553 and Hexa-VIP(1-28) are VPAC2-selective agonists (O'Donnell et al.,
1994; Juarranz et al., 1999).
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PACAP peptides in stress- and anxiety-related pathways

As described previously, PACAP peptides are widely distributed in the central/peripheral
nervous systems (CNS/PNS) and in peripheral organs (Vaudry et al., 2009). But among CNS
structures, both PACAP and PAC1 receptor mMRNA and immunoreactivity are highly expressed
in limbic areas including the hypothalamus, hippocampus, olfactory nuclei, and discrete
regions of the amygdala (Hashimoto et al., 1996; Jaworski and Proctor, 2000; Hannibal,
2002), which are well known to mediate the diverse behavioral, physiological and endocrine
responses observed following stressor exposure. Similar to CRH, some of the highest levels
of PACAP mRNA expression and peptide content in the CNS are found in hypothamalmic
nuclei, including the PVN where PACAP can be colocalized with a subpopulation of CRH
neurons (Hannibal et al., 1995). Some of the highest densities of PAC1 receptor mRNA have
also been identified in the many different regions of the hypothalamus emphasizing the
importance of PACAPergic systems in neuroendocrine functions and homeostasis.
Interestingly, PACAP and CRH have also been identified in specific regions of the central
extended amygdala, often in complementary patterns (see below), to suggest additional
functional parallels. Some of the highest extrahypothalamic CRH levels have been described
in the BNST and CeA (Koob and Heinrichs, 1999); similarly, dense PACAP-immunoreactive
fibers have been found in the dorsolateral BNST and in the capsular and central parts of the
lateral CeA subdivision (Piggins et al., 1996; Hannibal, 2002). In all these studies, PACAP-
immunoreactive fibers and terminals are far more prevalent than PACAP-immunopositive
soma suggesting that the bulk of the PACAP fibers represent extrinsic long distance axonal
projections to the CeA and BNST. The endogenous sources of the PACAP-containing axons
inthe PVN and BNST are still being evaluated but studies using retrograde tracers suggest that
the PACAP fibers to the PVN may originate from diverse CNS regions such as local
hypothalamic nuclei and more distant brainstem nuclei (Legradi et al., 1998), while those to
the BNST stem significantly in part from PACAP neurons in the PVN (Kozicz et al., 1998).
But in both PVN and BNST oval nucleus regions, the PACAP-immunoreactive fibers have
been described to synapse on CRH neurons, implicating the two peptidergic systems in a
common neural pathway neurons involved in stress responses. As specific regions of the BNST
also project to the PVN, these results may also imply that the hypothalamus and BNST may
have reciprocal regulatory functions. One potential caution in these observations rests in the
use of colchicine in some of these studies. The microtubule polymerization inhibitor is
frequently employed in many immunocytochemical peptide distribution studies to disrupt
vesicle transport and secretion and enhance peptide detection in neuronal soma and fibers. As
colchicine is a cellular, physiological and behavioral stressor, and can enhance cellular mMRNA
and expression, its effects are clearly not solely related to vesicular transport but more complex
and transcriptional. While these treatments may not necessarily distort immunocytochemical
staining patterns, they may bias staining intensities from levels that are more typically observed
in naive animals. Nevertheless, the sparse number of BNST PACAP-immunoreactive soma
mirror the scattering of PACAP mRNA expressing neurons in the BNST (Hannibal, 2002);
hence even though the bulk of PACAP-positive fibers appear to arise from extrinsic projections,
the BNST is capable of endogenous PACAP production for local and/or more long distant
regulatory functions. As the cytoarchitecture of the BNST has been described to contain an
inner "core" of projection neurons surrounded by an outer "shell" of interneurons (Larriva-
Sahd, 2006), the localization of PACAP in the BNST may have functional significance. While
PACAP is more prevalent in the capsular region of the CeA, CRH-immunoreactivity patterns
appear complementary and restricted to the adjacent lateral and medial CeA regions.
Interestingly, even though the BLA is also a central mediator of behavioral responses, neither
PACAP nor CRH fibers and soma appear prevalent in the BLA. The distribution of PACAP-
immunoreactive fibers correlates well with PAC1 receptor mRNA patterns in the
hypothalamus, hippocampus and extended amygdala regions such as the BNST and CeA
(Hashimoto et al., 1996). In aggregate these results implicate PACAP signaling, via CRH-
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dependent and/or independent mechanisms, as one of the regulators of neuroendocrine,
autonomic, and behavioral responses to stressor exposure.

PACAP peptides in stress-related behavior - hints from knockout studies

Despite much evidence from neurochemical anatomy, the studies examining PACAP effects
on behavior have been limited. The results from early studies evaluating the roles of PACAP
in stress were modest; for example, whereas acute restraint, osmotic and ether stress have no
apparent effects, other challenges including colchicine-, interleukin-1p- and kainic acid-
induced stress, can increase PACAP mRNA expression in the hypothalamus (Hannibal et al.,
1995). PACAP infusions into cerebral ventricles have been shown to augment plasma
corticosterone levels, stimulate c-fos and phosphorylated CREB immunoreactivity in the
hypothalamus, and increase PVN CRH mRNA levels, very much similar to the physiologic
responses to stress, and yet the behavioral stress responses in these animals to PACAP have
only been examined with respect to grooming behavior and motor activity (Agarwal et al.,
2005; Norrholm et al., 2005). Further, ICV infusion studies, while instructive, cannot typically
specify the central sites of PACAP activity. Some direct nuclei microinjections/infusions have
been performed; for example, PACAP infusions into the CeA result in changes shock/probe
aversion responses that are consistent with the manifestation of fear (Legradi et al., 2007).

Although these results are indicative and served as a prelude for additional studies, the ensuing
behavior data from several PACAP or PAC1 receptor null mouse strains developed by several
independent laboratories have also provided complementary and revealing results (Jamen et
al., 2000; Hashimoto et al., 2001; Otto et al., 2001; Colwell et al., 2004; Girard et al., 2006).
In general, the PAC1 and PACAP knockout animals share some defects such as hyperactive
psychomotor behavior, poor fertility, circadian rhythm irregularities, and abnormalities in
glucose/lipid homeostasis. Furthermore, the PACAP null mice appear to have high early
postnatal mortality, which may be related to acute thermosensitivity, apnea or other metabolic
dysfunctions (Gray et al., 2001; Gray et al., 2002; Cummings et al., 2004b; Cummings et al.,
2004a; Cummings et al., 2008). Yet despite these hurdles, some of the best evidence for
PACAP/PAC1 receptor signaling in behavior has been presented in studies using these
knockout animals. PAC1 receptor knockouts demonstrate abnormalities in social and sexual
behavior associated with pheromone processing (Nicot et al., 2004) and appear to present
deficits in contextual fear conditioning, a hippocampus-dependent associative learning
paradigm (Sauvage et al., 2000; Otto et al., 2001). However, some of the most consistent and
striking phenotypes in the PACAP or PAC1 receptor knockout mice are the changes in
psychomotor behavior (Hashimoto et al., 2001; Otto et al., 2001; Girard et al., 2006). In open
field tests, PACAP null mice demonstrate reduced anxiety-like behavior, exaggerated jumping
behavior and dramatically increased locomotor activity with little evidence for habituation to
the environment. PACAP knockout animals move quicker, travel longer distances per unit
time, spend less time resting and access the center of the open field more frequently than
wildtype mice, which travel preferentially along the test chamber perimeter (Hashimoto et al.,
2001; Girard et al., 2006). PACAP knockouts show greater tendencies to enter and spend more
time in the open arms on the elevated-plus maze test, also consistent with a phenotype of
reduced anxiety. In emergence tests, in which mice within a safe open cylinder are placed in
a novel open-field environment, PACAP knockout mice demonstrate less latency emerging
from the cylinder and a near 2-fold increase in exploratory times (Hashimoto et al., 2001).
Other related test paradigms have also shown the peptide knockouts are less anxious and spent
more time exploring novel objects. The same psychomotor behaviors have been observed in
PAC1 receptor knockout mice. Interestingly, unlike mice with a global PACL1 receptor
deficiency, the PAC1CaMCRE?2 mice with targeted disruption of cortical and hippocampal
PAC1 receptors, did not present psychomotor behavioral defects (Otto et al., 2001), suggesting
that PACAP signaling outside of these areas, such as the extended amygdala, may control the
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anxiety responses. The hyperactive behavior the PACAP null animals can be ameliorated with
the dopamine antagonist haloperidol and the explosive jumping behavior can be attenuated
with serotonin reuptake inhibitors. While the monoaminergic system does not appear to be
perturbed in embryonic knockout brains, cortical and striatal 5-HIAA (a serotonin metabolite)
may be diminished slightly in adult PACAP-deficient animals, which implicates a late
developmental role for PACAP in serotoninergic system function. Other stress-related
responses are also attenuated in PACAP knockout animals. Intraperitoneal Injections with
trimethyltin to instill neuronal damage and systemic stress failed to induce corticosterone levels
in knockout animals compared to wildtype (Morita et al., 2006). More recently, the increase
in hypothalamic CRH mRNA and serum corticosterone observed in wildtype mice following
prolonged restraint stress has been shown to be blunted in PACAP-deficient mice (Stroth and
Eiden, 2009). As a caution, analogous behavioral studies have not been performed using
conditional knockout animals. Clearly, maternal gestational influences and even postnatal
handling can impact development, and these issues should be considered as additional animal
resources become available. But, despite the many related observations suggesting that PACAP
modulates anxiety-like behavior and stress-responding, the neuroanatomical substrates,
characteristics and mechanisms of PACAP action have not been identified. Our recent studies
suggest that one primary locus for PACAP signaling in anxiety-like behavioral responding to
stressor exposure resides in the BNST and that the ensuing long term changes in PACAP
expression may underlie the long lasting neurological and physiological defects that may have
permanence in allosteric load.

Chronic variate stress increases PACAP, PAC1 receptor and neurotrophin-
related transcripts expression in the BNST

Chronic stress elicits diverse neurotransmitter and hormonal responses through activation of
multiple signaling pathways, including SAPK/JNK (Shen et al., 2004), one critical regulator
of neuronal PACAP expression following metabolic stress. To evaluate whether chronic stress
regulates PACAP expression in brain regions associated with stress-responding and/or anxiety-
like behavior, Sprague-Dawley rats were exposed to a chronic variate stress paradigm in which
rats received a different stressor in each of 7 days to reduce habituation of the stress response
(Hammack et al., 2009). Twenty-four hours after the last stressor, several different brain
regions associated with stress and fear behavior were microdissected and frozen on dry ice
before RNA processing for quantitative RT-PCR measurement. As reported in Hammack et
al., 2009, among the 12 neural regions examined, chronic variate stress selectively increases
PACAP transcript levels more than 10-fold only in the dorsolateral BNST (dorsal aspect of
anterolateral BNST); a smaller but significant 2-fold increase in PACAP mRNA is also
apparent in the hypothalamic PVN. PACAP levels in the remaining brain regions, including
the central and basolateral amygdala, and ventral aspect of the BNST, are not different from
non-stressed control animal tissues. The stress-induced increase in dorsolateral BNST PACAP
expression is associated with a 2-fold increase in PAC1 receptor mRNA expression; like all
CNS tissues examined to date, the PAC1null receptor isoform predominates in the BNST. The
increase in dorsolateral BNST PACAP and PAC1 receptor appears unique as VIP, VPAC1
and VPAC?2 receptor transcript levels in the same samples are not changed (Hammack et al.,
2009).

Within the same tissue sets, the chronic variate stress paradigm also augmented other stress-
related transcripts in the PVN and amygdala, some of which may have been consequences of
PACAP signaling. For example, chronic variate stress also increased brain-derived
neurotrophic factor (BDNF) and TrkB mRNA levels nearly 3-fold and 2-fold, respectively, in
the dorsolateral BNST when compared with non-stress control tissues. PACAP can stimulate
neuronal BDNF and/or TrkB expression and function in a variety of paradigms (Yaka et al.,
2003; Braas et al., 2007) and CNS BDNF expression appears diminished in PAC1 receptor

J Mol Neurosci. Author manuscript; available in PMC 2011 November 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hammack et al.

Page 10

knockout animal (Zink et al., 2004). Since chronic stress results in long term changes in
dorsolateral BNST cellular plasticity, and BDNF function has been associated with anxiety
and behavior disorder, PACAP-stimulated BDNF expression may be one mechanism
underlying that plasticity. To that effect, PACAP treatment of dorsolateral BNST explants in
serum-free cultures can increase BDNF transcript expression (unpublished observations).
BDNF transcripts in a few select CNS regions are also increased following chronic variate
stress, including the PVN (approximately 1.4-fold) and dorsal raphe nucleus (3-fold). As these
CNS areas are targets of BNST projections, the observed changes in BDNF and TrkB transcript
expression in these regions may also reflect stress-mediated PACAP production and signaling
from the BNST. Importantly, these data suggest that the dorsolateral BNST is a critical CNS
target of stress-induced plasticity and such plasticity within the BNST may represent a likely
mechanism underlying anxiety disorders in humans. It is notable that neither PACAP nor
BDNF was increased in the BLA, which like the BNST can exhibit enhanced neuroplasticity
after some chronic stress paradigms (Vyas et al., 2002). These data might suggest that BLA
enhancements in neuroplasticity are not PACAP dependent; however, it is currently unclear
whether the chronic variate stress paradigm enhances BLA neuroplasticity, as Vyas and
colleagues (2002) only found enhanced neuroplasticity in the BLA following chronic
immobilization stress and not after a chronic unpredictable stress paradigm.

As in other stress paradigms, the same chronic variate stress treatment also increases CRH
transcripts in the PVN. Though BNST CRH transcript level appears unchanged in this
paradigm, expression of the different BNST CRH receptor subtypes is enhanced following
chronic stress. Interestingly, the greatest increase in CRH mRNA is noted in the lateral and
medial CeA which may be related to fear-like responses. Again, as PACAP-immunoreactive
fibers can impinge and regulate CRH neurons, and as stress-induced expression of
hypothalamic CRH is diminished in PACAP knockout animals, these result further implicate
an integration of PACAP and CRH pathways.

Chronic variate stress increases PACAP immunoreactivity and transcript
levels in the oval nucleus of the BNST

The methods used to dissect BNST subregions for quantitative RT-PCR measurements have
some limitations in distinguishing PACAP expression in neuronal vs non-neuronal
compartments, identifying the distinct BNST subnuclei affected, and demonstrating associated
changes in PACAP peptide levels. Hence, the RT-PCR data have been reexamined using
immunocytochemistry and in situ hybridization techniques and from these results, PACAP
immunoreactivity and transcript expression is increased by chronic stress selectively in the
BNST oval nucleus (Hammack et al., 2009; May et al., 2009; Roman et al., 2009). Notably,
unlike previous work, colchicine was not used in these studies to allow expression change
detection between control (unstressed) and chronically stressed animals. As for many
neuropeptides including CRH, dark punctate PACAP immunoreactivity was localized
predominantly to neuronal fibers, varicosities and terminals in the oval nucleus of the
dorsolateral BNST, identified by high levels CRH staining in the same region on adjacent tissue
sections. The oval nucleus PACAP staining area and density is vastly more extensive after
chronic stress (Figure 3); by pixel analyses, chronic stress increased BNST PACAP
immunoreactivity more than 4-fold. Interestingly, even with high sensitivity methods, PACAP-
and CRH-immunoreactivities are not colocalized in the BNST, again illustrating how the two
peptidergic systems maybe separate yet integrated. As mature amidated peptides are typically
transported along axons, PACAP staining in fiber structures is more robust than the soma.
However, parallel in situ hybridization approaches to label soma have also demonstrated
increased PACAP neuronal number in the BNST after chronic stress, in good agreement with
quantitative PCR measurements suggesting that the BNST oval nucleus neurons can express
PACAP. Hence the increase in BNST oval nucleus PACAP fiber staining may reflect
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augmented peptide production from both extrinsic and intrinsic sources. As noted above,
PACARP transcripts are increased in the PVN after chronic stress and PN PACAP projections
to the BNST may represent one extrinsic source. Depending on the location of the intrinsic
PACAP BNST neurons (shell vs core), BNST PACAP may be important for local BNST
neurocircuits or long distance target projections. Some preliminary analyses suggest the latter
possibility. PACAP-immunoreactive fibers in the medial and subcommissural BNST regions
appear diffuse and unchanged between the two groups. PACAP staining levels in the capsular
region of the CeA is also unchanged after chronic variate stress. In contrast to the BNST, CRH
immunoreactivity in the CeA appears enhanced after chronic stress. Hence the changes in
PACAP and CRH immunoreactive staining patterns in the BNST and CeA appear to be
reciprocal.

Acute PACAP injection into the BNST induces stress-related behavioral
consequences

The ability of chronic variate stress to selectively increase BNST PACAP and PAC1 receptors
transcripts has suggested that this system plays an important role in chronic stress-mediated
anxiety-like behavior. These observations, coupled with other PACAP-related stress studies
and the anxiolytic behavioral changes observed in the PACAP and PAC1 receptor knockout
mice, in aggregate implicate BNST PACAP signaling as a potential mechanism for anxiogenic
responses and the long-term neuroplasticity changes that accompany anxiety-like behavior. To
evaluate that possibility, adult male rats were implanted bilaterally with cannula aimed at the
anterior BNST and subsequently infused with one of several PACAP38 doses (0.1 — 1 ug) or
vehicle at a flow rate of 0.25 pl/min. Consistent with hypotheses, PACAP38 was anxiogenic
in a concentration-dependent manner as measured by increased baseline startle behavior
(Hammack et al., 2009). Perhaps more interestingly, BNST treated rats continue to exhibit an
elevation in baseline startle amplitude even one week after the single PACAP38 injection. As
PACAP can elicit sustained neurotrophic effects, these results suggest that PACAP-induce
BNST neuroplasticity may be one mechanism underlying the long-term elevation in anxiety-
like behavior.

Although BNST PACAP signaling may be anxiogenic, whether chronic stress-induced anxiety
is mediated by central PACAP functioning is currently under study. In preliminary work, the
rats were infused continuously into the lateral ventricles with vehicle or the PAC1/VPAC?2
antagonist PACAP(6-38) via osmotic minipumps (1 pl/h, 12 pg/day) during the 7 day chronic
stress paradigm and 24 hours after the last stressor, rats were tested for anxiety-like behavior
on an elevated plus-maze. While the antagonist-treated animals appeared to venture into the
open arms more frequently in these preliminary studies, the results on anxiety-like behavior
were equivocal from variability within the small animal groups. However, in the same study,
chronic variate stress, previously shown to produce anorexia in rodents, dramatically reduced
weight gain more than 70%. Interestingly, chronic central PACAP(6-38) antagonist infusion
dramatically reversed the stress-induced weight change such that the body weights of stressed/
PACAP(6-38) treated animals were comparable to those of non-stressed controls. These
antagonist responses were so dramatic that additional studies were performed to identify the
sites and roles of PACAP in weight change. Recently in assessing the role of the BNST in
stress-mediated weight change, excitotoxic N-methyl-D-aspartate (NMDA) BNST lesions
were performed prior to chronic stress treatments. In parallel with the PACAP antagonist
infusion studies, chronic stress-induced weight loss was reduced in the BNST-lesioned animals
compared to sham or non-stress control animals, demonstrating that the BNST is an important
site for stress-induced anorexia. To determine whether BNST PACAP alone was sufficient to
produce anorexia in the absence of stress, PACAP38 (0.1 — 1 pg) was injected directly into the
BNST and within 24-hour post-infusion, PACAP dose-dependently produced a dramatic
reduction in weight and food/water intake. Hence, in addition to anxiety-like behavior, these
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results suggest that intra-BNST PACAP expression and signaling represent an important locus
for weight/feeding regulation and the anorexic effects of stress.

Summary and overview

The many separate lines of work are beginning to coalesce and implicate PACAP expression
and signaling in stress-related behaviors. To encapsulate our recent observations, our work
suggests that PACAP/PAC1 receptor signaling has acute and sustained stress-associated
behavioral effects when injected into the BNST. PACAP and PACL receptor expression is
augmented selectively in the BNST after chronic stress, particularly in BNST subregions that
express stress-related CRH. BNST CRH activation has been shown to be necessary and
sufficient for the expression of anxiety-like behavior, and the distribution and functional
similarities between the two peptidergic systems suggest that the PACAP and CRH pathways
may be integrated to increase BNST activity and coordinate these behavioral changes. As noted
above, the increase in BNST neuroplasticity has been argued to represent a key underlying
mechanism to sustain behavioral changes, such as anxiety after chronic stress. In addition to
its transmitter activities, PACAP has well established neurotrophic functions through G
protein-coupled PACL1 receptor function or downstream induction of neurotrophins, especially
BDNF. As chronic stress and PACAP can upregulate BDNF and TrkB expression, PACAP
may be an important mediator of stress-induced increases in BNST neuroplasticity. Hence, the
effects of PACAP may be multidimensional with other transmitters, peptides and growth factor
systems to enhance not only acute but also long term stress-induced behavioral changes. These
studies have the potential of defining specific mechanisms for the etiology of anxiety disorders
with important implications for clinical therapeutic adaptations. PACAP systems have also
been implicated in depression and schizophrenia-like disorders (Hashimoto et al., 2007;
Hashimoto et al., 2009a; Hashimoto et al., 2009b). Although not directly associated, depression
and anxiety are two of the most comorbid disorders known (Simon, 2009); the presence of
anxiety in schizophrenia-like disorders is also highly prevalent (Achim et al., 2009). Future
PACAP studies may identify other clinical correlations with chronic debilitating anxiety, PTSD
(posttraumatic stress disorder), anorexia-like behavior and related feeding-related disorders.
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Figure 1. Stress pathway schematic

Stress activates both limbic and nonlimbic pathways, which can converge on the
paraventricular nucleus (PVN) of the hypothalamus for endocrine and autonomic responses.
Stress-mediated activation limbic BNST either directly, or indirectly via the PVN, contribute
to anxiety behavior. Chronic stress insults can result in long term neuroplasticity changes
leading to anxiety and somatic disorders
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Figure 2. Schematic of extended amygdala areas and interactive pathways

A) Simplified rat coronal sections illustrating areas within the bed nucleus of stria terminalis
(BNST, bregma —0.26) and the amygdala (bregma —2.80). The BNST oval nucleus (OV) in
the dorsolateral BNST (BNSTdI) is illustrated; the anterolateral BNST encompasses the
BNSTdI and may include the dorsomedial BNST (BNSTdm). Similarly, the two largest
components of the central nucleus of the amygdala (CeA) are the medial (CeM) and lateral
(Cel) divisions. CPu, caudate putamen; GP, globus pallidus; IC, internal capsule; BNSTv,
ventral BNST; Fu, fusiform nucleus; BLA, basolateral amygdala. B) The BNST and CeA have
reciprocal projections. The BLA projects not only to the CeA but have en passant fibers that
can reach the BNST. The reciprocal hypothalamic (PVN) and CeA projections are best
described although direct PVVN fibers can be identified in the BNST. The BNST can influence
hypothalamic function via direct or indirect neural pathways (dashed arrow).
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Figure 3. BNST CRH and PACAP immunoreactivity after chronic stress

(A) Cryosections from chronically stressed rats were processed and CRH immunoreactivity
was detected using Cy3-conjugated secondary antibody fluorescence. In the photomontage,
CRH immunoreactivity n the oval nucleus of the BNST (BNSTov) is dense compared to
staining levels in the ventral zone (BNSTV); from the plane of section CRH staining is compact
in the fundus striatum (FS). (B) Adjacent cryosection from the same chronically stressed brain
was processed for PACAP immunoreactivity using tyramide amplification and
diaminobenzidine as substrate. Though the distribution of PACAP staining in the BNST can
be broad, the highest density of PACAP is found in the BNSTov. Even in chronically stressed
animals, PACARP staining in the BNSTv appears relatively diffuse compared to PACAP
immunoreactivity in the oval nucleus.
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