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Chapter 1

Introduction

Defining the Physiological and Behavioral Effects of Stress
The Adaptive Stress Response
Hans Selye first described the biological stress response in 1936, where he discussed

the body’s common response to “diverse nocuous agents” (Selye, 1936). This response is
considered evolutionarily adaptive, as it provides a mechanism for responding to disruptions in
homeostasis (Chrousos and Gold, 1992; Chrousos, 2009). The stress response triggers
alterations in signaling in both the central nervous system (CNS) and throughout the periphery.
Acute stress results in increased arousal, including increases in attention, allowing for focused
cognition. Conversely, drives to feed and reproduce are blunted. Peripherally, increases in
cardiovascular tone, respiratory rate, gluconeogenesis, and lipolysis are all observed.
Additionally, the growth axis is blunted and immune system activity is altered. Globally, the body
works to redirect energy sources to systems necessary for addressing the disruption in
homeostasis (Chrousos and Gold, 1992).

As the stress response alters processes throughout the body, a wide variety of signaling
pathways work in concert to exert the many effects discussed above. One major component of
the stress response is the hypothalamic-pituitary-adrenal (HPA) axis. Within the HPA axis,
corticotropin releasing factor (CRF) released from neurons in the paraventricular nucleus (PVN)
of the hypothalamus acts in the anterior pituitary to stimulate the release of adrenocorticotropic
hormone (ACTH). ACTH can then act on the adrenal glands, resulting in release of
glucocorticoid hormones, including cortisol in humans and corticosterone in rodents, into the
bloodstream (Figure 1). The connection between hypothalamic signaling molecules and
pituitary/adrenal stimulation was initially observed in the 1950s (Guillemin and Rosenberg,

1955; Saffran and Schally, 1955). Identifying the factor that stimulated ACTH release proved



difficult, with the first thorough characterization of CRF occurring in 1981 by Wiley Vale (Vale et
al., 1981). An additional signaling component of the HPA axis is the negative feedback loop in
which glucocorticoids can signal at the level of both the hypothalamus and pituitary, resulting in
decreased release of CRF and production of ACTH (Calogero et al., 1988). The HPA axis can
interact with other peripheral systems, influencing metabolic, cardiovascular, and immune
function (Chrousos, 2009). Additionally, the hypothalamus provides a direct connection to other
brain regions within the CNS, including cortical, hippocampal, and amygdalar circuits

(Chrousos, 2009). The wide reaching influence of the HPA axis helps in the coordination of a

whole body stress response.

Hypothalamus

Glucocorticoid ~ O

Figure 1. Schematic of Hypothalamic-Pituitary-Adrenal Axis Signaling Cascade.
Adapted from Paul et al., 2015.



Another key component activated by stress is the brainstem norepinephrine (NE) system
(Chrousos and Gold, 1992). Although a relatively small number of neurons divided into sub-
nuclei within the brainstem make-up the entirety of the NE system (Aston-Jones et al., 1986;
Aston-Jones et al., 2000; Robertson et al., 2013), these neurons project widely throughout the
CNS. In addition to local connections within the brainstem, these neurons project to the cortex,
hippocampus, amygdala, hypothalamus, thalamus, basal ganglia, and cerebellum (Robertson,
et al., 2013). As seen with the HPA axis, the NE system also provides a connection between the
CNS and the periphery as it plays a role in the autonomic nervous system (ANS) and
influencing the release of catecholamines into the bloodstream from the medullary portion of the
adrenal glands (Chrousos and Gold, 1992). The ANS, specifically the sympathetic division, is
thought to orchestrate the “fight or flight” response first described by Walter Cannon (1915).

While both the HPA axis and brainstem structures are activated by disruptions in
homeostasis, these systems are not working independently. The vast connectivity with the rest
of the CNS allows for modulation of these two systems by other brain regions and other
neurotransmitter systems (Chrousos and Gold, 1992). Furthermore, CRF and NE signaling
interact with one another, providing a positive feedback loop. For instance, in rats, an antagonist
of a CRF receptor (CRFR1) can block the stress-induced alterations in locus coeruleus (LC; a
NE sub-nuclei) neuronal activity (Valentino and Wehby, 1988). Similarly, local NE administration
in the hypothalamus results in increase in plasma corticosterone levels in rats, as well as
activation of the hypothalamus, as marked by the immediate early gene Fos (Cole and
Sawchenko, 2002). This cross-talk between the hypothalamus and brainstem provides another
layer to an already complex stress response that includes signaling systems throughout the

entire body.



The Maladaptive Stress Response: The Influence of Stress in Clinical Disorders

The stress response as discussed above is important for re-establishing homeostasis
and protecting the body during acute stress. However, particularly intense stressors and/or
chronic stressors can result in alterations in the signaling pathways, as the body works to
compensate for prolonged homeostatic disruptions (Chrousos, 2009). These compensatory
mechanisms may lead to maladaptive responses to stress and in turn contribute to the
pathophysiology of a wide-variety of clinical disorders. Indeed, stress has been associated with
illnesses affecting both the nervous system and peripheral systems in the body; these include
anxiety (Bystritsky and Kronemyer, 2014), depression (Nestler et al., 2002; Yang et al., 2015),
post-traumatic stress disorder (PTSD; Newport and Nemeroff, 2000; Pitman et al., 2012),
addiction (Koob, 2008), eating disorders (Hardaway et al., 2015), metabolic syndrome
(Tamashiro et al., 2011), cardiovascular disease (Inoue, 2014), and immune alterations (Vitlic et
al., 2014).

The link between stress and anxiety/depression has long been studied in both humans
and animal models of disease. Elevated levels of glucocorticoids, as well as elevations in
catecholamine signaling, have been connected to altered cognition in both rodent models and
humans (McEwen and Sapolsky, 1995). However, the effects of elevated glucocorticoids on
cognition depend on both the magnitude and duration of elevation, as cognitive performance
follows an inverted U-shape, such that performance is best during mild elevation of
glucocorticoids (de Kloet et al., 1999; Lupien et al., 2007). These cognitive effects have been
attributed to changes in plasticity and signaling in a variety of brain regions, including the
hippocampus (Diamond et al., 1992; McEwen, 2016), cortex (Young et al., 1999), and amygdala
(Roozendaal, 2002). Structural and functional changes in these brain regions have been
observed in patients diagnosed with anxiety (Chen and Etkin, 2013), depression (Rosso et al.,
2005; Nifosi et al., 2010), and PTSD (Bremner et al., 1995; Liberzon et al., 1999; Shin et al.,

1999). Furthermore, differences in HPA axis activity have been observed in patients diagnosed



with Major Depressive Disorder and PTSD (Yehuda et al., 1991; Strohle and Holsboer, 2003;
Wichmann et al., 2017). Similar support for the role of stress signaling in these disorders has
been observed in animal models. Norepinephrine and corticosterone levels in the prefrontal
cortex and hippocampus in mice predict PTSD-like symptoms (Kao et al., 2015).
Overexpressing CRF in the forebrain during development results in anxiety-like phenotypes in
adult mice (Toth et al., 2014). Furthermore, chronic stress has been shown to alter CRF gene
expression in multiple brain regions in rats (Sterrenburg et al., 2011) and chronic social defeat
stress in rats leads to an upregulation of the norepinephrine transporter in the brainstem,
hippocampus, amygdala, and frontal cortex (Chen et al., 2012). Taken together, evidence from
both clinical and pre-clinical studies point to the importance of stress signaling systems in
understanding anxiety and depression.

Stress has also been clinically relevant in understanding substance use disorders. Of
note, addiction is often found to be comorbid with other psychiatric disorders including anxiety,
depression, and PTSD (Kandel et al., 1997; Brady and Sinha, 2005; Reed et al., 2007). There is
evidence that early-life stress may make individuals more vulnerable to addiction (Wills et al.,
1992; Sher et al., 1997). Indeed, animal models have demonstrated alterations in the brain
reward pathway following both early-life stress and chronic stress (Kosten et al., 2000; Cleck
and Blendy, 2008; Sinha, 2008). For example, neonatal rats that are exposed to maternal
separation show changes in the development of the CRF system in both the hypothalamus and
the LC, as well as alterations in dopamine signaling in the mesolimbic reward pathway (Meaney
et al., 2002). Beyond vulnerability and the development of addiction, stress has also been
shown to play an important role during the withdrawal and relapse stages of addiction. A
negative affective state that develops during withdrawal from drugs of abuse has been
associated with changes in stress signaling pathways (Koob et al., 2004; Koob and Kreek,
2007; Koob, 2008) and indeed stress is a major risk factor for relapse to drugs of abuse in

humans (Sinha, 2007). Animal models of stress-induced reinstatement of drug-seeking behavior



have indicated roles for both the brain CRF (George et al., 2007; Mantsch et al., 2008) and NE
(Le et al., 2005) systems in relapse. Based on substantial pre-clinical research, clinical studies
of drug craving have targeted both the CRF and NE systems, with varying outcomes (Fox et al.,
2014; Kwako et al., 2015; Schwandt et al., 2016; Pomrenze et al., 2017). These systems
continue to be studied in an effort to further dissect the role of these signaling systems in
influencing drug-seeking behavior, and will hopefully lead to the development of better-targeted
therapies in humans.

The connection between stress and reward signaling also extends beyond drugs of
abuse, to natural rewards such as food. Stress has been implicated in a wide range of eating
disorders spanning anorexia nervosa to binge eating disorder (Rosenberg et al., 2013; Guarda
et al., 2015). CRF signaling itself has been linked to both sides of this spectrum. Rats exposed
to stress or central administration of CRF develop an anorectic phenotype (Ciccocioppo et al.,
2001), while CRF system recruitment has also been implicated in driving compulsive eating
(Cottone et al., 2009). Similarly, catecholamine (dopamine, serotonin, and NE) signaling is
altered in animal models of eating disorders (van Gestel et al., 2014) and a human
polymorphism in the NE transporter is associated with increased risk for developing a subtype
of anorexia nervosa (Urwin et al., 2002). While the mechanisms underlying stress-induced
eating as compared to stress-induced hypophagia are not well understood (Oliver and Wardle,
1999), it is clear that stress is an important factor in regulating feeding behavior.

Beyond the central nervous system, stress is also a contributing factor to many other
peripheral phenotypes (Chrousos, 2009). For example, chronic stress has been linked to the
development of metabolic disorders (Rosmond, 2005; Tamashiro, et al., 2011). Additionally,
stress interacts with other factors to play a role in the development of cardiovascular disease
(Inoue, 2014). More generally, stress plays an important role in the function of the immune
system. While adaptive changes in immune signaling following stress are important for

addressing threats to the body, long-term stress can also suppress immune function and result



in maladaptive signaling (Dhabhar, 2014). Together, these studies emphasize that while the
stress response is important for maintaining homeostasis, altered stress signaling affects
processes throughout the body and is an important variable in understanding the

pathophysiology of a wide-variety of clinical phenotypes.

Top-Down Regulation of the HPA axis

While the HPA axis and brainstem NE nuclei comprise the core components of the
stress response that link the CNS with the periphery, the complicated connectivity of these
regions throughout the brain point to the importance in understanding the role of other brain
areas in the stress response. Indeed many brain regions implicated in stress-related psychiatric
disorders are key mediators of hypothalamic signaling, resulting in top-down regulation of the
HPA axis by these higher brain regions (Figure 2). For example, hippocampal lesions have
been shown to enhance basal glucocorticoid levels in rodents, partially through increases in
CRF mRNA in the hypothalamus (Knigge, 1961; Herman et al., 1995). These same lesions also
result in an enhanced stress response, with prolonged increases in corticosterone and ACTH
levels following restraint stress (Herman, et al., 1995). Similarly, in humans, stimulating the
hippocampus results in decreased HPA axis activity (Rubin et al., 1966). Like with the
hypothalamus, rodents with lesions of the prelimbic prefrontal cortex also show increased HPA
axis activity, as well as an increased Fos response in the PVN following restraint stress
(Figueiredo et al., 2003). Conversely, infralimbic prefrontal cortex lesions have been shown to
dampen HPA axis activity (Sullivan and Gratton, 1999), suggesting more ventral regions of the
prefrontal cortex may be involved in activation of the stress response. The amygdala is also
thought to play a role in activating the HPA axis. Damage to the central amygdala leads to a
decreased response to immobilization stress, with lower corticosterone and ACTH levels
(Beaulieu et al., 1986). Furthermore, stimulating the medial amygdala increases corticosterone

release in rats (Dunn and Whitener, 1986). Interestingly, all of these regions send sparse, if any,



projections to the PVN in the hypothalamus, suggesting that their effects on HPA axis activity
rely on an intermediary brain region (Herman et al., 2003). The bed nucleus of the stria
terminalis (BNST) receives direct input from all of the regions described above and projects
directly to the PVN (Ju and Swanson, 1989; McDonald et al., 1999; Dong et al., 2001a; Dong et
al., 2001b), suggesting that the BNST may be an important relay station involved in the
integration of top-down signals regulating HPA axis activity.

B. Hippocampus |

Mo DR, PVT, pPVN, aBST | & HPA activity
- ' ' - - mPOA, BmBST, oMBST. [T 175A sl
ghi? b T DMH, pPVN, PL, IL & LS || & HPA activity
B0 . BST,NTS.CeA MeAd | T HPAactwty
BLA

| D, Hypothalamic innenvation of the PVN C. Amgdala

avBST, DMH & NTS | T HPA activity|

mPOASBST  [FHPaciiviy]

BT Cond Man [ FHFA aciv

Figure 2. The BNST acts as a central hub of CNS circuitry regulating the HPA axis.
Adapted from Gunn et al., 2015



A Role for the Bed Nucleus of the Stria Terminalis in Understanding Stress-Related Phenotypes

A region of the extended amygdala, the BNST is a key hub and regulator of stress
responsivity. The concept of the extended amygdala was first described by several scientists,
including Leonard Heimer and George Alheid, following-up on anatomical observations dating
back to the 1920s (Johnston, 1923; Alheid and Heimer, 1988). Studies of the BNST have largely
been restricted to animal models due to limitations in human imaging techniques. Recently,
however, advances have been made in neuroimaging, allowing for studies of smaller brain
regions such as the BNST (Avery et al., 2014). Anatomical studies using rodents have shown
the BNST to be interconnected with many regions including cortical regions, the amygdala,
hypothalamus, and brainstem nuclei (McDonald, et al., 1999; Dong, et al., 2001a; Dong, et al.,
2001b; Dong and Swanson, 2004; Dobolyi et al., 2005; Dong and Swanson, 2006). Human
neuroimaging studies have begun to confirm connectivity findings from the rodent literature
(Avery, et al., 2014), emphasizing the role of the BNST as an integral hub in the brain.

Due to its vast connectivity with other regions in the brain, the BNST is well positioned to
directly influence the HPA axis (Crestani et al., 2013). Indeed, studies have shown that BNST
lesions in rats result in alterations in HPA axis output, including changes in ACTH and
corticosterone levels, along with alterations in PVN neuronal activity (Choi et al., 2007).
Additionally, the BNST receives norardrenergic input from NE nuclei in the brainstem (Swanson
and Hartman, 1975; Phelix et al., 1992) and stress can increase NE levels in the BNST (Pacak
et al., 1995). This noradrenergic projection to the BNST has also been shown to be behaviorally
relevant, such as in studies of opiate withdrawal (Aston-Jones et al., 1999; Delfs et al., 2000).
Indeed, the BNST has been implicated in a variety of stress-related psychiatric illnesses (Lebow
and Chen, 2016), including stress-induced reinstatement to drugs of abuse (Erb et al., 2001;
McReynolds et al., 2014; Harris and Winder, 2018), anxiety (Davis et al., 2010; Avery et al.,

2016), depression (Louderback et al., 2013; Fitzgerald et al., 2018), and PTSD (Lebow et al.,



2012; Brinkmann et al., 2017). As a whole, the vast rodent literature on BNST structure and
function, combined with new neuroimaging studies of the human BNST, support the idea that
understanding this small, but complex brain region will be important for continuing to develop

effective treatment strategies for stress-related disorders.

Dissecting the Heterogeneous Bed Nucleus of the Stria Terminalis

While a role for the BNST in stress circuitry has been established, determining the
precise function of the BNST in various behaviors has proven difficult, as the BNST is not a
homogenous region. This heterogeneity can result in what may seem like conflicting behaviors
produced by distinct circuits, neurons, and molecules in the BNST. For example, depending on
the subregion being investigated, the BNST can both increase and decrease HPA axis output
(Choi, et al., 2007). CRF signaling in the BNST has been implicated in both decreased and
increased feeding behavior (Krahn et al., 1986; Micioni Di Bonaventura et al., 2014). Neurons
that project from the BNST to the ventral tegmental area (VTA) can regulate both rewarding and
aversive motivational states depending on the fast neurotransmitter expressed (Jennings et al.,
2013). Similarly, neurons projecting to the lateral hypothalamus (LH) regulate divergent
emotional states based on the neuropeptide expressed (Giardino et al., 2018). There are many
ways to begin to dissect the heterogeneity of the BNST; these include, investigating specific
BNST subregions, using expression of specific genes/proteins as markers of cell populations,
examining cell populations based on input- and output-specificity, and probing the signaling

mechanisms of various neuromodulatory systems within the BNST.

Anatomical Sub-Nuclei of the BNST
One of the earliest examples of BNST heterogeneity comes from the division of the
BNST into sub-nuclei based on the cytoarchitecture of the cells in the region (Ju and Swanson,

1989; Ju et al., 1989; Dong, et al., 2001a; Dong, et al., 2001b; Dong and Swanson, 2004; Dong
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and Swanson, 2006; Bota et al., 2012). The largest subdivisions of this region include
separating it into anterior and posterior divisions based on the divide created by the main
bundles of the stria terminals (Ju and Swanson, 1989). The anterior division is further divided
into dorsal (dBNST) and ventral (vBNST) regions, which are separated by the anterior
commissure. Grossly, the anterior division includes anterolateral cell groups and anteromedial
cell groups. The anterolateral region includes the following sub-nuclei: oval, fusiform,
juxtacapsular, and rhomboid nuclei (Ju and Swanson, 1989; Dong, et al., 2001a). The posterior
division of the BNST can also be divided into sub-nuclei, including the principal, interfasicular,
transverse, premedullary, and dorsal nuclei (Ju and Swanson, 1989). Of note, this work was
primarily done using rats and there do exist known species differences in the BNST, as

discussed later in this chapter.

BNST Circuitry: Inputs

While the cytoarchitecture was used to define the sub-nuclei, these divisions do not
necessarily align with differences in functionality within the BNST. Beyond the location of a
neuron in the BNST, it can be helpful to define cell populations by looking at specific
connectivity patterns. Indeed, the BNST receives inputs from a wide-variety of brain regions,
while sending outputs to an equally diverse set of regions. Understanding the connectivity of a
given cell population can provide additional information concerning diverse functionality within
the BNST. Interestingly, while there have been efforts to map specific inputs/outputs onto
specific sub-nuclei in the brain, the vast overlap in connectivity between these regions suggests
that the circuitry does not necessarily fit into these cytoarchitectural boundaries. The BNST
receives inputs from throughout the brain from many different types of cells. Excitatory
(glutamatergic) inputs include the insular and infralimbic cortex (McDonald, et al., 1999),
basolateral amygdala (BLA; Kim et al., 2013), ventral subiculum of the hippocampus (Cullinan et

al., 1993), parabrachial nucleus (PBN; Dobolyi, et al., 2005), and the paraventricular nucleus of
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the thalamus (PVT; Penzo et al., 2015). Inhibitory (GABAergic) inputs include the medial and
central amygdala (MeA/CeA; Dong, et al., 2001a), the globus pallidus (Arluison et al., 1990),
and regions of the hypothalamus including the PVN (Dabrowska et al., 2011) and the arcuate
nucleus (Betley et al., 2013). Here, these inputs have been defined based on the fast
neurotransmitter expressed, but this does not preclude the release of other molecules, including
neuropeptides. The BNST also receives input from several neuromodulatory regions, such as
dopaminergic inputs from the VTA (Meloni et al., 2006), serotonergic inputs from the dorsal
raphe nucleus (Phelix, et al., 1992), and noradrenergic inputs from the ventral noradrenergic
bundle (VNAB; Forray and Gysling, 2004). Chapters 2 and 3 will focus on two glutamatergic
inputs to the BNST, the insular cortex and PBN, which are discussed below.

The insula is largely thought to play a role in interoceptive processing or sensing the
internal state of the body (Craig, 2002). As a rather large structure, the insula is a cortical hub in
the brain, integrating information from sensory, limbic, motivation/reward, cognitive, and
neuromodulatory systems (Gogolla, 2017). The insula has been implicated in several stress-
related psychiatric illnesses, including anxiety disorders, depression, and addiction. Individuals
with high-trait anxiety have increased insular activity, which has been linked to self-reports of
decreased perceived control (Alvarez et al., 2015). Similarly, a functional brain imaging study of
females with major depressive disorder showed changes in gray matter volume in the anterior
insular cortex (Liu et al., 2014). Relatedly, the evidence for a role for the insula in addiction
continues to build, particularly focused around drug craving. Several studies have shown insula
activation during cue-induced urges for multiple drugs, including cigarettes (McBride et al.,
2006), cocaine (Bonson et al., 2002), and alcohol (Myrick et al., 2004). Furthermore, a study of
addicted smokers with brain lesions found that those with a lesion encompassing part of the
insula were >100 times more likely to have their addiction disrupted, including the ability to quit,
without relapse, and without the urge to smoke (Naqvi et al., 2007). Based on this evidence

from human studies, animal models have begun to more thoroughly investigate the role of the
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insula in these disorders (Kusumoto-Yoshida et al., 2015; Arguello et al., 2017). The insula and
BNST are both significantly involved in anxiety and stress-related psychopathology, yet little is
understood about the mechanistic signaling underlying the connectivity of these two regions. As
a conserved connection across species (McDonald, et al., 1999; Avery, et al., 2014), the insula
to BNST circuit remains a prime area of interest for current research.

While the insula relays interoceptive information via top-down signaling from the cortex,
the PBN is located in the brainstem and plays a role in bottom-up processing, as it transmits
visceral sensory information to higher brain regions. Studies of PBN signaling have largely been
performed in rodents, but there is evidence to support similar visceral processing occurring in
the human (de Lacalle and Saper, 2000). The PBN is an important brain structure for
responding to homeostatic threats as it relays many aversive signals from the periphery to the
rest of the CNS (Palmiter, 2018). These signals include information about visceral malaise, as
well as taste, temperature, and pain signals. PBN signaling is involved in a wide-range of
behaviors, including feeding, anxiety and fear signals, and pain sensitization. Activation of PBN
neurons can suppress feeding, while hypothalamic feeding signals can inhibit this anorexigenic
activity (Carter et al., 2013; Essner et al., 2017). These anorectic signals can be in response to
peripheral signals (CCK, GLP1, leptin) to terminate normal meals (Campos et al., 2016), but can
also be responding to visceral malaise signals, such as experienced during food poisoning, thus
promoting conditioned taste aversion (Reilly, 1999; Carter et al., 2015). Similar to learned taste
aversion, PBN signaling is involved in the fear conditioning response and may promote fear
memory (Sato et al., 2015), while encoding danger signals (Campos et al., 2018). Further, PBN
projections to the BNST have specifically been shown to play a role in stress and anxiety
responses, including signaling through neurons that express the calcitonin gene-related peptide
(CGRP; Gungor and Pare, 2014), as well as neurons expressing the pituitary adenlyate cyclase
activating polypeptide (PACAP; Hammack and May, 2015). Thus, the BNST is a site of

integration for signals relaying bodily state from both the insular cortex and the brainstem PBN.
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BNST Circuitry: Outputs

In addition to receiving a diverse array of inputs, BNST projection neurons synapse in a
wide-variety of brain regions (Lebow and Chen, 2016). Within the extended amygdala, the
BNST sends projections back to the CeA (Dong, et al., 2001b). The BNST is also reciprocally
connected to the hypothalamic stress system via projections to the PVN (Roland and
Sawchenko, 1993; Dong, et al., 2001b; Dong and Swanson, 2006), as well as projections to
other hypothalamic regions such as the LH (Dong and Swanson, 2004). Motivational and
reward centers including the VTA and substantia nigra are also innervated by projections from
the BNST (Georges and Aston-Jones, 2001; Dong and Swanson, 2004; Kim, et al., 2013).
While the majority of reported projection neurons express the inhibitory neurotransmitter GABA,
glutamatergic projections from the BNST have also been reported (Jennings, et al., 2013). The
complex interconnectivity of the BNST with other brain regions highlights the importance of the
BNST as a relay station, resulting in influence over an immense number of different behavioral

phenotypes.

BNST Cell Populations as Defined by Genetic Markers

While the majority of BNST neurons express the fast neurotransmitter GABA, these
neurons do not act as a homogenous population, as emphasized by the differences in
cytoarchitecture and circuitry described above. As a way to further define these cell populations,
it is useful to study BNST neurons based on the expression of various signaling molecules.
Advances in genetic technology in rodents have pushed forward these studies, as researches
are now able to use these genetically modified animals to identify and manipulate neurons
expressing a given protein of interest. In addition to releasing GABA, neurons in the BNST can
also release various neuropeptides, although the mechansims of release may differ (van den

Pol, 2012; Kash et al., 2015). These neuropeptides, as well as other signaling molecules, are
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commonly used as genetic markers to identify sub-populations of BNST neurons. Several of
these markers will be discussed below.

Perhaps the most widely studied neuropeptide in the BNST is CRF. Although CRF was
first described for its role in the PVN as part of the HPA axis, CRF is also expressed outside the
hypothalamus, particularly in the extended amygdala. CRF neurons in the BNST are involved in
multiple stress-related behaviors/pathologies. For example, overexpression of CRF in the BNST
of rats alters conditioned-anxiety responses (Sink et al., 2013). Furthermore, CRF receptor
signaling in the BNST plays a role in processing both anxiety and pain (Tran et al., 2014). The
involvement of the BNST in stress-induced hypophagia is also linked specifically to BNST CRF
cells (Ciccocioppo et al., 2003). Additionally, a large literature exists examining the role of BNST
CRF neurons in addiction (Koob, 2009), particularly their role in stress-induced reinstatement to
drug-seeking behaviors (Erb and Stewart, 1999; McReynolds, et al., 2014). CRF cells may be
uniquely sensitive to regulation by monoamines, as serotonin, dopamine, and norepinephrine
signaling can all modulate these neurons (Guo et al., 2009; Silberman and Winder, 2013). The
actions of CRF within the BNST are complex. While CRF has been shown to increase
GABAergic transmission in the BNST (Kash and Winder, 2006), CRF is also able to increase
glutamatergic drive onto neurons in the BNST (Silberman et al., 2013). CRF binds two
receptors, CRFR1 and CRFR2, both of which are G-protein coupled receptors (GPCRs)
coupled to Gs, resulting in increased cAMP levels in the cell (Dautzenberg and Hauger, 2002).
Some evidence suggests actions at CRFR1 and CRFR2 may work in opposition to each other
as seen by their opposing actions in modulating anxiety-like behavior and autonomic/endocrine
responses to stress (Tran, et al., 2014). While BNST CRF neurons have been implicated in
many behaviors, these cells do not represent a homogenous population. CRF cells can be
found throughout multiple sub-nuclei in the BNST and vary in their electrophysiological

properties (Silberman, et al., 2013), suggesting that multiple populations of CRF cells may exist.
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Another stress-related peptide in the BNST is Neuropeptide Y (NPY). Broadly, NPY is
thought to work in opposition to the CRF system, decreasing stress responsivity and returning
the system to homeostasis (Heilig et al., 1994). For instance, intracerebroventricular
administration of NPY was able to block yohimbine (a pharmacological stressor) induced
reinstatement to alcohol seeking (Cippitelli et al., 2010). Specifically in the BNST, NPY
decreases GABAergic transmission, acting in opposition to CRF (Kash and Winder, 2006).
Similarly, NPY administration in the BNST is able to block pain-induced conditioned place
aversion, which is promoted by CRF (lde et al., 2013). Based on the contrasting effects of NPY
and CRF signaling in the BNST, these neuropeptides provide promising markers for helping to
dissect heterogeneous cell populations in this region.

A less-well studied signaling molecule in the BNST is Protein Kinase C 6 (PKC5?),
however, this marker has been commonly used in another region of the extended amygdala, the
CeA, to dissect the behavioral and physiological role of different cell populations. Interestingly,
PKCb neurons in the CeA are largely distinct from CRF-expressing neurons (Haubensak et al.,
2010). PKCd-expressing neurons in the CeA have been implicated in conditioned responses to
fear, with PKC® neurons in the lateral division of the CeA being shown to inhibit ouput neurons
in the medial division (Haubensak, et al., 2010). Some studies have classified these neurons as
being part of a “fear-off” circuit (Ciocchi et al., 2010), while others show somewhat opposing
effects, with PKC® neurons being involved in conveying aversive signals, as well as acquisition
of aversive learning (Yu et al., 2017). Beyond fear circuitry, these neurons in the CeA are also
activated by anorexigenic signals (Cai et al., 2014). Together, these studies show the potential
of using PKCd as a marker of unique neuronal populations and suggest similar insight may be

attained when investigating stress and anxiety circuits in the BNST.

16



Neuromodulatory Systems in the BNST

Defining inputs and outputs to BNST cells is an important step to understanding the
overall circuitry. Once connections have been identified, it is possible to investigate how the
synaptic activity between these connections can be altered, including through neuromodulatory
systems. While fast neurotransmission, including GABA and glutamate signaling, largely act via
ligand-gated ion channels (e.g. AMPA, NMDA, and GABAA), slower neuromodulatory systems
commonly signal through GPCRs to regulate synaptic transmission. Understanding how these
systems interact can provide insight into drug targets for treating various psychopathologies.

As NE signaling is a key component of the stress response, it is important to understand
the neuromodulatory effects of NE throughout the brain. The BNST is innervated directly by NE
via fibers from the VNAB (Forray and Gysling, 2004). NE expression in terminals is found
throughout the BNST, with the densest innervation located in the vBNST (Phelix, et al., 1992;
Egli et al., 2005). The brainstem NE input to the BNST is largely from the nucleus of the solitary
tract (NTS; Riche et al., 1990; Forray et al., 2000), but input from the LC has also been
observed (Phelix, et al., 1992; Forray, et al., 2000). While basal NE levels in the BNST provide a
noradrenergic tone (Forray et al., 1997), stress can increase NE levels in the BNST (Pacak, et
al., 1995). NE signaling in the BNST is directly involved in the regulation of multiple behaviors.
Adrenergic ligands in the BNST can alter the neuroendocrine output of the HPA axis, as seen
by blunted stress-induced plasma ACTH levels in rats (Cecchi et al., 2002). NE signaling also
directly affects the role of the BNST in stress-induced reinstatement to drug-seeking paradigms
(Wang et al., 2001), at least partially through interactions with the CRF system (Brown et al.,
2009; McReynolds, et al., 2014). The effects of NE on neurotransmission in the BNST can be
quite complex, as NE signals through multiple classes of GPCRs. Adrenergic receptors (ARSs)
are divided into three classes: a4, 0, and 3 (Bylund et al., 1994). Broadly, a4-ARs are coupled to
Gq signaling, while a,-ARs are Gi/o-linked, and B-ARs signal through Gs (Hein, 2006). Based

on the diverse coupling of these GPCRs, NE signaling can have varying effects based on the
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predominant AR class that is activated. The BNST expresses all three classes of ARs (Rainbow
et al., 1984; Scheinin et al., 1994; Day et al., 1997). The expression of a,-ARs is particularly
widespread in the BNST, with these receptors being found in both pre- and post-synaptic
compartments within the BNST (Shields et al., 2009; Flavin et al., 2014). Dissecting the complex
actions of NE in the BNST will provide opportunities for uncovering ways to bias NE signaling to
alter physiology and behavior.

Another stress-related neuromodulatory system in the CNS is the endocannabinoid
(eCB) system. This system consists of two endogenous ligands, anandamide (AEA) and 2-
arachidonyl glycerol (2-AG), as well as the Gi/o-coupled cannabinoid receptors (CB1R and
CB2R). CB1 receptors are widely expressed throughout the CNS (Herkenham et al., 1990),
particularly in axon terminals (Kano et al., 2009). Activation of CB1Rs leads to increases in
adenylyl cyclase activity, inhibition of voltage-gated calcium channels, and activation of G
protein-gated inwardly rectifying potassium channels, resulting in decreased neurotransmitter
release from axon terminals (Howlett et al., 2002; Kano, et al., 2009). Uniquely, the ligands AEA
and 2-AG are synthesized post-synaptically and then activate pre-synaptic CB1Rs, traveling in a
retrograde manner (Kano, et al., 2009; Ohno-Shosaku and Kano, 2014). The role of the eCB
system in stress signaling has been well documented (Morena et al., 2016), with both human
studies (Green et al., 2003) and rodent studies (Patel et al., 2004; Bellocchio et al., 2013;
Shonesy et al., 2014) providing evidence for CB1R signaling in dampening stress and anxiety.
CB1Rs are expressed in the BNST (Puente et al., 2010) and have been shown to influence
plasticity and excitability within this region (Grueter et al., 2006; Massi et al., 2008).
Furthermore, eCB signaling in the BNST plays a role in stress responsivity, including regulating
cardiovascular responses to acute stress (Gomes-de-Souza et al., 2016). As the therapeutic
potential of targeting the eCB system continues to be explored (Morena, et al., 2016; Volkow et
al., 2017) it will be important to continue to examine the specific circuits and signaling pathways

regulated by the eCB system in the BNST. Understanding the varied roles and interactions of
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neuromodulatory systems within the context of BNST circuitry will improve methods for targeting

aberrant synaptic activity underlying psychiatric disorders.

Known Species Differences in BNST Anatomy

Broadly, the connectivity and functionality of the BNST fundamentally appears similar
across current mouse, rat, primate, and human studies. However, there have been noted
species differences in animal studies. First, the anatomical studies first identifying the many
sub-nuclei of the BNST, while also mapping inputs and outputs, were all performed in rats (Ju
and Swanson, 1989; Dong, et al., 2001a; Dong, et al., 2001b; Dong and Swanson, 2004; Dong
and Swanson, 2006). While similar circuitry has been confirmed in mouse studies, the
cytoarchitectural sub-nuclei divisions are not as clear in the mouse BNST and differences
between specific nuclei are perhaps less well understood. For instance, in the rat BNST CRF is
largely localized to the oval nucleus in the dBNST (Cummings et al., 1983; Hazra et al., 2011;
Dabrowska et al., 2013), while the CRF cells in the mouse BNST are distributed throughout the
dBNST (Silberman, et al., 2013). Additionally, these cells differ in their electrophysiological
characteristics. In the rat, three types of neurons (Type |, Il, Ill) were described based on
varying physiological properties (Hammack et al., 2007). In the rat, BNST CRF cells appear to
share many characteristics with Type Il neurons (Hazra, et al., 2011). However, in the mouse,
more than three types of neurons were identified, with CRF cells being spread throughout all of
these categories (Silberman, et al., 2013). Additionally, a study comparing the physiology of
neurons in mouse, rat, and primate BNST demonstrates that the distribution of Type I-lI
neurons varies between species (Daniel et al., 2017). Similar to the mouse, neurons in the
primate BNST could be divided into more than three classes. Additionally, while Type Il cells
were most prevalent in the rat BNST, Type Il cells were most common in mouse and primate
BNST. Beyond differences in cell types, there is also evidence of differences in functional

connectivity between species. When comparing the BNST projection to the VTA in mice and
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rats, researchers found a stronger projection in mice, while rats exhibited a stronger excitatory
influence over dopamine neurons in the VTA (Kaufling et al., 2017). Additionally, while
advances in neuroimaging have largely confirmed similar BNST connectivity in humans and
rodents, newly identified connections in the human have been reported, such as a function
connection with the paracingulate gyrus (Avery, et al., 2014). Many features of the BNST have
are similar across species, but it is important to keep in mind potential differences, particularly

when considering the potential for the translation of animal studies to clinical treatments.

The Importance of Sex as a Biological Factor in Stress Responsivity

Historically, preclinical studies using animal models have relied largely on males, with a
notably strong bias within the field of neuroscience (Beery and Zucker, 2011). Interestingly, the
prevalence of male studies may have started following observations of altered phenotypes that
were dependent on stages of the estrus cycle (Wang, 1923), leading to concerns over variability
in female animals. Recent efforts in preclinical research have worked to rid the field of this bias
as more studies begin to uncover that female mice do not have inherently higher trait variability
(Mogil and Chanda, 2005; Becker et al., 2016) and that sex hormones alone often do not
explain observed differences in females (Cahill, 2006). Translation of preclinical studies into
successful treatment in humans relies upon a thorough understanding of differences in sex as a
biological variable. Indeed, the stress system is an excellent example of sexual dimorphism, as

many components of this system contain sex-based differences, as discussed below.

Sex Differences in Clinical Diagnoses of Stress-Related Psychiatric Disorders

Epidemiological studies have shown that women have higher rates of depression and
many types of anxiety disorders (Kessler et al., 1994; Kessler et al., 1995; Weissman et al.,
1996; Kessler et al., 2012). Beyond rates of diagnosis, women also exhibit differential

symptomology. For example, not only were women shown to have a higher risk for developing
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PTSD following an adverse event, but the duration of symptoms was also shown to be longer in
women (Breslau, 2002). Similarly, women diagnosed with depression are more likely to have
atypical symptoms (mood reactivity, hypersomnia, hyperphagia) or elevated anxiety levels
(Posternak and Zimmerman, 2001). Furthermore, even in populations that do not reach clinical
criteria for diagnosis, symptoms of anxiety and depression are more common in women (Nolen-
Hoeksema et al., 1999; Hankin, 2009). While these disparities in risk are acknowledged, the
mechanistic underpinnings of these differences are not thoroughly understood. A better
understanding of sex-specific alterations in brain circuitry and signaling pathways will allow for

more targeted clinical treatment of individuals diagnosed with these stress-related disorders.

Sex Differences in the HPA axis

Male and female differences in stress activation of the HPA axis have been observed in
both rodent and human populations. In the rodent literature, higher basal levels of
corticosterone have been reported in females (Kitay, 1961; Sterrenburg et al., 2012; Babb et al.,
2013), with differences being most notable at the onset of the dark phase of the light cycle
(Atkinson and Waddell, 1997). Female rodents also show increased corticosterone levels in
response to stress as compared to males, including following restraint stress (Aloisi et al., 1998;
Babb, et al., 2013) and after both predictable and unpredictable stressors (Heinsbroek et al.,
1991). The timecourse of corticosterone elevation also differs, with females exhibiting quicker
increases in response to stress and prolonged elevation of corticosterone levels (lwasaki-
Sekino et al., 2009). Interestingly, these effects may be linked to differential corticosterone
sensitivity in males and females (Atkinson and Waddell, 1997). Additionally, there is evidence of
greater ACTH secretion following stress in females (lwasaki-Sekino, et al., 2009; Babb, et al.,
2013). Of note, female rodents have heavier adrenal glands, along with a greater capacity for
corticosterone synthesis, and thus produce more corticosterone in response to similar levels of

ACTH stimulation (Malendowicz, 1976; Malendowicz, 1980). Sex differences have also been
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noted at the level of the hypothalamus. In the basal state, higher transcript levels of Crh have
been observed in the PVN of female rodents (Duncko et al., 2001). Stress activation of PVN
neurons has been investigated using Fos, an immediate early gene, as a marker of neuronal
activation. Following restraint stress, females exhibit larger numbers of PVN neurons expressing
Crh and Fos as compared to males (Babb, et al., 2013). Together, these rodent studies
demonstrate sex-specific differences throughout the components of the HPA axis.

The human literature has similarly looked at sex differences in the HPA axis; however,
the conclusions have been less straightforward. Depending on the test used to activate the HPA
axis, both males and females have shown larger increase in cortisol levels (Kirschbaum et al.,
1999; Stroud et al., 2002). Females appear to show greater HPA activation when using social
stress of physical stress tests (Gerra et al., 1992; Jezova et al., 1994). Pharmacological
stimulation of the HPA axis also generally results in greater activation in females. Administration
of ovine CRF resulted in increased ACTH levels and a prolonged cortisol response in females
(Gallucci et al., 1993). Similarly, dexamethasone (a corticosteroid) administration also increased
cortisol levels more in females (Heuser et al., 1994). These human studies further support a role
for increased activation of the HPA axis in females that has been well documented in rodents.
Continued research focused on sex differences may provide insight into female susceptibility to

anxiety and depression-related disorders.

Sex Differences in the NE Brainstem System

Further evidence for increased stress responsivity in females comes from research
investigating brainstem NE nuclei such as the LC. Both structural and functional sex differences
have been observed in the rodent LC. Structurally, the LC is larger in female rats, possibly due
to greater numbers of neurons, although this was dependent on the specific strain of rats
utilized (Luque et al., 1992; Pinos et al., 2001; Garcia-Falgueras et al., 2005; Garcia-Falgueras

et al., 2006). These extra neurons may arise from LC neurogenesis that continues during
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puberty in females but not in males (Pinos, et al., 2001). Additionally, LC neuronal structure is
more complex in females, with longer dendritic extensions and increased branching (Bangasser
et al., 2011). These more complex dendritic trees may also receive more synaptic input, as they
have increased levels of a synaptic vesicle protein, synaptophysin, as seen by
immunohistochemical staining (Bangasser, et al., 2011). In addition to these structural
differences, NE signaling is also sensitive to regulation by ovarian hormones. Studies using
ovariectomized rats showed that treatment with estradiol could increase NE levels in multiple
brain regions, including the cortex, hippocampus, and hypothalamus (Alfinito et al., 2009;
Lubbers et al., 2010). Furthermore, these hormones may also be altering NE signaling through
changes in adrenergic receptor expression (Karkanias et al., 1997; Meitzen et al., 2013). Sex
differences in the LC also connect back to the HPA axis and CRF signaling. LC neurons in
female rats are more sensitive to activation by CRF in the basal state, as larger doses of CRF
are needed to activate LC neurons in males (Curtis et al., 2006). Furthermore, while prior stress
is able to shift the CRF response of LC neurons in males, decreasing the CRF dose necessary
for activation, prior stress does not alter this response in females (Curtis, et al., 2006;
Bangasser et al., 2010). Combined, these rodent studies demonstrate sex-specific differences
in both structure and function of the NE system.

Compared to the rodent literature, far fewer studies have addressed sex-specific NE
brainstem differences in the human. While never directly compared, one lab published two
studies quantifying LC neurons, finding more neurons in females (Busch et al., 1997; Ohm et
al., 1997). A neuroimaging study also found increased activation of an emotional-arousal circuit,
composed of the amygdala and LC, following exposure to noxious stimuli (Labus et al., 2008).
Future research in humans will be needed to better understand sex-specific brainstem NE

differences, as well as potential interactions with the HPA axis.
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Sex Differences in the Bed Nucleus of the Stria Terminalis

The BNST is one of the most sexually dimorphic regions in the brain, with particularly
strong evidence coming form early studies of the posterior portion of the BNST. Specifically, the
principal nucleus of the posterior BNST is larger in male rodents and contains more neurons
(del Abril et al., 1987; Hines et al., 1992). The greater number of neurons is partially due to
increased vasopressin expressing cells in males (van Leeuwen et al., 1985). The development
of this sexually dimorphic region is driven by sex hormones, including estradiol and testosterone
(Kanaya et al., 2014). Differences in expression of receptors for these hormones have been
observed in the BNST of mature rodents, with decreased levels of the estrogen receptor found
in males (Kelly et al., 2013). There is also evidence of sex-specific differences in both synaptic
inputs and outputs of the posterior BNST. Immunohistochemical staining for synaptophysin is
denser in female rats, suggesting stronger presynaptic innervation (Carvalho-Netto et al., 2011).
Chronic variable stress reduces this synaptophysin staining in females, but does not alter it in
males (Carvalho-Netto, et al., 2011). Conversely, when looking at outputs from the posterior
BNST, males show increased GABAergic innervation of the anteroventral periventricular
nucleus of the hypothalamus as compared to females (Polston et al., 2004). Importantly,
observed sex differences are not limited to the posterior portion of the BNST. Several studies
have shown sex-specific effects in anterior regions of the BNST, particularly when investigating
the CRF system and its response to stress. For instance, following restraint stress, female rats
show increased neuronal activation as marked by increases in Fos expression in the oval
nucleus of the BNST (Sterrenburg, et al., 2012). Interestingly, in this study males were shown to
have increased Crh mRNA following stress, but there were no differences in overall protein
levels in both males and females. While the oval nucleus is part of the dBNST, other groups
have looked at changes in the vBNST. As seen in the oval nucleus, restraint stress led to
greater increases in Fos expression in female rats, this time in the anteroventral region of the

BNST (Babb, et al., 2013). Additionally, in this region females also showed increased Crh
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MRNA levels following stress, as well as an increase in the number of cells co-expressing Crh
and Fos (Babb, et al., 2013). While a lot of attention has been given to the sexual dimorphism of
the posterior BNST, it is clear that there are sex-differences throughout the rodent BNST that
should be considered in future studies.

Due to its location and small size in the human brain, much less is understood about
sex-specific aspects of the human BNST. However, there are several studies demonstrating
structural differences in the male and female BNST in post-mortem human brain tissue. In one
study, researchers found a region of the human BNST (“darkly staining posteromedial”) to be
2.47 times larger in volume in males as compared to females (Allen and Gorski, 1990).
Similarly, a region of the BNST termed the “central subdivision” was also shown to be larger in
males than females (Zhou et al., 1995). As neuroimaging techniques continue to evolve, more
information will be gained about the sexual dimorphism of the human BNST and how this

compares to the sex differences reported in the rodent literature.

Summary

Stressful events are a part of everyday life, making a stress response system a
necessary component of the body. While the stress response itself is evolutionarily
advantageous, alterations in this response are thought to underlie the psychopathology of
multiple disorders, particularly in response to chronic stress. Direct connections between the
brain and the periphery, such as the HPA axis and the brainstem, have long been implicated in
controlling the stress response. However, decades of research have continued to build on these
circuits, complicating our understanding and providing a role for many regions throughout the
brain. As a result of these studies, regions such as the BNST have become popular areas of
study in recent years. Unfortunately, the heterogeneity of the BNST has often made it very
difficult to study. The connectivity of the BNST is quite complex and many different populations

of cells have been identified, often leading to difficulties in drawing conclusions about the role of
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the BNST in specific behaviors. Chapter 2 describes an effort to dissect the heterogeneity of the
BNST, to better understand regulation of the activation of the BNST by stress. This includes
investigation of specific excitatory inputs to BNST CRF cells, as well as exploration of the
regulation of these connections by neuromodulatory systems. Chapter 3 continues this effort by
focusing on sex-specific effects in the BNST stress circuitry, focusing on the identification of a
unique subpopulation of neurons in the female BNST that is uncovered by stress. Overall, this
dissertation aims to provide a more thorough understanding of the stress recruitment of BNST
neurons in males and females, while elucidating potential targets for dampening this stress

activation.
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Chapter 2
Neuromodulation of insular and parabrachial input to stress sensitive BNST CRF cells

Adapted from: Fetterly et al., asa-adrenergic receptor activation decreases parabrachial nucleus
excitatory drive onto BNST CRF neurons and reduces their activity in vivo

Introduction

Stress is a major contributor to many psychiatric diseases, including depression, eating
disorders, and addiction (Chrousos, 2009). While the stress response is necessary for
maintaining homeostasis in the body, chronic stress can become maladaptive over time. The
bed nucleus of the stria terminalis (BNST), a region within the extended amygdala, plays a
critical role in physiological and behavioral responses to stress (Casada and Dafny, 1991;
Sullivan et al., 2004; Crestani, et al., 2013; Tran, et al., 2014). Within the BNST, the
corticotropin releasing factor (CRF) system is thought to promote negative affective responses
to stress (Koob, 1999). BNST CREF signaling is enhanced following both acute and chronic
stress exposure (Choi et al., 2006; Funk et al., 2006) and may be more stress reactive in
females (Sterrenburg, et al., 2012; Babb, et al., 2013). Understanding the regulation of BNST
CRF neurons during both acute and chronic stress could lead to better ways to address stress-
induced pathologies.

Previous work has demonstrated an interaction between norepinephrine (NE) and
glutamatergic inputs into the BNST (Egli, et al., 2005; Shields, et al., 2009; Flavin, et al., 2014).
However, the heterogeneity of BNST neurons remains a large obstacle in dissecting the impact
of specific BNST inputs. We previously identified the parabrachial nucleus (PBN) as a functional
glutamatergic input into the BNST that is sensitive to the clinically well-tolerated a;a-AR agonist
guanfacine. Clinically, guanfacine has shown promise for the treatment of attention-
deficit/hyperactivity disorder (Sallee et al., 2009). The PBN is known to form axosomatic

synapses with BNST neurons, potentially allowing for increased influence over neuronal activity
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(Shimada et al., 1989; Dobolyi, et al., 2005). Functionally, PBN projection neurons play a role in
regulating many behaviors, including anxiety responses, fear conditioning, taste aversion,
feeding, and pain sensitization (Carter, et al., 2013; Carter, et al., 2015; Sato, et al., 2015; Chen
et al., 2017; Campos, et al., 2018). Here we find PBN afferents synapse onto BNST CRF cells,
and that these CRF neurons are inhibited by a,x-AR activation. Together, these studies suggest
a role for the PBN in modulating stress activation of BNST CRF neurons.

Another glutamatergic input to the BNST is the insular cortex (McDonald, et al., 1999).
As a cortical hub, the insula is involved in interoceptive processing (Craig, 2002). Changes in
insular function have been linked to several stress-related psychiatrc disorders, including
anxiety, depression, and substance use disorders (Myrick, et al., 2004; Naqvi, et al., 2007; Liu,
et al., 2014; Alvarez, et al., 2015) Interestingly, data suggests that this input may be insensitive
to aza-AR regulation (S. Flavin, unpublished data), but can be regulated by endocannabionid
(eCB) signaling (S. Centanni, unpublished data), another neuromodulatory sytem in the BNST.
Activation of the eCB system can decrease stress and anxiety responses (Patel, et al., 2004;
Bellocchio, et al., 2013; Shonesy, et al., 2014), making this a therapeutically relevant system
(Morena, et al., 2016). While little is known about insula modulation of BNST CRF cells, these
studies suggest that the eCB system may be involved in the stress regulation of this input.

In this study we assess the recruitment of BNST CRF cells following acute restraint
stress, and explore regulation of these cells by neuromodulatory systems. We specifically
investigate glutamatergic drive onto CRF neurons to provide insight into mechanisms that
decrease stress activation of these neurons. Utilizing cFos as a marker of neuronal activation,
we find that activation of aza-adrenergic receptors (AR) can decrease the activation of BNST
CRF neurons in both stressed and unstressed conditions. Further, we use electrophysiology to
understand the modulation of glutamatergic drive onto these CRF neurons by the NE system.
Additionally, we show that increasing eCB signaling can decrease stress activation of BNST

CRF neurons, an effect that may be regulated by the insular cortex input. Moreover, we found
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evidence of highly sex-dependent responses of BNST CRF cells, both in terms of afferent
control of stress responses as well as sensitivity to neuromodulation. Together, these studies
provide a better mechanistic understanding of ways to dampen the stress response in BNST
CRF neurons. These insights will be important for future efforts in more effectively developing

drugs that can alter maladaptive responses to stress.

Methods
Animals

Adult male and female C57BL/6J mice (>7 weeks of age; The Jackson Laboratory;
RRID: IMSR_JAX:000664) were used for all fluorescence in situ hybridization studies. CRF
neurons were identified for electrophysiological analysis and immunohistochemistry
experiments through the use of previously described male and female CRF-tdtomato reporter
mice (Silberman, et al., 2013). The CRF-Cre line utilized in these studies has been extensively
evaluated and reliably reports CRF mRNA-expressing neurons (Chen et al., 2015). All mice
were group housed (2-5 animals per cage) and maintained on a 12 hour light/dark cycle (lights
on 0600-1800) under controlled temperature (20-25 °C) and humidity (30-50%) levels. Food and
water were available ad libitum. All procedures were approved by the Institutional Animal Care
and Use Committee at Vanderbilt University (Nashville, TN).

Restraint Stress Exposure

Mice were restrained during the light cycle (0600-1800) using 50 mL conical tubes
(Fisher Scientific) altered to have holes throughout the tube and cap to allow for airflow
(McElligott et al., 2010). Order of restraint was counterbalanced within experimental groups, to
account for differences in time of day. Prior to undergoing restraint, mice were handled for five
days as described previously (Olsen and Winder, 2010). Mice were allowed to acclimate to the
test location in their home cage for one hour in a sound- and light-attenuating box (Med

Associates Inc.). During restraint, mice were placed inside separate sound- and light-attenuating
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boxes for one hour before being returned to their home cage for 30 minutes. In some
experiments, mice were treated with guanfacine (1mg/kg IP; Fisher Scientific) or Clozapine-N-
oxide (CNO; 3mg/kg IP) 30 min prior to restraint stress. For the final experiment, mice were
treated with JZL184 (8 mg/kg IP; Cayman Chemical) 2 hr prior to restraint stress).

Fluorescent Immunohistochemistry

Under isoflurane anesthesia, mice were transcardially perfused with 10 mL cold
phosphate buffered saline (PBS) followed by 20 mL 4% paraformaldehyde (PFA) in PBS. Brains
were extracted, post-fixed for 24 hours at 4 °C in the same fixative, and then cryoprotected with
30% sucrose in PBS for a minimum of 48 hours. Coronal sections were cut on a cryostat (Leica,
CM3050S) at a thickness of 40 um and stored in PBS prior to immunohistochemical staining.
For cFos experiments, free-floating brain slices containing the BNST (Bregma +0.14) were
washed in PBS (4 x 10 min), permeabilized with 0.5% Triton X-100 in PBS (1 hour), and then
blocked with 5% Normal Donkey Serum and 0.5% Bovine Serum Albumin (1 hour); all steps
were at room temperature. Sections were then incubated in cFos primary antibody (1:2000, sc-
52, Santa Cruz Biotechnology Inc., RRID: AB_2106783) in blocking solution for 24 hours at
room temperature. Slices then underwent PBS washes (4 x 10 min) followed by incubation in
donkey Alexa Fluor 488 anti-rabbit (1:500, Jackson ImmunoResearch, RRID:AB_2313584)
fluorescent dye-conjugated secondary antibody for 24 hours at 4 °C in PBS with 0.1% Triton X-
100. Slices were then washed with PBS (4 x 10 min), mounted on positively charged slides
(Fisher Scientific), and coverslipped with PolyAquamount (Polysciences) when dry.
Modifications were made to the staining protocol for visualizing CGRP terminals surrounding
CREF cells in CRF-tdtomato mice, including an altered blocking buffer (10% Normal Donkey
Serum), primary incubation step in CGRP primary antibody (1:400, ab36001, Abcam,
RRID:AB_725807) for 3 days at 4 °C, and secondary amplification using donkey Cy5 anti-goat
(1:400, Jackson ImmunoResearch, RRID:AB_2340415) overnight at 4 °C. For visualizing

DREADD viral injection sites, no amplification steps were utilized. Images of injections sites and
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antibody-labeled tissue were obtained using a Zeiss 710 scanning confocal microscope and a
20x/0.75 NA lens, keeping acquisition parameters consistent within an experiment. For cFos cell
quantification, the number of cFos+ cells per dBNST was averaged over two coronal slices. For
ChR2 injection verification (without amplification), images were obtained using an Olympus
SZX12 stereo microscope. Images were analyzed using ImageJ software (NIH; RRID:
SCR_003070), with the same brightness and contrast settings applied across all images.

RNA in situ hybridization

Fluorescence in situ hybridization assays were performed using the RNAScope
Fluorescent Multiplex Reagent Kit (Advanced Cell Diagnostics) to visualize RNA transcripts in
BNST coronal sections. Probes used include Mm-Crh-C1, Mm-Fos-C2, and Mm-Prkcd-C3. Mice
were put under isoflurane anesthesia and brains were quickly extracted, submerged in ice-cold,
oxygenated (95% 0,/5% CO,) artificial cerebrospinal fluid (ACSF; in mM: 124 NaCl, 4.4 KClI, 2.5
CaCl,, 1.3 MgS0,, 1 NaH,POy4, 10 glucose, 26 NaHCO3), and flash-frozen in Optimal Cutting
Temperature Solution (VWR) using Super Friendly Freeze-It Spray (Fisher Scientific).
Embedded brains were stored at -80 °C prior to being cut on a cryostat (Leica, CM3050S).
Slices (16 ym) were adhered to charged slides (Denville Scientific) and immediately frozen with
dry ice and stored at -80 °C until staining. Fixation, dehydration, hybridization, and staining
protocols for fresh frozen tissue were carried out according to ACD’s online specifications. Z-
stack BNST images were obtained with a 63x/1.4 NA oil lens on a Zeiss 710 scanning confocal
microscope. Three images were taken to cover the dorsal, medial, and lateral areas of the
dorsal BNST (Bregma +0.14). Negative control images (negative control probe: DapB) were
used to determine brightness and contrast parameters for experimental images. Max intensity
projections were used for analysis with Imaged software (NIH). Counts were combined for the
three BNST regions and then averaged with the counts for the contralateral BNST in the slice.
Transcripts were identified as individual dots within a cell, using DAPI-labeled nuclei to identify

individual cells. A blinded reviewer identified cells as positive for zero, one, or two of the
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following transcripts: Crh and Fos. Negative control images were used to determine
thresholding parameters that excluded non-specific fluorescence.

Microinjection Surgeries

Mice that were >6 weeks of age were used for viral injections studies. Mice were
anesthetized with isoflurane and injected intracranially with AAV constructs expressing either
ChR2 or DREADD as described below. For the optical stimulation experiments, 200-300 nL of
AAV5-CamKlla-ChR2:YFP (University of North Carolina Viral Vector Core) was injected at 40
nL/min into one of two regions based on coordinates from the (Franklin and Paxinos, 2007)
mouse brain atlas: insula (AP: 0.02, ML: +3.66, DV: -4.30) or PBN (AP: -5.34, ML: +1.31, DV: -
4.30; 15.03° angle). For both the restraint stress and electrophysiological control PBN DREADD
experiments, 200-300 nL of AAV5-hSyn-hM4D(Gi)-mCherry (Addgene) was injected at 40
nL/min into the PBN (coordinates above). For the insula DREADD experiment, 200-300 nL of
AAV5-hSyn-hM4D(Gi)-YFP (University of North Carolina Viral Vector Core) was injected into the
insula (coordinates above) of one hemisphere, with the control virus AAV5-hSyn-GFP
(University of North Carolina Viral Vector Core) injected into the contralateral hemisphere. Mice
were treated with 5 mg/kg of ketoprofen once every 24 hours for 48 hours following surgery.
Virally injected mice were killed 6 —12 weeks after surgery for anatomical and
electrophysiological analysis.

Electrophysiology

Brain slice preparation - Brain slices containing the BNST (Bregma +0.14 — 0.26) were prepared
from adult CRF-tdtomato reporter mice as previously described (Nobis et al., 2011; Silberman,
et al., 2013; Flavin, et al., 2014). Briefly, mice were allowed to acclimate in their home cage for
one hour in a sound- and light-attenuating box (Med Associates Inc.). Following acclimation,
mice were anesthetized with isoflurane and brains were quickly removed and submerged in ice-
cold, oxygenated low sodium sucrose dissecting solution (in mM: 194 sucrose, 20 NaCl, 4.4

KCl, 2 CaCl,, 1 MgCl,, 1.2 NaH,;PO,, 10 glucose, 26 NaHCO3). A vibratome (Leica) was used to
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prepare coronal brain slices (300 uym). Slices were transferred to a holding chamber containing
oxygenated ACSF and allowed to recover for one hour.

Whole-cell, voltage clamp recordings - All electrophysiology recordings were made using
Clampex 9.2-10.3 and analyzed using Clampfit 10.2-10.7 (Molecular Devices). Whole-cell,
voltage-clamp recordings of AMPA receptor-mediated excitatory postsynaptic currents (EPSCs)
were made at -70 mV and pharmacologically isolated by the addition of 25 mM picrotoxin
(Tocris) to the ACSF (described above). Recording electrodes for electrical stimulation
experiments were filled with (in mM) : 118 CsOH, 117 D-gluconic acid, 5 NaCl, 10 HEPES, 0.4
EGTA, 2 MgCly, 5 tetraethylammonium chloride, 4 ATP, 0.3 GTP; pH 7.2-7.3; 280-290 mOsmol.
Recording electrodes for optical stimulation experiments were filled with (in mM): 135 K*-
gluconate, 5 NaCl, 2 MgCl,, 10 HEPES, 0.6 EGTA, 4 ATP, 0.4 GTP; pH 7.2-7.3; 280-290
mOsmol. Electrical stimulation occurred for 1 ms every 30 s and a 50 ms inter-event interval
was used to assess paired-pulse ratio (PPR). Optical stimulation was under the control of a T-
Cube LED Driver (LEDD1B, Thorlabs) and passed through an EN-GFP filter cube (Olympus) to
produce blue wavelength light. Stimulation occurred for 5 ms every 20 s. The presence of ChR2
in each slice was confirmed via fluorescence, but viral expression was not quantified. Instead,
initial optical EPSCs (0EPSCs) were adjusted so that all baseline oEPSCs were between 100-
300 pA. Neutral density filters and microscope apertures were adjusted to achieve this baseline
amplitude. Data are represented as average amplitude of three sweeps, with amplitudes
normalized to baseline oEPSC amplitude. For both electrical and optical stimulation,
experiments in which the access resistance changed by >20% were not included in the data

analyses. Access resistance was monitored continuously throughout experiments.

Statistical Analysis

All data are represented as mean + SEM except for when SD is used to address within

cell variability of latency to respond to optical stimulation. For the immunohistochemistry
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experiments a two-way ANOVA was used to assess stress and guanfacine effects. Post hoc
analysis was performed using Tukey’s multiple comparisons test. For all RNA in situ
experiments (except insula DREADD experiment), two-way ANOVAs were used to assess
effect of both treatment and sex. When both factors (or an interaction) were found to have a
significant effect, Tukey’s multiple comparison test was used to make multiple comparisons.
When there was no significant effect of sex, Sidak’s multiple comparisons test was used to
make comparisons within treatment groups for each sex. For the insula DREADD experiment,
paired t-tests were used to directly compare one BNST (hM4Di injected side) with the
contralateral BNST (GFP control injected side) for each animal. For electrophysiological
experiments, paired t-tests were used to assess drug effects on amplitude and paired pulse
ratio. Unpaired t-tests were used to compare oEPSC kinetics between insula and PBN inputs as
well as to compare the effects of CNO on EPSC amplitude in control and hM4Di-expressing
animals. Statistical analyses were performed using Graphpad Prism 7.
Reagents

All reagents used were purchased from Millipore Sigma unless otherwise noted in the
text. For in vivo experiments, all drugs were diluted in sterile saline (0.9% sodium chloride;
Hospira). For electrophysiological experiments, all drugs were diluted in diH,O to make stock
solution (10 mM) except for picrotoxin (diluted in DMSO) and norepinephrine (added directly to

ACSF).

Results

cFos expression in BNST CRF neurons is increased by restraint stress and decreased by
systemic administration of the a,4-AR agonist guanfacine

As an index of neuronal activity in the dorsal BNST (dBNST) we used
immunohistochemistry to identify neurons expressing cFos following an acute restraint stress

(Figure 3a). We found that cFos expression is significantly increased after restraint stress when
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compared to the control no-stress condition (Figure 3b-c). Analysis via one-way ANOVA shows
a significant effect of time after restraint stress (F(4,10) = 19.57, p < 0.001). Post hoc analysis
with Dunnett’'s multiple comparison test reveals that cFos is significantly increased relative to
the no stress control (12.914.3 cells/dBNST) at 30 min (39.8+1.3 cells/ldBNST, p < 0.001), 1 hr
(37.112.3 cells/dBNST, p < 0.001), and 2 hr (25.1+2 cells/dBNST, p = 0.028) after restraint
stress, but is no longer significantly increased after 4 hr (17.8+2.4 cells, p = 0.53).

To look specifically at restraint stress activation of CRF cells, we used both a fluorescent in situ
hybridization assay (Figure 3e) and a well-validated previously utilized CRF-tdtomato reporter
mouse (Silberman, et al., 2013; Chen, et al., 2015) to quantify co-localization of cFos with
dBNST CRF neurons using immunohistochemistry (Figure 3f). We found similar increases in the
percentage of cFos+ CRF neurons following restraint stress in both assays (Figure 3d-g). For
the RNA in situ assay (Figure 3d), a 2-way ANOVA shows a significant effect of stress on the
percentage of Crh cells that express Fos (F(1,15) = 27.18, p < 0.001), but no effect of sex
(F(1,15) = 0.57, p = 0.462) and no interaction between the variables (F(1,15) = 0.57, p = 0.46).
Sidak’s multiple comparisons test shows a significant increase in Fos+ Crh neurons in both
males (no stress: 13.7+2.4%; stress: 28.1£3.6%; p = 0.011) and females (no stress: 13.7+2.1%;
stress: 33.0+4.8%; p = 0.002).

Previous work has shown that administration of a;a-AR agonists systemically, or directly
into the BNST, can inhibit CRF-dependent behaviors such as drug withdrawal-related
phenotypes and stress-induced reinstatement of drug seeking behavior (Shaham et al., 2000;
Wang, et al., 2001; Mantsch et al., 2010). Further, a2a-AR activation in the BNST is able to
decrease excitatory drive (Shields, et al., 2009; Flavin, et al., 2014). Thus, we wanted to assess
the impact the a,5-AR agonist guanfacine (1 mg/kg) on the activity of CRF neurons (Figure 3f-
g). A 2-way ANOVA showed a significant effect of guanfacine (F(1,28) = 17.71, p = 0.0002) and
stress (F(1,28) = 22.94, p < 0.0001), but no significant interaction (F(1,28) = 0.20, p = 0.657). A

post hoc analysis using Tukey’s multiple comparisons test shows a significant increase in cFos+
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CRF neurons following restraint stress (no stress, saline: 10.5+£3.2%; stress, saline: 24.1+2.8%;
p = 0.003). Treatment with guanfacine prior to restraint stress results in a significantly lower
percentage of cFos+ CRF neurons as compared to saline treated stress animals (stress,
guanfacine: 12.0£1.9%; p = 0.009). Additionally, treatment with guanfacine in the no stress
condition significantly decreased cFos+ CRF neurons as compared to the guanfacine/stress
condition (no stress, guanfacine: 0.7£0.3%; p = 0.030). Together these data show that acute
restraint stress results in transient cFos activation in CRF neurons, and that cFos expression in

CRF neurons can be reduced by treatment with guanfacine.
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Figure 3. Restraint stress induces transient cFos expression in BNST CRF neurons in an
a4-AR sensitive manner. a) Schematic showing timeline of animal injection, restraint stress,
and in situ hybridization/immunohistochemistry assays, along with image of coronal section with
the dBNST highlighted (purple) to denote region used for analysis throughout. b) Representative
images of cFos labeling in the dBNST showing control, 30 min, 1 hr, 2 hr, and 4 hr time points
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after restraint stress. Scale bar = 100 ym. ¢) Summary data showing the mean+SEM number of
cFos labeled cells in dBNST sections from control conditions or at various time-points following
a 1-hr restraint stress. n=3 male mice/group. *indicates significant difference from control
conditions (***p<0.001, *p<0.05). d) Summary bar graph showing the percentage of Crh
neurons that express Fos 30 min after restraint stress in male and female mice. Males: no
stress n=5, stress n=5; Females: no stress n=5, stress n=4. *indicates significant difference
between stress conditions (*p<0.05; **p<0.01). e) Example image of RNA in situ assay (gray:
DAPI-labeled nuclei, magenta: Crh transcripts, cyan: Fos transcripts). Boxes provide magnified
examples of cells expressing one or both transcripts (magenta: Crh, brown: Crh/Fos, cyan:
Fos). f) Representative fluorescent immunohistochemical images of merged cFos (green) and
CRF (red) labeling in the dBNST 30 min after restraint stress for no stress/saline, no
stress/guanfacine, stress/saline, and stress/guanfacine conditions. Scale bar = 100 um. g)
Summary bar graph showing the meantSEM percentage of cFos+ CRF neurons 30 min after
restraint stress for the following conditions: No stress/saline (n=9; 6 male/3 female), no
stress/guanfacine (n=6; 4 male/2 female), stress/saline (n=8; 5 male/3 female),
stress/guanfacine (n=9; 4 male/5 female). *indicates significant difference compared to each
Norepinephrine inhibits glutamatergic transmission onto CRF neurons via a-AR activation

In previous studies, we and others have found that activation of noradrenergic receptors
can regulate excitatory drive in unidentified neuronal populations in the dorsal BNST (Krawczyk
et al.,, 2011; Nobis, et al., 2011; Flavin, et al., 2014). In order to better understand the interaction
between NE signaling and BNST CRF neuron activation, we examined the actions of NE and
agonists for both a- and B-ARs in modulating excitatory drive onto CRF neurons. We recorded
from tdtomato+ neurons in the BNST of CRF reporter mice and evoked glutamatergic excitatory
postsynaptic currents (EPSCs) by electrical stimulation in the presence of picrotoxin. A paired t-
test shows that 10 min bath application of 1 uM NE significantly inhibited EPSC amplitude (-
42.5+8.7% change from baseline, p = 0.008, Figure 4a) without significantly altering the paired
pulse ratio (PPR) of the EPSCs (+8.319.8% change from baseline, p = 0.44). To further dissect
NE signaling, we then repeated the electrical stimulation experiment using agonists for a4-, aza-,
and B-ARs (Figure 4b-d). A paired t-test shows that, similar to NE, bath application of 100 uM
methoxamine (a4-AR agonist) significantly inhibits EPSC amplitude (-26.0+7.3% change from
baseline, p = 0.10, Figure 4b) without significantly altering PPR (-1.5+£5.3% change from
baseline, p = 0.56). A paired t-test shows that bath application of 1 yM guanfacine (a;a-AR

agonist) also significantly inhibited EPSC amplitude (-60.5%£4.7% change from baseline, p <
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0.0001, Figure 4c), while also significantly increasing PPR (+32.7+5.7% change from baseline,
p < 0.001). Finally, a paired t-test shows that bath application of 3 uM isoproterenol (B-AR
agonist) significantly increases EPSC amplitude (+28.8+7.2% change from baseline, p = 0.007,
Figure 4d) without altering PPR (-6.7+5.0% change from baseline, p = 0.15).

Based on the ability of systemic guanfacine to decrease stress-induced cFos in CRF cells in our
previous experiments, we further focused on the actions of a;a-AR signaling using the
antagonist atipamezole (1 uM). Ex vivo slices were pretreated with atipamezole before bath
application of 1 yM NE, with the antagonist remaining in the bath for the duration of the
experiment. The time course shown in Figure 4f demonstrates that atipamezole is able to block
the effects of NE on excitatory drive. A paired t-test shows that in the presence of atipamezole,
bath application of 1 uM NE no longer significantly inhibits EPSC amplitude (+21.3£11.7%
change from baseline, p = 0.143, Figure 4g) and PPR remains unaltered (-1.1+6.4% change

from baseline, p = 0.940).
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Figure 4. NE regulation of excitatory drive onto CRF neurons is mediated by a-AR
signaling and can be blocked by the of a,A-AR antagonist atipamezole. a-d) Bar graphs
summarizing the effects of adrenergic receptor (AR) agonists on EPSC amplitude (left) and
paired pulse ratio (PPR, right) in BNST CRF neurons. a) Effects of norepinephrine (NE) (n=5
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cells, 3 male mice) b) Effects of as-AR agonist methoxamine (Methox) (n=8 cells, 4 male mice)
c) Effects of a,a-AR agonist guanfacine (Guan) (n=5 cells, 3 male mice) d) Effects of 3-AR
agonist isoproterenol (Iso) (n=6 cells, 3 male mice) *indicates significant difference compared to
baseline (*p<0.05). e) Representative EPSC traces before (black) and after (red) AR agonist
application. f) Timecourse showing effects of pretreatment with a;,-AR antagonist atipamezole
on NE modulation of EPSC amplitude in BNST CRF neurons, graphed as a percentage of
baseline. g) Bar graph comparing EPSC amplitude during atipamezole pretreatment before and
after NE application (n=7 cells, 1 male mouse, 3 female mice).
Input-specific NE action on excitatory control of BNST CRF neurons

We next utilized ex vivo channelrhodopsin assisted circuit mapping to begin to determine
regions that provide excitatory input to BNST CRF neurons, examining the parabrachial nucleus
(PBN) and insular cortex (McDonald, et al., 1999; Dobolyi, et al., 2005). AAV5-CamKIlla-ChR2-
YFP was stereotaxically injected into the region of interest in CRF reporter mice (Figure 5a) and
allowed to express for at minimum six weeks before preparing slices for electrophysiology. After
verifying ChR2 expression in terminals in the BNST via visual inspection, we recorded from
tdtomato+ neurons in the BNST and used full-field blue-light stimulation to evoke optical EPSCs
(0cEPSCs) in the presence of picrotoxin. For each cell recorded from, we noted the presence or
absence of an oEPSC, and in the case of cells that responded, continued to stimulate every 20
s for 10 min to allow for response kinetics analysis. The PBN and insula exhibited different
response profiles (Figure 5b): insular cortex afferent stimulation led to a reliable response in
CRF neurons (87% of cells responded, 20/23 cells), while PBN afferent stimulation resulted in
an intermediate phenotype (50% of cells responded, 14/28 cells). Inmunohistochemistry
staining of calcitonin gene-related peptide (CGRP) in the BNST as a marker for the PBN input
(Shimada, et al., 1989) provides further anatomical support of this intermediate phenotype, as
some but not all CRF cell somas are surrounded by CGRP+ terminals (Figure 5c).

Having identified the insular cortex and PBN as providing excitatory input to BNST CRF
neurons, we next analyzed the response kinetics of recorded oEPSCs from these inputs (Figure

5d). Unpaired t-tests show that oEPSCs resulting from insula terminal stimulation as compared

to PBN terminal stimulation have a significantly greater latency to peak following optical
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stimulation (PBN: 11.51+0.96 ms; insula: 15.25+1.04 ms; p = 0.03), while showing less
variability in latency to respond between sweeps within a cell (PBN: SD = 1.84 ms; insula: SD =
1.03 ms). Additionally, the decay time of insular input oEPSCs was significantly longer (PBN:
11.63+£1.99 ms; insula: 18.73+£1.79 ms; p = 0.023). Rise time was not significantly different
between the two (PBN: 3.840.7 ms; insula: 4.57+0.43 ms; p=0.342).

Next, we determined whether NE could modulate these inputs as seen in the electrical
stimulation experiments. The same optical stimulation set-up was used as described for the
mapping experiments, but now AR agonists were bath applied during stimulation (Figure 5e-f).
A paired t-test (Figure 5h) shows that 20 min bath application of 1 yM NE significantly inhibits
oEPSC amplitude when stimulating PBN afferents (-44.3+9.4% change from baseline, p =
0.018), while not altering oEPSC amplitude during insular stimulation (-4.2+3.7% change from
baseline, p = 0.341). This demonstrates that while both regions send glutamatergic inputs to
BNST CRF neurons, only the PBN input is sensitive to regulation by NE. Having shown the
effects of NE in the electrical stimulation experiments to be mediated by a,a-AR signaling, we
also tested the effect of guanfacine on PBN afferent stimulation-evoked oEPSCs (Figure 5g). A
paired t-test (Figure 5h) shows that 20 min bath application of 1 yM guanfacine significantly
reduces oEPSC amplitude similar to NE application (-40.0£11.5% change from baseline, p =
0.026). This provides further support for the role of az4-AR signaling in mediating CRF neuronal

activity in the BNST.
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Figure 5. BNST CRF neurons receive kinetically distinct excitatory input from both the
insular cortex and PBN, but the PBN input can be regulated by both NE and guanfacine.
a) lllustrated mouse indicating that for Figure 3, CRF-tdtomato reporter mice were
stereotaxically injected with AAV5-CamKlla-ChR2:YFP, along with example stereo microscope
images of injection sites for insular cortex and parabrachial nucleus (PBN). b) Summary of
percentage of BNST CRF cells that respond to insula (male: n=7 cells, 3 mice; female: n=16
cells, 11 mice) or PBN (male: n=10 cells, 2 mice; female: n=18 cells, 6 mice). c) Representative
image of CGRP labeling (purple; marking PBN input) around BNST CRF neurons (red)
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demonstrating CRF cells surrounded by CGRP (white arrow; white box: magnified image of cell)
and CRF cells without PBN input (yellow arrow; yellow box: magnified image of cell). Scale bar
= 50 uym. d) Bar graphs comparing oEPSC kinetics between PBN (n=6 cells, female mice) and
insula (n=10 cells, female mice) stimulation. Top left: Latency to oEPSC peak (ms). Top right:
Representative oEPSC traces from insula (red) and PBN (black). Bottom left: Rise time (10-
90%) of oEPSC (ms). Bottom right: Decay time (90-10%) of oEPSC (ms). *indicates significant
difference using unpaired t-test (*p<0.05). e-f) Summary graphs showing effect of NE on oEPSC
amplitude, graphed as percentage of baseline, for PBN stimulation (d; n=4, 3 female mice) and
insula stimulation (e; n=4, 4 female mice). g) Summary graph showing effect of guanfacine on
oEPSC amplitude, graphed as percentage of baseline, for PBN stimulation (n=5, 2 male mice, 2
female mice). h-j) Bar graphs comparing average oEPSC amplitude, graphed as % of baseline,
5 min before and after drug wash-on. *indicates significant difference using paired t-test
(*p<0.05). All data are represented as meantSEM.
Activation of PBN hM4Di blunts stress-induced Fos specifically in females

Having identified the PBN as a guanfacine-sensitive glutamatergic input to BNST CRF
neurons, we next wanted to determine if manipulating the activity of this input could alter the
restraint stress-induced Fos response in a manner similar to systemic guanfacine
administration. To do this we utilized a chemogenetic strategy through the use of the hM4Di
DREADD, which couples to Gi-signaling as the a,a-AR does to mimic activation of the a;a-AR by
guanfacine. AAV5-hSyn-HA-hM4D(Gi)-mCherry was stereotaxically injected bilaterally into the
PBN and given at least three weeks for expression to occur (Figure 6¢). To verify activity, we
recorded from tdtomato+ neurons in ex vivo slices containing the BNST while using electrical
stimulation in the presence of picrotoxin to evoke EPSCs. We found that 10 min bath application
of 10 uM CNO was able to reduce EPSC amplitude only in hM4Di injected animals (Figure 6e).
An unpaired t-test comparing cells from control animals to cells from hM4Di-injected animals
showed a significant decrease in EPSC amplitude in hM4Di animals during the last 5 min of
CNO application (-25.5+7.3% change from baseline, p = 0.007). A separate cohort of hM4Di
injected mice then underwent the same restraint stress paradigm as before, receiving an IP
injection of CNO (3 mg/kg) 30 min prior to the stressor (Figure 6a). Using fluorescent in situ

hybridization, we found that activation of the hM4Di DREADD significantly alters stress-induced

Fos in females but not in males (Figure 6b). A 2-way ANOVA shows a significant effect of
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treatment (F(2,23) = 11.76, p < 0.001), but no effect of sex (F(1,23) = 0.73, p = 0.401) and no
interaction (F(2,23) = 1.01, p = 0.380). Post hoc analysis using Tukey’s multiple comparisons
test reveals a significant difference in percentage of Fos+ Crh cells between the stress/saline
and stress/CNO mice in females (stress/saline: 32.5+3.6%; stress/CNO: 18.415.2%; p = 0.047),
but not in males (stress/saline: 23.4+5.1%; stress/CNO: 20.0+3.4%; p = 0.820).

To rule out potential off-target actions of CNO, in a control experiment we assessed the effects
of CNO alone without expression of the hM4Di DREADD on restraint stress-induced cFos
expression in BNST CRF neurons (Figure 6d). An unpaired t-test found no change in the
percentage of cFos+ CRF neurons across stress/saline and stress/CNO treatment
(stress/saline: 28.3+3.6%; stress/CNO: 27.4+4.9%; p = 0.878). Together, these data show that
activation of PBN-expressed hM4Di DREADD can mimic actions of guanfacine by decreasing

stress-induced Fos activation in Crh cells in female, but not male mice.

a

Home cage I Restraint Stress I Home cage I a RNA in situ
hybridization

30 min 1 hour 30 min

A mgl/kg CNOJvehicle IP

b c

40— /i Il No stress
Saline
1 Stress
Saline
B4 Stress
CNO
1409 ——
m  Control f
o hM4Di 1201 o o°
P Hgl 100 =—elgr————-
® igin g °
3 ol — o iiiaié-éfiiﬁﬂiﬁ- a0
w
o £ ) @
5 1’ Py d e |
5 @ 50 X 40- *
4 104 =
2 2 20+
0 : N 10 uM CNO 0
. U= ) e .
Saline CNO 0 5 10 15 20 Control PBN
Stress Time (min) hM4Di

45



Figure 6. Activation of PBN-expressed Gi-coupled DREADD hM4Di blunts Fos activation
only in female mice. a) Schematic showing timeline of animal injection, restraint stress, and
RNA in situ hybridization assay. b) Summary bar graph showing effect of CNO injection on
percentage of Crh cells that express Fos 30 min after restraint stress in male and female mice
(n=5/mice per group; exception: female, no stress/saline n=4). *indicates significant difference
between treatment groups within each sex (*p<0.05, **p<0.01). ¢) Example confocal image
showing AAV5-hSyn-hM4D(Gi)-mCherry PBN injection site. Scale bar = 100 ym; scp = superior
cerebellar peduncle; CB = cerebellum. d) Bar graph summarizing results of control
immunohistochemistry experiment showing effect of CNO injection on male C57 mice (saline:
n=4; CNO: n=3) with no hM4Di DREADD expression. e) Timecourse of CNO application on
EPSC amplitude in BNST CRF cells, graphed as percentage of baseline, comparing control
mice (n=8 cells, 2 male mice, 2 female mice) and PBN hM4Di-expressing mice (n=7 cells, 1
male mouse, 1 female mouse). f) Summary bar graph showing average EPSC amplitude as a
percentage of baseline during last 5 min of CNO application. *indicates significant difference
between control and hM4Di groups using unpaired t-test (**p<0.01). All data are represented as
meantSEM.
Activation of insular cortex hM4Di blunts stress-induced Fos in males and females

In Figure 5, we found a high prevalence of excitatory connections between the insular
cortex and CREF cells, with almost all CRF cells assessed responding to stimulation of insula
terminals in the BNST. Based on this robust response rate, we wanted to determine if
manipulating insular activity would alter the stress activation of BNST CRF neurons as observed
with the PBN input. To do this, we once again utilized DREADDs. Here, we stereotaxically
injected the hM4Di virus into the insula in one hemisphere of the brain and then injected a
control AAV5-hSyn-GFP virus into the contralateral hemisphere, allowing for direct comparison
between hemispheres within a given mouse. As before, CNO was given 30 min prior to restraint
stress and tissue was taken for processing 30 min after the termination of the stressor (Figure
7a). Fluorescent in situ hybridization assays revealed that an acute injection of CNO prior to the
stress significantly reduces the percentage of Fos+ Crh cells in the hM4Di-injected hemisphere
as compared to the control GFP-injected hemisphere (GFP: 41.8+5.1%; hM4Di: 29.5+4.2%; p <
0.001; Figure 5b). Thus, similar to the PBN DREADD experiment, activating insula-expressed

hM4Di DREADD decreases stress-induced Fos activation in Crh neurons; however, unlike with

the PBN, this effect occurred in both male and female mice.
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Figure 7. Activation of insula-expressed Gi-coupled hM4Di DREADD blunts Fos
activation in both males and females. a) Schematic showing timeline of animal injection,
restraint stress, and RNA in situ hybridization assay. b) Percent of all BNST Crh neurons that
express the Fos transcript 30 min after restraint stress. Solid bars represent neurons in the
ipsilateral BNST of insula control virus (hSyn-GFP)-injected hemisphere. Checkered bars
represent neurons in the ipsilateral BNST of the insula hM4Di-injected hemisphere. (saline/no
stress: n=4; saline/stress: n=4; CNO/no stress: n=5; CNO/stress: n=6) *indicates significant
difference between GFP-injected and hM4Di DREADD-injected hemispheres using a paired t-
test (***p<0.001). All data presented as the mean with individual data points for each animal.

Increasing endogenous 2-AG prevents stress-induced increases in Fos in BNST Crh cells
Although the modulation of insular activity can alter the stress activation of BNST CRF
neurons, the insula input to these cells is not sensitive to regulation by NE (Figure 5f). In an

attempt to better understand this modulation that is separate from NE signaling, we explored

another neuromodulatory system, the eCB system. Data from our lab has demonstrated that the
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insula input to BNST CRF cells is sensitive to regulation by the eCB system (S. Centanni,
unpublished data). Similar to the action of guanfacine at a,a-ARs, the endogenous ligands of the
eCB system also act on Gi-coupled GPCRs (CB1R and CB2R). These ligands, including 2-AG,
are produced post-synaptically and then travel in a retrograde manner to bind receptors located
on pre-synaptic terminals (Kano, et al., 2009; Ohno-Shosaku and Kano, 2014). In order to
investigate the role of eCB activated Gi-signaling in the BNST stress response, we utilized the
monoacylglycerol (MAG) lipase inhibitor JZL184 to increase 2-AG levels. JZL184 was
administered systemically 2 hours prior to acute restraint stress and once again in situ
hybridization assays were used to measure Fos expression in BNST Crh neurons (Figure 8a).
We found that the percentage of Crh cells expressing Fos after stress is significantly blunted in
female mice that received systemic JZL184 (Figure 8b). A 2-way ANOVA reveals a significant
effect of drug treatment (F(2,22) = 27.21, p < 0.0001) and a trending interaction between the
variables (F(2,22) = 2.82, p = 0.082), but no effect of sex alone (F(1,21) = 0.13, p = 0.724). Post
hoc analysis using Tukey’s multiple comparisons test reveals a significant increase in the
percentage of Crh cells expressing Fos following stress in both saline-treated males (no
stress/saline: 13.0£3.2%; stress/saline: 28.9+3.0%; p = 0.004) and females (no stress/saline:
9.11£2.4%; stress/saline: 38.0+2.7%; p < 0.0001). However, JZL 184 administration only had a
significant effect in females (stress/JZL: 21.0+3.0%; p = 0.001), blunting the stress induced Fos
increase. This experiment demonstrates that the eCB system can modulate the stress-induced

upregulation of Fos in BNST Crh cells, in a sex-specific manner.
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Figure 8. The MAG lipase inhibitor JZL184 blunts restraint stress-induced increase in
Fos+ BNST Crh cells. a) Schematic showing timeline of animal injection, restraint stress, and
RNA in situ hybridization assay. b) Summary bar graph showing effect of JZL184 injection on
percentage of Crh cells that express Fos 30 min after restraint stress in male and female mice
(n=5/mice per group; exception: male, no stress/saline and stress/JZL n=4). *indicates
significant difference between treatment groups within each sex (**p<0.01, ****p<0.0001). All
data are represented as meantSEM.
Discussion

We find that restraint stress increases cFos expression in BNST CRF neurons, and that
systemic administration of the clinically well-tolerated drug guanfacine, an aza-AR agonist,
reduces their activity. Using ex vivo electrophysiology, we demonstrated that NE inhibits
excitatory input to these cells via a,-ARs activation, but that agonists for each class of AR
produces modulation of excitatory drive, suggesting likely state-dependent actions in vivo. Ex
vivo channelrhodopsin-assisted mapping identified the insular cortex and PBN as glutamatergic
inputs to CRF cells, but only the PBN was sensitive to NE and guanfacine modulation. CNO
activation of PBN-expressed Gi-coupled DREADDs (hM4Di) was able to mimic actions of

guanfacine by decreasing stress-induced Fos in Crh neurons in female mice. However,

activation of insula-expressed hM4Di was also able to decrease stress-induced Fos, suggesting
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additional effects beyond the NE system. Indeed, increasing eCB signaling through the use of
the MAG lipase inhibitor JZL184 also led to decreases in Fos expression in Crh cells following

acute restraint stress.

Stress-induced activation of BNST CRF neurons

Anxiogenic stimuli have been shown to induce cFos expression in CRF neurons
throughout the BNST in both mice and rats (Butler et al., 2016; Lin et al., 2018) suggesting that,
despite known anatomical differences in the CRF systems of rodents (Daniel, et al., 2017),
increased CRF activation in the BNST following aversive stimuli may be an important conserved
signal. We found both males and females exhibited increased cFos+ CRF neurons in response
to stress and both were sensitive to regulation by systemic guanfacine administration.
Interestingly, guanfacine was able to alter cFos expression in the no stress condition, showing
that guanfacine actions do not require stress activation of these neurons. Substantial evidence
has demonstrated sex differences within the CRF system, both at the level of the HPA axis and
at extrahypothalamic sites (Bangasser and Valentino, 2014). In rats, females have been shown
to have higher numbers of CRF cells in the vBNST, as well as increased colocalization with Fos
following stress (Babb, et al., 2013). However, our work in mice in the dBNST did not exhibit any
sex differences when only looking at the co-expression of Fos/Crh. Beyond the differences
between species and BNST subregions, it is also difficult to compare levels of stress achieved,

as our restraint stress period was longer.

Norepinephrine modulation of excitatory drive onto CRF neurons

Our experiments provide insight into the specific mechanisms underlying systemic
guanfacine regulation of stress-induced cFos expression in BNST CRF neurons. Stress has
been shown to increase NE signaling within the BNST (Pacak, et al., 1995) and previous work

has shown that isoproterenol, a B-AR agonist, can increase glutamatergic transmission in the
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BNST via a CRF receptor dependent mechanism and can depolarize BNST CRF neurons
(Nobis, et al., 2011; Silberman, et al., 2013). We showed that isoproterenol can increase
glutamatergic drive onto CRF neurons, likely through post-synaptic actions. Conversely, the
stimulation of a-ARs works in opposition to regulate CRF neuron activity. While NE and
methoxamine did not alter PPR, guanfacine was able to alter this ratio, suggesting that NE can
potentially regulate excitatory input postsynaptically by actions of a,-ARs as well as
presynaptically by a,,-ARs located on glutamatergic terminals pre-synaptic to CRF cells.
Specifically blocking a,-ARs with atipamezole completely inhibited the actions of NE and in
some cells uncovered possible NE actions at B-ARs. A trend toward a similar phenomenon was
recently reported in a population of vVBNST neurons as well (Gungor et al., 2018). These results,
in combination with the systemic effects of guanfacine administration, suggest that the balance
between NE activation of 3- and a-ARs may be key in controlling the response of CRF neurons
to stress. These results led us to focus on a,-AR signaling, but future studies are needed to
tease apart the contribution of a4-AR and (B-AR signaling in regulating CRF neurons.

We identified two excitatory inputs to CRF neurons using optogenetic stimulation: the insula and
the PBN. We observed differential oEPSC kinetics from the insula and PBN stimulations. The
slower kinetics of the insular input could suggest an axo-dendritic synapse, while the faster PBN
kinetics and CGRP immunohistochemistry findings agree with known axo-somatic connections
in the BNST (Shimada, et al., 1989; Dobolyi, et al., 2005). While overall the kinetics observed
are slower than those seen with electrical stimulation, the same optical stimulation protocol was
used for both inputs, allowing for direct comparison.

We found that NE and guanfacine could inhibit the PBN input, while the insula input was
insensitive. This finding is similar to previous work showing that the PBN input to unidentified
BNST neurons can be inhibited by guanfacine, while the basolateral amygdala input was
insensitive (Flavin, et al., 2014). This suggests that the actions of NE on CRF cells are at least

in part working through ax-ARs on PBN terminals pre-synaptic to CRF cells. Previous studies in
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the CeA have suggested that a,a-ARs decrease PBN release probability by directly interacting
with the release machinery (Delaney et al., 2007). The input selectivity of NE regulation
demonstrates that targeting this system produces highly specific tailoring of excitatory drive to

the BNST.

Modulation of PBN activity using the Gi-coupled DREADD hM4Di

Having identified the PBN as a guanfacine-sensitive input to BNST CRF neurons, we
further explored the regulation of this input in BNST stress responses, particularly given recent
findings that the PBN encodes danger signals (Campos, et al., 2018). We showed that
activation of the Gi-coupled DREADD hM4Di in PBN neurons could mimic actions of guanfacine
by decreasing stress-induced Fos in Crh neurons. Interestingly, while guanfacine was effective
in blocking the CRF neuron stress response in both males and females, our PBN manipulation
investigating Fos responses after restraint was female-specific. The ineffectiveness of PBN
hM4Di activation in males suggests that guanfacine inhibition at PBN terminals is only one
mechanism altering cFos activation in CRF neurons. Of note, a;s-ARs are expressed in multiple
compartments throughout the BNST and not just at PBN terminals (Flavin, et al., 2014). While
we have shown the insular input to be insensitive to NE, guanfacine could be inhibiting other
glutamatergic inputs to the BNST. For example, the paraventricular thalamus has been
implicated in extended amygdala fear circuitry (Myers et al., 2014; Penzo, et al., 2015).
Additionally, there are other modulatory systems recruited by stress that may contribute to
activation. Serotonin is known to play a role in promoting anxiety and can activate CRF neurons
(Marcinkiewcz et al., 2016). Dynorphin actions at kappa opioid receptors have been shown to
inhibit anxiolytic circuitry in the BNST (Crowley et al., 2016). Alternatively, decreases in
neuropeptide Y signaling following stress could increase CRF neuron activation (Pleil et al.,
2015). Another reason for the observed difference could be sex-specific distinctions in the PBN

innervation of the BNST. Previous work has shown that optical stimulation of PBN terminals can
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result in either PBN-activated cells or PBN-inhibited cells (Flavin, et al., 2014). The balance
between these two types of cells in the BNST could be sex-specific and potentially lead to the
female-specific result we observed. Indeed, female rats have shown greater PBN activation
following visceral noxious stimuli, providing evidence of regional sex differences (Wang et al.,
2009). Future studies addressing sex differences in the PBN input will be important to better

understand this result.

Modulation of both insula signaling and the eCB system can alter stress-induced activation of
BNST CRF neurons

While the insula input to BNST CRF cells was insensitive to NE regulation, its high
fidelity connectivity to CRF cells in both males and females warranted further investigation.
Furthermore, the role of the insula in sensing the internal state of the body, suggests that it may
be an important player in regulating the body’s response to stress (Craig, 2002; Gogolla, 2017).
We found that activation of the Gi-coupled DREADD hM4Di in the insula could decrease the
stress-induced increase in BNST Crh cells expressing Fos, similar to what was seen in the
PBN. Notably, unlike with the female-specific PBN manipulation, stress activation was
decreased in both males and females. This suggests that stress may lead to increased insula
activity in neurons that project to the BNST. In human studies, increased insula activity has
been reported in individuals with high-trait anxiety (Alvarez, et al., 2015), supporting a role for
insula signaling in stress-related phenotypes. Knowing that the insula input is insensitive to NE,
we investigated activation of another Gi-linked GPCR in the BNST (CB1R) by the eCB system.
Increasing 2-AG levels, an endogenous CB1R ligand, using systemic administration of JZL184
resulted in a blunted stress activation of BNST CRF cells, with fewer Crh neurons expressing
Fos transcripts. However, this occurred specifically in female mice. This sex-specific effect of
eCB signaling is not unprecedented, as differences in depressive-like behavior in male and

female mice have been observed in a mouse model that genetically disrupts 2-AG synthesis
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(Shonesy, et al., 2014). One site of action for eCB signaling in the BNST is indeed at insular
terminals (S. Centanni, unpublished data), suggesting that our insula-expressed hM4Di
experiment may be mimicking effects of endogenous CB1R signaling. However, CB1 receptors
are expressed throughout the entirety of the CNS (Herkenham, et al., 1990), and thus effects at

other inputs to the BNST, as well as multi-synaptic effects cannot be ruled out.

Together, our results have led us to propose a model by which activation of Gi-coupled
GPCR signaling located on afferents in the BNST can decrease activation of BNST CRF
neurons. While stress increases NE release that can act at many different receptor subclasses
throughout the BNST, specifically targeting a.a-ARs located on PBN terminals pre-synaptic to
CREF cells can decrease activation of these cells. Furthermore, increasing eCB signaling also
decreases stress activation of BNST CRF neurons, potentially through activation of CB1Rs
located on insula terminals. In conclusion, these findings provide a framework for understanding
how the interaction between stress and glutamatergic signaling can modulate stress
responsivity of BNST CRF neurons through multiple mechanisms. We have identified both
molecular and circuit specific targets for addressing the pathophysiology underlying stress-
related psychiatric disorders. Additionally, we have identified multiple female-specific effects in
Gi-coupled GPCR regulation of BNST CREF cells, providing further evidence of mechanistic
differences in the stress response between males and females. Future studies will further
dissect the input specificity of this stress response, while continuing to focus on sex differences

within the system in order to better identify targets for manipulating this stress circuitry.
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Chapter 3
Examining the regulation of the female-specific increase in co-expressing Crh/Prkcd
BNST neurons following stress
Adapted from: Fetterly et al., asa-adrenergic receptor activation decreases parabrachial nucleus
excitatory drive onto BNST CRF neurons and reduces their activity in vivo
Introduction

In Chapter 2, the PBN-expressed hM4Di experiment revealed a sex-specific alteration in
regulation of restraint stress activation of BNST CRF neurons. Interestingly, females have a
higher reported prevalence of stress-related psychiatric illnesses (Breslau, 2002; Kessler, et al.,
2012; Bangasser and Valentino, 2014). Furthermore, the BNST is known to be highly sexually
dimorphic (Gu et al., 2003; Han and De Vries, 2003). Specifically, the vBNST CRF system may
be more stress reactive in females (Sterrenburg, et al., 2012; Babb, et al., 2013). Understanding
the mechanism underlying sex-specific differences is important for developing targeted
treatments best suited for men and women.

One of the biggest obstacles in studying the BNST is overcoming the heterogeneity of
the region. In addition to using input specificity as done in Chapter 2, post-synaptic markers can
help to subdivide this complex region. In the central amygdala (CeA), CRF signaling has been
shown to play a facilitating role in fear (Fadok et al., 2017; Sanford et al., 2017; Asok et al.,
2018). Another CeA population is defined by the expression of Protein Kinase C & (PKCd);
when activated, these cells can regulate the fear response, although their precise role is
complicated, as studies have shown that they play a role in both decreasing the fear response
and in conveying aversive signals (Ciocchi, et al., 2010; Yu, et al., 2017). Notably, there is
relatively little cellular overlap between PKCd and CRF in the CeA (Haubensak, et al., 2010).
Similarly, the BNST contains a population of PKC&-expressing neurons. Although the role of
these BNST neurons is unknown, PKC® can be used as an additional marker of specific cell

populations in the BNST. Additionally, the gene for PKC® (Prkcd) is known to have an estrogen
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response element (Shanmugam et al., 1999), making this a potentially relevant protein for
studying sex differences.

This study utilizes PKC® to sub-divide the BNST in the experiments from Chapter 2, in
an attempt to further dissect the heterogeneous stress responsive cell populations in the BNST.
Interestingly, the use of this marker uncovered a stress-induced increase in the co-expression of
Crh/Prkcd transcripts in the dBNST specifically in females. Here, we describe this female-
specific stress response and investigate the regulation of this response by modulating the
systems shown to decrease stress activation (Fos) of BNST CRF neurons. Furthermore, we
compare and contrast the sex differences observed in modulating the Fos recruitment and

Prkcd recruitment in Crh cells.

Methods
Animals

Adult male and female C57BL/6J mice (>7 weeks of age; The Jackson Laboratory;
RRID: IMSR_JAX:000664) were used for all fluorescence in situ hybridization studies.
Ovariectomy and sham surgeries were performed by Jax Surgical Services (The Jackson
Laboratory) at 6 weeks of age. All mice were group housed (2-5 animals per cage) and
maintained on a 12 hour light/dark cycle (lights on 0600-1800) under controlled temperature
(20-25 °C) and humidity (30-50%) levels. Food and water were available ad libitum. All
procedures were approved by the Institutional Animal Care and Use Committee at Vanderbilt
University (Nashville, TN).

Restraint Stress Exposure

Mice were restrained during the light cycle (0600-1800) using 50 mL conical tubes
(Fisher Scientific) altered to have holes throughout the tube and cap to allow for airflow
(McElligott, et al., 2010). Order of restraint was counterbalanced within experimental groups, to

account for differences in time of day. Prior to undergoing restraint, mice were handled for five
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days as described previously (Olsen and Winder, 2010). Mice were allowed to acclimate to the
test location in their home cage for one hour in a sound- and light-attenuating box (Med
Associates Inc.). During restraint, mice were placed inside separate sound- and light-attenuating
boxes for one hour before being returned to their home cage for 30 minutes. In some
experiments, mice were treated with guanfacine (1mg/kg IP; Fisher Scientific) or Clozapine-N-
oxide (CNO; 3mg/kg IP) 30 min prior to restraint stress. For the eCB system manipulaiton, mice
were treated with JZL184 (8 mg/kg IP; Cayman Chemical) 2 hr prior to restraint stress).

RNA in situ hybridization

Fluorescence in situ hybridization assays were performed using the RNAScope
Fluorescent Multiplex Reagent Kit (Advanced Cell Diagnostics) to visualize RNA transcripts in
BNST coronal sections. Probes used include Mm-Crh-C1, Mm-Fos-C2, and Mm-Prkcd-C3. Mice
were put under isoflurane anesthesia and brains were quickly extracted, submerged in ice-cold,
oxygenated (95% 0,/5% CO,) artificial cerebrospinal fluid (ACSF; in mM: 124 NaCl, 4.4 KClI, 2.5
CaCl,, 1.3 MgS0,, 1 NaH,POy4, 10 glucose, 26 NaHCO3), and flash-frozen in Optimal Cutting
Temperature Solution (VWR) using Super Friendly Freeze-It Spray (Fisher Scientific).
Embedded brains were stored at -80 °C prior to being cut on a cryostat (Leica, CM3050S).
Slices (16 pm) were adhered to charged slides (Denville Scientific) and immediately frozen with
dry ice and stored at -80 °C until staining. Fixation, dehydration, hybridization, and staining
protocols for fresh frozen tissue were carried out according to ACD’s online specifications. Z-
stack BNST images were obtained with a 63x/1.4 NA oil lens on a Zeiss 710 scanning confocal
microscope. Three images were taken to cover the dorsal, medial, and lateral areas of the
dorsal BNST (Bregma +0.14). Negative control images (negative control probe: DapB) were
used to determine brightness and contrast parameters for experimental images. Max intensity
projections were used for analysis with Imaged software (NIH). Counts were combined for the
three BNST regions and then averaged with the counts for the contralateral BNST in the slice.

Transcripts were identified as individual dots within a cell, using DAPI-labeled nuclei to identify
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individual cells. A blinded reviewer identified cells as positive for zero, one, two, or three of the
following transcripts: Crh, Prkcd, Fos. Negative control images obtained from slices incubated
with the control prob DapB were used to determine thresholding parameters that excluded non-
specific fluorescence.

Microinjection Surgeries

Mice that were >6 weeks of age were used for viral injections studies. Mice were
anesthetized with isoflurane and injected intracranially with AAV constructs expressing
DREADD as described below. For the PBN DREADD experiment, 200-300 nL of AAV5-hSyn-
hM4D(Gi)-mCherry (Addgene) was injected at 40 nL/min into the PBN (AP: -5.34, ML: £1.31,
DV: -4.30; 15.03° angle). For the insula DREADD experiment, 200-300 nL of AAV5-hSyn-
hM4D(Gi)-YFP (University of North Carolina Viral Vector Core) was injected into the insula (AP:
0.02, ML: £3.66, DV: -4.30) of one hemisphere, with the control virus AAV5-hSyn-GFP
(University of North Carolina Viral Vector Core) injected into the contralateral hemisphere. Mice
were treated with 5 mg/kg of ketoprofen 24 hours and 48 hours following surgery. Virally
injected mice were killed 6 —12 weeks after surgery for anatomical and electrophysiological
analysis.

Statistical Analysis

All data are represented as mean + SEM except for when SD is used to address within
cell variability of latency to respond to optical stimulation. For all RNA in situ experiments, two-
way ANOVAs were used to assess effect of both treatment and sex. When both factors (or an
interaction) were found to have a significant effect, Tukey’s multiple comparison test was used
to make multiple comparisons. When there was no significant effect of sex, Sidak’s multiple
comparisons test was used to make comparisons within treatment groups for each sex.

Statistical analyses were performed using Graphpad Prism 7.
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Reagents

All reagents used were purchased from Millipore Sigma unless otherwise noted in the text. For
in vivo experiments, all drugs were diluted in sterile saline (0.9% sodium chloride; Hospira).
Results

Further definition of post-synaptic cell identity using Prkcd reveals a stress-sensitive increase in
Prkcd/Crh co-expression in female mice.

Based on knowledge of PKCd neurons opposing actions to CRF cells in the fear
response in the CeA (Haubensak, et al., 2010; Asok, et al., 2018), we hypothesized that PKC5
could similarly be an important marker in the BNST, and included Prkcd transcript analysis in
our in situ hybridization assays from Chapter 2 (Figure 9a-b). These studies revealed an
interesting stress-sensitive sex difference. Following restraint stress, we observe a female-
specific increase in the percentage of Crh neurons co-expressing Prkcd (Figure 9c¢). Analysis by
2-way ANOVA results in a significant effect of both stress (F(1,15) = 18.07, p = 0.001) and sex
(F(1,15) = 6.89, p = 0.019), as well as a significant interaction (F(1,15) = 16.43, p = 0.001). Post
hoc analysis using Tukey’s multiple comparisons test shows a significant increase in the
percentage of Crh cells expressing Prkcd following stress in females (no stress: 22.3+2.5%;
stress: 49.3+3.7%; p < 0.001), but no difference in males (no stress: 27+4.4%; stress:
27.6+£1.8%; p = 0.99). This results in a significant difference between males and females
following restraint stress (p = 0.002). To determine if the co-expression of Crh and Prkcd in
females after stress was due to an increase in Crh neurons or an increase in Prkcd neurons we
looked at the overall number of neurons expressing these transcripts in the dBNST (Figure 9d-
e). A 2-way ANOVA shows that Crh cell number remained unchanged throughout the
experiment with no main effect of either stress (F(1,15) = 0.24, p = 0.629) or sex (F(1,15) =
0.13, p = 0.724), and no interaction (F(1,15) = 0.30, p = 0.589). Conversely, total Prkcd cell
number did not remain constant, as a 2-way ANOVA reveals a significant interaction between

stress and sex (F(1,15 = 6.68, p = 0.021), but no main effect of either alone (sex: F(1,15) =
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0.01, p = 0.920; stress: F(1,15) = 3.70, p = 0.073). Post hoc analysis with Tukey’s multiple
comparisons test shows a significant increase in the number of Prkcd expressing cells in
females following stress (no stress: 204+19.2 cells; stress 405+55.7 cells; p = 0.033), but not in
males (no stress: 314.6+£61.0 cells; stress 285.2+32.6 cells; p = 0.962). This suggests that Prkcd
is being upregulated in Crh expressing neurons and not vice versa.

In order to examine restraint stress activation of this newly identified neuronal population
co-expressing Crh/Prkcd, we also looked at the presence of Fos transcripts in these neurons
(Figure 9f). When analyzing the percentage of Crh/Prkcd cells that contain Fos, a 2-way
ANOVA reveals a significant effect of stress (F(1,15) = 7.41, p = 0.016), but no effect of sex
(F(1,15) = 0.02, p = 0.889) and no interaction (F(1,15) = 0.93, p = 0.353). Sidak’s multiple
comparisons test shows a significant increase in Fos+ Crh/Prkcd cells following stress in
females (no stress: 17.7+2.9%; stress: 34.7+6.0%; p = 0.046), with no change in males (no
stress: 21.5+£3.5%; stress: 29.615.8%; p = 0.389). However, this Crh/Prkcd population in
females only accounts for approximately half of the Crh cells, thus we also quantified Fos
transcripts in Crh neurons that do not co-express Prkcd (Figure 9g). A 2-way ANOVA shows a
significant effect of stress (F(1,15) = 39.99, p < 0.0001) on the percentage of Fos+ Crh (Prkcd-)
cells, but no effect of sex (F(1,15) = 0.69, p = 0.418) and no interaction (F(1,15) = 0.18, p =
0.675). Post hoc analysis using Sidak’s multiple comparisons tests show a significant increase
in Fos+ Crh (Prkcd-) cells following stress in both males (no stress: 11.1£1.6%; stress:

27.813.1%; p = 0.001) and females (no stress: 12.3+2.3%; stress: 31.4+4.2%; p = 0.001).
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Figure 9. RNA in situ assay reveals a female-specific stress-induced increase in
Prkcd/Crh co-expression. a) Schematic showing timeline of restraint stress and RNA in situ
hybridization assay. b) Example image of RNA in situ assay (gray: DAPI-labeled nuclei,
magenta: Crh transcripts, yellow: Prkcd transcripts, cyan: Fos transcripts). Boxes provide
magnified examples of cells expressing multiple transcripts (maroon: Crh/Fos, orange:
Crh/Prkcd, green: Prkcd/Fos, blue: Crh/Prkcd/Fos). ¢) Summary bar graph showing the
percentage of Crh neurons that express Fos 30 min after restraint stress in male and female
mice. * indicates significant difference compared to each other group (**p<0.01; ***p<0.001). d)
Summary bar graph showing the number of Crh expressing cells 30 min after restraint stress in
male and female mice. d) Summary bar graph showing the number of Prkcd expressing cells 30
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min after restraint stress in male and female mice. *indicates significant difference between
stress conditions (*p<0.05). f) Summary bar graph showing the percentage of co-localized
Crh/Prkcd cells that express Fos 30 min after restraint stress in male and female mice. *
indicates significant difference between stress conditions (*p<0.05). g) Summary bar graph
showing the percentage of Crh cells (lacking Prkcd) that express Fos 30 min after restraint
stress in male and female mice * indicates significant difference between stress conditions
(**p<0.01, ***p<0.001). c-g) Males: no stress n=5, stress n=5; Females: no stress n=5, stress
n=4. All data are represented as meanzSEM.

Increase in Crh/Prkcd co-localization following stress is mechanistically distinct from Gi-coupled
GPCR suppression of BNST CRF neuron Fos response

We next wanted to determine if the stress-related increase in Prkcd/Crh in females could
be blocked by any of the Gi-coupled GPCR manipulations shown to decrease Fos in Chapter 2.
PBN-expressed hM4Di DREADD activation did not change the increase in co-expression of
Prkcd/Crh in female mice after stress (Figure 10a). A 2-way ANOVA shows a significant effect
of sex (F(1,23) = 5.60, p = 0.027), but no effect of treatment (F(2,23) = 0.69, p = 0.512) and no
interaction (F(2,23) = 2.87, p = 0.077). Tukey’s multiple comparisons test shows that there is no
significant difference in percentage of Prkcd+ Crh cells between the stress/saline and
stress/CNO mice in females (stress/saline: 37.1+4.6%; stress/CNO: 35.8+6.3%; p = 0.973).
Similarly, systemic JZL administration also does not effect the stress-induced increase in
Crh/Prkcd cells (Figure 10b). Analysis using a 2-way ANOVA reveals a significant effect of sex
(F(1,22) =7.71, p = 0.011), but no significant effect of treatment (F(2,22) = 2.53, p = 0.103) and
no interaction between these variables (F(2,22) = 1.47, p = 0.251). Post hoc analysis using
Tukey’s multiple comparisons test confirms a female-specific significant increase co-expression
of Crh/Prkcd following stress (no stress/saline: 22.9+3.8%; stress/saline: 37.9+6.5%; p = 0.049).
However, JZL administration does not significantly alter this co-expression as compared to the
stress/saline group (stress/JZL: 33.413.6%; p = 0.732). Finally, the effect of insula-expressed
hM4Di on Crh/Prkcd co-expression was also evaluated (Figure 10c). In Chapter 2, male and
female data is combined, as both sexes are equally affected by activation of hM4Di in the

insula. Therefore, we have had to separate this data here to evaluate the female-specific
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increase co-localized transcripts. Additionally, in order to isolate the effect of DREADD
activation, only the data from hemispheres injected with the hM4Di DREADD have been
included. As with the PBN-expressed DREADD, activation of insula hM4Di does not suppress
the upregulation of Crh/Prkcd co-expressing cells. A 2-way ANOVA demonstrates a significant
interaction between the variables (F(1,7) = 6.56, p = 0.037), as well as a significant effect of
treatment (F(1,7) = 6.48, p = 0.038), despite being underpowered after separating the data by
sex. However, there is not a significant effect of sex alone (F(1,7) = 2.117, p = 0.189). Sidak’s
multiple comparisons test shows that, even with systemic CNO administration to activate the
insula DREADD, acute restraint stress still significantly increases Crh/Prkcd co-expression in
females (no stress/CNO: 14.0+7.0%; stress/CNO: 53.4+9.3%; p = 0.013). This suggests that
while the increase in Crh/Prkcd colocalization in females is an interesting observation, it is
mechanistically separate from sex differences observed following PBN hM4Di activation and
JZL activation. Furthermore, activation of insula-expressed hM4Di also does not alter Crh/Prkcd
co-expression, showing that this sex-difference cannot be modulated by the same

neuromodulatory systems shown to regulate stress-induced Fos in Chapter 2.
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Figure 10. Activation of Gi-coupled GPCR signaling does not alter stress-induced
increase in Crh/Prkcd in female mice. a) Summary bar graph showing effect of CNO injection
in mice with PBN-expressed hM4Di on percentage of BNST Crh cells that express Prkcd 30 min
after restraint stress in male and female mice (n=5 mice/group; exception: female, no
stress/saline n=4). b) Summary bar graph showing effect of systemic JZL administration on
percentage of BNST Crh cells that express Prkcd 30 min after restraint stress in male and
female mice (n=5 mice/group; excecption: male, no stress/saline and stress/JZL n=4 mice).
*indicates significant difference between stress control groups in female mice (*p<0.05). ¢)
Summary bar graph showing effect of stress and CNO injection in male and female mice with
insula-expressed hM4Di on percentage of BNST Crh cells that express Prkcd 30 min after
restraint stress (n=3 mice/group; exception: male, no stress/CNO n=2 mice). *indicates
significant difference between treatment groups in female mice (*p<0.05). All data are
represented as meantSEM.

Stress-induced Fos activation of Crh cells and upregulation of Crh/Prkcd co-expression are both
altered in ovariectomized mice

Finally, in order to begin to investigate a potential role for hormonal signaling related to
the estrous cycle in observed sex-differences in BNST CRF neuron stress responsivity, we

utilized ovariectomized (ovx) mice in our restraint stress paradigm. Ovx surgery was performed
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at 6 weeks of age at The Jackson Laboratory before being sent to Vanderbilt. Mice were then
allowed to acclimate for one week at Vanderbilt before handling and restraint stress beginning
at 8 weeks of age. RNA in situ hybridization analysis shows that ovariectomy substantially
reduces stress-induced Fos expression in dBNST Crh cells (Figure 11a). A 2-way ANOVA
reveals a significant effect of both ovx surgery (F(1,16) = 5.53, p =0.032) and stress (F(1,16) =
10.53, p = 0.005), but no significant interaction (F(1,16) = 3.41, p = 0.083). Tukey’s multiple
comparison test shows that while stress still increases the percentage of Fos+ Crh cells in mice
receiving a control sham surgery (no stress: 7.241.8%; stress: 27.3+6.8%; p = 0.012), those that
underwent ovx surgery no longer show a stress-induced Fos response in Crh cells (no stress:
5.241.6%; stress 10.7+3.1%; p = 0.758). Additionally, when analyzing Prkcd, we see that the
stress-induced increase in Crh/Prkcd co-expression is also blocked in ovariectomized mice
(Figure 11b). Statistical analysis using 2-way ANOVA shows a significant effect of ovx surgery
(F(1,16) = 11.71, p = 0.003), but no significant effect of stress (F(1,16) = 1.86, p = 0.192).
However, there is a significant interaction between the variables (F(1,16) = 7.93, p = 0.012).
Post hoc, Tukey’s multiple comparisons show that mice that underwent sham surgery have a
significant increase in Crh/Prkcd co-expression following stress (no stress: 21.6+5.2%; stress:
37.6+£3.9%; p = 0.042). Conversely, ovariectomized mice no longer show a significant increase
in Crh/Prkcd co-expressing cells (no stress: 19.313.6%; stress: 13.7+1.8%; p = 0.736). These
results provide evidence for the involvement of sex hormones in the signaling pathways

involved in the stress response of BNST CRF neurons.
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Figure 11. Ovariectomoy alters both stress-induced increase in Fos expression in Crh
cells and increases in Crh/Prkcd co-expression in female mice. a-b) Summary bar graphs
showing effect of oavariectomy on percentage of Crh cells that express Fos (a) or Prkcd (b) 30
min after restraint stress in female mice (n= 5 mice/group). *indicates significant difference
between stress conditions (**p<0.01, *p<0.05). All data are represented as mean+SEM.
Discussion
Stress-induced increase in co-expression of Crh/Prkcd in female mice

While using PKC as a marker to further dissect the heterogeneous BNST, we
uncovered an additional sex difference in the BNST stress response. We found that expression
of Crh and Prkcd desegregated after stress, resulting in increased co-expression of the two
transcripts specifically in females. As this co-expressing population of neurons also show a
stress-induced Fos response, it is possible that this population marks a uniquely stress-sensitive
population of neurons in the female. Additionally, as the number of cells expressing Crh
transcript remained stable, this increase in co-expression is likely driven by changes in Prkcd
expression regulation. The ovariectomy experiment demonstrated that ovarian hormones are
necessary for this co-expression phenotype. Notably, Prkcd has an estrogen response element
and can be increased by estrogen signaling in other systems (Shanmugam, et al., 1999).
Furthermore, PKC®& signaling has been linked to neuroinflammatory responses, which can be

activated by stress (Ghayur et al., 1996; Anantharam et al., 2002), making this newfound

population of neurons in the female BNST an interesting target for future studies.
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Gi-coupled GPCR regulation of Crh/Prkcd co-expression

In Chapter 2, several female-specific effects were observed in the Gi-coupled GPCR
regulation of Fos expression in BNST Crh neurons. Specifically, both activation of CB1
receptors (via increased eCB signaling) and activation of PBN-expressed hM4Di DREADD led
to decreased stress-induced Fos in Crh cells, but only in female mice. Interestingly, these same
manipulations did not change the upregulation of Prkcd. This suggests that these observed sex
differences are mechanistically distinct. Activation of inusla-expressed hM4Di DREADD was
also seen to modulate the Fos expression in BNST Crh cells, however, this effect was sex-
independent and was similarly unable to modulate the stress-induced sex difference in

Crh/Prkcd co-expression.

Effects of ovariectomy on sex differences in BNST CRF neuron stress responsivity

In addition to abolishing the stress-induced increase in Crh/Prkcd co-expression,
ovariectomy also significantly blunted the Fos response in Crh cells following stress. While the
regulation of Prkcd expression by ovarian hormones is unsurprising considering the known
estrogen response element discussed above, the regulation of the Fos response was
unexpected. First, we see an increase in Fos in Crh cells in both males and females, with no
significant difference in magnitude of response between the groups. Furthermore, while sex
differences have been reported in restraint stress-induced Fos in another region of the BNST,
the anteroventral portion, these effects were independent of estrous cycle stages (Babb, et al.,
2013). This provides additional evidence of differences in Fos recruitment in dBNST neurons as
compared to other regions of the BNST. Future studies will need to investigate the mechanism
of action for ovarian hormone signaling in regulating Fos and determine how these actions are
altered by the various stages of the estrous cycle.

Taken together, these experiments uncover an additional sex difference underlying the

BNST response to stress and suggest that multiple mechanisms are responsible for regulating
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these sex-specific effects. As the mechanistic underpinnings of increased stress-related
psychiatric disorders in women are not well understood, the co-expressing Crh/Prkcd population
of cells in females will be interesting to focus in future studies. A better understanding of what
sets this neuronal population apart from other BNST cells, as well as further exploration of the
mechanistic control of these cells will provide additional insight into female-specific stress

signaling in the brain.
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Chapter 4

Conclusions and Future Directions

Overall, these studies represent an effort to detail mechanisms underlying the stress
activation of BNST neurons. The heterogeneity of the BNST was examined through a
combination of techniques, including using genetic markers of cell identity, investigating specific
glutamatergic inputs to these cells, and exploring the signaling role of multiple Gi-coupled
GPCRs. In the end, this approach led to the identification of two separate glutamatergic circuits
involved in the stress-recruitment of CRF neurons in the BNST, which could be differentially
modulated by activation of Gi-coupled GPCRs. While these studies provide a framework for
targeting pathways involved in controlling the BNST stress response, there remain many

questions about the precise function and mechanistic control of these circuits.

Measuring in vivo activity of BNST CRF neurons during restraint stress

Throughout these studies, the presence of Fos mRNA transcripts was used as a marker
for neuronal activation. As an immediate early gene, Fos expression has been shown to reliably
increase in depolarized neurons and has proven to be a very useful tool in neuroscience
(Hoffman et al., 1993; McReynolds et al., 2018). This approach was very useful in that it allowed
for post hoc identification of BNST neurons activated by restraint stress and could be combined
with investigation of other transcripts co-expressed with Fos. These co-expression studies allow
us to study stress activation in a specific subset of BNST neurons, helping to dissect BNST
heterogeneity. While the use of Fos as a marker of activation provided interesting insights, it
does not allow for real-time observation of neuronal activity during a stressor. For instance, Fos
expression indicates that a neuron was activated at some point during the stress paradigm, but

the precise time-course of this activation and correlations with behavior are unclear.

69



One way to address the real-time aspect of CRF cell activation during stress would be to
utilize in vivo calcium imaging approaches. Fiber photometry is a method for detecting calcium
transients in specific brain regions in awake and behaving animals. Using genetically encoded
calcium indicators (such as GCaMP), which provide a fluorescent readout of changes in calcium
signaling, it is possible to study defined populations of cells (Cui et al., 2013). In order to follow
up on the Fos experiments, | would stereotaxically inject a Cre-dependent GCaMP virus into the
BNST of CRF-tomato reporter mice and then implant the optic fiber in the BNST as well. This
would allow for isolation of calcium signals occurring in specifically BNST CRF neurons.
Changes in calcium signal could then be measured before restraint stress, during restraint
stress, and following the termination of stress. This would provide insight as to if CRF neurons
are active throughout restraint stress or within a specific period of the stress. For instance, while
being restrained mice exhibit two distinct behaviors, passive coping (with little to no movement
of the body) and actively struggling. | predict that CRF neurons would be more active during
active bouts of struggling, which could be determined by time-locking the calcium signal to this
behavioral occurrence. Once the real-time activation pattern of CRF neurons during restraint
stress has been determined, the various manipulations (PBN and insula Gi-DREADD,
guanfacine, JZL184) shown to decrease Fos in Chapter 2 could be utilized to confirm their real-
time manipulation of CRF activity.

This fiber photometry approach could also be used to specifically assess activity at
terminal fields. To do this, the GCaMP virus would be stereotaxically injected into the input
region of interest (PBN or insula) and then the fiber optic would still be implanted in the BNST.
As calcium is a necessary component of neurotransmitter release, the measurement of calcium
transients in these terminals relays information about synaptic activity at this terminal. This
approach would be helpful in both determining the mechanistic outcome of activating the Gi-
coupled hM4Di DREADD, as well as testing the actions of systemic guanfacine and JZL184

administration. For both the insula and the PBN experiments, we hypothesize that CNO
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administration results in Gi-coupled DREADD activation, leading to neuronal silencing of this
input to the BNST (Armbruster et al., 2007). Indeed, the electrophysiological validation of the
DREADD supports this hypothesis, as decreased glutamatergic drive onto BNST CRF neurons
was observed when washing on CNO in an ex vivo slice prep of PBN hM4Di-injected mice.
However, GPCR signaling is quite complex and there are many different downstream targets of
Gi signaling. For example, activation of a Gi-coupled GPCR has actually been shown to lead to
have excitatory actions both in prefrontal cortex neurons (Wang et al., 2007) and in the BNST
(N. Harris, unpublished data). Therefore, fiber photometry would allow us to test this hypothesis
in vivo, showing that activating either the insula- or PBN-expressed hM4Di leads to decreased
activity at the terminal fields in the BNST. Similarly, using this set-up would also provide in vivo
evidence of the actions of systemic guanfacine and JZL184 administration. Once again, our
conclusions about where these drugs are acting come from ex vivo slice electrophysiology
experiments. Using fiber photometry, we could measure changes in input-specific terminal
activity to more conclusively link the systemic administration with direct actions on BNST inputs.
There are several caveats that come with using this approach. First, measuring changes
in calcium signal does not equate to measuring actual neuronal firing. Calcium mobilization is an
important consequence of neuronal action potential firing, but these transients are still only a
proxy for action potentials (Miyawaki et al., 1997; Broussard et al., 2014). Second, some
technical challenges could occur in filtering out background noise from actual signals. This is
particularly true for experiments looking at calcium signals in terminals, as these signals will be
smaller than the calcium dynamics observed in cell bodies. Keeping these caveats in mind, fiber
photometry presents a unique opportunity for real-time exploration of BNST CRF cell activity

during stress.

71



DREADD effects: direct actions vs. multi-synaptic circuit

Using ex vivo whole-cell electrophysiology we identified direct synaptic inputs to BNST
CREF cells, including inputs from both the insula and PBN. We then used the Gi-coupled
DREADD hM4Di to manipulate neuronal activity in these input regions and observed changes in
Fos expression in the BNST. This supports the hypothesis that manipulating the input, via
DREADD activation, to BNST CRF cells directly leads to a decrease in stress-induced Fos
expression in these cells. However, this experimental set-up does not exclude a potential multi-
synaptic circuit effect, in which PBN or insula projections first synapse in another brain region,
which then sends a projection to the BNST, altering Fos expression in Crh cells. To begin to test
the importance of the direct synaptic connection, a retrograde Cre-expressing virus (rAAV2-Cre;
Tervo et al., 2016) injected into the BNST could be used in combination with a Cre-dependent
hM4Di-expressing virus in the PBN/insula. This would result in the Gi DREADD only being
expressed in insula or PBN cells that project to the BNST. If systemic CNO administration still
results in a decrease in stress-induced Fos expression in Crh cells, this would further support
the importance of a direct monosynaptic input to BNST CRF cells from the insula/PBN. While
this design largely eliminates the effect of inputs from brain regions not expressing the DREADD
virus, the same neurons that project to the BNST could send collateral projections to other brain
regions that could ultimately be influencing the BNST response. Additionally, the retrograde
virus in the BNST would not be specific to CRF cells, so the PBN/insula input being evaluated
would be to unidentified BNST neurons. As a large portion of BNST neurons are interneurons,
this leaves the potential for a local multi-synaptic circuit effect within the BNST itself. However,
this manipulation using the retrograde Cre virus would be the first step in demonstrating the

sufficiency of insula or PBN BNST-projecting neurons in modulating Fos in BNST Crh cells.
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Role of insula/PBN inputs in modulating other stress-related behaviors

As detailed in Chapter 1, the stress response is a complex system and influences a
wide-variety of behaviors. While restraint stress is a simple paradigm that allows for evaluation
of the effects of an acute stressor on BNST physiology, the question remains of how this
physiology relates back to other types of stress, as well as to stress-related behaviors. First,
other types of stressors could be evaluated. Studies in both mice and rats have shown that
stressors such as electric foot-shock, predator odor exposure, multimodal stress, and exposure
to the elevated plus maze (EPM) all result in increases in Fos expression in the BNST in CRF
cells (Butler, et al., 2016; Lin, et al., 2018), providing evidence that the Fos response we are
studying generalizes to multiple types of stress, although these studies varied in the sub-region
of the BNST being investigated. Repeating the DREADD experiments using alternative
stressors such as these would provide insight into the importance of both the PBN and insula
inputs in generalized stress responding. Additionally, the development of stress-related
psychiatric disorders is often associated with prolonged stress/disturbances to homeostasis
(Chrousos, 2009) and the BNST plays a role in sustained fear responses (Davis, et al., 2010).
While acute restraint stress provides a simple model, understanding how BNST CRF cells
respond to chronic stress (both homotypic and variable stressors) will be important to further
understanding the role of these neurons in stress-related psychopathology.

Evidence from our lab suggests that BNST CRF cells are important in other stress-
related phenotypes, including the circuitry underlying withdrawal/prolonged abstinence from
alcohol. Our lab has demonstrated a Fos response in the BNST Crh neurons 15 days into
forced abstinence following a chronic alcohol-drinking model (S. Centanni, unpublished data).
This Fos response can be blocked by activation of insula-expressed hM4Di (S. Centanni,
unpublished data). Additionally, activating the insula-expressed hM4Di prevents negative
affective symptoms normally observed in mice following forced abstinence from alcohol

(Holleran et al., 2016; S. Centanni, unpublished data), suggesting that the insula is an important
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regulator of stress-related behaviors. Following up on this, | would first investigate the insula to
BNST connection specifically, as suggested above for the restraint stress-experiments.
Additionally, | would look into the role of the PBN in modulating these same abstinence-induced
phenotypes. Furthermore, the importance of these inputs in other stress-related behaviors could
be investigated. For instance, activation of either the insula- or PBN-expressed hM4Di may alter
stress-induced reinstatement to drug-seeking behaviors, which could be tested in mice using a
conditioned place preference assay. Additionally, these inputs may be involved in anxiety-like
behaviors observed in the EPM or open-field tasks. Both of these tasks rely on the aversion of
mice to exposed and brightly lit areas and have been validated pharmacologically using
anxiolytic drugs (Cryan and Holmes, 2005). Future studies should address the role of the insula
and PBN inputs to the BNST in regulating anxiety behaviors observed in these paradigms.
Furthermore, | would predict that while these inputs may not influence basal responses in these
tasks, activation of hM4Di expressed in insula or PBN might dampen stress-induced increases
in anxiety-like behaviors. Overall, having identified these inputs in regulating BNST CRF neuron
stress responses, it will be important to gain an understanding of the behavioral relevance of

these regulatory circuits.

Evaluating relative contributions of insula and PBN inputs to CRF neuron Fos response
As both the insula and PBN were implicated in regulating BNST CRF responses, | have
so far discussed continuing to study these inputs in parallel. However, | am interested in
beginning to understand the relative contributions of these two inputs to the observed BNST
CRF neuron Fos response, as this may have implications for the potential of these inputs in
influencing behaviors. In Chapter 2, the various oEPSC kinetics of these inputs to BNST CRF
neurons were analyzed, with the insula input showing increased latency to respond, as well as
slower decay time. As discussed, the fast PBN connection may result from known axo-somatic

synapses (Shimada, et al., 1989; Dobolyi, et al., 2005), while the slower insula input kinetics
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suggest an axo-dendritic connection. | predict that these axo-somatic synapses from the PBN
input may allow for greater influence of BNST CRF neuron activity. However, the ex vivo
mapping data demonstrates that a larger percentage of CRF neurons respond to insula
stimulation as compared to PBN stimulation.

The experiments using hM4Di in either the insula or PBN reveal that altering activity in
only one of these regions is able to influence the BNST Fos response, but these experiments do
not provide any information about the relative contributions of these two regions. A potential way
to test for relative contribution would be to utilize Gg-coupled DREADDs (hM3Dq) in
combination with the Gi-coupled hM4Di. Using a similar Cre-dependent experimental set-up as
described in the first section of this chapter, hM3Dq could be stereotaxically injected in either
the insula or PBN while hM4Di was injected into the other region (Zhu et al., 2016). Systemic
CNO administration prior to restraint stress would then activate both the Gg-coupled DREADD
in one region and the Gi-coupled DREADD in the other region. The BNST Fos response could
then be evaluated following the termination of stress as done previously. In the hM4Di alone
experiments, activation of the DREADD was able to decrease stress-induced Fos in Crh
neurons, therefore, activation of hM3Dq may be able to negate the effects of the hM4Di in the
other region, resulting in unaltered stress-induced Fos. As an alternative, the hM3Dq DREADD
could also be used in combination with the kappa-opiod receptor based DREADD (KORD;
Vardy et al., 2015), allowing for independent activation of these DREADDs using two different
ligands (CNO and salvinorin B). One interesting caveat to this experimental set-up is that
currently the out come of activation of hM3Dq signaling in both the PBN and insula is unknown.
Prior to attempting this complicated set-up, | would test the ability of PBN- or insula-expressed
hM3Dq activation alone to induce a Fos response in the BNST, potentially mimicking the actions
of restraint stress. A positive result here would provide further support for investigating the

competing DREADD experiment.
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Investigating PBN-input sex differences

Based on the ability of guanfacine to regulate the PBN input to BNST CRF cells in both
males and females, the PBN Gi-DREADD experiment was designed to mimic the effects of
guanfacine activation of aza-ARs located on PBN terminals. Interestingly, this DREADD
experiment uncovered a sex-specific effect, where activation of the PBN-expressed hM4Di only
altered Fos expression in BNST Crh cells in females, despite guanfacine altering this phenotype
in both males and females. The discussion in Chapter 2 provides a description of potential
actions for guanfacine outside of activating receptors on PBN terminals, but also brings up the
potential for inherent differences in the PBN input to the BNST in males and females (Wang, et
al., 2009). A first step to studying these potential sex differences would be to more thoroughly
characterize electrophysiological differences in the PBN input to the BNST. The ex vivo
mapping experiment demonstrates that 50% of CRF neurons respond to PBN-terminal
stimulation, however, the majority of the cells recoded came from BNST slices prepared from
female mice. Continuing to add to the number of cells recorded from in slices from male mice
will help to determine if this response rate of 50% holds true for both sexes or if the response
rate is actually higher in females. Similarly, the effects of guanfacine on regulating the PBN
input to BNST cells combined data from male and female mice, but did not include enough cells
to evaluate this effect separately in males and females. Adding data to this experiment may
uncover differential sensitivity to guanfacine in males and females. Beyond continuing to add
data to current experiments, electrophysiology could also be used to begin to evaluate
differences in the strength of the PBN input. For example, AMPA/NMDA ratio measurements
could be made by recording EPSCs at when holding the cell at both -70mV and +40 mV,
providing information about synaptic strength. In addition to electrophysiology, staining for the
CGRP receptor in both males and females, would also provide information about potential sex
differences as this receptor has is marker from the PBN input (Shimada, et al., 1989).

Additionally, as suggested in Chapter 2, current clamp recordings could be utilized to determine

76



the balance between PBN-activated and PBN-inhibited neurons in the BNST (Flavin, et al.,
2014). Patch-clamp recordings of non-specific BNST neurons in male mice showed that ~50%
of neurons were PBN-activated and ~50% were PBN inhibited (Flavin, et al., 2014). However,
this ratio has not been evaluated in female mice. Additionally, it is unknown how specifically
CREF cells respond. While it is possible that CRF cells fall into one of the two categories,
activated or inhibited, the heterogeneity of CRF cells, as well as the 50% response rate
observed during the ex vivo mapping experiment, suggests this may not be the case. Evaluating
CREF cells specifically in both males and females could provide additional insight into sex-

specific synaptic differences in the PBN input to the BNST.

Contribution of NE signaling at a4- and B-AR subclasses

While Chapter 2 largely focuses on the regulation of BNST physiology via signaling at
the a-AR, NE signaling also occurs through a4- and B-ARs. Figure 4 demonstrates the
differential effects of signaling at a- and B-ARs, where activation of both a4- and a,-ARs
decreases excitatory drive onto BNST CRF neurons, activation of B-ARs actually increases
excitatory drive onto these cells. NE application alone decreases excitatory drive onto CRF
cells, suggesting that the physiological effects of NE in the BNST may be driven by a-AR
signaling. As atipamezole is able to block the effects of NE (and even potentially uncover
actions at 3-ARs), signaling through a,-ARs proved to be a potent pathway by which to regulate
gluatamatergic drive onto CRF cells. However, the contributions of a4-AR signaling still need to
be explored. Previous work in the lab has shown that NE signaling through a4-ARs in the BNST
requires extended application of NE (McElligott and Winder, 2008). This suggests the
contributions of the two classes of a-AR could depend on the timecourse of NE release, such
that early actions of NE may largely depend on a,-AR signaling, while prolonged actions of NE
may additionally recruit a,-AR. Examining the effect of prolonged application of NE on the

regulation of excitatory drive in the BNST, as well as the effects of prazosin (a1-AR antagonist)
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would provide further insight into differences between these classes of a-ARs. In addition to the
electrophysiology, it would also be interesting to evaluate the systemic effects of methoxamine
(a4-AR agonist) on stress-induced Fos recruitment of BNST CRF neurons.

The contribution of B-AR signaling in the BNST appears to be in direct opposition to a-
AR signaling (Figure 4). This suggests that blocking B-AR signaling and thus biasing NE
signaling towards the a-ARs may also be an effective way to manipulate BNST CRF neuron
activity. Indeed, our lab has shown using immunohistochemistry that the systemic administration
of propranolol (B-AR antagonist) is able to block the restraint stress-induced increase in cFos+
CREF cells (Y. Silberman, unpublished data). However, while guanfacine also decreases basal
cFos expression in BNST CRF cells in the unstressed control condition, propranolol has no
effect in this control condition (Y. Silberman, unpublished data). This suggests that the stress
activation of CRF cells is necessary to have an effect of 3-AR blockade. In a basal state, NE
signaling on BNST CRF cells may be biased towards a-AR, however, stress related increases in
NE (Pacak, et al., 1995) may additionally recruit B-AR signaling, altering the balance between o-
B-AR signaling. This demonstrates the intricacies of NE signaling and emphasizes the state
dependent effects of NE.

It is additionally important to consider that the actions of NE may be cell-type specific in
the BNST, adding to the complexity of NE signaling in this region. For instance, while a systemic
guanfacine injection decreases cFos in CRF cells, it actually increases cFos in non-CRF cells
(Y. Silberman, unpublished data). Guanfacine induced cFos in the BNST has been shown to be
driven by post-synaptic a,-AR signaling, through intracellular interactions with HCN channels (N.
Harris, unpublished data). These opposing actions of guanfacine suggest that differences in
receptor localization, differences in cell type, and differences in stress activation can all alter the

cellular effects of NE signaling.
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Localizing effects of eCB signaling

The effects of systemic JZL184 administration implicated the eCB system in regulation
of Fos recruitment in BNST CRF cells. Further evidence from our lab has shown that the insula
input to BNST CRF cells is also regulated by the eCB system, suggesting a potential site of
action for eCB signaling at insula terminals in the BNST. However, CB1Rs are widely expressed
throughout the CNS (Herkenham, et al., 1990), leaving open many sites of eCB regulation in the
BNST. A first step in testing the specificity of eCB regulation of the insula would be to test the
regulation of other inputs to the BNST. This could be done using the same optogenetic ex vivo
mapping experimental design used in Chapter 2, but instead of washing on AR ligands, a CB1R
agonist (WIN55,212-2) could be used to assess the effect of activating CB1R on glutamatergic
drive onto CRF cells from a specific input. As the PBN has been shown to similarly regulate Fos
responses in BNST CRF cells, examining regulation of this input by the eCB system would be
particularly interesting. As the insula input is insensitive to regulation by NE, finding that the
PBN is insensitive to regulation by the eCB system would further demonstrate separate
mechanisms of actions for these two inputs in regulating stress reactivity in the BNST.

Another way to assess the importance of eCB regulation of the insula input to the BNST
would be to disrupt the connection between these two regions. Altering eCB signaling can be
tricky due to the unique retrograde signaling mechanism. Our lab has recently crossed two
mouse lines that contain floxed genes relating to two different components of the eCB system.
One line has loxP sites flanking the gene for CB1R, while the other line has loxP sites flanking
the gene for DAG lipase (the enzyme involved in synthesis of 2-AG). Therefore, when Cre is
expressed, these genes will be knocked out. Knocking out DAG lipase in the BNST will affect
eCB signaling at all inputs to the BNST and similarly, knocking out CB1Rs in the insula will
affect signaling at all insula projection sites. One approach would therefore be to inject a Cre-
expressing virus in the insula, to knock out CB1R signaling, in one hemisphere in the brain and

then inject the same virus into the BNST, to knockout DAG lipase signaling, in the contralateral
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hemisphere of the brain. This would result in a double dissociation of the insula to BNST
connection and allow for testing of the relevance of eCB signaling at this specific input. Using
this experimental design | could test for differences in baseline stress phenotypes in these
animals, but | could also use this to assess the effects of systemic JZL184 on restraint stress-
induced Fos. If this double dissociation design occludes the ability of JZL184 to decrease
stress-induced Fos in Crh cells in females, this would specifically implicate the insula input to
the BNST in controlling this response. However, a negative result in this case (JZL184 still
decreases Fos), does not exclude the importance of the insula input as, even in a DAG lipase
knockout mouse model, JZL184 administration was able to partially reverse some of the
observed anxiety phenotypes (Shonesy, et al., 2014).

A final way to address the importance of the insula to BNST connection in eCB
regulation of BNST Fos would be to once again utilize the fiber photometry setup. As discussed
above, it is possible to record changes in calcium signal in the insula terminals in the BNST in
awake-behaving mice. Therefore, using this set up, systemic JZL184 or saline could be given
prior to restraint stress and then calcium transients in insula terminals in the BNST could be
recorded both before and during restraint stress. If the eCB system is signaling at the insula
input, | would expect to see decreased calcium transients in insular terminals in the JZL 184
group as compared to the saline-injected group. Through the use of multiple techniques we can
provide further support of the importance of a direct insula to BNST projection in regulating CRF

neuron stress responsivity.

Exploring the upregulation of Prkcd in Crh cells

Chapter 3 describes an unexpected sex-specific effect of restraint stress, an
upregulation of Prkcd in Crh neurons. Under basal conditions, these two populations of cells are
largely separate. Additionally, the manipulations that regulate the Fos response often do not

alter the Prkcd response, suggesting that this a mechanistically distinct stress-induced
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phenotype. Currently, very little is known about this phenotype. One of the biggest questions
remaining is if this upregulation is seen following other stressors or if it is a restraint stress-
specific response. Evidence from our lab suggest that this Prkcd upregulation may be a more
generalized stress response, as it is observed in mice that have undergone the chronic drinking
forced abstinence paradigm (S. Centanni, unpublished data). Additional experiments need to be
performed using other types of acute stressors, as well as looking at types of chronic stress.

In addition to determining how generalizable the Prkcd upregulation phenotype is, the
time course of this response is also unknown. While we know Prkcd/Crh co-expression is
increased 30 min after the end of restraint stress, the length of this phenotype is unclear. Based
on the Fos response, it is possible that the Prkcd upregulation is also transient. However, as
these two phenotypes seem to be mechanistically distinct, it is possible that this upregulation
results in long-term changes in cells. Additionally, currently we have only assessed Prkcd
mRNA transcripts, which does not necessarily translate to protein levels. Using
immunohistochemistry and a PKCd antibody in CRF-tomato reporter mice, it is possible to test
for upregulations in PKC® protein expression in CRF neurons following restraint stress.
Determining if this upregulation is a long-lasting change will be an important factor in being able
to determine the behavioral role of these cells in the future.

If the Prkcd upregulation is a transient change, it may be possible to find another marker
that identifies which CRF cells are sensitive to this stress-induced upregulation. Future RNA in
situ hybridization assays assessing Crh and Prkcd expression after restraint stress could be
used to screen for a marker (e.g. Calbindin, Enkephalin, NPY) of this unique stress-sensitive
population of Crh neurons. Alternatively, in situ assays could be combined with viral tracer
studies to try to identify these unique Crh neurons based on differing circuitry connections
(Grabinski et al., 2015). Being able to predict which cells will show an upregulation in Prkcd
following stress would provide insight into potential mechanism underlying this phenotype, while

also making this cell population easier to study.
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Behavioral importance of BNST PKC? cells

Before we can begin to understand a role for cells that co-express Prkcd/Crh following
stress, we first need to gain a better understanding of the function of PKC®& cells in the BNST in
general. Evidence from the CeA suggests that PKC®d cells play a complex role in fear responses
and aversion learning (Ciocchi, et al., 2010; Haubensak, et al., 2010; Yu, et al., 2017). Similarly,
PKC5 cells in the BNST may play a role in anxiety responses. To begin to assess a general role
of PKC® cells in behavior, | would utilize a PKC8-Cre mouse line (Haubensak, et al., 2010) to
gain genetic access specifically to these cells. First, | would assess the in vivo activity of these
neurons during stress and negative affect-related behavioral tasks (e.g. open field test and
EPM). This could be done using a Cre-dependent GCaMP virus stereotaxically injected into the
BNST of PKC&-Cre mice. Additionally, a fiber optic probe would be implanted in the BNST,
allowing for the recording of calcium transients using fiber photometry. These experiments
would allow for assessment of neuronal activity during specific behavioral tasks. Alternatively,
an optogenetics strategy could be used to assess the effect of activating these neurons during
behavioral tasks, including the open field test and EPM. Once again the PKC3-Cre mouse could
be utilized, as a Cre-dependent ChR2 virus could be stereotaxically injected into the BNST
along with an optic fiber to allow for in vivo stimulation of ChR2 during behavioral tasks (Sidor et
al., 2015). Using this approach, changes in anxiety like-behavior as a result of PKCd neuronal
activation could be assessed. The fiber photometry approach would provide insight into normal
patterns of activity for these cells during these behavioral tasks, which could then be used to
guide stimulation patterns in the optogenetic experiment.

While these experiments would provide information about the behavioral relevance of
PKCb neurons in the BNST in general, they do not provide any insight as to the role of the
Crh/Prkcd co-expressing cells that increase following restraint stress. Studying this population of
cells will largely depend on determining the specifics of the time course of Prkcd upregulation,

as discussed above. If Prkcd levels do not remain elevated, the identification of an additional
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genetic marker of these cells would be important for attempting to study this specific population.
However, if the Prkcd upregulation remains increased on a longer time scale, there are several
options for studying these cells. First, a viral vector expressing an shRNA directed against Prkcd
could be utilized to knockdown levels of Prkcd. Ideally this could be done using a Cre-
dependent virus that could then be stereotaxically injected into the BNST of CRF-cre mice,
resulting in knockdown of Prkcd specifically in CRF neurons. Alternatively, these cells could be
accessed using a cross of two mouse lines: PKC6-Cre and CRF-FIp. Similar to Cre-
recombinase and loxP sites, Flp-recombinase can be used to remove a gene flanked by FRT
sites. Recently, a viral approach known as INTRSECT has led to the development of viral
constructs that depend on the expression of both Cre and Flp (Fenno et al., 2014; Fenno et al.,
2017). Utilizing this strategy in the PKC®-Cre and CRF-Flp cross, we could target CRF cells
alone with a Flp-dependent virus, PKCd cells alone with a Cre-dependent virus, or the co-
expressing CRF/PKC& with a the INTRSECT construct that is Cre and Flp dependent. For
instance, if these viral constructs expressed GCaMP, this approach could be used to compare
the activity of CRF cells, PKC?d cells, and co-expressing CRF/PKC®d cells during restraint stress.

This would provide further insight as to the role of this subpopulation of CRF cells during stress.

Estrous cycle-dependent manipulation of the BNST stress response

In Chapter 3, using ovariectomized mice, we showed that both the stress-induced
increase in Fos in Crh neurons and the upregulation of Prkcd in Crh neurons were dependent
on ovarian hormones. As discuess earlier, the regulation of the Prkcd response by estrogens is
potentially due to the estrogen response element on Prkcd (Shanmugam, et al., 1999);
however, the regulation of the Fos response by ovarian hormones was surprising, as this Fos
increase is observed in both males and females. Additionally, stress-induced Fos increases in
the vBNST are not dependent on estrous cycle stages (Babb, et al., 2013). While these

ovariectomy results demonstrate the importance of ovarian hormones in these signaling
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processes, this does not rely any information about the actual stages of the estrous cycle. The
estrous cycle is divided into four stages (proestrus, estrus, metestrus, and diestrus). In order to
determine the effect of estrous cycle stage on Fos expression and Prkcd expression, we would
need to determine the stage of the cycle each mouse was in on the day of restraint stress. As
the various stages in the estrous cycle correspond to surges in different hormones,
understanding how the stages affect the stress-induced phenotype in the BNST could help lead
towards potential mechanisms underlying this regulation. Furthermore, ovariectomy results in
the removal of the whole organ, which involves more that just estrogen. To further confirm the
role of estrogen signaling in these phenotypes, estradiol could be given to ovariectomized mice
to determine if this rescues the phenotypes that were blocked by ovariectomy. Additionally,
differences in estrogen receptor (alpha and beta) immunoreactivity could be assessed in the
BNST before and after exposure to stress. Beyond direct signaling in the BNST, estrogen
signaling in other portions of the stress response (e.g. brainstem NE nuclei, HPA axis), could be
influencing circuitry within the BNST. While the increase in Fos occurred in both males and
females, understanding the role of estrogen in regulating this response may provide insight as
to key mechanistic differences influencing the response of the BNST to stress. These insights

may help in developing therapies that are differentially targeted for males and females.

Overall Conclusions

Overall, this dissertation aimed to dissect the circuitry underlying stress responsivity of
CREF cells in the BNST, while also providing insights into the regulatory mechanisms controlling
this response. This was achieved by combining techniques addressing specific inputs to CRF
cells with studies exploring regulatory control be various neurmodulatory systems in the BNST.
While CRF in the BNST has been implicated in stress-related behaviors in many studies, the
precise control of these neurons is less well understood. As the BNST is often found to have

opposing behavioral actions depending on the precise region or population of cells being
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studied, continuing to delve into specific mechanisms modulating BNST activity will be very
important for future studies.

Identifying input-specific neuromodulatory mechanisms regulating the stress response
may help in translating pre-clinical research to clinical trials. Often, overwhelmingly positive pre-
clinical results in animal models fail to find success in human studies. For instance, despite the
focus on the role of CRF signaling in addiction, CRFR1 antagonists have not been successful in
treating alcohol dependence and craving in clinical trials (Kwako, et al., 2015; Schwandt, et al.,
2016). While there are many possible explanations for the negative results in these trials
(Pomrenze, et al., 2017), it is also possible that targeting the CRF system directly is too broad of
a target, as CRF and CRF receptors are expressed in multiple regions throughout the CNS and
CREF cells do not necessarily represent a homogenous population. Therefore, dissecting the
mechanism underlying stress recruitment of CRF cells may provide new targets for developing

successful treatments of stress-related disorders.
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APPENDIX A

Evaluating Affective Behaviors Following Forced Abstinence
From Sucrose Two-Bottle Choice Paradigm

The lab has previously demonstrated the development of depressive-like behaviors in
mice that have undergone a chronic drinking paradigm followed by forced abstinence (Holleran,
et al., 2016). In this model, mice undergo six weeks of a two-bottle choice setup where they can
choose between a bottle containing water and a bottle containing ethanol. At the end of six
weeks, the bottle with ethanol is replaced with a second water bottle. Affective behavior is the
assessed following two weeks of this forced abstinence using the novelty suppressed feeding
test (NSFT) and the forced swim test (FST; Bodnoff et al., 1988; Pang et al., 2013). Mice that
underwent abstinence from ethanol exhibit increased latencies to feed in the NSFT and
increased time spent immobile in the FST (Holleran, et al., 2016), suggesting increased
depressive-like behavior. In the past few years, researchers have become increasingly
interested in the overlap between circuitry underlying drugs of abuse and circuitry driving the
consumption of highly palatable food (DiLeone et al., 2012). Therefore, we decided to compare
a sucrose two-bottle choice paradigm to our ethanol-drinking model. Preliminary results
suggested that forced abstinence from sucrose could similarly induce negative affective
behaviors as observed in the ethanol model (K. Holleran, unpublished data).

To more thoroughly investigate this result, we replicated the finding comparing sucrose
(10% wi/v) to the ethanol ramp drinking paradigm (mice are started on low percentages of
ethanol and this is incrementally increased until they reach 10% v/v). First, drinking behavior
was directly compared for the sucrose, ethanol ramp, and a control water group by looking at
the preference for sucrose/ethanol over water (Figure 12a). A 2-way ANOVA reveals a
significant effect of treatment group (F(2,42) = 138.8, p < 0.0001) and time (F(5,210) = 3.54, p =

0.004), as well as a significant interaction between these variables (F(10,210) =1.92,p =
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0.043). Post hoc analysis using Tukey’s multiple comparisons test shows that the sucrose group
started out with a significantly higher preference for sucrose as compared to ethanol preference
(Week 1: ethanol = 68.5+6.1%, sucrose = 98.610.3%, p < 0.0001; Week 2: ethanol =
78.714.6%, sucrose = 97.1+£0.4%, p = 0.003; Week 3: ethanol = 82.1+4.3%, sucrose =
98.5+0.2%, p = 0.01). However, the preference of these two groups was no longer significantly
different by Week 4 (ethanol = 87.6+2.2%, sucrose = 98.0+0.5%, p = 0.154). While preference
rates became similar for ethanol and sucrose by the second half of the drinking paradigm, the
sucrose group consumed significantly more sucrose (as compared to ethanol consumption)
throughout the paradigm (Figure 12b). Analysis via a 2-way ANOVA shows a significant effect of
treatment group (F(1,28) = 194.7, p < 0.0001) and time (F(5,140) = 3.5, p = 0.005) on grams
consumed, as well as a significant interaction between these variables (F(5,140) = 3.5, p =
0.005). Sidak’s multiple comparison reveals that the sucrose mice consumed significantly more
grams/day of sucrose as compared to ethanol grams/day every week of the paradigm (ethanol:
2-3g/day; sucrose = 10-11g/day; p < 0.0001). Despite this significant difference in volume
consumed, mice gained weight at the same rate in all treatment groups throughout the study
(Figure 12c). A 2-way ANOVA reveals only a significant effect of time on weight (F(7,294) =
273.4, p < 0.0001), with no effect of treatment group (F(2,42) = 0.60, p = 0.551) and no

interaction (F(14,294) = 0.41, p = 0.971).
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Figure 12. Sucrose two-bottle choice paradigm results in both high preference and high

consumption sucrose without altering weight gain. a) Summary graph showing %
preference for sucrose/ethanol each week of the drinking paradigm. b) Summary graph showing
average daily grams of sucrose or ethanol solution consumed for each week of the paradigm. c)
Summary graph showing weight gain throughout the experiment in each of the treatment
groups. n = 15 female mice/treatment group. *indicates significant difference between sucrose
and ethanol groups (***p<0.001, **p<0.01, *p<0.05).

After establishing high sucrose drinking preference, negative affective behavior was then
evaluated using both the NSFT and FST as previously used in evaluating the effects of forced
abstinence from alcohol (Holleran, et al., 2016). Mice from the sucrose paradigm were
compared to mice that had undergone two versions of the ethanol drinking paradigm, the
ethanol ramp as described earlier, as well as a group who underwent sucrose fade with initial
ethanol solutions containing 10% sucrose, which is slowly removed until the solution is 10%

ethanol alone. The NSFT replicated a depressive-like phenotype in both ethanol groups, as well

as well as revealing this same phenotype in the sucrose group following 15 days of forced
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abstinence (Figure 13a). A one-way ANOVA shows a significant effect of treatment (F(3,50) =
3.08, p = 0.006). Dunnett’'s multiple comparisons test shows a significant increase in latency to
feed for all three treatment groups as compared to the control water group (water: 183.8+35.0s;
ethanol, suc fade: 335.2+24.1s, p = 0.019; ethanol ramp: 420.5+£79.1s, p = 0.002; sucrose:
342.4+34 4s, p = 0.032). However, the same depressive-like phenotypes were not replicated in
the FST (Figure 13b). A one-way ANOVA demonstrates no significant overall effect (F(2,42) =
1.01, p = 0.373). To further assess negative affect, we also used the novelty induced
hypophagia (NIH) test. This assay is similar to NSFT where increases in latency suggest
increases in depressive-like behavior, but NIH utilizes a palatable substance instead of the
regular food pellet used in NSFT (Louderback, et al., 2013). Interestingly, mice that had
undergone forced abstinence from ethanol actually exhibited a decreased latency in the NIH
test (Figure 13c). A one-way ANOVA shows a significant overall effect (F(2,42) =4.37,p =
0.019). Dunnett’s multiple comparisons test reveals a significant difference between the water
group and the ethanol group (water: 393.1+46.3s; ethanol: 222.5+18.0s; p = 0.017), but no
difference between the water and sucrose groups (sucrose: 369.5+58.3s; p = 0.902). However,
when this assay was repeated with a second cohort of mice, these effects were no longer
observed (Figure 13d). A one-way ANOVA is only trending towards significance (F(2,42) = 2.65,
p = 0.083) and no significant multiple comparisons are observed (water: 356.2+63.0s; ethanol:
473.2+73.6s, p = 0.452; sucrose: 243.9+46.1s, p = 0.557). If anything, the ethanol group is now
trending in the opposite direction, suggesting that there is no consistent phenotype observed

using the NIH test.
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Figure 13. Evaluating negative affect following forced abstinence from sucrose.

a) Summary bar graph of latency to first bite in the NSFT following 15 days of forced abstinence
from either ethanol or sucrose. Control: n = 10 female mice; ethanol ramp: n = 9 female mice;
ethanol suc fade: n = 23 female mice; sucrose: n = 12 female mice. b) Summary bar graph of
time spent immobile in the FST following 15 days of forced abstinence from either ethanol or
sucrose. Control: n = 10 female mice; ethanol: n = 23 female mice; sucrose: n = 12 female
mice. c-d) Summary bar graph of latency to drink in the NIH assay following 15 days of forced
abstinence from ethanol or sucrose. c) n = 15 female mice/group d) control: n = 10 female mice;
ethanol: n = 23 female mice; sucrose: n = 12 female mice. *indicates significant difference as
compared to control water group (*p<0.05).

Having observed negative affective behavior in the NSFT, we next wanted to determine
how long mice needed to drink sucrose before forced abstinence would result in an affective
phenotype. We evaluated this time course by using a 2-week, 4-week, and 6-week sucrose-
drinking paradigm followed by 15 days of forced abstinence from sucrose. All mice developed a
preference for sucrose regardless of the length of the paradigm (Figure 14a). Analysis using a

2-way ANOVA shows a significant effect of both treatment (F(3,36) = 37.53, p < 0.0001) and
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time (F(2,72) = 18.05, p < 0.0001) on preference, but no interaction between the variables
(F(6,72) = 1.73, p = 0.126). Tukey’s multiple comparisons test reveals no difference in
preference between the three sucrose groups. Next, affective behavior was assessed once
again using the NSFT (Figure 14b). However, a one-way ANOVA was only trending towards a
significant overall effect (F(3,36) = 2.27, p = 0.097), therefore the negative affect observed in
Figure 13 was not replicated. Differences in experimental procedure on the day of the test may

have led to increased variability, which is particularly visible in the control water group.
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Figure 14. Evaluating effect of length of sucrose drinking paradigm on negative affective
behaviors. a) Summary graph showing % preference for sucrose each week of the drinking
paradigm in mice exposed to 2-, 4-, or 6-weeks of sucrose. b) Summary bar graph of latency to
first bite in the NSFT following 15 days forced abstinence from sucrose. n = 10 female
mice/group.

When evaluating negative affect in the ethanol drinking paradigm previously, we
observed that the depressive-like phenotype could be blocked by treatment with either ketamine
or JZL184 prior to the NSFT assay (Holleran, et al., 2016). We then tested the ability of these
same drugs to modulate affective behavior following forced abstinence from sucrose (Figure
15). Once again, the sucrose mice developed a preference for sucrose throughout the drinking

paradigm (Figure 15a). However, when negative affect was assessed, we were once again

unable to replicate the results seen in Figure 13a (Figure 15b). Instead, a one-way ANOVA
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showed no significant overall effect (F(3, 41) = 1.4, p = 0.257). Therefore, it was not possible to

interpret any potential effects of ketamine or JZL184.
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Figure 15. Evaluating Ketamine and JZL184 in the NSFT following forced abstinence from
sucrose. a) Summary graph showing % preference for sucrose each week of the drinking
paradigm. b) Summary bar graph showing effect of systemic ketamine and JZL184 on latency to
first bite in the NSFT following 15 days forced abstinence from sucrose. Control: n = 10 female
mice; sucrose/veh: n = 11 female mice; suc/ketamine and suc/JZL184: n = 12 female mice.

One final cohort of mice was used to determine if the negative affective behavior
observed initially following forced abstinence from sucrose was a phenotype that could be
replicated. Additionally, we wanted to compare the effects of sucrose to a non-caloric
sweetener, saccharin. We found that saccharin two-bottle choice resulted in a preference level
similar to that seen with sucrose (Figure 16a). A two-way ANOVA shows a significant effect of
time (F(7,294) = 25.69, p < 0.0001) and treatment group (F(2,42) = 296.4, p < 0.0001) on
preference, as well as a significant interaction between the variables (F(14,294) = 5.05, p <
0.0001). Tukey’s multiple comparisons test shows that the saccharin and sucrose group did not
differ in preference levels throughout the experiment. We next assessed weight gain as
saccharin is non-caloric (Figure 16b). A 2-way ANOVA reveals a significant effect of time
(F(7,294) = 251.6, p < 0.0001), but no effect of treatment group on weight (F(2,42) = 0.65, p =
0.525) and no interaction between the variables (F(14,294) = 0.79, p = 0.681). This

demonstrates that the caloric difference between sucrose and saccharin/water does not have an
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affect on overall weight gain. To then assess negative affective behavior, we once again utilized
the NSFT (Figure 16c¢). In the sucrose group, we additionally wanted to assess the ability of
ketamine to alter affective behavior as attempted previously. However, we were still not able to
replicate the initial depressive-like phenotype observed in Figure 13. A one-way ANOVA shows
no significant overall effect (F(3,41) = 0.67, p = 0.575) for the NSFT assay. We also utilized the
FST to assess affect and similarly saw no effect of sucrose or saccharin on behaviors (Figure

16d). A one-way ANOVA of the FST assay also shows no significant overall effect (F(3,41) =

0.41, p = 0.748).
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Figure 16. Comparing effects of forced abstinence from sucrose and non-caloric
saccharin on negative affective behavior. a) Summary graph showing % preference for
sucrose or saccharin each week of the drinking paradigm. b) Summary graph showing weight
gain for each drinking group throughout the 8 weeks. c-d) Summary bar graph showing the
latency to first bite in the NSFT (c) or immobility time during FST (d) following 15 day forced
abstinence from sucrose or saccharine (a portion of sucrose mice were given systemic
ketamine prior to the assay). n = 11 female mice/group (exception for sucrose: n = 12 mice).
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Our inability to replicate the initial depressive-like phenotype observed following forced
abstinence from sucrose suggests that this phenotype may be inherently more variable than the
phenotype observed in ethanol drinking mice. This could be due to differences in the underlying
circuitry controlling responding to sugar as compared to ethanol. While the initial results were

promising, the difficulty in replicating the initial phenotype has led us to stop efforts to follow-up

on this project.
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APPENDIX B
Examining the Effects of Caloric Restriction on CRF mRNA Levels
in the Extended Amygdala

Dieting has been shown to be an effective way to lose weight, but continuing to maintain
this weight loss long-term has proven much more difficult. Research suggest that the failure rate
for maintaining weight loss is >80% (Wing and Phelan, 2005). Stress has been hypothesized to
be a contributing factor to difficulties in weight maintenance as stress has been associated with
the consumption of calorically dense food (Teegarden and Bale, 2008). Indeed, the stress and
reward pathways intersect and have long been studied in the addiction field (Erb and Stewart,
1999; Koob, 2009). Specifically, changes in the CRF system in following caloric restriction
dieting models have been observed in male mice specifically in the extended amygdala
(Pankevich et al., 2010). This suggests that dieting may alter stress responsivity and could
underlie alterations in the drive for calorically dense food following stressful events.

To further explore the relationship between CRF in the extended amygdala and caloric
restriction, we first wanted to extend these experiments to female mice. Additionally, we wanted
to examine a potential role for guanfacine in regulating this response. In male mice, caloric
restriction resulted in increased depressive-like behavior in the forced swim test and increased
levels of corticosterone (Pankevich, et al., 2010). We hypothesized that guanfacine
administration during caloric restriction would result in decreased NE levels, potentially
counteracting the increased stress responsivity observed following caloric restriction.
Individually-housed female mice first underwent a ten-day baseline period, where daily food
intake was measured. After establishing this baseline, mice were individually restricted to 75%
of their daily food intake for 3 weeks. During this restriction period, a subset of mice received
daily IP injections of guanfacine (1mg/kg). Body weight was measured daily throughout the
experiment. Following the end of the restriction period, brain punches from both the BNST and

CeA were taken, and qRT-PCR was used to measure CRF mRNA levels in these regions.
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Caloric restriction resulted in significant weight loss in the mice as compared to control ad
libitum fed mice (Figure 17a). A 2-way ANOVA reveals a significant effect of both treatment
group (F(3,16) = 18.33, p < 0.0001) and time (F(21,336) = 3.96, p < 0.0001), as well as a
significant interaction between there variables (F(63,336) = 9.14, p < 0.0001). Post-hoc analysis
using Tukey’s multiple comparisons tests shows that daily guanfacine administration did not
affect weight changes throughout the experiment in either the control mice or food restricted
mice. We then measured CRF mRNA levels in both the BNST and CeA (Figure 17b-c). In
contrast to the reported effects of caloric restriction in male mice (Pankevich, et al., 2010), we
did not observe a significant effect of caloric restriction (F(1,15) = 2.59, p = 0.129) or guanfacine
administration (F(1,15) = 1.36, p = 0.262) on BNST CRF mRNA levels (Figure 17b).
Additionally, there was no interaction between these variables (F(1,15) = 0.37, p = 0.554).
Similarly, the reported decrease in CeA CRF mRNA levels following caloric restriction in male
mice was also not observed in female mice (Pankevich, et al., 2010; Figure 17c). Analysis via a
2-way ANOVA did reveal an overall significant effect of both food restriction (F(1,16) = 4.64, p =
0.047) and drug treatment (F(1,16) = 13.37, p = 0.002), but no interaction between these
variables (F(1,16) = 2.91, p = 0.107). Tukey’s multiple comparisons test shows that the
calorically restricted mice that received daily guanfacine administration have significantly
elevated CRF mRNA levels in the CeA as compared to both the saline control mice (p = 0.004)
and the saline food restricted mice (p = 0.008). These results show that female mice may
respond differently to caloric restriction as compared to male mice, as the same decrease in

CRF mRNA levels in the BNST and CeA were not observed.

96



E
=]
S .
104 Tzl ;II~ 5 —e— Control
'E' J}I—:"‘T -ri'f;ai\:jg e Control + Guanfacine
o) s M Es
m ke
c Ot .
o —+— Restricted
<] -¥ Restricted + Guanfacine
c
c -104
£
(&
2
'zc L] L L L] 1 1 1 L] L] L] L]
60 62 64 66 68 70 72 74 76 78 80
Age (Days)
b BNST CRF mRNA C CeA CRF mRNA
*%
2.5+ 3+ | I_I**
o v P
v
g 2.0+ v g v
[ u A A
S n S 2 um
° 1.54 .—_I: o °
(] <) A
[I'S .- L A
q>, 1.0+ ° q>, 1 T
:E o ..g o ° ™
° 0.5+ [ > °
[v4 (14
0.0 T T 0 T T
Control Control Restricted Restricted Control Control Restricted Restricted
Guan Guan Guan Guan

Figure 17. Examining the effects of caloric restriction and systemic guanfacine
administration on changes in bodyweight and CRF mRNA levels in the extended
amygdala. a) Graph showing the percent change in bodyweight daily during three weeks of
food restriction in mice receiving daily IP injections of saline or guanfacine. b-c) Summary bar
graphs comparing CRF mRNA levels in the BNST(b) and CeA(c) following food restriction and
daily guanfacine administration. n =5 female mice/group (exception: control n =4 female mice)
*indicates significant difference between groups (**p<0.01).

As the initial caloric restriction experiments done using female mice did not match results
reported for male mice, we next wanted to directly compare male and female mice using the
same caloric restriction paradigm. As observed previously, caloric restriction resulted in a
decrease in bodyweight in mice as compared to control mice (Figure 18a). A 2-way ANOVA
shows a significant effect of both treatment (F(3,25) = 43.28, p < 0.0001) and time (F(21,525) =
6.75, p < 0.0001), as well as a significant interaction between the variables (F(63,525) = 21.32,

p < 0.0001). However, post hoc analysis using Tukey’s multiple comparisons tests reveals no

significant difference in percent weight change between male and female mice in the control
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group (p = 0.948) or in the food restricted group (p = 0.207). Following the end of caloric
restriction, we once again assessed CRF mRNA levels in the BNST using gqRT-PCR and were
unable to replicate previously published findings (Pankevich, et al., 2010; Figure 18b). Analysis
via a 2-way ANOVA shows no significant overall effect of food restriction (F(1,25) =0.91, p =
0.350) or sex (F(1,25) = 0.469), p = 0.500), as well as no interaction between the variables

(F(1,25) = 0.91, p = 0.350).
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Figure 18. Comparing the effects of caloric restriction on BNST CRF mRNA levels in male
and female mice. a) Graph showing the percent change in bodyweight daily during three weeks
of food restriction in male and female mice. b) Summary bar graph comparing CRF mRNA
levels in the BNST following caloric restriction in male and female mice. n = 7 mice/group
(exception: female control n = 8 mice).

In our experiments, we did not observe any effects of caloric restriction alone on CRF
mRNA levels in the extended amygdala in either male or female mice. Our inability to replicate
previously published findings could be due to differences in experimental procedure, such as
differences in mouse housing, mouse diet, brain punch technique, or RNA extraction
techniques. Indeed, qRT-PCR was a new technique for the lab and some of the variability may

have been due to inexperience. Based on our lack of a phenotype and inability to identify an

obvious difference in experimental procedures, we have not followed up on these findings.
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APPENDIX C
Evaluating the Effect of Restraint Stress
on Bodyweight and Metabolic Phenotypes

Studies of humans diagnosed with anorexia nervosa have suggested that the HPA axis
may be hyperactive in these individuals. After being exposed to a stressor, those suffering from
anorexia have higher levels of salivary cortisol as compared to healthy controls (Gross et al.,
1994). Similarly, rodent models have shown that exposure to stressors results in an anorectic
phenotype with rodents consuming less food (Koob and Heinrichs, 1999). This phenotype also
occurs with the injection of CRF-like peptides into the ventricles, implicating CRF-signaling
specifically in driving anorectic behavior (Koob and Heinrichs, 1999).

Preliminary data from our lab suggests that exposure to chronic restraint stress can
result in the development of a weight loss phenotype (Figure 19a). The restraint stress
paradigm consisted of 10 days of restraint stress exposure (1 hour/day) followed by 5 days of
no stress exposure. Male and female mice were weighed daily at the same time each day. A 2-
way ANOVA reveals a significant effect of treatment (F(3,34) = 27.53, p < 0.0001) and time
(F(14, 476) = 62.71, p < 0.0001), as well as a significant interaction between these variables
(F(42,476) = 5.04, p < 0.0001). Beginning on day 3 of the paradigm, the percent change in
bodyweight becomes significantly different for the stress mice as compared to the unstressed
mice as determined using Tukey’s multiple comparisons (male: p = 0.049; female: p < 0.0001),
with the unstressed mice continuing to gain weight while the stressed mice begin to lose weight.
Furthermore, the stress resulted in a more severe phenotype in female mice. Tukey’s multiple
comparisons test shows a significant difference in weight loss between stressed male and
female mice starting on day 5 of the paradigm (p = 0.008). However, later attempts to replicate
these findings resulted in lower levels of weight loss, along with a greater effect in males (Figure
19b). A 2-way ANOVA still shows a significant effect of treatment (F(3,26) = 4.29, p = 0.014)

and time (F(14, 364) = 17.72, p < 0.0001), as well as a significant interaction between these
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variables (F(42, 364) = 2.20, p < 0.0001). During this run of the paradigm, the percent weight
change of the stressed male mice did not become significantly different from the unstressed
mice until day 4 of the paradigm (p = 0.047) and did not remain consistently different until day 7
(p = 0.004). Meanwhile, the percent weight change of stressed female mice never diverged from
that of the control unstressed female mice. In this replication, the male mice develop a weight

loss phenotype that was no longer observed in females, suggesting this phenotype may be

inconsistent.
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Figure 19. Evaluating the effect of daily restraint stress on changes in bodyweight in

male and female mice. a-b) Graphs showing the percent change in bodyweight across 15 days

with restraint stress occurring once daily for the first ten days. a) n = 10 mice/group (exception n

= 8 mice for female stressed). b) n = 7 mice/unstressed group, n = 8 mice/stressed group.

Having initially observed a more severe phenotype in females, we chose to further
investigate the mechanism of this phenotype specifically in female mice. As noted earlier, CRF
has been shown to drive anorectic behavior; therefore, we investigated the role of CRF in our
restraint stress-induced weight loss phenotype. We used two genetic strategies to selectively
ablate CRF cells in female mice. First, we crossed our CRF-Cre mouse line with a ROSA-DTA
line, resulting in diphtheria toxin expression in Cre-expressing CRF cells. This cross leads to the
ablation of CRF cells throughout the mouse starting from birth. Additionally, we crossed our
CRF-Cre mouse line with a ROSA-DTR line, resulting in diphtheria toxin receptor expression in
Cre-expressing CRF cells. This line requires the injection of diphtheria toxin to initiate ablation of

cells, allowing for control over the timeline of when cell ablation occurs. Using the same restraint
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stress paradigm as before, we then evaluated the effect of ablating CRF cells from birth (DTA+
genotype) or during adulthood (DTR+ genotype) on restraint stress-induced weight loss. When
combining the DTA/DTR genotypes, we observe no difference in change in bodyweight
following restraint stress in mice with CRF cells ablated as compared to control mice (Figure
20a). A 2-way ANOVA reveals a significant effect of time (F(14, 252) = 7.78, p < 0.0001) but no
effect of cell ablation on weight change (F(1,18) = 0.012, p = 0.916) and no significant
interaction (F(14,252) = 1.14, p = 0.325). Analyzing the two genetic strategies separately, a 2-
way ANOVA still shows no significant effect of DTA driven cell ablation (Figure 20b; F(1,7) =
0.68, p = 0.438) or DTR driven cell ablation (Figure 20c; F(1,9) = 0.66, p = 0.4389) on change in
bodyweight. Interestingly, when comparing the control stressed group in the DTA experiment to
the DTR experiment, the variability of restraint stress-induced weight loss becomes evident

(Figure 20b-c).
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Figure 20. Evaluating the effect of CRF cell ablation of restraint stress-induced changes
in weight. a-c) Graphs showing the effect of CRF cell ablation from birth (a,b) or in adulthood
(a,c) on percent change in bodyweight across 15 days with restraint stress occurring once daily
for the first ten days. n = 5 mice/DTA+ or DTR+ group; n = 4 mice/DTA control; n = 6 mice/DTR
control.

Previous studies had shown that CRF administration could result in an anorectic
phenotype (Koob and Heinrichs, 1999) and our stress studies did result in a decrease in
bodyweight in mice, despite the variability in the phenotype. While we hypothesized that the
stress was resulting in decreased feeding, and thus an anorectic phenotype, measuring
bodyweight alone did not allow for this type of analysis. To gain a better understanding of what
was driving the weight loss phenotype we utilized the Promethion Metabolic Screening system
(Sable Systems International). Female mice underwent the same daily restraint stress paradigm
for 10 days as described above before being placed in the Promethion system. Once again, the
restraint stress paradigm resulted in variable weight loss, however the unstressed mice did gain
significantly more weight than the stressed mice (Figure 21a). A 2-way ANOVA reveals a
significant effect of time (F(13,182) = 17.77, p < 0.0001) and stress (F(1,14) = 9.54, p = 0.008),
as well as a significant interaction between the variables (F(13,182) = 2.66, p = 0.002). Post hoc
analysis using Sidak’s multiple comparisons test shows that the two groups significantly diverge
in weight change starting on day 9 of the paradigm (p = 0.037). Following the end of restraint
stress, various metabolic factors were analyzed using the Promethion system. Surprisingly
stress did not significantly alter several measures of food intake (Figure 21b-d). A 2-way
ANOVA shows no significant effect of stress on summed food intake (Figure 21b; F(1,14) =
0.36, p = 0.557), average meal size (Figure 21c; F(1,14) = 0.88, p = 0.364), or number of meals
(Figure 21c; F(1,14) = 3.35, p = 0.088). However, stress may have altered energy
expenditure/respiration rate (Figure 21e-h). A 2-way ANOVA shows strong trends towards an
effect of stress on average energy expenditure (Figure 21e; F(1,14) = 3.30, p = 0.091), total

energy expenditure (Figure 21f; F(1,14) = 3.18, p = 0.096), average oxygen consumption

(Figure 21g; F(1,14) = 3.18, p = 0.096), and average carbon dioxide production (Figure 21h;
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F(1,14) = 3.26, p = 0.092). Together, these results suggest that it may be altered energy

expenditure and not altered food intake that results in observed stress-induced weight changes.
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Figure 21. Examining the effect of restraint stress on changes in metabolic phenotypes.
a) Graph showing the percent change in bodyweight across 14 days with restraint stress
occurring once daily for the first ten days. b-d) Summary bar graphs showing daily/nightly
Promethion measurements of feeding behavior, including summary food uptake (b), average
meal size (c), and number of meals (d). e-h) Summary bar graphs showing daily/nightly
Promethion measurements of average energy expenditure (e), total energy expenditure (f),
average oxygen consumption (g), and average carbon dioxide production (h). n = 8 female
mice/group.

To further explore differences between metabolic phenotypes in male and female mice,
the same Promethion system measurements were made using a cohort of mice that contained
both sexes. In general, male mice were seen to have greater energy expenditure (Figure 22a-
b), including increased respiration rates (Figure 22¢-d). These differences appear to be sex-
based and not differences driven by stress. A 2-way ANOVA reveals a significant effect of
treatment on both average energy expenditure (Figure 22a; F(3,27) = 4.05, p = 0.017) and total
energy expenditure (Figure 22b; F(3,27) = 4.05, p = 0.017). However, post hoc analysis reveals
that there is no significant difference between male and female control groups or male and
female restraint groups for any of the days/nights tested. Similarly, a 2-way ANOVA reveals a
significant effect of treatment on both average oxygen consumption (Figure 22c; F(3,27) = 3.47,
p = 0.030) and average carbon dioxide production (Figure 22d; F(3,27) = 6.65, p = 0.002). Once
again, there is no difference between control and restraint groups for either sex throughout the
Promethion testing period. The lack of differences between control and restraint groups in this

experiment once again highlights the variability observed between cohorts undergoing this

restraint stress paradigm.
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Figure 22. Comparing the effects of restraint stress on metabolic phenotypes in male and
female mice. a-d) Summary bar graphs showing daily/nightly Promethion measurements of
average energy expenditure (a), total energy expenditure (b), average oxygen consumption (c),
and average carbon dioxide production (d) in male and female mice. n = 8 mice/group
(exception: female/restraint n = 7 mice).

The variability in these experiments suggests that the observed weight loss and
metabolic phenotypes are not easily reproducible. Several factors could be influencing this
variability. For one, while the mice were weighed at the same time each day, the time of day
may not have been consistent between cohorts. Similarly, the restraint stress may not have
occurred at the same time each day for the various cohorts. Differences in circadian rhythm
signaling could be affecting responses to both stress and alterations in bodyweight. The current

inability to replicate the initial experimental findings has led us to no longer follow-up on these

results.
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APPENDIX D
Dissecting BNST Heterogeneity Using Calbindin
as an Additional Neuronal Population Marker

Chapter 3 focuses on using Prkcd as an additional marker in RNA in situ hybridization
assays to further divide the heterogeneous BNST into various cell populations. As we continue
to dissect the neurons that are activated by stress in the BNST, we also ran assays assessing
the expression of the transcript expression for Calbindin 2 (Calb2) in stressed and unstressed
female mice. As observed in Figure 23a-b, the co-expression pattern of these three transcripts

does change with exposure to acute restraint stress.

a b

No stress Stress

Il DAPI only Il DAPI only
I CRFonly I CRF only
= cfos only = cfos only

= calbindin only = calbindin only
[ CREF/cfos [ CRF/cfos
I CRF/calbindin I CREF/calbindin
Il cfos/calbindin Il cfos/calbindin
[ all three 1 all three

Figure 23. Examining the co-expression of mRNA transcripts for CRF, cFos, and
Calbindin 2 in the dBNST of unstressed and stressed female mice. a-b) Pie charts showing
co-expression pattern mRNA transcripts in control (a) and stressed (b) female mice. Graphed as
a percentage of all cells.

With this cohort of mice we were able to replicate the stress-induced Fos observed in
Crh cells discussed in Chapters 2 and 3 (Figure 24a-b). Comparing the Calb2 expression in Crh
cells shows that approximately half of CRF neurons express Calbindin in both the stress and
control conditions, with potentially more CRF neurons expressing Calbindin in the control

condition (Figure 24c-d). Finally, the majority of NON CRF neurons do not express Calbindin in

both the control and stress conditions (Figure 24e-f).
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Figure 24. Visualizing stress-induced changes in co-expression of mRNA transcript
markers in the dBNST. a-b) Pie charts showing the percentage of CRF cells that express cfos
in control (a) and stressed (b) mice. c-d) Pie charts showing the percentage of CRF cells that
express Calbindin in control (¢) and stressed (d) mice. e-f) Pie charts showing the percentage of
NON CREF cells that express Calbindin in control (e) and stressed (f) mice.
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The co-expression of these transcripts needs to be further analyzed, looking at the
variability in expression between mice and using statistical tests to verify significant stress-
induced changes in co-expression of these transcripts. Of note, these experiments were all
performed in female mice. Continuing to investigate potential sex differences in co-expression
should also be a future avenue of research. As Calbindin has the potential to mark a subset of
CRF neurons in the dBNST, looking at how this overlaps with Prkcd expression both with and

without stress may lead to a better understanding of diverse BNST neuronal populations.
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