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CHAPTER1

Introduction
Portions of section 1.3.2: Bed nucleus of the stria terminalis are adapted from:
Centanni, S. W., Brown, J. A., Williford, K. M., Flook, E. A., Luchsinger, J. R., & Winder, D. G.
(2022). Bed Nucleus of the Stria Terminalis (BNST) circuits. In N. W. Gilpin (Ed.), Neurocircuitry of

Addiction (pp. 321-374). Academic Press

Anxiety disorders are among the most common psychiatric disorders, with an estimated 1/3
of all people suffering from an anxiety disorder in at some point in their lifetime and resulting in
devastating personal and economic burden (Kessler et al., 2012; Bandelow & Michaelis, 2022).
Whiteford 2013 Anxiety is a complex disorder, a core feature of which includes altered attentional
bias regarding perceived threats. Both heightened attention toward (hypervigilance) and away from
(avoidance) threatening stimuli have been document as key factors in the vulnerability and
maintenance of anxiety disorders (Bar-Haim et al., 2007; Cisler & Koster, 2010; Van Bockstaele et
al., 2014; Macatee et al., 2017; Egan & Dennis-Tiwary, 2018; Wieser & Keil, 2020). Stress exposure
is also a central contributing factor in the development of these and many other disorders, and
individuals with anxiety have been shown to display altered responsivity to stressors. Stress can
also precipitate threat bias and threat learning, and degree of threat bias can be predictive of stress
reactivity (Frisch et al., 2015; Macatee et al., 2017; Egan & Dennis-Tiwary, 2018; Timmers et al.,
2019). It is clear there are complex interactions between anxiety, threat processing, and stress.
However, the neuronal underpinnings of their relationship remain poorly understood. In this section
| will provide background information about stress, anxiety, and some of the key brain regions
involved in stress and anxiety: the central nucleus of the amygdala (CeA) and the bed nucleus of
the stria terminalis (BNST). | will also provide an overview on what is currently known about protein
kinase C delta (PKCd) and cell expressing this kinase, setting the stage to examine the role of

BNSTPXC® neurons in mediating stress responses, threat processing, and anxiety-like behaviors.



1.1 Stress

1.1.1A brief history on the definition and impact of stress

The definition of stress can perhaps best be summarized by Dr. Hans Selye when he said,
near the end of a career dedicated to its study, that “everyone knows what stress is, but no one
really knows.” Stress is ubiquitous. It is experienced in some form by every living organism, with
causes ranging from exposure to extreme weather to a looming deadline. Yet its definition has
proven challenging to specify and its origins hard to trace (Kugelmann, 1992; C. L. Cooper &
Dewe, 2007; Jackson, 2013; Hutmacher, 2021). Part of the difficulty of defining stress stems from
it historically being used to simultaneously describe the agent inducing stress (now often referred
to as a stressor), the resulting physiological response, and a psychological state, with that state
resulting from the perceived mismatch between the demands on the organism and the organisms
ability to cope with those demands (Selye, 1976; Edwards & Cooper, 1990; Stokes & Kite, 2000;
Staal, 2004). Indeed even today, Merriam Webster’s dictionary defines stress as a “constraining
force or influence” including both “a physical, chemical, or emotional factor that causes bodily or
mental tension and may be a factor in disease causation,” and a “state resulting from a stress,
especially one of bodily or mental tension resulting from factors that tend to alter an existent
equilibrium” (Merriam-Webster.com Dictionary, 2023).

Selye has been dubbed “the father of stress research” and is most often credited with
coining the term in 1936 (Selye, 1936; Tan & Yip, 2018; American Psychological Association,
2023). However, Selye himself actively avoided use of the word stress in his own publications until
1946 (Selye, 1946), and it was actually Dr. Walter Bradford Cannon in 1915 who first brought the
concept of stress, which had previously been used in physics principles, into the realm of biology
(Cannon, 1915). While researching digestive processes, Cannon noticed that the peristaltic waves
in the stomach of his animals would sometimes abruptly stop when they were frightened. This led
to his initial characterization of the acute stress response in his book Bodily Changes in Pain,
Hunger, Fear, and Rage. Here he described an animal’s response to strong arousal in which “the
sympathetic division of its autonomic nervous system combines with the hormone adrenaline to

mobilize the animal for an emergency response of ‘flight or fight.” (Cannon, 1915; T. M. Brown &
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Fee, 2002).

While Cannon’s work focused primarily on the body’s acute threat response, Selye’s work
centered around what would now be considered chronic stress. His letter to the editor of Nature
regarding a “General Adaptation Syndrome” (GAS) was the first publication describing a
conserved, multi-stage response to “acute, nonspecific nocuous agents” (which he would later call
stressors) (Selye, 1936, 1976). In his initial work these agents included stimuli such as cold
exposure, surgical injury, forced exercise, and sublethal toxin exposure. GAS began with a
“general alarm reaction,” involving changes in a variety of peripheral tissues including the lymphoid
and digestive organs. This was followed by a stage of resistance during which the body attempted
to adapt to the presence of the stressor and return to homeostasis (a term coined by Cannon in
1926) “beginning 48 hours after the injury” (Cannon, 1926; T. M. Brown & Fee, 2002; Davies,
2016). Then, depending on the duration and/or severity of the stressor, GAS ultimately ended with
animals losing their resistance to the stress in a “phase of exhaustion” similar in symptoms to the
first alarm stage (Selye, 1936).

Despite its reputation, not all forms of stress are bad. This distinction was made by Selye as
the difference between “eustress” and “distress” and is now referred to as adaptive verses
maladaptive stress, with “the former being agreeable or healthy, and the latter, disagreeable or
pathogenic” (Selye, 1976). There has been considerable effort to define the relationship between
stress level and its overall effect on output and performance and find the tipping point between the
two, with even prominent organizations peripheral to the field such as NASA and the US military
taking a keen interest (Bourne & Yaroush, 2003; Staal, 2004; P. Hancock & Szalma, 2008).

The most infamous characterization of this relationship is often credited to Drs. Robert
Yerkes and John Dodson with the Yerkes-Dodson law also referred to as the Inverted-U (Fig 1A).
This roughly holds that a low level of stress improves an organism’s performance, while higher
levels will worsen it. Yerkes and Dodson set out to measure the relationship between shock
intensity and how quickly mice learned to distinguish between and walk through a white vs black
passageway. They found that with increased task difficulty, the lowest and highest level of shocks
produced the slowest learning, with peak learning occurring at intermediate shock levels (Fig 1B).

However, many have identified issues with extrapolating their data to reflect a relationship
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between stress and (especially human) performance (Cole, 1911; P. A. Hancock & Ganey, 2003).
These including very low n (4 mice for the easy and medium difficulty and 2 mice for the hardest
difficulty), faulty equipment resulting in imprecise shock levels, lack of replicability even in their own
hands, and most importantly, the fact that the authors themselves never claim to study stress or its
relationship with performance at all (Cole, 1911; Dodson, 1915; W. P. Brown, 1965; Baumler &
Lienert, 1993; Baumler, 1994; P. A. Hancock & Ganey, 2003). It was Broadhurst who drew this
parallel in 1957 following his own study on the effect of oxygen deprivation on rats’ water maze
navigation and established the Yerkes-Dodson law. Since then this “law” has been cited and
studied in a variety of contexts, with as many researchers and philosophers expanding upon or
adjusting it as those outright refuting it. For example, Easterbrook argues there is an optimum level
of stress associated with cue sampling efficiency, Falk and Bindra report modest increases in
arousal lead to improved performance on simple tasks like time estimation, Peter Nixon developed
his own “Human Function Curve” replacing stress on the x-axis with “arousal stress”, and Hancock
and Warm, despite refuting the Inverted U, simply proposed an "Extended U” concept
incorporating both physiological and psychological adaptive capability in relation to stress level
(Falk & Bindra, 1954; Hebb, 1955; Easterbrook, 1959; P. G. F. Nixon, 1976; P. G. Nixon, 1982; P.
A. Hancock & Warm, 2003). In contrast, several studies have shown a negative linear relationship,
with tasks such as free recall memory, public speaking, and math performance being worsened
with increased stress or arousal (Broadbent, 1963; Burger & Arkin, 1980; Cohen, 1980; Cohen &
Weinstein, 1981; Christianson, 1992; Rohrmann et al., 1999; Ashcraft & Kirk, 2001; Eysenck Royal
Holloway et al., 2014).

It should be noted that many of those in support of the inverted-U concept rely heavily upon
the “common sense” factor and the original Yerkes and Dodson experiment without providing
supporting experimental evidence. But despite questionable experimental foundations, it does
indeed have strong common sense appeal. It is a common anecdote that the stress of a deadline
facilitates completion of a task. This appeal is in part due to the ambiguity surrounding the
definition of stress, with terms such as arousal, motivation, attention, anxiety, and “mental
resources” all being swapped almost interchangeably (Broadbent, 1963; Kahneman, 1973;

Norman & Bobrow, 1975; Staal, 2004). This ambiguity allows for ready application of the inverted
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U to a broad swath of experiences. Further, many “motivation” or “arousal” based axes start with
the lowest level being no motivation or asleep. It is clear to see how having even slightly more
motivation or being, well, awake, could easily improve performance on a task. However, defining a
scale for modest increases in stress or anxiety is much more subjective and varies from study to
study.

Perhaps most importantly, none of these studies have provided a predictive model for
determining at what point stress will switch from having a positive to a negative impact on
performance in a given context. It has been claimed for decades that “a little bit of stress is good”
but how much starts to be bad? In all likelihood, that tipping point will vary for every combination of
stressor and task being measured, with drastic individual variability mixed in (Broadbent, 1963; P.
A. Hancock & Ganey, 2003). As such, it is important in the study of stress to bear in mind any
limitations in generalizability and recognize that, although we now have advanced tools for precise
physiological measures of stress responses, it is ultimately a subjective experience, the effects of

which we are only beginning to understand.

1.1.2The physiological stress response

Text goes here Despite its historical ambiguities and subjective components, stress today is
most often defined based on the physiological response elicited, and in fact stressors are validated
by their ability or lack thereof to illicit this conserved stress response (K. J. Kovacs, 2008). This
physiological response is often divided into two waves: the acute “flight or fight” response through
the sympathetic-adrenal-medullary (SAM) axis and activation of the hypothalamic-pituitary-adrenal
(HPA) axis (Lucassen et al., 2014).

Before an organism can respond to a stressor, it must first detect it. For physical stressors
such as pain, hemorrhage, and immune responses, this is mediated primarily through reflexive
pathways between the mediolateral cell column of the spinal cord and brainstem structures
responsible for physical homeostasis (i.e. blood pressure, fluid and electrolyte balance, respiration,
heartrate, etc.) such as the nucleus of the solitary tract (NTS), locus coeruleus (LC), and
circumventricular organs (eg the median preoptic nucleus and the subfornical organ) (Ulrich-Lai &

Herman, 2009; Godoy et al., 2018). Psychological stressors are primarily detected by limbic
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structures such as the infralimbic prefrontal cortex (PFC), amygdala, and hippocampus through
integration of information from higher order sensory (eg piriform cortex, postpiriform transition area
(TR) and insula), memory (eg medial septum and entorhinal and cingulate cortices), and attention,
and arousal regions (eg LC, dorsal raphe (DR) and parabrachial nucleus (PBN) (Herman et al.,
2003; J. J. Radley et al., 2006; Ulrich-Lai & Herman, 2009; Godoy et al., 2018). These limbic
structures then act through intermediary regions such as the anteroventral bed nucleus of the stria
terminalis (avBNST), dorsomedial hypothalamus (DMH) and arcuate nucleus of the hypothalamus
(Arc) to drive stress responses (Ulrich-Lai & Herman, 2009).

Following stressor detection, the first response wave occurs through activation of the
autonomic nervous system (ANS) via the SAM axis. Preganglionic sympathetic neurons in the
intermediolateral cell column in the thoracolumbar region of the spinal column project to the
chromaffin cells of the adrenal medulla above the kidneys, stimulating release of the
catecholamines epinephrine (E)(aka adrenalin) and norepinephrine (NE) (aka noradrenalin) to
increase vigilance, glucose availability, and cardiovascular function (Cannon, 1915; Ulrich-Lai &
Herman, 2009; Tank & Wong, 2015; Godoy et al., 2018). They also project to pre- or paravertebral
ganglia which innervate peripheral organs and cause release of NE from sympathetic nerves and
increases in heart rate and vasoconstriction. The synaptic nature of this communication rapidly
primes the body for energy expenditure within seconds of stressor exposure (Ulrich-Lai & Herman,
2009; Godoy et al., 2018). The ANS also stimulates parasympathetic activation through pre-
ganglionic neurons in the cranial and sacral spinal column which release acetylcholine and broadly
counteract the sympathetic activation and helps shorten the duration of the energy-intensive SAM
activation (Tank & Wong, 2015; Godoy et al., 2018).

In contrast, the second wave is a slower, hormonally-mediated response via the HPA axis,
ensuring a more prolonged response to the stressor. The HPA axis is self-inhibiting feedback loop
of glucocorticoid signaling, with peak glucocorticoids occurring tens of minutes after exposure to a
stressor. The paraventricular nucleus of the hypothalamus (PVH) is central to the HPA-mediated
stress response, with activated both indirectly by the SAM and directly by stressors(Ulrich-Lai &
Herman, 2009; Godoy et al., 2018). The PVH releases corticotropin releasing factor (CRF) (as well

as vasopressin and oxytocin), which travels along the median eminence to the anterior pituitary
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gland. Here CRF stimulates release of adrenocorticotropic hormone (ACTH), which stimulates the
inner adrenal cortex to synthesize and release glucocorticoid hormones (Vale et al., 1978, 1981).
The primary glucocorticoid in humans is cortisol while in rodents it is corticosterone (De Kloet,
2013). These glucocorticoids then bind to the glucocorticoid receptors (GRs) which are broadly
distributed throughout the brain, and mineralocorticoid receptors (MRs), which have more
restricted regional expression, although there is considerable species differences in the distribution
of both (Lucassen et al., 2014). Included among regions expressing both are the PVH and anterior
pituitary, where glucocorticoids work to inhibit subsequent activation, thus closing the inhibitory
feedback loop (Ulrich-Lai & Herman, 2009).

Stressor-driven activation of the HPA axis can be considered “bottom-up” signaling, but
there is also top-down control of the stress response. Several limbic regions involved in
psychological stressor detection are also involved in cognitive processing about both physical and
psychological stressors. This sentence is only here because | am genuinely curious how closely
anyone reads this document. For example, circuits from the PFC (especially the prelimbic cortex)
and hippocampus (especially the ventral subiculum) have been shown to decrease activation of
the HPA axis, likely through intermediary regions including the anteromedial and posteromedial
BNST, medial preoptic area (mPOA), basolateral amygdala (BLA), paraventricular thalamus (PVT),
and dorsal raphe nucleus (DRN) (Herman, Cullinan, et al., 1995; Figueiredo, Bruestle, et al., 2003;
Herman et al., 2005; D. C. Choi et al., 2007, 2008; Furay et al., 2008; Ulrich-Lai & Herman, 2009;
Lucassen et al., 2014). The BNST in particular provides direct innervation to the PVH (Ju et al.,
1989; H. W. Dong et al., 2001), and its role in mediating stress responses will be more thoroughly
discussed later in this chapter.

It should also be noted that there exists variability within the HPA axis response, with both
circadian and sex-based differences. Even in the absence of stress, circulating levels of
glucocorticoids exhibit a circadian rhythm, with peak levels occurring at the onset of the organism’s
active phase (daytime for diurnal organisms and nighttime for nocturnal organisms) (Spiga et al.,
2014; Kinlein & Karatsoreos, 2020). Throughout the day, glucocorticoids are released in a pulsatile
manner every few hours, with several phases of higher or lower levels occurring in an ultradian

(multiple times per day) manner (Spiga et al., 2014). It has also been shown that in rodents, there
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is significantly greater activation of the HPA axis and delayed return to baseline following an acute
stressor in females compared to males, and this is thought to be modulated by the gonadal

hormones testosterone and estradiol (Heck & Handa, 2019).

1.1.3The interactions between stress and psychiatric disorders

The inhibitory feedback built into the ANS and HPA axis allows organisms to return to
baseline and is well suited to cope with occasional, acute stressors. It can even adapt to one’s
environment and common (mild) stressors to a certain extent to maintain allostasis, which refers to
maintenance of ideal homeostatic conditions given a particular context (Sterling & Eyer, 1988).
However, exposure to particularly intense or chronic stress overburdens the system to the point
where it can no longer compensate for the allostatic load, resulting in alterations to the involved
signaling pathways (McEwen & Stellar, 1993; Logan & Barksdale, 2008; McEwen, 2017). These
alterations can result in the development or exacerbation of numerous diseases and disorders, and
indeed, chronic stress is associated with a host of conditions impacting both the brain and
peripheral body systems.

With regard to the central nervous system, exposure to intense or chronic stress is
implicated in a number of disorders. Chronic stress is associated with sleep disorders including
insomnia and hypersomnia (Chrousos, 2009; Nollet et al., 2019). Chronic stress impairs overall
cognitive function and results in learning and memory deficits (Chrousos, 2009). Likelihood of
development of sporadic Alzheimer’s disease is associated with stressful life experiences, and
increased levels of glucocorticoids are significantly correlated with AB toxicity and rates of
neurodegeneration and cognitive impairment (Lupien et al., 1998; Jeong et al., 2006; Catania et
al., 2009; Huang et al., 2009). Stress is also implicated in the development of eating disorders
(Hardaway et al., 2015).

Chronic stress is also associated with neuropsychiatric disorders. The number of stressful
events a person has experienced is significantly correlated with the presence of major depressive
disorder (MDD) (Krishnan & Nestler, 2008; Risch et al., 2009; L. Yang et al., 2015), and individuals
with MDD have been shown to have hyperactive HPA signaling and reduced sensitivity to

glucocorticoid feedback inhibition (Stréhle & Holsboer, 2003; Lucassen et al., 2014). Chronic
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stress also significantly correlates with the presence of an anxiety disorder, and post-traumatic
stress disorder (PTSD) can develop following acute or chronic exposure to a particularly intense or
traumatic stressor (Chrousos, 2009; Chesnut et al., 2021; Ressler et al., 2022). In contrast with
MDD, it has been shown that individuals with anxiety, anxious depression, or PTSD have
hyporeactive HPA axis responses, and hyper-sensitivity to steroid feedback (Yehuda et al., 1991;
Meller et al., 1995; Ross et al., 2017; Wichmann et al., 2017), although there is significant
individual variability, with some individuals with anxiety showing HPA axis hyperactivity, and this
may be related to comorbid MDD (Yehuda, 2009; Jacobson, 2014).

Stress is also major risk factor in the development and maintenance of substance use
disorders (SUDs) (Sinha, 2008; Koob, 2008, 2013). Individuals exposed to early life stress and
cumulative adversity show increased levels of drug use and abuse (Newcomb & Harlow, 1986;
Wills et al., 1992; Turner & Lloyd, 2003; Sinha, 2008). In rodent models, HPA axis-mediated
increases in corticosterone are important for acquisition of drug self-administration (Piazza & Le
Moal, 1996; Mantsch et al., 1998; Goeders, 2002) and exposure to a variety of stressors actually
enhances acquisition of opiate, alcohol, and psychostimulant self-administration (L. Lu & Shaham,
2005; Sinha, 2008). This interaction may in part be due to the use of drugs as a stress coping
strategy (Johnson & Pandina, 1993; Perkins, 1999; Frone, 2016) and due to the impairment
chronic stress causes in executive functioning and decision making and increased impulsivity (Li &
Sinha, 2008; Wolff et al., 2021; Kraplin et al., 2022). Further, acute stress causes changes in the
mesolimbic dopamine system that mirror those cause by drugs of abuse, including enhanced
glutamate activity in the ventral tegmental area (VTA) and dopamine release in the nucleus
accumbens (NAc) (Thierry et al., 1976; Kalivas & Duffy, 1995; Piazza & Le Moal, 1996; Takahashi
et al., 1998), while chronic stress inhibits dopamine synthesis in the NAc (Pacak et al., 2002; Saal
et al., 2003). In addition to its involvement in the development of SUDs, chronic stress perpetuates
the cyclic nature of addiction and is one of the top reported causes of drug relapse (Mantsch et al.,
2016). In rodent models, exposure to acute and chronic stress drives reinstatement of previously
extinguished drug seeking behaviors across drug classes (Shaham & Stewart, 1995; Shalev et al.,
2001; Mantsch et al., 2016), and chronic stress increases incubation of craving (Glynn et al., 2018;

Fredriksson et al., 2020; Venniro et al., 2021) and vulnerability to drug-primed reinstatement (K. T.
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Ball et al., 2018). Chronic stress also increases susceptibility to addictive behaviors in other
domains including food (Wei et al., 2019), gambling (Slutske et al., 2015), and even smartphones
and social media (N. Zhao & Zhou, 2021; Qiu et al., 2023).

There are a number of stress-sensitive brain regions that show alterations following chronic
stress that may contribute to the development of these neuropsychiatric disorders. Deletion of GRs
in the hippocampus, PFC, and BLA of mice results in increased depression-like behaviors and
several physiological changes seen in depression including increased basal corticosterone,
hyperactivity of the HPA axis, and impaired negative feedback regulation of the HPA axis (Gold et
al., 1988; Holsboer, 2000; Boyle et al., 2005; Packard et al., 2016). Similarly, chronic stress leads
to downregulation of GR expression in the PVH, hippocampus and frontoparietal cortex and
increased basal corticosterone, ACTH, and prolactin, as well as hypertrophy of the adrenal gland
(Herman, Adams, et al., 1995; Makino et al., 1995; Paskitti et al., 2000; Furay et al., 2008). In the
hippocampus and mPFC, chronic stress leads to decreased dendritic arborization and decreased
volume, impairing memory formation and extinction, respectively (Magarin os & McEwen, 1995; J.
J. Radley et al., 2008; Lucassen et al., 2014; J. Radley et al., 2015), while in the BLA and BNST,
dendritic branching and overall volume is increased, contributing to HPA hyperexcitability,
increased emotional reactivity, and decreased reward seeking (Vyas et al., 2002; Mitra et al., 2005;
Lucassen et al., 2014). Chronic stress also has sex-specific and stressor-specific effects on levels
of CRF expression in the PVN, CeA, and BNST (Makino et al., 1994a, 1994b, 1995; Herman,
Adams, et al., 1995; Figueiredo, Bodie, et al., 2003; Cook, 2004; Ulrich-Lai et al., 2006;
Sterrenburg et al., 2011) and glutamate homeostasis in the mPFC, hippocampus, and amygdala
(Kinlein et al., 2022). It is interesting to consider that in rodent models, exposure to chronic variable
stress is more likely to lead to hyperactive HPA responsivity (Pollak et al., 2010; Hill et al., 2012),
while chronic homotypic stress (repeated exposure to the same stressor) more often leads to
habituation to the stressor and blunted HPA axis activation (Marti & Armario, 1998; Grissom &
Bhatnagar, 2009; Babb et al., 2014), and these differences may be related to subsequent
development of distinct psychiatric disorders.

The effects of chronic stress are not limited to the brain. In the periphery, these include

increased likelihood of cardiovascular and metabolic disorders such as metabolic syndrome
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(Tamashiro et al., 2011), obesity (Aschbacher et al., 2014), hypertension, cardiovascular disease
(Everson-Rose & Lewis, 2005; Inoue, 2014), and type Il diabetes (Chrousos, 2009; Cohen et al.,
2012). While acute stress can actually enhance immune responses, chronic stress can impair and
suppress the immune system (Dhabhar, 2009). This is especially compounded when paired with
the effects of other conditions such as cancer or aging (Vitlic et al., 2014; Fali et al., 2018; L.
Zhang et al., 2020). These immune changes may also contribute in part to the effects of chronic
stress on increased risk for preterm birth (Wadhwa et al., 2001; Bandoli et al., 2018). Chronic
stress exposure and the presence of PTSD are also significantly associated with developing
osteoporosis (Kelly et al., 2019), and this is mediated at least in part by a GABAergic circuit in the
ventromedial hypothalamus (F. Yang et al., 2020).

It is also important to note that chronic stress and its effects are not experienced uniformly
across populations. For example, within the United States it has been shown that Black Americans
have significantly higher allostatic load scores than White Americans (Geronimus et al., 2006; Ong
et al., 2017). The experience of racism through both macroaggressions and microaggressions is a
chronic stressor associated with measures such as ANS activation (Peterson et al., 2020; Cheadle
et al., 2020), HPA axis activation and cortisol release (D. B. Lee et al., 2018; Bell et al., 2019),
altered carotid thickness (Lewis et al., 2019), and reduced telomere length, which is a biomarker of
aging and premature morbidity associated with chronic stress (D. Lu et al., 2019) (R. Clark et al.,
1999; Hobson et al., 2022). There is even emerging evidence linking experiences of racism with
altered connectivity among brain regions involved in the stress response, including insula-
amygdala connectivity and throughout default mode network (A. Cooper et al., 2021; Webb et al.,
2022; Hobson et al., 2022). Experiencing racism is associated with poorer physical and mental
health outcomes regardless of age, sex and gender, education level, and socioeconomic status
(though its effects are compounded by experiences such as poverty, advanced age, and being a
woman or transgender) (Jolly et al., 2010; Paradies et al., 2015; Alcantara et al., 2019; Martinez et
al., 2021), and indeed Black and Indigenous individuals are at a higher risk of developing nearly
every peripheral stress-related disorder listed above (Brondolo et al., 2011; Benjamin et al., 2017;
Hermosura et al., 2018; H. H. Wang et al., 2020; Bays et al., 2022), which is likely the result of

parasitic interactions between chronic stress and institutional racism in the healthcare system
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(Elias & Paradies, 2021; Hamed et al., 2022). This is especially true for Black women who, for
example, are at 50% greater risk of preterm birth, and twice as likely to die from cardiovascular
disease as White women (Geronimus, 1996; Rich-Edwards et al., 2003; Martin & Osterman, 2018;
S. Kim et al., 2020; Pereira et al., 2022). Racial discrimination is also significantly associated with
the effects of stress in the CNS such as anxiety and depression, and Indigenous, Multiracial,
Black, and Latinx individuals are diagnosed with and/or criminalized for the presence of a
substance use disorder at higher rates than their White counterparts (Verissimo et al., 2014;
Carson et al., 2014; National Research Council, 2014; T. T. Clark et al., 2015; Mennis et al., 2016;
Hedegaard et al., 2018; Shiels et al., 2018; Benner et al., 2018; Vilsaint et al., 2019; NSDUH,
2021; Amaro et al., 2021; Woody et al., 2022; Bernard et al., 2022). Even just the persistent
expectation of racism worsens health outcomes, (Lewis et al., 2019; Woody et al., 2022),
highlighting the detrimental effects of the chronic vigilance required just to exist as a Black,
Indigenous, or Person of Color (BIPOC) individual in America. This is yet another reality
underscoring the need to eradicate systemic racism and fight to promote cultures of true equity
and inclusion, while also examining the heterogenous effects of chronic stress and its significant

health ramifications.

1.2 Anxiety disorders: an overview

1.2.1 Symptomology and prevalence

Neuropsychiatric disorders are the leading cause of health-related burden worldwide, and
depression and anxiety disorders are the leading contributors to this calculated global burden of
disease (GBD), with no reduction since the measure’s inception in 1990 (Abbafati et al., 2020;
Santomauro et al., 2021). It is estimated that each year anxiety alone costs 44.5 million disability-
adjusted life years (DALYs), which is a measure of the cumulative number of years of healthy life
lost due to mortality or disability, and that there are nearly 400 million people currently diagnosed
with anxiety (Abbafati et al., 2020; Santomauro et al., 2021).

In the United States, nearly 1/3 of all individuals will experience an anxiety disorder at some

point in their lives, with an estimated 40 million people experiencing anxiety in the past year, and 1
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in 6 people experiencing anxiety symptoms in a given two week timespan (Kessler, Berglund, et

al., 2005; Kessler, Chiu, et al., 2005; NIMH, 2017; Terlizzi & Villarroel, 2020). Females are

consistently more likely to be diagnosed with any anxiety disorder, with a 1 year prevalence rate of

23.4% vs 14.3% in the US, and ranking twice as high on the list of diseases contributing to GBD

(Kessler, Chiu, et al., 2005; Abbafati et al., 2020).

A number disorders are classified under the general umbrella of anxiety disorders. These

include generalized anxiety disorder (GAD), panic disorder, and phobia-related disorders including

specific phobias, agoraphobia, social anxiety disorder (previously referred to as social phobia),

separation anxiety disorder, and selective mutism. PTSD and obsessive compulsive disorder have

also historically been classified under anxiety disorders but were separated into their own

categories in the most recent Diagnostic and Statistical Manual of Mental Disorders (DSM-5)

(American Psychiatric Association, 2013). Table 1 summarizes the differences prevalence and

symptom contributing to each anxiety disorder.

Table 1.1 Anxiety disorders: description and prevalence

Anxiety Description US Prevalence Symptoms
Disorder
Generalized A persistent feeling of Lifetime Prevalence | ¢  Feeling restless, wound-up, or on-edge
Anxiety anxiety or dread that is 5.7% e  Being easily fatigued
Disorder (GAD) not caused by a specific 18.9 million ppl e Having difficulty concentrating

trigger and.whlcff can 1-Year Prevalence | ®  Beingirritable

interfere with daily life 1% e  Having headaches, muscle aches,

= : M stomachaches, or unexplained pains
e  Difficulty controlling feelings of worry
3.4% 1.9%

Having sleep problems, such as difficulty
falling or staying asleep

Panic Disorder

Experiencing frequent
and unexpected panic
attacks, which are
sudden periods of
intense fear, loss of
control, or discomfort,
even without the
presence of clear
triggers or danger

Lifetime Prevalence

4.7%

15.6 million ppl

1-Year Prevalence

2.7%

F M

3.8% 1.6%

Pounding or racing heart
Sweating

Trembling or tingling

Chest pain

Feelings of impending doom
Feelings of being out of control

Specific
Phobias

An intense fear of or
aversion to specific
objects or situations,
often out of proportion
to the actual danger
present

Lifetime Prevalence

12.5%

41.5 million ppl

1-Year Prevalence

9.1%

F M

May have an irrational or excessive
worry about encountering the feared
object or situation

Take active steps to avoid the feared
object or situation

Experience immediate intense anxiety
upon encountering the feared object or
situation
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12.2% 5.8%

e  Endure unavoidable objects and
situations with intense anxiety

Agoraphobia

Fear and avoidance of
situations inducing
feelings of being
trapped, helpless, or
embarrassed. In the
most extreme cases,
people can become
homebound

Lifetime Prevalence

1.3%

4.3 million ppl

1-Year Prevalence

0.9%

F M

0.9% 0.8%

Intense fear of two or more of:

e Using public transportation

e  Beingin open spaces

e Beingin enclosed spaces

e  Standingin line or being in a crowd
e Being outside of the home alone

Social Anxiety

Persistent fear of being

Lifetime Prevalence

In social situations, experiencing:

Disorder observed and/or judged 12.1% e  Blushing, sweating, or trembling
by others 40.2 million ppl e Pounding or racing heart
1-Year Prevalence | ®  Stomachaches
71% e Rigid body posture or speaking with an
F M overly soft voice
e Difficulty making eye contact or being
8.0% 6.1% ),
around people they don’t know
e  Feelings of self-consciousness or fear
that people will judge them negatively
Separation Fear of being parted Lifetime Prevalence | e  Fear and reluctance to be alone during
Anxiety from people to whom Adults the day or while sleeping.
Disorder they are attached, 6.6% e Repeated nightmares with a theme of
and/or worry of harm or 17.0 million ppl separation.
tragedy striking their Children e Worry when parted from home or loved
attachment figures while 14% . :ne. bout the safety of a loved
separateq. Mo_st 736,000 t0 29 O>r<]ceess worry about the safety of a love
common in children but - )
can also occur in million ppl e Clinging behavior toward attachment
adulthood. figures
. Headaches, muscle aches,
stomachaches, chest pain, or shortness
of breath when separation is
experienced or anticipated
Selective When individuals fail to Lifetime Prevalence | ¢  Extreme shyness
Mutism speak in specific social 0.7-2% e  Fear of social embarrassment
situations, despite 2.3 million to 6.6 e  Withdrawal from social situations
normal language skills. It million ppl e  Clinging behavior

is more common in
children but can also
occur in adulthood

Temper tantrums

Post-Traumatic
Stress Disorder
(PTSD)*

A disorder that can
develop following the
experience of a
shocking, dangerous, or
traumatic situation

Lifetime Prevalence

6.8%

22.6 million ppl

1-Year Prevalence

3.6%

F M

5.2% 1.8%

All of the following for at least 1 month:

e At least one re-experiencing symptom
such as flashbacks, bad dreams, or
frightening thoughts

e At least one avoidance symptom such as
staying away from places, events, or
objects that are reminders of the
traumatic experience, or avoiding
thoughts or feelings related to the
traumatic event

e At least two arousal and reactivity
symptoms such as being easily startled,
feeling tense or “on edge,” or having
difficulty sleeping, having angry
outbursts
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e Atleast two cognition and mood
symptoms such as trouble remembering
key features of the traumatic event,
negative thoughts about oneself or the
world, distorted feelings like guilt or
blame, or loss of interest in enjoyable

activities
Obsessive- A disorder in which a Lifetime Prevalence | e  Inability to control his or her thoughts or
Compulsive person has 2.3% behaviors, even when those thoughts or
Disorder uncontrollable, recurring 7.6 million ppl behaviors are recognized as excessive
(ocD)* thoughts (“obsessions”) 1-Year Prevalence | ® Spending at least 1 hour a day on these
and/or behaviors 1% thoughts or behaviors .
(“compulsions”) they = v e lack of pleasure when performing the
feel the urge to repeat T8 5% behaviors or rituals, but may feel brief
multiple times 670 270 relief from the anxiety the thoughts
cause

. Experiencing significant problems in their
daily life due to these thoughts or
behaviors

Population values calculated based on the 2021 US population of 331.9 million, 73.6 million children, and 258.3

adults. Lifetime prevalence refers to the percent or number of people diagnosed with the disorder at some point in

their life. 1-year prevalence refers to the percent of people with the disorder in a given year.

*Anxiety-related disorders no longer classified under anxiety disorder subtypes in the DSM-5

(Kessler, Berglund, et al., 2005; Kessler, Chiu, et al., 2005; Priscilla Wong et al., 2010; NIMH, 2017; Penninx et al.,

2021; Krajniak et al., 2022)

1.2.2 Treatment approaches

There are a number of treatment options available for anxiety disorders, although it is
estimated that only 60-85% of patients “respond” (defined as at least a 50% reduction in
symptoms) to the current treatment approaches, and that there is a high prevalence of recurrent or
persistent symptoms, especially in the presence of comorbid MDD (Bruce et al., 2005; Rodriguez
et al., 2006; Bystritsky, 2006). These treatments are divided into two primary categories of
psychotherapy and pharmacotherapy (ie medication), with research suggestion the most effective
treatment option include some combination of both approaches. Current approaches are

summarized below.

1.3.1.1 Psychotherapies

One of the most common psychotherapy approaches is cognitive behavioral therapy (CBT).
CBT is based around teaching individuals to change their patterns of thinking and behaving in
response to situations in order to help with feeling less anxious and fearful, and can be delivered in
individualized or group setting in-person or virtually Brewin (Hofmann et al., 2013a; NIMH, 2017;

Matsumoto et al., 2021). This can include a broad umbrella of treatments including but not limited
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to systematic desensitization, stress inoculation training, cognitive processing therapy,
assertiveness training, biofeedback and relaxation, and exposure therapy (most often applied for
phobia-related anxiety disorders), with most practitioners using a combination of techniques
(Rothbaum et al., 2000). These strategies help with learning to recognize and reframe distortions
in one’s thoughts, developing problem solving skills and developing self- confidence to cope with
difficult situations, using role play or small-scale exposure to prepare for problematic interactions,
and learning to calm one’s mind and relax the body to reduce physiological anxiety responses
(Brewin, 1996; Hofmann et al., 2013a; APA Div. 12 (Society of Clinical Psychology), 2017).
Other psychotherapies include interpersonal therapy, supportive therapy, and group
therapy. Interpersonal therapy focuses on identifying and resolving problems in establishing and
maintaining positive relationships (Ontario, 2017; Whiston et al., 2019). Supportive therapy and
group therapy involve conversation with a therapist and or other patients to receive reflection,
empathetic listening, and encouragement (NIMH, 2017; Ontario, 2017). A relatively recent addition
to psychotherapy approaches is the use of acceptance and commitment therapy (ACT). Although
its distinctiveness from CBT is hotly debated, in general ACT focuses more on utilizing strategies
such as mindfulness and goal setting to reduce the discomfort of anxiety (Forman et al., 2012;

Herbert & Forman, 2013; Hofmann et al., 2013b).

1.3.1.2 Pharmacotherapies

There are a number of existing pharmacotherapies used in the treatment of anxiety
disorders, although only a fraction are FDA-approved for that purpose and many more are used in
an off-label manner. Different classes of medications are thought to act through a variety of
signaling pathways to modulate levels of a variety of neurotransmitters. Current treatments as well
as novel experimental approaches are summarized below.

One of the most commonly targeted pathways in anxiolytic treatments works to increase
levels of monoamines, and especially serotonin (5-HT) and/ or norepinephrine (NE), throughout
the brain. The majority of treatments currently approved by the FDA act on the presynaptic side.
For example, the standard first-line anxiety treatments are selective serotonin reuptake inhibitors

(SSRIs) and selective norepinephrine reuptake inhibitors (SNRIs), which block the serotonin
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transporter (SERT) and norepinephrine transporter (NET), preventing reuptake by the presynaptic
neuron and thus increasing their duration of action on the postsynaptic target (Bandelow et al.,
2015). Despite their names, SSRIs and especially SNRIs have also been shown to inhibit reuptake
of 5-HT, NE, and dopamine (DA) (H. He et al., 2019). Other classes of monoaminergic agents
include tricyclic antidepressants (TCAs), which also inhibit 5-HT and NE transporters, and
monoamine oxidase inhibitors (MAOIs), which inhibit the degradation of monoamines, but they are
used less often due to increased side-effects and decreased tolerability (Garakani et al., 2020).
Interestingly saffron, which has recently been investigated for use in anxiety treatments, is also
thought to act through inhibition of 5-HT reuptake (Marx et al., 2019). One major drawback of
reuptake inhibitors is that they often take several weeks of use before any symptom improvement
is observed (Kudlow et al., 2014; Strawn et al., 2017; H. Zhang et al., 2020).

Other monoaminergic approaches target the postsynaptic side, modulating receptor activity.
This includes full and partial agonists of the 5-HT1A, 1B, and/or 4R receptor, and antagonists of
the 5-HT2A, 5-HT2C, 5-HT6, and D2 receptors. The majority of these drugs are still in
experimental phases, though one 5-HT1A partial agonist, Buspirone, is currently FDA approved,
and several FDA approved mixed antidepressants and antipsychotics that show off-label efficacy
at reducing anxiety symptoms are thought to act through a combination of serotonergic and
dopaminergic receptors (Murrough et al., 2015; Garakani et al., 2020). Other off-label and
experimental medications modulate adrenergic signaling include beta-adrenergic receptor
antagonists such as propranolol and alpha-2 adrenergic receptor agonists such as guanfacine
(Steenen et al., 2016; Strawn et al., 2017).

Another major target of anxiolytic drugs is reduction of the relative E-to-1 (excitation-to-
inhibition) ratio in the brain through upregulation of GABA, the primary inhibitory neurotransmitter
in the brain and/or inhibition of glutamate, the primary excitatory neurotransmitter (Murrough et al.,
2015; Garakani et al., 2020). Benzodiazepines are the most widely prescribed class of psychiatric
medications, and act through agonism of the GABA-A receptor, though there are concerns
surrounding their potential for abuse or misuse (Balon & Starcevic, 2020). Anticonvulsant drugs
also increase GABA activity and have shown off-label effectiveness for anxiety disorders (Mula et

al., 2007). Mechanisms include inhibition of GABA reuptake, activation of voltage-dependent
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calcium channels in increase GABA release, and inhibition of voltage-dependent sodium channels
to decrease glutamate and increase relative GABAergic tone, and it is thought that homeopathic
remedies such as kava, chamomile, and lavender may also act through these pathways (Mula et
al., 2007; Savage et al., 2018; Hieu et al., 2019). A variety of experimental drugs have attempted
to upregulate GABA through allosteric modulation of the GABA-A receptor, but most have failed to
reach the market due to lack of efficacy or poor tolerability (Murrough et al., 2015; Garakani et al.,
2020). There have also been several emerging attempts to downregulate glutamate through
antagonism of the NMDA receptor, or agonism/positive allosteric modulation of the Gi-coupled
MGIuR2 and/or mGIuR3 (Murrough et al., 2015; Garakani et al., 2020). Many of these have had
limited effectiveness in human clinical trials, though some such as ketamine, an NMDAR
antagonist shown to have rapid antidepressant effects, hold promise for improving anxiety
symptoms (Glue et al., 2017; Taylor et al., 2018).

There are also several experimental pathways being explored in the treatment of anxiety
disorders. These include the use of neurosteroids, upregulation of the endocannabinoid system
through CB1 receptor agonists, and modulation of neuropeptide signaling (Murrough et al., 2015;
Garakani et al., 2020). Of particular relevance for this work is the targeting of neuropeptide
signaling, given their prominence and importance in mediating the stress and anxiety-related
output of the extended amygdala (discussed in more detail below). For example, antagonists of the
receptors for Substance P, CRF, orexin, and cholecystokinin (CCK), and Arginine Vasopressin
(AVP) and agonists of the neuropeptide Y (NPY) receptor 1 (Y1) can all decrease anxiety-like
behaviors in rodent models (Centanni et al., 2022). However, these agents have been largely
ineffective in human clinical trials, with the possible exception of a Y1 agonist that has had some
efficacy in improving anxiety symptoms in patients with depression and PTSD (McGaugh, 2000;
Ebner & Singewald, 2006; Ebner et al., 2008; Bailey et al., 2011; Zwanzger et al., 2012; Frick et
al., 2015; Spierling & Zorrilla, 2017; Sayed et al., 2018; Ballaz et al., 2020; Mathé et al., 2020;
Garakani et al., 2020).

Overall, despite a variety of approaches being available, current treatments remain
ineffective for approximately 15-40% of individuals with an anxiety disorder, and even in those for

whom treatment is considered effective, they often only result in partial symptom alleviation
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(Rodriguez et al., 2006; Bystritsky, 2006). The vast majority of FDA-approved therapies, whether
approved for anxiety disorders specifically or used as an off-label treatment, target distinct, albeit
very broad signaling pathways. And despite knowing general receptor or neurotransmitter effects,
the exact mechanism of action leading from their molecular targets to alleviation of anxiety
symptoms remains poorly understood (Garakani et al., 2020). Newer approaches with more
specific targets and better-understood pathways, however, have shown poor overall efficacy in
clinical trials, underscoring the our need for mor thorough characterization of the psychopathology

of anxiety disorders and the identification of new potential therapeutic targets.

1.2.3 Measuring anxiety in rodent models

In humans, anxiety levels are often measured through self-report on scales such as the
Beck Anxiety Inventory (BAI) or the Hamilton Anxiety Rating Scale (HAM-A) (Julian, 2011;
Thompson, 2015). Rodent models of anxiety, however, rely on behavioral assessment in contexts
eliciting a state of heightened apprehension, which we interpret as anxiety-like behavior. Many of
these assays rely on creating conflict between rodents’ natural drive for exploration and novelty
with an unconditioned fear of heights and/or bright open spaces (Barnett, 1963; Steimer, 2011;
Bourin, 2015; La-Vu et al., 2020). The validity of these behavioral assays are often assessed using
three sets of criteria. The first is predictive validity, which is essentially referring to whether
performance in the assay is modulated by pharmacological treatments in the same way it is
modulated in humans. The second is face validity, or whether the assay and behaviors being
measured resemble the symptoms of the disorder they are attempting to model. The third is
construct validity, referring to theoretical rationale and whether there is congruence in etiology and
underlying physiology impacting the behaviors (Willner, 1984, 1986; van den Berg, 2022). Of note,
anxiety-like assays are distinct from fear based assays, in that fear-like behaviors are in response
to an identified specific and immediate danger, while anxiety-like behaviors are in response to
unspecified and/or potential threat (Steimer, 2002; Davis et al., 2010). Some of the most common

assays of anxiety-like behavior are briefly described below.

Open Field (OF)

19



This assay involves placing the rodent in a large, brightly-lit open box. For mice, this is often a
50cm x 50 cm area, and the ratio of time spent along the periphery verses time spent in the center
(defined as 10 cm from the edge) is measured, with decreased center time corresponding to

increased anxiety-like behavior (Prut & Belzung, 2003; Seibenhener & Wooten, 2015).

Holeboard Assay

Animals are placed in an open box with evenly spaced holes throughout the floor that rodents can
explore by dipping their head into them. Reduced numbers and/or time spent head dipping is a
measure of increased anxiety-like behavior (File, 2001; G. R. Brown & Nemes, 2008; La-Vu et al.,

2020).

Elevated Plus Maze/Elevated Zero Maze/Elevated T Maze (EPM/EZM/T-Maze)

These assays take place on elevated platforms in either the shape of a plus (+), circle, or the letter
‘“T’, with two open arms/sections and two sections enclosed by side walls in the former two, and
one closed section the T-maze. The ration of time spent in the open arms verses the closed arms
in measured, with decreased time spent in the open arms seen as an increase in anxiety-like

behavior (Lister, 1987; Walf & Frye, 2007).

Light/Dark Box (L/D)

Animal are placed into a two-chamber box in which one side is fully enclosed and/or black, and the
other side is white, bright, and open. Time spent on each side is measured, with decreased time in
the light side seen as increased anxiety-like behavior (Bourin & Hascoét, 2003; Kulesskaya &

Voikar, 2014).

Novelty-Suppressed Feeding Test (NSFT)

This assay measures the willingness of a rodent to engage in feeding behaviors in a novel and
potentially unsafe environment Mice are first food deprived, and then placed into a large open
arena with a food pellet in the center. The latency to first take a bite of food in the center is

measured, with increased time indicative of increased anxiety-like behavior (Britton & Britton,
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1981; Bodnoff et al., 1988; Cryan & Sweeney, 2011; Goode & Maren, 2017; Kirlic et al., 2017).

Novelty-Induced Hypophagia (NIH)

Similar to the NSFT, NIH measures an animals willingness to seek food in a novel context.
However in this assay, mice are first trained to drink a palatable liquid (often Ensure) in their home
cage, and then placed in a novel environment and latency to first lick is measured, with increased
latency again indicating an increase in anxiety-like behavior. It is one of few behavioral tests
sensitive to both acute benzodiazepines and chronic antidepressant therapeutics (Merali et al.,

2003; Dulawa & Hen, 2005; Bechtholt et al., 2007).

Translational Models

Rodent models are often a critical first step in screening potentially new pharmacotherapies in the
treatment of disorders such as anxiety, but they are not able to model many of the more complex,
higher-order cognitive processes involved such as worry and evaluative stress. To begin to
address this, there are emerging efforts to create a bridge between basic animal models and
clinical trials using models of anxiety in healthy humans. This “experimental psychopathology”
approach involves using anxiety-inducing procedures in healthy individuals to identify and/or
validate potential neurophysiological contributors to anxiety and then piloting potential therapeutics
in these individuals to evaluate their ability to modulate anxiety induced by the tasks (Grillon et al.,
2019). Together the use of these animal and human models may help to more successfully identify

and develop new treatments for anxiety and other neuropsychiatric disorders.

1.3 The extended amygdala

The circuitry underlying stress responses and anxiety disorders is highly complex and
involves a number of different brain regions. Some of the key regions implicated in these
interactions are those contained within what is known as the extended amygdala. The extended
amygdala is comprised primarily of the bed nucleus of the stria terminalis (BNST), central nucleus

of the amygdala (CeA), and nucleus accumbens shell (NAcsh)(G. F. Alheid, 2003). These regions
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have been broadly implicated in a variety of behaviors including feeding behaviors, prosocial and
reproductive behaviors, punishment and reward learning, and affective regulation (Koob & Volkow,
2010; Kash et al., 2015; Centanni et al., 2022). Regarding the latter, it was previously held that
these regions played distinct roles, with the CeA associated with fear-like behaviors and the BNST
with sustained anxiety states (Davis et al., 2010). However, more recent work has revealed a more
complex interactive contribution of both regions to threat responses more broadly, likely mediated
through heavy inhibitory microcircuitry between the two (Shackman & Fox, 2016; Kovner et al.,
2019; Ye & Veinante, 2019; Moscarello & Penzo, 2022). Below we will provide a brief overview of
the function, circuitry, and cell-type heterogeneity within the CeA and BNST in the context of threat

and anxiety-like behaviors.

1.3.1 Central nucleus of the amygdala

1.3.1.1 Role in fear and affective processing

The amygdala as a whole has long been implicated in fear responses (J. LeDoux, 2003; J.
E. LeDoux, 2003; Maren & Quirk, 2004) (LeDoux 2003, Maren 2004). It is divided into the lateral
amygdala (LA), basolateral amygdala (BLA), and the CeA. The LA integrates cortical and thalamic
information to process detection of potential threats and passes this information to the BLA and
then CeA (S. Lee et al., 2013). Much of the work on the CeA in rodent models has focused on its
role in the learning and expression of Pavlovian conditioned fear-like responses. Inactivation of the
CeA impairs acquisition, consolidation, and expression of fear memories (Wilensky et al., 2006;
Zimmerman et al., 2007), and fear conditioning induces activity-dependent plasticity within its
subnuclei (Ciocchi et al., 2010b; Haubensak et al., 2010; Duvarci et al., 2011). In monkeys and
humans, it has also been shown to be recruited by a variety of threat-related cues such as
aversive images and emotional faces and during sustained threat processing, often associated
with states of anxiety (Yarkoni et al., 2011; Fox et al., 2015; Shackman & Fox, 2016), and rodent
studies are also beginning to dissect its role in anxiety-like behaviors (Fadok et al., 2017; Paretkar

& Dimitrov, 2018; Pomrenze et al., 2019; Beyeler & Dabrowska, 2020; Moscarello & Penzo, 2022).
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1.3.1.2 Cell types and intra-amygdalar connectivity

The CeA is comprised of three subdivisions known as the medial (CeM, or centromedial
amygdala, CEm), capsular (CeM), and lateral division (Cel), with the latter two often collectively
referred to as the centrolateral amygdala (CEl) (Ciocchi et al., 2010b). Neurons in the CEl integrate
input from the LA with inputs from regions such as the thalamus and sensory cortices, and project
to the CEm, where this input is integrated with input from the BLA received through direct
projections and via the main intercalated nucleus (Im) (Haubensak et al., 2010; S. Lee et al.,
2013). The CEm is the primary output division of the amygdala, projecting to many of its
downstream targets listed below, including the BNST (Tasan et al., 2016).

Within the CeA there are a variety of neuronal subpopulations thought to mediate distinct
aspects of threat processing and fear conditioning. Inhibitory microcircuitry between cells
expressing protein kinase C delta (PKCd) and somatostatin (SOM) in the CeL bidirectionally
modulate Pavlovian fear responses, and are often referred to as “CEl off” and “CEl on” neurons
due to their roles in decreasing or increasing conditioned freezing, respectively (Janak & Tye,
2015; Beyeler & Dabrowska, 2020). There are also reciprocal inhibitory interaction between both
CeAPXCS and CeAS°M neurons with a population expressing corticotropin releasing factor (CeACRF),
and it is thought that this population may mediate the transition from passive (freezing) to active
(flight) fear responses and increase anxiety-like behaviors (Fadok et al., 2017; Beyeler &
Dabrowska, 2020; Moscarello & Penzo, 2022). Other major markers of cell types in the CeA
include neurotensin (CeANT®), and tachykinin 2 (CeA™¢2), both showing considerable subregion-
specific overlap with CeACRF and some overlap with CeAS°M neurons, and dopamine receptor 2
(CeAPRP2) (McCullough, Morrison, et al., 2018; Y. Wang et al., 2023), which likely also contribute to
unique aspects to conditioned fear responses (McCullough, Daskalakis, et al., 2018). There is also
some overlap of dynorphin expression with CeACRF neurons and enkephalin with CeAPXC® neurons
(Fadok et al., 2017; Ye & Veinante, 2019; Y. Wang et al., 2023) Newer RNA-Seq based
approaches are also beginning to identify different ways of classifying CeA subpopulations, finding,
for example, that 1/3 of neurons in the regions can be divided into either Nr2f2 or Is/1-expressing,
with the function of this expression yet to be investigated (O’Leary et al., 2022; Y. Wang et al.,

2023).
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1.3.2 Bed nucleus of the stria terminalis

Portions of this section (1.3.2) are adapted from:

Centanni, S. W., Brown, J. A., Williford, K. M., Flook, E. A., Luchsinger, J. R., & Winder, D. G.
(2022). Bed Nucleus of the Stria Terminalis (BNST) circuits. In N. W. Gilpin (Ed.), Neurocircuitry of

Addiction (pp. 321-374). Academic Press

1.3.21 Role in stress responses and negative affect

The BNST is a notably heterogeneous brain region well-known for its role in behaviors
related to stress processing and negative affect. It has also been implicated in a number of other
behaviors including feeding in both stressed and unstressed states (Koob & Heinrichs, 1999;
Ciccocioppo et al., 2003; Micioni Di Bonaventura et al., 2014; Y. Wang et al., 2019), and social
behaviors including aggression, mating, parental care, and prosocial/altruistic behaviors (Bosch et
al., 2010; M. A. Lebow & Chen, 2016; Yohn et al., 2017; Duque-Wilckens et al., 2018; Vekaria et
al., 2020; Flanigan & Kash, 2022). It is highly stress-sensitive, showing increased activation in
response to both physiological and psychological stressors. Acute stressors such as footshock and
restraint stress reliably increase expression of cfos in the BNST (Bechtholt et al., 2007;
Sterrenburg et al., 2011; Ventura-Silva et al., 2012; Babb et al., 2013; Fetterly et al., 2019; L. A.
Kovacs et al., 2022), as well as administration of inflammatory, HPA-axis activating compounds
such as IL-1 (Ericsson et al., 1994). Acute presentation of multiple stressors simultaneously also
results in increased cfos in the BNST (Lin et al., 2018), as does chronic exposure to variable
stressors (L. A. Kovécs et al., 2022), and both acute and chronic stress results in a variety of
synaptic and electrophysiological changes withing the BNST (Vyas et al., 2003; McElligott &
Winder, 2008; Mcelligott et al., 2010; Conrad et al., 2011; Ventura-Silva et al., 2012; Partridge et
al., 2016; Snyder et al., 2019; Maita et al., 2022). We have also previously shown that there is an
increase in calcium signaling, as measured by GCaMP, and glutamatergic drive, as measured by
GIuSNfR, while actively coping with stressors such as restraint and in the NSFT variety of
stressors (Jaramillo et al., 2020; Luchsinger et al., 2021; J. A. Brown et al., 2022).

It's stress-sensitivity position it well to mediate a number of stress-related behaviors. It is
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highly implicated in anxiety in both humans and animal models. Lesions of the BNST abolish or
reduce both basal and stress-induced anxiety-like responses, in part through alteration of stress-
related cortisol release, suggesting it is critical for driving anxiety-like behaviors (Davis et al., 1997;
Y. Lee & Davis, 1997; Sullivan et al., 2004; Duvarci et al., 2009). Indeed, optogenetic inhibition of
the BNST also decreases anxiety-like behavior while optogenetic activation results in increased
anxiety-like behavior (S.-Y. Kim et al., 2013). The BNST is activated by a variety of threat
presentations and its activity covaries with self-reports and physiological measures of fear and
anxiety (Somerville et al., 2013; McMenamin et al., 2014; Alvarez et al., 2015; Banihashemi et al.,
2015; Shackman & Fox, 2016). Activity in the BNST can distinguish between safe and anxiogenic
environments (S.-Y. Kim et al., 2013). It is also a key regulator in the withdrawal/negative affect
stage in the cycle of substance use disorders (Koob, 2008; Jennings, Sparta, et al., 2013). Acute
and chronic administration as well as abstinence from drugs of abuse drive plastic changes in
BNST physiology and its activity plays a key role in driving cue- and stress-induced reinstatement
of drug seeking (Delfs et al., 2000; Shalev et al., 2001; Koob & Volkow, 2010; Ch’'ng et al., 2018;
N. A. Harris & Winder, 2018; Centanni, Bedse, et al., 2019; Perez et al., 2020). It is important to
note, however, that these affects are highly cell type and projection specific, with many
subpopulations and efferent pathways having opposing effects on anxiety and reward-related
behaviors (Kim 2013, Jennings 2013, and these differential contributions will be further parsed in

the following sections

1.3.2.2 Circuitry

1.3.2.2.1 Afferents

The BNST receives input from regions including cortical, amygdalar, hypothalamic, and
brainstem nuclei. More specifically, the BNST receives glutamatergic input from regions including
the parabrachial nucleus (PBN), basolateral amygdala (BLA), paraventricular thalamus (PVT),
ventral hippocampus (especially the subiculum, vSub), entorhinal cortex (EC), lateral
hypothalamus (LH), olfactory bulb (OB), and a variety of subregions in the prefrontal cortex

including the orbital, infralimbic, and prelimbic cortices (Hurley et al., 1991; Takagishi & Chiba,
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1991; Canteras & Swanson, 1992; Cullinan et al., 1993; Mcdonald, 1998; H. W. Dong et al., 2001;
Vertes, 2004; Myers et al., 2014; Penzo et al., 2015; Ch’'ng et al., 2018). It receives GABAergic
input from regions including the CeA, which is the primary source of GABAergic afferents, as well
as the medial amygdala (MeA), globus pallidus, striatum, lateral septum, nucleus accumbens shell,
and hypothalamic subregions including the paraventricular hypothalamus (PVH) and arcuate
nucleus (Arc) (Cullinan et al., 1993; Mcdonald, 1998; H. W. Dong et al., 2001; Dabrowska et al.,
2011; Betley et al., 2013; Myers et al., 2014; Vranjkovic et al., 2017; Ch’ng et al., 2018).

The BNST also receives a variety of neuromodulatory inputs releasing dopamine (DA),
serotonin (5-HT) and norepinephrine (NE). Dopaminergic input from the ventral tegmental area
(VTA) and periaqueductal grey area (PAG) are heavily implicated in the BNST’s role in reward and
arousal (Freedman & Cassell, 1994; Carboni et al., 2000; Meloni et al., 2006; B. Kim et al., 2018).
Serotonergic input from the caudal regions of the dorsal raphe nucleus (DRN) play a role in
mediating anxiety-like behaviors (Block & Hoffman, 1987; Phelix et al., 1992; Commons et al.,
2003; Lowry et al., 2008; J. D. Guo & Rainnie, 2010). The BNST receives one of the densest NE
projections in the brain from the nucleus tractus solitarius (NTS) via the ventral noradrenergic
bundle, playing a critical role in BNST-mediated stress responses and reward behaviors(Ricardo &
Tongju Koh, 1978; Egli & Winder, 2003; Forray & Gysling, 2004; Banihashemi & Rinaman, 2006; J.
Park et al., 2009; S. A. Flavin & Winder, 2013; N. A. Harris, Austin, et al., 2018). Many of the
afferents to the BNST also co-release neuropeptides, and the role of this signaling is discussed in

further detail below.

1.3.2.2.2 Efferents

Many of the outputs of the BNST are to regions with which it shares reciprocal connectivity.
Projections back to the VTA are implicated in anxiety and substance use disorders (Georges &
Aston-Jones, 2001, 2002; H. W. Dong & Swanson, 2006b; Kudo et al., 2012; Jennings, Sparta, et
al., 2013)Both glutamatergic and GABAergic projections to the VTA can have bidirectional effects
on both anxiety and addiction-related behaviors, with GABAergic vBNST->VTA projections having
anxiolytic effects and increasing reward seeking, while glutamatergic BNST->VTA projection

activation is aversive, increases anxiety-like behavior, and decreases reward-seeking (Jennings,
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Sparta, et al., 2013; Stamatakis et al., 2014). Glutamatergic and GABAergic projections back to the
PBN have also been shown to play distinct roles in feeding and are differentially recruited by
aversive stimuli and anxiogenic environments (Luskin et al., 2021). Reciprocal connectivity with
hypothalamic subregions such as the PVH and LH are important in regulating HPA-axis mediated
stress responses and feeding (Roland & Sawchenko, 1993; H. Dong et al., 2001; H.-W. Dong &
Swanson, 2004; H. W. Dong & Swanson, 2006b; Barbier et al., 2021). The BNST shares additional
reciprocal projections with the CeA NTS, DRN, PVT, PAG, and PBN (H.-W. Dong & Swanson,
2004; S.-Y. Kim et al., 2013; M. A. Lebow & Chen, 2016; Ch’'ng et al., 2018). The BNST also
projects to regions including the medial preoptic area and substantia nigra (H.-W. Dong &
Swanson, 2004; H. W. Dong & Swanson, 2006b; McHenry et al., 2015; Torrisi et al., 2015). Many
of the functions of BNST efferents are highly cell-type specific, and the next section will examine

some of this cell-type and functional heterogeneity.

1.3.2.3 BNST Heterogeneity

The BNST can be divided into several subregions and is composed of numerous cell types
that can be classified by their expression of distinct neurotransmitters, proteins, neuropeptides, ion
channels, and other proteins. Considerable effort has been placed on categorization of the BNST’s
heterogeneity, and the emergence of new tools has recently enabled functional characterization of
these cell groups, enhancing our understanding of the role of this complex region in a variety of

affective, social, and reward processing behaviors.

1.3.2.3.1 Anatomical subregions of the BNST

The rodent BNST is typically divided into 12-18 anatomical subregions (Ju & Swanson,
1989; Moga et al., 1989; G. F. F. Alheid et al., 1998; H.-W. Dong & Swanson, 2004) whose
projections and functions have been thoroughly reviewed (M. A. Lebow & Chen, 2016; Ch’ng et al.,
2018; Flanigan & Kash, 2022) and are summarized here. Standard nomenclature divides the
BNST into anterior (aBNST) and posterior (0BNST) divisions, defined in relation to a bundle of
fibers associated with the stria terminalis. The pBNST contains three subnuclei: the principal

nucleus (BNSTpr), interfascicular nucleus (BNSTif), and transverse nucleus (BNSTtr). The aBNST

27



can be further divided into dorsal (dBNST) and ventral divisions (vBNST), defined in relation to the
anterior commissure, and collectively contains nine commonly accepted subnuclei. The dBNST
contains the oval nucleus (BNSTov), juxtacapsular nucleus (BNSTjx), and anterolateral nucleus
(BNSTal) (the three of which are collectively referred to as the dorsolateral BNST (dIBNST)), and
anteromedial nucleus (BNSTam). The vBNST contains the fusiform nucleus (BNSTfu), the
magnocellular nucleus (BNSTmg), the rhomboid nucleus (BNSTrh), the dorsomedial nucleus
(BNSTdm), and the ventral nucleus (BNSTv). The BNST'’s subregion heterogeneity is critical in
achieving its integrative function in “valence surveillance” (M. A. Lebow & Chen, 2016), with
different subregions mediating distinct, and sometimes competing, effects on behavior. For
example, the BNST is a major modulator of the Hypothalamic-Pituitary-Adrenal (HPA) axis, which,
as discussed above, is responsible for mediating the body’s stress responses. The aBNST, and in
particular, the BNSTdm, drives activation of the HPA axis, while the pBNST inhibits HPA axis
activity (Choi et al., 2007; Choi et al., 2008; Radley et al., 2009). This is likely driven in-part by
inhibitory intra-BNST connectivity, with the BNSTpr providing input to the BNSTam, BNSTmg, and
BNSTdm. The small size of many BNST subnuclei and technical limitations has made precise

functional characterization challenging, but existing work is briefly summarized below.

Anterior BNST

In addition to driving activation of the HPA axis, the aBNST is also involved in social
vigilance, mediating responses to social threats, and stress-induced impairments in reward and
prosocial behaviors (Jasnow et al., 2004; Forray & Gysling, 2004; Dumais et al., 2016; Klampfl et
al., 2016; Duque-Wilckens et al., 2018, 2020). Within this division, the BNSTov integrates
information about mood and negative valence, and generally promotes anxiety-like behavior (S.-Y.
Kim et al., 2013). The BNSTal is thought to be involved in the integration of mating behaviors,
bonding, and neuroendocrine state with mood, pain processing, exteroceptive sensory information,
threats, and digestive homeostasis, while the BNSTam integrates drinking and fluid homeostasis
information with HPA axis activation and fight-or-flight responses through connectivity with
brainstem nuclei (Krettek & Price, 1978; Bruijnzeel et al., 1999; H. Dong & Swanson, 2004; H. W.

Dong & Swanson, 2006b, 2006a; Romero & Butler, 2007; J. Park et al., 2012; Bienkowski &
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Rinaman, 2013; Ide et al., 2013; Klampfl et al., 2016; Lange et al., 2017).

The vBNST contains the highest concentration of noradrenergic (norepinephrine,
noradrenaline, NE) fibers in the brain (Kilts & Anderson, 1986; Phelix et al., 1992). It plays a key
role in arousal, and mediates cardiovascular response integration through connectivity with the
nucleus of the solitary tract (NTS) and central amygdala (CeA) (Roder & Ciriello, 1993; Dunn &
Williams, 1995; Forray et al., 2000). The vBNST is also highly stress responsive, releasing
noradrenaline both tonically and in response to immobilization stress, foot shock, fox odor, forced
swim stress, and unreceived anticipated reward (Palij & Stamford, 1992; Cecchi et al., 2002;
Forray & Gysling, 2004; Fendt et al., 2005; Briand et al., 2010; J. Park et al., 2013). Like the
dBNST, the vBNST is involved in regulation of prosocial behaviors and specifically modulates
decreased prosocial behaviors after exposure to alcohol, and may also regulate aggressive and
sexual behaviors through connectivity with the ventromedial hypothalamus (VMH) (H. Dong &
Swanson, 2004; H.-W. Dong & Swanson, 2006; Marcinkiewcz et al., 2015; Y. Kim et al., 2015;
Duque-Wilckens et al., 2020). The vBNST can also work in opposition to the dBNST, providing
direct inhibitory input to the paraventricular nucleus of the hypothalamus (PVN) to inhibit HPA axis
activity in the face of inescapable stressors while simultaneously promoting active coping
strategies through inhibition of the ventrolateral periaqueductal gray (vIPAG) (J. J. Radley &
Johnson, 2018). Finally, the vBNST also drives feeding and reward behavior, which will be
discussed in more detail later in this chapter. Most subnuclei within the vBNST have not been well
characterized individually, with the exception of the BNSTmg and BNSTdm, which are both
involved in neuroendocrine and autonomic control of fluid and nutrient homeostasis and are largely
responsible for the aBNST’s activation of the HPA axis. The BNSTdm has also been implicated in
modulating prosocial approach and avoidance behavior via the PVN, integrating social information
with reward or stress responses and adjusting mood accordingly (H. W. Dong & Swanson, 2006b;

H.-W. Dong & Swanson, 2006; McFadden et al., 2012; Ventura-Silva et al., 2012).

Posterior BNST
The pBNST is the most sexually dimorphic region of the extended amygdala across species

and modulates many sex-specific social behaviors including mating and reproduction, parental
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care, and social defense and aggression behaviors (Laflamme et al., 1998; Goodson & Kabelik,
2009; Ventura-Silva et al., 2012; Campi et al., 2013). The BNSTif and BNSTtr likely play an
important role in mediating many of these behaviors through their possible role in social
recognition (Petrulis & Johnston, 1999; H.-W. Dong & Swanson, 2004). The BNSTpr is the most
heavily studied of the posterior nuclei. It plays a role in stress responses and aggression, and as
mentioned above, is critical in the integrative function of the BNST as a whole through its intra-
BNST projections to regions like the BNSTmg and BNSTdm (H.-W. Dong & Swanson, 2004;
Nelson & Trainor, 2007; Ventura-Silva et al., 2012). The pBNST may combine social information
with reward cues via interconnectivity with the ventral tegmental area (VTA) in order to assign
valence to social interactions and, through the principal nucleus, bidirectionally regulate motivation
to engage in social behavior and/or activation of the HPA axis (Herman & Larson, 2001; D. C. Choi

et al., 2007, 2008; M. Lebow et al., 2012; Ventura-Silva et al., 2012).

1.3.2.3.2 BNST cell types - classifications and functions

In addition to distinct subregions, the BNST'’s integrative function is further facilitated by its
cell-type heterogeneity. BNST neurons can be categorized in a variety of ways, including the
neurotransmitter release, expression of various proteins/neuropeptides, and electrophysiological

profiles.

Neurotransmitters and neuromodulators

The vast majority of neurons in the BNST (~90%) release GABA, form symmetric synapses,
and express VGAT (vesicular GABA transporter). ~10% of BNST neurons release glutamate, form
asymmetric synapses, and express vGlut2 (vesicular glutamate transporter). There is also a very
small proportion of neurons that expresses vGlut3, but these neurons also express GAD67 for
GABA production, typically release GABA, and form symmetric synapses, suggesting they are
primarily inhibitory (Kudo et al., 2012; Moffitt et al., 2018; Welch et al., 2019; Rodriguez-
Romaguera, Ung, Nomura, Otis, Basiri, Namboodiri, Zhu, Elliott Robinson, et al., 2020).
GABAergic and glutamatergic neurons in the BNST play distinct roles that have been especially

well-studied in the vBNST, where glutamatergic projections to the VTA are activated by stress, and
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activation of these afferents decreases reward seeking and increases anxiety. GABAergic vBNST
projections to the VTA are inhibited by stress, and their activation is rewarding, anxiolytic, and
drives drug seeking and reinstatement (Jennings, Sparta, et al., 2013; Companion & Thiele, 2018).
The BNST is also a hub for monoamine signaling, and different distributions of cells
expressing these receptors can be seen throughout the region. For example, cells expressing the
D2 dopamine receptor can be found fairly evenly distributed throughout the dBNST and vBNST,
with a slight enhancement in the dIBNST. In contrast, D1R-expressing cells are sparse, with a
small amount of expression primarily restricted to the dBNST, but with a striking lack of presence
in the rat BNSTov (Krawczyk et al., 2011; Yoon & Baik, 2015; J. Lu et al., 2021). Adrenergic vs
non-adrenergic cells expressing alpha2AR (autoreceptor vs heteroreceptor populations) can have
differential effects on BNST activity and involvement in stress-induced reinstatement of drug
seeking (including opiates and cocaine), analgesia, sedation, and cognitive function in an input-
specific manner (Delfs et al., 2000; X. Wang et al., 2001; Leri et al., 2002; Gilsbach et al., 2011; S.
a Flavin et al., 2014; N. A. Harris, Austin, et al., 2018; Perez et al., 2020). Cell populations defined
by expression of distinct serotonin (5-HT) receptor subtypes can also have opposing effects on the

expression of fear- and anxiety-like behaviors (Marcinkiewcz et al., 2019; Hessel et al., 2020).

Neuropeptides/Proteins

The BNST is a complex hub of a multitude of cell types that can be defined by their
expression of neuropeptides and/or the receptors for those neuropeptides, with differing degrees of
overlap between expression profiles. These include cell bodies expressing corticotropin releasing
factor (CRF), somatostatin (SOM), neuropeptide Y (NPY), neurotensin (NT), Arginine vasopressin
(AVP), nociceptin (NOC), substance P (SP), galanin (GAL), cholecystokinin (CCK), enkephalin
(ENK), dynorphin (DYN), and oxytocin (OT), as well as cells expressing the receptors for each of
these plus pituitary adenylate cyclase-activating peptide (PACAP) and orexin (OX) (Lesur et al.,
1989; Ju et al., 1989; Walter et al., 1991). Additionally, the outliers of the neuropeptide
classification conversation are cells expressing protein kinase C delta (PKCd). While not a
neuropeptide, it is a common marker of an anatomically and functionally distinct population of cells

in both the CeA and BNST (Haubensak et al., 2010; Fetterly et al., 2019; Ye & Veinante, 2019).
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It is important to note that, while there is often overlap, the cell population expressing the
receptor for a neuropeptide is not equivalent to the population expressing the peptide itself. For
example, there exist complex bidirectional interactions between the CRF and OT systems in the
regulation of maternal social behaviors wherein OT neurons express CRFR2 and CRF neurons
express OTR (Dabrowska et al., 2011; Martinon & Dabrowska, 2018; Klampfl & Bosch, 2019).
Other neuropeptides such as Pituitary Adenylate Cyclase-Activating Polypeptide (PACAP) do not
have cell bodies present in the BNST, but it nonetheless plays an important signaling role in BNST
through neuronal populations on which its receptors are expressed (Hashimoto et al., 1993; Kozicz
et al., 1997; Hammack et al., 2010).The expression profiles and function of many of these cell
types have been extensively characterized, while others are just beginning to be investigated (for
reviews, see (Kash et al., 2015; M. A. Lebow & Chen, 2016; Ch’ng et al., 2018; Flanigan & Kash,
2022) and findings on peptide-expressing and peptide receptor-expressing BNST cell populations
are summarized in Figure 1 and Table 2. Recent advances in single-cell profiling have also
resulted in new categorizations of BNST cells based on their genetic profiles, with one group
identifying 11 distinct subpopulations and another finding 41 separate cell types (Welch et al.,
2019; Rodriguez-Romaguera, Ung, Nomura, Otis, Basiri, Namboodiri, Zhu, Elliott Robinson, et al.,

2020). Future work may reveal even more nuance in the function of BNST subpopulations.
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Figure 1.1 BNST subregions and cell types

CellType| Behavioral
in BNST Correlate
++ Sickness

@ AVP + Social
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+ Anxiety

® CRF 4 Relapse

@ CCK | *Positive Valence
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+ Anxiety

@ ENK + Fear

+ Anxiety
@® NOC | 4 Feeding

+ Anxiety
a + Pain
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Diagram of cell-type distributionin the BNST. Three planes of the BNST are shown. Planes progress from
anterior to posterior when moving from left to right. Cell types included: AVP = arginine vasopressin, CRF =
corticotropin releasing factor, CCK = cholecystokinin, DYN = dynorphin, ENK = enkephalin, NOC =
nociception, NPY = neuropeptide Y, NT = neurotensin, OXT = oxytocin, PKCd = protein kinase C delta, SOM
= somatostatin.

Citations located within Table 2, full listin Appendix 5.2
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Table 2 BNST Peptidergic* Subpopulations

Cell Distribution and Function Specific Findings
Type Expression Summary
AVP -Mostly pBNST, some -Increases AVP cell ablation reduces female copulatory behavior?
BNSTam in both mice'> reproduction and Increased expression of AVPR1a mRNA, peptide levels (100 fold) and
and rats*. parental behaviors receptor binding during birth and lactation in rats, stimulated by estrogen522
-Higher levels in females _Increases Increases AVP expresilon correlated with increased parental territoriality in
586 . male and female mice
than male rats aggressive - —
behaviors AVPR1a antagonism reduces maternal aggression
AVP cell ablation” and AVR1aR'2 antagonism reduces prosocial interaction
-Increases AVP infusion decreases male aggression in rats but antagonism of AVPR1
prosocial behaviors | had no effect'
-Sex specific Agglressiocr; goisiti\;ew correl;atgd V:Iilh number of AVP cell bodies in
effects on sickness |-unsiressed but not stressed mice™ _ i
behavior AVPR1a activity associated with higher aggression in Syrian hamsters's
Ablation of AVP neurons reduces preference for novel social interaction
(same-sex social recognition?) in males®
AVP cell ablation increases sucrose consumption'®
AVPR1a antagonism reduces anxiety-like behavior!!
AVP cell ablation reduces sickness behavior in males, increases in
females®
CCK -Mostly BNSTam and a little | -Increases positive ChR2 activation of cell bodies and projections to LH is reinforcing”
alBNST™? valence Mice will self-admin drinking CNO with Gg DREADD expressed in CCK
cells™
-Increases - - - —
: : Gi DREADD or expression of prevents preference Kir2.1 (inhibitory K+
reproductive/ social ‘ . ) 7
reward channel) abolishes preference of male mice for female urine scent
CRF -Diffuse dBNST and vBNST | -Increase anxiety Stress increases amount of CRF mRNA in subregion specific manner2’-32
of mice'®21, restrictfed to Dri | Increased cfos in CRF neurons following variety of stressors31-33
BNSTov (GABAergic) and -Drive relapse BNST CRF infusion® and ChR2 stimulation is aversive, aversion blocked
BNSJ!;’ (Glutamatergic) in - | 5o cococ by either CRFR1 or CRFR2 antagonist*
rats maternal behaviors BNST CRF infusion increases anxiety. Anxiety blocked by CRFR1
-More CRF neurons in . antagonist®* -
BNSTov and BNSTal in -Involvedin Intra BNST CRF infusion and activation of CRFR1 drives reinstatement of
females than males* rbe%ula_txon of social | cocaine seeking®
) ) ehaviors CRF signaling required for stress-induced reinstatement of drug seeking?’-32
-~60% overlap with NT in CRF mRNA decreased during lactation, CRFR1 and CRFR2 agonists
0, i 25,26
rats, 1% with ENK2- decrease nursing behaviors, antagonism prevents stress-induced
reductions in nursing#-
Repeated sub-anxiogenic doses of CRFR1 antagonism decreases prosocial
behavior®®
Antagonism of CRFR1 or CRFR2 blocks increases in submissive behavior
after social defeat?0.4!
DYN -Cell bodies throughout -Stress-sensitive, Stress induces KOR phosphorylation®
dBNST and vBNST of drives stress KOR antagonism and dynorphin gene deletion blocks stress-induced
miced2 responses aversion
dysphoria-like? i ima7
-ppDYN mRNA highly (dysp ) ppDYN mRNA increases 5..1f.ter forced swim . .
expressed in BNSTal, -Drives drug _KOR agonr\gt causes conditioned place aversion, reduces social
BNSTov, BNSTrh, and escalation interaction’ — —
BNSTfu, moderately in KOR agonists block anxiolytic effects of BLA-->BNST activation, block
BNSTam and BNSTif of -May increase glutamatergic fransmission24°
rats®? anxiety Opto activation of BNST DYN(+) cells inhibits EPSCs in DYN(-) BNST
cells*2
-High der:jsi_tyg“;?? DYN/KOR decrease inhibitory transmission into the BNST45:50
expressed in m, KOR agonist reduces social interaction*®
BNSTpr, and BNSTv. DYN &
and KR only overlapped in
BNSTrh4#?
-Colocalization with SP#
-mRNA 67% colocalized
with NT in BNSTov of
mices
ENK -mRNA in rats mostly in -Activated by Activated by IL-1B%

BNSTal, BNSTam,
(GABAergic) and pBNST
(18% glut), very little in
BNSTpr and BNSTrh,
absent in BNSTfu?.43

-~10% coexpression with

stress/ withdrawal

-May decrease
anxiety

ENK neurons showed cfos activation in morphine-dependent rats after
naloxone injection>’

Affective symptoms of withdrawal increase cfos in ENK-producing neuronss?

Might decrease anxiety-like behavior, possibly through projections to the
CeAd®
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NT, 1% with CRF25

GAL -BNSTal and vBNST of -Increases stress- GAL antagonism into BNST immediately prior to acute immobilization stress
rats5* induced anxiety prevented stress-induced reductions in social interaction time and stress-
. . induced decreased in open arm time in EPM. No effect on behavior in
-Largely overlapping with unstressed rats®”
VIP® -Testosterone recovers expression levels of GAL and number of GAL+
-Increased expression in neurons following testicular removal in rats5é
females®
NOC/ -Cell bodies primarily in -Increases feeding NOC into BNST or NOP agonist can block stress- and CRF-induced
Pnoc BNSTal and BNSTam, very ) anorexia®?
few in BNSTjx or vBNST® -Decreases anxiety ["jicroinjection of NOC in BNST can block CRF injection-induced anxiety in
rats®
-Pnoc neurons throughout - - - - =
BNST, enriched in dBNSTE? ICV injection CRF increases NOP expression in BNST
_NOC fibers concentrated in Opto stim of_Pnoc BNST neurons increased physiological measurements of
VBNST, little in pBNST?® arousal (pupillary response and heart rate) with no effect on
’ approach/avoidance in RTPP or locomotor behaviors0
-Over 50% of BNST
neurons contain functional
NOC#!
-88% of Pnoc neurons co-
express with either SOM,
PKCd, CCK, or Zic1. Little
to no overlap with Foxp2,
pENK Calb2, CRF, NT, or
vglut3%0
NPY - densest in vBNST, -May decrease Increased NPY-positive neurons correlated with decreased anxiety-like
moderate in dBNST anxiety behaviors
EXCEPT BNSTov, little . NPY into dIBNST suppressed pain-induced and CRF infusion-induced
expression in pBNST in -May Improve conditioned place aversion, effect blocked by Y1 or Y5 antagonist. Through
both mice®* and rats®® stress coping decreased excitability of type Il neurons&’
“Highly overlapping -Decreases pain EZR gene deletion from CeA (which sends GABAergic inputs to BNST)
- aversiveness ecreased anxiety-like and depressive-like behavior. Deletion in BNST had
expression of NPY and feacts?
Y2RS5 _ no effec
TExpressmn ICV CCK4 reduces NPY expression in BNST, ICV NPY or Y1R agonist
increased by drugs | attenuate the anxiogenic and depressive-like effects of CCK-4
of abuse, administration®?
decreases EtOH NYP inhibits BNST GABAergic transmission through Y2 (in contrast to CRF,
binging which enhances it)™
-Implicated in Chronic restraint stress increases NPY and Y2 expression and reduces
neurodegenerative inhibitc_)ry effect_ of.Y2 in stress-s@oepﬁble m(_)use st.rain.ﬁ“
disorders Beha\nolral flexibility in stress coping is associated with increased NPY
expression’
Heroin injection” and morphine self-administration increases NPY IR in
dIBNST
NPY Y1 receptor (Y1R) activation in the BNST suppressed binge alcohol
drinking”
Nicotine injection decreases NPY IR in dl BNST?®
Colchicine treatment (causes AD phenotype in rats) decreased NPY IR in
BNST. 4 days of nicotine treatment restores NPY IR to previous levels and
improves memory’®
NPY IR in BNST increased in people with Huntington's Diseasse’”
NT -concentrated in the -Increases stress- Blocking NTR in BNSTov prevents stress-induced anxiety-like behavior
BNSTov of rats?¢ and induced anxiety (normalizes EPM open arm time) in rats®?
mice’®, scattered in BNSTjx NT increases inhibitory input from the CeA%s
of rats” and pBNST of '?f%[eaies acute  I"NT increases IPSCs in the BNST®
mice® efiects of cocaine NTR antagonism blocks cocaine-mediated increases in D1-mediated LTP of
-Little overlap of NT IPSCs®2
neurons with NTR1 (6%) or
NTR2 (12%)7®
-10% overlap with ENK25,
larger overlap (50-80%)
with CRF2679 in rats
-67% overlap with DYN in
BNSTov of mice*
oXx -No cell bodies. Ox-A -Increases OX1R antagonism blocks NPS-induced enhancement of cue-induced

fibers®.64 and Ox1R®
present throughout dBNST,
and vBNST, especially
BNSTam

reinstatement
-Increases anxiety

-Increases arousal

alcohol seeking®?

Activation of Hert-1/Ox-A terminals in the BNST drives reinstatement of
alcohol seekings?

BNST OX implicated in stress-induced reinstatement??

OX1R antagonism blocks yohimbine-induced impairment of cocaine-CPP
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-Ox-B fibers throughout
dBNST, concentrated in
BNSTal/BNSTov in rats®

extinction?®

orexin A depresses excitatory transmission in BNST via OX1R. OX1R
antagonism block yohimbine-induced depression of excitatory
transmission®®

Ox-A infusion into BNST increases anxiety-like behavior?®

Dual OX receptor antagonist attenuates BNST-mediated arousal/sustained
wakefulness®

OXT -In mice, cell bodies in -Increases Pup-directed aggression in males mice correlated with increased cfos in
vBNST and BNSTam, aggression BNST OXT neurons®
OXTR expression in Increased OXTR binding in aggressive rats®
amBNST" 2 ;lnnai;?::;miva“on OXT infusion decreases biting toward male intruders?
-In rats, no cell bodies (only | and behaviors OXT infusion reduced maternal aggression®”
terminals), OXTR (sometime OXTR antagonism reduces maternal motivation
expression in, pBNST and maternal Increased expression of OXTR mRNA and receptor binding during birth and
BNSTov® aggression) lactation in rats89
increased cocaine-driven maternal aggression associated with increased
-3x more in male rat pPBNST -Involvgq in social OXTR binding®
than females® recggn\tmn and Cocaine decreased OTR binding density®®
-Higher expression in social-defeat stress OXTR antagonism reduces same-sex social recognition in males and 1
proestrus than estrus in -Increases fear females. OXT infusion increases social recognition in males®
dIBNST of rats® learning OXT infusion into BNSTam reduces social approach behavior and
increases social vigilance in males and female mice®!
-OT inputs co-express Inhibition of OXT production impairs social-defeat stress-induced
CRFR2% impairments in prosocial behavior®?!
QOXT cells activated (increased cfos) immediately after 3 days of social
defeat stress in male and female mice®
Number of OXT cells and activated (Cfos) OXT cells in females 2 weeks
after and 10 weeks after social defeat stress®?
Sex- and stress- specific effects of intranasal OT on social interaction and
resident intruder freezing??
OXTR antagonism in dIBNST impairs acquisition of cued fear, but OXT
infusion had no effect’®
OXT infusion facilitates temporally predictable cued fear learning!%?
PKCd* -Restricted to BNSTov in -Decrease feeding Activation of PKC? cells inhibits feeding'®
mice and rats®.102102 ) Increased expression of PKC5 mRNA and cfos/PKCd mRNA colocalization
) -Stress sensitive after stress®
;;:tc;;gz)(presses D2Rin -Conflicting reports |_Increased coexpression with CRF mRNA in female mice after stress®
on involvement in Optogenetic activation had no impact on anxiety-like behavior'®4
anxiety Gq-DREADD activation decreased anxiety-like behavior%s
Inhibition of synaptic transmission in PKC?& cells decreased anxiety-like
behavior'®
SOM -Restricted to BNSTov in -Conflicting reports Opto stim of SOM to NAc shell PV interneurons: decreases anxiety %7
rats®, mostly in BNSTov on an;lety effects Opto stim of SOM to NAc shell PV interneurons increases social
and some throughout rest (possibly X 107
of dBNST, vBNST, and projection-specific) ~ |mieration . -
PBNST in mice20 Activation of CeA%°™ to BNST®°™ neurons increases anxisety %%
-Increases fear Gq DREADDs increase cue-related fear recall (fear memory consolidation),
-20-40% colocalization with learning increased fear generalization. Gi DREADD had no changes from control2°
SP in rats?6
SP -BNSTal in rats?, vBNST -Sensitive to SP admin in BNST can activate the preoptic area'!!
with laln';éjst none in dBNST tgstos?erone and Bilateral enucleation decreased number of SP neurons in the BNST.
of mice circadian effects Prevented by treatment with testosterone?
-60% overlap with SOM in -Implicated in Testosterone-dependent seasonal reduction in SP expression in hamsters
rats, even higher during neurodegenerative | _(during exposure to short photoperiod)'**
development until 7wo26.109 diseases Decreased SP IR in Huntington's disease™ 114
Overlap with proDYN and _Unclear if involved BNST in_creases in cf_os by exposureltg EPM not effected by NK1R
neurokinin A in in anxiety in the antggonlsm(but D?SS“_)IE floor effect)
hamsters#.110 BNST SP increases anxiety in CeA, MeA, BLA, LC, PVN, VMH, LS, and PAG but
not looked at in BNST'®
VIP/ -No cell bodies, fibers -Increases stress PACAP and VIP+ terminals in close proximity to CRF and ENK cells'22
PACAP | densestin dIBNST, some in responses and PACAP upregulates expression of CRF123-125

vBNST"?

-PAC1R mRNA throughout
dBNST and vBNST''3, very
little VPAC11% or VPAC2120

-Large overlap in VIP+ and
PACAP+ terminals’?!

anxiety-like
behaviors

-Drives stress-
induced inhibition
of feeding

Chronic variable stress increases expression of PACAP and PAC1R in
BNST_1ZE,127

BNST PACAP infusion leads to activation of the HPA axis as determined by
increases in plasma corticosterone27.128

PAC1 receptor antagonism during CVS attenuates stress-induced
behavioral responses and changes in weight gain'2®

BNST PACAP infusion amplifies CVS-induced stress responses’??

PACAP and PAC1 receptor knockout mice which exhibited a diminished
anxiety responses to stressors30.131

BNST PACAP38 dose-dependently decreased body weight, as well as food
and water intake!32

*PKCd is not a neuropeptide, but is a major expression-defined cell type of the BNST

Cell type abbreviations: AVP: Arginine Vasopressin, CCK: Cholecystokinin, CRF- Carticotropin-releasing factar, DYN: Dynorphin, ENK-
Enkephalin, GAL: Galanin, NOC: Nociceptin, Pnoc: Prepronociceptin NPY: Neuropeptide Y, NT: Neurotensin, Hert-1/0x-A: Hypocretin-
1lorexin-A, OXT: Oxytocin, PKCd: Protein Kinase C Delta, SOM: Somatostatin, SP: Substance P, VIP: Vasoactive intestinal polypeptide,
PACAP: Pituitary Adenylate Cyclase-Activating Peptide,
Other abbrewviations: AD: Alzheimer's disease, HD: Huntington’s disease, |ICV: intracerebroventricular, IR: immunoreactivity
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Electrophysiological

Electrophysiological characterization is a common method that has been used to classify
neurons in a number of brain regions including cortical areas, the striatum, and the amygdala (SAH
et al., 2003; Markram et al., 2004; Kreitzer, 2009; Pape & Pare, 2010; Seung & Siimbdil, 2014; van
Aerde & Feldmeyer, 2015). Knowledge of the physiological properties of cell types can provide
insight into their functional role, and characterized synaptic responses can enable cells to be
identified in vivo to understand activity in awake and behaving animals. While extensive studies
have been done to classify BNST cells into distinct electrophysiological groupings, this work has
suffered from the presence of considerable differences across species, and difficulty in identifying
the functional/behavioral relevance of each type (Silberman et al., 2013; Daniel et al., 2017). In
general, four BNST cell types have been described: Type |, Type Il, and Type lll, and “other”
(neurons not fitting into any of these classifications (Daniel et al., 2017), and findings of their
distribution in rodents is summarized in Figure 2.

Type | neurons are typically characterized by their regular firing rate (and as such, have
also been termed Regular Spiking Cells) but show spike frequency adaptation after prolonged
depolarization (Rodriguez-Sierra et al., 2013). Additionally, they show a prominent depolarization
sag following a hyperpolarizing step, meaning they depolarize to a slightly less-hyperpolarized
level after initial hyperpolarization. Type | cells also do not show burst firing after injection of
depolarizing current, and they do not show Low-Threshold Spiking (LTS), meaning they require
significant stimulation to fire an action potential (Gauss & Seifert, 2000; Monteggia et al., 2000;
Hammack et al., 2007; Szics et al., 2010).

Type Il neurons are characterized by a more pronounced depolarization sag in response to
hyperpolarization, which is followed by rebound spiking upon termination of the injection of
hyperpolarizing current, and generally show prevalent LTS (Hammack et al., 2007). The majority of
Type Il neurons also display burst firing, leading to the alternate name of Low-Threshold Bursting
(LTB) cells, meaning less current is needed to evoke an action potential (Rodriguez-Sierra et al.,
2013). However, the presence of bursting is highly variable within Type Il neurons, with some

displaying only single spikes at membrane potentials more depolarized than -70mV, and others
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exclusively responding with single spikes (Rodriguez-Sierra et al., 2013; Daniel et al., 2017). While
most still include these neurons in the Type Il classification, one group separated these cells into
their own division termed Type O, which resemble Type Il but show regular, oscillatory firing after
hyperpolarization and single spikes after depolarization (Sziics et al., 2010; Rodriguez-Sierra et
al., 2013). It has been shown that NPY can block pain- or stress-induced aversions by decreasing
the excitability of Type Il cells specifically (Rangani et al., 2012).

The defining feature of Type Ill neurons is the presence of fast inward rectification without
rebound firing following hyperpolarizing current (indicating the presence of inwardly rectifying
potassium channels (Ik(r))), and little to no depolarization sag (Hammack et al., 2007). In the
context of addiction, it has been found that opiate withdrawal leads to exclusive changes in the
properties of Type Il cells (Francesconi et al., 2017). During withdrawal, their normally high
rheobase (minimum current needed to fire) and inward rectification are both significantly reduced.
They also showed an increase in membrane resistance, resting membrane potential, and
excitability specifically in Type Il cells. While it is still unclear how these cell-type specific
alterations in opiate withdrawal relate to behavioral output, these studies show that there may be

some functional relevance to these physiological categories in the context of addiction.
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Figure 1.2 BNST electrophysiological cell type distribution
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A. Sample traces of Type |, Type Il, and Type Il neurons reproduced from Sziics, A. et. al, 2010. B. Graphical
representation of the relative distribution of electrophysiologically-classified cell types in the rodent BNST.
Dashed indicate no available data. C. Summary of electrophysiological cell type classifications in the BNST.
Values are averaged from Hammack et al., 2007; Silberman et al., 2013; Rodriguez-Sierra et al., 2013; Hazra et
al., 2011 ; and Daniel et al., 2017.

13.24 Chemogenetic and optogenetic circuit manipulation of the BNST

The development of chemogenetic and optogenetic tools has enabled researchers to better
understand the role of the BNST in a cell-type and circuit-specific manner. Optogenetics relies on
the expression of light-activated ion channels or pumps in neurons to drive temporally precise
activation or inhibition of their activity (Fenno et al., 2011; Repina et al., 2017). Many optogenetic
studies in the BNST have helped to clarify the often opposing roles of BNST subpopulations and
afferents. For example, channelrhodopsin (ChR2)-mediated activation of BNST afferents in the
VTA is appetitive (mice show a real-time place preference for stimulation) with no effect on anxiety-
like behavior (S.-Y. Kim et al., 2013). Dissecting this circuit further, however, revealed that ChR2
activation specifically in GABAergic vBNST neurons projecting to the VTA is appetitive and
decreases anxiety-like behavior, while photostimulation of VTA-projecting glutamatergic vBNST

neurons is aversive and anxiogenic (Jennings, Sparta, et al., 2013). Optogenetic excitation of
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global BNST afferents in the LH is anxiolytic but has no effect on real-time place preference (S.-Y.
Kim et al., 2013). However, specific stimulation of GABAergic BNST afferents in the LH produces
robust place preference and also drives avid food consumption, especially of highly palatable
foods (Jennings, Rizzi, et al., 2013). Interestingly, ChR2 activation in BNST CRF or CCK cells
induces an aversive or appetitive state, respectively, as does activation of their terminals projecting
specifically to the LH, but these cells had no effect on food intake (Giardino et al., 2018)
suggesting a different subpopulation may mediate this component of the BNST-to-LH connectivity.
Chemogenetic strategies in the BNST have made use of designer receptors exclusively
activated by designer drugs (DREADDs), which are muscarinic acetylcholine receptors that have
been modified to drive Gi-, Gg-, or Gs-coupled GPCR signaling pathways upon administration of
the ‘designer drug’ Clozapine-N-Oxide (CNO), which is an otherwise inert compound (Roth, 2016)
[Roth, 2016]. One benefit of this approach is that it can be used to mimic endogenous signaling
pathways of various receptors expressed in BNST neurons (Grueter et al., 2006; Mcelligott et al.,
2010; N. A. Harris, Austin, et al., 2018; Pina et al., 2020; Perez et al., 2020). Indeed, work from
Mazzone and colleagues showed that Gg-, but not Gs- or Gi-, DREADD activation in BNST
GABAergic neurons promotes anxiety-like behavior, and that this could be recapitulated through
stimulation of the Gg-coupled 5-HT2cR in the BNST (Mazzone et al., 2018). Although Gi-
DREADDs are typically considered to have inhibitory actions, and Gg- and Gs- to have excitatory
ones, chemogenetic studies in the BNST have urged caution regarding these assumptions. For
example, both optogenetic activation and Gg-DREADD activation in BNST CRF cells is aversive,
suggesting Gg-driven cellular activation, and Gi-DREADD expression decreases resting
membrane potential and spiking activity, suggesting canonical inhibitory actions (Giardino et al.,
2018). However, work from the Winder lab has reliably shown that Gi-DREADD expression can
also have excitatory effects in BNST neurons, increasing BNST activity and anxiety-like behavior
(N. A. Harris, Austin, et al., 2018; Perez et al., 2020). This work highlights the need for careful
interpretation of “activation” and “inhibition” using Gg- and Gi- coupled DREADDs in this region.
Although there have been numerous chemogenetic and optogenetic studies investigating
the role of the BNST and specific cell-types within it on outputs such as anxiety-like behavior, fear,

feeding, pain processing, and aggression, (Jennings, Sparta, et al., 2013; S.-Y. Kim et al., 2013;
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Jennings, Rizzi, et al., 2013; Gungor et al., 2015; Giardino et al., 2018; Bayless et al., 2019;
Rodriguez-Romaguera, Ung, Nomura, Otis, Basiri, Namboodiri, Zhu, Elliott Robinson, et al., 2020;
Xiao et al., 2020; Jaramillo et al., 2020; Emmons et al., 2021; Bruzsik et al., 2021) to-date there
have been no optogenetic manipulations, and relatively few chemogenetic manipulations, of the
BNST in the context of addiction. Of the studies that exist, several have specifically examined
chemogenetic inhibition of VTA-projecting BNST neurons on alcohol consumption and preference.
Studies by Pina and colleagues found that Gi-DREADD expression in the BNST, and specifically in
VTA-projecting BNST neurons, blocked ethanol conditioned place preference when CNO was
administered 30 minutes before testing (Pina et al., 2015; Pina & Cunningham, 2017). They also
found that Gi-DREADD in the BNST was able to reduce the increase in cfos typically seen
following ethanol cue exposure. Other studies found that Gi-DREADD specifically in VTA-
projecting dIBNST CREF cells can reduce binge-like ethanol consumption following a standard
drinking in the dark protocol (Rinker et al., 2017; Companion & Thiele, 2018). Work from the Kash
lab has also investigated the role of Gi- signaling in ethanol-related behaviors. Driving Gi-DREADD
signaling in BNST CRF neurons can suppress binge ethanol consumption. Conversely, driving Gs-
DREADD signaling in these neurons had no effect on ethanol consumption alone, but could block
Y 1R-mediated suppression of binge drinking (Pleil et al., 2015). Gi-DREADD expression in BNST-
projecting mPFC neurons had no impact on ethanol consumption, but did rescue marble-burying
behavior that is normally suppressed after ethanol exposure, and also blocked ethanol-induced
increases in predator odor investigation, increasing TMT avoidance in both ethanol- and non-
ethanol-exposed mice (Hwa et al., 2020). One study from the Winder lab investigated the effects of
Gg-DREADDs in the BNST in relation to the negative affective component of prolonged alcohol
abstinence. Here they found that Gq activation in dBNST neurons receiving input from the insula
mimicked the increased anxiety-like behavioral effects and increased BNST cfos activation seen in
a chronic drinking, forced abstinence (CDFA) model in which mice have access to ethanol for 42
days, followed by 15 days of abstinence (Centanni, Morris, et al., 2019). The only study to-date
looking at chemogenetic BNST modulation in cocaine also comes from the Winder group. They
found that Gi-DREADD expression in the dBNST is sufficient to drive reinstatement of cocaine

conditioned place preference, mimicking the effects of the Gi-coupled a2AR heteroreceptor in the
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context of stress-induced reinstatement (Perez et al., 2020). Together these studies highlight the
fact that BNST chemogenetic and optogenetic manipulation research is still in its infancy, but
current work reinforces the importance of the BNST in the context of drug seeking, withdrawal, and

reinstatement.

1.3.3 Extended amygdala parallel circuitry and cell types

In addition to containing many parallel cell types and being heavily interconnected
generally, recent studies have also begun to examine the existence and function of connectivity
specifically between some of these parallel populations. For example, CeA®RF cells have been
shown to play a role in active threat response and discriminative fear (Sanford et al., 2017; Fadok
et al., 2017; Beyeler & Dabrowska, 2020), while BNSTCRF cells have been largely implicated in
increasing driving anxiety-like behaviors and reinstatement of drug seeking (Shalev et al., 2001;
Funk et al., 2006; Daniel & Rainnie, 2015; Giardino et al., 2018). Asok et al demonstrated that
projections from CeACRF neurons cluster around BNSTCRF neurons in rats, and that optogenetic
inhibition of these terminals resulted in reduced freezing in the latter half of fear retention testing
(Asok et al., 2018). This suggests that this CeACRF>BNST pathway is critical for the long-term
retention of fear memories, and it may be mediated through actions onto BNSTCRF cells. Similarly,
Pomrenze and colleagues found significant overlap (46%) between CeACRF terminals and CRF
cells in the rat BNST (Pomrenze et al., 2019). Gi-DREADD-mediated inhibition of CeACRF terminals
in the BNST significantly increased time spent on the open arms of the EPM, EPM open arm
entries, rearing events, and time spent in the center of the OF. Conversely, Gg-DREADD-mediated
activation of this pathway significantly decreased each of these measures both basally and after
acute immobilization stress, and this increase in anxiety-like behavior was blocked by
coadministration of the CRFR1 antagonist R121919. They then showed that simultaneous
inhibition of BNSTCRF neurons via the kappa opioid receptor-based DREADD KORD and Gq
DREADD activation of CeA®R cells also blocked both basal and stress-induced increases in
anxiety (Pomrenze et al., 2019). Together this directly implicates a CeA°RF>BNSTCRF pathway in
driving increased anxiety-like behaviors.

It has also been shown that there is parallel circuitry between somatostatin-expressing
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extended amygdala populations (Ye & Veinante, 2019) and the function of this connectivity has
begun to be investigated. Ahrens and colleagues found that both global and CeAS°™-specific
deletion of the gene Erbb4 increases anxiety-like behaviors (Ahrens et al., 2018). In a series of
studies they then demonstrated that this deletion results in increased excitatory drive onto CeAS°™
neurons which activates dynorphin-mediated inhibition of CeAS°™ cells. This then disinhibits
BNSTS°™ neurons, ultimately leading to increased anxiety-like behaviors. They also found that
these electrophysiological changes and ultimate activation of BNSTS°™ neurons through this
CeASm>BNSTS°™ pathway are recapitulated by unpredictable footshock stress, implicating this
pathway in mediating stress-induced increases in anxiety-like behaviors (Ahrens et al., 2018).
These findings are interesting because other studies in the BNST have found that activation of
BNSTS°™ terminals onto PV interneurons in the NAc shell actually decrease anxiety-like behaviors
(Xiao et al., 2020), suggesting there may be projection-specific pathways involved in
CeAS°m>BNSTSe™ function.

Ye and Veinante also recently demonstrated that there are parallel projections from
CeAPXC neurons to the BNST, and from BNSTPX®S neurons to the CeA (Ye & Veinante, 2019), but
the function of this circuitry remains uninvestigated. The next section will highlight current literature

on PKC® and what is known about its function within the extended amygdala.

1.4 Protein kinase C delta (PKC®)

1.4.1 Signaling pathways and systemic functions

Protein Kinase C delta (PKCd) is one of a ten-member family of PKC isoforms. PKCs are
serine/threonine kinases that works to phosphorylate a variety of downstream targets and are
divided in to subfamilies based on their dependency on lipid second messengers (such as
diacylglycerol (DAG)), calcium, and ion co-activators (Newton, 2001). The conventional PKC
subfamily is comprised of the PKCa, I, BIl, and y isoforms, based on their sensitivity to both DAG
and Ca2+. The novel subfamily contains PKCS9, ¢, u, and 8, which are all activated by DAG but
insensitive to Ca2+. PKC¢ and A make up the atypical subfamily, and are insensitive to both DAG

and Ca2+ and are primarily recruited by other lipid second messengers such as phosphatidyl
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serine (Newton, 2001; Basu & Pal, 2010; Mondrinos et al., 2013; Q. Yang et al., 2019).

Canonical PKC? signaling pathways involve receptor activation (and in particular, Gg-
coupled G-protein coupled receptors, GPCRs) that then recruit phospholipase C (PLC) to the
membrane. PLC generates (DAG) and inositol-1,4,5-triphosphosphate (IP3) through hydrolysis of
the membrane phospholipid, phosphoinositol. IP3 action on the endoplasmic reticulum to release
intracellular stores of calcium. Simultaneously, DAG activates PKC® through its C1 lipid binding
domain (New & Wong, 2007; Reyland & Jones, 2016; Vail & Roepke, 2019). Activated PKC® then
works to phosphorylate a variety of downstream targets to mediate changes in protein production
and receptor function. For example, in the case of membrane estrogen receptor activation, PKCo
helps to phosphorylate CREB that eventually increases calcium influx through Cav3 subunits (Vail
& Roepke, 2019). In the case of cell survival and death pathways, (discussed below), PKC acts
through targets including MEK, ERK, and NF«kB to drive apoptosis or proliferation (Basu & Pal,
2010). PKC® can also act through noncanonical pathways that distinguish it from other PKC
isoforms, such as activation by tyrosine phosphorylation, and these pathways play important roles
in regulating redox-dependent activation and oxidative stress responses (Reyland, 2009; Reyland
& Jones, 2016).

PKC5 is one of the more widely-expressed novel PKC family members, being present in the
brain, heart, spleen, lung, liver, ovary, pancreas, and adrenal tissues (Wetsel et al., 1992). The
function of PKC has been extensively characterized in the periphery, where it plays a role in cell
migration, proliferation in the context of tumors and cancer, apoptosis, inflammation, and immune
function (Basu & Pal, 2010; Q. Yang et al., 2019; Speidel et al., 2020). Indeed one of the major
phenotypes of PKC&-/- mice are alterations in immune activation and subsequent development of
autoimmune disorders as the mice age, and mutations in humans are associated with systemic
lupus erythematosus, one of the most prominent autoimmune diseases (Reyland & Jones, 2016;
Salzer et al., 2016). PKC? is a critical regulator of inflammatory responses in cancer, diabetes,
ischemic heart disease, and sepsis (Cantley et al., 2011; Ren et al., 2014; Q. Yang et al., 2019).
There are also links between PKCd knockout and delayed mammary gland development (Allen-
Petersen et al., 2010), nonalcoholic fatty liver disease (Greene et al., 2014), and endotoxin-

induced lung injury (Chichger et al., 2012).
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Within the brain PKCd protein is expressed in a variety of regions including the olfactory
bulb, cerebral cortex, lateral septum, thalamus, vestibular and cochlear nuclei, inferior olive,
nucleus of the solitary tract, cerebellum, caudate-putamen, extended amygdala, and superficial
layers of the dorsal horn in the spinal cord (Garcia et al., 1993; Merchenthaler et al., 1993).
Interestingly, it's expression is not uniformly distributed in some of these regions. There are striking
alternating columns of immunostained Purkinje cells in the cerebellum, and in all sensory systems,
it is located in alternating hierarchies within the pathway (Garcia et al., 1993; Merchenthaler et al.,
1993). PKC? is exclusively located in first- and third- order neurons in all but the auditory system,
where it is localized to second and fourth-order neurons (Garcia et al., 1993). PKC?d is also a
specific marker of neuronal subpopulations in the extended amygdala, which will be discussed in
more detail below.

It should be noted that expression patterns of PKC® protein and mRNA are not directly
overlapping, with mRNA expression being highest in the hippocampal formation where protein is
largely absent, as well as the cortical subplate, olfactory areas, thalamus, isocortex, midbrain, and
striatum (Allen Brain Atlas), and it is distributed more diffusely within these regions (Garcia et al.,
1993; Henry & Hohmann, 2012). PKC® expression is primarily restricted to the soma of neurons,
but it also present in some axons and terminals, and can also be expressed by glia, especially
following damage (Merchenthaler et al., 1993; Gott et al., 1994; Koponen et al., 2000; Kaasinen et
al., 2002).

Much of the research on PKC®& function in the brain has focused on its role in apoptotic
signaling. For example, following models of ischemic stroke that induce hippocampal cell death,
there are significant increases in mMRNA expression specifically of the PKCd isoform (and not other
isoforms) in the hippocampus and prefrontal cortex, which is first visible in neurons and emerges in
microglia a few days later (Miettinen et al., 1996; Koponen et al., 2000; S. Guo et al., 2022).
Neuroprotective agent of this damage act through a pathway that involved reduction in PKCd
expression in these regions (S. Guo et al., 2022). Models of epilepsy involving infusion of kainic
acid similarly produce neuronal death, and also result in increased PKC® mRNA and protein in
hippocampal and cortical neurons (Kaasinen et al., 2002). PKC®& also plays a role in the

pathogenesis of prion diseases. Scrapie-infected cerebellar organotypic slice cultures show initial
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upregulation of PKCd mRNA and protein and subsequent loss of PKCd+ Purkinje cells,
accompanied by astrocyte proliferation, and there is delayed onset of scrapie-induced motor
symptoms in PKCd knockout mice (Harischandra et al., 2014). The role of PKC® in inflammatory
responses and apoptosis is also implicated in neurodegenerative disorders (Q. Yang et al., 2019).
Hyperacetylation of PKCS leads to cell death in dopaminergic neurons, and PKC? is activated in
postmortem brains of patients with Parkinson’s disease as experimental models of Parkinsonism
(Jin et al., 2014; Samidurai et al., 2021). Other roles for PKC? include driving blood brain barrier
permeability and damage and subsequent neutrophil infiltration (W. H. Chou & Messing, 2008;
Tang et al., 2018), and developmental growth roles in driving neuritogenesis (O’Driscoll et al.,
1995).

With regard to global effect of PKC on more affective, stress, and reward-related
phenotypes, several PKC isoforms have been implicated. For example, mutant mice that lack
PKCe exhibit reduced anxiety-like behavior and reduced stress hormones (Hodge et al., 2002) as
well as reduced alcohol self-administration (Hodge et al., 1999; Olive et al., 2000), whereas
PKCy(-/-) mice show reduced signs of ethanol intoxication and consume more ethanol than
wildtype mice (R. A. Harris et al., 1995; Bowers et al., 1999; Bowers & Wehner, 2001). Ethanol
also modulates PKC®, with acute administration in neuronal cultures altering it subcellular
localization and chronic ethanol application increasing its expression (Messing et al., 1991; Gordon
et al., 1997). Global knockout of PKC® blocks ethanol-induced enhancement of GABAergic tone in
the thalamus and hippocampus, and these PKC&(-/-) mice showed reduced ethanol intoxication
(D. Choi et al., 2008). In the peripheral nervous system, PKCd has been implicated in mediating
pain responses, as spinal inhibition of PKCIl and PKC®, but not PKCe, blocked the spontaneous
peripheral neuropathy pain induced by paclitaxel (Y. He & Wang, 2015), and PKC&(-/-) mice fail to
develop spontaneous pain in models of sickle cell disease (Y. He et al., 2016). The next section
will focus on the role of PKCd and PKCd-expressing neurons specifically in the extended

amygdala.
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1.4.2 Function in the extended amygdala

Much of the work investigating the function of CeAPX? cells focused on their role in
conditioned fear responses. Some studies have found they play an inhibitory role on the front. In
vivo electrophysiological recording show that CeAPK®® cells are inhibited by tone presentation after
it has been paired with footshock, and correspond to “CEl off” neurons (Haubensak et al., 2010)
These neurons reduce fear learning and generalization and indeed silencing CeAPK®® neurons
increases conditioned freezing responses (Ciocchi et al., 2010a; Haubensak et al., 2010). There
have however been several other studies finding opposing results. One group found that
optogenetic activation of CeAPX®® neurons increased fear generalization and freezing (Botta et al.,
2015), and inhibition of synaptic transmission in this population decreased conditioned fear recall,
suggesting their activity is required for expression of learned fear responses (Ueda et al., 2021).
Another group found that CEIPK®® neurons encode aversive stimuli, increasing GCaMP activity in
response to aversive learning stimuli and being required for negative reinforcement learning (Cui et
al., 2017). In agreement with the aversive nature of CeAPX®? signaling, it has also been shown that
they are hyperexcitable after painful injury and can promote pain responses (T. D. Wilson et al.,
2019). These conflicting results may be in part due to differences between CeC verses CelL PKCS
populations (J. Kim et al., 2017). Indeed CeCPK®® neurons increase freezing and are activated (as
measured by cfos) by footshocks and aversive tastes, while CeLPX®® neurons drove no changes in
freezing (though there may be a floor effect) and are preferentially activated by fear extinction
training over fear recall (J. Kim et al., 2017).

Work investigating the role of CeAPK® neurons in anxiety-like behaviors has yielded
similarly conflicting results. One study found that optogenetic activation of CeAPX®® neurons
decreased EPM open arm time, suggesting an increase in anxiety-like behavior, while inhibition
had the opposite effect (Botta et al., 2015). Another study focused on the role of CeAPXC3 cells in
feeding found that they are activated by satiety signals and suppress food intake, and that
optogenetic stimulation of CEIPX®® neurons decreased anxiety-like behavior(Cai et al., 2014). Still
another found that inhibiting CeAPX®® cells through disrupted synaptic transmission decreased
contextual and cued fear recall, but had no impact on anxiety-like behaviors (Ueda et al., 2021).

Here too it is possible that subregion-specific functionality may contribute to these discrepancies.
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CeAPXC cells have also been investigated in the context of drug-related behaviors. One
study found that social choice-induced abstinence blocks incubation of methamphetamine craving
and activates CeAPK® cells, as measured by increased cfos expression (Venniro et al., 2018).
Other work found that activation of CeAP%®3 neurons was significantly associated with rats
displaying punishment-resistant alcohol taking, accounting for 75% of the variability in responses
and suggesting recruitment of this population may be predictive of compulsive-like alcohol intake
(Domi et al., 2021).

In addition to investigating the function of cells expressing PKC? in the CeA, there are
emerging studies investing the role of PKCd expression itself, particularly with regard to drugs of
abuse. Venniro et al developed a short hairpin RNA (shRNA) to specifically knock down PKCd®
(shPKCbd), and found that cells expressing the shPKCd showed significantly reduced excitability,
firing fewer action potentials in response to varying levels of current injections compared to a
control shRNA construct (shCtrl) (Venniro et al., 2020). Further, knocking down PKC? in the CeA
prevented the protective effect of social choice on incubation of drug craving, and also significantly
reduced the cfos induction in CeAPK®? cells that had been observed after this protocol (Venniro et
al., 2020). In another study, Domi et al found that knocking down PKCb in the CeA reduced alcohol
seeking in this punishment-resistant group (Domi et al., 2021). Together these studies suggest the
PKC? expression is playing a functional role in the physiology and behavioral output of cells in
which it is expressed. Interestingly, PKCe has also been implicated in the CeA’s response to
alcohol, and its expression is required for alcohol induced changes in GABAergic transmission in
the region (Bajo et al., 2008).

While there have been numerous studies into the function of CeAPX® cells and expression,
comparatively little is known about its BNST counterpart. Beyond being noted as a specific
subpopulation marker, one of the first studies to examine PKC in the BNST was work from our lab
which found that after restraint stress, there is an increase in the number of BNST neurons
expressing PKC® mRNA specifically in female mice (Fetterly et al., 2019). This new expression
occurred at least in part in BNSTCRF cells specifically, as we also saw an increase in the co-
expression of CRF and PKCd mRNA, with no change in the number of CRF-only cells. These

changes were abolished in ovariectomized females, suggesting they are dependent on circulating
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sex hormones, and indeed as noted above, the PKC® gene contains an estrogen response
element that could play a part in regulating its expression. Additionally, we found a significant
increase in the number of cfos+ PKC® cells, suggesting these neurons are activated during stress
(Fetterly et al., 2019).

The involvement of BNSTPXC® neurons in stress responses was further demonstrated by
work from the Cai lab, where they also extended the functional characterization of this population
to include regulation of feeding. They found increased cfos expression in BNSTPKC? cells in
response to injection of interleukin-13 (IL-1PB) or lipopolysaccharide (LPS), both of which are
inflammatory cytokines that drive HPA axis activation and stress-induced anorexia (Y. Wang et al.,
2019). Similarly to CeAPK®® neurons, Gi-DREADD-mediated inhibition of BNSTPK® cells blocked
this inflammation-induced anorexia, and also drove increased feeding in both fed and fasted mice,
while optogenetic activation rapidly and robustly inhibited feeding (Y. Wang et al., 2019).

There have also been a handful of studies investing the role of BNSTFK®? neurons in
mediating anxiety-like behaviors, but as in the CeA, these have yielded conflicting results. In the
Cai lab’s characterization of feeding, they found no changes in anxiety-like behaviors from either
activation or inhibition of PKCd cells (Y. Wang et al., 2019). Another group found that Gg-DREADD
activation in BNSTPK® cells increased number of open arm entries, time spent on the open arms of
the EPM, and center time in the OF both basally and after stress, suggesting a decrease in
anxiety-like behavior (X. Wang et al., 2020). Most recently, Ueda used tetanus toxin (TeNT) to
disrupt synaptic transmission in BNSTPXC® cells and found that this specifically decreased anxiety-
like behaviors, suggesting that this population is required for increasing anxiety-like responses

(Ueda et al., 2021).

Altogether, the existing work suggests that BNSTPKC® cells are well-positioned to play an
important role in mediating stress responses and anxiety-like behaviors, and here we will describe
our efforts to develop a more comprehensive characterization of this intriguing but understudied

neuronal subpopulation.
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CHAPTER 2

Recruitment of BNSTPKC? cells during acute stress
Portions of this chapter are adapted from:

Jaramillo AA, Williford KM, Marshall C, Winder DG, Centanni SW. BNST transient activity
associates with approach behavior in a stressful environment and is modulated by the parabrachial
nucleus. Neurobiology of Stress. 2020,;13
And
Luchsinger JR, Fetterly TL, Williford KM, Salimando GJ, Doyle MA, Maldonado J, Simerly RB,
Winder DG, Centanni SW. Delineation of an insula-BNST circuit engaged by struggling behavior

that regulates avoidance in mice. Nature Communications. 2021;12.

2.1 Introduction

Chronic stress is a major contributor to a host of diseases and conditions affecting the
central nervous system and throughout the body. For example, chronic stress increases the risk of
disorders such as cardiovascular disease, obesity, metabolic disease, preterm birth, immune
disfunction, hypertension, type Il diabetes, and osteoporosis (Wadhwa et al., 2001; Everson-Rose
& Lewis, 2005; Dhabhar, 2009; Chrousos, 2009; Tamashiro et al., 2011; Aschbacher et al., 2014;
Inoue, 2014; Kelly et al., 2019). In the central nervous system, stress is associated with sleep
disorders, cognitive impairments, neurodegenerative diseases, eating disorders, and a number of
neuropsychiatric disorders including major depressive disorder (MDD), anxiety disorders, post-
traumatic stress disorder (PTSD), and substance use disorders (Koob & Le Moal, 2008; Sinha,
2008; Krishnan & Nestler, 2008; Catania et al., 2009; Chrousos, 2009; Hardaway et al., 2015; Nollet
et al., 2019; Chesnut et al., 2021; Ressler et al., 2022).

The bed nucleus of the stria terminalis (BNST) is a key mediator of stress responses and
has been shown to be highly responsive to stress. It is a heterogeneous brain region, with a number
of different cell types which have shown different sensitivities to stress exposure. We have

previously found that cells expressing protein kinase C delta (BNSTPK®?) are stress-sensitive,
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showing increases cfos mRNA 30 minutes after 1 hour of restraint stress (Fetterly et al., 2019). We
also found that there was an increase in the number of cells expressing PKC® after restrain stress,
suggesting this cell population may play a particularly important role in mediating stress responses
(Fetterly et al., 2019). Here, we aimed to investigate the recruitment of BNSTPXC® cells in real-time
through the use of fiber photometry, and begin to investigate their potential afferent regions involved

in their activation.

2.2 Methods

2.2.1 Animals

Adult (>8 weeks old) male and female PKC®-Cre mice (RRID:MMRRC_011559-UCD;
Mutant Mouse Resource and Research Centers) were bred and genotyped in-house to be
heterozygotes on a C57BL/6J background. All mice were housed with two to five mice per cage
and provided food and water ad libitum. Light/dark cycle was 12 h (lights on = 0600 h) with
controlled humidity (30-50%) and temperature (20-25 °C). Behavioral testing and surgeries were
conducted during the light phase. Animals were under continuous care and monitoring by
veterinary staff from the Vanderbilt Division of Animal Care. All procedures were carried out in
accordance with the NIH Guide to Care and Use of Laboratory Animals and institutional guidelines

and approved by the Institutional Animal Care and Use Committee at Vanderbilt University.

2.2.2 Surgeries

Mice (>8 weeks) were anesthetized with isoflurane (3% initial dose, 1.5% maintenance
dose) for intracranial recombinant AAV injection and fiberoptic cannula implant surgeries, using a
Leica Angle Two Small Animal Stereotaxic Instrument. Mice were injected with 300 nL of AAV9-
hSyn-FLEX-jGCaMP7f-WPRE (Addgene) at a rate of 50 nL/min driven by a Micro4 MicroSyringe
pump (World Precision Instruments) into the specified region. The needle (World Precision
Instruments Nanofil syringe fitted with a Nanofil 33 G Blunt Needle) remained in place for an
additional 5 min. All mice recovered for at least 4 weeks before further experimentation. Injection

and implantation sites included insular cortex (from Bregma: AP =0.02, ML + 3.66, DV = -4.30, 0°
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angle), dorsal BNST (from Bregma: AP =0.14, ML £0.88, DV =-4.24, 15.03° angle), and primary
motor cortex (from Bregma: AP =1.60, ML + 1.10, DV =-1.80, 15.03° angle). All mice received 5
mg/kg injections of meloxicam for once a day for 2 days following surgery.

Chronic optical fiber implantation specific procedures Once the skull was exposed, it was
etched with a gel etchant (Kerr Dental). One stainless-steel mounting screw (PlasticsOne) was
installed in the ipsilateral parietal plate posterior to the implant hole. The implant was bonded by
applying Optibond primer followed by Optibond adhesive, which was then cured with UV light.
Herculite enamel was molded around the screw, implant, and skull. The enamel was then cured
with UV light. Mono fiberoptic cannulas (Doric Lenses) for the Tucker-Davis Technologies (TDT)

system were purchased at the appropriate lengths for each brain region.

2.2.3 Fiber Photometry

2.2.3.1 Recordings

A TDT RZ5P fiber photometry system and Synapse software were also used in this study.
Briefly, light from the 470 nm, 17.2 mW (Min) fiber-coupled LED (Thorlabs) and light from the
405 nm, 19.3 mW (Min) fiber-coupled LED (Thorlabs) was directed into a fluorescence mini cube
with six ports and a built-in detector head (Doric Lenses), with spectral bandwidths of 405 and
470 nm. A 405 nm light was modulated at 217 Hz, while 470 nm light was modulated at 330 Hz.
Power output was maintained at 20 mA with a DC offset of 3 mA for both wavelengths. The light
was then directed through a low-autofluorescence mono fiberoptic patch cord with a 400 um core
(Precision Fiber Products). This fiber was connected to the mono fiberoptic cannulas that were
implanted into the region of interest. The power output at the fiber tip was 25-30 pW. Fluorescent
emission from the tissue was collected through the same fiber and was detected using a femtowatt
photoreceiver. Signal acquisition was 1 kHz and low-pass filtered at 6 Hz. The 405 nm excitation
channel served as an isosbestic, calcium-independent control wavelength for GCaMP, allowing for
bleaching and movement artifact corrections when directly fit to the calcium-dependent 470 nm
channel. MATLAB scripts from TDT (https://www.tdt.com/support/matlab-sdk/) were used to fit the

405 nm signal to the 470 nm signal using linear regression. Change in GCaMP-mediated signal
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Transient frequency and maximum peak amplitude were calculated using a custom written
MATLAB code incorporating open-source code59
(https://github.com/katemartian/Photometry_data_processing). The pipeline utilized an adaptive
iteratively reweighted Penalized Least Square (airPLS) approach60 to correct for baseline noise or
signal drift, and allow for uniform detection of transients and comparison between mice. The signal
was then standardized using a Z score transformation and fit to the reference signal (405 nm,
GCaMP only). Data points with a Z score 22.91 are considered statistical outliers from the baseline
(i.e., transient activity above baseline)61. A single transient was measured from when a data point
22.91 Z scores was detected until a data point <2.91 Z scores was detected. Maximum peak
amplitude was calculated as the maximum Z score detecting during the transient. Transient

frequency was calculated as the number of transients per second (Hz).

2.2.3.2 Behavior

Four weeks following viral injection and fiber implantation surgery, mice were habituated to
false patch cables for 20 minutes in clean, empty cages for 3 consecutive days. On test day, mice
were transported to the test room and allowed to habituate for one hour prior to beginning the
experiment. The patch cable was connected to the fiber optic implants, and animals were

habituated in a clean, empty cage for 5 minutes before the start of any behavior test.

2.2.3.21 NSFT

The 3-day novelty-suppressed feeding task (NSFT) was performed as previously described
(Holleran et al., 2016; Centanni, Morris, et al., 2019). In brief, mice were food restricted in their
home cage with no food for 48-hr except for 2-hr access to food pellets (approximately 2 pellets =
7 g) at the 22—-24hr before testing. Mice were weighed before and after restriction to ensure weight
loss was similar across all groups. After 48-hr of restriction (testing day) mice were acclimated to

the testing room for at least 1-hr. For the test, a single food pellet was placed at the center of a
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brightly-lit (300 lux) 50 x 50 cm arena with fresh home cage bedding. A new pellet was used and
bedding was refreshed for each test. At the time of testing a mouse was placed in a corner of the
arena with an overhead video camera. Food pellet approaches were hand scored using the ANVIL
Video Annotation Research Tool. Following the first bite (final, consummatory food approach) mice
were allowed to continue in the arena until reapproach and subsequent second bit of the food.
Mice that did not eat within the first 20-min of the test and/or post-test were omitted from analysis.

Following the test, the mice were returned to ad lib access to chow.

2.2.3.2.2 RESTRAINT

The base was made from clear acrylic (McMaster-Carr). The screw and rear-guard
components were made from extra plastic from our machine shop (Vanderbilt Kennedy Center
Scientific Instrumentation Core).

Fibers were attached to each animal’'s implant with a stainless-steel sleeve (inner
diameter = 400 um) before the animal was placed inside the restraint device. Restraint exposure
lasted 30 or 60 min. Video was captured with a webcam (Logitech), and movements were tracked
using DLC.

All videos were acquired at 10 fps using a Logitech C920 camera. For experiments detailed
in Figs. 1d, e and 3i—k, behavioral scoring was done manually using Anvil 6.0 video annotation
software. Behavioral bouts were counted if the tail head and tail movement were visible on the
recording. Bouts were considered contiguous if they were separated by <0.7 s. Automated video
scoring was performed using DLC to track points across time and was based on the methods used
for manual scoring14,15. The fiberoptic cable and the tip of the tail were manually located in each
image of a training set made up of >15 images per video. A small green piece of tape was placed
on the fiberoptic cable to ensure a consistent location during training and testing. DLC was trained
for at least 200,000 iterations. We used R statistical software with the “tidyverse” package to
convert X/Y position into speed of movement for the fiber and the tail during each frame55,56. To
identify bouts, we first identified frames in which the fiber and tail were moving. We determined if
the tracked objects were moving by setting speed thresholds (selected via trial and error) that were

independently set for both the fiber and the tail tip. For the fiber, any frame with a speed greater
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than one standard deviation above the bottom 95% of frame speeds was considered mobile. For
the tail tip, the threshold was set at three standard deviations above the bottom 99% of tail tip
frame speeds. The use of a normalized speed, rather than a raw pixel-based speed threshold,
provided better consistency across trials because it accommodated slight changes in camera
distance and restraint device position. When a tracked point transitioned from an immobile to a
mobile state, that frame became time 0.0 for a bout. The bout continued until all tracked points
were in an immobile state for >0.7 s (to limit significant bout overlap). We observed three bout
types: (1) movements of the head only, (2) movements of the tail only, and (3) movements that
included both head and tail movements, termed full body. Unless otherwise noted, we specifically
focused our analysis on full body movements. To make the analysis uniform across bouts, AUC,
and maximum peak amplitude were calculated for the 5 s, following bout onset independent of bout

length.

2.2.4 [HC and Imaging

Brains of adult mice were removed following transcardial perfusion with 10mL 0.01M
Phosphate Buffered Solution (PBS) and 20mL of 4% Paraformaldehyde (PFA) in 0.01M PBS. The
brains were then postfixed in 4% PFA for 24 hours at 4°C. Following fixation, brains were
transferred to 30% sucrose in PBS for cryoprotection for at least 36 hours. Brains were frozen in
Optimal Cutting Temperature (OCT) Compound prior to slicing and cut into 40um thick coronal
sections using a cryostat (Leica CM3050S) and stored in PBS at 4°C or cryoprotectant (30%
ethylene glycol, 30% glycerol, 10% 0.2M phosphate buffer, in diH20) solution at -20°C until IHC
staining. For IHC, slices were washed in PBS (4x 10 min), permeabilized in 0.5% Triton X-100 in
PBS for 30 minutes at room temperature, and then blocked in 0.1% Triton X-100 with 10% Normal
Donkey Serum for 1 hour at room temperature. Slices were incubated in primary antibody solution
for 24 hours at 4°C. Following primary antibody incubation, slices were washed in PBS (4 x 10
min) and incubated in secondary antibody solution for 24 hours at 4°C. Slices were then washed in
PBS (3 x 10 min) and then incubated in PBS plus DAPI (1:10,000, Sigma-Aldrich Cat# D9542-
10MG). Primary antibodies used: Goat anti-CGRP () 1:400 dilution, Mouse anti-PKCd (BD

Biosciences Cat#610398, RRID:AB_397781) 1:1000 dilution, Secondary antibodies used: Cy3
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Donkey anti-Goat (Jackson ImmunoResearch Labs Cat# 705-165-003 , RRID: AB_2340411),
1:500 dilution. Cy5 Donkey anti-mouse (Jackson ImmunoResearch Labs Cat# 715-175-150, RRID:
AB_2340819), 1:500 dilution. Slices were imaged at 20x magnification on a Zeiss LSM 880
confocal microscope and analyzed using ImagedJ software (NIH; RRID:SCR_003070), with the
same brightness and contrast settings applied across all images. Cell counts were performed
manually using ImagedJ by two researchers blinded to experimental groups. The cell counts for left

and right BNST across two 40um-thick sections per animal were averaged across animals.

2.2.5 Statistics

Analyses were performed with R (version 3.6.1), Python (version 3.6.6), GraphPad Prism
(GraphPad Software, version 8), or MATLAB (Mathworks; version 2019a). Animal numbers were
selected to establish sufficient statistical power, while using ethical guidelines for minimizing
subject numbers and based on previous publications’ ability to reliably measure variables from
experiments with similar design. When automated behavior tracking was performed, a custom R
script was used to determine bout onset in an unbiased manner. Fiberoptic implants and viral
placements were histologically verified, and animals were removed if either did not work. The
number of mice in each experiment and the specific statistical tests are identified in the

corresponding figure legends. Statistical significance was determined if P <0.05.

2.3 Results

2.3.1 Phasic BNSTPKC3 calcium signal associated with NSFT approach behavior

BNSTPXCS cells have previously been implicated in feeding behaviors (Y. Wang et al., 2019).
To investigate in vivo BNSTPKC? neuronal activity at the intersection of feeding and stress
processing, PKCo-specific calcium was measured in the BNST during the novelty-suppressed
feeding test (NSFT). PKCd-CRE female and male mice received a unilateral injection of the
calcium indicator GCaMP7f and were implanted with a fiber optic in the BNST as represented in
Fig 2.1 Following recovery from surgery, BNSTPK®® calcium activity was recorded during NSFT

(Fig. 2.1A). For the NSFT assay, mice were food deprived for 48 hours prior to testing, with two
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hours of access to food during hours 23-25. On the testing day, mice were placed in the corner of
a large, bright arena with a food pellet in the center. Mice typically approach the food pellet several
times without eating (non- consummatory approach) before the final approach during which they
take the first bite (consummatory approach). We hand-scored the start times of each entry into the
zone immediately surrounding the food (“food zone”) (Fig. 2.1A) and used MATLAB scripts to
correlate the fiber photometry traces with each food zone entry. A clear BNSTPXC® transient signal
was observed in both non-consummatory approaches (Fig. 2.1B(left)) and the consummatory
approach (Fig. 2.1C(left)) demonstrated by a significant increase in amplitude measured by
average Z-Score pre-versus post-non-consummatory approaches (Fig. 2.1 B(right) [p=0.003]) and
the consummatory approach (Fig. 2.1C(right), [p=0.03]). These data reveal phasic BNSTPXC®

GCaMP transients at the time of food approach.
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Fig. 2.1 Phasic BNSTPKC® calcium signal associated with
NSFT approach behavior
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PKC& GCaMP transients emerge at the time of food approach in NSFT. A. Schematic demonstrating
unilateral CRE-dependent GCaMP7f infusion & fiber optic implantationin the BNST of PKC&-

CRE female and male mice followed by testing with NSFT. B (left). Mean + S.E.M of BNST GCaMP7f
Z-Scores at the time of non-consummatory food approaches shows a transient signal. B

(right). Mean £ S.E.M of the individual GCaMP7f Z-Score averages is significantly increased post a
non-consummatory approach, p=0.003, paired t-test t(5)=5.255. C(left). Mean + S.E.M of BNST
GCaMP7f Z-Scores at the time of the consummatory approach shows a transient

signal. C(right). Mean + S.E.M of individual GCaMP7f Z-Score averages is significantly increased post
the time of the consummatory approach, p=0.03, paired t-test, t(5)=2.502 Scale bar, 200 um and
merged image: 100 um, *Significant from pre approach (paired t-test), p =< 0.05., **, p<0.01

2.3.2 BNSTPKC3 cells are recruited during RESTRAINT struggle bouts

To investigate the real-time recruitment of BNSTPXC® cells during stress processing
dissociated from feeding behaviors, we next turned to restraint stress. One week after NSFT (for
return to normal dietary patterns), we recorded 5 minutes of baseline BNSTPXC® GCaMP7f activity
(Fig. 2.2A) followed by 1 hour of restraint stress. In our previous studies, 50mL conical tubes were
used for restraint. However, these typical restraint devices are not compatible with the presence of
an implanted fiber-optic cable, so we designed and optimized a novel RESTRAINT (REcording
Signal TRansients Accessible IN a Tube) device to enable a seamless transition between the
baseline measurement and restraint session without disconnecting the cable (Fig. 2.2B). We used
a machine-learning algorithm, DeepLabCut, with custom MATLAB code to score movements of
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each mouse’s head only, tail only, or whole body and correlate these active coping behaviors with
the fiber photometry trace. We found that there is a significant increase in BNSTPXC® activity at the

onset of both larger (whole body) and smaller head- or tail-only active coping bouts (Fig 2.2C-E).

Fig. 2.2 BNSTPKC® cells are recruited during RESTRAINT
struggle bouts
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PKC& GCaMP transients emerge at the time of escape-like struggling movements during
RESTRAINT (REcording Signal TRansients Accessible IN a Tube) stress. A. Schematic
demonstrating unilateral CRE-dependent GCaMP7f infusion & B fiber optic implantation in the
BNST of PKC6-CRE female and male mice followed by recording during 1 hr of RESTRAINT stress
C-E (upper). Mean + S.E.M of BNST GCaMP7f Z-Scores at the time of (C) head only, (D) tail only
and (E) whole body struggle bouts C-E (lower). Mean + S.E.M of the individual GCaMP7f Z-
Score averages is significantly increased during struggle bouts, paired t-tests. C. p=0.03,
t(7)=2.627.D. p=0.01, t(7)=3.355. E. p=0.008, t(7)=3.716. *Significant from pre struggle bout

p = 0.05., **, p<0.01
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2.3.3 BNSTPKC3 cells colocalize with CGRP expression

Lastly, we sought to investigate potential upstream regions that could contribute to the
recruitment of BNSTPKC? cells during these stress processing behaviors. The parabrachial nucleus
(PBN) sends substantial anatomical input to the BNST, with both neurochemical and
electrophysiological evidence of PBN somatic innervation of BNST neurons (Carter et al., 2013; S.
a Flavin et al., 2014; Campos et al., 2018; Chen et al., 2018; Fetterly et al., 2019). Given the role of
this region in arousal, processing of danger signals, and food-related behavior in a stress-like state
(Carter et al., 2013; Palmiter, 2018) we explored the possibility of PBN innervation specifically to
BNSTPKC® cells. Using immunohistochemistry (IHC), we stained for PKC3 and calcitonin gene-
related peptide (CGRP), which is a marker of afferents from the PBN (Fig. 2.3A). We found that
PKC23 cells comprise a large fraction (28%) of all cells colocalizing with CGRP in the dBNST, and

that 15% of BNSTPXC3 cells colocalize with CGRP (Fig. 2.3B).

Fig. 2.3 BNSTPKC® cells colocalize with CGRP expression
A

B % Total CGRP

PKCS(+)
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PBN innervates PKC&-specific BNST neurons. A. Representative image demonstrating CGRP, PKCH,
and PKC&+CGRP + DAPI merged immunofluorescence in the BNST B. Quantification of CGRP and
PKC& demonstrate PKC6+CGRP colocalization, non-PKC6 and non-CGRP expressing cells in the
BNST.
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2.4 Discussion

Taken together, these results show that BNSTPXC? cells are indeed actively recruited in
stress coping contexts. In the NSFT, we found that BNSTPK® cells show a significant increase in
activity during initiation of both non-consummatory and consummatory food pellet approaches (Fig.
2.1). The NSFT is a pharmacologically-validated test for assessing aspects of negative affective
state in mice (Britton & Britton, 1981; Bodnoff et al., 1988; Cryan & Sweeney, 2011; Goode &
Maren, 2017; Kirlic et al., 2017). Given the food-restricted state and innate avoidance of the center,
NSFT provides a stress-like context and creates a conflict between a consummatory drive and
overcoming the anxiety-like context of being in the center of a bright, open area. It has been shown
that activation of BNSTPK®? cells inhibits feeding behavior, so it is interesting that here we see that
on the final, consummatory food approach, there is larger recruitment of BNSTPXC cell activity than
on the non-consummatory approaches. This suggests perhaps a complex interaction between the
role of these cells in stress processing and food consumption that future studies should further
dissect.

Additionally, we found that at the initiation of head movements, tail movements, and whole
body struggle bouts, there is an increase in BNSTPKC? cell activation (Fig. 2.2). We have previously
shown that these large, whole body struggle bouts are associated with active stress coping
behaviors, and can be modulated by anxiogenic pharmacological agents (Patel et al., 2005), and
indeed, recruitment of BNSTPK® cells was significantly larger for whole body struggle bouts than
for the head- or tail-only movements, suggesting that these cells are associated with active stress
coping.

Finally, we found that 15% of BNST"K® cells colocalize with CRGP, and that of the cells
expressing CRGP, over V4 of them co-express PKCd (Fig. 2.3). CGRP is a common marker of
afferents from the PBN, forming characteristic rings around the soma of neurons in the BNST.
Indeed, the PBN has been shown to form axo-somatic innervation onto cells in the BNST, which
enables greater control over neuronal output than axo-dendritic synapses (Shimada et al., 1989;
Dobolyi et al., 2005). This data shows that a significant portion of that input is being received by

PKC? cells specifically, suggesting that the PBN is likely playing a major role in the function of
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BNSTPXC3 neurons. The PBN is involved in detection and processing of danger-related signals,
responding to threats and contributing to aversion learning (Campos et al., 2018; Palmiter, 2018).
It also suppresses food intake and plays a role in conditioned taste aversion (Carter et al., 2013).
Thus it follows that PBN->BNSTPX® circuitry could mediate interactions between stressors and
feeding, and stress coping behaviors more broadly. Indeed, CGRP can act through excitatory
GPCR signaling pathways that recruit PKC isoforms that lead to intracellular calcium release
(Russell et al., 2014), and it is possible that this could contribute to calcium-induced increases in
GCaMP fluorescence seen during acute stress coping. Future studies should examine the
functional contribution of the PBN onto BNSTPKC? cells as well as other inputs influencing the

activity and function of this stress-sensitive neuronal population.
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CHAPTER 3

Characterization of BNSTPKC? neurons in anxiety-like behavior and repeated stress exposure
Adapted from Williford et. al., “BNST PKC®& neurons are activated by specific aversive conditions to

promote anxiety-like behavior.” Neuropsychopharmacology. 2023

3.1 Introduction

Stress exposure is a central contributing factor in the development and maintenance of
many psychiatric conditions including anxiety disorders. Individuals with anxiety disorders have
been shown to display altered responsivity to stressors, and stress can also alter sensitivity to
potential threats and aversive contexts, irrespective of the presence of an anxiety disorder (Frisch
et al., 2015; Macatee et al., 2017; Egan & Dennis-Tiwary, 2018; Timmers et al., 2019). It is clear
there are complex interactions between anxiety, threat processing, and stress, however, the
neuronal underpinnings of these relationships remain poorly understood.

The bed nucleus of the stria terminalis (BNST) is well positioned to play a role in the
intersection of stress and anxiety disorders. It is highly stress-sensitive and a key regulator of stress
responses and anxiety-like behaviors (M. A. Lebow & Chen, 2016). It has also been implicated in
sustained threat monitoring and avoidance behaviors (Walker et al., 2003, 2009; Davis et al., 2010;
Avery et al., 2016). The BNST is quite heterogeneous, with numerous distinct cell types classified
by their expression of different proteins and peptides (Lesur et al., 1989; Ju & Swanson, 1989; Ju
et al., 1989; Walter et al., 1991; Welch et al., 2019; Rodriguez-Romaguera, Ung, Nomura, Otis,
Basiri, Namboodiri, Zhu, Robinson, et al., 2020), and these cell types have been shown to have
distinct and sometimes opposing effects on stress- and anxiety-related behaviors (Kash et al.,
2015; Ch’'ng et al., 2018; Flanigan & Kash, 2022).

Cells expressing protein kinase C delta (BNSTPK®®) have reliably been identified as a distinct
subpopulation, showing little overlap with other BNST cell types (Fetterly et al., 2019; Ye &
Veinante, 2019). PKCd cells have been heavily studied in the related central nucleus of the
amygdala (CeAPKC?), where they have been implicated in drug seeking and withdrawal, amplified

pain responsivity, inhibiting fear learning and freezing, and reducing anxiety-like behaviors (Cai et
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al., 2014; T. D. Wilson et al., 2019; Venniro et al., 2020; Griessner et al., 2021; Domi et al., 2021;
Whittle et al., 2021; Moscarello & Penzo, 2022; Dilly et al., 2022). Our previous work has found
that the expression of PKC® mRNA in the BNST is dynamically regulated by stress, increasing in
female mice 30 minutes after restraint stress (Fetterly et al., 2019). Further, we have shown that
BNSTPXCS cells are activated during active stress coping bouts in restraint stress, and during the
novelty-suppressed feeding test (NSFT) (Chapter 2) (Jaramillo et al., 2020; Luchsinger et al.,
2021). However, the examination of the role of BNSTPX®3 cells in the context of anxiety-like behavior
has yielded conflicting results, with studies reporting increases, decreases, and no effect on
anxiety-like behavior (Y. Wang et al., 2019; X. Wang et al., 2020; Ueda et al., 2021).

Here, we investigate the function of BNSTPXC® cells in the context of stress, anxiety, and
threat-related behaviors. We use a combination of approaches including in vivo optogenetics,
immunohistochemistry (IHC), patch clamp electrophysiology, and in vivo fiber photometry paired
with a variety of behavioral paradigms to probe the recruitment of BNSTPXC? cells during stress
processing, and the impact of their activation on tasks relevant for risk assessment and anxiety-
like behaviors. Further, we perform tracing studies to develop an understanding of the CNS network
in which they reside. Our results demonstrate that this cell population is involved in processing of
aversive contexts, potentially contributing to increased anxiety-like behaviors through a role in
threat detection. Together this work helps to further both our understanding of the complex
symptomology of anxiety disorders as well as our understanding of the function of an important and

understudied neuronal subpopulation.

3.2 Methods
3.2.1 Animals

C57BL/6J mice (Jackson Laboratories Strain #000664, RRID:IMSR_JAX:000664) were
used for the acute restraint stress IHC (n=54, 27F, 27M). PKC&-Cre x C57BL/6J transgenic mice
were used in in vivo optogenetics, fiber photometry, and basal electrophysiology experiments
(n=61, 37F, 24M). PKC&-Cre mice were bred in house following in-vitro fertilization of female mice
with sperm from the Mutant Mouse Resource and Research Centers (MMRRC) at UC-Davis (#

011559-UCD, STOCK Tg(Prkcd-glc-1/CFP,-cre)EH124Gsat/Mmucd), and genotyped via the
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MMRRC protocol. PKC3-Cre mice were crossed with Ai14 mice (B6.Cg-
Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J, Jackson Laboratories Strain #007914,
RRID:IMSR_JAX:007914), bred in house, and used for electrophysiological comparisons between
PKC&+ and PKC®- cells and for channelrhodopsin-assisted mapping CRACM) studies (n=16, 10F,
6M). Mice were group housed (2-5 animals) throughout the duration of all experiments. Water and
food were available ad libitum in the home cage of all mice except where noted for NSFT. The
colony room was maintained on a 12-h light/dark cycle, with lights on at 06:00 under controlled
temperature (20-25°C) and humidity (30-50%) levels. All experiments were conducted during the
light phases. Animals were under continuous care and monitoring by veterinary staff from the
Vanderbilt Division of Animal Care. All procedures were carried out in accordance with the NIH
Guide to Care and Use of Laboratory Animals and institutional guidelines, and approved by the

Institutional Animal Care and Use Committee at Vanderbilt University.

3.2.2 Fluorescent Immunohistochemistry (IHC) and Imaging

3.2.2.1IHC

Brains of adult mice were removed following transcardial perfusion with 10mL 0.01M
Phosphate Buffered Solution (PBS) and 20mL of 4% Paraformaldehyde (PFA) in 0.01M PBS. The
brains were then postfixed in 4% PFA for 24 hours at 4°C. Following fixation, brains were
transferred to 30% sucrose in PBS for cryoprotection for at least 36 hours. Brains were frozen in
Optimal Cutting Temperature (OCT) Compound prior to slicing and cut into 40um thick coronal
sections using a cryostat (Leica CM3050S) and stored in PBS at 4°C or cryoprotectant (30%
ethylene glycol, 30% glycerol, 10% 0.2M phosphate buffer, in diH20) solution at -20°C until IHC
staining. For IHC, slices were washed in PBS (4x 10 min), permeabilized in 0.5% Triton X-100 in
PBS for 30 minutes at room temperature, and then blocked in 0.1% Triton X-100 with 10% Normal
Donkey Serum for 1 hour at room temperature. All primary and secondary antibodies were diluted
in this blocking solution at 1:1000 dilution and 1:500 dilution, respectively. Slices were incubated in
primary antibody solution for 24 hours at 4°C. Following primary antibody incubation, slices were

washed in PBS (4 x 10 min) and incubated in secondary antibody solution for 24 hours at 4°C.
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Slices were then washed in PBS (3 x 10 min) and then incubated in PBS plus DAPI (1:10,000,
Sigma-Aldrich Cat# D9542-10MG). Primary antibodies used: Rabbit anti-cfos (Millipore Cat#
ABE457, RRID:AB_2631318), Mouse anti-PKCd (BD Biosciences Cat#610398,
RRID:AB_397781), Rabbit anti-tRFP (Evrogen Cat# AB233, RRID:AB_2571743, labels TagBFP
for rabies helper virus), Chicken anti-GFP (abcam ab13970, RRID:AB_300798, rabies helper virus,
in vivo ChR2 validation, BLAQ CRACM validation), Chicken anti-GFP (Aves Labs GFP-1020,
RRID:AB_10000240, GCaMP validation). Secondary antibodies used: Cy2 Donkey anti-chicken
(Jackson ImmunoResearch Labs Cat# 705-225-147, RRID:AB_2307341), Cy3 Donkey anti-rabbit
(Jackson ImmunoResearch Labs Cat #711-165-152, RRID:AB_2307443), Cy5 Donkey anti-mouse
(Jackson ImmunoResearch Labs Cat# 715-175-150, RRID: AB_2340819). Slices were imaged at
20x magnification on a Zeiss LSM 880 confocal microscope and analyzed using Imaged software
(NIH; RRID:SCR_003070), with the same brightness and contrast settings applied across all
images. Cell counts were performed manually using ImageJ by two researchers blinded to
experimental groups. The cell counts for left and right BNST across two 40um-thick sections per

animal were averaged across animals.

3.2.2.2 Brain Blocking of Lipids and Aldehyde Quenching (BLAQ)

For validation of virus expression and targeting following ex vivo Chr2-assisted circuit
mapping, the Brain Blocking of Lipids and Aldehyde Quenching (BLAQ) procedure was used as
described previously (N. A. Harris, Isaac, et al., 2018; Perez et al., 2020). Following ex vivo
electrophysiology, slices were incubated in 4% PFA for 30 minutes at room temperature followed
by overnight incubation at 4°C. The following day, slices were transferred to cryoprotectant solution
and placed at -20°C until undergoing BLAQ staining for validation and targeting. Sections were
washed for 1 hour in 0.2% PBST (0.2% Triton X-100 in PBS), rinsed twice for 1 minute in diH20,
and quenched in freshly prepared sodium borohydride (NaBH4; 5 mg/mL in diH20; Sigma-Aldrich,
#213462, 99%). Following this incubation, slices were rinsed again in diH20 (twice for 1 minute
each), incubated for 15 minutes in Sudan Black B solution (0.2% in 70% ethanol), washed twice for
30 minutes each in PBS, and incubated for 4 hours in 5% BSA in 0.2% PBST. Slices were

incubated in primary antibodies (Chicken anti-GFP, see above) for 96 hours at 4°C, washed 4
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times in 0.2% PBST for a total of 24 hours at 4°C, and then incubated in secondary antibody (Cy2
donkey anti-chicken, Cy5 donkey anti-mouse, see above) for 48 hours at 4°C. Finally, slices were
washed 4 times in 0.2% PBST for a total of 24 hours at 4°C, including a 10 minute DAPI incubation
(1:10,000 in PBS), moved to PBS and then mounted on Fisher Plus slides and coverslipped with
PolyAquaMount when dry. All images were obtained with a Zeiss LSM 880 confocal microscope
using a 5x, 10x, or 20x Plan-Apochromat objective lens. The same acquisition parameters and
alterations to brightness and contrast in Zeiss were used across all images of the same

magnification within an experiment.

3.2.3 Stereotaxic Surgery/Viral Injections and Fiber Optic Implants

Adult mice (>8 weeks) were anesthetized with isoflurane (initial dose = 3%; maintenance
dose = 1.5%) and surgery was performed using a Leica stereotax and injected intracranially with
recombinant adeno-associated viruses (AAV) as specified below. Following surgery, mice were
treated with Alloxate (2.5 mg/kg, s.c.) for 72 hours after surgery. At least four weeks were allowed

after surgery before further experimentation to allow for mouse recovery and viral expression.

3.2.3.1 Viruses

For all but the electrophysiology experiments, a total volume of 300nL of virus was injected
unilaterally into the oval nucleus of the right dorsolateral BNST at an angle of 15.03° (from
Bregma: AP=0.14, ML=0.93, DV=-3.88). For in vivo optogenetic experiments, mice were injected
with AAV5-Ef1a-DIO-hChR2(H134R)-EYFP-WPRE-pA (UNC Vector Core), or YFP control virus
AAV5-EF1a-DIO-EYFP-WPRE-pA (UNC Vector Core). For fiber photometry experiments, mice
were injected with AAV9-hSyn-FLEX-jGCaMP7f-WPRE (Addgene 104488-AAV9). For rabies
tracing, mice were injected with AAV1-syn-FLEX-splitTVA-EGFP-tTA (Addgene 100798-AAV1,
diluted 1:200) and AAV1-TREtight-mTagBFP2-CA-FLEX-B19G (Addgene 100799-AAV1, diluted
1:20) mixed in a 1:1 ratio. Seven days later mice were injected with EnvA-RVdg-mCherry (Salk
#32636). For PKC® whole cell basal electrophysiology experiments, mice were injected bilaterally
into the oval nucleus of the BNST (AP=0.14, ML=+/-0.93, DV=-3.88) with AAV9-CAG-Flex-

tdTomato-WPRE. For CRACM experiments, mice were injected with AAV5-CaMKII-
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hChR2(H134R)-eYFP-WPRE-PA (UNC Vector Core) into the posterior BLA (150nL, AP=-2.3,
ML=+/-3.45, DV=-4.8) at an angle of 4.05° (right pBLA) or -3.78° (left pBLA), or into the anterior
PVT (200nL AP=-0.5, ML=0.0, DV=-3.5) and posterior PVT (200nL, AP=-1.6, ML=0.0, DV=-3.0) at
an angle of 15.03°, or AAV5-EF1a-DIO-hChR2(H134R)-eYFP-WPRE-pA (UNC Vector Core)

bilaterally into the CeA (250nL, AP=-2.3, ML=+/-3.17, DV=-4.61) at an angle of 0.0°.

3.2.3.2 Photometry and Optogenetic Fiber Optic Implants

Fiberoptic implants for the optogenetic experiments were constructed in house using a
0.5NA, 200 um core multimode fiber (Thorlabs). Fibers were cut to length using a Bruce Diamond
Wedge Tip Diamond Scribe (Fiber Optic Center) and secured inside a mounting ferrule (0.125mm
diameter, 6.4mm long, 230um bore size, Thorlabs) with Hi-Temp epoxy (Thorlabs). The end to
remain external was then cut to be flush with the implant and polished using a ferrule polishing disk
(Thorlabs) and progressively finer (5, 3, 1, 0.1 yum) aluminum oxide lapping sheets (Thorlabs). The
optical fiber implants for fiber photometry experiments were purchased from Doric Lenses (21248,
MFC_400/430-0.57_4mm_MF2.5_FLT Mono).

During the aforementioned stereotaxic surgery gel etchant was used to texturize the skull, a
screw was placed caudally to the craniotomy hole which was previously used to inject ChR2
(optogenetics) or GCaMP (fiber photometry) into the BNST. The implant was slowly lowered
through the craniotomy hole and once in place, Optibond FL Primer (Patterson Dental 35265) was
applied around the implant, Optibond FL adhesive (Patterson Dental 35266) was applied and
cured with UV light, and Herculite Unidose Enamel (Patterson Dental 29838) applied and cured

with UV light.

3.2.4 Restraint Stress for Immunohistochemistry (IHC)

Mice underwent restraint stress as previously described(Fetterly et al., 2019). Mice were
first habituated to handling for 5 days. On the 6" day, mice were brought to the test room and
acclimated for 1 hour in light- and sound-attenuating chambers. No stress control mice remained in
their home cage until being perfused. Stress mice were placed in 50ml conical tubes with multiple

holes for air, and set into a clean cage (male and female mice were placed into separate cages)

68



which was placed into a sound- and light-attenuating chamber (separate from unstressed mice) for
1 hour, with each mouse start time offset by 10 minutes. After 1 hour mice were returned to their
home cage for 90 minutes, 3 hours, or 24 hours. Mice were then perfused and their brains
removed and processed for immunohistological staining as described below (see

Immunohistochemistry).

3.2.5 Electrophysiology

3.2.5.1 Slice preparation for physiological experiments

Slices were prepared and recorded form as previously described(Melchior et al., 2021)
Animals were anesthetized with isoflurane, transcardially perfused with slice buffer, decapitated,
and the brain rapidly removed and placed in pre-oxygenated (95% 02/5% C0O2) NMDG-based
slice buffer(Ting et al., 2014) consisting of (in mM): NMDG (93), NaHCO3(30), glucose (25),
HEPES (20), KCI (2.5), NaH2P0O4 (1.2), MgCI2 (10), CaCl2 (0.5), Na-ascorbate (5), Na-pyruvate
(3), N-acetylcysteine (5); adjusted to pH 7.3-7.4 and 300-310 mOsm. Multiple coronal slices (300
pum thick) containing the bed nucleus of the stria terminalis (BNST) were prepared from each
animal with a vibratome (Leica VT1200S; Leica Instruments, Nussloch, Germany). Slices were
transferred to a warm bath (32-34 degrees) of slice buffer and allowed to recover for 12 minutes.
Slices were then transferred to an oxygenated artificial cerebral spinal fluid (aCSF) containing:
NaCl (126), NaHCO3(25), glucose (11), KCI (2.5), NaH2PO4 (1.2), MgCI2 (1.2), CaCI2 (2.4), L-
ascorbic acid (0.4); adjusted to pH 7.4 and 298-302 mOsm, and allowed to recover, at room

temperature, for > 1 hour before physiology experiments were performed.

3.2.5.2 Whole cell patch clamp electrophysiology

All electrophysiology recordings were made using Clampex 10.7 and analyzed using
Clampfit 11.1 (Molecular Devices). Recordings were made using a 10 kHz sampling rate and a 2
kHz low pass filter. For whole cell physiology recordings, slices were transferred to a interface
recording chamber perfused at a rate of ~1.5 ml/min with 28-30°C oxygenated aCSF. Recording

electrodes for all experiments were filled with a K-gluconate-based internal solution (mM): K-
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gluconate (125), Na-Phosphocreatine (10), HEPES (10), NaCl (4), MG-ATP (4), Na-GTP (0.3);
adjusted to pH 7.3, 280-290 mOsm. The presence of PKCd cells expressing Td-tomato in each
slice were identified using the rig microscope; a mercury lamp light source and Texas Red filter
cube were used to illuminate Td-tomato fluorophores, and infrared video microscopy was used to
identify and patch fluorescent PKCd cells in the field of view.

Multiple identified PKC®d cells were patched per slice. After whole-cell patch configuration
was obtained, each cell was allowed to dialyze and equilibrate for 5 minutes before basal cellular
parameters were measured. For voltage clamp experiments, cells were held at -70 mV and
membrane currents were recorded; for current clamp experiments, cells were maintained at resting
membrane potential (O pA current) and membrane voltage responses recorded. Post-synaptic
cellular parameters, including pipette access resistance, were monitored throughout experiments
by applying a membrane test voltage step between sweeps; cells in which the access resistance
changed by > 20% were not included in data analysis. Following equilibration to the whole cell
patch configuration, the following parameters were measured in each cell: resting membrane
potential, cell capacitance, rheobase, hyperpolarization sag, and spontaneous excitatory post-
synaptic current (EPSC) frequency and amplitude.

Membrane potential was determined by switching to current clamp mode, with zero current
applied, and measuring resting membrane voltage. Membrane voltage was recorded for 1 minute
and the mean voltage across a 10 second segment of the trace was used to quantify resting
membrane potential for each cell. Cell capacitance for each cell was determined from the
membrane test protocol, in which a continuous voltage step was applied (20 mV, 100 ms, 60-100
Hz) and the membrane capacitance (Cm) was determined relative to the holding current and
membrane resistance. Rheobase was determined by applying a series of current steps while in
current clamp mode, with the cell at resting membrane potential. Each current step was 1 second
in duration; current steps began at -150 pA and increased by 25 pA increments for each
successive step until an action potential was elicited. The first current step that elicited an action
potential was recorded as the rheobase for each cell. Similarly, the membrane hyperpolarization
sag (lh) was determined from the initial hyperpolarizing current step (-150 pA) applied to the cell.

The amplitude (mV) of the membrane hyperpolarization sag was determined by measuring the
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difference in voltage at the peak of any detectable sag occurring withing the first 50 ms of the
onset of the -150 pA current step versus the steady state voltage at the final 100 ms of the current
step. In the whole-cell voltage clamp configuration, spontaneous excitatory post-synaptic currents
(EPSCs) were measured across a 5-minute bin, with each cell voltage clamped at -70 mV.
Subsequent analysis utilized a standard Clampfit EPSC template to automatically identify EPSC
events occurring over the course of the 5 min recording, and the average frequency and amplitude

of EPSCs was determined for each cell.

3.2.5.3 ChR2-assisted circuit mapping (CRACM)

Optically evoked excitatory post synaptic currents (0EPSCs) from pBLA or PVT terminals in
the BNST and optically evoked inhibitory post synaptic currents (olPSCs) from CeA terminals were
elicited using 5ms pulses of 473nm blue light in 10 second intervals (ThorLabs, T-cube LED
driver). Cells were held at a membrane voltage (Vm) of -70mV for oEPSCs and OmV for olPSCs. A
potassium based internal solution was used for oEPSC experiments. A cesium based internal
solution was used for olPSC experiments to maintain a tighter space clamp when the cells were
held at the more depolarized Vm. The average amplitude across sweeps for each cell was used in
analysis. Membrane properties were monitored throughout, and cells excluded based on a change
in access resistance (Ra) greater than 20%. Response latency was determined manually using the
cursors in clampfit to identify the time of the first peak. Rise and decay time were determined via

automated detection in clampfit with parameters set at 10% minimum, 90% maximum.

3.2.6 Whole-brain clearing and light-sheet microscopy for rabies-mediated tracing

3.2.6.1 SHIELD clearing

SHIELD (Stabilization under Harsh conditions via Intramolecular Epoxide Linkages to
prevent Degradation): Mouse brain tissue was prepared according to the LifeCanvas SHIELD
protocol(Y. G. Park et al., 2019). Mice were anesthetized with isoflurane and transcardially
perfused with 20 mL cold PBS followed by 20 mL of cold SHIELD perfusion solution at a rate of 5

mL/min. Brains were dissected and incubated in 20 mL of SHIELD perfusion solution shaking at
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4°C for 48 hours. Brains were then transferred to 20 mL of SHIELD-OFF solution and shaken for
24 hours at 4°C. Brains were then transferred to passive SDS clearing solution and shaken for 8-
12 weeks until fully transparent, with solution replaced every week. SHIELD perfusion and
SHIELD-OFF solutions was prepared fresh before all perfusions, as described previously. After
clearing, brains were shaken in PBS at 37°C for 12 h. The samples were then shaken in 50%
Easylndex (LifeCanvas Technologies) refractive index (RI) matching solution in diH20 for at least
48 hours at room temperature. Samples were then transferred to 100% Easylndex solution for two
days before being mounted. Sample holders (LifeCanvas Technologies) were rinsed with diH20,
followed by 70% ethanol. Once the sample holder was dry, it was filled with 1.1% agarose (Sigma-
Aldrich, A9539) made in Easy Index. The brains were then placed in a sample holder and allowed
to congeal at 4°C for around 5-10 minutes. Brains were returned to conical tube of Easylndex and
shaken overnight at 37°C and then allowed to equilibrate in the imaging chamber overnight before

imaging.

3.2.6.2 Light sheet microscopy

Whole-brain images were obtained using a light sheet microscope (SmartSpim, LifeCanvas
Technologies)(Dean et al., 2015; Hedde & Gratton, 2018), and a 3.6x objective (NA =0.2). Light
with excitation wavelengths of 488nm and 561nm were illuminated through the sample with
emission detection filters of 525/50 and 600/52, respectively. Laser power was set to 30-55% for
each channel, with a 2 uym step size. Images were destriped and stitched to generate composite
TIFF images with codes provided by SmartAnalytics that utilized a modified version of
Terastitcher(Bria et al., 2019). Destriped and stitched TIFF images were converted to Imaris files
using Imaris File Converter 9.2.1 for visualization, using Imaris 9.5.1. Processed images were run
through SmartAnalytics (LifeCanvas Technologies) workstation and software. Briefly, scans were
downsampled and aligned to the Allen Brain Atlas through manual registration. A cell detection
model designed to detect fluorescently tagged cells was run to quantify rabies-infected cells across
all brain regions listed in the Allen Brain Atlas. Cell counts were combined across brain regions
with a granularity set to 6, meaning all subregions beyond the first six levels of hierarchically

organized taxonomy based on the Allen Brain Atlas were combined within its parent structure,

72



using custom Python scripts provided by SmartAnalytics. Granularity level 6 was chosen because
this is the level at which the BNST is delineated into a single region. Average counts across all
brain regions were calculated divided by brain region volume, and top fifteen counts based on
these averages were plotted. The highest density of labeling seen in the BNST itself represents a
combination of both starter cell BNSTPK®® neurons and intra-BNST afferent cells that cannot be

distinguished with the labeling and lightsheet imaging technique used here.

3.2.7 In vivo optogenetics and fiber photometry

3.2.7.1 In vivo optogenetic stimulation

Stimulation patterns were delivered from the PlexBright 4 Channel Optogenetic Controller
and controlled by Radiant v2 software (Plexon). The optogenetics controller box was attached to
the PlexBright Dual LED rotatable commutator, in which a blue (465 nm) LED light was affixed
(Plexon). PlexBright Optical Patch Cables (0.5 NA) were then attached to the commutator
(Plexon). Animals received 20-Hz blue light stimulation (Plexon) with a 5ms pulse width at 10 mW

power output as previously described(J. A. Brown et al., 2022).

3.2.7.2 In vivo fiber photometry recordings and analysis

Optical recordings of GCaMP7f fluorescence were acquired using a Tucker-Davis
Technologies fiber photometry detection system as previously described(Salimando et al., 2020;
Luchsinger et al., 2021; J. A. Brown et al., 2022), consisting of an RZ5P processor and Synapse
custom software, and optical components purchased from Doric Lenses, ThorLabs and Newport.
Excitation wavelengths generated by LEDs (470nm blue light and 405nm violet light) were relayed
through a filtered fluorescence minicube at spectral bandwidths of 470nm and 405nm (for
detection of both calcium-mediated GCaMP7f activity and background GCaMP fluorescence,
respectively) to a 400um mono fiberoptic cable connected to the implants on top of each animal’s
head. Power output for the primary 470nm wavelength at the tip of the fiberoptic cable was
measured at ~25-30uW. Single emissions were detected using a femtowatt photoreceiver with a

lensed fiber cable adapter, and filtered at 500-550nm. Signal in both 470nm and 405nm
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wavelengths were monitored continuously throughout all recordings, with the 405nm signal used
as a control for both ambient fluorescence and motion artifacts introduced by movement of the
fiber optic implant. Wavelengths were modulated at frequencies of 210 Hz for the 405nm channels
and 330 Hz for the 470nm channel, and power output maintained at 20mA with a DC offset of
10mA for both light sources. All signals were acquired at 1kHz and lowpass filtered at 6Hz.

Linear regression MATLAB scripts from TDT were used to fit the 405 nm signal to the

470 nm signal as previously described(J. A. Brown et al., 2022). Change in GCaMP-mediated
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scores were calculated using a custom MATLAB script that incorporated adaptive iteratively
reweighted Penalized Least Square (airPLS) code to account for baseline noise or signal drift and
comparison of transients across mice(Z. M. Zhang et al., 2010; Martianova et al., 2019). The signal
was then calculated using a Z-score transformation and fit to the 405nm reference signal. Data
points with a Z-score = 2 (p<0.05) were considered statistically significant. Peaks per minute were
calculated as number of transients with Z-score >2 averaged across time. Average Z-Score values
3 sec pre/post behaviors were calculated as the average of all Z-Score values from -3 to 0

seconds (“pre”) or 0 to 3 seconds (“post”).

3.2.7.3 Optogenetic and fiber photometry behavioral experiments

Four weeks following viral injection and fiber implantation surgery, mice were habituated to
false patch cables for 20 minutes in clean, empty cages for 3 consecutive days. On test day, mice
were transported to the test room and allowed to habituate for one hour prior to beginning the
experiment. The patch cable was connected to the fiber optic implants, and animals were

habituated in a clean, empty cage for 5 minutes before the start of any behavior test.

3.2.7.3.1 Real-time place preference
Mice were placed into an opaque box (31.6cm wide x 36.2cm long x 26.7cm tall) divided

into two chambers by panels extending into the center and leaving a 7.3cm wide gap for mice to
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pass through. Mice were allowed to freely explore the box for 20 minutes, during which entries into
one side of the chamber (randomly assigned per mouse) triggered the onset of light stimulation,
which continued until the mouse entered the other side. Mouse location was tracked and quantified
via Anymaze software. Freezing was identified as periods of immobility lasting greater than 3

seconds.

3.2.7.3.2 NSFT

NSFT was carried out as previously described(Holleran et al., 2016; Centanni, Morris, et al.,
2019; Jaramillo et al., 2020). Two days (48 hours) prior to test day, mice were moved into new
clean cages containing no food. After 23 hours of food deprivation, food pellets were placed into
the cage (1 pellet per mouse in the cage) and left there for 2 hours. At the end of the two hours,
mice were again transferred to a new clean cage containing no food. 23 hours after the removal of
the food pellets, mice were placed in a large open box (50cm x 50cm) with clean bedding covering
the floor and a food pellet in the center. Mice received 20Hz, 10mW, 5ms pulse width optogenetic
stimulation for the duration of the test in a 5 sec on, 5 sec off pattern as previously described(J. A.

Brown et al., 2022). The test ended upon first bite of the food pellet.

3.2.7.3.3 Elevated plus maze (EPM)

Mice were placed onto an elevated plus maze apparatus (San Diego Instruments) and
allowed to freely explore for 10 minutes. Mouse location was tracked and measured via Anymaze
software. For optogenetic experiments, mice received 20Hz, 10mW, 5ms pulse width light
stimulation for the duration of the 10 minutes in a 5 seconds on, 5 seconds off pattern. For fiber
photometry recordings, transitions between EPM zones were timelocked to signal changes based

on Anymaze tracking data.

3.2.7.3.4 Footshock
Mice were placed in individual Med Associates (St. Albans, Vermont) operant conditioning
chambers. A total of 10 footshocks were delivered in a non-contingent and inescapable fashion

with one shock every 30 seconds, over a 5 minute period. Shocks were delivered at 0.5mA, and
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this procedure was repeated the following day.

3.2.7.3.5 RESTRAINT

A 5-minute baseline was recorded in a clean empty cage, after which mice were placed into
RESTRAINT (REcording Signal TRansients Accessible IN a Tube) as previously
described(Luchsinger et al., 2021). Mice were restrained for 1 hour, after which they were returned
to their home cage. This was repeated for 5 consecutive days. GCaMP7f signal was recording
continuously throughout, and the animals were filmed during these sessions in order to match

changes in calcium signaling to struggle/stress coping behavior during the task post hoc.

3.2.8 Statistics

All statistics were run using GraphPad Prism version 9.5.0 for Windows, GraphPad
Software. All values are plotted as mean + SEM. A complete list of all statistical tests and results
are located in Supplemental Table 2. For analysis of two groups, an unpaired or paired two-tailed t-
test was used. For analysis of three or more groups, a one-way ANOVA was used. For analysis of
two or more groups with at least two treatments or time points, a two-way ANOVA was used. For
analyses with three variables, a three-way ANOVA was used. If significant effects were observed,
post-hoc Tukey'’s, Sidak’s, or Dunnett's T3 test for multiple comparisons were used. For analysis
across time or over days, corresponding test with repeated measures analysis was used. If mice
were missing on a subsequent day, or an outlier was removed from paired data, a mixed effects
analysis was used. For correlation analysis, a simple linear regression was used. Outliers were
tested for using ROUT with a Q=0.1%. For all analyses, significance of p<0.05 was used. *p<0.05.
**p<0.01. ***p<0.001. ****p<0.0001. Complete details of all analyses are included in the figure
legends and/or Supplemental Table 5.3. No significant sex differences/interactions were observed
( Supplemental Table 5.3) so males and females are combined for all studies and plotted as filled

(female) verses open (male) circles.
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3.3 Results

3.3.1 In vivo optogenetic stimulation of BNSTPKC3 cells is aversive

We first sought to investigate the impact of BNSTPKC? cell stimulation on mouse behavior by
utilizing a real-time place preference (RTPP) assay. To specifically target PKC neurons, we used
transgenic mice expressing Cre recombinase under control of the PKCd promotor (Tg(Prkcd-glc-
1/CFP,-cre)EH124Gsat/Mmucd). Mice were injected with a Cre-dependent adeno-associated virus
expressing either channelrhodopsin (ChR2), or a control yellow fluorescent protein (YFP) (Fig.
3.1A, B). Mice received 20Hz optical stimulation upon entry to one side of a two-chamber
apparatus and we recorded time spent on each side for 20 minutes. Because we previously found
that expression of PKC9 is sensitive to stress (Fetterly et al., 2019), we then repeated the RTPP
assay the following day, 30 minutes after 1 hour of restraint stress to investigate whether mice may
be sensitized to BNSTPKC? cell activation following stress exposure. We found no significant effect
of stress on time spent on either side of the chamber (2-way ANOVA, p=0.65). However,
compared to YFP controls, ChR2-expressing mice spent significantly less time on the light-
stimulation side (2-way ANOVA, p<0.05), suggesting that activation of BNSTPXC® cells is aversive
(Fig. 3.1C). We also assessed the impact of activating BNSTPX® cells on movement during this
assay. We found that BNSTPK® cell stimulation resulted in significantly more time freezing (Fig.
3.1D, t-test, p<0.001), and a reduction in distance traveled (Fig. 3.1E, t-test, p<0.05) and speed
(Fig. 3.1F, t-test, p<0.05) compared to YFP controls. We found no difference in the number of side
alternations, suggesting the reduced stimulation-side time is driven by aversion rather than by

decreased locomotion (Fig. 3.7A).
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Fig. 3.1 In vivo activation of BNSTPXC cells is aversive and
reduces movement
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A. Experimental design and timeline for optogenetic activation of BNSTP%® neurons in the real-time place preference (RTPP)
assay with and without stress. B. Representative image of injected channelrhodopsin (ChR2) co labelling with PKC&
immunofluorescence in the BNST. C-F. Effect of optogenetic stimulation of BNSTPX®® cells on behaviors during RTPP. Filled circles
= Females (F), Open circles = Males (M). YFP: n=12 (8F, 4M). ChR2: n=6 (4F, 2M). C. Side preference calculated as time spent on
stimulation side as % of total time. 2-way paired ANOVA, treatment effect p=0.0456, F(1,16) = 4.325. D. Time spent freezing.
Unpaired two tailed t-test, p=0.0009, t(15)=4.137. One outlier removed (ROUT, Q=0.1%) E. Total distance travelled. Unpaired
two tailed t-test, p=0.0465, t(16)=2.157. F. Average speed. Unpaired two tailed t-test, p=0.0497, t(16)=2.123.

3.3.2 BNSTPKCS cells are resistant to activation following restraint stress and ex vivo
stimulation

We were surprised that stress did not alter RTPP behavior, and thus further investigated
the recruitment of BNSTPK® cells during stress. Mice underwent 1 hour of restraint stress, a well-
validated stressor (Paré & Glavin, 1986; Glavin et al., 1994; Buynitsky & Mostofsky, 2009; Fetterly
etal., 2019; L. A. Kovécs et al., 2022), after which brains were perfused and collected 90 minutes,
3 hours, or 24 hours after stress. BNST-containing brain slices were then stained with antibodies
for PKC and cfos, a marker of recent neuronal activity (Fig. 3.2A). As expected, we found that the
total number of cfos-positive cells in the BNST was increased in mice 90 minutes and 3 hours after
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restraint stress (Dunnett’s multiple comparisons, No Stress vs 90min p<0.0001, No Stress vs 3hrs
p=0.004) but that there was no difference in cfos+ cells 24 hours after stress compared to no-
stress controls (p=0.47) (Fig. 3.2B). However in BNSTPKC? cells specifically, we found no increase

in cfos expression at any timepoint compared to no-stress control mice (Fig. 3.2C, 1-way ANOVA,

p=0.51).

Fig. 3.2 BNSTPXC cells are resistant to activation

A NoStress 90 min 3hrs 24 hrs B % C
40—
@ »n 2 .
£ 8 S 30-
& 2 g ° 8
2 o 20- o
+ + . °
w " o o
=] o o ° .
5 5 104 &7 oce
3 ® ® .
= oL b3
No 90 3 24 No 90 3 24
Stressmin hrs hrs Stressmin hrs hrs
F Rheobase
‘ \ 200- *
‘ 150 oe
< 1001
50+
U.
0.4 0.6 0.8 1.0 12 1.4 1.6 1.8 PKC& PKCS
Time (s) (-) (+)

A. Representative images and B-C. quantification of immunohistochemistry (IHC) staining for cfos and PKC& in male
and female no-stress control mice or at 90 minutes, 3 hours, or 24 hours following 1 hour of restraint stress. No
stress: n=20 (10F, 10M). 90 min: n=10 (5F, 5M). 3 hrs: n=14 (7F, 7M). 24hrs n=10 (5F, 5M). B. Number of cfos+ cells as
a % of total BNST cells. Welch's 1-way ANOVA, p<0.0001, F(3.0, 20.25)=19.43. Dunnett’s T3 multiple comparison
test, No Stress vs 90 min p<0.0001, t(11.8)=7.122. No Stress vs 3 hrs p=0.0043, t(16.04)=4.156. 90 min vs 24 hrs
p=0.0040, t(18)=4.095. C. Number of cfos+ cells as a % of PKC&+ cells. Ordinary 1-way ANOVA, p=0.5114,
F(3,50)=0.7788. D. Representative image of AAV9-CAG-Flex-tdTomato-WPRE expression in BNST of PKC8-Cre mice. E.
Representative trace of current step injection response in BNSTPXCS neuron, with rheobase current step in red. F.
Rheobase of PKCd(+) vs PKCd(-) cells in the oval BNST. Filled circles = Females (F). Open circles = Males (M). N=6 mice
(3F, 3M), PKCd(-) and PKCd(+) cells recorded from each mouse. PKCd(-): n= 10 cells (3F, 7M). PKCd(+): n=12 cells (5F,
7M). Unpaired two tailed t-test, p=0.0117, t(20)=2.775, 1 Outlier removed, ROUT Q=0.1%.

BNSTPKCS  -76.26 +/-  107.3 +/- 135.9+/- -28.85+/- 4.48 +/- 1.66 +/- 24.95 +/-
Cell Avg 1.23 6.93 10.16 1.00 1.46 0.16 1.42

BNSTPK®® basal membrane properties

Average whole cell patch clamp electrophysiological properties of BNSTPXC cells. Values displayed as
average +/- SEM. n=6 mice (3F, 3M), 26 cells (13F, 13M).
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To better understand potential differences distinguishing BNSTPKC? cells from other BNST
subpopulations, we next turned to ex vivo electrophysiology to investigate their basal excitability
properties. PKCd-Cre mice were injected with Cre-dependent tdTomato to label and enable whole
cell patch clamp recording from BNSTPXC® neurons (Fig. 3.2D, E), the results of which are
summarized in Table 3.1. These cells did not fire spontaneously in slices, and fired action
potentials only in response to strong depolarizing stimuli, having an average rheobase of 136 +/-
10pA, which is considerably higher than previous literature has shown for other cells in the BNST
(Table 3.1) (Egli & Winder, 2003; Silberman et al., 2013). To directly examine this, we crossed
PKC®&-Cre mice with Ai14 mice to label PKC®d cells and conducted whole cell patch clamp
recordings from both PKC®(+) and PKCd(-) cells in the BNST oval nucleus. We found that indeed,
BNSTPKC3*) neurons had a significantly higher rheobase than BNSTPKC0) cells (Fig. 3.2F, t-test
p=0.01), with no significant differences on other measures examined (Figure 3.3). Altogether these
results demonstrate that BNSTPKC? cells require significant stimulation in order to be activated, and

are overall more resistant to activation than other BNST cells.
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Fig. 3.3 Additional electrophysiological comparisons between
BNSTPKC®* and BNSTPKCS- cells
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Filled circles = Females (F). Open circles = Males (M). Basal electrophysiological properties of PKCd(+) vs PKCd(-) cells. N=6 mice (3F,
3M), PKCd(-) and PKCd(+) cells recorded from each mouse. A Membrane potential. PKCd(-): n= 10 cells (3F, 7M). PKCd(+): n=12 cells
(5F, 7M). Unpaired two tailed t-test, p=0.8187, t(20)=0.2323. 1 Outlier removed, ROUT Q=0.1%. B Capacitance. PKCd(-): n= 12 cells
(4F, 8M). PKCd(+): n=13 cells (6F, 7M). Unpaired two tailed t-test, p=0.6181, t(23)=0.5054. C Action potential threshold. PKCd(-): n=
11 cells (3F, 8M). PKCd(+): n=12 cells (5F, 7M). Unpaired two tailed t-test, p=0.3960, t(21)=0.8665. D Excitatory postsynaptic current
(EPSC) frequency. PKCd(-): n= 10 cells (4F, 6M). PKCd(+): n=10 cells (6F, 4M). Unpaired two tailed t-test, p=0.1292, t(18)=1.590. E
EPSC Amplitude. PKCd(-): n= 10 cells (4F, 6M). PKCd(+): n=10 cells (6F, 4M). Unpaired two tailed t-test, p=0.0859, t(18)=1.817.

3.3.3 Brain-wide afferent control of BNSTPXS cells

Given the reluctant firing properties of BNSTPK® cells, we next wanted to investigate their
afferent circuit connectivity to better understand the balance of inputs onto this neuronal
population. Monosynaptic inputs were labelled in PKC&-Cre mice using a rabies viral approach.
We then used SHIELD-based optical clearing and light-sheet microscopy to obtain high resolution
images of whole intact mouse brains (Fig. 3.4A-C). We analyzed these images using the
SmartAnalytics (LifeCanvas Technologies) pipeline to align brain images to the Allen Brain Atlas
and automatically locate and quantify rabies-expressing neurons. We achieved robust rabies
labeling of BNSTPKC? starter cells as well as cells in several regions throughout the brain (Fig.
3.4C-D), with the highest density of inputs in regions including the posterior basolateral amygdala
(BLAp), paraventricular nucleus of the thalamus (PVT), and central nucleus of the amygdala
(CeA), as well as the postpiriform transition area (TR) and several hypothalamic subregions (Fig.
3.4E, Full list sorted by avg density in Supplemental Table 5.1, sorted by avg cell count in

Supplemental Table 5.2, Representative Heatmap in Fig 3.5).
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Fig. 3.4 BNSTPKCS cell afferent connectivity
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mouse. C-D. Representative images of cleared brain imaged via light sheet microscopy following rabies tracing
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regions, reported as cells/mm?>. n=4 mice (2F, 2M). F. Experimental design for channelrhodopsin (ChR2)-assisted
circuit mapping (CRACM). G-l. Number of BNST?“® neurons responsive to optical stimulation of ChR2-exppresing
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Example heatmap distribution of BNSTPXC® afferent regions in one mouse.

Generated by SmartAnalytics software

We next tested the functionality of the top synaptic inputs using channelrhodopsin-assisted

circuit mapping (CRACM). The largest sources of afferents came from the pBLA, which plays a

major role in affective processing, and the PVT, which integrates threat and arousal signals (J. E.

., 2022). We injected ChR2 into

; D. Zhao et al

, 2021;

2021; Simié et al.

2003; Kirouac,

LeDoux

either the pBLA or PVT of PKC3-CrexAi14 mice. We then shone blue light onto ex vivo BNST-

containing brain slices to stimulate afferent terminals and recorded the resulting optically evoked
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postsynaptic currents in BNSTPXC? neurons (Fig 3.4F). The majority of BNSTPXC? cells recorded
from displayed excitatory postsynaptic currents (EPSCs) in response to terminal stimulation from
the BLA (11 out of 13 cells) or PVT (11 out of 12 cells) (Fig 3.4G-H, Table 2). We next investigated
input from the CeA which, like the BNST, is heterogeneous and contains many cell types
paralleling those in the BNST (Roberts et al., 1982; Mccullough et al., 2018). An emerging theme
in CeA-BNST interconnectivity is the reciprocal connectivity of similar cell types, with CeACRF-
BNSTCRF and CeASOM-BNSTSOM interactions playing important roles in regulating affective
responses (Ahrens et al., 2018; Pomrenze et al., 2019; Ye & Veinante, 2019; de Guglielmo et al.,
2019). Thus, we injected Cre-dependent ChR2 into the CeA of PKC-CRExAi14 mice, and found
that the majority of BNSTPKC? cells recorded from (10 out of 11) displayed inhibitory postsynaptic
currents in response to CeAPKC? terminal stimulation (Fig. 3.4H, |, Table 2). This demonstrates that

BNSTPXC3 cells receive functional input from major affective and threat processing afferent regions.

BLA -18.25+/- 2.56 12.77 */- 4.45 3.84+%/-2.66 5.23%/-2.24
PVT -15.19+/-1.77 16.80 */- 2.65 4.98+/-1.70 9.15+/-1.38
CeAPKes 31.69*/- 6.72 22.36*/- 5.01 8.35+/-1.89 28.44+/-5.18

BNSTPXC functional afferent connectivity

Channelrhodopsin-assisted circuit mapping (CRACM) of top afferent regions onto BNSTPX cells. Values
displayed as average +/- SEM. BLA n=3 mice (2F, 1M), 11 cells. PVT: n=3 mice (3F), 11 cells. CeAPK%®: n=4
mice (2F, 2M), 10 cells.

3.3.4 BNSTPKC? cells participate in threat assessment in the elevated plus maze

We next aimed to better understand the role of BNSTPK® cells in the context of anxiety-like
behaviors. We previously found that BNSTPK®? cells are recruited in the stressful decision making
context of the novelty-suppressed feeding test (NSFT) (Jaramillo et al., 2020). This task involves
placing food-deprived mice in an open arena with a food pellet in the center, allowing observation
of risk assessment and anxiety-like behavior during food approach in an aversive context. Here,
we expressed ChR2 or YFP in BNSTPK®? cells and provided 20Hz optical stimulation in a 5sec on,
5sec off pattern as previously described (J. A. Brown et al., 2022) until the first bite of food during

NSFT. All mice consumed food within the 10-minute time limit of the assay. We found no
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difference in time to first approach the food pellet, number of food pellet approaches (Fig. 3.7B-C,
t-tests, p=0.61 and p=0.23), or time to first bite of food, though there was a trend for increased first

bite latency in ChR2-expressing mice (Fig. 3.6A. t-test, p=0.09).

Fig. 3.6 BNSTPKC cells participate in threat assessment
in the elevated plus maze
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Filled circles = Females (F), Open circles = Males (M). A-B. Effect of optogenetic stimulation of BNSTPX® cells on A.
latency to first bite of food in the novelty-suppressed feeding test. YFP: n=18 (10F, 8M). ChR2: n=11 (6F, 5M).
Unpaired two-tailed t-test, p=0.0896, t(27)=1.761. and B. Time spent in the open arm of the elevated plus maze
(EPM). YFP: n=7 (3F, 4M). ChR2: n=9 (5F, 4M). Unpaired two tailed t-test, p=0.0119, t(14)=2.890. C. Diagram of fiber
photometry recording setup. D. Representative image of Cre-dependent GCaMP7f immunofluorescence and fiber
placement in the BNST of PKC&-Cre mouse at 4x (left) and 20x (right) magnification. E-F. Combined average changes
in calcium activity before and after entering the open arm (E) and closed arm (F) of the EPM. n=9 (7F, 2M). E. Paired
two-tailed t-test p=0.3383, t(8)=1.018. F. Paired two-tailed t-test p=0.0321, t(8) = 2.145. G. Correlation plot of
magnitude of calcium signal at onset of open arm entry and the time spent on the open arm during that visit. Simple
linear regression, y = -0.1440x + 1.274. p=0.0017, R2=0.2361, Sy.x = 1.538.
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Because BNSTPKC? cells have been implicated in feeding behaviors (Y. Wang et al., 2019),
we also examined risk assessment and anxiety-like behavior in a food-independent task, turning to
the elevated plus maze. Here, we found that activation of BNSTPX3 cells significantly reduced
open arm time, suggesting increased anxiety-like behavior (Fig. 3.6B. t-test, p=0.01). We found no
difference in latency to first enter the open arm or number of open arm entries, suggesting the
decreased time is due to an anxiety-like effect rather than reduced locomotion (Fig. 3.7D-E, t-tests,
p=0.74 and p=0.25).

To further ascertain the involvement of BNSTPK® cells in the elevated plus maze, we next
expressed the modified fluorescent calcium sensor, GCaMP7f, and used fiber photometry to
record their in vivo activity in real-time (Fig. 3.6C, D). We found that upon entry to the EPM open
arms, there is no change in BNSTPX®S cell activity (Fig. 3.6E. t-test, p=0.34), but that there is a
significant decrease in signal when mice return to the closed arms (Fig. 3.6F, t-test, p=0.03).
Further, we found that the magnitude of neuronal activation during entry to an open arm is
negatively correlated with the duration of that open arm visit. Larger increases in calcium transients
at onset of open arm entry correlated with short visit duration, while instances of little-to-no or
reduced BNSTPKC? cell activation were correlated with longer open arm times (Fig. 3.6F. Simple

linear regression, R?>=0.24, p=0.002).
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Fig. 3.7 Reduced movement does not interfere with
expression of aversion of anxiety-like behavior
A RTPP Number of B NSFT Latency to C NSFT Number of
Side Crossings First Approach Food Pellet Food Pellet Approaches
, 200 100 18 . .
]
<) . — 80 ]
g 150 N 0 £ 10 oo o
. 60 © o [ X X}
5 100 . g o 3 >
—t £ 40 & ;- o
2 . . [ o 5 A
T 50 . < e0e )
0 388 | .3 2 | 20 m o0 0
0 . . 0 op% 0 =2 .
YFP ChR2 YFP ChR2 YFP ChR2
D EPM Latency to E EPM Number of
First Open Arm Entry Open Arm Entries
30 & 30
. =
‘a‘ ﬁ O.C 2
220 . ~ 20 S= .
E ¢ . o*0 TU o
F 10 o 210 .
1 okl &
o H =
5 0g0 = 0 : .
YFP ChR2 YFP ChR2
Filled circles = Females (F). Open circles = Males (M). Effect of in vivo optogenetic stimulation of BNSTF¥d cells on A Number of
crossings between light stimulation side and non-stimulation side in the real time place preference (RTPP) assay. YFP: n=12 (8F, 4M).
ChR2: n =6 (4F, 2M). Unpaired two tailed t-test, p=0.1364, t(16)=1.568. B-C Novelty-suppressed feeding test (NSFT) (NSFT). YFP:
n=18 (10F, 8M). ChR2: n=11 (6F, 5M). B Latency to first approach the food pellet. Unpaired two tailed t-test, p=0.6126, t(27)=0.5123.
C Number of food pellet approaches. Unpaired two tailed t-test, p=0.2300, t(27)=1.228. D-E Elevated Plus Maze. YFP: n=7 (3F, 4M).
ChR2: n=9 (5F, 4M). D Latency to first enter an open arm. Unpaired two-tailed t-test, p=0.7378, t(14)=0.3415. E Number of open arm
entries. Unpaired two-tailed t-test, p=0.2496, t(14)=1.201.

3.3.5 BNSTPKC cell activity does not desensitize to repeated stress exposure

The magnitude of calcium transients in the elevated plus maze was modest compared to
previous studies on the recruitment of BNSTPXC? cells during stress coping (Jaramillo et al., 2020;
Luchsinger et al., 2021), and we hypothesized that perhaps their recruitment scales with the
salience of the presented threat/stressor. The BNST is known to be activated by unpredictable
threat (Walker et al., 2003, 2009; Davis et al., 2010; Avery et al., 2016). Thus we again used
GCaMP7f and in vivo fiber photometry to measure activation of BNSTPXC? neurons at the onset of
un-cued footshock stress. A footshock was delivered every 30 seconds for 5 minutes, and we
found a significant increase in activity upon footshock exposure (Fig. 3.8A-C). General and CRF
neuronal activity in the BNST desensitizes to repeated homotypic stress exposure (Luchsinger et
al., 2021; J. A. Brown et al., 2022), so we then repeated footshock the following day to test if PKCd
cells would also desensitize. Surprisingly, we found that there was again an increase in BNSTPXC3
cell activation at the onset of footshock, with no significant difference from the first day (Fig. 3.8B,

C. Mixed effects analysis, footshock effect p=0.004, day effect p=0.15).
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Fig. 3.8 BNSTPK cells do not desensitize to homotypic
stress exposure
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Filled circles = Females (F). Open circles = Males (M). A. Experimental setup for fiber photometry footshock assay. B.
Combined average traces of changes in calcium activity quantified in (C). C. Combined average changes in calcium activity 3
sec before and after footshock presentation. Paired mixed effects analysis, Day effect p=0.1507, F(1,9) = 2.466. Shock effect
p=0.004, F(1,9) = 14.75. Sidak’s multiple comparison test, Day 1 n=10 (8F, 2M) p=0.0021, t(16)=3.996. Day 2 n=9 (7F, 2M)
p=0.0064, t(16)=3.459. D. Image of mouse in RESTRAINT device while recording fiber photometry signals. E-F. Average
calcium transient events per minute (E) and Average calcium transient amplitude (F) during 5 minute baseline vs 1 hour
RESTRAINT across 5 days (left), and the calculated fold change between baseline and stress for each day (right). n=10 (8F,
2M). E. (left) Transient frequency across days. 2-way Repeated measures ANOVA, Day effect: p=0.486, F(4,36)=0.8793. Stress
effect: p=0.0143, F(1,9)=9.175. Sidak’s multiple comparisons test, Day 1 p=0.0714, t(36)=2.563. Day 2 p=0.2149, t(36)=2.055.
Day 3 p=0.3258, t(36)=1.828. Day 4 p=0.002, t(36)=3.911. Day 5 p=0.0011, t(36)=4.096. (right) Transient frequency fold
change each day. Mixed Effects model, p=0.2079, F(1.347,10.78)=1.826. F. (left)Transient amplitude across days. 2-way
Repeated measures ANOVA, Day effect: p=0.614, F(4,36)=0.6745. Stress effect: p=0.0167, F(1,9)=8.598. Sidak’s multiple
comparisons test, Day 1 p>0.999, t(36)=0.1793. Day 2 p=0.0343, t(36)=2.863. Day3 p=0.0018, t(36)=3.947. Day 4 p=0.0104,
t(36)=3.317. Day 5 p=0.0082, t(36)=3.405. (right) Transient amplitude fold change each day. Repeated measures 1-way
ANOVA p=0.1555, F(2.528, 22.75)=1.961, R?=0.1789.

We then examined whether BNSTPKC? cells would desensitize to a more chronic homotypic

stress exposure, using GCaMP7f paired with fiber photometry to record activity during chronic
restraint stress. To allow continuous recording before (to establish a baseline) and during stress,

we used a modified restraint device we designed called RESTRAINT (REcording Signal

TRansients Accessible IN a Tube) (Luchsinger et al., 2021) and stressed mice for 1 hour each day
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for 5 consecutive days (Fig. 3.8D). Here we found that during stress, there was an increase in the
frequency (2-way ANOVA, stress effect p=0.01) and amplitude (2-way ANOVA, stress effect
p=0.02) of calcium transients during RESTRAINT compared to baseline (Fig. 3.8E(left), F(left)). As
with footshock, we again saw that this increased activation did not desensitize across days (Fig.
3.8E-F. 2-way ANOVAs day effect, frequency p=0.49, amplitude p=0.67. Fold change across days:

frequency p=0.21, amplitude p=0.16).

3.4 Discussion

Here we report that in vivo optogenetic activation of BNSTPKC cells is mildly aversive and
reduces exploratory behavior. Specifically, this stimulation decreased average speed and distance
travelled, increased freezing, and decreased time spent on the open arms of the elevated plus
maze (EPM). Compared to other cells in the BNST, PKC? cells are resistant to activation. They do
not show increased cfos expression following restraint stress and require significantly larger
amounts of current injection before firing action potentials. Rabies tracing revealed that BNSTPXC3
cells receive input from a variety of brain regions including the basolateral and central amygdala,
the paraventricular nucleus of the thalamus, and several hypothalamic subregions. Fiber
photometry recording showed decreased activity in BNSTPK®® cells during entries into the closed
arms of the EPM, and that activation at open arm visit onset was inversely correlated visit duration,
with instances of higher activity occurring at the onset of shorter-duration open arm times.
BNSTPKC? cells are also activated by footshock and show increased frequency and amplitude of
activation during chronic RESTRAINT compared to baseline, which did not desensitize over

repeated stress exposures.

3.4.1 BNSTPKC cells in anxiety-like behaviors and risk assessment

Using complementary approaches, we found that both exogenously-driven and
endogenous activity of BNSTPK® cells is associated with reduced exploratory behavior and
increased anxiety-like behavior. The EPM in particular is a well-validated tool for measuring
changes in anxiety-like behavior, and has also been used as a model of risk assessment behaviors

(Hogg, 1996; Rodgers & Dalvi, 1997; Carobrez & Bertoglio, 2005; Kraeuter et al., 2019; La-Vu et
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al., 2020). The BNST as a whole plays a major role in sustained threat monitoring (Walker et al.,
2003, 2009; Davis et al., 2010; Avery et al., 2016), and our previous work found that BNSTPKC?
cells are activated when approaching a food pellet in a novel, aversive environment (Jaramillo et
al., 2020). This paired with our current findings that BNSTPKC? activation decreases during EPM
closed arm entries, is inversely correlated with open arm visit duration, and increases during
footshock exposure suggest that BNSTPK®? cell activity may serve as a threat detection signal,
reducing movement and exploration overall and driving avoidance and anxiety-like behaviors.
Indeed, it has been recently proposed that the genetically similar CeAPX®3 cells are involved in risk
assessment as part of a suite of defensive behaviors prior to a specific threat being detected
(Moscarello & Penzo, 2022), and it has been shown that other parallel populations between the
BNST and CeA share reciprocal connectivity and related functionality (Ahrens et al., 2018;
Pomrenze et al., 2019; Ye & Veinante, 2019; de Guglielmo et al., 2019). Here we demonstrate that
CeAPXCS cells provide direct inhibitory input onto BNSTPXC3 cells. Future studies should further
probe this potential reciprocal microcircuit and its role in threat detection.

The afferent connectivity of BNSTPKC? cells positions them well for an integrative role in
threat processing and anxiety-like behaviors. We previously found that a large proportion of
BNSTPKC® cells receive input from the parabrachial nucleus (PBN) (Jaramillo et al., 2020), which
encodes distress-like states and danger signals (Palmiter, 2018; Jaramillo et al., 2021). The
axosomatic somatic nature of PBN-to-BNST innervation (Shimada et al., 1989; Dobolyi et al.,
2005; S. a Flavin et al., 2014; Fetterly et al., 2019) could facilitate activation of BNSTPK® cells in
the context of threat, despite their overall reluctance to fire compared to other BNST cell
populations (Fig. 3.2F) (Egli & Winder, 2003; Silberman et al., 2013). Some of the densest
projections come from amygdalar subregions including the BLA, CeA, and BMA, which encode
information about threat and the animal’s current emotional state (J. E. LeDoux, 2003; Gozzi et al.,
2010; Haubensak et al., 2010; Simi¢ et al., 2021; Moscarello & Penzo, 2022), and we validated
that both the BLA and CeAPK®? cells provide functional input to BNSTPK® cells. We also
functionally validated input from the PVT, which is involved in threat detection, arousal, stress
processing, and anxiety-like behaviors, and activation of PVT-to-BNST afferents increases EPM

open arm time, while inhibition of this pathway has the opposite effect (Chastrette et al., 1991;
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Bhatnagar & Dallman, 1999; Kirouac, 2021; D. Zhao et al., 2022). BNSTPK® cells also receive
abundant input from the parasubthalamic nucleus and multiple hypothalamic subregions, which are
responsible for processing homeostatic drives including thirst, hunger, and sleep (Andersson &
Larsson, 1961; Nakamura, 2011; Yu et al., 2018; McKinley et al., 2021; J. H. Kim et al., 2022).
Interestingly, although the BNST as a whole is not known for significant sensory inputs (Mcdonald,
1998; H. W. Dong et al., 2001; H. Dong & Swanson, 2004; Luchsinger et al., 2021), BNSTPXCS cells
also receive innervation from multiple regions involved in sensory processing (Figure 3.4D,E,
Table 3.3). These include olfactory and pheromone processing regions like the post-piriform
transition area, posterior amygdalar nucleus, and dorsal premammillary nucleus (Jolkkonen et al.,
2001; Kemppainen et al., 2002; Comoli et al., 2005; D. A. Wilson et al., 2006; Pavesi et al., 2011),
as well as smaller inputs from the auditory cortex. During acute threat, freezing enhances the
sensory contribution to the decision making process (de Voogd et al., 2022). It is possible the
decreased movement occurring upon BNSTPXC3 gctivation could facilitate the amplification of
pertinent environmental sensory cues, which, when integrated with interoceptive cues about an
animal’s emotional and physical state, could facilitate appropriate action selection in the context of
risk assessment.

There have been few studies to date examining the function of BNSTPK®® cells, and those
that exist have presented seemingly contradictory findings about their role in regulating anxiety-like
behaviors. Most recently, Ueda and colleagues found that inhibition of BNSTPK®? cell signaling
increased EPM open arm time (Ueda et al., 2021). This suggests that BNSTPK® cell activity
contributes to increased anxiety-like behavior, congruent with our findings here. In contrast, Wang,
X. and colleagues found that Gq-DREADD activation of BNSTPXCS cells decreased anxiety-like
behavior (X. Wang et al., 2020). Wang, Y. and colleagues, on the other hand, found that both
optogenetic stimulation and Gi-DREADD activation in BNSTPX®3 cells resulted in no change in
anxiety-like behaviors (Y. Wang et al., 2019). There are several important considerations that
could contribute to these apparent discrepancies. Ueda et. al. used chronic inhibition of synaptic
vesicle release, and here we optogenetically stimulated BNSTPX®S cells throughout a 10-minute
EPM assay, while Wang, Y. et. al. used optogenetic stimulation over a brief two minute period in

the EPM. Thus, there may be a threshold activation time required for BNSTX®0 cells to impact
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these behavioral readouts. Indeed, in our NSFT assay, which involved a shorter total stimulation
time, (average 3.45 min +/- 38 sec across all mice) we saw only a trend for increased anxiety-like
behavior. An additional consideration is the complexity of DREADD actions in the BNST. We have
previously shown that Gi-DREADDs in the BNST can actually have excitatory effects (N. A. Harris,
Isaac, et al., 2018). Given the role of PKCd in G-protein coupled receptor (GPCR) signaling
(Newton, 2001; Vail & Roepke, 2019), it is possible that DREADD activation in this population may
have more complex effects than simple activation or inhibition. Indeed Wang, X. and colleagues
reported sparse cfos expression in PKC® cells in the BNST following Gg-DREADD activation (X.
Wang et al., 2020). Finally, it has recently been shown that signaling in the right versus left CeA
has opposing effects on pain-like behaviors, suggesting there may be interesting functional
lateralization within the extended amygdala (Carrasquillo & Gereau, 2008; Allen et al., 2022). Our
current in vivo work focused exclusively on the right BNST, while Wang, X. et al. activated the left
BNST and Wang, Y. et al used bilateral manipulations. Future studies should examine potentially

distinct contributions of left verses right BNSTPXC® populations on anxiety-like behavior.

3.4.2 Stress-sensitivity of PKC5 and PKCd-expressing cells in the BNST

Here we found that BNSTPKC? cells are activated at the onset of footshock stress and
showed increased calcium transient frequency and amplitude during chronic RESTRAINT
compared to baseline. Surprisingly, this activation did not desensitize to repeated exposure to the
same stressor (Fig 5), in contrast to other cells in the BNST(Luchsinger et al., 2021; J. A. Brown et
al., 2022). We also found that, unlike the BNST as a whole, BNSTPXC® cells do not show increased
cfos expression following restraint stress (Fig. 2C). This at first seems to contradict our current
fiber photometry findings and previous work showing increased activation of BNSTPXC® cells during
active struggling bouts in RESTRAINT(Luchsinger et al., 2021). However, we have previously
shown that time spent participating in whole-body struggle bouts represents a minority of total time
during restraint stress(Luchsinger et al., 2021), and it is likely the increases in activity tied to
struggle bouts are not frequent or persistent enough to drive changes in cfos expression. Further, it
should be noted that both GCaMP and cfos are proxies of neuronal activity and not direct readouts

of action potentials. Increases in intracellular calcium may also come as a result of release from
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intracellular stores. Again given the role of PKC in GPRC signaling pathways that influence
intracellular calcium, it is intriguing to consider that changes in GCaMP fluorescence could be
reflective of these types of signaling rather than, or in addition to, action potential firing. Indeed our
previous work found that levels of PKC& expression in the BNST are stress-sensitive, with female
mice showing an increased number of PKC&(+) cells following restraint stress(Fetterly et al.,
2019). Other studies have found that expression of PKC®d in the CeA plays a functional role in
mediating addiction-related behaviors(Venniro et al., 2020; Domi et al., 2021), and future studies

should examine the functional contribution of PKC& expression within the BNST.

3.43 Conclusion and future directions

Here we propose a model in which BNSTPKC® cells are engaged in risk assessment and
increasing anxiety-like behaviors, potentially through the integration of exteroceptive and
interoceptive cues to detect and respond to threats. Appropriate risk assessment is evolutionarily
adaptive and critical for an organism’s survival. However, maladaptive threat responses are a
central feature of many psychiatric disorders including depression, anxiety, PTSD, and
OCD(Mathews & MacLeod, 1994; Gorka et al., 2016; Spinhoven et al., 2017; Hofmann & Hay,
2018; Schlund et al., 2021; T. M. Ball & Gunaydin, 2022), and it has been shown that stress can
have complex effects on threat detection and approach/avoidance behaviors(Frisch et al., 2015;
Macatee et al., 2017; Egan & Dennis-Tiwary, 2018; Timmers et al., 2019). Future studies should
investigate the contribution of this neuronal population to detection of specific threats and stress
responses. Overall, our current understanding of the function of BNSTPK® cells is still in its infancy,
and these cells hold the potential for many interesting and important future studies to further our

understanding of threat processing and stress-related psychiatric disorders.
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CHAPTER 4

Discussion and future directions

4.1 Understanding the function of BNSTPKC3 cells

4.1.1 Summary of findings

Here, we first showed that BNSTPKC? cells are recruited during bouts of active stress
coping. We found increases in calcium-mediated GCaMP signaling during both non-consummatory
and consummatory food pellet approaches in the aversive decision-making context of the NSFT
and increased signal during active escape-like struggle bouts in RESTRAINT stress. We also
found that BNSTPXC® cells receive input from the PBN, colocalizing with a significant portion of
CGRP+ cells.

To investigate the valence of BNSTPXC? activation, we turned to in vivo optogenetic
stimulation during the RTPP assay. We showed that direct stimulation of BNSTPK® cells is mildly
aversive, and that this aversion is not sensitized by prior exposure to restraint stress. This
stimulation also resulted in reduced overall movement, increasing freezing time and decreasing
distance traveled and average speed.

Based on our previous finding of increased cfos mRNA after restraint stress, we were
surprised to find that restraint did not impact RTPP behaviors. We examined cfos protein levels
after stress using IHC and found that, unlike the BNST as a whole, BNSTPXC® cells are not robustly
activated following restraint stress, showing no significant increase in cfos protein expression.
Indeed using ex vivo electrophysiology, we showed that this population is quite hyperpolarized and
resistant to activation in general, requiring significantly more input current before firing action
potentials than other cells in the BNST.

To gain a better understanding of the circuit context of BNSTPK®? cells and the regions that
could influence their activation, we used rabies tracing paired with whole brain clearing and
lightsheet microscopy to investigate the brain-wide afferents onto BNSTPKCS cells. We found that

BNSTPKC® cells receive input from a variety of brain regions including the basolateral and central
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amygdala, the paraventricular nucleus of the thalamus, sensory regions including the post-piriform
transition area, and several hypothalamic subregions. We then functionally validated the
connectivity from the BLA, PVT and from CeAPXC? cells using channelrhodopsin-assisted circuit
mapping.

Lastly, we aimed to further probe the contexts in which BNSTPK® cells are recruited and
their impact on behavioral output, and first showed that BNSTPKC? cells participate in risk
assessment-like behaviors in the elevated plus maze. In vivo optogenetic activation resulted in
decreased open arm exploration time, suggesting increased anxiety-like behavior. In vivo fiber
photometry recording showed a significant decrease in recruitment of BNSTPXC cells during
entries of the closed arms of the EPM, and activation during entries to the open arms is inversely
correlated with time spent on the open arm during that entry. Finally, we showed that BNSTPKC?
cells are activated by footshock, and that their activation to both repeated footshock and during

chronic restraint stress does not desensitize over consecutive days of exposure.

4.1.2 BNSTPXC cells may represent threat detection cells

Taking our findings together, we propose a model in which BNSTPKC®? cells may be
specifically positioned as threat detection cells. Threat imminence theory divides defensive
responses to threat into separate behavioral modes according to the proximity of the threat
(Fanselow et al., 1988; Moscarello & Penzo, 2022). Baseline is a safety state, when an animal
assumes encounter with a threat or predator is unlikely and thus engages freely in non-defense
survival mechanisms. The first defensive response phase is the pre-encounter mode, which is
often engaged in a context of potential or previous threat encounter but prior to detection of a
specified threat, and is primarily comprised of exploratory behaviors balanced with risk assessment
and avoidance. The second is the post-encounter mode, in which a threat has been detected but is
still distant, and is characterized by rapid defensive behaviors such as freezing in rodents. The
third is the circa-strike mode when an active threat is occurring, such as when a predator is
attacking, and consists of fight or flight responses to protect the animal from injury or death. These
three modes exist on a continuum of what can be classified as “anxiety-like” to “fear-like”, with the

pre-encounter mode representing a lower-level anxiety-like state, the post-encounter mode
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representing a higher-level anxiety-like state or fear-like state depending on the proximity of the
threat, and the circa-strike mode fitting with a phasic fear-like state (Davis et al., 2010; Moscarello
& Penzo, 2022).

The BNST has classically been considered to mediate anxiety-like behaviors or “sustained
fear”, while the related and highly interconnected CeA is thought to be responsible for fear-like
responses or “phasic fear” (Davis et al., 2010; Avery et al., 2016). It is likely more complex though,
and it has recently been suggested that distinct CeA cell types may be involved in each of the
three phases of threat responses. Specifically, CeAPK? cells may play a role in the pre-encounter
mode, somatostatin-expressing cells (CeAS°™) may mediate the post-encounter mode, and CeACRF
cells may be responsible for circa-strike mode behaviors, with mutually inhibitory circuitry between
each cell type helping to mediate transitions between modes (Moscarello & Penzo, 2022).

Based on our current findings and given reciprocal connectivity and related functionality
between other parallel cell types in the BNST and CeA (Ahrens et al., 2018; Pomrenze et al., 2019;
Ye & Veinante, 2019; de Guglielmo et al., 2019), we propose that BNSTPXCS cells are, like their
CeA counterpart, engaged in regulation of the pre-encounter defense mode. CeAPK®? cells inhibit
freezing, increase exploratory behaviors in the elevated maze, and are required for encoding and
learning contextual food cues, thus promoting the foraging-like behaviors required for survival in
potentially dangerous contexts (Haubensak et al., 2010; Fadok et al., 2017; Griessner et al., 2021;
Whittle et al., 2021). In contrast, here we find that activation of BNSTPXC? cells is aversive,
decreases movement and increases freezing, and decreases time spent on the open arm of the
elevated plus maze (Figs. 3.1C-F, 3.6B) Further, magnitude of BNSTPK®® neuronal activation is
negatively correlated with time spent on the open arm (Fig. 3.6G), suggesting that their activity
may signal a risky context and encourage avoidance behaviors characteristic of the pre-encounter
mode. Indeed, on entries to the closed arm, there is a significant decrease in BNSTPK® gctivation
(Fig. 3.6F), and little-to-no or even decreased activation on longer entries to the open arm (Fig.
3.6G), suggesting that inhibition of BNSTPXC? cells may be permissive of exploratory behaviors. It
is interesting to note that the shape of the correlation suggests the relationship between signal
magnitude and time spent on the open arm may not be linear, and future studies should repeat this

assay with greater numbers of mice/entries to further parse out this relationship and determine if
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perhaps there is a threshold of activity influencing exploratory decisions. Finally, it has been shown
that during acute threat, freezing enhances the sensory contribution to the decision making
process (de Voogd et al., 2022). Here our rabies tracing revealed that although the BNST as whole
is not known for significant sensory inputs (H. W. Dong et al., 2001; Ch’ng et al., 2018; Luchsinger
et al., 2021; Centanni et al., 2022), BNSTX®0 cells in particular receive substantial innervation from
regions involved in sensory processing (Fig. 3.4D-E, Fig 3.5, Table 3.3). These include the post-
piriform transition area (TR) which is involved in olfactory processing, and the posterior amygdalar
nucleus, which processes pheromonal information, as well as smaller inputs from the dorsal
premammillary nucleus which is responsive to predator odors, and the auditory cortex (Jolkkonen
et al., 2001; Kemppainen et al., 2002; D. A. Wilson et al., 2006; Pavesi et al., 2011). It is possible
that the decreased movement occurring as a result of BNSTPKC? gctivation could facilitate the
amplification of pertinent environmental sensory cues to facilitate threat detection.

The pre-encounter mode is truly a flexible pattern of behavior that balances risk
assessment and avoidance with pursuit of survival-promoting behaviors such as foraging
(Fanselow et al., 1988; Moscarello & Penzo, 2022). The inherent conflict elicited by these opposing
components of the pre-encounter mode suggest they may be mediated by mutually inhibitory
populations, and indeed here we demonstrate that CeAPK®? cells provide functional inhibition onto
BNSTPKC cells (Fig. 3.4, Table 3.2). Paired with our finding that activation of BNSTPX®0 cells
reduces movement, it is possible that they may help facilitate the transition to post-encounter
behaviors, which is dominated by freezing, in the event of acute threat detection. Indeed, as with
BNSTPKC3 cells, CeAS°™ activation increases freezing and is thought to be a major mediator of the
post-encounter mode behaviors (Moscarello & Penzo, 2022). This could in part be due to inhibition
onto CeAPKC cells thus disinhibiting BNSTPXC0 cells, and/or possibly through BNSTPKC? cells
inhibiting CeAPX®d neurons, thus disinhibiting CeAS°™ cells. It has been shown that BNSTPX® cells
project into the CeA (Ye & Veinante, 2019), begging the question as to whether the BNST
population provides reciprocal inhibition onto the CeAPK? and/or CeAS°™ cells specifically.
Interestingly, activation of CeAS°™ neurons promotes entry into the closed are of the EPM, while
here we found a significant decrease in BNSTPKC? activation during closed arm entry. This

encourages the hypothesis that there may exist a complex inhibitory interaction between BNSTPKC?
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cells, CeAPX® cells and CeAS°™ cells wherein BNSTPKC and CeAPKC? cells mediate the opposing
drives of the pre-encounter mode, inhibiting and promoting foraging behaviors, respectively, with
BNSTPKE? gctivation facilitating transition to the post encounter mode upon detection of a threat.
Future studies should further probe the relationship between these cell types and their potential

complementary roles in mediating threat-related behaviors.

Finally, the positioning of BNSTPK® cells as threat detection cells is further supported by
their activation patterns in the context of stress. Stress is known to have complex effects on threat
detection and approach/avoidance behaviors (Frisch et al., 2015; Macatee et al., 2017; Egan &
Dennis-Tiwary, 2018; Timmers et al., 2019). Here we first found that there is a significant increase
in BNSTPKC gctivation while approaching a food pellet in the NSFT, during active coping bouts in
restraint stress, and at the onset of footshock stress. The NSFT is a prime assay for evoking pre
encounter defensive behaviors, pitting drive for feeding against the risk of foraging in a bright,
open, novel, and thus potentially dangerous, environment. As with previous inclusions, this
sentence is here because of my genuine curiosity regarding the closeness with which this
document will be read. Average latency to first bite was not significantly correlated with magnitude
of signal but it would be interesting to know whether duration of time spent exploring the food pellet
at each approach is correlated with signal increase, as with activation during EPM open arm
entries.

Uncued footshock has often been used as a model of unpredictable threat (Davis et al.,
2010), and here we find that BNSTPX® cells are activated at the onset of these shocks (Fig. 3.8B-
C). It has been shown that distinct aspects of fear conditioning, involving the pairing of footshock
with predictive cue, differentially recruit CeAPK®® and CeAS°™ neuronal populations, and future
studies should investigate any potential contributions of BNSTPXC? neurons to this process and how
predictability verses unpredictability impacts their activation in response to the threat of footshock.

Restraint stress presents a threat context that is somewhat unique from both NSFT and the
uncued footshock assay we used, in that it is an ongoing and inescapable. We find a significant
increase in BNSTPXCS cell activation at the onset of active struggle bouts, which could be
interpreted as an attempt at escape or avoidance of the threat, fitting with the model of BNSTPKC?

cells as mediating the pro-escape/anti-foraging component of the pre encounter mode. We also
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see a significant increase in the frequency and amplitude of calcium transients during RESTRAINT
compared to the pre-stress baseline. It is interesting to note, however, that not all signal transients
occurred at the onset of struggle bouts. For example, anecdotally it seemed that for some mice,
there would be a large transient occurring 5-15 seconds after the conclusion of a struggle bout.
Future studies should examine the relative ratio of signals tied to struggle bouts and perhaps use
machine-based deep learning algorithms such as DeepLabCut (Kane et al., 2020), DeepPoseKit
(Graving et al., 2019), AlphaTracker (Padilla-Coreano et al., 2022), and Selfee (Jia et al., 2022) to
generate a more comprehensive and even predictive model regarding when BNSTPXC? cells are
recruited, both during RESTRAINT and other stressful and non-stressful contexts.

Finally, BNSTPK®? cells did not de-sensitize to repeated presentation of the same stressor
(Fig. 3.8). This stands in contrast both to other neuronal populations in the BNST, and the HPA
axis as a whole, both of which show reduced recruitment over the course of homotypic stress
exposure (Marti & Armario, 1998; Grissom & Bhatnagar, 2009; Babb et al., 2014; Luchsinger et al.,
2021; J. A. Brown et al., 2022). Lack of desensitization would be an important characteristic of any
risk-assessing neuronal population, as an organism should not discount the presence of a threat if
it is still dangerous, just because it has encountered the threat before. This consistent recruitment
may in part be due to our (initially, seemingly contradictory) finding that BNST™K®? cells are
generally resistant to activation, showing significantly higher rheobase than BNSTPX30) cells, and,
while there is an increase in cfos mRNA after restraint stress, we found no corresponding increase
in cfos protein. This suggests that the recruitment of this population by stress is likely transient,
rather than sustained, activation, which is less likely to result in stress-induced adaptations like
desensitization. It is also interesting to note that our rabies tracing revealed a sparser amount of
retrohippocampal inputs onto BNSTPK®® neurons compared to other cells in the BNST, and it is
possible that this may in part help mediate the lack of desensitization by minimizing the impact that
memory of a stressor has on its encoding as a potential threat (Bucci & Robinson, 2014; Witter &

Amaral, 2021; Luchsinger et al., 2021; Berry et al., 2022; J. A. Brown et al., 2022).

4.1.3 Other considerations and alternative models

Altogether we are proposing a model in which BNSTPK®® cells may be positioned as threat
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detection cells to facilitate risk assessment in the pre-encounter mode of defensive behaviors,
and that this perception of threat then leads to increases in anxiety-like behaviors. However many
of our findings are also consistent with the possibility that these neurons are involved in encoding
an anxiety-like state more broadly. Indeed while there have to-date been few studies examining
the function of BNSTPKC? cells, those that exist have in part attempted to characterize their role in
anxiety-like behavior (Y. Wang et al., 2019; X. Wang et al., 2020; Ueda et al., 2021). The EPM in
particular is a well-validated tool for measuring changes in anxiety-like behavior, and exposure to
stressors such as footshock and restraint are known to increase anxiety-like behaviors (Hogg,
1996; Rodgers & Dalvi, 1997; Carobrez & Bertoglio, 2005; Kraeuter et al., 2019; La-Vu et al.,
2020). Anxiety can be defined as a prolonged state of heightened apprehension, and as such,
one would hypothesize that a cell population encoding changes in anxiety would show sustained
activity in the presence of a stressor. Here our data suggest that BNSTPXC2 cells are only
transiently activated by stressors, and indeed with the electrophysiological data, there were
subset of PKCd neurons that would only fire briefly at the onset of activation and then remain
inactive for the remainder of the current injection step. Future studies should examine whether
there may be any spike adaptation with prolonged activation, as well as conduct a further
characterization of the heterogeneity present within the BNSTPXC® population. Additionally, future
work should examine changes in baseline signal that occur throughout the duration of a stressor.
The quantification methods used here to examine overall transient frequency and amplitude of
transients throughout the duration of a stressor rely on flattening the “baseline” to be level
throughout the trace, but there may be important information conveyed in bulk signal baseline
fluctuations that are not reflected by brief transients. Future studies should modify the analysis
code to better investigate potential sustained activity changes and potential direct contributions of
BNSTPXC3 cells to an anxiety-like state. It should also be noted that threat detection and encoding
of an anxiety-like state are not mutually exclusive, and aspects of BNSTPX®® neurons could be
involved in the encoding of both.

The absence of a significant increase in cfos protein in BNSTPX® cells also warrants
further discussion. As mentioned above, this finding supports the hypothesis that this population

may be transiently activated by stress in order to facilitate chronic recruitment to stressors.
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Nonetheless, it was a surprising result given the stress sensitivity of the BNST as a whole,
increased cfos mRNA in BNSTPXC® neurons after restraint stress, and the increased GCaMP
signal seen at the onset of struggle bouts as well as the overall increase in transient frequency
and amplitude during RESTRAINT. However, as discussed previously, it is likely that the
increases in activity tied to struggle bouts are not frequent or persistent enough to drive changes
in cfos expression. Indeed, we have previously shown that time spent participating in whole-body
struggle bouts represent a minority of total time during restraint stress (Luchsinger et al., 2021).
Further, it should be emphasized that both GCaMP and cfos are proxies of neuronal activity and
not direct readouts of action potentials. Increases in intracellular calcium detected by GCaMP is
associated with action potential firing, but may also come as a result of release from intracellular
stores, often mediated by GPCR signaling. Studies have shown that cfos induction may require
presynaptic input rather than just calcium influx, as antidromic stimulation (activation of a
neuron’s axon resulting in back-propagation to the cell body) is not sufficient for cfos expression
(Luckman et al., 1994), and there are several examples of neurons known to be activated within a
circuit that do not display increases in cfos (Labiner et al., 1993; Luckman et al., 1994,
Figueiredo, Bodie, et al., 2003; K. J. Kovacs, 2008). Further, despite it being a common
assumption, mRNA expression can be poorly correlated with changes in protein (Koussounadis
et al., 2015). In the case of cfos, this may be mediated by miR-7b, a microRNA that inhibits cfos
translation, or an AP-1 site on cfos that inhibits its own translation (Konig et al., 1989; H. J. Lee et
al., 2006). Indeed miR-7b expression can be regulated by G-protein coupled estrogen receptor 1
(GPER1) and downstream PKC signaling pathways (Xu et al., 2015; J. He et al., 2018), which
could underlie our current observation of an increase in cfos mMRNA in BNSTPXC® cells but no
corresponding increase in cfos protein. It is also worth considering that the restraint stress used
to examine cfos changes took place in dark, sound- and light-attenuating chambers, whereas in
vivo recordings during RESTRAINT took place in well-lit conditions (to facilitate video recording
and DeeplLabCut behavioral analysis). The BNST has been shown to mediate the ability of
prolonged bright light exposure to potentiate acoustic startle in sustained fear models (Davis et
al., 2010), and future studies should examine the contribution of these conditions to the

recruitment of PKCd cells specifically. It would be interesting to investigate potentially differential
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GCaMP and/or cfos recruitment under varying light environments.

Finally, it is also interesting to note that, while there was not a significant difference in the
number of PKC®& cells expressing cfos protein between no-stress control mice and mice at 90
minute, 3 hours, and 24 hours after stress, there is a population of cfos+ PKC? cells present in
each of these conditions. While BNST-wide we found a low (1-4%) of cells expressing cfos
basally, and this increased to about 3-8% of cells after stress, in PKCd cells specifically we saw
an average of 6-10% of neurons co-expressing cfos across groups. This can not be wholly
explained away by the fact that there are simply more PKC&(-) than PKCd(+) cells, as even when
looking at raw numbers, we see that a considerable number of total cfos+ cells at baseline are
PKC? cells, with cfos+ PKCb cells in fact comprising a significantly larger portion of total cfos+
cells in the no stress, baseline condition than each of the three post-stress timepoints. (Appendix
Fig 5.4). It is possible that there exists a basally active subpopulation of BNSTPK® cells that may
have a distinct function from cfos-resistant cells. Indeed it would be interesting to know whether it
is the cells that are basally active or those which are quiescent that are recruited during active
stress coping bouts, and also how this maps onto to basal electrophysiological heterogeneity.
One interesting hypothesis is that increases in activation of the quiescent PKC® cells may signal
threat, while dampening of the basally active PKCd population mediates a relative safety signal
such as that seen upon entry to the closed arm of the EPM. Future studies should utilize ex vivo
and in vivo calcium imaging technology such as a miniscope to better understand differences in

activation dynamics and potential subpopulations present within BNSTPK®? cells.

4.2 The role of PKC3 expression in the BNST and beyond

One of the key findings that initially prompted this investigation into the function of
BNSTPXC neurons was the demonstration that there is a significant increase in the number of
cells expressing PKC® mRNA in the BNST of female mice after restraint stress (Fetterly et al.,
2019). This new expression of PKC occurred at least in part in BNSTCRF cells, as there was also
a significant increase in the number of neurons co-expressing PKCd and CRF mRNA, and no
change in total CRF cells (Fetterly et al., 2019). We have conducted a number of additional

studies to further investigate this finding and whether this mRNA increase is translated to protein
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changes, with mixed findings (Appendix 1). Briefly, at 90 minutes after stress, we found no
significant changes in the number of PKCd+ neurons, at 3 hours after stress we found a trend for
increased PKC&+ neurons, and at 24 hours after stress we found a significant decrease in the
number of PKC& neurons in male mice (Fig 5.3). There may be a trend for a decrease in the
number of cells expressing prkcd (PKCd mRNA) after 5 days of chronic stress (Fig 5.2), but there
is a significant increase in the number of cells expressing PKCd protein after 5 days and 10 days
of chronic stress compared to acute (1 day) of stress (Fig 5.5). This increase in PKCd cells fits
with our finding that BNSTPX®3 cell activation does not desensitize with chronic homotypic stress
exposure and, a trend for dose dependence, with there being and even larger increase after 10
days of stress than 5 days) is interesting in the context of PKC®&’s role in inflammation stress-
induced apoptosis in other disease models (reviewed in Chapter 1.4.1) and the decrease
observed in PKCd expression 24 hours after stress (Fig 5.3A).1t is possible that stress could be
having a complex interaction with PKC® in the BNST, simultaneously activating cells which
already express PKCd and also leading to stress-induced neuronal cell death in those cells or in
cells in which novel expression is induced, and future studies should further probe the potential
timecourse of expression changes in acute and chronic stress.

Although the exact nature of the stress-sensitivity of PKC® expression in the BNST still
requires significant investigation, dynamic regulation does seem to be occurring, and one
potential pathway for this regulation could be through the PBN->BNSTPKC? pathway. We and
others have shown that the PBN sends significant input to BNSTPKC? cells and to the BNST as a
whole (Fig 2.3) (Ye & Veinante, 2019), and this input is likely axosomatic, allowing for enhanced
influence over the postsynaptic cell. CGRP released from the PBN acts on Gs and Gq- coupled
signaling pathways that recruit PKC isoforms including PKC9, and it is possible that this pathway
could play a role in the increased number of cells expressing PKCd mRNA seen following acute
stress and subsequent protein changes.

Efforts to examine stress-sensitive changes in PKCd expression also underscores a
critical question that has yet to be investigated: what is PKC® doing in the BNST, or in other
words why is it a marker of a specific neuronal subpopulation? Indeed, each of the other

subpopulations within the BNST are marked by expression of various neuropeptides and/or
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neuropeptide receptors, which serve a relatively clear function. They are transsynaptic signaling
molecules that can be released from one neuron and impact the activity of its postsynaptic
targets. PKC®, however, is a kinase. It is not being released from these neurons (that we know
of), so surely it must be playing some key function in the physiology of the neurons within which it
is expressed.

We can take some clues from the CeA, where a small number of studies have begun to
investigate the functional contribution of PKC& expression in rats. Venniro et al developed a short
hairpin RNA (shRNA) to specifically knock down PKCd (shPKC®), and found that cells expressing
the shPKCd showed significantly reduced excitability, firing fewer action potentials in response to
varying levels of current injections compared to a control shRNA construct (shCtrl), but no change
in resting membrane potential (Venniro et al., 2020). This is interesting when compared with the
effects of an shSom virus, which resulted in less of a reduction (though still significant) in
excitability, but also significantly hyperpolarized the membrane potential of CeAS°™ neurons
(Venniro et al., 2020), suggesting potentially unique contributions of PKC® expression to the
physiology of neurons compared to neuropeptides. Further, they had previously reported that
social choice-induced abstinence blocks incubation of methamphetamine craving and activates
CeAPKCd cells, as measured by increased cfos expression (Venniro et al., 2018). Knocking down
PKCb had no effect on social-choice induced abstinence itself (ie rats still robustly sought social
stimuli over drug when given the choice), but it did prevent the protective effect of social choice
on incubation of drug craving, and also significantly reduced the cfos induction in CeAPX® cells
that had been observed after this protocol (Venniro et al., 2020). In another study, Domi et al
found that activation of CeAPK®® neurons was significantly associated with rats displaying
compulsive-like alcohol taking, but that knocking down PKC® in the CeA reduced alcohol seeking
in this punishment-resistant group (Domi et al., 2021). Together, this suggests that expression of
PKC? is indeed mediating key aspects of both the physiology and function of the neurons defined
by its expression.

In this work, we began to investigate the function of PKCd expression within the BNST
using the same shRNA developed by and Venniro et al and used in both of the aforementioned

studies. Unfortunately, a series of complications impeded progress on this front, and thus, future
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studies should continue and expand on this work to knock down PKC® in the BNST of mice and
examine its impact. Given our current hypothesis positioning BNSTPK® neurons as part of a
threat detection circuit, it is intriguing to consider that changes in PKC® expression could be a
mechanism for modulating threat detection sensitivity following exposure to a stressor. Further,
given the finding of increased PKCd mRNA in CRF cells, future studies should investigate the
function of PKC3 expression not only within basal BNSTP®® neurons, but also in formerly non-
PKC®d neurons and how that may impact their function. The finding that knocking down PKC® in
CeAPXC3 neurons decreases excitability generates an interesting hypothesis that new expression
of PKC? in neurons such as BNSTCRF cells could amplify, for example, their anxiogenic and pro-
reinstatement output. Additionally, the knockdown approach brings to light an important limitation
in our work investigating stress-induced changes in PKCd expression, in that those studies have
focused solely on presence or absence of PKC® in neuron, rather than relative expression level.
It will be important for future studies to take a more nuanced approach in understanding the
stress-sensitivity of PKC and how varying levels impact function through the use of techniques
such as IHC-based fluorescence intensity and/or Western blot analysis.

Finally, it is important to note that the BNST and CeA are not the only brain regions in
which PKC?® is expressed. For example, in the lateral septum, immediately neighboring the
BNST, there is a large population of neurons expressing PKCd. Incidental investigation of the
function of these neurons (ie off-target viral injections and fiber implants that had been aiming for
the BNSTov) suggest that septal PKC® neurons show high levels of basal activity, and show
overlapping but distinct stress-related contexts in which they are recruited (data not shown). It is
also interesting to note that in regions like the septum, PKC® expression is diffuse and not
indicated as a marker of a specific subset of neurons. This is in contrast to the CeA and BNST, as
well as other regions such as the cerebellum and sensory regions where PKCd marks a distinct
subset of neurons that are otherwise comparable within the region (Garcia et al., 1993;
Merchenthaler et al., 1993). Thus, in addition to future studies investigating PKC®& in other regions
in general, it is intriguing to consider any potentially unique functional contributions PKC&
expression may play specifically in these regions compared to regions in which PKC5 is not a

distinct population marker but rather more ubiquitously expressed. Relatedly, the question of why
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it is PKCd specifically that has emerged as a distinct subpopulation marker, and not other
isoforms of PKC that are also expressed in the brain such as PKCe and PKCy, would be an

interesting line of study.

4.3 Conclusions and additional future directions

Here we propose a model in which BNSTPKC® cells are engaged in threat detection, which
may facilitate risk assessment in the pre-encounter mode of defensive behaviors. They may act in
opposition to CeAPK®? cells facilitating approach/avoidance decision making and the transition to
post-encounter behaviors based on assessment of the situation. It is possible that expression
changes in PKC® expression itself may facilitate this role and engage this population in unique
signaling patterns distinct from neuropeptide populations and provide a flexible means of
modulating neuronal excitability to allow for a nuanced assessment of one’s environment and
appropriate action selection in the face of potential threat. Indeed, the ability of an organism to
accurately perceive and respond to threat is paramount to its survival and thus evolutionarily
adaptive. However, maladaptive threat responses are a central feature of many peripheral and
psychiatric disorders including depression, anxiety, PTSD, OCD, and substance use disorders,
and it has been shown that stress has complex effects on threat detection and
approach/avoidance behaviors in both. Given the demonstration of the stress sensitivity of
BNSTPKCS cells, this neuronal population is well-positioned to be a key mediator in this interaction.

This work only begins to scratch the surface of understanding BNSTPX®® neurons, and
there exists a wealth of additional possible directions to continue this work, in addition to all of the
future directions already described throughout this discussion. Their role in threat detection as
well as their larger contribution to anxiety-like behaviors should be further parsed, including
through the use of other measures of anxiety like such as NIH, which is one of few anxiety assays
modulated by both acute benzodiazepines and chronic antidepressant administration. As
mentioned previously, expression of PKC globally and in the CeA specifically has been
implicated in addictive-like behaviors, and future studies should begin to explore a potential role
for both the expression of PKC9, and cells labelled by its expression, in the BNST in substance

use disorders. Of note, despite HPA-axis attenuation and desensitization of regions such as the
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BNST, even chronic homotypic stressors increase anxiety- and depressive like behaviors and
increase propensity for relapse in both rodent model and human populations (Caspi et al., 2003;
Hammen et al., 2004; Dinan, 2005; Blackmore et al., 2007; Patel & Hillard, 2008; Lui et al., 2012;
K. T. Ball et al., 2018). The lack of desensitization of BNSTPKC? cells positions them well to
potentially play a key role in the transition from adaptive to maladaptive stress and subsequent
disease development, and they may be a potential new therapeutic target warranting further
investigation. Indeed there is much work to be done in examining recruitment of BNSTPX®3 cells in
chronic stress as a whole, and future studies should fully characterize their recruitment at a
variety of timepoints during and after both homotypic and heterotypic chronic stressors. Given the
unique possible contribution of GPCR-mediated signaling pathways involving PKC® expression,
these additional studies should be done by examining a variety of different signaling modalities,
including but not limited to immediate early gene expression such as cfos and Arc labelling,
observation of synaptic plasticity through electrophysiological recordings, in vivo measures of
calcium-based activation proxies such as GCaMP (Dana et al., 2019; Y. Zhang et al., 2021),
measures of more specific GPCR-based signaling such as genetically encoded cAMP/PKA
sensors using the FRET/FLIM system (Massengill et al., 2021), more direct measures of firing-
based activity through tools such as genetically encoded voltage indicators (GEVIs) (Gong et al.,
2015; Bando et al., 2019) and cell-type specific in vivo electrophysiology (N. Chou et al., 2022),
as well as measures of in vivo synaptic input on BNSTPK® cells through neurotransmitter sensors
such as iIGABASNFR (Marvin et al., 2019) and the newest iGIuSnFR3 with improved
differentiation between synaptic and extrasynaptic glutamate release (Aggarwal et al., 2022).
There is also much work to be done regarding BNSTPKC® connectivity. The vast majority of
anatomically-identified afferents have yet to be functionally validated, and those which we have
validated here should be further characterized to investigate their specific contributions and
plasticity in a variety of behavioral contexts. It will also be important to begin investigating
downstream targets of BNSTPXC? cells through tools such as synaptophysin-mediated
anterograde tracing in conjunction with whole brain imaging. The role of these afferents and
efferents could then be further investigated through tools such as the sensors listed above

expressed in input regions projecting to BNSTPKC® cells to record afferent terminal activity or
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expressed in BNSTPK® cells and recording from their terminals in efferent regions. One
discussed above, one particular afferent-efferent circuit that warrants further investigation is
potential reciprocal connectivity between BNSTPKC? cells and CeAPK®? cells. This could be done
through approaches such as that taken by Pomrenze et al in their investigation of
CeACRF3>BNSTCRF cells, where they combined Cre-dependent Gq-DREADDSs in the CeA with
Cre-dependent KORD, an inhibitory kappa-opioid based designer receptor, in the BNST
(Pomrenze et al., 2019). It would be very interesting to simultaneously inhibit one PKCd
population while activating the other to dissect specific subpopulation contributions to behavior,
either through a similar DREADD based approach, a paired inhibitory and excitatory in vivo
optogenetic approach, or a hybrid of the two.

It is also likely that there exists considerable intra-BNST connectivity with BNSTPK® cells,
and it is known that many BNST subpopulations can mediate opposing behavioral outputs. For
example, BNSTPKC? cells inhibit feeding and increase anxiety-like behaviors, while BNSTNPY
neurons drive feeding and decrease pain, anxiety, and EtOH binge drinking (Desai et al., 2013;
Pleil et al., 2015; Centanni et al., 2022). In the CeA there are complex and important inhibitory
microcircuits between CeAPXC® CeASe™ and CeACRF neurons in mediating aspects of fear- and
addiction-related behaviors (Moscarello & Penzo, 2022), and future studies should begin to parse
any potential parallel microcircuitry between BNSTPXC® neurons and other BNST subpopulations.
Additionally, it will be interesting to begin to investigate interactions between BNSTPK®? neurons
and astrocytes. Of note, throughout this text, we have used “cells” and “neurons” interchangeably
to refer to the BNSTPK®® population, and based on the size and pattern of PKC8 expression, it is
likely the majority of PKC&+ cells in the BNST are indeed neurons. However, it has also been
shown that glial cells can express PKCd (Gott et al., 1994), and future work should examine
PKC? cell identity, using markers such as NeuN to label neurons specifically and quantify the
relative proportions.

All of this region- and cell-type-specific work also underscores the need for significant
technological advancement in pharmacological and other treatment approaches. Work looking at
differential contributions of subregions and subpopulations within those regions make it clear that

optimizing treatment efficacy while minimizing off-target side effect will require the ability to safely
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and ethically target specific molecules in brain regions. In terms of optimal targets, relative
restriction in neuropeptide and PKCd expression make them potentially better targets than the
current pharmacotherapies that target broad NT systems such as GABA. However current clinical
trials have had relatively limited success with neuropeptide approaches, which may be due to
region-specific functional roles. It is possible that PKCd could prove an interesting new target
because of its restriction to within-neuron actions as opposed to being a synaptic signaling
molecule but here still, it's expression in a variety of brain regions with potentially distinct effect
could limit it efficacy and/or increase off target effect. Thus future work should also focus on new
methods to manipulate cell-type specific activity in discrete regions of interest in humans.

Overall, our current understanding of the function of BNSTPXC? cells is truly nascent. These
cells hold the potential for innumerable interesting and important future studies to further our
understanding of threat processing and stress responses. Indeed, despite the prevalence and
extraordinary economic, personal, and psychological burden that stress-related psychiatric
disorders such as anxiety, depression, and addiction pose, treatment options remain limited and
poorly understood, and “cures” a distant dream. By furthering our knowledge of BNSTPXCS
neurons, we may help to fill in one small piece of this complex puzzle of understanding how
stress impacts the brain and its interaction with so many debilitating diseases, and hopefully

ultimately improve the lives of all those most impacted by its effects.
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CHAPTER 5

Appendices

5.1. Appendix I: Stress sensitivity of PKC3 and CRF expression in the BNST

We previously found that in there is an increase in the number of BNST neurons expressing
PKC®& mRNA (prkcd) an increased number of activated prkcd neurons (colocalizing with cfos) and
an increased number of neurons co-expressing prkcd and CRF mRNA (crh) in female mice 30
minutes after 1 hour of restraint stress. We sought to expand on these findings to examine stress-
dependent changes in PKCd, CRF, and cfos expression in the BNST.

We first examined the timecourse of the changes in the mRNA to see how long the effects
might last by repeating the 1 hour restraint stress assay and measuring RNA transcripts at 30
minutes, 3 hours, or 3 days after stress (Fig 5.1). As expected, we found that there was a significant
increase in the number of crh cells as a percentage of total crh cells expressing cfos at 30 minutes
after stress (Fig 5.1A, No stress vs 30 min p=0.047). cfos+ crh cells were significantly increased at
30 minutes compared to 3 hrs (p=0.004) and 3 days (p=0.002) post stress, but there were no
significant differences between no stress controls and 3 hrs (p=0.98) or 3 day (p=0.89) after stress.
We examined the number of coexpressing prkcd+/crh+ cells as a percentage of the total cells (Fig
5.1B)and did not see any significant effect of stress (2-way ANOVA, p=0.37), but it is likely
underpowered. Interestingly, there does seem to be a trend for a decrease in coexpression at 3
hours compared to 30 minutes after stress. We also examined the number of prkcd+/crh+ cells as
a percentage of total crh cells (Fig. 5.1 C) and saw no significant differences (2-way ANOVA stress
effect p=0.45) though there again appears to be a trend for decreased coexpression at 3 hours

compared to 30 minutes after stress. We did not see any significant sex differences.
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Fig. 5.1 Timecourse Analysis of prkcd,
crh cells after acute stress
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RNAScope analysis of prkcd, crh, and cfos mRNA at varying timepoints after 1 hour of restraint stress. A.
Number of cfos+ crh cells as a % of total crh cells. 2-way ANOVA. Sex effect p=0.30 F(1,21)=1.14. Timepoint
effect p=0.002 F(3,21)=7.05. Tukey’s multiple comparisons test. No stress vs 30 min p=0.047. No stress vs 3
hrs p=0.98. No stress vs 3 days p=0.89. 30 min vs 3 hrs p=0.004. 30 min vs 24 hrs p=0.002. 3 hrs vs 3 days
p=0.97. B. Number of prkcd+ crh+ coexpressing cells as a % of total cells. 2-way ANOVA. Sex effect p=0.46
F(1,21)=0.56. Timepoint effect p=0.37 F(3,21)=1.11. C. Number of prkcd+ crh+ cells as a % of total crh cells.
2-way ANOVA. Sex effect p=0.89 F(1,21)=0.02. Timepoint effect p=0.45 F(3,21)=0.91.
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We next examined potential mMRNA changes after chronic stress compared to acute stress.
We stressed one group of mice for 1 hour on 1 day, and another group for 1 hour for 5 consecutive
days and sac’d mice 30 minutes after the last (or only) day of stress. Here we saw a trend for an
increase in the number of cfos+ crh cells in the acute stress group, compared to both the unstressed
controls and the chronic stress group (Fig. 5.2A) (2-way ANOVA, stress effect p=0.087) though it
is again likely underpowered. This fits with the idea that BNSTCRF cells desensitize to chronic
homotypic stress exposure. We did not see any significant effect of sex or stress on the
coexpression of prkcd+/crh+ cells as a percentage of either total BNST cells (Fig 5.2B, 2-way
ANOVA sex effect p=0.34, stress effect p=0.37)) or of total crh cells (Fig. 5.2C, 2-way ANOVA sex
effect p=0.49, stress effect p=0.76). Interestingly, there does seem to be a trend for a decrease in

coexpression in females after chronic stress compared to acute stress and no stress controls.

Fig. 5.2 Analysis of prkcd, cfos, and crh cells
after acute stress verses chronic
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RNAScope analysis of prkcd, crh, and cfos mRNA at 30 minutes after 1 day or 5 days of 1 hour restraint
stress. A. Number of cfos+ crh cells as a % of total crh cells. 2-way ANOVA. Sex effect. P=0.32 F(1,13)=1.08.
Stress effect p=0.087 F(2,13)=2.96. B. Number of prkcd+ crh+ coexpressing cells as a % of total cells. 2-way
ANOVA. Sex effect p=0.34 F(1,13)=0.98. Stress effect p=0.37 F(2,13)=1.07 C. Number of prkcd+ crh+ cells as
a % of total crh cells. 2-way ANOVA. Sex effect p=0.49 F(1,13)=0.51. Stress effect p=0.76 F(2,13)=0.28

113



We next asked whether the changes in prkcd mRNA and coexpression with crh are
translated to functional protein. Unfortunately, due to the density of CRF immunoreactive fibers in
the BNST, conducting IHC to stain for CRF cell bodies in infeasible. Thus we sought to examine
changes in PKCd cell numbers alone first. We put mice through 1 hour of restraint stress and then
sac’d mice 90 minutes later (when peak cfos protein changes can be observed). We also wanted
to investigate the longevity of any potential changes in PKC® expression, and so sac’'d another
group of mice 24 hours after restraint. We examined the number of PKC&+ cells as a percentage
of total BNST cells (Fig 5.3A) and saw there was no difference between no stress and 90 minutes
after stress (p=0.95), but that there was actually a significant decrease in the number of BNSTPXC?
neurons at 24 hours after stress (p=0.03).

We thought that perhaps 90 minutes was too early to observe changes in PKCd protein,
and so repeated the experiment looking at 3 hours after stress. We also took advantage of a Crh-
VENUS mouse line that expresses fluorescent Venus protein in CRF cells to enable quantification
of cell bodies in the BNST and examine changes in coexpression with PKCd cells. Here we found
a trend for an increase in the number of PKC&+ cells as a percentage of total cells at 3 hours after
stress compared to no stress controls (Fig 5.3B, 2-way ANOVA stress effect p=0.13). We did not
see an changes in the number of CRF+ cells as a percentage of total cell (Fig 5.3C) but there was
a possible trend for an increase in the number of coexpressing PKC3+/CRF+ neurons as a
percentage of total cells in the BNST (Fig 5.3D, 2-way ANOVA stress effect p=0.26). We then
combined the results of the two experiments to examine an overall timecourse of changes in PKCd
expression (Fig 5.3E), and here saw a trend for an effect of stress (2-way ANOVA stress effect
p=0.13). However it should be noted that there was significant experiment/counter variability, with
significant differences in the total number of neurons counted between experiments (Fig 5.3F), and

this could have contributed to an attenuated effect.
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Fig 5.3 Number of PKCd and PKCd/CRF cells after acute stress
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IHC of protein changes in PKCd, CRF, and their coexpression, and total cells at various timepoint after 1 hour
of restraint stress. A. Number of PKCd cells as a percentage of total cell in the BNST at 90 minutes and 24
hours after stress vs no stress controls. 2-way ANOVA, Sex effect p=0.79, F(1,24)=0.08. Stress effect p=0.026,
F(2,24)=4.29. Sidak’s multiple comparisons No stress vs 90 min p=0.95, No stress vs 24 hrs p=0.03, 90 min vs
24 hrs p=0.10. B. Number of PKCd cells as a percentage of total cells in the BNST 3 hours after stress vs No
stress controls. 2-way ANOVA, Sex effect p=0.99, F(1,20) = 0.00004. Stress effect p=0.13, F(1,20)=2.55. C.
Number of CRF cells as a percentage of total cells in the BNST. 2-way ANOVA, Sex effect p=0.24, F(1,19)=1.48.
Stress effect p=0.24, F(1,19)=1.49 D. Number PKCd+/CRF+ neurons as percent of total cells in the BNST. 2-
way ANOVA, Sex effect p=0.64, F(1,19)=0.23. Stress effect p=0.26, F(1,19)=1.35. E. Both experiments
combines to assess PKCd expression changes across timepoints. 2-way ANOVA Sex effect p=0.62,
F(1,46)=0.25. Stress effect p=0.126, F(3,46)=2.01. F. Total number of DAPI cells, averaged across 2-3 slices per
mouse and 2 experimenter counts per slice. 2-way ANOVA, Sex effect p=0.91, F(1,46)=0.01. Stress effect
p<0.0001, F(3,46)=20.35. Sidak’s multiple comparisons No Stress vs 90 min p=0.004, No stress vs 3 hours
p=0.003, No stress vs 24 hrs p=0.005, 90 min vs 3 hrs p<0.0001, 90 min vs 24 hrs p>0.9999, 3 hrs vs 24 hrs
p<0.0001.
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In Chapter 3 of this work, we found no stress-induced increases in cfos protein in PKCd

cells at 90 minutes, 3 hours, or 24 hours after 1 hour of restraint stress. However, we noticed that

there seemed to be a considerable amount of PKCd cells expressing cfos at every time point,

including the no stress control condition. So, we sought to examine relative contribution of cfos+
PKCb cells to overall BNST cfos expression. We first looked at changes in cfos in both CRF and
PKC®& neurons at 3 hours after stress Fig 5.4A-G). We found that there is a significant increase in
both the raw number (Fig 5.4A, p=0.01) and number of cfos+ CRF cells as a percentage of total
CREF cells (Fig 5.4C, p=0.007). We did not see an increase in the raw number of cfos+ PKC®S cells

(Fig 5.4B, p=0.23) or number of cfos+ PKC® cells as a percent of total PKC® cells (Fig. 5.4D,
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p=0.21). We also examined the number of cfos+ CRF cells and PKC® cells as a percentage of total
cfos+ neurons in the BNST. We saw so significant difference in the relative contribution of cfos+
CRF neurons between stressed and unstressed mice (Fig 5.4E, 2-way ANOVA stress effect
p=0.24), though there seems to be a possible trend increased contribution in stressed male mice.
In contrast, PKCd cells make a up a significantly larger number percentage of total cfos+ neurons
in no stress controls compared to after stress, which aligns with their lack of increased cfos after
stress. We did note, however, that it seemed that PKC cells overall comprised a larger proportion
of total cfos+ cells than CRF cells. We did not observe any significant sex differences, and so
combined sexes and directly examined the relative contribution of CRF and PKC? cells to total cfos
cells (Fig 54.G) and found that this was indeed the case, with there being a larger proportion of
cfos+ PKCO cells than cfos+ PKCd cells (2-way ANOVA cell type effect p<0.0001). This was
specifically the case in the unstressed condition (p<0.0001).

We also examined the relative contribution of PKCd cfos cells to total cfos+ cells in our
combined timepoints dataset. When looking at cfos, as with looking at percentages of expression
(Fig 3.2B), we found a significant increase in the raw number of cfos+ neurons in the BNST at 3
hours (p=<0.0001), and a trend for an increase at 90 minutes (p=0.058) after stress, and no
difference at 24 hours after stress compared to no stress controls (p=0.9997) (Fig 5.4H) Number
of total cfos neurons was also significantly higher at 3hrs post stress than 90 minutes (p=0.006) or
24 hours (p<0.0001) post stress, but this is likely due to experimenter counting variability. When
looking at raw numbers of cfos+ PKC& neurons, we saw no significant differences across timepoints
(Fig 5.41) (2-way ANOVA, Sex effect p=0.19, F(1,46)=1.81, Stress effect p=0.21, F(3,46)=1.57).
However, when we look at the percentage of total cfos+ neurons that are cfos+/PKC0+, we see
that PKCd neurons consistently make up a large proportion of total cfos neurons, and this
proportion is significantly greater in the no stress control conditions that after stress (Fig 54.J)
(Sidak’s multiple comparisons, No stress vs 90 min p=0.001, No stress vs 3 hrs p<0.0001, No
stress vs 24 hrs p=0.005). The 24 hr comparison is particularly interesting because there is neither
a significant increase in global cfos nor decrease in PKCd+ cfos neurons at this time point, but
enough of a trend in each case to result in this significant difference. Together this suggests there

may be a basally active population of BNSTPK® neurons that is actually downregulated after stress.
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Fig 5.4 Cfos activation in BNSTPXC? and BNSTCRF cells after acute
stress
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IHC of protein changes at various timepoint after stress to examine relative contributions of cfos+ CRF neurons and cfos+
PKCd neurons to total cfos in the BNST. A. Total number of cfos+ CRF neurons. 2-way ANOVA, Sex effect p=0.87,
F(1,19)=0.03. Stress effect p=0.01, F(1,19)=7.57. B. Total number of cfos+ PKCd cells. 2-way ANOVA, Sex effect p=0.87,
F(1,20)=0.03, Stress effect p=0.234 F(1,20)=0.94. C. Number of cfos+CRF cells as a % of total CRF cells. 2-way ANOVA, Sex
effect p=0.61, F(1,19)=0.26. Stress effect p=0.007, F(1,19)=9.19. D. Number of cfos+PKCd cells as a % of total PKCd cells.
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of total cfos+ neurons. 2-way ANOVA Sex effect p=0.24, F(1,19)=1.02. Stress effect p=0.24, F(1,19)=1.50. F. Number of
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Sexes combined, Filled circles=female (F), Open circles=male (M). Examining number of cfos+ CRF cells vs cfos+ PKCd cell
as % of total cfos cells. 2-way ANOVA, Stress effect p=0.0003, F(1,43)=15.33. Cell type effect p<0.0001 F(1,43)=46.66.
Interaction p<0.0001 F(1,43)=19.55. Tukey’s multiple comparisons test. CRF no stress vs CRF stress p=0.98. PKCd no
stress vs PKCd stress p<0.0001. CRF no stress vs PKCd no stress p<0.0001. CRF stress vs PKCd stress p=0.27. CRF stress vs
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cfos+ cells. 2-way ANOVA, Sex effect p=0.2456, F(1,46)=1.383. Stress effect p=<0.0001, F(3,46)=21.00. Post-hoc Sidaks
multiple comparisons. No stress vs 90 min p=0.0575. No stress vs 3 hrs p<0.0001. No stress vs 24 hs p=0.9997. 90 min vs
3 hrs p=0.006. 90 min vs 24 hrs p=0.07. 3 hrs vs 24 hrs p<0.0001. I. Total number of cfos+PKCd cells. 2-way ANOVA Sex
effect p=0.19 F(1,46)=1.81. Stress effect p=0.21, F(3,46)=1.57. J. Number of cfos+ PKCd cells as a % of total cfos cells. 2-
way ANOVA. Sex effect p=0.27, F(1,46)=1.25. Stress effect p<0.0001, F(3,46)=11.42. Sidak’s multiple comparison’s No
stress vs 90 min p=0.001, No stress vs 3 hrs p<0.0001, No stress vs 24 hrs p=0.005. 90 min vs 3 hrs p=0.98. 90 min vs 24
hrs p=0.9995. 3 hrs vs 24 hrs p=0.85.
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Finally, we sought to examine changes in the expression of PKCd after chronic stress

compared to acute stress. We sac’d mice at 90 minutes after 1 day, 5 days, or 10 days of 1 hour

restraint stress. We found that there was a significant effect of stress exposure on the raw number

of PKC5 cells (Fig 5.5A, 2-way ANOVA, sex effect p=0.0.45, stress effect p=0.006). In female mice

specifically, there was a significant increase in the number PKC? cells after both 5 days (p=0.03)

and 10 days (p=0.003) compared to 1 day of stress, with a trend for a decreased in the number of

PKC?d cells after acute stress compared to no stress controls (p=0.24). Male mice also tended to

generally followed this general pattern of decrease after acute stress and dose-dependent stair-

stepping increase after 5 and 10 days of stress.

A

Fig 5.5 Number of PKCd cells after chronic stress
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IHC of PKCd protein changes at 90 minutes after 1 day, 5 days, or 10 days of 1 hour restraint stress. A, Number of PKCd cells
after acute and chronic stress. 2-way ANOVA, Sex effect p=0.045 F(1,18)=4.62. Stress effect p=0.006 F(3,18)=5.75. Tukey’s

ELd B

150 * & Not Stressed

Acute Stress (1 day)

& Not Stressed

o

Chronic Stress (5 days) Acute Stress (1 day)

@

100
Chronic Stress (5 days)

Y
. - L

I 'j‘ Chronic Stress (10 days) ]

hd 1
; [ Chronic Stress (10 days)

Main Stress Effect
T T =0.13
o T T Male

p

-

o
k=
N

o

PKCd Cells (Percent of Total)

Female
Male Female

c Number of Total Cells in the BNST
3000 & Not Stressed
Acute Stress (1 day)

Chronic Stress (5 days)
1 Chronic Stress (10 days)

Total Cell Count

Male Female

multiple comparisons test, Males: No stress vs 1 day p=0.23. No stress vs 5 days p=0.68. no stress vs 10 days p=0.95. 1 day vs 5
days p=0.75. 1 day vs 10 days p=0.49. 5 days vs 10 days p=0.95. Females: no stressvs 1 day p=0.24. no stressvs 5 days p=0.77.
no stress vs 10 days p=0.14. 1 day vs 5 days p=0.03. 1 day vs 10 days p=0.003. 5 days vs 10 days p=0.47. B. Number of PKCd cells
as a percent of total cells in the BNST. 2-way ANOVA Sex effect p=0.33 F(1,18)=0.99. Stress effect p=0.13 F(3,18)=2.12.
Interaction p=0.09 F(3,18)=2.55. C. Total number of cells (DAPI) in the BNST. 2-way ANOVA, Sex effect p=0.34 F(1,18)=0.97.
Stress effect p=0.11 F(3,18)=2.30. Interaction p=0.06 F(3,18)=2.97.

Overall, it seems that there are interesting changes and trends for stress-dependent

regulation of PKCd expression level in the BNST, and future studies should further examine the

stress sensitivity of this peptide and neurons withing which it is expresses.
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