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CHAPTER 1

Introduction
Portions of this introductory chapter are adapted from BNST Circuits and Addiction published in The Neurocircuitry of
Addiction (Centanni, S.W., Brown, J.A., Williford, K.M., Luchsinger J.R., Flook E.A., Winder D.G., 2022) and Danger and
distress: Parabrachial-extended amygdala circuits published in Neurpharmacology (Jaramillo, A.A., Brown, J.A., Winder,
DG. 2021)
1.1 The pathophysiology of stress
Stress is an unavoidable part of human existence, and a person’s adaptability and resiliency determine the long-
term effects of stress on mental health. While stress can occasionally be seen as a challenge and beneficial when
overcome, repeated and unpredictable stress has been shown to consistently be detrimental to mental health (Sinha,
2008). How and when is this determined and what makes some individuals more susceptible to the effects of stress?
The human body is primed to respond to physical and mental stress with activation of the hypothalamic-
pituitary-adrenal (HPA) axis leading to release of corticosteroid hormones. However, it is unknown when the effects of
stress becoming detrimental and result in anxiety or stress disorders. Exposure to stress and the body’s ability to
respond is conserved across evolution and can be seen across the entire animal kingdom. Whether it is primal such as
facing an animal predator or complex such as financial insecurity, various stressors of differing magnitude activate the
body’s stress response. Variations in stressors do exist and can be acute or chronic, foreseen, or unexpected, mild or
severe, and the perception of the level of stress can differ across individuals (Lucassen et al., 2014).
The response to stress is often characterized as two waves dependent on timed response (Lucassen et al., 2014).
The immediate response involves activation of the peripheral nervous system including the autonomic nervous system,
what is often termed the “fight or flight” response. Activation of this system increases release of adrenaline and
noradrenaline from the adrenal medulla and results in downstream increases in metabolic rate, blood pressure,
respiration and blood flow to vital organs (Lucassen et al., 2014). The slower neuroendocrine response to stress

activates the paraventricular nucleus of the thalamus (PVN) and results in downstream release of adrenocorticotropic



hormone (ACTH) from the anterior pituitary gland and glucocorticoids from the adrenal cortex. Glucocorticoid hormones
act in a slower manner and result in alterations of glucocorticoid responsive genes (Lucassen et al., 2014).

Originally it was thought that the pathophysiological responses to stress only occurred in response to chronic
stress, while the effects of acute stress were assumed to be transient. In the last few decades, studies have shown that
even a single exposure to stress can have lasting effects (Armario et al., 2004; Li and Sawchenko, 1998; Ma and Aguilera,
1999; Schmidt et al., 1995, 2001, 1996; van Dijken et al., 1993; Van Dijken et al., 1992). Various stressors including
restraint stress or forced swim are used to study the effects of stress in mouse models. Data has shown that repeated
stress results in hindrance of adaptations and resilience, and often leads to heightened stress responses that are
dependent on the type of stressor (Armario et al., 2004; Marti and Armario, 1998). Physiological response to stress is
heightened or attenuated depending on prior stress exposure. Specifically, repeated exposure to a similar stressor
results in habituation and decreased HPA activation. This attenuation was heightened with increased time in between
stressors and was correlated with strength of stressor (Armario et al., 2004). Exposure to a second novel stressor
resulted in only a slight desensitization in HPA axis activation.

Furthermore, stress is cited as a common risk factor for the development of substance use disorder (SUD) as
well as a major cause of relapse to drug seeking behavior (Sinha, 2008, 2007, 2001). For example, adolescents with
exposure to stressful life events, including childhood sexual and physical abuse or even parental divorce, have increased
likelihood of developing SUDs (Barrett and Turner, 2006; Clark, 2003; Clark et al., 1997; Dembo et al., 1988; Douglas et
al., 2010; Harrison et al., 1997; Khoury et al., 2010; Mingione et al., 2012; Perkins, 1999; Sher et al., 1997; Wills et al.,
1992). Anxiety and mood disorders, including post-traumatic stress disorder (PTSD) have also been shown to increase
chances of developing SUDs (Brady and Sinha, 2005; Grant et al., 2015; Kandel et al., 1997; Kessler et al., 1996; King et

al., 1996).

1.2 The interplay of stress and addiction
Drug addiction is a highly prevalent chronic relapsing brain disorder, often described in three cycles or stages
including preoccupation/anticipation, binge/intoxication, and withdrawal/negative affect (Koob, 2008; Zorrilla et al.,

2014; Koob and Volkow, 2010). The cyclic nature of addiction is one of the large barriers for treatment. Additionally,



each cycle is increased in intensity often resulting in a shift from impulsive to compulsive and positive to negative
reinforcement of drug seeking behavior. There are at least three major triggers for reinstating drug seeking behavior:
exposure to the drug (drug-induced reinstatement), drug associated cues (cue-induced reinstatement) and exposure to
stressors (stress-induced reinstatement) (McReynolds et al., 2014a; Silberman and Winder, 2013). Efforts can be taken
to minimize exposure to the previously taken drug or drug associated cues, unlike stress, which is an often unavoidable
part of human life, making it an ideal target for drug relapse prevention therapy. Stress and addiction are very
intertwined and can affect predisposition and treatment of drug addiction. Early life or chronic stress increases the risk
of addiction many drugs of abuse (Sinha, 2008). The precise mechanisms involved in stress-induced relapse are not well
understood and targeting these mechanisms presents a potential intervention to prevent drug relapse. In comparison to
cue- and drug-induced reinstatement, the neuromodulators underlying stress-induced reinstatement can be targeted
pharmacologically without the side effects or abuse potential seen with the neuromodulators underlying cue- and drug-
induced reinstatement (Silberman and Winder, 2013). Currently there are no approved medical therapies addressing
stress-induced craving or relapse. A group of brain regions identified as the extended amygdala play a critical role in

stress-induced reinstatement of drug seeking behavior (Koob and Volkow, 2010; Shaham et al., 2003).

1.3 The Extended Amygdala

The extended amygdala (EA) is the anatomical structure encompassing the BNST, central and medial amygdales
(CeA and MeA), nucleus accumbens shell (NAcSh) and the areas in between (Alheid, 2006; Alheid and Heimer, 1988).
These areas of the brain have been associated with states of fear, anxiety, and substance use disorders (Brown et al.,
2011; Centanni et al., 2019a; Hyytia and Koob, 1995; Jennings et al., 2013; Lange et al., 2017; Rinker et al., 2017;
Shackman and Fox, 2016; Walker and Davis, 2008). Accumulation of sensory, contextual and evaluative cues from
thalamic prefrontal/insular cortical, hippocampal inputs, the EA coordinates responses to internal and external stimuli
and evaluates threat potential onto downstream outputs (Davis and Whalen, 2001; Fox et al., 2015; Shackman and Fox,
2016). Previous studies postulated the CeA and the BNST play distinct roles in response to different classes of stimuli,
with the CeA primarily involved in the acute fear response while the BNST plays a role in anxiety as a long-term response

(Walker and Davis, 2008). However, recent studies show that this original hypothesis was a simplified map of a more



interconnected circuit (Kovner et al., 2019; Shackman and Fox, 2016), as both regions appear to overlap in their
contribution to threat responses. This is in part due to the GABAergic neurons of the CeA and the BNST that project

locally within each structure to form inhibitory microcircuits.

ventral S

Figure 1. Distribution of major cell types in the Extended Amygdala.
Representative image of the distribution of various cell markers across the CeA and BNST and PBN involved in the
reciprocal connections of the PBN to the EA. Somatostatin (SOM), Protein Kinase C delta (PKC ), Corticotrophin

Releasing Factor (CRF), and Neurotensin (NT).

1.3.1 CeA circuitry

The CeA is subdivided into three main sections: the capsular (CeC), medial (CeM), and the lateral (Cel) (Kovner
et al., 2019). The CeM is the major output region of the CeA that projects to downstream regions such as the brainstem.
The Cel projects locally to the CeM and to the BNST and regulates output from the CeM. The majority of the nociceptive
PBN inputs into the CeA synapses onto neurons in the Cel and the CeC and respond strongly to noxious stimuli. This
region of the CeA is often referred to as the “nociceptive amygdala” (Han, 2005; Li and Sheets, 2020; Neugebauer,
2020). The majority of the GABAergic neurons in the Cel and CeC that form local inhibitory circuits. These interneurons

express somatostatin (SOM), CRF or PKC6 and are often synapsed onto by the PBN (Neugebauer, 2020; Ye and Veinante,



2019). While a population of CRF and PKC& neurons in the CeA express other neuropeptides including Dyn and Enk,
respectively, the majority of these neuronal types are mostly non-overlapping and underlie fear learning, anxiety and
feeding (Campos et al., 2016; Fadok et al., 2017; H. Li et al., 2013; Ye and Veinante, 2019). Similarly, PKC6 and SOM
expressing neurons are primarily non-overlapping. CeC and the Cel are densely populated with PKC6 and SOM positive
neurons, while CRF neurons are found primarily in the CeM and Cel (Cai, 2014). CRF neurons form local synapses onto
both SOM and PKC& neurons in the Cel but mainly receive input from SOM neurons (Fadok et al., 2017). PKC6 and SOM
neurons are involved as input and output cells in the reciprocal local circuitry within the CeA and the connection of the

CeA to the BNST.

1.3.1.1 PBN to CeA circuitry

Using CGRP and CGRP-R expression and viral tracing as confirmation, it was found that inputs from the PBN
project onto neurons expressing CRF, PKCS, and SOM in the CeA (Li and Sheets, 2020; Neugebauer, 2020; Ye and
Veinante, 2019). Anterograde tracing, optogenetics and immunofluorescence revealed CGRP expressing inputs from the
PBN favor PKC6 expressing neurons in the CelL/CeC while a non-CGRP, potentially PACAP, expressing input from the IPBN
favored SOM-positive neurons in the CeA (Li and Sheets, 2020; Ye and Veinante, 2019). With the studies showing SOM-
positive and PKC&-positive cells as the input and output cells of the CeA, this provides evidence that the differential
innervation of CGRP and PACAP could bidirectionally regulate the CeA synaptic transmission. With approximately 50% of
CRF neurons in the CeA receive inputs from the PBN determined by CGRP expression and optogenetic whole-cell
recordings (Kozicz and Arimura, 2001; Li and Sheets, 2020). CGRP expression only accounting for 50% of the PBN
innervation of the CeA suggests differential innervation of CRF cells by another neuropeptide, potentially through
PACAP-expressing terminals from the PBN. PACAP containing fibers from the PBN in the CeC have been shown to
regulate nociceptive response in the CeA (Missig et al., 2017, 2014). These fibers mostly colocalize with CGRP containing
fibers in the CeC but the role of each neuropeptide in nociceptive signaling is yet to be determined. It is possible that
PACAP expressing fibers provide a stronger input onto SOM positive neurons in the CeL/CeC. SOM and PKC& neurons in
the CeA often act in bidirectional manner and are thought to have opposing roles in pain-related behaviors. PKC6

neurons in the CeA have been shown to modulate pronociceptive or increased pain states while SOM positive neurons



are linked to decreased pain response or antinociceptive states (X. Li et al., 2013). The opposing roles of SOM and PKC&
positive neurons could result from their differential innervation by PACAP or CGRP expressing PBN projections,
respectively. Overall PBN projections modulate CRF, PKCS and SOM expressing neurons in the Cel/CeC and thus provide

distinct control of the CeA.

1.3.2 BNST circuitry

The BNST is a nexus of the stress and reward pathways and contains a multitude of inputs and outputs from
various region involved in both pathways. The efferents and afferents of the BNST have been heavily associated with
drugs of abuse (Briand et al., 2010, 2010; Dumont et al., 2005; Grueter, 2006; Kash et al., 2008; Pleil et al., 2015; Reisiger
et al., 2014; Sartor and Aston-Jones, 2012; Silberman et al., 2013; Vranjkovic et al., 2014). Two major fiber tracts connect
the BNST to downstream brain regions including the stria terminalis/dorsal bundle and the ansa peduncularis/ventral
bundle, or the amygdalofugal pathway (Dong et al., 2001a). The majority of inputs and outputs from the BNST are
GABAergic or glutamatergic. The ovBNST is pivotal to the efferent and afferent projections of the BNST. The oval BNST
modulates anxiety and assigns valence through the convergence of multiple neuromodulators including SOM, PKC$,
PACAP, CRF, dopamine, and GABA (Lebow and Chen, 2016). It is hypothesized that the BNST contains an inhibitory
neurons in the dBNST project to the CeM, SOM positive neurons in the BNST are involved in more long-range projections

including to the PBN and periaqueductal gray (PAG).

1.3.2.1 BNST efferents

Circuit mapping approaches have revealed that the BNST projects to several brain regions such as the PBN, LH,
medial preoptic area, substantia nigra, dorsal raphe, NTS, PVN, PAG, CeA, and the VTA (Ch’'ng et al., 2018; Jennings et al.,
2013; Kim et al., 2013; Mahler and Aston-Jones, 2012). The connections between the BNST and the CeA, PVN, PAG and
VTA are reciprocal and have been well-studied (Dong and Swanson, 2004; Georges and Aston-Jones, 2002; Jalabert et
al., 2009; Kim et al., 2013; Kudo et al., 2012; Silberman and Winder, 2013). Glutamatergic and GABAergic neurons in the

BNST synapse onto dopaminergic and non-dopaminergic neurons in the VTA influencing multiple pathways (Dong and



Swanson, 2006; Geisler and Zahm, 2005; Kudo et al., 2012). The majority of BNST efferents to the VTA are GABAergic
and are associated with anxiolytic-like behavioral effects, however a small portion of glutamatergic efferents from the
BNST to VTA have been associated with anxiogenic-like and aversive effects (Jennings et al., 2013). Activation of
glutamatergic inputs from the BNST to VTA produce conditioned place aversion, reduce reward-seeking behavior, and
increase anxiety-like behavior in mice (Jennings et al., 2013). Conversely, activation of GABAergic vBNST efferents to the
VTA increase reward-seeking behavior, produce conditioned place preference, and reduce anxiety-like behavior
(Jennings et al., 2013). It is through these pathways that the BNST modulates activity of dopamine neurons in the VTA
(Georges and Aston-Jones, 2002; Jalabert et al., 2009). BNST efferents synapse onto dopamine and GABA cells in the VTA
. Application of noradrenaline in the BNST increases spontaneous inhibitory transmission in VTA-projecting BNST
neurons, and this effect is dependent on alphal-ARs (Dumont, 2004). Future studies will need to parse the individual
effects of each on stress- and addiction-related outcomes.

The BNST sends dense projections to the PAG in the midbrain; specifically these are CRF-containing projections
originating in the BNSTov (Dong and Swanson, 2004). Activation of the BNST-PAG pathway results in CRF release from
BNST terminals onto dopaminergic neurons in the PAG, depolarizing them and resulting in downstream DA release from
PAG terminals in the BNST. Dopamine activates D1R on CRF-positive neurons in the BNST resulting in release of CRF and
downstream modulation of glutamatergic synaptic transmission in the BNST via actions at CRFR1 (Bowers et al., 2003;
Kash et al., 2008; Silberman and Winder, 2013).

The BNST acts as a relay between the IL and VTA dopamine neurons (Massi et al., 2008). The IL provides phasic
glutamatergic control of BNST neurons through AMPAR, NMDAR and GABAAR activity(Massi et al., 2008). Similarly, the
BNST relays information between the prelimbic area of the mPFC (PL) and the PVN (Radley et al., 2009). As described in
a previous section, the BNST receives glutamatergic input from regions of the prefrontal cortex, including the orbital,
infralimbic and prelimbic cortices. The PL modulates activity of the HPA axis through PVN neurons and this pathway is
involved in acute emotional responses (Radley et al., 2009). However, there is only a weak projection from the PL to the
PVN that seems unlikely to mediate this response to stress. Therefore, it was hypothesized the PL acts through a relay
brain region to exert its effects on the PVN, and the BNST has been investigated as the potential relay between the PL

and PVN. Specifically, projections from BNST to PVN and from PL to BNST were confirmed using anterograde and



retrograde tracing techniques (Radley et al., 2009). Predominantly GABAergic projections from the vBNST synapse onto
CRF-positive neurons in the PVN, although some sparse projections are glutamatergic and CRF-expressing(Ch’ng et al.,
2018). This pathway allows the BNST to drive HPA axis activation and modulate the production of stress hormones such
as CRF. Ablation of GABAergic neurons in the BNST results in an enhanced stress response in the PVN, evidenced by
stress-induced increases in nuclear expression of cfos protein, and CRF mRNA (Radley et al., 2009). This suggests the
GABAergic projection from the BNST to the PVN is necessary for the stress response initiated by the mPFC. This response
is similar to enhanced stress-induced activation of PVN neurons that is observed following mPFC ablation (Radley et al.,
2009). Furthermore, exposure to stress results in a switch from LTD to LTP in the BNST following mPFC
stimulation(Glangetas et al., 2013). This effect is due to CB1R actions on glutamatergic terminals in the BNST and is
absent in CB1R knockout animals (Glangetas et al., 2013). These results, in addition to evidence showing that CB1R
activation on mPFC glutamatergic terminals in the BNST control neuronal response to cortical stimulation, suggest a
CB1R-sensitive di-synaptic circuit from the mPFC to the PVN through the BNST that is necessary for generating stress
responses.

The lateral hypothalamus receives two non-overlapping projections from the BNST that express either CRF or
cholecystokinin (CCK)(Giardino et al., 2018). These pathways respond differently to various emotional states. For
example, CRF-positive cells respond more to predator odor, while CCK-positive cells respond more to odor of the
opposite sex. Both CRF and CCK cells in the BNST receive intra-BNST projections, with CRF-positive cells receiving
projections from the BNSTal and CCK-positive cells receiving inputs from the BNSTam and the medial pBNST. Both CRF-

positive and CCK-positive neurons in the BNST receive inputs from the MeA and the medial preoptic area.

1.3.2.2. BNST Afferents
The BNST receives various afferents from regions across the entire brain. The main afferents are glutamatergic
and GABAergic, but also include neuropeptidergic, dopaminergic, serotonergic, and noradrenergic. These afferents will

be described in detail below.



1.3.2.2.1 Glutamatergic afferents

The BNST receives glutamatergic input from various brain regions including the basolateral amygdala (BLA),
entorhinal cortex (EC), lateral hypothalamus (LH), olfactory bulb, parabrachial nucleus (PBN), insular cortex (insula), the
ventral subiculum of the hippocampus (HPC) and the paraventricular thalamus (PVT) (Canteras and Swanson, 1992;
Ch’ng et al., 2018; Cullinan et al., 1993; Dong et al., 2001a; McDonald, 1998; Myers et al., 2014). The BNST also receives
glutamatergic inputs from regions of the prefrontal cortex, including the orbital, infralimbic and prelimbic cortices. The
majority of prior research on glutamatergic afferents in the BNST have focused on the BLA, PVN, PBN, mPFC, and insula,
and these studies will be described below. While anatomical studies have revealed synaptic inputs from other areas, the
function of these inputs has not been thoroughly characterized.

Basolateral Amygdala (BLA): BLA projections to the BNST are divided into two parallel circuits that project to

specific regions of the BNST (Ch’ng et al., 2018). The medial BLA projects to the BNSTam while the lateral BLA projects to
the BNSTal (Krettek and Price, 1978). Interestingly, the BLA projection is absent in the BNSTov, a portion of the BNST
that receives various other inputs. Optogenetic activation of BNST-projecting BLA afferents is anxiolytic and decreases
respiratory rate (Kim et al., 2013).

Paraventricular Nucleus (PVN): The PVN, a nucleus in the hypothalamus involved in hormonal regulation, sends

a glutamatergic onto the BNSTal that contribute to regulating the stress-response hormone corticotrophin releasing
factor (CRF, CRH) (Berk and Finkelstein, 1982; Myers et al., 2014). Additionally, the PVN sends an excitatory
orexin/dynorphin co-expressing projection to the BNST(Peyron et al., 1998).

Medial prefrontal cortex (mPFC): The BNST receives glutamatergic input from the mPFC, a brain region involved

in cognitive control and decision making. This input is endocannabinoid (eCB) sensitive (Massi et al., 2008; Radley et al.,
2009). One study showed that mPFC inputs from the prelimbic area of the mPFC synapse onto cells in the BNSTov that
themselves project onto PVN neurons (Radley et al., 2009). The other study demonstrated that projections from the
infralimbic subregion of the mPFC synapse onto VTA-projecting BNST neurons (Massi et al., 2008), potentially outlining a
role for the BNST in relaying cortical information to downstream regions to regulate the reward behavior.

Insular cortex (insula): The BNST receives glutamatergic input from the insula, a brain area involved in

interoception. These inputs are modulated by eCB signaling (Centanni et al., 2019b; Reichard et al., 2017), but not



noradrenergic signaling (Fetterly et al., 2019). Increased activity in CRF-positive cells in the BNST following optogenetic
insular input activation was diminished with application of a cannabinoid 1 receptor (CB1R) agonist (Centanni et al.,
2019b) . Moreover, neuronal activity in the insula-BNST circuit (measured by in vivo activity sensors for calcium,
glutamate, and GABA) is positively correlated with active escape behavior during restraint stress (Luchsinger et al.,
2021), suggesting a distinct role for this circuit in regulating behavioral response during a stressor.

Parabrachial Nucleus (PBN): The PBN provides a glutamatergic input onto cells in the BNST. The majority of

neurons projecting from the PBN, specifically the IPBN, to the BNST culminate in the oval BNST (ovBNST) (Palmiter,
2018). This synapse has been associated with increased arousal and food-seeking/consummatory behavior in a stressed
state (Carter et al., 2013; Palmiter, 2018). Optogenetic stimulation of PBN synapses in the BNST reveals two BNST cell
populations that are either activated or inhibited by PBN stimulation. Activation of PBN inputs to BNST increases phasic
calcium activity and anxiety-like behavior (Jaramillo et al., 2020). Moreover, PBN projections specifically onto BNST CRF
cells are sensitive to noradrenaline, as washing on noradrenaline decreases spontaneous glutamatergic activity (Fetterly
et al., 2019), outlining a strong role for this specific input in regulating reward and arousal. The CeA and the BNST are
reciprocally connected and include a CRF projection from the CeL that innervates non-CRF cells in the BNST (Salmaso et
al., 2001). Using viral tracing and immunofluorescence, it has been shown that the PBN synapses onto PKC& neurons in
the BNST, with the majority of PKC8 neurons located in the ovBNST (Jaramillo et al., 2020; Ye and Veinante, 2019). PKC&-
positive neurons in the ovBNST receive the majority of the signal from the PBN through CGRP expressing cells originating
in the IPBN (Ye and Veinante, 2019). Conversely, SOM positive neurons are dispersed across the BNST and comprise the
majority of cells in the BNST that convey signals to the PBN (Ye and Veinante, 2019). CRF is expressed across the BNST
with around 50% of cells innervated by the PBN (Fetterly et al., 2019; Kozicz and Arimura, 2001; Sink et al., 2013). CRF
positive cells in the BNST are surrounded by CGRP and PACAP positive terminals suggesting multiple parallel pathways
from the PBN synapsing onto the BNST (Kozicz et al., 1997; Kozicz and Arimura, 2001). Thus, PBN projections distinctly
innervate PKCS, CRF, and SOM expressing BNST neurons. Anterograde tracing revealed a non-CGRP input onto SOM and
PKCb positive neurons in the BNST suggesting similar PACAP innervation of SOM positive neurons but potential CGRP
and PACAP innervation of PKCS positive neurons in the BNST (Ye and Veinante, 2019). It is the plethora of different

neuronal cell types across these brain regions that result in the bidirectional modulation of various emotional,
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psychological and physical states. Overall, the PBN->EA circuit is ideally positioned to encompass an animal’s response
to threat-inducing stimuli from the initial sensory stimuli to the resulting acute or chronic physical and emotional
response. In this review, we focus on the incorporation of a PBN “alarm” response to nociceptive signals and the
modulation of stress responses through its reciprocal connections to the EA. Overall, the various cell populations and
interconnectedness of the EA allows cells in the PBN to exert influence over the multitude of aspects that culminate in

an animal’s response to noxious stimuli.
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Figure 2. Reciprocal connections between the parabrachial nucleus and the extended amygdala.

Representative image depicting dense basket-like axosomatic PBN projections (inset) onto the BNST and CeA.
Hypothesized overall function of reciprocal connection described above projection. Somatostatin (SOM), Protein Kinase C
delta (PKC 6), Corticotrophin Releasing Factor (CRF), Pituitary Adenylate Cyclase-Activating Polypeptide (PACAP),

calcitonin gene related peptide (CGRP), Neurotensin (NT).
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1.3.2.2.2 GABAergic Afferents

The primary GABAergic input into the BNST originates in the central amygdala (CeA) (Vranjkovic et al., 2017) .
The CeA to BNST circuit expresses various neuropeptides including ENK, substance P, and/or neurotensin (Ch’ng et al.,
2018). Less predominant GABAergic inputs to the BNST originate from the striatum, lateral septum, and nucleus
accumbens (NAcc) shell (Cullinan et al., 1993; Dong et al., 2001b; Hurley et al., 1991; McDonald, 1998; Myers et al.,

2014; Takagishi and Chiba, 1991; Vertes, 2004).

1.3.2.2.3 Neuropeptide afferents

Neurons in the BNST receive and send neuropeptide-expressing projections from and to several brain regions.
Neuropeptide signaling is prominent and interconnected in the BNST with cells often expressing multiple peptides. CRF-
positive neurons from the CeA and PVN, and CRF-positive interneurons, synapse onto cell bodies in the BNST and
regulate cell excitability (Vranjkovic et al., 2017). CRF signaling has been linked to excitation and inhibition in the BNST
via actions on distinct presynaptic or postsynaptic receptors (Kash and Winder, 2006; Silberman and Winder, 2013) .
Inhibitory drive onto CRF-positive neurons in the BNST is enhanced through NPY activation (Pleil et al., 2015) , further
showing the interconnectedness of neuropeptide signaling in the BNST. While each of these neuropeptides modulates
BNST activity, to date very few studies have examined their roles in addiction. As better pharmacological targets

emerge, research may uncover new BNST-centric targets for treating addiction.

1.3.2.2.4 Dopaminergic afferents

The BNST receives dopaminergic input from the VTA and PAG (Freedman and Cassell, 1994; Meloni, 2006). The
VTA and PAG are heavily implicated in reward and arousal, highlighting the involvement of the BNST in reward-mediated
circuitry. Additionally, a D2R-expressing inhibitory input projects from the CeA onto GABAergic and non-GABAergic
neurons in the BNST (Kim et al., 2018). Dopaminergic innervation is diffuse across the dIBNST with dense localization of
fibers in the BNSTov, and the BNSTjx (Freedman and Cassell, 1994; Krawczyk et al., 2011; Meloni, 2006; Phelix et al.,
1992). D1Rs and D2Rs are expressed throughout the anterior BNST, with only D2Rs localized to the BNSTov (Krawczyk et

al., 2011). Drugs of abuse such as cocaine, alcohol, morphine, and nicotine increase extracellular dopamine release in
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the BNST in a dose-dependent manner (Carboni et al., 2000), decreasing inhibitory and excitatory transmission in the
BNSTov through activation of presynaptic D2R or alpha2-AR, respectively (Krawczyk et al., 2011) . Projections from the

VTA and PAG synapse primarily onto CRF-positive neurons in the dBNST (Meloni, 2006).

1.3.2.2.5 Serotonergic afferents

The caudal regions of the dorsal raphe nucleus have reciprocal 5HT connections with the dBNST (Block and
Hoffman, 1987; Commons et al., 2003; Lowry et al., 2008). It is hypothesized that CRF release during stress activates
serotonergic neurons in the dorsal raphe through CRFR2 activation (Hammack et al., 2003). It is hypothesized that BNST
projections to the dorsal raphe influences 5HT signaling in that region via effects on CRF signaling. 5HT acts on
presynaptic receptors to alter glutamatergic transmission in the BNST and serotonergic input to the BNST is linked with
anxiety (Guo and Rainnie, 2010). It is also hypothesized that 5HT modulates release of neuropeptides, such as CRF,
through activation of presynaptic 5HTRs , but the precise mechanism underlying this effect is not fully characterized. The
BNST-dorsal raphe reciprocal circuits are hypothesized to function as a negative feedback loop in response to stress or

anxiety-provoking stimuli (Hammack et al., 2007) .

1.3.2.2.6 Noradrenergic afferents

The BNST receives one of the densest noradrenergic projections originating from the nucleus tractus solitarius
(NTS) of the ventral noradrenergic bundle (Banihashemi and Rinaman, 2006; Egli et al., 2005; Flavin et al., 2014a; Forray
and Gysling, 2004; Ricardo and Tongju Koh, 1978; Shields et al., 2009a). Additionally, the BNST receives a sparse
noradrenergic input from the locus coeruleus. The vBNST is densely innervated by alphal-AR- and alpha2-AR-expressing
noradrenergic cells, which can influence both excitatory and inhibitory transmission. Stimulation of the ventral
noradrenergic bundle results in noradrenaline release in the BNST as measured by in vivo fast-scan cyclic voltammetry
(Park et al., 2009). Noradrenergic and non-noradrenergic inputs to the BNST are altered by several pharmacological
agents that target adrenergic receptors (Flavin et al., 2014a; Harris et al., 2018; Perez et al., 2020a). In addition, axons
from the PBN form peri-somatic connections with BNST neurons and these synapses are regulated by noradrenergic

signaling. Guanfacine inhibits glutamatergic input from the PBN onto CRF-positive neurons in the BNST (Fetterly et al.,
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2019; Flavin et al., 2014a). Both noradrenaline and guanfacine reduce glutamatergic transmission from the PBN onto
CRF-positive neurons in the BNST (Fetterly et al., 2019). Conversely, guanfacine has no effect on glutamatergic
transmission from the BLA or insula, suggesting input-dependent effects of noradrenergic modulation (Fetterly et al.,

2019; Flavin et al., 2014a).

1.3.2.3 Endocannabinoid modulation of BNST afferents

Endocannabinoids act through their endogenous receptors, CB1R or CB2R, to influence the activity of GABAergic
and non-GABAergic cells in the BNST. Specifically, eCB regulation of BNST inputs from the mPFC, insula, CeA, BLA, and
ventral subiculum have been investigated in rodent models. Glutamatergic inputs from the infralimbic cortex (IL, a
subregion of the mPFC) and ventral subiculum onto the BNST directly affect the excitatory BNST projections to the VTA
through an eCB-sensitive pathway (Caillé et al., 2009; Georges and Aston-Jones, 2002; Jalabert et al., 2009; Massi et al.,
2008). Furthermore, infusion of CB1R agonist into the BNST blunts the excitatory drive of IL onto downstream VTA DA
neurons (Massi et al., 2008) . This study provides the framework of an IL--> BNST --> VTA circuit originating from the IL
onto DA neurons in the VTA that requires CB1R activity in the BNST. Similarly, infusion of a CB1R antagonist into the
BNST prevented stimulation-induced LTP in the mPFC of stressed mice (Glangetas et al., 2013). Ex vivo extracellular field
recordings revealed that CB1R agonism inhibits evoked excitation and inhibition in the BNST, and these effects were
reversed by CB1R antagonism (Puente et al., 2010). CB1R agonism decreases excitatory responses in CRF-positive cells in
the BNST following optical stimulation of the insular terminals (Centanni et al., 2019b). Presynaptic CB1R activation
inhibits inputs from the CeA and BLA onto BNST neurons (Lange et al., 2017). Conversely, inputs from the MeA are not
affected by CB1R activation (Lange et al., 2017). While a majority of endocannabinoid work has focused on CB1Rs,
recent studies also show a role for CB2R activation in the BNST in negative affective behaviors (Gomes-de-Souza et al.,

2021): this study found that CB1Rs and CB2Rs are located in the anterior and posterior portions of the BNST.
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1.4 The effects of drugs of abuse on the BNST

1.4.1 Alcohol

Alcohol directly modulates BNST neurotransmission, as bath application of alcohol onto an acute slice containing
the BNST results in decreased amplitude of NMDAR-dependent currents and long-term potentiation (Kash et al., 2009;
Weitlauf, 2004; Wills et al., 2012). A large portion of research on the role of the BNST in addiction has focused on alcohol
use disorder. The BNST has been linked to the both alcohol consumption and alcohol withdrawal-induced anxiety and
depression.

Commonly used methods to evaluate the underlying mechanisms of alcohol use disorder is to use a binge-
drinking and/or intoxication model using continuous or limited access to alcohol, systemic administration, or contingent
access(Holleran et al., 2016). Acute exposure to alcohol increases cfos expression in the BNST suggesting that the BNST
directly responds to alcohol via increased neuronal activation (Saalfield and Spear, 2019; Sharko et al., 2016) . A single
acute exposure to alcohol decreased expression of DNA methyltransferase (DNMT), an enzyme linked to epigenetic
regulation of gene expression, in the BNST that was increased following a second systemic alcohol injection (Sakharkar
et al., 2014). Stress and alcohol modulate phosphorylated CREB (pCREB) expression in the BNST and this effect can be
blocked by NMDAR antagonism (Blundell and Adamec, 2007) . A moderate-dose alcohol exposure that produces
conditioned place aversion (CPA) is blunted by previous stress exposure and results in a reduction in pCREB expression in
the BNST (Schreiber et al., 2019). Alcohol increases noradrenaline release (Jadzic et al., 2021) dopamine release in the
BNST as measured by in vivo voltammetry (Carboni et al., 2000). Alcohol-induced conditioned place preference (CPP)
results in increased intrinsic excitability of neurons in the vBNST. This effect was not seen following alcohol-induced CPA
or alcohol exposure in home cage, suggesting specific effects on the rewarding properties of alcohol in the BNST.

Neuromodulators such as CRF and NPY have also been linked to alcohol use. Persistent alcohol drinking in
stressed mice compared to non-stressed mice is correlated with increased CRF mRNA levels in the BNST (Albrechet-
Souza et al., 2017). Administration of a CRFR2 antagonist dose-dependently increases alcohol consumption, regardless
of exposure to stress while a CRFR1 antagonist directly infused into the BNST reduces alcohol intake in unstressed

mice(Albrechet-Souza et al., 2017). Activation of NPY1R results in enhanced inhibitory neurotransmission onto CRF
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neurons in the BNST, an effect that has been associated with decreased alcohol drinking (Pleil et al., 2015). Alpha-
melanocyte stimulating hormone (alpha-MSH), a key component of the melanocortin system, is reduced in rats exposed
to chronic alcohol (Navarro et al., 2008) . Alpha-MSH has been associated with regulation of dopamine release in the
VTA to NAcc pathway, a circuit heavily involved in drugs of abuse, further implicating the BNST to VTA circuit in alcohol
consumption.

Non-contingent methods, such as chronic intermittent ethanol (CIE), that allow for precise measurements of
exposure and result in high blood alcohol levels are often used to study alcohol use disorder in animal models (Holleran
et al., 2016). This method produces alcohol dependence in animals and can be used to measure effects on alcohol
drinking. Alterations in synaptic plasticity of glutamatergic inputs to the BNST have been associated with response-
contingent and non-response-contingent alcohol exposure effects. Specifically, exposure to acute and chronic non-
response-contingent alcohol administration resulted in alterations in expression and function of the NMDAR subunit
GIuN2B (Kash et al., 2009, 2008; Wills et al., 2012). Additionally, CIE produces an increase in expression of GIuN2B in the
BNST (Kash et al., 2009). CIE results in increased basal activity of CRF-positive neurons in the BNST in a manner similar to
stress exposure (Snyder et al., 2019), and this effect requires noradrenergic signaling through beta-ARs. CIE enhances
basal activity in VTA-projecting neurons in the BNST via a CRFR1-dependent mechanism, and moreover, binge-like
alcohol drinking is reduced following inhibition of BNST CRF projections onto the VTA (Rinker et al., 2017). Ex vivo
application of alcohol attenuates the beginning phase of high frequency LTP in the dBNST through depression of NMDAR
function that requires GABAergic inhibition (Weitlauf, 2004). This effect on NMDAR synaptic transmission is dependent
on GIuN2B expressing NMDARs (Kash et al., 2009, 2008; Wills et al., 2012). Interestingly, CIE increases the expression of
GluN2B expressing NMDARs in the BNST and increases excitatory postsynaptic currents and enhances LTP induction
through a GIuN2B-dependent mechanism (Kash et al., 2009, 2008; Wills et al., 2012). Alcohol produces a greater effect
on NMDAR-evoked excitatory and GABAergic inhibitory postsynaptic currents in BNST neurons in adolescent mice
relative to adults(Wills and Winder, 2013), highlighting unique effects of alcohol on BNST circuitry during adolescence.
Chronic alcohol drinking can also impact downstream signaling molecules in the BNST. Chronic alcohol drinking increases
protein levels of Homer, an mGIluR5-scaffolding protein, and activated extracellular signal-related kinase (ERK) in the

BNST, suggesting mGIuR5 phosphorylation as a potential adaptive response to alcohol consumption(Campbell et al.,
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2019). To further this observation, transgenic animals with a point mutation in mGIuR5 preventing phosphorylation by
ERK exhibited increased alcohol-drinking (Campbell et al., 2019). These transgenic animals were determined to be
insensitive to alcohol aversion and this effect is mimicked by ERK inhibition in the BNST.

Alcohol results in increased activation of GABAergic and non-GABAergic neurons in the BNSTal (Crankshaw et al.,
2003; Leriche et al., 2008). Disruption of GABAergic signaling (Hyytid and Koob, 1995) or dopaminergic signaling (Eiler et
al., 2003) results in decreased alcohol-seeking behaviors. Inhibition of GABA signaling in the BNST decreases alcohol self-
administration in rats (Hyytid and Koob, 1995). This supports the proposed role of reciprocal VTA-BNST circuits in
mediating the rewarding effects of alcohol. Binge alcohol intake is decreased following silencing of GABAergic BNST
neurons that project to the VTA. Similarly, self-administration of alcohol is decreased following injection of a dopamine

D1R antagonist into the BNST in a dose-dependent manner (Eiler et al., 2003).

1.4.2 Cannabinoids

Cannabinoids have been studied for their strong anxiolytic properties (and anxiogenic properties in certain
individuals and/or at higher doses), suggesting BNST circuitry may play a central role in its effects. Cannabinoids inhibit
glutamatergic transmission from the IL to the BNST through activation of presynaptic CB1Rs (Massi et al., 2008). Delta
(9)-tetrahydrocannabinol (THC) is the major psychoactive component of marijuana and acts as an agonist at CB1Rs.
Chronic exposure to THC can have interesting effects on subsequent drug exposure. Chronic THC before heroin injection
results in a suppression of heroin-induced increase in locomotion (Singh et al., 2005), and the BNST may play a role in
this effect, as chronic THC attenuates heroin-induced increases in cfos expression in the BNST. This effect of THC
exposure on heroin response was also seen following perinatal exposure to THC and adolescent exposure to heroin
(Singh et al., 2006).

Another cannabinoid, cannabidiol (CBD) has gained popularity recently for its ability to treat certain forms of
epilepsy and is an intriguing compound for several affective disorders for its perceived lack of psychoactive properties
and low abuse potential. The role of CBD in emotional regulation and its effects on BNST circuitry have not been fully
elucidated, however research suggests an interaction with 5HT, as CBD injected directly into the BNST decreases

anxiety-like behavior and contextual fear conditioning mediated through 5HT1aRs (Gomes et al., 2012, 2011). Moreover,
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systemic injection of CBD activates 5HT1aRs to decrease cardiovascular responses to acute restraint stress (Gomes et al.,
2013). Microinjection of CBD into the BNST can also attenuate contextual fear behavior (Gomes et al., 2012), and this
effect is blocked by pre-treatment with a 5HT;4aR antagonist. While much work remains to be done to understand the
direct actions of CBD on the BNST and the brain as a whole, these initial studies provide intriguing rationale for further

exploring its role in negative affective disorders.

1.4.3 Opioids

Mice that have undergone morphine CPP have increased levels of phosphorylated CREB, a marker of neuronal
activity, in the BNST (Garcia-Carmona et al., 2013), and acute heroin exposure increases cfos expression in the BNST
(Singh et al., 2005). After morphine CPP, there is an increase in pCREB co-expression in CRF-positive neurons in the
BNST. Acute opioid withdrawal results in increased GABAergic synaptic activity in the BNST potentially through a
noradrenergic-sensitive pathway. This effect potentially modulates downstream inhibitory projections onto VTA neurons
(Dumont, 2004). Pharmacologically targeting the BNST opioid system has been shown to impact opioid-seeking
behavior. Injection of an opiate receptor antagonist, methylnaloxonium, into the BNST dose-dependently decreases
heroin-seeking behavior in heroin-dependent rats (Walker et al., 2000) , while having no effect on heroin-seeking
behavior in non-heroin-dependent animals. During acute withdrawal, injection of a CRFR1 antagonist into the BNST
decreases fentanyl-associated cue-conditioned reinforcement (Gyawali et al., 2020). Injection of an opiate receptor
antagonist, methylnaloxonium, into the BNST dose-dependently decreased heroin seeking behavior in dependent rats
(Walker et al., 2000). The antagonist had no effect on non-dependent animals. Morphine withdrawal increases
noradrenaline release in the BNST (Fuentealba et al., 2002). Antagonism of alpha2 presynaptic receptors resulted in
attenuated the decrease in food responses seen in opioid withdrawal, suggesting reversal of withdrawal-induced
decreased motivation (Sparber and Meyer, 1978). Beta-adrenergic receptor antagonists, propranolol and atenolol,
blocked increase anxiety behavior during cocaine and morphine withdrawal (Harris and Aston-Jones, 1993). Direct
infusion of beta2 antagonist or alpha2 agonist into the BNST blocked opiate withdrawal-induced place aversions (Delfs
et al., 2000). Prazosin, the alphal antagonist, reduced self-administration of heroin, decreased motivation to self-

administer cocaine, and attenuated increased drinking linked with acute withdrawal of alcohol (Greenwell et al., 2009;
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Walker et al., 2008; Wee et al., 2008). These studies underscore the importance of noradrenaline signaling in the BNST

and the role this signaling plays in addiction. This interaction will be the focus of the next sections.

1.5 Peripheral and central effects of noradrenaline

The autonomic nervous system (ANS) is an extensive system that governs most organ systems within the body.
The ANS can be divided into the central and peripheral autonomic nervous systems. The peripheral autonomic nervous
system comprises the sympathetic nervous system (SNS), the parasympathetic nervous system (PNS) and the enteric
nervous system. The main function of the SNS is to prepare the body for a physical activity (referred to as the “fight or
flight” response). The main function of the PNS is to calm the body and recover from physical activity or “rest and
digest” (Gibbons, 2019; Mulkey and du Plessis, 2019). Groups of neuronal cell bodies in the ANS are termed ganglions
and can be divided into preganglionic and postganglionic depending on the location of their synapses. Preganglionic and
postganglionic neurons of the PNS and SNS communicate with each other or their target organs through release of
neurotransmitters at the synapse that act upon receptors located at the post-synapse.

Ganglionic neurons of the peripheral autonomic nervous system connect the central nervous system to the
organs of the cardiac, exocrine and endocrine systems. In the PNS, both preganglionic and postganglionic neurons
release acetylcholine as a neurotransmitter. Preganglionic neurons contain nicotinic receptors while postganglionic
neurons contain muscarinic receptors. The preganglionic neurons of the SNS act through acetylcholine and contain
nicotinic receptors located on postganglionic neurons. On organs, the postganglionic neurotransmitter is norepinephrine
that act upon noradrenergic receptors located on peripheral tissues (Gibbons, 2019).

Throughout the autonomic nervous system, noradrenaline is involved in various bodily functions. Increased
noradrenaline release through activation of the sympathetic nervous system causes increased blood pressure and
cardiac output, relaxation of smooth muscles including bronchial and intestinal, increased pupil size, increased levels of
blood glucose and free fatty acids (William Tank and Lee Wong, 2014). The central ANS comprises of the forebrain,
upper and lower brainstem, and spinal cord. The forebrain includes the hypothalamus that controls homeostasis of the
body and the limbic system that comprise of the insula, extended amygdala, and anterior cingulate cortex. The forebrain

is involved in higher order functioning including integration of internal responses, emotions, and behaviors with the
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external world. The interaction of the brainstem and the limbic system control how the emotional and physical
experiences one has molds behavior and physical and mental health (Mulkey and du Plessis, 2019). This connection is
heavily involved in the pathogenesis of neuropsychiatric disorders. The lower brainstem controls automatic functions
that are required for life including circulation and respiration while the upper brainstem is involved in responses to pain
or stressors (Gibbons, 2019). Noradrenergic activity has been linked to several physiological and psychological states
including arousal, attention, learning and memory, anxiety and pain (Weinshenker and Schroeder, 2007). Altered levels
of noradrenaline can lead to physiological or psychological conditions including cardiac heart failure, anxiety, attention

deficit/hyperactivity disorder or posttraumatic stress disorder.

1.6 Noradrenaline pathways in the brain

Early studies in rats and monkeys using radioisotopes, anterograde tracers, and staining for dopamine-beta-
hydroxylase, the enzyme responsible for production of noradrenaline, mapped the pathways from the locus coeruleus
(LC). It was discovered that the LC projects ubiquitously in the cerebral cortex (Morrison et al., 1982, 1978; Rho et al.,
2018). The noradrenergic neurons of the LC project extensively in the brain. These areas include the midbrain,
hypothalamus, majority of telencephalic areas, all neocortices, and contralaterally to basal forebrain areas including the
amygdala, hippocampus, frontal cortex and cingulate cortex (Moore and Bloom, 1979). There are two main
noradrenergic circuits in the brain: the dorsal and ventral noradrenergic bundles pathways (Moore and Bloom, 1979;
Weinshenker and Schroeder, 2007). The dorsal noradrenergic bundle originates in the LC and projects to the
hippocampus, forebrain and cerebellum. The ventral noradrenergic bundle originates in the nuclei of the pons and
medulla and projects to the extended amygdala, midbrain and hypothalamus. The extensive distribution of
noradrenergic projections through the brain underlies its ability to modulate various behaviors. Specifically, adrenergic
projections to the prefrontal cortex have been heavily linked to working memory (Lapiz and Morilak, 2006; Tronel, 2004;

Usher, 1999), focused attention, and attentional set shifting.
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1.6.1 Molecular components of NA signaling

As mentioned previously, the locus coeruleus is the major production source of noradrenaline in the brain. The
majority of cells in the locus coeruleus are noradrenaline producing cells, accounting for over 40% of noradrenaline cells
in rats. Synthesis of noradrenaline begins with the amino acid tyrosine (Figure 3). Tyrosine is converted to DOPA by
tyrosine hydroxylase, the rate limiting step, and then further synthesized to dopamine by L-DOPA decarboxylase.
Dopamine is oxidized to noradrenaline by dopamine-p-hydroxylase (DBH) in storage vesicles. Noradrenaline is stored in
synaptic vesicles along with ATP and DBH for release into the synapse (Blaschko et al., 1972; Glavin, 1985). The
production of noradrenaline contains an internal feedback mechanism by which the enzymatic activity of tyrosine
hydroxylase is inhibited by DOPA and noradrenaline. Additionally, noradrenaline is metabolized by monoamine oxidase
to noradrenaline aldehyde. This aldehyde is further reduced by aldehyde reductase to 3-dihydroxyphenylglycol, and
then further degraded by catechol-O-methyltransferase (COMT) to 3-methoxy-4-hydroxy-phenylethylene glycol (MHPG),

the major metabolite of noradrenaline in the brain (Glavin, 1985; Szabadi, 2013).
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Figure 3. Noradrenergic signaling and the role of a2a-AR activation.

(1) Noradrenaline is produced from Dopamine by Dopamine Beta-hydroxylase (DBH) and is stored in synaptic vesicles. (2)
Noradrenaline release following calcium influx into the cell results in activation of post-synaptic alpha2a-adrenergic
receptors (a2a-AR). (3) a2a-AR are Gi-GPCRs which inhibit the activity of adenylyl cyclase. This results in a decrease in the
production of CAMP from ATP. (4) It has been shown that a decrease in cCAMP inhibits the opening of HCN channels,
increasing the membrane potential and increasing functional connectivity of the post-synapse. (5) Activation of pre-

synaptic a2a-ARs results in a decrease in neurotransmitter release from the pre-synapse.
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Noradrenaline acts on three types of adrenergic receptors: a,-, o1-, and B-adrenergic receptors. Within each of
these types, they are further delineated into subtypes. ai;-adrenergic receptors contain subtypes aia-, aiig-, and ouip-
adrenergic receptors while a.,-adrenergic receptors contain subtypes aa/p-, 02s-, dac-adrenergic receptors. -adrenergic
receptors contain subtypes PB1-, B.- and Bs-adrenergic receptors. All three classes are located in the CNS and have been
linked to individual roles in various behaviors and neurological disorders. Specifically, a..a/0- adrenergic receptors have
been linked heavily to working memory involving the noradrenergic innervation of the prefrontal cortex. In the
prefrontal cortex, expression of a,a-adrenergic receptors (a.2a-ARs) are most abundant (Huss et al., 2016; Jakala, 1999).

The first o.-AR receptor was cloned from purified human platelet o;,-AR receptor and expressed in Xenopus
oocytes (Kobilka et al., n.d.). The membrane spanning domain sequence for this receptor was similar to the B:- and .-
adrenergic receptors previously cloned. Functional analysis of the cytoplasm regions revealed similarities to muscarinic
receptors in inhibition of adenylyl cyclase, as opposed to activation of adenylyl cyclase by B-adrenergic receptors.
Interestingly, it was determined that the coding region of the a,-AR is contained within a single exon similar to other G-
protein coupled receptors. Binding of [*H]-yohimbine from membranes prepared from oocytes confirmed a.;a-AR binding
properties. This binding was saturable and was competed for by other a,-AR antagonists and agonists. Southern blot
analysis resulted in an additional two bands sharing significant homology for the human platelet gene cloned. These
fragments were localized on separate chromosomes, with the human platelet gene on chromosome 10, and the other
genes located on 2 and 4. Altogether, this evidence suggests multiple o,-AR subtypes (Kobilka et al., n.d.). A subtype of
the a,-AR, located on chromosome 4, was first cloned in 1989 from a human kidney cDNA library (Regan et al., n.d.). The
cDNA using the gene for the human platelet o;-AR was expressed in a mammalian cell line (COS-7) and the o-AR ligand
[®H]-rauwolscine was used to confirm binding. The two subtypes differed in terms of ligand binding for a,-AR
antagonists, antagonists or endogenous catecholamines (Regan et al., n.d.), Finally, in 1990, the last subtype of o.-ARs
located on chromosome 2 was cloned from a human kidney cDNA library (Lomasney et al., n.d.). Transfection of COS-
cells with the receptor sequence and radioligand binding of [*H]-yohimbine confirmed o.,-AR activity. Additionally,
differential responses to a,-AR agonists and antagonists were confirmed across receptor subtypes.

0.2-ARs are located pre-synaptically and post-synaptically and act through Gi signaling to inhibit noradrenaline

release or inhibit neuronal firing, respectively (Szabadi, 2013). Noradrenaline is released into the synaptic cleft following
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calcium release due to increased neuronal activity. Noradrenaline binding to a.,-ARs results in receptor conformation
changes allowing associations of G-proteins, including Gai and GBy. The Gaii subunit associate and inhibits adenylyl

cyclase, resulting in a decrease in cAMP production.

1.7 Alpha2a-receptor signaling and noradrenaline release

o2a-AR signaling is required for presynaptic modulation of noradrenaline release (Hein et al., 1999). Activation of
pre-synaptic a.a-AR results in decreases in noradrenaline release from the pre-synaptic neuron. This effect is seen in
cardiac and cortical noradrenergic neurons. Following knockout (KO) of the oia-AR gene subtype in atria and brain
cortex slices, the maximal inhibitory effect of a,,-AR agonist UK-14304 was reduced to around 70%. This differed from KO
of ae- and auc-AR reduction to 95%. Crossing the KO of ac- and oza-AR subtype completely abolished the inhibitory
effect of UK-14304, suggesting both subtypes are involved in regulating noradrenaline release. a.a-AR mediated
autoinhibition was most effective at higher frequencies, equating to higher noradrenaline concentrations. This is
hypothesized to be due to lower affinity of noradrenaline to a.,c-AR as compared to aa-AR, that were most effective at
inhibition with lower frequencies. Coupling of a,,-AR activation and inhibition of noradrenaline release was faster for the
02a-AR than the oc-AR.

Additionally, oa-AR are located on adrenergic and non-adrenergic pre-synaptic neurons, termed autoreceptors
and heteroreceptors, respectively (Perez et al., 2020a; Szabadi, 2013). a, receptors have been found on serotonergic,
dopaminergic, and glutamatergic synapses (Millan et al., 2000; Szabadi, 2013). a2 receptors agonists have been shown
to decrease noradrenaline release from frontal cortex. These receptors were originally believed to be inhibitory, but
recently have been shown to differ in action depending on their neuronal type (Perez et al., 2020a).

Intracellular recordings following noradrenaline application or stimulation of the locus coeruleus revealed a
particular hyperpolarization with no change in membrane resistance in several brain areas known to be downstream of
the locus coeruleus (Moore and Bloom, 1979). This hyperpolarization effect was unique to noradrenaline and contrasted
to the effects of classic inhibitory actions of pharmacological compounds like GABA. This effect was potentiated with
administration of phosphodiesterase inhibitors and was mimicked with application of cAMP (Moore and Bloom, 1979),

suggesting a role for the cAMP second messenger system underlying the effects of noradrenaline. It was later found that
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a.za-receptor activation influences neuronal activity through effects on hyperpolarization-activated cyclic nucleotide
gated (HCN) channels located on pyramidal neurons in the PFC (Wang et al., 2007). HCN channels are dependent on
cAMP and their activation results in efflux of potassium and other cations. Opening HCN channels increases I, current
that lowers the membrane potential of the neuron, moving it farther away from the action potential threshold, thus

decreasing its ability to fire. Therefore, closing HCN channels is linked to increased neuronal activation.

1.8 Noradrenergic signaling and working memory

Cognition and increases in working memory have been linked to activation of the prefrontal cortex, a brain
region involved in executive functions including working memory and attentional set-shifting (Jakala, 1999).
Noradrenergic innervation of the prefrontal cortex is necessary for the functional role of the PFC (Jdkala, 1999).
Noradrenaline enhances PFC function through activation of a.2a-AR in mice, rats, monkeys, and humans (Ramos et al.,
2006). It is thought that this is through noradrenaline acting upon a.a-receptors results in closing of HCN channels
increasing efficiency of synaptic connections in the PFC and improving working memory (Arnsten and Jin, 2012).

Catecholamine deficiency induced by infusion of 6-hydroxydopamine resulted in impaired accuracy on a delayed
response tasks in monkeys. This impairment was improved with administration of a.a-AR agonists, clonidine or
guanfacine (Jakala, 1999). Decreased levels of noradrenaline in aged monkeys are hypothesized to underlie defects in
working memory. Guanfacine was shown to improve memory of aged monkeys without the negative effects such as
sedation often seen with other a-receptor agonists including clonidine. The effects of guanfacine on delayed response
tasks often lasted for several days following a single injection. This improvement is prevented with prior administration
of a;-AR antagonist, providing support for a,-ARs underlying the effects of guanfacine (Arnsten et al., 1988). Similarly,
studies in humans have provided evidence for guanfacine’s ability to improve working memory. Using various tasks to
measure spatial working memory, planning and attentional set-shifting, guanfacine was shown to enhance performance
on spatial working memory and planning tests with no effects on attentional set-shifting performance tasks (Jakala,
1999). These results differed from the effects of clonidine on the tasks potentially due to guanfacine’s greater selectivity

for aa-receptors over other a,-receptors.
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1.9 Noradrenergic signaling and addiction

A role for noradrenergic signaling during acute and protracted withdrawal of drugs of abuse has been well
documented (Aston-Jones et al., 1999; Buffalari et al., 2012; Delfs et al., 2000; Fuentealba et al., 2002; Harris and Aston-
Jones, 1993; Trzaskowska and Kostowski, 1983). Brain levels of noradrenaline originate from the brain stem and the
locus coeruleus of the dorsal pons. Noradrenaline acts upon three types of receptors, alphal-, alpha2- and beta-
adrenergic receptors, with further delineation into subtypes of each. Pharmacological inhibition or activation of these
receptors has been heavily studied for their effects on withdrawal of various drugs of abuse including morphine,
nicotine, and alcohol.

Clonidine, an alpha2-AR agonist, has been heavily studied as a modifier of stress-induced reinstatement of drug
seeking behavior. Its actions include decreased reinstatement of cocaine, opiate, alcohol and nicotine (Erb et al., 2000;
L@ et al., 2005; Shaham et al., 2000; Zislis et al., 2007). Alternatively, the alpha2 antagonist, yohimbine, reinstates drug

seeking behavior. Yohimbine also exacerbates withdrawal symptoms (Trzaskowska and Kostowski, 1983).

1.9.1 Noradrenergic signaling in the BNST and addiction

The BNST receives one of the densest noradrenergic projections originating from the nucleus tractus solitarius
(NTS) of the ventral noradrenergic bundle (Banihashemi and Rinaman, 2006; Egli et al., 2005; Flavin et al., 2014a; Forray
and Gysling, 2004; Ricardo and Tongju Koh, 1978; Shields et al., 2009a). Additionally, the BNST receives a sparse
noradrenergic input from the locus coeruleus. The vBNST is densely innervated by alphal-AR- and alpha2-AR-expressing
noradrenergic cells, which can influence both excitatory and inhibitory transmission. Stimulation of the ventral
noradrenergic bundle results in noradrenaline release in the BNST as measured by in vivo fast-scan cyclic voltammetry
(Park et al., 2019) . Noradrenergic and non-noradrenergic inputs to the BNST are altered by several pharmacological
agents that target adrenergic receptors (Flavin et al., 2014a; Harris et al., 2018; Perez et al., 2020a). In addition, axons
from the PBN form peri-somatic connections with BNST neurons and these synapses are regulated by noradrenergic
signaling (Fetterly et al., 2019; Flavin et al., 2014a).

Interestingly, adrenergic signaling through alphal- and alpha2-adrenergic receptors has been shown to both

decrease excitatory (Dumont, 2004; Egli et al., 2005; Fetterly et al., 2019; McElligott and Winder, 2008; Shields et al.,
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2009a) and inhibitory drive onto the BNST (Shields et al., 2009a). Specifically, alpha2-adrenergic receptor inhibition of
glutamatergic synaptic transmission in the BNST occurs through alpha2a-activation (Egli et al., 2005). Conversely,
signaling through beta-adrenergic receptors enhances both excitatory (Egli et al., 2005; Nobis et al., 2011) and inhibitory
(Dumont, 2004) drive onto neurons in the BNST. Noradrenergic signaling has been shown to modulate CRF and
glutamate signaling in the BNST (Nobis et al., 2011; Shields et al., 2009a; Silberman et al., 2013). Isoproterenol, a beta-
AR agonist, results in increased excitability of BNST neurons through increased spontaneous (Nobis et al., 2011) and
evoked excitatory synaptic events (Egli et al., 2005).

Guanfacine, an alpha2a-adrenergic receptor partial agonist, inhibits glutamatergic input from the PBN onto CRF+
neurons in the BNST (Fetterly et al., 2019; Flavin et al., 2014a). Both noradrenaline and guanfacine reduce glutamatergic
transmission from the PBN onto CRF-positive neurons in the BNST (Fetterly et al., 2019). Conversely, guanfacine has no
effect on glutamatergic transmission from the BLA or insula, suggesting input-specific effects of noradrenergic
modulation (Fetterly et al., 2019; Flavin et al., 2014a).

Noradrenergic inputs onto BNST neurons are activated during drug withdrawal (Aston-Jones et al., 1999; Delfs et
al., 2000). Activation of these inputs during withdrawal or stress results in noradrenaline release in the BNST that has
been associated with changes in behavior. Ethanol dose-dependently increases norepinephrine release from the BNST
(Jadzic et al., 2021). Isoproterenol increases spontaneous glutamatergic transmission in the BNST through activation of
betal-adrenergic receptors in a CRFR1-dependent mechanism (Nobis et al., 2011). This effect occurs through activation
of glutamatergic synapses not affected by dopamine and is occluded by repeated in vivo exposure to cocaine. This and
several other studies have shown a role for noradrenergic signaling in the BNST and the effects of drugs of abuse.
Inhibition of beta-adrenergic signaling in the BNST prevented stress-induced reinstatement of conditioned place
preference (CPP) while activation of beta-adrenergic signaling caused reinstatement of CPP (Vranjkovic et al., 2012). It
was later shown that beta-receptor adrenergic signaling modulates CRF signaling in the BNST onto downstream VTA
neurons and is critical for stress-induced cocaine seeking behavior (Vranjkovic et al., 2014). Stress and chronic alcohol
exposure act similarly upon beta-adrenergic receptors to increase neuronal excitability of CRF neurons in the BNST
(Snyder et al., 2019). Inhibition of alpha-adrenergic receptor signaling blocks stress-induced reinstatement of heroin

seeking behavior (Erb et al., 2000). Signaling through alpha2a heteroreceptors, receptors located on non-noradrenergic
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neurons, is necessary for stress-induced reinstatement of drug seeking behavior (Perez et al., 2020a). A low dose of
guanfacine, that does not recruit activation of BNST, was shown to block stress induced reinstatement of cocaine
conditioned place preference (cCPP) while mimicking activation of alpha2a heterorceptors through Gi-DREADDs
(Designer Receptors Exclusively Activated by Designer Drugs) resulted in reinstatement of cCPP (Perez et al., 2020a).
Furthermore, post-synaptic alpha2-AR function is decreased in patients during acute and late withdrawal of alcohol
(Berggren, 2000). These experiments and others (Brown et al., 2011; McReynolds et al., 2014b, 2014a) provide evidence
of a BNST circuit involving neuropeptide and monoamine signaling that underlies stress-induced reinstatement of drug-
seeking behavior. BNST activity can directly influence stress responses through direct and indirect connections to the
PVN. Noradrenergic signaling in the BNST has been linked to HPA activation and anxiogenic behaviors (Cecchi et al.,

2002; Harris et al., 2018).

1.10 Development of Guanfacine, an alpha2a-AR partial agonist

Guanfacine (brand name Tenex) was originally developed by Promius Pharma as an antihypertensive agent. It
was approved by the FDA in 1986. Preclinical studies using anesthetized dogs showed that arterial or intravenous
infusion of guanfacine reduced blood pressure within 40 minutes of infusion (Scholtysik, 1986). Reduced sympathetic
nerve activity was seen following guanfacine administration in anesthetized cats (Scholtysik, 1986; Sorkin and Heel,
1986). Sympathetic nerve activity has been attributed specifically to central inhibition of sympathetic tone providing
evidence that guanfacine acts through this mechanism. Intracerebroventricular injection reduced blood pressure and
heart rate but was not effective when giving intravenously. This effect was blocked by pretreatment with o,-AR
antagonist (Sorkin and Heel, 1986). Guanfacine has been shown to alter norepinephrine turnover, a result of central -
AR stimulation, providing evidence that the effects of guanfacine are due to activation of central a-AR. Additionally,
studies in cat, rat, rabbit and dog confirmed guanfacine’s effects on peripheral a-AR resulting in prolonged decrease in
blood pressure (Scholtysik, 1986). In 1982, the antihypertensive effects of guanfacine were studied in a two-month trial
with 25 male patients with hypertension. Ten of the 25 patients developed normalized blood pressure within 15 days of
guanfacine treatment, while 12 patients required higher doses to normalize blood pressure within the two months(Safar

et al., 1982). In 1980, a long-term clinical study was performed that involved 580 and 169 patients treated with
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guanfacine for one year or two years, respectively. The main side effect of guanfacine treatment was dryness of the
mouth and slight sedation at the beginning of treatment (Jerie, n.d.). These effects were less likely at lower doses of
guanfacine.

In vitro experiments using isolated rabbit hearts and atria from guinea pigs also confirmed guanfacine’s effects
on central and peripheral a-AR. Studies using pithed rats and isolated dog blood vessels provided evidence to support
the selectivity of guanfacine on pre-synaptic a,-AR (Scholtysik, 1986). It was shown in several human clinical trials that
guanfacine decreased blood pressure in patients suffering from mild to moderate hypertension. It was shown to
decrease peripheral resistance and slight reduction in heart rate without altering cardiac output at rest or during
physical activity. To determine the affinity of guanfacine to each a.;a-AR, radioligand binding with [*H]-guanfacine was
used to characterize aza-AR binding sites in dissociated rat cerebral cortex membranes (Jarroit et al., n.d., p. 3). The
resulting scatchard plot is linear suggesting a single population of binding sites with average Buax of 118.2 + 8.4 [3H]-
guanfacine fmol/mg protein and an average Ky of 1.77 £0.24 nM (Jarroit et al., n.d., p.). Hill plot analysis did not indicate
cooperativity in binding. Binding of [2H]-guanfacine was measured across various areas of the brain. In order of binding
the cerebral cortex had the highest amount of binding followed by hippocampus, thalamus, hypothalamus,
medulla/pons, spinal cord, striatum, and cerebellum having the least amount of binding (Jarroit et al., n.d., p.).

To investigate the affinity of guanfacine for a-AR, a competition binding assay was used to measure the effects
of a-AR antagonists and agonists on displacement of [3H]-guanfacine binding. The most potent o-AR agonists were
naphazoline and clonidine. In terms of antagonists, those specific to a.,-AR receptors were most effective further
confirming guanfacine’s specificity to a,-AR. The most potent antagonists were phentolamine and dihydroergocryptine.
Drugs targeting other adrenergic receptors including Bi1- and B>-AR antagonists and agonists were ineffective at
displacing [®H]-guanfacine, similar to drugs targeting other neuronal receptors including cholinergic, opioid, or
histamine. Monoamine oxidase (MAO), catechol-O-methyl transferase (COMT) or neuronal uptake inhibitors were also
unable to remove [3H]-guanfacine. Finally, adrenergic neuron blockers guanethidine and debrisoquine that reduce
noradrenaline release did not have an effect on [3H]-guanfacine binding.

Guanfacine HCl or INTUNIV was approved by the FDA in 2009 for childhood and adolescent ADHD. It is currently

not a treatment for adults with ADHD. The exact mechanisms underlying the mechanism with which guanfacine helps
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ADHD is unknown. It is hypothesized that guanfacine activation of a,a-receptors in the prefrontal cortex (PFC) underlie
its effects on ADHD. cAMP analogs, used to mimic the effect of cAMP, blocked the ability of guanfacine to improve PFC
cognitive function using delayed alternation performance in aged rats. Similarly in monkeys, administration of rolipram,
a PDE4 inhibitor that results in increased levels of cAMP, prevented guanfacine from improving working memory(Ramos
et al., 2006). These studies provide evidence that the ability of guanfacine to improve working memory relies on
decreases in cAMP signaling in the PFC. Guanfacine or INTUNIV target the aa-AR with a 15-20 times higher selectivity
for aa-AR over a.zs- or aac-AR. It is hypothesized that its actions on a.,a-AR in the prefrontal cortex underlie the
therapeutic effect on those with ADHD (Huss et al., 2016). In neuroimaging studies, guanfacine was shown to increase

blood flow in the PFC while improving working memory (Alamo et al., 2016).

1.10.1 Pharmacokinetics

In vitro studies using rabbit isolated hearts produced evidence that guanfacine reduced norepinephrine release
following sympathetic nerve stimulation(Pacha et al., 1975). The effects of guanfacine on sympathetic nerve activation
was investigated using anesthetized cats. Guanfacine resulted in a decrease in preganglionic sympathetic nerve activity
supporting its role in central inhibition of sympathetic tone. Guanfacine does not result in altered levels of
norepinephrine levels specifically. However, following blockade of norepinephrine synthesis with
diethyldithiocarbamate, guanfacine prevents the diethyldithiocarbamate-induced decrease in norepinephrine synthesis
(Scholtysik, 1986). Further supporting that guanfacine acts upon central a-AR to decrease sympathetic tone.

The efficacy of guanfacine at treatment for ADHD in children was investigated through several clinical trials,
including placebo-controlled monotherapy trials and adjunctive trial with psychostimulants in the United States, Europe,
and Canada (J. Biederman et al., 2008; Joseph Biederman et al., 2008; Connor et al., 2010; Hervas et al., 2014; Huss et
al., 2016; Newcorn et al., 2013; Sallee et al., 2009b, 2009a; Wayne, 2010; Wilens et al., 2017, 2012). The monotherapy
trials researched the effects of fixed-doses or dose-ranging for dose-optimization studies on children and adolescents
diagnosed with ADHD whose ages ranged from 6-17 or 6-12 years (J. Biederman et al., 2008; Joseph Biederman et al.,
2008; Connor et al., 2010; Hervas et al., 2014; Huss et al., 2016; Newcorn et al., 2013; Sallee et al., 2009b, 20093;

Wayne, 2010). Similarly, the adjunctive therapy trials investigated the effects of ranges of doses for dose-optimization
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on children and adolescents ages 6-17 years diagnosed with ADHD and a suboptimal response to stimulants alone
(Childress, 2012; Wilens et al., 2017, 2012). ADHD signs and symptoms were determined based on ADHD Rating Scale
(ADHD-RS-IV) administered and scored by a clinician on a weekly basis. The efficacy outcome used was change from
baseline to endpoint on the ADHD-RS-IV scale where endpoint was defined as the score for the last post-randomization
treatment week obtained before dose tapering. These trials resulted in statistically significant mean reductions in ADHD-
RS-1V scores at end point compared to baseline in the guanfacine treated groups compared to placebo. Overall, these
clinical trials show that guanfacine is effective as a potential treatment for ADHD in children and adolescents as a sole
therapy or in conjunction with stimulants (J. Biederman et al., 2008; Joseph Biederman et al., 2008; Connor et al., 2010;
Hervas et al., 2014; Huss et al., 2016; Newcorn et al., 2013; Sallee et al., 2009b, 2009a; Wayne, 2010; Wilens et al., 2017,

2012).

1.10.2 Absorption

A schematic overview for the absorption, distribution, metabolism, and elimination of guanfacine is shown in
Figure 4. The oral bioavailability of guanfacine is about 80%. Plasma concentrations reach their peak around 1-4 hours
(average 2.6 hours) after single dose or at steady state (Sorkin and Heel, 1986). Liquid chromatography-tandem mass
spectrometry (LC-MS/MS) was used to quantify plasma concentrations in plasma of beagle dogs following
administration of 4 mg oral dose of guanfacine(X. Li et al., 2013). The maximum concentration of guanfacine (Cmax) Was
calculated as 5.72 +1.78ng/mL occurring at a time (Tmax) of 3.08 +1.63 hours following administration. The AUC was
measured as 44.14 +17.19 ng/mL h with a half-life around 2.6 +17.19 hrs. The apparent volume of distribution was
395.52 +302.96 L and an oral clearance of 100.84 + 33.62 L/hr. As compared to human trials, the Tmax Was shorter and

the Cmax Was higher.
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Figure 4. Absorption, distribution, metabolism, and excretion (ADME) of Guanfacine.
Following oral dose of guanfacine, it undergoes first pass metabolism by the liver. It is highly distributed to tissues with a
high volume of distribution and low plasma binding. Guanfacine is distributed to its central site of action is the brain. It is

metabolized in the liver around 50% by CYP3A4. It is primarily excreted in urine.

Exposure to guanfacine was measured in children ages 6-12 and adolescents 13-17. Administration of a single 2
mg dose of guanfacine extended release revealed higher levels of plasma concentration levels, Cmax and AUC in children
compared to adolescents (Boellner et al., 2007). Similar Tmax Was calculated for children and adolescents, 4.98 and 4.96
hours respectively. After multiple daily doses of 2 mg, the AUC was calculated as 70.0 + 28.3 and 48.2 + 16.1 ngehour/ml
in children and adolescents, respectively. The Cmax Was calculated as 4.39 + 1.66 ng/ml in children and 2.86 £ 0.77 ng/ml
in adolescents. After dosing with 4 mg, the Crmax and AUC were doubled. The Cax was 10 ng/mL with AUC of 162 ng/mL
and 7 ng/mL with an AUC of 116 ng/mL in children and adolescents respectively (Boellner et al., 2007; Cruz, n.d.; Wayne,

2010).
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1.10.3 Distribution

In preclinical studies using animals, equilibrium dialysis was used to measure protein binding following
guanfacine administration. Low levels of plasma protein binding were found. Oral and intravenous doses of [**C]-
guanfacine in animals revealed significant distribution to highly perfused organs and a large volume of distribution
(300L). The highest levels of plasma concentration of guanfacine were measured 1.5-2 hours following oral
administration with minimal levels detected 24 hours after administration. Interestingly, the highest levels of [**C]-
guanfacine in the brain were measured 4 hours after administration. Absolute bioavailability was close to 100%. In
preghant animals, [**C]-guanfacine crossed the placental barrier and was found in the fetus’s intestines. Additionally,
low levels were measured in the mother’s milk.

Clinical studies revealed around 70% of guanfacine is bound to plasma proteins regardless of drug
concentration. More [**C]-guanfacine was bound to red blood cells than plasma proteins in human and rat studies.
Guanfacine has a high volume of distribution with a mean of 6.3 L/kg. Wide distribution was seen in healthy subjects and

in hypertensive patients (Sorkin and Heel, 1986).

1.10.4 Metabolism

Guanfacine is mainly metabolized by the liver. The majority of metabolism occurs through oxidative metabolism
of the aromatic ring. [**C]-guanfacine was given to rats and dogs orally and intravenously to investigate metabolism of
guanfacine. Unmetabolized drug was measured by gas chromatography-mass spectrometry. Drug metabolites were
measured by high pressure liquid chromatography from urine samples. In rats and dogs, 15 metabolites of guanfacine
were identified. One of the first human studies to measure metabolism of guanfacine administered a 3 mg oral dose or
2.3 mg intravenous dose of [**C]-guanfacine to fourteen men with an average age of 73 and a mean body weight of 130
pounds (Kiechel, 1980). Radioactivity of parent drug plus metabolites was measured in urine, erythrocytes, and plasma
samples. Parent drug was also measured using gas chromatography-mass spectrometry. Metabolites were measured
using high pressure liquid chromatography. Absolute bioavailability in man was ~100%, similar to results in animals. The
kinetics of guanfacine metabolism was determined to be modeled by two-compartment. Guanfacine is a substrate of

CYP3A4 and CYP3A5, and fifty percent of the drug is metabolized by the cytochrome P-450 3A4 (Bridgewater, 2006;
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Wayne, 2010). In vitro studies using isolated human liver microsomes and recombinant CYP enzymes found that
guanfacine did not inhibit the activity of the major cytochrome P450s including CYP1A2, CYP2C8, CYP2C9, CYP2C19,
CYP2D6, or CYP3A4/5 (Wayne, 2010). Therefore, dosing with inducers and inhibitors of these enzymes will alter drug

exposure and should be considered.

1.10.5 Elimination

In animals, the major route of excretion was through urine. Regardless of route of administration, around 75%
of original dose in dog was found in urine. The elimination half-life was around 17 hours (Kiechel, 1980; Saameli et al.,
1982; Strange, 2008). Minimal levels of [**C]-guanfacine was found in dogs or rats 24 hours after administration.

In the previously described study in humans, the half-life was estimated around 17.1-21.4 hours with a clearance
of 11 L/h with around 33-35% through renal elimination (Kiechel, 1980). The half-life of guanfacine increases with age of
patients. Steady state levels of guanfacine are often obtained within 4 days of dosing. Guanfacine is mainly excreted in
the urine with 50% of the dose eliminated as unchanged drug. The drug is poorly dialyzed and is not affected by patients

on dialysis (Bridgewater, 2006; Cruz, n.d.; Wayne, 2010).

1.11 Alpha2a agonists as treatment for stress induced reinstatement of drug seeking behavior

Ol2a-adrenergic receptor (a.2,-AR) agonists are candidate substance use disorder therapeutics in part due to their
ability to recruit noradrenergic autoreceptors to dampen stress system recruitment. However, oa.-ARs postsynaptic to
the noradrenergic terminal are required for stress-induced reinstatement of cocaine-conditioned behavior.
Understanding the cells recruited by these postsynaptic receptors is necessary to understand reinstatement biology and
develop more effective therapeutics. This led to the hypothesis that the cells activated by guanfacine through post-
synaptic a.2.-AR had pro-reinstatement effects and were dynamically regulated by stress. This topic is investigated in the
next chapter adapted from Brown et al. 2022, titled “An ensemble recruited by a,.-adrenergic receptors is engaged in a

stressor-specific manner in mice.”
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CHAPTER 2

An ensemble recruited by o.,.-adrenergic receptors is engaged in a stressor-specific manner in mice.
Adapted from: Brown et al. 2022 Neuropsychopharmacology

2.1 Introduction

G-protein coupled receptors (GPCRs) sculpt the activity of neural circuits to shape organism behavior. Systemic
administration of GPCR ligands is a commonly considered therapeutic strategy, yet this approach often suffers from side
effects brought on by recruitment of receptor populations ectopic to the targeted receptor. Identifying specific cell
populations involved in receptor actions is needed to drive improved therapeutic targeting and increase understanding
of the relevant biology. Ligands targeting adrenergic receptor signaling, including o..-adrenergic receptor (ota-
AR/adra2a) agonists and antagonists, are clinically utilized in a variety of contexts including substance use disorder
(SUD) therapeutics and stress disorders(Buffalari et al., 2012; Gowing et al., 2004; Harmon and Riggs, 1996; Milivojevic
et al., 2020; Pergolizzi et al., 2019; Simpson et al., 2018, p., 2015). Stress is cited as a common risk factor for
development and relapse of SUDs(Sinha, 2008, 2007, 2001) and is thought to play a role in exacerbating and/or initiating
other psychiatric conditions. In rodent models a,.-AR agonist administration blocks stress-induced reinstatement to
cocaine seeking behavior(Erb and Stewart, 1999; Mantsch et al., 2010; Sinha, 2007). Guanfacine, an a,-AR partial
agonist, has been clinically investigated as a potential treatment for prevention of stress-induced relapse to cocaine and
opiates and post-traumatic stress-disorder (PTSD) (Fox and Sinha, 2014; Fox et al., 2014, 2012; Krupitsky et al., 2013).
Guanfacine has been shown to decrease symptoms associated with PTSD in children and adolescents(Anderson et al.,
2020; Horrigan, 1996). However, the trials for adults have been less positive(Connor et al., 2010; Davis et al., 2008).
Recent evidence suggests this effect of guanfacine may be due to differential expression of presynaptic and postsynaptic
022-AR receptor expression in the bed nucleus/nuclei of the stria terminalis (BNST/BST)(Harris et al., 2018; Perez et al.,

2020b), warranting further investigation.

The BNST receives one of the densest noradrenergic inputs in the CNS and this transmitter’s signaling has been

shown to be critical for stress-induced reinstatement of drug-seeking behavior(McElligott and Winder, 2009; Pina et al.,
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2015; Shields et al., 2009b; Vranjkovic et al., 2017; Wenzel et al., 2014). We recently observed that while a low dose of
guanfacine blocks stress-induced reinstatement of cocaine conditioned place preference (cCPP) in mice, it does not elicit
cFos expression in the BNST while a higher dose produces neuronal activation via postsynaptic a.-AR
heteroceptors(Harris et al., 2018; Perez et al., 2020b). Mimicking postsynaptic heteroceptor activation in the BNST, via
Gi-DREADD (Designer Receptor Exclusively Activated by Designer Drugs), resulted in increased cFos expression in the
BNST and reinstatement of cCPP(Harris et al., 2018; Perez et al., 2020b). Our previous data highlight a population of a.2,-
AR expressing cells in the BNST that are recruited by guanfacine and play a role in reinstatement of stress-induced

reinstatement of cCPP.

Here, we utilize a pharmacogenetic strategy to isolate and study this guanfacine-activated neuronal ensemble in
the BNST using a tamoxifen-inducible, activity-driven Cre line (FosTRAP, Targeted Recombination in Active Populations)
in conjunction with Cre-dependent viruses(DeNardo et al., 2019; Guenthner et al., 2013). To simplify the verbiage to
describe this guanfacine-recruited ensemble, we here shorten the term to “Guansemble”. This experimental paradigm
allows us to study TRAPed cells activated by guanfacine but removes the off-target effects of systemic injection of
pharmacological compounds. We use convergent approaches to characterize this guanfacine-recruited ensemble or
Guansemble, demonstrating competing roles of guanfacine and stress in the regulation of cAMP-dependent kinase
signaling as well as neuronal activity. We show afferent circuit inputs to these cells and demonstrate task-specific
anxiety-like behavior produced by optogenetic stimulation. Our investigation into these cells known to underlie a
reinstating effect of drug seeking behavior will inform the field about how we can modify current pharmacotherapies to

modulate the interplay of stress and reinstatement.

2.2 Methods

Subjects

CreERT2

Fos mice were obtained from Jackson Laboratory [line #021882] and maintained as heterozygous on a

iCreERT2

C57BL/6J background. Homozygous Fos mice were obtained from Jackson Laboratory [line # 030323] and were
backcrossed at least 3 generations to C57BL/6J mice before being crossed to homozygosity. Heterozygous CRF-Rosa

mice were bred in house by crossing CRH-IRES-Cre mice (Jax, line #012704) with Rosa-tdTomato Ai14 mice (Jax, line
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#007914). Homozygous SOM-Rosas, bred from SOM-IRES-Cre mice (Jax, line #013044) crossed with Rosa-tdTomato Ail4
mice (Jax, line #007914), were generously donated by Dr. Sachin Patel. Heterozygous BAC transgenic mice expressing
Cre recombinase under the promotor Drdla (FK150, GENSAT) were generously donated from Dr. Jeffrey Conn for
experiments(Gong et al., 2007; Joffe et al., 2018, 2017). C57BL/6J mice were obtained from Jackson Laboratory and
acclimated for at least one week before experimental procedures. All transgenic mouse lines were bred in house and
genotyped using primers designed by Jackson Laboratories or lab designed primers targeting Cre recombinase (Fwd:
GGTCGATGCAACGAGTGA, Rev: CCCTGATCCTGGCAATTT). All mice were group housed with 2-5 mouse per cage and
maintained on 12-hour light/dark cycle (lights on from 0600 to 1800 h) under controlled temperature (20 —25°C) and
humidity (30-50%) levels. Water and food were provided ad libitum except for experiments requiring deprivation. Male
and female mice, >8 weeks of age, were used in all experiments to minimize animal numbers. There were no sex
differences found in the initial amounts of TRAPed cells following guanfacine injection (Figure 6F), therefore males and
females were combined for the rest of experiments. Additionally, there were no sex differences found across in vivo
calcium activity responses to guanfacine or restraint stress (Figure 10B-C).

Reagents

Guanfacine hydrochloride (Tocris) was made fresh before use at 0.5 mg/mL in 0.9% saline and delivered
intraperitoneally at a dose of 1 mg/kg. SKF81297 (Tocris) was made in 0.9% saline and delivered intraperitoneally at a
dose of 3 mg/kg. 40HT was purchased from Sigma Aldrich or Tocris Pharmaceuticals. 40HT was diluted with 100% EtOH
at 10 mg/mL at 37°C shaking in water bath overnight. 4OHT was either aliquoted into 50ul aliquots for further use or
diluted with a dilution ratio of 1:4 with corn oil, warmed to 37°C in shaking water bath. Diluted 40HT was returned to
the shaker for at least 30 minutes until completely mixed. 40HT was loaded into syringe with a 25- or 26-gauge needle,
kept warm and out of light, and administered at 50 mg/kg. For GCaMP imaging, Guanfacine stock solutions were

prepared at a concentration of 10mM in water and diluted to 10uM in aCSF the day of recording.

Stereotaxic surgeries

Virus injections
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Mice that were at least 8 weeks of age were used for virus injection studies. Mice were anesthetized with
isoflurane (initial dose 3%; maintenance dose 1.5%) and injected with viral constructs using Leica Angle Two Small
Animal Stereotaxic Instrument. 300nL of virus were injected unilaterally or bilaterally into the dBNST (AP:0.14, ML: 0.88
DV: -4.18; 15.03° angle) or Striatum (AP:0.26, ML:1.76, DV: -3.15) at a rate of 50 nL/min (Fetterly et al., 2019; Harris et
al., 2018; Luchsinger et al., 2021; Perez et al., 2020b).. The syringe remained in place for five minutes after injection to
increase viral uptake. Mice were treated with 5 mg/kg Ketoprofen or 2.5 mg/kg Metacam for 48-hour post-surgery.
Except for rabies injections, mice were allowed to recover for at least 3 weeks prior to the start of experimentation to
allow for optimal viral expression. It should be noted that while our initial experiments confirmed the stability of
Guansembles over 1-2 weeks, this response to guanfacine was measured 4 weeks after initial TRAPing to ensure
sufficient viral expression. However, our results showing an excitatory effect of guanfacine on calcium activity, similar to

increase in activity measured by initial cFos expression, supports the stability of the Guansemble.

Implant surgeries

Mice were injected with 300nL of virus unilaterally as described above, proceeded by implantation of a fiber
implant, described previously(Jaramillo et al., 2020; Luchsinger et al., 2021). The corresponding implant (opto: 400 um
ceramic fiber implant (RWD Life Science, §#1.25 mm, 200um Core, 0.50NA, 4 mm); photometry: 400 um mono fiberoptic
cannula, (Doric lenses, MFC_400/430-0.66_4.1mm_MF2.5_FLT)) was placed 0.1mm above the virus D/V coordinates.

The implant was secured using Optibond primer and Optibond adhesive followed by Herculite enamel.

Rabies injections

Following unilateral dBNST injection of rabies helper viruses (TREtight-mTagBFP2-B19G and syn-FLEX-splitTVA-
EGFP-tTA), mice were allowed to recover from surgery for three days before beginning the five-day handling protocol
and subsequent TRAP procedure. Ten days after the TRAP procedure (described below), EnvA-deleted-rabies-mCherry
was injected into the same BNST coordinates as the helper viruses. One week later, mice were transcardially perfused
following SHIELD (Stabilization under Harsh conditions via Intramolecular Epoxide Linkages to prevent Degradation)

protocol(Park et al., 2019).

Viruses
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For guanfacine trapping, we injected 300 nL of AAV-hSyn-DIO-mCherry (Addgene) bilaterally into the dBNST. For
in vivo recordings of PKA activity using FLIM, we injected 300nL of Cre-dependent AAV1-CAG-FLEX-FLIM-AKAR (AKAR3.4,
Dr. Sabatini) unilaterally into the striatum of D1-cre or rBNST of FosTRAP mice. For GCaMP in vivo fiber photometry, we
did 300nL unilateral injections of AAV9-syn-FLEX-jGCaMP7f-WPRE (Addgene) into the rBNST. For rabies injections, helper
viruses, TREtight-mTagBFP2-B19G and syn-FLEX-splitTVA-EGFP-tTA (Addgene), were diluted 1:20 and 1:200(Lavin et al.,
2020; Luchsinger et al., 2021), respectively, in sterile, filtered PBS, and subsequently mixed 1:1 and 300nL were injected
unilaterally into the rBNST. Following helper virus injection and guanfacine TRAPing, EnvA-G-deleted-rabies-mCherry
(300nL, Salk) was injected into the rBNST. For in vivo optogenetic experiments, 300nL of AAV5-Ef1a-DIO-eYFP (Addgene)

or AAV5-Ef1a-DIO-hChR2(H134R)-EYFP-WPRE-pA (UNC) was injected unilaterally into the rBNST.

Viral targeting validation

Following experiments, mice were assessed for virus and implant verification using standard
immunohistochemistry (IHC) procedures or BLAQ. If virus or implant placement was incorrect or if there was no virus,

often due to a poor 4-OHT injection, the animal was excluded from analysis.

Fluorescent immunohistochemistry

Mice were anesthetized using isoflurane and perfused transcardially with at least 10 mL cold 1X PBS followed by
15 mL 4% paraformaldehyde (PFA). Brains were extracted and incubated in 4% PFA for 24 hours at 4°C and
cryoprotected in 30% sucrose in PBS for a minimum of two days. Coronal slices were obtained at 40pLM on a cryostat
(Leica, CM30508S) in Optimal Cutting Temperature (OCT) solution. Slices were stored in PBS at 4°C until
immunohistochemistry was performed. Fluorescent immunohistochemistry was performed as previously
described(Fetterly et al., 2019; Harris et al., 2018; Perez et al., 2020b). Briefly, slices were incubated for 30 minutes in
0.5% PBST (0.5% Triton X-100 in PBS) followed by blocking for 1 hour in 0.1% PBST (0.1% Triton X-100 in PBS) and 10%
Normal Donkey Serum (NDS). Slices were then incubated in fresh blocking solution with primary antibodies for 3-4 days
at 4°C. Primary antibodies used in these studies were rabbit anti-cFos at 1:1000 dilution, chicken anti-GFP at 1:1000
dilution, and mouse anti-PKCd at 1:1000 dilution. Following primary antibody incubation, slices were washed four times

in PBS and incubated in 0.1% PBST containing secondary antibodies. Secondary antibodies used in these studies were
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Cy5 donkey anti-mouse (Jackson ImmunoResearch), Alexa Fluor Plus 647 donkey anti-rabbit (Thermo Scientific), Cy2
donkey anti-rabbit (Jackson ImmunoResearch), Cy2 donkey anti-chicken (Jackson ImmunoResearch) and Cy5 donkey
anti-chicken (Jackson ImmunoResearch), at a dilution of 1:400 in 0.1% PBST. Following secondary antibody incubation,
slices were washed three times in PBS followed by an incubation of DAPI (1:10,000) in PBS for 10 minutes. Slices were
moved to PBS before mounting on Fisher plus slides (Fisher Scientific) and coverslipped with PolyAquamount when dry.
All images were obtained with a Zeiss LSM 710 scanning confocal microscope using a 20X/0.80 N.A. Plan-Apochromat

objective lens.

Brain Blocking of Lipids and Aldehyde Quenching (BLAQ)

For validation of virus expression and targeting following ex vivo GCaMP imaging and optogenetic
electrophysiology, the Brain Blocking of Lipids and Aldehyde Quenching (BLAQ) procedure was used as described
previously(Harris et al., 2018; Kupferschmidt et al., 2015; Perez et al., 2020b). Following ex vivo imaging or
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 PBS at 4°C before 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 antibody (chicken anti-GFP 1:1000 dilution, Abcam
Ab13970) for 96 hours at 4°C, washed 4 times in 0.2% PBST for a total of 24 hours at 4°C, and then incubated in
secondary antibody (Cy5 donkey anti-chicken 1:400 dilution, Jackson ImmunoResearch) 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 710 scanning confocal microscope using a 10x/0.50 N.A. Plan-Apochromat
objective lens. The same acquisition parameters and alterations to brightness and contrast in Zeiss were used across all

images within an experiment.
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Guanfacine TRAPing

TRAP protocol

Mice were handled for at least 5 days prior to injection as described previously(Olsen and Winder, 2010). To
habituate the mice to i.p. injections, mice were given an i.p. injection of saline with a syringe with a 29-gauge needle on
day 4 and 25- or 26-gauge needle on day 5 of handling. Following this habituation protocol, mice were administered 50
mg/kg dose of 40HT and immediately returned to their home cage and corresponding rack in the mouse facility
(DeNardo et al., 2019; Guenthner et al., 2013). One hour later, mice received a 0.5 mL/kg saline or 1 mg/kg dose of

guanfacine. Mice were then left undisturbed for at least a week.

Restraint stress for cFos quantification

Mice were acclimated in their home cage for an hour in a sound- and light-attenuating box (Med Associates) to
habituate to the procedure room. Mice were then placed in 50 mL conical tubes (Falcon) modified with holes to ensure
mice were able to breathe during restraint. Conical tubes were then placed in a clean cage containing bedding placed in
a separate sound- and light-attenuating box for 1 hour. Mice were then removed from the conical tubes and placed back

in their home cage for an additional 30 minutes before being sacrificed for cFos expression(Fetterly et al., 2019).

Fiber photometry

Fluorescence lifetime imaging microscopy (FLIM) setup

Fluorescence lifetime imaging microscopy (FLIM) was recorded using the ChiSquare dual-probe system
(ChiSquare Bioimaging, Brookline, MA) as described previously(Harris et al., 2018; Jaramillo et al., 2020). Briefly, blue
light from a 473-nm picosecond-pulsed laser (at 50 MHz; pulse width ~80 ps FWHM) was directed through a single mode
fiber. Fluorescence emission from the sample was collected by a multimode fiber. The single mode and multimode fibers
were arranged side by side in a ferrule connected to a detachable multimode fiber implant(Cui et al., 2013). The emitted
photons collected through the multimode fibers are passed through a bandpass filter (FFO01-550/88, Semrock) into a
single-photon detector. Photons were recorded by the time-correlated single photon counting (TCSPC) model (SPC-

130EM, Becker and Hickl, GmbH, Berlin, Germany) in the ChiSquare dual-probe system.
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The principle of fluorescence lifetime determination using time-correlated single photon counting (TCSPC), as
described previously(Becker, 2021, 2005; O’Connor, 2014), is implemented in the ChiSquare system using pico-second
pulsed laser technology. Fluorescence lifetime of FLIM-AKAR was determined using a time-domain and outputted
through SPCM software (Becker and Hickl). Data was acquired using a 473 pico-second pulsed laser at a frequency of 50
MHz, and emitted photons of the FRET-donor was detected on an average at a rate of 1.4x10% kHz. Each decay curve is
an accumulation of around 17 nanoseconds of photons and decay curves are acquired at an interval of 60 seconds.
Fluorescence decay kinetics were analyzed using SPC Image (Becker&Hickl) where an incomplete multiexponential decay
model was fitted to the data, yielding the lifetime of the donor. Before beginning each experiment, a standard
fluorescence decay curve of 5 uM fluorescein solution (Thermo Fisher Scientific, Fluorescein — NIST — Traceable

Standard) was acquired and its lifetime was used as reference.

GCaMP fiber Photometry setup

A TDT RZ5P fiber photometry system and Synapse software were used for GCaMP fiber photometry as described
previously(Jaramillo et al., 2020; Luchsinger et al., 2021; Salimando et al., 2020). Briefly, light from a 470nm and 405nm
fiber-coupled LED were modulated at 210 Hz and 530 Hz, respectively, and power output was maintained at 40mA with
a DC offset of 10mA. A power output of 80-100 pW was maintained at the tip of a 400um mono fiberoptic cannula in the
BNST (Doric Lenses) connected to low-autofluorescence 0.57NA mono fiberoptic patch cord with a 400pum diameter core
(Doric Lenses). Signal was collected at 1 kHz and low pass filtered at 6 Hz. The 405nm channel was used as an isosbestic,
calcium-independent control wavelength for GCaMP to offset any bleaching or movement artifacts as compared to the
calcium-dependent 470 nm channel. Videos were obtained at 10 frames per second through a Logitech HD Pro Webcam

(Logitech, C920).

Guanfacine injections

Mice were attached to the recoding system as described above and placed in a small open field chamber for 5-
10 minutes, during which baseline recording was obtained. Following baseline measurements, mice were injected with 1
mg/kg dose of guanfacine or 0.1mL saline and returned to the open field chamber an additional 50-60 minutes. If cage

mates were run, mice were placed into a fresh cage until all mice in the cage were run.

42



Stress exposures

To evaluate the effect of Guansemble recruitment with various stressors, we chose to investigate calium activity
in Guansembles during exposure to a novel object, restraint stress, and unpredictable foot shocks. We ranked these
stressors loosely based on previous papers’ reported CORT levels following novelty, restraint stress, and foot shock
exposures. Novel object/environment exposure: 100-150 ng/ml (Beerling et al., 2011; Gould et al., 2014; Hennessy,
1991; Moore et al., 2013); Shock exposure: 300 ng/ml (Hajés-Korcsok et al., 2003; Shanks et al., 1990; Wu et al., 2020);

Restraint stress: 150-250 ng/ml (Sallinen et al., 1999; Shoji and Miyakawa, 2020) 300 with chronic stress

Novel object exposure

For Novel Object Exposure, mice were attached to the recording system as described above and placed in a
small open field arena and allowed to acclimate for 10 minutes, during which baseline recordings were obtained.
Following the acclimation period, a novel object (clean AA battery) was placed in the center of the open field. Mice were
allowed to interact with the object for 50 minutes following placement. If cage mates were run, mice were placed into a

fresh cage until all mice in the cage were run.

Restraint stress

For GCaMP and FLIM in vivo recording studies, mice were acclimated to the testing room for at least one hour
before testing. Restraint stress were performed using a restraint device designed by our lab and created by Vanderbilt
Kennedy Center Scientific Instrumentation Core, details and specifications described previously(Luchsinger et al., 2021).
Fibers were attached to animal’s implant using a ceramic mating sleeve (Precision Fiber Products) of 2.5mm diameter,
11.4mm length for GCaMP recordings or 1.25mm diameter, 6.80mm length for FLIM. Mice were acclimated to attached
cable in an empty cage for at least three days for at least 10 minutes each prior to actual recordings. On day of
recordings, mice were attached and acclimated for 5-10 minutes in an empty cage or small open field arena before being
placed in restraint device. Restraint stress exposure was recorded for at least 30 minutes and videos were captured with

a webcam from above and analyzed via DeeplLabCut.
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Shock exposure

For shock experiments, 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 over a 5
minute period. Shocks were delivered at 0.5mA with an interstimulus interval of 30 seconds. All shocks were presented

in the same session and were repeated for a second day.

Ex vivo GCaMP imaging

Mice were anesthetized using isoflurane, and transcardially perfused with ice-cold cutting solution, oxygenated
for at least 15 minutes, consisting of (in mM): 92 N-Methyl-D-glucamine (NMDG), 2.5 KCl, 20 HEPES, 10 MgS047H20, 1.2
NaH2PO04, 0.5 CaCl2-2H20, 25 glucose, 3 Na*-pyruvate, 5 Na*-ascorbate, 2 Thiourea, 30 NaHCO3 and 5 N-acetylcysteine.
Coronal brain slices were prepared at 200um thickness on a vibrating Leica VT1000S microtome. The brain slices were
then transferred to a 34°C chamber containing oxygenated cutting solution for a 10-15-minute recovery period. Slices
were then transferred to a holding chamber containing oxygenated artificial cerebrospinal fluid (aCSF) solution
consisting of (in mM): 124 NaCl, 2.5 KCl, 2.5 CaCl2-2H20, 5 HEPES, 2 Mg2S04, 1.2 NaH2P04, 12.5 glucose, 24 NaHCO3,
0.4 -L-ascorbic acid and were allowed to recover for at least 1 hour at room temperature. For recording, slices were
placed in a perfusion chamber (Warner Instruments) and perfused with oxygenated aCSF (30°C), at a flow rate of

3mL/min.

Optical excitation from 470nm LED (Thorlabs, M470L3-C1) was driven by a T-Cube LED Driver (LEDD1B, Thorlabs)
and passed through two Neutral Density Filters, U-25ND25 and U-25ND50, (Olympus), and an EN-GFP filter cube
(Olympus, U-N410107, C26986) to emit blue light and record green fluorescence. Using a 20X/0.5W water immersion
objective (Olympus), slices were exposed to constant light at 75-100% power for at least 10 minutes before recordings.
Following acclimation, visual recordings were obtained using Hamamatsu ORCA-Spark camera and HCimagelive
software. High speed streaming imaging parameters were set at a gain of 240, 200ms exposure, binning of 2x2, and rate
of 5 frames per second (fps). Recordings lasted 15 minutes in total with 5 minutes of baseline, 5 minutes of guanfacine
(10uM) wash on, and 5 minutes of wash out for a total of 4500 frames. Concentration of 10uM based on previous data

using guanfacine wash ons for voltammetry(Harris et al., 2018).
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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(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 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 3-4 weeks until fully transparent, with solution replaced
every week. SHIELD perfusion and SHIELD-OFF solutions was prepared fresh before all perfusions, as described
previously(Luchsinger et al., 2021). 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 diH,0, 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.

Light Sheet Microscopy

Whole-brain images were obtained using a light sheet microscope (SmartSpim, LifeCanvas Technologies)(Dean
et al., 2015; Hedde and 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 um 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.
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In vivo optogenetics

Optogenetic parameters

Optogenetic setup and stimulation were administered as described previously(Folkes et al., 2020). At least four
weeks following TRAPing, mice were habituated to false patch cables in 10-20-minute bins for 3 consecutive days. Mice
were acclimated to the testing room for at least one hour before testing, and all tests occurred during the light phase.
On test days, 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 Plex- Bright Dual LED rotatable
commutator, in which a blue (465 nm) LED light and a 0.5NA PlexBright Optical patch cable were affixed (Plexon). For
real time place preference, mice received constant 20-Hz blue light stimulation immediately upon entering stimulation
side of the two-sided chamber. For open field, elevated plus maze, novel suppressed feeding task (NSFT), light/dark, and
restraint recordings, animals received 20-Hz blue light stimulation (Plexon) in 5 seconds on, 5 seconds off, pattern at 10—
13 mW. Both mice that received intra-BNST infusion of ChR2 or control EYFP received the same stimulation protocols. If
cage mates were to be recorded from, mice were placed into a fresh cage until all mice in the cage were run. Videos
were recorded and analyzed using ANY-maze Behavioral tracking software (Stoelting Co) from a camera (The imaging

source, DMK) located above the behavioral apparatus.

Realtime Place Preference (RTPP)

Optogenetic stimulation was delivered when animals entered a randomly assigned chamber and ended when
animals left the stimulation chamber. Mice were tested for 20 minutes. Time in stimulated/unstimulated sides, entries
to sides, distance traveled per side and time immobile per side were calculated using ANY-maze. Time in each side was

used to calculate time spent per side as a percentage of total time using [(total time — time per side)/total time *100].

Elevated Plus Maze (EPM)

Mice were attached to fiber cables before being placed in the center of EPM (San Diego Instruments) arena.
Mice were tested for 10 minutes. Time spent in each arm, total distance, and entries to each arm was calculated using

ANY-maze.
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Open Field Test (OFT)

Mice were attached to fiber cables and placed in brightly lit open field box (50 x 50 cm, San Diego Instruments)
filled with bedding. Mice were allowed to explore open field arena for 10 minutes before being removed. Time spent in

outer and inner portions of the box were calculated using ANY-maze.

Novelty Suppressed Feeding Task (NSFT)

The 3-day novelty-suppressed feeding task (NSFT) was performed as previously described(Britton and Britton,
1981; Centanni et al., 2019b; Holleran et al., 2016; Jaramillo et al., 2020). Briefly, mice were food restricted in their
home cage for 48 hours with only 2-hour access to food ad libitum 22-24 hours before testing. On test day, a 5g food
pellet was placed in the middle of a brightly lit open field arena with fresh bedding. A new pellet and refreshed bedding
were used for each test. Mice were attached to the optic cable and placed in a corner of the arena. Initial bite was
determined as the first time the mouse interacted with the food pellet. The first 5-second bite was determined as the
first time the mouse interacted with the food pellet for at least 5 seconds. Following the 5-second bite, mice were
immediately removed from the arena and returned to a new cage with the pellet from the test, which was then weighed
after 10 min. Mice that did not eat within the first 20 minutes of the test and/or 10 minutes of the post-test were

omitted from analysis. Following the test, the mice were returned to ad libitum access to chow.

Light/Dark test

Mice were placed in the light side of a two-sided chamber that was made in house containing an unlit, closed off
“dark” side and a brightly lit, open “light” side, as described previously(Luchsinger et al., 2021; Salimando et al., 2020).
Mice were allowed to explore both sides for 20 minutes while receiving constant stimulation. ANY-maze software
(Stoelting Co) was used to track mice entering and exiting each side. Since the dark side is closed and hidden, any time
that the camera could not detect a mouse in the light side was automatically assigned as in the “dark” side. Time spent

in light and dark side and entries to each side were calculated using ANY-maze.
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Restraint stress

Mice were connected to fiber cables before being placed in previously described custom RESTRAINT device.
Mice received constant 20Hz stimulation during the 30-minute restraint stress. Videos were analyzed using DeepLabCut

as described below.

Ex vivo optogenetic validation

Coronal slices of 300uM were obtained as described above for ex vivo GCaMP Imaging. Whole-cell voltage-
clamp recordings were performed as previously described(Fetterly et al., 2019; Flavin et al., 2014a). Electrodes (2.5-5.0
MQ) were filled with internal aCSF (in mM: 117 D-gluconic acid, 59 CsOH, 20 HEPES, 5 Triethylamine (TEA), 2 MgCl2, 4
Na2ATP, 0.3 Na2GTP). Optical stimulation was under the control of a T-Cube LED Driver (LEDD1B, Thorlabs) and passed
through an EN-GFP filter cube (Olympus, U-N41017) to produce blue wavelength light. To confirm channelrhodopsin
activity, cells were stimulated with a brief 5ms pulse of light while being held at -70mV. Following confirmation, slices

used for electrophysiology underwent BLAQ staining.

QUANTIFICATION AND STATISTICAL ANALYSIS

IHC cell quantification

Cell counts were performed manually using Imagel by two researchers blinded to experimental groups. No
differences were observed between sub-nuclei of the dBNST, so all numbers are reported as a single summed value for
each dBNST. The cell counts for left and right BNST across a single section per animal (Bregma=0.145mm) were averaged
across animals. Colabeling was determined as overlap of cFos immunohistochemical staining, which is defined as a
circular, nuclear stain with ~90% overlap with mCherry labeling that should denote the entire soma in addition to

processes.

Restraint bout analysis

Restraint bout behavioral scoring was performed as described previously using DeeplLabCut (DLC)(Luchsinger et
al., 2021). A single piece of green tape on the fiberoptic cable and the tip of the tail were used to manually locate points

in a training dataset of 20-30 images per video. DLC was trained for at least 5 iterations to confirm accurate and precise
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labeling. Once a model was trained sufficiently, it was used to analyze videos in batches, markers were confirmed across
videos. Outputs from DLC were further analyzed using custom R and MATLAB scripts that allow for time locking of
calcium signal to the onset of active coping bouts. Specifically, whole body bouts were identified across frames where
the tail and the fiber were moving at the same time, while smaller bouts were designated with only one of the two

moving. The bout duration was calculated as continuous until all tracked points were immobile for >0.7s.

Fiber Photometry analysis

A fluorescence intensity trace was made by plotting the number of photons recorded in 30 or 60 ms intervals
against time. Photons were recorded in 30 or 60ms intervals and plotted against time to make a fluorescence intensity
trace. Fluorescence decay kinetics were used to confirm in vivo GCaMP7f expression. Average fluorescence values were
calculated across baseline for 10 minutes for guanfacine and novel object exposure or 5 minutes for restraint stress and
were used as initial fluorescence. Change in fluorescence lifetime was calculated as [(Recorded Fluorescence -Initial

Fluorescence)/Initial fluorescence].

For GCaMP studies, linear regression MATLAB scripts from TDT were used to fit the 405 nm signal to the 470 nm

(Change in 470 nm signal—Change in 405nm signal)

signal. Change in GCaMP-mediated signal was calculated as . Time-locked

Change in 405nm induced signal

. AF

LnstantaneousT

—F — (from-5to-3 seconds)
mean -

Z-scores were calculated using Z = . Peaks per minute and average Z-scores

standard deviation of % (from—5 to—3 seconds)
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(Martianova et al.,
2019; Zhang et al., 2010). 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. Average Z-score and number of
peaks was calculated in 10-minute bins or five-minute bins for restraint stress. Peaks per minute were calculated as

number of transients with Z-score >2 averaged across time.
Ex vivo GCaMP analysis

Ex vivo GCaMP imaging was analyzed a combination of open-source analysis tools and custom MATLAB and

Imagel scripts. To preprocess the videos, Image) was used to combine individual TIFF images and spatially downsample
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the frames. A modified NoRMCorre algorithm was used in MATLAB for motion correction(Pnevmatikakis and
Giovannucci, 2017; Zhou et al., 2018). Data is then extracted using automated ROI detection with signal deconvolution,
denoising, and demixing using constrained nonnegative matrix factorization for microendoscopic data (CNMF-E)
analysis(Zhou et al., 2018). CNMF-E analysis allows for Z-score calculation and detection of calcium events in single cells
using custom MATLAB scripts. The change in spikes per minute of each cell was calculated by subtracting the
instantaneous spikes/minute by the average spikes/minute during baseline (minutes 1-5). Percent change from baseline
was calculated by dividing the change in spikes/minute of each cell by the average spikes/minute of the population
baseline. A threshold of 20% was selected to determine cells that responded when the drug was on, allowing for

grouping analysis based on increases or decreases in cell responses.

Light sheet cell quantification

To create a less exhaustive list, 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, using custom Python scripts provided by SmartAnalytics. Average counts
across all brain regions were calculated across all guanfacine-trapped animals and top ten counts based on these

averages were plotted.

Statistics

All statistics were run using Prism. All values are plotted as mean + SEM. For analysis of two groups, an unpaired
students t-test was used. For analysis of three or more groups, a two-way ANOVA was used. For analysis of two or more
groups with at least two treatments or time points, a two-way ANOVA with Holm-Sidak post hoc correction was used.
For analysis across time or over days, corresponding test with repeated measures analysis was used. For all analyses,

significance of p<0.05 was used.

50



2.3 Results

Guanfacine recruits an ensemble of molecularly heterogeneous neurons in the BNST.

Guanfacine (1 mg/kg) increases cFos expression in the BNST in adra2a-expressing cells(Harris et al., 2018; Perez
et al., 2020b). The BNST is comprised of numerous cell populations(Ch’ng et al., 2018; Giardino and Pomrenze, 2021;
Vranjkovic et al., 2017). To elucidate cell populations activated by guanfacine, we used immunohistochemistry and
transgenic reporter lines to examine colocalization of guanfacine-induced cFos with well-characterized BNST
neuropeptide/kinase cell population markers, including corticotrophin releasing factor (CRF), somatostatin (SOM), and
protein kinase C delta (PKCJ). cFos partially colocalized with each of these cell populations (Figure 5A, 5B). These data
are consistent with our previous work indicating partial adra2a colocalization with several BNST cellular markers(Harris
et al., 2018), suggesting a heterogenous population of cells is activated by guanfacine, analogous to previous studies
examining CGRP receptor distribution in the central nucleus of the amygdala (CeA)(Han et al., 2015; Palmiter, 2018). To
gain access to guanfacine-activated cells, we utilized a genetic FOsTRAP approach that uses a tamoxifen-inducible
activity-driven Cre mouse model combined with stereotaxic injection of hSyn-DIO-mCherry bilaterally into the BNST
(Figure 5C, 5D). The advantage of this approach is our ability to achieve precise spatially- and temporally-limited
targeting of cell populations, though it should be noted that viral delivery of Cre-dependent constructs constrains us to a
subpopulation of the total ensemble. Utilizing this approach, we were able to successfully TRAP guanfacine-activated
cells by administering an i.p. injection of guanfacine (1 mg/kg) an hour after i.p. injection of 4-hydroxytamoxifen (4-OHT,
50 mg/kg) (Figure 6A-C). To assess the stability of guanfacine-recruited ensembles (Guansembles) in the BNST, we
performed TRAP experiments in which we included a second injection of guanfacine (guanfacine-guanfacine [Guan
Guan]) (Figure 5E-5H). To test whether Guansembles overlapped with cells activated by injection stress, we injected two
additional cohorts to compare saline injection-activated neurons to Guansembles (guanfacine-saline [Guan Sal], saline-
saline [Sal Sal], Figure 5E-5H). We found a significantly greater number of total cells reactivated by guanfacine (Guan
Guan) quantified as mCherry+cFos+ cells when compared to saline injections (Guan Sal or Sal Sal) (Figure 5F). It is
important to note that this co-expression likely reflects an under-reported fidelity, as viral expression of CRE-dependent
mCherry rather than a Rosa transgenic line was utilized to restrict expression. We found approximately 45% of cells

colabeled with mCherry fluorescence and cFos immunohistochemistry in the group that received two injections of
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guanfacine (guanfacine-guanfacine), confirming the stability of BNST Guansembles, similar to published FosTRAP results
with different stimuli(DeNardo et al., 2019; Girasole et al., 2018; Guenthner et al., 2013; Xing et al., 2021) (Figure 5H).
Within the saline-saline and guanfacine-saline groups, there were significantly greater numbers of mCherry+ only when

compared to mCherry+cFos+ cells in the same treatment (Figure 5H).
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Figure 5. Guanfacine activates a heterogeneous cell population in the BNST

(A) cFos colocalization with corticotrophin releasing factor (CRF), somatostatin (SOM), and protein kinase C delta (PKCJ,
p<0.0001) in the BNST following saline (n=2-4) or guanfacine (n=3-7) injection. (B) Immunohistochemistry results
showing cFos colocalization with cell markers including corticotrophin (CRF), Somatostatin (SOM) and Protein Kinase C
delta (PKCJ). (C) Schematic of tamoxifen-inducible activity-driven expression of Cre-dependent viruses in FOsSTRAP
mouse model. (D) Experimental design to investigate reproducibility and specificity of Guansembles by comparing
repeated exposure to guanfacine (guanfacine-guanfacine) or guanfacine- and saline-activated cells (saline-saline,
guanfacine-saline). (E) Representative images of mCherry and cFos labeled cells in the BNST from saline-saline,
guanfacine-saline, and guanfacine-guanfacine experimental groups. AC=anterior commissure (F) Quantification of cells
colabeled with mCherry and cFos after saline-saline (n=6, p=0.0081), guanfacine-saline (n=8, p=0.0043), and guanfacine-
guanfacine (n=7) injections (Averaged left and right BNST of single section). (G) Total number of TRAPed (mCherry+) calls
in saline-saline (n=6, p=0.0081), guanfacine-saline (n=8, p=0.0043), and guanfacine-guanfacine (n=7) injections. (H) Dual
labeled cells as percentage of total mCherry cells after saline-saline (n=6, p<0.0001), guanfacine-saline (n=8, p<0.0001),
and guanfacine-guanfacine (n=7) injections. All error bars are mean + SEM. Post-hoc p values derived from ordinary two-
way ANOVA followed by Siddk's multiple comparisons test (A, F) or ordinary one way ANOVA followed by Tukey’s
multiple comparison test (E). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Statistical tests and results can be found in

Table 1.
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(A) Experimental timeline using FosTRAP to capture guanfacine-activated neurons in the BNST. (B) Representative

images of using FosTRAP to capture guanfacine-activated neurons in the BNST. (C) Representative maps showing

distribution of Guansembles across the BNST. (D) Experimental timeline using FOsTRAP2 to capture guanfacine-activated

neurons in the BNST. (E) Representative images validating the use of FOsSTRAP2 to capture guanfacine-activated neurons

in the BNST. (F) Comparison of number of Guanfacine TRAPed cells in females vs. males in Fos-CreERT2 and Fos-

iCreERT2 mouse lines combined (left) or separate (right).
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cAMP-dependent protein kinase (PKA) activity in Guansembles is inhibited by guanfacine.

Previous studies suggest a cell autonomous action of o.-AR signaling in producing neuronal activation in BNST(Harris et
al., 2018). The canonical signaling pathway of Gi-coupled GPCRs, such as a22-ARs, is inhibition of cAMP signaling. Thus,
we used a Cre-dependent viral cAMP-dependent protein kinase A (PKA) sensor, FLEX-FLIM-AKAR, and fluorescence
lifetime imaging microscopy (FLIM)(Chen et al., 2014; Lee et al., 2019) to record in vivo PKA activity in BNST
Guansembles (Figure 7A). We measured the lifetime changes of the donor fluorophore with decreased donor lifetime
indicative of increased PKA activity(Chen et al., 2014; Lee et al., 2019) (Figure 8A). Repeating previously published
studies of this sensor(Gong et al., 2007; Joffe et al., 2018; Lemberger et al., 2007), we found injection of the D1 agonist
SKF81297 (3 mg/kg) produced a decrease in observed fluorescent lifetime in D1-Cre mouse line expressing FLIM-AKAR in
the striatum (Figure 8B-E). We then expressed FLIM-AKAR in BNST Guansembles using the guanfacine-FosTRAP approach
(Figure 7A, 7B). We found an increase in fluorescence lifetime measured within the BNST in FLIM-AKAR expressing mice,
consistent with a decrease in PKA activity in Guansembles after injection of guanfacine (Figure 7C, 7D). These results
extend our previous study(Harris et al., 2018) to strongly suggest that Guansembles are recruited via guanfacine action

at a2a-ARs on Guansemble neurons.
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Figure 7. Guanfacine decreases PKA and increases calcium activity in BNST Guansembles.

(A) Experimental design and timeline for recording PKA activity in Guansembles in the BNST using FosTRAP. (B)
Representative image of Guansembles in the BNST expressing FLIM-AKAR. (C) Decrease in PKA activity recorded in
Guansembles following guanfacine injection (1 mg/kg, n=6). (D) Quantification of average fluorescence lifetime of PKA
sensor in Guansembles following guanfacine injection (p=0.0459, n=6). (E) Experimental design and timeline for
recording calcium activity in Guansembles in the BNST using FosTRAP. (F) Representative trace of calcium transients in
Guansembles following guanfacine injection. (G) Representative image of FLEX-GCaMP7f expression in Guansembles in
the BNST. (H) Average Z-scores (p=0.0002) and peaks per minute (p=0.2996) in BNST Guansembles following guanfacine
injection (1 mg/kg, n=16). (1) Average Z-score and peaks per minute recorded in Guansembles following saline injection
(n=4, p=0.0221). (J) Average Z-score and peaks per minute recorded in Guansembles following novel object exposure
(n=8, p<0.0001). All error bars are mean + SEM. Post-hoc p-values derived from two-tailed paired t-test (D, H, |, J).

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 8. PKA activity in BNST Guansembles during novel object exposure.

(A) Diagram portraying how PKA activity induces fluorescence resonance energy transfer (FRET) activity of FLEX-FLIM-
AKAR virus. With increased PKA activity and phosphorylation of PKA substrate, the substrate binds to the FHA domain,
bringing the donor (modified GFP) and acceptor (dark YFP) together resulting in decreased fluorescence. (B)
Experimental design and timeline for recording PKA activity in D1-receptor expressing dopamine neurons in the
striatum. (C) Representative image of FLIM-AKAR expression in the striatum of D1-cre mouse. (D) PKA activity recording
following repeated injections of D1-agonist, SKF81297 (3 mg/kg, n=2). (E) Quantification of PKA activity in D1-cre mouse
following injections of D1-agonist, SKF8127. (F) Experimental timeline for measuring PKA activity in BNST Guansembles.

(G) PKA activity of BNST Guansembles during novel object exposure.

Guansemble activity is dynamically requlated by guanfacine.

To extend the fixed measure analysis of activity provided by Fos recruitment, we combined the FosTRAP model
with in vivo fiber photometry using FLEX-GCaMP7f to measure dynamic calcium activity of BNST Guansembles (Figure
7E-7G). We recorded calcium transients in Guansembles after an i.p. injection of guanfacine (Figure 7F), normalized the
signal using a Z-score transformation, and calculated changes in fluorescence across these transients over time. We
found a consistent significant increase in average transient Z-scores following guanfacine injection compared to baseline
(Figure 7H), consistent with previously observed cFos recruitment, however we did not observe changes in the number

of calcium transients across time (Figure 7H). Curiously, in a separate saline-injected control group, we observed a slight
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decrease in the number of calcium transients in BNST Guansembles over time when compared to baseline, suggesting
the possibility that injection stress may mask the actions of guanfacine on transient number (Figure 71). To investigate
this idea further, we recorded BNST Guansemble calcium transients during different stressors, novel object exposure
(Figure 7E) or restraint stress (Figure 9A). In both instances, we found a decrease in transient peaks per minute when
compared to baseline activity suggesting that the inhibitory effects of prolonged stress/novelty may mask the excitatory
effect of guanfacine on calcium transients (Figure 7J) and 9B). We chose restraint stress in particular because it is known
to stimulate noradrenaline release in the BNST(Cecchi et al., 2002; Schmidt et al., 2018). We recorded calcium activity in
Guansembles during repeated days of restraint stress using our tethered fiber-compatible restraint device (RESTRAINT,
REcording Signal TRansients Accessible IN a Tube)(Joffe et al., 2022; Luchsinger et al., 2021) (Figure 9A). We found a
significant decrease in activity on the first day of restraint that attenuated over repeated days (Figure 9B). We calculated
the fold change from baseline across repeated days and found a significant difference from baseline on all days of
repeated restraint when compared to the first day (Figure 9C). Therefore, stress exposure is inversely related to baseline

activity in these defined ensembles.

Using RESTRAINT, we previously reported increased calcium activity in BNST neurons associated with active
coping bouts, defined as instances during which the head and tail of the mouse is moving concurrently, during restraint
stress(Luchsinger et al., 2021). While we find here that overall event frequency is decreased during restraint stress,
Guansembles are recruited at the onset of active coping bouts (Figure 9D, 9E and 10), similar to our previous results with
overall BNST GCaMP activity(Luchsinger et al., 2021). This Guansemble recruitment was diminished over time with

repeated restraint stress (Figure 9D, 9E and 10).

Given these results suggesting an overall inhibitory action of stress on the baseline frequency of calcium
transients in Guansembles, we investigated the overlap between guanfacine- and restraint stress-activated neurons in
the BNST using FosTRAP combined with cFos immunohistochemistry (Figure 9F). Consistent with this idea, we found
only a small portion of overlap between the two populations (Figure 9G, 9H). Further, we recorded the effect of
repeated restraint stress on PKA activity in these cells (Figure 9lI). We found that while acute restraint stress decreased
PKA activity (Figure 9J, 9K), after repeated exposures, restraint stress produced PKA activation in these cells (Figure 9J,

9K). This is in agreement with a larger literature showing general PKA activation in association with chronic
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stress(Agarwal et al., 2005; Hu et al., 2020). We did not see an effect of novel object exposure on PKA activity in

Guansembles (Figure 8F, 8G).

BNST o2.-ARs are proposed to play an active role in reinstatement of cocaine seeking behavior(Perez et al.,
2020b), particularly in response to stress. Previous studies have noted that restraint stress does not reliably produce
reinstatement of cocaine seeking/place preference in rodents(Shalev et al., 2000). Because of this, we assessed
Guansemble responsiveness to unpredictable shock, a stressor that has been shown to reliably produce re-
establishment of CPP behavior in rodents extinguished from a variety of drugs of misuse(Erb et al., 1996; Lu et al., 2002,
2001; Shaham and Stewart, 1995; Shalev et al., 2000) (Figure 9L). Consistent with this, we found that initial response to
unpredictable shocks produces an increase in calcium activity (Figure 9M, 9N). On the second day of exposure, we found
there was no significant effect of unsignaled shocks on Guansemble activity (Figure 9M, 9N). These results are similar to
the attenuation of Guansemble response with repeated restraint stress confirming a role for Guansemble activity in the

initial exposure to a stressor.
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Figure 9. Guansemble neuronal activity filtered by stress exposure.

(A) Experimental design and timeline for recording calcium activity in Guansembles using FosTRAP. (B) Average Z-score
and peaks per minute recorded in Guansembles during repeated restraint stress (day 1: n=16, p=0.0004 day 2: n=12,
p=0.0126, day 3: n=8, day 4: n=8). (C) Calculated fold change in Z-score and peaks per minute across repeated days of
restraint stress (day 1: n=8, day 2: n=8, p=0.0034, day 3: n=8, p=0.0217, day 4: n=8, p=0.0005). (D) Combined average
calcium activity before and during whole body bouts across four days of repeated restraint stress (day 1: n=16,
p=0.0031, day 2: n=12, day 3: n=8, day 4: n=8). (E) Calcium activity time locked to the onset of whole body struggling
bouts on first (n=16), second (n=12), third (n=8) and fourth day (n=8) of repeated restraint stress. (F) Experimental
design to investigate the overlap between guanfacine- and stress-activated neurons in the BNST. (G) Representative
image of guanfacine- and stress-activated neurons in the BNST. (H) Quantification of cells activated by guanfacine,
restraint, or both (n=6) (p=0.0034, p=0.0324; and p<0.0001). (1) Experimental design and timeline for recording PKA
activity in Guansembles during restraint stress using FOsTRAP. (J) Individual curves showing change in fluorescence of
PKA activity over three days of repeated restraint stress (day1-2: n=6, day 3: n=4). (K) Average fluorescence lifetime
calculated over three days of restraint stress (day1-2: n=6, day 3: n=4 p=0.0209). (L) Experimental design and timeline
for recording calcium activity in Guansembles during exposure to unpredictable foot shocks using FOsTRAP. (M)
Combined average changes in calcium activity before and after foot shock (n=6, p=0.00043). (N) Calcium activity
timelocked to onset of foot shock on day 1 (n=6) and day 2 (n=6) of exposure. All error bars are mean + SEM. Post-hoc p
values derived from repeated measures one way ANOVA followed by Dunnett’s multiple comparison test (C), mixed-
effects analysis followed by Sidak's multiple comparisons test (B, D), ordinary one-way ANOVA followed by Tukey’s
multiple comparison test (H, K), or two way repeated measures ANOVA followed by Siddk's multiple comparisons test

(M). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 10. Time locked calcium activity in Guansembles of head and tail only bouts during repeated restraint stress
(A) Experimental timeline measuring calcium activity in BNST Guansembles using in vivo fiber photometry. (B) Average
Z-scores in BNST Guansembles across males (n=7) and females (n=9) following guanfacine injection (1 mg/kg, n=16). (C)
Average peaks/min in BNST Guansembles across males (n=9) and females (n=7) on the first day of restraint stress. (D)
Calcium activity time locked to onset of head only bouts across four days of repeated restraint stress. (E) Quantification
of calcium activity before and during head only bouts with repeated restraint stress. (F) Calcium activity time locked to
onset of tail only bouts across four days of repeated restraint stress. (G) Quantification of calcium activity before and
during tail only bouts with repeated restraint stress. All error bars are mean + SEM. Post-hoc p values derived from
mixed-effects analysis followed by Sidak's multiple comparisons test (C, E). *p<0.05, **p<0.01, ***p<0.001,

**%%p<0.0001.

Guanfacine differentially requlates ex vivo Guansemble activity.

We next took a single cell approach to further investigate the effects of guanfacine on Guansemble neuronal activity.
We utilized ex vivo GCaMP imaging to visualize changes in fluorescence in Guansembles during guanfacine exposure
(Figure 11A). To do this, we used the FosTRAP2 mouse line that can be bred to homozygosity and has increased

efficiency in TRAPing (DeNardo et al., 2019). After confirming we were able to use this mouse line to capture
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Guansembles in the BNST (Figure 6D-F), we repeated our GCaMP fiber photometry (Figure 12A-C) and found similar
results to the initial FOsTRAP line in response to guanfacine injection (Figure 12D) and repeated restraint stress (Figure
12E). We hypothesize that the variation in results across FosTRAP lines may be due to either greater recruitment of non-
specific cells in the FosTRAP2 mouse line or that increased suppression of excitation in these experiments blunted
excitability as seen in Figure S4. In another cohort of FosTRAP2 mice, we expressed FLEX-GCaMP7f in BNST
Guansembles. We prepared BNST-containing brain slices for ex vivo calcium imaging and bath applied guanfacine
(10uM) (Harris et al., 2018). As a control for fluorescence rundown during imaging, we recorded calcium spikes during
an aCSF wash on. Using a combination of motion correction and signal deconvolution with CNMF-E (Constrained
Nonnegative Matrix Factorization for microEndoscopic data)(Pnevmatikakis and Giovannucci, 2017; Zhou et al., 2018),
we calculated spikes per minute and found an overall increase in calcium spikes during the drug wash on (Figure 11B,
11C), consistent with our in vivo data. When looking across all individual recorded cells, we found varied responses to
guanfacine (Figure 11D), with a substantial cluster of cells that exhibited increased calcium activity with guanfacine, as
well as cells in which activity was decreased or unaffected (Figure 11E). Our ex vivo calcium recordings confirm that
Guansemble neurons are dynamically sensitive to guanfacine suggesting differential effects of activating a..-ARs on
different cell types. Additionally, the excitatory actions of guanfacine we observed on Guansembles substantiates our in

vivo results further confirming an excitatory effect of guanfacine on a portion of cells in the BNST.
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Figure 11. Guanfacine leads to an overall increase in ex vivo calcium activity in Guansembles.

(A) Experimental design and timeline for ex vivo imaging followed by CNMF-E analysis in FosTRAP2. (B) Time course of
spikes per minute for aCSF and guanfacine wash on (aCSF: n=467 neurons, Guan: n=431 neurons; N=5 mice). (C)
Calculated change in spikes per minute compared to baseline for aCSF and guanfacine wash on (p<0.0001). (D) Heat map
showing change in spikes per minute of individual cell response to aCSF or 10um guanfacine. Each horizontal line
corresponds to the response of an individual cell across recording. (E) Pie charts showing representative number of cells
that increased by 20%, decreased by 20% or did not change their calcium activity during wash on of aCSF or guanfacine.
All error bars and shading (B) are mean + SEM. Post-hoc p-values were derived from a two-way ANOVA followed by

Sidak's multiple comparison test (C). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 12. Calcium activity recorded in FosTRAP2 during Guanfacine injection and repeated restraint stress

(A) Experimental timeline measuring calcium activity in BNST Guansembles using in vivo fiber photometry in FOsSTRAP2

mice. (B) Representative image of viral and implant targeting in BNST Guansembles in FosTRAP2. (C) Example trace of

calcium transients following guanfacine injection. (D) Change in calcium transient activity with

guanfacine injection

measured as average z-score (n=11, p= 0.9676) and average peaks per minute (n=11, p<0.0001). (E) Calcium activity

recorded in Guansembles in FOSTRAP2 mice across four days of restraint stress (n=10). All error bars are mean * SEM.

Post-hoc p values derived from two-tailed paired t-test (D), and mixed-effects analysis followed by Sidak's multiple

comparisons test (E). ¥p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Identification of monosynaptic inputs onto Guansembles in the BNST

To gain insight into the organization of neural inputs to BNST Guansemble neurons, we utilized a strategy that combined
the FosTRAP approach with rabies virus-mediated monosynaptic tracing and brain-wide imaging of labeled neurons
(Figure 13A). SHIELD-based optical clearing and light sheet microscopy followed by analysis with SmartAnalytics
(LifeCanvas Technologies) were used to align 3D whole brain data sets with the Allen Brain Atlas and register locations of
rabies-infected cells. We applied this imaging-registration pipeline to guanfacine- and saline-TRAPed brains and obtained
high-resolution images of neurons that provide direct inputs to BNST Guansembles (Figure 13B-13E). The highest
densities of labeled neurons were located in regions that provide strong input to BNST Guansembles, including the
caudoputamen, hippocampus, and hypothalamus and also including postpiriform transitional area, substantia

innominata, midline dorsal thalamus, and piriform and insula cortices (Figure 13F).
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Figure 13. Anatomical and functional characterization of BNST Guansembles

(A) Experimental design of rabies injection and SHIELD clearing to investigate the afferent inputs onto Guansembles in
the BNST using FosTRAP. (B) Light sheet image showing BNST injection site verification. (C) Individual neurons image
showing fine detail of light sheet microscopy. (D) Sagittal view of light sheet image of whole cleared brain. (E) Transverse
view of light sheet image of whole cleared brain. (F) Plot showing total cell count of top regions from cell registration of
saline- and guanfacine- TRAPed brains (saline: n=4, guanfacine: n=8). (G) Experimental design and timeline of
optogenetic activation of Guansembles in FosTRAP2. (H) Representative image of Channelrhodopsin (ChR2) or eYFP
expression in FOSTRAP2. (1) Optogenetic validation of ChR2 activity in Guansemble cell responding to blue light. (J)
Effects of optogenetic stimulation of Guansembles on elevated plus maze (eYFP: n=4, ChR2: n=7, p=0.0044 and
p=0.0314). All error bars are mean * SEM. Post-hoc p-values are derived from two-way ANOVA followed by Sidak's
multiple comparisons test or unpaired t-test (J). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001
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Figure 14. Additional results of behavioral assays during optogenetic stimulation of BNST Guansembles

(A) Experimental timeline of optogenetic activation of Guansembles in the BNST. (B) Effects of optogenetic activation of
BNST Guansembles on novelty suppressed feeding task (NSFT). (C) Effects of optogenetic activation of BNST
Guansembles on Open Field Test (OFT). (D) Effects of optogenetic activation of BNST Guansembles on light/dark assay.
(E) Effects of activation of BNST Guansembles on real time place preference (RTPP). (F) Effects of optogenetic activation
of BNST Guansembles on number and duration of whole body, head only, and tail only bouts during restraint stress. (G)
Additional results of activation of BNST Guansembles on elevated plus maze. (H) Effects of activation of BNST
Guansembles on locomotion on included behavioral paradigms. All error bars are mean * SEM. Post-hoc p values
derived from a two-way ANOVA followed by Sidak's multiple comparison test (C, D, ). *p<0.05, **p<0.01, ***p<0.001,

**%%p<0.0001.
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BNST Guansemble activation induces anxiogenic-like response

To explore the role that BNST Guansemble cells have in stress and anxiety-like behavior, we examined the
effects of activation of these cells by expressing DIO-ChR2 in BNST Guansembles (Figure 13G-I). To fully investigate the
role of Guansembles in anxiety-like behavior, we recorded from a battery of behavioral paradigms during optogenetic
stimulation (20Hz, 10-13 mW) (Figure 14A). We found that optogenetic stimulation of Guansembles during elevated plus
maze (EPM) resulted in an anxiogenic-like phenotype (Figure 13J and 14G). Activation of Guansembles in the BNST
increased time spent in closed arms and decreased center arm entries. We did not observe an effect of Guansemble
activation on the novelty suppressed feeding task (NSFT) (Figure 14B), open field test (OFT) (Figure 14C), or light/dark
assay (Figure 14D). Additionally, we found that activation of Guansembles is not intrinsically reinforcing or aversive at
the stimulus frequency and power utilized, as optogenetic activation did not result in a preference during real time place
preference (RTPP) (Figure 14E). We also found that activation of Guansembles did not alter the number or length of
active coping bouts during restraint stress (Figure 14F). We did not see an effect of Guansemble activation on
locomotion (Figure S5H). Optogenetic stimulation altered EPM but not other behaviors, though it is also possible that

the use of different frequencies or durations of stimulation would yield different outcomes.

2.4 Discussion

Our previous studies demonstrated a novel facilitatory role for a,.-AR heteroceptors in stress-induced
reinstatement of drug seeking behavior and implicated excitatory actions of BNST o.-ARs in these processes(Harris et
al., 2018; Perez et al., 2020b). Here we define a population of neurons in the BNST recruited by a..-AR activation,
demonstrating that these cells are neurochemically heterogeneous. We show that a,.-AR activation inhibits PKA-
dependent cAMP signaling and dynamically regulates activity of these cells and that in vivo stimulation of these cells
produces task-specific behavioral phenotypes consistent with anxiety-like behavior. Further, we demonstrate that these
cells function within a circuit involved in integration of stress signals and homeostatic functions. Finally, we show that
the activity of these cells is filtered by specific stressors, decreasing basal activity during restraint stress while recruiting

Guansemble activity during active stress coping responses and in response to unpredictable foot shocks.
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Guansemble activity is dynamically requlated by guanfacine and stress.

Guanfacine produces excitatory and inhibitory effects through differential activation of noradrenergic
autoreceptors and heteroceptors(Harris et al., 2018; Krawczyk et al., 2011; Perez et al., 2020b; Shields et al., 2009a). In
the BNST, guanfacine can elicit increased cFos expression, a cell autonomous action that is dependent on a.-adrenergic
heteroreceptor expression(Harris et al., 2018). We found that these cFos expressing cells are neurochemically
heterogenous. The present studies define these BNST cells using a FosTRAP approach to capture and manipulate

ensembles.

Alterations in PKA/cAMP activity through GPCR signaling have been repeatedly associated with anxiety
disorders, addiction, and fear memory(Arnsten et al., 2005; Bernabeu et al., 1997; Dwivedi and Pandey, 2011).
Guanfacine acts upon o2-ARs to decrease cAMP production and subsequent downstream decreases in PKA and HCN
channel activity(Harris et al., 2018; Wang et al., 2007). Consistent with these data, here we provide direct evidence that

PKA activity in Guansembles is decreased by guanfacine, consistent with direct a,.-AR signaling.

We also investigated the effects of guanfacine on Guansemble activity using calcium imaging. Guanfacine
elicited a significant overall increase in calcium activity in vivo and ex vivo. Conversely, we found that novel object
exposure and saline injection decrease Guansemble activity. Similarly, we found that prolonged stress decreases
Guansemble activity and that this effect attenuates over time. This is consistent with data showing that behavioral and
endocrine responses to a homotypic stressor habituate over time with repeated exposure(Armario et al., 2004). While
restraint stress decreased basal Guansemble activity, Guansemble activity increased in association with active coping
during the stressor, suggesting that significant signal filtering by stress occurs. A similar effect was seen with
unpredictable shocks, further confirming a role of Guansemble activity across multiple types of stressors. As footshock is
a reliable inducer of reinstatement of drug seeking behavior, these results lead to the prediction that activation of
Guansembles may facilitate cocaine seeking behavior. The response of Guansembles to repeated restraint stress and
footshock attenuated over time, further suggesting these cells are disengaged with repeated and prolonged stress
exposures. We hypothesize the differential effect of distinct stressors on Guansembles is due both to the nature of the
stressors as well as the cells that make up the ensemble. For example, while shock is a very brief stressor that produces

transient modulatory signaling in amygdalar circuits, restraint stress produces much more prolonged engagement of
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neuromodulators and other signaling events. Further, we found that guanfacine activates cells that express several
distinct cell markers (Figure 1). Specific BNST cell populations have varied roles in affect, reinforced behavior, and
stress(Ahrens et al., 2018; Giardino and Pomrenze, 2021; Kash et al., 2015; Kim et al., 2013; Vranjkovic et al., 2017).
Additionally, it has been shown that guanfacine blunts excitatory drive into the BNST from inputs such as the
parabrachial nucleus which may override excitation in cells that receive these inputs (Fetterly et al., 2019; Flavin et al.,

2014b).

Recruitment of a- and B-ARsin response to noradrenaline release is altered in response to chronic stressors. The
disengagement of Guansembles with chronic stress could be due to strengthening of other signaling pathways. For
example, noradrenaline release is increased with exposure to stress and over time this release could be activating pre-
synaptic a.;-ARs that oppose a,-ARs heteoreceptors activated by Guanfacine. While our ex vivo imaging increases our
ability to record specifically from Guansembles with the removal of circuitry involvement, we cannot exclude the effects
of microcircuits or secondary effects through network activity recorded in our in vivo recordings. However, similar

findings across ex vivo and in vivo supports our conclusions that guanfacine has excitatory effects on Guansembles.

Guansembles receive dfferent input from regions important in stress control of homeostatic functions.

We uncovered specific afferents to BNST Guansemble neurons. BNST Guansembles receive input from the
caudoputamen, hippocampus, substantia innominata, lateral hypothalamus, dorsal thalamus, insula and piriform
cortices amongst other structures. Of note, several regions known to provide large inputs to the BNST, such as the
ventral tegmental area (VTA), central amygdala (CeA), and prefrontal cortex (PFC)(Ch’ng et al., 2018; Lebow and Chen,
2016; Vranjkovic et al., 2017) were not identified as Guansemble afferents, suggesting Guansembles may receive specific
restricted input relative to other BNST neurons. Substantia innominata to CeA connections have been shown to be
important in surprise-induced enhancements of attention and learning, fitting with a role for Guansembles in the initial
response to stress(Han et al., 1999; Holland, 2006; Holland and Gallagher, 1999). The hippocampus and caudoputamen
have also been heavily studied as regulators of learning and memory. Guansembles receive input from the piriform
cortex and post-piriform transition area, two regions heavily involved in the processing of external stimuli, specifically
odors, and perceptual learning(Kadohisa and Wilson, 2006; Li et al., 2008; Wilson et al., 2006). The inputs from regions

involved in learning and memory could underlie the ability of repeated stress to filter Guansemble activity through
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mechanisms such as synaptic plasticity. Specifically, alterations in synaptic connections between the BNST and upstream
brain regions involved in the initial encoding of the memory could underlie the disengagement of Guansembles with
repeated exposure to stress. The caudoputamen has also been associated with the conjunction of both movement and
reward(Baez-Mendoza and Schultz, 2013). Various cell types in the lateral hypothalamus circuitry play a role in feeding
and reward(Harris et al., 2005; Stuber and Wise, 2016). These reward-driven regions upstream of Guansembles may
drive guanfacine’s effects on stress-induced reinstatement of drug seeking behavior. Finally, BNST Guansembles receive
input from the midline group of the dorsal thalamus (MTN) which encompasses the paraventricular nucleus of the
thalamus (PVT), a region recently associated with stress, arousal and addiction(Groenewegen and Berendse, 1994;
Hamlin et al., 2009; James et al., 2011; Kirouac, 2015; Matzeu et al., 2015). Specifically, the PVT to BNST has been
associated with starvation-induced arousal, binge alcohol drinking and anxiety(Hua et al., 2018; Levine et al., 2021). The
insula cortex projection into the BNST is engaged in struggling behavior and plays an active role in stress avoidance and
negative affect (Centanni et al., 2019b; Luchsinger et al., 2021). Together our tracing studies shed light on regions that
could underlie the effects of guanfacine on stress-induced reinstatement, the ability of Guansemble activation to induce
task-specific anxiety-like behavior, and the filtering of Guansemble activity through acute but not chronic stress,
summarized in Figure 15. Future studies will need to investigate each of these pathways and the role they play in
anxiety-like behavior and stress. One limitation of our studies is a low n for the saline-injection ensemble tracing and
optogenetic behavioral experiments that may require further investigation. Additionally, the downstream afferents of
Guansembles in the BNST should be explored due to the BNST’s influence over the HPA axis through the paraventricular

hypothalamic nucleus (PVH).

Conclusions

The interplay of stress and noradrenergic signaling in the BNST plays a key role in directing control of
homeostatic processes(Ch’ng et al., 2018; Flavin and Winder, 2013; Koob, 2008, 1999; Lebow and Chen, 2016; McElligott
and Winder, 2009; Silberman and Winder, 2013; Vranjkovic et al., 2017). Our results show that guanfacine differentially
affects signaling mechanisms in cells that express postsynaptic a.a-adrenergic heteroreceptors. Additionally, we found
that these a.a-ARs filter a specific cell population in the BNST that is susceptible to restraint stress and foot shock and

provide evidence for how these cells modulate stress-induced reinstatement of drug seeking behavior.
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Figure 15. Model of BNST Guansembles

(A) Afferent projects onto BNST Guansembles defined by rabies tracing, tissue clearing and light sheet microscopy. (B)
Guansemble activation by guanfacine and regulation by guanfacine and acute and prolonged stress. TR= Post piriform
transition area; PIR= Piriform area; CP= Caudoputamen; Al= Agranular insula area; SI= Substantia innominata; LHA=

Lateral hypothalamic area; MTN=midline group of the dorsal thalamus; HIP= Hippocampus.
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CHAPTER 3

Discussion and Future Directions

3.1 Summary and discussion

The previous studies found the alpha2a adrenergic receptor partial agonist, guanfacine, activated an ensemble
of cells expressing various cell markers in the BNST. Through the use of FosTRAP, we were able to isolate and
characterize this ensemble of cells. Guanfacine activated guansembles as recorded through increased in vivo and ex vivo
calcium activity and inhibited in vivo PKA activity. Stress in the forms of saline injection, novel object exposure and
restraint stress overall inhibited Guansemble calcium activity. Interestingly, over repeated days of exposure to restraint,
the effect of stress on Guansemble calcium activity diminishes and even inverts in terms of PKA activity. We found
guansembles are distinct from restraint-stress activated cells suggesting a potential microcircuitry between the two
ensembles. BNST Guansembles are connected to upstream brain regions such as the hypothalamus, caudoputamen and
hippocampus, brain regions involved in memory, stress, and addiction. Furthermore, optogenetic activation of
Guansembles in the BNST led to anxiogenic-like behavior.

Investigations of specific cell populations based on expression of certain cell markers or circuitry are easily
achievable due to various transgenic mouse models and neuronal techniques. However, studies of neurons delineated
by neuronal activation are not as easily accessible. Neuronal ensembles are defined as a group of neurons that are
linked through activation of a specific stimuli (Bossert et al., 2011; Buzsaki and Moser, 2013; Cruz et al., 2015). Our
studies describe a novel use of ensemble techniques for the study of a pharmacologically activated group of cells.
Previous studies have supported the investigation of ensembles activated by pharmacology including cocaine-activated
neurons in the nucleus accumbens and medial prefrontal cortex (Bossert et al., 2011; Kane et al., 2021; Koya et al.,
2009). These studies investigated the effect of inactivation of cocaine-activated neurons on learned associations
between contexts and drug-induced psychomotor sensitization. This method relies on a Fos-mediated labeling followed
by daunorubicin inactivation allowing for inhibition of cells over a 3 day period. Similarly, methods using Fos-mediated

expression of DREADDs have been utilized to study ensembles (Garner et al., 2012). The FosTRAP method provides
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significant advantages over these techniques due to ability to combine with any cre-dependent virus to allow for
temporally- and spatially-restricted manipulation. Our studies have provided the framework for using this approach to

capture and characterize guansembles with future studies to further investigate these cells described below.

3.2 Effects of knockdown/knockout of Adra2a on guanfacine activation of BNST

While we have designed a novel way to investigate the ensemble of cells in the BNST that express a.2a-
adrenergic heteroreceptors and are activated by guanfacine, we do not have the tools to investigate the effects of
knocking out these specific receptors. Previous research by our lab has fully investigated the effect of global knockout of
alpha2a adrenergic receptors using mouse lines that have complete knockout of Adra2a or a transgenic rescue that
expresses the Adra2a gene in cells that express dopamine B-hydroxylase, resulting in expression of alpha2a-AR only in
noradrenergic neurons. We found that alpha2a heteroreceptors were required for cFos induction by guanfacine. We
discovered this activation by guanfacine was due to its effects on HCN channels as cFos induction did not occur following
HCN knockdown using viral shRNA in the BNST. Furthermore, we have shown that these heteroreceptors are required
for stress induced reinstatement of cocaine CPP using the same mouse lines. An unpublished a2a-adrenergic receptor
floxed mouse line was designed by a collaborator at University of Texas Southwestern. We were excited to use this
mouse line to investigate the effect of specific knockdown of a.2a adrenergic receptors in the BNST. Unfortunately, viral
injection of AAV-CMV-Cre did not result in significant knockdown of a2a-AR in the BNST measured using RNAscope or
RT-gPCR. We investigated the effects of various incubation periods following viral injection, ranging from 3-12 weeks
and were still unable to validate this mouse line. Because this receptor is unusual in being a single exon, the distance of
the loxp sites likely yields less efficient recombination. Indeed, our collaborators were able to confirm knockdown of this
mouse line when crossed to a strong cre-driven mouse line. A transgenic mouse line that results in specific knockdown in
the BNST would allow for increased opportunities to investigate the role of these BNST heteroreceptors in guanfacine
activation. Furthermore, crossing this alpha2a floxed line with the FosTRAP2 line would allow for direct investigation of
alpha2a-AR receptor KD in cells activated by guanfacine. Following this KD, using immunohistochemistry following
guanfacine injection would investigate the requirement of alpha2a-AR in the effects of cFos induction of the BNST by

guanfacine. One of the major limitations to this experiment would be that alpha2a-AR receptors would be knocked out
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in cells activated guanfacine across the entire mouse. This would result in KD of receptors in cells outside of the BNST
and could have off target effects. While the tamoxifen injections, limit the activation window of KD thus decreasing
these effects, several controls would have to be implemented in addition to strict experimental protocols to reduce off

target effects.

3.3 Effects of knockdown/knockout of Adra2a on stress-induced reinstatement

Another use for this mouse line would be to investigate the effects of knockdown of Adra2a in the BNST on
stress-induced reinstatement of cocaine conditioned place preference (sirCPP). Our lab has shown that knockdown of
alpha2a heteroreceptors prevents sirCPP without altering acquisition of original CPP. Evaluating the effects of specific
knockdown or knockout of heteroreceptors in the BNST on sirCPP would add support for our hypothesis that these
receptors have a pro-reinstatement role. If a validated floxed alpha2a line was established, limiting KD of alpha2a-AR to
the BNST would directly investigate this. If there was a way to differentiate KD between alpha2a-AR in noradrenergic
and non-noradrenergic in the BNST, in a manner similar to our current mouse lines, this would allow for direct
investigation of these receptor cell populations confined to the BNST. Similar to the experiments described above,
crossing the FosTRAP2 line with this floxed line would result in KD in Guansembles allowing for direct investigation of the

alpha2a-AR receptors in guansembles on cocaine CPP.

3.4 Exploration of role of Guansembles in drug seeking behavior

Xylazine, an analogue of clonidine and agonist of alpha2 adrenergic receptor, has been increasingly associated
with overdoses over the last decade (Friedman et al., 2022; Johnson et al., 2021; Reyes et al., 2012; Ruiz-Coldn et al.,
2014; Thangada et al., 2021). Xylazine is a non-opioid veterinary tranquilizer that has not been approved for human use.
The addition of xylazine to opioid substances was first confirmed in Puerto Rico in the early 2000’s (Reyes et al., 2012;
Rodriguez et al., 2008). People report the addition of xylazine to opioids extends the euphoric effects often associated
with opioids. However, due to xylazine’s depressive effects on the central nervous system, this combination increases
the chances of overdose (Friedman et al., 2022; Reyes et al., 2012). The interaction with alpha2a-AR activation and

opioid use needs further investigation. Future studies could investigate the activation of BNST cells with xylazine.
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Furthermore, xylazine-activated BNST cells could be compared to Guansembles to investigate if the two agonists
activate similar cells. Morphine withdrawal increases noradrenaline release in the BNST (Fuentealba et al., 2002).
Modulating noradrenergic signaling attenuates the effects of opioid withdrawal (Delfs et al., 2000; Greenwell et al.,
2009; Harris and Aston-Jones, 1993; Sparber and Meyer, 1978). The FosTRAP model of Guansembles could be used to
specifically investigate the role of alpha2a-AR signaling in the BNST in opioid withdrawal.

Interactions between noradrenergic and opioid signaling have also been associated with alcohol use disorders
(Funk et al., 2022). In addition to the effects of alpha2a-AR on opioid withdrawal, the interaction between noradrenergic
and opioid signaling should be investigated. To do this, future studies could compare opioid-activated cells in the BNST
and Guansembles. The effects of manipulations of Guansemble activity on the effects of opioid and alcohol use
disorders could be investigated using the FOSTRAP mouse model. Chronic intermittent ethanol (CIE) results in increased
basal activity of CRF-positive neurons in the BNST similarly to stress exposure (Snyder et al., 2019). It’s been shown that
this effect requires noradrenergic signaling. Measuring CRF activity in the BNST following inactivation of Guansembles
using chemogenetics or opotogenetics in the FosTRAP mouse line would shed light on the role of alpha2a-AR activity in

the BNST on this effect of chronic intermittent ethanol.

3.5 Effects of activation/inhibition of BNST Guansembles on stress-induced reinstatement of drug seeking behavior
Our effects of optogenetic activation on several different behavioral assays was minimal. We found a task-
specific anxiogenic-like phenotype with elevated plus maze. We hypothesize this lack of effect could be due to paradigm
choice. We have provided ample evidence that these heteroceptors play a role in sirCPP. We have shown that mimicking
activation of these receptors using Gi-DREADD (Designer Receptors Exclusively Activated by Designer Drugs) in the BNST
leads to reinstatement of drug seeking behavior. Future studies should investigate the effects of optogenetic or
chemogenetic activation of Guansembles on conditioned place preference. | hypothesize that activation of Guansembles
would reinstate a previously extinguished place preference. Guanfacine TRAPPING following injection of DIO-ChR2 into
the BNST of the FosTRAP2 mouse model used previously would allow for direct investigation of this. Mice would be put
through cocaine conditioned place preference (cCPP) followed by extinction training. Optogenetic activation during

exploration of the CPP box would reinstate cocaine seeking behavior measured as increased time in previously paired
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cocaine side of paradigm box. Similarly, injection of DIO-iC++ or DIO-halorhodopsin, an inhibitory channelrhopsin, in
BNST guansembles could investigate the role these cells have in stress-induced reinstatement of CPP. Previous evidence
from our lab showed that a low dose of guanfacine, hypothesized to act through alpha2a adrenergic autoreceptors,
prevents sirCPP using forced swim as a stressor. Using the same cCPP and extinction protocol using above, optogenetic
inhibition during reintroduction of CPP paradigm box following exposure to forced swim prior would look at the role
these cells have in preventing stress-induced reinstatement. As our previous evidence showed that BNST
heteroreceptors are required for stress-induced reinstatement of CPP, | hypothesize that inhibiting these cells would

prevent stress-induced reinstatement.

3.6 Determination of downstream regions of guansembles

In Chapter 2, we investigated the brain regions that provide monosynaptic input onto Guansembles. To gain a
clearer picture of the circuitry Guansembles reside in, future studies should investigate the brain regions that lie
downstream of Guansembles. The BNST is a heterogenous brain region that consists of intricate intra-microcircuitry. A
synaptophysin virus that allows for specific labeling of somatic and dendritic processes with separate fluorophores
would delineate between microcircuits in the BNST and downstream brain regions that Guansembles project to.
Unfortunately, this virus is not yet validated, and we have yet to use it successfully. Combining this virus with SHIELD
clearing and light sheet microscopy, described in Chapter 2, would provide an insight into the circuitry of Guansembles.
Preliminary studies with Channelrhodopsin expression in Guansembles showed dense projections from Guansembles to
the paraventricular nucleus of the hypothalamus (PVN/PVH). If this holds true, it would support our hypothesis of role of

Guansembles in anxiogenesis through modification of hormones released by the PVH.

3.7 Using channelrhodopsin-assisted circuit mapping to investigate regions upstream of Guansembles from top hits of
rabies-mediated tracing

Our rabies viral-mediated tracing led to the discovery of several brain regions that form monosynaptic inputs
onto Guansembles in the BNST. Channelrhopsin-assisted circuit mapping (CRACM) can be used to further investigate the

effects of each of these circuits. While the majority of the cells in the BNST are GABAergic, several of the upstream
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regions provide glutamatergic or GABAergic input onto the BNST. Differentiating whether the top regions provide
excitatory or inhibitory projections could aid in deciphering the bimodal effects of guanfacine on cells in the BNST.
Injection of Channelrhopsin into the top regions and cre-dependent mCherry into the BNST of the Fos-TRAP mouse
model followed by subsequent guanfacine TRAPing could be used to investigate this. Following these studies with BLAQ
staining could provide quantitative details of the amount and distribution of inputs from each of the regions across the
Guansemble.

Combining optogenetics with in vivo behavioral assays could determine the contribution of each of the inputs
onto various behavioral phenotype. Specifically, we found an anxiogenic-like response following optogenetic activation
of Guansembles in the BNST. Stimulating various inputs onto Guansembles during elevated plus maze would determine

if any upstream circuitry that resulted in Guansemble activation underlies this anxiogenic-like phenotype.

3.8 Further delineating the signaling pathways underlying guanfacine activation of the BNST

Our studies investigated the effects of guanfacine on in vivo cAMP and calcium signaling and ex vivo calcium
signaling. Previous evidence from our lab showed that the excitatory effects of Guanfacine were due to effects on
hyperpolarization-activated cyclic nucleotide-gated (HCN) ion channels. HCN channels are activated by hyperpolarization
voltage and conduct hyperpolarization-activated current, termed I, through the flow of K+ and Na+ ions. I, current is
inhibited with downregulation of cAMP (Chang et al., 2019). Neurons in the BNST that express cFos after guanfacine
injection show high levels of HCN activity measured as hyperpolarization sag in current clamp profiles using
electrophysiology (Harris et al., 2018). This HCN channel activity in these cells is diminished with incubation with
ZD7288, HCN channel inhibitor. Using RNAscope, it was found that a majority of adra2a+ cells in the BNST colocalize
with Hcn2 transcripts, confirming a role for this HCN subunit in the effects of guanfacine on the BNST. shRNA knockdown
of Henl and Hen2 in the BNST decreased cFos induction by guanfacine. These studies investigated the effect of overall
HCN channel inhibition on guanfacine. Pairing HCN channel inhibition through a cre-dependent shRNA and the Fos-TRAP
mouse line and subsequent guanfacine-TRAPing would allow for specific investigation of the effects of HCN channels in
Guansembles. Following confirmation of knockdown of HCN channels, injection of shRNA and DIO-mCherry in the

FosTRAP mouse line with guanfacine-TRAPing and cFos staining following i.p. injection of guanfacine could investigate
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the role of HCN channels in the excitatory role of guanfacine in BNST Guansembles. We hypothesize that the excitatory
effects of guanfacine on calcium release and the inhibitory effect on PKA signaling is due to closing of HCN channels.
Repeating our in vivo recordings of cAMP and calcium using fiber photometry following HCN channel shRNA knockdown
could directly test this hypothesis. We hypothesize there would still be a decrease in cAMP signaling using the PKA
sensor, but the excitatory effect of calcium would be decreased. This would confirm that guanfacine is still acting upon

Gi-GPCR and subsequent cAMP signaling to have excitatory effects through HCN channels.

3.9 RNA sequencing of Guansembles in the BNST

Our initial studies investigated several markers to identify the cells in the BNST that are activated by guanfacine.
We found that cFos partially colocalized with various cell markers including PKCd, CRF and SOM. Previous studies
showed colocalization with Adra2a mRNA transcripts with Penk, Calb2, Prkcd, Crh, and Npy. These studies led us to the
hypothesis that guanfacine activated an ensemble of cells in the BNST that express various cell markers. To further
characterize the guansembles, RNA sequencing could profile the various cell types in the BNST. Expression of DIO-
mCherry in the Fos-TRAP mouse model following guanfacine-TRAPing would allow for fluorescence-activated cell sorting
(FACS) prior to single cell RNA-sequencing. The various cell types of the BNST have been assessed using single cell RNA-
sequencing (Ortiz-Juza et al., 2021). It was found that there are primarily eleven clusters that express distinct cell
markers. Each of these clusters are defined by cell markers and underlie various distinct behaviors including regulation
of stress and anxiety. Sequencing of the BNST Guansemble similar to this would provide data showing the cell types and
anatomical distribution of cells activated by guanfacine. Our studies have shown guansembles express five of the main
cluster defined cell markers, confirming that guanfacine has distinct actions upon cell groups in the BNST. Full single cell-
sequencing of BNST guansembles would further characterize the role these cells play in pro-reinstatement and stress

coping.
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CHAPTER 4
Appendices
4.1 Appendix I. Examining PBN input onto CRF+ and CRF- neurons in the BNST

Previous evidence from our lab has shown that the parabrachial nucleus (PBN) provides a prominent
glutamatergic input onto cells in the BNST (Fetterly et al., 2019; Flavin et al., 2014b; Jaramillo et al., 2020). Specifically,
we have shown that the PBN synapses onto two distinct populations of cells that are either excited or inhibited following
PBN optogenetic stimulation (Flavin et al., 2014b). These two cell populations, referred to as PBN-inhibited and PBN-
activated, had differing kinetic properties following PBN stimulation, including presence of I, current at hyperpolarizing
steps and action potential rise time during current clamp profiles. We found that guanfacine inhibited excitatory
transmission from the PBN onto cells in the BNST. Furthermore, guanfacine decreased excitatory post-synaptic
potentials (EPSPs) of PBN-activated neurons in the BNST following PBN stimulation, while there was overall no effect on
PBN-inhibited neurons.

Additional studies in our lab found that guanfacine produce basal inhibition of CRF cells and prevented restraint-
stress induced cFos activation of CRF cells (Fetterly et al., 2019). Guanfacine resulted in decreased excitatory drive onto
CRF cells in the BNST through decreased excitatory post-synaptic current (EPSC) amplitude. These results were similar to
the effects of noradrenaline on CRFC cells in the BNST. To investigate the brain regions upstream of these effects, we
looked into the effects of guanfacine on excitatory drive from the PBN and insula, two prominent glutamatergic inputs
onto the BNST. We found that guanfacine and noradrenaline inhibited optogenetic activation of PBN onto BNST CRF
cells.

Overall, these studies led us to the hypothesis that the two cell populations, PBN-activated and PBN-inhibited
were delineated based on CRF expression. To investigate this, we expressed channelrhodopsin in the PBN and recorded
from CRF+ and CRF- cells in the BNST using electrophysiology. We obtained coronal slices (as detailed above) using a
Leica vibratome at 300 um and recorded neuronal activity of CRF+ and CRF- cells. We recorded current clamp profiles of
each cell population to determine action potential kinetics and presence of I current. CRF+ and CRF- cells in the BNST
had varied electrical profiles (Figure 16). A larger proportion of CRF- cells presented with I, current and had action

potential time courses similar to those of PBN-inhibited. Unfortunately, the profiles did not completely match up to the
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PBN-activated and PBN-inhibited as CRF+ and CRF- as we expected. Comparison of various electrophysiological profiles
did not result in any large differences across the two cell populations (Figure 17). However, we did find a difference in
half-width between CRF+ and CRF-.

We next investigated the response of CRF+ and CRF- cells to PBN stimulation (Figure 18). We found a majority of
both CRF+ and CRF- cells optogenetic excitatory post synaptic potential (0EPSP). CRF+ cells resulted in a greater number
of action potentials, while one optogenetic inhibitory post synaptic potential (olPSP) was produced in CRF- cells. Overall,

CRF+ cells more closely resembled PBN-activated while CRF- cells resembled PBN-inhibited, the delineation varied.
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Figure 16. CRF+ and CRF- neurons have varied intrinsic electrical profiles.

Current clamp profiles of CRF+ (A) and CRF- (B) neurons in the BNST.
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Figure 17: Electrophysiological profiles reveal potential differences across CRF+ and CRF- populations in the BNST.

(A) Current clamp profiles of CRF+ and CRF- cells. Average amplitude (B), half-width (B), interevent interval (D), event

start (E) and rheobase (F) of action potential of CRF+ and CRF- during current clamp profile. (G) Action potential

frequency across current steps of current clamp profiles of CRF+ and CRF- cells in the BNST.
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Figure 18: CRF+ and CRF- have varied responses following PBN stimulation.

(A) Experimental design of using CRF-ROSA mice to investigate the effect of PBN optogenetic stimulation on CRF+ and
CRF- cells in the BNST. (B) Percentage of CRF+ cells that result in optogenetic excitatory post-synaptic potential (0EPSP) or
action potential (AP) following PBN stimulation. Current traces of CRF+ cells following PBN stimulation. (C) Percentage of
CRF- cells that result in optogenetic excitatory post-synaptic potential (0EPSP), optogenetic inhibitory post-synaptic

potential (0lPSP) or action potential (AP) following PBN stimulation. Current traces of CRF- cells following PBN

stimulation.

4.2 Appendix Il. Guanfacine activates neurons in the BNST that are synapsed onto by the PBN

Previous studies in our lab showed that guanfacine activates a subset of neurons in the BNST through increases
in cFos expression (Harris et al., 2018). We also found that guanfacine inhibits CRF+ cells in the BNST and upstream
excitatory drive onto these cells by the PBN (Fetterly et al., 2019). This led to the hypothesis that the PBN synapses onto
two cell populations in the BNST that are activated or inhibited by guanfacine and are CRF+ or CRF-, respectively. To

investigate this, we used a CRF-ROSA mouse line that is created by crossing a CRF-Cre with a Rosa tdtomato mouse line
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and results in fluorescent expression of tdtomato in CRF+ cells. We combined this with immunohistochemistry staining
for CGRP, a marker of PBN synapses, and cFos to determine cells activated by guanfacine. We found that guanfacine
activated a subset of cells in the BNST that are synapsed onto by the PBN (Figure 19). We found that guanfacine did not
change the amount of CRF+ cells that are synapsed onto by the PBN. To investigate this further, we used a SOM-ROSA
mouse line that is similar to the CRF-ROSA but using a SOM-Cre mouse line crossed to a Rosa-tdTomato that results in
tdTomato fluorescence expression in Somatostatin expressing cells. We found that Guanfacine activates a subset of
somatostatin cells that are synapsed onto by the PBN (Figure 20). These SOM+ cells made up a small portion of the total
population of guanfacine-activated cells. This confirms that guanfacine activates a population of cells in the BNST that

are downstream of the PBN that express various markers including somatostatin.
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Figure 19: Guanfacine activates cells in the BNST synapsed onto by the PBN (BNST“*” or BNST?®"). (A) Representative
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Figure 20: Guanfacine activates a small subset of somatostatin neurons in the BNST synapsed onto by the PBN
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(A) Representative images of SOM-ROSA to investigate CGRP and SOM expression with guanfacine-activated neurons in
the BNST. (B) Zoomed in image showing colocalization of cFos, SOM and CGRP. (C) Quantitative results investigated cFos,
SOM and CGRP colocalization. (D) CGRP expression of Somatostatin activated cells by guanfacine following guanfacine or

saline injection.

4.3 Appendix lll. Comparison of FosCreER and FosCreER2 mouse lines

After our initial experiments using the FosCreER or FosTRAP line, a new mouse line was released termed
FosTRAP2 or FosCreER2 (DeNardo et al., 2019; Guenthner et al., 2013). The original FosTRAP line was genetically
designed that the FosCreER allele when expressed resulted in the endogenous Fos gene becoming null due to placement
of a stop codon in the CreER gene. Therefore, the line can only be used as heterozygous as knockout of the Fos gene
results in embryonic lethality. In the FosTRAP2 line, the FosCreER sequence was moved behind the endogenous Fos gene
and therefore expression of the CreER gene does not affect endogenous expression of the Fos gene. This new line also
resulted in enhanced TRAPing of Fos-activated cells (DeNardo et al., 2019).

To compare the ability of FosTRAP2 to capture guansembles, we repeated our previous experiments comparing

guanfacine activated cells to cells activated by saline or a second exposure to guanfacine. To do this we used
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heterozygous FosTRAP and homozygous FosTRAP2 mice and followed our previous guanfacine-TRAP model. One week
later, the mice were given saline or guanfacine followed by perfusion and immunohistochemistry staining for cFos
(Figure 21A). We found that there was an increase in the number of guanfacine TRAPed cells in the FosTRAP2 mouse line
compared to the original FosTRAP line (Figure 21B). However, we did not see an increase in the number of reactivated
cells designated by mCherry+cFos+ expression (Figure 21C). While the FosTRAP2 line resulted in an increase in the
number of cells TRAPed, it doesn’t seem to be due to an increase in the ability capture Guansembles.

This led us to hypothesize that the second allele of the FosCreER2 gene was driving this enhanced TRAPing. To
further investigate this, we repeated these experiments in heterozygous and homozygous FosTRAP2 mice (Figure 22).
Similar to the difference between FosTRAP and FosTRAP2 lines, we found an increase in the number of TRAPed cells
with homozygosity (Figure 22C). Again, we did not find an increase in the number of TRAPed cells that were reactivated

with a second exposure to guanfacine (Figure 22B). These results suggest that the new FosTRAP line results in greater

numbers of TRAPed cells but not necessarily greater specificity.
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Figure 21: FosCreER2 +/+ express greater levels of guanfacine-activated neurons but similar levels of reactivated
neurons with a second injection of guanfacine.

(A) Experimental design using heterozygous FosTRAP and homozygous FosTRAP2 mice to investigate guanfacine-
activated neurons. (B) Comparison of guanfacine-TRAPed neurons in heterozygous FosTRAP and homozygous FosTRAP2
mice. (C) Comparison of neurons activated with repeated exposures to guanfacine in heterozygous FosTRAP and
homozygous FosTRAP2 mice. (D) Number of cells per marker of heterozygous FosTRAP and homozygous FosTRAP2 mice
giving injection of saline following guanfacine-TRAPing. (E) Number of cells per marker of FosTRAP heterozygous and

homozygous FosTRAP2 mice following two injections of guanfacine.
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_Figure 22: Homozygous FosCreER2 have greater expression of guanfacine-activated neurons.

(A) Experimental design using heterozygous and homozygous FosTRAP2 mice to investigate guanfacine-activated
neurons. (B) Comparison of neurons activated with repeated exposures to guanfacine in heterozygous and homozygous
FosTRAP2 mice. (C) Comparison of guanfacine-TRAPed neurons in heterozygous and homozygous FosTRAP2 mice. (D)
Number of cells per marker of heterozygous and homozygous FosTRAP2 mice giving injection of saline following
guanfacine-TRAPing. (E) Number of cells per marker of heterozygous and homozygous FosTRAP2 mice following two

injections of guanfacine.
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4.4 Appendix IV. Delination of guanfacine-activated cells into guanfacine-sensitive and guanfacine-resistant

Across mice we noticed a bimodal distribution in baseline calcium activity of Guansembles (Figure 23A). We
found an inverse relationship between the baseline frequency (average peaks per minute) and the change in frequency
following guanfacine injection, suggesting a further delineation of the effects of guanfacine across animals (Figure 23B).
To further assess this, we separated the initial values of z-scores following guanfacine injection into two populations of
mice based on median split analysis (Figure 23C). If a mouse had baseline activity, measured by peaks per minute, above
the average of the entire population, it was designated as guanfacine-sensitive, and if activity was below, it was
designated as guanfacine-resistant. We found the mice with low baseline activity (guanfacine-resistant), had an increase
in average Z-score following guanfacine injection, while the mice with high baseline activity (guanfacine-sensitive) had a
decrease in average peaks per minute (Figure 23C). These results further suggest two differential populations of animals
effected by guanfacine, suggesting the potential for state-dependent differences or potentially two populations of cell
types activated by guanfacine. Furthermore, when we looked into the effects of restraint on these populations, we

found a greater affect with the guanfacine-sensitive than the guanfacine-resistant (Figure 23D).

We next performed median split analysis on FosTRAP2 mice. We found a significant difference between the
average z-scores of guanfacine-resistant and guanfacine-sensitive mice based on their basal activity (Figure 23E). We
found a greater effect of guanfacine on the average peaks per minute in the guanfacine-sensiitive than the guanfacine-
resistant, simlar to our results in the FosTRAP. Invesigating the effects of restraint on the two populations, we found the
guanfacine-sensitive mice had a stronger effect towards restraint compared to guanfacine-resistant (Figure 23F-23G).
Additionally, the effect of restraint stress stayed highly significant across al four days of restraint while it was most highly

significant on day one for guanfacine-resistant mice (Figure 23F-23G).
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Figure 23: Delineation of Guansembles designated as guanfacine-sensitive and guanfacine-resistant and the effects of
guanfacine and stress on each.

(A) Histogram of number of mice plotted against baselien peaks per minute. (B) Correlation graph showing relationship
of baseline peaks per minute vs. change in peaks/minute following guanfacine injection (r’=-0.5276, p=0.0014). (C)
Average Z-score and peaks per minute in FosTRAP following median split analysis based on baseline peaks per minute
prior to guanfacine injection (guan-sensitive: n=7, p-0.0008, guan-resistant: n=9, p=0.0005). (D) Average Z-score and
peaks per minute in FosTRAP following median split analysis based on baseline peaks per minute before and during
restraint stress. (E) Average Z-score and peaks per minute in FosTRAP2 following median split analysis based on baseline
peaks per minute prior to guanfacine injection. (F) Average Z-score and peaks per minute in FOSTRAPZ2 in guanfacine-
sensitive mice following median split analysis based on baseline peaks per minute before and during restraint stress. (G)
Average Z-score and peaks per minute in FosTRAPZ2 in guanfacine-resistant mice following median split analysis based on

baseline peaks per minute before and during restraint stress.

4.5 Appendix V. Restraint bout movement analysis of Guansembles in the BNST

To investigate the effect of repeated restraint exposure on coping bouts, we performed analysis of bouts
recorded using DeeplLabCut (for description see chapter 2). We calculated changes in number of bouts, total time of
bout, and average duration of bouts across four days of repeated restraint stress (Figure 24). Interestingly, we did not
find a significant difference in these parameters across each day.
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Figure 24. Movement analysis during restraint stress exposure of FosCreER.

Day of Restraint

(A) Calculated number of whole body, head, and tail coping bouts across four days of repeated restraint. (B) Calculated

total duration of whole body, head, and tail coping bouts across four days of repeated restraint. (C) Calculate daverage

duration of whole body, head, and tail coping bouts across four days of repeated restraint.

During our analysis of number of coping bouts and signal during guanfacine injection we noticed a correlation

trend. We plotted correlation plots of calcium signals and number of coping bouts (Figure 25A). We found that number

of bouts and calcium signal during guanfacine injection was negatively correlated. Further, this correlation decreased

over time of repeated restraint stress. Similarly, we found a positive correlation between overall calcium activity in

Guasnembles in response to guanfacine and signal during invidiaul coping bouts (Figure 25B). This correlation decreased

over repeated days of restraint stress.
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Figure 25: Correlation of calcium signal and movement during restraint exposure in FosCreER.
(A) Correlation plots of calcium activity during restraint and number of head only, tail only, or whole body restraint
bouts during four days of repeated restraint. (B) Correlation plots of calcium activity during guanfacine injection

correlated with signal during head only, tail only, or whole body restraint bouts during four days of repeated restraint.
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