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To my father, who would have been there 

To my mother, who always has been there 

To my partner, who is always there 

To our dogs, who follow anywhere 

To our chickens, who do not care  
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ABSTRACT 

Memory consolidation following stressful experiences is a key means of 

adaptation, allowing a long-term representation of the event to facilitate evaluation of 

future threats. It is well documented that the consolidation process is enhanced by 

glucocorticoids, the end-products of the HPA cascade, via activation of cognate receptors 

in the basolateral amygdala. Nevertheless, there remain lingering questions concerning 

what changes in endogenous glucocorticoid activity are necessary to enhance memory, 

which neural systems are involved in this modulation, and whether they overlap with the 

neural systems implicated in memory generalization. The experiments described here 

attempt to address this by elucidating neural circuits involved in modulating endogenous 

glucocorticoid activity and their contribution to memory consolidation and generalization. 

Prior work from our laboratory has established a role for the anteroventral 

subdivision of the bed nuclei of the stria terminalis (avBST) in the modulation of the HPA 

axis. Moreover, avBST maintains extensive connectivity with a network of limbic cortical 

circuitry canonically associated with memory consolidation. As such, avBST is well 

positioned to act within the traditional framework of the consolidation network and as a 

regulatory locus for the hormonal modulation of memory strength. In chapter 2 we show 

post-training optogenetic stimulation of avBST bi-directionally modulated long-term 

retention of a single-trial inhibitory avoidance task via connectivity with separate 

downstream effectors. Post-training photoinhibition of avBST soma, and its projection to 

the paraventricular hypothalamus was sufficient to augment long-term retention (by 

200%), an effect contingent upon an increased availability of corticosterone produced by 

the optogenetic manipulation. Separately, post-training photoexcitation of avBST, and its 
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projection to the ventrolateral periaqueductal gray could diminish long-term retention (by 

50%), an effect independent of any changes in HPA activity. Together, these data support 

a role for divergent avBST centered circuits in the modulation of memory consolidation, 

whereby biasing avBST activity toward excitation or inhibition engages the capacity to 

restrict or augment consolidation, respectively. 

Chapter 3 addresses the role of a discrete prefrontal projection to BST that is 

critical for preventing context fear generalization. Generalization of fear is a fundamental 

adaptive neurobiological process conserved across species that is critical for survival. 

Organisms utilize environmental information from previous fearful experiences to shape 

behavioral responses to novel situations where the presence of a threat is uncertain. 

Provided the perception of threat is high, organisms may express a range of defensive 

behaviors deemed most likely to navigate the threat successfully. Although generalization 

is necessary for an organism to predict the presence of threat and select the appropriate 

behavioral response, in humans, generalization of fear to environments or to cues that 

bear little similarity to previous fearful experiences is a hallmark of stress-related 

psychiatric disease. Given the necessity of generalization processes in adapting to 

complex environmental changes, there is a critical need to better understand the neural 

systems that restrict fear generalization during periods of uncertainty and the underlying 

perturbations that lead to the exaggeration of these responses.  

Here we used intersectional viral approaches to characterize a subsection of 

prefrontal input to BST originating from the rostral end of the prelimbic region (rPL) and 

interrogate its involvement in regulating context fear generalization. We applied 

electrophysiological and optical methods for monitoring and manipulating neural activity 
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immediately following training on a modified inhibitory avoidance (IA) procedure to target 

post-training consolidation processes, as this period is critical for mediating the 

emergence of long-term fear generalization. We found that rPL provides discrete input to 

the caudal end of the anterior BST and targets GAD1, but not vGlut2, expressing neurons 

that in turn provide input to a distributed network of threat processing regions. rPL 

neuronal ensembles were robustly mobilized following training and were differentially 

recruited during avoidance testing in a novel context. BST was similarly mobilized during 

training and avoidance testing. Post-training optical inhibition of the rPL-BST pathway 

with eNpHR3.0 exaggerated post-training CORT responses and was associated with 

increased avoidance to a novel chamber 48hrs later, an effect that was not dependent on 

the increased CORT availability. Separately, we used pre-exposure to a neutral context 

to encourage later generalization of fear. Here, post-training optical or chemogenetic 

activation of the rPL-BST pathway with ChR2 (E123A), or hM3dq prevented 

generalization 48hrs later to the neutral context without affecting avoidance to the training 

context. We also demonstrate these effects are specific to rPL-BST, and not an rPL-

vlPAG projection that maintains collaterals with BST. Together, these data provide 

evidence for a novel circuit tasked with regulating post-training consolidation processes 

that contribute to the emergence of generalized fear.   

These results outline a BST centric network that is differentially able to modulate 

the contribution of the neuroendocrine response during memory consolidation and 

separably capable of mediating the extent of memory consolidation that occurs and 

whether environmental features extend the generalization of fear to novel situations 

involving threat.   
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PUBLIC ABSTRACT 

Discrimination between threatening and non-threatening contexts is an adaptive 

neurobiological process. However, chronic or traumatic stressors may shift responses 

toward responding to non-threatening contexts as if they contained a threat, a response 

known as generalization. From a translational perspective, the loss of discrimination, or 

over-generalization, from a stressful to neutral context is one of the core features of 

stress-related psychiatric diseases. The general goal of this dissertation is to characterize 

the neural circuits modulating adaptation to environmental threats in the rodent brain and 

how these affect the ability to discriminate between neutral and threatening contexts in 

the future. In the first chapter I will discuss the primary research literature relevant to this 

topic. I will provide background on stress literature and neural circuitry in relation to 

memory consolidation, a critical process by which organisms create long-term memories. 

The hypothalamo-pituitary-adrenal (HPA) axis is the canonical neuroendocrine system 

for stress. Activation of this neuroendocrine cascade produces glucocorticoid hormone 

secretion that affects a variety of functions in the body and enhances memory 

consolidation through activation of the neural pathways to be studied in my dissertation. 

Much prior research has made inroads in understanding the neurobiology of 

discrimination, however, the neural circuits accounting for how stress perturbs these 

processes has received less attention. To address this, my work has investigated how a 

discrete region of the basal forebrain, the bed nucleus of the stria terminalis, mediates 

the extent with which glucocorticoid hormones contribute to memory consolidation and 

separably participates in a prefrontal cortex driven network responsible to preventing 

memory for aversive experiences from generalizing to distinct situations that do not 
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involve a threat. In this way, the bed nucleus of the stria terminalis is a critical component 

of how an organism learns about a threat, the extent to which that learning is dependent 

upon the release of stress hormones, and whether that learning extends to situations of 

relative uncertainty.   
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CHAPTER I: 
 

Introduction 
 

On defining Stress 

 

Stress is a ubiquitous presence during an organism’s lifetime, prevalent during 

exposure to a variety of environmental demands, and yet our understanding of the basic 

mechanisms that mediate stress are poorly understood. That the relationship between 

stress and disease is now well-established underscores the critical need for research 

interrogating stress systems in the development of conditions such as cardiovascular 

disease and psychiatric illnesses such as depression or PTSD (Hägglöf et al. 1991; 

Hammen 2005; Kivimäki et al. 2006; Krantz and McCeney 2002; Mazure 1998; Monroe 

and Simons 1991; Räikkönen et al. 1996; Rozanski, Blumenthal, and Kaplan 1999; Van 

Praag, de Kloet, and van Os 2004). Outlining the brain pathways that regulate 

physiological and behavioral responses to stress has advanced considerably in recent 

years due to technological advancements that allow for exquisitely detailed structural and 

functional investigation, contributing to our overall understanding of how an organism 

processes stress to promote adaptive behavior. And yet, the precise neural circuits 

responsible for coordinating features of stress across multiple domains (i.e., 

neuroendocrine, autonomic, behavioral) remain unclear. An understanding of the neural 

circuit components mobilized to regulate feature-specific aspects of the stress response 

versus those coordinating response-sets (i.e., across domains) and whether these are 

separable require further interrogation of the brain with increasing precision.  
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Despite originally a term for the physical interaction between the force applied to 

a material object and the pressure, or resistance, countering that force (Selye 1936, 

1979), “stress” is now colloquially used to refer to any demand, or state of strain, placed 

on an individual perhaps to the detriment of research on stress due the ambiguity with 

which the term is applied (as discussed below). Any research on stress requires 

consideration of what the term is designated to mean within the confines of the research 

objective. Historically, integration of the term stress into the cultural lexicon can be 

attributed to one of the founders of the stress research field, Hans Selye (Selye 1936; 

1950; 1979), who defined stress as the “nonspecific response of the body to any demand”. 

Selye came to this definition following a series of observations in rodents that included 

reduced thymus and spleen sizes, in addition to hyperplasia of the adrenal glands, 

resultant from exposure to a variety of “nocuous agents”. Nocuous agents, or “stressors”, 

referring to physiological insults such as cold exposure, transection of the spinal cord or 

other surgical injury, excessive exercise, or drug injections of a diverse make-up (Selye 

1936; 1979). Selye referred to this set of observations as a “general adaptation 

syndrome,” indicative of reduced immune functionality and lessened activation of the 

endocrine system that appeared consistent across stressors. This generality of effects 

due to stressor exposure underpinned Selye’s description of stress as “nonspecific,” in 

that responses of the body occurred similarly regardless of the physiological insult.  

The importance of non-specificity (or non-selectivity) in stress is underlined by 

more recent adaptations to the term in an attempt to refine researcher’s definitions of 

what constitutes its makeup (Day 2005). Indeed, according to one more recent 

interpretation produced by Trevor Day, stress is defined as the “body’s multi-system 
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responses to any challenge that overwhelms, or is judged likely to overwhelm selective 

homeostatic mechanisms” (Day, 2005). A “selective homeostatic mechanism”, according 

to Day, would involve a targeted response directed to a particular organ or subset of nerve 

cells to achieve an appropriate adjustment in returning to homeostasis (Day 2005). Selye 

often used the example of an insulin injection to illustrate this, in that insulin specifically 

is targeted to decrease blood glucose levels (Selye 1936, 1979). By contrast, insulin 

overdose would be considered a stressor as it can cause hypoglycemia and consequently 

mobilize adrenal catecholamines and corticosteroids. Adrenal catecholamines and 

corticosteroid interact with a wide variety of physiological systems and may thus be 

considered “non-selective.” Consequently, the insulin injection performing a selective 

homeostatic purpose would not be considered a stressor, and thus not involve stress, or 

stress neurocircuitry. Clearly outlining whether an environmental demand elicits a non-

selective response (e.g., adrenal catecholamine or corticosteroid release) allows a 

determination of whether the demand constitutes stress, and importantly what neural 

circuits may then be involved.  

Stress may be experienced in the form of two broadly conceived insults ranging 

from physiological (i.e., hemorrhage, insulin overdose) to psychological (i.e., perceived 

threat to organismal fitness). Indeed, a critical component to Day’s definition is its second 

half; “judged likely to overwhelm” (Day 2005). Much of the common use of the term stress 

likely falls into this category and represents an evaluation of the environmental 

circumstances that may elicit stress and involves separable neurocircuitry from that 

responding to physiological insults (Chan & Sawchenko 1994; Sawchenko et al., 1996; 

Cullinan et al., 1995a; Cullinan et al. 1995b; Li and Sawchenko 1998; Herman and 
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Cullinan 1997; Bohus et al., 1987). Indeed, while induction of the hypothalamo-pituitary-

adrenal (HPA) axis and subsequent release of adrenal hormones is common to all 

stressors, lesions of the limbic forebrain generally do not alter these stress responses to 

physiological insults (Herman and Cullinan 1997). Rather, limbic forebrain regions appear 

particularly sensitive to stressors that involve higher-order evaluative processes (Jankord 

and Herman, 2008) that weigh past experiences and current environmental demands to 

select appropriate behavioral responses to navigate stressor presence (i.e., 

psychological stress). Commonly employed paradigms that evaluate psychological stress 

in animal models include restraint, context or cued fear conditioning, or footshock. 

Overall, this processive capacity to evaluate stressor likelihood positions limbic forebrain 

regions capable of stress response assembly under conditions that likely require 

mobilization, or suppression when deemed unlikely.  

The work of this dissertation aims to outline neurocircuitry involved in conditions of 

psychological stress, that is - the assembly of neuroendocrine and behavioral responses 

germane to limbic-forebrain stress neurocircuitry. In particular, I focus on the bed nucleus 

of the stria terminalis and medial prefrontal cortex as key mediators of psychological 

stress that inform neuroendocrine output and long-term behavioral adaptations by way of 

interacting with memory modulatory processes during consolidation.  In this introduction 

I will review: 

▪ The hypothalamic-pituitary-adrenal (HPA) axis response following acute stress 

▪ Stress in memory consolidation 

▪ Stress in fear memory generalization 

▪ The composition of limbic forebrain circuitry in HPA axis regulation 
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▪ The role of the bed nuclei of the stria terminalis (BST) in stress and behavior 

▪ Toward a prefrontal – bed nuclei of the stria terminalis network that constrains 

stress 

 

The hypothalamic-pituitary-adrenal axis response to acute stress 

 

Organismal responses to any challenge that overwhelms, or is judged likely to 

overwhelm, selective homeostatic mechanisms are diverse, and involve activation of the 

hypothalamo-pituitary-adrenal axis (HPA) (Day, 2005). The HPA axis is the predominant 

neuroendocrine system that is mobilized during stress. Corticotropin-releasing factor 

(CRF), expressed within a subpopulation of paraventricular hypothalamic neurons 

located at the medial parvicellular region (Antoni 1986; Rivier and Vale 1983), initiate the 

release of adrenocorticotropic hormone (ACTH) from the anterior pituitary which, in turn, 

stimulates secretion of adrenal glucocorticoids (cortisol in humans; corticosterone, 

CORT, in rodents)(Radley, Gosselink & Sawchenko, 2009; Antoni 1986; de Kloet, Oitzl & 

Joels, 1999; Brown, Rivier, & Vale 1984; Plotsky, Otto, Sutton 1987). These end-products 

of the HPA cascade, glucocorticoids, act at several limbic-cortical regions and are widely 

implicated in modulating CNS processing of emotionally relevant stimuli leading to 

alterations in learning and memory, as well as mediating other physiological processes 

necessary for responding to stress. Indeed, during stress CORT acts to suppress 

inflammation and immune function, as well as shift energy reserves toward systems more 

critical for addressing the presence of a threat, such as cardiovascular systems (Sapolsky 

1992), and away from non-essential functions, such as that related to digestive or 
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reproductive systems (Sapolsky 1992). Additionally, CORT acts to negatively regulate 

further induction of the HPA axis ((Dallman and Jones 1973; Dallman and Yates 1969; 

Keller-Wood and Dallman 1984), thereby preventing excessive release of CORT.  

Importantly, whereas acute increases in CORT are generally considered adaptive, 

chronic elevations in CORT are associated with the development of stress-related 

psychiatric disease in humans (Van Praag, de Kloet & Van Otzl, 2004; Herman and 

Cullinan, 1997). That the balance of CORT release in acute or long-term conditions may 

differentially contribute to organismal fitness or disease suggest its regulation is 

paramount for adaptive behavior. Indeed, suppression of the HPA axis following an acute 

stressor is carried out by CORT acting at multiple levels of the axis itself (i.e., 

hypothalamic, pituitary, adrenal) as well as limbic-cortical regions upstream of HPA 

effector nuclei in the PVH ((Dallman and Jones 1973; Dallman and Yates 1969; Keller-

Wood and Dallman 1984; Herman and Cullinan, 1997) that are further tasked with 

negatively regulating HPA induction. The mPFC, hippocampus, and amygdala are such 

regions associated with higher-order processing consistent with mediating aspects of 

psychological stress. Each region contains dense glucocorticoid receptor (GR) levels 

(Reul & de Kloet, 1985; Chao, Choo and McEwen, 1989) that are bound during periods 

of high CORT (Ahima and Harlan, 1990; Ahima et al., 1991). Whereas activation of the 

amygdala leads to increases in CORT (Mason, 1958; Mason et al., 1976; Mason 1972), 

activation of GR in either mPFC or hippocampus are associated with reducing further 

HPA responding (discussed more in detail below) (Diorio et al., 1993; Hall and Marr 1975; 

Porter 1954;). Importantly, each of these regions are implicated in disease pathology 

during conditions of chronic, or persistent, stress.   
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On stress in memory consolidation 

 

Originally proposed in 1900 by Müller and Pilzecker, consolidation refers to the 

hypothesis that memories initially exist in a labile state, susceptible to intervention, that 

are subsequently strengthened over time resulting in enduring memories (Müller & 

Pilzecker, 1900; McGaugh, 1999). Characterized as “retroactive interference”, Müller and 

Pilzecker observed human subjects demonstrated a reduced capacity to remember 

details when other information was encountered shortly following presentation of the to-

be remembered items (Müller & Pilzecker, 1900; McGaugh, 1999). This “forgetting as a 

result of interference” (Müller & Pilzecker, 1900) marked a predominant theme among 

memory researchers at the time. Indeed, years prior Bigham (1894) had already showed 

subjects failed to recall items when the interval between learning and recall was filled with 

other cognitively demanding tasks (Dewar, Cowan & Della Sala, 2009; Bigham, 1894). Of 

note, Müller and Pilzecker found this impairment became less pronounced the longer the 

interval between presentation of the to-be remembered item and the interfering item 

became, suggesting a stabilization of the memory trace was occurring across time. Along 

these lines, later work described how cerebral electroconvulsive shock administered to 

rodents shortly following learning dramatically impaired retention whereas delayed shock 

administration (i.e., multiple hours) did not (Duncan, 1949); observations further 

suggesting consolidation involves time-dependent processes.  

Decades of subsequent work has shown a variety of drugs administered shortly 

after learning can facilitate consolidation processes (i.e., supporting memory trace 
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stabilization) resulting in enhanced recall (McGaugh, 1966; McGaugh, 2000). One of the 

earliest indications of the potential to facilitate consolidation involved injections of 

strychnine sulphate (Lashley, 1917) which was shown to improve maze learning in 

rodents. Work by James McGaugh and colleagues further supported these findings 

showing a variety of central nervous stimulant injections can facilitate memory 

consolidation when administered shortly before or after training (McGaugh, 2000). 

Stimulant injections and their facilitatory effects align well with the notion that emotionally 

arousing experiences are better remembered than neutral ones.  

Emotional experiences mobilize the HPA axis (McEwen & Sapolsky 1995; de 

Quervain, Schwabe & Roozendaal 2017), and involve the release of adrenal 

catecholamines and corticosteroids (Dallman & Jones 1973; Dallman 2005; Dallman, 

Viau, Bhatnagar, Gomez, Laugero & Bell 2002; McIntyre & Roozendaal 2007). That 

consolidation processes, however, were potently modulated by adrenal hormones 

released in response to such an event was not well documented until Latané and 

Schachter (1962) found low doses of epinephrine enhance acquisition of an avoidance 

response, and later Gold and Van Buskirk (1975) found posttraining injections of 

epinephrine specifically act to modulate memory consolidation processes. More recent 

work has highlighted the involvement of noradrenergic signaling in the basolateral 

amygdala as critical for mediating the influence of posttraining injections of epinephrine 

(Roozendaal, McGaugh, 1997; Quirarte, Roozendaal, McGaugh, 1997). As epinephrine 

does not cross the blood-brain barrier, it is thought to interact with the CNS via activation 

of vagal afferents to the nucleus of the solitary tract (NTS) (Schreurs, Seeling & 

Schulman, 1986; Aston-Jones & Cohen, 2005; Miyashita & Williams, 2006; Bahtiyar et 
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al., 2020), by which it enhances the release of norepinephrine (NE) throughout the brain 

(Williams et al., 1998). Blockade of NE signaling in a variety of regions, including mPFC 

(Roozendaal et al., 2009), basolateral amygdala (Barsegyan, McGaugh, Roozendaal, 

2014; Liang, Chen & Huang, 1995; Izquierdo et al., 1992; Ferry & McGaugh, 1999;) and 

hippocampus (Bevilaqua et al., 1997; Roozendaal & McGaugh, 2011) generally impairs 

memory, or blocks the memory enhancing effects of peripherally administered 

epinephrine.  

Adrenocortical hormones (i.e., corticosterone) are also now well documented as 

involved in modulating memory consolidation (Bohus, 1994; de Quervain et al., 2017; 

Joels et al., 2011; McEwen and Sapolsky, 1995). Posttraining injections of glucocorticoids 

can produce dose and time-dependent facilitation of consolidation for many types of 

learning, including inhibitory avoidance (Flood et al., 1978; Sandi & Rose, 1994), fear 

conditioning (Sandi & Pinelo-Nava, 2007; Cordero, & Sandi, 1998), and spatial learning 

(Sandi, Loscertales, & Guaza, 1997). Glucocorticoids readily cross the blood brain barrier 

and interact with both mineralocorticoid (Type I) and glucocorticoid (Type II) receptors 

throughout the brain (Bahtiyar et al., 2020; Finsterwald & Alberini, 2014; Lupien and 

McEwen, 1997; Oitzl & de Kloet, 1992; Roozendaal et al., 1996) to mediate learning 

processes. Whereas Type I receptors are generally occupied during low corticosterone 

levels (Ruel & de Kloet,, 1985; de Kloet et al., 2005), such as prior to stress onset, and 

are primarily expressed with the hippocampus, with lesser densities within the prefrontal 

cortex and amygdala (Ruel & de Kloet, 1985), Type II GR’s are widely dispersed 

throughout the brain and are predominantly bound during periods of high corticosterone 

levels, such as immediately following an arousing event (de Kloet et al., 2005; Dallman, 
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2005). As such, GR’s involvement in post-stress processes are likely to predominate with 

regard to corticosteroid modulation of memory consolidation. In line with this, blockade of 

GR signaling in either the mPFC (Barsegyan et al., 2010), BLA (Barsegyan et al., 2019), 

or hippocampus (Roozendaal et al., 1999) prevent the memory enhancing effects of 

systemic corticosterone administration. Binding of GRs in the central nervous system 

(CNS) results in a cascade of intra-cellular events to mediate gene-transcription and 

enhance or inhibit neuronal excitability, depending on the region or level of stress 

(Finsterwald & Alberini 2014; Diamond, Bennett, Fleshner & Rose 1992; Joëls, & Krugers 

2007).  

CNS actions of corticosteroids also include interacting with noradrenergic signaling 

to promote consolidation processes (Roozendaal et al., 1999). Indeed, antagonism of the 

-adrenoreceptor subtype in the BLA (Roozendaal, 1999) or mPFC (Barsegyan et al., 

2019) prevents the memory enhancing effects of GR agonism in each region. Importantly, 

the interaction of adreno-medullary and adreno-cortical hormones in the CNS during 

consolidation appear positioned to support structural and molecular alterations that lead 

to enduring memories, including morphological alterations (Anderson et al., 2014; 

Anderson et al., 2016; Anderson et al., 2020; Lesuis et al., 2020) and long-term 

potentiation (Akirav & Richter-Levin, 2002). 

 Despite this wealth of information supporting the notion that stress-hormones 

mediate consolidation processes to preserve emotionally arousing information, however, 

less well understood are the neural circuits that regulate endogenous hormonal reactivity 

during consolidation. Much of the historical literature regarding injections of stress 

hormones or cognate receptor agonists in the CNS involve supraphysiological levels that 
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may not directly mimic endogenous mechanisms. Regardless, memory consolidation 

represents a unique period of learning critically mediated by a variety of stress related 

hormonal and circuit mechanisms that offers a focus for guiding our interrogation of stress 

neurocircuitry.    

   

Stress in fear generalization 

 

A substantial body of empirical data has shown generalization to be a fundamental 

behavioral response across a variety of behavioral contexts and sensory modalities, and 

present among a range of species (Poulos et al., 2016; Lynch et al., 2013; Adolphs, 2013; 

Dymond et al., 2015). In order to respond adaptively to complex and dynamic 

environments populated with potential threats, animals must utilize previous experiences 

that are not identical to the current environmental demand, weighing cues and contextual 

information that may predict the occurrence of danger. In general, this is accomplished 

when an animal has learned a specific sensory stimulus, such as context or cue, predicts 

a particular outcome and thus attributes the outcome to similar sensory stimuli. Much 

work has been invested to outline the neural circuitry underlying the emergence of a 

generalized behavioral response suggesting a complex array of interconnected limbic-

cortical networks (Dunsmoor & Paz, 2015; Asok, Kandel, & Rayman, 2019; Poulos et al., 

2016; Lynch et al., 2013; Adolphs, 2103; Baldi, Lorenzini & Bucherelli, 2004; Dymond et 

al., 2015). The hippocampus, including both dorsal and ventral axes, are essential in the 

consolidation of contextual fear memories (Fanselow & Dong, 2010) and the ventral 

hippocampus has been implicated in discrimination between safe and threatening 
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contexts (Cullen et al., 2015). The medial prefrontal cortex (prelimbic, and infralimbic 

regions) maintains extensive connectivity with the hippocampus, and amygdala and has 

been associated with the emergence of fear generalization when pharmacologically 

inactivated, and stimulus discrimination when optogenetically activated, an effect that 

may depend on theta oscillatory coherence between the mPFC and downstream regions 

(Rozeske et al., 2015; Likhtik et al., 2014). The amygdala is a critical site responsible for 

not only receiving unconditioned stimulus information (Johansen et al., 2010) but also for 

coordinating conditioned behavioral responding through an interaction with the midbrain 

periaqueductal gray (Tovote, Fadok, Luthi, 2015); each important determinants 

implicated in stimulus generalization (Asok et al., 2018; Ciocchi et al., 2010).  

Of note, activation of neuroendocrine and autonomic systems are also implicated 

in enhancing generalized or precise fear memories, respectively, suggesting an important 

contribution of peripheral hormonal responses acting at central neural systems to mediate 

generalization (Donley, Schulkin & Rosen, 2005, Kaouane et al., 2012; Atucha et al., 

2017; Lesuis et al., 2020). Of particular interest to our interrogation of stress neurocircuitry 

is the mobilization of these systems during memory consolidation, and an elaboration on 

how this might contribute to memory accuracy. However, an overarching framework 

describing how stress-related signaling, particularly adrenal catecholamines and 

corticosteroids, contributes to generalization has not been forthcoming and in some cases 

has presented conflicting information. Indeed, whereas stimulating NE release via 

systemic injection of the alpha-2 adrenergic antagonist yohimbine during consolidation 

has been shown to enhance memory accuracy, even up to remote time-points 

(Roozendaal & Mirone, 2020), optogenetic stimulation of central locus coeruleus NE has 
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been shown to prevent discrimination (Seo et al., 2021); an effect dependent on -

adrenergic signaling in the dentate gyrus, and seemingly in contrast to the promotion of 

memory accuracy. That peripheral yohimbine injections are presumed to increase locus 

coeruleus NE signaling via vagal nerve stimulation (Hulsey et al., 2017) suggests 

autonomic reactivity contributing to memory accuracy may depend on activation of 

specific central circuits. Moreover, increased sympathetic activity has been shown to be 

directly involved in supporting features of stress-related psychiatric disease. Cases of 

PTSD are consistently associated with hyperactivity of autonomic systems (Sherin 2011), 

and stimulatory drugs such as yohimbine can contribute to symptomatology (Southwick 

et al., 1993).  

Concerning adrenal-corticosteroids, the relation between HPA reactivity and 

stress-related diseases in humans that are characterized by high levels of generalized 

fear behavior (e.g., PTSD) has also been inconsistent. Mason et al. (1986) first reported 

PTSD was linked to low levels of circulating cortisol, however, this result has not been 

replicated on multiple occasions (for review see; Fink, 2011). The claim of low circulating 

cortisol in PTSD also contrasts with a substantial literature showing posttraining CORT 

injections in rodents enhance memory consolidation (McGaugh, 2000), and decrease 

memory accuracy (Roozendaal & Mirone, 2020; Lesuis et al., 2021; Kaouane et al., 2012) 

thereby contributing to disease-like impairments; suggesting hypercortisolism and not 

hypocortisolism may contribute to disease symptomatology. Further, optogenetic 

manipulations that suppress CORT release during stress exposure have been shown to 

reduce the risk of PTSD-like impairments in rodents (Henckens et al., 2017). 

Pharmacological blockade of training-induced CORT increases with metyrapone has also 
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been shown to maintain memory accuracy up to remote time-points (Pedraza et al., 

2016). While CORT has been shown to enhance neuronal excitability via MR binding 

(Joels & de Kloet, 1992; Ruel & de Kloet, 1985), interactions with GR can suppress 

neuronal excitability (Joels & de Kloet, 1992) offering a potential mechanism by which 

CORT contributes to generalization. Of note, high levels of CORT have been shown 

specifically to inhibit neural plasticity in the hippocampus (Joels & de Kloet, 1992); a 

region critical for maintaining memory accuracy (Lesuis et al., 2021; Kaouane et al., 

2012). A recent study also showed higher CORT levels produced by more aversive 

training procedures contributed to enhanced context generalization (dos Santos Correa 

et al., 2019), and this effect appeared a result of a shift in the occurrence of remote 

memory generalization to earlier timepoints. Indeed, one proposal for how adrenal 

catecholamines and corticosteroids interact with memory accuracy and generalization 

relies on this presumed shift in remote memory generalization to earlier timepoints; an 

interpretation of systems consolidation theory (Bahtiyar et al., 2020).  

Systems consolidation theory posits that initially memories depend on the 

hippocampus and across time are dispersed throughout neo-cortical regions 

subsequently becoming less dependent on hippocampal processing (Nadel, Winocur, 

Moscovitch 2007; Winocur & Moscovitch 2011; Yonelinas, Ranganath, Ekstrom, Wiltgen 

2019) and more schematized or gist-based (Robin & Moscovitch 2017); reflecting the 

time-dependent increase in generalization. NE facilitates interactions between the BLA 

and hippocampus (Akirav & Richter-Levin 1999; 2002; Ikegaya, Saito & Ave 1995), 

potentially maintaining hippocampal involvement and preserving memory accuracy, 

whereas CORT inhibits hippocampal activity and promotes BLA influences on prefrontal 
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regions (Bahtiyar et al., 2020; Diamond & Rose 1994; Diamond et al., 1992; Roozendaal 

et al., 2009), potentially facilitating the integration of memories into neo-cortical regions 

and the subsequent shift toward gist-based representation.  

It should be noted, several studies have been critical of systems consolidation 

theory (Asok, Kandel & Rayman 2019; Rekkas & Constable 2005; Lehman, Lacanilao & 

Sutherland 2007), as the hippocampus have been shown to be involved in the retrieval 

of remote memories (Clarke & Sutherland 2013) and neo-cortical regions have been 

shown to be indispensable during initial encoding and consolidation (Kitamura et al., 

2017). Further, systems consolidation theory implicitly presumes the subject learned well 

enough during the training experience, and it was subsequently only time that 

transformed the memory toward a gist-based representation.  

A counterview that can be traced to early Pavlovian theorists such as Karl Lashley 

(1946) argue stimulus generalization, particularly in the case of a single trial or learning 

experience, may instead result from a failure of association during initial training or 

consolidation. Specifically, during a single trial learning experience conditioning occurs 

as a function of the “most conspicuous characters” of the event (Lashley, 1946). 

Generalization therefore represents a failure to attend to the defining characteristic, 

thereby contributing to what Lashley referred to as an “abstracted” representation. This 

is perhaps consistent with modern theories of disease states like PTSD as a memory 

disorder characterized by two predominant components: 1) hypermnesia for the core 

traumatic event, and 2) an impoverished memory functioning due to diminished encoding 

abilities (Kaouane et al., 2012; Layton & Krikorian 2002). Posttraining CORT injections 

have been shown to contribute to both aspects, particularly under high stress conditions, 
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by way of reducing activity in the hippocampus and increasing activity in the amygdala as 

mentioned previously. As such, NE and CORT may function to encourage, or inhibit, a 

subject’s capacity to attend to details that ultimately contribute to an accurate or gist-

based representation, respectively.  

Regardless, as clearly fear generalization encompasses neuronal activation of 

diverse and interconnected systems performing at times opposing roles, it has been 

difficult to sort out the specific mechanisms underlying the emergence of a generalized 

fear behavior. Thus, an important research avenue will be to dissect the functional role of 

neural circuits that integrate multiple aspects of a threatening event (e.g., neuroendocrine, 

behavioral) to promote or restrict fear generalization, and whether these aspects are 

separable or rather inter-dependent. One approach to address this would be to isolate 

neurocircuitry that directly mediate neuroendocrine and behavioral processes during 

stress (as discussed below).  

 

Composition of hypothalamo-pituitary adrenal axis regulatory circuits 

 

The defining characteristic of stress neurocircuitry involves an interaction with the 

hypothalamo-pituitary adrenal axis (Day, 2005), as based on our working definition 

(discussed previously). Psychological stress relies predominantly on higher-order 

cognitive processing or associative systems capable of stressor evaluation or 

anticipation, as has been shown to be mediated by limbic forebrain regions (reviewed in: 

Jankord & Herman 2008; Herman, Ostrander, Mueller & Figueiredo 2005). Key limbic 

regions under consideration with regard to stress in memory consolidation and 
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generalization thus may be further parsed based on network connectivity involving HPA 

effector neurons within the paraventricular hypothalamus.  

The hippocampus contains the highest density of GR receptors in the limbic-

forebrain (Chao, Choo, McEwen, 1989; McEwen, Weiss & Schwartz 1968), and maintains 

an inhibitory role over the HPA axis that is well established. Early lesion work 

demonstrated removal of the hippocampus elevated glucocorticoid levels in either the 

absence of stress, or during stress indicating involvement in tonic, and phasic regulation 

of corticosteroid release (Jacobsen & Sapolsky 1991; Sapolsky et al., 1984). Conversely, 

electrical stimulation of the hippocampus decreases plasma corticosterone (Dunn & Orr 

1984; Rubin, Mandell, Crandall 1966; Saphier & Feldman 1987). The influence of the 

hippocampus in regulating the HPA axis is further supported by increases in CRF mRNA 

levels in the PVH resultant from hippocampal lesions (Herman, Dolgas, Carlson 1998; 

Sapolsky, Armanini, Sutton & Plotsky, 1989). Concerning conditions of psychiatric 

disease, the hippocampus in particularly impacted by periods of prolonged stress 

(Herman et al., 1995; McEwen & Magarinos, 1997; McEwen 1999) or corticosteroid 

administration (Bodnoff et al., 1995; Diamond, Bennett, Fleshner & Rose 1992; Zhang, 

Zhao, & Wang 2015) which are further associated with dysregulation of the HPA axis. 

Indeed, humans diagnosed with stress-related disorders (i.e., depression, PTSD) show 

reduced hippocampal volumes (Wigenfeld, & Wolf 2014; Starkman et al., 1992; Sheline 

et al., 1996), and in rodents chronic stress administration produces regressive 

morphological alterations in hippocampal spine densities (Sousa et al., 2000; Chen et al., 

2010).  
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The prefrontal cortex has also been shown to impart inhibitory regulation on the 

HPA axis (Radley et al., 2009; Radley & Sawchenko 2011; Herman et al., 1995), and 

promote negative feedback following stress via an interaction with glucocorticoids (Akana, 

Chu, Soriano, & Dallman 2001). Indeed, most of the PFC is mobilized following exposure 

to a variety of stressors. PFC regions, including the prelimbic and infralimbic subdivisions 

exhibit robust induction of the immediate early gene, cFos, following stress (Cullinan et 

al., 1995; Bland et al., 2005). Early work demonstrated prefrontal cortical interactions with 

glucocorticoids using autoradiography examining the binding properties for tritiated 

CORT (3H-CORT) and dexamethasone (3H-DEX) (McEwen, de Kloet, & Wallach, 1976), 

showing glucocorticoid binding across the prefrontal cortex. Whereas lesions of the PFC 

do not appear to influence basal levels of CORT or ACTH (Diorio, Viau, Meaney 1993; 

Figueiredo et al., 2003) as the hippocampus does, pre-stress lesions of the PFC robustly 

enhance HPA component indices following stress onset including PVH CRF+ mRNA, 

ACTH, and corticosterone (Radley, Arias & Sawchenko 2006). Interestingly, this inhibitory 

role over CORT appears to be region and stressor specific, in that lesions of the more 

ventrally situated infralimbic region have been reported to either not influence post-stress 

ACTH or CORT (Crane, Ebner & day 2003), or decrease these indices (Sullivan & Gratton 

1999). Further, IL lesions appear to differentially alter autonomic-related sympatho-

adrenal indices indicating perhaps a preferential role in mediating autonomic reactivity 

(Verberne et al., 1987; Frysztak & Neafsey 1994). Indeed, optogenetic stimulation of IL 

has been reported to reduce heart rate, and mean arterial pressure following stress 

(Wallace et al., 2021). Lesions, or inactivation, of the prelimbic region also do not affect 

HPA axis responses to ether inhalation (i.e., a physiological stressor) (Figueiredo, 
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Bruestle, Bodie, Dolgas, Herman 2003), but rather specifically enhance HPA responding 

to psychological stressors including restraint (Radley, Gosselink, & Sawchenko, 2006) 

and shock probe defensive burying (Johnson et al., 2019). Increases in HPA axis activity 

following restraint stress can also be ameliorated via implantation of a CORT pellet within 

the PFC, indicating the capacity to suppress further HPA responding during stress (Diorior 

et al., 1993). Regressive morphological alterations are also apparent in prelimbic neurons 

following chronic stress (Anderson et al., 2014; 2016; 2020), or repeated corticosteroid 

administration (Anderson et al., 2014; 2016; 2020), an effect that appears largely 

undifferentiated from similar observations in the hippocampus. That dysfunctional 

prefrontal cortical activity is commonly associated with conditions of psychiatric disease 

positions its involvement in the regulation of stress-related processes as critical for 

adaptive behavior.  

In contrast to the predominantly inhibitory role provided by the hippocampus and 

prefrontal cortex, the amygdala appears to maintain an excitatory role over the HPA axis. 

Corticosteroid release is enhanced following electrical stimulation of the amygdala (Dunn 

& Whitener 1986; Feldman, Conforti, Itzik, & Widenfeld 1994); an effect consistent across 

a variety of species, including rats (Redgate & Fahringer 1973), cats (Mattheson, Branch 

& Taylor 1971), non-human primates (Mason 1959), and humans (Gallagher, Flanigin, 

King, & Littleton 1987). Ablation of the amygdala is also associated with reducing the 

stress response to psychogenic stimuli, but not the physiological stressor ether (Knigge 

1961; Feldman & Conforti 1981; Dayas & Day 2002), consistent with the notion that limbic 

forebrain regions are more preferentially involved in the regulation of the HPA axis under 

conditions of psychological stress. However, there appears to be a significant subregional 
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factor to be considered in this regard as well. Indeed, the central amygdala (CeA) is 

robustly mobilized in response to physiological insults, including hemorrhage 

(Sawchenko & Ericsson 2000) and drug-induced inflammation (Thrivikraman & Plotksy 

1997), but lesions of the CeA do not prevent stress-induced increases in HPA activity 

following restraint stress (Dayas & Day 1999; Xu, Day & Buller 199) suggesting HPA-

related modulation in the CeA is biased toward processing of physiological stressors. The 

medial amygdala (MeA) shows substantially high levels of cFos immunoreactivity 

following a variety of psychological stressors, including restraint (Sawchenko & Ericsson 

2000),  forced swim (Thrivikraman & Plotksy 1997), and predator exposure (Figueiredo 

et al., 2003), but considerably less to physiological insults such as hypoxia or hemorrhage 

(Dayas & Day 1999; Thrivikraman & Plotksy 1997) although electrical stimulation of the 

medial amygdala under anesthesia has been reported to reduce plasma corticosterone 

responses (Feldman, Conforti & Saphier 1990). To compare, the basolateral amygdala, 

while being robustly mobilized following a variety of stressors (Sawchenko & Ericsson 

2000) and directly involved in mediating the effects of glucocorticoids across the brain 

during memory consolidation and other fear-related learning processes (Roozendaal & 

McGaugh 1996; Roozendaal, McEwen & Chattarji 2009; McGaugh 2000), does not 

appear directly involved in the induction of the HPA axis (Feldman et al., 1994). Rather, 

the BLA maintains extensive connectivity with the CeA, MeA, and other HPA -modulatory 

regions to exert top-down facilitatory influences (Dong, Petrovich & Swanson 2001). 

Conditions of chronic stress also result in contrasting morphological alterations in the 

BLA, as compared to prefrontal and hippocampal regions. Specifically, chronic stress 

appears to increase synaptic efficacy and spine densities in rodent BLA neurons (Vyas 
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et al., 2002a: 2002b; 2006). This increase in synaptic efficacy likely underlies excessive 

induction of the glucocorticoid response following stress in cases of psychiatric disease 

(Rosenkranz, Venheim, Padival 2010). Indeed, these observations are consistent with 

cases of psychiatric disease in humans, where an associated enhancement in amygdala 

activity is noted in response to fearful stimuli (Sharp 2017; Ressler 2010), particularly 

among individuals diagnosed with PTSD or major depressive disorder (Liberzon & 

Sripada 2007), and this is coupled with alterations in measures of corticosteroid release 

(Wichmann, Kirschbaum, Bohme, Petrowski 2017; Elzinga et al., 2003).  

Importantly, HPA modulatory influences provided by hippocampal, prefrontal, and 

amygdala regions are subserved via indirect relays. Indeed, limbic forebrain regulation of 

the HPA axis is not achieved via direct innervation of PVH, but rather one or more 

intermediaries [bed nucleus of the stria terminalis; medial preoptic area; dorsomedial 

hypothalamus]. Further, extrinsic projections from the prefrontal cortex and hippocampus 

are largely excitatory (i.e., glutamatergic) necessitating GABAergic structures by which 

their HPA inhibitory processes are achieved (Gray, Carney, and Magnuson 1989; Herman 

et al. 2003; Prewitt and Herman 1998; Sawchenko and Swanson 1983; Radley, 

Gosselink, and Sawchenko 2009; Cullinan, Herman, and Watson 1993). HPA modulation 

by the amygdala is carried out by GABAergic neurons of the central or medial amygdala 

subregions. However, similar to prefrontal and hippocampal regions, the CeA and MeA 

only maintain sparse projections to PVH and these contact predominantly pre-autonomic 

neurons (Gray, Carney & Magnuson 1989; Dong, Petrovich & Swanson, 2001; Petrovich, 

Risold & Swanson 1996; Petrovich & Swanson 1997; Price & Amaral 1981).   
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One candidate relay is the bed nucleus of the stria terminalis (BST). BST is a basal 

forebrain complex containing upwards of 12-15 different subnuclei that are largely 

GABAergic (Erlander et al. 1991; Ferraguti et al. 1990; Mugnaini and Oertel 1985) 

differentiated predominantly by expression of a variety of peptidergic subtypes (Giardino 

& Pomrenze, 2021) including regions enriched in corticotropin releasing factor 

(CRF)(Pomrenze, et al., 2015; Pomrenze et al., 2019), somatostatin (SOM)(Bruzsik et al. 

2021, prepronociceptin (PNOC)(Rodriguez-Romaguera et al., 2020), among many others 

(Beyeler & Dabrowska 2020). A comprehensive series of tracer studies conducted by 

Dong and colleagues outlined extensive direct connectivity with PVH derived from specific 

BST subregions (Dong and Swanson 2006a; Dong and Swanson 2006b; Dong et al. 

2001).  

BST modulatory influences on CORT levels had been observed decades earlier 

when Jon Dunn (Dunn, 1987a) observed electrical stimulation of BST resulted in 

differential recruitment of HPA responding depending on subregion. Regions dorsal to the 

anterior commissure and at more rostral levels of BST that received electrical stimulation 

were reported to produce increases in CORT under anesthesia, whereas regions lateral, 

and ventral were reported to decrease CORT levels (Dunn, 1987a). Consistent with this, 

lesions centered in more dorsal regions suppressed HPA responding to context fear 

conditioning (Sullivan et al. 2004), whereas lesions or inactivation of the ventral or 

posterior aspect of the structure robustly enhance HPA responses to a variety of stressors 

including restraint, tail suspension, forced swim (Johnson et al., 2016; Radley & Johnson, 

2018; Radley et al., 2009), shock-probe defensive burying (Johnson et al., 2019). In line 
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with this regional differentiation, these results implicated BST as capable of imparting 

inhibitory, or conversely facilitatory, control over PVH and mobilization of the HPA axis. 

Support for the notion that BST is positioned to subserve limbic forebrain inhibitory 

control of the HPA axis, particularly that stemming from hippocampal and prefrontal 

regions, was also demonstrated using a combination of anatomical tracing methods and 

discrete excitotoxic lesions (Radley et al., 2009). Here, the authors reported that the 

anteroventral (av) aspect of BST contained stress sensitive GABAergic neurons that 

projected to PVH, and this neuronal population received convergent input from prefrontal 

and hippocampal regions. Stress-induced cFos immunoreactivity in avBST was reduced 

following lesions of the prelimbic region of the prefrontal cortex, or ventral subicular 

(vSUB) region of the hippocampal formation, and this was couple with enhanced CRF 

mRNA levels in PVH, and plasma ACTH and CORT in both cases. Interestingly, dual 

lesions of the vSub and PL appeared to result in additive enhancements of HPA 

component indices that were similar in magnitude to that of a single lesion of avBST. As 

such, this study provided evidence for an HPA-inhibitory network that involved prelimbic 

PFC, hippocampus, and avBST, and that avBST acted to integrate multiple limbic 

forebrain regulatory mechanisms.   

Regarding the HPA-facilitatory effects carried out by the amygdala, an interaction 

with BST has been implicated but results are generally lacking in specific circuit 

mechanisms, particularly with regard to the onset of psychological stress. An early study 

reported electrical stimulation of the MeA enhanced plasma corticosterone responses 

under anesthesia, and this effect was blocked by bilateral lesion of the BST (Feldman, 

Conforti & Saphier 1990). CRF administration or corticosterone implants in the CeA have 
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also been shown to increase CRF mRNA in the PVH (Makino, Gold, & Schulkin 1994; 

Akana, Chu, Soriano, & Dallman 2001). Yet, despite the now well-established connection 

between regions of the amygdala and the BST, particularly regarding the modulation of 

negatively valenced information (Lebow & Chen, 2016; Pomrenze et al., 2019; Kim et al., 

2013a), characterization of how these structures interact to mediate mobilization of the 

HPA axis has not been forthcoming. Regardless, much of the work describing the 

interaction of these structures implicates it in predominantly HPA faciliatory processes 

(Dallman et al., 2013), contrasting this projection to the predominantly inhibitory role 

provided by hippocampal and prefrontal projections to the BST.  

 

The bed nuclei of the stria terminalis in stress and behavior 

 

The BST are widely appreciated to be dynamically involved in the regulation of 

behavioral responses involving negative affect or threat processing in addition to HPA 

modulation. Some have argued the structure to be a component of an “extended 

amygdala” network (Alheid & Heimer, 1988; de Olmos, Beltamino, & Alheid, 2004; Fox, 

Oler, Tromp do, Fudge, Kalin 2015); regarded as a continuous region stemming from the 

medial and central nucleus of the amygdala (CEA/MEA) to the rostral pole of the medial 

and lateral regions of the BST, due to observations of shared cytoarchitectonic and 

histochemical characteristics implicating it in modulatory features similar between 

regions. Evidence for this was originally proposed by J.B. Johnston in 1923, and later 

elaborated upon by de Olmos and Heimer (Alheid & Heimer, 1988; de Olmos, Beltamino, 

& Alheid, 2004). This model has proved incredibly informative for behavioral researchers 
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(Davis, Walker, Miles & Grillon 2010; Walker, & Davis, 1997; Walker, Toufexis, & Davis 

2003), although more recent examinations of the BST have noted its anatomical and 

function divergence from much of the amygdala (Swanson, 2000), despite remaining 

highly interconnected. Indeed, Larry Swanson and colleagues proposed the CEA/MEA 

and BST anatomically represent ventral differentiations of the striatum and pallidum, 

respectively, with the CEA/MEA specialized for integration of cortical information to 

modulate autonomic reactivity (Swanson, 2000), whereas BST is biased toward cerebral 

regulation of the neuroendocrine system and behavior control column (Swanson, 2000; 

Canteras, Simerly, Swanson, 1995) as a component of the rostral pallidum. 

Embryological studies further support this anatomical distinction as GABAergic 

subpopulations of the pallidum and lateral BST are differentiated from striatal and 

CEA/MEA developmental origins (García-Lőpez et al., 2008).  

Functional divergence of the BST from the amygdala has predominantly been 

supported in the form of one influential hypothesis for how BST mediates negative affect. 

Originally proposed by Walker, Davis and colleagues (Walker, & Davis, 1997; Walker, 

Toufexis, & Davis 2003), it was suggested a dissociation between acute responsiveness 

to discrete threats were mediated predominantly by the amygdala, whereas the BST 

appeared necessary for behavioral responses to threats occurring on a longer timescale, 

consistent with those behaviors that might be associated with the term “anxiety.” This 

distinction perhaps accords with the anatomical divergence and the bias of CEA/MEA 

responding to cerebral regulation of autonomic reactivity (i.e., a shorter timescale stress 

response) as compared to the mediation of the neuroendocrine system performed by the 

BST (i.e., a longer timescale stress response) (Swanson, 2000). As previously mentioned 
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regarding BST, however, it is currently appreciated that BST does not react uniformly to 

stressors, and this is reactivity is not limited to conditions of anxiety-related behaviors. 

Indeed, BST regions show robust immediate early gene expression following restraint, 

shock, and predator odor (Rosen, Asok, & Chakraborty 2015; Daniel & Rainnie 2016; 

Gungor & Parė 2016; Johnson et al., 2016; Radley & Sawchenko 2015; Marcinkeiwcz et 

al., 2016). Moreover, unconditioned fear responses are often either eliminated, or robustly 

enhanced following inactivation of the BST; effects that again appear dependent on 

subregion (Schulz & Canbeyli 2000; Gray et al., 1993; Fendt et al., 2003; Gerwitz et al., 

1998; Levita et al., 2004; Hammack et al., 2009; Daniel & Rainnie 2016; Johnson et al., 

2016). As such, the BST functions, in parallel with HPA modulation, to generate or restrain 

unconditioned stress-related behavioral responses. 

An updated synthesis of the role of BST in mediating behavioral responses to 

threatening stimuli, accounting for this functional diversity, has suggested that rather than 

mediating long-lasting anxiety-like behaviors the BST mediates temporally unpredictable 

stressors (Ressler, Goode, Evemy, & Maren, 2020; Goode, Acca, Maren, 2019; Goode 

et al., 2019), or acts as “valence surveillance” (Lebow & Chen, 2016). Support for this 

idea has been demonstrated by lesions of BST that impair context fear expression when 

training involved a delayed shock onset (Goode, Acca, & Maren, 2020; Hammack et al., 

2015), a randomly generated CS-US pairing, or backward US-CS conditioning (Goode et 

al., 2019). This hypothesis is also perhaps consistent with work demonstrating that global 

lesions of the BST prevent cued-fear generalization (Duvarci, Bauer, Pare, 2009). 

Importantly, that manipulations of the BST can also induce fear responding in variety of 

stress related paradigms is consistent with the notion that there are functionally distinct 
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BST subregions that are able to either promote or suppress stress-related behavior, as 

might be expected of a region tasked with surveilling uncertainty. Indeed, two more recent 

studies found that separate BST populations residing in proximity exerted opposing 

capacities in modulation of anxiety-related behavior (Jennings et al., 2013a; Kim et al., 

2013a). As such, “valence surveillance” may be the most accurate reflection of the role 

BST plays during threat processing (Lebow & Chen, 2016), as this would account for its 

ability to quickly mobilize defense responding in cases where uncertainty regarding threat 

becomes certain, and conversely prevent defensive behavior under conditions that are 

deemed non-threatening.     

That BST mediates both stress-promoting, and suppressing aspects suggests 

further anatomical divergence based on limbic forebrain innervation. Prefrontal and 

hippocampal regions are predominantly involved in HPA-inhibitory regulation suggesting 

a preferential involvement with BST subregions that act to limit stress-related 

neuroendocrine and behavioral responding. However, little attention has been placed on 

circuits that coordinate multiple aspects of an organism’s stress response. Moreover, 

much of the historical literature has relied on gross anatomical manipulations that produce 

chronic disruptions in signaling (i.e., global lesions of regions), or correlational 

observations involving immediate early gene mapping that do not allow for temporally 

precise, circuit-specific manipulations as would be necessary to disentangle the 

involvement of specific limbic forebrain HPA regulatory mechanisms.  
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 Toward a prefrontal – bed nuclei of the stria terminalis network in memory consolidation 

and generalization 

 

 The mPFC is indispensable for the refinement of environmental features predictive 

of stressor likelihood (Sharpe & Killcross, 2018; Antoniadis & McDonald, 2006), and a 

critical substrate for glucocorticoid actions during memory consolidation (Roozendaal et 

al., 2009) positioning it as key locus for mediating fear generalization. Lesions of the 

mPFC impair behavioral selection when conflicting cues are presented (Sharpe & 

Killcross 2018). mPFC activation reduces fear responding, and prevents generalization 

to novel cues (Grosso et al., 2018; Likhtik et al., 2014) or contexts (Xu & Südhoff 2013). 

Moreover, the mPFC projects to the BST in a topographically organized manner 

exclusively innervating regions implicated in the suppression of HPA-related responding. 

That the mPFC receives contextual-related information directly from the hippocampus 

during consolidation, and yet does not maintain a direct path returning to the 

hippocampus (Vertes 2004) suggests this region maintains a privileged role in 

coordinating adaptive behavior to mediate generalization. Interestingly, despite this well-

established role for integrating hippocampal-dependent context information, and 

mediating HPA axis mobilization very little work has described the downstream circuits 

the mPFC utilizes to organize adaptive behavior and promote discrimination between 

conflicting threatening cues. Indeed, aside from a few recent studies demonstrating 

mPFC projections to the ventrolateral periaqueductal gray (vlPAG)(Rozeske et al., 2018), 

and separately the BLA, were involved in promoting discrimination between similarly 

threatening cues, and necessary for preventing generalization to distinct cues (Likhtik et 
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al., 2014), the organization of prefrontal circuits mobilized during memory consolidation 

and how they contribute to long-term expression of fear generalization remains poorly 

understood, particularly with regard to the mobilization of the HPA axis.   

 

Summary  

 

The recruitment of stress neurocircuitry to mediate memory consolidation 

processes involve the integration of behavior and neuroendocrine systems to promote 

adaptive behavior. An ongoing effort to more fully characterize the organization of neural 

circuits that coordinate this integration is critical for understanding how an organism 

successfully disambiguates the environmental contingencies that predict threat. These 

efforts are fundamental for informing therapeutic interventions in cases of 

neuropsychiatric disease, as much of the extant literature suggest the developmental of 

stress-related illnesses results from aberrant CNS signaling in stress-modulatory 

pathways. Therefore, the goal of the current set of experiments is to elaborate on the 

capacity of the BST to modulate stress-related neuroendocrine and behavioral responses 

and the contribution of the prefrontal cortex to these. In the following chapters (FIG. 1.1), 

I will present: 

 

• Evidence that the BST mediates memory consolidation via glucocorticoid-

dependent and independent pathways (Ch. 2). 
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• Evidence for involvement of the BST in fear generalization via an interaction with 

a prefrontal cortical region that is dynamically mobilized during consolidation and 

disambiguation of threatening and non-threatening contexts. (Ch. 3). 
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Figure. 1.1. Neural circuit diagram delineating chapter focus. Chapter 3 (green) 

investigates a pathway from the rostral prelimbic cortex (PL) to the anteroventral bed 

nuclei of the stria terminalis (avBST) and its involvement in HPA and context fear 

generalization. Chapter 2 (red) investigates HPA-dependent and independent circuits 

from avBST that bi-directionally mediate memory consolidation. 
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The following was previously published in the Proceedings of the National Academy of 

Science (PNAS) 

(Lingg et al. 2020) 

CHAPTER II: 
 

Bed Nuclei of the stria terminalis modulate memory consolidation via 
glucocorticoid-dependent and -independent circuits 

 
Abstract 

 

There is extensive evidence that glucocorticoid hormones enhance memory 

consolidation, helping to ensure that emotionally significant events are well remembered. 

Prior findings suggest that the anteroventral region of bed nuclei of the stria terminalis 

(avBST) regulates glucocorticoid release, suggesting the potential for avBST activity to 

influence memory consolidation following an emotionally arousing learning event. To 

investigate this issue, male Sprague-Dawley rats underwent inhibitory avoidance training 

and repeated measurement of stress hormones, immediately followed by optogenetic 

manipulations of either avBST or its projections to downstream regions, and 48 h later 

were tested for retention. The results indicate that avBST inhibition augmented 

posttraining pituitary-adrenal output and enhanced the memory for inhibitory avoidance 

training. Pre-treatment with a glucocorticoid synthesis inhibitor blocked the memory 

enhancement as well as the potentiated corticosterone response, indicating the 

dependence of the memory enhancement on glucocorticoid release during the immediate 

posttraining period. In contrast, posttraining avBST stimulation decreased retention yet 

had no effect on stress hormonal output. Subsequent experiments revealed that inhibition 
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of avBST input to the paraventricular hypothalamus enhanced stress hormonal output 

and subsequent retention whereas stimulation did not affect either. Conversely, 

stimulation, but not inhibition, of avBST input to the ventrolateral periaqueductal gray 

impaired consolidation, whereas neither manipulation affected glucocorticoid secretion. 

These findings indicate that divergent pathways from avBST are responsible for the 

mnemonic effects of avBST inhibition versus stimulation and do so via glucocorticoid-

dependent and -independent mechanisms, respectively. 

 

Introduction 

 

Emotionally arousing experiences produce lasting memories (McGaugh 2003; 

McGaugh 2013), an effect mediated, at least in part, by activation of adrenal stress 

hormones including cortisol (corticosterone, or CORT, in rodents) and epinephrine 

(McGaugh 2000; Gold & van Buskirk 1978; Gold & van Buskirk 1975; Sandi & Pinelo-

Nava 2007; Roozendaal, McEwen, & Chattarji 2009; McGaugh & Roozendaal 2002; de 

Kloet, Oitzl, & Joels 1999). These hormones influence memory consolidation processes 

that occur during the immediate post-learning period and depend on the basolateral 

amygdala for their memory-modulatory effects. For example, amygdala lesions or 

noradrenergic receptor blockade in the amygdala prevent the memory-enhancing effects 

of systemically administered CORT and epinephrine (Liang, Juler, & McGaugh 1986; 

Quirarte, Roozendaal & McGaugh 1997; Fery, Roozendaal, & McGaugh 1999; 

Roozendaal & McGaugh 1996; Roozendaal et al., 2006). The basolateral amygdala, in 

turn, modulates memory consolidation through its interactions with other brain regions, 
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including the bed nuclei of the stria terminalis (BST). Prior work indicates that the memory-

modulatory ability of the amygdala depends on concurrent activation of the BST (Liang & 

McGaugh 1983a; Liang & McGaugh 1983b; Liang, Chen, & Chen 2001), suggesting that 

the BST acts “downstream” from the amygdala in influencing memory consolidation. 

The BST is a complex of heterogeneous regions with distinct functions (Lebow & 

Chen 2016; Gungor & Pare 2016; Daniel & Rainnie 2016; Rodriguez-Sierra, Turesson, 

Pare 2013; Crestani et al., 2013). Whereas previous studies focused on the dorsal BST, 

findings from our laboratory suggest that a different subregion, the anteroventral 

subdivision (avBST), regulates the acute behavioral and physiological responses to 

stressors and emotional arousal (Radley & Johnson, 2018; Johnson et al., 2016). The 

avBST is well-positioned to modulate neuroendocrine responses to stress (Choi et al., 

2007; Cullinan, Herman & Watson 1993; Radley & Sawchenko, 2011; Radley, Gosselink, 

& Sawchenko 2009). It provides a GABAergic input to effector neurons in the 

paraventricular hypothalamic nucleus (PVH) that modulate the hypothalamic-pituitary-

adrenal (HPA) axis and thereby regulate peripheral glucocorticoid levels in response to a 

variety of aversive experiences (Crestani et al., 2013; Radley & Johnson 2018; Johnson 

et al., 2019; Choi et al., 2008; Dong, Petrovich, Watts, & Swanson 2001). Thus, avBST 

and its projections to PVH may serve as a critical central regulator of CORT release during 

the posttraining period of memory consolidation. The avBST also projects to the 

periaqueductal gray (PAG) (Johnson et al., 2016; Dong & Swanson 2006a; 2006b; Wright 

& McDannald 2019), and recent findings implicate the PAG more directly in memory 

consolidation following aversive experiences, either itself as a nodal point or as a relay to 

limbic cortical consolidation networks (Cole & McNally 2009; Arico, Bagley, Carrive, 
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Assareh, & McNally 2017; Johansen, Tarpley, LeDoux, & Blair 2010; Boyden, Zhang, 

Bamberg, Nagel, Deisseroth 2005).  

Together, these findings suggest a rather distinct role for the avBST, compared to 

the dorsal regions of BST previously investigated. To address this issue, the present 

study used an optogenetic approach in rats to control activity of avBST neurons and its 

projections to PVH and ventrolateral PAG following training in a single-trial inhibitory 

avoidance (IA) task. CORT and adrenocorticotropic hormone (ACTH) levels were 

assessed before and after training. Rats’ retention of IA learning was measured two days 

after training. The findings indicate that the avBST→ PVH and avBST→ ventrolateral 

PAG pathways are capable of modulating memory consolidation, via glucocorticoid-

dependent and -independent mechanisms, respectively.  

 

Methods 

 

Animals and treatments.  Adult male Sprague-Dawley rats (225–250g at time of arrival; 

Charles River Labs) were used. Animals were maintained on a 12:12 light/dark cycle 

(lights on at 0600) in an AAALAC-approved vivarium with ad libitum access to food and 

water. Rats were acclimated to the vivarium housing conditions for 7 d prior to surgery. 

All procedures were in accord with the National Institutes of Health’s Guide for the Care 

and Use of Laboratory Animals and were approved by the University of Iowa Institutional 

Animal Care and Use Committee. 
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Surgeries. Rats were anesthetized with 4% isoflurane in oxygen, placed in a stereotaxic 

frame (Kopf Instruments), and received a pre-surgical analgesic (2 mg/kg meloxicam, 

s.c.). Surgical anesthesia was maintained with 1.5–2% isoflurane. A midline incision was 

made down the scalp and a craniotomy was performed above the region of interest. Rats 

received bilateral microinjections (350 nl/ side) of virus solution directed at avBST 

(anteroposterior, AP: -0.10 mm relative to bregma; mediolateral, ML: ±1.20 mm; 

dorsoventral, DV: -7.45 mm). The virus solution contained AAV5 coding either eArch3.0-

eYFP, eNpHR3.0-eYFP, ChR2(E123A)-eYFP, or eYFP alone, all of which were under the 

control of the human synapsin-1 promoter (Chow et al., 2010, Alheid & Heimer, 

1988). Optical fibers (200-µm diameter, 0.37 N.A.; Thorlabs) secured inside of steel 

ferrules (PlasticsOne) were implanted either immediately dorsal to avBST (AP: -0.10 mm; 

ML: 2.35 mm; DV: -6.60 mm; 8°), avBST terminal fields in PVH (AP: -1.55mm; ML: 1.65 

mm; DV: -7.00 mm; 10°), or above the ventrolateral PAG (AP: -7.85 mm; ML: 1.80 mm; 

DV: -5.20; 10°) and then secured with dental cement and surgical screws. After 3-6 weeks 

recovery, rats began the behavioral procedures. 

 

Hormone Assays.  Two days prior to IA training, rats received implants with indwelling 

jugular catheters (Ericsson, Kovacs, Sawchenko 1994; Radley, Arias, Sawchenko 2006).  

Sealed jugular catheters (polyethylene PE 50) with a SILASTIC (Dow-Corning) tip 

containing sterile heparin-saline (50 U/ml) were implanted under isoflurane anesthesia. 

The internalized SILASTIC tip was positioned at the atrium and was exteriorized at the 

interscapular region of the neck. At 0600 on day 1 of the experiment (i.e., a time chosen 

since it coincides with the onset of the diurnal trough of the circadian CORT cycle) 
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(Ericsson, Kovács, & Sawchenko 1994), rats were brought to the procedure room and 

jugular catheters were connected to 1-ml syringes filled with sterile heparinized saline.  

Catheters were flushed with heparinized saline prior to blood collection. After 90 min of 

habituation and prior to the onset of behavioral training, blood samples were collected 

prior to IA training (0 min), and at 10, 30, 60, and 90-min intervals thereafter to monitor 

elevations in stress hormone levels. Upon collection, each sample was immediately 

placed in a chilled conical vial containing 15 µl EDTA/ aprotinin, centrifuged for 20 min, 

and plasma was fractionated for storage at -80 °C. A two-site radioimmunoassay (MP 

Biomedicals) incorporating rabbit antisera raised against ACTH-BSA with I25I-ACTH-BSA 

serving as a tracer was used for measurement of plasma ACTH. Intraassay and 

interassay coefficients of variation for ACTH radioimmunoassay were 3% and 7%, 

respectively. Similarly, plasma CORT was measured without extraction using rabbit 

antisera raised against CORT-BSA with I25I-CORT-BSA serving as tracer (MP 

Biomedicals), with intra/ interassay coefficients of 5% and 10%, respectively, and a 

sensitivity of 8 ng/ml. Catheter viability was consistently >80% across all experiments. 

Rats with failed catheter patency were still included in behavioral analyses.  

 

Drug Treatment.  One experiment involved systemic injections of metyrapone 90 min 

prior to IA training, to reversibly inhibits steroid 11-hydroxylase in the adrenal cortex 

(Sigma). The dose of metyrapone (50 mg/kg, s.c.) was selected as based on prior 

knowledge of its capacity to suppress stress-induced elevations in plasma CORT, without 

leading to significant impairments in memory consolidation following IA training 

(Roozendaal, Carmi & McGaugh 1996; Roozendaal, Bohus, McGaugh 1996). To reach 
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the appropriate concentration, the drug was dissolved in 40% polyethylene glycol and 

diluted with 0.9% saline.  

 

Behavioral Procedures.  All rats were trained on the single-trial step-through IA task 

(Roozendaal, Carmi & McGaugh 1996; Huff, Miller, Deisseroth, Moorman, LaLumiere 

2013; LaLumiere, Buen, McGaugh 2003). The IA apparatus was a trough-shaped box 

segmented into one-third (30 cm) an illuminated white plastic bottom and the remaining 

two-thirds (60 cm) darkened stainless steel. The 60 cm darkened stainless steel portion 

of the apparatus was connected to a shock generator, and timer. A retractable stainless-

steel door separated the two compartments. 

Prior to experimentation, rats were handled for 3 min daily, and habituated for 1 

hour to the procedure room each day for 7 days. During IA training (day 1), rats were 

placed in the enclosed lit compartment to allow for a brief period of acclimation (~10 s). 

The door was then opened to allow free exploration of the apparatus. Upon entry into the 

darkened compartment, the retractable door was closed to prevent the rat from returning 

to the lit side. When the rat reached the end of the dark compartment, it received a single 

inescapable footshock (1.0 mA, 2-s duration for rats transduced with ChR2 in avBST 

neurons; 0.8 mA, 1-s duration for experiments involving transduction with Arch and Halo; 

different footshock intensities were used to prevent floor and ceiling effects, respectively) 

(Huff et al., 2013; Liu, Chen, & Liang 2009; Chen, Bambah-Mukku, Pollonini, Alberini 

2012; Roozendaal, Williams, & McGaugh 1999). Thereafter, the rat was left in the dark 

compartment for 20 s and then removed for optical manipulation and further blood 

collection. For retention testing 48 h later, rats were placed back into the lit compartment 
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of the IA chamber with the door retracted. Rats’ latency (in seconds) to cross into the dark 

compartment was measured and used as the index of retention with a maximum latency 

of 600 s. 

      

Optical procedures.  Surgically implanted optic ferrules were connected to an insulated 

optical fiber directed from a 561-nm (Laser century), or 473-nm light source (OptoEngine). 

Laser output was adjusted to direct 10 mW at the tip of the implanted optical fibers, which 

is sufficient to activate opsins within a 0.46-mm radius of spherical illumination below the 

termination of the fiber optic (Huff et al., 2013, Yizhar, Fenno, Davidson, Mogri, 

Deisseroth 2011). In all experiments, illumination began 20 s following application of 

footshock and continued for 10 min. For Arch and Halo experiments, continuous 561-nm 

light illumination was used. Experiments involving avBST cell body inactivation were 

carried out using Arch, and Halo was used for pathway inactivation, as based on evidence 

that illumination of Arch at axon terminals over a several minute period may paradoxically 

increase spontaneous transmitter release (Yizhar, Fenno, Davidson, Mogri, & Deisseroth 

2011). For ChR2 experiments, trains of 5-ms pulses at either 20 Hz or 40 Hz (Master-9 

pulse generator) were used. Experiments involved the use of controls receiving the same 

illumination parameters as their respective experimental counterparts, unless otherwise 

noted. 

 

Optrode recordings. In a separate experiment, rats were injected with viral solutions for 

the transduction of Arch, Halo, or ChR2 in avBST neurons. Four weeks later, the same 

rats underwent an additional stereotaxic surgery for the implantation of a combined 
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microwire array/optical fiber, or optrode (MicroProbes for Life Science), and recording of 

optically evoked excitation or inhibition of AAV-transduced avBST neurons or separately, 

post-synaptic characterization of single unit PVH and vlPAG neuronal activity following 

avBST terminal excitation and inhibition. Following initial induction of anesthesia, animals 

received an intraperitoneal injection of ketamine (100 mg/kg) and xylazine (10 mg/kg) and 

subsequently maintained at surgical level anesthesia with additional injections of 

ketamine (30 mg/kg), as necessary. The scalp was then retracted, and skull leveled 

between bregma and lambda before commencement of craniotomy above the avBST, 

PVH, or vlPAG of the right hemisphere. Insertion of the ground wire was performed in a 

separate hole and secured to skull screws. The optrode was positioned above avBST, 

PVH, or PAG and slowly lowered (0.1 mm/min) into the most dorsal aspect of each region 

(avBST: DV -7.2mm; PVH: DV -7.45mm; vlPAG: -5.2mm relative to dura).  

Using an online oscilloscope and audio monitor to identify single neurons, neuronal 

recordings were made using a multielectrode recording system (Plexon). Recordings 

were made with the following parameters: avBST neuron recording experiments: 0-15 

min, laser off; 15-30 min, either 473 nm laser pulsed at 20 Hz with 10% duty cycle, or 561 

nm laser on; 30-45 min, laser off. PVH neuron recording experiments: 0-5 min, laser off; 

5-10 min (20 s laser off – 20 s laser on – 20 s laser Off); 10 – 20 min laser on; 20-21 min 

laser off. vlPAG neuron recording experiments: 0-1 min, laser off; 1-2 min 1 Hz to 20 Hz 

ramping 473 nm laser on with 10% duty cycle; 2-5 min 473 nm laser pulsed at 20 Hz with 

10% duty cycle. After the initial recording, the optrode was lowered in 0.15-mm 

increments for a total of 4 recordings. After the recording session, the hardware was 

removed, and animals were prepared for histology (see below). To analyze signals offline 
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and for the removal artifacts, the Plexon Off-line Sorter program was used. All cells that 

fired at rates >0.1 Hz were analyzed. Principle component analysis (PCA) and waveform 

shape were used for spike sorting. All single units exhibited (1) consistent waveform 

shape, (2) separable clusters in PCA space, (3) average amplitude >3 times background 

activity, and (4) refractory periods of <2 ms. Custom MATLAB routines were used to 

analyze neuronal activity.  

    

Histology and tissue processing.  Rats were anesthetized with pentobarbital (Fatal 

Plus; 100 mg/kg, i.p.) and transcardially perfused at a rate of 55 ml/min with 100 ml of 

0.9% NaCl, followed by 900 ml of ice-chilled 4% paraformaldehyde (PFA). Brains were 

then dissected and postfixed in 4% PFA at 4°C for 4 h prior to transfer into a 20% sucrose/ 

potassium phosphate buffer cryoprotectant for overnight storage.  Coronal sections (30 

µm) were collected in a 1:5 series on a sliding microtome (Leica). In all cases, sections 

were stored in a cryoprotectant solution at -20°C. Verification of viral expression, and 

placement of optical probes was performed by visualization of YFP expression under 

epifluorescence with a compound light microscope (Leica) and confirmed based on the 

cytoarchitectonic characteristics for the structures of interest (Paxinos & Watson 2006, 

Swanson 2004). Rats with incorrect placement of virus and/or optic probes were excluded 

from subsequent analyses.  

 

Hybridization histochemistry. In situ hybridization was performed using antisense 

oligonucleotide probes from RNAscope (Advanced Cell Diagnostics, Newark, CA) (Wang 

et al., 2012; Sharpe et al., 2017; Li et al., 2015). This variation of in situ hybridization 
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utilizes DNA Z-blocks containing complimentary 18-25 bp target RNA sequences, a 

spacer sequence, and a 14-base oligonucleotide tail that allows single-cell resolution of 

targeted mRNA with a high degree of specificity. Probes targeting GAD1 (ACDBio catalog 

#316401), vGlut2 (ACDBio catalog #317011), and CRF (ACDBio catalog #318931) were 

obtained and hybridization was performed using RNAscope Fluorescent Multiplex v2 

(Advanced Cell Diagnostics). Visualization was performed using fluorophores 

(Fluorescein, Cyanine 3, Cyanine 5) with fluorescent signal enhancement using a 

modified tyramide signal amplification method (Perkin Elmer). Slides were counterstained 

with DAPI (Thermo Fisher) and cover slipped with ProLong Gold antifade reagent. 

 

Immunohistochemistry. Localization of antigens were performed on free-floating 

sections.  Primary antisera raised against anti-GFP (rabbit polyclonal; Thermo Fisher) 

and GAD-65 (mouse monoclonal; University of Iowa Developmental Studies Hybridoma 

Bank) were visualized respectively with goat anti-rabbit (Alexa 488; Thermo Fisher) or 

goat anti-mouse (Alexa 568; Thermo Fisher). CRF was immunolocalized using an 

antiserum raised against rat CRF (rC68, rabbit polyclonal; Paul Sawchenko, The Salk 

Institute of Biological Studies), followed by incubation with biotinylated goat anti-rabbit 

IgG and streptavidin conjugated Alexa 633 (Thermo Fisher).   

 

Statistics. Plasma levels of stress hormones were analyzed using a repeated measures 

two-way ANOVA with blood collection time point (0, 10, 30, 60, 90 min) as the within-

subjects variable, and optogenetic treatment as the between-subjects factor. Post-hoc 

pairwise comparisons using Fisher’s LSD were used when appropriate (i.e., p < 0.05). All 
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main analyses were considered significant at p < 0.05. Integrated hormone levels (i.e., 

AUC), and retention latency data were analyzed using an unpaired t-test. Data are 

expressed as mean ± SEM.  

 

Data Availability. The data presented in this report are available in Datasets S1-S3. 

 

Results 

 

Anteroventral BST bi-directionally modulates memory consolidation via HPA-dependent 

and independent mechanisms 

Adult male Sprague-Dawley rats received microinjections in avBST with adeno-

associated virus (AAV5) containing the inhibitory opsin enhanced archaerhodopsin 3.0 or 

excitatory channelrhodopsin-2 (E123A) (Arch and ChR2, respectively; (Boyden, Zhang, 

Bamberg, Nagel, Deisseroth 2005; Chow et al., 2010), both fused to enhanced yellow 

fluorescent protein (YFP) and under the human synapsin-1 promoter. These injections 

were targeted to produce expression in a population of GABAergic projection neurons 

within the division of BST considered as “ventrolateral” by De Olmos and colleagues 

(Alheid & Heimer 1988; de Olmos, Beltamino, Alheid 2004) or within fusiform, 

dorsomedial and subcommissural subdivisions according to the nomenclature of Dong 

and Swanson (Dong, Petrovich, Watts, Swanson 2001; Dong & Swanson 2004b; Dong & 

Swanson 2006a; 2006b). Designation of this BST region as “anteroventral” is based upon 

these different taxonomic regimes and its exclusivity from other BST regions dorsal and 

posterior to the anterior commissure. In order to activate or inactivate neuronal cell 
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bodies, optical fibers were implanted above the avBST (FIG. 2.1A). IA training consisted 

of a standard IA apparatus, in which the rat was placed into a brightly lit compartment, 

and then upon crossing into the darkened compartment, received a single inescapable 

footshock (0.8 mA, 1 s duration). In an initial experiment (FIG. 2.1B), rats expressing 

either Arch or YFP in avBST received illumination of avBST for 10 min with 561-nm light 

immediately after IA training. Blood samples were collected from indwelling jugular 

catheters in both groups immediately prior to training (0 min) and at 10, 30, 60, and 90 

min posttraining.      

      Radio-immunometric analysis of plasma levels of ACTH and CORT revealed 

posttraining increases in both groups, with Arch rats displaying a greater enhancement 

relative to YFP controls. For ACTH, repeated-measures ANOVA revealed an interaction 

between group and time (F4,92 = 3.32, p = 0.014) and main effects of group (F1,23 = 14.89, 

p = 0.001) and time (F4,92 = 17.54, p < 0.001). Posttraining avBST inhibition increased 

integrated ACTH responses (area under curve, AUC; t23 = 3.43, p = 0.002) and increased 

ACTH levels at 10 and 30 min (p = 0.003 and 0.012, respectively) relative to the YFP 

control values (FIG. 2.1C). Analysis of plasma CORT revealed main effects of group (F1,23 

= 7.71, p = 0.011) and of time (F4,92 = 101.34, p < 0.001) (no group by time interaction). 

Posttraining avBST inhibition produced an increased integrated CORT response (AUC; 

t23 = 2.92, p = 0.008) and increased CORT levels at 60- and 90 min time points (p = 0.016 

and 0.040, respectively), as compared with YFP control rats (FIG. 2.1D). Two days after 

training, rats were assessed for IA retention by being placed back in the lit compartment, 

and their latency to enter the darkened compartment was utilized as an index of retention. 

Rats that had received avBST inhibition displayed significantly higher retention latencies 
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compared to YFP controls (t25 = 2.50; p = .019) (FIG. 2.1E). To address the possibility 

that posttraining inhibition produced long-lasting changes in avBST that account for the 

altered retention, an additional group of rats expressing Arch or YFP received a 10-min 

illumination period of avBST 3 h after IA training. However, there was no significant 

difference in the retention latencies between the groups (FIG. 2.1F).  

      Given that posttraining administration of glucocorticoids has been shown to 

enhance memory for IA training (Roozendaal & McGaugh 1996a, Roozendaal, Portillo-

Marquez, & McGaugh 1996; Roozendaal & McGaugh 1996b), the memory modulatory 

effect of avBST inactivation may be regulated through its potentiating effects on 

adrenocortical output. To address this possibility, a follow up experiment was carried out 

repeating the same design as shown in FIG. 2.1B, except both groups of rats received 

pretreatment with the corticosterone synthesis inhibitor, metyrapone, 90 min before IA 

training. Previous work indicates that a 50 mg/kg (s.c.) dose of metyrapone given 90 min 

prior to IA training attenuates the induction of glucocorticoids without altering retention on 

its own (Roozendaal, Carmi, & McGaugh, 1996). IA training significantly increased ACTH 

levels, with potentiation of this response in rats receiving avBST inhibition with Arch (FIG. 

2.1G). A repeated-measures ANOVA revealed a main effect for time (F4,56 = 4.82, p = 

0.002) and a nonsignificant trend for avBST inhibition to potentiate the ACTH response 

(F1,14 = 4.21, p = 0.059; no group by time interaction). Additionally, avBST significantly 

increased integrated ACTH values compared to YFP controls (t14 = 2.43, p = 0.029). 

However, metyrapone blunted the CORT response following IA training and prevented its 

potentiation following avBST inhibition (FIG. 2.1H). Repeated-measures ANOVA 

revealed a main effect only for time (F4,60 = 14.92, p = 0.001), but not for group (F4,60 = 
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0.1, p = 0.8), interaction (F4,60 = 0.6, p = 0.6), or effect of inhibition on integrated CORT 

(AUC: t15 = 0.1, p = 0.9). Moreover, metyrapone pretreatment prevented the retention-

enhancing effects following avBST inhibition, as retention latencies did not significantly 

differ between Arch-expressing and YFP control rats (FIG. 2.1I).   

      The next experiment involved activating the avBST in rats expressing either 

ChR2 or YFP for 10 min with 473-nm light (20 Hz, 5-ms pulse width), immediately 

following IA training. For this, the shock amplitude was increased (1.0 mA, 2 s) to ensure 

sufficiently high retention latencies to observe impairments in retention (46-49), as the 

foregoing results suggest that posttraining stimulation of avBST may attenuate retention. 

As before, IA training significantly increased plasma CORT and ACTH in both groups, as 

indicated by main effects of time (ACTH: F4,76 = 14.84, p < 0.001; CORT: F4,76 = 84.55, p 

< 0.001). However, no main effects of group (ChR2 vs. YFP controls) or interaction were 

observed, nor were any differences found in integrated values for either ACTH or CORT 

(FIG. 2.1J, K). Nevertheless, rats receiving avBST stimulation with ChR2 had significantly 

attenuated retention latencies compared to YFP controls (t20 = 2.90; p = 0.009) (FIG. 

2.1L). As with the optical inhibition experiment, a control experiment was conducted in 

which rats expressing either ChR2 or YFP in avBST received the same laser illumination 

(20 Hz for 10 min) 3 h after IA training. However, there was no significant difference in 

the retention latencies between the groups (FIG. 2.1M). Altogether, the findings of these 

initial experiments indicate that the mnemonic effects of avBST inhibition versus 

stimulation occur via glucocorticoid-dependent and -independent mechanisms, 

respectively. 
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      Opsin functionality was verified in rats (n = 2) bearing Arch and ChR2 

expression in the avBST. Optrode recordings of avBST were performed both before and 

during laser illumination (FIG. 2.2). Illumination at 561-nm for 15 min suppressed the 

activity of Arch-expressing neurons (FIG. 2.2C). Similarly, 5-ms pulses (20 Hz for 15 min) 

of 473 nm light increased phasic firing rates of avBST neurons (FIG. 2.2D). Previous work 

found no effect of 15-min of either means of illumination on neuronal responses in avBST 

of rats not expressing the opsin (Johnson et al., 2016), indicating that illumination alone 

has no effect on neural activity. 

 

Circuit basis for avBST enhancement of memory consolidation 

That avBST inhibition potentiated posttraining levels of plasma ACTH in the face 

of constrained CORT levels suggested a mechanism of HPA axis modulation that is more 

purely neuronal rather than dependent on glucocorticoid negative feedback. This raised 

the possibility that the memory-enhancing effect of posttraining avBST inactivation were 

due to disruption of its GABAergic input to (i.e., disinhibition of) HPA effector neurons in 

the PVH and subsequent enhancement of downstream glucocorticoid release. To 

investigate this, avBST neurons were transduced with the inhibitory opsin enhanced 

halorhodopsin 3.0 (Halo) fused to YFP (Han, & Boyden 2007), and implanted optical 

fibers bilaterally above PVH (FIG. 2.3A-C). Immediately following IA training (0.8 mA, 1 

s), half of the rats injected with Halo received continuous illumination of avBST axons in 

PVH with 561-nm light for 10 min, and the other half (i.e., control group) received no 

illumination.  
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      In rats with viral injections centered in the avBST, YFP-fluorescent terminals 

formed a dense innervation of the PVH that ramified within the parvicellular divisions and 

provided relatively sparse innervation outside of the nuclear boundary (FIG. 2.3B). 

Confocal laser-scanning microscopic analysis in PVH revealed extensive colocalization 

of YFP-fluorescent puncta with the GABA synthetic enzyme GAD-65 (FIG. 2.3D-F). In the 

medial parvicellular division of PVH, these dual-labeled puncta were noted to reside in 

close apposition to CRF-immunoreactive secretory neurons (FIG. 2.3F). The GABAergic 

signature of this pathway is consistent with the fact that most neurons in avBST are 

GABAergic, with very few glutamatergic neurons (FIG. 2.3G, H) (Kudo et al., 2012, 

Giardino et al., 2018), and is similar to previous observations (Johnson et al., 2016, 

Culinan, Herman, & Watson 1993; Radley, Gosselink, & Sawchenko 2009).  

      IA training significantly increased plasma ACTH and CORT levels in each 

group, with inhibition of avBST axons in PVH potentiating these responses (FIG. 2.4A, 

B). For ACTH, there were main effects of time, group, and an interaction for time and 

group (F4,92 = 20.04, p < 0.0001; F1,23 =6.36, p = 0.019; F4,92 = 3.21, p = 0.016; 

respectively). For CORT, there were main effects for time and group (F4,92 = 68.15, p < 

0.001; F1,23 = 6.38, p = 0.019). Analysis of integrated ACTH and CORT responses 

revealed significant increases in the inhibition group (t23 = 2.29, p = 0.031; t23 = 2.49, p = 

0.020) (inset in FIG. 2.4A, B). Comparisons of hormone differences at select time points 

after training found increased ACTH values at 10 min and 60 min (p = 0.009 and 0.021, 

respectively) and increased CORT values at 10 min and 90 min (p = 0.009 and 0.046) in 

rats receiving illumination. Consistent with the increased HPA response, illumination of 

avBST axons in the PVH significantly increased retention latencies when assessed 48 h 
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later (t26 = 2.14; p = 0.042) (FIG. 2.4C). To verify the postsynaptic effects of avBST→ 

PVH pathway optogenetic inhibition, rats (n = 2) received avBST microinjections of AAV 

expressing Halo. Four weeks later, optrode recordings in the PVH were performed both 

before and during laser illumination in the PVH (FIG. 2.4D). Inhibiting avBST axons in the 

PVH reliably increased PVH spiking, indicating an inhibitory relationship between avBST 

and its postsynaptic target.  

      To determine whether the memory-impairing effects of avBST stimulation (i.e., 

FIG. 2.1L) also occur via this pathway, avBST neurons were transduced with ChR2 fused 

to YFP or with YFP alone in the control group, and optical fibers were implanted bilaterally 

above PVH. Following IA training (1.0 mA, 2 s), rats received 473-nm light (20 Hz, 5-ms 

pulse width) to PVH for 10 min to stimulate ChR2-transduced avBST axons, with YFP 

controls receiving the same illumination. Although IA training increased plasma CORT 

and ACTH in both groups, avBST→ PVH pathway stimulation with ChR2 did not produce 

any differential effects (FIG. 2.4E, F). Similarly, there were no differences in latencies 

during the 48-h retention test (FIG. 2.4G).  

 

A divergent pathway from avBST accounts for its memory-attenuating effects 

Together, the results described above suggest that the memory-attenuating effects 

of avBST stimulation depends on a separate pathway. Recent evidence suggests that the 

PAG is a more central player in fear learning circuitry than previously appreciated (Wright 

& McDannald 2019; Cole & McNally 2008; Arico et al., 2017; Johansen, Tarpley, Ledoux, 

& Blair 2010; Assareh, Bagley, Carrive, & McNally 2017), raising the possibility that 

avBST stimulation impairs retention via projections to this region.  
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      To investigate this issue, avBST neurons were transduced with either ChR2-

YFP or YFP-only and implanted optical fibers above the ventrolateral PAG (FIG. 2.5A-C). 

Immediately following IA training (1.0 mA, 2 s), both ChR2 and YFP control rats received 

illumination of the axonal pathway from avBST to PAG with 473-nm light (20 Hz, 5-ms 

pulse width) for 10 min. Analysis of YFP innervation of PAG confirmed previous reports 

that the avBST preferentially innervates the ventrolateral subdivision, with a dearth of 

input to more lateral and dorsal regions (Dong, Petrovich, Watts & Swanson 2001; Dong 

& Swanson 2004b). Immunohistochemical analysis in PAG revealed extensive 

colocalization of YFP-fluorescent puncta with the GABA synthetic enzyme GAD-65 (FIG. 

2.5D-F). IA training increased plasma CORT in both groups, with pathway stimulation 

producing no significant differences relative to YFP controls (FIG. 2.5G). Nevertheless, 

posttraining stimulation of this pathway decreased retention latencies as compared with 

YFP controls (t20 = 2.48; p = 0.022) during the 48-h retention test (FIG. 2.5H). Optrode 

recordings in the PAG were performed to verify the postsynaptic effects of avBST→ PAG 

pathway stimulation using the same stimulation parameters as above. Rats (n = 2) 

received microinjections of AAV expressing ChR2 and, 4 weeks later, received 20 Hz 

pulses (5 ms width) of 473 nm light in the PAG. Stimulating avBST axons in the PAG 

transiently decreased neuronal responses (FIG. 2.5I), indicating that there may be an 

inhibitory relationship between avBST and PAG.  

      A final experiment examined whether the memory-enhancing effects observed 

following avBST inhibition could also occur through the pathway involving the 

ventrolateral PAG. avBST neurons were again transduced with Halo fused to YFP or with 

YFP alone in the control group. Following IA training (0.8 mA, 1 s), rats received 
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continuous 561-nm light to the ventrolateral PAG for 10 min to inhibit Halo-transduced 

avBST axons, with YFP controls receiving the same illumination. Posttraining inhibition 

of this pathway did not alter adrenocortical output on the day of training (FIG. 2.5J) and 

did not alter retention 48-h thereafter (FIG. 2.5K). 

 

Discussion 

 

The present findings indicate that the avBST bidirectionally modulates 

consolidation of IA memory via divergent neural pathways. Optogenetic avBST inhibition 

for 10 min after IA training increased pituitary-adrenal responses during the posttraining 

period, as measured by CORT and ACTH, and enhanced retention when tested 2 d 

later. Pretreatment with a glucocorticoid synthesis inhibitor blocked the memory 

enhancement and CORT increase without altering the ACTH response, indicating that 

this memory-modulatory effect was mediated, at least in part, via HPA activation. 

However, posttraining avBST stimulation decreased retention without altering HPA 

output. Subsequent experiments then targeted the avBST inputs to the PVH and PAG. 

Posttraining inhibition of the avBST→PVH pathway mimicked the effects of avBST 

inhibition alone, increasing HPA output and enhancing retention, with stimulation of this 

pathway producing no effects. In contrast, stimulation of the avBST→PAG pathway 

attenuated retention without altering HPA output, with inhibition of this pathway producing 

no effects. Together, these results reveal a role for the avBST in modulating memory 

consolidation through distinct pathways using HPA-dependent and -independent 

mechanisms, respectively. 
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Glucocorticoids, avBST, and PVH 

A substantial body of work indicates that systemic glucocorticoid administration 

enhances memory consolidation for many different forms of learning in rodents, including 

contextual and auditory fear conditioning (Medina et al., 2007; Kaouane et al., 2012; Hui 

et al., 2004; Corderon, Merino, Sandi 1998;  Cordero, Sandi 1998), spatial and novel-

object recognition (Roozendaal & McGaugh 1996; Roozendaal et al., 2003; Okuda, 

Roozendaal, McGaugh 2004; Sandi, Loscertales, Guaza 1997), and inhibitory avoidance 

(Roozendaal, Williams, McGaugh 1999; Sandi, & Rose 1994). Similarly, in humans, oral 

administration of cortisol and increased cortisol secretion induced by cold-pressor stress 

enhance memory consolidation for emotionally arousing stimuli (Buchanan, & Lovallo 

2001; Cahill, Gorski, Le 2003). Prior work indicates that the memory-modulatory capability 

of peripheral stress hormones depends, in part, on activity in the BLA. Following 

emotionally arousing events, glucocorticoids enhance neuronal excitability in the BLA and 

memory consolidation (Duvarci, Parė 2007). Electrophysiological recordings of the BLA 

following IA training reveal time-dependent increases in neuronal activity that crest with 

plasma glucocorticoid concentrations, at around 30 min post-footshock (Pelletier, Likhtik, 

Lilali, Parė 2005). The ability of the BLA to influence memory consolidation, in turn, 

depends on concurrent activity in other brain structures, including the BST (Liang & 

McGaugh 1983a; Liang & McGaugh 1983b; Liu, Chen, & Liang 2009; McGaugh, McIntyre, 

& Power 2002; LaLumiere, McGaugh, & McIntyre 2017). Such work appears to position 

the BST as downstream from the BLA in memory modulation.  
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     Earlier work investigating the role of BST in learning regarded it as having a 

singular function and focused exclusively on dorsal aspects of this structure. More 

recently, heterogeneity in BST functions have been parcellated relative to dorsal (Kim et 

al., 2013a), posterior (Henckens et al., 2017), and ventral (Johnson et al., 2016; Jennings 

et al., 2013a) regions, and these may be further distinguished by distinct neurochemically 

defined subpopulations within and spanning across these regions (Giardino et al., 2018; 

Fetterly et al., 2019; Pomrenze, Fetterly, Winder, & Messing 2017; Marcinkiewcz et al., 

2016). The present study targeted the avBST region, as opposed to dorsal BST, because 

evidence suggests that avBST is capable of potently modulating adaptive responses to 

stressors, particularly HPA axis activity (Choi et al., 2007; Radley, Gosselink & 

Sawchenko 2009; Choi et al., 2008; Radley & Sawchenko 2015; Cullinan, Ziegler, & 

Herman 2008). This suggested the possibility that avBST could influence memory 

consolidation as an upstream regulator of stress responses.  

     Indeed, the first central finding of the present study reveals a novel role for the 

avBST in regulating memory consolidation. In particular, the results indicate that avBST 

activity alters consolidation via the regulation of glucocorticoid secretion through its 

GABAergic input to the HPA effector region of the PVH. This suggests that, in contrast to 

studies on the dorsal aspects of BST, avBST acts upstream from BLA-dependent 

processes by regulating glucocorticoid secretion. Interestingly, inhibition, but not 

stimulation, of the avBST→ PVH pathway altered memory consolidation and HPA output. 

Thus, the current findings suggest that activity of this circuit is necessary, but not 

sufficient, to restrain the extent of HPA output following an aversive experience which, in 

turn, reduces the strength of the resulting memory of the experience. Along these lines, 
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diminished activity in this pathway may provide an endogenous mechanism for 

augmenting HPA output and memory consolidation following an emotionally arousing 

event.   

      As each major BST subdivision expresses the type II glucocorticoid receptor 

(McEwen, de Kloet, Rostene 1986; Aronsson et al., 1988; Ahima & Harlan 1990), this 

raises the possibility that HPA axis activation influences avBST and its modulation of 

memory consolidation. However, the present results indicate that posttraining avBST 

inhibition was accompanied by increases in plasma ACTH even when metyrapone 

administration prevented the footshock-induced increase in CORT, suggesting that the 

ability of avBST to regulate the HPA axis involves some degree of independence from 

feedback influences of CORT (Fig. 1G) (e.g., see Kim, Han & Iremonger 2019). This 

supports the idea that the memory-modulatory influences of avBST occur via a circuit-

based mechanism involving PVH rather than via glucocorticoid feedback. Nevertheless, 

the possible involvement of BST-glucocorticoid receptor effects on memory consolidation 

at later times after training warrants consideration in future studies. 

 

avBST and PAG 

The second central finding from the present study is that avBST inputs to the 

ventrolateral PAG also influence memory consolidation and do so in a manner 

independent of HPA axis modulation. These results build on recent evidence implicating 

the PAG more directly in learning than previously appreciated (Wright & McDannald 2019; 

Johansen, Tarpley, LeDoux & Blair 2010; McNally, Johansen, & Blair 2011), although the 

precise role of the PAG in aversive learning is still not clear. Whereas past studies suggest 
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that the ventrolateral PAG is involved in the expression of conditioned freezing responses 

and defensive behaviors (LeDoux, Iwata, Cicchetti, Reis 1988; Tovote et al., 2016), there 

is also a growing appreciation for the role of the ventrolateral PAG in the acquisition of 

fear conditioning. A current perspective is that the ventrolateral PAG relays aversive 

instructive signals, presumably to other brain regions (e.g., the BLA during auditory 

Pavlovian fear conditioning) to enable learning-related plasticity (McNally, Johansen, & 

Blair 2011). This view is based upon evidence that ventrolateral PAG modifies aversive 

stimuli-evoked activity in the BLA (Johansen, Tarpley, LeDoux & Blair 2010), whereas 

chemogenetic, optogenetic, and pharmacological manipulations of the ventrolateral PAG 

disrupt acquisition of conditioned fear (Wright & McDannald 2019; Arico, Bagley, Carrive, 

Assareh, & McNally 2017;  Johansen, Tarpley, LeDoux & Blair 2010; Assareh, Bagley, 

Carrive, & McNally 2017; McNally, Johansen, & Blair 2011; Watson, Cerminara, Lumb, & 

Apps 2016). Another recent study found that enhanced activity in the ventrolateral PAG 

reflects an increased probability of threat onset (e.g., footshock) (Wright & McDannald 

2019). As the present results found that stimulation of GABAergic avBST inputs to the 

ventrolateral PAG impaired retention, this raises the possibility that such activity disrupts 

the ability of the PAG to convey this instructive signal as part of a memory consolidation 

process and warrants more careful consideration of this novel circuit for future studies. 

However, inhibition of this pathway did not alter consolidation, suggesting a lack of activity 

in this pathway at least in the present experimental circumstances. 

     One outstanding question concerns the temporal sequence for how the 

avBST→ ventrolateral PAG pathway modulates memory consolidation. As the present 

study involved manipulations of the avBST→ ventrolateral PAG pathway after IA training, 
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this more directly implicates the ventrolateral PAG in memory consolidation that is neither 

directly connected with acquisition or expression and points to the avBST as an important 

upstream modulatory influence. Indeed, it appears that the same circuits and structures 

(e.g., PAG) that generate defensive behaviors and stress-adaptive responses are also 

important after an aversive event for influencing memory consolidation. 

      Nonetheless, the present findings support the ability of avBST activity to 

modulate memory consolidation in a bidirectional manner. Although activity in this 

structure appears to be both necessary and sufficient for enhancing and attenuating 

retention, respectively, a surprising finding was that each effect depended on distinct 

pathways involving PVH and the ventrolateral PAG, respectively. Recent evidence 

implicates these pathways in the modulation of endocrine and behavioral stress-adaptive 

behaviors (Radley & Johnson, 2018; Johnson et al., 2016), whereas diminished activity 

may account for some of the endocrine and behavioral disturbances that are common in 

stress-related psychiatric disorders. The fact that all manipulations in the current study 

were given during the posttraining period enables the distinction between the role of the 

circuits in adapting to exposure to the stressor and their role in altering mnemonic 

processes following an aversive learning event. Nevertheless, additional work is needed 

to assess whether the avBST and related circuitry have distinct roles in stress adaptation 

and memory modulation under naturalistic conditions. Considering the persistence or 

over-saliency of memories that occurs in a variety of stress-related pathologies such as 

post-traumatic stress disorder, avBST dysfunction may provide a novel mechanism 

connecting stress susceptibility to the mnemonic components of stress-based disorders. 
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Figure 2.1. Posttraining manipulation of avBST activity bi-directionally modulates 
IA memory consolidation.  
A: Diagram illustrating the experimental timeline.  Posttraining inhibition and stimulation 
of avBST were conducted in serial experiments and were compared with AAV5-YFP 
control rats receiving identical illumination, respectively. B: Examples of fiber optic 
implants targeted toward the region immediately dorsal to the avBST for illumination.  
Circles represent rats from separate experiments, first for Arch inhibition (green, n=13; 
n=11 for metyrapone + Arch group in G-I), and next for ChR2 activation (blue, n=10) of 
avBST neurons. Coronal atlas images adapted from Swanson (92). C, D: Shown are 

mean  SEM of plasma ACTH (C) and CORT (D) in control and Arch groups before (0 
min) and at various intervals following IA training. Both hormones are significantly 
increased in the Arch group at various intervals following illumination. Inset in C, D: 
Integrated ACTH and CORT responses (area under the curve, AUC) were also 
significantly increased in the Arch versus YFP groups. E, F: Inhibition of avBST neurons 
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in the Arch group immediately posttraining increased retention latencies when measured 
48 h later (E), but not when inhibition was administered 3-h posttraining (F). G, H: Mean 

 SEM of plasma ACTH and CORT in control and Arch groups before (0 min) and at 
various intervals following IA training following pretreatment with a glucocorticoid 
synthesis blocker (metyrapone). Inhibition of avBST with Arch potentiated the increase in 
plasma ACTH levels, whereas CORT levels were not distinguishable between Arch and 
control groups due to pre-treatment with metyrapone. Inset in G, H: Integrated ACTH and 
CORT responses (area under the curve, AUC) in Arch and YFP groups. I: Posttraining 
inhibition of avBST neurons failed to enhance retention latencies when assessed 48 h 
later. J, K: Plasma levels of ACTH (J) and CORT (K) were not significantly altered by 
posttraining activation of avBST neurons with ChR2. L, M: ChR2 rats displayed 
significantly decreased retention latencies relative to YFP controls (L) when assessed 48 
h later, whereas stimulation with ChR2 at 3-h posttraining had no effect (M). *, p < 0.05. 
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Figure 2.2. Characterization of avBST neuronal activity before and during 
optogenetic manipulations.  
A: Schematic diagram (left) illustrating AAV injection and optrode placement during the 
recording during inhibition and excitation (green and blue, respectively). Epifluorescent 
image (right) displays an implant (dashed line) for neurophysiological activity recordings 
made ventral to the anterior commissure (ac). Scale bar, 300 µm: B: Raster plot (top) 
and summary histogram (bottom) of action potentials over a 15-min recording session in 
the absence of illumination. C: Raster plot (top) of action potentials in the same neuron 
as above (in B), in the presence of continuous 561-nm light over a 15-min recording 
session. The summary histogram (bottom) reveals a decrease in frequency relative to 
baseline activity above. D: Raster plot (top) of action potentials in the presence of 20-Hz 
pulses of 473-nm light over a 15-min recording session, and summary histogram 
(bottom), illustrating light-evoked neuronal activity.  Blue bars indicate 5-ms laser pulse.  
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Figure 2.3. Role of avBST–GABAergic input to PVH in the enhancement of memory 
consolidation.   
A: Midsagittal diagram depicting AAV5 microinjection into avBST and fiber optic 

placement above PVH to assess avBST→ PVH pathway involvement in the posttraining 

modulation of HPA activity and consolidation of IA learning.  B: Fluorescent image 

illustrating the distribution of YFP-labeled terminal fields in PVH following injection in 

avBST. Fiber optic implant is shown by dashed gray outline in the upper left. Scale bar: 

200 µm C, Examples of fiber optic implants targeted toward the region immediately 

dorsal to the PVH for illumination. Different colored circles represent rats from separate 

experiments, first for Halo inhibition (green, n=15), and next for ChR2 activation (blue, 

n=15) of the avBST→ PVH axonal pathway.  D: Confocal fluorescent images depict 

YFP immunoreactivity in the medial parvicellular subdivision of PVH following AAV 

injection in avBST, and GAD-65, the 65 kDa form of GAD, a synthetic enzyme for GABA 

(E).  F: Composite of images in D and F, with the addition of immunolocalization of CRF 

(cyan). Numerous instances of YFP+/ GAD+ puncta were noted to make appositions 
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with CRF-labeled neurons (arrowheads).  G, H: Fluorescent images showing in situ 

hybridization of GAD67 (G) and VGLUT2 (H) mRNA in avBST and its vicinity.  ac, 

anterior commissure; dm, avBST dorsomedial subdivision; fu, avBST fusiform 

subdivision; PS, parastrial nucleus; sc, avBST subcommissural subdivision. Scale bar 

(in D): D-F, 20 µm; G-H, 100 µm.   
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Figure 2.4. Functional evidence that avBST→ PVH pathway inactivation enhances 
memory consolidation.   

A, B: Mean  SEM of plasma ACTH (A) and CORT (B) in no-laser control and laser Halo 
groups before (0 min) and at various intervals following IA training. Both hormones are 
significantly increased in the Halo group at various intervals following illumination. Inset 
in A, B: Integrated ACTH and CORT responses (area under the curve, AUC) were also 
significantly increased in the Halo versus control groups. C: Posttraining inhibition of 
avBST neurons enhanced retention when measured 48 h later. D: Raster plots (top) of 
action potentials over a 15-min recording session in the absence (gray) and presence 
(green) of 561-nm illumination. The summary histogram (bottom) reveals an increase in 
frequency relative to baseline activity above. E-G: avBST→ PVH pathway stimulation with 
ChR2 failed to alter posttraining levels of plasma ACTH (E) and CORT (F), or retention 
latencies (G) when assessed 48 h later. *, p < 0.05. 
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Figure 2.5: Circuit basis for avBST attenuation of memory consolidation.   
A: Midsagittal diagram depicting AAV5 microinjection into avBST and fiber optic 
placement above PAG.  B: Fluorescent image illustrating the distribution of YFP-labeled 
terminal fields in ventrolateral PAG following injection in avBST. Fiber optic implant is 
shown by dashed gray outline.  C: Examples of fiber optic implants targeted toward the 
region immediately dorsal to the ventrolateral PAG for illumination. Different colored 
circles represent rats from separate experiments, first for stimulation with ChR2 (blue, 
n=9) and next for inhibition with Halo (green, n=14) of the avBST→ ventrolateral PAG 
axonal pathway.  D-F: Confocal fluorescent images show YFP immunoreactivity in the 
ventrolateral PAG following AAV injection in avBST (D), GAD-65 immunofluoresence (E), 
and a composite of these images (F) illustrating instances of YFP+/ GAD+ colocalization. 

Scale bar (in D): B, 250 µm; D-F, 20 µm. G: Mean  SEM of plasma CORT in YFP and 
ChR2 groups before (0 min) and at various intervals following IA training. Inset in G: 
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Integrated CORT responses (AUC). H: Posttraining stimulation of the avBST→ 
ventrolateral PAG pathway with ChR2 attenuated retention latencies, when measured 48 
h later. I: Raster plot (top) of action potentials in the presence of 20-Hz pulses of 473-nm 
light over a 15-min recording session, and summary histogram (bottom), illustrating light-
evoked neuronal activity. Blue bars indicate 5-ms laser pulse. J, K: avBST→ PVH 
pathway inhibition with Halo failed to alter either posttraining levels of plasma CORT (I), 
or retention latencies (J) when assessed 48 h later. *, p < 0.05. 
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CHAPTER III: 
 

Evidence for involvement of a prefrontal-bed nucleus of the stria terminalis circuit 
in constraining contextual fear memory generalization 

 
Abstract 

 

Generalization of fear is an adaptive neurobiological process conserved across 

species. Nevertheless, dysregulation of the neural systems that mediate fear 

generalization has been implicated in the development of a variety of stress-related 

psychiatric illnesses, including PTSD. In stress-related psychiatric disease, excessive 

fear generalization is characterized by an enhanced memory for the core traumatic event, 

and a disrupted disambiguation of peritraumatic elements (i.e., cues or contexts) 

producing an excessive fear to environmental stimuli which have never been explicitly 

associated with danger. It is well documented that the end-products of the hypothalamo-

pituitary-adrenal axis (HPA), glucocorticoids (cortisol in humans and corticosterone 

[CORT] in rodents), have an important modulatory role in memory consolidation and 

contribute to fear generalization. However, little is known about the stress-modulatory 

systems that regulate endogenous glucocorticoid activity and how these are engaged to 

mediate fear generalization. Our prior work combining optogenetic, behavioral, and 

neuroendocrine approaches highlight the bed nuclei of the stria terminalis (BST) as an 

important interface between HPA-related information processing and prefrontal cortical 

regions tasked with the regulation of emotional memory. Here we used intersectional viral 

approaches to characterize a subsection of prefrontal input to BST originating from the 

rostral end of the prelimbic region (rPL) and interrogate its involvement in regulating 

context fear generalization. We applied optical and electrophysiological methods for 
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monitoring and manipulating neural activity immediately following training on a modified 

inhibitory avoidance (IA) procedure to target posttraining consolidation processes, as this 

period is critical for mediating the emergence of long-term fear generalization. We found 

that rPL is broadly mobilized following IA training and provides discrete input to the caudal 

end of the anterior BST and targets GAD1, but not vGlut2, expressing neurons that in turn 

provide input to a distributed network of threat processing regions. BST is similarly 

robustly recruited following footshock training, and posttraining optical inhibition of the 

rPL-BST pathway in adult male Long-Evans (LE) rats with eNpHR3.0 exaggerated 

posttraining CORT responses and was associated with increased avoidance to a novel 

chamber 48hrs later. Separately, we used pre-exposure to a neutral context to encourage 

later generalization of fear. Here, posttraining optical activation of the rPL-BST pathway 

with ChR2 (E123A) prevented generalization 48hrs later to the neutral context without 

affecting avoidance to the training context. Together, these data provide evidence for a 

novel circuit tasked with regulating posttraining consolidation processes that contribute to 

the emergence of generalized fear.   
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Introduction 

 

Generalization of fear is a fundamental adaptive neurobiological process 

conserved across species that is critical for survival. Organisms utilize environmental 

information from previous fearful experiences to shape behavioral responses to novel 

situations where the presence of a threat is uncertain. Provided the perception of threat 

is high, organisms may express a range of defensive behaviors deemed most likely to 

navigate the threat successfully. Although generalization is necessary for an organism to 

predict the presence of threat and select the appropriate behavioral response, in humans, 

generalization of fear to environments or to cues that bear little similarity to previous 

fearful experiences is a hallmark of stress-related psychiatric disease. Given the ubiquity 

of generalization processes in adapting to complex environmental changes, there is a 

critical need to better understand the neural systems that restrict fear generalization 

during periods of uncertainty and the underlying perturbations that lead to the 

exaggeration of these responses.  

Severity of threat encounter, prior stress and enhanced stress-hormone 

responding contribute toward the saliency of an event and modulate later generalization 

(dos Santos Corrêa et al., 2019; Bahtiyar et al., 2020; Asok, Kandel & Rayman 2018). 

The medial prefrontal cortex (mPFC) is involved in the regulation of affective memory (Xu 

& Südhoff 2013; Cullen et al., 2015; Antoniadis & McDonald, 2006; Gilmartin, Balderston 

& Helmstetter 2014) and shows alterations in activity (Yuen, Karatsoreos, Feng, McEwen 

& Yan 2009) and morphology (Anderson et al., 2016; Anderson et al., 2020) following 

either prior stress or increased stress-hormone responding. Moreover, the mPFC projects 
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to the lateral and ventrolateral periaqueductal gray (l/vlPAG)( Vertes 2004) and the bed 

nucleus of the stria terminalis (BST)(Johnson et al., 2019; Radley, Gosselink & 

Sawchenko 2009; McDonald, Shammah-Lagnado, Shi, & Davis 1999; Chiba, Kayahara, 

& Nakano 2001; Dong, Petrovich, & Swanson 2001), two structures involved in the 

acquisition (Wright & McDannald 2019; McNally, Johansen, & Blair 2011; Hammack, 

Todd, Kocho-Schellenberg, & Bouton 2015; Goode & Maren 2017; Zimmerman & Maren 

2011; Bjorni, Rovero, Yang, Holmes, & Halladay 2020), consolidation (Lingg et al., 2020; 

Bruzsik et al., 2021) and expression (Ressler, Goode, Evemy, & Maren 2020; Goode, 

Ressler, Acca, Miles, & Maren 2019) of fear during periods of uncertainty. In addition, 

both the vlPAG and BST are involved in the regulation of stress hormone responding 

through direct GABAergic projections to the paraventricular hypothalamus (Floyd, Keay, 

Arias, Sawchenko, & Bandler 1996; Johnson et al., 2016; Johnson et al., 2019; Radley, 

Gosselink & Sawchenko 2009; Radley & Sawchenko 2015; Herman, Cullinan, & Watson 

1994a; Herman, Cullinan, & Watson 1994b). Thus, the mPFC is well positioned to 

integrate context information regarding threat with stress hormonal status through an 

interaction with the BST and/or vlPAG to disambiguate environmental stimuli most 

relevant for predicting threat. 

Historically, fear generalization in rodents has been investigated using either 

context or auditory-fear conditioning (Asok, Kandel, & Rayman 2019; Lashley & Wade 

1946). During conditioning an aversive stimulus is paired with a particular context or tone. 

When tested later, rodents will exhibit high levels of fear-related behavior (e.g., freezing, 

avoidance) when re-exposed to the context or tone associated with the aversive stimulus 

(Maren 2001). If the rodent is exposed to a stimulus that shares similar features (Rozeske 
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et al., 2015; Rozeske et al., 2018; Maren 2001) or is temporally linked (Cai et al., 2016) 

with the original context or tone, a similarly high degree of fear behavior will be produced, 

indicative of fear generalization. Conversely, a reduction in fear behavior is evident if the 

rodent is exposed to a context/tone that is sufficiently different, or not temporally linked 

(Cai et al., 2016) from the original aversive one and this distinction may be termed fear 

discrimination. Prior work has shown that lesions of the prefrontal cortex before 

conditioning impair context fear discrimination (Antoniadis & McDonald 2006), and more 

recently that prefrontal projections to the vlPAG are involved in mediating the expression 

of fear discrimination (Rozeske et al., 2018). However, the prefrontal projections that are 

involved in the initial consolidation of an aversive event and how perturbations to this 

process mediate later generalization and whether this is associated with alterations in 

neuroendocrine responding remain unknown.  

Here we sought to disentangle the circuit and hormonal processes underlying the 

emergence of fear generalization using an inhibitory avoidance paradigm modified for 

context discrimination. We identify a role for a prefrontal to bed nucleus of the stria 

terminalis projection (mPFC-BST) in preventing context fear generalization and gating 

posttraining neuroendocrine responses.  

 

Methods 

 

Subjects. Adult male Long-Evans or Sprague-Dawley rats, 225-250g at time of arrival 

(Charles River Laboratories) were used for all experiments. Upon arrival, rats were 

acclimated for at least 7 days prior to surgery in an AALAC-approved vivarium with ad 
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libitum access to food and water. All procedures were approved by the University of Iowa 

Institution Animal Care and Use Committee and in accordance with National Institutes of 

Health Guide for the Care and Use of Laboratory Animals.  

 

Surgeries. Optogenetic/Fiber Photometry Experiments. Rats were anesthetized with 4% 

isoflurane in oxygen, then placed in a stereotaxic frame (Kopf Instruments) and received 

a presurgical analgesic (2mg/kg Meloxicam, s.c). Surgical anesthesia was maintained at 

1.5-2% isoflurane. Rats received bilateral microinjections (350nL per side) of adeno-

associated virus solution directed at avBST (anteriorposterior, AP: -0.18mm relative to 

bregma; mediolateral: ±1.20mm; dorsoventral, DV: -6.75mm) and rostral prelimbic [rPL; 

(AP): 3.85mm; (ML); 0.85mm; (DV); 3.00mm]. Following AAV injection, steel ferrules 

(Plastics One) fitted with fiber optics (200 µm diameter, 0.37 NA; Thorlabs) for optogenetic 

experiments were placed bilaterally immediately dorsal to avBST [(AP): -0.18mm; (ML): 

2.35; (DV): -6.55mm; 6°] and then secured with dental cement and surgical screws. Fiber 

photometry experiments involved unilateral AAV injections, and optic placements directed 

at the same rPL or avBST coordinates. Rats were allowed to recover for >5wks, and then 

were habituated to a holding room where blood collection occurred and handled daily by 

an experimenter for 1 week prior to behavioral procedures. 

 

Hormone assays. Two days prior to IA training, rats were implanted with indwelling 

jugular catheters as described elsewhere (Ericsson, Kovács, & Sawchenko 1994; Radley, 

Arias & Sawchenko 2009). Under isoflurane anesthesia, polyethylene (PE-50) tubing 

containing sterile heparin-saline (50 U/mL) were implanted with its internal SILASTIC 
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(Dow Corning) tip positioned at the atrium and the remaining length exteriorized at the 

nape in the interscapular region. On the experiment day, and at the beginning of the 

circadian trough (0600 hr), rats were brought to a procedure room where the jugular 

catheters were connected to 1mL syringes containing sterile heparin-saline. Following 

>90 min habituation, blood samples (~200 µL) were taken prior to IA training (0 min) for 

baseline estimation of corticosterone (CORT) and adrenocorticotropic (ACTH) hormone 

levels. Subsequent samples were taken immediately following IA training at repeated 

intervals (+10min, 30, 60, 90). Each sample was immediately place in a chilled 1.5mL 

microcentrifuge tube containing 15 µL EDTA/aprotinin and centrifuged for 20 min prior to 

plasma fractionation and storage at -80°C. Plasma ACTH were measured using a two-

site radio-immunometric assay (MP Biomedicals) with I-125 as a tracer. Intra- and inter-

assay coefficients of variation were 3% and 10%, respectively. Assay sensitivity was 

1.5pg/mL. Plasma CORT was measured without extraction with rabbit antisera raised 

against corticosterone-BSA with 125I-corticosterone-BSA as a tracer (MP Biomedicals). 

Intra- and inter-assay coefficients of variation were 5% and 10%, with a sensitivity of 

8ng/mL. 

 

 

Behavioral Procedures. All rats were trained on a single-trial step-through inhibitory 

avoidance (IA) task (Medina et al., 2007; Huff et al., 2013), with modified procedures to 

assess discrimination and generalization, as based on (Atucha & Roozendaal 2015; 

Atucha et al., 2017). Multiple IA apparatuses were used, each of a similar general design, 

albeit with distinct contextual modifications. General features of the IA apparatus were a 
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trough-shaped box segmented into two compartments; one illuminated white plastic 

bottom and the remaining area darkened stainless steel. The darkened stainless-steel 

portion of the apparatus was connected to a shock generator, and timer. A retractable 

stainless-steel door separated the two compartments. IA chambers were made distinct 

with the following features: #1 had no context modifications and was cleaned with 70% 

Ethanol prior to training and testing for each animal, #2 had six 2-inch white strips of tape 

separated by ~2-inches placed on each wall of the darkened compartment and was 

cleaned with a citrus scented surface cleaner. Fiber photometry and electrophysiological 

experiments utilized IA chambers that had larger walls to accommodate head-stage 

equipment.  

Discrimination Test: Prior to experimentation, rats were handled for 3 min daily, 

and habituated for 1 hr to the procedure room for 7d. During training (Day 1), rats were 

placed in the enclosed lit compartment of the shock IA chamber and briefly allowed to 

acclimate (~10s). The retractable door was then opened to allow free exploration of the 

entire apparatus. Upon entry into the darkened chamber, the door was closed to prevent 

the rat from returning to the lit side. The rat was then allowed 20s prior to receiving a 

single inescapable footshock (0.8mA, 1-s duration). The rat remained in the chamber for 

20s and then removed for optical manipulation and further blood collection. 48hrs later, 

rats were placed in the lit compartment of either the original training context, or the 

modified context (in a pseudo-randomized way) with the door retracted. Rats’ latency (in 

seconds) to cross into the darkened compartment was measured and used as an index 

of retention with a maximum latency of 600s. Rats were immediately transferred to an 

adjacent room for testing in the remaining context.  
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Generalization Test: Rats were handled prior to experimentation, as described 

above. During training (Day 1), rats were placed in the lit compartment of the contextually 

modified IA chamber with door retracted and allowed 1 min to explore the entire chamber. 

Rats were then transferred to an adjacent room containing the shock IA chamber and 

were subsequently placed into the lit compartment prior to being allowed entry into the 

darkened compartment and footshock training. A more intense shock (0.8mA, 2s 

duration) was used here to help bias animal responding toward generalization (dos 

Santos Corrêa et al., 2019; Kaouane et al., 2012). The rat was left in the dark 

compartment for 20s prior to removal and optical manipulation. For avoidance testing 

48hr later, rats were placed in the lit compartment of the contextually modified IA chamber 

first. Rats’ latency (in seconds) to cross into the darkened compartment was measured. 

Immediately following, rats were transferred to the shock IA chamber and similarly tested 

for latency to enter.      

 

Photoillumination Parameters. Rats bearing ChR2-DIO microinjections and mCherry 

control counterparts received 473nm laser light (OptoEngine) pulses at 20Hz (5ms width; 

Master-9 pulse generator). Halorhodopsin (HALO) and control animals received constant 

561nm laser light (Laser Century). Laser power for all experiments was adjusted to deliver 

~10mW power at the tip of the implanted fiber optic, which has been reported to be 

sufficient to activate opsins within a 0.46 radius sphere below the termination of the fiber 

tip (Huff et al., 2013; Yizhar, Fenno, Davidson, Mogri, & Deisseroth 2011).  
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Neurophysiological recordings and analyses. A multi-electrode recording system 

(Plexon, Dallas, TS) was used for neuronal ensemble recordings. In each animal, the 

common average reference (CAR) was used for referencing, preserving 16 electrodes 

per animal.  

The Plexon Off-Line Sorter program was used for neuronal preprocessing. Spike 

activity was analyzed for all cells that fired at rates above 0.1 Hz. Principal component 

analysis (PCA) and waveform shape were used for manual spike sorting. Units selected 

for additional analyses had (1) consistent waveform (Emmons, de Corte, Kim, Parker, 

Matell, & Narayanan 2017), (2) distinct clustering in PCA space, and (3) refractory period 

of <2ms. Analysis of neuronal activity was performed using custom routines in MATLAB. 

FP activity was performed with Brainstorm (Tadel et al. 2011), which is documented and 

freely available for download online under the GNU general public license 

(http://neuroimage.usc.edu/brainstorm).). FP data were down sampled to 100Hz and 

band-pass filtered to select between 0.7Hz to 30Hz for further analysis. Power spectral 

densities were calculated using Welch’s method and time frequency data was calculated 

using a Morlet wavelet transformation. Values were averaged across animals (n = 3 or 4, 

depending on event) by electrode number, yielding 16 data points per event of interest.   

A separate group of rats bearing either dual viral preparation for excitation or 

inhibition of the rPL-BST pathway (See Table 1 for Virus List) underwent neuronal 

recording procedures for verification of opsin functionality. At least 4 wks after viral 

microinjection, animals underwent stereotaxic surgery for implantation of a 16-wire 

microelectrode with optical fiber, or “optrode” (MicroProbes for Life Science). Rats 

underwent a surgical level of anesthesia induced by intraperitoneal injection of ketamine 

http://neuroimage.usc.edu/brainstorm
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(100mg/kg) and xylazine (10mg/kg). Supplementary injections of ketamine (30mg/kg) 

were given as needed. For optrode implantation, the scalp was retracted, and skull 

leveled between bregma and lambda. A craniotomy was made above either rPL or avBST 

of the right hemisphere. An additional hole for a single skull screw was made for 

connection to ground wire.  

The optrode was slowly lowered (0.1mm/min) into the dorsal-most aspect of either 

the rPL or avBST. Neuronal recordings were made using a multielectrode recording 

system (Plexon). To determine whether regions were modulated by photoillumination, we 

recorded with the following parameters: 0-10 min, no laser on; 10-20 min, 473nm laser 

pulsed at 20Hz with 10% duty cycle or 561nm laser on; 20-30min no laser on. The optrode 

was then advanced ventrally by 0.3mm three times for a total of four recordings. After the 

recording session, the optrode was removed and animals were prepared for histology. 

 

Fiber Photometry. Synapse software controlling a RZ10x lock-in amplifier (Tucker-Davis 

Technologies) were used to acquire fiber photometry data. 465nm and 405nm LEDs were 

used as light sources for illumination of GCaMP8s or GCaMP7f to record calcium-

dependent and isosbestic changes, respectively. Light intensities were set to obtain ~50 

µW power at the tips of optic fibers. Experimental timestamps (e.g., avoidance latency, 

footshock) were acquired using TTL pulses generated by the recording apparatus. Raw 

data were transferred to Z-Score ΔF/F values and aligned to experimental timestamps by 

using the open-source analysis software (pMAT) (Bruno et al., 2021). Further analyses 

of fiber photometry data were performed using custom routines in MATLAB.  
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Histology and Tissue Processing. Upon completion of experiments, rats were 

anesthetized with pentobarbital (Fatal Plus; 150mg/kg i.p) and then perfused with 100mL 

0.9% NaCl, then 660mL of ice-cold 4% paraformaldehyde (PFA) at a rate of 55mL/min. 

Brains were then harvested and postfixed in 4% PFA at 4°C for 6 hr, then placed in 

cryoprotectant (20% Sucrose/KPBS) for an additional 18hrs. Coronal sections (30 µm) 

were collected in a 1:5 series on a sliding microtome (Leica). In all cases, sections were 

stored in a cryoprotectant solution at -20°C. Verification of viral expression and placement 

of optical probes was performed by visualization of mCherry expression under 

epifluorescence with a compound light microscope (Leica) and confirmed based on 

cytoarchitectonic characteristics for the region of interest (Paxinos & Watson, 2006; 

Swanson 2004). Rats with incorrect placement of virus or optic probes were excluded 

from subsequent analyses.  

 

Hybridization Histochemistry. In situ hybridization was performed using RNAscope 

(Advanced Cell Diagnostics) (Wang et al., 2012). Probes targeting GAD1 (ACDBio 

catalog #316401), vGlut2 (ACDBio catalog #317011), and mCherry (ACDBio catalog 

#513201) were obtained and hybridization was performed using RNAscope Fluorescent 

Multiplex v2 (Advanced Cell Diagnostics). Visualization was performed using 

fluorophores (Fluorescein, Cyanine 3, Cyanine5) with fluorescent signal enhancement 

using a modified tyramide signal amplification method (Perkin-Elmer). Slides were 

counterstained with DAPI (Thermo Fisher) and cover slipped with ProLong Gold antifade 

reagent. 
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Immunohistochemistry. Free-floating sections of coronal tissue were used for 

localization of antigens. Primary antisera raised against anti-GFP (rabbit polyclonal; 

Thermo Fisher), mCherry (chicken polyclonal; Abcam), GAD-65 (mouse monoclonal; 

University of Iowa Developmental Studies Hybridoma Bank) were visualized respectively 

with goat anti-rabbit (Alexa 488; Thermo Fisher), goat anti-chicken (Alexa 555; Thermo 

Fisher) or goat anti-mouse (Alexa 680; Thermo Fisher). CRF was immunolocalized using 

an antiserum raised against rat CRF (rC68, rabbit polyclonal; Paul Sawchenko, The Salk 

Institute of Biological Studies, La Jolla, CA), followed by incubation with biotinylated goat 

anti-rabbit IgG and streptavidin-conjugated Alexa 633 (Thermo Fisher).  

 

Statistics. Plasma levels of stress hormones were analyzed using a repeated measure 

two-way ANOVA with blood collection time point (0,10,30,60,90min) as the within-

subjects variable, and optogenetic treatment as the between-subjects factor. Post hoc 

pairwise comparisons using Fisher’s least significant difference were used when 

appropriate. Integrated hormone levels (i.e., AUC) were analyzed using an unpaired t-

test. Avoidance latency data were analyzed with a repeated measures ANOVA with 

context and optogenetic treatment as factors. All main analyses were considered 

significant at P<0.05.  
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Results 

 

Anatomical characterization of prefrontal – BST circuits 

We initially sought to characterize the projection patterns from prefrontal subfields 

(infralimbic, IL; prelimbic, PL) to the BST using adeno-associated viral tracing and 

distinguish a subset of rostral prelimbic neurons that have been previously implicated in 

modulation of stress (Johnson et al., 2019) and avoidance (Diehl et al., 2018; Martínez-

Rivera et al., 2022) from the well-characterized input stemming from the IL region (Vertes 

2004). We microinjected green fluorescent protein (GFP)(IL) and mCherry (PL) 

expressing viral vectors (AAV5) under the CAMKIIα promoter into both IL and PL 

subfields in adult male rats to outline innervation patterns of BST (FIG. 3.1). Expression 

of viral vector injections were evaluated based on cytoarchitectonic parcellations of each 

region and adjacent cortical regions (Swanson 2004; Kretteck & Price, 1977; Vogt & 

Peters 1981; Radley et al., 2006; Van de Werd & Uylings, 2008). Prior work has shown 

that more rostral and ventrally lying areas of PL exhibit moderate to dense innervation of 

BST (Reynolds & Zahm 2005; Sesack et al., 1989; McDonald, Shammah-Lagnado, Shi, 

& Davis, 1999; Radley et al., 2006; 2013; Dong, Petrovich & Swanson), whereas more 

dorsal and caudal regions of PL exhibit sparse-minimal innervation of BST (Shin, Geerling 

& Loewy 2008; Vertes 2004). As such, we targeted injections in PL to produce expression 

in deep-layer glutamatergic projection neurons near the rostral end of the PL (rPL) 

subfield (~AP coordinates: +3.85mm, relative to bregma in the rat) (Johnson et al., 2019) 

(FIG. 3.1). Microinjections in IL were based on prior work outlining input from this region 

to BST (Shin, Geerling, & Loewy 2008; Vertes 2004). Evaluation of injection sites in both 
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regions revealed minimal overlap as for cases exhibiting the most rostral placement in 

PL, IL is not present (FIG. 3.1A). Due to the ventrally lying position of IL, however, 

microinjections into this area necessarily pass through the caudal PL, limiting specificity 

in this regard. 

BST is a basal forebrain complex made up of at least 12-15 different subnuclei (for 

review see; Lebow & Chen, 2016; Giardino & Pomrenze 2021) which have typically been 

defined based on their spatial properties. While recent work has highlighted the limitations 

of this approach (Giardino and Pomrenze, 2021), inspection of GFP-IL and mCherry-rPL 

projections revealed distinct differences in innervation patterns of BST based on their 

spatial organization. As has been noted previously, injections in IL produced abundant 

labeling across most of the BST with dense innervation of medial and lateral groups of 

the anterior BST division (Vertes 2004) (FIG. 3.1F, H, L.) and posterior BST (FIG. 3.1O). 

Injections in the rPL, however, produced virtually no labeling in the medial group of the 

anterior BST, consistent with observations made by many other groups (Vertes 2004; 

McDonald, Shammah-Lagnado, Shi, & Davis, 1999; Radley et al., 2006; 2013; Dong, 

Petrovich & Swanson) (FIG. 3.1E, H). Rather, injections in the rPL produced innervation 

patterns of BST most consistent with targeting regions of BST at AP coordinates of -

0.26mm to -0.46mm relative to bregma in the rat (FIG. 3.1K). This area generally 

corresponds to the anterolateral/anteroventral division (Dong, Petrovich, & Swanson 

2001; Dong & Swanson 2004b; Dong & Swanson 2006a; Dong, Petrovich, Watts, & 

Swanson 2001), including subcommisural, fusiform and rhomboid subdivisions described 

by Swanson and colleagues. A similar pattern was previously characterized as the 

posterior division of the lateral BST (McDonald, Shammah-Lagnado, Shi, & Davis, 1999). 
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Indeed, near the accumbens transition zone (Heimer and Alheid, 1991) at the rostral end 

of BST moderate labeling was noted almost entirely restricted within the 

anterolateral/subcommisural subgroup (FIG. 3.1E), along with a substantial innervation 

of the neighboring ventral striatum. Progressing caudally, rPL fibers were again mostly 

absent from medial subregions dorsal to the anterior commissure (i.e., ad, oval, CC), but 

remained moderately dense within the anterolateral and anteroventral subdivisions (FIG. 

3.1K) coursing medially from the internal capsule and descending ventro-caudally into 

the substantia innominata (SI).   

To further substantiate the findings of our anterograde tracing experiments and 

characterize the distribution of BST projection neurons stemming from rPL, we 

microinjected the retrogradely transported AAV2-retro-GFP (Tervo et al., 2016) into the 

ventral aspect of BST and imaged GFP+ neurons across the prefrontal cortex (FIG. 3.2). 

In agreement with our anterograde tracing experiments, we found a paucity of labeling at 

caudal levels of PL despite substantial numbers of GFP+ neurons within the IL (FIG. 

3.2D). At more rostral levels of PL (AP = +3.85mm - +4.85mm in the rat, relative to 

bregma) we found consistent labeling of GFP+ nuclei predominantly within deep layers 

(FIG. 3.2D). We noted an additional population of BST projecting nuclei within the medial 

orbital region (mOFC) (FIG. 3.2D) that continued rostrally in parallel with the rPL 

population; a projection which has been previously described in the primate (Fox et al., 

2010). Additionally, we confirmed a similar pattern using more conventional retrograde 

tracer microinjections of Fluorogold (FG) in BST (FIG. 3.3).   

We then used an intersectional trans-neuronal approach (Zingg et al., 2017) in 

combination with fluorescent in-situ hybridization (FISH) to identify the cellular phenotype 
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of BST neurons receiving input from rPL. To target post-synaptic BST neurons receiving 

input from rPL, we microinjected an AAV1 containing Cre that has trans-neuronal 

properties (Zingg et al., 2017) in rPL and a cre-dependent AAV expressing mCherry 

vector in BST (FIG. 3.4A). We noted restricted labeling of an isolated cell population within 

the ventral aspect of BST (FIG. 3.4B-D). We used a commercially available FISH 

procedure (RNAscope) for multi-fluorescent labeling of vGLUT2, GAD1, and mCherry 

target RNA probes. Inspection of fluorescent RNA labeling revealed extensive 

colocalization between mCherry and GAD1 fluorescent labels (FIG. 3.4G-H) and minimal 

overlap with vGLUT2 (FIG. 3.4J.) indicating most of the input stemming from the rPL 

region is directed toward GABAergic BST neurons within the avBST subgroup.  Further 

analysis of the trans-neuronal network revealed largely preferential targets within the 

hypothalamus (FIG. 3.5). Indeed, the lateral hypothalamus (LH) and paraventricular 

hypothalamus (PVH) (F6,19=9.21, p = 0.0005) (FIG. 3.5 A-C) exhibited greater levels of 

fluorescent density values as compared to a number of other regions. Bonferroni-

corrected multiple comparisons indicated increases for LH and PVH fluorescent density 

values as compared to other regions exhibiting fluorescent values including the central 

amygdala (CeA) (LH: p = 0.0028; PVH: p = 0.01), midline thalamus (LH: p = 0.006; PVH: 

p = 0.02), vlPAG (LH: p = 0.006; PVH: p = 0.02), and parabrachial nucleus (LH: p = 0.02; 

PVH: p = 0.06). The ventral tegmental area (VTA) was also noted as an output region, 

although this was not significantly differentiated from any other region imaged.   
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rPL involvement in threat processing 

To confirm the involvement of rPL in threat processing, we recorded neuronal 

ensembles in rPL during inhibitory avoidance training (IA) and testing (FIG. 3.6A-B). We 

first demonstrated that un-surgerized rats were able to discriminate between two 

contextually distinct IA chambers during an avoidance test 2 days following IA training (t19 

= 3.3, p =0.004) (FIG. 3.6C). We then implanted a separate sample of rats (n=4) with a 

16-wire microelectrode into rPL. For rats with microarray implants, on day 1, we recorded 

a 25 min pre-training session prior to rats being placed in the lit compartment of an 

inhibitory avoidance chamber modified for recording of neural activity. Upon entry into the 

adjacent darkened area, rats received a single inescapable footshock (0.8mA/1s) and 

were subsequently left in the chamber for an additional 5 minutes. Rats were then 

removed, and a further 25 minutes of recording commenced in the animal’s homecage. 

48hrs later (D3), neuronal recordings commenced during a 10 min avoidance test in the 

safe chamber (D3-safeCTX). Here we logged initial latency to cross into the adjacent 

darkened area. Rats were subsequently returned to their homecage and allowed a period 

of rest before being placed in the original training context (D3-Shock-CTX) for additional 

avoidance testing. As training and testing are single trial events, for analysis we turned to 

principal component analysis (PCA) to characterize patterns of neuronal responses and 

inspected field potential (FP) activity during each phase of experimentation. Neurons 

were manually sorted and further separated based on waveform characteristics to 

exclude putative interneurons. Neurons with a waveform half-peak width greater than 

0.15 ms and peak-to-trough duration greater than 0.25 ms were used for further analysis 

(FIG. 3.6D) [average frequency: 5.72Hz, SEM: 0.36] (Emmons et al., 2017). Consistent 
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with a role for rPL in threat processing on D1, we observed the predominant components 

(PC1 and PC2) exhibited patterns consistent with an increased activity following 

footshock (FIG. 3.6E). We confirmed single-unit responses aligned with these 

components in a proportion of overall units isolated (FIG. 3.6F-G). Further, consistent 

with PC analyses and single unit data, inspection of FP activity during training also 

revealed significant overall increases in peak power-spectral density (PSD) values across 

theta (4-8Hz)(t15 = 3.17, p = 0.0064), alpha (8-12Hz)(t15 = 3.84, p  = 0.0016)(FIG XX), and 

beta (12-30Hz)(t15 = 3.44, p = 0.0037)(FIG. 3.6H) oscillatory bands in the 300s following 

shock, as compared to the 300s prior. Lower-frequency delta activity (1-4Hz) was not 

different post-shock (t15 = 1.23, p = 0.24), as compared to pre-shock (FIG. 3.6H). These 

results suggest rPL is broadly mobilized in response to IA training.  

Additional analyses on D3 during avoidance testing revealed distinct differences 

in rPL activity associated with latency to enter the adjacent darkened area that occurred 

as a function of chamber (FIG. 3.7). Interestingly, rPL activity appeared to be mobilized 

predominantly prior to entry into the adjacent darkened compartment specifically for D3-

SafeCTX (FIG. 3.7D). This pattern was not evident D1 during training (FIG. 3.7C) or D3 

testing in the original training context (FIG. 3.7E). An analysis of the area under the curve 

(AUC) prior to latency revealed a significant main effect of latency (F2,107 = 4.54, p = .013), 

post hoc tests revealed this effect was largely driven by a significant increase in AUC 

values for D3-SafeCTX as compared to D1 (p = 0.005) and trending increase for D3-

SafeCTX as compared to D3-ShockCTX (p = 0.039) (FIG. 3.7F). We then conducted an 

additional PC analysis for activity surrounding each latency event. PC analyses here 

indicated 3 predominant components (FIG. 3.8A-C) that accounted for 15 – 22% of the 
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variation in unit responses across all latency events (i.e., D1, D3-SafeCTX, D3-

ShockCTX), including one component (i.e., PC3, FIG. 3.8C) that exhibited a similar 

pattern to that observed in averaged Z-scored values for D3-SafeCTX (FIG. 3.7D). 

Further PC analyses for latency values revealed increased PC coefficient values for unit 

responses associated with D3-SafeCTX in relation to PC3 (FIG. 3.8G). A repeated 

measures ANOVA confirmed a main effect of Latency (F2,107 = 3.272, p = .042), and PCA 

coefficient (F2,214 = 6.37, p = .002) (FIG. 3.8D-H), with PC3 values significantly greater for 

D3-SafeCTX as compared to D3-ShockCTX (p = 0.023) and trending increase for D3-

SafeCTX as compared to D1 (p = 0.06). Moreover, we noted a higher proportion of units 

from D3-SafeCTX loading on the upper 25% of PC3 coefficient values (2
(2) =7.01, p = 

.030) (FIG. 3.8H) as compared to D1 or D3-Shock-CTX. We did not observe any 

differences for units loading on PC1 ((2
(2) =1.06, p = .59), or PC2 (2

(2) =4.19, p = .12) 

indicating these were consistent across training and testing regardless of chamber.  

Inspection of FP activity across each latency event also revealed a unique activity-

related signature associated with D3-SafeCTX with regard to increased average PSD 

values in the theta oscillatory (4-8Hz) band immediately prior to latency to enter (FIG. 

3.8I-L). Specifically, a repeated measures ANOVA indicated a main effect of Latency 

event (F2,30 = 7.31, p = 0.003) on average theta PSD values. Of note, D3-SafeCTX 

showed increased theta PSD values compared to both D1 (p = 0.007) and D3-Shock-

CTX (p = 0.01) (FIG. 3.8L). No other frequency band (i.e., delta, alpha, beta) exhibited a 

similar pattern prior to latency. These results indicated that during avoidance testing, rPL 

activity may be mobilized distinctly prior to latency to enter the adjacent darkened area of 

the “safe” context, suggesting a potential role in differentiating this environment from 
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previous experiences and/or preventing avoidance to an environment that has not been 

explicitly paired with an aversive event. That this pattern of activity also appeared to be 

coupled to increased theta oscillations is consistent with prior work demonstrating 

increased mPFC theta in animals that differentiated between aversiveness and safety in 

a cued-fear conditioning task (Likhtik et al., 2014; Stujenske, Likhtik, Topiwala, Gordon 

2014).    

 

BST involvement in threat processing 

To then determine the involvement of BST in IA, we used fiber photometry to 

monitor calcium-bound fluorescent changes during footshock administration in the IA 

task. Here, we microinjected AAV-GCaMP8s in BST and positioned an optical fiber 

immediately dorsal to the right BST (FIG. 3.9). Three weeks after viral injection/optic 

implant, rats underwent standard (IA) training (Cahill & McGaugh, 1998; Huff et al., 2013). 

Upon entry into the darkened compartment of an IA chamber rats received a single 

0.8mA/1s footshock. Calcium bound fluorescence was monitored prior to and following 

footshock. Entry into the darkened compartment on day 1 (D1) was not associated with 

any changes in calcium-mediated fluorescence in the BST (FIG. 3.9D), similar to that 

observed in rPL previously. However, footshock training rapidly increased BST activity, 

as demonstrated by peak dF/F (Z) values post footshock as compared to pre footshock 

(t4 = 3.35, p = 0.03) (FIG. 3.9C), consistent with a role for this region in threat processing. 

48hrs later we tested the involvement of BST in latency to avoid a novel chamber. We 

focused on the “safe” context here, as our recording data with rPL indicated a distinct 

pattern of activity during this testing period. Rats were placed in the lit compartment of a 
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safe context and BST activity was recorded for 10 minutes. We again logged initial latency 

to cross into the darkened compartment for peri-event analysis of calcium activity. Similar 

to our recording data of rPL activity, we noted a significant increase in BST activity 

immediately prior to entry into the darkened compartment of the safe chamber on D3 that 

was not present on D1 in the original training context as demonstrated by a repeated 

measures ANOVA for dF/F (Z) area under the curve (F3,12 = 6.38, p = 0.008) (FIG. 3.9E-

F). Specifically, whereas BST activity prior to latency on D1 was no different than D1 post 

latency (p = 0.64), activity on D3 prior to latency was significantly greater than D3 post 

latency (p < 0.001). These results were consistent with a mixed effects model of BST 

activity across time that indicated a significant main effect of time (F81,405 = 2.01, p 

<0.0001) and significant time*latency interaction (F81,241 = 1.72, p = 0.001). Overall, these 

results indicated that BST is mobilized in response to footshock, and prior to latency to 

cross into a safe chamber 48hrs later in a similar manner to that which was observed 

from recording of rPL neuronal activity. We additionally conducted a simple linear 

regression analysis for dF/F (Z) AUC and latency to enter Safe-CTX to assess the 

relationship between BST activity in the 20s prior to latency, and total avoidance time and 

noted an overall significant regression [(R2 = 0.91), F1,3 = 28.66, p = 0.013] (FIG. 3.9G). 

It was found that pre-latency dF/F (Z) AUC was significantly associated with latency time 

(s). Interestingly, a greater dF/F (Z) AUC value was associated with increased avoidance 

latency times suggesting a greater mobilization of BST was necessary to encourage 

latency to enter for animals that had longer avoidance latencies. Note that the window of 

interest for BST activity was limited to the 20s prior to latency, and that the average 

latency value for D3-SafeCTX was 58.25s (SEM = 32.71s). As such, the data would not 
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be consistent with an interpretation that BST activity was promoting avoidance as the 

increase in BST activity occurred immediately prior to latency regardless of total 

avoidance time.    

 We also reasoned this change in activity could have also been associated with 

generic changes in environment and the transition from one context to another, or other 

motivational properties associated with dimly lit areas and so conducted an additional 

experiment where rats were placed in a three-chamber apparatus with two contextually 

distinct components and a middle area separating the two (FIG. 3.9H-K). Here we logged 

transitions between each compartment. Analysis of changes in fluorescence revealed no 

similar differences in BST activity as a function of context transitions.   

 

rPL-BST projection in preventing context fear generalization 

As our recording data demonstrated that both regions were mobilized in response 

to footshock training, indicating an involvement in the initial encoding and/or consolidation 

of the training event, and our previously published work (Lingg et al., 2020) suggested 

the involvement of BST during the posttraining consolidation period, we focused our 

remaining experiments on this posttraining period for intervention. We first tested whether 

posttraining activity in the rPL-BST projection was necessary to prevent generalization to 

a novel context. To that end, we used an intersectional optogenetic approach to 

photoinhibit rPL-BST projection fibers immediately after IA training for 10 minutes (FIG. 

3.10). We confirmed in vivo the efficacy of this viral approach, wherein rats were 

implanted with a 16-wire microelectrode containing optic fiber (termed: “optrode) in BST 

and received 10 minutes of 561nm laser light. Photoinhibition of rPL fibers in BST reduced 
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neuronal activity (FIG. 3.10C). We then microinjected a separate group of rats with the 

same viral preparation and implanted bilateral optic fibers above BST. On the training 

day, rats were placed in an IA chamber and upon entry into the darkened compartment 

received a single footshock (0.8mA/1s). Rats were then placed back into their homecage 

and received 10 minutes of rPL-BST photoinhibition with constant 561nm laser light. 

Blood samples were taken prior to and following training to measure circulating 

corticosterone levels as well. Rats were then brought back to assess avoidance in both 

the training context and the novel contextually modified chamber 2 days later. As 

expected, based on our prior work (Johnson et al., 2019), an RIA for CORT revealed an 

augmented stress hormone response for rPL-BSTHalo rats, as compared to rPL-BSTmCherry 

controls (F1,23 = 4.91, p = 0.037) on the training day (FIG. 3.10D). Integrated area under 

the curve analysis of CORT values confirmed a significant overall increase in CORT for 

rPL-BSTHalo rats, as compared to rPL-BSTmCherry (t23 = 2.32, p = 0.03) (FIG. 3.10E). 

Moreover, on D3 posttraining, a repeated measures ANOVA revealed a significant main 

effect of context (F1,23 = 17.61, p <0.001) and significant virus*context interaction (F1,23 = 

5.41, p = 0.029) for latency (FIG. 3.10F). Specifically, whereas rPL-BSTmCherry rats 

displayed low avoidance to the novel context and high avoidance to the training context 

(FIG. 3.10F) (p < 0.001), rPL-BSTHalo rats displayed similarly high levels of avoidance to 

both contexts (FIG. 3.10F) (p = 0.17). Avoidance to the safe context was also significantly 

higher in rPL-BSTHalo rats than rPL-BSTmcherry (p = 0.035). Assessment of a discrimination 

index (DI; A/(A+B)) further supported these findings, as rPL-BSTHalo rats showed 

significantly reduced DI values (t23 = 2.43, p = 0.023) (FIG. 3.10G) compared to rPL-

BSTmCherry. These results indicated that posttraining inactivation of rPL-BST augmented 
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corticosterone responses and produced later generalization in the form of increased 

avoidance in a novel chamber. 

As a wealth of research support the notion that posttraining increases in CORT 

can produce generalization (Lesuis et al., 2021; Kaouane et al., 2012; Roozendaal & 

Mirone 2020; Kolodziejczyk & Fendt 2020; dos Santos Corrêa et al., 2021; Bahtiyar et al., 

2020), we sought to determine whether the increased posttraining CORT levels seen here 

were responsible for producing the observed generalized response. We confirmed that 

posttraining systemic injections of CORT (3mg/kg) do indeed enhance avoidance, and 

promote generalization, 48hrs later in the inhibitory avoidance paradigm as indicated by 

a main effect of CORT injection (F1,11 = 7.11, p = 0.02) on avoidance latency (FIG. 3.11B), 

in line with what others have shown. To then address the possibility that generalization 

produced by rPL-BST posttraining photoinhibition was dependent upon changes in 

CORT, we carried out a follow-up experiment repeating the same design (as shown in 

FIG. 3.8), except that we blocked the training-induced increase in CORT with 

adrenalectomy (ADX) (FIG. 3.9). We performed ADX two weeks prior to training and 

administered CORT in the drinking water (25mg/dl) to account for diurnal variations in 

plasma CORT levels. This procedure maintains a circadian CORT rhythmicity (FIG. 3.9D; 

Gourley et al., 2012) while blocking any stress-induced increases (FIG. 3.9E). We then 

footshock trained rats (0.8mA/1s), and again administered a 10-minute posttraining 

photoinhibition of rPL-BST. Here, we again noted a significant main effect of context (F1,21 

= 9.26, p = 0.006) and significant context*virus interaction (F2,21 = 3.88, p = 0.037). 

Specifically, rPL-BSTmCherry-Sham rats displayed high avoidance to the training context and 

low avoidance to the novel context 48hrs after training (FIG. 3.9B) (p = 0.003). rPL-
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BSTmCherry-ADX rats also displayed high avoidance to the training context and low 

avoidance to the novel context (FIG. 3.9B), although had more difficulty distinguishing 

between contexts (p = 0.10). We noted no significant differences in avoidance between 

mCherry-ADX and mCherry-Sham groups (FIG. 3.9B) in either the training context (p = 

0.16) or novel context (p = 0.98), although average latencies for the training context were 

generally lower in the mCherry-ADX rats, as compared to the mCherry-Sham [Mean 

mCherry-ADX = 141s; Mean mCherry-Sham = 295s], which likely contributed to the 

decreased difference between novel and training context latencies for mCherry-ADX 

animals. In contrast to our control groups, however, rPL-BSTHalo-ADX rats displayed high 

avoidance to both chambers (FIG. 3.9B), similar to the previous inhibitory experiment 

(FIG. 3.8). While avoidance for rPL-BSTHalo-ADX in the training context was no different 

than either rPL-BSTmcherry-sham (p = 0.55) or rPL-BSTmcherry-ADX (p = 0.35), avoidance for 

the novel context was significantly higher than both control groups (p = 0.004, p = 0.002, 

respectively). Moreover, rPL-BSTHalo-ADX rats were also unable to discriminate between 

the two contexts, as avoidance was similar for both (p = 0.83) We confirmed this result 

by inspection of discrimination index values, which also indicated a reduced 

discrimination for rPL-BSTHalo-ADX as compared to controls (FIG. 3.9C) (F2,21 = 10.63, p 

<0.001). Post hoc test revealed, rPL-BSTHalo-ADX had significantly lower DI values than 

both rPL-BSTmcherry-sham (p <0.001) and rPL-BSTmcherry-ADX (p = 0.002), while control 

groups were no different from each other (p = 0.27). These results suggest that taking the 

rPL-BST projection offline immediately following an aversive event produces an 

augmented generalization via a glucocorticoid-independent mechanism. We also 

confirmed a successful ADX procedure in this group of rats by removing CORT in the 
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drinking water after completion of avoidance testing and then administering a 30 min 

restraint test followed by blood collection (FIG. 3.9E). We noted a significant main effect 

of blood sample (F2,44 = 104.13, p <0.001) and significant sample*ADX interaction (F2,44 

= 114.96, p <0.001). Here, despite ADX and Sham animals showing similar AM (p = .22) 

and PM (p = .24) values, with PM values being greater than AM (p < 0.001) (FIG. 3.9D), 

Sham rats mounted a robust CORT response following restraint whereas ADX rats did 

not (p <0.001) (FIG. 3.9E). These results are consistent with the interpretation that CORT 

in the drinking water allowed for a diurnal circadian rhythm for ADX rats that was no 

different than sham animals, but ADX prevented stress-induced increases in CORT. 

Overall, both experiments utilizing posttraining inhibition of the rPL-BST pathway 

specifically influenced avoidance to the novel chamber 48hrs later and had no effect on 

avoidance to the training chamber, regardless of adrenocortical status, indicating that 

while the rPL-BST pathway is necessary for learning about specific features of the training 

experience that may be utilized to differentiate an aversive event from a novel one, this 

pathway does not appear to influence the overall strength of avoidance to the training 

context. 

 

rPL-BST projection mediates disambiguation of a pre-exposed neutral chamber from a 

shock-associated chamber 

To then determine whether the rPL-BST projection could prevent context fear 

generalization, we adapted prior work with the inhibitory avoidance paradigm (Atucha & 

Roozendaal, 2015; Atucha et al., 2017) to allow us to shift rodent behavioral responses 

toward context generalization. We used context pre-exposure, wherein a rat is placed in 
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a neutral/safe inhibitory avoidance chamber for a short period, prior to footshock training 

in a separate contextually distinct inhibitory avoidance chamber (Cai et al., 2016; Huff, 

Wright-Hardesty, Higgins, Matus-Amat, & Rudy 2005) to facilitate context generalization 

(FIG. 3.10). Enhanced context generalization using the pre-exposure model has been 

suggested to result from pattern completion processes within the hippocampus (O’Reilly, 

Randall, & Rudy 2001) and has been reported in both rats (Atucha et al., 2017) and mice 

(Keiser et al., 2017). To assess the involvement of the rPL-BST pathway in mediating 

context generalization, we microinjected AAV2-retro-Cre into the ventral aspect of BST, 

and then either an AAV-DIO-mCherry or AAV-DIO-ChR2(E123A)-mCherry in rPL. Rats 

then had fiber optics positioned bilaterally above BST. Histological verification of 

mCherry+/GFP+ nuclei in prefrontal cortex of all rats indicated a predominance of overlap 

at rostral levels, and not caudal levels of mPFC (FIG. 3.10C) as expected. A subset rats 

received viral preparation and an optrode implant into BST. We then optically evoked 

excitatory neuronal responses in each region with 473nm laser light (20Hz, 5ms pulse 

width) across a 10-minute period. Photo-stimulation of rPL-BST fibers in BST with ChR2 

consistently evoked excitatory short latency neuronal responses (FIG. 3.10G). Optically 

evoked excitatory BST responses were observed <5ms after light pulses, supporting our 

prior trans-neuronal experiments suggesting rPL-BST connections are mono-synaptic 

(FIG. 3.3). To assess stress hormonal fluctuations during inhibitory avoidance training, 

we again fitted rats with indwelling jugular catheters two days prior to context pre-

exposure and footshock training. During training, rats were placed in an inhibitory 

avoidance chamber and allowed to explore the entire chamber for one minute. Rats were 

then immediately transferred to a contextually modified inhibitory avoidance chamber, 
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and upon entry into the darkened compartment received an inescapable high intensity 

(0.8mA/2s) footshock (FIG. 3.10). We used a higher intensity shock here to facilitate the 

likelihood that rats would generalize during avoidance testing, as has been reported 

elsewhere (dos Santos Corrêa et al., 2019; Kaouane et al., 2012). The rat was then 

returned to its home cage and posttraining photostimulation was carried out for 10 

minutes. Blood samples were collected at varying intervals immediately prior to and 

following training to characterize stress hormonal output. Avoidance for each chamber 

was assessed 2- and 28-days following training.  

On D1, rats readily enter the darkened compartment of each chamber (FIG. 3.10I) 

regardless of viral treatment. However, on D3 rPL-BSTmCherry control rats exhibit similarly 

high avoidance to both the neutral pre-exposed chamber and the contextually distinct 

training chamber (FIG. 3.10I) indicating enhanced generalization between chambers. 

Interestingly, rPL-BSTChR2 rats continued to have low avoidance to the neutral pre-

exposed chamber (FIG. 3.10I), similar to D1, and yet had high avoidance levels for the 

aversive chamber indicating an enhanced discrimination between contexts. rPL-BSTChr2 

rats displayed a similar pattern, albeit to a lesser degree, 28 days later (FIG. 3.10I). A 

repeated measures ANOVA supported these observations, as we noted a main effect of 

Day (F5,105 = 16.18, p <0.0001) and a significant Day*Virus interaction (F5,105 = 2.46, p = 

0.038). Whereas rPL-BSTmcherry rats did not exhibit differences in avoidance latency on 

D3 between contexts (p = 0.1), rPL-BSTChR2 rats exhibited significantly lower avoidance 

for the pre-exposed neutral chamber (p < 0.001), as compared to the shock chamber. 28 

days later, rPL-BSTChR2 rats continued to have significantly lower avoidance for the pre-

exposed chamber (p = .037), while rPL-BSTmcherry rats exhibited similarly high levels of 
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avoidance to both chambers (p = .74). We calculated a discrimination index for each day 

and confirmed an increased discrimination at D3 for rPL-BSTChR2 rats, as compared to 

rPL-BSTmCherry rats (t21 = 2.37, p = .028) (FIG. 3.10J). D28 DI values were not different 

between groups (t21 = 1.53, p = 0.14), which appeared to be perhaps related to the overall 

decreases in avoidance for the shock chamber between D3 and D28 for rPL-BSTChr2 rats 

(p = 0.03). Avoidance for the shock chamber was not different between rPL-BSTmcherry 

and rPL-BSTChr2 rats at either D3 (p = 0.55) or D28 (p = 0.69). We noted both groups 

exhibited a robust increase in CORT responses posttraining (F5,105 = 48.91, p < 0.001) 

(FIG. 3.10H) but observed no differences between groups as a function of viral 

preparation (F1,21 = 0.002, p = .964). We then confirmed these results by repeating the 

above experiment using an intersectional chemogenetic strategy (FIG. 3.11), which 

produced broadly the same behavioral pattern at D3, again without affecting HPA status. 

As such, posttraining activation of rPL-BST did not appear to influence the overall strength 

of avoidance for the shock context, but rather mediated the disambiguation between 

features of the pre-exposed neutral context from the subsequent shock-training context 

and did so without altering CORT reactivity. D28 testing from our optogenetic experiment 

also suggested this effect persisted for at least 28 days, although this may have been 

indirectly the result of the enhanced discrimination exhibited by rPL-BSTChR2 rats on D3 

and subsequent reconsolidation processes (Alberini & Ledoux 2013), rather than directly 

a product of posttraining photostimulation on D1.  
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Posttraining rPL-vlPAG photoexcitation does not prevent context generalization 

We then sought to address the specificity of these results by targeting an additional 

projection stemming from the rPL region. As has been demonstrated previously (Vertes 

2004; Hoover & Vertes 2011), rPL has dense projections throughout the brain and targets 

a variety of structures involved in the processing of threat-related information, including 

the vlPAG. Indeed, we noted a degree of collateralization in our dual-viral approach 

between rPL-BST and rPL-vlPAG (FIG. 3.12A) and further demonstrated a small 

population of dual-projecting nuclei within rPL (FIG. 3.12B) indicating our experiments 

using excitatory viral strategies may have involved activation of this projection via 

antidromic stimulation in the case of our optogenetic targeting, or as a collateral activation 

in our chemogenetic manipulation resultant from systemic CNO administration. To 

address the possibility that collateral activation was driving the enhanced discrimination, 

we injected either AAV-YFP or AAV-ChR2 into rPL and positioned bilateral optic fibers 

above vlPAG (FIG. 3.12C). We confirmed in vivo excitation of rPL-vlPAGChR2 with 473nm 

laser light increased activity in vlPAG neurons (FIG. 3.12E). We then trained rats on the 

pre-exposure model, and stimulated ChR2 expressing rPL fibers in vlPAG for 10 minutes 

posttraining. On D3 we noted rPL-vlPAGYFP rats had difficulty distinguishing between the 

neutral pre-exposed chamber and the training chamber (FIG. 3.12F), as expected based 

on our other experiments. Importantly, rPL-vlPAGChR2 rats also displayed an inability to 

distinguish between the two chambers that was no different than their control counterparts 

(FIG. 3.12F). Indeed, a repeated measures ANOVA demonstrated no effect of either 

context (F1,16 = 3.67, p = 0.14), viral preparation (F1,16 = 0.03, p = 0.86) or interaction (F1,16 

= 0.20, p = 0.65). We confirmed no difference in discrimination index values between 
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groups (FIG. 3.12G; t16 = 0.47, p = 0.65). Taken together with the previous results, these 

data suggest the enhanced discrimination produced by posttraining rPL-BST 

photoexcitation is not likely a result of collateral excitation with rPL-vlPAG. 

 

Discussion 

 

Our results demonstrate, using single-unit recordings, fiber photometry, and 

optogenetic manipulations, aversive processing in the rPL and BST during the immediate 

aftermath of an event contribute to long-term behavioral expression of generalized 

avoidance. Moreover, our results indicate the rPL-BST pathway is both necessary and 

sufficient for preventing context fear generalization independent of associated changes 

in adrenocortical status. Single-unit and fiber photometry data showed IA training robustly 

mobilized activity in both rPL and BST, respectively. Optogenetic rPL-BST inhibition for 

10 min after IA training increased corticosterone responses during the posttraining period 

and enhanced avoidance to a novel context when tested 2 days later. Blockade of stress-

induced increases in corticosterone using adrenalectomy were unable to prevent the 

enhanced avoidance to the novel context, indicating this effect was not mediated via HPA 

activation. Posttraining optogenetic and chemogenetic stimulation of rPL-BST was 

sufficient to prevent generalization to a neutral pre-exposed chamber. We also noted a 

unique activity related signature for both rPL and BST that was associated with an 

increase prior to entry into an adjacent darkened area in a novel chamber during testing 

that was coupled with increased theta power in rPL suggesting these structures contribute 

not only to the initial processing of an aversive event, but during avoidance testing to 
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distinguish the novel area from the previous aversive area or prevent inappropriate 

avoidance. Together, these results reveal a role for the rPL-BST pathway in modulating 

posttraining consolidation processes that ultimately contribute to the long-term 

expression of fear generalization. 

 

mPFC, BST, and fear discrimination 

Prior work examining the medial prefrontal cortex in threat processing have 

demonstrated involvement in responding to fear (Sotres-Bayon & Quirk 2010; Rozeske 

et al., 2018; Likhtik et al., 2014; Sangha, Diehl, Bergstrom, & Drew 2020), however this 

work has largely focused on the role of prefrontal regions in the expression of fear and 

discrimination. mPFC activity is associated with the inhibition of fear to an auditory CS- 

(Likhtik et al., 2014), and pre-training lesions of mPFC prevent context discrimination 

(Antoniadis & McDonald 2006). More recently, Rozeske and colleagues (Rozeske et al., 

2018) demonstrated recruitment of prelimbic PFC neuronal ensembles during the 

transition between fearful and non-fearful contexts. Activation of a subset of this neuronal 

population that projected to the vlPAG was necessary to prevent generalization to a non-

fearful context, and moreover this pathway was sufficient to promote discrimination 

between similarly fearful contexts.  

Prior anatomical work has shown vlPAG projecting neurons in the prelimbic region 

are localized within more rostral areas (Vertes 2004; Floyd, Price, Ferry, Keay, & Bandler 

2000); an area we have previously demonstrated projects to the BST and is involved in 

inhibiting passive coping responses (Johnson et al., 2019). Work carried out by Martínez-

Rivera et al., (2022) has also demonstrated this rostral prelimbic area is associated with 
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decreasing persistent avoidance during extinction training, an effect consistent with 

previously published work from this same group demonstrating activation of the rPL 

subregion decreases avoidance during retention in a platform mediated avoidance task 

(Diehl et al., 2018; 2020). Our experiments generally support these findings and indicate 

the rPL-BST pathway as being important for mediating posttraining consolidation 

processes that contribute to future generalization. Our in vivo recording data 

demonstrated an rPL neuronal ensemble that is robustly mobilized during footshock 

training, and a predominance of rPL activity during avoidance testing in a novel context 

is explained by an increased rPL activity and associated increased theta power prior to 

entry into an adjacent darkened area suggesting during testing this region may be 

mobilized to prevent inappropriate avoidance. Moreover, posttraining optogenetic 

excitation and inhibition of rPL-BST were able to prevent and augment future 

generalization, respectively.  

Interestingly, our optogenetic targeting of the rPL-vlPAG pathway immediately 

following IA training did not influence future generalization. While our optogenetic 

experiments did not explicitly target IA memory expression, our in vivo data demonstrate 

rPL is mobilized during both encoding/consolidation and expression suggesting it is 

possible that rPL mobilizes distinct projections during different phases of learning, and 

prefrontal innervation of vlPAG, or other regions, may be more directly involved in 

mediating the expression of discrimination. Indeed, previous work has shown increased 

theta coupling between the prefrontal cortex and basolateral amygdala during cued-fear 

discrimination, suggesting a role for this pathway in mediating the expression of 

discrimination and preventing inappropriate fear responding (Likhtik et al., 2014). Whether 
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posttraining optogenetic modulation of the rPL-BST pathway disrupts either rPL or BST 

activity during retention will be a necessary question for the future, although we have 

previously shown that delayed optogenetic modulation of BST (+3hrs after training) was 

unable to alter IA memory consolidation (Lingg et al., 2020), suggesting there is a period 

immediately after training that is uniquely susceptible to intervention.  

Several studies have shown involvement of the BST in threat processing, including 

IA training (Liang, Chen, & Chen 2001; Liang & McGaugh 1983a; Liang & McGaugh 

1983b; Liu, Chen, & Liang 2009; Liu & Liang 2009; Lingg et al., 2020; Bruzsik et al., 2021), 

context and auditory fear conditioning (Goode, Ressler, Acca, Miles, & Maren 2019; 

Goode & Maren 2017; Ressler, Goode, Evemy, & Maren 2020; Bjorni et al., 2020), as 

well as mediating coping responses (Johnson et al., 2016; 2018; Radley & Johnson 2018) 

and anxiety-related behaviors (Glangetas et al., 2017Giardino et al., 2018; Jennings et 

al., 2013a; Pomrenze et al., 2019). Work has highlighted the extensive heterogeneity of 

BST functions which appear to largely depend on subregion and neurochemical 

phenotype (Giardino & Pomrenze, 2021). Indeed, whereas optogenetic or chemogenetic 

activation of more dorsal regions of BST, such as the oval BST (Kim et al., 2013a), are 

generally implicated in anxiogenic responses (Giardino et al., 2018; Jennings et al., 

2013a; Pomrenze et al., 2019) or promoting aversion (Yu et al., 2021), more ventral and 

posterior regions have been implicated in preventing threat-related behaviors or in 

producing anxiolytic responses (Henckens et al., 2017), along with gating of the HPA axis 

thereby limiting stress-related neuroendocrine output (Johnson et al., 2016; 2019; Radley, 

Gosselink & Sawchenko 2006). Overall, a prevailing theme for involvement of BST in 

threat processing is an association mediating uncertainty (Goode & Maren, 2017) or 
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integration of information with a negative valence (Lebow & Chen, 2016), which is likely 

reflective of the functional heterogeneity displayed by BST subregions; flexibility in 

responding to threats requires the capacity to switch between promoting and inhibiting 

fear-related behavior depending on environmental contingencies or threat predictability.  

One critical component of our findings here was that posttraining modulation of 

rPL-BST activity did not alter avoidance responses to the original training context, 

suggesting this pathway, and/or the subset of BST neurons receiving input from rPL, is 

uniquely situated to mediate how aversive experiences may relate to novel situations. 

Although contrasted to the effects seen here, prior work has suggested a similar 

involvement of BST in selectivity of conditioned responding (Duvarci, Bauer, & Paré 

2009). Specifically, global BST (i.e., encompassing dorsal and ventral components) pre-

training lesions prevented inappropriate avoidance to a CS-. More selective targeting has 

shown posttraining blockade of DR2 receptors in the oval BST impaired discrimination 

between a CS+ and CS- (de Brundel et al., 2016), whereas posttraining chemogenetic 

excitation of somatostatin neurons in the BST promoted context fear generalization 

(Bruzsik et al., 2021). Separately, optogenetic activation of the anteroventral BST or 

CRFR2+ neurons in the posterior BST have been shown to prevent context fear memory 

altogether (Lingg et al., 2020; Henckens et al., 2017). These contrasting results likely 

reflect the complexity of processing in BST, as different BST subregions or peptidergic 

subtypes, are likely recruited in distinct manners to integrate aversive information and 

promote adaptation. While our work suggests rPL largely targets GAD1 expressing 

neurons in the ventral BST, GAD1 expressing BST neurons broadly encompasses a 

variety of peptidergic subtypes (Giardino & Pomrenze 2021), suggesting the possibility 
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for further heterogeneity. Further work will be necessary to disentangle the specific BST 

GABAergic subtypes that interact with descending prefrontal innervation.   

That the time-course of HPA-related hormonal induction occurs over a period of 

several minutes, and a substantial body of work support HPA-related hormonal processes 

in mediating memory consolidation (Li & Sawchenko 1998; Hui et al., 2004; Roozendaal, 

McEwen, & Chattarji 2009; Roozendaal, Bohus & McGaugh 1996; Cahill & McGaugh 

1998), BST regions that project to HPA effector neurons in the PVH are uniquely situated 

to mediate posttraining consolidation processes. Prior anatomical work has suggested 

the predominance of BST input to PVH is found within ventral (i.e., fusiform, anterolateral, 

anteroventral, rhomboid nucleus) (Dong & Swanson 2006a; Dong & Swanson 2006b; 

Dong, Petrovich, Watts, & Swanson 2001) and posterior regions (i.e., principal division) 

(Dong & Swanson 2004a). Our anatomical work and fiber photometry data endorse the 

notion that the ventral BST is robustly mobilized during IA training, and rPL projects to an 

isolated population of ventral BST neurons that in turn projects to PVH. Here, posttraining 

photoinactivation of the rPL-BST pathway also enhanced CORT responses along with 

the increased generalization confirming a role for rPL-BST in mediating HPA responding, 

likely via the disynaptic connection with PVH described elsewhere (Johnson et al., 2019; 

Radley 2012; Radley & Sawchenko 2015; Radley, Gosselink, & Sawchenko 2006; 

Herman et al., 2003; Spencer, Buller & Day 2005). That the observed generalization 

produced by rPL-BST photoinactivation was not dependent upon this increased CORT 

response suggest modulation of the HPA axis is conducted in parallel to an as yet 

unspecified mechanism that more directly contributes to processing of the training event.  
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Glucocorticoids and fear generalization 

It is well established that the glucocorticoid hormone, corticosterone (CORT), is 

involved in mediating memory consolidation for emotionally arousing stimuli (for further 

review see: Roozendaal, McEwen, & Chattarji 2009; McGaugh & Roozendaal 2002; 

McGaugh 2000). Posttraining administration of CORT, or dexamethasone (i.e., a 

synthetic glucocorticoid), enhance long-term memory for training experiences that are 

emotionally arousing, including inhibitory avoidance (Flood et al., 1978; Kovács, Telegdy 

Lissák 1977; Roozendaal & McGaugh 1996), contextual and auditory fear conditioning 

(Sandi & Pinelo-Nava 2007), as well as spatial and novel-object recognition (Sandi et al., 

1997). Actions of CORT during the posttraining period have been reported to 

predominantly activate the Type II glucocorticoid receptor (i.e., GR) (Finsterwald & 

Alberini 2014; Oitzl, & de Kloet 1992) within the BLA, hippocampus, and mPFC, as local 

administration of a GR agonist into either of these regions enhances memory 

consolidation for many types of stressful experiences (Barsegyan et al., 2019; 

Roozendaal et al., 1999). These actions critically depend upon noradrenergic signaling in 

the BLA, and the functional network connectivity between the BLA and other regions 

(Roozendaal et al., 2006). Indeed, several studies have demonstrated that blockade of 

noradrenergic signaling (Barsegyan et al., 2014; Hatfield & McGaugh 1999), or functional 

inactivation of the BLA impair consolidation or prevent the memory enhancing effects of 

CORT. In general, these results position posttraining CORT administration as sufficient 

for enhancing memory strength.  

More recently, interest has been directed to resolving the role of CORT not only in 

modulating memory strength, but rather mediating the balance between memory 
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specificity and generalization (Roozendaal & Mirone 2020; Bahtiyar et al., 2020). Indeed, 

it has been reported that posttraining systemic CORT administration enhances 

generalization to a novel environment (Kolodziejczyk & Fendt 2020; Roozendaal & Mirone 

2020; Lesuis et al., 2021; dos Santos Corrêa et al., 2019) or cue (Kaouane et al., 2012), 

and this is associated with alterations in both amygdala and hippocampal activity 

(Kaouane et al., 2012). Our results using systemic posttraining CORT administration 

support these findings. Specifically, posttraining administration of CORT enhanced 

generalization to a novel context, suggesting that CORT functions as sufficient to 

enhance generalization. Of note, prior work has suggested memory accuracy is not 

mediated by fluctuations in CORT but may rather be linked more closely with 

noradrenergic signaling (Bahtiyar et al., 2020; Seo et al., 2021).  

Here, blockade of stress-induced elevations in CORT with ADX was also unable 

to prevent generalization produced by rPL-BST pathway inactivation. These results were 

surprising as our prior work has shown that posttraining photoinhibition of the 

anteroventral subdivision of BST results in an augmented HPA profile that enhances 

memory consolidation in a glucocorticoid-dependent manner (Lingg et al., 2020). Further, 

while previous reports, including our prior work, indicate posttraining increases in CORT 

are sufficient to enhance memory strength for IA training, the increase in CORT produced 

by posttraining rPL-BST photoinhibition observed here did not produce similar effects for 

the shock-context. Indeed, avoidance for the shock-context was similar for all groups 

regardless of viral manipulation. Our lab has previously demonstrated BST modulation of 

HPA-related activity functions, in part, to integrate multiple HPA-inhibitory influences 

stemming from mPFC and the hippocampal formation (HF) (Radley & Sawchenko 2011) 
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that may account for this discrepancy. Specifically, BST receives HPA-related negative 

feedback information from mPFC (Prelimbic Cortex) and the ventral subiculum, among 

other sources. Dual lesions of the mPFC and ventral subiculum result in additive 

enhancements of HPA responding following stress, as compared to lesions of one area 

alone (Radley & Sawchenko 2011), and this additive enhancement is similar in magnitude 

as to that observed following a single lesion of avBST. As such, removal of a single source 

of glutamatergic input to BST may not be sufficient to generate the endogenous level of 

CORT necessary to modulate consolidation processes in a manner that results in memory 

strengthening. 

 

Comparison with previous work 

Our finding that the rPL-BST pathway can prevent generalization to contexts that 

share similar features, or are temporally linked, is reminiscent of a recent study showing 

the IL-BST pathway constrains fear responding to a partially reinforced CS (Glover et al., 

2020). Despite targeting memory retrieval in their study, these results appear largely 

consistent with that demonstrated here. Although much work has demonstrated functional 

differences between infralimbic and prelimbic regions in mediating threat learning and 

retention (Corcoran & Quirk 2007; Sangha, Diehl, Bergstrom & Drew 2020; Capuzzo & 

Floresco 2020; Sierra-Mercado, Padilla-Coreano, Quirk 2011; Alexandra Kredlow et al., 

2022), an intriguing possibility here is that projections to the BST from rPL and IL are 

mobilized in concert to mediate potentially diverging components of an organism’s 

response to threat to ultimately promote a similar outcome (i.e. restraining fear-related 

behavior to less threat-predictive stimuli). One example here may be the differential 
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recruitment of neuroendocrine or pre-autonomic effector nuclei in the PVH that has been 

shown to be associated with PL and IL, respectively (Radley, Arias & Sawchenko 2006). 

Specifically, lesions of PL prior to stress produce augment HPA responses whereas pre-

stress lesions of IL do not (IL). Rather, pre-stress lesions of IL produce a robust 

recruitment of pre-autonomic neuronal activity in PVH (Radley, Arias & Sawchenko 2006). 

As both prefrontal regions are connected with PVH via the BST (Radley, Gosselink, 

Sawchenko 2006; Herman, Ostrander, Mueller, Figueiredo 2005; Hurley, Herbet, Moga, 

Saper 1991; Glover et al., 2020), global prefrontal innervation of BST may be recruited 

during exposure to threat to differentially mediate the neuroendocrine and autonomic 

processes downstream via PVH. Indeed, optogenetic excitation of the IL has previously 

been shown to reduce component measurements of autonomic reactivity, including mean 

arterial pressure and heart rate (Wallace, Schaeuble, Pace, Schackmuth, Hentges, 

Chicco, & Myers 2021). Further studies should explore the exact nature of prefrontal 

circuits in mediating neuroendocrine and autonomic activity and the relation to fear 

discrimination as abnormal responding in each of these components are highlighted in 

cases of psychiatric disease (including PTSD).  
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Figure 3.1 – Anatomic characterization of prefrontal projections across BST.  A-C: 
Illustration depicting viral strategy for targeting rPL and IL prefrontal subfields (B) Sagittal 
image depicting CAMKII-mCherry (magenta) and CAMKII-GFP (cyan) injections in rPL 
and IL. (C), Example sagittal image of BST. (D, G, J, M) Coronal images depicting overlay 
of rPL-mCherry and IL-GFP expression in BST at sequential levels of BST (AP:0.00; -
0.12; -0.26; -0.46mm). (E, H, K, N) Isolated fluorescent expression for rPL-BST at all 
levels of BST. (F, I, L, O) Isolated fluorescent expression for IL-BST at all levels of BST. 
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Figure 3.2 – Characterization of prefrontal - BST projection neurons using 
retrograde AAV tracing. A: Representative micrograph of AAV2-retro-GFP injection in 
BST.  B-C: Depiction of injection sites in BST. D: Coronal images of fluorescent 
expression (pseudo-colored: black and white) across the prefrontal cortex starting at the 
most rostral (left) and extending to caudal regions (right). 
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Figure 3.3 – Validation of AAV-retro-GFP approach using conventional tracer 
Fluorogold.  
A: Representative micrograph of Fluorogold (FG) injection in BST. B-C: Illustration of 

FG injection sites in BST across n= 6. D: Example coronal image of FG expression in 

rPL (~AP:3.86mm). 
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Figure 3.4 - Trans-Neuronal characterization of BST cell types receiving input from 
rPL. A: Illustration depicting viral strategy.  B-D: Coronal images of fluorescent 
expression in BST with AAV1-Cre-GFP (B) DIO-mCherry (C) and overlay (D). E-H: 
RNAscope in situ hybridization for mCherry-RNA (E), GAD1-RNA (F), and overlay (G) at 
20x magnification. (H) 100x magnification of overlay of mCherry-RNA and GAD1-RNA 
illustrating BST neurons receiving input from rPL are GAD1+. I-J: vGlut2-RNA(I) and 
overlay (J) of mCherry/vGlut2 indicate minimal overlap and lack of vGlut2 presence in 
BST.   
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Figure 3.5 - Trans-Neuronal targeting of rPL-BST reveal predominant downstream 
targets. A: Representative fluorescent imaging of the lateral hypothalamic area (LHA) 
following injection of AAV1-cre in rPL and DIO-mCherry in BST (top), with approximate 
location of fiber expression overlayed on atlas image (bottom).  B: Coronal image of 
fluorescent expression in PVH (top) with approximate atlas location (bottom). C: 
Quantification of optical density for brain wide downstream targeting of rPL-BST revealed 
the majority of disynaptic connections for rPL-BST are either LHA or PVH. (N = 3) (*, 
p<0.05).   
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Figure 3.6 – Electrophysiological characterization of rPL activity during IA training. 
Depiction of electrode implantation (A) and behavioral procedures (B).  Differential 
avoidance latencies based on context (i.e. -: context modified, +: original training) (C) in 
a non-surgerized sample of rats. Avoidance for (-) was significantly less than avoidance 
for (+) (*, p < 0.05).  D, rPL neuronal waveform characteristics, Half-peak width (ms) and 
Peak-to-trough (ms) were used to remove putative interneurons (gray circles). E: PC 
analysis revealed two predominant components following footshock, with the PC2 
reflective of shock responsivity. F: Raster plots of rPL neuronal activity ordered by PC1 
(top) and PC2 (bottom) coefficient values. G: Representative single-unit activity for PC1 
(top) and PC2(bottom). H: Field potential power spectral density comparison for post-
footshock, as compared to pre-footshock. Increases in peak PSD values were observed 
in theta (green), alpha (red), and beta (blue) oscillatory bands post-footshock, as 
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compared to pre-footshock (*, p<0.05). N = 4 animals implanted with electrode. FP 
analyses (N=16, electrodes averaged across N=4 animals).  
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Figure 3.7 - Neurophysiological characterization of rPL activity around latency to 
enter darkened chamber on D1-D3. A: Illustration of electrode implantation location and 
B: behavioral procedures for IA paradigm. C: Z-scored activity for all single units on Day 
1 aligned to latency to enter. D, rPL activity surrounding latency to enter the adjacent 
darkened area in the contextually modified “safe” chamber on D3. E: rPL activity aligned 
to latency to enter darkened area of the original training context on D3. Area under the 
curve analysis for the period prior to latency, as compared across days indicated an 
increased AUC for D3 Safe-CTX in the 10s prior to latency, as compared to Day 1, and 
trending increase as compared to D3-ShCTX (*, p<0.05). 
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Figure 3.8 – Further electrophysiological characterization of rPL activity aligned to 
latency to enter darkened adjacent area. A-C: PC components for rPL neural activity 
aligned to latency across D1-D3 revealed three predominant components. D-F: Raster 
plots for rPL activity ordered by PC1(D), PC2(E), or PC3(F). G: PC3 coefficient values 
were increased for Day 3 Safe-CTX as compared to D3 Shock-CTX (p<0.05) and D1 
(p<0.1). H, Chi-square test of independence indicated a significantly greater proportion of 
units loading on the upper 25% if PC3 coefficient values for D3 SafeCTX (p<0.05). I-K: 
Time frequency Morelet wavelets for D1 (I), D3 Safe-CTX (J), and D3 Shock-CTX (K). L: 
Field potential analyses for latency to enter revealed increased average rPL theta (4-8Hz) 
(frequency analyzed indicated by white rectangle) PSD values in the 10s period prior to 
latency in D3 Safe CTX as compared to D1 (p<0.05) and D3 Shock-CTX (p<0.05), no 
other oscillatory band displayed a similar pattern prior to latency.  
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Figure 3.9 – Calcium imaging of BST during IA training and testing. A: Viral strategy 
for calcium imaging of BST, rats received microinjection of AAV-GCamp8s in BST, and 
fiber optic placement in BST. B: Illustration of behavioral procedures, rats were trained in 
one context and then tested for avoidance in a contextually modified chamber. C: Peri-
event histogram of BST activity (Z-Score dF/F) immediately following shock(left) and 
(right) area under the curve analysis for pre vs post max Z-Score dF/F values. Peak 
values were significantly greater post-shock as compared to pre-shock (*, p<0.05). D: 
BST activity on D1 aligned to latency to enter adjacent darkened area. E: BST activity on 
D3 aligned to latency to enter adjacent darkened area of contextually modified chamber. 
F: AUC values for D1 (blue) and D3 (purple) prior to and post latency to enter. D1 latency 
values were no different between pre and post levels. D3 pre-AUC values were 
significantly increased as compared to D1 and D3 post-latency to enter (*, p <0.05). G: 
Scatter plot of pre latency AUC values for D3 and total avoidance time revealed a 
significant association between variables (p<0.05). H: Illustration of additional context 
transition experiment and (H-K) associated peri-event plots of Z-Scored dF/F values for 
entrance into a lit (I), middle (J), and darkened-contextually distinct (K) chamber revealed 
no differences BST activity as a function of context transitions. A-F, N = 5; H-J, N = 4. 
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Figure 3.10 – Posttraining photoinhibition of rPL-BST A: Illustration of optogenetic 
and behavioral manipulations in the IA task. B: Illustration of viral strategy for targeting 
rPL-BST projection (left), and representative images of viral expression of rPL fibers in 
BST (right). C: Electrophysiological verification of opsin functionality in BST, 561nm laser 
stimulation (purple box) was applied for 10 minutes. (C-Top) Randomized raster of unit 
activity prior to, during, and post laser stimulation for illustration. (C-Bottom) Z-Scored unit 
activity across the entire recording session. D: Corticosterone responses during D1 prior 
to (T0) and post-footshock (T10,30,60,90min) revealed an overall significant increase 
across time (p<0.05), and a specific increase at T60 (p<0.05) in CORT for rPL-BSTHalo 
expressing animals. E: integrated area under the curve (AUC) values for experimental 
animals revealed a significant increase for rPL-BSTHalo, as compared to rPL-BSTmCherry 
(p<0.05).  F: Avoidance latencies across D1 (base) and D3 (-, +) revealed a significant 
increase in avoidance for rPL-BSTHalo animals on D3 for (-) context (i.e., Contextually 
modified safe chamber) (p<0.05). Avoidance for D3 (+) context was no different between 
groups. G: Discrimination index (DI) values (i.e. (+)/ {(-) +(+)}) revealed significant 
decreases in rPL-BSTHalo, as compared to rPL-BSTmCherry (p<0.05). N = 15; Halo, N = 11; 
mCherry. 
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Figure 3.11 – Posttraining rPL-BST photoinhibition following adrenalectomy.  A: 
Schematic diagram depicting surgical and behavioral procedures. ADX was performed 
14 days prior to experimentation, and animals received CORT in the drinking water 
(25mg/dL) from D-14 to D3. CORT in the drinking water was then removed from D3 to 
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D10 to assess restraint-induced mobilization of CORT. B: Avoidance latencies across 
D1(base) to D3 (- & +) for animals that received either post-training injection of saline or 
CORT (3mg/kg i.p), avoidance for D3- was increased for animals that received CORT 
injections (p<0.05). C: Avoidance latencies across D1 (base) to D3 (- & +) for rPL-
BSTmCherry-Sham, rPL-BSTmCherry-ADX, and rPL-BSTHalo-ADX. Avoidance latencies for D3(-) 
were increased in rPL-BSTHalo animals as compared to both control groups (p<0.05). D: 
Discrimination index values were decreased in rPL-BSTHalo animals, as compared to both 
control groups (p<0.05). E, Radioimmunoassay for AM (0700Hr) and PM (1700Hr) CORT 
values, blood collection occurred prior to training (D-1) and indicated no differences in 
AM or PM values for ADX animals, as compared to Sham animals (p>0.05). F: following 
completion of training and testing ADX animals had CORT in the drinking water removed 
for 7 days to subsequently test restraint-induced values of CORT. Following a 30 min 
restraint test Sham rats displayed substantially higher values of CORT than ADX rats 
(p<0.05).  N = 6 rPL-BSTmCherry-Sham, N = 9 rPL-BSTmCherry-ADX, N = 9 rPL-BSTHalo-ADX. 
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Figure 3.12 – Posttraining photoexcitation of rPL-BST prevents context 
generalization produced by context pre-exposure. A: Illustration of behavioral and 
optogenetic procedures. B: Depiction of viral strategy for pathway-specific targeting of 
rPL-BST. C: Characterization of viral overlap across the rostro-caudal extent of mPFC for 
DIO-mCherry/ChR2 (microinjection in rPL; AP coordinates ~3.85mm relative to bregma) 
and AAV2-retro-Cre-GFP (microinjection in BST; AP coordinates ~ -0.20mm relative to 
bregma) (overlap: mCherry+/GFP+). Proportion of overlap was greater at rostral levels of 
mPFC, as compared to caudal levels. D-E: Representative images of viral expression in 
rPL (D) and BST (E). F, Illustration of optic fiber placements in BST (top) and AAV-retro-
Cre-GFP injections in BST (bottom). G: Electrophysiological verification of ChR2 opsin 
functionality in BST, 473nm laser stim (20Hz, 5ms pulse width) evoked short latency 
increases in BST neurons (green line, 473nm laser pulse). H: Pre- and posttraining CORT 
responses were no different between rPL-BSTmCherry and rPL-BSTChR2. I: Avoidance 
latency values across D1 – D3 – D28 for pre-exposed neutral chamber (-) and training 
chamber (+). Results indicated rPL-BSTmCherry rats had similar latencies between 
chambers on D3 and D28 (p>0.10), whereas rPL-BSTChR2 rats displayed significantly 
higher avoidance latencies for (+) as compared to (-) on both D3 and D28 (*, p<0.05). J: 
Discrimination index values were increased on D3 for rPL-BSTChR2 rats, as compared to 
rPL-BSTmCherry but not on D28 (*, p<0.05; &, p>0.10) N = 12 rPL-BSTmCherry, N=11 rPL-
BSTChR2. 
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Figure 3.13 –rPL-BST Chemogenetic excitation prevents context generalization at 
D3.   A: Behavioral strategy for rPL-BST chemogenetic excitation with hM3dq. CNO 
(1mg/kg, i.p) injection was administered immediately after training. B: Illustration of 
intersectional chemogenetic approach. C: Electrophysiological characterization of 
chemogenetic functionality, recording in BST revealed single unit increases as a result of 
CNO injection that persisted for at least 50min following injection. D-E: Representation 
histochemical staining for cFos in rPL following injection of CNO or vehicle in a subset of 
rats with hM3dq expression in rPL-BST pathway. CNO (left), vehicle (middle), 
quantification of cFos+ nuclei in rPL (right). G: RIA for CORT prior to and following training 
on D1 revealed no significant differences across time as a function of CNO injection. H: 
Quantification of CORT area under the curve revealed no significant differences in CORT. 
I: Avoidance latencies for Vehicle and CNO injected animals on D1 and D3. CNO injected 
animals displayed reduced avoidance to context (-) on D3, as compared to (-) avoidance 
for Veh injected animals (p<0.05). Avoidance difference between (-) and (+) for CNO 
injected animals revealed significantly lower avoidance for (-) as compared to (+) (*, 
p<0.05). D-F, N = 3 rPL-BSThM3dq-Veh, N = 6 rPL-BSThM3dq-CNO. G-I, N = 9 rPL-BSThM3dq-

Veh, N = 9, rPL-BSThM3dq-CNO.  
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Figure 3.14 – Characterization of rPL-vlPAG circuit that collateralizes with BST but 
does not influence IA generalization.   A: Dual-viral targeting of the rPL-BST pathway 
revealed some collateralization with vlPAG, (left) Illustration of viral strategy (right) 
representative images of viral expression in rPL, BST, and vlPAG. B: triple-intersection 
viral strategy revealed a subset of rPL neurons that project to both BST and vlPAG. (left) 
illustration of viral strategy. Dual projection rPL neuronal ensembles were labeled by 
microinjecting a retrogradely transported Cre virus in BST, a separate retrogradely 
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transported Flp virus in vlPAG, and a CreON/FlpON-EYFP virus in rPL. Red cells are rPL-
BST projecting nuclei, Green are dual projecting (i.e., BST & vlPAG) rPL nuclei. C: 
illustration of pre-exposure model. D: illustration of viral strategy for targeting rPL-vlPAG 
(left) and representative images of rPL (middle) and vlPAG (right) viral expression. E: 
Electrophysiological characterization of rPL-vlPAG ChR2 opsin functionality, 473nm 
stimulation of ChR2 expressing rPL fibers in vlPAG resulted in increased activity 
coincident with laser stimulation. F: Avoidance latencies on D3 for YFP and CHR2 
expressing rats revealed no differences in latencies for either (-) or (+) chambers. G: 
Discrimination index values were no different between groups. N = 9 rPL-YFP, N = 9, rPL-
ChR2.  
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CHAPTER IV: 
 

Discussion and conclusions 
 

Introduction 

 

Adaptively responding to environmental threats requires the coordinated 

mobilization of multiple physiological systems. The BST acts crucially to mediate 

behavioral and neuroendocrine components of an organism’s response to psychological 

stress as an interface between limbic forebrain regions and downstream effector regions.  

 

Summary of Findings 

 

The studies described in this thesis were undertaken with the goal of testing the 

hypotheses that 1) the BST mediates the contribution of HPA signaling during memory 

consolidation and 2) that the prefrontal cortex coordinates HPA responding and facilitates 

context disambiguation through an interaction with the BST. Chapter 2 outlined the 

studies demonstrating support for the first hypothesis. Optogenetic inhibition of avBST, 

or avBST-PVH projections immediately following training on an inhibitory avoidance task 

augmented HPA-component indices including ACTH, and CORT, and 

electrophysiological activity in PVH neurons. This enhanced HPA responding was 

associated with an increased retention for the shock-associated context 48hrs later 

suggesting an enhancement of memory consolidation processes that contributed to a 

greater “memory” for the training event. Blockade of footshock-induced increases in 

CORT using metyrapone, a 11--hydroxylase inhibitor, was sufficient to prevent the 
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enhanced CORT response, and retention provided by posttraining avBST photoinhibition 

suggesting increases in CORT release were necessary for the facilitatory effects of our 

optogenetic manipulation.  

Follow-up excitatory manipulations of avBST revealed posttraining photoexcitation 

of avBST, or projections to the vlPAG, could reduce memory consolidation independent 

of any alterations in HPA responding. We further confirmed photoexcitation of avBST-

PVH was unable to carry out these effects suggesting a dissociation between 

glucocorticoid-dependent and independent effects carried out by avBST during memory 

consolidation. The vlPAG is known to mediate both conditioned (McNally & Johansen 

2011; Wright & McDannald 2019; Arico et al., 2017; Amat et al., 1998) and unconditioned 

(Assareh, Sarrami, Carrive, McNally 2016) fear responses via ascending and descending 

neural circuits, respectively (Cameron, Khan, Westlund & Willis 1995; Cameron, Khan, 

Westlund, Cliffer, & Willis 1995). In conditioned fear, vlPAG neurons are recruited via the 

disinhibition provided by GABAergic inputs from the central amygdala targeting vlPAG 

interneurons (Tovote et al., 2016; Carrive, Leung, Harris, Paxinos 1997), to promote 

freezing during retention (discussed in more detail below).  

Chapter 3 provided support for the hypothesis that prefrontal cortical projections 

to BST are capable of restraining CORT responses following an aversive event, and that 

this activity was necessary to prevent generalization to a novel context. We further 

demonstrated these effects were not dependent upon one another, and that rPL-BST 

photoinhibition produced generalized behavioral avoidance regardless of adrenocortical 

status. We also demonstrated here that rPL and BST activity were largely explained by 

patterns of shock responsivity during training, and selectivity during avoidance testing. 
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Specifically, we observed a mobilization of rPL and BST activity immediately prior to 

latency to enter an adjacent darkened area of a novel context, suggesting these regions 

are recruited during retention to disambiguate environmental features predictive of threat 

likelihood, or similarly to prevent inappropriate avoidance. Importantly, a greater level of 

BST activity, as determined by AUC values prior to latency was required to initiate latency 

to enter the safe chamber the longer the avoidance period went on, suggesting a greater 

level of activity in BST is necessary to overcome increased levels of avoidance. 

Posttraining photo or chemogenetic excitation of the rPL-BST pathway was also sufficient 

to encourage discrimination between a neutral pre-exposed chamber and a shock-

associated chamber as well, further indicating posttraining activity could modulate long-

term behavioral expression of generalization. Aligning neural activity with optogenetic 

manipulations, our results suggest that during training mobilization of rPL and BST is 

required to learn and/or consolidate information from the IA experience and disrupting the 

rPL-BST pathway prevents this potentially encouraging an overall “abstracted” or 

schematic representation of the event that lacks specific details necessary for future 

discrimination. Further, these regions are mobilized during retention to prevent avoidance 

in a novel chamber, and potentially a greater mobilization of this circuit is necessary to 

overcome excessive levels of avoidance. 

 

Consideration of BST as an upstream regulator of memory consolidation 

 

  Much of the work describing the posttraining effects of glucocorticoids highlight an 

involvement with the BLA (de Quervain, Schwabe, & Roozendaal; McGaugh 2000). 
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Evidence suggests that glucocorticoids, released in response to an emotionally arousing 

event, converge on the BLA to interact with noradrenergic signaling and modulate 

memory consolidation processes across a diverse network that involves projections to 

the mPFC (Roozendaal et al., 2009), hippocampus (Roozendaal, Griffith, Burandav, 

Dominique & McGaugh 2003), among others (Roozendaal, Williams & McGaugh 1999). 

However, this work largely suggests the BLA acts downstream of the release of 

glucocorticoids to integrate stress hormone release across a presumptive consolidation 

network. Importantly, little regard has been directed to the central circuits that mediate 

glucocorticoid responding and the consideration that these structures may act upstream 

of glucocorticoid actions within the BLA. Our results position the avBST as a component 

of a neuroendocrine regulatory network that acts as an upstream initiator of memory 

consolidation processes that ultimately rely on the BLA.  

That avBST receives particularly dense excitatory input from regions of the 

basolateral complex should be noted (Dong, Petrovich & Swanson 2001; Petrovich, 

Risold & Swanson 1996), as this might suggest that the BLA initiates memory 

consolidation processes via indirect modulation of the HPA axis by way of the BST. 

However, the extant literature examining the BLA on neuroendocrine release suggests 

this is unlikely. Specifically, lesions of the BLA do not directly impact HPA responding to 

a threat (Feldman et al., 1994), but rather selectively impair long-term consolidation 

processes that rely on the integration of glucocorticoids (McGaugh, McIntyre, & Power 

2002). As such, it is possible that the projections from the BLA to avBST serve a 

posttraining modulatory role for integrating the actions of glucocorticoids at the level of 

the BST, rather than acting as an initiator of HPA related modulation of memory 
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consolidation as is demonstrated by the avBST here. Indeed, support for the BLA as 

integrating peripheral hormone signaling within the BST has been reported. Posttraining 

intra-BLA microinjections of NE, or systemic injections of epinephrine enhance inhibitory 

avoidance learning (Liang, Juler & McGaugh 1986; Liang & McGaugh, 1983a; 1983b),), 

and this enhancement is blocked by surgical transection of the major fiber path the BLA 

utilizes to communicate with avBST (i.e., the stria terminalis). Further, a similar effect is 

demonstrated following posttraining administration of a glucocorticoid receptor agonist. 

Specifically, posttraining systemic injection of dexamethasone enhanced memory for 

inhibitory avoidance training, and this effect was also blocked by surgical transection of 

the stria terminalis (Roozendaal & McGaugh 1996). Importantly in that study, lesions of 

the stria terminalis did not significantly affect retention in animals that were not treated 

with dexamethasone suggesting this fiber tract does not contribute to the mobilization of 

HPA responding as an enhanced glucocorticoid response following such a manipulation 

would be expected to enhance inhibitory avoidance learning, such as that demonstrated 

here. Taken together with our results here, the data suggest that activity within the avBST 

is recruited to set the level, or “gain” of glucocorticoid mediated memory consolidation, 

and that posttraining actions of glucocorticoids may depend on a functional interaction 

between the BLA and structures connected via the stria terminalis-namely the bed 

nucleus, among others.  
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Generalization and the HPA axis  

 

Photoinhibition of the rPL – BST pathway promoted generalization of fear to a 

novel context without altering avoidance to the original training context. Surprisingly, we 

did not observe this effect was dependent on increased HPA responding despite 

observing increase in CORT following pathway inactivation, and additional experiments 

indicated posttraining injections of CORT produce generalized avoidance as well. In 

comparison, photoinhibition of avBST, or avBST-PVH projections, increased HPA 

component indices and increased avoidance to the original training context; an effect that 

was dependent upon increases in CORT. As previously mentioned, an explanation for 

these seemingly contrasting effects may be that the involvement of BST during memory 

consolidation is to integrate signals from multiple HPA-inhibitory regions, and that removal 

of a single HPA-inhibitory component is insufficient to alter HPA responses to the level 

required to modulate consolidation processes. From this standpoint, it may be that while 

removal of the rPL-BST pathway activity following IA learning disrupts consolidation of 

specific features that contribute to alterations in memory specificity, the augmented CORT 

response observed under pathway inactivation represented a partial recruitment of the 

HPA axis.  

Thus, while our results clearly position the rPL-BST pathway as critical for 

preventing future generalization regardless of adrenocortical activation, this partial 

recruitment of the HPA axis following pathway inactivation represents a unique alteration 

that requires further elaboration from the standpoint of its functional significance. Much of 

the work on glucocorticoids promoting memory generalization emphasize that high levels 
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of CORT release are necessary. Specifically, under low-intensity threat levels, 

glucocorticoids tend to facilitate consolidation resulting in enhanced memory for the core 

aversive event and do not alter generalization (Kaouane et al., 2012). At high-intensity 

threat levels, however, glucocorticoids begin to enhance generalization to irrelevant 

predictors of threat (dos Santos Corrêa et al., 2019). These high levels of glucocorticoids 

result in morphological, and functional alterations in mPFC (Anderson et al., 2016; 2020), 

hippocampus (Starkman et al., 1992; Sheline et al., 1996; McEwen & Magarinos 1997; 

McEwen 1999), and amygdala (Vyas et al., 2002a; Vyas et al., 2002b; Vyas et al., 2006).  

As such, under high stress conditions it is possible that multiple HPA-inhibitory 

circuits show diminished recruitment that results in a sufficiently high glucocorticoid 

release to facilitate the morphological and function alterations necessary to promote rapid 

recruitment of defensive behavior regardless of threat likelihood in the future (i.e., 

manifestation of generalized fear behavior). Indeed, chronic stress, an experimental 

paradigm in rodents that results in excessive mobilization of the HPA axis in response to 

acute threats, alters rPL-BST morphological characteristics including reduced spine 

densities (Radley, Anderson, Hamilton, Alcock & Romig-Martin 2013) suggesting the 

capacity for further recruitment of the rPL-BST projection following chronic stress, or 

excessive glucocorticoid release, is diminished. As the rPL-BST pathway is capable of 

restraining context generalization on its own, the net effect of enhanced glucocorticoid 

responding would be to bias behavioral responses toward generalization regardless of 

threat through diminished functional recruitment of the rPL-BST pathway. That our 

monitoring of BST activity during retention suggest a greater recruitment of BST activity 

is necessary to overcome increased levels of avoidance in an ostensibly “safe” chamber 
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align well with the notion that a diminished functional recruitment of this region during 

avoidance testing might contribute to excessive or inappropriate avoidance.  

In addition, our results do not support the notion that rPL-BST pathway inactivation 

represents an impairment, per se. We observed no change in avoidance to the original 

training context in any manipulation involving this pathway. This lack of decrement, or 

enhancement, suggests the animals learned the training context at similar levels to that 

of our controls. It may be expected that a more specific impairment in consolidation would 

involve reduced levels of avoidance in both contexts, or at least the original training 

context, similar to that observed following pathway activation of the avBST-vlPAG 

projection. Accordingly, this “abstracted” representation (i.e., consistent across distinct 

environments) may be the product of an inability to attend to the specific details that inform 

an accurate memory while still attending to the overall schema of the aversive event (i.e., 

organization of footshock and general features of environment into associative category) 

(Lashley & Wade 1948). Much of the work on cases of PTSD, or other stress-related 

disorders (Miles & Maren 2019), might suggest a similar mechanism that relates to an 

impairment in encoding peri-traumatic cues and/or contexts. This idea that generalization 

represents an impairment in encoding these peri-traumatic cues or contexts might be 

thought of as an indication of maladaptive behavior. Alternatively, generalized behavior 

represents an ethologically valid approach for promoting survival in situations of 

ambiguity, or uncertainty (Asok, Kandel & Rayman 2019). And so, a shift toward 

generalized behavioral responses may not be reflective of an impairment but rather bias 

of organismal responses to prioritize risk assessment or caution when exposed to a novel 

challenge.   
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Consideration of the vlPAG within the context of memory consolidation 

 

It is generally accepted that the vlPAG is a critical component of the fear circuitry 

responsible for directly responding to threats (i.e., freezing or immobility) (Carrive 1993; 

Deng, Xaio & Wang 2016; Fanselow, DeCola, De Oca, Landeira-Fernandez 1995; Kim 

et al., 2013a). Thus, the vlPAG maintains a role as an output region, directly interfacing 

with pre-motor effectors within medullary regions to differentially influence threat-related 

behavior (Cameron, Khan, Westlund & Willis 1995a; Tovote et al., 2016). This 

predominantly descending circuitry is contrasted with an ascending feature that is 

proposed to be related to processing, or relay, of affective information to limbic-forebrain 

regions (Cole & McNally 2009). Indeed, ascending vlPAG projections signal threat 

probability via an interaction with the central amygdala (Wright & McDannald 2019; 

Walker, Wright, Jhou & McDannald 2020), and nociceptive signals to the basal forebrain 

(Yu et al., 2021), along with a projection to the posterior paraventricular thalamus (pPVT) 

(Cameron, Khan, Westlund, Cliffer & Willis 1995b; Boorman, Brown, Keay 2021) that is 

broadly involved in affective processing (Yeh, Ozawa & Johansen 2021). As such, 

activation of an avBST-vlPAG projection following stress exposure may disrupt ascending 

vlPAG activity signaling affective components of the IA learning event. Consistent with 

our histochemical procedures outlining the avBST-vlPAG projection is largely GABAergic, 

we observed reduced activity following optogenetic excitation of the ChR2 expressing 
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avBST fibers in vlPAG, suggesting post-training activation of the avBST-vlPAG circuit 

may diminish recruitment of vlPAG during consolidation. 

However, the specific post-synaptic targets of the avBST-vlPAG pathway were not 

addressed here, and prior work has demonstrated BST projections to the vlPAG target a 

heterogenous population of neuronal subtypes. Specifically, at rostral levels of vlPAG, 

similar regions BST addressed here target a GABAergic subtype that is largely involved 

in intra-vlPAG signaling-that is within vlPAG (Hao et al., 2019). Chemogenetic inhibition 

of this more rostrally oriented projection results in increased cFos immunoreactivity within 

the vlPAG (Bruzsik et al., 2021), consistent with an inhibitory population that largely 

targets intra-vlPAG GABAergic interneurons to disinhibit vlPAG output neurons. 

Conversely, our prior optogenetic targeting of avBST-vlPAG demonstrated behavioral 

effects consistent with interfacing amongst vlPAG output neurons; a largely glutamatergic 

subtype residing that may predominate in more caudal regions (Tovote et al., 2016). 

Specifically, avBST-vlPAG photoexcitation during tail-suspension, or shock-probe 

defensive burying reduced immobility (Johnson et al., 2016; 2019); a behavior proposed 

to be exclusively mediated by glutamatergic vlPAG output neurons targeting pre-motor 

effectors within the magnocellular nucleus of the medulla (Tovote et al., 2016). Moreover, 

chemogenetic excitation of glutamatergic vlPAG neurons produces higher indices of 

anxiety-related behavior (Taylor et al., 2019), bidirectionally control the formation of fear 

memories (Frontera et al., 2020), and microinjections of glutamate into the vlPAG 

increase markers of sympatho-adrenal activation (Alikhani et al., 2021). As such, 

activation of a GABAergic avBST cell population targeting glutamatergic pre-autonomic 

effectors within the vlPAG may contribute to reduced sympatho-adrenal drive and thus 
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impair IA memory consolidation, as seen here. This would be consistent with prior 

observations that disruption of sympatho-adrenal activation following IA learning 

significantly impairs memory (Nielson, Czech, & Laubmeier 1999). Further work will be 

necessary to elaborate upon these effects, however, as injections of excitatory amino 

acids in the vlPAG have also been shown to induce behavioral quiescence and 

hypotension (Bandler, Keay, Floyd & Price 2000) which suggest a complex interplay 

between vlPAGvGlut and vlPAGGABA, particularly as it relates to input from BST populations 

that may target both.  

That our results targeting avBST-vlPAG produced reduced IA memory 

consolidation overall, whereas rPL-BST activation promoted a selective enhancement in 

discrimination while sparing memory for the original aversive context suggest the 

consolidation network rPL-BST mobilizes to influence future discrimination does not likely 

involve the vlPAG. This observation is further supported by our data demonstrating that 

posttraining rPL-vlPAG activation did not influence discrimination. Regardless, our prior 

and current anatomical characterization of the rPL-BST pathway indicate that rPL is di-

synaptically connected to the vlPAG via the BST (Johnson et al., 2019), and that rPL 

maintains dual-projecting nuclei that directly target both avBST and vlPAG, along with 

differential sub-BST regions that target vlPAG suggest a complex interaction between 

these three regions that is not yet reconciled. It may be that rPL differentially recruits BST 

during the initial learning or consolidation of an aversive event, and vlPAG more 

specifically during the expression of fear discrimination, as reported by others (Rozeske 

et al., 2018). Further, as BST receives input from a variety of limbic-forebrain regions the 

subset of avBST neurons projecting to vlPAG may be exclusively recruited by other 
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upstream regions (i.e., amygdala, hippocampus, PVT) to diminish consolidation and this 

projection may not be functionally related to the rPL-BST pathway during memory 

consolidation. Prior work from our laboratory has also demonstrated that a rPL-avBST-

vlPAG circuit is recruited to mediate acute behavioral responses to stress suggesting 

perhaps a more direct relevance in stress-coping behaviors rather than an associative 

capacity (Johnson et al., 2016; 2019). 

 

Broader network circuitry underlying rPL-BST enhancement of discrimination    

 

While largely speculative, our anatomical characterization of the downstream 

network rPL-BST is associated with may offer some insight into the mechanisms by which 

discrimination is altered following posttraining photoperturbation of rPL-BST. Prior 

characterization of BST projections throughout the brain reveals a distributed network that 

involves multiple regions (Dong & Swanson 2004b; Dong, Petrovich, Watts, & Swanson 

2001). Our trans-neuronal targeting reveals a substantially more restricted network of 

downstream regions that are contacted by the rPL-BST pathway. We have previously 

discussed the vlPAG, and generally accept that this projection may not be involved in 

mediating discrimination as produce herein. Moreover, di-synaptic targeting of vlPAG via 

the rPL-BST pathway indicated vlPAG was not one of the main targets (FIG 3.5). Outside 

of the vlPAG, however, and relatively exclusive in the extent with which it was targeted, 

the hypothalamus was of note (FIG 3.5). In particular, we noted significantly greater 

fluorescent density values for the LH and PVH as compared to several other regions. We 

expected to find a significant targeting of the PVH, based on our prior work (Johnson et 
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al., 2019; Radley, Gosselink, Sawchenko 2006) and results demonstrating modulation of 

the HPA axis following optogenetic inhibition of the rPL-BST pathway. However, despite 

prior work outlining the importance of the BST-LH pathway in mediating aversive states 

(Giardino et al., 2018; Jennings et al., 2013b; Rossi & Stuber 2018), and the anatomical 

characterization of the BST-LH network implicating a robust interaction between these 

regions we were surprised by the extent with which the LH was targeted. Interestingly, a 

recent report suggested BST neuronal populations that project to the LH are non-

overlapping with those that project to the vlPAG (Hao et al., 2019)  

The LH is a region containing a rich diversity of peptidergic neuronal subtypes, 

including hypocretin (HCRT), leptin (lep), and melanin-concentrating hormone (MCH) 

(Giardino et al., 2018) containing neurons. LHHCRT has been demonstrated to convey 

aversive signals (Giardino et al., 2018), and this neuronal population has been reported 

to receive input from regions of BST containing CRF+ neurons to drive avoidance that 

would be largely opposite to the pattern of behavioral results demonstrated here. 

However, the LHMCH population has been recently demonstrated to be critical for 

prevention of excessive cued-fear behavior (Concetti et al., 2020). More generally, LHMCH 

neurons are proposed to a modulator of memory storage, specifically as it relates to the 

stabilization of vigilance/arousal states (Burdakov & Peleg-Raibstein 2020; Adamantidis 

& de Lecea, 2009). LHMCH neurons target a distributed network of circuits involved in 

memory processing (e.g., hippocampus) and arousal (e.g., locus coeruleus, raphe nuclei 

and spinal cord) (Bittencourt et al., 1992; Bittencourt 2011). Of interest to our work with 

rPL-BST is the LHMCH innervation of the hippocampus, as the hippocampus is critical for 

mediating context generalization (Seo et al., 2021; Keiser et al., 2017; Wiltgen et al., 
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2010). rPL and BST do not directly target the hippocampus, although the rPL maintains 

connectivity with the entorhinal cortex (Vertes 2004; Hoover & Vertes 2011), presumably 

as a means of influencing hippocampal activity. As such, our experiments demonstrating 

increased generalization following rPL-BST photoinhibition represent an interesting 

problem for describing how this may occur without directly interfacing with the 

hippocampus. Although more anatomical work is necessary to outline whether the rPL-

BST-LH network specifically involves MCH-expressing neurons in the LH, an intriguing 

possibility with regard to our behavioral results is that inactivation of the rPL-BST 

projection alters LHMCH neuronal responses during fear learning and consolidation, and 

this disrupts context processing in the hippocampus by way of a direct LHMCH-Hipp circuit. 

That LHMCH neurons also directly interact with noradrenergic signaling in the LC 

(Adamantidis & de Lecea 2009) suggest the possibility for increasing emotional arousal 

in a manner that might differentially alter fear discrimination and offers a site through 

which rPL-BST may modulate central noradrenergic signaling in parallel with the 

mediation of neuroendocrine signaling provided by the targeting of PVH. As the regions 

of BST investigated here only sparsely target the LC (Dong, Petrovich, Watts & Swanson 

2001; Dong & Swanson 2004b), this may implicate a broader network organization that 

rPL-BST may be predominantly biased toward neuroendocrine and central noradrenergic 

modulation by way of parallel downstream circuitry involving the PVH and LH, 

respectively. Overall, a broader network characterization of these circuits will be 

necessary in the future to more fully appreciate the complexity with which circuit 

perturbation is altering fear-related memory processing.    
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Methodological concerns 

 

Electrophysiological properties 

Alterations in retention for inhibitory avoidance learning were limited to 20Hz 

photoexcitation parameters. The use of this stimulation frequency was based on the 

consensus that 20Hz stimulation allows for excitatory neuronal responses that fall within 

physiologically relevant frequencies. We have successfully used this stimulation 

frequency to elicit acute changes in behavioral responses (Johnson et al., 2016; 2019), 

and associated HPA reactivity, consistent with what others have shown deploying similar 

stimulation parameters in these regions (Jennings et al., 2013a; Kim et al., 2013a; 

Henckens et al., 2018). Moreover, we generally observed stimulatory effects that are 

opposite in sign from that of our photoinhibition experiments or produced no relevant 

change in retention when applied to specific circuits, suggesting these effects are 

consistent with a gain-of-function mechanism. Our rPL recording data also demonstrate 

that following footshock rPL is broadly mobilized, across multiple frequency domains, 

suggesting prefrontal activity during the post-footshock period is not necessarily specific 

to a certain frequency. Calcium imaging in BST also support the notion that this region is 

broadly mobilized following footshock, although calcium imaging does not reflect 

frequency specific alterations in activity and so further work would be needed to 

characterize whether frequency dependent alterations were associated with post-

footshock BST activity. 
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 However, our in vivo recording of rPL data also suggest the presence of frequency 

specific signaling during retention that is associated with a novel chamber, and consistent 

with the demonstration that specific frequency parameters are associated with successful 

disambiguation of threat-related information (Likhtik et al., 2104). In particular, rPL theta 

band oscillatory power was increased in the 10s prior to latency to enter the adjacent 

darkened area of the safe chamber suggesting activity within this oscillatory band is 

critical for preventing inappropriate avoidance, and/or distinguishing the novel chamber 

from the original training chamber.  

Our approach to optogenetic and/or chemogenetic intervention involved “off-line” 

manipulations during the posttraining period in order to avoid disrupting signaling during 

these “on-line” periods where the animal is actively engaged in an acquisition or retention 

specific manner. A critical component here is the use of a delayed stimulation experiment 

that does not impact retention. In this way, our data from Chp 2 suggest a critical period 

immediately following the training event is susceptible to intervention, and this does not 

extend to periods 3hrs after training. That increases in rPL, and BST, activity was 

associated with avoidance to a novel chamber 2 days following training would suggest 

these regions are mobilized during retention, however, our data are unable to clarify 

whether posttraining alterations in rPL or BST activity influence the mobilization of these 

regions during avoidance testing. A critical endeavor will be examining how regions are 

mobilized during learning to modulate posttraining consolidation mechanisms, and 

whether these same neuronal populations are engaged during retention, and if so, what 

role they play in this capacity.  
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Additionally, although optogenetic stimulation of soma, or projections is not 

identical to producing endogenous rhythms, the potential importance of studying specific 

frequency parameters may underlie the difficulty in producing behavioral or 

neuroendocrine effects in some experiments here. Specifically, whereas photostimulation 

of rPL-BST, or avBST-vlPAG were able to modulate inhibitory avoidance learning, rPL-

vlPAG and avBST-PVH were not and more generally we were consistently unable to 

observe decreases in HPA responding regardless of circuit manipulation. It may be that 

HPA reactivity following an acute stressor is unable to be reduced further than a set level 

of stress hormone responding, as might be determined by recruitment of other stress-

neurocircuitry. Alternatively, 20Hz stimulation of PVH projecting BST neurons may not be 

relevant for modulating HPA activity. Further, whereas the rPL-vlPAG circuit is a 

putatively glutamatergic projection, avBST-PVH is a GABAergic pathway and the 

influence of stimulating inhibitory populations within certain frequencies is not well 

understood, particularly in regions that co-express a variety of neuropeptides. Indeed, it 

has been reported that channelrhodopsin stimulation at higher frequencies may also 

encourage responses consistent with the release of neuropeptides (Arrigo & Saper 2014; 

Jego et al., 2013; Qiu et al., 2016; Adamantidis et al., 2007), that may have contrasting 

effects to the primary neurotransmitter released.  

GABAergic neurons of the BST can be segregated based on membrane and firing 

properties (Hammack et al., 2007; Rodriguez-Sierra et al., 2013). Of note, a population 

of low-threshold bursting cells (i.e., Type II) are observed in lateral BST regions similar to 

those regions examined here. Type II neurons in lateral BST regions have been 

demonstrated to co-express peptidergic markers for CRF, enkephalin (ENK), and protein 
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kinase C – delta (PKC) (Beyeler and Dabrowska 2020). Although other peptidergic 

markers are present in this region, electrophysiological properties of these populations 

have yet to be clarified. Regardless, type II BST cells display burst firing up to 120Hz 

(Rodriguez-Sierra et al., 2013) within a single burst. Similarly, whereas baseline firing rats 

of the anteroventral BST are reported to be relatively low (i.e., <4Hz) (Rodriguez-Sierra 

et al., 2013), recruitment of these regions during context fear expression results in 

increases in activity up to 30Hz (Haufler et al., 2013). As such, these results demonstrate 

BST can reliably fire at 20Hz, or greater, consistent with our optogenetic manipulations 

here. However, this wide range of firing capabilities likely underlies our difficulty producing 

specific neuroendocrine outcomes using ChR2 stimulation. That avBST projections to the 

vlPAG do not overlap with avBST projections to PVH (Johnson et al., 2019), and ChR2 

stimulation of avBST-vlPAG reduced IA memory consolidation while avBST-PVH ChR2 

stimulation did not also suggest the potential that BST projections may be differentially 

recruited based on frequency parameters. Further studies will need careful consideration 

of stimulation parameters to elucidate whether specific frequencies can modulate distinct 

neuronal circuit capacities.  

  

Conclusions 

 

The data reported herein contribute to our overall understanding of BST 

functioning, particularly as it relates to the modulation of hormonal and behavioral indices 

associated with threat memory consolidation and generalization. The BST is a critical hub 

for integration of affective signaling during exposure to a threat and involves dynamically 
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responding to the presence of danger to determine the degree with which danger is 

remembered, and through an interaction with prefrontal cortical regions whether that 

danger may extend to novel situations. In line with these findings, there is abundant 

evidence that dysfunctional threat processing in regions such as the prefrontal cortex and 

BST may contribute to the development of stress-related psychiatric diseases 

characterized by alterations in consolidation and generalization. However, due to the 

complexity with which these neural circuits mobilize cell-type and pathway specific 

processes, along with neuroendocrine-dependent and -independent mechanisms during 

threat learning, it will be imperative for increasingly targeted interrogation of BST and 

related circuitry to inform the potential for developing therapeutic interventions in cases 

of psychiatric illness.  
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