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ABSTRACT

Mental illness is one of society’s most important and pressing challenges. In particular, trauma-
related disorders represent some of the most common and debilitating forms of psychopathology
that contribute to substantial societal and economic burden. In the laboratory, Pavlovian fear
conditioning has been a powerful experimental model for understanding the associative and
molecular underpinnings of fear-related behavior. Despite significant advances, our understanding
of the circuits underlying conditioned fear is restricted largely to paradigms that have employed
highly predictable experimental conditions, largely due to the fact that early theories of associative
learning emphasized the importance of predictive relationships in the formation of associative
relationships. However, intolerance to uncertainty is argued to be a common feature across fear
and anxiety-related disorders and a better understanding of fundamental mechanisms underlying
behavioral responses to unpredictable threats may help inform behavioral and brain techniques for
intervention. In the current work, we employed an unpredictable backward (BW) conditioning
procedure in rodents to examine both the synaptic and associative mechanisms underlying the
acquisition and expression of fear to an unpredictable conditioned stimulus (CS). Specifically, we
show that NMDA receptors within the BNST play a privileged role in the acquisition of fear to an
unpredictable BW CS, whereas those in the CeA are required for the acquisition of fear to both a
predictable and unpredictable CS. Next, we examined the associative structure underlying the
expression of BW conditioning; we show that the expression of fear to an unpredictable BW CS
is mediated by a contextual fear memory and recruits hippocampal (HPC) neurons to a greater
degree than a predictable CS. Importantly, chemogenetic reactivation of a BW-tagged HPC

ensemble was sufficient to support freezing behavior in neutral context. Lastly, from a translational



perspective an important finding was that presentation of the BW CS resulted in the reactivation
of a HPC contextual fear memory that was sensitive to disruption by protein synthesis inhibition.
Overall, these data provide important insight into the brain mechanisms underlying fear to

unpredictable threats.
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1.0 INTRODUCTION

1.1 Pavlovian fear conditioning
In the laboratory, Pavlovian fear conditioning has been a cornerstone to translational research on
neural circuits underlying emotional learning and memory (LeDoux, 2000; Maren, 2001; Maren
and Quirk, 2004). In general, these studies are concerned with understanding the neurobiological
and associative mechanisms underlying an animal’s ability to learn associations between stimuli
in the environment and biologically significant events. In a typical Pavlovian conditioning
procedure (Pavlov, 1927) in rodents, for example, an initially neutral stimulus (termed conditioned
stimulus, CS), is presented immediately prior to the delivery of an aversive event (termed
unconditioned stimulus, US), such as a mild footshock. With one or more pairing between the CS
and the US, the animal learns that the CS comes to predict the US and will demonstrate fear
responses (termed conditioned responses, CR) to presentation of the CS alone. This form of
conditioning (termed delay conditioning) is a highly robust form of learning that has been
fundamental to our understanding of neurobehavioral processes underlying emotional learning and
memory. Although the use of Pavlovian conditioning procedures employing a highly predictable
CS has been fundamental to our understanding of the neurobiology underlying conditioned
responding to explicit threats, much is less is known about the brain structures and associative
mechanisms underlying fear to less predictable threats. Indeed, a key feature of Pavlovian
conditioning is its sensitivity to the temporal arrangement of stimuli; it is appreciated that
modifications to the temporal organization of the CS and US during fear conditioning shifts the
neural circuits and associative mechanisms that are recruited during fear learning.

In the following sections | will first discuss our understanding of the neural circuitry and

plasticity mechanisms underlying the acquisition of fear to predictable threat signals. I will then



introduce different variations of Pavlovian conditioning procedures in which the contingency
between the CS and US is reduced and discuss how distinct neural circuits may underlie the
acquisition and expression of conditioned fear under situations of “unpredictability”. Importantly,
the recruitment of these structures may provide insight regarding the associative mechanisms
underlying the ability of an animal to express fear to an ambiguous threat cue. Accordingly, 1 will
briefly introduce theoretical accounts of associative learning and how those have been used to

explain the expression of fear to ambiguous threat signals.

1.2 The amygdala
The neural circuitry mediating standard Pavlovian conditioning consists of a distributed network
of cortical and limbic structures (Maren and Quirk, 2004; Herry and Johansen, 2014; Tovote et al.,
2015). At the core of this fear circuit is the amygdala, a brain region that has long been known to
be critical to both the acquisition and expression of conditioned fear (Maren, 2005; Ressler and
Maren, 2019). Anatomically, the amygdala is a node of highly interconnected nuclei that can be
broadly be divided into two separate subsystems (LeDoux, 1995; Maren, 2001). The first
subsystem, the basolateral complex (BLA), is comprised of the lateral (LA), basolateral (BA), and
basomedial (BM) nuclei and is traditionally considered the sensory interface of the amygdala. The
second subsystem, the central nucleus of the amygdala (CeA), can be divided into medial (CeM)
and lateral (CeL) sectors and is thought to serve as the output station of the amygdala, as it directly
interfaces with areas of the hypothalamus and brainstem which coordinate physiological and
behavioral conditioned fear responses.

The BLA consists of primarily glutamatergic principal neurons (~80%) and inhibitory

neurons (~20%) (McDonald, 1992; Spampanato et al., 2011). Although the cytoarchitecture of the



BLA is relatively consistent within subregions, it can be functionally dissociated based on afferent
and efferent connectivity. For instance, the LA subdivision has been a major focus of fear
conditioning studies as it has been hypothesized to be the site of convergence for pathways
carrying sensory and nociceptive signals in the brain. Information regarding unimodal CSs, such
as auditory tones, reaches the LA via direct projections from the auditory thalamus [e.g., medial
geniculate nucleus (MGN)] and primary auditory cortex (McDonald, 1998). Interestingly, while
it is appreciated that the LA receives nociceptive information, the neural pathways carrying this
signal are not completely understood. For instance, neurons in the somatosensory thalamus [e.qg.,
posterior intralaminar nucleus (PIN)] and areas of the brain stem [e.g., parabrachial nucleus and
periaqueductal gray (PAG)] are activated by nociceptive signals (such as a footshock US) and
affect fear learning (Johansen et al., 2010; Kim et al., 2013a; Han et al., 2015). However, the lack
of a monosynaptic projection to the LA raises questions about how these regions might provide a
short-latency signal that would be required to temporally match the CS signal. Nevertheless, there
is electrophysiological evidence that these types of stimuli excite LA neurons at short latencies
(Romanski et al., 1993) and the convergence of these signals is largely considered a mechanism
by which stimuli are associated during learning (Romanski et al., 1993; Uwano et al., 1995; Maren,
2005). Indeed, CS and US information has been shown to converge on single LA neurons which
is thought to be critical to the induction of associative plasticity (long-term potentiation, LTP)
underlying increased efficacy of CS inputs onto LA neurons (Quirk et al., 1995; Maren, 1999;
Blair et al., 2001). Consistent with this, studies have shown that fear conditioning occludes
experimentally induced LTP within the LA (Tsvetkov et al., 2002) and other studies have shown
that the strength of fear memories can be bidirectionally modulated by manipulating the synaptic

strength of CS inputs to LA neurons (Nabavi et al., 2014). While these findings indicate that fear



conditioning is related to changes in synaptic strength at LA inputs, an important question is
whether or not these changes are necessary for conditioned fear. To this end, it is appreciated that
administration of pharmacological agents that impair plasticity within the LA also impair fear
conditioning. For instance, the induction of LTP within the LA has been shown to depend on
activation of NMDA receptors, and infusions of NMDA antagonists into the BLA prior to learning
disrupts both the behavioral and physiological correlates of conditioned fear (Miserendino et al.,
1990; Campeau et al., 1992; Fanselow et al., 1994; Maren et al., 1996; Lee et al., 2001; Rodrigues
et al., 2001; Goosens and Maren, 2003). Similarly, administration of amnesic agents, which have
shown to disrupt LTP, also result in impairments in fear learning (Schafe et al., 1999; Nader et al.,
2000; Schafe and LeDoux, 2000; Maren et al., 2003). In total, these studies provide evidence that
the LA is a critical site of plasticity underlying the acquisition and storage of explicit fear
memories.

The CeA is comprised primarily of GABAergic inhibitory neurons and similar to the BLA
can functionally dissociated based on anatomical connectivity. Although the CeM is thought to
control the expression conditioned fear via descending projections, it does not receive direct
projections from the BLA. Instead, one route by which CS-US information reaches the CeM is
through the CeL (Pitkanen et al., 1997; Duvarci and Pare, 2014), which gates the expression of
conditioned fear via tonic inhibitory tone over CeM output (Haubensak et al., 2010; Johansen et
al., 2011). Thus, according to this view the CeA does not function to encode CS-US information,
but rather acts as a passive relay station that mediates the expression of conditioned fear (LeDoux
et al., 1988; Hitchcock and Davis, 1991; LeDoux, 2000; Maren, 2001).

Despite this predominant view, the CeL has many of the same characteristics that originally

implicated the LA as a critical site for learning (e.g., afferent connectivity, plasticity



mechanisms)(Turner and Herkenham, 1991; McDonald, 1998; McDonald et al., 1999; Samson
and Paré, 2005), suggesting that it may act in parallel to the BLA to encode aspects of CS-US
associations during learning (Balleine and Killcross, 2006). Indeed, early electrophysiological
studies revealed that the CeA may be an important locus of plasticity for fear conditioning
(Applegate et al., 1982; Pascoe and Kapp, 1985) and more recent studies have confirmed that
genetically distinct populations of neurons within the CeL undergo learning-dependent
modifications (Ciocchi et al., 2010; Haubensak et al., 2010; Duvarci et al., 2011; Li et al., 2013;
Penzo et al., 2014). Although one could argue that neurophysiological changes in the CeL reflect
a passive readout of upstream plasticity occurring in the LA, other studies have shown that local
administration of pharmacological agents into the CeA prior to fear conditioning results in
impairments in long-term memory formation. For instance, administration of NMDA antagonists
into the CeA impairs fear learning (Goosens and Maren, 2003; Wilensky et al., 2006), and other
studies have shown that administration of protein synthesis inhibitors after learning results in
similar deficits (Goosens and Maren, 2003; Wilensky et al., 2006; Shrestha et al., 2020). Moreover,
a recent study demonstrated that learning-related plasticity within the LA depends on intact
plasticity within the CeA (Yu et al., 2017). In general, these studies suggest that plasticity
underlying fear learning may not be restricted to a region, but instead may be distributed
throughout a distributed amygdala network (Herry and Johansen, 2014; Fadok et al., 2018; Ressler

and Maren, 2019).

1.3 Hippocampus
Another limbic structure located in the medial temporal lobe that has been identified as a critical

structure for fear conditioning is the hippocampus (HPC). Although both discretely cued and



contextual fear have shown to depend on the amygdala, the structures that process this information
before coming into association with shock differ. For instance, whereas information regarding an
auditory CS is thought to be relayed from primary sensory areas of the cortex/thalamus to the
amygdala where it is in turn associated with the US, information concerning contextual cues has
been shown to require the hippocampus (HPC) (Maren, 2001; Fanselow and Poulos, 2005; Maren
etal., 2013). Initial evidence indicating a critical role for the HPC in this capacity came from lesion
studies that reported deficits in both the acquisition and expression of contextual fear (Phillips and
LeDoux, 1992; Fanselow et al., 1994). Importantly, deficits in contextual fear conditioning after
HPC damage appear to reflect a deficit in forming and storing the contextual representation, rather
than deficits in forming and storing the fear memory (i.e., context-US association) per se. Indeed,
as previously mentioned contextual fear is impaired when amygdala function is disrupted
(Helmstetter and Bellgowan, 1994; Maren et al., 1996; Muller et al., 1997), suggesting it may be
the locus of plasticity for both CS-US and context-US associations (Gale et al., 2004). Moreover,
studies have shown the HPC lesion-induced deficits in contextual fear can be eliminated if the
animal is pre-exposed to the to-be-conditioned context prior to HPC damage (Young et al., 1994).
In this case, conditioning is presumed to proceed normally because the contextual memory was
acquired and consolidated elsewhere prior to damage. Indeed, infusions of NMDA-antagonists
into the HPC prior to the pre-exposure period ameliorates this facilitative effect, suggesting that
plasticity within the HPC (at least initially) may encode the contextual representation rather than
a contextual fear memory (e.g., context-US) (Young et al., 1994). Similarly, pre-exposing rats to
the conditioning context can eliminate deficits that are typically observed using immediate shock
procedures (Fanselow, 1990). The immediate shock deficit is a procedure in which contextual fear

is impaired if an animal is delivered a shock US soon after placement into the context (Fanselow,



1986). It is thought that this deficit arises from the inability of the animal to encode a configural
representation of the context. In this case, the pre-exposure session presumably allows an animal
to form a contextual representation, which is then available to be associated with the US in the
amygdala when immediate shock procedures are administered.

Despite early studies demonstrating that pretraining lesions of the HPC resulted in robust
deficits in contextual fear, more recent studies have demonstrated that animals can acquire
contextual fear independent of the HPC (Maren et al., 1997; Frankland et al., 1998; Wiltgen et al.,
2006; Gidyk et al., 2020). Based on these findings, it has been suggested that under normal
circumstances animals use a hippocampal-dependent configural strategy in which individual
elements of the context are assembled into a unified representation before coming into association
with the US. Once acquired in this manner, contextual fear is sensitive to post-training HPC
lesions. In contrast, when HPC lesions are made before training, animals’ default to an HPC-
independent strategy which is presumed to involve the animal associating individual elements of
the context (e.g., grid floor, smell, etc.) with the US (Rudy and O’Reilly, 1999). A similar pattern
of results has recently been reported after inactivation of the thalamic nucleus reuniens (RE), a
critical component of the HPC memory system (Ramanathan et al., 2018). It is important to note
that fear acquired using this elemental strategy often results in poor discrimination between safe
and unsafe contexts (Frankland et al., 1998), which has led to the notion that the HPC may play a
privileged role in integrating multiple elements of particular context into a unified representation
which may ultimately result in a more precise memory. Despite this prevailing view, there is some
evidence that animals can use a configural strategy in the absence of the HPC, which suggests that

the brain may have multiple configural learning systems (Fanselow, 2010). Accordingly, it’s



possible that the HPC is not necessary for configural learning per se, but rather is the most effective

memory system for this learning strategy, which contributes to better memory precision.

1.4 Bed nucleus of the stria terminalis

Anatomically the BNST is part of the basal forebrain and constitutes a part of the extended
amygdala. It is composed of a number of neurochemically distinct nuclei; how each of these nuclei
uniquely contribute to behavior and physiology is relatively unknown, although advances in
molecular tools enabling cell-and circuit-specific manipulations have begun to provide some
insight (Jennings et al., 2013; Kim et al., 2013b; Dabrowska et al., 2016; Giardino et al., 2018;
Xiao et al., 2020). With respect to Pavlovian conditioning, the majority of studies have focused on
the anterior located nuclei as these areas are heavily connected with areas of the amygdala (e.g.,
CeA, BLA) and HPC that play critical roles in fear behavior (Sun et al., 1991; Sun and Cassell,
1993; McDonald et al., 1999; Dong et al., 2001b; Dong and Swanson, 2004). Importantly, the
BNST also sends direct projections to areas of the brain such as the and PAG and hypothalamus
(Holstege et al., 1985; Gray and Magnuson, 1992; Nagy and Paré, 2008), positioning it well to
modulate both the behavioral and physiological expression of fear.

Within the last several decades there has been a significant amount of work conducted in
an effort to understand the precise contributions of the BNST to Pavlovian fear conditioning.
Importantly, there is now substantial evidence from preclinical rodent models as well as from
clinical studies in humans indicating that the BNST may play a dissociable role from canonical
amygdala circuits mediating the acquisition and expression of delay conditioning (discussed
above). For example, in addition to acquiring fear to a discrete CS, fear conditioning can also occur

in the absence of any discrete cue and in the case the environment or “context” serves as the CS.



It is appreciated the BNST lesions do not universally impair behavioral and physiological fear
responses. Rather, several lines of evidence suggest a necessary for the BNST in the
acquisition/expression of contextual but not discretely cued fear (LeDoux et al., 1988; Lee and
Davis, 1997; Resstel et al., 2008; Sink et al., 2013; Goode et al., 2015). For instance, BNST lesions
have been shown to disrupt freezing as well as corticosterone responses elicited by a contextual,
but not auditory CS (Sullivan et al., 2004).These findings are consistent with a proposed role for
the BNST in sustained fear insofar as contextual fear is thought to involve longer duration fear
responses relative to those elicited by phasic CS conditioned using delay procedures (Walker and
Davis, 2008; Walker et al., 2009). Despite this, contextual fear has been shown to persist
independent of the BNST under some circumstances (Hammack et al., 2015; Goode et al., 2020),
and others have shown that BNST lesions impair freezing responses to long duration (e.g. 10

minute) but not short duration (e.g. 1 min) auditory tones (Waddell et al., 2006).

1.5 Learning to fear unpredictable threats

Based on these findings our laboratory has argued that the BNST is not involved in the expression
of contextual fear or sustained responding per se, but rather is engaged by stimuli (whether cues
or exteroceptive/interoceptive contexts) that are poor predictors of when the aversive event will
occur (Goode and Maren, 2017; Goode et al., 2019, 2020). Despite this appreciation, much of what
we understand regarding the neural structures supporting plasticity underlying Pavlovian fear
comes from studies of delay conditioning, which employ highly predictable experimental
conditions. Indeed, the widespread use of delay conditioning procedures in research today is
largely due to the fact that early accounts of associative learning hypothesized that in order for

learning to occur this predictive relationship must exist (Kamin and L. J., 1969; Rescorla, 1972).



This was largely based on the observation that learning in other preparations, for example
backward (BW) conditioning, was often found to be weaker than that found using delay
procedures. In contrast to forward conditioning, during BW conditioning the CS follows the
delivery of the US, and thus provides little to no information to the organism about when the
aversive US will occur. Interestingly, while early studies of Pavlovian conditioning used these
procedures as controls, it is now appreciated that animals can acquire fear to an “unpredictable”
CS. Although these paradigms have been largely overlooked, they may provide valuable insight
into the neural substrates underlying the encoding and expression of fear to less predictable or
diffuse threats. Given that uncertainty is argued to be a key component contributing to anxiety, an
understanding of these processes will help inform brain and behavioral treatments for anxiety
disorders.

To demonstrate a selective role for the BNST in fear to temporally unpredictable threats
previous work in our lab has examined its role in the expression of fear to a forward (FW)-trained
(delay) or BW-trained CS. A primary advantage of using a FW versus BW paradigm is to generate
CSs that differ in their temporal relationship to the shock, but are matched in other aspects
(modality, intertrial interval, etc.). Accordingly, comparing the effects of BNST inactivation on
the expression of fear to a FW and BW CS allows a direct comparison of a role for the BNST in
the expression of fear to a temporally predictable and unpredictable CS, respectively. It is
important to note that while extensively trained BW CSs have shown to become conditioned
inhibitors (i.e., they reduce conditioned responding to other first-order excitatory cues) minimally
trained BW CSs elicit excitatory responding that readily transfers across contexts (Ayres et al.,
1987; Bevins and Ayres, 1992; Cole and Miller, 1999; Chang et al., 2003; Prével et al., 2016).

Consistent with our hypothesis, we found that inactivation of the BNST resulted in dramatic

10



impairments in the expression of fear to the BW CS. In contrast, BNST inactivation had no effect
on fear expression to the FW CS. Moreover, we also found that relative to a FW CS, retrieval of
the BW CS resulted in increased expression of c-Fos within the BNST, which is consistent with
other studies that have found elevated BNST activity in response to CS that has been partially
reinforced (but not fully reinforced; in this case CS is rendered ambiguous because it only predicts
the US on half of the conditioning trials) (Glover et al., 2020). To further confirm that this effect
was specifically related to the temporal uncertainty of the BW CS we conducted an additional
experiment in which rats were either trained using a delay or randomized procedure (e.g., USs
occurred randomly with respect to the CS during conditioning). Again, although the BNST had no
effect of the expression of fear to the FW CS, it impaired the expression of fear to the randomized
CS. Consistent with this idea, Duvarci and colleagues (Duvarci et al., 2009) used a discriminative
fear conditioning paradigm in which one CS signaled the US (CS*) and another did not (CS").
Interestingly, they found that a subpopulation of rats exhibited substantial fear to the CS- which
was impaired by BNST inactivation. In contrast, BNST inactivation had no effect on responding
to the CS*. Together these findings together support the notion that the BNST plays a selective
role in fear conditioning to temporally unpredictable threats, a finding that is mirrored in the human
literature (Alvarez et al., 2011; Naaz et al., 2019).

Although it is clear that backward conditioning recruits circuits distinct from those
mediating forward conditioning, the content of learning after BW conditioning (or other
procedures that degrade predictability) is poorly understood. For instance, during delay
conditioning the convergence of CS and US information within the amygdala is thought to underlie
the formation of a direct first-order CS-US association (LeDoux, 2000; Blair et al., 2001; Maren,

2005; Pape and Pare, 2010). This association is ultimately thought to support the expression of
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fear such that when an animal is presented with a CS following conditioning, it activates a mental
representation of the US, which in turn supports fear responding. However, as previously
mentioned, theoretical accounts of learning (e.g., informational accounts) predict that the CS must
have a predictive relationship to the US for this to occur (Kamin and L. J., 1969; Rescorla, 1972).

In addition to BW conditioning, trace conditioning is another procedure in which the
contingency between the CS and US is reduced by inserting a temporal gap between the stimuli
during conditioning. In contrast to delay conditioning, these types of procedures have shown to be
particularly sensitive to HPC manipulations (McEchron et al., 1998; Quinn et al., 2002;
Chowdhury et al., 2005; Bangasser et al., 2006; Wilmot et al., 2019). The exact contribution of the
HPC is still not completely understood, however its involvement has led to the notion that
contextual information may be an important contributor to the associative mechanism underlying
the expression of fear to less predictable threat signals (Quinn et al., 2002). Indeed, learning
theorists have now described several ways in which contextual cues can influence behavior
(Holland and Bouton, 1999; Maren et al., 2013). In general, in addition to becoming directly
associated with the US, contextual cues can also enter into higher order relations with an explicit
CS that appear to be especially important for retrieving the meaning of a CS when it is rendered
ambiguous. Consistent with this idea, it has been suggested that fear to a BW CS (and perhaps
unpredictable CSs in general) is dependent on an association between the conditioning context and
the US. The most straightforward evidence for this comes from a series of studies by Miller and
colleagues which demonstrated that excitatory responding to a BW CS was impaired if the animal
was exposed or “extinguished” in the conditioning context prior to retrieval (Chang et al., 2003,
2004). In this case, the contextual representation was argued to bridge an indirect association

between the CS and the US. In other words, in contrast to the direct CS-US association made in
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delay conditioning, in BW conditioning the CS does not become directly associated with the US.
Rather, the BW CS serves as a reminder to the animal about the environment or “context” in which
the aversive event occurred, which in turn is directly associated with the US. Accordingly,
extinguishing fear to the context degrades the associative link between the BW CS and the US and
reduces freezing behavior. In line with this idea, a recent study demonstrated that infusion of a
protein synthesis inhibitor into the HPC after the retrieval of a trace CS resulted in impairments in
contextual freezing (Runyan and Dash, 2005). Importantly, these impairments in contextual fear
were evident despite the animal never being exposed or extinguished to the conditioning context
itself following conditioning. Again, one possible explanation for these results is that the
presentation of the trace CS resulted in an episodic-like recollection of the conditioning context,
which in turn was disrupted by protein synthesis inhibition. Although this provides strong support
for a role on context in trace conditioning, whether similar associative processes extend to other
unpredictable threats, such as a BW CS, is still under investigation.

Although our understanding of the structures contributing to the acquisition and expression
of conditioned fear has advanced considerably over the last couple decades, there are several
outstanding questions. For example, although the BNST is appreciated to be an important structure
for fear responding to unpredictable threats (Goode and Maren, 2017), many of the early studies
involved pretraining lesions of the BNST. This makes it difficult to determine a role for the BNST
in different stages of learning (e.g., acquisition, consolidation, expression). Moreover, the role for
context in supporting BW conditioning (and trace conditioning) suggests a critical role for the
HPC in the expression to freezing to CSs that are poor predictors of aversive outcomes.
Accordingly, the current work aims to further our understanding of the synaptic and associative

mechanisms underlying the acquisition and expression of fear to an unpredictable BW CS. Given
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the established role for NMDA receptors within the amygdala in the encoding of predictable threat
signals, along with proposed dissociations between the CeA and BNST in conditioned fear, we
first sought to understand the contribution of NMDA receptors within the BNST in the acquisition
of fear to a predictable (FW) or unpredictable (BW) CS. In addition, given the proposed role for
context in supporting fear to unpredictable threat signals we combined BW conditioning
procedures with intracranial pharmacology and sophisticated viral approaches to understand the
contribution of the HPC to the expression of a BW CS. Specifically, we hypothesized that while
NMDA receptors within the BNST play a critical role in the acquisition of fear to a BW CS,
the expression of fear to a BW CS would be mediated by a HPC-dependent contextual fear

memory.
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2.0 NMDA RECEPTORS IN THE CEA AND BNST DIFFERENTIALLY REGULATE

FEAR TO PREDICTABLE AND UNPREDICTABLE THREAT SIGNALS"

2.1 Introduction

Anticipating future threats is fundamental to survival—it allows animals to organize behavioral
defense systems and prepare for future adversity. However, excessive worry and apprehension are
core symptoms of a number of fear-related psychiatric disorders. Consequently, the brain circuits
underlying fear and defensive behavior have received significant attention over the past several
decades (LeDoux, 2000; Maren, 2001; Maren and Quirk, 2004; Craske et al., 2006; Johansen et
al., 2011; Maren et al., 2013; Calhoon and Tye, 2015; Tovote et al., 2015; Lebow and Chen, 2016;
Goode et al., 2018).

Pavlovian conditioning (Pavlov, 1927) is a powerful behavioral model for elucidating the
neurobiological mechanisms underlying aversive learning and memory. In a typical experiment,
rats learn to associate an innocuous conditioned stimulus (CS), such as an auditory tone, with an
unavoidable and aversive unconditioned stimulus (US), such as a footshock. Fear conditioning
studies have revealed that convergent sensory and nociceptive inputs within the amygdala activate
N-methyl-D-aspartate (NMDA) receptors, which are critical for the induction of associative long-
term potentiation (LTP) (LeDoux et al., 1990; Romanski et al., 1993; Campeau and Davis, 1995;
Fanselow and LeDoux, 1999; Collins and Paré, 2000; Blair et al., 2001; Ressler and Maren, 2019).

Although significant work has concentrated on NMDA-dependent plasticity within the basolateral

* Reprinted with permission from Neurobiology of Learning and Memory

Ressler, R. L., Goode, T. D., Evemy, C., & Maren, S. (2020). NMDA receptors in the CeA and BNST differentially
regulate fear conditioning to predictable and unpredictable threats. Neurobiology of Learning and Memory, 174,
107281.
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nucleus of the amygdala (BLA), more recent work has demonstrated that NMDA receptor-
dependent plasticity within the central nucleus of the amygdala (CeA) is also critical to fear
learning (Samson and Paré, 2005; Goosens and Maren, 2003; Wilensky et al., 2006; Ciocchi et al.,
2010; Duvarci et al., 2011; Li et al., 2013; Penzo et al., 2014, 2015). Together, these findings
suggest that NMDA receptor-mediated plasticity within a distributed network of brain areas may
contribute to the formation of CS-US associations during the acquisition of conditioned fear.
Although this work has been fundamental to our understanding of neural mechanisms by
which the brain detects and responds to explicit threats, much less is known about how the brain
encodes unpredictable threat signals that have been linked to anxiety-like behavioral states in both
rodents and humans (Mineka and Hendersen, 1985; Foa et al., 1992; Grillon et al., 2004; Grupe
and Nitschke, 2013; Davies and Craske, 2015). Preclinical and clinical work has shown that brain
systems coordinating behavioral and physiological fear responses to predictable threats may be
dissociable from those coordinating anxiety-like states evoked by uncertain or unpredictable
prospective threats. Specifically, this work suggests that although the amygdala is critical for
phasic fear responses to predictable threat cues, the bed nucleus of the stria terminalis (BNST)
mediates sustained fear states evoked by uncertain threat (Walker and Davis, 2008; Walker et al.,
2009; Davis et al., 2010; Alvarez et al., 2011). Although initial studies suggested a role for the
BNST in contextual (but not cued) fear (LeDoux et al., 1988; Sullivan et al., 2004; Resstel et al.,
2008; Poulos et al., 2010; Zimmerman and Maren, 2011; Hottetal., 2012, 2017; Sink et al., 2013b;
Davis and Walker, 2014), more recent work suggests the role of the BNST in fear conditioning
may be more nuanced than previously appreciated (Waddell et al., 2006; Hammack et al., 2015;
Goode et al., 2019, 2020). In a recent study from our laboratory, we found that reversible

inactivation of BNST impaired the expression of fear to discrete CSs that poorly signaled when
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shock would occur [e.g., backward (BW) or temporally randomized]; in contrast, this manipulation
had no effect on the expression of fear to forward (FW) CSs that reliably predict shock onset
(Goode et al., 2019). These data suggest that the BNST may be involved in fear conditioning to
temporally unpredictable threat signals (Goode and Maren, 2017).

Despite progress in our understanding of the circumstances in which the BNST is recruited
to conditioned fear, very few studies have examined the molecular mechanisms that contribute to
BNST-dependent aversive learning. Importantly, it is not known whether NMDA receptors within
the BNST contribute to fear conditioning. To explore this question, we compared the effects of
NMDA receptor antagonism in the BNST and CeA on the acquisition of FW and BW conditioning.
These procedures differ in the degree to which the CS predicts when the US will occur, but equate

CS modality, context exposure, the number of conditioning trials, and interstimulus intervals.
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Figure 1. Experimental design (Ressler et al., 2020b). Adult male and female rats were
surgically implanted with cannulas aimed at the BNST or CeA. After recovery, animals were
infused with VEH or the NMDA receptor antagonist, APV, just prior to FW (CS-then-US;
predictable) or BW (US-then-CS; unpredictable) auditory fear conditioning. Two days after
conditioning animals were tested off-drug to the CS in the absence of the US. One day later,
animals were placed back in the conditioning context (no CS or US) to assess contextual fear
conditioning.
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2.2 Results

2.2.1 BW, but not FW conditioning, requires NMDA receptors in the BNST

Immediately prior to fear conditioning, animals were infused with the NMDA antagonist APV into
either the CeA (CeA-APV) or BNST (BNST-APV); saline (VEH) infusions served as the control.
Rats were placed in context A where they underwent forward (FW) or backward (BW) fear
conditioning procedures as described above. A summary of the behavioral design is shown in

Figure 1 and representative cannula tracts and histological placements are shown in Figure 2.
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Figure 2. Cannula placements (Ressler et al., 2020b). Representative photomicrographs of
thionin-stained coronal sections (40 um) with bilateral cannula placements aimed at the BNST (A)
or CeA (B). Purple dotted lines indicate the approximate borders of the BNST and CeA,
respectively. Purple stars denote the location of the injector tip of the cannula tract in the
representative tissue. Symbols correspond to injector tips of each animal included in the final
analyses

As shown in Figure 3, freezing behavior significantly increased throughout the conditioning

session as indicated by a main effect of trial [F(4, 200) = 144.69, p < 0.0001]. A significant trial x
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drug interaction was detected [F(8, 200) = 4.06, p = 0.0002]; post-hoc comparisons (Bonferroni’s
test) revealed that BNST-APV animals exhibited significantly more freezing than CeA-APV (p =
0.0081) or VEH animals (p = 0.0086) during the conditioning trials, independent of the FW or BW
training. Additionally, the analysis revealed a main effect of sex [F(1, 50) = 5.37, p = 0.02], such
that females exhibited higher levels of freezing overall; nonetheless, sex did not interact with any
others in the analysis. No other main effects or interactions were detected in the ANOVA (F’s <
2.58, p’s > 0.06). Thus, both FW- and BW-conditioned rats exhibited robust freezing during
conditioning, and this was not impaired by APV infusion into either the BNST or CeA, though
freezing during conditioning was somewhat elevated in BNST-APV animals.

Forty-eight hours following conditioning, rats were placed into a novel context (B) and
presented with five tone-alone presentations to assess retention of fear memory to the CS. As
shown in Figure 3, intra-BNST APV selectively impaired freezing responses to the BW CS; it had
no effect on freezing behavior to the FW CS. In contrast, intra-CeA APV resulted in robust
impairments in freezing behavior to both the FW and BW CS. Analysis of freezing behavior across
the entire session (including the baseline) revealed a main effect of trial [F(5, 250) = 43.27, p <
0.0001] (as freezing increased across the session) and a significant main effect of conditioning
procedure [F(1, 50) = 13.91, p = 0.0005], such that freezing to the FW CS was higher overall than
BW freezing. The ANOVA also revealed a significant main effect of drug treatment [F(2, 50) =
17.50, p < 0.0001] and a significant trial x conditioning procedure x drug interaction [F(10, 250)
=2.40, p = 0.01]. Post-hoc comparisons revealed that rats in the BNST-APV group that underwent
BW conditioning showed significantly less freezing during the retention test than VEH-treated rats
(p = 0.001). Conversely, rats in the BNST-APV group that underwent FW conditioning showed

no difference relative to VEH-treated rats (p = 0.85). Note that these data suggest that the higher
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levels of freezing observed in BNST-APYV animals during conditioning did not translate into higher
levels of conditioning fear at recall.

In contrast to these effects, FW and BW animals that received intra-CeA APV showed
significantly less freezing than FW-VEH (p < 0.0001) and BW-VEH (p = 0.001) groups,
respectively. CeA-APV rats also differed from BNST-APV animals in the FW condition (p =
0.0004), but not in the BW condition (p = 0.87). To examine whether the observed effects were
specific to CS-evoked freezing, we ran a separate factorial ANOVA of the post-BL trials (Figure

3). This analysis revealed a main effect of conditioning procedure [F(1, 50) = 28.93, p < 0.0001]
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Figure 3. Intra-BNST or intra-CeA infusion of APV impairs auditory fear conditioning
(Ressler et al., 2020b). Mean percentage freezing (tSEM) during FW (top panels) or BW (bottom
panels) conditioning (each trial block consisting of the three tones and their intertrial intervals),
retrieval to the CS alone, and mean CS responding during test trials 1-5 (consisting of each tone
and its intertrial interval). * = p < 0.05.



and a main effect of drug [F(2, 50) = 8.85, p = 0.0005] and a significant conditioning procedure x
drug interaction [F(2, 50) = 5.97, p = 0.005]. Post-hoc comparisons indicated that although BW
conditioning was reduced by APV infusion into either the CeA (p = 0.0006) or BNST (p = 0.001),
FW conditioning was only reduced by intra-CeA (p < 0.0001), but not intra-BNST (p = 0.85),
APV. Lastly, there was a significant trial x sex interaction [F(5, 250) = 2.88, p = 0.02] with male
rats exhibiting higher levels of freezing than females; sex did not interact with any other variables
and there were no other main effects or interactions (F’s < 1.54, p’s > 0.22). Hence, the predictive
relationship between the CS and the US regulates the role for BNST NMDA receptors in fear
conditioning, whereas CeA NMDA receptors are involved in FW and BW fear conditioning.
Moreover, APV-induced deficits on the retention of conditioned fear were not associated with a

failure to express freezing during the conditioning session.

2.2.2 Acquisition of contextual fear requires NMDA receptors in both the CeA and BNST

Twenty-four hours after the CS retention test, rats were returned to the conditioning context (A)
to examine the impact of NMDA receptor antagonism on freezing to contextual cues (Figure 4).
Because we found no main effect of conditioning procedure (FW or BW) and no significant
interactions between conditioning procedure and any other variable (sex or drug) in the analysis
(F’s < 1.37, p’s > 0.25) we collapsed this factor for the analysis (Figure 4A). Freezing behavior
was significantly reduced in rats that received intra-cranial infusion of APV relative to VEH,
independent of brain region. Repeated measures ANOVA revealed a main effect of drug [F(2, 56)
=11.88, p < 0.0001], a main effect of time [F(14, 784) = 9.27, p < 0.0001], and a time x group

interaction [F(28, 784) = 2.93, p < 0.0001]. No other main effects or interactions were detected
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Figure 4. Intra-BNST or intra-CeA infusion of APV impairs contextual fear conditioning
(Ressler et al., 2020b). (A) Mean percentage freezing (xSEM) during each minute of retrieval to the
conditioning context, collapsed across FW and BW training. Mean percentage freezing of minutes
1-5 (First 5 Min) and minutes 6-15 (Last 10 Min) are shown in the bar graphs. (B) Mean percentage
freezing during each minute of retrieval to the conditioning context, split by animals trained under
FW or BW conditions. * = p < 0.05.



(F’s < 0.87, p’s > 0.59). Post-hoc comparisons across the entire context test revealed that pre-
conditioning APV infusions in the BNST significantly reduced contextual freezing relative to both
VEH (p < 0.0001) and CeA-APV (p < 0.0001) rats. Conversely, CeA-APV animals did not differ
across the entire session relative to VEH animals (p = 0.02). Interestingly, rats in the CeA group
exhibited impairments in early, but not late, periods of the context test. To examine this further,
we collapsed the session into an early period (i.e., the first 5 mins) and the remaining duration (i.e.,
the last 10 minutes) (Figure 4). Repeated measures ANOVA of freezing during these periods
revealed a main effect of time [F(1, 56) = 40.07, p < 0.0001], main effect of drug [F(2, 56) = 12.49,
p <0.0001] , and a drug x time interaction [F(2, 56) = 10.66, p < 0.0001]. No other main effects
or interactions were observed (F’s < 0.78, p’s > 0.46). Post hoc comparisons showed that both
BNST-APV (p <0.0001) and CeA-APV (p = 0.0002) animals exhibited significantly less freezing
than VEH-treated rats during the early time period. Conversely, freezing deficits were only
observed in the BNST-APV group at the later time points relative to VEH (p < 0.0001) and CeA-
APV (p = 0.0001). This pattern of deficits was similar when the FW and BW experiments are
considered independently (Figure 4B). In total, these data suggest that NMDA receptors in the
BNST and CeA make critical (but distinct) contributions to the acquisition of contextual fear

(Figure 5).

2.3 Discussion

Here we demonstrate a dissociable role for the BNST in the acquisition of conditioned freezing to
unpredictable and predictable threat stimuli. Specifically, NMDA receptor antagonism in the
BNST prior to fear conditioning significantly reduced freezing to an unpredictable BW CS, but

not a predictable FW CS. NMDA receptor antagonism in the BNST also broadly reduced
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contextual freezing. Conversely, APV administration into the CeA prior to conditioning disrupted
conditioned freezing to both the FW and BW CS. Although contextual freezing was also disrupted
by intra-CeA APV, the impairment was restricted to early portion of the test session, whereas intra-
BNST APV impaired freezing during throughout the test. Altogether these data reveal dissociable
roles for NMDA receptors in the CeA and BNST in the acquisition of conditioned fear to
predictable and unpredictable threats (Figure 5).

Anatomically the BNST is well positioned to integrate information from the amygdala
(Krettek and Price, 1978; Sun etal., 1991; Dong et al., 2001), hippocampus (Cullinan et al., 1993),
and prefrontal cortex (PFC) (McDonald et al., 1999; Hoover and Vertes, 2007), structures that
provide contextual and nociceptive information that may be critical to learning-related plasticity
in this region. Moreover, efferent projections to the hypothalamus and periaqueductal gray
(Holstege et al., 1985; Gray and Magnuson, 1992; Nagy and Paré, 2008) position the BNST to
potentially elicit or modulate defensive responses in the presence of threat. Indeed, substantial
work in both humans and rodents has implicated the BNST in conditioned fear (Sullivan et al.,
2004; Grillon and Morgan, 1999; Duvarci et al., 2009; Somerville et al., 2010; Alvarez et al., 2011,
Zimmerman and Maren, 2011; Hott et al., 2012, 2017; Davis and Walker, 2014; Goode et al.,
2015; Hammack et al., 2015; Herrmann et al., 2016; Marcinkiewcz et al., 2016; Asok et al., 2018;
Luyck et al., 2018, 2020; Bjorni et al., 2020; Williams and Lattal, 2020).

In line with these data, a recent report from our lab demonstrated a role for the BNST in
the expression of fear to unpredictable — but not predictable — threat signals (Goode et al., 2019).
Specifically, this study demonstrated that the expression of fear to a BW (but not FW) CS is
attenuated by muscimol infusions into the BNST; similar results were obtained if the CS was

trained with randomized onset of the US. Based on these findings, we and others have argued that
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the BNST is involved in the expression of conditioned fear to threat signals that poorly predict US
onset (Goode and Maren, 2017; Luyck et al., 2019; Miles and Maren, 2019). The current results
extend these findings and show that NMDA receptors in the BNST are necessary for both
backward fear conditioning to a discrete CS, as well contextual conditioning. These findings are
also supported by recent work that observed deficits in contextual fear learning (as well in its
reconditioning) after pharmacological inactivation of the BNST (Williams and Lattal, 2020)
(Williams et al., 2019). Given that other studies have shown that BNST neurons exhibit
experience- and NMDA-receptor-dependent plasticity (Vyas et al., 2003; Dumont et al., 2005;
Kash et al., 2008a, 2008b, 2009; McElligott et al., 2010; Conrad et al., 2011; Wills et al., 2012;
Haufler et al., 2013; Daldrup et al., 2016; Glangetas et al., 2017; Bjorni et al., 2020; Salimando et
al., 2020), our data suggest that NMDA receptor-dependent plasticity in the BNST is critical to
encoding CSs that poorly predict US onset. In line with this, a recent paper found that the
spontaneous activity of BNST neurons is maximal during the period immediately after delivery of
an aversive footshock during early conditioning trials, when the footshock is unexpected (Bjorni
et al., 2020). Interestingly, this study found little evidence in support of a role for the BNST in
cued (forward) fear conditioning. Instead, the authors argued that, because responsive neurons
exhibited firing rate changes during the post-shock period, when only contextual stimuli were
present, these changes may be associated with contextual fear conditioning. Indeed, our current
study supports this idea insofar as intra-BNST APV was shown to selectively affect the acquisition
of fear to a BW CS, which occurs at the time BNST neurons exhibit the largest changes in firing
rate.

In contrast to the BNST, APV administration into the CeA resulted in deficits in

conditioned freezing to both the predictable FW and unpredictable BW CS. Several studies have
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shown that genetically distinct populations within the CeA undergo learning-dependent
modifications following fear conditioning (Ciocchi et al., 2010; Duvarci et al., 2011; Li et al.,
2013; Penzo et al., 2014; Fadok et al., 2017; Sanford et al., 2017) and plasticity within the BLA
has been shown to rely on activity within the CeA (Yu et al., 2017). Thus, although plasticity
within the CeA may be important for fear conditioning to both predictable and unpredictable threat
cues, it is also possible that NMDA receptor antagonism within the CeA indirectly affects learning
related plasticity in other brain regions (e.g., BNST) that, in turn, mediate dissociable forms of fear
learning.

Prior research in both rodents and humans has suggested that while the CeA mediates
phasic forms of fear expression, the BNST may instead control sustained fear states, which are
often attributed to unpredictability (Davis et al., 2010). Indeed, there is evidence that the BNST
and CeA may mediate different aspects of conditioned fear (Walker and Davis, 2008; Walker et
al., 2009; Dauvis et al., 2010), but other studies have suggested these regions have overlapping or
perhaps complementary functions (Sullivan et al., 2004; Fox et al., 2015; Gungor and Paré, 2016).
The results of the current study are consistent with the proposed role of the CeA in phasic fear
responses, insofar as the effects of NMDA antagonism within the CeA were restricted to the early
portions of the context test. Interestingly, this freezing deficit was observed during an early part of
the test (~5 min) that is similar to the length of the pre-shock baseline. As time passes in
conditioned context, the uncertainty of shock onset may increase and become independent of the
CeA. Given the deficit in freezing to the BW CS in the CeA-APV animals (as well as the low
freezing of BNST-APV animals in the early portion of the context test), these findings also suggest
that CeA-dependent plasticity is required for some aspects of BNST-dependent defensive

behaviors (serving complementary roles). Nonetheless, these and other findings (Resstel et al.,
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2008; Mobbs et al., 2010; Choi et al., 2012; Shackman and Fox, 2016) suggest that BNST activity
may not be limited to sustained responses alone, and can influence the rapid onset of defensive
behaviors, at least in some cases.

Given the evidence for sexual dimorphisms in the anatomy of the BNST (Allen and Gorski,
1990; Hines et al., 1992), along with its well appreciated role in contextual fear, there has been
significant interest in understanding how these neuroanatomical differences may contribute to
differences in fear and anxiety. In particular, several studies have shown that males and females
exhibit differences in conditioned fear to contexts, but not discrete CSs (Maren et al., 1994; Markus
and Zecevic, 1997; Barker and Galea, 2010). Note that these effects may depend in part on the
behavioral measure (e.g., freezing), insofar as female rats exhibit active defensive behaviors (e.g.,
“darting”; (Gruene et al., 2015) under some conditions. Given this, it’s possible that a lack of cued
freezing in APV-infused animals in the current study reflects a change in fear response modality
(e.g., darting versus freezing), as opposed to a true memory impairment. Although we did not
conduct a formal analysis to examine darting behavior in the present study, we have failed to
observe this behavior in current (unpublished) and past work (Maren et al., 1994), suggesting that
the effects of APV in the present study were specific to an impairment in the acquisition of the
cued fear memory. Although the current results suggest that NMDA receptors within the BNST
and CeA play similar roles in fear conditioning in males and females, it is possible that different
signaling mechanisms [e.g., neurosteroids; (Nagaya et al., 2015; Acca et al., 2017)], particularly
within the BNST, may contribute to sex-related differences in fear learning.

It should be noted that there are several limitations to the current study. As a whole, the
BNST is composed of several different subdivisions with unique neurochemical signatures, each

of which are thought to play unique roles in fear and anxiety related behaviors (Jennings et al.,
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2013; Kim et al., 2013; Daniel and Rainnie, 2016; Gungor and Paré, 2016; Lebow and Chen, 2016;
Giardino et al., 2018; Yamauchi et al., 2018; Xiao et al., 2020). In the present study, our
histological analysis revealed that infusions sites were not restricted to any particular subregion of
the BNST. Thus, our study is limited by the fact that we cannot attribute a role for NMDA receptors
in the current procedures to any particular subdivision of the BNST. Additionally, although we
assume that NMDA receptor antagonists influenced performance by disrupting learning-related
synaptic plasticity, we cannot rule out the possibility that intracranial APV infusions impaired
basal synaptic transmission (Maren and Fanselow, 1995; Maren et al., 1996). In addition, one could
argue that the use of a BW conditioning procedure in the current study resulted in forward trace
conditioning after the first trial, and therefore was not a truly “unpredictable” training procedure.
Although a role for the BNST in trace conditioning has not been established, it may be required

on the basis that trace conditioning degrades the temporal relationship between the CS and the US.

Summary (relative to VEH)

Drug-Free Tests

Context Context
FWCS BWCS Retrieval ~ Retrieval
Retrieval Retrieval (Early) (Late)

4 | .
ANNNE

Figure 5. Summary of the effects of intra-BNST or intra-CeA administration of APV on
fear conditioning (Ressler et al., 2020b). Arrows indicate significant reductions in freezing
levels relative to VEH animals in the current study, whereas hash marks denote no significant
changes. BNST-APV and CeA-APV animals exhibited dissociable as well as overlapping
deficits in learning.

CeA-APV
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Lastly, BW conditioning resulted in lower levels of conditioned freezing relative FW conditioning.
Given this observation, one could argue that the BNST NMDA receptor antagonists produce
impairments with procedures that produce weak, but not strong, fear conditioning. However, we
and others have demonstrated that BNST lesions or inactivation reduce the expression of
conditioned freezing even when those levels are high (Goode et al., 2015, 2019, 2020; Hammack
et al., 2015). Based on these findings, we have argued that magnitude or duration of freezing is not
predictive of BNST involvement (Goode and Maren, 2017). With regard to the CeA, future studies
will need to be conducted to determine whether its participation is unique to BW conditioning, or
whether it also plays a role in the acquisition of conditioned fear to truly unpredictable threat
signals. Altogether, the present results build on previous research demonstrating that an extended
network of brain structures mediate different forms of fear conditioning. Moreover, these results
reveal for the first time that NMDA receptors in the BNST are necessary for the acquisition of
conditioned fear to unpredictable threats, including contextual fear. Although further
electrophysiological studies will be needed to determine whether plasticity within the BNST does
indeed mediate the learning of conditioned fear to unpredictable threats, the current results suggest
that NMDA receptors within the BNST are critical for aversive learning and memory within the

extended amygdala.

2.4 Material and Methods

2.4.1 Subjects

For all experiments, adult male and female Long-Evans rats (200-250 g upon arrival; Envigo;
Indianapolis, IN) were used (n = 64, equal numbers of male and females per group prior to
exclusions). Rats were individually housed in clear plastic cages in a climate-controlled vivarium

on a fixed light/dark cycle (lights on at 7:00 a.m. and off at 9:00 p.m.). All behavioral experiments
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were conducted during the light phase of the cycle. All group assignments were randomized for
cage position in the vivarium and male and female rats were housed together (individual,
alternating cages) in the vivarium. Animals had access to standard rodent chow and water ad
libitum. For five consecutive days prior to the start of surgery animals were handled by
experimenters (~1 min/day). All procedures were conducted in accordance with the US National
Institutes of Health (NIH) Guide for Care and Use of Laboratory Animals and were approved by

the Texas A&M University Institutional Animal Care and Use Committee (IACUC).

2.4.2 Surgical procedures

One week prior to behavioral testing, rats were transported to the surgical suite and anesthetized
with isoflurane (5% for induction and 1-2% for maintenance) and placed into a stereotaxic
instrument (Kopf Instruments). Hair was clipped from the top of the rodent’s head and povidone-
iodine was applied. A small incision was made in the scalp and the skull was leveled by placing
bregma and lambda in the same horizontal plane. Small holes were drilled into the skull for
placement of jeweler’s screws and bilateral stainless-steel guide cannulas (8 mm for BNST; 10
mm for CeA; 26 gauge; Plastics One); the cannulas were inserted bilaterally into either the BNST
or CeA. All coordinates (in mm) were relative to bregma. For the BNST, cannulas were implanted
at a 10° angle (directed at the midline) at the following coordinates: anteroposterior (A/P), -0.15;
mediolateral (M/L), +2.65; dorsoventral (D/V), -6.15 from dura. For the CeA, cannulas were
implanted at the following coordinates (no angle): A/P, -1.8 mm; M/L, £3.9 mm; D/V, -7.9 mm
from dura. Dental cement was used to secure the guide cannulas to the skull and stainless-steel
dummies (9 mm for BNST; 11 mm for CeA,; 31 gauge; Plastics One) were inserted into the guide

cannulas. Topical antibiotic (Triple Antibiotic Plus; G&W Laboratories) was applied to the
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surgical site and one Rimadyl tablet (2 mg; Bio-Serv) was provided for post-operative pain
management. Animals were given a minimum of one week to recover prior to the beginning of

behavioral training.

2.4.3 Behavioral apparatuses

Behavioral testing was conducted in two separate rooms within the laboratory each containing
eight standard rodent conditioning chambers (30 x 24 x 21 cm; Med Associates), which were
housed in sound attenuating cabinets. Each chamber consisted of aluminum side walls with a
ceiling, rear wall, and front-hinged door made of Plexiglas. Grid floors in the chambers were
composed of 19 stainless steel rods (4 mm in diameter; spaced 1.5 mm apart) that were connected
to a shock source and a solid-state grid scrambler for delivery of the footshock US (Med
Associates). A speaker was mounted within each chamber for delivery of the auditory CS and
ventilation fans and a house light were used to generate distinct contexts as needed. Digital cameras
were positioned above each conditioning chamber to record and remotely inspect behavior.
Freezing behavior served as an index of conditioned fear. For unbiased measurements of freezing
behavior, each chamber rested on a load-cell platform that was sensitive to cage displacement
produced by each animal’s movements (Maren, 1998). Load-cell voltages ranging from -10 to +10
V were collected and digitized at 5 Hz during behavioral testing, yielding one observation every
200 ms. Load-cell voltages were converted values ranging from 0-100 with lower values indicating
less cage displacement. Based on prior work, freezing bouts were defined as values of <10 for a
period of 1 or more seconds (i.e., 5 observations) (Maren, 1998). For each behavioral session,
freezing behavior (shown as a percentage of each period, see Results and figures for details) was

calculated for the baseline (prior to CS presentation), the CS, and the intertrial interval. Stimuli
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within each testing room were manipulated to generate two unique contextual settings. For
“Context A”, a 15 W house light was turned on within each chamber and overhead red fluorescent
room lights were turned on. Each chamber was wiped down with 3.0% acetic acid prior to each
behavioral session and chamber doors remained open throughout the duration of each test. White
plastic transport boxes were used to move animals to and from the vivarium and Context A. For
“Context B”, the house light remained off, white overhead fluorescent lights were turned on, and
a mounted ventilation fan was used in each chamber to provide constant background noise (65
dB). Chamber doors remained closed during testing and chambers were wiped down with 1%
ammonium hydroxide prior to each behavioral test session. Rats were transported to and from

Context B in black plastic boxes with clean sawdust bedding.

2.4.4 Drug infusions

Prior to behavioral testing, and in the week following surgery, animals were acclimated to the
intracranial drug infusion process. Animals were transported to the infusion room from the
vivarium in 5-gallon buckets and the dummies were removed from the guide cannulas and replaced
with clean ones. This procedure was conducted twice, on separate days, prior to drug infusions.
On the conditioning day, rats were transported to the infusion room and dummy guides were
removed. Stainless steel injectors (33 gauge; 9 mm for BNST; 11mm for CeA) were connected to
polyethylene tubing (PE-20; Braintree Scientific); the other end of the tubing was connected to a
Hamilton syringe (10 ul; Hamilton Scientific) which was mounted on an infusion pump (KD
Scientific). For all infusion procedures, the NMDA receptor antagonist, D,L-2-amino-5-
phosphonovalerate (APV; Tocris Biosciences), was dissolved in physiological saline to a

concentration of 10 pg/ul; saline served as a vehicle (VEH) control. This concentration of APV
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robustly disrupts fear conditioning when infused into the amygdala (Maren et al., 1996; Goosens
and Maren, 2003). APV also produces behavioral effects when injected into the BNST, albeit in
different behavioral tasks (Liu et al., 2009; Lungwitz et al., 2012; Glangetas et al., 2017). All
infusions were made immediately (~10 min) prior to the start of conditioning. For all infusions,
animals received bilateral infusions of 0.275 [l of APV or VEH at arate of 0.275 [1l1/min. Injectors
remained in the guide cannulas for 1 minute after the infusion to allow for diffusion. Once injectors

were removed, clean dummies were inserted into the guides.

2.4.5 Behavioral procedures and exclusions

An overview of the behavioral procedures is shown in Figure 1. Male and female rats were
randomly assigned in equal numbers (e.g., 4 males, 4 females) to receive either forward (FW) or
backward (BW) conditioning and vehicle (VEH) or APV infusions into either the CeA or the
BNST. Vehicle-treated animals were ultimately collapsed into a single group (VEH) insofar as
there were no main effects of brain region in VEH-treated rats for any of the sessions [F’s < 1.77,
p’s>0.19]. This yielded the following factors and groups for the analyses: training procedure (FW
or BW), sex (female or male), and drug treatment (VEH, CeA-APV, or BNST-APV). One animal
was excluded because it became ill, and two animals had off-target cannula. This yielded the
following group sizes: FW-VEH (n = 16), BW-VEH (n = 16); FW-CeA-APV (n = 7); BW-CeA-
APV (n = 8); FW-BNST-APV (n =7); BW-BNST-APV (n = 8). For conditioning, FW- and BW-
conditioned animals were trained in alternating squads; drug assignments and sex were
counterbalanced for chamber position for all sessions. Prior to conditioning (day 1) animals were
infused intracranially with APV or VEH into CeA or BNST and immediately placed into context

A. For FW conditioning, after a 5-minute baseline period, rats received 12 trials in which an
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auditory CS (10 s, 2 kHz, 80 dB) immediately preceded an aversive footshock US (2 sec, 1 mA);
each trial was separated by a 60-sec intertrial interval (ITI). Rats remained in the chamber for 1
min after the final trial (19 min total for the entire session). For BW conditioning, these parameters
were identical to FW conditioning except the order of the CS and US were reversed (Goode et al.,
2019).

Forty-eight hours after conditioning (day 3), all animals underwent a drug-free CS retrieval
test. Rats were transported from the vivarium in squads of eight and placed into context B (drug
assignment and sex were counterbalanced for chamber position) and after a 3-minute baseline
period they received 5 presentations of the CS (in the absence of shock); each presentation was
separated by a 60-sec interstimulus interval (ISI1). Animals remained in the chamber for 1 minute
after the last CS presentation (session duration was 8 min 50 sec) and were returned to their home
cages after the test.

Twenty-four hours after CS retrieval (day 4) rats were again transported in squads of 8 and
placed in the conditioning context (A) to assess contextual freezing in a drug-free test session (15

minutes). Rats were returned to their home cages immediately after the test.

2.4.6 Histological procedures

Upon completion of the experiment, rats were overdosed with sodium pentobarbital (Fatal Plus;
100 mg/ml, 0.5 ml, i.p.) and perfused transcardially with physiological saline followed by 10%
formalin. Brains were extracted and stored overnight (at 4° C) in 10% formalin after which they
were transferred to a 30% sucrose-formalin solution for a minimum of 3 days. After fixation and
cryoprotection, brains were flash frozen on dry ice and sections containing either CeA or BNST

were collected using a cryostat (Leica Microsystems) at -20° C. Coronal sections (40 um thick)
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were mounted on subbed microscope slides and stained with thionin (0.25%) for cannula tract
visualization. Glass coverslips were mounted on the slides using Permount mounting medium
(Fisher Scientific). Coronal sections were imaged at 10x using a Leica Microscope (MZFLIII)
with Leica FireCam software. Only animals with bilateral placement of injector tips within the
borders of the BNST or CeA were included in the final analyses (shown in the figures).
Localization of injector tips were determined by an experimenter blind to the group assignments

of the subjects.

2.4.7 Statistics

All behavioral data were analyzed with repeated measures ANOVA (StatView, SAS Institute) with
variables of training procedure (FW or BW), sex (female or male), and drug treatment (VEH, CeA-
APV, or BNST-APV) (a = 0.05). Bonferroni’s test was used for post-hoc analyses. Results are

shown as means (xSEM).
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3.0 COVERT CAPTURE AND ATTENUATION OF A HIPPOCAMPAL-DEPEDENT

FEAR MEMORY

3.1 Introduction

Cognitive behavioral therapies, such as prolonged exposure therapy, are widely used treatments
for a number of debilitating fear-related and anxiety disorders (Craske et al., 2014). Similar to
extinction learning in rodents, prolonged exposure therapy attempts to extinguish maladaptive fear
responses by exposing patients to trauma-related stimuli (often using imaginal exposure) in a safe
environment. Despite efficacy in most patients, clinical interventions are nonetheless susceptible
to relapse. Accordingly, there is significant interest in developing therapeutic strategies that
selectively target and eliminate traumatic fear memories.

Studies in rodents have shown that consolidated fear memories become labile upon
retrieval and undergo a protein synthesis-dependent phase of reconsolidation (Nader et al., 2000).
Memory attenuated in this way may be less susceptible to relapse (Duvarci and Nader, 2004)
suggesting an effective therapeutic strategy to provide long-term relief (Kindt et al., 2009).
Although reconsolidation-based therapies have high therapeutic potential (Phelps and Hofmann,
2019), translating findings from experimentally controlled situations to real-world clinical
scenarios is a challenge. In animal models, for example, contextual fear memories are reactivated
by direct exposure to shock-associated contexts. In patients, however, these memories must be
retrieved indirectly using trauma-related cues or imaginal exposure. Although the development of

virtual reality exposure therapy holds promise for enhancing exposure-based treatment outcomes

** Reprinted with permission from Nature Neuroscience
Ressler R.L., Goode T.G., Kim S., Ramanathan K.R., & Maren S. (2021) Covert capture and attenuation of a
hippocampal-dependent fear memory
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in humans (Eshuis et al., 2020), a critical question is whether reactivation using indirect reminders
yields episodic retrieval of traumatic fear memories that are sensitive to reconsolidation
manipulations (Soeter and Kindt, 2015).

To accomplish “covert” memory retrieval in rats, we utilized a backward (BW) fear
conditioning procedure (Goode et al., 2019). Ciritically, this procedure does not require returning
the animal to the conditioning context in order to retrieve an aversive memory of that place. In this
procedure, rats are placed into a novel chamber and presented with several trials in which an
aversive footshock unconditioned stimulus (US) is immediately followed by the presentation of
an auditory conditioned stimulus (CS). In this procedure, the CS does not become directly
associated with the US, but nevertheless evokes conditioned fear (in this case, freezing behavior).
It does so by reactivating a memory of the conditioning context and indirectly retrieving a memory
of the aversive US (Chang et al., 2003). Given the critical role for the hippocampus in contextual
fear memory (Maren et al., 2013), we hypothesized that a backward CS reactivates a contextual
fear engram in the hippocampus in the absence of re-exposure to the conditioning context. This
would allow for the capture and manipulation of an indirectly retrieved contextual fear memory,
similar to the way in which a clinician might use an incidental reminder to facilitate the episodic

recollection of a traumatic experience in the clinic.

3.2 Results

3.2.1 Effects of context extinction on fear to a forward or backward CS
To demonstrate that conditioned freezing to a backward CS is mediated by fear to the conditioning
context, animals underwent forward or backward conditioning followed by extinction of the

conditioning context (Fig. 6a). We hypothesized that context extinction would undermine freezing
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to the backward but not forward CS. During conditioning (Fig. 6b), all rats exhibited low freezing
prior to the first trial which increased throughout the duration of the session [repeated measures:
main effect of trial; [F(4, 112) = 99.7, p < 0.0001]. On the following two days, half of the rats in
each group were placed into the conditioning context (A; ‘Ext’), while the other half were simply
exposed to a novel context (C; ‘No Ext’) for an equivalent amount of time. As expected, freezing
behavior in rats exposed to the conditioning context was elevated initially and decreased across
days; rats exposed to the neutral context showed low levels of freezing behavior in both sessions.
A repeated measures ANOVA revealed a main effect of time [F(1, 28) = 14.4, p = 0.0007], a main
effect of extinction procedure [F(1, 28) = 10.2, p = 0.003], and a significant time x extinction
interaction [F(1, 28) = 14.6, p = 0.0007]. Importantly, there were no statistical differences between
groups in average freezing during the second day of extinction (p’s > 0.11; Fig 6b).

Twenty-four hours after the final extinction session all rats were tested for conditioned
freezing to the forward or backward CS (Fig. 6b). Analysis of freezing across the five test trials
(excluding baseline) revealed a main effect of trial [repeated measures: F(4, 112) = 8.00, p <
0.0001], a main effect of conditioning procedure [F(1, 28) = 54.3, p < 0.0001], and a main effect
of extinction procedure [F(1, 28) = 12.3, p = 0.002]. Importantly, the analysis also yielded a
significant trial x conditioning procedure x extinction procedure interaction [F(4, 112) =2.82,p =
0.028], suggesting that the effects of context extinction differentially affect freezing to the
backward and forward CSs. Indeed, planned comparisons revealed that although extinction of the
conditioning context had no effect of freezing to the forward CS, it dramatically impaired freezing
to the backward CS (p = 0.005; Fig. 6b). Together these data support the hypothesis that the

retrieval of fear to a backward CS is mediated by contextual fear.
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3.2.2 Effects of CS exposure on c-Fos activity in the dHPC
Next, we asked whether the backward CS engages the dorsal hippocampus (dHPC), a brain region
known to be important for both contextual fear and higher-order conditioning (Maren et al., 2013).
Three experimental groups were compared: rats conditioned and tested to a forward CS (‘FW”),
rats conditioned and tested to a backward CS (‘BW”), and rats conditioned to either a forward or
backward CS (evenly split) but remaining in their homecage during the retrieval session
(‘NoTest’). Prior to conditioning rats underwent a habituation session in what would later be the
test context. This session was conducted in an effort to bias c-Fos expression towards cells
activated by CS retrieval rather than the test context. Twenty-four hours after habituation, rats
underwent forward or backward conditioning in a distinct context (Fig. 6c). Freezing was low
during the baseline period and increased significantly across the duration of the session [main
effect of trial: F(4, 76) = 143.3, p < 0.0001; Fig. 6d]. Although the analysis revealed a significant
trial x conditioning procedure interaction [F(4, 76) = 2.54, p = 0.047), post hoc comparisons
indicated that there were no statistical differences between any of the groups across the
conditioning session (p’s > 0.47). Twenty-four hours after conditioning rats received a retrieval
test in a safe context; control rats (NoTest) remained in their homecage and were perfused
alongside retrieval animals (Fig. 6¢-d). During retrieval, freezing was low prior to the first trial
and was significant increased by CS presentation in both forward and backward conditioned rats
to a similar extent [main effect of trial; repeated measures: F(1, 21) = 18.6, p = 0.0003; no other
main effects or interactions (F < 2.98, p’s > 0.09).

Ninety minutes after the retrieval test, rats were sacrificed for c-Fos immunohistochemistry
and c-Fos-positive (c-Fos+) nuclei were counted in three dHPC subregions (Fig. 6e). As shown in

Fig. 6f, presentation of either the forward or backward CS increased the number of c-Fos+ cells in
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the dHPC relative to NoTest controls. One-way ANOVAs comparing c-Fos counts within each
region revealed significant main effects of group in dCA1 [F(2, 20) = 12.90, p = 0.0003], dDG
[F(2, 20) = 3.61, p = 0.04], and a trend in dCA3 [F(2, 20) = 3.47, p = 0.051]. Within the dCA1,
both the forward and the backward CS produced similar increases in the number of c-Fos+ cells
relative to NoTest controls (BW vs NoTest, p <0.0001; FW vs NoTest, p = 0.004), whereas within
the dentate gyrus (DG) the backward CS produced greater increases in the number of c-Fos+ cells
relative to all of the other groups (BW vs NoTest, p = 0.027; BW vs FW, p = 0.037; Fig. 6f). These
findings reveal that the dHPC is engaged during fear retrieval, and that the DG may be

preferentially engaged by the retrieval of a backward CS.

3.2.3 Impact of CS exposure on c-Fos activity in a dHPC fear engram

An important question is whether DG cells active during backward conditioning are, in turn,
reactivated by presentation of the backward CS during a retrieval test. To examine this possibility,
we infused the dHPC with a viral cocktail (AAV-Fos-tTA and AAV-TRE-hM3Dg-mCherry) to
achieve activity-dependent expression of designer receptors exclusively activated by designer
drugs (DREADDSs) tagged to a fluorescent reporter protein (hM3Dg-mCherry; Fig. 7a-b). To
restrict tTA-dependent expression of hM3Dg-mCherry to a training experience, rats were
maintained on a doxycycline (DOX) diet until conditioning.

Prior to conditioning, rats were given a brief exposure session in which they were
habituated to the retrieval context and were immediately taken off DOX to open a cell labeling
window for the conditioning session (see Fig. 7¢ for behavioral schematic). Two days later, all rats
underwent BW conditioning and were immediately placed back on DOX. Conditioning was

similar to previous experiments [main effect of trial: F(4, 40) = 71.5, p < 0.0001; no other main
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Figure 6. Fear to a backward CS is mediated by a contextual fear memory and engages the
dorsal hippocampus (Ressler et al., 2020a). (a) Behavioral schematic. (b) Freezing behavior
during conditioning, extinction, and retrieval testing. For conditioning, the left panel depicts mean
percentage freezing for each group during the 5 min baseline period (BL) and across each
conditioning block. For extinction, data are shown as mean percentage freezing across the whole
session for each day. For CS retrieval, data represent mean percentage freezing during the 5 min
BL and across each test trial (each trial is composed of the 10 s CS and the 60 s ISI). The right
panel depicts average freezing across all test trials. While extinction of the conditioning context
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did not significantly impact freezing to the FW CS, it significantly reduced freezing elicited by the
BW CS (BW-NoExt vs. BW-Ext, p = 0.005). Groups: [FW-NoExt (n=8); FW-Ext (n=8), BW-
NoExt (n=8), BW-Ext (n=8)]. (c) Behavioral schematic. (d) Freezing behavior during conditioning
and retrieval. For conditioning, left panel depicts freezing during the 5 min baseline (BL) period
and across each conditioning block. For retrieval, right panel depicts average freezing across four
retrieval trials (each trial composed of 10 s CS and 60 s ISI). Animals were sacrificed for c-Fos
analyses 90 min after the first retrieval trial. (e) Representative photomicrograph depicting c-Fos
labeling and regions counted within the dHPC. (f) Mean c-Fos positive cells for each of the
quantified regions (standardized to 0.1 mm?). In the CA1 region, retrieval of both the BW and FW
CSresulted in elevated levels of c-Fos expression relative to controls (BW vs. NoTest, p <0.0001;
FW vs. NoTest, p = 0.004), whereas in DG the BW CS resulted in increased levels of c-Fos relative
to all other groups (BW vs. NoTest, p = 0.027; BW vs. FW, p =0.037). Groups: [FW (n=8); BW
(n=7); NoTest (n=8)]. All data are represented as means + s.e.m.

effects or interactions F’s <0.29, p’s > 0.74)]. The next day, half of the rats were given a backward
CS (‘Ret’) retrieval session to examine the extent to which cells activated within the DG during
conditioning (mCherry) were reactivated by the presentation of the BW CS (overlapping
endogenous c-Fos protein); the other half of rats served as controls and were simply exposed to
the retrieval context for an equivalent amount of time (Fig. 7c¢). Note that animals did not receive
drug injections for this test; hM3Dg-mCherry labeling was simply used as a proxy for dHPC
activity at conditioning. Analyses of freezing across the five-trial retrieval test revealed no
differences between groups [no main effect of group or trial x group interaction; (F’s < 1.89, p’s
>0.11)]. However, closer inspection of the data revealed that average freezing across the first two
trials was significantly elevated in rats that were presented with the CS [main effect of group;
repeated measures: F(1, 10) = 4.97, p = 0.049]. Importantly, although we found no differences
between groups in the overall number of cells activated by conditioning (hM3Dg-mCherry+) or
CS retrieval (c-Fos+), rats that received backward CS presentation during the retrieval test
displayed a significant increase in the percentage of cells that were double-labeled [Fig. 7b,f;
factorial ANOVA: F(1, 10) = 9.53, p = 0.01]. This suggests that presentation of the backward CS
resulted in the reactivation of neural ensembles within the DG that encode contextual

representations during conditioning.
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3.2.4 Chemogenetic activation of a BW-tagged fear ensemble

These experiments suggest that the backward CS functions as an indirect retrieval cue to covertly
reactivate a hippocampal-dependent contextual fear memory. If so, chemogenetic activation of an
HPC ensemble captured during presentation of the backward CS should be sufficient to drive
conditional fear in a safe context, as has been demonstrated for direct reactivation of HPC
ensembles (Liu et al., 2012). Accordingly, rats were injected with the same viral cocktail noted
above to achieve DOX-regulated and c-Fos-dependent expression of the chemogenetic actuator
hM3Dg-mCherry in the HPC. Prior to conditioning, and while on the DOX diet, all rats were
habituated to the retrieval context in an effort to minimize the animal’s tendency to generalize fear
across contexts (Fig. 7g). The next day, all rats underwent backward conditioning. All groups
exhibited reliable conditioning [main effect of trial; repeated measures: F(4, 144) = 145.3, p <
0.0001]. There were no other significant main effects or interactions (F’s < 1.8, p’s > 0.15). After
conditioning, rats were immediately returned to their home cages and the DOX diet was replaced
with normal chow.

Two days later, rats were given a retrieval session in which they were presented with the
backward CS to tag and capture HPC ensembles and were immediately placed back on DOX.
Analyses of freezing behavior across the five-trial retrieval session revealed a significant main
effect of trial [repeated measures: F(5, 180) = 13.4, p < 0.0001], a significant main effect of group
[F(3, 36) = 4.00, p = 0.015], and a significant trial x group interaction [F(15, 180) = 3.41, p <
0.0001]. Similar to our previous experiment, we found that freezing was maximal during the first
two retrieval trials and was significantly elevated in rats that were presented with a CS [Fig. 7i;

main effect of Ret vs NoRet; repeated measures: F(1, 38) = 11.7, p = 0.002]. Importantly,
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presentation of the backward CS increased hM3Dg-mCherry expression in animals tested off the
DOX diet relative to control rats that remained on DOX throughout the duration of the experiment
[main effect of group; factorial ANOVA: F(3, 16) = 41.55, p < 0.0001]. Post hoc analyses
confirmed that rats that remained on DOX were statistically different than all other groups (p’s <
0.0001; Fig. 7h and Fig. 9).

Twenty-four hours later, rats received systemic injections of either VEH or the DREADD
ligand, clozapine-N-oxide (CNO, 3 mg/kg), to activate the captured HPC ensemble; freezing
responses were assessed during a 10-minute test session in a novel context. As shown in Fig. 7i,
CNO increased freezing behavior in rats that received the backward CS off DOX (Ret-CNO)
relative to all of the other control groups. A repeated measures ANOVA revealed a main effect of
group [F(3, 36) = 7.94, p = 0.0003; no other significant main effects or interactions (F’s < 1.6, p’s
> .14)]. Post hoc comparisons confirmed that freezing behavior in the Ret-CNO group was
significantly elevated relative to controls (p’s < 0.005). This indicates that chemogenetic
reactivation of the backward-tagged neuronal ensemble in the HPC is sufficient to drive
conditional freezing. Moreover, although activation of the tagged neuronal ensemble increased
both the endogenous levels of c-Fos as well as the total number of cells positive for c-Fos and
hM3Dg-mCherry (co-labeled) within the DG (Fig. 9), only rats in the Ret-CNO group exhibited
increased levels of freezing behavior, suggesting cells tagged during BW retrieval and activated at

test represented a contextual fear memory.
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Figure 7. Chemogenetic activation of a BW-tagged neural ensemble drives freezing behavior
(Ressler et al., 2020a) (a) Schematic of the viral strategy (b) Representative images (20x) from
the dentate gyrus. Yellow squares indicate cells that are doubled labeled for hM3Dg-mCherry (in
purple) and c-Fos (in green). (c) Behavioral schematic. (d) For conditioning, the left panels depict
mean percentage freezing behavior for each group during the 5 min baseline (BL) period and
across each conditioning block. For retrieval, right panel depicts average freezing during the 3 min
baseline period and across the first two retrieval trials (each trial composed of 10 s CS and 60 s
interstimulus interval) Note that while rats in the NoRet group did not receive any CS
presentations, the 2-trial block is defined as an equivalent amount of time (i.e., 140 sec following
baseline or the equivalent of two CS trials). (e) Quantification of cells tagged during conditioning
(mCherry+) and activated following CS retrieval (endogenous c-Fos). (f) Although there were no
differences between groups in the number of cells labeled during conditioning (mCherry+) or
retrieval (c-Fos+), presentation of the BW CS resulted in significant increases in the proportion of
double labeled cells (NoRet vs. Ret, p = 0.012). Groups: [NoRet (n = 7); Ret (n = 7)]. (9)
Behavioral schematic. (h) Representative images from each group showing expression of hM3Dg-
mCherry. Removal of DOX prior to retrieval resulted in robust labeling relative to animals that
remained on DOX throughout the duration of the experiment. (i) Freezing behavior for exposure,
conditioning, retrieval, and engram activation sessions. For conditioning, the panel depicts
freezing during the 5 min baseline (BL) and across conditioning blocks. For retrieval, panel depicts
average freezing during the 3 min baseline (BL) and average freezing across the first two retrieval
trials (each trial consists of 10 s CS and 60 s ISI). During the test session (engram activation) CNO
administration increased freezing in rats presented with the BW CS while off DOX (‘Ret-CNO”)
relative to all other groups. Right panel shows average freezing across the activation session for
each group (Ret-CNO vs. Ret-VEH, p = 0.004; Ret-CNO vs. NoRet-CNO, p < 0.0001; Ret-CNO
vs. Ret-CNO-OnDOX, p = 0.004). Groups: [Ret-CNO (n= 9); Ret-VEH (n = 11); Ret-CNO-
OnDOX (n = 8); NoRet-CNO (n = 12)]. All data are represented as means * s.e.m.

3.2.5 Inhibition of protein synthesis in the dHPC following retrieval of a forward or
backward CS

These experiments support the hypothesis that a backward CS evokes fear by retrieving a
hippocampal-dependent contextual fear engram. This suggests the backward CS could serve as an
indirect retrieval cue to covertly access a contextual fear memory in the HPC. Although directly
reactivated contextual fear memories undergo a period of reconsolidation in which they are
sensitive to protein synthesis inhibition, it is not known whether this is true for clinically relevant
indirect retrieval procedures. To explore this, rats were implanted with bilateral cannula targeting
the dorsal DG and, after recovery, were subject to forward or backward fear conditioning (Fig. 8a-

c). During conditioning, freezing was low prior to the first trial and increased throughout the
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duration of the session [main effect of trial: F(4, 196) = 212.96, p < 0.0001; no other significant
main effects or interactions, F’s < 1.9, p’s >0.17]. Next, rats underwent a retrieval session in which
they were presented with the forward or backward CS to reactivate the fear memory and
immediately thereafter received an intra-HPC infusion of the protein synthesis inhibitor rapamycin
(1.5 pg/side) or VEH and were returned to their homecages. During the reactivation session
(‘reactivation’; Fig. 8d), FW and BW groups differed in their levels of conditioned freezing. A
repeated measures ANOVA revealed a main effect of trial [F(1, 49) = 115.5, p < 0.0001], a main
effect of conditioning procedure [F(1, 49) = 8.36, p = 0.006] and a significant trial x conditioning
procedure interaction [F(1, 49) = 23.2, p <0.0001]. Post hoc analyses revealed that although there
were no differences within FW or BW groups (p’s > 0.31), rats that were conditioned to a forward
CS showed increased average levels of freezing during retrieval trials relative to groups
conditioned to a BW CS (p = 0.0003).

Forty-eight hours later, freezing to the conditioning context was assessed in a 20-minute
test session. As shown in Fig. 8d, rapamycin infusions into the HPC impaired contextual freezing
in backward-, but not forward-conditioned rats relative to VEH-treated controls. A repeated
measures ANOVA revealed a significant main effect of time [F(19, 931) = 2.72, p = 0.0001], a
significant time x conditioning procedure interaction [F(19, 931) = 2.42, p = 0.0006] and,
importantly, a significant conditioning procedure x drug group interaction [F(1, 49) = 6.44, p =
0.01]. Post hoc analyses indicated that while there were no differences between drug and VEH
treated rats conditioned to a FW CS (p = 0.52), rats that were conditioned to a BW CS and received
rapamycin following reactivation exhibited significantly less freezing than BW VEH-treated rats
(p = 0.006). Thus, presentation of the backward CS yielded a covertly reactivated contextual fear

memory that was sensitive to hippocampal protein synthesis inhibition. Importantly, this
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experiment demonstrates that contextual fear memory could be indirectly reactivated and
attenuated without exposing the animals to the conditioning context. This suggests that therapeutic
strategies that rely on indirect retrieval in a clinical setting may be viable therapeutic options for

inhibiting pathological fear.
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Figure 8. The covert retrieval of a contextual fear memory results in labile memory trace
that is vulnerable to disruption by protein synthesis inhibition (Ressler et al., 2020a). (a)
Behavioral schematic. (b) Representative photomicrograph depicting bilateral dHPC cannula
placements. (c) Documentation of cannula placements in the dorsal hippocampus (corresponding
to Figure 3). Symbols denote the location of the injector tips of the cannula tracts for each animal
for each group. (d) Freezing behavior d