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Fearful experiences create long-term memories that involve acquiring a negative 

association to the surrounding context. Exposure to the same context at a later time elicits 

a fearful response, but this learned behavior will diminish in the absence of threat, a 

process known as extinction. Extinguished fear often relapses; thus, a better 

understanding of the behavioral and neural mechanisms that influence how fear and 

extinction memories are acquired and expressed is crucial to develop better therapies. 

The goals of the experiments in this dissertation were to understand the temporal factors 

and ensemble coding mechanisms that govern the enhancement or suppression of 

contextual fear learning. First, we investigated the influence of postshock context 

exposure in contextual fear conditioning (CFC). We found that prolonging the amount of 

postshock context exposure reduced conditioned fear. The reduction was more effective 

than an equivalent amount of context exposure the following day, but required low levels 

of freezing during the postshock period. Thus, unique mechanisms may play a role in 

attenuating context fear depending on the timing of the exposure and the emotional state 
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of the animal. Next, we determined if the interval between context pre-exposure and 

conditioning affected one-trial CFC. Increasing the time between pre-exposure and 

conditioning by at least 1 h led to enhanced conditioned fear, indicative of a trial spacing 

effect. Spacing the sessions increased reactivation of CA3 ensembles associated with fear 

acquisition, suggesting this may be a potential neural correlate of the spacing effect. 

Finally, we investigated the neural mechanisms governing expression of competitive fear 

and extinction memories in the dentate gyrus (DG), a region known to play an important 

role in acquiring both fear and extinction memories. Using an activity-dependent neural 

tagging system, we demonstrate that extinction training suppresses reactivation of fear-

associated DG neurons, while activating a unique population of extinction-associated DG 

neurons. Optogenetically silencing extinction-associated neurons impairs extinction 

memory retrieval, while silencing fear-associated neurons prevents spontaneous recovery 

of fear. Our results suggest that extinction training creates a unique DG extinction 

engram whose activity is necessary for extinction expression. We hypothesize that 

interactions between the fear and extinction engrams in the DG govern the expression of 

fear and extinction memories.  
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Chapter 1: Introduction 

 Experiencing a fearful event creates a long-term memory that serves an adaptive 

purpose – to guide behaviors in order to appropriately respond to similar threats in the 

future. Avoiding threats is essential for survival, and thus fear memories are especially 

strong and long-lasting (Gale et al., 2004). However, the durability of fear memories also 

presents challenges. Exaggerated fearful responses are hallmarks of various 

neuropsychiatric disorders, including post-traumatic stress disorder (PTSD), phobias, and 

generalized anxiety disorder (Grillon, 2002). Extinction is an exposure-based therapy that 

is the primary clinical strategy for treating maladaptive fear (Powers et al., 2010). 

Although extinction training is effective in reducing learned fear, extinguished fear often 

relapses (Boschen et al., 2009; Goode and Maren, 2014). Thus, it is crucial to understand 

the behavioral and neural mechanisms through which learned fear can be attenuated in 

order to develop effective treatments. � 

 Much of our knowledge about learned fear and extinction comes from studies of 

Pavlovian fear conditioning. In contextual fear conditioning (CFC), for example, an 

animal learns to associate an aversive unconditioned stimulus (US; e.g. a foot shock) with 

the environment where it occurred (e.g. the conditioning chamber). As a result of this 

pairing, the animal will display a stereotypic and quantifiable conditioned response (CR; 

e.g., freezing in rodents) when returned to the context. To extinguish this behavior, the 

animal is continually returned to the context in the absence of additional shocks, resulting 
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in a reduction in freezing elicited by the context. Due to its simplicity and robust effects 

on behavior, this paradigm has been widely used to study the behavioral and 

neurobiological mechanisms of emotional learning (LeDoux, 2000; Maren, 2001; Maren 

et al., 2013). 

  It is generally accepted that in order for CFC to occur, animals must first form a 

mental representation of the context. Context representations are encoded during passive 

exploration (Nadel and Willner, 1980) and serve to bind individual elements of the 

environment into a gestalt-like representation (Fanselow, 2000; Rudy and O'Reilly, 2001; 

Rudy et al., 2004). Support for this idea originated from early behavioral studies of CFC. 

Animals require a certain amount of preshock context exposure to acquire CFC; if they 

are shocked shortly after being placed in a novel context, very little conditioning is 

observed (Blanchard et al., 1976; Fanselow, 1986; 1990; Kiernan and Cranney, 1992; 

Westbrook et al., 1994; Bevins and Ayres, 1995). This deficit can be alleviated if animals 

are pre-exposed to the context prior to immediate shock training (Fanselow, 1990; 

Kiernan and Westbrook, 1993; Rudy and Wright-Hardesty, 2005). These experiments 

highlight that temporal factors (e.g., shock timing) in associative learning are critically 

important, and, moreover, exploring the consequences of manipulating these factors can 

shed light onto the underlying neural mechanisms. 

 The hippocampus has been identified as essential for aspects of CFC. Post-

training lesions of the hippocampus produce profound deficits in context fear retrieval if 

they occur shortly after training, but have no effect if they occur weeks later (Kim and 
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Fanselow, 1992; Maren et al., 1997; Anagnostaras et al., 1999). This temporally graded 

retrograde amnesia is similar to what is seen in patients with hippocampal damage 

(Squire and Alvarez, 1995; Squire and Bayley, 2007). In CFC, the hippocampus is 

thought to generate context representations that can become associated with aversive 

experiences (Young et al., 1994; Fanselow, 2000; Rudy and O'Reilly, 2001; Matus-Amat 

et al., 2004). Beyond simply creating the representations, the hippocampus plays an 

important role in CFC recall, as transient optogenetic inactivation in CA1 impairs context 

fear recall (Goshen et al., 2011). Similarly, in cued fear conditioning, the hippocampus 

plays an important role in regulating the context-dependent recall of fear after extinction 

learning (Bouton, 2002; 2004; Maren et al., 2013). While the hippocampus appears to be 

involved in the expression of fear and extinction, the mechanisms to support these 

functions are not well understood. 

 Within the hippocampus, the dentate gyrus (DG) has been implicated as a key 

region related to CFC memory encoding and expression. Optogenetic stimulation of DG 

neurons active during CFC acquisition drives fear expression (Liu et al., 2012), whereas 

silencing these cells reduces fear expression (Denny et al., 2014). Similarly, memory 

acquisition and expression reactivate similar populations of DG neurons (Liu et al., 2012; 

Deng et al., 2013; Ramirez et al., 2013; Tayler et al., 2013; Cowansage et al., 2014; 

Denny et al., 2014). However, it is unknown how extinction training affects activity 

within the DG.  
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1.1 THE ENGRAM 

1.1.1 History of the engram 

Memory traces are enduring physical changes that underlie learning processes, 

and are thought to involve plasticity of a distributed population of neurons throughout the 

brain (Josselyn et al., 2015; Tonegawa et al., 2015; Eichenbaum, 2016). In the early 20th 

century, Richard Semon formalized the conception of memory as a physical change 

resulting from an experience, coining the term “engram,” which he defined as “…the 

enduring though primarily latent modifications in the irritable substance produced by a 

stimulus…” (Semon, 1921 p.89; 1923). Once created, the engram mediates memory 

retrieval by becoming reactivated when the animal is presented with parts of the original 

experience, a process he called “ecphory.” While Semon’s work was mostly ignored for 

many decades, his concepts accurately predicted the modern view of memory held by 

most neuroscientists (Poo et al., 2016). 

Early attempts to identify to location and substance of the engram proved 

difficult. Karl Lashley infamously spent decades attempting to identify the location the 

engram (Franz and Lashley, 1917; Lashley, 1950). He trained rats in complex maze tasks 

before lesioning a variety of brain regions, primarily in the cortex, to observe the effects 

on the rat’s performance. Lashley found that the size of the lesion, but not the location, 

was predictive of memory deficits. He concluded that the memory did not exist in any 

particular location, but instead must be widely distributed.  
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The idea that memories may be localized to particular brain regions was advanced 

by studies of Henry Molaison (patient H.M.). In order to treat his severe epilepsy, 

surgeons removed both of H.M.’s medial temporal lobes, which included most of his 

hippocampus (Scoville and Milner, 1957; Squire, 2009; Annese et al., 2014). As a result 

of the surgery, H.M. could no longer form new episodic memories (anterograde amnesia) 

and could only recall events from the past that occurred many years prior to the surgery 

(temporally-graded retrograde amnesia). Importantly, despite H.M.’s long-term 

declarative memory impairments, his other forms of memory, such as motor skill learning 

and short-term memory, remained intact (Scoville and Milner, 1957; Milner et al., 1968; 

Corkin, 1984; 2002). Based on this important study and decades of research to follow, it 

is now generally accepted that specific brain regions and circuits are preferentially 

engaged in distinct forms of learning (Eichenbaum and Cohen, 2001; Squire, 2004; White 

et al., 2013).  

There have been many further attempts to identify engrams, which have utilized a 

variety of tools and focused on different kinds of learning. Some notable examples 

include localizing the circuits within the cerebellum that mediate the classical 

conditioning of the eyeblink response (McCormick et al., 1981; Medina et al., 2000; 

Christian and Thompson, 2003; Poulos and Thompson, 2015), and relating the response 

properties of hippocampal place cells in spatial learning tasks to memory encoding and 

retrieval (O’Keefe and Nadel, 1978; Carr et al., 2011).  While these studies advanced our 

understanding of the brain regions and circuits involved in learning and memory, the 
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development of recent technological advances has provided new ways to visualize and 

manipulate specific subpopulations of neurons based on their activity during a learning 

experience. 

1.1.2 Capturing the engram 

A number of strategies have been recently developed that allow for long-term 

tagging of neurons activated during a learning experience. These techniques take 

advantage of the fact that immediate early genes (IEGs), such as cFos and Arc, become 

expressed in response to neural activity (Greenberg and Ziff, 1984; Curran and Morgan, 

1985; Link et al., 1995; Lyford et al., 1995). Transgenic mice have been engineered so 

that expression of an IEG additionally results in transcription of a reporter, such as green 

fluorescent protein fluorescent (GFP) (Reijmers et al., 2007; Guenthner et al., 2013; 

Denny et al., 2014). Temporal specificity of tagging is provided by various repressive 

systems that can be temporarily alleviated, such as removing doxycycline from the diet in 

the TetTag system (Reijmers et al., 2007). Thus, these mice allow for the comparison 

between neural ensembles active at two different time points. This approach is similar to 

a previously developed brain-wide activity-mapping known as catFISH (cellular 

compartment analysis of temporal activity using fluorescence in situ hybridization) 

(Guzowski et al., 1999; Vazdarjanova and Guzowski, 2004), but the longevity of the tag 

in the transgenic approach allows for much longer timescales for experimentation. Using 

this tagging approach, a number of studies have identified that a select, distributed 
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population of neurons active during the acquisition of a fear memory become 

preferentially reactivated during fear retrieval. For cued fear conditioning, this was 

observed in the amygdala (Reijmers et al., 2007) and for CFC, this was observed in the 

hippocampus (Liu et al., 2012; Deng et al., 2013; Ramirez et al., 2013; Tayler et al., 

2013; Cowansage et al., 2014; Denny et al., 2014), amygdala (Ramirez et al., 2013; 

Trouche et al., 2013; Roy et al., 2017), and cortex (Cowansage et al., 2014; Kitamura et 

al., 2017). These findings support the dominant view regarding the biological 

mechanisms of memory  – that certain neurons active during a learning experience 

undergo a physical change, and retrieval involves reactivation of the same neurons. 

However, this evidence is correlational; to address this concern, strategies were 

developed to either stimulate or silence the activity of these tagged neural ensembles to 

assess whether their activity was necessary and sufficient for memory expression. 

1.1.3 Silencing the engram 

 The first studies to selectively manipulate neurons in an activity-dependent 

fashion accomplished this goal by overexpressing the transcription factor cyclic AMP 

response element-binding protein (CREB) in a random population of lateral amygdala 

(LA) neurons, which bias them to become recruited during auditory fear conditioning 

(Han et al., 2007). Following conditioning, selectively ablating or silencing these 

allocated neurons, but not a random population of LA neurons, impaired expression of 

the fear memory (Han et al., 2009; Zhou et al., 2009). A similar result was seen utilizing 
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an activity-dependent transgenic approach for CFC in the hippocampus. Optogenetically 

silencing context fear-associated neurons in the dentate gyrus (DG) or CA3 impaired 

retrieval (Denny et al., 2014). Additionally, silencing context fear-associated CA1 

neurons impaired retrieval and prevented reactivation in downstream cortical regions 

(Tanaka et al., 2014). Together, these selective ablation and silencing studies confirm that 

neurons that are active during conditioning must be reactivated to properly retrieve the 

memory. 

1.1.4 Stimulating the engram 

The experience-dependent changes caused by learning are assumed to possess the 

potential to become reactivated based on appropriate retrieval cues. Natural sensory cues 

can reactivate the memory trace, but artificial activation of the engram should 

theoretically facilitate memory retrieval and drive associated behaviors. This technique 

was accomplished by using the activity-dependent tagging approach to selectively tag 

neurons with excitatory opsins or designer receptors exclusively activated by designer 

drugs (DREADDs).  Optogenetically stimulating fear-associated DG neurons in a non-

threatening context led to increased freezing, suggesting the original fear memory was 

retrieved (Liu et al., 2012). Importantly, this result was not observed when an equivalent 

number of DG neurons associated with a neutral context was stimulated. Stimulating 

fear-associated DG neurons evokes artificial recall at remote time points (Kitamura et al., 

2017) and under conditions where natural recall is impaired, such as in an Alzheimer’s 
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mouse model (Roy et al., 2016) or following post-conditioning anisomycin (Ryan et al., 

2015; Roy et al., 2017), suggesting the fear-associated DG neurons represent a stable 

correlate of a context memory (Hainmueller and Bartos, 2018).  

When a memory is retrieved, it enters a liable state where it becomes susceptible 

to modification (Nader et al., 2000; Tronson et al., 2006; Monfils et al., 2009). The 

purpose of this period of instability has been hypothesized to allow new information to be 

integrated into previously acquired memories (Alberini, 2005; Hupbach et al., 2007). A 

study examined whether artificial activation of an engram could become associated with 

a new learning experience (Ramirez et al., 2013). DG neurons were tagged while mice 

explored a neutral context. The neutral context-associated neurons were then stimulated 

during CFC in a different context. When returned to the original context, the mice 

displayed increased freezing, despite never experiencing a foot shock in that context. The 

creation of this “false memory” indicates artificially activated engrams behave like 

genuine memories; once retrieved, they can incorporate new information.  

In a related study, DG neurons were tagged while mice experienced either fear 

(foot shocks) or reward (male mice exposed to female mice) conditioning in context A 

(Redondo et al., 2014). The mice were then exposed to the opposite form of conditioning 

in a novel context (context B) while their context A-associated neurons were stimulated. 

This procedure resulted in a bidirectional reversal in behaviors elicited by stimulating the 

context A-associated neurons. Fear-tagged neurons, which initially produced light-
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induced place aversion, now produced place preference when stimulated, and vice versa 

for reward-tagged neurons.  

Taken together, these engram stimulation studies demonstrate that neurons active 

during conditioning can be artificially reactivated to promote memory retrieval, satisfying 

the ecphory component of Semon’s definition of an engram. Moreover, when DG 

neurons associated with an experience are activated, they can become integrated with 

present cues, thus altering behaviors elicited by their activity. 

1.2 EXTINCTION 

Learned behaviors can be diminished through a process known as extinction. 

Extinction was first described by Pavlov (1927), who observed that the magnitude of an 

acquired CR could be weakened by repeatedly presenting the conditioned stimulus (CS) 

in the absence of the US. Much like fear acquisition, the majority of our understanding 

about fear extinction is derived from Pavlovian cued fear conditioning experiments. 

While fear extinction is less well understood than fear acquisition, significant progress 

has been made understanding the behavioral and neural mechanisms that support this 

form of behavioral inhibition (Myers and Davis, 2007; Herry et al., 2010; Dunsmoor et 

al., 2015). 
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1.2.1 Behavioral and theoretical analysis of extinction 

What theoretical mechanisms could account for extinction learning? A simple 

mechanism to explain the reduction in CRs would be through a weakening of the original 

CS-US association. This mechanism is embedded in the influential learning model 

proposed by Rescorla and Wagner (1972). However, a number of behavioral observations 

have made strong arguments against a purely unlearning mechanism. The first was 

identified by Pavlov (1927), who noticed that extinguished CR’s recover with the passage 

of time, which he called “spontaneous recovery.” Additional instances where 

extinguished CRs reappear include “reinstatement” (return of CR following reminder US) 

(Rescorla and Heth, 1975; Bouton and Bolles, 1979a; Bouton and King, 1983; Bouton 

and Peck, 1989; Westbrook et al., 2002) “renewal” (return of CR when CS experienced 

outside extinction context) (Bouton and Bolles, 1979b; Bouton and King, 1983), and 

“savings” (Napier et al., 1992; Ricker and Bouton, 1996; Bernier et al., 2015). These 

examples have contributed to the prevalent view that extinction does not completely 

abolish the original memory trace, but instead involves the creation of new memory that 

inhibits or competes with the original association for reactivation (Bouton et al., 2006; 

Larrauri and Schmajuk, 2008).  

A theory that accounts for the relapse effects was proposed by Bouton (1993; 

2004). According to Bouton, extinction generates a new context-dependent inhibitory 

CS-no US memory that interferes with expression of the original CS-US association. In 
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essence, the CS becomes an ambiguous cue, signaling either the delivery of a US, or its 

absence. Importantly, the context becomes a crucial determinant for which memory will 

be retrieved. A unique feature of this theory compared to the Rescorla-Wagner model’s 

treatment of extinction is that it assumes that animals learn more than just the 

associations between CSs and USs. The contextual cues that surround the experience are 

also learned and are used to make inferences about how to behave in familiar or new 

contexts. 

An variant of Bouton’s theory can be seen in the latent cause model, which 

proposes that animals attempt to learn the hidden causal structure of the environment, 

using experience to generate models of the environment in order to make predictions 

about the future (Courville et al., 2005; Redish et al., 2007; Gershman et al., 2010; 

Gershman and Niv, 2012). In this model, it is not assumed that there is a causal 

relationship between CSs and USs. Instead, there is a variable hidden to the animal 

responsible for their relationship (e.g. a scientist performing the experiment), known as a 

latent cause. An animal is constantly making inferences about which latent cause is 

responsible for the current observed stimuli, clustering experiences together into groups 

based on their patterns of stimuli. During conditioning, the training trials would be 

attributed a single latent cause, based on the high CS-US contingency. However, when 

the conditions change drastically, such as transitioning from acquisition to extinction, the 

animal would assume a new latent cause would be responsible for the new observed data. 

An important implication of this model is that both unlearning and new learning 
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mechanisms are possible; the degree to which an animal assumes an extinction trial is 

attributed to the original latent cause would promote unlearning (Bouton et al., 2004; 

Gershman et al., 2013). 

Considering extinction as entirely unlearning or as a purely inhibitory mechanism 

is likely overly simplistic. It has been noted that CR relapse rarely returns animals to pre-

extinction levels of CR levels, suggesting some degree of unlearning occurs (Delamater 

and Westbrook, 2014). In addition, the number of sites of plasticity in the circuit, scope 

of analysis, or learning paradigm in question may change the mechanisms of extinction 

(Mauk and Ohyama, 2004). 

1.2.2 Neural circuits of fear extinction 

Research into the neural circuits involved in fear extinction indicates a distributed 

network of brain regions controls the acquisition, consolidation, and expression of 

extinction. Many of the same brain regions involved in fear acquisition are also involved 

in extinction, though unique cell types with distinct projections appear to distinguish the 

two forms of learning. 

1.2.2.1 Amygdala 

Like fear acquisition, the amygdala plays a crucial role in fear extinction. 

Extinction acquisition is impaired by manipulations to the basolateral amygdala (BLA) 

that block glutamate receptors (Kim et al., 2007a), N-methyl-D-aspartate (NMDA) 
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receptors (Falls et al., 1992; Lee and Kim, 1998; Sotres-Bayon et al., 2007),  and 

mitogen-activated protein kinase⁄extracellular-signal regulated kinase (MAPK⁄ERK) (Lu 

et al., 2001; Herry et al., 2006). Electrophysiological recordings and calcium imaging in 

the BLA have revealed that there is a diverse population of neurons that modulate their 

firing after conditioning and extinction – a portion of neurons acquire CS-evoked 

responses but lose those responses following extinction (Quirk et al., 1995; Repa et al., 

2001; Herry et al., 2008; Grewe et al., 2017), while a second population acquire 

responses to the extinguished CS (Hobin et al., 2003; Herry et al., 2008; Tye et al., 2010; 

Grewe et al., 2017). Importantly, the fear- and extinction-responsive neurons also project 

to different targets (Herry et al., 2008; Senn et al., 2014), consistent with the idea that 

distinct neural circuits are engaged during acquisition and extinction. However, the 

circuit mechanisms that allow for the switching between these two circuits are unclear. 

Within the BLA, a number of studies support the hypothesis that extinction is not 

a reversal of learning. While long-term potentiation (LTP) in the BLA plays a crucial role 

in acquiring cued fear conditioning (McKernan and Shinnick-Gallagher, 1997; Rogan et 

al., 1997; Tsvetkov et al., 2002; Cho et al., 2011), extinction does not depotentiate 

acquisition-induced LTP from auditory input regions (but see Kim et al., 2007b; Clem 

and Huganir, 2010). Additionally, optogenetically-induced LTP from auditory inputs to 

the BLA is unable to reverse fear extinction (Nabavi et al., 2014). Most convincingly, a 

recent study used an activity-dependent tagging approach to specifically label BLA-

projecting auditory cortex and medial geniculate nucleus neurons activated by the CS 
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during fear acquisition (Kim and Cho, 2017). LTP was induced selectively from the 

acquisition-tagged neurons onto BLA neurons following conditioning that did not 

depotentiate following extinction. Finally, at a population level analysis of BLA calcium 

transients, the extinguished CS population vector did not return to its pre-conditioning 

pattern (Grewe et al., 2017). Together, there is compelling evidence for unique 

populations of neurons intermingled in the BLA supporting parallel circuits for fear 

expression or suppression. 

1.2.2.2 Hippocampus 

Following extinction, contextual information becomes crucial for determining 

whether the fear or extinction memory will be expressed (Bouton, 2002; 2004; Maren et 

al., 2013). As the hippocampus plays an important role in processing contextual 

information, many studies have implicated the hippocampus in contributing to the 

context-specificity of fear extinction (Bouton et al., 2006; Ji and Maren, 2007). 

Pharmacologically inactivating the dorsal or ventral hippocampus attenuates the renewal 

of fear to an extinguished CS when it is presented outside of the extinction context 

(Corcoran and Maren, 2001; 2004; Corcoran et al., 2005; Hobin et al., 2006). Moreover, 

hippocampal inactivation disrupts the context-specific activity of BLA neurons in 

response to an extinguished CS (Hobin et al., 2003; Maren and Hobin, 2007). The exact 

circuit mechanism underlying the contextual control of extinction retrieval is not well 

understood. The hippocampus can influence activity in the BLA through direct 
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projections, or indirectly through interactions with the medial prefrontal cortex (mPFC). 

Indeed, a number of studies indicate projections from the ventral hippocampus engages 

both the amygdala and mPFC during fear renewal (Herry et al., 2008; Orsini et al., 2011; 

Knapska et al., 2012; Jin and Maren, 2015; Wang et al., 2016; Xu et al., 2016). A recent 

study found the ventral hippocampus drives feed-forward inhibition in the infralimbic 

(IL) cortex during fear renewal, releasing inhibition from amygdala-projecting IL 

neurons, thus promoting fear relapse (Marek et al., 2018). Together, these studies suggest 

the hippocampus is crucially involved in the context-specificity of extinction memory 

expression through interactions with the mPFC and amygdala.  

The hippocampus also plays an important role in contextual fear memory 

extinction. A recent study found that optogenetic inactivation of the DG during context 

fear extinction impaired extinction acquisition (Bernier et al., 2017). However, once the 

extinction memory was acquired, DG inactivation did not impair extinction retrieval. As 

fear expression was unaffected by DG suppression, the authors hypothesized that the DG 

contributes to extinction learning by creating a new context representation for the 

extinction context. Supporting the idea that the hippocampus would represent a fearful 

and extinguished context as unique representations, context fear extinction causes CA1 

place cells to remap, an effect seen when animals are moved between different contexts 

(Wang et al., 2015). Similarly, context fear training and extinction induce IEG expression 

in unique ensembles of CA1 neurons, suggesting the expression of fear or extinction 

could be mediated by unique hippocampal ensembles (Tronson et al., 2009). As a whole, 
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the role of the hippocampus in mediating the context-dependency of fear renewal is 

strongly supported, but it is less clear how the hippocampus is involved in the expression 

of an extinction memory. 

1.2.2.3 Prefrontal Cortex 

The brain region most frequently implicated in extinction retention and retrieval is 

the IL region of the mPFC. However, initial lesion experiments produced conflicting 

results. Some researchers observed ventromedial PFC lesions led to impaired extinction 

retrieval (but did not affect within-session extinction) (Quirk et al., 2000; Morgan et al., 

2003; Lebron et al., 2004), while others observed no impairment in extinction retrieval 

(Gewirtz et al., 1997; Farinelli et al., 2006; Garcia and Maren, 2006).  Subsequent 

experiments using pharmacological and optogenetic techniques obtained more consistent 

results – inactivating neural activity or disrupting plasticity in IL during cued fear 

extinction training impairs subsequent extinction retrieval (Hugues et al., 2004; Santini et 

al., 2004; Sierra-Mercado et al., 2006; Burgos-Robles et al., 2007; Mueller et al., 2008; 

Sierra-Mercado et al., 2011; Do-Monte et al., 2015), while electrical stimulation of IL 

during extinction training enhances extinction retrieval (Milad and Quirk, 2002; Vidal-

Gonzalez et al., 2006; Kim et al., 2010; Maroun et al., 2012). A similar role for the IL in 

extinction has been identified for contextual fear extinction (Laurent and Westbrook, 

2009a; Do-Monte et al., 2010; Thompson et al., 2010; Kritman and Maroun, 2013). 
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The mechanism through which IL inhibits fear expression during extinction 

retrieval is not well understood. One proposed mechanism involves IL projections to a 

population of inhibitory intercalated cells (ITCs) within the amygdala. The ITCs, which 

lie between the BLA and central amygdala (CeA), receive glutamatergic inputs from the 

BLA and contribute inhibitory projections to the CeA, one of the main output regions of 

the amygdala (Paré and Smith, 1993; Royer et al., 1999). Extinction training potentiates 

the BLA to ITC inputs that require IL activity during training to develop (Amano et al., 

2010), and ablating the ITCs following extinction acquisition impairs extinction retrieval 

(Likhtik et al., 2008). Another mechanism for extinction retrieval involves plasticity 

within inhibitory interneurons within the BLA or mPFC. Parvalbumin-expressing (PV) 

interneurons in the BLA receive monosynaptic connections from both the mPFC and 

ventral hippocampus (Ehrlich, 2014). Contextual fear extinction learning confers on BLA 

PV interneurons the ability to selectively suppress fear acquisition-associated neurons 

(Trouche et al., 2013; Davis et al., 2017). The expression of either fear or extinction 

memories may also involve competition between uniquely defined subpopulations of 

BLA neurons that interact with the mPFC via reciprocal connections (Senn et al., 2014; 

McGarry and Carter, 2016; Davis et al., 2017; Klavir et al., 2017). However, to 

complicate matters, two recent studies demonstrated that pharmacological or optogenetic 

inactivation of IL cell bodies or IL-terminals in BLA had no effect on extinction 

expression (Bukalo et al., 2015; Do-Monte et al., 2015). Thus, the IL region plays a 

crucial role in the acquisition of long-term extinction memories, while its contribution to 
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extinction expression is less clear. At the very least, evidence suggests extinction 

expression involves complex interactions between IL, the hippocampus, and the 

amygdala. 

1.3 OVERVIEW OF DISSERTATION 

The primary goal of my research is to better understand the behavioral and neural 

mechanisms of contextual fear and extinction learning. Chapters 2 and 3 address how 

temporal variables of the CFC paradigm influence either the suppression or acquisition of 

fear learning, respectively. Chapter 4 describes an ensemble coding mechanism involved 

in the expression of either fear or extinction memories.  

In the first set of experiments (Chapter 2), we investigate the influence of 

immediate postshock context exposure on single-trial CFC. We hypothesized this period 

of unreinforced context exposure could affect the amount of conditioned fear elicited by 

the context, acting as a putative extinction session. We found that prolonging the 

postshock context exposure from 30 s to at least 210 s reduced context fear. This 

reduction was more effective than an equivalent amount of context exposure 24 h later. 

Mice trained with prolonged postshock exposure exhibited savings, suggesting the 

prolonged exposure suppresses but does not erase the original memory. Finally, the 

extended postshock exposure failed to attenuate fear in a two-shock CFC paradigm. 

These results suggest unique mechanisms may be involved in attenuating context fear 

depending on the timing of the exposure and the emotional state of the animal. 
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In Chapter 3, we manipulated the interval between the context pre-exposure and 

conditioning sessions in single-trial CFC. Many other forms of learning exhibit a trial 

spacing effect, where training sessions spaced over time enhances memory. We 

hypothesized CFC, where the context encoding (pre-exposure) and conditioning phases 

can be spaced in time, would be influenced by manipulating the time between the 

sessions.  Increasing the interval between pre-exposure and conditioning by at least 1 h 

enhanced CFC, similar to a trial spacing effect. The enhanced CFC was context-specific 

and persisted for at least 4 wk. Spacing the pre-exposure and conditioning sessions 

increased reactivation of CA3 neurons associated with fear acquisition. Thus, spacing the 

pre-exposure and conditioning sessions enhances CFC, and reactivation of CA3 

ensembles may be a potential neural correlate of the trial spacing effect. 

In the final sets of experiments (Chapter 4), we investigated the neural 

mechanisms underlying the expression of fear and extinction memories in the DG. Using 

an activity-dependent neural tagging system to label neurons active during either fear 

acquisition or fear extinction, we demonstrate that fear-tagged DG neurons are 

suppressed during extinction retrieval, while a unique population of extinction-tagged 

neurons is activated. During spontaneous recovery, the pattern of reactivation in fear- and 

extinction-tagged neurons reverses. Optogenetically silencing extinction-tagged DG 

neurons impairs extinction retrieval, while silencing fear-tagged DG neurons reduces 

spontaneous recovery. Together, these results suggest that extinction training generates a 

DG extinction engram alongside the acquisition engram, and we hypothesize interactions 
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between the two populations governs the expression of either fear or extinction 

memories. 
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Chapter 2: Potent Attenuation of Context Fear by Extinction Training 
Contiguous with Acquisition1 

2.1 INTRODUCTION 

Contextual fear conditioning (CFC) is a form of associative learning that occurs 

when an aversive experience, usually a footshock in laboratory experiments, occurs 

within a distinctive place or context. Learned contextual fear typically recruits plasticity 

in the hippocampus, which is thought to generate a conjunctive mnemonic representation 

of stimuli present during the learning episode (Rudy et al., 2004; Fanselow, 2010). The 

robustness of this form of learning has made it one of the preferred methods for studying 

mechanisms of hippocampus-dependent memory and learned fear. 

While the neural mechanisms of CFC have been researched extensively, there has 

been comparatively little investigation of the behavioral mechanisms through which the 

emotional valence of a context is established. One longstanding idea is that the strength 

of context conditioning is determined by the overall rate of unconditioned stimulus (US) 

presentation per unit time in the context (Rescorla and Wagner, 1972; Gibbon and 

Balsam, 1981). This approach accounts for the observation that increasing the intertrial 

interval in conditioning experiments tends to decrease the amount of conditioned 

responding elicited by the context (Fanselow et al., 1993; Barela, 1999). However, this 

                                                
1 This work was previously published - Bernier BE, Lacagnina AF, Drew MR (2015). Potent attenuation of 
context fear by extinction training contiguous with acquisition. Learn Mem, 22:31–38. Dissertator 
contributed to the conception, experimental design, performance of experiments, data analysis, and writing 
of the manuscript. 
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model fails to account for a key property of CFC: very brief preshock context exposure 

leads to an absence of context fear, rather than robust fear as the rate-based model would 

predict (Fanselow, 1986). This phenomenon, known as the immediate shock deficit, has 

led to the idea that preshock context exposure strengthens CFC because it enables the 

animal to generate a mental representation of the context, which can then become 

associated with the shock (Rudy et al., 2002). More generally, the immediate shock 

deficit demonstrates that all epochs within the conditioning session do not have equal 

sway over the outcome of conditioning. 

Less attention has been paid to the role of context exposure at the end of a 

conditioning session. Yet there is reason to predict that postshock context exposure 

should strongly influence the emotional status of a context. Experiments in humans 

indicate that the emotional evaluation of a remembered event is dominated by the 

subject’s emotional status at the end of the event, a property that has been formalized in 

the peak-end model of memory (Kahneman et al., 1993). For instance, adding a period of 

reduced discomfort at the end of an aversive experience (e.g., colonoscopy or exposure to 

freezing cold water) attenuates the remembered aversiveness of the experience despite 

extending the total duration of the experience (Varey and Kahneman, 1992; Redelmeier 

et al., 2003). The influence of postshock context exposure is also supported by the “state 

classification” model (Redish et al., 2007; Gershman et al., 2010; 2013), which predicts 

that integrating acquisition and extinction into a single session should encourage 

integration of acquisition and extinction memories, effectively leading to a stronger 
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and/or permanent form of extinction. Finally, the interval between acquisition and 

extinction has been hypothesized to influence the effectiveness of extinction. Pavlov 

(1927) was the first to suggest that recently formed associations should be more readily 

extinguished. Consistent with this prediction, there is evidence that fear memories in a 

labile state due to recent acquisition (Myers et al., 2006) or recent retrieval (Monfils et 

al., 2009; Schiller et al., 2010) are especially susceptible to extinction, although the 

literature regarding these phenomena is mixed (Chan et al., 2010; Stafford et al., 2013; 

for review see Maren, 2014). To our knowledge, the effect on fear conditioning of 

variation in the amount of postshock context exposure within the same session as 

acquisition has not been investigated parametrically (but see Kiernan et al., 1995; Abel, 

2001). 

Here we investigate the effect of postshock context exposure in single-footshock 

CFC in mice. We show that a brief period of context exposure immediately after the 

footshock can cause a strong and long-lasting reduction in conditioned fear. The effect of 

this immediate postshock context exposure is significantly stronger than that of the same 

amount of context exposure occurring a day or more after conditioning. The results are 

consistent with the idea that nonreinforced exposure to the context influences conditioned 

fear through distinct mechanisms depending on whether it occurs during acquisition or 

after it.  
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2.2 METHODS 

2.2.1 Subjects 

182 adult male C57BL/6J mice aged 9-12 weeks purchased from Jackson 

Laboratories were used. Mice were housed in groups of four in plastic cages with wood 

chip bedding and maintained on a 12 h light/dark cycle (7:00-19:00) in a temperature- 

and humidity-controlled vivarium. Food and water were provided ad libitum. 

Experiments were conducted during the light phase. All procedures were approved by the 

University of Texas at Austin Institutional Animal Care and Use Committee. 

2.2.2 Apparatus 

Fear conditioning was conducted in Med Associate conditioning chambers, which 

were 30.5 x 24 x 21cm with two aluminum side walls, a Plexiglas door and ceiling, and a 

white vinyl back wall. Chambers were contained within a larger, sound-attenuating 

chamber equipped with a fan to provide ~65 dB ambient noise. An overhead white light 

illuminated the chamber continuously throughout the procedures. 

The conditioning context contained a straight stainless steel rod floor (36 rods, 

spaced 8mm from center to center), through which footshocks were delivered. The 

chamber was cleaned with a 70% ethanol solution between uses. The chamber was 

scented with 1% acetic acid solution in the waste tray below the floor. 
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2.2.3 Behavioral procedures 

2.2.3.1 General  

Animals were handled for 3-5 d prior to experimentation. Subjects were 

transported from the vivarium to a holding room adjacent to the test room at least one 

hour before experimentation. Mice were moved individually to and from the conditioning 

room in an opaque container. The transport containers were cleaned with a 70% ethanol 

solution between uses. After being removed from the chamber, each mouse was returned 

to the holding room and placed in a holding cage. Once all cagemates completed testing, 

they were removed from the holding cage and returned to the home cage. 

2.2.3.2 Conditioning 

A single 2 s 0.75 mA scrambled footshock delivered through the floor was used 

as the US. Pre- and postshock intervals varied between experiments. The preshock 

interval was defined as the amount of time from the closing of the chamber doors until 

the delivery of the footshock. The postshock interval was defined as the amount of time 

between the end of the footshock and the opening of the chamber doors to remove the 

subject. The two-shock procedure (Figure 2.5) consisted of US presentations occurring 

150 s and 180 s after the mouse was placed in the chamber. For experiments in which 

mice were removed after 30 s but returned shortly afterward, mice were placed in their 

holding cage for 1 min and then returned to the context for an additional 180 s.  
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Context fear tests took place 24 h or 48 h after conditioning. Mice were placed in 

the conditioning context for 5 min and freezing behavior was assessed. 

2.2.3.3 Reconditioning  

Mice either received a single 2 s 0.75 mA footshock 10 s after placement in the 

conditioning chamber, or were exposed to the context for 220 s. Beginning 7 d following 

training, mice received 4 daily extinction sessions, consisting of a 5 min exposure to the 

conditioning chamber. 24 h after the final extinction session, all mice were reconditioned 

with a single 2 s 0.75 mA footshock 180 s after placement in the chamber. Mice were 

removed 30 s after the shock. 24 h following reconditioning, conditioned fear was tested 

by replacing mice into the conditioning chamber for 5 min. 

2.2.4 Analysis 

All sessions were video recorded using a near-infrared camera mounted to the 

interior door of the chamber. The videos were analyzed for freezing behavior with 

VideoFreeze software recording at 30 frames/s. We and others (Anagnostaras et al., 

2010) have confirmed that the computer scoring correlates highly with manual scoring.  

The data were analyzed in two ways. We computed the percent time freezing 

during each minute of the context test. These data were analyzed with repeated measures 

two-way ANOVA, followed with Holm-Sidak’s post hoc tests for between-group 

pairwise comparisons. Because freezing declined over the course of the test sessions, 
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either because of within-session extinction or temporal specificity of freezing, we also 

analyzed the mean freezing during the first 2 min of the test sessions, which represented 

the asymptotic freezing level. These data were analyzed with one-way ANOVA or, for 

experiments with only 2 groups, a Student’s t test. Significant ANOVA effects were 

probed using Holm-Sidak’s or Dunnet’s post hoc tests. Statistical analyses were 

performed on GraphPad Prism. The α criterion was set at .05 in all analyses.  

2.3 RESULTS 

2.3.1 Extending the postshock interval reduces conditioned fear 

We began by exploring whether postshock context exposure within the 

conditioning session affects CFC. Groups of mice were conditioned with a single shock 

180 s after being placed into the conditioning chamber and were left in the chamber for 

various intervals afterward 

Conditioned contextual fear was tested 24 h later by returning mice to the 

conditioning chamber for 5 min (Figure 2.1A). Mice that received postshock intervals of 

10 or 30 s displayed moderate levels of freezing to the shock context, but those receiving 

postshock intervals of 210 or 600 s displayed very little freezing behavior (Group X Time 

interaction: F12,88 = 4.98, p < 0.001). Post hoc pairwise comparisons (Holm-Sidak, p < 

0.05) confirmed group differences in freezing levels during each of the first 3 min of the 

test session (Figure 2.1B). Because freezing declined over the course of the test session,  
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Figure 2.1: Postshock interval strongly influences contextual fear conditioning.  
(A) Experimental design. (B) Time course of freezing behavior during context test. Mice 
receiving postshock intervals of 210 or 600 s exhibited significantly less freezing than 
those receiving 10 or 30 s of postshock exposure. (C) Asymptotic freezing levels (mean 
freezing during the first 2 min of the context test) were strongly affected by the postshock 
interval. Values are mean percent freezing ± SEM; * p < 0.05 compared to 210 and 600 s 
postshock groups (10 s group: n = 8, 30 s group: n = 5, 210 s group: n = 5, 600 s group: n 
= 8) 
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possibly due to within-session extinction or temporal specificity of freezing (Bevins and 

Ayres, 1995), we separately analyzed the asymptotic freezing levels by computing the 

mean freezing over the first 2 min of the test session, during which freezing was maximal 

in all groups (Figure 2.1C). A one-way ANOVA reveals a significant effect of postshock 

interval (F3, 22 = 9.94, p < 0.001), with higher freezing in animals receiving 10 or 30 s 

postshock exposure compared to 210 or 600 s. 

In the previous experiment the postshock interval was confounded with total 

session duration. If total session time is the critical variable, then variation in the 

preshock interval duration should have similar effects to variation in the postshock 

interval. To test this hypothesis, we delivered a single shock to mice using 2, 10, 180 or 

600 s preshock intervals, followed by either a 30 or 210 s postshock interval. Mice were 

then tested for context fear 24 h later. Figure 2.2 shows percent freezing as a function of 

time during the 5 min test session (Figure 2.2A-D). Consistent with a variety of other 

studies demonstrating the immediate shock deficit (Blanchard et al., 1976; Fanselow, 

1986; 1990; Kiernan and Cranney, 1992; Westbrook et al., 1994; Bevins and Ayres, 

1995), the shortest preshock interval (2 s) produced very low levels of freezing in the 

context test regardless of the postshock duration (Figure 2.2A; F1,15 = 0.01). However, 

when the preshock interval was 10 s or longer, the strength of conditioning was 

influenced by the postshock interval, with greater freezing in the 30 s postshock groups 

compared to 210 s groups (Figures 2.2B-D; 10 s – Postshock Interval X Time interaction: 
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Figure 2.2: Preshock and postshock intervals have different effects on conditioning.  
(A-D) Time course of freezing behavior during the context test for groups conditioned 
with various preshock and postshock intervals. (A) The shortest preshock interval (2 s) 
produced little conditioned freezing regardless of postshock interval. With preshock 
intervals of 10 (B), 180 (C) or 600 s (D) the strength of conditioning was strongly 
influenced by the postshock interval. In each of these groups, mice receiving 210 s of 
postshock exposure displayed less conditioned fear than those receiving 30 s of postshock 
exposure. (E) Asymptotic freezing (first 2 min of context test) as a function of the pre- 
and postshock intervals. The gray dashed line represents the mean of the 2 s preshock 
groups (values pooled from both postshock treatments). At preshock intervals of 10, 180, 
and 600 s, mice with a 30 s postshock interval froze significantly more than those 
receiving a 2 s preshock interval (i.e., “immediate shock”), while freezing in mice with a 
210 s postshock interval did not differ from immediate shock levels. Values are mean 
percent freezing ± SEM; * p < 0.05, ** p < 0.005, *** p < 0.001 (2 s/30 s group: n = 9, 2 
s/210 s group; n = 8, 10 s/30 s group: n = 6, 10 s/210s group: n = 7, 180 s/30 s group: n = 
13, 180 s/210 s group: n = 14, 600 s/30 s group: n = 8, 600 s/210 s group: n = 8). 
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F4,44 = 8.11, p < 0.001; 180 s – main effect of Postshock Interval: F1,25 = 4.44, p = 0.045; 

600 s – Postshock Interval X Time interaction: F4,56 = 8.21, p < 0.001). 

To compare the effect of the postshock interval on freezing levels across different 

preshock intervals, we computed the mean freezing during the first 2 min of the context  

test and compared these to the 2 s preshock groups, which displayed minimal freezing 

consistent with the immediate shock deficit (Figure 2.2E). Since the postshock interval 

had no effect on freezing at the 2 s preshock interval, animals from this treatment were 

pooled for analysis. At all other preshock intervals examined (10, 180, and 600 s), mice 

that received 30 s of postshock context exposure froze significantly more than those 

receiving an immediate shock (F3,40 = 6.29, p = 0.001). In contrast, among mice receiving 

210 s of postshock, freezing did not exceed immediate shock levels regardless of 

preshock interval (F3,42 = 1.72, p = 0.177). These results replicate our initial findings in 

2.1 and illustrate that the preshock and postshock intervals have different effects on 

conditioned fear.  

2.3.2 Immediate postshock context exposure more effectively reduces conditioned 

fear than delayed context exposure 

The postshock interval in CFC represents a period of nonreinforced exposure to the 

context. As such, the effects of prolonging postshock context exposure may simply 

reflect extinction of the conditioned response (CR). We compared the putative extinction 

induced during the postshock period to that induced during a separate period of context 
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exposure occurring 24 h after the training session. To control for the effects of handling, 

an additional group was handled 30 s after the shock and then returned to the 

conditioning chamber 1 min later. All mice received a total of 210 s of postshock context 

exposure. In Group Contiguous this exposure occurred within the same session as the 

shock. Group 24 h was removed from the conditioning chamber 30 s after the shock and 

then received the remaining 180 s of context exposure 24 h later. Group Handled 

received 30 s of postshock context exposure, was removed from the conditioning 

chamber for 1 min, and then returned for the remaining 180 s of context exposure. This 

design allows us to test the effects of context exposure occurring at different times 

relative to shock (Figure 2.3A). 

Figure 2.3B plots the time course of freezing during the 180 s context exposure 

and a 5 min test session 24 h later. The 180 s context exposures occurred at different 

times following US delivery in each group but are overlaid for simplicity. Group 24 h 

displayed higher levels of freezing across the entire extinction session than Groups 

Contiguous and Handled (Group x Time interaction: F4,66 = 2.59, p = 0.045), presumably 

reflecting fear incubation over the 24 h after training (Bindra and Cameron, 1953; Kamin, 

1957).  

During the test session, the timing of postshock exposure influenced the 

magnitude of conditioned freezing (main effect of Group: F2,33 = 4.407, p = 0.02). A post 

hoc test comparing group differences revealed Group 24 h displayed greater freezing than 

Group Contiguous, and the difference with Group Handled approached significance (p = 
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0.065). As in the previous experiments, we compared asymptotic freezing levels by 

taking the mean freezing for the first 2 min of the test session (Figure 2.3C). This analysis 

confirmed Group 24 h froze significantly more than Groups Contiguous and Handled 

 

Figure 2.3: Immediate postshock context exposure more effectively reduces 
contextual fear than delayed context exposure.  
(A) Experimental design. (B) Time course of freezing behavior during all phases of the 
experiment. During both the postshock exposure and the context test, mice receiving 
delayed postshock exposure (Group 24 h) displayed more freezing than groups receiving 
either within-session (Group Contiguous) or immediate (Group Handled) postshock 
exposure. (C) Asymptotic freezing during the context test was highest in Group 24 h. 
Groups Contiguous and Handled did not differ from each other. Values are mean percent 
freezing ± SEM; * p < 0.05 (Group Contiguous: n = 15, Group Handled: n = 7, Group 24 
h: n = 14) 

(F2, 33 = 5.55, p = 0.008), which were both equivalently low. These results suggest that (1) 

the timing and not simply the total amount of the postshock exposure determines the final 
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level of conditioned fear, (2) nonreinforced context exposure immediately after 

conditioning produces a greater reduction in conditioned fear than does an equivalent 

amount of context exposure on the following day, and (3) the effects of immediate 

postshock context exposure are not explained by handling effects related to removal of 

mice from the conditioning chamber shortly after the shock. 

2.3.3 Extended postshock exposure suppresses but does not erase conditioned fear 

Immediate extinction training can in some cases cause a suppression of the 

conditioned response that is resistant to spontaneous recovery, renewal and reinstatement 

(Myers et al., 2006), three manipulations that are usually sufficient to recover the CR 

after delayed extinction. Resistance to these forms of recovery suggests that immediate 

extinction induces a more robust and persistent suppression of the CR than delayed 

extinction. We asked whether postshock context exposure produces a more persistent loss 

of conditioned fear than delayed context exposure. Mice were conditioned with a single 

shock and then received either 30 or 210 s of postshock context exposure. Then, 7 d later, 

mice were given a series of daily extinction sessions until the 30 and 210 s groups 

reached similarly low levels of conditioned freezing. We then assessed savings by 

reconditioning mice with a single shock in the same chamber. Mice were tested for 

context fear 24 h after reconditioning (Figure 2.4A). To control for effects of context 

exposure, we included a context-alone group that received the same context exposure as 

the 210 s group but did not receive a shock during the first conditioning session. To the 
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Figure 2.4: Mice receiving immediate postshock context exposure display savings 
when reconditioned.  
(A) Experimental design. (B) Time course of freezing behavior during extinction, 
reconditioning, and the context test. Group 210 s exhibited significantly less freezing than 
Group 30 s on days 1 and 2 of extinction. Group 210 s did not differ from Group Context 
Alone on any day of extinction. On the final day of extinction, freezing levels did not 
differ among the 3 groups. In the context test following reconditioning, Groups 30 s and 
210 s exhibited significantly more freezing than Group Context Alone. (C) Asymptotic 
freezing was significantly higher in Group 30 sec compared to Groups 210 sec and 
Context Alone during the first extinction session. Following reconditioning, asymptotic 
freezing in Groups 30 and 210 sec was equivalently higher than Context Alone. Values 
are mean percent freezing ± SEM; * p < 0.05, *** p < 0.001 (Group 30 s: n = 8, Group 
210 s n = 8, Group Context Alone: n = 7). 
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 extent that the original context-US association remained intact after extinction in Groups 

30 s and 210 s, these groups should display increased freezing compared to the Group 

Context Alone (which received its first shock during the reconditioning session) during 

the final test session.  

During the first test of conditioned fear 7 d after training, mice receiving 30 s of 

postshock exposure displayed significantly higher levels of freezing in the first 3 min 

than those receiving 210 s of postshock exposure or no conditioning (Figure 2.4B; Group 

X Time interaction: F8,80 = 10.53, p < 0.001). This replicates results in Figure 2.2 and 

indicates that the effect of postshock context exposure is not merely a temporary 

suppression of conditioned fear.  

Over the course of daily extinction sessions, freezing in Group 30 s gradually 

declined until reaching levels equivalent to Group 210 s by the fourth session (Extinction 

Session 4; Group X Time interaction: F8,80 = 2.66, p = 0.012; post hoc reveals no 

difference between Groups 30 s and 210 s at any time bin). In the savings test following  

reconditioning, freezing was influenced by the conditioning history (main effect of 

Group: F2,20 = 4.66, p = 0.022). Both previously conditioned groups froze significantly 

more than Group Context Alone, which was conditioned a single time. No differences in 

freezing were observed between Groups 30 s and 210 s.  

An analysis of the asymptotic freezing across each session confirmed the 

previously described main findings: Group 30 s froze significantly more than Groups 210 

s and Context Alone during the first extinction session, and Groups 30 s and 210 s froze 
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equivalently more than Context Alone following reconditioning (Figure 2.4C; Group X 

Session interaction: F10,100 = 4.48, p < 0.001). These findings indicate that postshock 

context exposure causes a robust and long-lasting loss of conditioned fear but do not 

support the hypothesis that postshock context exposure causes a more persistent 

suppression of fear than delayed context exposure. 

2.3.4 In two-shock CFC, immediate postshock context exposure is no more effective 

at reducing fear than delayed exposure. 

In our previous experiment in which the timing of postshock context exposure 

was manipulated, Groups 24 h and Contiguous displayed a striking difference in the 

amount of freezing exhibited during the 180 s of postshock context exposure. Very little 

freezing was observed in mice receiving context exposure immediately after the shock, 

whereas mice receiving context exposure 24 h after shock displayed robust freezing. The 

only difference between these conditions was the length of time between shock and 

postshock context exposure. It is possible that the greater fear attenuation produced by 

immediate postshock context exposure stems from the relative absence of fear during that 

period. If, as specified by the peak-end model, the emotional status at the end of an 

experience strongly influences emotional memory, then high fear during the postshock 

period should prevent attenuation of context fear. Similarly, Maren and Chang (2006) 

found that the effectiveness of fear extinction procedures could be enhanced or impaired 



 
 
 

39 

by decreasing or increasing, respectively, the amount of fear exhibited during the 

extinction session. 

On the basis of these findings, we asked whether immediate context exposure 

 

Figure 2.5: In two-shock CFC, immediate and delayed postshock context exposure 
have similar effects.  
(A) Experimental design. (B) Time course of freezing during all phases of the 
experiment. Both groups displayed freezing during the postshock context exposure, but 
freezing in Group 24 h exceeded that of Group 1 min. During the final test of conditioned 
fear, freezing levels did not differ between the two groups (C) Asymptotic freezing 
during the final test of context fear did not differ between the two groups. Values are 
mean percent freezing ± SEM (Group 1 min: n = 12, Group 24 h: n = 12). 

could effectively attenuate context fear under conditions that produce fear during the 
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mice were trained in a two-shock procedure with shocks occurring at 150 and 180 s after 

mice were placed into the chamber. Mice received postshock context exposure either 

immediately after the second shock or 24 h later. To control for handling effects, Group 1 

min was removed from the chamber 30 s after the shock and then returned to the chamber 

after 1 min for the remaining 180 s. Group 24 h was removed from the chamber 30 s after 

the shock, and then replaced for an additional 180 s 24 h later (Figure 2.5A).  

As shown in Figure 2.5B, both the immediate and 24 h groups exhibited freezing 

during the 180 s of postshock context exposure. Postshock freezing was again higher in 

Group 24 h than Group 1 min (main effect of group: F1,22 = 5.18, p = 0.033). Importantly, 

freezing in Group 1 min exceeded that of the previous single-shock groups (e.g., Figure 

2.3B). During the test session, both groups displayed equivalent levels of freezing (F1,22 < 

0.01). Freezing levels during the first 2 min of the session did not differ (Figure 2.5C; t22 

= 0.03, p = 0.97). This result is consistent with the hypothesis that postshock context 

exposure is less effective at reducing fear when mice express fear during this period. 

2.4 DISCUSSION 

By varying the temporal parameters within single-shock CFC we demonstrated 

that immediate postshock context exposure causes a robust and long-lasting attenuation 

of conditioned fear. Furthermore, immediate postshock context exposure was more 

effective at attenuating conditioned fear than an equivalent amount of delayed context 

exposure. Despite reducing context fear to very low levels, the immediate postshock 
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exposure did not appear to abolish the context-shock association. When mice receiving 

immediate or delayed postshock context exposure were extinguished to similar levels, the 

groups displayed equivalent savings upon reconditioning, suggesting that the original 

learning was at least partially intact.  

The effects of varying the postshock context exposure were very different from 

the effects of varying preshock context exposure. Groups receiving brief postshock 

context exposure displayed stronger conditioned fear than those receiving extended 

postshock context exposure, an effect consistent across preshock durations ranging from 

10 s to 10 min. In contrast, the shortest preshock interval (2 s) yielded less conditioned 

fear than longer preshock intervals, consistent with the immediate shock deficit. 

Increasing the preshock context exposure beyond 10 s had little effect on conditioned 

fear. The data are inconsistent with a pure rate model of CFC, which would predict equal 

effects of variation in the postshock and preshock intervals.  

The finding that immediate postshock context exposure more strongly attenuated 

fear than did delayed context exposure appears at odds with recent studies on immediate 

extinction. A number of studies have evaluated whether the effectiveness of extinction 

varies as a function of the delay between acquisition and extinction. An initial study by 

Myers et al. (2006) using fear-potentiated startle reported that extinction within a few 

minutes after acquisition (immediate extinction) caused a more durable suppression of 

the conditioned response than did extinction 24 h after acquisition. However, subsequent 

studies using aversive (Maren, 2006; Woods and Bouton, 2008; Maren, 2009; Archbold 
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et al., 2010; Stafford et al., 2013) and appetitive procedures (Rescorla, 2004a; Woods and 

Bouton, 2008) in rodents as well as humans (Norrholm et al., 2008; Schiller et al., 2008) 

failed to observe superiority of immediate extinction. Indeed, in a number of studies 

immediate extinction was less effective than delayed extinction at suppressing the CR 

(Rescorla, 2004a; Maren, 2006; Woods and Bouton, 2008; Maren, 2009; Stafford et al., 

2013). None of the immediate extinction studies assessed the effect of extinction in the 

same session as acquisition, as our study did. We could identify only one other study that 

investigated the effect of postshock context exposure within the same session as CFC 

acquisition. This study (Abel, 2001) found no effect, but the levels of conditioned 

freezing were quite low in groups receiving shock intensities comparable to those in our 

study, raising the possibility of a floor effect. In our hands, contiguity of acquisition and 

extinction was not necessary to obtain superiority of immediate postshock context 

exposure. Immediate postshock context exposure was more effective at reducing 

conditioned fear even when mice were briefly removed from the conditioning chamber in 

between acquisition and extinction (Figure 2.3). Thus, the conflict between our study and 

previous studies of immediate extinction must be explained by factors other than 

contiguity of training and extinction. 

Another difference between the present study and many others investigating 

immediate extinction is the conditioning procedure. Most of the previous studies 

conditioned subjects to discrete auditory or visual cues and did not examine extinction of 

context fear directly (Cain et al., 2005; Alvarez et al., 2007; Norrholm et al., 2008; 
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Schiller et al., 2008; Woods and Bouton, 2008; Huff et al., 2009; Johnson et al., 2010; 

Kim et al., 2010; MacPherson et al., 2013). It is well established that cued and context 

fear conditioning recruit distinct neural mechanisms (Kim and Fanselow, 1992; Phillips 

and LeDoux, 1992; Maren et al., 1997), raising the possibility that cued and context 

conditioning are differentially sensitive to immediate extinction. However, two recent 

studies (Archbold et al., 2010; Stafford et al., 2013) compared the effectiveness of 

immediate and delayed extinction of context fear and failed to observe superiority of 

immediate extinction. Thus, the use of contextual versus discrete-cue conditioning does 

not explain the differences between our findings and those studies failing to observe 

immediate extinction superiority. 

The critical difference between previous studies of immediate extinction and ours 

may be the level of fear expressed during the extinction session. In the earlier fear 

conditioning studies that failed to observe immediate extinction superiority, the level of 

fear exhibited during immediate extinction was as high or higher than that displayed 

during delayed extinction, because most studies used stronger conditioning procedures 

involving multiple shocks (one exception is Stafford et al., 2013). In contrast, in our 

single-shock CFC paradigm, mice displayed very low levels of freezing during the 

immediate postshock period. Fear appeared to incubate in the hours after training, 

culminating in much higher levels of freezing when mice were tested for context fear 24 

h after training. These temporal dynamics meant that fear was low during the immediate 

postshock context exposure and significantly higher during the delayed postshock context 
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exposure. High levels of fear appear to detract from the effectiveness of extinction. 

Exposing rats to a fear-inducing context shortly before nonreinforced exposure to a 

conditioned stimulus (CS) impairs extinction (Morris et al., 2005). Similarly, Maren and 

Chang (2006) found that shocking rats in an alternate context shortly prior to fear 

extinction reduced the effectiveness of extinction. On the basis of these findings, we 

hypothesize that the low fear is necessary for immediate extinction to be effective. 

Consistent with this idea, the one experiment in which Maren and Chang (2006) observed 

a trend (albeit not statistically significant) toward superiority of immediate extinction was 

when a weak conditioning procedure was used (single-shock auditory fear conditioning), 

which led to very low freezing during immediate extinction. Conversely, in our two-

shock training procedure, mice displayed robust freezing during the immediate postshock 

period, and under this condition immediate context exposure was no more effective than 

delayed context exposure at reducing conditioned fear.  

Why might fear attenuate the effects of immediate postshock context exposure? 

According to the peak-end model, the emotional evaluation of an experience is strongly 

influenced by the emotional status at the end of the event (Kahneman et al., 1993; 

Redelmeier et al., 2003). The absence of fear at the end of the conditioning session, as in 

our single-shock experiments, would lead to a reduction in conditioned fear, whereas the 

presence of fear at the end of the session (e.g., in the two-shock experiment) should favor 

the maintenance of conditioned fear. A purely behavioral account is also possible. 

According to stimulus sampling theory, extinction occurs as each individual element of a 
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CS is experienced in the absence of the US (Estes, 1955). Freezing during context 

extinction would presumably reduce the number of contextual elements experienced, thus 

reducing the effectiveness of the extinction procedure relative to animals that are not 

freezing. Still another possibility is that the stress response accompanying the higher 

level of fear arousal during multi-shock conditioning inhibits extinction. The stress 

response evoked by fear conditioning may impair function in prefrontal cortical regions 

involved in extinction (Maren and Quirk, 2004; Maren, 2014). Acute, uncontrollable 

stress interferes with prefrontal cortex function in a wide range of tasks (Arnsten, 2009). 

In relation to fear conditioning, electrophysiological studies have shown amygdala 

activity evoked by presentation of a fear-inducing CS can reduce activity in prefrontal 

cortex as a function of degree of fear (Garcia et al., 1999). Additionally, exposure to 

stressors prior to conditioning can impair subsequent extinction (Izquierdo et al., 2006), 

while anxiolytic doses of cannabinoids have been shown to facilitate extinction of 

contextual fear memories (Bitencourt et al., 2008). Our findings are consistent with the 

idea that extinction learning during postshock context exposure is enhanced when fear 

levels are low.  

Why was immediate postshock context exposure more effective at reducing 

conditioned fear than was delayed context exposure? One possibility is that 

nonreinforced exposure affects associative strength through different learning 

mechanisms depending on whether it occurs during acquisition versus after it. Such an 

idea is embedded in the Gibbon and Balsam (1981) model, which posits that 
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nonreinforced exposure during acquisition figures in setting the associative strength (or, 

more precisely, US expectancy, h), whereas, after associative strength is established, 

nonreinforced exposure drives extinction. The behavioral effect of nonreinforced 

exposure would presumably vary depending on which mechanism was invoked. A related 

idea is included in the state classification model (Redish et al., 2007; Gershman et al., 

2010), which proposes that extinction can be coded as either a component of acquisition 

or an independent event, and the behavioral effects of extinction vary depending on 

which of these two coding schemes is invoked. Our data support the idea that 

nonreinforced exposure can recruit different behavioral (and presumably neural) 

mechanisms depending on whether it occurs during acquisition or after it. 

Another intriguing possibility is that contextual novelty modulates the efficacy of 

extinction. Extinction occurring during or in close temporal proximity to acquisition 

occurs at a time when context novelty is maximal. Novelty modulates various forms of 

hippocampus-dependent plasticity. Exploration of a novel context can either enhance or 

impair long-term potentiation in the hippocampus (Xu et al., 1998; Abraham et al., 2002; 

Li et al., 2003; Straube et al., 2003; Davis et al., 2004) and can strengthen learning in a 

variety of hippocampus-dependent tasks (Moncada and Viola, 2007; Ballarini et al., 

2009; Almaguer-Melian et al., 2012). A recent study demonstrated that exposure to a 

novel context can enhance extinction of CFC (de Carvalho Myskiw et al., 2013). The 

authors proposed a synaptic tagging mechanism to explain this effect: exposure to a novel 

context evokes expression of plasticity proteins, which are then captured by synapses 
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potentiated as a result of the extinction procedure. Another possibility is that the novel 

context evokes dopamine release in the prefrontal cortex (Feenstra and Botterblom, 1996; 

Rebec et al., 1996; Beaufour et al., 2001), where it has been shown to enhance the 

strength of extinction (Hikind and Maroun, 2008; Mueller et al., 2010; Fiorenza et al., 

2012; Haaker et al., 2013).  

We concluded that immediate postshock context exposure attenuates conditioned 

fear but does not altogether abolish the association. Our conclusion is based on the 

observation that mice given immediate postshock context exposure displayed savings 

when subsequently reconditioned. That is, the reconditioned mice displayed higher 

context-elicited freezing than did mice that were conditioned for the first time, and the 

effect of reconditioning did not differ between groups receiving immediate or delayed 

postshock context exposure. The presence of savings indicates that some vestige of the 

original training experience was intact after immediate postshock context exposure. What 

is unknown is whether this vestige is associative or nonassociative. Although CFC is 

associative in nature (Fanselow, 1986; Sauerhöfer et al., 2012), fear conditioning in mice 

can also produce significant nonassociative behavioral plasticity, which is evidenced by 

increases in anxiety-like behavior and the display of fear in response to cues never paired 

with shock (Kamprath and Wotjak, 2004). Thus, the presence of savings after extinction 

does not definitively demonstrate preservation of the original context-US association, as 

savings could reflect nonassociative plasticity. Additional experiments are needed to 

distinguish between these explanations. 
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It was unexpected that mice acquired CFC with a preshock interval as short as 10 

s. In some studies, the 10 s preshock interval produces the immediate shock deficit. 

However, ours is not the first report of robust conditioning with a preshock interval as 

short as 10 s. Wiltgen et al. (2001) showed that a preshock interval as short as 5 s 

produces appreciable levels of conditioned freezing, particularly during the first 2 min of 

the test session. Similarly, Bevins and Ayres (1995) observed robust freezing after a 2.5 s 

preshock interval. The minimum amount of preshock context exposure required for CFC 

may vary across species and mouse strain. Many of the original studies of the immediate 

shock deficit were conducted in rats, and our own lab found a preshock interval of 10 s to 

be insufficient for CFC in the 129sv/evTac mouse strain (Drew et al., 2010 the current 

study used C57BL/6J mice).  

In summary, we demonstrated that in single-trial CFC, nonreinforced context 

exposure immediately after the context-shock pairing potently attenuates conditioned 

fear. The effect of immediate postshock context exposure was greater than that of delayed 

postshock context exposure. This effect may represent enhanced extinction immediately 

after training, or may reflect that nonreinforced context exposure during (or immediately 

following) the conditioning session influences the associative value of the context 

through a distinct mechanism. The effect of postshock context exposure was present 

following single-shock CFC but absent after two-shock CFC, which suggests that the 

effect of immediate postshock context exposure may depend on low levels of fear during 

the postshock period.  
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Chapter 3: Enhancement of Contextual Fear by Spaced Context 
Exposure 

3.1 INTRODUCTION 

In contextual fear conditioning (CFC), an animal learns to associate an aversive 

stimulus with the context in which it occurred. As a result of the training, the animal will 

display conditioned fear behavior (e.g. freezing) when returned to the context. Due to its 

simplicity, robustness, and relevance to fear and anxiety disorders, CFC is widely used to 

study the behavioral and neural mechanisms of emotional learning and memory (LeDoux, 

2000; Maren, 2001; Maren et al., 2013).  

CFC acquisition requires that animals first form a mental representation of the 

context, which is encoded incidentally during passive exploration of the context. Once 

established, the representation can be associated with the aversive stimulus, usually a 

footshock. This idea is supported by the immediate shock deficit; animals shocked 

immediately after being placed in a novel context do not acquire CFC. The deficit is 

prevented if animals are pre-exposed to the context prior to the immediate shock training 

(Blanchard et al., 1976; Fanselow, 1986; Kiernan and Westbrook, 1993; Rudy and 

Morledge, 1994; Wiltgen et al., 2001; Frankland et al., 2004). Importantly, context pre-

exposure need not be temporally contiguous with the context-shock training. Pre-

exposure to the context a day or even a month prior to training prevents the immediate 

shock deficit (Fanselow, 1990; Kiernan and Westbrook, 1993; Rudy and Wright-

Hardesty, 2005).  
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Research on the immediate shock deficit has focused largely on the necessity of 

context pre-exposure, with little attention to the timing of the pre-exposure session (but 

see Rudy and Morledge, 1994; Rudy and Wright-Hardesty, 2005). Yet there is reason to 

predict that the interval between context pre-exposure and context-shock training (the 

pre-exposure-to-conditioning interval, PCI) should influence CFC. One of the most well 

established phenomena in the learning literature is the trial spacing effect: spaced training 

produces faster acquisition and better retention than massed training (Ebbinghaus, 1885; 

Spence and Norris, 1950; Carew et al., 1972; e.g. Terrace et al., 1975; Gibbon et al., 

1977; Domjan, 1980). Because animals learn about the context during context 

exposure—even passive exposure—each context exposure can be conceived as a training 

trial. Thus, increasing the time between pre-exposure and context-shock pairing may 

improve learning via a trial spacing effect. Another related reason to expect that the PCI 

should affect CFC is because of memory consolidation. For a newly acquired context 

memory to be preserved for the long-term, it must undergo consolidation, which is 

believed to involve protein-synthesis-dependent synapse remodeling. Consolidation 

renders the memory less susceptible to the effects of amnestic agents and to interference 

(McGaugh, 2000; Dudai et al., 2015). At very short PCIs, context conditioning would 

presumably occur prior to consolidation of the context memory, whereas at longer PCIs, 

the context memory would be consolidated by the time of context conditioning. Because 

consolidation changes both the synaptic mechanisms and functional properties of 

memory, it is reasonable to expect that the consolidation status of the context memory at 
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the time of conditioning will influence the consequences of CFC training. Indeed, in an 

immediate shock paradigm, retrieval of the context memory becomes rapidly inaccessible 

at brief PCIs, supporting the idea that the consolidation status of the context plays an 

important role in forming the context-shock association (Rudy and Wright-Hardesty, 

2005).  

Here we investigate the effects of manipulating the PCI in one-trial CFC in mice. 

Our results demonstrate providing pre-exposure to the conditioning context prior to the 

context-shock pairing enhances CFC, but only when the pre-exposure occurs at least 1 h 

before the context-shock pairing. The superior conditioning after a long (>1 h) PCI is 

context-specific and persists for at least a month after training. Using an activity-

dependent neural tagging transgenic mouse line (Denny et al., 2014), we found that an 

increased PCI led to greater reactivation of CA3 neural ensembles associated with 

acquisition. These data are consistent with a trial spacing effect modulating CFC, and 

provide evidence for a neural correlate of the spacing effect in hippocampal CA3 related 

to memory strength. 

3.2 METHODS 

3.2.1 Subjects 

Adult male C57BL/6J mice aged 8-12 weeks purchased from Jackson 

Laboratories were used for wild-type behavioral experiments. Adult male and female 
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ArcCreERT2::ChR2-eYFPflx mice aged 15-20 weeks were used for activity-dependent 

neuronal tagging experiments. ArcCreERT2::ChR2-eYFPflx mice were generated by 

breeding heterozygous ArcCreERT2 (Denny et al., 2014) mice with homozygous Rosa26-

CAG-stopflox-ChR2(H134R)-eYFP (Ai32) mice (Madisen et al., 2012) obtained from 

Jackson Laboratories. Mice were housed in groups of two to four in plastic cages with 

wood chip bedding and maintained on a 12 h light/dark cycle (7:00-19:00) in a 

temperature- and humidity-controlled vivarium. Food and water were provided ad 

libitum. Experiments were conducted during the light phase. All procedures were 

approved by the University of Texas at Austin Institutional Animal Care and Use 

Committee. 

3.2.2 Behavioral procedures 

3.2.2.1 General 

Mice were handled for 1-2 min per day for 4-5 d prior to experimentation. 

Subjects were transported from the vivarium to a holding room adjacent to the test room 

at least one hour before experimentation. Mice were moved individually to and from the 

conditioning room in an opaque container cleaned with 70% ethanol between uses. 
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3.2.2.2 Conditioning apparatus 

Fear conditioning was conducted in Med Associate conditioning chambers, which 

were 30.5 x 24 x 21cm with two aluminum side walls, a Plexiglas door and ceiling, and a 

white vinyl back wall. Chambers were contained within a larger, sound-attenuating 

chamber equipped with a fan to provide ~65 dB ambient noise. An overhead white light 

illuminated the chamber continuously throughout the procedures. 

The conditioning context contained a straight stainless steel rod floor (36 rods, 

spaced 8mm from center to center), through which footshocks were delivered. The 

chamber was cleaned with a 70% ethanol solution between uses. The chamber was 

scented with 1% acetic acid solution in the waste tray below the floor. 

The alternate context contained an uneven stainless steel rod floor (36 rods, 

spaced 8mm from center to center, 8mm vertical displacement) and a black plastic 

triangular insert. The chamber was cleaned and scented with Clorox disinfectant wipes. 

3.2.2.3 Pre-exposure 

Subjects were allowed to freely explore the chamber for 10 min. Mice were 

returned to their homecage following pre-exposure. The pre-exposure-to-conditioning 

interval was defined as the time between being placed in the subject’s homecage 

following pre-exposure and being placed in to the chamber for the conditioning session. 

This interval varied between experimental groups (1 min, 1 h, 4 h, 24 h, or 72 h). Mice 
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that did not receive pre-exposure were brought to the holding room but remained in their 

homecage. 

3.2.2.4 Conditioning 

A single 2 s, 0.75 mA scrambled footshock was delivered through the floor 10 s 

after being placed in the chamber for most experiments. For the group with contiguous 

pre-exposure, the footshock occurred 10 min and 10 s after being placed in the context. 

The amount of time before the subject was removed from the context was typically 30 s 

(exception: 210 s after conditioning in Figure 3.2 and noted groups in Figure 3.3).  

3.2.2.5 Test 

Context fear tests typically occurred 24 h after conditioning (exceptions: 4 wk 

after conditioning for long retention groups in Figure 4; 5 d after conditioning in Figure 

3.5). Mice were placed in the conditioning context for 5 min and freezing behavior was 

quantified. 

3.2.3 Neuronal tagging 

Mice were transported from the vivarium to an isolated holding room and cages 

were changed one day before 4-OHT injections to minimize transportation-induced 

activity. 4-OHT (Sigma) was dissolved by sonication in 10% EtOH / 90% sunflower seed 

oil at 10 mg/mL. Activity-dependent neuronal tagging was induced by an intraperitoneal 
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injection of 65 mg/kg of 4-OHT. Mice were then administered CFC 5 h later. Following 

conditioning, mice were dark housed for 3 days, which helps minimize non-specific 

labeling (Denny et al., 2014). Mice were then returned to the vivarium and their cages 

were changed. One day before CFC testing, the mice were returned to holding room and 

maintained on a normal light:dark cycle.  

3.2.4 Tissue preparation and immunohistochemistry 

Ninety minutes after the CFC test, mice were deeply anesthetized with 

ketamine/xylazine (150/15 mg/kg) and transcardially perfused with 1x phosphate buffer 

saline (PBS), followed by 4% paraformaldehyde (PFA) in 1x PBS. Brains were extracted 

and post-fixed overnight at 4° C in 4% PFA and then transferred to a 30% sucrose in 1x 

PBS at 4° C for two days. Coronal sections of 35 µm were collected on a cryostat and 

tissue was stored at 4° C in a solution of 0.05% sodium azide in 1x PBS. 

For immunohistochemistry, sections were washed in 1x PBS and blocked at room 

temperature for 2 h in 10% normal donkey serum (NDS) in 1x PBS with 0.5% Triton-X 

(PBS-T). Sections were incubated with primary antibodies (1:1000 rabbit anti-cFos 

(Santa Cruz); 1:500 chicken anti-GFP (Abcam)) diluted in 5% NDS in 1x PBS-T 

overnight at 4° C. Sections were rinsed in 1x PBS-T and incubated in secondary 

antibodies (Jackson ImmunoResearch; 1:500 donkey anti-rabbit Cy3; 1:500 biotinylated 

donkey anti-chicken) in 1x PBS-T for 2 h at room temperature. Sections were rinsed in 

1x PBS-T and incubated in tertiary antibody (1:250 avidin Cy-2 (Jackson 
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ImmunoResearch)) and 1:1000 DAPI for 1 h at room temperature. Sections were washed 

in 1x PBS, mounted onto slides, and coverslipped with ProLong Gold (Invitrogen). 

3.2.5 Cell quantification 

Immunoreactive cells in the granule cell layer of the CA3 from every 6th section 

of the entire bilateral rostralcaudal axis of the hippocampus were quantified under 

fluorescent illumination at 40x (Zeiss Axio Imager M2) by an investigator blind to the 

treatment. Exhaustive counts of eYFP+, cFos+, and eYFP+/cFos+ co-labeled cells were 

obtained, which were multiplied by 6 for total cell count estimates. Reactivated 

percentages were calculated in two ways: the percentage of eYFP+/cFos+ among all cFos+ 

cells = ((eYFP+/cFos+) / cFos+) x 100, or the percentage of eYFP+/cFos+ among all eYFP+ 

cells = ((eYFP+/cFos+) / eYFP+) x 100. 

3.2.6 Data analysis 

All behavioral sessions were video recorded using a near-infrared camera 

mounted to the interior door of the chamber. The videos were automatically scored for 

freezing behavior with VideoFreeze software recording at 30 frames/s.  

Context test sessions were analyzed with repeated measures two-way ANOVA. 

Because freezing declined over the course of the test sessions, we also analyzed the mean 

freezing during the first 2 min of the test sessions, which typically represented the 

asymptotic freezing level. These data were analyzed with one-way ANOVA or, for 
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experiments with only 2 groups, a Student’s t test. Significant main effects or interactions 

were probed using Holm-Sidak’s post hoc tests. Statistical analyses were performed on 

GraphPad Prism. The α criterion was set at .05 in all analyses. 

3.3 RESULTS 

3.3.1 CFC is enhanced with longer PCIs 

We first investigated if the timing of context pre-exposure could affect the 

strength of CFC. Mice either received no pre-exposure (shock delivered 10s after 

placement in context) or were pre-exposed to the conditioning context for 10 min prior to 

the shock. The pre-exposure was contiguous with conditioning (shock delivered 10min 

and 10s after placement in context), or it occurred 1 min, 1 h, 4 h, 24 h, or 72 h prior to 

one-trial CFC. Contextual fear was tested 24 h after the context-shock pairing by 

returning the mice to the conditioning context for 5 min (Figure 3.1A). The timing of pre-

exposure significantly affected freezing during the test session (Figure 3.1B; two-way 

RM-ANOVA; main effect of PCI [F(6,81) = 2.90, p = 0.0131], PCI X Time interaction 

[F(24,324) = 2.68, p < 0.0001]). Because freezing declined over the course of the test 

session, we separately analyzed the asymptotic freezing, which we defined as the mean 

percent freezing during the first 2 min of the test (Figure 3.1C). Mice pre-exposed to the 

context 1 h, 4 h, 24 h, or 72 h before conditioning displayed increased freezing compared 

to those without pre-exposure (one-way ANOVA; F(6,81) = 4.70, p = 0.0004). This result  
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Figure 3.1: CFC is enhanced with longer PCIs.  
(A) Experimental design. Mice received either no pre-exposure, or 10 min of pre-
exposure contiguous with conditioning, 1 min, 1 h, 4 h , 24 h, or 72 h prior to CFC. (B) 
Timecourse of freezing behavior during context test. (C) Asymptotic freezing (mean 
freezing of first 2 min) during context test. Mice pre-exposed to the context 1 h, 4 h, 24 h, 
and 72 h before conditioning displayed increased freezing compared to those without pre-
exposure. No PreEx: n = 14; Contiguous: n = 8; 1min: n = 16; 1h: n = 8; 4h: n = 8; 24h: n 
= 18; 72h: n = 16. * - p < 0.05 compared to No PreEx. Data are expressed as means ± 
s.e.m.  
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indicates CFC is enhanced when sufficient time elapses between context pre-exposure 

and conditioning. 

3.3.2 Enhanced CFC is specific to the conditioned context 

Next, we asked whether the facilitation of CFC by an increased PCI is context-

specific or, instead, reflects nonspecific factors, such as handling or exposure to the lab 

environment. To evaluate context-specificity, all mice received pre-exposure to two 

contexts, A and B, prior to CFC in context A. The first pre-exposure occurred 72h prior 

to conditioning and the second occurred 1 min prior. One group received exposure to 

context A first (A-B) while the other group received exposure to context B first (B-A) 

(Figure 3.2A). In this way, all mice received context exposures at both time points, and 

any effect of exposure order reflects context-specificity of pre-exposure. During the 

contextual fear test 24 h after conditioning, Group A-B displayed higher freezing than 

Group B-A (Figure 3.2B), which was verified by comparing the mean freezing of the first 

2 min (Figure 3.2C; t(15) = 2.399, p = 0.0299). This result indicates the pre-exposure 

effect reflects enhanced context memory rather than a nonspecific effect of handling or 

exposure to the general lab environment. 

3.3.3 Increased PCI does not affect sensitivity to postshock extinction 

We recently reported that the non-reinforced context exposure following the 

shock potently extinguishes conditioned fear (Bernier et al., 2015). Therefore, it is  
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Figure 3.2: Enhanced CFC is specific to the conditioned context. 
(A) Experimental design. Mice were pre-exposed to either context A or B 72 h prior to 
CFC in context A. Each group was pre-exposed to the other context 1 min before CFC. 
(B) Timecourse of freezing behavior during context test. (C) Asymptotic freezing (mean 
freezing of first 2 min) during the context test was increased in mice pre-exposed to the 
conditioning context 72 h before CFC (Group A/B) compared to those pre-exposed 1 min 
before (Group B/A). A/B: n = 8; B/A: n = 8. * - p < 0.05. Data are expressed as means ± 
s.e.m.  
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test this hypothesis, we asked whether a change in the length of the post-shock period 

modulates the effects of pre-exposure timing. Mice were pre-exposed to the conditioning 

context either 1 min or 24 h prior to conditioning. During the conditioning session, mice  

           

Figure 3.3: Increased PCI does not affect sensitivity to postshock extinction. 
(A) Experimental design. Mice were pre-exposed 24 h or 1 min before CFC with 
postshock intervals of 30 s or 210 s. (B) Timecourse of freezing behavior during context 
test. (C) Asymptotic freezing (mean freezing of first 2 min) during the context test was 
higher in mice pre-exposed 24 h before CFC compared to 1 min before CFC. Mice froze 
less with long (210 s) compared to short (30 s) postshock exposure. 1 min/30 s: n = 6; 1 
min/210 s: n = 13; 24 h/30 s: n = 11; 24 h/210 s: n = 11. * - p < 0.05. Data are expressed 
as means ± s.e.m. 
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received either short (30 s) or long (210 s) postshock context exposure. Conditioned 

contextual fear was tested 24 h later (Figure 3.3A). Figure 3.3B plots the timecourse of 

freezing during the test session. A two-way ANOVA of freezing in the first 2 min (Figure 

3.3C) reveals significant main effects of both the timing of pre-exposure (F(1,37) = 6.235, p 

= 0.0171) and the postshock duration (F(1,37) = 7.762, p = 0.0084), but no interaction 

(F(1,37) = 0.6152, p = 0.4378). These results confirm that longer PCIs enhance CFC 

acquisition and that prolonged postshock exposure reduces conditioned fear. Because the 

postshock duration did not modulate the effects of pre-exposure timing, we conclude that 

pre-exposure timing does not influence postshock extinction of fear. 

3.3.4 Pre-exposure effect persists for at least one month after training. 

The increased contextual fear following a long PCI could reflect stronger 

associative memory, or it could reflect the modulation of retrieval, such as in primacy and 

recency effects. This is because pre-exposure followed by CFC may constitute two 

learning experiences: first the context is learned to be safe, and then, during CFC, the 

context is learned to be dangerous. When two competing memories have been acquired, 

the interval between training and test can determine which of the two memories 

dominates during retrieval (la Casa and Lubow, 2000; 2002; Wheeler et al., 2004). If the 

PCI effect is a retrieval effect, then it should be sensitive to changes in the train-test 

interval.  
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Figure 3.4: Pre-exposure effect persists for at least one month after training. 
(A) Experimental design. Mice were pre-exposed 72 h or 1 min before CFC and tested 24 
h or 4 wk later. (B) Timecourse of freezing behavior during 24 h and 4 wk context tests. 
(C) Asymptotic freezing (mean freezing of first 2 min) during both the 24 h and 4 wk 
context tests was higher in mice pre-exposed 72 h before CFC compared to 1 min before 
CFC.. 1 min/24 h: n = 8; 1 min/4 wk: n = 8; 72 h/24 h: n = 8; 24 h/4 wk: n = 8. * - p < 
0.05, ** - p < 0.01. Data are expressed as means ± s.e.m. 
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freezing than those pre-exposed 1 min in advance (Figure 3.4B), which was verified by 

comparing the mean freezing of the first 2 min (Figure 3.4C; t(14) = 2.221, p = 0.0433). A 

similar result was observed in groups tested 4 wk after CFC (Figure 3.4B-C; main effect 

of PCI: F(1,28) = 39.64, p < 0.0001). These results suggest that the effect of the PCI on test 

session freezing reflects differences in CFC acquisition rather memory competition 

during retrieval. 

3.3.5 Spaced PCI increases reactivation of CA3 neural ensembles associated with 

acquisition 

Our experiments thus far suggest that increasing the PCI enhances CFC memory. 

We wanted to determine whether this enhancement was evident at the neural level. 

Recent studies indicate that retrieval of CFC involves reactivation of the same, sparse 

neural ensembles in hippocampus that were active during CFC acquisition (Liu et al., 

2012; Tayler et al., 2013; Tanaka et al., 2014; Zelikowsky et al., 2014). To evaluate how 

the PCI affects neural ensemble reactivation, we used ArcCreERT2::ChR2-eYFPflx 

transgenic mice to perform activity-dependent neuronal tagging. In these mice, the 

activity of the immediate early gene (IEG) Arc drives expression of a 4-

hydroxytamoxifen (4-OHT)-inducible version of Cre-recombinase. An injection of 4-

OHT temporarily allows recombinase activity, thereby turning on permanent expression 

of eYFP only in Arc-expressing cells (Figure 3.5A). Previous studies validated the 
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Figure 3.5: Spaced PCI increases reactivation of CA3 neural ensembles associated 
with acquisition. 
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Figure 3.5: Spaced PCI increases reactivation of CA3 neural ensembles associated 
with acquisition. 
(A) An injection of 4-OHT in ArcCreERT2::ChR2-eYFPflx mice induces permanent 
expression of a fluorescent reporter in Arc-expressing neurons around the time of 
injection. (B) Experimental design. Mice were pre-exposed 72 h or 1 min before CFC. 
Mice were injected with 4-OHT 5 h before CFC to tag fear-associated neurons. (C) 
Timecourse of freezing behavior context test. (D) Asymptotic freezing (mean freezing of 
first 2 min) was increased in mice pre-exposed 72 h before CFC compared to 1 min 
before CFC. (E) Representative images of eYFP+ and cFos+ immunofluorescence in CA3. 
White arrowheads denote reactivated neurons (eYFP+/cFos+). (F) Mice pre-exposed 72 h 
or 1 min before CFC displayed similar numbers of eYFP+ and cFos+ cells per section. 
Mice pre-exposed 72 h before CFC displayed a significantly greater percentage of 
eYFP+/cFos+ cells among all cFos+ cells than mice pre-exposed 1 min before CFC. A 
similar trend was observed when comparing the percentage of eYFP+/cFos+ cells among 
all eYFP+ cells. 1 min: n = 9; 72 h: n = 8. * - p < 0.05. Data are expressed as means ± 
s.e.m  
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use of ArcCreERT2::ChR2-eYFPflx mice for activity-dependent tagging by demonstrating 

that (1) Cre recombinase closely matches expression of endogenous Arc protein in the 

hippocampus, (2) unique populations of neurons are active in different contexts, and (3) 

CFC recall is associated with reactivation of hippocampal neurons tagged during CFC 

acquisition (Denny et al., 2014; Cazzulino et al., 2016; Sun et al., 2017). 

ArcCreERT2::ChR2-eYFPflx mice were pre-exposed to the conditioning context 72 

h or 1 min prior to CFC. Mice received an injection of 4-OHT prior to CFC acquisition to 

induce the expression of eYFP in active neurons. Five days later, mice were returned to 

the conditioned context and perfused 90 min later (Figure 3.5B). Replicating our prior 

experiments, mice pre-exposured 72 h prior to conditioning froze significantly more 

during the test session then those pre-exposed 1 min prior (Figure 3.5C-D; t(15) = 1.945, p 

= 0.0354, one-tailed). Based on previous evidence that reactivation in CA3 but not DG 

predicts freezing during CFC recall (Denny et al., 2014), our analysis focused on CA3. 

We quantified the number of neurons active during acquisition (eYFP+), neurons active 

during memory retrieval (cFos+), and reactivated neurons (eYFP+/cFos+ double-labeled 

cells) (Figure 3.5E).  

Both groups displayed similar numbers or eYFP+ neurons (Figure 3.5F; t(15) = 

0.017, p = 0.9868) and cFos+ neurons (t(15) = 0.804, p = 0.4341). However, mice pre-

exposed 72 h prior to conditioning displayed an increased percentage of reactivated 

eYFP+/cFos+ neurons among all cFos+ neurons in CA3 as compared to mice pre-exposed 

1 min prior (t(15) = 2.199, p = 0.044). A similar trend was observed when comparing the 
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percentage of eYFP+/cFos+ neurons among all eYFP+ neurons (t(15) = 1.889, p = 0.0783). 

These results indicate that enhanced fear expression with the long PCI was associated 

with increased reactivation of CA3 neural ensembles, consistent with previous work 

demonstrating a relationship between memory recall and CA3 reactivation (Denny et al., 

2014).  

3.4 DISCUSSION 

In the present study, we investigated the influence of context pre-exposure timing 

on single-trial CFC. Spacing the pre-exposure and conditioning sessions by at least 1 h 

and up to 72 h increased context fear. The enhanced CFC is specific to the conditioned 

context, and the enhancement is enduring, persisting at retention intervals of 4 wk. 

Finally, using an activity-dependent neural tagging approach, we found an increased PCI 

was related to greater reactivation of CA3 neurons that were active during fear 

acquisition. Together these findings suggest spacing the pre-exposure and conditioning 

sessions enhances fear learning and increases reactivation of the fear acquisition-

associated CA3 ensemble. 

One reason why spacing the pre-exposure and conditioning sessions produced 

enhanced CFC may be the consolidation status of the context at the time of conditioning. 

CFC is thought to depend on two independent learning processes: 1) forming a mental 

representation of the context, and 2) associating the representation with an aversive 

stimulus (Rudy and Morledge, 1994; Young et al., 1994; Rudy, 1996; Rudy et al., 2004). 



 
 
 

69 

With short PCIs, the context memory would be in an early stage of consolidation at the 

time of conditioning, which may limit the amount of conditioning if the structural and/or 

molecular changes needed to support long-term memory have not been established. In 

support of this claim, studies in rat hippocampal slices found that theta burst stimulation 

(TBS), a method for inducing long-term potentiation (LTP), results in extensive synaptic 

remodeling that develops over the course of many minutes to hours. These changes 

include an enlargement of the postsynaptic density (Bourne and Harris, 2011) and 

presynaptic active and nascent zones (Bell et al., 2014), both which emerge between 30 

min and 2 h post-TBS. Similarly, when successive bouts of TBS were applied to the 

Schaffer-commissural afferents of CA1, spacing the stimulations by 10 or 30 min did not 

cumulatively affect LTP, but intervals of 60 or 90 min resulted in a doubling of LTP 

(Kramár et al., 2012; Cao and Harris, 2014). Our results are consistent with these 

structural and electrophysiological timing constraints because a PCI of at least 1 h was 

necessary to observe enhanced CFC (Figure 3.1C). Thus, we hypothesize that the amount 

of conditioning is limited at short PCIs due to saturation of synaptic plasticity. Spacing 

the two events by at least an hour relieves this constraint, resulting in enhanced CFC.  

The enhancement of CFC with increased PCIs is reminiscent of a trial spacing 

effect, as superior learning occurred when the pre-exposure and conditioning sessions 

were sufficiently spaced. However, our paradigm deviates from traditional models where 

trial spacing effects have been reported. The trial spacing effect is typically observed in 

learning paradigms that involve repetitive and identical presentations of the to-be-learned 
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stimuli (Smolen et al., 2016). In our case, the two sessions are not identical; the 

conditioning session contains an aversive, unconditioned stimulus (US) that is absent 

during the pre-exposure session. Nevertheless, the contextual stimuli remain consistent 

and are repeated across the sessions. While CFC violates certain ubiquitous rules of cued 

conditioning (i.e. CFC improves with longer conditioned stimulus (CS)-US intervals) 

(Fanselow, 1986), it also displays similar characteristics, such as latent inhibition with 

extended pre-exposure (Kiernan and Westbrook, 1993; Killcross et al., 1998; Laurent and 

Westbrook, 2009b) and enhanced learning with spaced versus massed US delivery 

(Fanselow and Tighe, 1988). Therefore, to the extent that each context exposure can be 

conceived of as a training trial, spacing the pre-exposure and conditioning sessions 

adheres to the trial spacing effect.  

Using activity-dependent transgenic mice, we found that spacing the pre-exposure 

and conditioning sessions resulted in greater reactivation of fear acquisition-associated 

CA3 ensembles during retrieval (Figure 3.5F). This result is consistent with work 

establishing a relationship between the strength of CFC memories and reactivation in 

CA3 (Denny et al., 2014). Memory strength and CA3 reactivation may be especially 

relevant in our experiment due to the important role CA3 plays in single-trial learning 

(Nakazawa et al., 2003), the conditioning paradigm used in this study. It is important to 

note that the tagging experiences of the two experimental groups were quite different; 

tagging in the 72 h PCI group included only the conditioning session, while tagging in the 

1 min PCI group included both the pre-exposure and conditioning sessions. Despite this 
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difference, we observed a similar number of fear-tagged (eYFP+) neurons between the 

groups in CA3, suggesting the behavioral differences are not a consequence of the CA3 

ensemble size recruited during conditioning. Instead, our results support a model where 

exposure to a novel context engages a learning process that includes a refractory period, 

during which a closely spaced conditioning session is ineffective at enhancing learning. 

Spacing the sessions overcomes this refractory period, in part due to more effectively 

strengthening synaptic connections to CA3 neurons.  

A study by Rudy and Wright-Hardesty (2005) similarly investigated the influence 

of the PCI, yet observed a different pattern of behavior. They found that in an immediate 

shock CFC paradigm in rats, memory of the context becomes rapidly inaccessible after 

the pre-exposure session, resulting in drastically impaired conditioning at PCIs of 2-5 

min, with minor improvements seen at 1-6 h, and finally returning to delay conditioning 

levels at 24 h. The authors conclude that the deficit caused by brief PCIs reflects a rapidly 

decaying short-term memory of the context, and that a parallel, slowly developing 

consolidated memory trace can overcome this deficit at long PCIs. We did not observe a 

rapid loss of conditioning at our briefest PCI (1 min). Moreover, PCIs of 1 or 4 h 

enhanced, rather than impaired, CFC. The discrepancies may be attributed to the different 

conditioning paradigms used. Their study used an immediate shock conditioning 

procedure, which produces almost no conditioning without context pre-exposure on the 

previous day (Fanselow, 1990; Rudy and O'Reilly, 2001; Rudy et al., 2002). In our 

studies, instead of receiving an immediate shock, animals were shocked 10 s after 
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placement in the context. This procedure provides a sufficient amount of time for the 

mice to acquire a CFC memory, as no differences were observed between groups 

conditioned without pre-exposure compared to those with pre-exposure contiguous with 

conditioning (Figure 3.1C). Additional experiments will be needed to definitively resolve 

this issue. 

In summary, we demonstrated that spacing the pre-exposure and conditioning 

sessions in one-trial CFC by at least 1 h enhances CFC. The enhancement is context-

specific and endures for at least a month. Spacing the pre-exposure and conditioning 

sessions increases reactivation of CA3 neurons associated with acquisition, which we 

hypothesize to represent a neural correlate for a trial spacing effect for CFC, or 

potentially other hippocampal-dependent learning tasks.  
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Chapter 4: Identification and Manipulation of a Hippocampal Fear 
Extinction Engram 

4.1 INTRODUCTION 

The primary clinical treatment for maladaptive fear is extinction—repeated 

exposure to a fearful stimulus in the absence of threat (Powers et al., 2010; Milad and 

Quirk, 2012). Extinction does not permanently eliminate the fear memory. Fear can, for 

instance, relapse with the passage of time, a phenomenon known as spontaneous recovery 

(Pavlov, 1927; Rescorla, 2004b). The transience of extinction suggests that learned fear is 

not erased by extinction training, but instead establishes a new memory that suppresses 

the fear memory or competes with it for expression (Bouton et al., 2006; Myers and 

Davis, 2007; Larrauri and Schmajuk, 2008). The acquisition of an extinction memory 

depends critically on prefrontal cortex (PFC)-to-amygdala projections (LeDoux, 2000; 

Maren, 2001; Trouche et al., 2013; Tovote et al., 2015), but the mechanisms governing 

expression of extinction are not well understood. Based on evidence that damage to the 

hippocampus interferes with extinction learning (Bernier et al., 2017) and the context-

dependency of extinction retrieval (Corcoran and Maren, 2001; 2004; Hobin et al., 2006; 

Maren and Hobin, 2007), we investigated how activity of hippocampal ensembles 

regulates the expression of an extinction memory.  

The hippocampal DG plays a critical role in acquisition of context fear memory—

fear of a place where an aversive experience occurred. Context fear acquisition activates 

a sparse ensemble of DG granule cells, sometimes termed fear engram cells, whose 
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reactivation is necessary (Denny et al., 2014) and sufficient (Liu et al., 2012; Ramirez et 

al., 2013; Redondo et al., 2014; Ryan et al., 2015) for expression of context fear. Fear 

engram cells retain their ability to evoke fear when optogenetically stimulated at remote 

time points (Kitamura et al., 2017) and after amnestic treatments (Ryan et al., 2015; Roy 

et al., 2016; 2017), suggesting that fear engram cells are a stable neural representation of 

the contextual fear memory. However, it is unknown how extinction training affects the 

activity of fear engram cells. We recently discovered that activity in the DG contributes 

to extinction of context fear. Silencing DG prevents the diminution of context fear during 

extinction training (Bernier et al., 2017). This observation led us to hypothesize that 

extinction training might suppress fear by altering the activity of fear engram cells in DG. 

We used an activity-dependent neuronal-tagging transgenic mouse line (Denny et 

al., 2014) to indelibly label and manipulate DG granule cells active during either 

contextual fear acquisition or extinction. We report that extinction training suppresses 

reactivation of the neurons that were active during fear training (fear neurons), while 

causing a different population—putative extinction neurons—to become active. Silencing 

fear neurons decreased fear, whereas silencing extinction neurons increased fear after 

extinction. Our data lead us to hypothesize that fear acquisition and fear extinction are 

represented by unique ensembles of DG granule cells and that the activity of these 

ensembles determines whether a fear memory or an extinction memory is expressed. 
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4.2 METHODS 

4.2.1 Subjects 

Adult male and female ArcCreERT2::Halo-eYFPflx and ArcCreERT2::ChR2-eYFPflx 

mice aged two to seven months were used for all experiments. ArcCreERT2::Halo-eYFPflx 

and ArcCreERT2::ChR2-eYFPflx mice were generated by breeding heterozygous (+/-) 

ArcCreERT2 mice (Denny et al., 2014) with homozygous (+/+) Rosa26-CAG-stopflx-

eNpHR3.0-eYFP (Ai39) or Rosa26-CAG-stopflx-ChR2(H134R)-eYFP (Ai32) mice 

(Madisen et al., 2012), originally purchased from The Jackson Laboratories. These 

crosses generated ArcCreERT2(+) or (-) mice heterozygous for either the Halo-eYFPflx or 

ChR2-eYFPflx allele. Mice were housed with their littermates in groups of one to five in 

plastic cages with woodchip bedding and maintained on a 12 h light/dark cycle (7:00-

19:00) in a temperature- and humidity-controlled vivarium. Food and water were 

provided ad libitum. Experiments were conducted during the light phase. All procedures 

were approved by the University of Texas at Austin Institutional Animal Care and Use 

Committee. 

4.2.2 Surgery 

For optogenetic experiments, mice received stereotaxic surgery 2-4 weeks prior to 

behavioral experimentation. Mice were quickly anesthetized with 3% isofluorane (1.5 

L/min) vaporized in pure oxygen, head-fixed in a stereotaxic surgical frame, and 
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maintained under anesthesia with 1.5% isofluorane concentration (0.75 L/min). 

Ophthalmic ointment was applied to prevent the eyes from drying. A skin incision was 

made to expose the skull. The skull was scoured with an acidic gel etchant and a layer of 

OptiBond epoxy (Kerr Dental) was applied. Fiber optic cannulas were bilaterally 

implanted at a 20° angle targeting the dorsal DG (from bregma: A/P: -2.0 mm; M/L: ±1.3 

mm; D/V: -1.5 mm). Optic fiber implants were constructed using previously published 

methods(Sparta et al., 2011), using 1.25 mm ceramic ferrules (Kientec Systems) and 200 

μm core, 0.39 numerical aperture multimodal fiber (ThorLabs). The fibers were secured 

in place with a layer of dental cement (Bosworth). Following the surgery, mice were 

injected subcutaneously with ketoprofen (5 mg/kg) in sterile saline (0.9%) to provide 

analgesia.  

4.2.3 Neuronal tagging 

Recombination was induced with 4-hydroxytamoxifen (4-OHT; Sigma). 4-OHT 

was dissolved by sonication in 10% EtOH / 90% sunflower seed oil at 10 mg/mL. Mice 

were transported from the vivarium to an adjacent holding room at least three hours prior 

to 4-OHT injections to minimize transportation-induced IEG activity. Activity-dependent 

neuronal tagging was induced by a single intraperitoneal injection of 4-OHT (55 mg/kg) 

administered either immediately following the fear conditioning session for acquisition-

tagged mice, or immediately following the 10th extinction session for extinction-tagged 

mice. Following the 4-OHT injection, mice were moved to an isolated room and dark 
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housed for 3 days, which helps minimize non-specific labeling (Denny et al., 2014). Mice 

were then returned to the vivarium with a regular 12h light/dark cycle for the remainder 

of the experiment. 

4.2.4 Behavior 

4.2.4.1 Optogenetics 

Cranial implants were bilaterally connected via fiber optic patch cables to a light 

source interfaced with a FC/PC rotary joint (Doric Lenses). Photoinhibition was 

performed with a 140 mW, 532 nm laser (Shanghai Dream Lasers Technology) delivered 

continuously during light on epochs with an intensity of 9-12 mW at the end of the fiber 

optic implant. 

4.2.4.2 Contextual fear conditioning 

All mice were handled for 1-2 min per day for 4-5 days prior to behavioral 

testing. During handling sessions, mice were habituated to fiber optic cables by allowing 

them to explore a novel cage while attached to patch cables. Subjects were transported 

from the vivarium to a holding room adjacent to the test room at least one hour before 

experimentation. Mice were moved individually to and from the conditioning room in an 

opaque container. The transport containers were cleaned with a 70% EtOH solution 
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between uses. Mice were connected to fiber optic patch cables for every behavioral 

session. 

Behavioral testing occurred in 30.5 x 24 x 21 cm conditioning chambers (Med 

Associates), with two aluminum side walls, a Plexiglas door and ceiling, and a white 

vinyl back wall. Chambers were contained within a larger, sound-attenuating chamber 

equipped with a fan to provide ~65 dB ambient noise. An overhead white light 

illuminated the chamber continuously throughout the procedures. 

Two distinct contexts were used – a conditioning context (Context A) and an 

alternate context (Context B). Context A contained a straight stainless-steel rod floor (36 

rods, spaced 8mm from center to center), was cleaned with a 70% EtOH solution between 

uses and was scented with 1% acetic acid solution in the waste tray below the floor. 

Context B occurred in the same chambers and contained a flat plastic floor covered in 

woodchip bedding and a curved plastic insert along the back wall. The chamber was 

cleaned and scented with Clorox disinfectant wipes. 

For fear conditioning, three 2 s 0.75 mA scrambled foot shocks were delivered 

through the floor 180, 240, and 300 s after the mice were placed in Context A. Mice were 

removed 30 s after the final footshock and returned to their homecage. 

All behavioral sessions were video recorded at 30 frames/s using a near-infrared 

camera mounted to the interior door of the chamber. The videos were manually scored 

for freezing behavior by an investigator blind to the experimental conditions. Freezing 

was defined as the absence of movement, with the exception of those related to breathing. 
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4.2.4.3 Extinction  

Extinction sessions consisted typically of 5 min unreinforced exposures to 

Context A once per day for 10 days (exception: 3 min sessions for Figure 4.1B-H).  

4.2.4.4 Optogenetic manipulation 

Mice were placed in either Context A or B for 12 min. Light on epochs occurred 

during minutes 0-3 and 6-9. For test sessions in cell reactivation experiments, mice were 

placed in Context A for 5 min. Spontaneous recovery tests were identical to previous 

tests and occurred 28 d after the last test session. 

4.2.4.5 Open field 

The open field was a 40 x 40 cm arena with opaque plastic walls 35 cm high. 

Overhead lights provided 80 lux illumination measured in the center of the arena. Mice 

were connected to fiber optic patch cables and placed into the arena for 20 min. 

Photoinhibition consisted of 5 min epochs of light on from minutes 5-10 and 15-20. The 

center was defined as an 18.5 x 18.5 cm zone in the center of the arena. The behavior was 

recorded using a ceiling-mounted digital camera and analyzed with video-tracing 

software (ANY-Maze). 
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4.2.5 Tissue preparation and immunohistochemistry 

Ninety minutes after the CFC test, mice were deeply anesthetized with 

ketamine/xylazine (150/15 mg/kg) and transcardially perfused with 1x phosphate buffer 

saline (PBS), followed by 4% paraformaldehyde (PFA) in 1x PBS. Brains were extracted 

and post-fixed overnight at 4°C in 4% PFA and then transferred to a 30% sucrose in 1x 

PBS at 4°C for two days. Thirty-five µm coronal sections were collected on a cryostat 

and stored in cyroprotectant at -20°C. 

For immunohistochemistry, sections were washed in 1x PBS and blocked at room 

temperature (RT) for 2 h in 10% normal donkey serum (NDS) in 1x PBS with 0.5% 

Triton-X (PBS-T). Sections were incubated with primary antibodies (1:2,000 rabbit anti-

Arc (Synaptic Systems); 1:500 chicken anti-GFP (Abcam)) diluted in 5% NDS in 1x 

PBS-T overnight at 4°C. Sections were rinsed in 1x PBS-T and incubated in secondary 

antibodies (Jackson ImmunoResearch; 1:500 donkey anti-rabbit Cy3; 1:500 biotinylated 

donkey anti-chicken) in 1x PBS-T for 2 h at RT. Sections were rinsed in 1x PBS-T and 

incubated in tertiary antibody (1:250 avidin Cy-2 (Jackson ImmunoResearch)) and 

1:1000 DAPI for 1 h at RT. Sections were washed in 1x PBS, mounted onto slides, and 

coverslipped with ProLong Gold (Invitrogen). 
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4.2.6 Imaging and quantification  

For Arc+ cells, immunoreactive cells in the granule cell layer of the DG from 

every 6th section throughout the entire bilateral rostralcaudal axis of the hippocampus 

were counted exhaustively under fluorescent illumination (Zeiss Axio Imager M2) with a 

40x objective. Every Arc+ cell was evaluated for eYFP+ immunoreactivity to obtain 

eYFP+/Arc+ co-labeled cell counts. For eYFP+ cell estimates, fluorescent confocal images 

were obtained (Leica DM6000 CFS) with a 40x objective from four locations sampled 

throughout the rostralcaudal axis of the DG. Each image was acquired at a thickness of 1 

mm, and eYFP+ cells were quantified from the z-stack images using Image-J. The 

average Arc+ and eYFP+ cells per section were reported in the study. An investigator 

blind to the treatment status acquired all cell counts. Reactivated percentages were 

calculated in two ways: the percentage of eYFP+/Arc+ among all eYFP+ cells = 

((eYFP+/Arc+) / eYFP+) x 100, or the percentage of eYFP+/Arc+ among all Arc+ cells = 

((eYFP+/Arc+) / Arc+) x 100. 

4.2.7 Statistical analysis 

Data were analyzed using two-sided t-tests or ANOVA, using repeated measures 

when appropriate. Significant ANOVAs were followed with post hoc Sidak’s test for 

multiple comparisons. Data analysis was performed on Prism 6 (GraphPad Software). 

The α value was set at 0.05 for all analyses. All data are presented as mean ± s.e.m.  
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4.3 RESULTS 

4.3.1 Extinction suppresses reactivation of fear neurons 

We used the ArcCreERT2 transgenic mouse line to tag and manipulate neurons 

active during either contextual fear conditioning (CFC) acquisition or fear extinction. In 

thee mice, activity of the immediate early gene (IEG) Arc drives expression of tamoxifen-

dependent CreERT2 recombinase. An injection of 4-hydroxytamoxifen (4-OHT) 

transiently activates recombinase activity, thereby permanently tagging Arc-expressing 

neurons with a reporter (Figure 4.1A). Previous work demonstrates that (1) ArcCreERT2 

expression closely mirrors that of endogenous Arc protein, (2) the system detects unique 

hippocampal ensembles active in different contexts, (3) CFC retrieval is associated with 

reactivation of neurons tagged during fear acquisition (Denny et al., 2014; Cazzulino et 

al., 2016; Sun et al., 2017), and (4) silencing neurons tagged during fear acquisition 

impairs behavioral expression of fear (Denny et al., 2014).  

We first sought to determine if fear extinction affects reactivation of the DG fear 

neurons. ArcCreERT2::ChR2-eYFPflx mice were injected with 4-OHT prior to CFC 

training to tag fear neurons with eYFP. Five days later, one group of mice (Extinction, n 

= 4) began extinction training consisting of ten daily 3 min exposures to the conditioned 

context without shock. The other group (No Extinction, n = 3) remained in the homecage 

(Figure 4.1B). Freezing to the conditioned context decreased in the extinction group 

across the 10 extinction sessions (Figure 4.1C; RM one-way ANOVA, F(3,9) = 33.49, p =  
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Figure 4.1: Extinction suppresses reactivation of fear neurons.  
(A) Genetic design. Administration of 4-OHT to ArcCreERT2 mice activates permanent 
expression of a reporter in neurons active around the time of the injection. (B) 
Experimental design. (C) Freezing behavior declined across the 3 min extinction 
sessions. No Extinction mice had significantly higher freezer than Extinction mice during 
a retrieval test. (D) Representative image of eYFP+ and Arc+ immunofluorescence in the 
DG. White box indicates area of magnification (bottom). White arrowhead denotes co-
labeled eYFP+/Arc+ cell. (E) Extinction and No Extinction Groups displayed similar 
numbers of eYFP+ cells per section. (F) Fear retrieval and extinction retrieval activated 
similar numbers of Arc+ cells per section. (G) Extinction decreased the percentage of 
eYFP+/Arc+ cells among all eYFP+ cells. (H) The percentage of eYFP+/Arc+ cells among 
all Arc+ cells was not changed significantly by extinction. Extinction: n = 4; No 
Extinction: n = 3. Data are expressed as means ± s.e.m. * p < 0.05, *** p < 0.001. 

0.001). During a retrieval test 48 h after the final day of extinction (and 16 days after 

training), freezing of No Extinction mice exceeded that of Extinction mice (t(5) = 13.67, p 

< 0.0001). Mice were perfused 90 min after the session. Immunohistochemistry against 

Arc and eYFP was used to assess reactivation of the eYFP+ neurons that had been tagged 
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during fear acquisition (Figure 4.1D). The Extinction and No Extinction groups displayed 

similar numbers of eYFP+ cells (Figure 4.1E; t(5) = 1.16, p = 0.298) and Arc+ cells (Figure 

4.1F; t(5) = 0.56, p = 0.6). However, the percentage of reactivated eYFP+/Arc+ neurons 

among all eYFP+ neurons was reduced in the Extinction group (Figure 4.1G; t(5) = 2.76, p 

= 0.04). The percentage eYFP+/Arc+ neurons among Arc+ cells did not differ significantly 

by group (Figure 4.1H; t(5) = 1.30, p = 0.251). These results demonstrate that extinction 

suppresses reactivation of DG fear neurons. Furthermore, because the number of Arc+ 

neurons did not differ between the two groups, the results suggest that retrieval of fear 

and retrieval of extinction similarly engage the DG but activate distinct neuronal 

ensembles.  

4.3.2 Fear retrieval and extinction retrieval reactivate distinct ensembles  

To test the hypothesis that retrieval of fear and retrieval of extinction recruit 

unique DG ensembles, we performed an experiment in which putative fear neurons and 

extinction neurons were tagged in separate cohorts of mice. ArcCreERT2::Halo-eYFPflx 

mice were subjected to CFC and extinction. 4-OHT was injected either immediately after 

fear acquisition (FC-Tag; n = 9) or immediately after the 10th day of extinction (EXT-

Tag; n = 10). 4-OHT injected immediately after CFC effectively tags engram neurons 

(Cazzulino et al., 2016) and was performed to prevent a the injection from becoming a 

conditioned stimulus or retrieval cue. Mice were returned to the context either 5 days 

later for an extinction retrieval test, or 28 days later for a spontaneous recovery test 
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(Figure 4.2A). Freezing to the conditioned context decreased in both groups across the 

extinction sessions (Figure 4.2B; RM two-way ANOVA, effect of Session [F(9,153) = 

41.62, p < 0.0001], no effect of Group [F(1,17) = 1.36, p = 0.260] or Group X Session 

interaction [F(9,153) = 0.72]). Freezing remained low during the extinction retrieval test and 

was elevated during the spontaneous recovery test (two-way ANOVA, effect of Test 

[F(1,15) = 7.00, p = 0.018]). All mice were perfused 90 min after their test session to 

evaluate the reactivation of acquisition and extinction-tagged neurons during low fear 

(extinction retrieval) and high fear states (spontaneous recovery) (Figure 4.2C, 4.2D). We 

predicted that extinction neurons would be reactivated during the 5 d test, whereas fear 

neurons would be reactivated during the 28 d test. 

FC-Tag and EXT-Tag groups displayed similar numbers of eYFP+ cells (Figure 

4.2E; 5 d test [t(7) = 0.18, p = 0.859], 28 d test [t(4) = 2.10, p = 0.104]), and Arc+ cells 

(Figure 4.2F; 5 d test [t(7) = 1.18, p = 0.275], 28 d test [t(4) = 0.95, p = 0.398]). During the 

5 d test, EXT-Tag mice displayed an increased percentage of reactivated eYFP+/Arc+ 

neurons among eYFP+ neurons compared to FC-Tag mice (Figure 4.2G; t(7) = 2.90, p = 

0.023). The pattern reversed during the 28 d test, with FC-Tag mice displaying a higher 

percentage of eYFP+/Arc+ neurons among eYFP+ neurons than EXT-Tag mice (t(4) = 2.82, 

p = 0.048). A similar pattern was seen in the percentage of eYFP+/Arc+ neurons among 

the Arc+ population (Figure 4.2H; 5 d test [t(7) = 4.63, p = 0.002], 28 d test [t(4) = 3.30, p = 

0.030]). These data demonstrate that fear acquisition and extinction activate different 

populations of DG neurons. Expression of extinction is associated with reactivation of 
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Figure 4.2: Fear retrieval and extinction retrieval reactivate distinct neural  
ensembles in the DG. 
(A) Experimental design. (B) Freezing behavior declined across the 5 min extinction 
sessions. Freezing remained low in mice tested 5 d after extinction (extinction retrieval) 
but was increased in mice tested 28 d after extinction (spontaneous recovery). (C and D) 
Representative images of eYFP+ and Arc+ immunofluorescence in the DG of FC-Tag (C) 
and EXT-Tag (D) mice during a spontaneous recovery test. White box indicates area of 
magnification (right). White arrowhead denotes co-labeled eYFP+/Arc+ cells. (E) FC-Tag 
and EXT-Tag groups displayed a similar number of eYFP+ cells per section. (F) 
Extinction retrieval and spontaneous recovery activated a similar number of Arc+ cells 
per section. (G) EXT-Tag mice displayed a significantly greater percentage of 
eYFP+/Arc+ cells among all eYFP+ cells than FC-Tag mice during an extinction retrieval 
test. The pattern reversed during the spontaneous recovery test. (H) Similar to (G), but 
analyzing the percentage of eYFP+/Arc+ cells among all Arc+ cells. FC-Tag: n = 9; EXT-
Tag: n = 10. Data are expressed as means ± s.e.m. * p < 0.05, ** p < 0.01. 
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 extinction neurons, whereas expression of fear during spontaneous recovery is associated 

with reactivation of fear neurons. 

4.3.3 Silencing extinction neurons impairs extinction retrieval 

Next, we evaluated whether the reactivation of extinction neurons is necessary for 

expression of extinction. ArcCreERT2(+)::Halo-eYFPflx and their ArcCreERT2(-)::Halo-

eYFPflx littermates (n = 9 per group) were bilaterally implanted with optical fibers 

targeting the dorsal DG (Figure 4.3A, 4.3B). Two weeks later, all mice received CFC 

followed by extinction training. 4-OHT was injected immediately after the 10th day of 

extinction, thereby expressing Halo in the Arc+ cells activated during extinction (Figure 

4.3C). 

Freezing declined across the extinction sessions and did not differ between 

ArcCreERT2(+) and ArcCreERT2(-) mice (Figure 4.3D; effect of Session [F(9,135) = 35.43, p 

< 0.0001], no effect of Genotype [F(1,15) < 0.01] or Genotype X Session interaction [F(9,135) 

= 0.44]). Five days later, mice were returned to the context for a 12-min extinction 

retention test. Extinction neurons were silenced bilaterally with green light (532 nm, 9-12 

mW) during min 0-3 and 6-9 of the test. Silencing extinction neurons increased freezing 

during the first light ON epoch, and freezing returned to control levels during the light 

OFF epoch (Figure 4.3E, 4.3F;  
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Figure 4.3: Silencing Extinction Neurons Impairs Extinction Retrieval.  
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Figure 4.3: Silencing Extinction Neurons Impairs Extinction Retrieval.  
(A) Configuration for silencing extinction neurons in DG of ArcCreERT2::Halo-eYFPflx 
mice. (B) Left: Example of optic fiber placement. Coronal figures showing fiber 
implantation sites in the dorsal DG. (C) Experimental design. Light stimulation was 
delivered context tests at minutes 0-3 and 6-9. (D) Freezing declined across the 5-min 
extinction sessions and did not differ between ArcCreERT2(+) and ArcCreERT2(-) mice. 
(E) Freezing behavior during the extinction retention test. (F) In the extinction retention 
test, silencing extinction neurons increased freezing in ArcCreERT2(+) mice during the 
first laser ON epoch compared to ArcCreERT2(-) mice. (G) Freezing behavior during the 
alternate context test. (H) In the alternate context test, silencing extinction neurons had 
no effect on freezing behavior during the first light ON and OFF epochs. (I) Freezing 
behavior during the spontaneous recovery test. (J) In the spontaneous recovery test, 
silencing extinction neurons had no effect on freezing behavior during the first light ON 
and OFF epochs. ArcCreERT2(-): n = 9; ArcCreERT2(+): n = 9. Data are means ± s.e.m. 
** p < 0.01, *** p < 0.001.  
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significant Genotype X Light interaction [F(1,16) = 10.24, p = 0.006]). Interestingly, 

inhibiting extinction neurons had no effect on freezing during the second light ON epoch 

(Figure 4.3E, A1), suggesting that although these cells contribute to the initiation of 

extinction retrieval, they are not necessary for maintaining retrieval after it has occurred. 

Silencing extinction neurons had no effect on freezing in a neutral, alternate context 

(Figure 4.3G, 4.3H; no effect of Genotype [F(1,16) = 0.89] or Genotype X Light interaction 

[F(1,16) = 0.23]). To rule out an order effect, one day after the alternate context test, mice 

were given a second exposure to the conditioning context with light presentations. 

Silencing extinction neurons again increased freezing during the first light ON epoch, but 

not during the second epoch (Figure A2B).  

In an open field (OF), silencing extinction neurons had no effect on center time or 

distance, and did not affect total distance traveled, suggesting inhibiting these cells does 

not affect anxiety-like behavior or exploration in a neutral environment (Figure A3).  

Finally, when mice were returned to the conditioned context 28 days after the 

alternate context test, silencing extinction neurons had no effect on spontaneous recovery 

(Figure 4.3I, 4.3J; no effect of Genotype [F(1,16) = 0.14] or Genotype X Light interaction 

[F(1,16) = 0.13]). These results demonstrate that DG neurons active during fear extinction 

are necessary for expression of the extinction memory. Activity of extinction neurons is 

not necessary during spontaneous recovery of fear, possibly because spontaneous 

recovery reflects the failure to retrieve the extinction memory.  
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4.3.4 Silencing fear neurons reduces spontaneous recovery of fear 

Reactivation of hippocampal fear acquisition neurons is necessary for expression 

of contextual fear (Denny et al., 2014; Tanaka et al., 2014). It is unknown if activity of 

these neurons is also required for expression of fear after extinction, such as during 

spontaneous recovery. To address this question, ArcCreERT2(+)::Halo-eYFPflx (n = 7) and 

ArcCreERT2(-)::Halo-eYFPflx littermates (n = 8) were implanted with optical fibers 

targeting the dorsal DG (Figure 4.4A, 4.4B). Two weeks later, mice received CFC 

training followed immediately by an injection of 4-OHT, thereby expressing Halo in fear 

neurons, and then a course of extinction training (Figure 4.4C).  

Context fear decreased across the 10 days of extinction, and freezing did not 

differ by genotype (Figure 4.4D; effect of Session [F(9,117) = 27.07, p < 0.0001], no effect 

of Genotype [F(1,13) = 1.25, p = 0.2842] or Genotype X Session interaction [F(9,117) = 1.48, 

p = 0.1646]). Five days after the final extinction session, mice were returned to the 

context for an extinction retention test with green light delivered during min 0-3 and 6-9. 

Silencing fear neurons had no effect on freezing during this test (Figure 4.4E, 4.4F; no 

effect of Genotype [F(1,13) = 0.26] or Genotype X Light interaction [F(1,13) = 4.28, p = 

0.059]). The next day, light stimulation was administered during exposure to a novel, 

alternate context. Silencing fear neurons again had no effect on freezing behavior (Figure 

4.4H, 4.4I; no effect of Genotype [F(1,13) = 0.14] or Genotype X Light interaction [F(1,13) = 

1.65, p = 0.222]). In contrast, when mice were returned to conditioning context for a  
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Figure 4.4: Silencing Fear Neurons Reduces Spontaneous Recovery of Fear.   
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Figure 4.4: Silencing Fear Neurons Reduces Spontaneous Recovery of Fear. 
(A) Configuration for silencing fear neurons in DG of ArcCreERT2::Halo-eYFPflx mice. 
(B) Left: Example of optic fiber placement. Coronal figures showing fiber implantation 
sites in the dorsal DG. (C) Experimental design. Light stimulation was delivered context 
tests at minutes 0-3 and 6-9. (D) Freezing declined across the 5-min extinction sessions 
and did not differ between ArcCreERT2(+) and ArcCreERT2(-) mice. (E) Freezing 
behavior during the extinction retention test. (F) In the extinction retention test, silencing 
fear neurons had no effect on freezing behavior during the first light ON and OFF epochs. 
(G) Freezing behavior during the alternate context test. (H) In the alternate context test, 
silencing fear neurons had no effect on freezing behavior during the first light ON and 
OFF epochs. (I) Freezing behavior during the spontaneous recovery test. (J) In the 
spontaneous recovery test, silencing fear neurons reduced freezing behavior in 
ArcCreERT2(+) mice during the first light ON epoch, as compared to ArcCreERT2(-) 
mice. ArcCreERT2(-): n = 8; ArcCreERT2(+): n = 7. Data are means ± s.e.m. * p < 0.05, 
** p < 0.01.  
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spontaneous recovery test 28 days later, silencing fear neurons reduced context fear 

(Figure 4.4J, 4.4K; significant Genotype X Light interaction [F(1,13) = 10.68, p = 0.006]). 

Freezing in ArcCreERT2(+) mice gradually increased during the first light OFF epoch but 

was greatly reduced once the second light ON epoch began. These results suggest that the 

neurons active during fear acquisition are not required for extinction retrieval but are 

necessary for spontaneous recovery of fear. 

4.4 DISCUSSION  

We used activity-dependent neural tagging to investigate how extinction training 

influences context fear representations in the DG. Our findings demonstrate that 

extinction training reduces reactivation of the neurons that were activated during fear 

acquisition, while activating a different ensemble of putative extinction neurons. 

Extinction neurons were more active than fear neurons during a test session 5 d after 

extinction, when fear expression was low, whereas fear neurons were more active during 

a spontaneous recovery test 28 d after extinction. Silencing extinction neurons increased 

fear expression, while silencing fear neurons reduced fear expression during spontaneous 

recovery. Our data suggest that fear and extinction training generate unique ensemble 

representations in the DG, and competition between these ensembles controls expression 

of fear after extinction. 

The role of the hippocampus in CFC is thought to involve generating context 

representations that acquire the ability to activate expression of fear through hippocampal 



 
 
 

95 

interactions with the amygdala (Fanselow, 2000; O'Reilly and Rudy, 2001; Rudy and 

O'Reilly, 2001). Behavioral evidence suggests that changes in context valence are 

associative in nature, in that they reflect changes in the ability of a stable context 

representation to evoke fear, rather the generation of new context representations (Rudy 

et al., 2004). This view is supported by evidence that rodents can be fear conditioned to a 

remembered context representation (Rudy et al., 2002) and by evidence that pairing 

artificial reactivation of a context representation with shock is sufficient to produce fear 

of a previously neutral context (Ramirez et al., 2013; Ryan et al., 2015). Other evidence, 

however, suggests that changes in context valence might alter context representations in 

the hippocampus. In hippocampal CA1, the place fields of some neurons remap during 

fear conditioning and/or extinction (Wang et al., 2015). Fear acquisition and extinction 

also induce IEG expression in different ensembles of CA1 pyramidal cells (Tronson et 

al., 2009). Our results demonstrate that unique ensemble representations of fear and 

extinction are present upstream in the DG and that the activity of these DG ensembles has 

a causal role in expression of fear and extinction. The maintenance of separate fear and 

extinction representations in the hippocampus appears to provide a mechanism for fear 

relapse after extinction. More generally, our findings suggest that emotional valence can 

influence context representations in hippocampus. 

The existence of distinct populations of fear neurons and extinction neurons in the 

hippocampus parallels what has been observed in the PFC and amygdala. The basolateral 

amygdala (BLA) contains unique populations of excitatory neurons that respond to 
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extinguished or non-extinguished fear cues and that project to different targets (Herry et 

al., 2008; Grewe et al., 2017). In the PFC, neurons in the prelimbic subdivision 

preferentially respond to fear-associated cues, while those in infralimbic subdivision 

respond to extinguished cues (Milad and Quirk, 2002; Burgos-Robles et al., 2009; Sotres-

Bayon et al., 2012). Whereas the opposing cell types in the amygdala and PFC can be 

distinguished from each based on molecular identities and connectivity patterns (Senn et 

al., 2014; Namburi et al., 2015; Beyeler et al., 2016; Kim et al., 2016), it remains to be 

determined whether the populations in the DG exhibit unique genetic profiles or 

downstream targets. The fear and extinction neurons we observed in DG were 

intermingled and could not be distinguished from each other based on morphology or 

location. Nevertheless, we speculate that activity of DG fear neurons induces fear 

expression through interactions with ventral CA1 projections to BLA (Xu et al., 2016). 

The activity of extinction neurons might reduce fear by preventing activation of fear 

neurons within the DG or by activating fear-suppressive circuitry in the amygdala, PFC, 

or another region through polysynaptic mechanisms (Trouche et al., 2013; Klavir et al., 

2017; Marek et al., 2018). It is also possible that fear and extinction engrams are 

associated with different oscillation frequencies, similar to what has been shown in PFC-

amygdala circuits (Davis et al., 2017)  

Although recently acquired contextual fear is impaired by hippocampal 

inactivation, contextual fear memories more than about a month old are typically 

unimpaired by this manipulation. For this reason, it was unexpected that silencing DG 
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fear neurons reduced fear during the spontaneous recovery test 45 d after conditioning. 

The apparent discrepancy with earlier studies may reflect differences in methodology. 

Studies favoring systems consolidation of CFC employed lesion or pharmacological 

techniques that inactivated large populations of hippocampal neurons for minutes to days 

(Zola-Morgan and Squire, 1990; Kim and Fanselow, 1992; Maren et al., 1997; 

Anagnostaras et al., 1999; Wiltgen et al., 2010). However, when more temporally precise 

optogenetic inactivation was used, hippocampal inactivation impaired recall even at 

remote time points (Goshen et al., 2011). A second possibility is that extinction training 

delays systems consolidation of context fear memory. In mice that received context 

discrimination training, context fear remained sensitive to hippocampus lesions for 42 

days after training (Wang et al., 2009), whereas in rodents receiving standard CFC 

(without discrimination training), the memory becomes resistant to hippocampus lesions 

within about 30 days after training (Kim and Fanselow, 1992). Like discrimination 

training, extinction training involves encoding conflicting memories of fear and safety 

and may thereby have a similar effect on systems consolidation.  

In conclusion, we demonstrated that fear and extinction memories are associated 

with different ensembles in the DG. The suppression of fear after extinction training 

reflects reactivation of neurons active during extinction training, whereas the relapse of 

fear during spontaneous recovery reflects reactivation of the neurons active during fear 

training. We hypothesize that competition between these ensemble representations in the 

hippocampus determines whether a fear or extinction memory is expressed. Because fear 
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relapse represents a significant challenge for the treatment of anxiety and fear disorders 

(Rodriguez et al., 1999; Milad et al., 2005; Effting and Kindt, 2007), interventions that 

potentiate activity of the hippocampal extinction engram or suppress reactivation of the 

fear acquisition engram may be of therapeutic value. 

 

 

 
  



 
 
 

99 

Chapter 5: Discussion 

The key findings described in this dissertation are 1) extended postshock context 

exposure potently reduces context fear in single-trial CFC, 2) spacing the pre-exposure 

and conditioning sessions enhances context fear and increases reactivation of CA3 fear-

associated neurons, 3) extinction training generates a unique DG context representation 

whose activity is needed for extinction retrieval, and 4) the activity of fear-associated 

neurons mediates spontaneous recovery.  

The first two findings each reflect temporal variables of CFC that attenuate or 

enhance fear learning, though the inferred mechanisms differ. We hypothesized that 

increased postshock context exposure attenuates fear by creating a strong extinction-like 

memory. In support of this claim, mice trained with extended postshock exposure 

displayed savings, a common hallmark of extinction learning (Napier et al., 1992; Ricker 

and Bouton, 1996). Interestingly, immediate postshock context exposure was more 

effective at reducing conditioned fear than an equivalent amount of delayed exposure, 

suggesting fear was reduced by augmenting extinction, or through an alternate, 

undetermined mechanism. Importantly, the postshock effect was not observed in two-

shock CFC, when freezing levels were elevated during the extinction session. The 

influence of immediate unreinforced context exposure may only be effective at potently 

attenuating long-term fear memories when fear is low (Morris et al., 2005; Maren, 2006).  
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The second temporal factor we investigated, the PCI, influenced CFC by 

enhancing fear acquisition. PCIs greater than 1 h led to increased context fear. We 

hypothesized this result could be explained by a trial spacing effect, as the context 

encoding and context-shock association learning can be spaced in time (Fanselow, 2000; 

Rudy and O'Reilly, 2001). A similar, not necessarily mutually exclusive explanation may 

be related to the consolidation status of the context at the time of conditioning. A 

minimum PCI of 1 h before observing learning enhancements matches the temporal 

constraints of a number of structural and/or synaptic changes needed to support enhanced 

LTP (Bourne and Harris, 2011). We also identified a neural correlate of the spacing effect 

in CA3; increasing the PCI led to increased reactivation of fear-associated neurons in 

CA3. 

Many lines of evidence implicate the hippocampus as a crucial region involved in 

contextual fear acquisition and expression, as well as the context-dependency of fear 

extinction (Maren et al., 2013). Recently, the DG was also shown to be necessary for 

extinction acquisition (Bernier et al., 2017). However, it was unclear how the 

hippocampus represents a fearful context following extinction. We found that after 

extinction, a unique population of DG neurons is recruited to represent the extinction 

context. It is important to emphasize that the physical context remains constant, but what 

has changed is the valence attributed to the context, or, put another way, the degraded 

contingency of the context predicting a US. Inhibiting the extinction-tagged DG 

ensemble impaired extinction retrieval. During spontaneous recovery of fear, while 
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inhibiting the extinction-tagged DG neurons no longer affected freezing, inhibiting fear-

tagged DG neurons attenuated spontaneous recovery. We hypothesized activity of these 

two populations play roles in determining whether fear or extinction memories will be 

expressed. 

Extinction memories are more fragile than fear memories. One potential 

therapeutic strategy would be to strengthen the probability that neurons responsible for 

extinction retrieval would be active (Dunsmoor et al., 2015). The hippocampal extinction 

ensemble we identified may represent a promising target. Because this population is 

active during extinction retrieval, augmenting this population’s synaptic connections 

during a reconsolidation window, for example, may strengthen the extinction retrieval in 

the future. Similarly, we describe fear relapse as reactivation of the original hippocampal 

ensemble active during fear learning. Thus, in opposition to the standard model of 

decreased hippocampal involvement in retrieval over time (Zola-Morgan and Squire, 

1990; Kim and Fanselow, 1992; Maren et al., 1997; Anagnostaras et al., 1999; Wiltgen et 

al., 2010), we find neurons over a month after acquisition whose activity influence fear 

retrieval. Thus, the hippocampus is a potential target to suppress long-term fear 

memories.  
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Appendix A – Supplemental figures and tables for chapter 4 

 

 

Figure A1: Silencing extinction and fear neurons has no effect during second light 
ON and OFF epochs.  
(A-C) From extinction neuron silencing experiment (Figure 4.2). Silencing extinction 
neurons had no effect on freezing behavior during the second light ON and OFF epochs 
during (A) extinction retention test, (B) alternate context test, and (C) spontaneous 
recovery test. (D-F) From fear neuron silencing experiment (Figure 4.3). Silencing fear 
neurons had no effect on freezing behavior during the second light ON and OFF epochs 
during (D) extinction retention test, (E) alternate context test, and (F) spontaneous 
recovery test. Extinction neuron silencing: ArcCreERT2(-): n = 9; ArcCreERT2(+): n = 9. 
Fear neuron silencing: ArcCreERT2(-): n = 8; ArcCreERT2(+): n = 7. Data are means ± 
s.e.m. 
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Figure A2: Silencing extinction neurons impairs extinction retrieval in second 
extinction retrieval test.  
(A) Experimental design. Second extinction retrieval test occurred 1 d after the alternate 
context test. Same animals from Figure 4.3. (B) Freezing behavior during the second 
extinction retrieval test. (C) Silencing extinction neurons increased freezing in 
ArcCreERT2(+) mice during the first laser ON and laser OFF epochs compared to 
ArcCreERT2(-) mice. ArcCreERT2(-): n = 9; ArcCreERT2(+): n = 9; Data are means ± 
s.e.m. * - p < 0.05, ** - p < 0.01. Data are means ± s.e.m. 
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Figure A3: Silencing extinction neurons does not affect anxiety or exploratory 
behaviors. 
(A) Open field design. Light ON epochs occurred during min 5-10 and 15-20. Same 
animals from Figure 4.3. (B) Percentage of time in open field center. (C) Silencing 
extinction neurons did not affect percentage of time in open field center. (D) Center 
distance traveled. (E) Silencing extinction neurons did not affect center distance traveled. 
(F) Total distance traveled. (G) Silencing extinction neurons did not affect total distance 
traveled. ArcCreERT2(+): n = 9. Data are means ± s.e.m 
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Table A1: Statistics for Chapter 4 supplemental figures 

Supplemental 
Figure 

Section Statistical test Effects Statistic p-value 

A1 A Two-way RM ANOVA No effect of Genotype F(1,16) = 1.89 0.188 
Significant effect of Light F(1,16) = 10.77 0.005 

No Genotype X Light 
interaction 

F(1,16) = 0.03 0.859 

B Two-way RM ANOVA No effect of Genotype F(1,16) = 1.21 0.289 
Significant effect of Light F(1,16) = 6.26 0.024 

No Genotype X Light 
interaction 

F(1,16) = 4.18 0.058 

C Two-way RM ANOVA No effect of Genotype F(1,16) = 0.06 0.805 
No effect of Light F(1,16) = 0.31 0.586 

No Genotype X Light 
interaction 

F(1,16) = 0.01 0.928 

D Two-way RM ANOVA No effect of Genotype F(1,13) = 0.27 0.610 
Significant effect of Light F(1,13) = 6.60 0.023 

No Genotype X Light 
interaction 

F(1,13) < 0.01 0.982 

E Two-way RM ANOVA Significant effect of 
Genotype 

F(1,13) = 4.92 0.045 

No effect of Light F(1,13) = 0.38 0.546 
No Genotype X Light 

interaction 
F(1,13) = 0.35 0.562 

F Two-way RM ANOVA No effect of Genotype F(1,13) = 1.72 0.212 
No effect of Light F(1,13) = 0.36 0.560 

No Genotype X Light 
interaction 

F(1,13) < 0.01 0.993 

A2 C Two-way RM ANOVA Significant effect of 
Genotype 

F(1,16) = 11.06 0.004 

No effect of Light F(1,16) = 0.01 0.931 
No Genotype X Light 

interaction 
F(1,16) = 0.61 0.447 

A3 C RM t-test No difference t(8) = 0.71 0.500 
E RM t-test No difference t(8) = 1.12 0.266 
G RM t-test No difference t(8) = 2.10 0.069 
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