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Abstract 

The fear incubation task is an extended training procedure used to cause low fear soon after 

training that grows over time. However, the neurobiological basis of this effect, particularly the 

low fear observed soon after training, is unknown. One possibility is that extended training leads 

to habituation to the shocks, so that the tone cue is repeatedly paired with ineffective shocks. If 

so, then the overtraining may lead to an effect similar to extinction, and the low fear seen soon 

after extended training may be associated with increased neuronal activity in the infralimbic 

cortex (IL), an area involved in extinction learning, and decreased neuronal activity in the 

prelimbic cortex (PL), an area involved in fear expression. The current study examined whether 

low fear soon after extended training is associated with increased IL and decreased PL 

activation, compared with rats given a single day of fear conditioning or no fear training. Male 

Long-Evans rats acquired lever-pressing and then underwent fear training for 1 or 10 days. 

During each fear training session, while lever-pressing on a VI60 schedule of reinforcement, half 

of the animals in each group received 10 30-second tones co-terminating with a 0.5-second foot-

shock pseudo-randomly throughout each 90-minute session and half of the animals received the 

same tones with no shock. Two days later, animals underwent a cued fear test in which fear was 

measured using conditioned suppression of lever pressing. Brain tissue was extracted 120 

minutes after the beginning of the test and subsequently processed using immunohistochemistry 

to target Fos, a protein marker of neuronal activation. As is typical with fear incubation, rats that 

underwent 10 days of fear conditioning exhibited lower fear than those that underwent 1 day of 

fear conditioning. There was no effect of shock on IL or PL Fos expression in either the 1 day or 

10 day groups. However, both groups that received extended training (10 days) showed higher 

levels of Fos expression in IL and PL than the limited training (1 day) groups, regardless of 



  

whether the tones they experienced were paired with shock. My results suggest that, in our 

procedure, neither IL nor PL activity are associated with high fear after a single day of fear 

training or suppression of fear after extended fear training, or that any such association is 

undetectable with our procedures. However, our results also suggest that the extended lever-press 

training in our fear incubation procedure leads to increased IL and PL activity (possibly related 

to habit formation), and that the increased neuronal activity is unaffected by the co-occurring 

fear training and associated stress. Additional research will be needed to determine whether 

operant responding in our task would be insensitive to devaluation, and whether habit formation 

would be affected by co-occurring fear training. I will also analyze tissue (taken from rats in the 

current experiment) from the amygdala, a region known for its role in fear behaviors, for fear-

related Fos expression. 
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Chapter 1 - Introduction 

 The current study was designed to test the neurobiological mechanism underlying the 

extended training fear incubation paradigm. In particular, I was interested in whether an 

extinction-like process might be responsible for the initially low fear caused by this paradigm, so 

I begin this literature review by explaining the rationale behind that possibility. However, the 

data do not support this idea. Instead, I found evidence to suggest that the extended training fear 

incubation paradigm may lead to habit formation. Consequently, I go on to discuss the potential 

for the extended training fear incubation paradigm to lead to habit formation in the literature 

review. 

 Fear Conditioning 

Pavlovian fear conditioning is a procedure commonly used to model fear and anxiety 

(Annau & Kamin, 1961; M. Davis, 1990; Iwata & LeDoux, 1988; Lang, Davis, & Ohman, 2000; 

Walters, Carew, & Kandel, 1981). In contextual fear conditioning, the context in which fear 

conditioning takes place serves as a configural cue that is associated with shock, and extinction 

and/or testing may take place in the same or a different context. In discrete cued fear 

conditioning, a discrete cue, often a tone in rodent studies, signals the delivery of an impending 

electrical shock. The length of the sessions, number of shocks delivered, and strength of the 

shocks vary depending on the researcher, but the basis of the paradigm remains the same across 

contextual and discrete cued fear conditioning. Fear is often tested in extinction (fear-related 

cues are present, but no shock is delivered) and measured in animals using freezing (no 

movement indicates high fear) or the conditioned emotional response (CER) measure (low or no 

lever pressing during a discrete cue when compared to baseline indicates high fear).  
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Testing normally occurs 1-2 days after the final training session but can be conducted 

after a delay. As a general rule, fear conditioning procedures result in fear responses that either 

decrease or are maintained over time. Depending on the procedure, fear may be maintained for 

days or even months before decreasing (Borghans & Homberg, 2015; LeDoux, 2007; Rasmusson 

& Charney, 1997). Interestingly, there are a few Pavlovian fear conditioning procedures that 

cause a long-lasting increase in fear to the conditioned cue across an extended training-free 

interval when compared to testing 24 hours after training. These procedures that cause increases 

in fear to the conditioned cue over time tend to be contextual fear conditioning models, but one 

discrete cued fear conditioning procedure that does result in increased fear over time is the 

extended training fear incubation paradigm (Pickens, Golden, Adams-Deutsch, Nair, & Shaham, 

2009b). A unique application of this procedure and other incubation paradigms is modeling 

delayed-onset PTSD, in which symptoms increase in severity over time. Delayed-onset PTSD 

makes up approximately one-third of all PTSD cases (Andrews, Brewin, Stewart, Philpott, & 

Hejdenberg, 2009) yet this pattern of PTSD is not effectively modeled by the standard fear 

conditioning tasks used to model PTSD because they result in stable fear rather than fear that 

increases over time. The current study aimed to examine the neurobiological basis behind the 

increase in fear over time in this extended training paradigm by focusing on the reason fear is so 

low after training. Below I review animal models of fear incubation, with a special focus on the 

extended training fear incubation paradigm, as it is the model I used in the present experiment.  

 Animal Models of Fear Incubation 

Most procedures do not cause a lasting increase in fear when comparing levels of fear at a 

test 24-48 hours after training to tests at later timepoints. Examining procedures that do produce 

increased fear expression from its initial levels 24-h after training may provide insight into the 
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mechanisms underlying fear expression that increases over time, with that expression being 

sustained. Below, I discuss rodent models in which fear increases over time from its initial levels 

1-2 days after conditioning occurs. 

A number of animal models of increasing fear are contextual fear conditioning 

paradigms. Generally, increasing the number of foot-shocks in contextual fear conditioning 

paradigms produces higher fear to fear-related cues when testing after an extended post-

conditioning interval. However, contextual conditioning procedures also often result in 

generalization, or fear to other contexts or untrained cues that emerges over time, so this increase 

in fear is nonspecific, especially as the number of shocks administered increases.  

While the majority of procedures result in fear that is maintained at the same level over 

time rather than increasing (Gale et al., 2004; Gleitman & Holmes, 1967; Hendersen, 1978; 

Poulos et al., 2016; Quirk, 2002), below I discuss the exceptions that may be more relevant, as 

they result in increased fear. In one demonstration, Poulos et al. (2016) conducted a contextual 

conditioning experiment in which rats received 0, 1, 2, or 5 foot-shocks and used freezing as a 

measure of fear. Animals were tested in extinction 1 or 28 days later in the training context, and 

the following day in a novel context. Fear to the training context was higher on day 28 than on 

day 1 in the animals that received 2 foot-shocks, while animals that received 1 or 5 foot-shocks 

maintained the same level of fear from day 1 to day 28. Fear to the novel context did not increase 

over time in the 0 and 1 shock groups and increased only slightly in the 2 and 5 shock groups 

(such that the main effect of shock number was not significant, and planned comparisons found 

no difference between day 1 and day 28 fear in any group). These findings suggest that the 

incubation effect was not due to generalization. This shows that fear incubation can occur under 
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the right conditions, but it is parameter-specific (in this case, only the animals given two shocks 

showed incubation).  

Relatedly, Houston and colleagues (1999) fear conditioned rats from three different age 

groups (3, 9, or 27 months old) using tone-shock pairings in a distinct context and freezing as a 

measure of fear. A subset of rats from each age group was tested at a retention interval of 1, 20, 

40, or 60 days for fear to the context associated with shock, fear to the tone that predicted shock 

(tested in a novel context), and fear to a novel context. Rats in all three age groups showed an 

increase in fear to the tone as the retention interval increased. They also all showed an increase in 

fear to the novel context (indicating generalization) as the retention interval increased, and the 

increase was greatest in the 3 month old rats, followed by the 9 month old rats, and was marginal 

in the 27 month old rats. Important to note, a ratio of tone fear to novel context fear (which can 

correct for whether the increase in fear to the tone is really due to increased fear to the novel 

context in the background) stayed constant throughout testing intervals, further suggesting there 

was fear generalization and the increased fear to the tone might simply be due to this 

generalization. Finally, 3 and 9 month old rats showed increased fear to the training context that 

the 27 month old rats did not exhibit. In summary, all rats showed increases in fear to the tone 

cue that predicted shock in this procedure, although this might be due to constant fear to the tone 

being inflated by increased fear to the context in the background. Additionally, younger rats 

tended to show increases in fear to the trained and novel contexts as well.  

Lastly, Balogh and colleagues (2002) trained two commonly used strains of mice (B6 and 

D2) in a cued fear conditioning task and compared their behavior at different time points and in 

multiple contexts. Mice were trained with 2 30-second auditory cues, each followed by a foot 

shock. They were then tested in extinction at long intervals (2, 3, 7, 14, 30, or 60 days) with 24-
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hour controls for comparison and freezing as a measure of fear. B6 mice exhibited increased fear 

to the training context (compared to the day 1 test) at the 14 day interval, but fear decreased to 

levels indistinguishable from day 1 on day 60. B6 mice also showed steady fear responding to 

the tone CS across all retention intervals that was unchanged from the day 1 test. In contrast, D2 

mice exhibited steady fear to the training context at time points 1, 2, and 3, and subsequently 

decreased fear on days 7-60. D2 mice also exhibited steady fear to the tone CS that tended to 

decrease over time, with fear expression on day 60 lower than fear expression on days 1, 2, 3, 

and 14. In summary, B6 mice showed specific contextual fear incubation while D2 mice did not.  

Additional contextual fear conditioning procedures have been called models of 

incubation, but do not fit the description quite as well as the Poulos et al. (2016), Houston et al. 

(1999), and Balogh et al. (2002) procedures. Frankland and colleagues (2004) context-

conditioned 129P2/OlaHsd mice (a wild-type mouse sometimes used as a background for 

knockout mice) using 5 foot-shocks and tested them 1, 3, 18, or 36 days later. Fear was sustained 

across the testing intervals and showed a non-significant trend towards increasing with longer 

test intervals. Similarly, Siegmund and Wotjak (2007) contextually conditioned mice and tested 

them in either the same context or in a different context with a neutral cue 1, 14, or 28 days later. 

They found similar levels of freezing in the training context at each time interval, but an increase 

in freezing to the neutral cue in a different context on day 28, which represents generalization 

because fear was not increased to the trained cue. Tsuda and colleagues (2015) used the same 

model as described by Siegmund and Wotjak (2007), but they were able to find increased fear to 

the training context, unlike Siegmund and Wotjak (2007). The reason for the discrepant findings 

between the two studies is unclear, but one possible explanation is that the two groups used 

different strains of mice, with differing genetic backgrounds (Tsuda et al. used C57BL/6J mice 
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and Siegmund and Wotjak used C57BL/6N mice), as no other methodological differences were 

apparent.  

Although the existing research shows that contextual fear incubation is possible, it is 

clear from the literature that this phenomenon is parameter-specific. The reviewed literature 

demonstrates that contextual fear incubation can differ based on the age and strain of the animals 

used as well as the number of shocks that are administered. Because of this, it is difficult to 

derive any general patterns that determine whether contextual fear incubation will occur.  

 Extended Training Fear Incubation Paradigm 

The animal models of contextual fear conditioning described above are not perfect. They 

generally do not cause an increase in fear to the trained cues over time (incubation), but rather 

high fear to the trained cues that either decreases or is sustained. When fear does increase, it is 

often associated with generalization, an increase in non-specific fear, making the assessment of 

incubation more difficult to interpret. However, previous research has demonstrated that a lasting 

increase in fear is possible, particularly after “overtraining” CS-US pairings (Millenson & Dent, 

1971). Across the 60 conditioned fear training sessions in this study, one of the three subjects in 

this paper showed a decrease in fear expression during training, but there was an increase in fear 

expression in this rat after a 30-day post-training period without training. Rosas and Alonso 

(1997) also found fear incubation in an experiment where they fear conditioned rats for a total of 

16 daily sessions and tested them either 3 or 20 days after training. Rats tested on day 20 showed 

higher fear than those tested on day 3. Because these animals received such extended training, it 

is possible they were overtrained and that is why fear increased from day 3 to day 20.  

One of the few animal models that reliably causes a lasting increase in fear expression to 

a discrete cue is the extended training fear incubation model, which is unique in a number of 
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ways (Pickens et al., 2009b). It uses an extended training procedure, consisting of 10 CS-US 

pairings per day for 10 days of conditioned fear training while other, more common cued fear 

paradigms use limited training: just a handful of CS-US pairings on one day of conditioned fear 

training. Additionally, rats that have undergone a specific permutation (discussed in-depth in the 

methods section) of the extended-training fear incubation procedure display low levels of fear 

when tested soon after conditioned fear training and higher levels of fear when tested 1 and 2 

months later (Pickens et al., 2009b). This is a highly reliable phenomenon, found when fear is 

measured using CER in the form of conditioned suppression of lever pressing as well as freezing 

(Pajser, Limoges, Long, & Pickens, 2019; Pickens et al., 2009a; Pickens, Navarre, & Nair, 

2010). However, when J. D. Morrow, Saunders, Maren, and Robinson (2015) used this 

procedure, but categorized animals based on sign- and goal-tracking behaviors, the authors found 

that a subset of their subjects, the goal-trackers, did not show fear incubation. Importantly, when 

the same procedure is implemented, but training is reduced to just one session, fear is high 

immediately and does not incubate (Pickens et al., 2009a; Pickens et al., 2009b).  

The reason why fear is low initially after extended fear training is unknown. One 

possibility is that the internal representation of fear is actually high, but rats are in a state of 

dissociation, and as a result are unable to produce a fear response (Morrow, Saunders, Maren, & 

Robinson, 2015). Alternatively, perhaps rats’ pain sensitivity is decreased with extended fear 

training. Because fear is often sensitive to the current value of the US (Fanselow & Gale, 2003; 

J. D. Morrow, Maren, & Robinson, 2011; Rabinak & Maren, 2008; Rabinak, Orsini, 

Zimmerman, & Maren, 2009; Rescorla, 1973; Rescorla, 1974), a US rendered ineffective due to 

decreased pain sensitivity might result in low fear if rats are sensitive to the current value of the 

shock at the time of test. Yet another possibility is that rats are habituating to the foot-shocks 
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delivered during fear conditioning. This would mean that rats are undergoing a process akin to 

extinction (learning that a prior contingency is no longer in place due to the lack of US delivery), 

as tones are paired with an ineffective shock, which may be functionally similar to be being 

paired with no shock at all. This would cause low fear soon after extended training. The shocks 

administered in the extended training fear incubation procedure are mild, at only 0.5mA, so it is 

possible that mild shocks and the tone that predicts them would become irrelevant over the 

course of extended training (Annau & Kamin, 1961). In this instance, it might be that 

spontaneous recovery, an increase in behavioral expression due to the passage of time, is 

responsible for the increase in fear seen over time (Goode & Maren, 2014; Ma, Ma, & Yu, 2012; 

Pavlov, 1927). 

The last of these possibilities can be tested by examining whether extended fear 

conditioning leads to similar brain area activity patterns to those observed after conditioned fear 

extinction. The infralimbic cortex (IL) is a subdivision of mPFC heavily involved in extinction 

(Quirk, 2000; Sierra-Mercado et al., 2011), suggesting this might be a promising area to 

investigate. Examining the activity of this area would test whether an extinction-like process 

driven by the IL might underlie the behavioral pattern seen in the extended training fear 

incubation procedure. If repeated shock presentations do indeed lead to an extinction-like 

process, then increased activity of PFC regions such as IL, which exhibits increased neuronal 

activity during extinction (Sierra-Mercado, Padilla-Coreano, & Quirk, 2011), may be seen. 

Research Methods and Findings in the Role of the Prefrontal Cortex in Fear Learning and 

Extinction 

Although the focus of this study is an extended fear conditioning procedure, this 

procedure is quite uncommon, so below I have outlined the role of prefrontal cortex regions in 
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more standard, limited fear conditioning paradigms (consisting of 1-2 days of conditioned fear 

training), which result in immediately high fear.  

 Measures of Neuronal Activity and Microstimulation in Rodents 

In this section I will introduce and explain several methods used to measure or alter, 

without silencing, neuronal activity. Specifically, I will discuss immunohistochemistry, which 

indirectly measures neuronal activity via endogenous protein expression; electrophysiology, 

which measures electrical activity; microstimulation, which affects neuronal activity using 

electrical signals, and optogenetics, which affects neuronal activity using light stimulation.  

Immunohistochemistry is a well-established tool for the visualization of various 

structures in tissue samples. Common targets of immunohistochemistry in brain tissue are 

proteins coded for by immediate early genes (IEG) such as c-Fos, zif268, Arc, Homer, and c-jun. 

Immediate early genes are thought to cause long-term changes in expression of other genes, 

producing lasting alterations in neuronal responding to the stimulus or stimuli that caused IEG 

expression in the first place (Sagar, Sharp, & Curran, 1988). They are minimally expressed in 

‘quiet’ or inactive neurons, their transcription temporarily surges in response to neuronal 

stimulation, and the products of their transcription have short half-lives (Sheng & Greenberg, 

1990). I will focus on the protein Fos (which the c-Fos gene codes for [Morgan & Curran, 

1991]), as the timing of its expression works well for our task. Its peak expression is 90-120 

minutes after neuronal activity and is a result of neuronal depolarization, meaning neurons 

exhibiting extensive excitatory signaling will express Fos (Hoffman, Smith, & Verbalis, 1993; 

Morgan & Curran, 1986). These properties conveniently allow the Fos protein to be used as an 

indirect marker of activation, if tissue is collected 90-120 minutes after the presentation of the 

target stimulus.    
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Electrophysiology is a technique that can be used as a direct measure of neuronal activity. 

Although a global measure of neuronal activity can be recorded using electroencephalography, 

animal research often uses single-unit recording, a specific type of electrophysiology, which 

allows researchers to measure the electrical activity of individual neurons (Delacour, Bassant, 

Onofrj, Santucci, & Kleinlogel, 1990). Global measures of neuronal activity generally sacrifice 

one type of temporal or spatial resolution for the other, but single-unit recording allows for both 

temporal and spatial precision. As a result, electrophysiology can be used to determine to what 

extent different brain regions are involved in any given task.  

Microstimulation is a related technique in which a population of neurons is electrically or 

optogenetically stimulated in order to determine the role of the stimulated neurons (Vidal-

Gonzalez, Vidal-Gonzalez, Rauch, & Quirk, 2006). Optogenetic stimulation is performed by 

using lasers of specific wavelengths of light to increase or decrease the neural activity of a 

specific subset of neurons that are biomedically engineered to contain a light-sensitive protein 

via viral vector infection or the use of transgenic model organisms. This method of changing 

activity is highly specific, as target neurons contain a specific protein that is sensitive to the laser 

light being used, and other neurons should remain unaffected (Boyden, 2011; Zalocusky & 

Deisseroth, 2013). Stimulation, whether optogenetic or electrical, does not indicate whether the 

area being stimulated is required for a task, but it does inform researchers of what the area is 

capable of if it is activated. In that way, microstimulation is more related to the measurement 

methods used to examine brain function than the knockout methods. This allows researchers to 

speculate on the role of those neurons in a normally-functioning (i.e., not being microstimulated) 

brain without being able to say that it is required. 
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 Prelimbic activity 

 Activity in the prelimbic cortex (PL) is associated with fear behavior. For example, 

Burgos-Robles and colleagues (2009) acquired single-cell recordings from rats in different 

phases of a limited training fear conditioning paradigm. The researchers found that PL activity 

was correlated with conditioned freezing and, specifically, the greatest activity occurred during 

acquisition (when fear is high), followed by early extinction (when fear is still high). Activity 

late in extinction and before any fear conditioning had occurred was similarly low, as was fear 

expression. When microstimulation was used to examine the role of PL during a fear extinction 

test, researchers found that PL microstimulation results in high fear expression when compared 

to control rats that did not receive any stimulation (Vidal-Gonzalez et al., 2006). In summary, it 

is difficult to define the exact role of PL in fear learning, expression, and extinction, but activity 

in PL is generally associated with fear learning and expression.  

Immunohistochemistry has also been used to examine the role of PL in fear. High levels 

of Fos expression have been found in the rodent PL after fear acquisition, when compared to 

shock-naïve animals (Morrow, Elsworth, Inglis, & Roth, 1999). Relatedly, Santini and 

colleagues (2004) also examined Fos expression in rats that underwent fear conditioning and 

extended extinction (both within a single day) in comparison to several groups of rats that did not 

receive any prior fear conditioning, did not receive extinction training 90-120 minutes before 

sacrifice, or both. For the key experimental group, sacrifice occurred 4 hours after fear 

conditioning and 120 minutes after the beginning of extinction, allowing for neural activity 

during the beginning of extinction training to be visualized. Brain tissue was collected at a time 

that would capture brain activity at the beginning of extinction training, if given. The researchers 

found that rats that underwent extinction after fear conditioning had higher Fos expression in PL 
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than any of the comparison groups. Because the extinction group was the only group that 

experienced extinction of a conditioned fear memory, it is possible that the Fos expression seen 

in that group was indicative of fear extinction or fear expression. Knapska and colleagues (2012) 

implemented a similar approach, using a combination of Fos immunohistochemistry and 

anterograde tracing (a technique used to visualize projections from one brain region to another) 

to examine activity during a retrieval test. They injected an anterograde tracer into PL and 

examined Fos staining in BLA, allowing them to visualize the PL projections that synapsed onto 

active BLA neurons to determine that increased activity in the PL projections to the amygdala 

(an area associated with fear learning) is correlated with high freezing. Although the 

measurement is taken in the amygdala, the fact that only neurons receiving projections from PL 

would have the anterograde stain means this is a measurement of activity of neurons receiving 

information from PL, with that activity possibly caused by input from PL. 

 Infralimbic activity 

Activity in the infralimbic cortex (IL) is generally associated with low fear expression. 

An electrophysiological study by Santini et al.(2008) examined IL neuron excitability in rats that 

underwent different phases of a cued fear conditioning paradigm. The researchers found that IL 

neurons showed a reduction in neuronal spiking (action potentials) after conditioning took place 

when compared to naïve rats. In contrast, IL neurons following the completion of extinction 

training showed spiking at similar rates to naïve animals. In addition, the researchers found a 

negative correlation between inter-spike interval (the shorter the interval, the more spiking 

occurs) and freezing during testing, suggesting that IL spiking promotes fear inhibition. 

Similarly, Soler-Cedeño and colleagues (2016) used patch-clamp electrophysiology to examine 

the activity of IL neurons in rats that underwent fear conditioning and subsequent extinction and 
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testing. IL neurons from rats that underwent contextual fear conditioning produced fewer spikes 

than those from control animals, which received either context exposure and no shocks or 

received shocks administered in rapid succession soon after being placed in the chambers, which 

has been shown to interfere with fear memory formation (Landeira-Fernandez, DeCola, Kim, & 

Fanselow, 2006). Additionally, the number of spikes was strongly negatively correlated with 

freezing to the context, suggesting that the decrease in spiking in IL neurons is related to 

contextual conditioned fear.  

Stimulation studies also provide insight into the role of specific brain regions in a task. 

By sending signals to the neurons in a particular brain region, stimulation allows us to examine 

how behavior changes when that area is activated. In a task in which all rats underwent previous 

fear conditioning and then extinction testing, microstimulation of the IL during the extinction test 

resulted in low fear when compared to control rats that did not receive any stimulation (Vidal-

Gonzalez et al., 2006). Optogenetic stimulation of IL during an extinction retention test also 

enhanced expression of extinction by decreasing fear, suggesting increased IL activity leads to 

decreased fear expression (Kim, Cho, Augustine, & Han, 2016).  

Immunohistochemistry has also been used to examine the role of IL in fear. Morrow and 

colleagues (1999) found high Fos expression in IL following fear acquisition, moderate 

expression after fear extinction, and finally lowest expression in shock-naïve animals. Although 

it might seem surprising that the IL had the highest amount of Fos expression after acquisition 

rather than extinction, a study by Klavir and colleagues (2017) found that fear learning 

information is transmitted to IL as well as PL. Santini and colleagues (2004) also examined Fos 

expression in rats that underwent fear conditioning and extinction in comparison to rats that did 

not undergo extinction (one group had received just fear conditioning prior while the rest were  
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control groups that did not form an association between the cue and shock). The researchers 

found that rats that underwent extinction after fear conditioning had higher Fos expression in IL 

than any of the comparison groups which received no training or testing 90-120 minutes before 

sacrifice. Given that the extinction group was the only group that experienced extinction training, 

it is possible that the Fos expression seen in that group was indicative of fear extinction and/or 

expression. These results do not necessarily contradict the aforementioned Morrow et al. (1999) 

study in which fear conditioning led to high Fos expression in IL. Morrow and colleagues (1999) 

collected tissue at time points that were optimal for capturing neural activity related to specific 

parts of a fear conditioning task such as acquisition or extinction. In contrast, Santini and 

colleagues (2004) collected tissue at a timepoint optimal for visualizing neural activity related to 

fear expression during extinction or during its control procedures (homecage controls or no 

conditioning controls). Fear extinction tends to lead to fear expression at the beginning of 

extinction training, meaning only one group expressed fear within the appropriate timeframe for 

Fos visualization. As a result, it is not surprising that there was low Fos expression in all of the 

groups that did not receive extinction training (and therefore did not express fear at that time). It 

is possible that if Santini and colleagues (2004) also collected tissue at the same time points as 

Morrow and colleagues (1999), their results would be more similar. However, because of the 

timing of tissue collection is a critical component of experimental design when measuring Fos, 

and because these times differ, I am unable to directly compare the results of these studies.  

Immunohistochemistry has also been used to examine IL functional connectivity with 

other brain regions. For example, Knapska and colleagues (2012) used a combination of Fos 

immunohistochemistry and anterograde tracing to determine that activity in the IL projection to 

the amygdala, largely separate from the PL projection, is correlated with low freezing. They 
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injected an anterograde tracer into IL and examined Fos staining in BLA, allowing them to 

visualize the IL projections that synapsed onto active BLA neurons to determine that increased 

activity in the IL projections to the amygdala is correlated with low freezing. Although the 

measurement is taken in the amygdala, the fact that only neurons receiving projections from IL 

would have the anterograde stain means that this is a measurement of activity of neurons 

receiving information from IL, with that activity possibly caused by input from IL. In summary, 

IL is known to be involved in fear extinction and extinction memory expression, but Fos 

expression suggests that it might also be activated during fear expression. 

 Lesions and Inactivations 

Examining the effects of increased neuronal function is a useful tool for determining the 

role of brain regions, but it does not offer a complete picture. Assessing the effects of artificially 

decreasing brain activity in the same regions of interest offers an opportunity to determine more 

clearly what those regions do. Both lesions and inactivations allow researchers to assess what 

happens when a brain region is offline/inactivated, but because of the difference in the length of 

time in recovery from lesion surgery or inhibitory infusion/optogenetic manipulation into the 

brain and behavioral testing, they provide different information. Recovery from lesion surgery 

may last anywhere from days to weeks before animals begin behavioral training. This allows for 

the brain to potentially reorganize and compensate for the loss of the lesioned brain area by 

having a different region take over the functions that the lesioned area would typically perform. 

Recovery from cannulation surgery takes about as long as recovery from lesion surgery, but the 

damage caused by cannulation surgery is usually minimal. As such, brain function should be 

minimally affected until infusions or optogenetic inactivation occurs. Brain activity is 

dramatically impaired only once an animal receives an infusion of an inhibitory substance 
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(GABA agonists are a common choice) or optogenetic inactivation. If an inhibitory substance is 

infused, inhibition of brain activity may last anywhere from minutes to hours, but once the 

substance is cleared from the brain, activity returns to normal. If inactivations use optogenetic 

methods, the inhibition of brain activity can be tightly controlled: inhibition occurs while a laser 

is shining and discontinues when the laser turns off. As a result, when a lesion is performed, the 

brain has time to compensate for the loss of function, so impaired function as a consequence of a 

lesion shows that the lesioned area is absolutely necessary for the given task and this requirement 

cannot be circumvented by weeks of brain reorganization. Meanwhile, because inactivations 

(whether due to infusions or optogenetics) do not provide the opportunity for compensation of 

function, they show whether the inactivated region is normally necessary in a task (even if the 

brain may develop a compensatory response if given enough time).  

 Prelimbic cortex 

Animal research has shown that PL activity is generally necessary for fear expression, but 

not fear acquisition. For example, Corcoran and Quirk (2007) inactivated PL in rats during the 

acquisition phase of a fear conditioning paradigm. Animals that had inactivations showed lower 

fear during acquisition than controls, but when tested the following day, the two groups showed 

comparable levels of fear. Conversely, PL inactivation during fear extinction results in low fear 

during extinction when compared to controls, but the inactivation group had comparable levels 

of fear to the control group during the extinction test, one day later when not inactivated (Sierra-

Mercado et al., 2011). This shows that PL is required for expression, but not learning of fear. 

Optogenetic inactivation of PL during extinction also has no effect on fear behavior during an 

extinction retrieval test performed one day later when not inactivated (Kim et al., 2016). Because 

fear expression was reduced during training (when PL was inactivated), but fear memory and 
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extinction memory were still intact when tested occurred later, this suggests PL is involved in 

fear expression, not acquisition.  

 Infralimbic cortex 

Although the exact role of the infralimbic cortex (IL) is less clear than that of PL, 

research has shown it is necessary for the storage of lasting fear extinction memories. Quirk and 

colleagues (2000) performed electrolytic or sham lesions of the vmPFC, focused on IL, and 

animals subsequently underwent fear acquisition and extinction and were tested for extinction 

memory. There was no difference in fear acquisition or within-session extinction between sham 

or lesion animals, but on test day sham animals displayed low fear while lesioned animals 

recovered fear responding (exhibiting high fear as if extinction had not occurred), suggesting 

long-term extinction memory was disrupted. Relatedly, Sierra-Mercado and colleagues (2011) 

inactivated IL during extinction in rats that had previously undergone fear acquisition. IL 

inactivation resulted in higher fear during within-session extinction when compared to controls, 

and higher fear during the extinction test (conducted one day later when not inactivated) than 

controls. Similarly, Kim and colleagues (2016) manipulated IL activity during different phases of 

a fear conditioning paradigm using optogenetics and found that inhibition of IL during extinction 

training impaired expression of extinction learning during a retention test a day later (resulting in 

high fear expression). These studies provide evidence that IL is required for extinction memory 

storage. 

 Behavioral Flexibility and Habit Formation 

Important to note, however, is that PL and IL perform multiple functions. Although they 

are both involved in fear, they are also known to play roles in goal-directed behavior and habit 

formation (Killcross & Coutureau, 2003). Goal-directed behaviors can be described as those that 
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are sensitive to changes in the value of an outcome, and diametrically opposed to habits, which 

are inflexible regardless of the outcome (Adams, 1982).  

The task most commonly used to study goal-directed behaviors and habit formation is 

devaluation, in which responses initially earn a food reward, but that food reward later has its 

value decreased (via selective satiety, taste aversion, etc.) (Adams, 1982; Colwill & Rescorla, 

1985; Holland & Rescorla, 1975; Holland & Straub, 1979; Tinklepaugh, 1928). Devaluation 

tends to be conducted under extinction conditions, so that subjects must use their memory of the 

reinforcer earned by the operant response to guide behavior. If subjects respond for the devalued 

food reward then they are said to be performing habitually, while if the subject withholds 

responding for the devalued food reward, their behavioral flexibility is still intact, meaning they 

can still perform goal-directed behaviors. 

As previously noted, one of the key differences between our fear conditioning procedure 

and most others is the extended training animals receive, which includes extended lever-press 

training as the rats are lever pressing for food throughout fear conditioning. Extended operant 

training is known to lead to habit formation, making animals’ behavior inflexible so that they are 

unable to adjust their responding as their goals may shift (Coutureau & Killcross, 2003; Killcross 

& Coutureau, 2003, further discussed in the next section). As such, it quite possible animals that 

undergo the extended training fear incubation paradigm are responding habitually on the operant 

lever by the end of training, in contrast to animals that receive limited conditioned fear training. 

Neuronal activity related to goal-directed behavior in the limited training procedure and habitual 

behavior in the extended training procedure may interfere with our ability to observe differences 

in neuronal activity related to fear expression and suppression. 
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 Overtraining Leads to Habit Formation 

Notably, goal-directed behavior is flexible and allows for the voluntary control of 

behavior but requires effort. Conversely, habits are involuntary, require little to no effort, and are 

associated with extended training/overtraining (Adams, 1980; Adams, 1982; Coutureau & 

Killcross, 2003; Killcross & Coutureau, 2003). Using the devaluation task, Adams (1980) found 

that animals would still perform operant behaviors even when the associated reinforcer has been 

devalued via taste aversion, suggesting a possibility for habitual responding in the devaluation 

task. Similarly, Adams (1982) found that extended lever-press training (11 sessions) led to an 

insensitivity to devaluation (via taste aversion) that was not seen after limited lever-press training 

(2 sessions), which indicates that extended training may cause habit formation that limited 

training does not. Relatedly, Killcross and Coutureau (2003) compared rats that received limited 

(5 lever training sessions) and extended (20 lever training sessions) training in a selective-satiety 

devaluation task. They found that rats that received limited training were still sensitive to 

devaluation, while those that received extended training were insensitive to devaluation. 

Particularly relevant to the current study, Dickinson, Nicholas, and Adams (1983) found that 

animals trained on an interval (RI 60) schedule of reinforcement, in which reinforcement 

delivery is dependent on the performance of a behavior after a specified amount of time, were 

insensitive to devaluation via taste aversion. In contrast, animals with an identical amount of 

training on a ratio schedule (RR 15), in which reinforcement delivery is dependent on the 

performance of a behavior a specified number of times, remained sensitive to devaluation. This 

is especially relevant because our version of the extended training fear incubation paradigm 

maintains rats on a VI60 schedule, so it is plausible that the procedure may result in habit 

formation. In summary, habit formation (which can be induced using extended training and/or 
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interval schedules of reinforcement with one response and reinforcer) is associated with 

insensitivity to devaluation, while behavioral flexibility (often seen after limited operant training) 

allows for sensitivity to devaluation. 

 PL in Flexible Decision-Making 

PL has been shown to be necessary for flexible decision-making. Killcross and Coutureau 

(2003) performed excitotoxic or sham lesions in PL in rats that went on to receive limited or 

extended training and subsequently underwent devaluation. Rats with PL lesions were insensitive 

to the value of the food reward regardless of training length, while only sham lesioned rats that 

received overtraining were insensitive, suggesting that PL is involved in behavioral flexibility. 

Corbit and Balleine (2003) also performed excitotoxic or sham PL lesions in rats that 

subsequently performed the devaluation task. When tested in extinction, lesioned rats did not 

show a devaluation effect, while sham rats did. Two related studies aimed to determine the 

timeframe during which PL is involved in goal-directed behavior. First, Ostlund and Balleine 

(2005) performed excitotoxic or sham PL lesions in rats either before or after extended training 

took place and examined behavior during a devaluation task using selective satiety to assess 

goal-directed behavior. Rats that received lesions prior to training showed impaired devaluation 

performance, while those that received lesions after training showed unaffected devaluation 

performance. Second, Tran-Tu-Yen and colleagues (2009) gave operant training and then 

induced a taste aversion in one group of animals while another group received no taste aversion, 

so that the group receiving taste aversion experienced reward devaluation while the other group 

remained unaffected. Testing took place in extinction. The researchers infused either muscimol 

(to inactivate) or vehicle into PL during either the operant acquisition phase or the test phase of 

the experiment. Animals with PL inactivations during acquisition had high responding during 
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testing whether or not they underwent reward devaluation, suggesting they were insensitive to 

devaluation. The comparable group that received vehicle infusions remained sensitive to 

devaluation. When infusions were given prior to testing, animals that received taste aversions 

responded less than animals that did not receive taste aversions regardless of PL inactivation, 

suggesting they were still sensitive to reward value. In summary, normal PL function during 

training, but not testing, is necessary for goal-directed action. This suggests that PL is necessary 

for the acquisition, but not expression, of goal-directed learning. If any goal-directed acquisition 

occurs during our conditioned fear test, then there may be goal-directed PL activity. 

Additionally, there should also be PL activity in animals that show fear expression, so it is 

possible that the neural activation related to fear expression and goal-directed behavior may 

interact. 

 IL in Habitual Responding 

As previously noted, it has been shown that PL is involved in goal-directed behavior, 

while IL is necessary for habitual behavior. Killcross and Coutureau (2003) performed 

excitotoxic or sham lesions in IL in rats that went on to receive limited (up to 5 sessions) or 

extended (up to 20 sessions) operant training and subsequently underwent devaluation via 

selective satiety. They found that rats with IL lesions remained sensitive to the value of the food 

reward, even with extended training, suggesting that IL is involved in habit formation. In 

contrast, sham rats were not sensitive to the value of the reinforcer after extended training but 

were sensitive after limited training. Relatedly, Coutureau and Killcross (2003) infused rats with 

muscimol, an inactivating agent, or vehicle into IL before the testing phase of a devaluation task. 

In this task, animals had previously received extensive training in order to induce habitual 

responding. Inactivated animals regained sensitivity to reward value, while control animals did 
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not. This supports the idea that there is some goal-directed neural activity occurring even when 

animals behave habitually and IL is suppressing this goal-directed neural activity from 

controlling behavior. Similarly, Schmitzer-Torbert and colleagues (2015) performed neurotoxic 

or sham lesions to either IL or dorsolateral striatum (also involved in habits (Yin, Knowlton, & 

Balleine, 2004)) in rats. The researchers found that sham lesioned animals were sensitive to 

devaluation after extended training, but animals with neurotoxic lesions to either brain region 

maintained behavioral flexibility. This suggests that the neuronal activity for goal-directed 

behavior is still present, but that it may be suppressed by habit-related activity in IL. In sum, 

there may still be goal-directed neural activity even if habit-related neural activity is present in 

IL and habitual behavior is being expressed. Habit-related activity, if present, may overpower 

any goal-directed processes that take place. 

 Hypotheses 

The current study was designed to test the neurobiological mechanism underlying the 

extended training fear incubation paradigm. It was based on the possibility that an extinction-like 

process might be responsible for the initially low fear caused by this paradigm, unlike others. In 

this case, I would expect low Fos expression in PL and high Fos expression in IL in animals that 

underwent the extended training fear incubation paradigm; high Fos expression in PL and low 

Fos expression in IL in animals that underwent limited conditioned fear training, and low Fos 

expression in both PL and IL of animals that underwent tone-only training, regardless of training 

length. I used 4 groups of animals to investigate this possibility: 10 day-shock, 10 day-tone only, 

1 day-shock, and 1 day-tone only. The shock groups received 10 tone-shock pairings/session for 

the specified number of sessions, while the corresponding tone group received tone-only 

exposure for the same number of sessions. The tone groups served as controls for the experience 
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with the tones that the shock groups receive, but without the stress of experiencing the shocks. 

Notably, activity in the PFC can be affected by training length, particularly in the case of habit 

formation. If the extended training fear incubation paradigm induces habit formation, it is 

possible that the habit-related neuronal activity would be present in IL in the tissue of animals 

that received 10 days of training in comparison to those that received 1 day of training.  
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Chapter 2 - Methods 

 Animals 

Male Long-Evans rats (n=60, Charles River, Kingston, NY) were used in this 

experiment. A power analysis based on the preliminary behavioral data determined that 60 

animals should yield sufficient power. Because female rats have never been used in the extended 

training fear incubation procedure, preliminary research would have to be conducted in order to 

optimize the parameters of the procedure to work for female rats. As such, I used exclusively 

male rats, which prior research has shown perform consistently in our procedure. The rats were 

individually housed and held in a temperature- and humidity-controlled colony room on a 12-h 

reverse light-dark cycle with lights off at 7:30am. After acclimation to the facility, animals were 

food-restricted and fed to allow a growth in body weight of 1.5g/day for the duration of the 

experiment. This food restriction procedure allows the animals to grow in a controlled manner 

over time. Extended food restriction is a known stressor that activates the hypothalamic-

pituitary-adrenal axis, which in turn has been shown to affect fear expression during testing 

(Rodrigues, LeDoux, & Sapolsky, 2009; Toth & Gardiner, 2000). Our food-restriction conditions 

are generous in an attempt to keep animals motivated to lever-press without adding stress that 

could affect fear conditioning or expression. Water was available ad libitum. Animals were run 

in two cohorts at two separate times. All procedures and animal care were in accordance with the 

Kansas State University Institutional Animal Care and Use Committee guidelines, the National 

Institutes of Health Guidelines for the Care and Use of Laboratory Animals, and United States 

federal law.  
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 Apparatus 

Experiments were conducted in 12 operant chambers (Med Associates, St Albans, VT). 

Each chamber has two retractable levers 9 cm above the floor, but only one lever ("active," 

retractable lever) is extended into the chamber during behavioral sessions. Responding on this 

lever activates the pellet dispenser, delivering 45-mg precision pellets (#1811155, 5% fat, 66% 

carbohydrate, 20.3% protein; TestDiet, Richmond, IN). A red house light is located on the 

centered at the top of the back wall of the chambers. A tone generator that delivers a 2900 Hz, 20 

dB above background tone is located directly to the right of the house light. The chambers have 

grid floors connected to electric shock generators that are capable of delivering a 0.5 mA 

scrambled foot shock. 

 Behavioral Training 

There were 4 groups of animals in this experiment: 10 day-shock, 10 day-tone only, 1 

day-shock, and 1 day-tone only. The 10 day-shock group received 10 days of conditioned fear 

training with tones paired with shocks, while the respective tone group received the same 

training but with tones only—no shock presentations. The 1 day-shock group received 1 day of 

conditioned fear training with tones paired with shocks, while the respective tone group received 

the same training but with tones only—no shock presentations. This resulted in a Training 

Length X Shock factorial design.  

Table 1 contains a summary of the training and testing procedures. All animals underwent 

5 days of lever-press training. Lever-press training consisted of: 1 session of magazine training 

in which a pellet was delivered every 125 seconds for 60 minutes; 2 sessions of FI1 in one day 

(fixed interval 1, the first lever-press after 1 second earned a reward), which ended when animals 

earned 50 pellets or 60 minutes were up, whichever came first; one 90-minute session of VI30 
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(variable-interval-30, pellet availability for lever-presses ranged from 1 to 59 seconds); and two 

90-minute sessions of VI60 (variable-interval-60, pellet availability for lever-presses ranged 

from 1 to 119 seconds). All sessions were given in the order described above, and animals 

underwent one session per day for each session except the FI1 training, for which two sessions 

were given in one day. 

Once lever-pressing was acquired, fear training groups underwent conditioned fear 

training sessions consisting of 10 30-second tones paired with 0.5-mA, 0.5-second foot shocks 

dispersed pseudo-randomly throughout a 90-minute session. Shocks of this strength are relatively 

mild, allowing fear to decrease across multiple days of training in a way it would not were the 

shocks stronger (Annau & Kamin, 1961; Witnauer & Miller, 2013). The tones and foot shocks 

always co-terminated. Control groups received 10 tone presentations without shock, also 

presented pseudo-randomly throughout a 90-minute session to account for experience with the 

tone cue and any effect that might have on behavior (Rodnick, 1937; Thompson & McConnell, 

1955). This control was also meant to allow examination of the behavioral and neural data while 

avoiding the possibility of any inhibitory or excitatory conditioning that might occur to the tone 

although recent research findings suggest that this might not actually control for the possibility of 

inhibitory learning, as discussed in the discussion section (Lingawi, Holmes, Westbrook, & 

Laurent, 2018; Lingawi, Westbrook, & Laurent, 2017). The extended training groups received 

one of these sessions daily for 10 days while the limited training groups received just 1 such 

session. Ten sessions of conditioned fear training is necessary because all prior published work 

with the extended training fear incubation paradigm uses 10 conditioned fear training sessions, 

and a personal communication revealed that fear did not incubate when just 8 sessions were used 

(though there were other confounds) (C. L. Pickens, personal communication, February, 4, 
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2019). On the following day, all groups underwent lever reacquisition for one 90-minute session 

in which they were allowed to lever-press for food pellets on a VI60 schedule with no tones or 

shocks presented. This reacquisition session served to extinguish any contextual fear that may 

have been acquired, giving a relatively pure assessment of cued fear (Jacobs, Cushman, & 

Fanselow, 2010). The next day, each group underwent a cued fear test in which the training tone 

was presented 4 times without shock in a 35-minute VI60 session. Testing occurs in extinction 

such that shocks are not delivered so that fear memory is assessed rather than a physiological 

reaction to a physical stressor that is actually presented. Animals were deeply anesthetized using 

sodium pentobarbital (1mL, i.p.) 120 minutes after the beginning of the cued fear test (85 

minutes after the end of the cued fear test) and transcardially perfused with 100mL 0.1 M 

phosphate buffered saline (PBS; pH 7.4) followed by 4% paraformaldehyde (in PBS; pH 7.4). 

The timing of the perfusions is within the ideal range to capture peak Fos expression throughout 

the cued fear test. 

 Behavioral Measures 

The behavioral dependent measure is CER measured via a suppression ratio, calculated 

as ((Precue responding-Cue responding)/(Precue responding+Cue responding)) (Armony, 

Servan-Schreiber, Romanski, Cohen, & LeDoux, 1997). There were no trials in which the 

numerator and denominator were both zero, although this would be dealt with by averaging the 

suppression ratio for the trials immediately before and after the trial in question. The suppression 

ratio used in the current study is in contrast to the more well-known Kamin-Annau suppression 

ratio: Cue responding/(Precue responding+Cue responding) (Annau & Kamin, 1961). The two 

formulas are similar, but the main difference is that the subtraction of cue responding from 

precue responding in the numerator of our suppression ratio makes it so that a value near 0 
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signifies low fear while a value near 1 signifies high fear. In contrast, in the Kamin-Annau 

suppression ratio, values near 0.5 signify low fear while values near 0 signify high fear. 

Statistical analyses with the two forms of suppression ratios produce identical statistical results. 

The main reason for this deviation from this more popular suppression ratio is that I believe our 

suppression ratio more clearly communicates the data, with higher values indicating higher fear 

and lower values indicating lower fear.  

The use of CER to measure fear offers two main advantages over other methods, such as 

conditioned freezing. First, because lever-presses are used to calculate the suppression ratio, the 

calculation of the suppression ratio is relatively automated in comparison to scoring freezing 

videos, for which a scorer blind to the condition of each rat would have to sit and score behavior 

for each trial of training and testing in a lengthy and time-consuming process. The automation of 

calculating a suppression ratio also removes the human error inherent in scoring freezing in 

videos. Second, the suppression ratio standardizes fear based on each individual rats’ baseline 

lever-pressing, while freezing is typically reported without standardization. Standardization 

minimizes the effects of individual differences in baseline lever-press rate on the fear measure 

and decreases between-subjects variability due to baseline lever-press rate. Finally, the 

suppression ratio is a measure of fear that depends on at least some degree of movement (a lever-

press). Freezing is considered an absence of movement except that which is required for 

breathing (Fanselow, 1980), so it is possible that an animal that is not moving for reasons other 

than fear (i.e., sleeping) could be scored as highly fearful if using freezing as the fear measure. 

The same is not the case if using the suppression ratio as a fear measure in hungry rats lever-

pressing for food because movement is required to press a lever, encouraging rats to move unless 

they are afraid. Despite the differences between suppression ratios and freezing as fear measures, 
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the two show similar patterns (Bouton & Bolles, 1980; Mast, Blanchard, & Blanchard, 1982; 

Pickens et al., 2010). 

 Immunohistochemistry 

Rats were perfused 120 minutes from the beginning of the cued fear test and brain tissue 

was extracted and postfixed (4% paraformaldehyde in PBS for 2 hours) and then cryoprotected 

(30% sucrose in PBS; until tissue sank in the solution). The tissue was frozen and sliced 

coronally into 40-μm thin slices using a cryostat at -18°C (Leica Microsystems, Wetzlar, 

Germany). Slices were stored in cryopreservant (20% glycerol and 2% dimethyl sulfoxide in 0.1 

M phosphate buffer) and frozen at -80°C until immunohistochemical processing.  

Immunohistochemistry was performed on free-floating sections according to procedures 

from Marchant and colleagues (2010) to stain for Fos. All washes and incubations included 

gentle agitation with a plate shaker (Thermo Fisher Scientific, Waltham, MA). Sections were 

washed in 0.1 M phosphate buffer (PB; pH 7.4) repeatedly to remove cryopreservant from the 

tissue before beginning the immunohistochemical processing. The sections then underwent 4 30-

minute washes in the following order: PB; 50% ethanol in PB, 50% ethanol and 3% H2O2 in PB, 

and 5% normal horse serum (NHS) in PB. The tissue was then incubated in rabbit-anti-c-Fos 

serum (1:8,000, Cell Signaling Technology, Danvers, MA) diluted with 0.1% sodium azide, 

0.2% Triton X-100, and 2% NHS in PB at room temperature for 48 hours. Unbound primary 

antibodies were washed off of the sections with 3 10-minute washes in PB. The sections were 

then incubated with donkey anti-rabbit-biotin (1:1,000, Jackson Immuno Research Laboratories, 

West Grove, PA) diluted with 0.2% Triton X-100, 2% NHS, and PB at room temperature for 2 

hours. Unbound secondary antibodies were washed off with 3 additional 10-minute washes in 

PB. Sections were then be placed in the mixed avidin-biotin horseradish peroxidase complex 
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solution (ABC Elite Kit: 6μL/mL avidin and 6μL/mL biotin, Vector Laboratories, Burlingame, 

CA) for 2 hours. Visualization was achieved using a 10-minute incubation in a solution of 2% 

nickel sulfate, 0.25% 3,3’-diaminobenzidine, 0.04% ammonium chloride, and 0.02% D-glucose 

in a 0.1M acetate buffer solution (pH 6, all chemicals from Sigma-Aldrich, St. Louis, MO) 

followed by a 9-minute incubation in the same solution with the addition of 0.2μL/mL glucose 

oxidase. The reaction was stopped with acetate buffer and sections underwent 2 10-minute 

washes with PB and were stored at 4°C in PB until mounting.  

Sections were mounted onto charged slides, dehydrated, and coverslipped with mounting 

medium (Permount, Fisher Scientific, Waltham, MA). Images were taken with a microscope and 

SPOT 5.1 Advanced Software at 10X by using an atlas for reference (Paxinos, 2009). Images at 

+3.24 and + 3.00 mm were acquired and used for analysis of Fos present in PL and IL to 

measure activity in sections of PL and IL examined in previous literature, based on architectural 

features (Knapska & Maren, 2009; LaLumiere, Niehoff, & Kalivas, 2010; B. A. Morrow et al., 

1999; Quinones-Laracuente, Hernandez-Rodriguez, Bravo-Rivera, Melendez, & Quirk, 2015; 

Sharpe & Killcross, 2015; Sierra-Mercado et al., 2011). Neurons that are positive for Fos were 

counted using the multi-point tool in ImageJ, by an experimenter who was blind to treatment 

condition, and the number of Fos positive neurons were normalized for the size of the picture. 

The neurobiological dependent variable is the density of Fos-positive cells in PL and IL. 

 Statistical Analyses 

Data were analyzed using mixed-effects models and ANOVAs in JMP Pro 14.1.0 (Cary, 

NC). Mixed effects models were used so that Trial and/or Day could be treated as a continuous 

variable. ANOVAs were used so that the data could be analyzed as they would be traditionally, 

allowing for comparison of the current data to the existing literature. Mixed-effects models used 
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were conducted using restricted maximum likelihood variance component estimates. Significant 

main effects and interactions were probed using Tukey’s HSD test for all pairwise comparisons. 

The testing of two rats was compromised during data collection, so there was no behavioral test 

data or brain tissue available for them. Additionally, tissue from two rats were excluded from 

neural analysis because there were no usable sections from the medial prefrontal cortex due to 

cryostat complications. This resulted in 15 rats per group for the behavioral training data and 13-

15 rats per group for the behavioral test data and the neurobiological data. 
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Chapter 3 - Results 

 Behavioral Results 

 Behavioral training 

The general pattern found when examining precue lever-presses during training is that as 

training increases, so do precue lever-presses. More importantly for my analysis, during training, 

shock groups had high suppression ratios that decreased over days in the group given 10 days of 

training, while tone-only groups had low suppression ratios that did not change over time.  

A mixed-effects model was run on the dependent variable, precue lever-pressing, with the 

fixed effects of Shock and Trial, and the interaction between the two, and the random effects of 

Subject and the Subject X Trial interaction. There was a significant main effect of Trial F(1, 

39.98) = 86.08, p < 0.01. Pairwise comparisons of precue lever-pressing were conducted using 

Tukey’s HSD test to probe the main effect of Trial at trials 1, 10, and 100, and found that precue 

lever-pressing increased as the Trial increased (Table 2). There were no other significant effects 

or interactions (F = 0.00-2.66, p = 0.11-0.97). 

A secondary analysis using a more traditional mixed-factor ANOVA supported the 

findings of the primary analysis. The secondary analysis was conducted on the dependent 

variable, precue lever-pressing, with the between-subjects variable of Shock (Shock vs. Tone-

only) and the within-subjects variable of Day (training days 1-10) for the animals that received 

10 days of training. There was a significant main effect of Day, F(9, 252) = 28.14, p < 0.01, 

indicating that precue lever-pressing increased over the course of training (Fig. 1A). There was 

also a marginally significant Day X Shock interaction, F(9, 252) = 1.87, p = 0.06, suggesting that 

this increase in precue lever-pressing over the course of training was more pronounced in the 10 

day-shock group than in the 10 day-tone only group, although these results must be interpreted 
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with caution because the alpha level of 0.05 was not achieved. The main effect of Shock was not 

significant (F = 0.08, p = 0.78).  

An additional secondary analysis was conducted in order to compare animals on the last 

day of conditioned fear training they received, and this analysis supported the findings of the 

primary analysis. A 2X2 ANOVA was conducted on the dependent variable, precue lever-

pressing, and the independent variables of Shock (Shock vs. Tone-only) and Training Length (1 

vs. 10 days). There was a significant main effect of Training Length, F(1, 56) = 23.69, p < 0.01, 

indicating that precue lever-pressing was higher for groups that received 10 days of training 

compared to groups that received 1 day of training (Fig. 1A). There were no other significant 

effects or interactions (F = 0.30-0.77, p = 0.38-0.59).  

A mixed-effects model was run on the dependent variable, suppression ratio, with the 

fixed effects of Shock, Trial, and the interaction between the two, and the random effects of 

Subject and the Subject X Trial interaction. There was a significant main effect of Shock, F(1, 

60.02) = 14.79, p < 0.01, a significant main effect of Trial, F(1, 34.36) = 9.85, and a significant 

Shock X Trial interaction, F(1, 34.36) = 6.20, both p < 0.05. Pairwise comparisons of 

suppression ratio were conducted using Tukey’s HSD test to probe the main effect of Trial and 

the interaction of Shock X Trial at trials 1, 10, and 100. The shock and tone-only groups initially 

differed significantly at trials 1 and 10, but eventually converged and no longer differ on trial 

100 (Table 3).  

A secondary analysis was conducted and supported the findings of the primary analysis. 

A more traditional mixed-factor ANOVA was conducted with the dependent variable, 

suppression ratio, and the between-subjects variable of Shock (Shock vs. Tone-only) and the 

within-subjects variable of Day (training days 1-10) for the animals that received 10 days of 
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training. There was a significant main effect of Day, F(9, 252) = 2.71, p < 0.01, and a significant 

main effect of Shock, F(1, 28) = 11.92, p < 0.01. There was also a significant Day X Shock 

interaction, F(9, 252) = 2.87, p < 0.01, reflecting that the suppression ratios for the 10 day-tone 

only group did not change over the 10 days of training, but the suppression ratios for the 10 day-

shock group started high and tended to decrease over the 10 days of training (Fig. 1C). 

Specifically for the animals that experienced shock, suppression ratios for days 7-10 were 

significantly lower than for day 2, and the suppression ratio for day 9 was significantly lower 

than for day 3 (all p < 0.05).  

A secondary analysis was conducted in order to compare animals on the last day of 

conditioned fear training they received and supported the findings of the primary analysis. A 

2X2 ANOVA was run on the dependent variable, suppression ratio, and the independent 

variables of Shock (Shock vs. Tone-only) and Training Length (1 vs. 10 days). There was a 

significant main effect of Shock, F(1, 56) = 14.54, p < 0.01, indicating that the suppression ratio 

was increased for groups that received shock compared to groups that received tones only (Fig. 

1D). There were no other significant effects or interactions (F = 0.19-0.26, p = 0.61-0.66).  

 Behavioral testing 

As with the training data, the pattern found when examining precue lever-presses during 

testing is that animals that had more training showed higher precue lever-pressing. More 

importantly for my analyses, the 1 day-shock group had the highest fear expression during 

testing, while the 1 day-tone only, 10 day-tone only, and 10 day-shock groups all showed 

similarly low fear expression. 

A mixed-effects model was run on the dependent variable, precue lever-pressing, with the 

fixed effects Shock (Shock vs. Tone-only), Training Length (1 vs. 10 days), Trial (the 4 test 
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trials), and all possible interactions, and the random effects of Subject and the Subject X Trial 

interaction. There was a significant main effect of Training Length, F(1, 54) = 10.27, p < 0.01, 

indicating that precue lever-pressing increased as Training Length increased (Fig. 2A). There 

were no other significant effects or interactions (F = 0.05-2.19, p = 0.14-0.83). 

A secondary analysis using a more traditional method of analysis supported the primary 

findings of the primary analysis. A mixed-factor ANOVA was conducted on the dependent 

variable, precue lever-pressing, with the between-subjects variables of Shock (Shock vs. Tone-

only) and Training Length (1 vs. 10 days) and the within-subjects variable of Trial (test trials 1-

4). There was a significant main effect of Training Length, F(1, 54) = 10.27, p < 0.05, indicating 

that precue lever-pressing was increased for groups that received 10 days of training compared to 

groups that received 1 day of training (Fig. 2A). There were no other significant effects or 

interactions (F = 0.04-2.14, p = 0.15-0.84).  

A mixed-effects model was run on the dependent variable, suppression ratio, with the 

fixed effects of Shock (Shock vs. Tone-only), Training Length (1 vs. 10 days), Trial (the 4 test 

trials), and all possible interactions, and the random effects of Subject and the Subject X Trial 

interaction. There was a significant main effect of Shock, F(1, 54) = 4.09, p < 0.05, a significant 

Training Length X Shock interaction, F(1, 54) = 5.67, p < 0.05, and a significant Shock X Trial 

interaction, F(1, 54) = 15.72, p < 0.01. Pairwise comparisons of suppression ratio were 

conducted using Tukey’s HSD test to probe the Shock X Trial interaction and found that the 

shock groups differed from the no-shock groups on Trial 1, but not on subsequent trials (Fig. 

2C). Pairwise comparisons of suppression ratio were conducted using Tukey’s HSD test to probe 

the Training Length X Shock interaction and found that the 1 day-Shock group had a 

significantly higher suppression ratio than either the 1 day-Tone only or 10 day-Shock groups 
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(shown more clearly in Fig. 2D). There were no other significant effects or interactions (F = 

0.00-2.19, p = 0.14-0.95). 

A secondary analysis was run and supported the findings of the primary analysis. A 

mixed-factor ANOVA was conducted on the dependent variable, suppression ratio, and the 

between-subjects factors of Shock (Shock vs. Tone-only) and Training Length (1 vs. 10 days) 

and the within-subjects factor of Trial (the 4 test trials). There was a significant main effect of 

Shock, F(1, 54) = 4.42, p < 0.05, (Fig. 2C). There was also a significant Training Length X 

Shock interaction, F(1, 54) = 5.67, p < 0.05, and post-hoc tests indicated that the suppression 

ratio was higher (either significantly or barely missing significance) for the 1 day-shock group 

than the others and none of the other groups differed from each other (t = -0.63-2.58, p = 0.92-

1.00). The 1 day-shock group had a significantly higher suppression ratio than the 1 day-tone 

only group and the 10 day-shock group (both p < 0.05), and a marginally significantly increased 

suppression ratio compared to the 10 day-tone only group, (p = 0.059, Fig. 2C). The Shock X 

Trial interaction was also significant, F(1, 54) = 15.59, p < 0.01, and pairwise comparisons using 

Tukey’s HSD test found that the shock groups differed from the no-shock groups on Trials 1 and 

2, but not on subsequent trials (Fig. 2B). No other effects or interactions were significant (F = 

0.00-2.19, p = 0.14-0.95).  

 Neurobiological Results 

Animals that received 10 days of training showed increased Fos expression in IL and PL, 

regardless of shock experience. Additionally, there was no association between Fos expression in 

either area and precue lever-pressing or suppression ratio.  
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 IL effects 

Increased training length was associated with increased Fos density in IL, but there was 

no association between IL Fos density and precue lever-pressing or suppression ratio. A mixed-

effects model was run on the dependent variable, IL Fos density, with the fixed effects of Shock 

(Shock vs. Tone-only), Training Length (1 vs. 10 days), the interaction between the two, and the 

random effect of Subject. There was a significant main effect of Training Length, F(1, 51.17) = 

12.08, p < 0.01. Tukey’s HSD revealed that the 10 day groups exhibited significantly higher Fos 

expression in IL than the 1 day groups (Fig. 3). There were no other significant effects or 

interactions (F = 1.15-2.53, p = 0.12-0.29).  

A secondary analysis was run on the dependent variable, IL Fos density, and the 

independent variables of Shock (Shock vs. Tone-only) and Training Length (1 vs. 10 days) using 

a more traditional ANOVA. There was a significant main effect of Training Length F(1, 51) = 

12.18, p < 0.01), indicating that groups that received 10 days of training exhibited higher IL Fos 

density than groups that received 1 day of training (Fig. 3). There were no other significant 

effects or interactions (F = 1.10-2.57, p = 0.12-0.30). In addition, there were non-significant 

correlations between IL Fos density and average precue lever-pressing during testing, r (55) = -

0.09, p = 0.54 (Fig. 4A) and IL Fos density and average suppression ratio during test, r (55) = 

0.11, p = 0.41 (Fig. 4B). I conducted similar analyses, but with tone-only animals excluded in an 

attempt to isolate fear-related neural activity and there were non-significant correlations between 

IL Fos density and average precue lever-pressing during test, r (28) = -0.16, p = 0.41 (Fig. 4C) 

and IL Fos density and average suppression ratio during test, r(28) = 0.06, p = 0.78 (Fig. 4D). 
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 PL effects 

Increased training length is associated with increased Fos density in PL, but there was no 

association between PL Fos density and precue lever-pressing or suppression ratio. A mixed-

effects model was run on the dependent variable, PL Fos density, with the fixed effects of Shock 

(Shock vs. Tone-only), Training Length (1 vs. 10 days), the interaction between the two, and the 

random effect of Subject. There was a significant main effect of Training Length, F(1, 51.11) = 

7.86, p = 0.01. Tukey’s HSD revealed that the 10 day groups exhibited significantly higher Fos 

expression in PL than the 1 day groups (Fig. 5). There were no other significant effects or 

interactions (F = 0.77-1.21, p = 0.28-0.39).  

A similar analysis was run on the dependent variable, PL Fos density, and the 

independent variables of Shock (Shock vs. Tone-only) and Training Length (1 vs. 10 days) using 

a more traditional ANOVA. There was a significant main effect of Training Length, F(1,51) = 

7.87, p < 0.01) indicating that groups that received 10 days of training exhibited higher PL Fos 

density than groups that received 1 day of training (Fig. 5). There were no other significant 

effects or interactions (F = 0.75-1.20, p = 0.28-0.39). In addition, there were non-significant 

correlations between PL Fos density and average precue lever-pressing during test, r(55) = -0.04, 

p = 0.77 (Fig. 6A), and PL Fos density and average suppression ratio during test, r(55) = -0.10, p 

= 0.45 (Fig. 6B). I conducted similar analyses, but with tone-only animals excluded in an attempt 

to isolate fear-related neural activity and there were non-significant correlations between PL Fos 

density and average precue lever-pressing during test, r (28) = -0.06, p = 0.75 (Fig. 6C) and PL 

Fos density and average suppression ratio during test, r(28) = -0.24, p = 0.22 (Fig. 6D). 
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Chapter 4 - Discussion 

The purpose of this study was to examine the neurobiological mechanism underlying the 

behavior seen as a result of the extended training fear incubation paradigm: a lasting increase in 

fear from initial post-training levels (fear incubation). Previous research has investigated this 

model using pharmacological, physiological (food restriction manipulations), and behavioral 

methods (J. D. Morrow et al., 2015; Pajser et al., 2019; Pickens et al., 2009a; Pickens, Golden, & 

Nair, 2013; Pickens et al., 2010; Pickens & Theberge, 2014), but this model had not been 

investigated with measures of neuronal activity (direct or indirect) associated with differing 

levels of fear. I was interested in whether an extinction-like process might be the cause for the 

initially low fear caused by this paradigm, so I chose to investigate this question using Fos 

immunohistochemistry. This method allowed me to indirectly measure activity of an area of the 

brain associated with the low fear expression seen after extinction training, IL, and its 

counterpart which is generally necessary for fear expression, PL. I did find the expected pattern 

in the behavioral data such that the 1 day-shock group showed higher levels of fear during test 

than the 1 day-tone, 10 day-shock, and 10 day-tone groups (either significantly or marginally 

significantly). However, despite the rationale for the current study, I did not find a relationship 

between conditioned fear and Fos expression in either IL or PL. Instead, I found an effect of 

training length such that animals that received extended training (whether shocks were presented 

or not) showed an increased number of Fos-positive cells in IL and PL. The implications of these 

findings are discussed below.  

 Discussion of Behavioral Results 

 My findings that the 1 day-shock group showed higher levels of fear during test than the 

1 day-tone, 10 day-shock, and 10 day-tone groups (either significantly or marginally 
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significantly) are in accordance with my predictions and in accordance with the previous 

literature (J. D. Morrow et al., 2015; Pajser, Breen, Fisher, & Pickens, 2018; Pajser et al., 2019; 

Pickens et al., 2009a; Pickens et al., 2009b; Pickens et al., 2013; Pickens et al., 2010). Although 

research using the extended training fear incubation paradigm is limited, my finding that animals 

that received 10 days of conditioned fear training show low levels of fear at test adds to the 

literature suggesting that this phenomenon is robust. This suggests that the behavioral 

manipulation was strong enough to observe fear-related neuronal activity.  

 However, a curious finding in the present experiment is that shock and tone-only groups 

differed in suppression ratio on the very first trial of training. This means the groups differed 

before any shocks were delivered. The reason for this difference is unknown, as the groups 

should have had identical experiences up until the first shock was delivered, so this is a 

limitation of the present experiment that I cannot explain. This could complicate analysis of the 

neural result if we had found differences in Fos between the shock and no-shocks groups, as this 

might be explained by pre-existing differences in the groups rather than their different training 

conditions. However, as I found no effect or interaction of shock condition in the IL or PL Fos 

data, this is a limitation of the current data but it is unlikely that this difference on the first trial 

had effects on the Fos patterns observed 

 Discussion of Neurobiological Results 

 PL activity did not appear to be related to fear training 

My neurobiological results were unexpected, and the existing fear conditioning literature 

does not explain my findings that the shock and no-shock groups did not differ in the evoked 

neural activity in PL at each training length. As a reminder, I expected high Fos expression in PL 

in animals that underwent limited conditioned fear training and low Fos expression in PL in 
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animals that underwent tone-only training, regardless of training length, or the extended training 

fear incubation paradigm. 

A variety of research suggests that neural activity in PL should be higher as a result of 

early extinction in fear conditioned rats than as a result of tone exposure in animals never fear 

conditioned, likely due to fear expression rather than extinction itself (Burgos-Robles et al., 

2009; B. A. Morrow et al., 1999; Santini et al., 2004). In this case, my 1-day and 10-day shock 

groups could be expected to exhibit a higher level of Fos expression in PL than either of the 

tone-only groups, but instead, I found that both 10-day groups had higher Fos expression in PL 

than either of the 1-day groups, regardless of shock experience. Additional literature suggests 

that increased PL activity should correspond to increased fear expression, however, the one 

group that did show high fear expression (1-day shock) did not show increased Fos expression in 

PL compared to the other 3 groups. Instead, it seems clear that the PL Fos expression I visualized 

does not appear to be related to fear conditioning.  

It is possible that activity in the PL related to lever-pressing and food restriction may 

interfere with measurement of neuronal activity related to fear (Carr, Park, Zhang, & Stone, 

1998). In addition to potentially facilitating habit formation because of the utilization of lever-

pressing to measure fear, lever-pressing may interfere with the ability to detect pure fear-related 

activity. A similar preparation using non-food restricted, non-lever-pressing rats may be able to 

uncover fear-related neural activity in mPFC, which is discussed in the methodological 

considerations section below. Prior fear conditioning research using exclusively freezing as a 

measure of fear has indeed found fear-related activity in mPFC using a more direct measure of 

neuronal activity, electrophysiological recordings of action potentials. For example, Burgos-

Robles et al. (2009) collected in-vivo single-unit recordings from freely behaving rats and found 
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that PL neurons show a sustained increase in excitatory responses during conditioned stimulus 

presentation after an animal undergoes fear conditioning. Fitzgerald, Giustino, Seemann, and 

Maren (2015) also collected in-vivo single-unit recordings and similarly found that fear 

conditioning increased spontaneous firing in PL neurons when compared to activity that occurred 

immediately prior to fear conditioning. However, prior research has also shown increased PL Fos 

expression resulting from extinction training in both food-restricted lever-pressing rats (Santini 

et al., 2004) and in free-fed rats that were not lever-pressing (B. A. Morrow et al., 1999), so the 

implications for the current study are unclear. There are a few key differences between the 

Santini et al. (2004) preparation and the current preparation. Although rats in both studies were 

food-restricted, Santini et al. (2004) restricted rats to 85% of their original weight, while my rats 

were simply restricted in growth such that they gained 1.5 grams per day. In addition, Santini et 

al. (2004) gave 80 minutes of extinction training 2 hours after conditioned fear training and 

collected brains 30 minutes after end of extinction training, while I gave an extinction test and 

collected brain tissue 2 days after a conditioned fear training session. As a result, it is possible 

that the Fos I visualized was indicative of a different process (such as recall) than the Fos that 

Santini et al. (2004) visualized (which may have been indicative of learning). It is possible that 

conditioned fear learning causes a stronger neural response that can overcome neural activity 

related to food-restriction, while fear recall does not. Additional research is needed to confirm 

either of these possibilities.  

 IL activity did not appear to be related to fear training 

The pattern of neuronal activity found in IL was unexpected. As a reminder, I expected 

high Fos expression in IL in animals that underwent the extended training fear incubation 

paradigm and low Fos expression in IL in animals that underwent limited conditioned fear 
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training or tone-only training, regardless of training length (although I detail two other fear-

related patterns in this paragraph). In contrast, I found high IL Fos expression in groups that 

received 10 days of training compared to groups that received 1 day of training, regardless of 

fear conditioning. Alternatively, a variety of research findings suggest that neural activity in IL 

should be higher as a result of early extinction in fear conditioned rats than as a result of tone 

exposure in animals never fear conditioned (Burgos-Robles et al., 2009; B. A. Morrow et al., 

1999; Santini et al., 2004; Santini et al., 2008). In this case, my 1-day and 10-day shock groups 

should show a higher level of Fos expression in IL than either of the tone-only groups, but 

instead, I found that both 10-day groups had higher Fos expression in IL than either of the 1-day 

groups, regardless of shock experience. Other literature suggests that increased IL activity should 

correspond to decreased fear expression (Kim et al., 2016; Soler-Cedeno et al., 2016; Vidal-

Gonzalez et al., 2006). However, of the three groups that showed low fear expression (10 day-

Shock, 10 day-Tone only, and 1 day-Tone only), only the two 10-day groups exhibited increased 

IL Fos expression, regardless of shock experience. Instead, it seems clear that the Fos expression 

I visualized does not appear to be related to fear extinction. 

As with PL, it is possible that activity in the IL related to lever-pressing and food 

restriction may interfere with measuring neuronal activity related to fear (Carr et al., 1998). 

However, prior research has shown increased IL Fos expression in rats that received fear 

conditioning and extinction when compared to controls in both food-restricted lever-pressing rats 

(Santini et al., 2004) and in free-fed rats that were not lever-pressing (B. A. Morrow et al., 1999), 

so the implications for the current study are unclear. Importantly, there are methodological 

differences between the Santini et al. (2004) study and mine to consider. Although rats in both 

studies were food-restricted, Santini et al. (2004) restricted rats to 85% of their original weight, 



44 

while my rats were simply restricted in growth such that they gained 1.5 grams per day. In 

addition, Santini et al. (2004) gave 80 minutes of extinction training 2 hours after conditioned 

fear training and collected brains 30 minutes after the end of extinction training, while I gave an 

extinction test and collected brain tissue 2 days after a conditioned fear training session, allowing 

for the possibility that the Fos I visualized was indicative of a different process (such as recall or 

extinction) than the Fos that Santini et al. (2004) visualized (which may have been indicative of 

learning). It is possible that conditioned fear learning causes a stronger neural response that can 

overcome neural activity related to food-restriction, while fear recall or extinction does not. The 

possibility that lever-pressing and food restriction may interfere with the measurement of 

neuronal activity related to fear and its implications are discussed more in-depth in the 

methodological consideration section below.  

Although my neurobiological results in IL were also unexpected, there is some previous 

literature that could help explain my findings that the shock and no-shock groups did not differ in 

the evoked neural activity in IL at each training length. If the 10-day shock group is undergoing 

an extinction-like process over the course of 10 days of training leading to low fear on test day 2, 

my findings that they exhibit similar levels of IL activation to the 10-day tone-only group are in 

accordance with those of Santini et al. (2008), who found that IL excitability is similar in rats 

that underwent acquisition and extinction and rats that never acquired fear. My results of high IL 

Fos in the 10-day training rats that exhibited low fear are also not incongruent with those of 

Knapska et al. (2012), who found that an increase in activity in IL neurons that project to BLA is 

correlated with a decrease in freezing. However, none of these possibilities explain why activity 

between both 10-day groups would differ from the 1-day tone-only group.  
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One possibility is that the pattern observed reflects a general role for IL in inhibitory 

learning. Researchers have shown that IL is involved in more general inhibitory learning, such as 

that resulting from stimulus pre-exposure that causes latent inhibition, in addition to its 

prominent role in extinction memory storage (Lingawi et al., 2017). Lingawi et al. (2017) 

examined the possibility that there is a general inhibitory process involved in different types of 

inhibitory learning that is localized in IL. Using pharmacological inactivation methods, they 

examined the role of IL in extinction learning and latent inhibition, both of which require 

inhibitory learning. Lingawi et al. (2017) found that blocking NMDA receptors, receptors known 

to be involved in learning and memory, in IL during CS pre-exposure impaired latent inhibition 

and blocking NMDA receptors during extinction impaired extinction. This suggests that IL 

activity is more generally involved in the formation of inhibitory memories. These findings can 

help to reconcile my results that the 10 day-tone only group and the 10 day-shock group both 

show high levels of Fos expression in IL. It is possible that the 10-day tone-only group is 

learning inhibitory information about the tones throughout training (akin to the inhibitory 

learning that takes place during pre-exposure for latent inhibition), and it is possible that the 10 

day shock group is learning extinction-like inhibitory information throughout training, as I 

initially hypothesized. Therefore, it is possible that this inhibitory learning that may be taking 

place in both 10 day groups is then expressed during behavioral testing and neurobiologically in 

IL.  

The low levels of Fos expression seen in both of the 1-day groups, however, is more 

puzzling. It is possible that limited fear conditioning leads to lower overall mPFC activation than 

extended training does, which could explain the low levels of Fos expression in the 1-day Shock 

group. However, this does not explain why the 1-day Tone-only group would show similar levels 
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of Fos as the 1-day Shock group, although this result is not completely novel. Knapska and 

Maren (2009) found similar levels of Fos expression in IL in rats that received fear conditioning 

and extinction training and a group that did not receive any conditioning at all. These groups 

seem comparable to our 1-day Shock and 1-day Tone-only groups, respectively, and the reason 

for similar levels of Fos expression in the two groups is unclear, but it is in accord with the 

current findings. Nonetheless, the majority of the fear conditioning literature as it relates to IL 

activity, does not fit well with the current findings in that fear conditioning tends to lead to 

higher IL activity than no conditioned fear training (Burgos-Robles et al., 2009; B. A. Morrow et 

al., 1999; Santini et al., 2004). Thus, it is likely that keeping my rats food-restricted and using 

conditioned suppression of lever-pressing as a measure of fear interfered with my ability to 

observe the expected pattern of neural activation.  

 Increased neuronal activity in PL and IL may be indicative of goal-directed and habitual 

behavior, respectively 

The differences I found between animals that received 1 or 10 days of training, regardless 

of shock, suggest the neural activity measured was related to length of training, specifically that 

as training length increased, so did Fos expression in both IL and PL. IL and PL are known for 

their roles in habitual and flexible behavior, respectively, and animals that received 10 days of 

training were maintained on the same schedule of reinforcement for 14 days (including lever-

press training, conditioned fear training, and testing). As such, it is possible that the activity 

visualized by Fos immunohistochemistry was related to habitual and flexible behavior. This is 

particularly possible in light of previous research that has shown that animals trained on a VI60 

schedule of reinforcement, the same schedule used in the current study, are prone to developing 

habitual behavior (Dickinson et al., 1983). This could explain increased activity seen in both IL 
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and PL, as the literature shows that the neural activity underlying flexible behavior (possibly 

found in PL) is still present or able to be evoked, even after the neural activity underlying 

habitual behavior develops (Coutureau & Killcross, 2003). If this is the case, my experiment is 

the first that I know of that has shown differential PFC Fos expression based on whether operant 

training was limited or extended.   

Because PL and IL are involved in both fear conditioning/fear extinction and goal-

directed learning/habit formation, it is possible that neural activity from habit learning is 

obscuring neural activity from fear expression or fear extinction. In order to examine neural 

activity more directly related to fear conditioning in the extended training fear incubation 

paradigm, I could remove the lever-press training and measure fear using freezing instead of 

conditioned suppression of lever-pressing. This would eliminate the possibility of the 

development of habitual responding, as there would be no concurrent task for the animals to 

perform alongside fear conditioning. Another possibility is to determine whether our limited-

training procedure leads to goal-directed behavior and our extended-training procedure leads to 

habitual behavior using a devaluation task. This option is discussed in the next paragraph.  

The possibility that I may have measured activity related to habitual or flexible behavior 

is congruent with the literature in that field, but the current study was not designed to investigate 

habitual or flexible behavior. In order to investigate this further, I could train animals in a 

limited- or extended-training procedure similar to our existing conditioned fear training 

procedures (Pajser et al., 2018; Pajser et al., 2019). Rats could be tested in a devaluation 

paradigm in which they are sated on rat chow (for the non-devalued control) or the precision 

pellet operant reinforcer (for the devaluation manipulation) and then tested in extinction on 

lever-pressing for the precision pellets. If our extended-training procedure induces habit 
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formation, but our limited-training procedure does not, rats that undergo extended training 

should be insensitive to precision pellet devaluation via satiation, while rats that undergo limited 

training should maintain this sensitivity. In particular, an experiment comparing training length 

(1 vs. 10 days) crossed with shock (shock vs. no shock, much like the current preparation) 

followed by devaluation testing could demonstrate whether the training parameters used in the 

current experiment are sufficient to lead to habit formation and whether fear conditioning alters 

the rate at which habits form. Once again, brain tissue could be collected at an optimal time to 

examine neural activity occurring during testing and I could perform immunohistochemistry for 

Fos (or other IEGs) on tissue from PL and IL, as well as other brain areas involved in goal-

directed or habitual behavior. Not only would I be able to determine whether the neural pattern 

in PL and IL is the same as that in the current study, but I would also have tissue from additional 

areas related to behavioral flexibility and habitual responding, giving me a more complete 

picture of these neural systems. This might allow me to show that habitual behavior co-occurs 

with this high PFC Fos activity.  

 Methodological Considerations 

 As with any research conducted, there are limitations to the methodology used in this 

study. One limitation is my use of Fos as a marker of neuronal activity. There is more 

information available about the function that other IEGs perform when compared to Fos, which 

would allow me to make inferences about the activity visualized in PFC in a way I currently 

cannot. Additionally, food restriction has been shown to change basal brain activity as well as 

PFC activity in response to stimuli, which could be a confound in the current study. Finally, the 

exclusive use of lever-press suppression (CER) as a measure of fear is a limitation for a number 

of reasons: using multiple measures of fear in order to provide converging evidence is ideal, 
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CER may facilitate habit formation because it requires a task concurrent with fear conditioning, 

and it is possible that lever-pressing-related activity in PFC could interfere with the ability to 

detect fear-related activity. Each of these limitations is discussed below.  

One important methodological consideration about the current experiment is the use of 

Fos as a measure of activity as opposed to other IEGs. A variety of other IEGs can be stained for, 

but as mentioned above, the timing of Fos expression worked well for my purposes, and our lab 

has an immunohistochemistry protocol worked out for Fos, but not for other IEGs. A limitation 

of using Fos immunohistochemistry is that little is known about the function Fos performs. It is 

commonly used as an indirect measure of neuronal activity because of its reliable expression in 

active neurons, but not much is known about the protein’s function. More is known about the 

role of other IEGs. For example, Zif268 and Arc have been implicated in synaptic plasticity and 

memory formation (S. Davis, Bozon, & Laroche, 2003; Plath et al., 2006) and Homer is 

necessary for synaptic maintenance and plasticity (Hayashi, Ames, & Hayashi, 2006). 

Researchers have posited that Fos is involved in gene regulation, promotion of dimerization, and 

the encoding of transcription factors, among other functions (Hoffman et al., 1993; Sambucetti & 

Curran, 1986; Sheng & Greenberg, 1990), but knowing the definitive role of Fos in the nervous 

system could be particularly useful for data interpretation. In addition, performing similar 

experiments examining other IEGs (with appropriate time-courses) could provide converging 

evidence that the neurobiological results described in the current study are indicative of a true 

effect on neuronal activity.  

 Food restriction has been shown to increase basal activity levels in the rat brain (Carr et 

al., 1998) even with no other concurrent manipulation. Although Carr et al. (1998) did not 

examine PFC activity specifically, it is plausible that the same pattern found in the rest of the 
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brain would also be present in PFC. Conversely, Pagliusi, Tessari, DeVevey, Chiamulera, and 

Pich (1996) found no baseline difference between free-fed and food-restricted animals in PFC 

activity, suggesting that the pattern found elsewhere in the brain in Carr et al. (1998) might not 

occur in PFC. However, Pagliusi et al. (1996) did not differentiate between PL and IL, which 

often have opposing functions, and therefore differing patterns of activation. A notable 

difference between my experiment and that of Pagliusi et al. (1996) is that the free-fed and food-

restricted animals being compared for PFC activity in the Pagliusi study were home-cage 

controls, while even my control animals experienced transportation to the operant chambers, 

lever-pressing, and other environmental stimuli. This means that food restriction might have 

different effects in my experiment compared to those with home-cage controls. Additional 

studies have found that food restriction increases responsiveness of PFC neurons to drugs of 

abuse (Carr, 2002; Carr & Kutchukhidze, 2000a; Carr & Kutchukhidze, 2000b; Pagliusi et al., 

1996), so it is plausible that food restriction might be able to change PFC responsiveness to other 

stimuli (such as shock or cues associated with shock) as well. All of my animals were food 

restricted for a similar amount of time and they were on the same food restriction regimen, but I 

cannot exclude the possibility that food restriction may have changed PFC activity generally, or 

activity evoked in response to shock and/or cues associated with shock. Because conditioned 

suppression requires food motivation for lever-pressing, future studies could utilize freezing in 

free-fed rats as the exclusive behavioral measure of fear so that neural activation could be 

examined, unaffected by food restriction.  

 Finally, the exclusive use of CER as a fear measure is another limitation of the current 

study. Being able to use freezing as an additional measure of fear would be ideal, because if I 

measure both and both measures show the same pattern, this would provide converging evidence 
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that true fear and neural activity related to fear are being assessed. This is particularly true 

because freezing and CER are neurobiologically dissociable (Amorapanth, Nader, & LeDoux, 

1999; McDannald, 2010; McDannald & Galarce, 2011). CER is also an indirect measure of fear, 

relying on food motivation to produce a response for an appetitive reinforcer (Mast et al., 1982). 

As a result, either an increase in fear or a decrease in motivation for food could lead to increased 

conditioned suppression of lever-pressing. In addition, the calculation of the suppression ratio 

depends on discrimination between the cue and non-cue periods, with which the 10-day groups 

have more experience (Mast et al., 1982). CER is also an aggregate measure comparing precue 

and cue lever-pressing, meaning that it is insensitive to differences in the baseline of values that 

are used in its calculation. As a result, looking at the raw data can help us to understand if 

differences represent changes in the baseline lever-press rate, the cue lever-press rate, or 

alterations in both. Finally, it is possible that activity in the PFC related to lever-pressing may 

interfere with measuring neuronal activity related to fear. In addition to potentially facilitating 

habit formation because of its utilization of lever-pressing, lever-pressing may interfere with the 

ability to detect pure fear-related activity. A similar preparation using non-food restricted, non-

lever-pressing rats may be able to uncover fear-related neural activity in mPFC that the current 

preparation missed. Presumably, the rats in the current experiment also exhibit freezing as a fear 

response, although this cannot be assessed because the video recordings for many of the animals 

was lost due to a computer error. If fear-related Fos activity was observed in PFC resulting from 

a fear-conditioning task without concurrent lever-pressing, it would suggest that the 

neurobiology of fear conditioning (which leads to freezing responses, whether they are measured 

or not) may differ somewhat depending on whether there is a concurrent lever-press task. This 

has implications for labs that examine freezing with a concurrent lever-press task (Armony et al., 
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1997; Burgos-Robles et al., 2009; Frankland et al., 2004; J. D. Morrow et al., 2015; Pajser et al., 

2018; Pajser et al., 2019; Santini et al., 2004; Sierra-Mercado et al., 2011). 

 Conclusions  

 I have replicated previous findings that the extended training fear incubation procedure 

results in lower fear than 1 day of comparable fear conditioning. In addition, I have found an 

unanticipated pattern of neural activation in IL and PL as a result of differential training 

procedures. One possibility is that the neural activity observed may be indicative of habit 

formation. In this field of research, it is assumed that operant overtraining leads to increased IL 

activity, but this had not yet been examined. To the best of my knowledge, this is the first study 

to find evidence that operant overtraining does indeed increase neural activity in IL and PL, but 

further experimentation is necessary to confirm that possibility. For future research, additional 

tissue from the animals used in the current experiment was collected and processed and will be 

analyzed for Fos expression. Two regions that will be targeted in particular include the 

basolateral and central nuclei of the amygdala, both regions with well-established roles in fear-

related behavior (Phelps & LeDoux, 2005; Quirk & Mueller, 2008). In addition, other 

experimental designs could be used to determine the relationship of brain activity in fear-related 

neurons (including those in PFC) and fear incubation. 
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Chapter 5 - Epilogue 

Šuša, muša, 

Magarac ko sluša. 

Čiča, miča, 

Gotova je priča. 
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Tables 

Table 1 

Experimental design.  

Lever-press training Conditioned fear training Context extinction Cued fear test 

Magazine training 100 T → Shock 1 session VI 60 4 T → No Shock 

2 sessions FI1 right 100 T → No shock     

1 session VI 30 10 T → Shock     

2 sessions VI 60 10 T → No Shock     

Note. The experiment utilized a between-subjects design in order to examine the neural activity 

related to different training experiences. Rats experienced identical sessions in all phases of the 

experiment except the “conditioned fear training” phase. In this phase, rats differed in the 

number of trials they received (10 were given per day- rats that received 10 trials had 1 day of 

training and rats that had 100 trials received 10 days of training) and also in whether the tone (T) 

was paired with shock. Sacrifice took place 120 minutes from the start of the test session. 
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Table 2 

Multiple comparisons for the mixed effect model examining precue lever-pressing during 

training.  

Trial Difference Standard Error P value 

1 10 1.30 0.20 0.01* 

1 100 14.26 2.17 0.01* 

10 100 12.96 1.98 0.01* 

Note. Pairwise comparisons of trials 1, 10, and 100 were conducted to assess the changes in 

precue lever-pressing across trials. Significant differences at p < 0.01 are indicated with *. 
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Table 3 

Multiple comparisons for the mixed effect model examining suppression ratio during training. 

Trial Shock Tone-only  Standard Error P value 

1 0.28 -0.00 0.04 0.01* 

10 0.26 -0.00 0.04 0.01* 

100 0.09 -0.02 0.05 0.57 

Note. Pairwise comparisons of shock and tone-only groups at trials 1, 10, and 100 were 

conducted to assess the changes in suppression ratio across trials. Significant differences at p < 

0.01 are indicated with *. 
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Figures 

 

Figure 1. Behavioral training data from the current experiment. A. Average precue lever-

pressing (30-sec precue period) for each day. A comparison of precue lever-pressing across the 

training sessions showed that precue lever-pressing increased across the 10 days of training (* 

indicates a main effect of Day, significant at p < 0.05). A comparison of precue lever-pressing on 

the last day of training for each group showed that groups with 10 days of training showed 

higher precue lever-pressing than groups that received 1 day of training (# indicates a main effect 

of Training Length, significant at p < 0.05). B. Average cue lever-pressing (30-sec cue period) 

for each day. C. Average suppression ratio per day for each training group. Higher suppression 

ratio values represent higher fear and lower values represent lower fear. A comparison of 

suppression ratios across training sessions showed that the 10 day-shock group had a high 

suppression ratio that decreased across training sessions (particularly Days 7-10 of training), 

while the 10 day-tone group had low suppression ratios throughout training (*† indicates a Shock 

X Day interaction, significant at p < 0.05). For Fig. 1A-C, groups that received 1 day of training 

are indicated with a triangle and groups that received 10 days of training are indicated with 

circles. Groups that received tone-shock pairings are indicated with black symbols and groups 

that received tone-only exposure during training are indicated with white symbols. D. Average 
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suppression ratio on the last day of training for each training group. Black bars indicate groups 

that received tone-shock pairings, while white bars indicate groups that received tone-only 

exposure. A comparison of the last day of training for all groups, showed that Shock groups had 

higher suppression ratios than Tone-only groups (* indicates a main effect of Shock, significant 

at p < 0.05).  
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Figure 2. Behavioral test data from the current experiment. A. Average precue lever-pressing 

(30-sec precue period) for each trial. A comparison of precue lever-pressing across test trials 

shows that groups that received 10 days of training had higher rates of precue lever-pressing than 

groups that received 1 day of training, regardless of shock exposure (# indicates a main effect of 

Training Length, significant at p < 0.05). B. Average cue lever-pressing (30-sec cue period) for 

each test trial. C. Suppression ratio across test trials for each training group. High suppression 

ratio values indicate higher fear and low values indicate lower fear. A comparison of suppression 

ratios showed that suppression ratios decreased as training length increased in groups that 

received shock, while suppression ratios started and stayed low for the tone-only groups (*# 

indicates a Training Length X Shock interaction, significant at p < 0.05). The same comparison 

also showed that suppression ratios decreased across test trials for groups that received shock, 

but suppression ratios started low and stayed low for the tone-only groups (*† indicates a Shock 

X Trial interaction, significant at p < 0.05). For Fig. 2A-C, groups that received 1 day of training 

are indicated with a triangle and groups that received 10 days of training are indicated with 

circles. Groups that received tone-shock pairings are indicated with black symbols and groups 

that received tone-only exposure during training are indicated with white symbols. D. Average 

suppression ratio on the last day of training for each training group. Black bars indicate groups 

that received tone-shock pairings, while white bars indicate groups that received tone-only 

exposure (*# indicates a Training Length X Shock interaction, significant at p < 0.05).   
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Figure 3. IL Fos expression in the 4 experimental groups. A. A comparison of the average Fos 

expression across the different training groups. Black bars indicate groups that received tone-

shock pairings, while white bars indicate groups that received tone-only exposure. Groups that 

received 10 days of training showed higher Fos expression than groups that received 1 day of 

training, regardless of shock exposure (# indicates a significant main effect of Training Length at 

p < 0.05). B. Example images from each of the 4 experimental groups.  
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Figure 4. Correlations between IL Fos density (mm2) and behavior (lever-press/min) during test. 

A. A correlation between IL Fos density and precue lever-pressing during test for all subjects. B. 

A correlation between IL Fos density and suppression ratio during test for all subjects. C. A 

correlation between IL Fos density and precue lever-pressing for subjects that received shock. D. 

A correlation between IL Fos density and suppression ratio for subjects that received shock. For 

Fig. 4A-D, none of the correlations were significant, r = -0.16-0.11. 
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Figure 5. PL Fos expression in the 4 experimental groups. A. A comparison of the average Fos 

expression across the different training groups. Black bars indicate groups that received tone-

shock pairings, while white bars indicate groups that received tone-only exposure. Groups that 

received 10 days of training showed higher Fos expression than groups that received 1 day of 

training, regardless of shock exposure (# indicates a significant main effect of Training Length at 

p < 0.05). B. Example images from each of the 4 experimental groups. 
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Figure 6. Correlations between PL Fos density (mm2) and behavior (lever-press/min) during test. 

A. A correlation between PL Fos density and precue lever-pressing during test for all subjects. B. 

A correlation between PL Fos density and suppression ratio during test for all subjects. C. A 

correlation between PL Fos density and precue lever-pressing for subjects that received shock. 

D. A correlation between PL Fos density and suppression ratio for subjects that received shock. 

For Fig. 6A-D, none of the correlations were significant, r = -0.24--0.04. 

 

 

 

 

 


