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Survival relies on the ability to discriminate between danger and safety. Fear 

discrimination is crucial for appropriate adaptive responses while fear generalization is 

important for recalling and avoiding dangerous situations. Previous research suggests that 

fear discrimination learning is mediated by the prefrontal cortex (PFC). It has been 

demonstrated that disruption in either cAMP element response binding protein (CREB), 

its co-activator, CREB binding protein (CBP), or N-methyl D-apsarate (NMDA) receptor 

function specifically within the PFC causes deficits in fear discrimination. Mice 

exhibiting disruption of these signalling pathways show normal fear responses to aversive 

stimuli but inappropriate fear responses to similar, yet distinct, non-aversive stimuli. 

Recent evidence suggests that the prelimbic (PL) and infralimbic (IL) subregions of the 

PFC provide excitatory and inhibitory effects on the fear circuit, respectively, but the 

subregion-specific mechanisms driving fear discrimination are unknown. To get insight 

into the circuit mechanisms underlying fear discrimination, we investigated prefrontal 
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neuronal ensembles representing distinct experiences associated with learning to 

disambiguate between dangerous and similar, yet distinct, harmless stimuli. We show 

distinct quantitative activation differences in response to conditioned and generalized fear 

responses, as well as modulation of  neuronal ensembles associated with successful 

acquisition of contextual fear. Prefrontal neuronal ensembles of fear memories trace 

functional context-danger and context-safety associations. The PL subdivision of the PFC 

monitors context-danger associations to conditioned fear, whereas fear discrimination 

learning engages memory ensembles associated with the inhibition of generalized fear in 

both PL and IL subdivisions of the PFC. Our data suggests that fear discrimination 

learning is associated with the modulation of prefrontal memory representations in a 

subregion- and experience-specific manner while learning appropriate responses to 

conditioned and generalized fear experiences is driven by updating and rebalancing these 

prefrontal memory ensembles. These findings provide novel insight into prefrontal 

mechanisms that underlie fear generalization, a common symptom in patients with 

posttraumatic stress disorder, phobia and generalized anxiety disorder. 
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Chapter 1: Introduction and review of literature 

1.1 Fear memory specificity 

 Memories allow animals to adapt appropriately in dynamic environments. 

Memories are always partially generalized which enables animals to respond properly to 

novel stimuli based on previous experience. Fearful memories are particularly important 

for survival because they allow animals to predict danger in novel situations. However, 

overgeneralization of fear memories can cause irrational fear and anxiety as seen in 

phobias and posttraumatic stress disorder (PTSD) [1].  Recent evidence from both animal 

and human studies suggest that impairment of prefrontal cortex (PFC) functionality is a 

hallmark of PTSD and may lead to impaired fear memory specificity and fear 

discrimination learning [2-5]. Studying the mechanism by which the PFC modulates fear 

memory specificity and generalization is important for characterizing and treating fear 

and anxiety-related disorders such as PTSD, phobias, and generalized anxiety disorder. 

 Fear conditioning is the paradigm of choice when investigating fear memory 

specificity. Fear conditioning is a form of Pavlonian classical conditioning, an associative 

learning process where a neutral stimulus called the conditioned stimulus (CS) is paired 

with an unconditioned stimulus (US) to drive a conditioned response (CR) [6]. In fear 

conditioning, a neutral stimulus, such as a tone (CS), is repeatedly paired with an 

aversive footshock (US). Through repeated CS-US pairings, associative learning occurs 

and eventually the CS alone will lead to fear expression (CR). There are two main forms 

of fear conditioning: contextual and cued. In contextual fear conditioning, the context is 

the CS while in cued fear conditioning, a cue, such as a tone, is the CS. Most theories of 
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associate learning emphasize the role of the prediction error (PE), the difference between 

received and expected events. The Rescorla-Wagner model, asserts that PE determines 

the effectiveness of the reinforcement or US, in that more surprising reinforcers are more 

effective than those expected [7]. On the other hand, the Pearce-Hall model argues that 

PE determines the associability of the conditioned stimuli [8]. 

 Fear conditioning studies revealed that contextual fear acquisition is encoded via 

a direct pathway between the hippocampus, a region involved in spatial and temporal 

processing, and the amygdala, a crucial region for fear processing [9, 10]. On the other 

hand, auditory fear conditioning acquisition is encoded via synaptic plasticity in the 

auditory projections onto the amygdala directly from the auditory cortex [11-13].  Studies 

investigating fear modulation after successful fear acquisition have revealed that 

contextual fear modulation is distributed among the amydala-hippocampus-medial PFC 

(mPFC) circuitry [14]. Subsequent sections within this chapter will focus on neuronal 

circuits and mechanisms within the PFC that underlie fear acquisition, fear modulation, 

and fear extinction. 
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1.2 Neuronal circuits underlying fear modulation 

 Contextual fear memory involves amygdala-hippocampus-mPFC circuitry. 

During contextual fear conditioning, the hippocampus conveys information about the 

context to the amygdala and mPFC [15]. This contextual information is associated with 

footshock through synaptic plasticity in the hippocampal-amygdalar pathway and 

consolidated via the hippocampal-prefrontal pathway [9, 16-19]. This is consistent with 

the widely recognized multiple memory systems theory postulates that different types of 

memory are consolidated via hardwired pathways [20]. Another important property of 

fear conditioning termed fear extinction involves repeatedly presenting the CS without 

the US leading to reduction of fear to the CS. Early lesion studies investigating the role of 

the mPFC in fear conditioning found that prefrontal lesions before conditioning did not 

have an effect on fear acquisition or fear expression of either contextual or cued fear [21]. 

However, these animals took longer to extinguish their conditioned fear suggesting that 

the mPFC plays a role in extinction learning. 

 Recent studies investigating the circuitry within the mPFC show that fear 

expression is differentially regulated by the prelimbic (PL) and infralimbic (IL) 

subregions of the mPFC. Inactivation of the PL reduced conditioned fear expression 

while microstimulation increased fear expression suggesting the PL region is crucial for 

appropriate fear expression [22, 23]. One study found that PL inactivation in rats trained 

on a contextual discrimination task impaired both encoding and expression of appropriate 

attentional responses to the CS [24]. Moreover, PL inactivation disrupted recent and 

remote contextual fear memories after a brief memory retrieval task indicating that the 
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PL may be involved in reconsolidation of contextual memories [25]. These data suggests 

that the PL may help integrate contextual information used to modulate responses to 

predictive cues in ambiguous settings. On the other hand, IL inactivation increases 

conditioned fear whereas IL activation before extinction training reduces fear expression 

and enhances subsequent extinction recall suggesting the IL region is critical for fear 

suppression and fear extinction [22, 26]. Additionally, when conditioned tones are paired 

with an electrical stimulation in the IL of rats, freezing decreases which suggests that IL 

activation is sufficient to mimic extinction [27, 28]. Others have shown that IL activation 

rescues extinction in extinction-deficient mice [29]. More recently, it was found that 

activation of deep layer PL neurons projecting to deep layer IL neurons enhances fear 

extinction learning suggesting that an intrinsic connectivity within the mPFC is important 

for fear modulation [30]. In summary, both PL and IL signaling is important for the 

acquisition,  expression, and extinction of conditioned fear. 

 There is evidence to suggest that the division of function between the IL and PL 

subregions within the mPFC is due to differential connectivity to the amygdala. Studies 

in rats have shown that the IL projects to inhibitory intercalated amygdala neurons 

providing feed-forward inhibition that suppresses central amygdala activity leading to 

fear suppression while the PL innervates the basolateral amygdala (BLA) and leads to 

fear expression [31-35]. However, recent data challenges this notion [36-38]. Diffusion 

tensor imaging and tract-tracing techniques in mice further demonstrate virtually 

indistinguishable amygdalar projections from PL and IL [39]. Moreover, PL and IL have 
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direct projections to the periaqueductal gray, a region crucial for freezing behavior 

suggesting the mPFC may bypass the amygdala to directly influence freezing [40-42]. 

 The mPFC is crucial for other forms of contextual fear modulation such as fear 

discrimination [4, 5, 43], fear extinction [5, 22, 44] and can even compensate for 

contextual learning after hippocampal loss [19]. Research investigating the role of the 

mPFC in fear memory specificity have found that hypofunctionality in this region leads 

to maladaptive fear responses in ambiguous situations. In a separate set of studies, it was 

found that hypofunction of both CREB and CBP signaling specifically within the mPFC 

lead to impaired contextual and auditory fear discrimination [4, 5]. Interestingly, the 

deficit in fear discrimination learning was due to improper fear responses to similar, yet 

distinct, non-aversive stimuli while maintaining appropriate fear responses to aversive 

stimuli. In a study in which rats were trained on a contextual fear discrimination task, PL 

inactivation impaired both the encoding and expression of appropriate CS responses 

which suggests that the PL may integrate contextual information for both learning and 

responding to conditioned stimuli [45]. Recently, it was shown optogenetically 

stimulating BLA inputs to PL, during a task where competing aversive and non-aversive 

cues were simultaneously presented, increased freezing while chemogenetic and 

optogenetically inhibiting these inputs decreased freezing [46]. Studies investigating the 

role of the IL have found that both IL lesions and IL inactivation caused an impairment in 

contextual fear discrimination learning [19, 47]. These studies demonstrate that both PL 

and IL signaling within the mPFC is critical for governing appropriate behavioral 

responses to conflicting danger and safety cues in the environment. The Hull-Spence 
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continuity theory of discrimination learning postulates that conditioned excitation (the 

result of reinforcement) and inhibition (the result of non-reinforcement) have 

generalization gradients and that discrimination learning is the summation of excitation 

and inhibition [48-50]. 

 Fear discrimination is the process of inhibiting generalized fear to a non-aversive 

and non-reinforced stimuli, while fear extinction is the process of diminishing fear to 

aversive and reinforced stimuli. Research over the last few decades has revealed that fear 

modulation associated with fear extinction learning involves the formation of new 

memory trace that suppresses fear expression [51, 52]. It is traditionally believed that the 

IL circuitry alone mediates the extinction learning underlying fear inhibition. Milad and 

Quirk demonstrated that the CS-evoked responses in the IL coincide with learned fear 

suppression [27] which was later reproduced in several studies [22, 53]. The current 

model of fear extinction learning predicts that the CS would induce IL activation during 

successful recall of fear extinction learning which suppresses fear by tapping into the fear 

circuit via the monosynaptic ILGABAergic intercalated amygdala neurons (ITC) [34, 

37] or di-synaptic ILBLAITC pathway [32, 33, 38]. However, not all data suggests a 

division of labor within the mPFC during fear extinction. For example, both IL and PL 

show elevated firing rates during extinction recall [54] and both PLBLA and ILBLA 

pathways show synaptic plasticity during extinction recall [36]. In summary, the 

acquistion, recall, and extinction of fear memories requires carefully coordinated 

neuronal activity in the amygdala, hippocampus, and mPFC to properly gate contextual 

contingencies during regulation of adaptive fear responses. 



 7 

1.3 Immediate early gene studies 

 Immediate early gene (IEG) activation is an useful tool for tracking functional 

circuit level activity with temporal and cellular resolution. Expression of IEGs such as 

Arc, cFos, and Zif268 are often used as markers of neuronal activity to track subregion-

specific changes in activation during contextual fear learning. One particular IEG, Arc, 

has garnered attention in the learning and memory field. It has been found that Arc 

expression increases after context-specific spatial learning and Arc regulates α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor trafficking, a key 

component of synaptic plasticity required for learning and memory [55, 56]. Specific Arc 

expression knockdown in the hippocampus drastically impairs contextual fear 

conditioning [57]. Moreover, Arc is required for hippocampal LTP and consolidation of 

contextual and fear memories in both the hippocampus and amygdala [58, 59].  

 In general, IEG studies have supported the opposing roles of the PL and IL. One 

study showed increased cFos expression in PL upon fear renewal whereas presentation of 

the extinguished CS in the extinction context induced greater cFos expression in IL [60]. 

In line with this findings, others founds that levels of Zif268 increased in PL upon 

contextual fear retrieval while levels of Arc mRNA increased in IL upon extinction 

retrieval [25, 61]. Moreover, extinction-deficient mice have reduced cFos and Zif268 

levels in IL implying that reduced IL activity may lead to impaired fear extinction [62]. 

Together these data suggest that PL and IL IEG expression is context-specific with PL 

activation during a high fear state and IL activation during a low fear states. 
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 However, immediate early gene studies investigating the specific role of these 

subregions in fear learning have revealed some overlapping functionality. For example, 

both PL and IL exhibited greater cFos expression after fear conditioning suggesting that 

PFC activity is important for new learning [63, 64]. Injecting an antisense 

oligonucleotides against cFos simultaneously into both PL and IL 12 h before 

conditioning attenuated fear responses during an extinction session [63]. Interestingly, 

this effect was seen with simultaneous manipulations of PL and IL suggesting there is 

functional overlap between the regions. In support of this idea, a previous study showed 

PL and IL had similar cFos and Zif268 expression upon recent and remote contextual fear 

retrieval [65]. These data that PL and IL activity can fluctuate similarly during the 

acquisition and extinction of conditioned fear. 

 In conclusion, the PFC plays a critical role in fear and anxiety disorders. Animals 

studies demonstrate that mPFC function is important for fear acquisition, fear extinction 

and fear discrimination learning [4, 5, 22]. Similarly, human studies have shown that 

PTSD symptoms such as fear generalization may be due to impaired PFC functionality 

[2, 66]. Together these data suggest IEG studies are effective for circuit-level analyses 

which reveal that proper PFC function is crucial for appropriate adaptive responses to 

fearful stimuli. 
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1.4 Genetic tagging systems 

 Activity-based IEGs are useful in identifying and then genetically modifying 

neurons naturally activated by contextual experiences. Recent studies using this approach 

have used opto- and chemogenetic regulators of neuronal activity so that neurons 

naturally recruited during learning can be artificially reactivated to directly test their role 

in environmental encoding. These advances represent a powerful tool for testing the 

principles by which the brain encodes external information and how these circuits are 

modified with learning. 

 One advantage of IEGs such as Arc, cFos, and Zif268 is that they provide a 

transcriptional marker for environmentally activated neuronal ensembles. This was first 

shown in transgenic mouse in which a promoter element from the cFos gene was used to 

drive the expression of a lacZ protein marker [67]. Following seizure, the lacZ marker 

was strongly induced throughout the brain. In addition, the suprachiamastic nucleus, a 

region involved in circadian rhythm regulation, strongly expressed the lacZ marker after 

exposure to a light pulse during the animal's dark cycle. These early data suggested that 

IEG-driven genetic tagging systems may be valuable tools to study the circuitry encoding 

contextual information. More recently, a number of transgenic mouse lines have been 

developed which drive green fluorescent protein (GFP) in an activity-dependent manner 

[68, 69]. Using fluorescent markers compatible with live tissue imaging allows for 

recording neurons in brain slices or anaesthetized animals specifically from activated 

cFos positive cells. More importantly, fluorescent tagging can be used to determine 

contextual or memory representations which are cells spontaneously activated by an 
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environment. One study used a transgenic mouse in which GFP was driven by the Zif268 

promoter and they found slowly developing and highly sparse contextual representations 

that were stable for up to 2 months after fear conditioning [70]. Similar results were 

obtained using a cFos GFP reporter system to examine the formation of spatial 

representations in the retrosplenial cortex, indicating that various regions within the 

cortex encode contextual information [71]. 

 To investigate the function of these activated neuronal ensembles, researchers 

have developed IEG-based transgenic mouse lines that allow the expression of effector 

molecules in neurons that are activated at a specific time point. By using the cFos 

promoter alongside the tetracycline system for control of gene expression, the Reijmers 

group produced a bi-transgneic mouse in which neurons naturally activated during a 

given tagging window could be genetically modified to express essentially any gene [69]. 

This bi-transgenic approach requires that two transgenes be introduced into the same 

animal. The first transgene consists of the cFos promotor driving the expression of 

tetracycline transactivator (tTA), which is transcription factor that can be regulated with 

the antibiotic doxycycline (Dox) [72]. The second transgene carries a tetracycline-

responsive element promoter (TRE) to drive the expression of any gene of interest. When 

Dox is present in the diet of the animals, the cFos promoter will drive expression of tTA 

in activated neurons, however, transcription of the second TRE-linked gene is blocked. 

When Dox is removed, a tagging time window opens during which neurons that are 

sufficiently active to induce cFos-tTA will express the TRE-linked transgene via tTA-

driven transcription at the TRE promoter. To validate their model, investigators used 
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these mice to determine which neuronal ensembles in the amygdala are activated with 

contextual fear learning and fear retrieval. Using a long-lasting lacZ marker protein in 

neurons activated during learning and comparing the degree to which neurons are 

reactivated during fear retrieval, they found that amygdala neurons activated during 

learning are initially responsive primarily to the shock (US) and that after training these 

neurons were activated by the context (CS) alone [69]. Moreover, the degree of amydalar 

reactivation correlated with the fear memory expression. These data suggest a model 

where pairing of CS and US during fear conditioning produces plasticity within the 

circuit that allows the CS to recruit US neurons. These results are consistent with 

previous literature on the amygdala circuit during fear conditioning and therefore 

provides validation for these genetic models. 

 Next, researchers developed a more direct test of the functional relevance of these 

distributed neuronal ensembles by using a cFos based genetic tagging system in 

conjunction with channelrhodopsin (ChR2) [73] to locally stimulate the hippocampus 

[74]. In this experiment, a cFos-tTA transgenic mouse line was used to express a virally 

delivered TRE-ChR2 transgene specifically in the dentate gyrus of the hippocampus. 

Animals were then contextually fear conditioned to allow the expression of ChR2 in the 

learning-induced population of neurons. Then the animals were moved to a neutral 

context that did not induce fear and light-induced firing of ChR2-labeled dentate gyrus 

neurons was able to produce a fear response. In a separate study using the same technique 

[75], dentate gyrus neurons activated by exploring a specific context (ctxA), without foot 

shock, were labeled with ChR2. Artificial stimulation of these neurons with light was 
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then paired with a foot shock in a different context (ctxB) and when animals were placed 

back into ctxA, where they never received a shock, they showed a fear response. These 

data suggest that artificial stimulation of a distributed cFos-positive neuronal ensemble 

within the hippocampus labeled during exploration of ctxA is sufficient to produce a 

neuronal representation of that complex environment. The hippocampal formation has 

been the focus of study in regards to spatial and contextual learning, however, similar 

results have been reported in the neocortical region called the retrosplenial cortex, an 

output area of the hippocampus with projections to a wide variety of other cortical areas 

[76]. Investigators found that stimulation of naturally activated ChR2-labeled neurons in 

the retrosplenial cortex at the time of contextual fear conditioning was sufficient to 

produce a fear response [77]. These data suggest that at the time of learning, a neuronal 

ensemble representing the context forms in the neocortex as well as the hippocampus. 

Next, to investigate the contribution of each two neuronal representation of context, 

researchers pharmacologically inactivated the hippocampus and although this produced 

an impairment in natural context recall, this effect could be rescued by direct stimulation 

of neuronal ensembles in the retrosplenial cortex. This suggests that the contextual 

representation in the retrosplenial cortex is downstream of the hippocampus and may 

function independent of the hippocampal memory representation. 

 In conclusion, during contextual fear conditioning, artificial reactivation of 

learning-induced neuronal ensembles in either the hippocampus or the neocortex can 

substitute for the context itself and cause irrational fear in novel and neutral 

environments. Taken together these data reveal that activation of a sparsely distributed 
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sensory-induced neuronal population is sufficient to reproduce a complex sensory 

experience. These advances in activity-based genetic systems represent a powerful tool 

for testing the circuit-level mechanisms by which the brain encodes contextual 

information and the modification of these circuits upon learning. 
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1.5 Neuronal circuits underlying fear related disorders 

 Similar to the animal studies described above, human neuroimaging studies have 

revealed that the amygdala, hippocampus, and PFC are dysfunctional in the common fear 

disorder, posttraumatic stress disorder (PTSD).  PTSD is a disabling psychiatric disorder 

that has a lifetime prevalence of 6.8% in adult Americans [78]. PTSD is characterized by 

recurrent recall of traumatic events such as domestic violence, car crashes, or military 

experience typically months or years after the traumatic event has occurred [79-81]. A 

traumatic event is typically relived through recollections, flashbacks or nightmares that 

can lead to anxiety and helplessness. Typically, PTSD patients display fear over-

generalization and deficiency in extinction of fear memory which may lead to irrational 

fear and anxiety [2]. Human studies are in conjunction with animal studies which suggest 

dysfunction in the amygdala-hippocampus-PFC circuit leads to impaired fear memory 

specificity and fear extinction. 

 Previous research has demonstrated that the etiology of PTSD is associated with 

hyperarousal of the amygdala [2, 66]. Indeed, several neuroimaging studies have shown 

increased amygdalar activity in PTSD during the presentation of traumatic narratives 

[82], combat sounds [83, 84], combat photographs [83, 85] and during acquisition of fear 

conditioning [66]. However, investigators have shown that amygdala hyperactivity is not 

equally present among all PTSD patients. In one study, PET scans showed that upon 

exposure to emotional and aversive stimuli, there was no increased amygdala activity 

among PTSD patients compared to the control group [86]. It has been postulated that 

experience itself may affect differences in the functionality of neuronal circuits for 
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emotional processing in PTSD, social anxiety, and specific phobia. One meta-analysis 

study showed increased amygdalar activity in both PTSD and control groups during 

presentation of negative emotional stimuli yet this activation was smaller in the social 

anxiety and specific phobia cases [87]. Moreover, the level of amydala activity was 

shown to positively correlate with severity of symptoms [82, 87]. These results indicate 

that hyperarousal of the amygdala during experience with negative, emotional stimuli is a 

common hallmark of fear related disorders. Other researchers have found a relationship 

between smaller amygdala volume, increased levels of fear conditioning and excessive 

stress response in mice [88, 89]. Human research also suggests there is a relationship 

between smaller amydalar volume, stronger fear conditioning, and stress response in 

PTSD patients [90]. A meta-analysis composed of 11 studies pointed out a decreased 

volume within the left amygdala of PTSD patients as opposed to control groups [91]. In 

an effort to relate PTSD symptom severity and amygdala volume, a recent study used 

high resolution MRI scanning to show that subject with more severe PTSD symptoms 

showed an indentation in the right amygdala [92]. However, not all studies have shown 

changes in amygdala volume associated with PTSD. Other studies including two meta-

analyses failed to identify differences in amygdalar volume in PTSD patients versus 

healthy controls [93-96]. In conclusion, the etymology of fear related disorders such as 

PTSD is associated with smaller amygdala volume and increased amygdalar activity to 

traumatic stimuli however these clinical correlates are not universal and may depend on 

symptom severity. 
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 The hippocampal formation plays a key role in the control of stress responses, 

declarative memory, and fear conditioning thus making it one of the most investigated 

structures in regards to PTSD [2, 97]. Trauma and stress have been shown to induce 

synaptic degeneration and neuronal atrophy in the hippocampus [98, 99] while many 

studies have shown decreased hippocampus volume [90, 100-102]. In fact, in one of the 

largest PTSD meta-analyses which included data from over 1800 subjects and 16 cohorts,  

suggests there is a connection between PTSD and lowered hippocampal volume [103]. 

However, these results are not consistent across all studies [104-106]. In terms of 

activation, several studies have shown that PTSD patients have deficits in hippocampal 

activity when solving tasks related to verbal declarative memory [107, 108]. One study 

investigating blood flow changes showed decreased regional blood flow in the 

hippocampus during recollection of non-emotional material [109]. These data together 

suggest that decreased hippocampal volume and activity are associated with the 

etymology of PTSD. However, based on this research it is not possible to confidently 

claim whether decreased hippocampus volume is considered a cause or a result of PTSD. 

One study revealed that smaller hippocampus volume may constitute be a risk factor for 

developing PTSD after a traumatic event [110]. It may be possible that a diminished 

hippocampus presents both an increased risk for developing PTSD and a consequence of 

trauma. 

 Neuroimaging studies have found that two regions within the PFC, the anterior 

cingulate cortex (ACC) and ventromedial prefrontal cortex (vmPFC), are implicated in 

PTSD. In a PET study, PTSD patients failed to activate the ACC during exposure to 
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traumatic versus neutral scripts when compared to sexual abuse survivors not diagnosed 

with PTSD [83]. More recently, it was found that survivors of a mining accident with 

acute PTSD had decreased ACC activation in response to traumatic versus neutral 

pictures when compared to mining accident survivors without PTSD [111]. Within the 

vmPFC, two separate studies found less activation in medial frontal gyrus in response to 

traumatic stimuli in PTSD patients relative to those without [82, 112]. In conjunction 

with these results, others found decreased ACC and medial frontal gyrus activation in a 

traumatic imagery condition among those with PTSD compared to traumatized 

individuals without PTSD [113]. Moreover, several MRI studies have reported decreased 

frontal cortex volume in PTSD [93, 114, 115]. Taken together these research studies 

suggest that decreased prefrontal activity and volume is associated with PTSD. 

Functional neuroimaging studies have found that the vmPFC is also involved during the 

recall of fear extinction in humans. In one study, activation of the amygdala and vmPFC 

was observed as participants acquired conditioned fear and extinguished their conditioned 

fear in the same session and recalled this extinction learning the following day. During 

the recall of the extinction, activation of the vmPFC predicted extinction success and 

correlated with amygdala activity [116] which is consistent with animal studies showing 

that the infralimbic cortex inhibits the amygdala during extinction recall [27]. In a 

morphometric MRI study, investigators found that cortical thickness was directly 

correlated with the magnitude of extinction recall [117]. Next, they further extended these 

results to investigate extinction recall the day following extinction training using fMRI. 

PTSD patients had reduced activity in the vmPFC and hippocampus, yet increased ACC 
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activity during extinction recall [2]. Moreover, there was a positive correlation between 

the degree of extinction recall and activity in both the vmPFC and the hippocampus 

across all subjects. A subsequent study showed that during extinction recall, participants 

with PTSD had both reduced vmPFC activity and increased ACC activity during 

exposure to the extinction context [118]. These findings indicate that hyperactivation of 

the ACC and hypoactivation of the vmPFC may lead to impairment in fear extinction and 

an inability to use contextual cues to predict safety leading to overgeneralized fear, a 

clinical hallmark of PTSD. 

 Ultimately, the etiology of fear related disorders such as PTSD involves structural 

and functional dysfunction of the following regions: amygdala, hippocampus and PFC. 

Neuroimaging research have revealed that increased activation of the amygdala 

accompanied by diminished activity of the PFC is associated with the etiology of PTSD. 

Additionally, evidence suggests that hippocampal volume, integrity and functionality 

may be also impaired in PTSD. The current model suggests that decreased PFC and 

hippocampal functionality leads to reduced inhibitory control of the amygdala that then 

drives increased amydalar activity leading to irrational fear and anxiety [2]. 
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Chapter 2.1: Prefrontal consolidation supports the attainment of fear memory 

accuracy 

 

A version of this chapter is published in: 

Vieira PA, Lovelace JW, Corches A, Rashid AJ, Josselyn SA, Korzus E: Prefrontal 

consolidation supports the attainment of fear memory accuracy. Learn Mem 2014, 

21(8):394-405 

 

Abstract 

 The neural mechanisms underlying the attainment of fear memory accuracy for 

appropriate discriminative responses to aversive and non-aversive stimuli are unclear. 

Considerable evidence indicates that coactivator of transcription and histone 

acetyltransferase cAMP response element binding protein (CREB) binding protein (CBP) 

is critically required for normal neural function. CBP hypofunction leads to severe 

psychopathological symptoms in human and cognitive abnormalities in genetic mutant 

mice with severity dependent on the neural locus and developmental time of the gene 

inactivation. Here, we showed that an acute hypofunction of CBP in the medial prefrontal 

cortex (mPFC) results in a disruption of fear memory accuracy in mice. In addition, 

interruption of CREB function in the mPFC also leads to a deficit in auditory 

discrimination of fearful stimuli. While mice with deficient CBP/CREB signaling in the 

mPFC maintain normal responses to aversive stimuli, they exhibit abnormal responses to 

similar but non-relevant stimuli when compared to control animals. These data indicate 

that improvement of fear memory accuracy involves mPFC-dependent suppression of 

fear responses to non-relevant stimuli. Evidence from a context discriminatory task and a 

newly developed task that depends on the ability to distinguish discrete auditory cues 

indicated that CBP-dependent neural signaling within the mPFC circuitry is an important 
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component of the mechanism for disambiguating the meaning of fear signals with two 

opposing values: aversive and non-aversive.  
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Introduction 

 The ability to discriminate between similar, yet different, stimuli is critical for 

cognitive functioning [119] and is referred to as memory specificity or memory accuracy. 

Failure to discriminate between aversive and non-aversive stimuli during recall may 

indicate decreased memory resolution (i.e. reduced access to memory details) or 

generalized fear or both, and may lead to inappropriate stimulus generalization.  

Generalization is not always inappropriate and this type of reduced fear memory accuracy 

is observed when one responds the same to two stimuli that are not identical.  After initial 

generalization, fear memory accuracy can be increased through additional experiences 

with reinforced aversive stimulus and non-reinforced non-aversive stimulus.  Conversely, 

overgeneralized fear is a typical symptom of anxiety disorders including phobias and 

posttraumatic stress disorder (PTSD), which are triggered by cues resembling traumatic 

experience in a secure environment [1]. Studies of neural substrates and mechanisms 

underlying memory resolution are focused on the hippocampal circuit [120, 121]. Recent 

studies also implicate prefrontal circuitry in the contextual fear memory specificity and 

generalization [3, 122] or discrimination of more discrete multiple odor stimuli [123]. 

    Regulatory mechanisms direct cAMP response element binding protein (CREB)-

dependent transcription subsequent to learning-induced molecular changes in which 

neurons play a pivotal role in the conversion of short-term to long-term memory across 

species [124-129].  Phosphorylation of CREB at serine 133 is required for the recruitment 

of the chromatin remodeling factor with intrinsic acetyltransferase activity CREB binding 

protein (CBP), both events critical for CREB-dependent transcription [130, 131]. CBP 
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integrates multiple signaling pathways via direct interactions with independently 

regulated multiple transcriptional factors and components of transcriptional machinery. In 

addition, CBP comprises enzymatic activity referred to as HAT (histone 

acetyltransferase), which enables acetylation of conserved lysine amino acids on proteins 

by catalyzing the transfer of an acetyl group of acetyl CoA to form ε-N-acetyl-lysine 

[132, 133]. Initially, histones were considered as primary natural substrates for CBP 

enzymatic activity. However histones are not the only targets for CBP’s HAT activity and 

a number of non-histone potential targets for CBP’s HAT activity have been found, 

including proteins regulating chromatin remodeling and gene expression such as p53 

[134], CREB [135] and many others [136-140]. The impact of histone and non-histone 

protein acetylation by CBP is not fully understood. Despite uncertainty in respect to how 

CBP controls neuronal function via its interaction with multiple regulatory proteins and 

acetyltransferase activity, considerable evidence indicates that CBP is a critical 

component of the neural signaling underlying cognitive functioning [141-149]. However, 

it is difficult to separate developmental defects, compensatory developmental effects and 

acute function in the adult brain of a gene with pronounced developmental functions. To 

avoid developmental confounds, four independent manipulations to downregulate CBP 

acetyltransferase activity specifically in the adult living brain have been reported to date. 

Acute CBP hypofunction targeted specifically in adult mice by means of Tet-regulatable 

expression of CBPΔHAT targeted to excitatory forebrain neurons [142] or hippocampal 

focal knockout of CBP [145] or intra lateral amygdala infusion of c646, a selective 

pharmacological inhibitor of p300/CBP activity, shortly following fear conditioning 

http://en.wikipedia.org/wiki/Lysine
http://en.wikipedia.org/wiki/Amino_acid
http://en.wikipedia.org/wiki/Coenzyme_A
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resulted in selective impairment of long-term potentiation [145, 148] and long-term 

memory [142, 145, 148]. In addition, ablation of CBP in the adult brain resulted in 

impaired environmental enrichment-induced neurogenesis [150], which suggest 

additional role of CBP in adult neurogenesis-dependent enhancement of adaptability 

toward novel experiences [121, 151]. These data strongly implicate CBP 

acetyltransferase activity in neural epigenetic signaling underlying  long-term memory 

consolidation.  

 Although there has been extensive research into the function of the PFC during 

information acquisition and retrieval, a fundamental question that has escaped resolution 

is whether CBP-dependent signaling within the prefrontal cortex supports mechanisms in 

which fear memories are encoded and retrieved without confusion. Using mutant mice 

expressing dominant negative CBP with eliminated acetyltransferase activity, we have 

tested the impact of CBP-dependent mechanisms in the mPFC on fear memory accuracy. 

Evidence from context and auditory discriminatory tasks indicated that the mPFC 

circuitry is critical for the acquisition of fear memory accuracy necessary for the 

recognition of subtle differences between aversive and non-aversive stimuli. These data 

indicate that CBP-dependent signaling in the mPFC is critical for the suppression of fear 

responses to non-relevant stimuli, which is a necessary process towards improvement of 

fear memory accuracy. 



 24 

Materials and Methods 

Subjects 

 C57BL/6J mice were used for all experiments.  Prior to any procedure, the mice are 

weaned at postnatal day 21, housed 4 animals to a cage with same sex littermates, 

maintained on a 12 hr light/dark cycle, and had ad libitum access to food and water.  

Autoclaved bedding was changed every week.  All procedures were approved by the UC 

Riverside Institutional Animal Care and Use Committee in accordance with the NIH 

guidelines for the care and use of laboratory mice.   

Surgery   

 The injection protocol has been previously described by Cetin et al. [152].  In this 

study, 2-4-month-old mice were individually housed and weighed to determine the 

appropriate drug ratios to use.  Atropine was injected to help with breathing (.02 mg/kg 

body weight). The mice were then placed into an isoflurane chamber to induce 

anesthesia, mounted in a heated stereotaxic apparatus and supplied with a constant flow 

of isoflurane/oxygen mix. The scalp was shaved and sanitized with 70% ethanol.  The ear 

bars, bite bar, and nose clamp were adjusted to firmly hold the head in place.  A midline 

incision was made on the scalp, and surgical hooks were placed to keep the skull 

exposed.  Sterile PBS was added as needed to prevent the skull from drying.  The head 

was leveled by comparing bregma and lambda coordinates until they were equivalent. 

Injection sites were calculated based on bregma coordinates, and a dental drill was used 

to thin the skull over the injection site. A 27G needle was then used to remove the 

thinned bone. A 5-μl calibrated glass micropipette (8 mm taper, 8 μm internal tip 
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diameter) was fitted with a plastic tube connected to a 10-ml syringe and lowered onto a 

square of Parafilm containing a 4-μl drop of virus.  The syringe was aspirated to fill the 

micropipette with solution before moving it to the injection site.  The micropipette was 

slowly lowered to the proper stereotaxic coordinates and pressure was applied to the 

syringe to inject 1 μl of solution at a rate of 50 nl/min.  After the total volume was 

injected, the micropipette was withdrawn slowly to avoid backflow, and the injection site 

was cleaned with sterile cotton swabs.  The skin was sutured, and antibiotic was applied 

to the scalp. Lidocaine was subcutaneously injected near the site followed by an 

intraperitoneal injection of sterile PBS (30 ml/kg body weight) to prevent dehydration.  

The mouse was kept warm by placing its cage on a heated plate and injected with 

buprenorphine (.05 mg/kg) for pain relief.  On post-surgical days 1 and 2, the mouse 

received subcutaneous injections of meloxicam (1 mg/kg) to relieve pain.  Animals were 

monitored for any signs of distress or inflammation for 3 days after surgery.  Behavioral 

experiments were initiated 3 days after surgery. The infralimbic and prelimbic cortices 

were targeted at the following stereotaxic coordinates: Bregma; AP 1.8, ML±0.4, DV 1.4.  

Viruses  

 Surgical procedures were standardized to minimize the variability of HSV virus 

injections, using the same stereotaxic coordinates for the mPFC and the same amount of 

HSV injected into the mPFC for all mice.  CBPΔHAT or mCREB and/or EGFP were 

cloned into the HSV amplicon and packaged using a replication-defective helper virus as 

previously described [153, 154]. The viruses (HSV/CMV-CBPΔHAT-IRES2-EGFP, 

HSV/CMV-EGFP and HSV/mCREB-EGFP) were prepared by Dr. Rachael Neve (MIT, 
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Viral Core Facility). The average titer of the recombinant virus stocks was typically 4.0 x 

10
7
 infectious units/ml. HSV viruses are effectively expressed in neurons in the PFC. The 

CBPΔHAT mutant, a dominant-negative inhibitor of CBP-dependent histone acetylation, 

harbors a substitution mutation of two conserved residues (Tyr
1540

/Phe
1541

 to 

Ala
1540

/Ala
1541

) in the acetyl CoA binding domain [133]. It has been also demonstrated 

that CBPΔHAT lacks histone acetyltransferase activity [142] and blocks c-fos expression 

in neurons [142]. The dominant negative CREB mutant (mCREB) carries substitution 

mutation Ser
133

 to Ala
133

. Previous studies indicate that mCREB decreased CREB 

function and block neuronal CREB dependent gene expression [130, 131, 155, 156]. 

Behavioral Assays  

 Fear conditioning was performed as previously described [142]. Fear conditioning 

training was performed in the fear conditioning box from Coulburn Instruments Inc. 

After being handled, individual mice were exposed to context A.  Context A was the 

unmodified fear conditioning box, which was placed inside of a sound attenuated 

chamber with the house light and house fan turned on. Performance was scored by 

measuring freezing behavior, the complete absence of movement [157]. Freezing was 

scored and analyzed automatically by a Video-based system (Freeze Frame software 

ActiMetrics Inc.). Video was recorded at 30 frames per s. The Freeze Frame software 

calculated a difference between consecutive frames by comparing gray scale value for 

each pixel in frame. Freezing was defined based on experimenter observations and set as 

sub-threshold activity for longer then 1 s. Freezing was expressed as a % Freezing, which 

was calculated as a percent of freezing time per total time spent in the testing chamber.  
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The chamber was cleaned in between trials with Quatracide, 70% ethanol, and distilled 

water. 

 For contextual fear conditioning, mice were trained in a standard fear conditioning 

chamber (Coulburn Instruments Inc.). The individual mice were exposed to context A for 

180 s and received a 0.75 mA, 2 s foot shock (context A – foot shock pairing).  The 

animals were then left for another 180 s inside the chamber.  For the memory retention 

test, the mice are placed back into the training chamber for 180 s. Freezing was scored 

and analyzed automatically as described above.  

 For cued fear conditioning, mice were trained in a standard fear conditioning 

chamber (Coulburn Instruments Inc.). After a three-minute baseline period, one, two, or 

three-20 second tones (2800 Hz, 75dB) were played and a shock (0.75 mA, 2 sec) was 

delivered during the final 2 sec of the tone. Twenty-four hours, mice were placed in a 

novel enclosure and after a three-minute baseline exposure, a series of three tones 

identical to that given in the training session was played. Freezing was scored and 

analyzed automatically as described above.   

 The context discrimination assay was preformed similarly as previously described 

[43]. After being handled, individual mice were exposed to context A one day before 

training.  The protocol included 14 days of training, which was divided into three phases: 

initial training phase, generalization test and discrimination phase (Fig. 2.1). During the 

initial training phase (day 1), mice were placed in the context A for 180 s followed by a 

single foot shock and left for another 60 s inside the chamber. Context A (CS+) was the 

unmodified fear conditioning box (Coulburn Instruments Inc.), which was placed inside 
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of a sound attenuated chamber with the house light and house fan on. The chamber was 

cleaned with Quatricide, 70% ethanol, and distilled water. For generalization test and 

during discrimination phase, the individual mice were exposed to Context A for 180 s 

and received a 0.75 mA, 2 s foot shock, and left for another 60 s inside the chamber. Four 

hours later, the mice were exposed to the similar Context B (CS-) for 242 s and received 

no footshock. Context A and B were similar but not the same. Context B was the 

modified fear conditioning chamber, with angular wall inserts, house fan off, and scented 

with Simple Green. Thus animals were exposed to CS
+
 13 times before the final test.  The 

order of exposure to different contexts was counter balanced. Additionally, the context 

cues themselves were counter balanced within each group in order to isolate the effect of 

the CS+.   

 The auditory discrimination task is divided into three phases: initial training phase, 

generalization test, and discrimination phase (Fig. 2.2). The conditioned stimuli (CS) for 

auditory fear conditioning were 20-s trains of frequency modulated (FM)-sweeps for a 

400-ms duration, logarithmically modulated between 2 and 13 kHz (upsweep) or 13 and 

2 kHz (downsweep) delivered at 1 Hz at 75 dB.  After habituation, the CS+ was paired 

with a foot shock (2 s, 0.75 mA).  The onset of the US coincided with the onset of the last 

sweep for the CS.  For fear conditioning acquisition (days 1-3; initial training phase), the 

animals were presented with a single US-CS pairing per day. The FM-sweep Fear 

Retrieval (day 4) and Generalization (day 4-5) were tested (freezing to 3x CS
- 
for 30 s 

followed by 3x 30 s CS
+
 without US; 3 min baseline and 3 min ITI) in context C, which 

significantly differed from the training chamber (context A).  The discrimination phase of 
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FM sweep direction discrimination training was performed over three sessions a day for 6 

days (days 7-12): Session 1 was the performance test, Session 2 was the presentation to 

1x UC-CS+ pairing after 3 min baseline, and Session 3 was the presentation to the US-

CS- pairing after a 3 min baseline.  The CS+ and CS- were counterbalance such that half 

of the CS+ group was upsweep and the other half CS+ was downsweep. 

Histology  

 Mice were anesthetized using nembutal (200mg/kg, i.p. injection) and transcardially 

perfused first with PBS and then 4% PFA.  The extracted brain was soaked in 4% PFA 

overnight and then transferred to PBS until histological sectioning. In this study, 100-μm-

thick sections of the mPFC were obtained using a Compresstome VF-300 (Precisionary 

Instr., Greenville, NC) and placed in a 24-well plate for free-floating 

immunohistochemistry (IHC) according to a previously described protocol [142].  The 

sections are washed 3 times for 10 min in a wash buffer (PBS, 0.3% Triton x-100, 0.02% 

NaN2) followed by a 1-hr incubation in blocking buffer (5% normal goat serum in 

washing buffer), followed by a 10-min incubation in the wash buffer.  The sections were 

incubated overnight at 4C° with primary antibodies: anti-NeuN (Millipore 1:2000), 

chicken anti-GFP (Molecular Probes, 1:1000); anti-acetyl-Histone H3 (Millipore, 1:2000) 

or anti-acetyl-Histone H4 (Millipore, 1:2000).  After three washes with the wash buffer, 

the sections were incubated with secondary antibodies (Alexa647-goat anti-mouse IgG; 

Alexa488 goat anti-chicken IgG; Alexa647-goat anti-rabbit IgG; Molecular Probes, 

1:1000), in blocking buffer for 4 hr at room temperature. The sections were washed again 

three times with the wash buffer before mounting for viewing. Negative control slices 
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were performed for each row of the well plate, undergoing the same IHC procedure in 

addition to receiving primary antibodies. After immunostaining, the tissue was mounted 

directly onto glass slides, covered, and sealed with nail polish before imaging.   

Imaging  

 The slides were placed on the stage of an Olympus FV1000 laser scanning confocal 

microscope controlled using the FluoView software.  GFP, and Alexa-647 were imaged 

using 473-nm, and 647-nm lasers, respectively. The background fluorescence was 

measured and subtracted for each image.  The fluorescence intensity was compared to the 

negative control slices, which did not receive any primary antibodies.  Immunostained 

tissue was analyzed using a semi-automatic Olympus FV1000 laser scanning confocal 

microscope controlled by the FluoView software.  Multiple brain sections were imaged 

using identical microscope settings.  Eighty-micrometer z-stacks were obtained from the 

PL region in the mPFC, and ROI analysis was used for quantification.  The background 

fluorescence was measured for each imaged and then subtracted. The intensity 

quantification was performed using the FluoView Olympus software and NIH Image J. 

Histone acetylation assay  

 Individual mice were trained on a fear conditioning paradigm in which they were 

presented with a 20 sec auditory stimulus followed immediately by a 2 sec foot shock 

(0.75 mA intensity). The auditory stimulus is the same used for behavioral training in 

which logarithmically modulated upward (2 kHz-13 kHz) frequency-modulated sweeps 

are presented in 400ms bouts at a 1 Hz frequency for a total duration of 20 sec. 3 min 

after the foot shock, mice were placed in their home cage for 25 min undisturbed.  
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Immunohistology and imaging were performed as described above.  The region of 

interest (ROI) was a 5 μm circle placed on cells expressing GFP within cortical layer 2/3 

in mPFC and fluorescence corresponding to acetylated histone H3 or H4 was measured 

from randomly selected 50-60 cell per hemisphere. The fluorescence intensity 

quantification was performed on original images by the use of Olympus Fluoview 

software. 

Data analysis 

 The experimenters were blind to the group conditions. Data are expressed as the 

means ± SEM. N indicates number of animals unless stated otherwise. Statistical analysis 

was performed using Excel (Microsoft Inc.) or SPSS (IBM Inc.).  The Student’s t-test or 

ANOVA was used for statistical comparisons.  Pearson’s correlation (r) was used as an 

effect size.  In cases where the repeated measures ANOVA (RM-ANOVA) was utilized 

and assumptions of sphericity were violated (via Mauchly’s Test), the analysis was 

performed using the Greenhouse-Geisser correction.  Where applicable, post hoc analysis 

with Bonferroni correction was performed for multiple comparisons, which allows for 

substantially conservative control of the error rate.  A p-value of <0.05 was considered 

statistically significant.  The asterisks indicate statistical significance: *, p < 0.05, **, p < 

0.01, ***, p < 0.001 and n.s. indicates not significant. 
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Results 

Impairment of contextual fear memory specificity in CBPΔHAT
PFC

 mice 

The CBPΔHAT mutant, a dominant-negative inhibitor of CBP-dependent lysine 

acetylation, harbors a substitution mutation of two conserved residues (Tyr
1540

/Phe
1541

 to 

Ala
1540

/Ala
1541

) in the acetyl CoA binding domain [133, 142]. This mutant has no 

intrinsic acetyltransferase activity due to its inability to interact with a donor of acetyl 

group, acetyl-CoA, but retains all protein-protein interaction domains [133]. When 

expressed acutely in adult excitatory neurons, CBPΔHAT functions as a specific blocker 

of long-term memory consolidation without affecting information acquisition or short-

term memory [142]. To test the impact of CBP-dependent signaling in the medial 

prefrontal cortex (mPFC) on fear memory specificity, we generated mice expressing 

CBPΔHAT and eGFP in the mPFC using virus-mediated gene transfer (referred to as 

CBPΔHAT
PFC

 mice) (Fig. 2.1A).  For control mice, we injected virus-expressing eGFP 

only in the mPFC.  Cytohistological analysis of brain tissue isolated from CBPΔHAT
PFC

 

and control animals revealed that the majority of cells expressing mutant protein in the 

mPFC were neurons (Ctrl: 93.85 ± 0.006%, n = 3; CBPΔHAT
PFC

: 92.06 ± 0.012 %, n = 

3; t(2) = -0.03, p = 0.511, r = 0.013, data not shown). Conditioned CBPΔHAT
PFC 

mice 

display decreased levels of acetylated histone, H3, (t-test: t(10) = 2.38 , p = 0.0382, r = 

0.6013; Ctrl: 1 ± 0.06, n = 5, CBPΔHAT
PFC

: 0.74 ± 0.06, n = 7) and acetylated histone, 

H4, (Ac-H4; right panel; t-test: t(10) = 2.9718 , p = 0.0140, r = 0.6848; Ctrl: 1 ± 0.04, n = 

6, CBPΔHAT
PFC

: 0.67 ± 0.10, n = 6) in cells expressing GFP when compared to 

conditioned control animals (Fig. 2.1B). These data are consistent with previous studies 
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reporting decreased levels of acetylated histones in CBP mutant mice [141, 143-147]. 

We examined CBPΔHAT
PFC

 mice using the fear conditioning paradigm (Fig. 

2.1C).  CBPΔHAT
PFC

 mice performed similar to controls in the contextual version of the 

fear conditioning task after a 24 h delay (Fig. 2.1C; Ctrl: 25.78 %, n = 10; CBPΔHAT
PFC

: 

22.14 %, n = 10; t(18) = 1.28, p = 0.108). To determine whether the mPFC supports fear 

memory accuracy, we examined CBPΔHAT
PFC

 mice using the context fear 

discrimination task (Fig. 2.1D) [43]. First, we tested CBPΔHAT
PFC

 and control mice on a 

generalization task, in which we examined the freezing responses to the novel, Context B, 

after training on the fear conditioning task to Context A. Context B was similar yet not 

identical to the training Context A. We found no difference in freezing responses to 

context A or B in CBPΔHAT
PFC

 and control mice (Fig. 2.1E. Context A vs. B t-test: Ctrl, 

n = 9, p = 0.805; CBPΔHAT
PFC

, n = 11, p = 0.851). Thus, CBPΔHAT
PFC 

mice did not 

demonstrate any obvious abnormalities in fear memory generality during the initial 

presentation of novel Context B. Next, CBPΔHAT
PFC

 mice and control littermates were 

trained to distinguish between the conditioned Context A, which was paired with a 

footshock (CS
+
) and an unconditioned Context B, which was not paired with any 

reinforcement (CS
-
) over the multiple training sessions (Fig. 2.1D).  This task requires 

temporal integration because animals learn subtle differences between Context A and B 

over multiple days with a single exposure to each context once per day.  Initially, the 

control and CBPΔHAT
PFC

 mice generalized their conditioned responses and exhibited 

similar freezing levels to both the CS
+
 and CS

-
 contexts (block trials 1-4).  However, the 

control animals began to freeze significantly less in response to Context B compared to 
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Context A after 4 block trials of training, demonstrating the ability to consistently 

distinguish between similar yet distinct contexts (block trials 5-6) (Fig. 2.1F; RM-

ANOVA of trial block and context: Context: F(1,8) = 9.423, p =  0.015; Trial block, F[158] = 

3.24, p = 0.015; Trial block x Context: F[158] = 6.58, p = 0.0001; n = 9). Post hoc analysis 

using Bonferroni correction for multiple comparisons indicated that differences were 

present during trial blocks 5 (p = 0.003) and 6 (p = 0.005).  In contrast to the control 

animals, CBPΔHAT
PFC

 mice failed to distinguish between Context A and B and 

continued to generalize their conditioned responses throughout all 12 days of training 

(Fig. 2.1G, RM-ANOVA of trial block and context: Context: F(1,10) = 5.42, p = 0.04; Trial 

block: F(2,15) = 11.09, p = 0.002; Trial Block x Context: F(3,27) = 1.62, p = 0.21; n = 11). 

These data demonstrated that CBPΔHAT expressed in the mPFC resulted in imbalanced 

neural processes underlying fear memory specificity and generalization. Analysis of the 

context discrimination ratio confirmed that at the end of the training, the control animals 

performed better on the context discrimination task compared to the CBPΔHAT
PFC

 mice. 

Figure 2.1H shows no difference in performance between control and CBPΔHAT
PFC

 

animals on trial block 1 (t-test: t(18) = 0.02, p = 0.99, r = 0.005),  but a marked difference 

on trial block 6 (t-test: t(18) = 2.60, p = 0.018, r = 0.52). These findings demonstrate that 

CBPΔHAT
PFC

 mice have a strong deficit in context discrimination.  

Hypothetically, learning of appropriate responses to fearful and similar but non-

relevant stimuli may involve changes in response to aversive or non-aversive stimuli or 

both across the entire training. Therefore, we analyzed fear responses to Context A (CS+) 

and, separately, to Context B (CS-) in CBPΔHAT
PFC

 and control mice. There was no 
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difference in responses to the conditioned stimuli, CS+, between CBPΔHAT
PFC

 and 

control mice across the entire context discrimination training (Fig. 2.1F-G; RM-ANOVA 

of trial blocks 1-5 and group: Trial Block X Group: F(2.7, 47.9) = 1.782, p = 0.169).  

However, CBPΔHAT
PFC

 and control mice responded differently to non-relevant stimuli 

CS- across training on the contextual discrimination task (Fig. 2.1F-G; RM-ANOVA of 

trial blocks 1-5 and group: Trial Block x Group: F(2.9, 51.6) = 4.919, p = 0.005). Change in 

freezing to CS- across the training (freezing delta) was significantly higher in 

CBPΔHAT
PFC

 when compared to control mice (Fig. 2.1I; t-test: t(18) = -2.235, p = 0.038). 

However, calculations of freezing delta consider only performance on trial blocks 1 and 

6. In order to include performance of tested animals on each day across the entire training 

on the context discrimination task (Fig. 2.1F-G; Trial Blocks 1-6), we compared average 

slopes (α) of fitted learning curves (Fig. 2.1J). The learning of appropriate responses to 

CS+ shows a positive slope in both control (α= 4.76±1.07; where α= slope) and 

CBPΔHAT
PFC

 (α= 6.35±1.61) mice while there is no difference between groups (t-test; 

t(18) = -0.778, p = 0.446). The learning of appropriate response to CS- shows a negative 

slope in the control group (α= -0.88±1.34), which significantly improved fear memory 

accuracy at the end of training (Fig. 2.1F). In contrast, the CBPΔHAT
PFC

 group, which 

failed to improve fear memory accuracy across training (Fig. 2.1G), showed a positive 

slope for CS- (α= 4.26±1.4), a marked difference from control responses to the CS- (CS-

/Ctrl: α= -0.88±1.34; CS-/CBPΔHAT
PFC

: α= 4.26±1.4); CS- slope/Ctrl vs CBPΔHAT
PFC

  

t-test; t(18) = -2.614, p = 0.018).  In summary, analysis of response patterns to Context A 

(CS+) and Context B (CS-) in control animals revealed that the improvement of 
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contextual fear memory accuracy was due to increased freezing behavior to the CS+ and 

a decrease in freezing to CS-. CBP hypofunction in the mPFC altered the ability to learn 

discriminatory responses to CS+ versus CS- by disrupting the learning pattern curve for 

CS- only.  These data suggest that the mPFC supports the improvement of contextual fear 

memory accuracy by controlling the acquisition of appropriate responses to non-relevant 

stimuli. 
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Figure 2.1 
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(Previous Page) Figure 2.1: Contextual fear memory specificity is deficient in 

CBPΔHAT
PFC

 mice. (A) Viral-mediated delivery to the mPFC.  Long-term expression 

HSV-1 viruses carrying CBPΔHAT (HSV/CBPΔHAT-IRES2-EGFP) or eGFP as the 

control (HSV/EGFP) were injected into the mPFC. To determine the pattern of GFP-

tagged virus expression, the imaged tissue was compared to the Paxinos and Franklin 

mouse atlas [159] and areas of maximal GFP expression were labeled as injection sites.  

A representative image of mPFC viral infection showed the precision of our viral-

targeting procedures. The pattern of EGFP expression was similar 4 or 20 days after HSV 

virus injection into the mPFC. Green, GFP; white, NeuN neuronal marker. (B) 

CBPΔHAT blocks acetylation of histone H3 and H4 in the mPFC. To determine the 

effects of viral infection with CBPΔHAT on neuronal signaling, the levels of acetylated 

histones H3 and H4 were assessed in the brains of infected animals and compared to 

controls in a standard IHC analysis 25 min after auditory fear conditioning (see 

Methods). Cells expressing viral CBPΔHAT showed significantly lower levels of 

acetylated histone H3 and H4 when compared to control animals expressing GFP only. 

Representative images show GFP (in green) and acetylated histone H3 (Ac-H3, left 

panel; t-test: t(10) = 2.38 , p = 0.0382, effect size r = 0.6013) or acetylated histone H4 

(Ac-H4; left panel; t-test: t(10) = 2.9718 , p = 0.0140, effect size r = 0.6848) 

CBPΔHAT
PFC

 mice. 3 animals were used per group. GFP, green; Ac-H3, white; Ac-H4, 

white; red bar, 10 µm (C) Pavlovian contextual fear conditioning was normal in 

CBPΔHAT
PFC

 mice.  CBPΔHAT
PFC

 and control (Ctrl) mice showed normal acquisition 

and retention of contextual fear conditioning.  Contextual fear was tested in Context A at 

24 h after a single Context A-foot shock pairing. (D) Experimental design for the context 

discrimination test. Context A and B were similar but not identical. The protocol included 

14 days of training. The mice were placed in Context A (CS+) for 180 s followed by a 

foot shock (arrow), and Context B (CS-) lacked any reinforcement. (E) Generalization 

test shows similar freezing behavior to Context A and a similar but not identical Context 

B after conditioning. Freezing to Context A after Context A-foot shock pairing was not 

different in both groups. Freezing in both tested groups were comparable in response to 

both contexts, indicating that Context A was sufficiently similar to Context B that 

generalization occurred early in training. (F) After the initial generalization of fear 

conditioned responses, control mice exhibited robust fear memory specificity. (G) 

CBPΔHAT
PFC

 mice exhibited a deficit in context discrimination. (H) The context 

discrimination ratio (DI) was calculated using the freezing responses to CS+ and CS- 

according to the formula DI = ((Context A - Context B) / (Context A + Context B)). 

Analyses revealed differences in the performance during trial block 6 between 

CBPΔHAT
PFC

 and control mice, but not during trial blocks 1 – 5. CBPΔHAT
PFC

 mice, 

n=11. Control, n=9. (I) Change in freezing across training (freezing delta), calculated as 

the (freezing on Trial Block 6 – freezing on Trial Block 1). There was no difference in 

responses to conditioned stimuli CS+ between CBPΔHAT
PFC

 and control mice. Change 

in freezing to CS- across the training was significantly higher in CBPΔHAT
PFC

 when 

compared to control mice. (J) Average learning curves for learning of appropriate 

responses to CS+ and CS- were calculated based on the performance of control and 

CBPΔHAT
PFC

 group across the entire training (Fig. 2.1F-G; Block Trials 1 through 6) 
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followed by fitting the regression line and t-test analysis on the mean of those slopes. The 

analysis of patterns of responses to CS+ and CS- in control animals tested on the context 

fear discriminatory task revealed that the improvement of fear memory accuracy was due 

to incline in freezing to CS+ and a slight decline in freezing to CS- (CS+/Ctrl:α= 

4.76±1.07; CS-/Ctrl: α= -0.88±1.34). The learning of appropriate responses to CS+ shows 

a positive slope (α) in both control and CBPΔHAT
PFC

 mice and there is no difference 

between groups (CS+/Ctrl:α= 4.76±1.07; CS+/CBPΔHAT
PFC

:α= 6.35±1.61; CS+ 

slope/Ctrl vs  CBPΔHAT
PFC

  t-test; t(18) = -0.778, p = 0.446). The CBPΔHAT
PFC

 group, 

which failed to improve fear memory accuracy, showed a positive slope for CS-, a 

marked difference from control responses to the CS- (CS-/Ctrl: α= -0.88±1.34; CS-

/CBPΔHAT
PFC

: α= 4.26±1.4); CS- slope/Ctrl vs  CBPΔHAT
PFC

  t-test; t(18) = -2.614, p = 

0.018). The asterisks indicate statistical significance: *, p < 0.05, **, p < 0.01 and n.s. 

indicates not significant. 
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Impairment of auditory memory specificity in CBPΔHAT
PFC

 mice 

To evaluate if the deficiency in discrimination was sensory input-specific, we 

examined CBPΔHAT
PFC

 mice using a novel auditory discrimination task, which tests the 

ability of subjects to recognize the direction of frequency modulated (FM)-sweeps (Fig. 

2.2). This assay includes 3 days of acquisition (single CS
+
 footshock pairing) followed by 

a 24 hr test on Day 4 and a generalization test on Day 4-5. Discrimination training takes 

place on Days 7-12 in which animals run through 3 sessions: first, they are tested for 

freezing to CS
+
 and CS

-
 (in Context C); second, they are exposed to CS

+
 (or CS

-
); third, 

they are exposed to CS
-
 (or CS

+
).  

In parallel experiments, we also microinjected an HSV virus encoding a mutant 

form of CREB [156] into the mPFC and tested these mice (mCREB
PFC

) in the auditory 

discrimination task.  CREB is implicated in memory consolidation across variety of 

species [124-129] and functions immediately upstream of CBP.  mCREB (CREB
S133A

 

mutation) cannot be phosphorylated at the key serine 133 residue and, therefore, cannot 

recruit CBP and activate transcription [130, 131]. Thus, we have tested a possible 

involvement of this well-known mediator of memory consolidation in auditory fear 

discrimination in parallel experiments to those performed in CBPΔHAT
PFC 

mice.  

We first examined FM-sweep fear conditioning acquisition in CBPΔHAT
PFC 

and 

mCREB
PFC

 mice.  All three groups:  CBPΔHAT
PFC

, mCREB
PFC

 and control mice 

similarly acquired this form of Pavlovian conditioning (Fig. 2.3A; RM-ANOVA of Day 

and Group: F(4,82) = 0.975, p = 0.426) and showed the same performance on the 24-hr 

memory test (Fig. 2.3B; two way ANOVA of Group and Baseline/24 h-Test; Group: 
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F(2,82) = 0.777, p = 0.463; Baseline/24 h-Test: F(1,82) = 688.3, p = 1.2x10
-41

; Group x 

Baseline/24 h-Test: F(2,82) = 0.205, p = 0.815). These data demonstrate that information 

acquisition and long-term memory tested after a 24-hr delay on FM-sweep fear 

conditioning was normal in CBPΔHAT
PFC

 and mCREB
PFC

 mice. We also tested 

CBPΔHAT
PFC

, mCREB
PFC

 and control mice on generalization tasks, in which we 

examined their freezing responses to a novel downward FM sweep (CS-) after training on 

an upward FM-sweep (CS+) fear conditioning task. The generalization test revealed that 

there was no difference in the freezing responses to the CS- or CS+ between 

CBPΔHAT
PFC

 , mCREB
PFC

 and control mice (Fig. 2.3C; ANOVA of FM-sweep direction 

and group during day 4 and 5: Group: F(2,82) = 0.37, p = 0.692; ANOVA of FM-sweep 

direction: F(1,82) = 3.458, p = 0.067; Group x FM-Sweep Direction: F(2,82) = 0.090, p = 

0.914). These data indicate that strong generalization was observed during days 4 and 5 

in all three tested groups.  

Next, the animals underwent auditory discrimination training (Fig. 2.3D-F).  

Initially, the control, CBPΔHAT
PFC

 and mCREB
PFC

 mice generalized their conditioned 

responses and exhibited similar levels of freezing responses to both CS
+
 and CS

-
 (days 1-

2).  However, after 2 days of training, the control animals exhibited a higher number of 

freezing responses to CS
+
 and significantly fewer freezing responses to CS

-
 compared to 

CS
+
, demonstrating the ability to consistently distinguish between similar yet different 

auditory patterns (days 9-12) (Fig. 2.3D; RM-ANOVA of Day and FM-sweep direction: 

Day x FM-sweep direction: F(2.2,33.5) = 10.776, p = 0.0002, n = 16).  Post hoc analysis 

using Bonferroni correction (alpha = 0.0083) for multiple comparisons indicated that 
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differences were present during days 9 (CS
+
 vs CS

-
 t-test: t(30) = 3.632, p = 0.001, r = 

0.55), 10 (t(30) = 5.227, p = 0.00001, r = 0.69), 11 (t(30) = 7.540, p = 2.1 x 10
-08

, r = 0.81) 

and 12 (t(30) = 9.253, p = 2.7 x 10
-10

, r = 0.86) only.  

CBPΔHAT
PFC

 mice demonstrated a weak ability to discriminate between CS
+
 and 

CS
-
, and only successfully discriminated during the last two days of training (Fig. 2.3E, 

RM-ANOVA of Day and FM-sweep direction: Day x FM-sweep direction: F(5,70) = 

5.071, p = 0.001, n = 15).  Post hoc analysis using Bonferroni correction for multiple 

comparisons indicated that differences were present during days 11 (CS
+
 vs CS

-
 t-test: 

t(28) = 3.149, p = 0.004, r = 0.51) and 12 (t(28) = 3.325, p = 0.002, r = 0.53) only.  In 

contrast to the control animals, CBPΔHAT
PFC

 mice continued to generalize their 

conditioned responses after 2 days of training and failed to distinguish between Context 

A and B during days 9 and 10 (Day 9: p = 0.286; Day 10:  p = 0.291). 

Clearly, CBPΔHAT
PFC

 mice demonstrated a strong deficit in auditory memory 

specificity when compared to controls (Fig. 2.3D-E, RM-ANOVA of Group and FM-

sweep direction and Day 7-12: Group x FM-sweep direction x Day: F(2.8,81.4) = 3.033, p = 

0.037; Group x FM-sweep direction: F(1,29) = 7.86, p = 0.009; CBPΔHAT
PFC

, n=15; Ctrl, 

n = 16). Furthermore, analysis of discrimination ratios shows a difference in performance 

between control and CBPΔHAT
PFC

 animals on days 10-12 (Fig. 2.3G. Discrimination 

Index CBPΔHAT
PFC

 vs. Ctrl t-test: Day 10: t(29) = 2.813, p = 0.0087, r = 0.46; Day 11: 

t(29) = 3.546, p = 0.001, r = 0.55, Day 12: t(29) = 3.643, p = 0.001, r = 0.56; CBPΔHAT
PFC

, 

n=15; Ctrl, n = 16) but not during the initial phase of training. Clearly, control mice show 

better performance than CBPΔHAT
PFC

 mice on auditory discrimination (Fig. 2.3D-E, G). 
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Taken together, these data demonstrate that CBPΔHAT expressed in the mPFC resulted 

in abnormal auditory fear memory specificity.   

Similarly to CBPΔHAT
PFC

 animals, mCREB
PFC

 mice demonstrated a strong 

deficit in memory specificity during the discrimination phase when compared to controls 

on the auditory discrimination task (Fig. 2.3F; RM-ANOVA, Group x FM-sweep 

direction x Day: F(2.8,79.6) = 4.644, p = 0.006; mCREB
PFC

, n=14; Ctrl, n = 16). These data 

demonstrated that mCREB
PFC

 expressed in the mPFC prevented auditory memory 

accuracy improvement across the training (Fig. 2.3D).  Analysis of the auditory 

discrimination ratio confirmed that at the end of the training, the control animals 

performed better on the auditory discrimination task compared to the mCREB
PFC

 mice 

(Fig. 2.3H, RM-ANOVA of Day and Group: Day x Group: F(2.5,69.0) = 5.149, p = 0.005; 

mCREB
PFC

, n=14; Ctrl, n = 16). Furthermore, analysis of discrimination ratios showed a 

strong difference in performance between control and mCREB
PFC

 animals on days 10-12 

(t-test; day 10: t(28) = 2.232, p = 0.034, r = 0.39; day 11: t(28) = 4.130, p = 0.0003, r = 0.62; 

day 12: t(28) = 4.313, p = 0.0002, r = 0.63; mCREB
PFC

, n=14; Ctrl, n = 16). 

Next, we performed an analysis of fear responses to upsweep (CS+) and, 

separately, to downsweep (CS-) in control, CBPΔHAT
PFC

 and mCREB
PFC

 mice tested on 

FM-sweep direction fear discriminatory task (Fig. 2.3). There was no difference in 

responses to conditioned stimuli CS+ between CBPΔHAT
PFC

 and control mice across the 

entire FM-sweep direction discrimination training (Fig. 2.3D-E; CS+/CBPΔHAT
PFC

 vs 

Ctrl; RM-ANOVA of days 7-12 and group: Day X Group, F(2.8, 81.6) = 0.756, p = 0.514). 

Similarly, there was no difference in responses to conditioned stimuli CS+ between 
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mCREB
PFC

 and control mice across entire FM-sweep direction discrimination training 

(Fig. 2.3D, F; CS+/mCREB
PFC

 vs Ctrl; RM-ANOVA of days 7-12 and group: Day X 

Group: F(2.8, 79.5) = 1.808, p = 0.155). An analysis of learning curves (Fig. 2.3J) showed a 

positive slope to CS+ in control (α= 2.366±0.82) and CBPΔHAT
PFC

 (α=2.384±0.894) 

mice or no change in freezing responses to CS+ in mCREB
PFC

 mice (α=-0.278±1.15) 

across the entire FM-sweep direction fear discriminatory task. In fact, there was no 

difference in the learning slopes of appropriate responses to CS+ between CBPΔHAT
PFC

 

and control groups (Fig. 2.3J; CS+ slope/Ctrl vs  CBPΔHAT
PFC

 t-test; t(29) = -0.015, p = 

0.988) or mCREB
PFC

 and control mice (Fig. 2.3J; CS+ slope/Ctrl vs  mCREB
PFC

  t-test; 

t(28) = 1.906, p = 0.067). However, CBPΔHAT
PFC

 and mCREB
PFC

 mice responded 

differently to non-relevant stimuli CS- across training on the auditory discriminatory task 

when compared to normal mice (Fig. 2.3D-E; CS-/CBPΔHAT
PFC

 vs Ctrl; RM-ANOVA 

of days 1-5 and group: Day X Group, F(3.8, 111,4) = 6.151, p = 0.0002; Fig. 2.3D,F; CS-

/mCREB
PFC

 vs Ctrl; RM-ANOVA of days 1-5 and group: Day X Group: F(3.7, 103.8) = 

5.685, p = 0.0005). When compared to control mice, change in freezing (freezing delta) 

to CS- across the training was also significantly different in CBPΔHAT
PFC

 (Fig. 2.3I; t-

test: t(29) = -2.798, p = 0.009) and in mCREB
PFC

 mice (Fig. 2.3I; t-test: t(28) = -2.466, p = 

0.02). The marked improvement of discrimination observed on the FM-sweep direction 

fear discriminatory task in control mice (Fig. 2.3D, G, J) coincides with the significant 

negative slope of the learning curve for CS- (Fig. 2.3J; α= -6.176±1.22). The 

CBPΔHAT
PFC

 group, which failed to improve fear memory accuracy across training (Fig. 

2.3E, G), shows only a slight negative slope for CS- across the training (Fig. 2.3J; α= -
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1.22±0.78) and a marked difference when compared to the CS- slope observed in control 

animals (Fig. 2.3J; CS- slope/Ctrl vs  CBPΔHAT
PFC

 t-test; t(29) = -3.368, p = 0.002). The 

mCREB
PFC

 group, which did not improve performance on the auditory discrimination 

task as well (Fig. 2.3F, H), exhibited similar patterns of learning to the CBPΔHAT
PFC

 

mice. While responses to CS+ do not vary from those observed for control mice (Fig. 

2.3I, J), the CS- learning curve is significantly different in mCREB
PFC

 mice compared to 

control mice (Fig. 2.3J; CS-/Ctrl: α= -6.176±1.22; CS-/mCREB
PFC

: α= -0.746±1.03; CS- 

slope/Ctrl vs  mCREB
PFC

 t-test: t(28) = -3.347, p = 0.002). 

In summary, analysis of patterns of responses to CS+ and CS- in control animals 

tested on the FM-sweep direction fear discriminatory task revealed that the improvement 

of auditory fear memory accuracy was due to only slight incline in freezing to CS+ and 

rapid decline in freezing to CS-. CBP hypofunction or CREB hypofunction in the mPFC 

altered the ability to learn auditory discriminatory responses to CS+ versus CS- by 

disrupting the pattern of learning for CS- only, while responses to CS+ remained similar 

to control mice.  Consistent with conclusions regarding contextual fear memory 

specificity, these data demonstrate that the mPFC supports the improvement of auditory 

fear memory accuracy by controlling acquisition of appropriate responses to non-relevant 

stimuli. 
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Figure 2.2 

 

Figure 2.2: Experimental design for the auditory discrimination test. The auditory 

discrimination task tests the ability of subjects to recognize a direction of FM-sweeps 

(trains of upward and downward FM-sweeps). The conditioned stimuli (CS) for auditory 

fear conditioning were 20 sec trains of FM-sweeps for a 400 msec duration, 

logarithmically modulated between 2 and 13 kHz (upsweep) or 13 and 2 kHz 

(downsweep) delivered at 1 Hz at 75 dB. As described in methods, these assay includes 3 

phases: FM-sweep conditioning (day 1-3), generalization (day 4-5) and FM-sweep 

direction discrimination training (day 6-12). 
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Figure 2.3 
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(Previous page) Figure 2.3: FM-sweep direction fear memory specificity is deficient in 

CBPΔHAT
PFC

 mice. (A-B). Pavlovian FM-sweep fear conditioning was normal in 

CBPΔHAT
PFC

 and mCREB
PFC

 mice.  CBPΔHAT
PFC

 and mCREB
PFC

 mice showed 

similar acquisition (A) and retention (B) of FM-sweep fear conditioning to control (Ctrl) 

mice.  FM-sweep fear was tested in Context C at 24 h after  three upsweep-foot shock 

pairings. (C) All three groups (CBPΔHAT
PFC

, mCREB
PFC

 and Ctrl) show no difference 

in the freezing responses to CS
+
 and CS

-
 (p>0.05) during day 4 and 5 of training, 

indicating that initially, the CBPΔHAT
PFC

 and mCREB
PFC

 mice generalized responses 

and did not discriminate between upsweep and downsweep. (D) After the initial 

generalization of fear conditioned responses, control mice exhibited robust fear memory 

specificity. (E) CBPΔHAT
PFC

 mice did not discriminate between upsweep and 

downsweep and exhibited a deficit in auditory fear memory specificity. CBPΔHAT
PFC

 

mice demonstrated a strong deficit in auditory memory specificity when compared to 

controls (RM-ANOVA, Treatment x context x trial blocks 1-6: F(2.806, 81.366)=3.033, 

p=0.037).  (F) Similarly to CBPΔHAT
PFC

, mCREB
PFC

 mice did not discriminate between 

upsweep and downsweep and exhibited a deficit in auditory fear memory specificity. (G) 

The FM-sweep direction discrimination ratios (DI) were calculated using the freezing 

responses to CS+ and CS- according to the formula DI = ((Upsweep - Downsweep) / 

(Upsweep + Downsweep)). Analyses revealed differences between CBPΔHAT
PFC

 and 

control mice in the performance during Days 11 - 12 between CBPΔHAT
PFC

 and control 

mice. CBPΔHAT
PFC

, n=15; Ctrl, n = 16. (H) Analyses revealed differences between 

mCREB
PFC

 and control mice in the performance during days 11 - 12. mCREB
PFC

, n=14; 

Ctrl, n = 16). (I) Change in freezing across training (freezing delta), calculated as the 

(freezing on day 12 – freezing on day 7). There was no difference in responses to 

conditioned stimuli CS+ between CBPΔHAT
PFC

, mCREB
PFC

 and control mice. Change 

in freezing to CS- across the training was significantly higher in CBPΔHAT
PFC

 and 

mCREB
PFC

 when compared to control mice. (J) Average learning curves for learning of 

appropriate responses to CS+ and CS- were calculated based on the performance of 

control and CBPΔHAT
PFC

 group across the entire training (Fig. 2.3D-F; days 7 to 14) 

followed by fitting the regression line and t-test analysis on the mean of those slopes (α). 

The analysis of patterns of responses to CS+ and CS- in control animals tested on the 

FM-sweep direction fear discriminatory task revealed that the improvement of auditory 

fear memory accuracy was due to slight incline in freezing to CS+ and rapid decline in 

freezing to CS- (CS+/Ctrl:  α= 2.366±0.82; CS-/Ctrl: α= -6.176±1.22). There was no 

difference in the learning slopes of appropriate responses to CS+ between CBPΔHAT
PFC

 

and control groups (CS+/Ctrl:  α= 2.366±0.82; CS+/CBPΔHAT
PFC

: α=2.384±0.894 ; CS+ 

slope/Ctrl vs  CBPΔHAT
PFC

  t-test: t(29) = -0.015, p = 0.988) or mCREB
PFC

 and control 

mice (CS+/Ctrl:  α= 2.366±0.82; CS+/mCREB
PFC

: α=-0.278±1.15; CS+ slope/Ctrl vs  

mCREB
PFC

  t-test: t(28) = 1.906, p = 0.067). The CBPΔHAT
PFC

 group, which failed to 

improve fear memory accuracy, showed a positive slope for CS-, a marked difference 

from control responses to the CS- (CS-/Ctrl: α= -6.176±1.22; CS-/CBPΔHAT
PFC

: α= -

1.22±0.78; CS- slope/Ctrl vs  CBPΔHAT
PFC

  t-test; t(29) = -3.368, p = 0.002). Similar to 

the  CBPΔHAT
PFC

 group, the mCREB
PFC

 group did not improve performance on the 

auditory discrimination task and showed a positive slope for CS-, a marked difference 



 49 

from control responses to the CS- (CS-/Ctrl: α= -6.176±1.22; CS-/mCREB
PFC

: α= -

0.746±1.03; CS- slope/Ctrl vs  mCREB
PFC

 t-test: t(28) = -3.347, p = 0.002). The asterisks 

indicate statistical significance: *, p < 0.05, **, p < 0.01, ***, p < 0.001 and n.s. indicates 

not significant. 
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Discussion 

 The present findings are the first evidence of the critical role that the mPFC plays 

in the attainment of fear memory accuracy for appropriate discriminative responses to 

aversive and non-aversive stimuli. They add substantially to the understanding of the 

circuitry and molecular mechanisms underlying fear memory specificity and 

generalization. We demonstrated that CBP-dependent signaling in the mPFC is required 

for fear memory accuracy. In addition, fear memory accuracy was also abnormal in 

mutant mice with disrupted CREB function, which is one of the most widely studied 

mediators of cellular memory consolidation in Drosophila, Aplysia, and mice [124-129]. 

The requirement of CBP acetyltransferase activity for memory consolidation has been 

demonstrated before including acetylatation/deacetylation-targeted pharmacological 

rescue of memory consolidation in CBPΔHAT mutant mice [141, 142] or late-phase LTP 

in CBP deficient mutant mice [141], and also in Aplysia [160]. 

 It is important to note that Pavlovian auditory and contextual fear conditioning 

were intact in CBPΔHAT
PFC

 and mCREB
PFC

 mice. Memory generalization measured 

immediately after initial fear conditioning was also unchanged in CBPΔHAT
PFC

 and 

mCREB
PFC

 mice. In addition, there was no difference between tested groups in responses 

to CS+ across the entire contextual or auditory discriminatory tasks. The abnormal 

performance of mutant mice in contextual and auditory discriminatory tasks was specific 

to deficits in responsiveness to CS- only and during later phases of the tasks. These data 

suggest that the prefrontal circuit is critically involved in learning appropriate responses 

to non-relevant stimuli that are similar yet not identical to aversive stimuli. These data are 
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consistent with the previously described function of the PFC in fear memory extinction. 

Increasing evidence from human [161, 162] and animal [163-171] studies implicate the 

PFC in extinction of conditioned fear [172, 173] and conditioned taste aversion [174]. 

 There is converging evidence that links fear memory specificity and generality with 

information processing in the hippocampus-thalamus-PFC-amygdala circuit [3, 119, 120, 

122, 175-179].  Involvement of the PFC in context or odor discrimination during 

information acquisition has been previously studied [3, 122, 123]; however, the 

contribution of the PFC in the discrimination of auditory patterns, such as FM-sweep 

direction, has not been previously explored. FM-sweep direction discrimination is 

important in speech recognition [180] but its underlying neural mechanism is unknown. 

Auditory fear conditioning has been extensively studied and depends on synaptic 

plasticity within the amygdala [181, 182] but neural substrates for auditory fear 

discrimination is less well studied in mice. Recently, it was suggested that stimulus 

convergence in the auditory cortex is necessary for the associative fear learning of 

frequency-modulated sweeps [183]. A reduced reliance on FM-sweep direction stimuli in 

CBPΔHAT
PFC 

and mCREB
PFC

 mice indicates that the mPFC supports directly auditory 

fear memory specificity. 

There is a general difference in the patterns of freezing responses to CS+/CS- 

between auditory and context discrimination in control animals. While the direction of 

the learning curves remains the same, their steepness varies.  In the context 

discrimination assay (Fig. 2.1), the learning of the appropriate response to CS+ showed a 

significantly positive slope (Fig. 2.1J; CS+/Control, α= 4.76±1.07; where α= slope), 
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while the learning of the appropriate response to CS- showed a slight negative slope (Fig. 

2.1J; CS-/Control, α= -0.88±1.34). The marked improvement of discrimination observed 

on the FM-sweep direction fear discriminatory task in control mice (Fig. 2.3D) coincides 

with the slight positive slope of the learning curve for CS+ (Fig. 2.3J; CS+/Control, α= 

2.366±0.82) and the significant negative slope of the learning curve for CS- (Fig. 2.3J; 

CS-/Control, α= -6.176±1.22). Two possible factors may have an effect on the steepness 

of learning curves for responses to CS+/CS- in these discriminatory tasks. First, it is 

possible that there is a “floor” effect on CS- curve in the contextual discriminatory task 

and a “ceiling” effect on CS+ curve in the auditory discriminatory task that may account 

for these differences. The initial level of freezing is substantially lower in the contextual 

discriminatory task (Fig 2.1F-G; ~25% of initial freezing) when compared to the auditory 

discrimination task (Fig. 2.2D-F; above 75% of initial freezing). Second, it may be more 

difficult to extinguish responses to non-relevant stimuli (Context B) because of the high 

complexity of a multimodal contextual stimuli. Conversely, the rapid decline of 

responses to downsweep (CS-) may result from the lower complexity (single modality) of 

the auditory stimuli and, subsequently, leads to more effective discrimination training.    

 Recently, it has been proposed that disruption of the PFC circuit during 

information acquisition may result in over-generality. Inactivation of prefrontal inputs to 

the nucleus reuniens resulted in an increased fear generalization to novel contextual 

stimuli [122]. Our manipulation of the mPFC differed in that we targeted CBP-dependent 

nuclear processes, which may not produce immediate global effects on firing properties 

of the mPFC neurons during information acquisition, but rather have effects on the 
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properties of the neural circuits relevant to long-term memory consolidation. However, it 

is unclear whether the abnormality in fear memory accuracy found in CBPΔHAT
PFC

 mice 

resulted from fear driven over-generalization or a deficit to access memory details (i.e. 

memory resolution).   

  The difficulties with studying CBP function in cognition is confounded by the 

high complexity of the CBP protein, which can integrate or antagonize multiple signaling 

pathways and by its distinctive roles in developing and mature circuits. Haploid 

insufficiency mutations in CBP [131] or its homolog p300 [184] results in Rubinstein-

Taybe syndrome (RTS) [185, 186], which is developmental disorder characterized by 

severe mental retardation. CBP and p300 both share a very similar molecular structure 

[187] including intrinsic acetyltransferase activity [188] and are capable to mediate 

similar cellular functions including CREB-dependent transcriptional activation. The 

functional differences between these two redundant genes are due to their highly 

overlapping but different patterns of expression and not yet understood functional 

specificity.  Prenatal lethality in CBP knockout mice demonstrates an essential role of 

this gene in embryogenesis [189]. CBP hemizygote or CBP mutations targeted to 

excitatory forebrain neurons using CamKIIα promoter driven expression such as 

conditional knockout or transgenic mice expressing dominant negative variants display 

specific deficits in long-term memory but not in short-term memory suggesting that CBP 

function may support long-term memory encoding. However these results are not 

consistent across all CBP mutant strains. In one study, CamKIIα-dependent conditional 

knockout of CBP targeted to excitatory neurons during postnatal brain development 
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resulted in deficient short-term memory [144]. Although, CamKIIα gene product levels 

are low during early phases of brain development, a large increase in the expression is 

usually observed between postnatal days 10 to 30 [190, 191] coinciding with postnatal 

brain development. Since the developmental time of CBP conditional deletion was not 

reported in this study, one cannot eliminate developmental confounds underlying the 

behavioral phenotype. Thus, it is difficult to dissociate between developmental defects, 

developmental compensatory effects and acute deficits in mutant mice with CBP 

hypofunction during critical periods of postnatal brain development. However, when 

manipulation of CBP activity is performed in the adult brain, data consistently implicate 

CBP acetyltransferase function in neural epigenetic signaling underlying long-term 

synaptic plasticity and long-term memory consolidation [142, 145, 148].  In addition, 

testing of CamKIIα positive cells-restricted and adult mice induced CBP knockout mice 

indicated that environment-induced adult neurogenesis is extrinsically regulated by CBP 

function in mature hippocampal granule cells [150]. Considering that adult neurogenesis 

in the hippocampus constitutes an adaptive mechanism to optimally encode contextual 

information important for memory resolution [121, 151] and CBP mutant demonstrates 

deficiency in spatial discrimination [150] it is likely that CBP is also involved is adult 

neurogenesis-dependent long term encoding of contextual information. However, in 

CBPΔHAT
PFC

 or mCREB
PFC

 mice hypofunction was targeted to the mPFC and it is 

unlikely that this manipulation would have an effect on adult neurogenesis in the 

hippocampus.  
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 How can CBP enzymatic activity regulate neural function? The regulation of gene 

expression requires not only an activation of transcription factors but also the recruitment 

of multifunctional co-activators that are independently regulated and directly involved in 

the chromatin remodeling underlying epigenetic regulatory mechanisms [192]. For 

example, recent work demonstrated the importance of chromatin remodeling factors like 

the SWI/SNF complex in neuronal function underlying memory [193]. While CBP’s 

function as a platform to recruit other required coactivators appears to be indispensable 

for CREB-dependent transcription, the recruitment for lysine acetyltransferase activity is 

transcription unit specific and may depend on the structure of chromatin at a specific 

locus and/or a specific cell type [133, 194]. Changes in histone acetylation are predictive 

for gene expression [195, 196]. The concordance between the histone acetylation and 

transcription levels increases over time and the positive correlation between both has 

been confirmed in genome-wide studies[197-199]. It is important to emphasize that these 

are correlations only and that causal relationships between histone modification and gene 

expression in the brain in vivo will require additional investigation. In addition, a number 

of non-histone proteins have been identified as substrates for CBP [136-140] including 

CREB [135]. Regardless of the uncertainty of the CBP’s acetyltransferase critical 

target(s), genetic and pharmacological studies have indicated that hypofunction of CBP’s 

acetyltransferase activity interferes with mechanisms that support memory consolidation 

and reconsolidation in brain neural networks [142, 148]. Current data indicate that the 

acquisition fear memory accuracy involves CBP-dependent mechanism within mPFC 

circuitry.   
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 Locomotor activity, anxiety-related responses, and fear conditioning were normal 

in CBPΔHAT
PFC

 mice, yet these mutant mice showed a strong deficit in fear memory 

accuracy in both contextual and auditory discrimination assays.  Both context and 

auditory fear discrimination tasks required temporal integration because the animals 

learned subtle differences between relevant and non-relevant stimuli over many days with 

a single exposure to both CS+ and CS- per day.  Inhibition of a component of neural 

signaling immediately upstream of CBP by a direct blockade of CREB ability to recruit 

CBP to the target promoter in the mPFC produced identical effects as CBPΔHAT on the 

capability of mice to learn the distinction between auditory stimuli.  Thus, impairment of 

either component of CREB/CBP-dependent signaling (CREB phosphorylation or CBP’s 

acetyltransferase activity) within the mPFC circuitry resulted in a deficit in auditory fear 

memory specificity indicating that the mPFC circuitry supports the disambiguation of 

auditory fear signals.  

 How CBP and CREB control memory accuracy in the mPFC is unclear. Both 

CBP and especially CREB have been implicated in long-term plasticity and memory 

consolidation in Aplysia, Drosophila and mice. Thus it is possible that long term coding 

within mPFC network involving LTP-mediated modification of prefrontal circuits is 

critical during contextual and auditory fear discrimination. This type of plasticity in the 

mPFC might be required to extinguish CS- responses, which would be consistent with the 

recognized role of the mPFC in fear memory extinction. In addition, CREB has been 

strongly implicated in adaptive alteration of neuronal excitability and memory allocation 

[200] and it is possible that CBP may mediate CREB-dependent changes in neuronal 
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excitability.  

 There is converging evidence that links contextual fear memory specificity and 

generality with information processing in the hippocampus-thalamus-PFC-amygdala 

circuit [3, 119, 120, 122, 175-179]. Our findings are consistent with the conclusions 

reported by DeVito et al., who suggested that the mPFC circuit was critical for the 

acquisition of overlapping odor discrimination problems [123]. Thus, the present findings 

of the critical role of the mPFC in auditory and context discrimination provides further 

evidence for the high integration-dependent disambiguation function of the mPFC 

because similar contexts (or up/down FM-sweeps) were both presented during multiple 

day training consisting of discontiguous episodes before the animals acquired the ability 

to properly respond to these signals. These data indicate that certain types of prefrontal 

dysfunction are likely to contribute to overgeneralized fear, a clinical condition present in 

anxiety related disorders such as PTSD.  
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Chapter 2.2: Prefrontal NMDA receptors control fear discrimination and fear 

extinction 

 

A version of this chapter is published in: 

Vieira PA, Corches A, Lovelace JW, Westbrook KB, Mendoza M, Korzus E: Prefrontal 

NMDA receptors expressed in excitatory neurons control fear discrimination and fear 

extinction. Neurobiol Learn Mem 2015, 119:52-62. 

 

Abstract 

 N-methyl-D-aspartate receptors (NMDARs) are critically involved in various 

learning mechanisms including modulation of fear memory, brain development and brain 

disorders. While NMDARs mediate opposite effects on medial prefrontal cortex (mPFC) 

interneurons and excitatory neurons, NMDAR antagonists trigger profound cortical 

activation. The objectives of the present study were to determine the involvement of 

NMDARs expressed specifically in excitatory neurons in mPFC-dependent adaptive 

behaviors such as fear discrimination and fear extinction. To achieve this, we tested mice 

with locally deleted Grin 1 gene encoding the obligatory NR1 subunit of the NMDAR 

from prefrontal CamKIIα positive neurons for their ability to distinguish frequency 

modulated (FM) tones in fear discrimination test. We demonstrated that NMDAR-

dependent signaling in the mPFC is critical for effective fear discrimination following 

initial generalization of conditioned fear. While mice with deficient NMDARs in 

prefrontal excitatory neurons maintain normal responses to a dangerous fear-conditioned 

stimulus, they exhibit abnormal generalization decrement. These studies provide 

evidence that NMDAR-dependent neural signaling in the mPFC is a component of neural 

mechanism for disambiguating the meaning of fear signals and supports discriminative 

fear learning by retaining proper gating information, viz. both dangerous and harmless 
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cues. We also found that selective deletion of NMDAR from excitatory neurons in the 

mPFC leads to a deficit in fear extinction of auditory conditioned stimulus. These studies 

suggest that prefrontal NMDARs expressed in excitatory neurons are involved in 

adaptive behavior. 
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Introduction 

 Normal brain functioning relies critically on the ability to keep fear memories 

distinct and resistant to confusion. Fear behavior is controlled by adaptive processes 

including discrimination, generalization and extinction, which are likely regulated by 

separate neural mechanisms. While fear memory accuracy is critical for survival and 

balanced fear generalization allows avoidance of dangerous situations, circuit and 

molecular level mechanisms for fear discrimination remain unclear. Multiple memory 

systems theory postulates that different types of memory are consolidated via hardwired 

pathways [201]. In tone fear conditioning, tone [conditional stimulus (CS)]-foot shock 

[unconditional stimulus (US)] associations are directly encoded through synaptic 

plasticity in the amygdala, which receives direct auditory inputs [202]. During contextual 

fear conditioning, the contextual stimulus (CS) is encoded by the dorsal hippocampus 

whose outputs are subsequently associated with the US through synaptic plasticity in the 

amygdala [9, 16], and later consolidated by the hippocampal-prefrontal circuitry [17-19, 

65, 203]. In fact, the medial prefrontal cortex (mPFC) can compensate for absence of 

dorsal hippocampus in contextual fear learning [19]. In addition, fear behavior is 

differentially regulated by infralimbic (IL) and prelimbic (PL) subregions of the mPFC 

[22, 53, 172, 173] via fear excitation and inhibition, respectively [22, 204], which may be 

due to differential connectivity with the amygdala [205, 206]. For example, differential 

conditioning increases unit and field responses within the amygdala to the conditioned 

stimulus, paired with US (CS+), whereas responses to the second stimulus that was never 

paired with US (CS−) decreased [207].  
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 Studies show that mPFC lesions enhance generalization.  In absence of IL mPFC, 

rats become more fearful of a novel environment after fear conditioning [19]. In addition, 

lesions of mPFC disrupts discrimination of more discrete multiple odor stimuli [123]. 

Furthermore, inactivation of pathways (in either direction) between mPFC and nucleus 

reuniens of thalamus [3] enhances fear memory generalization [3, 122]. We have recently 

demonstrated that prefrontal hypofunction of transcription regulators implicated in the 

mechanism underlying long-term memory consolidation results in abnormal 

generalization decrement during contextual and auditory fear discrimination learning in 

mice [4]. These data indicate that the prefrontal circuit might be involved in fear 

discrimination between the conditioned stimulus CS+ (reinforced with a foot shock) and 

CS- [174].  

There is a strong evidence for prefrontal N-methyl-D-aspartate receptors 

(NMDARs) in mechanism underlying extinction of conditioned fear [208, 209]. While 

fear extinction is widely considered as a new learning event rather then forgetting [210], 

it is postulated that fear extinction involves inhibition of an existing response [211]. In 

agreement with the data showing that lesions in the mPFC produce deficit in extinction of 

conditioned fear [21, 166, 212-214], consolidation of fear extinction memory recruits 

mechanisms controlled by NMDARs, mitogen-activated protein kinase and protein 

synthesis [173, 215]. Involvement of NMDAR in mPFC-dependent learning mechanism 

is supported by the studies showing that NMDAR receptors are effective mediators of 

synaptic plasticity in prefrontal excitatory neurons [216]. However, NMDARs in the 

mPFC mediate opposite effects on interneurons and excitatory neurons [217, 218]. 
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Pharmacological blockers of NMDAR trigger profound cortical activation in behaving 

rodents [218] and human volunteers [219-222] suggesting that the effect of NMDAR 

antagonists in pharmacological studies is predominately targeted to inhibitory neurons 

producing disinhibition of excitatory network. The objective of the present study was to 

determine involvement of NMDARs expressed specifically in CamKIIα positive 

excitatory neurons in mPFC-dependent adaptive behaviors such as fear discrimination 

and fear extinction. 

Based on the studies discussed above, discrimination between dangerous, fear-

conditioned CS+ and nonreinfoced CS- auditory cues likely involves mPFC functional 

interactions. Still unknown are the neural mechanisms underlying the attainment of fear 

memory accuracy for appropriate discriminative responses to CS+ and CS- stimuli. To 

explore the potential impact of prefrontal NMDARs on fear discrimination, we generated 

mutant mice with locally deleted obligatory subunit of the NMDAR in prefrontal 

excitatory CamKIIα positive neurons and examined their capability to distinguish 

between dangerous, fear-conditioned stimulus and nonreinforced stimulus in fear 

discrimination procedure. For behavioral evaluations, we used an auditory fear 

discrimination task that depends on the ability to distinguish discrete auditory cues 

constructed of frequency modulated (FM) upward or downward tone sweeps. This 

auditory fear discrimination task indicated that NMDAR-dependent neural signaling 

within mPFC circuitry is an important component of the mechanism for disambiguating 

the meaning of fear signals.  We have also demonstrated that NMDAR inactivation in the 

prefrontal excitatory neurons impairs fear extinction. 
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Materials and Methods 

Subjects  

The UC Riverside Institutional Animal Care and Use Committee approved all 

procedures in accordance with the NIH guidelines for the care and use of laboratory 

animals. We used C57BL/6J mice for all experiments.  Mice were weaned at postnatal 

day 21, housed 4 animals to a cage with same sex littermates with ad libitum access to 

food and water and maintained on a 12 hr light/dark cycle. Old bedding was exchanged 

for fresh autoclaved bedding every week.  

Surgery   

We used the same rescue surgery protocol as described previously [4]  Briefly, 2-

3-month-old mice were separated into individual cages prior to surgery. Anesthesia was 

induced by placing individual mice in chamber filled with isoflurane. After induction, 

anesthesia was maintained by mounting the mouse in a heated stereotaxic apparatus and 

supplying a constant flow of isoflurane/oxygen mix. After adjusting the ear bars, bite bar, 

and nose clamp, the scalp was shaved, sanitized, and incised along the midline. A dental 

drill was used to thin the skull over the injection sites. The thinned bone was then 

removed with a needle tip. A 5-μl calibrated glass micropipette (8 mm taper, 8 μm 

internal tip diameter) was fitted with a plastic tube connected to a 10-ml syringe and 

lowered onto a square of Parafilm containing a 4-μl drop of virus. After filling the 

micropipette, it was lowered to the proper stereotaxic coordinates and pressure was 

applied to the syringe to inject 0.7 μl of solution at a rate of 50 nl/min. After completing 

the bilateral injection and removing the micropipette, the skin was sutured and antibiotic 
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was applied to the scalp. The mouse was kept warm by placing its cage on a heated plate 

and injected with buprenorphine (0.05 mg/kg) for pain relief. The water bottle in the cage 

was mixed with meloxicam (1 mg/kg) to relieve pain during subsequent recovery days.  

Animals were monitored for any signs of distress or inflammation for 3 days after 

surgery. Behavioral experiments were initiated 3 days after surgery. The mPFC was 

targeted at the following stereotaxic coordinates: Bregma; AP 1.8, ML±0.4, DV 1.4.  

Viruses  

Surgical procedures were standardized to minimize the variability of HSV virus 

injections, using the same stereotaxic coordinates for the mPFC and the same amount of 

HSV injected into the mPFC for all mice. CRE and/or mCherry under control of 

CamKIIα Promoter were cloned into the HSV amplicon and packaged using a 

replication-defective helper virus as previously described [153, 154]. The viruses were 

prepared by Dr. Rachael Neve (MIT, Viral Core Facility). The average titer of the 

recombinant virus stocks was typically 4.0 x 107 infectious units/ml. HSV viruses are 

effectively expressed in neurons in the PFC.  

Behavioral Assays  

Fear conditioning was performed in a fear conditioning box (Coulburn 

Instruments Inc.) located in a sound attenuated chamber and analyzed automatically by a 

Video-based system (Freeze Frame software ActiMetrics Inc.). Freezing was expressed 

as  “% Freezing”, which was calculated as a percent of freezing time per total time spent 

in the testing chamber or time window during which the CS was presented.  The chamber 

was cleaned in between trials with Quatracide, 70% ethanol, and distilled water. 
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 The FM-sweep direction auditory fear discrimination task was performed 

according to a previously described protocol [4]. This task is divided into three phases: 

FM-sweep conditioning, generalization test and discrimination phase (Fig. 2.2). The 

conditioned stimuli (CS) were 20 s trains of frequency modulated (FM)-sweeps for a 400 

ms duration, logarithmically modulated between 2 and 13 kHz (upsweep) or 13 and 2 

kHz (downsweep) delivered at 1 Hz at 75 dB. While the CS+ (conditioned upsweep or 

conditioned downsweep) was paired with a foot shock (2 s, 0.75 mA), the CS- (upsweep 

or downsweep) was never reinforced with foot shock. The onset of the US coincided with 

the onset of the last sweep for the CS. The assignment of the FM stimuli to CS+ or CS- 

was counterbalanced between subjects. For fear conditioning acquisition (days 1-3; initial 

training phase), the animals were presented with a single CS-US pairing per day. The 

FM-sweep Fear Retrieval (day 4) and Generalization (day 4-5) were tested during so 

called “Test” in context C. “Test” involved measurements of freezing to 3x CS- for 30 s 

and 3x 30 s CS+ without US presented after 3 min baseline and with 3 min inter trial 

intervals (ITI). During “Test”, both CS+ and CS- were not reinforced with US and 

CS+/CS- stimuli were presented in alternated, counterbalanced order.  Context C was 

significantly differed from the training chamber (context A), in which animals displayed 

low context baseline [223]. The discrimination phase of FM sweep direction 

discrimination training was performed over three sessions a day for 6 days (days 7-12): 

Session 1 was the performance test (“Test”), Session 2 was the presentation to CS+ 

paired with US (or CS-) after 3 min in Context A, and Session 3 was the presentation to 

the CS- (or CS+ paired with US) after 3 min in Context A. CS+ and CS- order was 



 66 

counterbalanced.  

 The fear exintction task is divided into two phases: FM-sweep conditioning and 

fear extinction phase. The conditioned stimuli (CS+) were 20-s trains of frequency 

modulated (FM)-sweeps for a 400-ms duration, logarithmically modulated between 2 and 

13 kHz (upsweep) or 13 and 2 kHz (downsweep) delivered at 1 Hz at 75 dB. While the 

CS+ was paired with a foot shock (2 s, 0.75 mA), the CS- (upsweep or downsweep) was 

never reinforced. The assignment of the stimuli to CS+ or CS- was counterbalanced 

between subjects. For fear conditioning acquisition, the animals were presented with a 

three CS-US pairings with 3 min ITI. Fear extinction involves following 7 days of 

trainings (Fig 2.6A, days 2-8) in Context C. Each day, 3x 30 s CS- and 3x 30 s CS+ are 

presented after 3 min baseline and with 3 min ITI. Both CS+ and CS- were not reinforced 

during extinction and stimuli are presented in alternated, counterbalanced order.   

Histology  

Histology was performed as described before [43]. Briefly, anesthetized 

(Nembutal 200mg/kg, i.p. injection) mice were transcardially perfused first with PBS and 

then 4% PFA.  Brains were extracted, soaked in 4% PFA overnight, soaked in 20% 

sucrose until they sank, and then flash frozen using embedding media, dry ice, and 

ethanol before being stored in a -80
o
C freezer. The frozen brain was then mounted on 

cryostat for 50-μm-thick sectioning of the mPFC. Free-floating immunohistochemistry 

(IHC) was performed on sections according to a previously described protocol [142].  

The sections are washed 3 times for 10 min in a wash buffer (PBS, 0.3% Triton x-100, 

0.02% NaN2) followed by a 1-hr incubation in blocking buffer (5% normal goat serum in 
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washing buffer), followed by a 10-min incubation in the wash buffer.  The sections were 

incubated overnight at 4C° with primary antibodies (mouse anti-NeuN monoclonal 

antibody (Millipore, 1:2000) and rat anti-mCherry (Molecular Probes, 1:10,000) or 

mouse anti-CaMKII antibody (Fisher, clone: 6G9: 1:1,000) and rat anti-mCherry. 

  After three washes with the wash buffer, the sections were incubated with 

appropriate secondary antibodies (Alexa488 goat anti-mouse IgG or Biotin-anti-rat IgG 

or Alexa647 goat anti-mouse IgG; Molecular Probes, 1:1,000), in blocking buffer 

overnight at 4C°.  The sections were washed again three times with the wash buffer, 

incubated with Streptavidin-Alexa 568 (Molecular Probes, 1:1,000) in blocking buffer for 

4 hr at room temperature, and washed before mounting for viewing.  Negative control 

slices were collected at the same time, undergoing the same IHC procedure in addition to 

receiving primary antibodies. After immunostaining, the tissue was mounted with 

mounting medium (ProLong Antifade, LifeTechnologies) before imaging.  The negative 

control slice was from animals infected with HSV/CamKIIα Promoter-mCherry Control 

virus targeted to mPFC. 

Fluorescent In situ hybridization (FISH) of NR1 mRNA, 

Coronal sections (25 μm in thickness) were cut on a ryostat. Hybridization was 

performed at 56
o
C for 18 hours in a hybridization buffer (KPL, Inc). The NR1 probe 

template derived from the 723-bp DNA fragment of rat NR1 cDNA (pCI-SEP-NRI, 

Adgene) containing NR1 sequences spanning exon 13 to exon 17 (corresponding to 

nucleotides 1983 to 2735 based on NCBI Sequence L08228.1). NR1 complementary 

RNA (cRNA) was labeled with fluorescein (Roche) and used as the probe for detecting 
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NR1 mRNA in the mouse brain. After hybridization, the sections were washed and 

incubated with HRP conjugated anti-fluorescent antibody (Perkin Elmer) overnight at 

4
o
C. NR1 signal was detected with the Perkin Elmer kit using fluorescein-tyramide (TSA 

Plus, Perkin Elmer). Following FISH, mCherry signal was detected with rat anti-Cherry 

antibodies/Biotin-anti-rat IgG/ Streptavidin-Alexa 568 immunodetection system as 

described above. The negative control slice was from animals infected with 

HSV/CamKIIα Promoter-mCherry Control virus targeted to mPFC. 

Imaging  

 Images were taken using an Olympus FV1000 laser scanning confocal 

microscope controlled using the FluoView software. Fluorescence was measured from 

mPFC slices using objective 40x/0.80 LUMPlanFL40x objective.  Alexa488, Alexa568 

and Alexa-647 were imaged using a 473-nm, 559-nm and 647-nm laser, respectively.  

Gain and offset of each channel were balanced manually using Fluoview saturation tools 

for maximal contrast. All settings were tested on multiple slices before data collection 

and brain slices were imaged using identical microscope settings once established. The 

fluorescence intensity was compared to the negative control slices, which did not receive 

any primary antibodies. Forty-micrometer z-stacks were obtained from the entire mPFC 

for assessing the site of injection. For other measurements, a single optical section was 

acquired and analyzed. The fluorescence intensity quantification was performed on 

original images by the use of Olympus Fluoview software without any non-linear image 

adjustments. The region of interest (ROI) was a cell-size circle placed on cells expressing 

mCherry within cortical layer 2/3 in mPFC and fluorescence corresponding to Grin1 
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(FISH) or CamKII was measured from randomly selected 20–30 cells per hemisphere. 

The fluorescence intensity quantification was performed on original images by the use of 

Olympus Fluoview software without post-hoc manipulations. 

Data analysis 

The experimenters were blind to the group conditions. N indicates sample size 

and error bars use the standard error of the mean. Statistical analysis was performed using 

Excel (Microsoft Inc.) or SPSS (IBM Inc.). The Student’s t-test or ANOVA was used for 

statistical comparisons. Pearson’s correlation (r) was used as an effect size. In cases 

where the repeated measures ANOVA (RM-ANOVA) was utilized and assumptions of 

sphericity were violated (via Mauchly’s Test), the analysis was performed using the 

Greenhouse-Geisser correction. Bonferroni corrected post hoc analysis was performed for 

multiple comparisons, which allows for substantially conservative control of the error 

rate. Significance values were set at p<0.05. The asterisks indicate statistical significance: 

*, p < 0.05, **, p < 0.01, ***, p < 0.001 and n.s. indicates not significant. 



 70 

Results 

Generation of mPFC-NR1 KO mice 

In this study, we focused on the NMDAR, which is a known regulator of synaptic 

activity. This receptor has been implicated in various forms of synaptic plasticity 

underlying memory [224, 225]. Loss of NMDAR function is achieved by the conditional 

deletion of the GRIN1 gene, which encodes an obligatory NR1 subunit for functional 

NMDAR [225]. In these experiments, we injected Herpes Simplex Virus (HSV) 

expressing monomeric fluorescent protein mCherry [5] or mCherry and Cre recombinase 

under the control of CamKIIα promoter [5] (Fig. 2.4A) into the mPFC of floxed-NR1 

mice to generate Control or mPFC-NR1 KO mice, respectively (Fig. 2.4A, B). Cre 

recombinase is the second gene in our CamKIIα-mCherry/Cre bicistronic vector and 

linked to mCherry with the internal ribosome entry site (IRES) of encepahlomyocarditis 

virus (EMCV).  We have previously reported that more than 98% HSV infected cell are 

neurons [4]. Immunostaining with antibodies directed against CamKIIα and mCherry 

revealed that the virus expression was targeted to CamKIIα positive cells (Fig. 2.4C). To 

evaluate NR1 gene deletion in mPFC-NR1 KO, we employed fluorescence in situ 

hybridization (FISH) to examine expression of NR1 mRNA levels in infected neurons 

(mCherry expressing cells) (Fig. 2.4D). mPFC-NR1 KO mice show decreased levels of 

expression of NR1 mRNA in cells infected with CamKIIα-mCherry/Cre virus within the 

mPFC (Fig. 2.4D). We found a significant decrease of NR1 mRNA signal in neurons 

expressing mCherry protein in the mPFC-NR1 KO when compared to control (Fig. 2.4D; 

Ctrl vs. mPFC-NR1 KO:  t-test; t(11) = 3.4048 , p =0.0059, r = 0.71632). 
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Figure 2.4 
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(Previous page) Figure 2.4: Generation of mPFC-NR1 KO mice. (A) Viral construct for 

generating mPFC-NR1 KO and control mice: HSV/CaMKIIα-mCherry-IRES-Cre and 

HSV/CaMKIIα-mCherry, respectively. (B) Representative image indicating mPFC 

infection of the virus. Long-term expression HSV-1 viruses carrying CRE 

(HSV/CaMKIIα-mCherry-IRES-Cre) or mCherry as the control (HSV/CaMKIIα-

mCherry) were injected into the mPFC. To determine the pattern of mCherry-tagged 

virus expression, the imaged tissue was compared to the Paxinos and Franklin mouse 

atlas [159] and areas of maximal mCherry expression were labeled as injection sites. Red, 

mCherry; white, NeuN neuronal marker. (C) Multiplex immunohistochemistry with anti-

mCherry and anti-CamKIIα antibodies revealed that mCherry expression from 

HSV/CaMKIIα-mCherry-IRES-Cre virus was targeted to CamKIIα positive cells in 

mPFC-NR1 KO mice. Red, mCherry; green, CaMKIIα. White arrows indicate position of 

mCherry positive neurons expressing CamKII. Blue scale bar indicates 30 μm.  (D) NR1 

expression was markedly decreased in mPFC-NR1 KO mice. Fluorescent in situ 

hybridization (FISH) was used to measure the levels of NR1 mRNA in combination with 

immunohistochemistry of mCherry in the mPFC of mPFC-NR1 KO and control mice. 

Cells co-expressing mCherry in the mPFC showed significantly lower levels of Grin1 

expression when compared to control animals expressing mCherry only. Red, mCherry; 

green, GRIN1. White arrows indicate the position of mCherry positive neurons. Blue 

scale bar indicates 30 μm. The asterisks indicate statistical significance: **, p < 0.01. 
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Impairment of fear discrimination in mPFC-NR1 KO mice  

We tested mPFC-NR1 KO mice using an auditory discrimination task, which tests 

the ability of mice to recognize the direction (upward or downward) of frequency 

modulated (FM)-sweeps (Fig. 2.2). This fear discrimination task requires learning of a 

dangerous stimulus (CS+) via classical fear conditioning (pairing with foot shock, US) 

and then a harmless stimulus (CS-) is associated with the absence of US. This assay 

begins with 3 days of acquisition (a single CS-US pairing per day) followed by a 24 hr 

fear retrieval test on day 4 and a generalization test on days 4-5. The mice then run 

through discrimination training on days 7-12 in which they experience 3 sessions: first, 

they are tested for freezing to CS+ and CS- in Context C (without any reinforcement); 

second, they are exposed to CS+ paired with US (or CS-); third, they are exposed to CS- 

(or CS+ paired with US). CS- is never reinforced through the entire procedure. During 

generalization and discrimination, performance was tested in Context C, which is 

substantially different from conditioning chamber (Context A). 

We examined FM-sweep fear conditioning acquisition in mPFC-NR1 KO mice 

and control mice, and both groups successfully acquired this form of classical 

conditioning (Fig. 2.5A; RM-ANOVA of Day and Group: F(2,38) = 0.800, p = 0.457). 

Both groups also showed similar retrieval on a 24-hr memory test (Fig. 2.6B; two way 

ANOVA of Group and Baseline/24 h-Test; Group: F(1,38) = 0.941, p = 0.338; Baseline/24 

h-Test: F(1,38) = 422.288, p = 3.509
-22

; Group x Baseline/24 h-Test: F(1,38) = 0.553, p = 

0.462). We next tested the amount of generalized fear expressed by mPFC-NR1 KO and 

control mice, in which we examined their freezing responses to a novel FM sweep (CS-), 
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revealing no difference in the freezing responses to the CS- or CS+ between mPFC-NR1 

KO and control mice (Fig. 2.5C; ANOVA of FM-sweep direction and group during day 4 

and 5: Group: F(1,38) = 0.363, p = 0.550; ANOVA of FM-sweep direction: F(1,38) = 0.385, 

p = 0.539; Group x FM-Sweep Direction: F(1,38) = 0.002, p = 0.966). Taken together, 

these data indicate that both groups of mice show normal conditioned fear acquisition, 

24hr retrieval, and generalization.  

 We next ran control and mPFC-NR1 KO mice on auditory discrimination training 

(Fig. 2.5D-F). Initially, both groups of mice generalized their conditioned responses, 

exhibiting similar levels of freezing responses to both CS+ and CS- (days 7-8).  

However, following 2 days of training, control mice demonstrated the ability to 

consistently distinguish between similar yet different auditory patterns (days 10-12), 

exhibiting a higher freezing to CS+ and significantly lower freezing to CS- compared to 

CS+ (Fig. 2.5D; RM-ANOVA of Day and FM-sweep direction: Day x FM-sweep 

direction: F(5,45) = 8.728, p = 0.000007, n = 10). Post hoc analysis using Bonferroni 

correction (alpha = 0.0083) for multiple comparisons indicated that differences were 

present during days 10 (t(9) = 3.487, p = 0.007, r = 0.76), 11 (t(9) = 7.209, p = 0.00005, r = 

0.92) and 12 (t(9) = 8.147, p = 0.00002, r = 0.94) only.  

The mPFC-NR1 KO mice demonstrated deficient discrimination between CS+ 

and CS-, never showing a significant difference in freezing response between up and 

down auditory sweeps. (Fig. 2.5E, RM-ANOVA of Day and FM-sweep direction: Day x 

FM-sweep direction: F(2.7,26.5) = 2.787, p = 0.066, n = 11). Post hoc analysis using 

Bonferroni correction for multiple comparisons indicated that no differences were present 
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during days 9 (CS+ vs CS- t-test: t(10) = 2.515, p = 0.031, r = 0.62), 10 (t(10) = 0.655, p = 

0.528, r = 0.20), 11 (t(10) = 3.131, p = 0.011, r = 0.70) and 12 (t(10) = 1.728, p = 0.115, r = 

0.48).  In contrast to the control animals, mPFC-NR1 KO mice continued to generalize 

their conditioned responses throughout the entire auditory discrimination training and 

failed to distinguish between CS+ and CS-. 

There is a clear deficit in mPFC-NR1 KO mice in auditory fear discrimination 

when compared to controls (Fig. 2.5D-E, RM-ANOVA of Group and FM-sweep 

direction and Day 7-12: Group x FM-sweep direction x Day: F(5,95) = 3.619, p = 0.005; 

Group x FM-sweep direction: F(1,19) = 5.972, p = 0.024; mPFC-NR1 KO, n=11; Ctrl, n = 

10). Analysis of discrimination ratios supports the difference in performance between 

control and mPFC-NR1 KO animals on days 10-12 (Fig. 2.6F. Discrimination Index 

mPFC-NR1 KO vs. Ctrl t-test: Day 10: t(19) = 3.322, p = 0.004, r = 0.61; Day 11: t(19) = 

4.719, p = 0.0001, r = 0.73, Day 12: t(19) = 3.850, p = 0.001, r = 0.66; MPFC-NR1 KO , 

n=11; Ctrl, n = 10), but not during the initial 3 days of training (p>0.05). Control mice 

clearly show a better performance than mPFC-NR1 KO mice on auditory discrimination 

(Fig. 2.5D-F). In summary, these data suggest that knockout of NR1 in the mPFC results 

in abnormal auditory fear memory specificity. Moreover, the fear baseline measured 

before tone presentation during testing was not different between groups or across the 

discriminatory training (Fig. 2.6D-E).  

 We also analyzed fear responses to upsweep (CS+) and, separately, to 

downsweep (CS-) in control and mPFC-NR1 KO tested on FM-sweep direction fear 

discrimination task (Fig. 2.5). There was no difference in responses to conditioned 
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stimuli CS+ between mPFC-NR1 KO and control mice across the entire FM-sweep 

direction discrimination training (Fig. 2.5D-E; CS+/mPFC-NR1 KO vs Ctrl; RM-

ANOVA of days 7-12 and group: Day X Group, F(3.1, 59.1) = 0.546, p = 0.659). An 

analysis of learning curves (Fig. 2.6G) showed a positive slope to CS+ in control (α = 

2.05±1.22) and mPFC-NR1 KO (α = 1.91±1.06) across the entire FM-sweep direction 

fear discrimination task. In fact, there was no difference in the learning slopes of 

appropriate responses to CS+ between mPFC-NR1 KO and control groups (Fig. 2.5G; 

CS+ slope/Ctrl vs mPFC-NR1 KO t-test; t(19) = 0.088, p = 0.931, r = 0.02). However, 

mPFC-NR1 KO mice responded differently to non-relevant stimuli CS- across training 

on the auditory discrimination task when compared to control mice (Fig. 2.5D-E; CS-

/mPFC-NR1 KO vs Ctrl; RM-ANOVA of days 1-5 and group: Day X Group, F(3.4,63.7) = 

3.447, p = 0.018). The marked improvement of discrimination observed on the FM-

sweep direction fear discrimination task in control mice (Fig. 2.5D, F, G) coincides with 

the significant negative slope of the learning curve for CS- (Fig. 2.5G; α = -5.17±0.79). 

The mPFC-NR1 KO group, which failed to improve fear memory accuracy across 

training (Fig. 2.5E-F), shows a slight positive slope for CS- across the training (Fig. 

2.5G; α = 0.412±1.20) and a marked difference when compared to the CS- slope 

observed in control animals (Fig. 2.5H; CS- slope/Ctrl vs mPFC-NR1 KO t-test; t(19) = -

3.803, p = 0.001, r = 0.66). 

In summary, analysis of patterns of responses to CS+ and CS- in control animals 

tested on the FM-sweep direction fear discrimination task revealed that the improvement 

of auditory fear memory accuracy was due to only slight incline in freezing to CS+ and 
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rapid decline in freezing to CS-. NMDA receptor hypofunction in the mPFC altered the 

ability to learn auditory discrimination responses to CS+ versus CS- by disrupting the 

pattern of learning for CS- only, while responses to CS+ remained similar to control 

mice.  These data demonstrate that the mPFC supports the improvement of auditory fear 

memory accuracy by controlling acquisition of appropriate responses to non-relevant 

stimuli. 
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Figure 2.5 
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(Previous Page) Figure 2.5: FM-sweep direction fear memory specificity is deficient in 

mPFC-NR1 KO mice. (A-B). Pavlovian tone fear conditioning was normal in mPFC-

NR1 KO, showing normal acquisition (A) and retention (B) of FM-sweep fear 

conditioning compared to control (Ctrl) mice.  FM-sweep fear was tested in Context C at 

24 hr after a three upsweeps-foot shock pairing. Shown here fear baseline is % freezing 

recorded before fear conditioning (day 1). (C) Both groups (mPFC-NR1 KO and Ctrl) 

show no difference in the freezing responses to CS+ and CS- (p>0.05) during day 4 and 5 

of training, indicating that initially, the mPFC-NR1 KO and control mice generalized 

responses and did not discriminate between CS+ and CS-. Shown here fear baseline is the 

percent of freezing recorded before tone was presented during generalization test. (D) 

After the initial generalization of fear conditioned responses, control mice exhibited 

robust fear discrimination on days 10-12. (E) mPFC-NR1 KO mice demonstrated a 

deficit in auditory fear discrimination when compared to controls (D). Shown here (and 

F) fear baseline is the percent of freezing recorded before tone was presented during 

discriminatory phase (days 7-12). (F) The FM-sweep direction discrimination ratios (DI) 

were calculated using the freezing responses to CS+ and CS- according to the formula DI 

= (([CS+] – [CS-]) / ([CS+] + [CS-])). Analyses revealed differences between mPFC-

NR1 KO and control mice in the performance during days 10 – 12. (G) Average learning 

curves for learning of appropriate responses to CS+ and CS- were calculated based on the 

performance of control and mPFC-NR1 KO group across the entire training (Fig. 2.5D-E; 

days 7 to 12) followed by fitting the regression line and t-test analysis on the mean of 

those slopes (α). The analysis response patterns to CS+ and CS- in control animals tested 

on the FM-sweep direction fear discriminatory task revealed that auditory memory 

accuracy improvement was due to a slight incline in freezing to CS+ and a rapid decline 

in freezing to CS- (CS+/Ctrl:  α= 2.05±1.22; CS-/Ctrl: α= -5.17±0.79). There was no 

difference in the learning slopes of appropriate responses to CS+ between mPFC-NR1 

KO and control groups. The mPFC-NR1 KO group, which failed to improve fear 

memory accuracy, showed a positive slope for CS-, a marked difference from control 

responses to the CS-. (H) Graph showing average slopes on the same analysis. Data 

presented in B-F were acquired in Context C during “Test” (Fig. 2.2). The asterisks 

indicate statistical significance: *, p < 0.05, **, p < 0.01, ***, p < 0.001. 
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Impairment of auditory fear memory extinction in mPFC-NR1 KO mice 

Previous work on fear memory and mPFC NMDA receptor function demonstrated 

that infusion of CPP, a potent NMDA receptor antagonist [208], or more selective NR2B-

specific blocker ifenprodil [215] impaired extinction memory consolidation. However, 

these pharmacological manipulation prevents testing cell-type specific effects. To 

evaluate specific role of NMDARs expressed in excitatory neurons we tested mPFC-NR1 

KO mice on an auditory extinction task (Fig. 2.6) in which mice are initially trained with 

3 pairings of upward FM sweeps (CS+) and foot shocks on day 1, followed by 7 days of 

extinction in which they are presented with non-reinforced upward (CS+) and downward 

(CS-) FM auditory sweeps in a novel context while measuring freezing responses. No 

further pairing of CS+ and foot shocks was done after the initial training on day 1.  

Control mice extinguish freezing to CS+ and CS- differently across extinction training 

(Fig. 2.6B, RM-ANOVA of Day and FM-sweep direction: Day x FM-sweep direction = 

F (6,60) = 2.565, p = 0.028). Post hoc analysis indicated that differences between CS+ and 

CS- were present during days 4 (p < 0.05), and 7 (p < 0.05), only. The mPFC-NR1 KO 

mice show no difference between CS+ and CS-  in decline of freezing responses across 

fear extinction training (Fig. 2.6C RM-ANOVA of Day and FM-sweep direction: Day x 

FM-sweep direction = F(6,66) = 2.225, p = 0.051).  

Analysis of learning curves (Fig. 2.6D, Control CS+ α = -9.51±0.72, mPFC-NR1 

KO CS+ α = -6.07±0.64, Control CS- α = -9.11±1.10, mPFC-NR1 KO CS- α = -

6.34±0.74) shows a significant difference in the rate of extinction of CS+ and CS- 

between control and mPFC-NR1 KO mice when comparing average slopes of both CS+ 
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(Fig 2.6E, CS+ slope/Ctrl vs  mPFC-NR1 KO  t-test; t(21) = -3.573, p = 0.002, r = 0.61) 

and CS-  (CS- slope/Ctrl vs  mPFC-NR1 KO  t-test; t(21) = -2.113, p = 0.047, r = 0.52). 

Taken together, these data indicate that both control and mPFC-NR1 KO groups 

extinguish CS+ and CS- across extinction training, but that control mice extinguish fear 

responses to both FM-sweep directions more rapidly than mPFC-NR1 KO mice. While 

freezing responses to conditioned stimulus CS+ and nonreinforced stimulus CS- declined 

to the level of fear baseline by day 7 of extinction learning in control group (Fig 2.6B; 

Day 7,  CS+ vs baseline (CTRL) t-test(10) = 1.7465, n  = 11, p = 0.1113, r = 0.3637; CS- 

vs Baseline (CTRL) t-test(10) =  0.0277, n = 11, p = 0.9785, r = 0.01), mPFC-NR1 KO 

mice show still significant levels of freezing to CS+ and CS- above the baseline on day 7 

of extinction training (Fig. 2.6C; Day 7, CS+ vs baseline (mPFC-NR1 KO) t-test(11) = 

7.5947, n = 12, p = 0.00001, r = 0.85; CS- vs baseline (mPFC-NR1 KO) t-test(11) = 3.911, 

n = 12, p = 0.000002, r =0.64) . Coincidently, generalized fear responses to CS-, which 

was never reinforced, show similar patterns of decline to those observed in case of CS+ 

in mPFC-NR1 KO and control mice across the training of fear extinction paradigm (Fig. 

2.6). In general, the decrease of generalized fear (responses to CS-) correlates well with 

the decrease of fear responses to CS+ across fear extinction training, although control 

mice show a slightly steeper decline of CS- when compared to CS+ (Fig. 2.6) while both 

CS+ and CS- decline slower but at the same rate in mPFC-NR1 KO mice  In summary, 

these data demonstrate that NMDARs expressed in excitatory neurons in the mPFC not 

only mediate mechanism underlying fear extinction (Fig. 2.6) but are also involved in 

controlling a decline of generalized responses to CS-  (observed in Fig. 2.5). 
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Figure 2.6 
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(Previous page) Figure 2.6: mPFC-NR1 KO mice show deficient fear memory 

extinction. (A) Experimental design for the extinction protocol. A single day of training 

in which the animal receives 3 upsweep-foot shock pairings followed by 7 days of 

extinction in which freezing is measured during the presentation of 3x CS- (downward 

sweeping FM tones) followed by 3x CS+ (unpaired with foot shock) in a separate context 

from training [226]. (B) Percent of total time spent freezing during the sweep 

presentation plotted across days. Control animals extinguish freezing to both CS+ and 

CS- significantly different. Asterisk refers to a difference between CS+ and CS-. (C) 

mPFC-NR1 KO mice extinguish CS+ and CS- the same rate. (D) Learning curves 

comparing slopes of extinction to CS+ and CS- between control (CS+ slope(α)= -

9.51±0.72, CS- slope(α)= -9.11±1.10) and mPFC-NR1 KO mice (CS+ slope(α)= -

6.07±0.64, CS- slope(α)= -6.34±0.74. (E) Average slope comparison of extinction curves 

to CS+ and CS- between control and mPFC-NR1 KO mice shows a significant difference 

in rate of extinction to CS+ and CS-. Shown here (B-C) fear baseline is % freezing 

recorded before tone was presented during extinction (days 2-8). The asterisks indicate 

statistical significance: *, p < 0.05, **, p < 0.01. 
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Discussion 

 This study shows that after fear generalization occurs, successful fear 

discrimination involves prefrontal NMDAR-dependent decline of generalized fear 

responses to harmless nonreinforced stimuli. Conditional deletion of the NMDAR in 

CamKIIα positive excitatory neurons within the mPFC resulted in abnormal fear 

discrimination. Patterns of fear responses in control animals suggest that the fear 

discrimination procedure involves a diminution of freezing responses to harmless 

nonreinforced stimuli after initial strong generalization. In addition, mPFC-NR1 KO mice 

show a moderate deficiency in fear extinction, which is consistent with prior studies 

demonstrating that infusion of NMDAR antagonist CPP or more selective NR2B specific 

antagonist ifenprodil into the mPFC prevented consolidation of extinction learning [208, 

209, 215]. 

How can NMDARs in the mPFC control fear discrimination? This study shows 

that fear discrimination involves a prefrontal mechanism that is mediated by NMDARs 

expressed in excitatory CamKIIα positive neurons. These studies are consistent with our 

previous report showing that an interruption of cAMP response element binding protein 

(CREB) function or an inhibition of histone acetyltransferase CREB binding protein 

(CBP) activity in the mPFC also leads to a strong deficit in fear discrimination [4]. Both 

CREB and CBP histone acetyltransferase (HAT) activity has been implicated in the 

putative molecular mechanism underlying memory consolidation and NMDAR-

dependent synaptic plasticity. Thus, fear discrimination appears to rely on prefrontal 

circuitry through a process by which initially generalized fear memories are sharpened by 
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selective reduction of the response to non-reinforced stimuli. These studies are consistent 

with other reports. Critical involvement of mPFC in fear generalization has been 

demonstrated through prefrontal lesion studies [19] and direct inactivation of connectivity 

between mPFC and nucleus reuniens of thalamus [3], which in both studies enhanced fear 

responses to a novel environment [3]. In fact, optogenetic activation of action-potential 

firing of NR neurons stimulated throughout the 6 min training period by either a 4 Hz 

tonic stimulation or a 30 Hz phasic stimulation administered for 0.5 s every 5 s during 

fear memory acquisition (but not during fear memory retrieval) reduced or enhanced 

memory generalization, respectively [3]. Other studies showed that a general inactivation 

of the mPFC with the GABAA receptor antagonist muscimol did not interfere with 

differential fear learning but it produced deficit in the differential fear conditioning if 

muscimol was administered into the mPFC just before retrieval but not during aquisition 

[227]. These data may indicate that the differential fear learning may occur in absence of 

the mPFC due to compensatory effects in a similar manner as prefrontal microcircuit can 

compensate contextual learning after hippocampal loss [19]. However, when required 

information related to differential fear acquisition is encoded and consolidated in 

available mPFC network in a NMDAR-dependent manner, then the mPFC becomes 

indispensable for differential fear retrieval.  In summary, these data suggest that fear 

discrimination recruits a mechanism relying on NMDARs expressed in prefrontal 

excitatory neurons and controlling a generalization decrement.  

The mPFC-NR1 KO mice showed also a moderate deficit in extinction of fear to 

the conditioned stimuli CS+ (Fig. 2.6), which is consistent with previous reports.  It is 
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generally believed that fear behavior is differentially regulated by the PL and  IL 

divisions of the mPFC [22, 53, 172, 173].   Electrophysiological findings suggest that the 

IL and PL cortices may have opposite effects on fear expression [23, 228]. It has been 

suggested that the PL promotes fear expression by activating neurons of the basolateral 

nucleus of the amygdala (BLA) projecting to the central nucleus of the amygdala (CeM) 

[229], a critical subregion for fear expression. Conversely, electrical stimulation of IL 

inhibits the CeM output through the amygdala intercalated neurons (ITC) relay [32], 

providing an alternative mechanism for extinction [34]. Thus, IL mPFC projections to the 

amygdala inhibit conditioned fear and it is postulated that the learning of fear extinction 

in rat involves both increased neuronal activity in the IL mPFC [27] and protein synthesis 

in the mPFC [169].  

NMDARs have been strongly implicated in fear extinction. NMDAR-dependent 

long-term potentiation is an experimental model of synaptic plasticity and is widely 

hypothesized to be the neural mechanism by which memory traces are encoded and 

stored in the brain [230].  Infusion of the NMDAR blocker 2-amino-5-phosphonovalerate 

(APV) into the amygdala during extinction substantially interferes with extinction of 

conditioned fear to tone, light, and contextual stimuli [231, 232] while overexpression of 

NMDAR subunit NR2B in mice improves extinction learning [233]. In addition, pre-

training injections of antagonist of NMDARs, 3-(2-carboxypiperazin-4-yl)-propyl-1-

phosphonic acid (CPP), directly to the mPFC demonstrated that NMDA receptors are not 

required fear extinction training while immediate post-training (but not 2 hr after) 

injections of CCP impaired subsequent retrieval of extinction implicating NMDAR in 
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long-term memory [208, 209]. In addition, consolidation of fear extinction requires 

NMDAR-dependent bursting in the mPFC [208] suggesting that fear extinction learning 

involves extinction memory through NMDAR-mediated plasticity in prefrontal–

amygdala circuits. Furthermore, the NR2B subunit of prefrontal NMDARs, which has 

been implicated in induction of synaptic plasticity [234, 235] appears to be critical for 

fear extinction consolidation but is dispensable during fear extinction training [215]. 

While decline of fear response to CS+ due to fear memory extinction (Fig. 2.6) 

and reduction of responses to CS- due to a generalization decline (Fig. 2.5) show similar 

behavioral patterns, the circuit-level mechanisms are likely different. Reduction of 

responses to conditioned stimulus CS+ is linked to well-studied mechanisms underlying 

fear memory extinction and decline of fear responses to non-reinforced CS- is connected 

to a generalization decrement. The mPFC-NR1 KO mice show deficits in both of these 

mechanisms suggesting that they may share similar requirements for prefrontal excitatory 

neurons expressing NMDARs. However, it is unclear if the same excitatory neurons in 

the mPFC govern both fear memory extinction and a generalization decrement or 

separate prefrontal circuits control these two mechanisms. The fact that behavioral effects 

of NMDARs deletion from prefrontal excitatory neurons is less severe in case of fear 

memory extinction (Fig. 2.6) when compared to fear discrimination (Fig. 2.5) may 

indicate that fear extinction learning and a generalization decline are governed through a 

separate neuronal populations and varying involvement of the PL and/or IL.  

Additional supporting evidence for the mPFC as a locus for gating fear 

discrimination includes animal studies in which a mPFC lesion impairs the ability to 
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guide behavior, specifically when memory retrieval resolves conflicting dangerous and 

harmless contextual cues [236-239]. Fear decline is associated with elevated activity in 

the mPFC as determined by activation of immediate-early genes [60, 64], increased blood 

oxygenation levels [116], cell firing [208] and magnitude of local field potentials [240]. 

The mPFC has dense reciprocal anatomical and functional connections with sensory 

cortices, thalamic sensory relays and memory systems including the hippocampus and 

basolateral amygdala (BLA), the critical locus for fear processing. In addition, 

considerable evidence indicates that neurons in the mPFC, BLA and hippocampus are 

functionally coupled at the theta range (4-12 Hz oscillations) during fear conditioning 

[241, 242], conditioned extinction [240] and discriminative fear learning [243]. These 

studies have clinical implications because overgeneralized fear is a typical symptom of 

anxiety disorders including generalized anxiety disorder [244, 245] and posttraumatic 

stress disorder (PTSD) [246], which are triggered by cues in a secure environment that 

resemble those of the traumatic experience. Failure to discriminate between dangerous 

and harmless stimuli can lead to intrusive recollection of aversive memories. Our studies 

reveal that NMDARs expressed in prefrontal excitatory neurons control the ability to 

distinguish between dangerous and harmless stimuli.  
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Chapter 3: Fear discrimination learning generates prefrontal neuronal ensembles of 

safety 

 

A version of this chapter is published in: 

Corches A, Hiroto A, Bailey TW, Speigel III JH, Pastore J, Mayford M, Korzus E: 

Differential fear conditioning generates prefrontal neural ensembles of safety signals. 

Behavioural Brain Research 2018, In press. 

 

Abstract 

Fear discrimination is critical for survival while fear generalization is effective for 

avoiding dangerous situations. Overgeneralized fear is a typical symptom of anxiety 

disorders including generalized anxiety disorder and posttraumatic stress disorder 

(PTSD). Previous research has demonstrated that fear discrimination learning is mediated 

by prefrontal mechanisms. While the prelimbic (PL) and infralimbic (IL) subdivisions of 

the medial prefrontal cortex (mPFC) are recognized for their excitatory and inhibitory 

effects on the fear circuit, respectively, the mechanisms driving fear discrimination are 

unknown. To obtain insight into the mechanisms underlying context-specific fear 

discrimination, we investigated prefrontal neuronal ensembles representing distinct 

experiences associated with learning to disambiguate between dangerous and similar, yet 

distinct, harmless stimuli. Here, we show distinct quantitative activation differences in 

response to conditioned and generalized fear experiences, as well as modulation of the 

neuronal ensembles associated with successful acquisition of context-safety 

contingencies. These findings suggest that prefrontal neuronal ensembles patterns code 

functional context-danger and context-safety relationships. The PL subdivision of the 

mPFC monitors context-danger associations to conditioned fear, whereas differential 

conditioning generates additional ensembles associated with the inhibition of generalized 
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fear in both the PL and IL subdivisions of the mPFC. Our data suggests that fear 

discrimination learning is associated with modulation of prefrontal neuronal ensembles in 

a subregion- and experience-specific manner, and learning appropriate responses to 

conditioned and initially generalized fear experiences is driven by gradually updating and 

rebalancing prefrontal memory representations. 
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Introduction 

 Survival relies on the ability to discriminate between danger and safety. Fear 

discrimination learning is of clinical importance, as there is growing evidence that the 

failure to subdue fear under safe conditions is a primary symptom found in people with 

posttraumatic stress disorder (PTSD) [247-249]. Human imaging studies of functional 

connectivity between the prefrontal cortex and amygdala have demonstrated impaired 

inhibition of the amygdala in PTSD [250]. Others found elevated amygdala activity 

associated with PTSD without any obvious changes in the prefrontal inhibition [251]. 

Thus, understanding prefrontal mechanisms underlying safety signal processing during 

fear discrimination learning is relevant to normal and abnormal brain function.   

 The Hull-Spence continuity theory of discrimination learning postulates that 

conditioned excitation (the result of reinforcement) and inhibition (the result of non-

reinforcement) have generalization gradients and that discrimination learning is the 

summation of excitation and inhibition [48-50]. On the other hand, the widely recognized 

multiple memory systems theory postulates that different types of memory are 

consolidated via hardwired pathways [20]. Studies of the circuitry mediating fear 

modulation reveal that fear behavior is differentially regulated by the prelimbic (PL) and 

infralimbic (IL) regions of the medial prefrontal cortex (mPFC) [22, 53, 172, 173] via 

fear excitation and inhibition, respectively [22, 204], which may be due to differential 

connectivity with the amygdala [205, 206]. 

 During contextual fear conditioning, associations between a contextual stimulus 

(conditioned stimulus, CS) and a foot shock (unconditioned stimulus, US) are directly 
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encoded via synaptic plasticity in the amygdala, which receives direct inputs from the 

hippocampus (Hip) [252]. The fact that expression of recent and remote long-term fear 

memories requires the dorsal Hip (dHip) and mPFC, respectively, suggests that the 

communication between these two brain regions controls the transition from a recent state 

to a remote state during system-level memory consolidation [16, 17, 20, 65, 253]. While 

the dHip and mPFC appear to track spatial information, the mPFC is likely to integrate 

contextual recognition of context-danger associations with distinctive roles in the 

infralimbic (IL) and prelimbic (PL) subregions of the mPFC [254, 255]. Thus, both dHip 

and mPFC appear to be engaged in context encoding related to defensive behaviors, and 

context-specific neuronal ensembles are found in both regions [256, 257]. 

 The mPFC network has been strongly implicated in fear modulation, including 

extinction [27, 31, 166], fear renewal [60, 213] and fear discrimination [4, 5, 19]. The 

mPFC appears to play a critical role in the decoding differences between dangerous and 

generalized stimuli that drive the acquisition of the differential fear responses. Molecular 

mediators of long-term memory consolidation in the mPFC, such as the N-methyl-D-

aspartate (NMDA) receptor, CREB and CREB-binding protein (CBP)’s intrinsic histone 

acetyltransferase (HAT) activity, are all required for successful discriminative fear 

learning [4, 5], consistent with the idea that new memory encoding within the prefrontal 

network drives fear inhibition. 

 While the circuit-, cellular- and molecular-level mechanisms of fear extinction 

have been studied extensively in the mPFC, how the neural circuitry of the mPFC 

contributes to fear discrimination learning remains unknown. In this study, we examined 



 93 

prefrontal neuronal ensembles representing distinct experiences associated with learning 

to distinguish between dangerous and similar, but not identical, safe stimuli. These data 

revealed prefrontal subdivision-specific patterns of neuronal activation, distinct 

quantitative activation differences in response to dangerous and harmless experiences, 

and the formation of overlapping neuronal ensembles associated with successful fear 

discrimination learning. Evidence from a context-dependent fear discrimination learning 

task indicated that substantial changes in population activity patterns occurred within 

distinct subdivisions of the mPFC during differential conditioning. Unexpectedly, both IL 

and PL cortices mediate safety learning, supporting the idea that both these cortical 

regions cooperate in properly gating context-danger and context-safety contingencies 

during top-down control of appropriate fear responses. 
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Materials and Methods 

Subjects 

 The UC Riverside Institutional Animal Care and Use Committee approved all 

procedures in accordance with the NIH guidelines for the care and use of laboratory 

animals. The bi-transgenic TetTag mice were generated by breeding knock-in Arc-tTA 

homozygotes (generated on the C57BL/J6 background) carrying a tTA knockin insertion 

downstream from the Arc gene promoter with transgenic Tg(tetO-

HIST1H2BJ/GFP)47Efu mice [258]. Tg(tetO-HIST1H2BJ/GFP)47Efu mice were 

generated by introducing the transgenic construct to CD-1 donor eggs and the 

hemizygous line was maintained on the C57BL/J6 background. Mice were weaned at 

postnatal day 21 and were housed, 4 animals to a cage, with same-sex littermates. Mice 

had ad libitum access to food and water and were maintained on a 12 h light/dark cycle. 

Old bedding was exchanged for fresh autoclaved bedding every week. Mice were raised 

on a 40 mg/kg Dox diet (BioServ, Inc, Custom Made Cat No F-3958) since gestation to 

prevent GFP expression before experimental manipulations. To label active neurons 

during Event 1 (see Fig. 3.1A), the food diet was changed to regular food chow not 

containing Dox. To prevent GFP expression after Event 1, we have switched food died to 

food chow containing high levels of Dox (1g/kg) (BioServ, Inc, Custom Made Cat No F-

7363) These levels of Dox were effective in turning off expression of GFP [69, 259]. 

Seizure was induced by pentylenetetrazole (PTZ, 50mg/kg, intraperitoneal injection). 
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Contextual fear conditioning assay (CFC) 

 Mice between 2 and 6 months of age were individually housed. Mice were then 

handled once a day for three days before starting the CFC assay shown on diagram (Fig. 

3.1A). All fear conditioning was performed in a fear conditioning box (Lafayette 

Instrument Co.) placed in a sound-attenuating chamber, and performance was analyzed 

automatically using a video-based system controlled by FreezeFrame v. 4 software 

(Actimetrics). On day 1, animals were exposed to three US (foot shock, 2 sec, 0.75 mA) 

in context CS+ after a 180 sec baseline with a 90 sec inter-trial interval and a 60 sec post-

shock period. On day 2, animals were exposed to 1xUS in context CS+ after a 180 sec 

baseline with a 60 sec post-shock period. During days 3-5, animals were taken off Dox 

diet. On day 5, animals were exposed to CS+ for 300 sec then placed back on high dose 

Dox (1mg/kg) diet for the remainder of the assay. On day 6, animals were exposed to 

either conditioned context stimuli CS+ (cfc/CS+ group) or novel stimuli CtxtC (cfc/CtxtC 

group) for 300 sec then immediately placed back in their home cage and sacrificed 1 hr 

later. The noUS mice underwent the same procedure as cfc/CS+ mice with the exception 

that this group was never exposed to US.  Home Cage animals were given the same Dox 

treatment as other groups but remained in their home cage for the entirety of the assay.  

All freezing, expressed as "% freezing", is calculated as the percentage of time spent 

freezing during the first 180 sec of context exposure.  The box was cleaned between trials 

with 70% ethanol then water. 
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Contextual fear discrimination assay (DC) 

 The contextual fear discrimination assay is divided into the following parts: 

habituation, fear conditioning and differential conditioning divided into two phases: early 

discrimination and late discrimination (see Fig 3.3A). In the habituation phase, animals 

were exposed to each tested context stimuli (CS+, CS-, CtxtC) without US for 10 min a 

day for three days before starting the assay. On the first day of fear conditioning training 

(day 1), animals were exposed to three US (foot shock, 2 sec, 0.75 mA) in CS+ after 180 

sec baseline with 90 sec inter-trial interval and 60 sec post-shock period. During the 

second day of fear conditioning (day 2), animals were exposed to 1xUS in context CS+ 

after a 180 sec baseline with a 60 sec post-shock period. On the first day of early 

discrimination (day 3), animals were exposed to CS+ (paired with US) then CS- (not 

paired) for an equal amount of time (242 sec). During days 4-6, animals were taken off 

Dox diet. On day 6, animals were exposed to one of tested stimuli (CS+, CS- or CtxtC) 

without any reinforcement for 300 sec then placed back on high dose Dox (1mg/kg) diet 

for the remainder of the assay. During differential conditioning [43], animals were 

exposed to CS+, CS- and CtxtC in alternating order for equal amounts of time (242 sec). 

During days 7-11, animals never received US during exposure to CS- and CtxtC, while 

exposure to CS+ was paired with US delivered 180 sec after placing animals in the 

context. On day 12, animals were re-exposed to their test context for 300 sec without any 

reinforcement, immediately placed back in their home cage and sacrificed 1 hr later. 

Discrimination index was calculated using the freezing responses to CS+ and CS- 
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according to the formula DI=[(% freezing to CS+) – (% freezing to CS-)]/[(% freezing to 

CS+) + (% freezing to CS-)]. 

Context description 

 Context CS+ was a 12.0" L x 10.2" D x 12.0" H fear conditioning box (Lafayette 

Instrument Co.) housed in a sound-attenuating chamber. Modalities included a constant 

400 ms frequency-modulated sweep, logarithmically modulated between 2 and 9 kHz and 

delivered at 0.5 Hz, lemon extract scent, uniform shock bars, a ventilation fan and a 

house light.  

 Context CS- was a 12.0" L x 10.2" D x 12.0" H fear conditioning box (Lafayette 

Instrument Co.) located within a sound-attenuated chamber. Modalities included black 

and white vertical striped walls, a constant 2.8 kHz tone, vanilla extract scent, uniform 

shock bars, a ventilation fan and a house light.  

 Context CtxtC was a 9" L x 6" D x 6.5" plastic box with Sani-Chips bedding 

located in a fear conditioning chamber (Lafayette Instrument Co.). Modalities included a 

ventilation fan and a house light. CS+ and CS- are designed to be similar yet distinct 

while CtxtC is substantially different and served as a neutral context. While CS+ 

predicted US; CS- and CtxtC did not predict US. 

Histology 

 Mice were sacrificed using Nembutal (200 mg/kg, intraperitoneal injection) and 

transcardially perfused with 20 ml of PBS and then 20 ml of 4% PFA. Brains were 

extracted, soaked in 4% PFA overnight at 4°C then soaked in 20% sucrose at 4°C until 

the brains sank. The brains were then flash-frozen in embedding media (Tissue-Tek, 
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4583) using dry ice and ethanol before being stored at -80°C. Free-floating 40 μm 

coronal sections were sliced using a cryostat (Leica, CM1860) and stored in 

cryoprotectant (50% PBS, 30% ethylene glycol, 20% glycerol) at -20°C. Free-floating 

immunohistochemistry (IHC) was performed by washing sections 2 times for 10 min in 

1x PBS followed by a 1 hr incubation in blocking buffer (4% normal goat serum in 

washing buffer) then washing 3 times for 10 min in washing buffer (1x PBS w/ 0.3% 

Triton X-100). The sections were then incubated overnight at 4°C in antibody diluent 

(2% normal goat serum in washing buffer) with primary antibodies (chicken anti-GFP 

polyclonal antibody, Thermo Fisher, A10262, 1:2000; mouse anti-NeuN monoclonal 

antibody, Millipore, MAB377, 1:2000; rabbit anti-Arc polyclonal antibody, Synaptic 

Systems, 156-003, 1:2500). After three washes with washing buffer, the sections were 

incubated with secondary antibodies (Alexa488 goat anti-chicken IgG, Thermo Fisher, A-

11039, 1:1000;, Alexa568 goat anti-mouse IgG, Thermo Fisher, A-11031, 1:1000; 

Alexa647 donkey anti-rabbit IgG, Thermo Fisher, A-31573, 1:1000) for 3 hr at room 

temperature in antibody diluent. The sections were then washed once with washing buffer 

for 10 min and incubated with DAPI (Invitrogen, D1306, 1:1000) for 15 mins. Sections 

were then washed twice with 1x PBS for 10 min. Sections were mounted on glass slides 

(Superfrost Plus, 12-550-15) using mounting medium (ProLong Antifade, P36965) and 

sealed with nail polish before imaging. 

Imaging 

 Coronal sections from 2.5 mm to 1.7 mm anterior to bregma were imaged at 20x 

(20x/0.95 XLUMPlanFl objective) magnification using a semi-automatic laser-scanning 
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confocal Olympus FV1000 microscope controlled by Olympus FV10-ASW software (v. 

2.01). The gain and offset of each channel were balanced manually using Fluoview 

saturation tools for maximal contrast. All settings were tested on multiple slices before 

data collection and brain slices were imaged using identical microscope settings once 

established. Each channel was acquired in “Sequential Mode, Frame”. All images were 

acquired using the “Integration Type: Line Kalman” and “Integration Count: 2” in order 

to increase the signal-to-noise ratio. Localization of the PL and IL regions within the 

mPFC was performed by overlaying images from the Allen Mouse Brain Atlas. For 

quantification, 10 optical sections were acquired from a 30 μm Z-stack encompassing 

both superficial and deep layers. GFP-positive (GFP+), Arc-positive (Arc+) and total 

number of cells (DAPI+ cells) per image were counted by an experimenter who was blind 

to the treatment status. For reactivation, GFP+ and Arc+ (GFP+   Arc+) overlap was 

counted only when the Arc signal and GFP signal came from the same cell over multiple 

optical sections. Images were quantified from both hemispheres of 5-9 anatomically 

matched sections per animal through the entire rostrocaudal axis of the mPFC. The 

number of GFP+ cells, number of Arc+ cells and percentage of overlap were calculated 

per image and then averaged to produce a single measurement per animal. Mean ± SEM 

of the total number of DAPI-positive nuclei per image from PL and IL were counted 

from 3–5 coronal sections per mouse (n=4).  Mean ± SEM of Activation and Reactivation 

Rates were calculated per image as follows: Event 1 activation rate (GFP+ cells) was 

calculated as # of GFP+ cells per image. Event 2 activation rate (Arc+ neurons) was 

calculated as # of Arc+ neurons per image. Reactivation Rate (Overlapping Ensemble) 
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was calculated as [(GFP+ cells   Arc+ cells)/Arc+ cells] x 100 per image. We have also 

compared measured reactivation index (calculated as [(GFP+ cells   Arc+ cells)/DAPI+ 

cells] x 100 per image) to a predicted reactivation index calculated as a chance, where the 

chance was calculated as CHANCE = (GFP+ cells/DAPI+ cells) * (Arc+ cells/DAPI+ 

cells) * 100. All significant reactivation indexes that are reported in the manuscript were 

substantially higher than the calculated chance. 

Data analysis 

 Experimenters were blind to group designations. The data represents the mean ± 

SEM. Statistical analysis was performed using GraphPad Prism and Excel (Microsoft, 

Inc.). Student’s t test or ANOVA was used for statistical comparisons. Pearson’s 

correlation (r) was used as an effect size. For one-way ANOVA, eta-squared (η
2
) was 

used as an effect size.  For learning assessment during fear conditioning and differential 

conditioning, repeated measures (RM) ANOVA and post hoc analysis with Tukey’s's 

multiple comparisons test was used. Analysis of neuronal ensemble activation and 

reactivation was performed using ordinary one-way ANOVA followed by Dunnett's 

many-to-one comparisons post hoc test. In order to compare neuronal activations between 

events during exposure and re-exposure to a specific stimulus, we performed RM 

ANOVA followed by multiple comparisons Sidak’s post hoc test.  In order to compare 

neuronal activation or reactivation between brain regions during exposure and re-

exposure to a specific stimulus, we performed ordinary two-way ANOVA followed by 

multiple comparisons Sidak’s post hoc test. Comparison with chance level was done 

using one sample t-test and an effect size. The relationship between the activation rate or 
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the reactivation index and behavioral performance was measured by simple linear 

correlations (Pearson correlation). Significance values were set at p < 0.05. Asterisks 

indicate statistical significance: *, P < 0.05; **, P < 0.01; ***, P < 0.001 and ns or 

absence of asterisk(s) indicates not significant. 
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Results 

Fear memory retrieval triggers PL neural ensembles of context-danger association 

 Context-sensitive fear learning and modulation involves amygdala-hippocampus-

mPFC circuitry [14]. The prefrontal cortex is strongly implicated in context-dependent 

fear modulation, such as fear extinction [44], fear renewal [60, 213], remote memories 

[65], reconsolidation [25], contextual learning after hippocampal loss [19] and fear 

discrimination learning [4, 5, 43]. The PL subdivision of the mPFC is engaged directly in 

context-dependent fear acquisition [255], while posttraining mPFC inactivation can 

trigger inhibition of fear expression during recent and remote contextual fear memory 

recall [17]. More recent studies show that direct optogenetic activation of mPFC neuronal 

populations triggered by US during fear conditioning leads to elevated fear in a novel 

environment when tested 2 or 12 days after conditioning [253]. Based on these data, we 

hypothesized that the PL network codes functional context-danger associations already 

during contextual fear conditioning and that these neuronal ensembles of contextual fear 

memory would be reactivated during consecutive memory retrievals. 

 To trace neuronal ensembles of contextual fear memories, we employed an 

activity-dependent genetic labeling system referred to as the TetTag system [69, 74, 259]. 

cFos, Zif268 and Arc are immediate-early genes [58] frequently used as neuronal activity 

markers in various brain areas [260]. We employed an Arc promoter-driven genetic 

tagging system, which allowed us to label activated neuronal populations during two 

separate experiences, referred to as Event 1 and Event 2 (Fig. 3.1A-B). Exposure to a 

stimulus during Event 1 drove labeling of activated neurons with GFP, while the second 
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exposure to a stimulus (Event 2) drove Arc expression. Thus, single-labeled cells with 

GFP or Arc represented selectively distinctive populations induced during Event 1 or 2, 

and double-labeled cells were active during both events. The genetic GFP tagging of 

activated cells can occur only during a brief 3 day window, when animals were removed 

from the low dose Dox diet (40 mg/kg) and given regular food chow. To assure that 

unintentional labeling would not interfere with data interpretation, we designed number 

of procedures to control for any nonspecific labeling. All behavioral procedures were 

performed in dedicated behavioral rooms accessible only to experimenters. Week-long 

habituation prevented any accidental neuronal-activity gene induction. After genetic 

labeling was completed, animals received a high dose Dox diet (1 g/kg) to suppress 

expression of new GFP, as reported previously [259]. Figure 3.1C shows that expression 

of GFP in Dox-treated animals was negligible. 

 We evaluated the formation and stability of neuronal ensembles induced by the 

aversive contextual stimuli (CS+) within the IL and PL subdivisions of the mPFC (Fig. 

3.1A). In a parallel control experiment, the performance of the animals was tested in 

exactly the same behavioral paradigm, including exposure to the same context, except 

that this group of animals was never exposed to any re-enforcer (Fig. 3.1A, noUS group). 

In addition, we have tested behavioral performance of cfc/CtxtC mice that were treated 

the same as the cfc/CS+ mice, but these animals were exposed to a novel, neutral context 

CtxtC (cfc/CtxtC group) during the second exposure (Event 2), while the cfc/CS+ mice 

were exposed to the same dangerous context CS+ during both Event 1 and 2. The 

cfc/CS+ and cfc/CtxtC groups showed good performance on fear conditioning training 
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task compared to the noUS group (Fig. 3.1E. Group x US: F(8, 132) = 13.97, P<0.0001; 

Group: F(4, 132) = 65.47, P<0.0001; US, F(2, 33) = 18.4,  P<0.0001). As anticipated, the 

noUS group showed no fear during the first and second retrievals (Fig. 3.1F). The 

cfc/CS+ group showed marked levels of fear during exposure (Event 1) and re-exposure 

(Event 2) to the dangerous context, CS+ (Fig. 3.1F, Event 1 vs. Event 2: cfc/CS+, 

P=0.3819). The cfc/CtxtC group showed elevated fear responses during exposure to CS+ 

on day 5 (Event 1) and negligible freezing during exposure to the novel context, CtxtC, 

on day 6 (Fig. 3.1F, Event 1 vs. Event 2: cfc/CtxtC, P<0.0001). The control group of 

mice referred as to HC (Home Cage) underwent the same dietary Dox administration but 

was left in their home cages throughout the entirety of the assay. 

 To assess whether the TetTag system was reliable in marking context-danger 

experiences, we compared levels of reactivation in the mPFC of mice that were initially 

fear-conditioned in context CS+ followed by exposure (Event 1) and re-exposure (Event 

2) to the dangerous context CS+ (group cfc/CS+) to levels of reactivation of the noUS 

group, which underwent the same treatment as the cfc/CS+ group but was never exposed 

to US (Fig. 3.1A). The activation rates during Event 1 and Event 2 observed in the noUS 

group were the same as in animals that spent their entire time in their home cages [95] 

(Fig. 3.2A: PL/E1: noUS vs HC, P=0.8404. Fig. 3.2B PL/E2: noUS vs HC, P=0.2527. 

Fig. 3.2D, IL/E1: noUS vs HC, P= 0.4251. Fig. 3.2E, IL/E2: noUS vs HC, P=0.1245). 

We observed increased activity in the PL during both consecutive retrievals of context-

danger associations (Fig. 3.2A: PL/E1: noUS vs. cfc/CS+, P=0.0469; Fig. 3.2B: PL/E2: 

noUS vs. cfc/CS+, P=0.0001). In addition, the exposure and re-exposure to the aversive 
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context CS+ did not trigger increased activity in IL when those responses were compared 

to the noUS group (Fig. 3.2D-E). We observed substantial reactivation of PL neuronal 

ensembles induced by CS+ (predicting US) during re-exposure (Fig. 3.2C: Reactivation 

in PL, cfc/CS+ vs. noUS, P<0.0001), while the same but not-reinforced context failed to 

trigger reactivation of neuronal ensembles of non-reinforced contextual memory in PL 

(Fig. 3.2C: Reactivation in PL, HC vs. noUS, P=0.8398). None of the tested groups 

showed a reactivation of neuronal ensembles in IL during re-exposure (Fig. 3.2F: one-

way ANOVA, F (3, 17) = 0.3895, P=0.7621). Clearly, the reactivation of ensembles 

associated with context-danger occurred specifically in PL. These data indicate that a 

majority of double-labeled cells (i.e., GFP+ and Arc+) in PL were specific to the 

contextual fear experience. 

 To investigate whether changes in the mPFC neuronal ensemble activation were 

experience-specific, we compared the performance of the cfc/CS+ groups with the 

cfc/CtxtC group. The cfc/CtxtC group underwent similar behavioral treatment as 

cfc/CS+, except that during Event 2, cfc/CS+ mice were exposed to a substantially 

different context stimulus, CtxtC, while cfc/CS+ animals were re-exposed to the context 

stimulus, CS+ (Fig. 3.1A). Training data showed that the cfc/CS+ and cfc/CtxtC groups 

learned the association between the conditioned stimulus CS+ and US compared to the 

noUS group (Fig. 3.1E: see above), and both experimental groups showed successful 

learning at the end of the training. Both cfc/CS+ and cfc/CtxtC groups showed elevated 

freezing during Event 1 (Fig. 3.1F: cfc/CS+ vs. noUS, P<0.0001; cfc/CtxtC vs. noUS, 

P<0.0001). While re-exposure to context CS+ induced elevated freezing (Fig. 3.1F: Event 



 106 

2: cfc/CS+ vs. noUS, P=0.0042), exposure to the substantially different CtxtC stimulus 

during Event 2 did not trigger fear (Event 2: cfc/CtxtC vs. noUS, P=0.9976). 

 To evaluate how context specificity affected ensemble reactivation in the mPFC, 

we compared activity and reactivation in the mPFC of the cfc/CS+ group with the 

cfc/CtxtC group. Similar to cfc/CS+, the cfc/CtxtC group was also fear conditioned in 

context CS+ followed by exposure to CS+ (Event 1), but during Event 2 the cfc/CtxtC 

group was exposed to the novel context CtxtC. Thus, the cfc/CtxtC group allowed us to 

test whether two consecutive exposures to two different contextual stimuli would 

generate overlapping neuronal ensembles in the mPFC during the second exposure. 

Distinct experiences (i.e., CS+ vs. CtxtC) generated different and non-overlapping 

patterns of activity in the PL (Fig. 3.2C: Reactivation/PL: cfc/CtxtC vs. cfc/CS+, P 

=0.0001). Neither the cfc/CtxtC nor the cfc/CS+ group induced stable ensembles in IL 

(Fig. 3.2F: Reactivation in IL: one-way ANOVA F (3, 17) = 0.3895, P=0.7621). There 

was no difference between the cfc/CS+ and cfc/CtxtC groups in activation of PL or IL 

during exposure to CS+ during Event 1 (Fig. 3.2A: PL/E1: cfc/CS+ vs. CtxtC, P=0.9923; 

Fig. 3.2D: IL/E1: cfc/CS+ vs. CtxtC, P=0.9885). Induced neuronal activity patterns in the 

response to the novel context CtxtC during Event 2 were similar to those observed when 

the CS+ group was tested (Fig. 3.2B: PL/E2: cfc/CS+ vs. cfc/CtxtC, P=0.2720) 

suggesting that PL may be engaged during the generation of appropriate responses to 

both dangerous and novel, discriminated neutral-context stimuli after experience with US 

but if animals had no prior experience with US (noUS group).  The neuronal response to 

neutral context CtxtC was also detected in IL (Fig. 3.2E: IL/E2 noUS vs. cfc/CtxtC, 
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P=0.047), but the activity in response to CtxtC was substantially lower in IL compared to 

PL (Fig. 3.2B, E: Event 2/PL vs IL: two-way ANOVA Group x Region: F (3, 34) = 

15.12, P<0.0001; Region: F (1, 34) = 89.6, P<0.0001; Group: F (3, 34) = 35.94, 

P<0.0001; cfc/CtxtC PL vs IL, P<0.0001). These data provide evidence that the mPFC 

neuronal ensembles are highly engaged in processing information relevant to context-

danger associations and that distinct context-danger related experiences generate different 

patterns of activity in the mPFC. 

 In summary, the TetTag system was reliable in marking contextual fear 

experiences in the mPFC. As we anticipated, distinct context-danger experiences 

generated distinctive non-overlapping patterns of activity in the mPFC. While both PL 

and IL circuits can be activated by aversive and neural context stimuli, the PL circuit is 

more likely to encode lasting memories of context-danger experiences. 
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Figure 3.1 
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(Previous page) Figure 3.1: Genetic tagging of neuronal ensembles activated during two 

distinct events using the Arc-driven TetTag system and endogenous Arc gene expression. 

(A) Animals were fear conditioned to CS+, then exposed to conditioned stimuli, CS+, 

during first memory retrieval (Event 1), and then exposed either to CS+ again (cfc/CS+ 

group) or to a very different context, CtxtC (cfc/CtxtC). The noUS group was exposed to 

the same context as CS+ but without foot shocks (US) and then underwent the same 

testing as cfc/CS+ group. Home cage indicates animals were housed in their home cage 

during the duration of the assay. (B) This study used bi-transgenic mutants, in which the 

Arc promoter drove the expression of the tetracycline-controlled transactivator protein 

[72], which binds to the tetracycline-responsive promoter element (tetO), driving the 

expression of a fusion protein composed of histone 2B and green fluorescent protein 

(H2B-GFP) in activated neurons. Indelible labelling of transiently activated neurons 

during specific experiences was controlled by a doxycycline (Dox) diet. When animals 

were taken off Dox, neurons activated during Event 1 were labelled with GFP. Neurons 

activated during Event 2 were revealed by assessment of endogenous Arc expression. (C) 

Dox diet was effective in blocking GFP expression in the brain. In this experiment, mice 

were removed from regular Dox diet (40 mg/kg) similarly as shown in Fig. 3.1A and 

given regular food chow diet for 3 days. After switching to high dose Dox food diet (1 

g/kg) for 16 hours, seizure was induced by pentylenetetrazole (PTZ) and mice were tested 

1 hr later for GFP expression in the mPFC. Home cage [95] refers to mice that underwent 

the same Dox treatment as the PTZ mice but did not receive PTZ injection. Y-axis label 

“GFP+ cells [#]” refers to a number of GFP-positive cells found in PL (left) or IL (right). 

There was no difference in PL activity measured in HC (M=12 ± 2.352, n=6) and PTZ 

(M=13.22 ± 1.701, n=3) conditions; t(7)=0.3387, p=0.7448, r=-0.133. In addition, there 

was no difference in IL activity measured in HC (M=5.607 ± 1.073, n=6) and PTZ (M=7 

± 2.211, n=3) conditions; t(7)=0.6522, p=0.5351, r=0.131. (D) Representative images 

taken from the same region in the mPFC showing a comparison between permanently 

GFP-labelled neurons during Event 1 (GFP, green) and endogenous Arc gene expression 

during Event 2 (Arc, red). An overlap of GFP and Arc images reveal neurons activated 

during both Event 1 and Event 2. Cell identity is revealed via expression of a neuronal 

marker (NeuN). Representative images were acquired as a single optical section using 

40x magnification with a digital zoom of 3.0 in the PL. Blue arrows indicate overlapping 

neurons activated during both Event 1 and Event 2. Scale bars indicate 20 μm. (E) The 

cfc/CS+ and cfc/CtxtC groups were successfully fear conditioned. RM two-way ANOVA 

of Group and US followed by Tukey’s multiple comparison reveled robust fear 

acquisition compared to the noUS group (Group × US: F(8, 132) = 13.97, P<0.0001; 

Group: F(4, 132) = 65.47, P<0.0001; US, F(2, 33) = 18.4,  P<0.0001 (Baseline: cfc/CS+ 

vs. cfc/CtxtC, P=0.9903, cfc/CS+ vs. noUS, P=0.9184, cfc/CtxtC vs. noUS, P=0.963; 

US1: cfc/CS+ vs. cfc/CtxtC, P=0.7502, cfc/CS+ vs. noUS, P=0.9101; cfc/CtxtC vs. 

noUS, P=0.9486; US2:  cfc/CS+ vs. cfc/CtxtC, P=0.5577, cfc/CS+ vs. noUS, P=0.0001, 

cfc/CtxtC vs. noUS, <0.0001; US3: cfc/CS+ vs. cfc/CtxtC, P=0.868, cfc/CS+ vs. noUS, 

P=<0.0001, cfc/CtxtC vs. noUS, P=<0.0001; US4: cfc/CS+ vs. cfc/CtxtC, P=>0.9999, 

cfc/CS+ vs. noUS, P=<0.0001, cfc/CtxtC vs. noUS, P=<0.0001. (F) cfc/CtxtC mice show 

differential responses to two different stimuli: CS+ and CtxtC. After fear conditioning 
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(Fig. 3.1E), the cfc/CS+ and cfc/CtxtC groups were exposed to conditioned stimuli CS+ 

during first memory retrieval (Event 1), and then exposed either to CS+ again (cfc/CS+ 

group) or to a substantially different context, CtxtC (cfc/CtxtC), respectively. While the 

cfc/CtxtC group showed high fear in response to CS+ during Event 1 and low fear in 

response to CtxtC during Event 2, the cfc/CS+ group showed similar levels of fearful 

responses during both events. The noUS group was not fear conditioned and showed no 

fear throughout the conditioning phase. RM two-way ANOVA of Group and US 

followed by Sidak's multiple comparisons showed that the cfc/CtxtC group distinguished 

between two different contextual stimuli: CS+ and CtxtC. (Group × US: F (2, 33) = 20.9, 

P<0.0001; US: F (1, 33) = 34.84, P<0.0001; Group: F (2, 33) = 15.24, P<0.0001. Event 1 

- Event 2: cfc/CS+, P=0.3819; cfc/CtxtC, P<0.0001; noUS, P=0.9993. Event 1:  cfc/CS+ 

vs. noUS,  P<0.0001, cfc/CtxtC vs. noUS,  P<0.0001; Event 2:  cfc/CS+ vs. noUS,  

P=0.0042; cfc/CtxtC vs. noUS,  P=0.9976). Significance values were set at p < 0.05: *, p 

< 0.05; **, p < 0.01; ***, p < 0.001 and ns not significant. 
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Figure 3.2 
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(Previous page) Figure 3.2: Fear conditioning triggers specific neuronal ensembles of 

contextual stimuli encoding CS+ in the PL. (A) The cfc/CS+ and cfc/CtxtC groups had 

greater activation in the PL than the HC group during Event 1. Ordinary one-way 

ANOVA (F (3, 17) = 6.757, P=0.0033) followed by Dunnett's many-to-one comparisons 

with the noUS as a control: noUS vs. HC, P=0.8404; noUS vs. cfc/CtxtC, P=0.0301; 

noUS vs. cfc/CS+, P=0.0469. (B) The cfc/CS+ and cfc/CtxtC groups had greater 

activation of the PL than noUS group during Event 2. Ordinary one-way ANOVA 

(ANOVA, F (3, 17) = 28.28, P<0.0001) followed by Dunnett's many-to-one comparisons 

with the noUS as a control: F (3, 17) = 28.28, P<0.0001: noUS vs. HC P=0.2527, noUS 

vs. cfc/CtxtC, P=0.001;  noUS vs. cfc/CS+, P=0.0001. (C) The cfc/CS+ group has greater 

reactivation of PL than cfc/CtxtC, noUS and HC groups. Ordinary one-way ANOVA (F 

(3, 17) = 22.52, P<0.0001) followed by Dunnett's many-to-one comparisons with the 

noUS as a control: noUS vs. HC, P=0.8398; noUS vs. cfc/CtxtC, P=0.9524;  noUS vs. 

cfc/CS+, P=0.0001. (D) During Event 1, there was no difference in activation of IL 

between groups compared to the noUS group but the cfc/CtxtC group has higher 

activation than HC in the IL. Ordinary one-way ANOVA (F (3, 17) = 3.194, P=0.0501) 

followed by Dunnett's many-to-one comparisons with the noUS as a control: noUS vs. 

HC, P=0.4251; noUS vs. cfc/CtxtC, P=0.4115; noUS vs. cfc/CS+, P=0.5672. (E) During 

Event 2, only the cfc/CtxtC group showed increased activity in the IL compared to the 

noUS group but the cfc/CS+ and cfc/CtxtC groups had greater activation than HC. 

Ordinary one-way ANOVA (F (3, 17) = 9.221, P=0.0008) followed by Dunnett's many-

to-one comparisons with the noUS as a control: noUS vs. HC, P=0.1245; noUS vs. 

cfc/CtxtC, P=0.047; noUS vs. cfc/CS+, P=0.2212. (F) There was no difference in 

reactivation of IL between groups. Ordinary one-way ANOVA: F (3, 17) = 0.3895, 

P=0.7621. Additional analysis involved comparing data sets across different panels.  

There was no difference in activation of PL between events (Fig. 3.2A, B). RM two-way 

ANOVA of Group × Event: Group x Event: F (3, 17) = 1.567, P=0.2339; Event: F (1, 17) 

= 4.139, P=0.0578; Group: F (3, 17) = 18.03, P<0.0001. There was no difference in 

activation of IL between events (Fig. 3.2D, E). Group × Event: F (3, 17) = 1.073, 

P=0.3866; Event: F (1, 17) = 8.438, P=0.0099; Group: F (3, 17) = 8.642, P=0.0010. The 

cfc/CtxtC, and cfc/CS+ groups show lower activation of IL compared to PL during Event 

1 (Fig. 3.2A, D). Ordinary two-way ANOVA (Group × Region:  F (3, 34) = 4.204 

P=0.0124; Region: F (1, 34) = 31.34, P<0.0001; Group: F (3, 34) = 8.797, P=0.0002) 

followed by Sidak's multiple comparisons PL/E1 vs. IL/E1: HC, P= 0.8455; noUS, 

P=0.6506; cfc/CtxtC, P=0.0003; cfc/CS+, P=0.0005. The cfc/CtxtC, and cfc/CS+ groups 

show lower activation of IL compared to PL during Event 2 (Fig. 3.2B, E). Ordinary two-

way ANOVA (Group × Region: F (3, 34) = 15.12, P<0.0001; Region F (1, 34) = 89.6, 

P<0.0001;Group: F (3, 34) = 35.94, P<0.0001. PL/E2 vs. IL/E2: HC, P= 0.7334; noUS, 

P=0.1873; cfc/CtxtC, P<0.0001; cfc/CS+, P<0.0001. The cfc/CS+ groups show lower 

reactivation of IL compared to PL during Event 2 (Fig. 3.2C, F). Ordinary two-way 

ANOVA Group × Region: F (3, 34) = 10.04, P<0.0001; Region : F (1, 34) = 21.24, 

P<0.0001; Group: F (3, 34) = 15.13, P<0.0001:  PL vs. IL:  HC, P= 0.9827; noUS, 

P=0.9514, cfc/CtxtC, P=0.7861; cfc/CS+, P<0.0001. Significance values were set at p < 

0.05: *, p < 0.05; **, p < 0.01; ***, p < 0.001 and ns not significant. Black lines indicate 
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comparisons within a panel; the red lines indicate side-by-side comparisons and purple 

lines indicate top-bottom comparisons. 
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Differential fear conditioning (DC) coincides with generation of neuronal ensembles 

of context-safety associations across subdivisions of the mPFC 

 

 Previous research has shown that the mPFC is involved in fear discrimination 

learning but the role of its subdivisions remains unclear [4, 5, 43]. To test the 

involvement of PL and IL subdivisions of the mPFC in fear discrimination learning, we 

evaluated PL and IL responses during exposure to dangerous stimulus CS+ and initially 

non-discriminated, generalized CS- before DC and after (Fig. 3.3A). 

 To obtain more detailed insight into the prefrontal mechanisms driving fear 

discrimination learning, we used the TetTag genetic system to label neurons during the 

early and late phases of fear discrimination learning to evaluate changes in the neuronal 

ensembles in the PL and IL caused by exposure to three context stimuli during DC: the 

aversive context stimulus CS+; a similar yet distinct, safe stimulus, CS-; and a 

substantially different safe stimulus, CtxtC (Fig. 3.3A). The HC mice remained in their 

home cage during the entire behavioral treatment. The other three groups (dc/CS+, 

dc/CS-, and dc/CtxtC) were exposed to all three contextual stimuli before fear 

conditioning during habituation.  The animals underwent contextual fear conditioning 

(days 1-2) followed by the memory retrieval test on day 3 (CS+ and CS- context testing). 

Then, the animals were taken off Dox food chow and exposed to one of three contexts 

(Event 1, day 6): CS+ (Group dc/CS+), CS- (Group dc/CS-), or CtxtC (Group dc/CtxtC), 

respectively, followed by a diet switch back to Dox food chow. Genetic tagging of neural 

ensembles induced by conditioned and generalized fear stimuli during Event 1 (day 6) 

was performed when the animals did not discriminate between CS+ and CS-. Following 

Event 1, these three groups of mice were subjected to 5 days of differential fear 
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conditioning (days 7-11). On the last day of the behavioral procedure (Event 2, day 12) 

each group (i.e., dc/CS+, dc/CS-, and dc/CtxtC) was exposed to a specific context 

stimulus, CS+, CS-, or CtxtC, respectively. Brains were collected 1 hour after the last 

exposure and were analyzed by histology for Arc gene promoter-dependent patterns of 

gene expression to evaluate genetically tagged neural ensembles of contextual memories. 

In the DC paradigm, the context stimulus CS+ was paired with the unconditioned 

stimulus (US), and the other stimuli, CS- and CtxtC, were not paired with the US. 

Therefore, CS+ predicted US, and the stimuli CS- and CtxtC did not predict US. While 

both stimuli CS- and CtxtC predicted safety, CS- initially triggered elevated levels of fear 

because CS- shared substantial similarities with CS+. 

 First, we assessed the behavioral performance of the tested animals. During the 

course of the test, the discrimination between CS+ and CS- steadily increased as animals 

learned to inhibit generalized fear to the safer stimulus CS-. The third context stimulus 

CtxtC served as a learning control. CtxtC was substantially different from CS+ and was a 

good predictor for safety during all phases of testing. All three groups dc/CS+, dc/CS and 

dc/CtxtC showed robust performance on differential fear conditioning (Fig. 3.3B. 

dc/CS+; RM ANOVA: Day F (5, 115) = 16.82 P<0.0001; Context F (1, 23) = 84 

P<0.0001, Day x Context F (5, 115) = 7.006 P<0.0001) dc/CS-. Fig. 3.3C. dc/CS-; RM 

ANOVA: Day F (5, 155) = 15.21, P<0.0001, Context F (1, 31) = 81.3,1 P<0.0001, Day x 

Context F (5, 155) = 14.47, P<0.0001. Fig. 3.3D. dc/CtxtC; RM ANOVA: Day, F (5, 55) 

= 4.539 P=0.0016, Context, F (1, 11) = 53.99 P<0.0001, Day x Context, F (5, 55) = 6.024 

P=0.0002) after acquisition of conditioned fear responses during day 1, and there were no 
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differences between groups during fear conditioning (Fig. 3.3E. RM two-way ANOVA 

Group x US: P= 0.671, US, P <0.0001, Group, P 0.7484). In addition, all three groups 

dc/CS+, dc/CS and dc/CtxtC showed similar patterns of freezing responses to CS+ and 

CS-, with elevated responses to CS+ across differential conditioning and descending 

responses to CS- (freezing to CS-: Fig. 3.3B, dc/CS+, Days 3 vs 11, t(23)=6.97, 

p<0.0001, r=-0.541; Fig. 3.3C, dc/CS-, t(31)=7.35, p<0.0.0001, r=-0.584; Fig. 3.3D, 

dc/CtxtC, Days 3 vs 11, t(11)=3.654, p<0.0038, r=-0.450). The dc/CS+, dc/CS- and 

dc/CtxtC groups showed no difference in performance monitored as a value of 

Discrimination Index across the differential fear conditioning task (Fig. 3.3F. RM 

ANOVA: Group x Day: P= 0.8098, Day, P <0.0001, Group, P= 0.3177). In addition, all 

three groups showed similar levels of generalization at the beginning of differential fear 

conditioning and similar levels of fear discrimination after differential fear conditioning 

(Fig. 3.3G. RM two-way ANOVA Group x Event: P= 0.0741, Event, P <0.0001, Group, 

P 0.0871 followed by Sidak's multiple comparisons: E1 vs. E2: dc/CtxtC, P= 0.0002, 

dc/CS-, P= <0.0001, dc/CS+, P <0.0001).  These data indicate that dc/CS+, dc/CS-, and 

dc/CtxtC showed robust performance on the fear discrimination task and there were no 

noticeable differences in performance between these groups. 

 Second, we evaluated changes in the prefrontal circuitry associated with fear 

discrimination learning. We analyzed neuronal ensembles activated by CS+, CS-, or 

CtxtC during fear generalization (day 6), when the animals were unable to distinguish 

between conditioned and generalized fear stimuli, and we compared these with the 

neuronal ensembles activated after completion of the fear discrimination learning, when 
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the animals were able to discriminate between the dangerous and safe stimuli (day 12). 

To ensure that the activity-labeled neuronal ensembles represented the responses to CS+, 

CS-, and CtxtC stimuli relevant to fear differential conditioning, we analyzed animals in 

the dc/CS+, dc/CS- and dc/CtxtC groups that showed substantial generalization on day 3 

(day 3, -0.2 < DI < 0.2) and appropriate freezing responses to CS+ (above 20% freezing 

on day 11). These criteria enabled us to determine the precise context-danger/safety 

functional relationships by monitoring the activated prefrontal neural ensembles of the 

context stimuli associated with a full range of fear responses to the tested context stimuli 

after completion of differential fear conditioning. 

 Exposure to the aversive CS+ and the initially generalized CS- context stimuli 

triggered neural activity in the PL cortex during Event 1 (Fig. 3.4A: Event 1 Activation in 

PL, ANOVA F(3, 40) = 11.69, P<0.0001; dc/CtxtC vs. HC: P= 0.3445, dc/CtxtC vs. 

dc/CS-: P= 0.0029; dc/CtxtC vs. dc/CS+: P= 0.0023). Activation of the PL was also high 

during re-exposure to both the aversive CS+ and the discriminated, safer context CS- 

(Fig. 3.4B: Event 2 Activation in PL, ANOVA F(3, 40) = 11.86, P<0.0001; dc/CtxtC vs. 

HC: P=0.1974, dc/CtxtC vs. dc/CS-: P=0.0025; dc/CtxtC vs. dc/CS+: P= 0.0086). The 

levels of response during exposure or re-exposure to CS+ and CS- were not different in 

PL (Fig. 3.4A-B: PL/E1: cfc/CS+ vs. cfc/CtxtC, P=0.9999, E2/PL: cfc/CS+ vs. cfc/CtxtC, 

P=0.8981). In addition, the activation level of PL during Event 2 was not different from 

Event 1 (Fig. 3.4A-B. PL/E1-E2 RM-ANOVA of Group x Event: Group x Event F (3, 

43) = 0.2482 P=0.8622, Event F (1, 43) = 1.216 P=0.2763, Group F (3, 43) = 21.25 

P<0.0001). The strong reactivation of the PL neural ensemble was observed during re-
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exposure to CS+ after differential conditioning (Fig. 3.4C: PL/Reactivation, ANOVA, F 

(3, 40) = 16.38, P<0.0001. dc/CtxtC vs. dc/CS+, P= 0.0001), while re-exposure to CtxtC 

did not trigger reactivation of the CtxtC ensemble (Fig. 3.4C: dc/CtxtC vs. HC, P= 

0.6994). There was also strong reactivation in PL in the dc/CS- group (Fig. 3.4C: PL/ 

Reactivation, dc/CtxtC vs. dc/CS-, P= 0.0002), indicating that inhibition of generalized 

fear may be mediated by the PL circuitry. Overall, these results suggest that the PL 

circuitry is involved in discriminatory fear learning; however, the PL tends to detect 

conditioned and generalized stimuli. Thus, generalized fear is detected in the PL 

subdivision of the mPFC, and the neuronal ensemble of generalized fear stimuli forms 

indelible memory representations in the PL during fear discrimination learning. 

 Using the genetic tagging system, we also tracked changes in the activation of 

neuronal ensembles in the IL during fear discrimination learning. We found that exposure 

to safer, discriminated context stimuli triggered elevated neural activity in the IL region 

during Event 2 (Fig. 3.4E: IL/E2, F (3, 40) = 19.27, P<0.0001; dc/CtxtC vs. dc/CS-, P= 

0.0002, r=0.61; dc/CtxtC vs. HC, P= 0.0439, dc/CtxtC vs. dc/CS+, P= 0.8917), but only 

negligible IL activity in response to non-discriminated, generalized CS- stimulus was 

recorded during Event 1 compared to CtxtC (Fig. 3.4D: IL/E1, dc/CtxtC vs. dc/CS-, P= 

0.7907, dc/CtxtC vs. HC, P= 0.0753; dc/CtxtC vs. dc/CS+, P= 0.9969). In addition, 

inhibition of generalized fear triggered neuronal ensembles of CS- in IL; the dc/CS- 

group was the only group that showed reactivation of the ensemble in the IL (Fig. 3.4F: 

IL/ Reactivation, one-way ANOVA: F (3, 40) = 8.979, P=0.0001; dc/CtxtC vs. dc/CS-, 

P= 0.0016, r=0.61, dc/CtxtC vs. HC, P= 0.5917, dc/CtxtC vs. dc/CS+, P= 0.9019, dc/CS+ 
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vs. dc/CS-, P=0.0020, r=0.54). Thus, the learned inhibition of generalized fear coincided 

with an increase of IL activity in a stimuli-specific manner. 

 The IL responses during exposure and re-exposure to the dangerous context CS+ 

were markedly lower compared to those detected in the PL (Fig. 3.4A, D: E1/PL - IL, 

RM-ANOVA Group x Region: F (3, 43) = 10.88, P<0.0001; Region: F (1, 43) = 67.78, 

P<0.0001; Group: F (3, 43) = 12.44 P<0.0001; E1/PL – IL, dc/CS+, P=0.0001; Fig. 3.4B, 

E: E2/PL - IL, RM-ANOVA Group x Region: F (3, 43) = 7.95, P=0.0003; Region: F (1, 

43) = 14.89, P=0.0004; Group: F (3, 43) = 21.67, P<0.0001; E2/PL – IL, dc/CS+, 

P<0.0001). 

 Remarkably, the activation of IL was dramatically increased as a result of 

successful differential fear conditioning, and this increase was detected in response to 

CS- only (Fig. 3.4D, E: IL/E1-E2 RM-ANOVA of Group x Event F (3, 43) = 16.23, 

P<0.0001; Event F (1, 43) = 30.08, P<0.0001; Group F (3, 43) = 13.19, P<0.0001; HC, 

P>0.9999; dc/CtxtC, P= 0.1045; dc/CS-, P= <0.0001; dc/CS+, P= 0.9139). In fact, the 

level of the IL response during re-exposure to CS- was similar to the PL response (Fig. 

3.4E: E2/PL-IL RM-ANOVA Group x Region: F (3, 43) = 7.95, P=0.0003; Region: F (1, 

43) = 14.89, P=0.0004; Group: F (3, 43) = 21.67, P<0.0001; HC, P= 0.9416; dc/CtxtC, 

P= 0.9998; dc/CS-, P= 0.5632; dc/CS+, P<0.0001), while the IL failed to respond to CS+ 

during Event 1, as mentioned above. 

 Representative images taken from the deep layers of the mPFC show differential 

activation and reactivation upon fear discrimination learning. The dc/CS+ and dc/CS- 

groups had greater activation and reactivation of PL region compared to dc/CtxtC 
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indicating that the PL detects conditioned and generalized stimuli (Fig. 3.5B-D). In IL, all 

groups showed similar activation during generalization on Event 1 however upon 

completion of fear discrimination, the dc/CS- group shows substantially increased IL 

activity (Fig. 3.5E-G). 
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Figure 3.3 
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(Previous page) Figure 3.3: Tested groups show robust performance on a contextual 

fear discrimination learning task. (A) The context-dependent fear discrimination learning 

assay consists of three phases: fear conditioning, fear generalization (Early 

Discrimination) followed by additional differential conditioning (Late Discrimination). 

Details are described in the test. All three groups, (B) the dc/CS+, (C) dc/CS-, and  (D) 

dc/CtxtC groups showed robust performance on differential fear conditioning. (B) 

dc/CS+, RM two-way ANOVA of Day (Days 3, 7-11) and Context (CS+, CS-) followed 

by Sidak's multiple comparisons: Day F (5, 115) = 16.82 P<0.0001; Context F (1, 23) = 

84 P<0.0001; Day × Context F (5, 115) = 7.006 P<0.000. CS+ vs. CS-: Day  3, P= 

0.9964; Day  7, P= 0.0015; Day  8, P= <0.0001; Day 9, P= <0.0001; Day  10, P= 0.0008; 

Day  11, P= <0.0001. There was a significant difference in freezing to CS- for Day 3 

(M=39.93 +/-3.68)  and Day 11 (M=18.88 +/-2.9) conditions; t(23)=6.97, p<0.0.0001, r=-

0.541. There was no difference in freezing to CS+ for day 3 (M=41.43 +/-3.39)  and day 

11 (M=43.96 +/-3.9) conditions; t(23)=-0.73, p=0.472, r=0.070. (C) dc/CS-, RM two-

way ANOVA of Day (Days 3, 7-11) and Context (CS+, CS-) followed by Sidak's 

multiple comparisons: Day , F (5, 155) = 15.21, P<0.0001; Context, F (1, 31) = 81.3,1, 

P<0.0001; Day × Context, F (5, 155) = 14.47, P<0.0001. CS+ vs. CS-: Day  3, P= 

0.9938; Day  7, P= 0.0065; Day  8, P <0.0001; Day 9, P <0.0001; Day  10, P <0.0001; 

Day  11, P <0.0001. There was a significant difference in freezing to CS- for day 3 

(M=37.16 +/-3.85)  and day 11 (M=12.07 +/-2.05) conditions; t(31)=7.35, p<0.0.0001, 

r=-0.584. There was no difference in freezing to CS+ for day 3 (M=38.67 +/-3.34) and 

day 11 (M=43.27 +/-3.57) conditions; t(31)=7.35, p=0.151, r=0.117 (D) dc/CtxtC, RM 

two-way ANOVA of Day (Days 3, 7-11) and Context (CS+, CS-) followed by Sidak's 

multiple comparisons: Day, F (5, 55) = 4.539 P=0.0016; Context, F (1, 11) = 53.99 

P<0.0001; Day × Context, F (5, 55) = 6.024 P=0.0002. CS+ vs. CS-: Day  3, P= 0.2214; 

Day  7, P= 0.0002; Day  8, P <0.0001; Day 9, P <0.0001; Day  10, P <0.0001; Day  11, P 

<0.0001. There was a significant difference in freezing to CS- for day 3 (M=31.51 +/-

4.80)  and day 11 (M=16.97 +/-3.41) conditions; t(11)=3.654, p<0.0038, r=-0.450. There 

was a significant difference in freezing to CS+ for Day 3 (M=39.48 +/-4.77)  and Day 11 

(M=53.27 +/-3.9) conditions; t(11)=4.138, p=0.0017, r=0.415 (E) The dc/CS+, dc/CS-, 

and dc/CtxtC groups showed robust performance on the fear conditioning. RM two-way 

ANOVA of Group and US followed by Tukey’s multiple comparison revealed robust fear 

acquisition in all three groups. Group × US: P= 0.671, US, P <0.0001, Group, P 0.7484. 

Baseline: dc/CtxtC vs. dc/CS-, P= 0.9732; dc/CtxtC vs. dc/CS+, P= 0.9983; dc/CS- vs. 

dc/CS+, P= 0.9771. US1:  dc/CtxtC vs. dc/CS-, P= 0.9241; dc/CtxtC vs. dc/CS+, P= 

0.7635; dc/CS- vs. dc/CS+, P= 0.8977. US2:  dc/CtxtC vs. dc/CS-, P= 0.6739; dc/CtxtC 

vs. dc/CS+, P= 0.5111; dc/CS- vs. dc/CS+, P= 0.9212. US3: dc/CtxtC vs. dc/CS-, P= 

0.9635; dc/CtxtC vs. dc/CS+, P= 0.9976; dc/CS- vs. dc/CS+, P= 0.9105. US4: dc/CtxtC 

vs. dc/CS-, P= 0.7876; dc/CtxtC vs. dc/CS+, P= 0.7238; dc/CS- vs. dc/CS+, P= 0.1617. 

(F) The dc/CS+, dc/CS-, and dc/CtxtC groups showed similar level of performance on 

differential fear discrimination. RM two-way ANOVA of Group x Day (Days 3, 7-11) 

followed by Tukey’s multiple comparison revealed the same performance in all three 

groups. Group × Day: P= 0.8098; Day, P <0.0001; Group, P= 0.3177. Day 3: dc/CtxtC 

vs. dc/CS-, P= 0.5661; dc/CtxtC vs. dc/CS+, P= 0.5099; dc/CS- vs. dc/CS+, P= 0.9834. 
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Day 7:  dc/CtxtC vs. dc/CS-, P= 0.5434; dc/CtxtC vs. dc/CS+, P= 0.7056; dc/CS- vs. 

dc/CS+, P= 0.9581. Day 8:  dc/CtxtC vs. dc/CS-, P= 0.665; dc/CtxtC vs. dc/CS+, P= 

0.7621; dc/CS- vs. dc/CS+, P= 0.986. Day 9:  dc/CtxtC vs. dc/CS-, P= 0.8891; dc/CtxtC 

vs. dc/CS+, P= 0.841; dc/CS- vs. dc/CS+, P= 0.9868. Day 10:  dc/CtxtC vs. dc/CS-, P= 

>0.9999; dc/CtxtC vs. dc/CS+, P= 0.6363; dc/CS- vs. dc/CS+, P= 0.4526. Day 11:  

dc/CtxtC vs. dc/CS-, P= 0.9312; dc/CtxtC vs. dc/CS+, P= 0.5401; dc/CS- vs. dc/CS+, P= 

0.1587.  (G) The dc/CS+,  dc/CS-, and dc/CtxtC groups showed generalized fear 

responses to CS- on day 3 (Event 1) and but successful fear discrimination by day 11 

(Event 2). When comparing the first day of early discrimination with the last day of late 

discrimination, all three groups showed a robust discrimination index on day 11 but these 

groups were not able to discriminate between CS+ and CS- on day 3. RM two-way 

ANOVA of Group and Event followed by Sidak's multiple comparisons: Group × Event: 

P= 0.0741; Event, P <0.0001; Group, P 0.0871. Event 1 vs. Event 2: dc/CtxtC, P= 

0.0002; dc/CS-, P= <0.0001; dc/CS+, P <0.0001. However, there were no differences in 

Discrimination Indexes between groups on Event 1 or Event 2 (P-values not shown). The 

discrimination index was calculated using the freezing responses to CS+ and CS- 

according to the formula DI=[[227] – [227]]/[[227] + [227]]. Significance values were set 

at p < 0.05: *, p < 0.05; **, p < 0.01; ***, p < 0.001 and ns not significant. 
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Figure 3.4 
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(Previous page) Figure 3.4: Differential fear conditioning triggers elevated IL activity in 

response to the discriminated stimulus CS- and changes in neuronal ensembles of 

contextual stimuli in PL and IL. The activation analysis of dc/CS+, dc/CS-,  and dc/CtxtC 

groups included subjects that generalized before differential conditioning on day 3 (DI ≤ 

0.2) and showed appropriate fear responses to CS+ (day 11, % Freezing to CS+ > 20%) 

(Fig. 3.3B-D, F).  (A) The dc/CS- and dc/CS+ groups showed similar levels of activity in 

PL during Event 1 and had greater activation of the PL than the dc/CtxtC group during 

Event 1, while re-exposure to the CtxtC was not different from the level of activation 

observed in HC. Ordinary one-way ANOVA (F (3, 40) = 11.69, P<0.0001) followed by 

Dunnett's many-to-one comparisons with the dc/CtxtC as a control: dc/CtxtC vs. HC, P= 

0.3445; dc/CtxtC vs. dc/CS-, P= 0.0029; dc/CtxtC vs. dc/CS+, P= 0.0023. (B) The dc/CS- 

and dc/CS+ groups showed similar levels of activity in PL during Event 2 and had greater 

activation of the PL than the dc/CtxtC group during Event 2, while re-exposure to the 

CtxtC showed similar levels of activation observed in HC. Ordinary one-way ANOVA (F 

(3, 40) = 11.86, P<0.0001) followed by Dunnett's many-to-one comparisons with the 

dc/CtxtC as a control: dc/CtxtC vs. HC, P= 0.1974; dc/CtxtC vs. dc/CS-, P= 0.0025; 

dc/CtxtC vs. dc/CS+, P= 0.0086. (C) The dc/CS- and dc/CS+ groups showed similar 

levels of activity in PL and greater reactivation of PL than dc/CtxtC or HC groups.  

Ordinary one-way ANOVA (F (3, 40) = 16.38, P<0.0001) followed by Dunnett's many-

to-one comparisons with the dc/CtxtC as a control: dc/CtxtC vs. HC, P= 0.6994; 

dc/CtxtC vs. dc/CS-, P= 0.0002; dc/CtxtC vs. dc/CS+, P= 0.0001. (D) The dc/CS- and 

dc/CS+ groups showed similar activation of the IL as the dc/CtxtC group but had greater 

activation in IL than HC during Event 1. Ordinary one-way ANOVA (F (3, 40) = 3.327,  

P=0.029) followed by Dunnett's many-to-one comparisons with the dc/CtxtC as a control: 

dc/CtxtC vs. HC, P= 0.0753; dc/CtxtC vs. dc/CS-, P= 0.7907; dc/CtxtC vs. dc/CS+, P= 

0.9969. (E) The dc/CS- group showed elevated activation of the IL compared to all other 

tested groups during Event 2. This increased level of activity in IL of the dc/CS- was also 

higher compared to responses IL detected during Event 1 (IL/CS-/E1 vs IL/CS-/E2 = 

<0.0001, details are listed below). Ordinary one-way ANOVA (F (3, 40) = 19.27,  

P<0.0001) followed by Dunnett's many-to-one comparisons with the dc/CtxtC as a 

control: dc/CtxtC vs. HC, P= 0.0439; dc/CtxtC vs. dc/CS-, P= 0.0002; dc/CtxtC vs. 

dc/CS+, P= 0.8917. (F) The dc/CS- group showed elevated reactivation in the IL 

compared to all other tested groups. Ordinary one-way ANOVA (F (3, 40) = 8.979, 

P<0.0001) followed by Dunnett's many-to-one comparisons with the dc/CtxtC as a 

control: dc/CtxtC vs. HC, P= 0.5917; dc/CtxtC vs. dc/CS-, P= 0.0016; dc/CtxtC vs. 

dc/CS+, P= 0.9019. There was no difference in activation of PL between events (Fig 

3.4A, B). RM two-way ANOVA of Group and Event: Group × Event F (3, 43) = 0.2482 

P=0.8622;  Event F (1, 43) = 1.216 P=0.2763; Group F (3, 43) = 21.25 P<0.0001. There 

was a marked difference in activation of IL in response to CS- between exposures before 

and after differential conditioning (Fig. 3.4D, E). Group × Event F (3, 43) = 16.23 

P<0.0001; Event F (1, 43) = 30.08 P<0.0001; Group F (3, 43) = 13.19 P<0.0001. Event 1 

- Event 2:  HC, P>0.9999; dc/CtxtC, P= 0.1045; dc/CS-, P= <0.0001; dc/CS+, P= 0.9139. 

The dc/CS- and dc/CS+ groups showed lower activation of IL compared to PL during 

Event 1 (Fig. 3.4A, D). Ordinary two-way ANOVA of Group and Region (Group × 
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Region:  F (3, 43) = 10.88 P<0.0001; Region F (1, 43) = 67.78 P<0.0001; Group: F (3, 

43) = 12.44 , P<0.0001. PL/E1 – IL/E1: HC, P= 0.8521; dc/CtxtC, P= 0.3577; dc/CS-, 

P<0.0001; dc/CS+, P<0.0001. The dc/CS+ group showed lower activation of IL 

compared to PL during Event 2 (Fig. 3.4B, E). Ordinary two-way ANOVA (Group x 

Region : F (3, 43) = 7.95 P=0.0003; Region F (1, 43) = 14.89 P=0.0004; Group: F (3, 43) 

= 21.67 P<0.0001. PL - IL / E2 HC, P= 0.9416; dc/CtxtC, P= 0.9998; dc/CS-, P= 0.5632; 

dc/CS+, P= <0.0001. The dc/CS+ group showed lower reactivation of IL compared to PL 

during Event 2 (Fig. 3.4C, F). Ordinary two-way ANOVA Group × Region: F (3, 43) = 

6.627 P=0.0009; Region F (1, 43) = 17.41 P=0.0001; Group: F (3, 43) = 22.25 P<0.0001. 

Reactivation/PL vs. IL:  HC, P= 0.9939, dc/CtxtC, P= 0.9415, dc/CS-, P= 0.1571, 

dc/CS+, P<0.0001. Significance values were set at p < 0.05: *, p < 0.05; **, p < 0.01; 

***, p < 0.001 and ns not significant. Black lines indicate comparisons within a panel; 

the red lines indicate side-by-side comparisons and purple lines show top-bottom 

comparisons. 
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Figure 3.5 
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(Previous page) Figure 3.5: Representative images showing differential activation and 

reactivation upon differential fear conditioning. (A) Diagram shows the range of Bregma 

points where sections were analyzed. Grey rectangles indicate the FOV acquired in each 

region. Blue rectangles indicate the location where representative images were taken. (B-

D) PL region shows greater activation and reactivation in dc/CS+ and dc/CS- group 

compared to dc/CtxtC group. White arrows indicate overlap. (E-G) IL region shows 

greater activation and reactivation in dc/CS- group only. There are no differences 

between dc/CS+ and dc/CtxtC groups. White arrows indicate overlap. Scale bars indicate 

20µm. 
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 To obtain more insight into the relationship between ensemble activity patterns 

and differential fear conditioning learning outcome, we performed within-group analyses 

to evaluate the correlations between the value of a variable representing a measure of 

neuronal activity (i.e., activity rate or reactivation index in PL vs IL) and the value of 

behavioral performance (i.e., discrimination index or freezing level) (Fig. 3.6). Simple 

Pearson correlation analysis was used to evaluate if a stimulus-triggered ensemble 

reactivation in PL or IL correlated with behavioral performance (Fig. 3.6A-B). 

Specifically, we wanted to determine which of the ensemble reactivation variables (CS+ 

or CS-) and which region (PL or IL) correlated with the outcome of differential fear 

conditioning (i.e., discrimination rate on day 11). PL ensemble reactivation during re-

exposure to CS+ significantly correlated with behavioral performance (CS+/PL, r=0.637, 

P=0.0106, R
2 

=0.406). In addition, IL reactivation during re-exposure to CS- showed an 

inverse relationship with behavioral performance (CS-/IL, r=-0.7175, P=0.0039, R
2 

=0.515).  

 One of the features of context-dependent fear discrimination learning is an 

inhibition of generalized fear to CS-, while preserving elevated responses to CS+ (Fig. 

3.3B-D). To assess a potential relationship between region-specific ensemble activity and 

levels of fear, we plotted the activation rate of neuronal ensembles in the PL and IL 

during exposure or re-exposure to a contextual stimulus (i.e., CS+ or CS-) as a function 

of fear level (Fig. 3.6). This analysis did not directly consider the discrimination between 

CS+ and CS- but instead evaluated the relationship between activity and fear level. 

Pearson correlation analysis revealed that PL activation during re-exposure to CS- was 
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the only variable that was covariate with level of fear (Fig. 3.6D). Surprisingly, PL 

activation rate during re-exposure to the safer stimulus CS- showed a direct relationship 

with expressed level of fear during re-exposure to the safer stimulus CS- (r=0.543, 

P=0.0451), while PL activity in response to CS+ remained stable across levels of freezing 

(r=-0.295, P=0.286). In addition, detailed analysis of behavior during differential 

conditioning showed that level of fear to the safer stimulus, CS-, decreased with 

increasing discrimination index (Fig. 3.6C, r=-0.710, P=0.0045), indicating that animals 

showing a high level of fear to CS- did not perform well on the differential fear 

conditioning test. The direct relationship between PL activity rate and level of fear after 

differential conditioning was detected only during exposure to CS- and not during 

exposure to CS+. This indicates that PL engagement in mediating responses to safer 

contexts intensifies with the increase in the probability of failing the discrimination test, 

while lowered, likely more refined, PL activation occurs when there is a high probability 

of an appropriate fear response to a safer, discriminated contextual stimulus (CS-) is high. 

 The between-group analysis revealed that the PL was strongly engaged in 

responses to CS+ (dangerous) and CS- (initially generalized but later discriminated) 

before and after differential conditioning. Analysis of the correlation between 

reactivation indexes in PL during re-exposure to CS+ and CS- and behavioral 

performance of individual animals revealed additional details of activity patterns 

associated with performance during fear discrimination learning. The reactivation index 

for PL ensembles of CS+ and behavioral outcome tended to increase or decrease together, 

which suggests that improved performance correlates with increased overlapping 
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ensembles, presumably via strengthening functional connectivity within initially 

activated ensembles of dangerous stimuli in PL. Interestingly, exposure to CS- induced 

significant PL activity during the early and late phases of differential conditioning with 

significant levels of overlap between these ensembles. 

 Success of differential conditioning also correlated with emerging CS-induced 

neuronal activity in IL detected only during the late phase of differential conditioning. 

The initially generalized CS- stimulus triggered negligible activity in IL compared to the 

never generalized CtxtC stimulus. However, re-exposure to the discriminated, safer CS- 

stimulus evoked significant activity in IL when compared to CtxtC or the activity during 

the initial exposure to CS-. This newly emerged IL ensemble of CS- showed marked 

reactivation, which was specific, as both CS+ and CtxtC failed to show any reactivation. 

In addition, the IL ensemble of CS- showed lower rates of reactivation with increasing 

behavioral performance, indicating substantial levels of recruitment of newly activated 

cells as fear discrimination learning occurred. 

 These data suggest that balancing PL and IL networks while encoding more 

precise information about US-CS+ and noUS-CS- contingencies across subdivisions of 

the mPFC controls fear discrimination learning. Within-group correlation analysis of the 

relationships between activity patterns and behavioral performance showed three 

important correlates of fear discrimination learning outcome: 1) the direct relationship 

with PL reactivation index during re-exposure to CS+, 2) the inverse relationship with IL 

reactivation index during re-exposure to CS-, and 3) the inverse relationship between 

freezing and PL activity during re-exposure to CS-. In addition, freezing level to the 
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discriminated, safer CS- showed an inverse relationship with outcomes of fear 

discrimination learning. Furthermore, between-group analysis revealed robust activation 

and marked reactivation of the CS+ and CS- ensembles in PL and CS- ensembles in IL 

after differential fear conditioning. 
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Figure 3.6 
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(Previous page) Figure 3.6: Simple Pearson correlation analysis revealed discrete codes 

associated with fear discrimination learning.  (A) PL ensemble reactivation during re-

exposure to CS+ significantly correlated with behavioral performance, (r=0.637, 

P=0.0106) while there was no correlation between IL ensemble reactivation during re-

exposure to CS+ and fear discrimination learning (r= 0.243, P=0.382). (B) In addition, IL 

reactivation during re-exposure to CS- showed an inverse relationship with behavioral 

performance, r= -0.717, P=0.0039. PL ensemble reactivation during re-exposure to CS- 

did not correlate with behavioral performance, r=-0.065, P=0.825. (C) Freezing level 

variable showed an inverse relationship with fear discrimination learning outcome, r= -

0.7096, P=0.0045. (D) PL activation rates showed a direct relationship with expressed 

levels of fear during re-exposure to safer stimulus, CS- (r=0.542, P=0.0451). 
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Discussion 

 While there is extensive research on the molecular and cellular mechanisms 

underlying fear acquisition and fear extinction, the neural mechanisms driving fear 

discrimination learning are not well understood. We examined prefrontal neuronal 

ensembles representing distinct experiences associated with learning to disambiguate 

between dangerous and similar, yet distinct, safe stimuli. These data revealed prefrontal 

subdivision-specific patterns of neuronal reactivation and distinct quantitative 

reactivation differences in response to neutral, conditioned, and generalized fear stimuli, 

all associated with successful fear discrimination learning. These data support the idea 

that gating responses to contextual stimuli within the fear modulation circuit appears to 

be critical for fear inhibition during learning safety cues in ambiguous circumstances. 

 The fact that the mPFC is a locus for gating fear discrimination and danger 

assessment is supported by animal studies in which mPFC lesions impair the ability to 

guide behavior, specifically when memory retrieval involves conflicting dangerous and 

safe contextual cues [236-239]. A decline in fear is associated with elevated activity in 

the mPFC, as determined by the activation of immediate-early genes [60, 64], blood 

oxygenation level [116], cell firing [208] and local field potentials [240]. The mPFC has 

dense reciprocal anatomical and functional connections with the sensory cortices such as 

the nucleus reuniens, memory systems, including the hippocampus, which is involved in 

space, time and multisensory processing, and the amygdala, a critical locus for fear 

processing. Neurons in the mPFC, basolateral amygdala (BLA) and hippocampus are 
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functionally coupled in the theta range (4-12 Hz oscillations) during fear conditioning 

[241, 242], conditioned extinction [240] and discriminative fear learning [243]. 

 There is a large body of evidence demonstrating that the PL encodes and holds 

information about specific context-danger associations. Our data demonstrate that fear 

conditioning triggers neuronal ensembles of the context-danger association (Fig. 3.2-3.3). 

While blocking the PL cortex before fear conditioning has no effect on cued or contextual 

fear memory retrieval, post-training PL inactivation during the cued or contextual fear 

memory recall decreases the expression of learned fear [35]. In fact, learned fear 

expression and extinction failure are correlated with sustained conditioned responses in 

PL neurons [261]. Moreover, patterns of IEG gene expression confirm that the mPFC 

network monitors context-danger associations during fear conditioning [253] and 

neuronal ensembles of contextual fear memory were found in the PL cortex during fear 

retrieval [19, 255]. In addition, contextual fear memory retrieval after extinction, referred 

to as memory renewal, depends on the PL cortex [14, 210, 213, 262, 263]. Upregulation 

of the immediately early gene, c-fos, in the PL correlates with fear renewal [60], 

providing further evidence that the PL tracks context-danger associations.  

 Our data provide evidence for engagement of PL networks in mediating learning 

of fear discrimination. We demonstrated that fear discrimination learning involves 

lowering fear responses to CS- while maintaining a high level of response to CS+ (Fig. 

3.3). The PL network is directly engaged during exposure to CS- before and after 

differential fear learning (Fig. 3.4). Moreover, we detected substantial reactivation of CS- 

neuronal ensembles in PL, suggesting that fear discrimination learning might coincide 
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with encoding memories of a discriminated, safer context into the PL network. Other 

findings are in line with this assessment, as general disengagement of PL networks due to 

treatment with muscimol blocked recall of discriminated fear [227]. This impairment was 

specific to responses to CS- only; emphasizing the importance of PL network integrity 

for the learning of appropriate responses to initially generalized stimuli during 

differential conditioning. Others reported that electrolytic lesions of PL administered 

after discrimination learning, presumably destroying already formed ensembles of 

contextual memory, were ineffective in disrupting context fear discrimination [264]. 

While PL neural ensembles of contextual memory may not always be critical for fear 

discrimination recall, these ensembles may be advantageous when the prefrontal-

hippocampal memory system requires flexibility under more complex conditions, such as 

those observed during fear memory renewal [14, 60, 210, 213, 262, 263].  

 The observed PL reactivation coinciding with learning context-safety 

contingencies is surprising considering previous research on fear extinction. In fact, it is 

widely believed that the IL, but not PL, circuitry mediates learning underlying fear 

inhibition. Milad and Quirk demonstrated that the CS-evoked responses in the IL 

coincide with learned fear suppression [27]. This was later reproduced in several studies 

[22, 53, 172, 173, 204]. Research over the past two decades has revealed that the 

modulation of fear responses associated with fear extinction learning comprises the 

formation of a new memory trace that can actively suppress fear expression [51, 52]. The 

current model of fear extinction learning predicts that CS would induce IL activation 

during successful recall of fear extinction learning, followed by instructions to suppress 
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fear by tapping into the fear circuit via monosynaptic ILGABAergic intercalated 

amygdala neurons (ITC) [34, 37] or, the more recently described, di-synaptic 

ILBLAITC pathways [32, 33, 38]. In addition, direct optogenetic silencing of IL 

neurons during retrieval of auditory fear extinction is ineffective [265]. Moreover, both 

IL and PL have shown elevated firing rates during extinction recall [54], and both 

PLBLA and ILBLA connections show synaptic plasticity during extinction recall 

[36]. The PL, but not IL, cortex has been implicated in guiding context-appropriate 

behavior in responding to conflicting information in rats [266]. Furthermore, PL 

inactivation disrupts the encoding and expression of conditioned fear under the 

circumstance that animals must use contextual cues to disambiguate the significance of 

the stimuli [45]. Thus, encoding specific memories across larger PL and IL networks as 

reported in this study might be critical for proper gating of context-danger and context-

safety contingencies during top-down control of appropriate fear responses. 

 While there is evidence that the PL is engaged in mediating responses to CS- and 

CS+, it is unclear if the PL component of ensembles representing inhibited fear is 

required for appropriate responses to discriminated stimuli after differential fear 

conditioning. Our data show that generalized, non-discriminated stimuli triggered CS- 

ensemble activity in the PL, but not in IL, network before differential conditioning (Fig. 

3.4). Conversely, CS+ ensembles are localized in the PL through fear discrimination 

learning, and their reactivation rate within PL correlates with successful expression of 

discriminated fear. Notably, there was a direct relationship between the total number of 

cells activated in PL during Event 2 and expression of fear responses to the 
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discriminated, safer CS- stimulus. The ratio of the subset of cells activated by the safer 

stimulus CS- before and after differential conditioning to the total number of cells 

activated during re-exposure to context CS- appears to be stable across different levels of 

discrimination index, but the total number of activated cells in response to discriminated, 

safer stimuli decreases as animals lower their generalized fear. Taken together, these data 

suggest that PL might be involved in mediating inhibition of generalized fear via 

refinement of a subpopulation of CS- responsive cells. 

 Re-exposure to a discriminated and safer context after differential conditioning 

induced a modified CS- ensemble present in both PL and IL (Fig 3.4). Conditioned and 

generalized stimuli triggered only negligible responses in IL, while discriminated, safer 

stimuli elicited stimulus specific activity in IL. Interestingly, IL reactivation rates during 

re-exposure to CS- showed an inverse relationship with performance in fear 

discrimination learning, suggesting recruitment of new neurons to IL ensembles of CS- as 

a result of fear discrimination learning. CS- ensembles in the lateral amygdala respond 

similarly during fear discrimination learning [267]. One feasible interpretation is that PL 

and IL are both involved in balancing an enlarged CS- ensemble spreading across the 

entire mPFC while learning appropriate responses to discriminated, safer stimuli. This 

interpretation of our data is consistent with recently published work demonstrating that 

PL projections to IL are directly involved in initial but not late learning of fear extinction 

[30]. Thus, it is conceivable that PL projections to IL provide pathways for information 

transfer and/or circuit expansion between PL and IL during learning of fear inhibition to 

conditioned or generalized stimuli. If these predictions are correct, the enlarged IL-PL 



 140 

ensemble of discriminated, safer CS- stimuli would emerge as an expansion of the CS- 

ensemble detected initially only in PL during generalization. Our findings are consistent 

with a potential role of PLIL communications in the generation of new IL ensembles of 

CS- during differential conditioning. Thus, increased reactivation of the CS+ ensemble in 

the PL and PL-initiated reorganization of CS- ensemble across IL subdivisions of the 

mPFC are both hallmarks of fear discrimination learning. 

 In summary, both IL and PL are engaged during differential fear conditioning, 

yielding inhibition of generalized fear, while fear conditioning triggers stable memory 

representations of the conditioned stimulus in the PL subdivision of the mPFC. Initial 

experiences with conditioned (CS+) and generalized (CS-) stimuli during early 

differential fear conditioning elicit neuronal activity distributed across the PL network 

only. Surprisingly, the PL activity rate of CS- ensembles increased with the triggered 

level of fear, suggesting that inhibition of generalized fear may involve lowering the 

number of CS- specific cells in PL. In addition, CS+ ensemble reactivation index showed 

a direct correlation with fear discrimination performance. It appears that IL cortices were 

recruited during the late phase of differential fear conditioning, which coincided with 

successful fear discrimination. Compression of CS- ensembles in PL coincided with 

enlargement of CS- ensembles in IL during fear discrimination learning. In fact, the CS- 

reactivation rate in IL during re-exposure to the discriminated, safer stimulus CS- was 

one of the best predictors of fear discrimination learning outcome. These data 

demonstrate that learning safety signals involves large network changes across both PL 

and IL subdivisions of the mPFC. 
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Chapter 4: Conclusion 

4.1 Prefrontal consolidation supports fear memory accuracy 

 In Chapter 2.1, we investigated the role of prefrontal consolidation on the 

attainment of fear memory accuracy by manipulating cAMP response element binding 

protein (CREB)- and CREB binding protein (CBP)-dependent transcription specifically 

in the medial prefrontal cortex (mPFC). Despite uncertainty on how CBP controls 

neuronal function via acetyltransferase activity and interaction with multiple regulatory 

proteins, considerable evidence indicates that CBP is a critical component of the neural 

signaling underlying cognitive functioning [141-149]. Previous studies have shown that 

CREB-dependent transcription subsequent to learning plays an important role in the 

conversion of short-term to long-term memory across species [124-129]. In a fruit fly 

model, it was discovered that formation of long-term aversive associations requires 

trancriptional cycling between cFos and CREB in a subset of cells where olfactory 

associations are stored [268]. Investigaters reported that pre-existing CREB is required 

for intial cFos induction while cFos is then required to further increase CREB expression 

[268]. Moreover, inhibiting or activating cFos-positive neuronal ensembles inhibits 

memory recall or induces memory-associated behaviors, respectively [268]. Rodent 

studies also reveal the necessity of CREB-dependent signaling in memory formation and 

consolidation. Experiments show that increasing the level of CREB in a neuronal 

population increased the probability that those cells are incorporated into the memory 

trace whereas decreasing levels of CREB had the opposite effect [269, 270]. Subsequent 

studies showed that inhibition of these CREB-positive cells impairs memory recall thus 
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demonstrating the necessity of CREB signaling in memory retrieval [200, 269]. Together 

these data suggest that relative CREB levels can affect which neurons are incorporated in 

a memory trace, a phenomenon known as memory allocation. 

 By generating mutant mice expressing either he dominant negative CREB mutant 

(mCREB) or the dominant negative CBP without acetyltransferase activity (CBPΔHAT), 

we tested the impact of CREB- and CBP-dependent transcription in the mPFC on fear 

memory specificity. Previous studies indicate that mCREB decreased CREB function and 

block neuronal CREB-dependent gene expression [130, 131, 155, 156] while CBPΔHAT 

lacks histone acetyltransferase activity [142], blocks c-fos expression in neurons [142] 

but retains all protein-protein interaction domains. Evidence from contextual and auditory 

fear discrimation tasks indicated that mPFC consolidation is crucial for acquiring the fear 

memory accuracy necessary to recognize subtle differences between aversive and non-

aversive stimuli. Analysis of response patterns to aversive (CS+) and non-aversive (CS-) 

stimuli in control animals revealed that the improvement of contextual fear memory 

accuracy was due to increased freezing behavior to the CS+ and a decrease in freezing to 

CS-. However, CREB and CBP hypofunction in the mPFC altered the ability to learn 

discriminatory responses to CS+ versus CS- by disrupting the learning pattern curve for 

CS- only.  These data indicate that CREB- and CBP-dependent signaling in the mPFC is 

critical for the suppression of fear to similar, yet distinct, non-aversive stimuli; a 

necessary process towards improvement of fear memory accuracy. 
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4.2 Prefrontal NMDA receptors control fear discrimination and fear extinction 

 In Chapter 2.2, we investigated the involvement of prefrontal N-methyl-D-

aspartate receptors (NMDARs) expressed specifically in CamKIIα positive excitatory 

neurons in adaptive behaviors such as fear discrimination and fear extinction. NMDAR-

dependent long-term potentiation is an experimental model of synaptic plasticity and is 

widely hypothesized to be the neural mechanism by which memory traces are encoded 

and stored in the brain [230]. There is also strong evidence for prefrontal NMDARs in 

mechanism underlying extinction of conditioned fear [208, 209]. Studies show that 

lesions in the mPFC produce deficits in the extinction of conditioned fear [21, 166, 212-

214] and consolidation of fear extinction memory recruits mechanisms controlled by 

NMDARs, mitogen-activated protein kinase and protein synthesis [173, 215]. 

Involvement of NMDARs in mPFC-dependent learning mechanism is supported by 

studies showing that NMDAR receptors are effective mediators of synaptic plasticity in 

prefrontal excitatory neurons [216]. Pharmacological blockers of NMDARs trigger 

profound cortical activation in behaving rodents [218] and human volunteers [219-222] 

suggesting that the effect of NMDAR antagonists in pharmacological studies is 

predominately targeted to inhibitory neurons producing disinhibition of excitatory 

network. Moreover, it has been shown that activation of synaptic NMDARs supports 

phosphorylation of CREB on its critical transcriptional residue promotes CREB-

dependent gene expression and neuronal survival while upon extrasynaptic NMDAR 

activation, CREB is only transiently phosphorylated thus CRE-dependent gene 

expression is not activated, and hippocampal neurons die [271]. These results indicate 
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that NMDAR- and CREB-dependent signaling are crucial for normal neuronal function 

and survival. The objective of the present study was to determine involvement of 

NMDARs expressed specifically in CamKIIα positive excitatory neurons in mPFC-

dependent adaptive behaviors such as fear discrimination and fear extinction.  

 We tested mice with locally deleted Grin1 gene encoding the obligatory NR1 

subunit of the NMDAR from prefrontal excitatory neurons for their ability to distinguish 

frequency modulated (FM) tones in a fear discrimination test. We demonstrated that 

NMDAR-dependent signaling in the mPFC is critical for effective fear discrimination 

following initial generalization of conditioned fear. While mice with deficient NMDARs 

in prefrontal excitatory neurons maintained normal responses to a dangerous fear-

conditioned stimulus, they exhibit abnormal decrement of fear generalization. We also 

found that selective deletion of NMDAR in the mPFC leads to a deficits in fear 

extinction. Previous studies have shown that infusion of the NMDAR blocker 2-amino-5-

phosphonovalerate (APV) into the amygdala during extinction substantially interferes 

with extinction of conditioned fear to tone, light, and contextual stimuli [231, 232] while 

overexpression of NMDAR subunit NR2B in mice improves extinction learning [233]. 

Moreover, consolidation of fear extinction requires NMDAR-dependent bursting in the 

mPFC suggesting that fear extinction learning involves NMDAR-mediated plasticity in 

prefrontal–amygdala circuits [208]. These studies provide evidence that NMDAR-

dependent neuronal signaling in the mPFC is a component of neural mechanisms 

disambiguating the meaning of fear signals and supporting discriminative fear learning 

and fear extinction by properly gating information. 
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4.3 Fear discrimination generates prefrontal neuronal ensembles of safety 

 In Chapter 3, we investigated the role of the prelimbic (PL) and infralimbic (IL) 

subdivisions of the mPFC in contextual fear conditioning and fear discrimination. The PL 

and IL subregions exert excitatory and inhibitory effects on the fear circuit, respectively, 

but the mechanisms driving fear discrimination are unknown. To trace neuronal 

ensembles of contextual fear memories, we employed an activity-dependent genetic 

tagging system referred to as the TetTag system [69, 74, 259]. This tetTAG system is 

driven by Arc expression, an immediate early gene (IEG) that has garnered much 

attention in the learning and memory field. Studies show that Arc expression increases 

after context-specific spatial learning and Arc regulates α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) receptor trafficking, a key component of synaptic 

plasticity required for learning and memory [55, 56]. Moreover, Arc is required for 

hippocampal LTP and consolidation of contextual and fear memories in both the 

hippocampus and amygdala [58, 59]. Therefore, Arc is not only an effective marker for 

contextual learning but also regulates the mechanism by which learning and memory 

occurs. 

 Recent studies using IEG-driven genetic tagging systems have shown that 

optogenetically stimulating a fear conditioning-induced population of neurons in a novel 

context was able to produce a fear response [74]. In a separate study, they label a 

population of neurons activated by exploring a specific context (ctxA) then they 

stimulated these cells paired with a foot shock in a different context (ctxB) and when 

animals were placed back into ctxA, they showed a fear response. Taken together these 
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studies reveal that activation of a sparsely distributed sensory-induced neuronal 

population in the hippocampus is sufficient to reproduce a complex sensory experience. 

However, similar results have been reported in the neocortical region called the 

retrosplenial cortex (RSC), an output area of the hippocampus with projections to a wide 

variety of other cortical areas [76]. Investigators found that stimulation of naturally 

activating neurons in the RSC at the time of contextual fear conditioning was sufficient to 

produce a fear response [77]. These data suggest that at the time of learning, a neuronal 

ensemble representing the context forms in both the hippocampus and the neocortex.  

 To obtain insight into the mechanisms underlying contextual fear discrimination, 

we investigated prefrontal neuronal ensembles representing distinct experiences 

associated with learning to disambiguate between dangerous and similar, yet distinct, 

harmless stimuli. We showed distinct quantitative activation differences in response to 

conditioned and generalized fearful experiences, as well as modulation of the neuronal 

ensembles associated with successful acquisition of context-safety contingencies. These 

findings suggest that prefrontal neuronal ensemble patterns code functional context-

danger and context-safety relationships. The PL subdivision monitors contextual danger 

associations to conditioned fear, whereas differential conditioning generates additional 

ensembles associated with the inhibition of generalized fear in both the PL and IL 

subdivisions of the mPFC. These data suggest that both IL and PL cortices mediate safety 

learning, supporting the idea that both these cortical regions cooperate in properly gating 

context-danger and context-safety contingencies during top-down control of appropriate 

fear responses. 
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4.4 Clinical significance 

 Functional neuroimaging studies in humans revealed that the amygdala, 

hippocampus, and PFC are dysfunctional in the common fear disorder, posttraumatic 

stress disorder (PTSD). PTSD patients typically display fear over-generalization and 

deficiency in extinction of fear memory which leads to irrational fear and anxiety [2]. 

Neuroimaging studies within the PFC have found that two regions, the anterior cingulate 

cortex (ACC) and ventromedial prefrontal cortex (vmPFC), are implicated in PTSD. In 

two separate studies, PTSD patients failed to activate the ACC during exposure to 

traumatic scripts or pictures compared to healthy controls [83, 111]. Within the vmPFC, 

studies found less activation in medial frontal gyrus in response to traumatic stimuli in 

PTSD patients relative to those without [82, 112]. In agreement with this data, others 

found decreased ACC and medial frontal gyrus activation during exposure to traumatic 

imagery among those with PTSD compared to traumatized individuals without PTSD 

[113]. Several MRI studies have also reported decreased frontal cortex volume in PTSD 

[93, 114, 115]. Taken together these research studies suggest that decreased prefrontal 

activity and volume is associated with PTSD. Moreover, functional neuroimaging studies 

have found that the vmPFC is also involved during the recall of fear extinction in 

humans. During the recall of the extinction, activation of the vmPFC predicted extinction 

success and correlated with amygdala activity [116] which is consistent with animal 

studies showing that the infralimbic cortex inhibits the amygdala during extinction recall 

[27]. Then they extended these results to investigate extinction recall the day following 

extinction training using fMRI. PTSD patients had reduced activity in the vmPFC and 
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hippocampus, yet increased ACC activity during extinction recall [2]. A subsequent study 

showed that during extinction recall, participants with PTSD had both reduced vmPFC 

activity and increased ACC activity during exposure to the extinction context [118]. 

These findings indicate that hyperactivity in the ACC and hypoactivity in the vmPFC 

may lead to impairment in fear extinction and an inability to use contextual cues to 

predict safety ultimately leading to overgeneralized fear, a clinical hallmark of PTSD and 

phobias. 

 Ultimately, the etiology of fear related disorders such as PTSD involves structural 

and functional dysfunction of the following regions: amygdala, hippocampus and PFC. 

Neuroimaging research have revealed that increased activation of the amygdala 

accompanied by diminished activity of the PFC is associated with the etiology of PTSD. 

Additionally, evidence suggests that hippocampal volume, integrity and functionality 

may be also impaired in PTSD. The current model suggests that decreased PFC and 

hippocampal functionality leads to reduced inhibitory control of the amygdala that then 

drives increased amydalar activity leading to irrational fear and anxiety [2]. Human and 

animals studies alike provide abundant evidence suggesting that the amygdala, 

hippocampus, PFC neuronal circuit is evolutionarily preserved and underlies the ability to 

acquire, modulate and extinguish fear. 
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4.5 The role of the mPFC in fear conditioning and fear discrimination learning 

 In Chapter 2, we investigated the role of prefrontal consolidation and neuronal 

signaling in fear discrimination learning. By manipulating CREB-, CBP- and NMDAR-

dependent signaling in the mPFC, we showed that these animals have deficits in 

contextual and auditory fear discrimination learning. Interestingly, these animals have 

elevated fear to similar, yet distinct, non-aversive stimuli while maintaining normal fear 

responses to fear-conditioned stimuli. These data suggest that the proper mPFC function 

is critical for fear memory specificity. However, these studies were not able to probe for 

the differential role of the subregions within the mPFC in fear discrimination learning. In 

Chapter 3, we investigated the role of PL and IL subdivisions of the mPFC in contextual 

fear conditioning and fear discrimination using an activity-driven genetic tagging system. 

Upon exposure and re-exposure to the aversive fear-conditioned stimuli, we see elevated 

activation and reactivation of the PL region, respectively. There was no difference in IL 

activation or reactivation during contextual fear conditioning. Only the PL subdivision 

monitors contextual danger associations to conditioned fear. Next, we used the TetTag 

genetic system to label neurons during the early and late phases of fear discrimination 

learning to evaluate changes in the neuronal ensembles in the PL and IL caused by 

exposure to three contextal stimuli during fear discrimination: the aversive context 

stimulus, CS+; a similar yet distinct, safe stimulus, CS-; and a substantially different safe 

stimulus, CtxtC. In the PL region, we see elevated activation and reactivation upon 

exposure and re-exposure to conditioned and generalized stimuli throughout the 

discrimination phase. We detected substantial reactivation of CS- neuronal ensembles in 
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PL, suggesting that fear discrimination learning coincides with encoding memories of a 

discriminated, safer context into the PL network. Other findings are in line with this 

assessment, as general disengagement of PL networks due to treatment with muscimol 

blocked recall of discriminated fear [227]. This impairment was specific to responses to 

CS- only; emphasizing the importance of PL network integrity for the learning of 

appropriate responses to initially generalized stimuli. During the intial phase of fear 

discrimination when the animals generalize, there was neglible IL activation in all groups 

however upon successful fear discrimination learning, IL activation is greatly elevated 

during exposure to the generalized stimuli only. IL reactivation rates during re-exposure 

to CS- showed an inverse relationship with performance in fear discrimination learning, 

suggesting recruitment of new neurons to IL ensembles of CS- as a result of fear 

discrimination learning. These data suggest that both IL and PL cortices mediate safety 

learning, supporting the idea that both these cortical regions cooperate in properly gating 

context-danger and context-safety contingencies during top-down control of appropriate 

fear responses as presented in Figure 4.1. 

 To investigate the relationship between ensemble activity patterns and differential 

fear conditioning learning outcome, we performed within-group analyses to evaluate 

correlations between a variable representing a measure of neuronal activity (i.e., activity 

rate or reactivation index in PL vs IL) and the value of behavioral performance (i.e., 

discrimination index or freezing). PL ensemble reactivation during re-exposure to CS+ 

positively correlated with behavioral performance (CS+/PL, r=0.637, P=0.0106, R
2 

=0.406). In addition, IL reactivation during re-exposure to CS- showed an inverse 
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relationship with behavioral performance (CS-/IL, r=-0.7175, P=0.0039, R
2 

=0.515). 

Detailed analysis of behavior during differential conditioning showed that level of fear to 

the safer stimulus, CS-, decreased with increasing discrimination index (r=-0.710, 

P=0.0045) indicating that animals showing a high level of fear to CS- did not perform 

well on the differential fear conditioning test. The direct relationship between PL activity 

rate and level of fear after differential conditioning was detected only during exposure to 

CS-. This indicates that PL engagement in mediating responses to safer contexts 

intensifies with the increase in fear generalization, while lowered, likely more refined, PL 

activation occurs when there is a high probability of fear memory specificity. 

 Success of differential conditioning also correlated with emerging CS-induced 

neuronal activity in IL detected only during the late phase of differential conditioning. 

The initially generalized CS- stimulus triggered negligible activity in IL compared to the 

never generalized CtxtC stimulus. However, re-exposure to the discriminated, safer CS- 

stimulus evoked significant activity in IL when compared to CtxtC or the activity during 

the initial exposure to CS-. This newly emerged IL ensemble of CS- showed marked 

reactivation compared to both CS+ and CtxtC groups that failed to show any reactivation. 

In addition, the IL ensemble of CS- showed lower rates of reactivation with increasing 

behavioral performance, indicating substantial levels of recruitment of newly activated 

cells as fear discrimination learning occurred. 

 These data suggest that balancing PL and IL networks while encoding more 

precise information about US-CS+ and noUS-CS- contingencies across subdivisions of 

the mPFC controls fear discrimination learning. Within-group correlation analysis of the 
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relationships between activity patterns and behavioral performance showed three 

important correlates of fear discrimination learning outcome: 1) the direct relationship 

with PL reactivation index during re-exposure to CS+, 2) the inverse relationship with IL 

reactivation index during re-exposure to CS-, and 3) the inverse relationship between 

freezing and PL activity during re-exposure to CS-. In addition, freezing level to the 

discriminated, safer CS- showed an inverse relationship with outcomes of fear 

discrimination learning. 

 One feasible interpretation is that PL and IL are both involved in balancing an 

enlarged CS- ensemble spreading across the entire mPFC while learning appropriate 

responses to discriminated, safer stimuli. This interpretation of our data is consistent with 

recently published work demonstrating that PL projections to IL are directly involved in 

initial but not late learning of fear extinction [30]. Thus, it is possible that PL projections 

to IL provide pathways for information transfer and/or circuit expansion between PL and 

IL during learning of fear inhibition to conditioned or generalized stimuli. If these 

predictions are correct, the enlarged IL-PL ensemble of discriminated, safer CS- stimuli 

would emerge as an expansion of the CS- ensemble detected initially only in PL during 

generalization. Our findings are consistent with a potential role of PLIL 

communications in the generation of new IL ensembles of CS- during differential 

conditioning. In conclusion, increased reactivation of the CS+ ensemble in the PL and 

PL-initiated reorganization of CS- ensemble across IL subdivisions of the mPFC are both 

hallmarks of fear discrimination learning. 
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Figure 4.1 

 
Figure 4.1: Model for the role of the mPFC circuitry in contextual fear conditioning and 

fear discrimination learning. Upon acquisiton of contextual fear conditioning (cfc), there 

is elevated PL activation and reactivation when animals are exposed or re-exposed to 

conditioned stimuli (i.e. CS+) while the IL region shows no differences in activation or 

reactivation relative to non fear-conditioned animals. Once animals successfully acqire 

differential fear conditioning (dc), there is an increase in IL activation and reactivation 

specifically to the similar, yet distinct, generalized stimuli (i.e. CS-). In the PL region, 

exposure and re-exposure to either the conditioned or generalized stimuli increase PL 

activation and reactivation, respectively. These data suggest that during contextual fear 

conditioning, the PL region monitors contextual danger associations while both the PL 

and IL regions mediate safety learning during fear discrimination learning. 
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