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ABSTRACT 

SEX DIFFERENCES IN DIFFERENTIAL FEAR CONDITIONING DURING THE 

ACQUISITION AND CONSOLIDATION OF LEARNED SAFETY  

by  

David S. Reis  

The University of Wisconsin-Milwaukee, 2017  

Under the Supervision of Professor Fred J. Helmstetter 

 

The ability to distinguish between threatening and non-threatening situations requires 

careful regulation of behavioral and physiological responses to stress and fear. Deficits in fear 

regulation are maladaptive and can lead to the development of anxiety disorders such as PTSD. 

Women are nearly twice as likely to develop PTSD as are men and laboratory animal studies 

have shown facilitated fear acquisition, resistance to fear extinction, deficits in extinction 

retention and impaired discrimination between danger and safety cues in females. Taken together 

this suggests a propensity for reduced inhibitory control over fear responding in females. Here 

we investigate the mechanisms underlying fear discrimination deficits in females using an 

auditory differential fear conditioning procedure. Our results suggest that fear discrimination 

depends on successful memory consolidation of the excitatory fear signal as well as the 

inhibitory safety signal. Female but not male rats showed indiscriminate fear responding to both 

the fear and safety cue and this may be due to impairments in learned safety by female rats. 

Moreover, CS- retrieval in males but not females was sufficient to destabilize synapses encoding 

the CS+ memory trace. Together these data suggest that sex differences in the discrimination of 

fear and safety may be the result of deficits in the consolidation of learned safety in females and 

further supports the idea that deficits in fear regulation underlie the increased risk of PTSD in 

female. 
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SEX DIFFERENCES IN DIFFERENTIAL FEAR CONDITIONING DURING THE  

ACQUISITION AND CONSOLIDATION OF LEARNED SAFETY  

 

 Threat assessment is an important process that allows for successful responses to 

changing and unpredictable situations. This process depends on the accurate prediction of 

aversive outcomes, using information from familiar stimulus-outcome relationships and available 

environmental cues, to direct behavioral responses to novel and potentially threatening stimuli. 

Appropriate fear responding to situations of safety and danger depends on the carefully regulated 

balance between fear discrimination and generalization. Over-generalization of fear to neutral 

stimuli or the inability to inhibit fear responding in situations of safety can be physically and 

psychologically debilitating and are typifying symptoms of disorders like generalized anxiety 

disorder (GAD) and post-traumatic stress disorder (PTSD), respectively (Reinecke et al., 2010; 

Mahan & Ressler, 2012; Rauch et al., 2006; Lissek et al., 2010; Jovanovic et al., 

2010, 2012; Levy-Gigi et al., 2012). 

Pavlovian Fear Conditioning  

 Our understanding of the neurobiological mechanisms underlying some anxiety 

disorders, and specifically deficits in fear inhibition, have benefited greatly from the use of 

Pavlovian fear conditioning procedures. In classical fear conditioning, a neutral conditioned 

stimulus (CS) is paired with an aversive unconditioned stimulus (UCS) such as a footshock. 

Repeated CS-UCS pairings produce an associative fear memory controlled by the CS, such that 

exposure to the CS alone can elicit various behavioral and physiological defensive responses 

including analgesia, freezing behavior and other autonomic responses (MacLennan, Jackson, & 

Maier, 1980; LeDoux, Cicchetti, & Reis, 1988; Fanselow, 1990, Helmstetter, 1992). Notably, 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3828455/#B46
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3828455/#B29
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3828455/#B16
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3828455/#B16
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3828455/#B17
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3828455/#B26
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conditioned fear can be suppressed or inhibited through subsequent non-reinforced presentations 

of the CS in a process called fear extinction. Moreover, a CS associated with the absence of an 

aversive outcome can also inhibit fear responses, as in auditory differential fear conditioning 

(ADFC) in which one stimulus (CS+) is paired with an aversive footshock while another 

stimulus (CS-) is associated with the absence of footshock delivery. Several studies have 

demonstrated that fear extinction represents a novel, active learning experience (Bouton et al., 

2006;  Myers & Davis, 2007; Milad & Quirk, 2012; Maren, 2015). As a result, inhibition of 

conditioned fear by extinction results from competition for behavioral expression of fear between 

coexisting extinction and fear memories (Bouton, 2004). Like fear extinction, retrieval of safety 

memory has anxiolytic effects on behavior (Gewirtz et al., 1997; Gillion and Ameli, 2001). 

 Conditioned safety signals are generally considered to be examples of conditioned 

inhibitors; a term that describes the ability of the safety signal to inhibit conditioned responding 

to a CS+ (Rescorla, 1969; Rogan et al., 2005).  The effectiveness of a CS- as a conditioned 

inhibitor can be determined through tests of retardation and summation (Rescorla, 1971). In a 

summation test, the CS- is presented in compound with the CS+ and should result in the 

suppression of conditioned responses elicited by the CS+.  Here the sum of the excitatory 

properties of the CS+ and the inhibitory properties of the CS- result in this suppression of fear. 

On the other hand, a retardation test assesses the degree to which the rate of excitatory fear 

conditioning is acquired if a previously conditioned inhibitor or safety signal is now paired with 

an aversive stimulus. Previously learned safety signals will be significantly delayed, or retarded, 

in the rate of acquisition of excitatory fear conditioning (Rescorla, 1971). Together, these tests 

can assess whether a prior negative relationship between a CS- and UCS retards subsequent 

acquisition of the conditioned behavioral response to the same CS and whether the summation of 

javascript:void(0);
javascript:void(0);
javascript:void(0);
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CS- inhibitory properties with CS+ excitatory properties reduces conditioned responding 

(Rescorla, 1971).  In support, anxiolytic properties of conditioned safety signals have been 

demonstrated in an anxiogenic environment such as an elevated plus maze where onset of a 

conditioned safety signal increased exploration in the open-arms and decreased closed-arm 

entries (Pollack et al., 2008; Walf & Frye, 2013).  

 Deficits in the ability to appropriately inhibit fear is a primary characteristic of anxiety 

disorders. Specifically, patients with PTSD show enhanced acquisition of fear, increased 

resistance to extinction, and deficits in the ability to learn safety (Mahan & Ressler, 

2012; Jovanovic et al., 2010, 2012). Interestingly, accumulating evidence suggests that females 

are twice as likely to develop PTSD as males and that this may be related to sex-specific deficits 

in the ability to appropriately inhibit fear responses.  For example, in several studies females 

show enhanced acquisition of cued fear, increased resistance to fear extinction (Baran et al., 

2009; Gresack et al., 2009; Baker-Andresen et al., 2013; Matsuda et al., 2015), 

overgeneralization of fear, as well as deficits in safety learning compared to males (Day, Reed, 

and Stevenson, 2016). It is possible that the pattern of sex differences in fear learning may be 

dependent on the stimulus modality. For example, some studies have found enhanced freezing to 

an auditory cue in females compared to males while at the same time demonstrating deficits in 

the opposite direction in contextual fear (Gresack et al., 2009; Ribieiro et al., 2010). Collectively 

these studies point to potentially large sex differences in the regulation of fear learning and 

expression. Whether sexual dimorphism in the neural circuitry or differing molecular 

mechanisms supporting fear learning in males and females is responsible for the sex differences 

in aversive learning remain unclear.  

 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3828455/#B16
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3828455/#B17
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Neural Circuitry of Fear Conditioning 

 In males and females, associative fear learning is supported by an evolutionarily 

conserved neural circuit, consisting of several cortico-limbic brain regions including the 

amygdala, hippocampus and prefrontal cortex (Izquierdo, Furini, and Myskiw, 2016; Beyeler, 

Eckhardt, and Tye, 2014; Zelikowsky et al. 2014; Moustafa et al., 2013). Potential sex 

differences fear and safety learning may be related to the degree of involvement of given brain 

regions during a given variation of fear conditioning.  

 A large body of evidence points to the amygdala as the primary site in regulation of fear 

learning (Fendt and Fanselow; 1999, Lavond et al., 1993; McGaugh, 2004). Anatomically, the 

amygdala receives sensory inputs from diverse brain regions, like the thalamus, cerebral cortex, 

and hippocampus. The amygdala also sends projections to various structures that mediate a 

variety of different fear responses (LeDoux, 1996; LaLumiere, 2014). In general, sensory inputs 

converge in the basal and lateral nuclei of the amygdala (BLA;  Aggleton, 2000; LeDoux, 1996; 

Pape & Pare, 2010).  In fear conditioning, the BLA plays a critical role in the formation of the 

CS–UCS association and is critically involved in fear memory storage. The BLA is also 

interconnected with the central nucleus of the amygdala (CeA), which represents the main output 

region of the amygdala. Specifically, the CeA sends projections to various autonomic regions 

that contribute to the expression of specific fear responses. 

 Indeed, amygdala activity and synaptic plasticity is necessary for both the formation and 

retrieval of fear memories (Fanselow and LeDoux, 1999; Wilensky et al., 2006; Helmstetter et 

al., 2008; Pape and Pare, 2010).  Several early studies showed that neurotoxic lesions of the 

amygdala severely impair the formation of auditory and contextual fear memories (Helmstetter, 

1992; Maren, 1999).  Moreover, transient inactivation of the amygdala with the γ-Aminobutyric 

http://topics.sciencedirect.com/topics/page/Amygdala
http://www.sciencedirect.com.ezproxy.lib.uwm.edu/science/article/pii/S0149763405001065#bib43
http://www.sciencedirect.com.ezproxy.lib.uwm.edu/science/article/pii/S0149763405001065#bib93
http://www.sciencedirect.com.ezproxy.lib.uwm.edu/science/article/pii/S0149763405001065#bib95
http://topics.sciencedirect.com/topics/page/Basolateral_amygdala
http://www.sciencedirect.com.ezproxy.lib.uwm.edu/science/article/pii/S0149763405001065#bib3
http://www.sciencedirect.com.ezproxy.lib.uwm.edu/science/article/pii/S0149763405001065#bib95
http://topics.sciencedirect.com/topics/page/Classical_conditioning
http://topics.sciencedirect.com/topics/page/Central_nucleus_of_the_amygdala
http://topics.sciencedirect.com/topics/page/Central_nucleus_of_the_amygdala
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acid (GABA) receptor agonist, muscimol, before auditory fear conditioning significantly impairs 

the formation of long-term fear memory (Helmstetter & Bellgowan, 1994; Wilensky et al., 1999) 

 Like fear memories, memories of conditioned safety depend on appropriate levels of 

amygdala activity though with contrasting patterns (LeDoux et al., 2000; Rogan et al., 2005; 

Belova et al., 2007; Shabel and Janak, 2009; Ostroff et al., 2010; Sangha, Chadick and Janak, 

2013; Thomas et al., 2013).  The attenuating effect of conditioned safety on amygdala activity 

and fear expression suggests some degree of overlap with the neural circuitry underlying fear 

conditioning; specifically the amygdala (Davis & Whalen, 2001; LeDoux, 2000; Heldt and Falls, 

2006). While fear responses are associated with activation of the LA, other studies have shown 

that CS-evoked responses in the LA of the mouse significantly decreased after safety 

conditioning (LeDoux, 2000; Rogan et al., 2005). Others have reported decreased amygdala 

responses to an auditory CS- following discriminative training in the cat (Collins & Pare, 2000). 

Moreover, in vitro studies have associated amygdala long-term depression (LTD) with 

reductions of conditioned fear responses (Wang & Gean, 1999). In fact, in vivo conditioned fear 

can be reduced with the same low-frequency stimulation used to induce amygdala LTD in vitro 

(Lin et al., 2003).  

 The dependence of accurate threat assessment on previous stimulus-outcome associations 

indicates the necessity for successful formation and storage of fear and safety memories. 

However, with competitive and contrasting influence on amygdala activation, the specific 

involvement of the amygdala in the simultaneous consolidation of cued fear and safety memories 

remains unknown. Much of what we know about memory consolidation comes from studies of 

fear conditioning as opposed to other forms associative learning.  

 

http://www.sciencedirect.com/science/article/pii/S0896627305001595#bib11
http://www.sciencedirect.com/science/article/pii/S0896627305001595#bib33
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Memory Consolidation and Reconsolidation 

 Fear memory consolidation, or the transfer of memories from short-term (STM) to long-

term (LTM), relies on the formation and stabilization of synaptic connections within the 

amygdala during and immediately following fear conditioning (Jarome & Helmstetter, 2013).  In 

general, consolidation is initiated through an NMDA receptor dependent increase in intracellular 

calcium in the amygdala (Rodrigues, Schafe & LeDoux, 2001). This influx of calcium into 

excitatory glutamatergic neurons causes subsequent activation of several intracellular signaling 

pathways involved in the consolidation process.  For example, activity-driven calcium influx 

results in the autophosphorylation of calcium calmodulin dependent protein kinase II (CaMKII) 

which significantly contributes to memory stabilization during consolidation (Rodrigues et al., 

2004, Johansen et al., 2011; Jarome et al., 2013; Jarome et al., 2016).  

  In addition, protein kinase A (PKA), mitogen-activated protein kinase (MAPK) and 

protein kinase C (PKC) are also involved in the memory consolidation process (Abel et al., 

1997; Schafe & LeDoux, 2000; Adams & Sweatt, 2002). Intra-amygdala blockade of any of 

these molecules significantly impairs phosphorylation of the transcription factor CREB 

consequently disrupting long term fear memory formation (Dash et al., 1990; Bourtchuladze et 

al., 1994; Yin et al., 1994; Josselyn et al., 2001; Kida et al., 2002; Pittenger et al., 2002). Other 

intracellular signaling pathways, including protein degradation through the ubiquitin proteasome 

system (UPS), de novo protein synthesis, and mRNA transcription are necessary for memory 

consolidation following a number of different behavioral paradigms indicating that these may 

represent general mechanisms of memory consolidation including conditioned safety (Lopez-

Salon et al., 2001; Jarome et al., 2011; Reis et al., 2013; For further review see Jarome & 

Helmstetter, 2014 or Rosenberg et al., 2014). 
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 Recent work has suggested that protein degradation through the UPS is a primary 

contributor to the dynamic nature of synaptic stability. In the UPS, proteins are targeted for 

degradation through the covalent attachment of a degradation specific polyubiquitin chain 

consisting of at least 3 ubiquitin moieties bound together at the Lys-48(K48) residue of each 

ubiquitin protein. Proteins covalently modified with K48-linked polyubiquitin chains are 

subsequently targeted by the 26S proteasomal complex for degradation. Previous work from our 

lab identified learning specific NMDA-dependent increases in protein degradation as well as 

increased degradation-specific targeting of synaptic scaffolding proteins (Jarome et al., 2011). 

  The 26s proteasome consists of a catalytic core (20S) and two regulatory particles (19S). 

Proteolytic activity is mediated, in part, through the phosphorylation of Rpt6, one of 6 ATPase 

subunits contained in each of the 19S regulatory caps (Bedford, Paine, Sheppard, Mayer & 

Roelofs, 2010). Phosphorylation of Rpt6 occurs in a CAMKII-dependent manner and blockade 

of NMDA receptor activity attenuates activity-dependent increases in proteasome activity, 

degradation specific polyubiquitination and synaptic proteasome abundance (Bingol & Schuman, 

2006, Jarome et al., 2011). 

  During initial memory consolidation, UPS-mediated proteolysis primes synapses for 

activity-induced de novo protein synthesis, which allows for the stabilization of new synaptic 

connections (Banarjee, Neveu & Kosik, 2009; Dong et al., 2014; Reis et al., in prep).  Inhibition 

of protein synthesis in the amygdala with anisomycin, or specific inhibition of the mammalian 

target of rapamycin (mTOR) translation control pathway, significantly impairs conditioned fear 

responding to an auditory cue or training context 24 hrs after training (Schafe & LeDoux, 2000, 

Parsons, Gafford & Helmstetter, 2006b; Kwapis et al., 2011; Jarome et al., 2011).  
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 Dong and colleagues (2014) found that proteasome inhibition prior to early-phase long-

term potentiation (E-LTP) in hippocampal slices enhanced LTP induction and resulted in the 

accumulation of translation promoting proteins. During the late-phase of LTP, proteasome 

inhibition prevents L-LTP maintenance, results in the accumulation of translation repressor 

proteins (Dong et al., 2014) and disrupts reorganization of the post-synaptic density (PSD; 

Ehlers, 2003). Moreover, in vivo blockade of UPS-mediated proteolysis in the amygdala prevents 

activity-dependent degradation of translation repressor proteins, attenuates de novo protein 

synthesis and impairs auditory fear memory consolidation (Jarome et al., 2011; Reis et al., 

2017). Interestingly, simultaneous inhibition of UPS-mediated proteolysis and protein synthesis 

during L-LTP rescues the deficit of LTP that would normally occur by blocking either one of 

these mechanisms individually (Fonseca et al., 2006).  

 Retrieval of fear memory results in the transient destabilization of amygdala synapses 

that were initially stabilized during memory consolidation. This period of memory 

destabilization after retrieval is sensitive to several pharmacological manipulations that disrupt 

subsequent protein-synthesis dependent synaptic restabilization, a process known as 

reconsolidation (Nader, Schafe & LeDoux, 2000; Parsons et al., 2006a). In support of this idea, 

pre-retrieval infusions of the protein synthesis inhibitor anisomycin into the amygdala impair 

reconsolidation of auditory fear memory shown by a significant reduction in freezing to the CS 

24 hrs after retrieval (Nader, Schafe & LeDoux, 2000).  Memory retrieval is a key requirement 

for this destabilization process. Retrieval of fear memory results in increased degradation 

specific, NMDA-dependent polyubiquitination, proteasome activity, and AMPA receptor 

trafficking in the amygdala and hippocampus (Jarome et al., 2011; Lopez et al., 2015).  

Moreover, this is accompanied by increased proteasomal targeting of synaptic scaffolding 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3786694/#R38
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proteins like GKAP and Shank, which form receptor complexes in the post synaptic density to 

hold receptors in place, as well as AMPA receptor endocytosis (Lee et al., 2008; Jarome et al., 

2011). Indeed, inhibition of UPS-mediated proteolysis in conjunction with protein synthesis 

inhibition, prevents anisomycin induced impairments in reconsolidation of fear memory at 

amygdala synapses (Jarome et al., 2011).   Together, these data support a role for the UPS in 

mediating the dynamic nature of synaptic stability during learning and memory retrieval. 

Mechanisms supporting the consolidation and retrieval of fear memories in the amygdala may 

also play a role in the formation and storage of memory for safety-related cues (Genud-Gabai et 

a., 2013; Sangha et al., 2013; Senn et al., 2014; Likhtik et al., 2014; Orsini et al., 2013).  

Amygdala Function During Fear and Safety Learning 

 Discrimination training with an aversive CS+ and a safe CS- results in increased 

responsiveness of BLA neurons independent of CS valence (Genud-Gabai et al., 2013; Sangha et 

al., 2013; Sierra-Mercado et al., 2011). Importantly, this responsiveness seems to persist even 

after initial acquisition (Sangha et al., 2013; Likhtik et al., 2014). Given the role of the amygdala 

in attributing emotional valence to memories, these data highlight the importance of identifying 

mechanisms by which safety memories might be consolidated in the amygdala.  

 The involvement of the amygdala in the formation and storage of memories with varying 

emotional valence underscores the importance of precise regulatory control of amygdala activity 

during consolidation. Several studies have shown that a bias develops towards representing 

aversive rather than pleasant information when both aversive and rewarding stimuli are learned 

simultaneously. This is supported by evidence from Ostroff and colleagues (2010) showing 

bidirectional changes in LA synapse size in a stimulus-valence dependent manner. Specifically, 

fear conditioning was associated with large dendritic LA spines whereas as safety conditioning 
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resulted in smaller spines (Ostroff et al., 2010). Moreover, the neural mechanisms and circuitry 

underlying reward and safety learning have shown some degree of overlap (Sangha et al., 2013; 

Salzman et al., 2007; Shabel and Janak, 2009). This suggests that during fear discrimination 

learning, insufficient gating of amygdala activity could result in the over-shadowing of 

conditioned safety consolidation by fear-related plasticity (Livneh & Paz, 2012). Behaviorally, 

other work has shown that competition between fear and inhibitory extinction memory is 

transient and context dependent, implying a natural bias to drift back towards excitatory rather 

than inhibitory neural mechanisms (Myers and Davis, 2007). The existence of a natural bias 

towards fear learning presents an even greater problem for individuals predisposed to developing 

anxiety-related disorders and, perhaps, reflects a greater liability for females. 

 Much of the aberrant fear responses associated with PTSD and other anxiety disorders 

can be attributed to aberrant amygdala activity during the consolidation or retrieval conditioned 

fear, fear extinction or conditioned safety (Bremner et al., 1997; Coffey et al., 1993; Lebron-

Milad et al., 2012; Machado-de-Sousa et al., 2014; Shin et al., 2006). Recent work suggests that 

reduced inhibitory control over amygdala activity is a primary contributing factor to these 

disorders and may be an underlying cause of impaired safety learning during differential fear 

conditioning (Keiser et al. 2016). In one study, male and female rats were trained with context 

fear conditioning and were tested 24 hrs later for freezing behavior or amygdala cFOS 

expression following exposure to the training context or a similar but novel context. Here 

females but not males showed indiscriminate freezing during exposure to the training or novel 

context as well as indiscriminate cFOS expression in the amygdala 90 minutes after retrieval 

(Keiser et al., 2016). Over-activation of the amygdala during a traumatic event, like fear 

conditioning, or fear retrieval may effectively block inhibitory control that would normally 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3828455/#B52
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3828455/#B58
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attenuate amygdala activity during non-threatening situations, such as being placed into a context 

that has never been paired with footshock. Such deficits in inhibitory control of fear responses 

may significantly contribute to the development of PTSD. 

 One promising direction is the investigation into potential dysfunction of top-down 

control of amygdala activity during fear and safety learning.  Recently, the medial prefrontal 

cortex has emerged as a primary candidate for top-down control of amygdala activity and 

consequently has been implicated in the appropriate gating of fear expression. For example, 

disrupted inhibitory learning, like fear extinction or conditioned safety in females, may be due to 

dysfunction in amygdala efferents to specific subregions of the mPFC or vice versa.  

Specifically, during differential fear conditioning over-excitation of amygdala efferents may 

cause the CS- representation to become incorporated into the memory trace of the CS+, thereby 

impairing safety learning.  Given the opposing nature of fear and safety on synapses in the 

amygdala (Ostroff et al., 2010), maintaining excitatory and inhibitory control of the amygdala is 

essential for modulating the balance between discrimination and generalization of fear.     

Medial Prefrontal Cortex and Top-Down Control of Fear Expression 

 Like the amygdala, stimulation or inactivation of mPFC has confirmed the involvement 

of mPFC in fear conditioning and extinction (Burgos-Robles et al., 2007; Corcoran & Quirk, 

2007; Laurent & Westbrook, 2008; Sotres-Bayon & Quirk, 2010). Interestingly, prelimbic (PL) 

and infralimbic (IL) subregions of the mPFC have distinct contributions to the regulation of fear 

(Burgos-Robles et al., 2007). For example, PL inactivation with tetrodotoxin after fear 

conditioning reduces fear responses whereas IL inactivation impairs the consolidation of 

extinction memory (Corcoran & Quirk, 2007; Laurent & Westbrook, 2009). There is increasing 

evidence that the opposing functional influence of PL and IL on fear behaviors during 

discrimination learning may be similar to their respective roles during extinction learning. For 
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example, extinction learning and retrieval induces expression of the immediate early gene cFOS, 

which is indicative of activation of IL neurons while the renewal of fear was found to selectively 

decrease cFOS expression in IL and ITC (Hefner et al., 2008; Herry and Mons, 2004; Knapska 

and Maren, 2009) and electrical stimulation of the IL facilitates extinction (Milad et al., 

2004; Vidal-Gonzalez et al., 2006).  In addition, pharmacological manipulation of the IL 

influences the consolidation of extinction memory and  in some cases can  induce fear extinction 

even in the absence of non-reinforced CS presentations (Hugues et al., 2006; Laurent and 

Westbrook, 2008, 2009; Mueller et al., 2010; Sierra-Mercado et al., 2011; Peters et al., 2010). 

Injection of tracer labels into IL revealed extensive labeling in LA, the intermediate capsule and 

to a network of inhibitory interneurons situated between the LA and CeA, known as the 

intercalated cell masses (ITC).  

 Neurons in the ITC have vast inhibitory projections to CeA and therefore are involved in 

limiting excitatory input from the BLA and reducing fear responses via CeA output projections 

(Paré and Smith, 1993). Selective lesions of ITC neurons following extinction training resulted 

in significant extinction impairments and in fact increased conditioned freezing (Likhtik et al., 

2008). Other work has further shown that amygdala neurons involved in fear learning are under 

inhibitory control of local GABAergic interneurons in addition to those of the ITC and IL 

(Ehrlich, 2009; Amano et al., 2010; Milad & Quirk, 2002). These studies suggest a potential role 

for IL and ITC in extinction consolidation and retention. Moreover, IL is thought to interact with 

amygdala during fear suppression and may therefore have a significant role in reducing 

conditioned fear responses during fear discrimination paradigms. 

 Unlike the IL, the PL is thought to play an important role in the more volitional aspects of 

fear expression and tracer labeling of PL was relatively limited to BLA neurons (McDonald et 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3112357/#R77
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3112357/#R83
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3112357/#R104
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3112357/#R104
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3112357/#R155
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3112357/#R155
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3112357/#R237
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3112357/#R89
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3112357/#R113
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3112357/#R113
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3112357/#R114
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3112357/#R162
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3112357/#R221
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3112357/#R175
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al., 1996; 1998).   Further, fear conditioning and fear expression are accompanied by an increase 

in PL activity, whereas the IL is active during expression of non-aversive associations or safety. 

Likewise, amygdala neurons that are active in response to the CS+ preferentially project to the 

PL (Senn et al., 2014; Sotres-Bayon et al., 2012). As a result, interactions of PL and BLA are 

typically thought to support fear-related behavior (Sierra-Mercado et al., 2011; Klavir et al., 

2013; Klavir et al., 2012; Livneh & Pax, 2012; Knapska et al., 2012).  Together, data on IL and 

PL interactions with amygdala and their opposing influence on fear expression suggests that 

amygdala activity during memory acquisition and consolidation may determine which mPFC 

subdivision is active during recall, and thus impact behavioral expression of fear accordingly 

(Livneh & Pax, 2012; Knapska et al., 2012).   

 In addition to sending projections to the amygdala, the mPFC also receives amygdala 

afferents as well as afferents from a number of other cortical and subcortical regions (Conde et 

al., 1995; Hoover & Vertes, 2007). As previously mentioned, reciprocal connections between the 

mPFC subregions and the amygdala are specifically important for mediating interactions 

between these regions during fear conditioning and particularly for discriminating between fear 

and safety.  

 During differential fear conditioning, reciprocal connectivity between the mPFC and 

BLA supports the transfer of information between the two structures. One study using 

simultaneous dual site cell recordings found that amygdala neurons involved in valence encoding 

for either the CS+ or CS- fired before neurons in the mPFC (Klavir et al., 2013).  Later into 

training, these BLA neurons begin firing after cells in the mPFC. These data indicate that early 

during discrimination training, BLA neurons may contribute an attentional processing 

component that signals information about novel association to the mPFC and seems to be 
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independent of the stimulus valence (Likhtik & Paz, 2015). However, during the later parts of 

discrimination training, these BLA neurons are valence-specific, meaning that they fire in 

response to either the aversive CS+ or the safe CS-.  These data support the idea that during 

discriminative learning, the mPFC entrains amygdala activity to appropriately gate fear 

expression. Moreover, this finding supports the role of the mPFC in assigning valence to novel 

stimuli and suggests that the mPFC may play a major role in the consolidation of CS+ and CS- 

associations during differential fear conditioning.  

 In fact, deficits in neuron firing synchrony between the BLA and mPFC have been 

observed in non-human primates that fail to successfully discriminate (Klavir et al., 2013). In 

keeping with this idea, higher synchronization has been associated with successful CS+/CS- 

discrimination (Likhtik et al., 2014). Together, these data indicate that efficient communication 

between the BLA and regions of the mPFC are essential for successful discrimination and that 

deficits in this communication can result in discrimination deficits commonly seen in the 

pathology of PTSD.  

 Interactions between the mPFC and amygdala are essential for successful fear 

discrimination learning.  Recent work has suggested that the mPFC relies on bidirectional 

communication with the amygdala to shape activity in the BLA during fear discrimination, 

resulting in inhibition or disinhibition of amygdala output.  During successful fear 

discrimination, theta-frequency synchrony between mPFC and the BLA was enhanced in 

response to both CS+ and CS- but only in animals that successfully discriminated between the 

two (Rogan et al., 2005).   

 Together, it seems that the PL and IL modulate the expression of conditioned fear and 

inhibition of fear, respectively. Thus, the mPFC is not required for the acquisition of fear but is 
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essential for regulating the expression of conditioned fear and the consolidation of inhibitory 

extinction and safety memories. Further evidence points to the involvement of memory 

consolidation mechanisms in the PFC suggesting that more complex forms of fear conditioning, 

such as trace or differential fear conditioning, rely on mPFC during initial memory consolidation 

(Morgan and LeDoux 1995; Quirk et al. 2000; Corcoran and Quirk 2007; Gilmartin and 

Helmstetter 2010; Reis et al., 2013; Gilmartin et al., 2013; Gilmartin et al., 2014).  

 Interestingly, neither conditioned inhibition nor safety conditioning appear to be sensitive 

to lesions of the mPFC (Gewirtz et al., 1997; Schiller and Weiner, 2004). Along with the fact 

that fear extinction has been compellingly coupled to the inhibitory effect of CS related 

information transmitted from  mPFC to the amygdala suggests that the mPFC may be 

specifically involved in regulating fear expression during situations in which there is competition 

between excitatory and inhibitory mechanisms (Milad and Quirk, 2002 and Milad et al., 2004). 

In support of this, localized genetic knock-down of CBP or Grin1 in PL had no effect on the 

acquisition or expression of conditioned fear but significantly impaired subsequent acquisition of 

CS+/CS- discrimination.  Knockdown of CBP and Grin1 disrupts the functions of CREB and 

NMDA receptors in PL excitatory neurons, respectively (Vieira et al., 2014; Vieira et al., 2015). 

  Similar findings have been observed in trace fear conditioning in which the CS is 

temporally separated from the UCS by a brief stimulus-free-period (SFP). In this case the 

prelimbic cortex is involved in maintaining a representation of tone-shock pairings across the 

SFP, thus allowing the CS-UCS association necessary for fear memory (Gilmartin et al., 2013). 

NR2A containing NMDA receptors in the PL were found to mediate multiple forms of fear 

conditioning while NR2B-containing NMDA receptors were only necessary for trace fear 

conditioning (Gilmartin et al., 2013). In-line with this, post-training PL infusions of the 

http://www.sciencedirect.com/science/article/pii/S0896627305001595#bib47
http://www.sciencedirect.com/science/article/pii/S0896627305001595#bib48
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proteasome inhibitor, β-LAC, impaired consolidation of trace but not standard delay fear 

conditioning (Reis et al., 2013). Together these data suggest that, for more complex forms of fear 

conditioning, consolidation of more abstract information (i.e. temporal and spatial, or contextual 

details) relating to the CS-UCS association may require the mPFC. 

Sex differences in Fear Discrimination 

The inability to inhibit fear responding when appropriate is a major symptom of PTSD 

(Glover, Jovanovic, and Norrholm, 2015).  Converging evidence from studies using a variety of 

aversive training paradigms points towards a propensity in females for enhanced fear acquisition, 

increased resistance to fear extinction, and deficits in safety learning (Milad et al., 2009; Baker-

Andresen et al., 2013; Baran et al., 2009; 2010; Ribiero et al., 2010; Day, Reed and Stevenson, 

2016). Several studies have provided strong evidence that reduced inhibitory control of fear can 

impair the acquisition of a conditioned safety cue resulting in indiscriminate fear responding to 

cues associated with danger or safety (Lissek et al., 2009; Jovanovic et al., 2012; Day, Reed, & 

Stevenson, 2016).   

 Recent work investigating sex differences in fear discrimination has demonstrated 

increased amygdala activity in females but not males following retrieval of neutral context 

memory (Keiser et al., 2016).  Moreover, impaired safety learning has recently been used to 

explain sex-specific deficits in cued fear discrimination following extended discriminative fear 

conditioning. Consistent with previous work, this study found that females but not males showed 

impaired discrimination between CS+ and CS- following 3 consecutive days of auditory 

discrimination training of 5 CS+ and 5 CS- trials per day (Day, Reed & Stevenson, 2016).  A 

retardation test, in which animals are trained with DFC with the previously conditioned CS- 

serving as the new CS, revealed greater responding to the auditory cue in females than in males 
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and females that were only pre-exposed to the tones (Day, Reed, & Stevenson, 2016). Together 

these findings support the idea that impaired discrimination between stimuli predictive of safety 

or danger is due to impaired consolidation of the inhibitory safety memory in females.  

The Role of Estrogen in Fear Inhibition 

 One mechanism that may contribute to sex differences in fear inhibition is the action of 

naturally cycling steroid hormones, specifically estrogens. In rodents, the estrous cycle is 4-5 

days in length and consists of 4 distinct phases: proestrus, estrous, metestrus and diestrus. 

Notably, changes in estrous phase are correlated with fluctuating levels of several steroid 

hormones including progesterone and estrogen. A high level of estrogen is characteristic of 

proestrus while low levels are associated with the estrus and metestrus phases.  

 The role of estrogens in modulating fear extinction has received increasing attention and 

evidence suggests that estrogens can have a faciliatory effect on fear conditioning and fear 

extinction (Jasnow, Schulkin & Pfaff, 2006; Zeidan et al., 2011; Lynch et al., 2013; Cover et al., 

2014).  In human and rodent studies, impaired fear extinction is associated with low estrogen 

levels and fluctuations in estrogen related to the menstrual cycle have been shown to modulate 

activity in several brain regions involved in fear and safety learning including the amygdala, 

hippocampus, insular and cingulate cortices, and the hypothalamus (Saleh, Connell, & Crib, 

2005; Hwang et al., 2015). Females that undergo extinction training during proestrus 

demonstrate enhanced extinction learning and administration of exogenous 17β-estradiol to 

ovariectomized female rats enhances extinction acquisition (Milad et al., 2009; Graham and 

Dahler, 2016). The enhancing effect of estrogens on extinction learning is thought be mediated in 

part through the action of the estrogen receptor α (ERα) and β (ERβ), though with seemingly 

opposite roles. For example, agonists of ERβ but not ERα have been shown to facilitate context 
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fear extinction and enhance fear inhibition when administered locally to the dorsal hippocampus 

or delivered systemically (Chang et al., 2009; Toufexis et al., 2007). Compared to fear 

extinction, much less work has been done to assess the role of estrogen in aversive 

discrimination learning despite increasing evidence of elevated fear generalization in females 

(Keiser et al., 2016; Lynch et al., 2016; Day, Reed & Stevenson, 2016).   

A recent study found that estradiol-induced enhancements in fear generalization were 

mediated in part by activation of cytosolic/nuclear ERβ in the dorsal hippocampus (Lynch et al., 

2016). In another study, gonadectomized (GDX) and estrogen-implanted male and female rats 

were trained in a conditional discrimination procedure. The results of this study found that GDX 

males and females and estrogen-implanted males were able to generalize inhibitory learning, an 

effect that was not observed in estrogen-implanted females. Interestingly, this study also found 

that estrogen did not enhance fear responding in either sex during discrimination or single-fear 

conditioning which suggests that estrogen may be disrupting the ability to inhibit fear responding 

(Toufexis et al., 2007). Moreover, OVX female rats trained in a latent inhibition paradigm during 

proestrus exhibited attenuated latent inhibition and administration of estrogen benzoate, a 

synthetic steroidal estrogen, to OVX female rats abolished latent inhibition (Quinlan et al., 2010; 

Nofrey, Ben-Shahar & Brake, 2008). Together these studies suggest that estrogen is a major 

contributor to sex differences in fear inhibition and that the effects of estrogen may differ 

between fear extinction and other forms of conditioned inhibition like safety learning. 

Despite increasing work on these questions, there remains a paucity of data regarding the 

sex-specific effects on fear and safety learning. Recently, we have shown that females but not 

males would show indiscriminate fear to CS+ or CS- presentations 24 hrs after auditory 

differential fear conditioning (ADFC). In this study, male and naturally cycling female rats were 
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trained with ADFC and tested for fear discrimination the following day. Results indicate a sex 

difference in baseline freezing on day 1 (Figure 1), however there were no significant sex 

differences in freezing behavior during any other part of training (Figure 1). 
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Figure 1: Average percent time spent freezing during the baseline period, CS- presentations, 

CS+ presentations and post period of ADFC for naturally cycle female and male rats. * p<.05. 

  

In comparison, a sex-specific impairment in discrimination between the CS+ and CS- 

was observed during the test phase, 24 hrs after discrimination training. Specifically, females 

showed significantly greater freezing to the CS- than males (Figure 2) which resulted in 

significantly higher generalization index (t(9)=4.071, p=0.0028). 
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Figure 2: Average percent time spent freezing during the first 3 presentations of the CS+ and 

CS- for males and naturally cycling females 24 hrs after ADFC. 

 

Notably, we did not observe an effect of estrous cycle phase during training or 

discrimination retrieval as seen in figures 3 and 4, respectively.  
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Figure 3: Generalization index and CS freezing for females grouped by estrous phase during 

training. A) Distribution of rats across the estrous phase on the day of ADFC. B) Generalization 

index (CS- freezing/CS+ freezing) as a function of estrous phase during training. C) CS+ 

freezing during the discrimination test in females as a function of estrous phase during training. 

D) CS- freezing during the discrimination test in females as a function of estrous phase during 

training. 
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Figure 4: Generalization index and CS freezing for females grouped by estrous phase during 

discrimination test. A) Distribution of rats across the estrous phase on the day of retrieval. B) 

Generalization index (CS- freezing/CS+ freezing) as a function of estrous phase during retrieval. 

C) CS+ freezing during the discrimination test in females as a function of estrous phase during 

retrieval. D) CS- freezing during the discrimination test in females as a function of estrous phase 

during retrieval. 

 

These results are consistent with previous reports of elevated fear generalization in females 

(Toufexis et al., 2007; Keiser et al., 2016). While emerging evidence from our lab and others 

suggests fear generalization in females is the result of impaired safety learning, many questions 

regarding the nature of this impairment remain.  
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The purpose of the present series of experiments was to further evaluate the deficits in 

fear discrimination seen in females and to investigate sex differences in retrieval-induced 

synaptic destabilization following retrieval of learned safety or learned fear memory. The results 

indicate that 1) males were better at discriminating between fear and safety cues following 

differential fear conditioning and that 2) this is due to impaired safety learning in females. 

Moreover, the retrieval of conditioned safety or conditioned fear induces synaptic destabilization 

in the amygdala of male but not female rats. 3) Lastly, CS- retrieval is sufficient to induce 

reconsolidation mechanisms in the amygdala of male but not female rats. 

 

Method 

Subjects  

 Male and female Long Evans rats weighing ~250-275 grams were obtained from Envigo 

(Madison, WI).  All animals were individually housed and given ad libitum access to food and 

water. For all experiments, male and female rats were housed in the same colony room on 

opposite sides of the room. The colony room was maintained on a 14:10 hr light/dark cycle with 

all experiments occurring during the light period.  All procedures were approved by the 

University of Wisconsin-Milwaukee Institutional Animal Care and Use Committee and complied 

with the ethical guidelines of the National Institutes of Health (NIH). 

Surgery  

 All animals that received drug infusions were implanted with bilateral, stainless steel 

guide cannulae (26 ga; Plastics One Inc) aimed at the basolateral region of the amygdala (A.P. -
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2.9; M.L. +5.0; D.V. -7.0 from bregma) or the prelimbic region of the medial prefrontal cortex at 

a 15° angle to vertical (AP +2.9; ML + 1.6; DV -3.2 from bregma). Coordinates are based on a 

rat brain atlas and have been previously used in our lab (Paxinos & Watson, 2007; Jarome et al., 

2011; Reis et al., 2013). Prior to surgery, each rat was anesthetized with isoflurane in 100% O2 

(4% induction, 2% maintenance).  Cannulae were secured to the skull with a stainless-steel 

screw, ethyl cyanoacrylate, and acrylic cement. Following surgery, rats were returned to their 

homecage and given a 7 day recovery period before any subsequent behavioral test. 

Conditioning apparatus  

 All conditioning sessions occurred in a set of four identical Plexiglas and stainless-steel 

chambers each housed inside a separate sound-attenuating box (context A).  Each outer box is 

illuminated with a 7.5 watt house light and was ventilated with a small fan. The background 

noise level in each of these outer boxes ranged from 46-50 dB. The floors of the Plexiglas 

chambers in context A were made of evenly spaced stainless steel rods through which the 

footshock (UCS) was delivered. Between each set of rats, each chamber was cleaned and the 

inside wiped down with 5% ammonium hydroxide.  

 All behavioral tests were conducted in a shifted context (context B). The chamber floors 

in context B were composed of an opaque, black piece of plastic. The chambers of context B was 

wiped with 5% acetic acid before each test session. For retardation training, animals were placed 

into context C. The floors in context C are composed of an opaque, white piece of plastic and the 

chamber was wiped down with lemon-scented cleaning solution before each group of animals. 

Auditory Differential Fear Conditioning (ADFC) 

 All animals trained with ADFC underwent training in context A. Training consisted of a 

6 min stimulus-free baseline period followed by randomized presentations of a CS+ or CS- 
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auditory tone stimulus with 10 total trials of each. A 1 or 7 kHz pure tone served as the CS+ or 

CS- in a counterbalanced fashion.  CS+ presentations were paired with a 0.5 mA footshock, to be 

delivered through the floor bars of context A coincident with termination of the CS+.  

Discrimination Testing 

 Discrimination testing occurred in context B. Testing consisted of a 60s baseline period 

before 3 consecutive, 30s CS- presentations separated by a 60s inter-trial interval. The final CS- 

was followed by 3 consecutive, 30s, non-reinforced CS+ presentations separated by a 60s inter-

trial interval. Importantly, CS- trials and CS+ during discrimination testing are separated by a 

180s stimulus-free period.  

Retardation Test 

 To assess the inhibitory properties of a conditioned CS- rats were first habituated to both 

tones and context A. The next day half of the rats were trained with ADFC in context A. The 

remaining rats were trained with the same AFDC procedure but the footshocks were omitted and 

therefore serve as tone preexposure control group. The following day rats underwent a 

discrimination test in context B. On day 4, all rats were trained with a 5-trial delay fear 

conditioning procedure in context C, using the previously conditioned CS- as the conditioned 

stimulus. Conditioned freezing to CS- presentations was assessed on day 5 in context B.  

Conditioned Fear Responses 

 The activity of each rat was recorded on digital video and the amount of movement was 

determined by frame-by-frame changes in pixels using FreezeScan 1.0 software (CleverSys, 

Reston, VA).  The automatic scoring parameters are chosen such that the scored activity matches 

hand-scoring methods previously used in our lab to measure freezing.  Analyses used percent 
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time freezing in response to presentations of auditory stimuli as the dependent variable for all 

behavioral experiments. 

20S proteasome activity assay 

 Samples were diluted in DDH2O and mixed with reaction buffer (250mM HEPES, pH 

7.5, 5mM EDTA, 0.5% NP-40 and 0.01% SDS).  Fluorogenic peptide Suc-LLVY-AMC 

(Millipore Sigma), and Bz-VGR-AMC (Enzo Life Sciences) was added to the samples according 

to the manufactures instructions.  The reaction was incubated at 37oC for 2-hrs and fluorescence 

monitored every 5-min at 360 (excitation)/ 460 (emission) on a monochromatic plate reader 

(Synergy H1; Biotek).  Protein free blanks were used and an AMC standard curve was produced.     

Drugs and Infusions 

 For experiments requiring intracranial infusions (experiment 3 and experiment 4) rats 

received bilateral infusions into the amygdala or prelimbic prefrontal cortex. For experiment 3, 

the protein synthesis inhibitor, anisomycin (ANI; 125 g/l; Tocris) will be dissolved in 2% 

DMSO in 1M HCl diluted in ACSF.  For experiment 4, ifenprodil (Sigma Chemical; 2g/l) was 

be dissolved in 0.1 M PBS, 0.1% tartaric acid.  The total volume of the infusion of ANI, lac, 

Ifenprodil, or vehicle was 0.5µl per injection site, delivered at a rate of 0.5µl/min. 

Western blots 

 Samples (10g) were loaded on 7.5% TGX gels, ran through SDS-PAGE and transferred 

using a Turbo Transfer System (Biorad).  Membranes were then incubated in 3% blocking buffer 

for 1-hr at room temperature, followed by overnight incubation in the appropriate primary 

antibody diluted in 3% BSA in tris buffered saline.  Membranes were washed and incubated in 

secondary antibody (1:20,000) for 60-min.  Following a final wash, membranes were incubated 

in enhanced chemiluminescence substrate (ECL, BioRad) for 5-min. Images were developed 
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using a CCD-based camera system (GBOX Chemi XT-4; Syngene) and analyzed using 

GeneTools software.  Primary antibodies used include GluR1 (1:1000; Cell Signaling), GluR2 

(1:500; Santa Cruz), GluR3 (1:1000; Cell Signaling), K48 polyubiquitin (1:500; Cell Signaling), 

phosphorylated TrkB (1:500; Cell Signaling) and actin (1:1000; Cell Signaling).   

Estrous Phase Tracking 

Naturally cycling female, Long-Evans rats were subject to at least 3 days of handling in 

preparation of vaginal swab collection. Cotton swabs with tips no wider than 2mm and no longer 

than 5mm tips were autoclaved prior to use. To collect vaginal cytological samples, autoclaved 

cotton swabs were first soaked in sterile dH2O. Soaked swabs were then gently inserted into the 

vagina, vaginal wall swabbed, and swab gently removed. The cotton tip is then lightly rolled on 

to a prelabeled slide. Once dry, estrous phase was identified via light microscopy. To determine 

if females were naturally cycling, estrous phase was tracked through at least 3 complete cycles 

(12-15 days). Importantly, collection of vaginal epithelial samples occurred at the same time 

each day.  

Statistical analyses 

 For quantitative protein assays, the mean pixel density was calculated for each sample 

and taken as a percentage of the no retrieval control group.  For proteasome activity assays, each 

raw fluorescence reading was standardized to the AMC standard curve for that plate and taken as 

a percentage of the no retrieval control group.  For all behavioral experiments, the average 

percent time spent freezing was calculated for each group.  Data was analyzed using Analysis of 

Variance (ANOVA) and Dunnett’s multiple comparisons test where appropriate.   
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Hypotheses 

Hypothesis 1: Female but not male rats will show fear generalization following auditory 

differential fear conditioning due to impaired acquisition of learned safety as indicated by a test 

of retardation. 

Hypothesis 2: If female but not male rats fail to acquire the safety signal, then synaptic 

destabilization associated with memory retrieval will differ between female and male rats in the 

amygdala, prelimbic mPFC, infralimbic mPFC and dorsal hippocampus. 

Hypothesis 3: Synaptic destabilization in the amygdala, prelimbic mPFC and infralimbic mPFC 

will differ between CS+ and CS- retrieval, possibly in a sex specific manner. 

Hypothesis 4: CS- retrieval is not sufficient to destabilize CS+ memory in male rats trained with 

ADFC (separate traces). 

Hypothesis 5: CS- retrieval is sufficient to destabilize CS+ memory trace in female rats trained 

with ADFC (joint trace). 

Hypothesis 6: Pretraining blockade of NR2B-containing NMDA receptors in prelimbic mPFC 

will impair stimulus discrimination in male rats but have no effect on female rats. 
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Results 

Impaired fear discrimination in females is the result of a deficit in learned safety following 

auditory differential fear conditioning. 

Previous work has shown that female but not male rats demonstrate discrimination 

deficits between safety and aversive cues following extended fear discrimination training. 

Moreover, this discrimination deficit was found to be the result of impaired safety learning 

during discrimination training (Day, Reed, and Stevenson, 2016). To further validate this idea, 

we trained male and female rats in an auditory differential fear conditioning procedure 24 hrs 

following tone habituation (Figure 5A). Freezing behavior of male and female rats did not differ 

during discrimination training (Figure 5B; F(1,18)=0.5168; p=0.4814). Consistent with our 

preliminary data, female rats froze significantly more in response to CS- presentations compared 

to baseline freezing during a discrimination test than male rats (Figure 5C; F(1,12)=12; 

p=0.0047). The following day, discrimination trained rats and tone pre-exposed rats (PreX) were 

trained using delay fear conditioning, with the previous CS- serving as the auditory stimulus 

paired with shock (CS- reversal). There were no differences in freezing behavior between male 

and female rats or between ADFC and PreX rats during reversal training (Figure 5D; 

F(1,26)=0.281; p=0.6006).  Following CS- reversal, rats were tested for fear to the original CS-. 

Male but not female ADFC rats froze significantly less than PreX control rats (Figure 5E; 

F(3,23)=3.41; p=0.0345). Together, these data support previous work indicating that deficits in 

fear and safety discrimination in females following auditory differential fear conditioning is due 

to impairments in inhibitory safety learning.  
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Figure 5: Females but not males show fear generalization due to impaired safety learning 

following differential fear conditioning. A) Behavioral procedure. B) Freezing behavior in 

male and female rats did not differ during discrimination training (F(1,18)=0.5168; p=0.4814). 

C) Female (p=0.027) but not male (p=0.91848) rats exhibited significantly more conditioned 

freezing to CS- presentations compared to baseline freezing during the discrimination test 

(F(1,12)=12; p=0.0047). D) Freezing behavior between male and female rats did not differ 

during any period of reversal training (F(1,26)=0.281; p=0.6006). E) Male (p=0.035) but not 

female (p=0.1297) rats trained with ADFC show significantly less freezing following CS- 

reversal compared to respective tone preexposure controls (F(3,23)=3.41; p=0.0345). *p<.05 
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Sex-specific patterns of synaptic AMPAR subunit expression and proteasome activity in 

amygdala following retrieval of fear or safety. 

Fear memory retrieval results in and is required for synaptic destabilization in the 

amygdala characterized by CaMKII-dependent trafficking of AMPAR subunits and increased 

proteasome activity (Lee et al., 2008; Jarome et al., 2011; Jarome et al., 2015). It is thought that 

this period of synaptic instability is a necessary component of memory updating through 

reconsolidation. Less, however, is known about similar processes in learned safety. To this end, 

we trained male and female rats with ADFC beginning 24 hrs after a tone habituation session. 

On day 3 rats received a single 30s non-reinforced presentation of the CS+ or CS- and were 

killed 90 min later for tissue processing.  Subsets of male and female rats were killed directly 

from the homecage to serve as no retrieval control groups (NR). Comparisons for western blot 

data and activity assays were made between the NR group and each CS group for each sex.  

Western blot analysis of amygdala synaptosomal fractions revealed a significant 

reduction of GluR1 protein (Figure 6B) in males (F(2,15)=9.247; p=0.0024) but not females 

(Figure 6C; F(2,14)=0.06856; p=0.9341) following retrieval of CS+ (p=0.0089) or CS- 

(p=0.0028). Synaptic GluR2 (Figure6D) was also reduced in male (F(2,17)=4.491) but not 

female (Figure 6E; F(2,14)=0.586; p=0.5696) rats following CS+ (p=0.0263) and CS- 

(p=0.0409) retrieval. No significant differences in GluR3 (Figure 6F; 6G) were found between 

retrieval conditions for male (F(2,16)=0.3085; p=0.7388) or female rats (F(2,16)=0.3996; 

p=0.6771).  
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Figure 6:  Sex-specific differences in retrieval induced synaptic destabilization in the 

amygdala following ADFC. A) Experimental design diagram. B) Male rats had significantly 

lower synaptic GluR1 and D) GluR 2 in the amygdala. Female rats show significantly reduced 

levels of synaptic GluR1 in the amygdala relative to no retrieval controls following CS+ 

(p=0.0421; p=0.9468) or CS- (p=0.0264; p=0.99) retrieval. C) GluR2 levels in males 

(F(2,17)=0.2513; p=0.7806) or females (F(2,16)=01.124; p=0.3493) did not differ between 

respective stimulus retrieval groups and no retrieval controls. D) No significant group 

differences in synaptic GluR3 were observed in male (F(2,14)=0.08324; p=0.9206) or female 

(F(2,14)=2.151; p=0.1532) rats.  

 

Consistent with a reduction in synaptic GluR1, male rats showed greater chymotrypsin-

like (Figure 7A; F(2,16)=3.887; p=0.0421) proteasome activity following CS+ (p=0.0319) but 

not CS- (p=0.0903) retrieval compared to NR controls. In females (Figure 7B), there was no 

difference in chymotrypsin-like activity across retrieval conditions (F(2,16)=2.986; p=0.0791). 

Likewise, trypsin-like activity did not differ significantly across retrieval conditions in male 

(Figure 7C; F(2,15)=3.268; p=0.0664) or female cohorts (Figure 7D; F(2,17)=1.254; p=0.3105). 

Together these data indicate that retrieval of a memory for safety (CS-), like for fear (CS+), 

results in GluR1 and GluR2 endocytosis at amygdala synapses in male rats and further support 

the idea that safety learning may be disrupted in females during ADFC.  
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Figure 7: Sex-specific differences in retrieval induced proteasome activity in the amygdala 

following ADFC. A) Chymotrypsin-like activity in the amygdala is increased following CS+ 

retrieval. B) No significant differences in chymotrypsin-like activity across retrieval conditions 

in the amygdala of females. C) Trypsin-like activity did not differ across retrieval conditions in 

males. D) Similarly, stimulus retrieval did not change trypsin-like activity in the amygdala of 

females.  

 

  

 Unlike the amygdala, western blots of prelimbic medial prefrontal cortex synaptosomal 

fractions revealed no significant differences between retrieval conditions in levels of synaptic 

GluR1 for males (Figure 8A; F(2,16)=0.02834; p=0.9721) or females (Figure 8B; 

F(2,16)=0.3466; p=0.7123). Similar results were found for prelimbic GluR2 in males (Figure 8C; 
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F(2,17)=0.06199; p=0.9401) and females (Figure 8D; F(2,16)=1.251; p=0.3127) as well as 

GluR3 (Figure 8E; F(2,16)=0.3675; p=0.6982; and Figure 8F; F(2,16)=0.2812; p=0.2812) 

Similarly, chymotrypsin-like (Figure 9A; F(2,16)=1.901; p=0.1816; and Figure 9B; 

F(2,15)=0.7505; p=0.4891) and trypsin-like (Figure 9C; F(2,17)=0.3048; p=0.7412; and Figure 

9D; F(2,16)=0.5443; p=0.5906) proteasome activity did not differ across retrieval groups for 

male or female rats in prelimbic cortex. 

 In the dorsal hippocampus, GluR3 (F,16)=4.907; p=0.0218) was significantly greater in 

females following CS+ retrieval compared to CS- retrieval (Figure 10F; p=0.0167). This was not 

seen in male rats (Figure 10E; F(2,16)=0.05366; p=0.9479). Similarly, GluR1 (Figure 10A; 

F(2,16)=0.7295; p=0.4975; and Figure 10B; F(2,16)=0.5904; p=0.5904) and GluR2 (Figure 10C; 

F(2,16)=0.6572; p=0.5317; and Figure 10D; F(2,16)=1.721; p=0.2104) did not differ 

significantly across retrieval conditions in male or female rats. 
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Figure 8: Synaptic AMPAR levels in the prelimbic cortex were not altered following 

retrieval of fear or safety. A-B) Synaptic Glur1, C-D) GluR2 and E-F) GluR3 in prelimbic 

medial prefrontal cortex did not differ across retrieval conditions for male or female rats.  
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Figure 9: No differences in proteasome activity in the prelimbic cortex following ADFC. A-

B) Chymotrypsin-like and C-D) trypsin-like proteasome activity did not differ significantly 

across retrieval conditions in male or female rats. 
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Figure 10:  Sex-specific difference in GluR3 expression in the dorsal hippocampus between 

CS+ and CS- retrieval conditions. A-B) Synaptic Glur1and C-D) GluR2 in the dorsal 

hippocampus did not differ across retrieval conditions for male or female rats. E) GluR3 in the 

dorsal hippocampus did not differ across retrieval conditions but F) was significantly lower in 

females following CS- retrieval compared to CS+ retrieval. 
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Retrieval of conditioned safety induces fear memory reconsolidation in the amygdala in 

male but not female rats. 

 Evidence from our western blot experiment suggests that 1) retrieval of conditioned fear 

or conditioned safety has a similar effect on synaptic destabilization in the amygdala and 2) that 

retrieval induced synaptic destabilization differs between males and females. To further test 

these interpretations, we next examined the effects of post-retrieval protein synthesis inhibition 

in the amygdala on fear memory in male and female rats trained with ADFC. If retrieval of the 

CS- or CS+ induce similar patterns of synaptic destabilization, then protein synthesis inhibition 

should impair fear memory per reconsolidation theory. Following discrimination training rats 

received either a single CS- or CS+ retrieval followed by intra-amygdala infusions of the protein 

synthesis inhibitor, anisomycin (Figure 11A). The next day, rats were tested for conditioned fear 

to presentations of the CS+.  Consistent with our previous experiments, male and female rats did 

not differ during ADFC training (Figure 11B; F(1,84)=2.416; p=0.1239). Interestingly during a 

test for CS+ memory, 2-way ANOVA revealed a significant main effect of drug infusion 

(F(1,26)=14.87; p=0.0007) and a significant interaction of sex and drug infusion (F(1,26)=6.551; 

p=0.0166). Specifically, anisomycin infusion into the amygdala following CS- retrieval was 

sufficient to impair conditioned fear to the CS+ in male rats (p=0.0010) suggesting that learned 

safety and learned fear may rely on overlapping cell populations. Moreover, anisomycin 

infusions in female rats following CS- retrieval had no effect on conditioned freezing (Figure 

11D; p=0.9254), further supporting the idea that conditioned safety is impaired in female rats. 

Anisomycin infusion following CS+ retrieval had no effect on conditioned freezing in male or 

female rats (Figure 11C; F(1,21)=0.2989; p=0.5251). These data further support the idea that 

deficits in learned safety are responsible for increased generalization of fear in females and 
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suggest that instead of being represented by separate cell populations, the excitatory and 

inhibitory influences of fear and safety learning are acting on overlapping populations of cells 

within the amygdala (Figure 10C; F(1,21)=0.2989; p=0.5903). 

 

 

Figure 11: CS- retrieval results in synaptic destabilization of CS+ encoding synapses in the 

amygdala of male but not female rats. A) Experimental design B) Freezing behavior did not 

differ significantly between male and female rats during any phase of discrimination training 

(F(1,84)=2.416; p=0.1239). C) Infusion of anisomycin into the amygdala following CS+ retrieval 

had no effect on conditioned freezing 24 hrs later (F(1,21)=0.2989; p=0.5251). D) Following CS- 

retrieval, intra-amygdala infusions of ANI significantly disrupted conditioned freezing to CS+ 

presentations 24 hrs later in male (p=0.0003) but not female (p=0.5790) rats. INTERACTION: 

2-way ANOVA F(1,26)=6.551; p=0.0166. ANI vs VEH F(1,26)=14.87; p=0.0007). 
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Pretraining inhibition of NR2B-containing NMDA receptors in the prelimbic mPFC 

facilitated freezing behavior during ADFC in males but not females.  

The medial prefrontal cortex is thought to play a significant role in regulating the 

appropriate expression of conditioned fear.  Dysregulation of mPFC-BLA synapses can impair 

the expression and retention of inhibitory extinction memories and facilitate fear acquisition. 

Interestingly, in more complex forms of fear conditioning, the mPFC relies on information from 

the amygdala and hippocampus to gate fear expression in an appropriate manner. While NMDA 

receptor activity in the PL appears to mediate several variations of fear conditioning, more 

complex forms specifically rely on NR2B-containingNMDA receptors in the prelimbic region of 

mPFC (Gilmartin et al., 2013). Moreover, NMDA function is critical for activation of the 

ubiquitin-proteasome system and blockade of proteasome activity in the PL, likewise had no 

effect on a simple form of fear conditioning. 

  To more closely address the role of NR2B-containing NMDA receptors in the prelimbic 

medial prefrontal cortex, we trained male and female rats in ADFC 24 hr after tone habituation 

and 30 min after prelimbic infusions of ifenprodil (Figure 12A). Freezing behavior did not differ 

significantly between male and female rats during tone habituation (Figure 12B). A 2-way 

ANOVA of freezing behavior during ADFC (Figure 12C and 12D) revealed a significant main 

effect of drug infusion (F(1,13)=9.214; p=0.0096) and a significant drug x time interaction  
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Figure 12: Pretraining infusions of ifenprodil into prelimbic cortex increases freezing 

during auditory differential fear conditioning in male but not female rats. B) Freezing 

behavior in male and female rats did not differ across the 11 min tone habituation session. C) 

Ifenprodil infused males froze significantly more (F(2,13)=9.214; p=0.0096) during the CS-UCS 

(p=0.0181) and post periods (p=0.0034) of discrimination training than vehicle infused males. D) 

Ifenprodil infused females did not differ from vehicle infused females during any phase of 

training (F(1,13)=2.515; p=0.1368). E) and F) Ifenprodil infusions had no effect on stimulus 

specific conditioned freezing or stimulus discrimination for male (F(1,13)=0.05729; p=0.8152) 

or female rats (F(1,12)=0.01256; p=0.9126) during a discrimination test.  

 

 Specifically, freezing in ifenprodil infused male rats was higher during the CS-UCS 

(p=0.0181) and post (p=0.0034) periods of ADFC compared to vehicle infused males. Freezing 
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behavior in females during ADFC did not differ between vehicle and ifenprodil infused rats 

(F(1,13)=2.515; p=0.1368). During a discrimination test (Figure 11E and 11F) 24 hr later, there 

was no difference in freezing to the CS- or CS+ between ifenprodil and vehicle infused rats in 

male (F(1,13)=0.05729; p=0.8152) or female cohorts (F(1,12)=0.01256; p=0.9126). 

 

Discussion 

 The present set of experiments support previous literature suggesting that fear 

generalization in females is the result of impaired safety learning. Moreover, we extend this work 

by identifying, for the first time, sex-specific differences in retrieval induced synaptic 

destabilization in the amygdala of male and naturally cycling female rats trained in ADFC.  

Specifically, we found 1) slowed acquisition of fear to a previously conditioned safety signal 

following CS- reversal training in male but not female rats 2) decreased synaptic GluR1 and 

GluR2 in the amygdala of male but not female rats following retrieval of CS+ or CS- 3) 

increased chymotrypsin-like proteasome activity in the amygdala of male rats following CS+ 

retrieval 4) an anisomycin-induced impairment of CS+ reconsolidation in the amygdala 

following CS- retrieval and 5) a sex-specific facilitation of freezing behavior during ADFC in 

male rats following pretraining blockade of NR2B-containing NMDA receptors in the prelimbic 

mPFC. Together, these findings strongly support disrupted safety learning in females as a 

primary contributor to increased fear generalization and further suggest that consolidation of fear 

and safety conditioning may involve a similar population of cells within the amygdala. 

Sex differences in Fear Inhibition  

Mounting evidence points to a lack of inhibitory control as a major contributor to anxiety 

disorders and PTSD (Mahan & Ressler, 2012; Jovanovic et al., 2010, 2012). Given the increased 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3828455/#B16
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3828455/#B17
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prevalence of these disorders in women, recent work has begun to focus on elucidating some of 

the underlying causes of this discrepancy. Multiple studies have found enhanced fear acquisition, 

increased resistance to fear extinction, increased fear generalization and deficits in safety 

learning in females but not males; all suggesting reduced inhibitory control of fear (Baran et al., 

2009; Gresack et al., 2009; Baker-Andresen et al., 2013; Matsuda et al., 2015; Day, Reed, & 

Stevenson, 2016). Consistent with these studies, we found that reversal learning was slowed in 

male but not female rats trained in differential fear conditioning compared to tone preexposure 

controls. Our findings are consistent with recent work demonstrating an identical effect and 

suggests that, in females, the safety signal did not acquire the inhibitory characteristics of learned 

safety, specifically retarded acquisition of fear to the CS- following reversal training (Day, Reed, 

& Stevenson, 2016). Together with previous work, these findings suggest that fear generalization 

in females is the result of impaired safety learning during differential fear conditioning.  

Sex Difference in Retrieval- Induced Synaptic Destabilization  

 It is generally accepted that memory retrieval results in the transient destabilization of 

synapses modified during memory consolidation (Nader, Schafe & Le Doux, 2000; Jarome et al., 

2011). Retrieval induced synaptic destabilization is associated with increased proteolytic activity 

and trafficking of AMPA receptor subunits, notably the endocytosis of GluR1 and GluR2 (Lee et 

al., 2008; Hong et al., 2013; Jarome et al., 2015). While the mechanisms underlying fear 

retrieval and reconsolidation have been extensively studied, less is known about similar 

mechanisms in safety learning despite their reliance on a similar network of brain structures; 

including the amygdala and medial prefrontal cortex (Sangha et al., 2013; Salzman et al., 

2007; Shabel and Janak, 2009; Rogan et al., 2005; Likhtik et al., 2014). 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3828455/#B52
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3828455/#B52
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3828455/#B58
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In the amygdala, increased responsiveness of neurons in the BLA has been associated 

with retrieval of aversive and safe stimuli while synapse size in LA is dependent upon stimulus 

valence (Ostroff et al., 2010; Genud-Gabai et al., 2013; Sangha et al., 2013; Sierra-Mercado et 

al., 2011). Considering these findings, we found that retrieval of learned safety, like fear, results 

in the endocytosis of GluR1 and GluR2 in the amygdala of male rats, indicating that safety and 

fear learning may rely on a similar population of cells within the amygdala for memory 

consolidation or retrieval. In support of this, we also found that CS- retrieval was sufficient to 

induce reconsolidation of the CS+ memory in the amygdala, rendering it sensitive to disruption 

with anisomycin. To our knowledge this is first study to examine reconsolidation and the 

interaction between fear and safety memories and our results indicate that differences between 

CS+ and CS- elicited behavior may be due to differences in modulation of amygdala activity by 

other brain regions, rather than differences the consolidation of fear and safety in the amygdala.  

Unlike males, GluR1, GluR2, and GluR3 in the amygdala of female rats did not differ 

between retrieval conditions. The absence of AMPAR endocytosis following CS- retrieval in 

females is consistent with our previous experiment and further supports the idea that safety 

learning is impaired in females. Unexpectedly, there is also an absence of AMPAR endocytosis 

in the amygdala of females following CS+ retrieval. In contrast with males, pharmacological 

blockade of reconsolidation in females following CS- retrieval had no effect on fear memory, 

most likely because the memory trace for the CS- was never consolidated in the first place.  A 

primary requirement for retrieval induced synaptic destabilization is active recall of the memory. 

Without retrieval, memories cannot be pharmacologically disrupted (Nader, Schafe, & Le Doux, 

2000; Jarome et al., 2016). This suggests that in male rats, retrieval of the CS- or CS+ may be 

destabilizing synapses encoding memory of discrimination training more generally, rather than 
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discrete fear and safety memories. Currently, it is thought that reconsolidation and memory 

updating of auditory fear is driven by contextual novelty rather than prediction error, which is 

defined as a change in the relationship between previously acquired aversive cues and the ability 

of these cues to predict the occurrence of aversive event. Though some cases have found in both 

rodent and human subjects, that prediction error or  alterations in the relationship between 

learned cues and their associated outcomes can govern the ability of a retrieved memory to 

undergo reconsolidation (Diaz-Mataix et al., 2013; Sevenster et al., 2013; Jarome et al., 2015). 

In the present study, it is unlikely that the amygdala plays a passive role during fear memory 

consolidation or retrieval in females, despite our null findings in AMPAR endocytosis. In view 

of recent work showing elevated contextual fear generalization in females compared to males, it 

is possible that the retrieval session used in the present study did not provide sufficient novelty or 

prediction error, regarding information related to the stimuli, to induce synaptic destabilization in 

females. In the present study, stimulus retrieval sessions were conducted in a shifted context 

(different scent, brightness, and floor color) but it is possible that females generalized some part 

of the handling procedure despite significant adaptation to the procedures (Keiser et al., 2016; 

Lynch et al., 2016). In line with this, it possible that the conditions required to induce 

reconsolidation-like mechanisms differ between males and females but more work is necessary 

to identify possible sex differences in reconsolidation boundary conditions (Flint, Valentine, & 

Papandrea, 2007). 

In comparison to the amygdala, memory retrieval of fear or safety did not significantly 

affect levels of synaptic GluR1 or GluR2 in the dorsal hippocampus in either sex, although 

GluR3 was significantly greater in females following CS+ retrieval compared to CS- retrieval. 

Interestingly, this effect was not observed in males. Work on the role of GluR3 in memory is 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4864640/#bib6
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4864640/#bib27
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limited in comparison to GluR1 and GluR2. Expression of GluR3 is higher in the mPFC than in 

the hippocampus and amygdala and activation of these receptors through systemic injections of 

PEPA, an AMPAR potentiator, immediately before extinction training significantly reduced 

freezing behavior during extinction training and retention test (Zushida et al., 2007). Given 

deficits in contextual fear conditioning and spatial learning in females, it is possible that the sex 

specific difference in GluR3 expression in the hippocampus following fear or safety retrieval 

may be indicative of sex differences in consolidation of differential fear conditioning. 

Like the amygdala, the mPFC is thought to play a significant role in fear extinction and 

discrimination (Burgos-Robles et al., 2007; Corcoran & Quirk, 2007; Laurent & Westbrook, 

2008; Sotres-Bayon & Quirk, 2010). Specifically, activity in the prelimbic region of the mPFC 

increases during fear expression in response to CS+ presentations compared to the infralimbic 

region which is active during safety expression and extinction retention tests (Senn et al., 2014; 

Sotres-Bayon et al., 2012; Hefner et al., 2008; Herry and Mons, 2004; Knapska and Maren, 

2009). In the present study, the level of synaptic GluR1, GluR2, or GluR3 in the prelimbic mPFC 

did not differ significantly across retrieval conditions for male or female rats. Further, 

chymotrypsin-like and trypsin-like proteasome activity did not differ across retrieval conditions 

for either sex.  Moreover, pretraining blockade of NR2B-containing NMDA receptors in the 

prelimbic cortex had no effect on fear memory or discrimination but did facilitate conditioned 

freezing in male rats during the training session. The enhancement of freezing behavior in male 

rats may indicate possible sex differences in NMDA receptor function within the prelimbic area 

but given that this manipulation did not affect fear memory or discrimination, it is likely that 

other brain regions may play a more prominent role in mediating the sex difference in learned 

safety such as the IL, insular cortex and ventral hippocampus.  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3112357/#R77
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3112357/#R83
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3112357/#R104
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3112357/#R104
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Influence of Estrogens on Differential Fear Conditioning 

An increasing body of evidence points to a role of estrogens in mediating sex differences 

in fear conditioning and extinction (Milad et al., 2009; Baker-Andresen et al., 2013; Baran et al., 

2009; 2010; Ribiero et al., 2010). In general, exogenous estrogen treatment or naturally cycling 

endogenous estrogens have been found to facilitate fear conditioning, fear extinction and 

contribute generalization of contextual fear in human and rodent studies (Jasnow, Schulkin & 

Pfaff, 2006; Zeidan et al., 2011; Lynch et al., 2013; Cover et al., 2014; Milad et al., 2009; 

Graham and Dahler, 2016). Less has been done exploring the potential role of estrous phase in 

discrimination tasks using discrete auditory stimuli. A few studies have reported stimulus 

discrimination impairments in females, as measured by freezing behavior or fear-potentiated 

startle (Day, Reed, & Stevenson, 2016; Toufexis et al., 2007). The former study conducted 

discrimination training over 3 consecutive days and were therefore unable to account for estrous 

phase in their analysis of conditioned freezing (Day, Reed, & Stevenson, 2016). The latter study 

found that estradiol treatment increased generalization. Their manipulation was in females given 

ovariectomies, a procedure which may disrupt the distribution of estrogen receptors (Toufexis et 

al., 2007; Mohamed & Abdel-Rahman, 2000).  

Currently, our data indicate that estrous phase during discrimination training or retrieval 

did not affect fear memory or discrimination between fear and safety. Despite this null result, it 

is possible that sex differences in estrogen receptor distribution may significantly contribute to 

differences in fear discrimination. For example, a virally-mediated increase in hippocampal ERα 

enhanced activation of plasticity related signaling and spatial memory in OVX females in the 

absence of exogenous estrogen (Witty et al., 2012). Furthermore, ERβ expression is sexually 
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dimorphic in the rat brain. Specifically, females show greater expression in the anteroventral 

periventricular nucleus (AVPV) and the ventromedial hypothalamus and hippocampus (VMH; 

Ikeda et al., 2003; Orikasa et al., 2002; Zuloaga et al., 2016; Zhang et al., 2002). Sexual 

dimorphisms in estrogen receptor expression may have a significant impact on fear-related 

behavior, especially given the opposing functions of ERα and ERβ (Toufexis et al., 2007). More 

work is needed in this area and specific exploration of estrogen receptor distribution in brain 

regions involved in regulating fear would have immediate impact on our understanding the role 

of estrogens in fear behavior. 

Conclusion 

Recent work has begun to elucidate some of the mechanisms underlying sex differences 

in aversive and emotional learning. Here we confirm previous reports by showing that 

discrimination deficits in female rats were the result of impaired safety learning. Moreover, we 

extend this work by demonstrating a deficit in retrieval induced synaptic destabilization in 

female but not male rats, evidenced by the absence of retrieval induced AMPA receptor 

endocytosis and increased proteasome activity. To further confirm the absence of safety memory 

in the amygdala of females, CS- retrieval was not sufficient to allow for anisomycin blockade of 

CS+ reconsolidation in females. Collectively these results point to an impairment in safety 

learning in females that may lead to generalized fear responses. 

 

 

 

 

 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4815281/#R11
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