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Abstract 

Although many people experience traumatic events, only 10%-20% go on to develop post-
traumatic stress disorder (PTSD). Women are particularly susceptible, with a prevalence rate 
double that of men, even when controlling for type of trauma exposure. This disparity suggests 
the existence of distinct neurobiological processes, particularly related to sex, that predispose 
some individuals to be more resistant to extinguishing learned fear. Similar differences exist in 
rodent fear conditioning and extinction, though female rodents are considerably understudied. 
We hypothesized that female rodents would exhibit individual differences in fear extinction 
similar to those that we have observed previously in males. The present study examined freezing 
behavior, plus both 22 kHz and 50 kHz ultrasonic vocalizations (USVs) of female Long Evans 
rats (N=14) during acquisition of fear conditioning and cued fear extinction. Similar to prior 
studies in males, rats were divided into extinction competent (EC) and extinction resistant (ER) 
phenotypes based on a median split of freezing behavior during the last ten tone presentations of 
the extinction trial. Similar to males, in females freezing behavior during fear learning did not 
differ between EC and ER groups, but there was a difference during cued fear extinction. During 
fear acquisition trials, all female rats produced 50 kHz USVs, which were emitted mostly during 
the unconditioned period prior to the tone-shock pairings. During fear acquisition, EC rats also 
emitted significantly more 50 kHz USVs than ER rats during the unconditioned freezing period 
and in total throughout the trial. Both number and duration of 50 kHz calls differed between EC 
and ER groups over time. Only about half the female rats exhibited “distress” USVs in the 22 
kHz range, and only during tone-shock pairings during fear acquisition and tone presentations 
during extinction learning. There was no significant difference in number of 22 kHz USVs 
between ER and EC groups. These results suggest that like males, female rodents show 
individual differences in both freezing and vocalizations during fear learning and extinction, 
although males appear to vocalize more in the 22 kHz range while females show a distinct 
pattern and higher number of 50 kHz USVs.  
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Introduction 

Post-Traumatic Stress Disorder and the Fear Conditioning Model 

It is an unfortunate reality that many people experience trauma. In fact, over 70% of 

adults worldwide will experience a traumatic event in their lifetime (Benjet et al., 2016). While 

most people who are exposed to trauma will return to normal functioning after a short period of 

emotional recovery, approximately 10%-20% of these individuals will develop post-traumatic 

stress disorder (PTSD) (Ross et al., 2017). PTSD is a chronic and often debilitating psychiatric 

disorder that can develop following exposure to death, threatened death, actual or threatened 

serious injury or sexual violence, either directly or indirectly. The fifth edition of the Diagnostic 

and Statistical Manual of Mental Disorders (DSM-5) identifies four primary categories of 

symptoms: intrusion symptoms (e.g. flashbacks, nightmares), avoidance of trauma-related 

stimuli, negative alterations in cognition and mood (e.g. inability to recall key features of the 

trauma, negative affect), and alterations in arousal and anxiety (e.g. hypervigilance, insomnia, 

risky behavior) (American Psychiatric Association, 2013). Further, about 50% of people 

diagnosed with PTSD experience comorbid depression, anxiety, or substance use disorders 

(Pietrzak et al., 2011).  

One of the dominant neurobiological models used to explain PTSD is that of 

dysregulated fear learning and extinction. People readily learn to associate neutral stimuli with 

painful or dangerous stimuli, and will subsequently experience fear when the neutral stimulus is 

present (i.e. fear learning or conditioning). Rapid fear learning is highly adaptive in the 

appropriate context, with the purpose of promoting behaviors that help an individual to avoid 

situations that have proven to be harmful in the past (Steimer, 2002). However, once the neutral 

stimulus is continuously encountered on its own, with no negative consequences, individuals 
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should be able to learn that the stimulus is no longer predictive of danger. This process is 

referred to as extinction learning. Exposure therapy, a common PTSD treatment, follows the 

same principle (Fucich et al., 2016). Fear extinction is not forgetting or undoing the original fear 

memory, but rather forming a new memory, stronger than the old one, that the conditioned 

stimulus no longer predicts harm (Holmes & Singewald, 2013). This is where individual 

differences emerge; some individuals are resilient and can extinguish their fear responses 

quickly, while others continue to experience fear (Norrholm et al., 2011). Some support for this 

conceptualization of PTSD comes from fear conditioning studies in humans. During both 

conditioning and extinction trials, PTSD patients exhibit greater fear-potentiated startle 

(Jovanovic et al., 2010; Norrholm et al., 2011) and elevated skin conductance (Blechert et al., 

2007; Orr et al., 2000; Peri et al., 2000), and take longer than controls to extinguish these 

responses. 

A similar experimental Pavlovian learning paradigm has guided much of the preclinical 

rodent research in this field. A typical Pavlovian fear learning and extinction study, such as used 

in our studies, might go as follows: during the fear learning phase, also called acquisition, 

rodents are repeatedly exposed to some noxious stimulus, such as a foot shock, in conjunction 

with a neutral stimulus, such as a tone. The noxious stimulus is the unconditioned stimulus (US, 

foot shock) that normally induces a fear behavior, while the tone represents the conditioned 

stimulus (CS, tone). The rodents quickly begin to exhibit fearful behavior (e.g. freezing, 22 kHz 

ultrasonic vocalizations) in response to the tone-shock pairing. Then, after a short period (usually 

24-48 hours), animals are exposed to the tone (CS) without any shock to assess cue-conditioned 

responses (i.e. how much fearful behavior is now elicited by the tone or CS alone). With 

repeated exposure to the tone sans foot shock, rodents will eventually stop producing fearful 
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behavior in response to the tone, demonstrating extinction learning. It is during this phase of the 

experiment that individual differences are usually observed, with some rodents exhibiting more 

cue-induced fearful behavior than others, and taking longer to extinguish these responses (Bush 

et al., 2007; Galatzer-Levy et al., 2013; Monfils et al., 2019; Sharko et al., 2017; Shumake et al., 

2014). Based on these phenotypes, rodents can reliably be categorized as either extinction 

competent (EC) or extinction resistant (ER). 

Fear is traditionally measured in rodents in terms of freezing behavior, defined as the 

cessation of all movement not necessary for respiration (Gruene et al., 2015; LeDoux, 1994; 

Sharko et al., 2017). High freezing during fear learning is thought to reflect a strong fear 

association, while low freezing is interpreted as poor fear learning. Conversely, during extinction 

trials with repeated presentations of the CS in a safe environment, rodents who exhibit reductions 

in freezing behavior are thought to have successfully created a new extinction memory that 

outcompetes the fear learning memory. Individuals that sustain freezing behavior (sometimes 

called “high freezers”) despite the lack of negative consequences during cue presentation are 

considered to have an impaired ability to extinguish learned fear (Holmes & Singewald, 2013).  

A more recently recognized behavioral fear response is darting, in which a rodent rapidly 

runs forward, likely as an attempt to escape (Gruene et al., 2015). Darting behavior is noteworthy 

because it is essentially the opposite of freezing, yet potentially reflects the same type of 

sympathetic nervous system arousal. In studies where freezing is the only measure of fear 

learning, rats who exhibit darting behavior would be inaccurately categorized as having a 

learning deficit. Furthermore, perhaps quite consequentially, female rats appear to dart more and 

freeze less than males during fear conditioning (Gruene et al., 2015).  



 7 

Another measure of fearful behavior is ultrasonic vocalizations (USVs). Rats emit a wide 

range of USVs, but they typically produce long (>300 ms) vocalizations around 22 kHz (ranging 

from 18-32 kHz) in distressing situations (e.g. receiving an electric shock, smelling a predator) 

(Portfors, 2007). See Figures 1 and 2 for examples. These and other rodent USVs are 

hypothesized to function as an index of affective state and/or as a social signal (Knutson et al., 

2002; Litvin et al., 2007; Sangiamo et al., 2020). It is important to note that freezing and 22 kHz 

USVs do not always occur simultaneously, and some rats will exhibit one behavior but not the 

other, suggesting distinct neurobiological mechanisms (Shumake et al., 2014). These 22 kHz 

USVs, primarily associated with avoidance behavior in a number of social and non-social 

contexts, may provide information about the affective state of the rats that freezing does not 

(Brudzynski, 2001).  

Adult and juvenile rats can produce another type of vocalization: the 50 kHz USV. These 

USVs are shorter (20-80 ms) and range from 32-70 kHz (Figures 1 and 2). Rats produce 50 kHz 

USVs in a variety of social situations, usually relating to a potential reward (e.g. juvenile play, 

initiation of mating, being tickled by a familiar human). They can also be induced 

pharmacologically, such as with amphetamine injections to the nucleus accumbens (NAcc) 

(Burgdorf et al., 2001), and with electrical stimulation to the ventral tegmental area (VTA) or 

lateral hypothalamus (LH) (Burgdorf et al., 2000). The NAcc, VTA, and LH are all components 

of the reward system, and activation of these brain regions is usually associated with approach 

behavior in rats (Knutson et al., 2002). Given the correlation between emission of 50 kHz USVs 

and approach behavior, these vocalizations are often deemed reflective of positive affect, and are 

not generally reported during exposure to fearful stimuli. 
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Neuroanatomy of Fear Learning and PTSD 

These rodent studies have yielded results critical for understanding the neurobiological 

underpinnings of fear conditioning and extinction. The amygdala in particular has been 

implicated in emotional learning, especially fear. A key component of the limbic system, the 

amygdala is a collection of nuclei located deep in the anteromedial temporal lobe (A. McDonald, 

2003). Though the amygdala can be divided into several different sub-regions, in the context of 

fear learning, the central (CeA), lateral, and basolateral (BLA) nuclei are most pertinent 

(LeDoux, 2000). Sensory input (i.e. tone) travels through the auditory association areas of the 

cortex and thalamus and projects to the lateral nuclei of the amygdala (McDonald, 1998). The 

lateral nucleus projects to the BLA, which modulates the information and then sends it to the 

CeA (LeDoux, 1994). The central nucleus projects directly to the brainstem and other brain 

regions, which produce both sympathetic nervous system arousal and fear behaviors.  

Lesioning the BLA produces deficits in ability to learn conditioned fear (Gale et al., 

2004; Koo et al., 2004), and evidence from pharmacological studies suggest the BLA is also 

especially important for the formation of extinction memories (Sierra-Mercado et al., 2011; 

Zimmerman & Maren, 2010). Neuroimaging studies show that people with PTSD have greater 

amygdala volume (Kuo et al., 2012) and experience increased activation of the amygdala in 

response to fearful faces (Felmingham et al., 2010). Amygdala activation and symptom severity 

in PTSD are positively correlated (Shin et al., 2006), although some studies have failed to 

replicate these results. 

The prefrontal cortex (PFC), broadly, is the brain region involved with executive 

functioning, decision making, memory consolidation, and other complex cognitive processes. 

The medial prefrontal cortex (mPFC) is a sub-region of the PFC implicated in emotional 
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processing, and includes the anterior cingulate cortex (ACC), infralimbic cortex (IL), and 

prelimbic cortex (PL). When the amygdala is activated by a fear-provoking stimulus, it sends 

inhibitory signals to the mPFC, briefly limiting its function. The mPFC is then capable of 

“deciding” whether the fear is warranted (or to what degree); if not, it inhibits the amygdala, 

reducing fear. Evidence suggests that in individuals with PTSD, this feedback loop may be 

dysregulated; the amygdala is hyperactive, while the mPFC is hypoactive (Ross et al., 2017; Shin 

et al., 2004).  

In rodents, pharmacological inactivation of the IL impairs extinction learning and 

extinction recall (Sierra-Mercado et al., 2011), while inactivation of the PL results in reduced 

fear expression (i.e. freezing) during extinction learning, but not extinction recall (Corcoran & 

Quirk, 2007; Sierra-Mercado et al., 2011). This suggests that the PL is necessary only for the 

expression of fear, but not the acquisition of fear learning. Human fear conditioning studies 

utilizing functional magnetic resonance imaging (fMRI) show that activity in the ACC is 

heightened in response to conditioned stimuli during both fear acquisition and extinction (Lang 

et al., 2009). Furthermore, those with PTSD experience reduced mPFC activation in response to 

various stressful cues (Shin et al., 2006), have smaller ACC volumes (Rauch et al., 2003; 

Woodward et al., 2006), and that ACC gray matter volume is negatively correlated with 

symptom severity (Yamasue et al., 2003).  

The hippocampus is another brain region critical for learning and memory. While the 

hippocampus is widely known for its role in the consolidation of explicit, episodic memories, it 

is also involved in the formation and retrieval of emotional memories. The hippocampus receives 

input from the PFC, especially during fear acquisition (Lang et al., 2009), and projects to the 

lateral and basal nuclei of the amygdala, where stimuli may be ascribed emotional significance 
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(LeDoux, 1994; Pitkänen et al., 2000; Xu et al., 2016). Neuroimaging studies of people with 

diagnosed PTSD often show reduced hippocampal volume (Bremner et al., 2003; Wignall et al., 

2004) and less activation in the hippocampus during fear extinction compared to controls 

(VanElzakker, Dahlgren, Davis, Dubois, & Shin, 2014). One study found that not only do 

veterans with PTSD have smaller (by ~10%) hippocampi than veterans without PTSD, but so do 

their non-combat-exposed monozygotic twins, indicating that reduced hippocampal volume may 

be a risk factor for PTSD that precedes trauma exposure (Gilbertson et al., 2002). 

In fear learning, the hippocampus seems to be particularly important for learning the 

context in which the conditioning takes place (LeDoux, 1994; Shalev et al., 2017; Xu et al., 

2016). Fear extinction is also context dependent; normally, after extinction learning, rats will still 

exhibit a fear response if they encounter the conditioned stimulus (i.e. tone) in a different context 

than the one associated with extinction. Lesioning or inactivating the hippocampus in rodents 

impairs retrieval of the fear memory in a novel context, or in other words, disrupts the context-

specific expression of fear extinction (Corcoran & Maren, 2001; Ji & Maren, 2005). 

Sex Differences in PTSD and Fear Conditioning 

 Notable sex differences have been observed in the prevalence and symptomology of 

PTSD, as well as in both rodent and human fear learning paradigms. Women are twice as likely 

to develop PTSD compared to men (Ramikie & Ressler, 2018), though the probability varies 

considerably depending on the type of trauma. For example, after a physical assault, 2% of men 

will develop PTSD, versus 22% of women (Kessler et al., 1995). These differences may be 

explained by both social and biological factors. Despite men being exposed to more traumatic 

events than women overall (e.g. military combat, accidents, fights), women more frequently 

encounter interpersonal trauma, like sexual assault and domestic abuse. History of sexual 
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violence is the greatest risk factor for PTSD (Norris, 1992), and seeing as women are more likely 

to be victims of sexual violence, this may explain the disparity in prevalence. However, it seems 

that even when controlling for type of trauma, women have a higher risk of developing PTSD 

(Tolin & Foa, 2006), suggesting a distinctly female vulnerability (Ramikie & Ressler, 2018). 

Furthermore, mounting evidence suggests that men and women with PTSD often present 

different symptoms. Women seem to experience more overall distress than men (Guina et al., 

2016; Hourani et al., 2015), report worse impairment in concentration (Gay et al., 2020; King et 

al., 2013) and engage in both internal and external avoidance behaviors (Cao et al., 2019; Gay et 

al., 2020; Guina et al., 2016). Males tend to exhibit hypervigilance (Hourani et al., 2015; King et 

al., 2013), loss of interest and emotional numbing (Cao et al., 2019; Gay et al., 2020; King et al., 

2013), and flashbacks (Cao et al., 2019; Gay et al., 2020). These diverging symptomologies, 

though not always consistent, may indicate sex-specific stress responses and etiologies. 

 In the few studies examining sex differences in fear responses in PTSD patients, the 

results are contradictory and thus largely inconclusive, although most studies demonstrate some 

type of significant sex difference. During fear acquisition, Inslicht et al. (2013) observed elevated 

skin conductance response (SCR) (i.e. enhanced fear learning) in women with PTSD compared 

to men with PTSD, while Shvil et al. (2014) saw greater SCR in men than women, both with and 

without PTSD. Shvil and colleagues also found that during the extinction recall phase of the 

experiment, men with PTSD exhibited greater SCR (i.e. impaired extinction recall) compared to 

women with PTSD and trauma-exposed controls of both sexes. When looking at fMRI data, men 

with PTSD had greater activation in the rostral dorsal ACC (a region often included as part of the 

mPFC) during extinction recall (Shvil et al., 2014). Felmingham et al. (2010) conducted an fMRI 

study comparing men and women with PTSD to trauma-exposed controls and non-trauma-
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exposed controls while viewing fearful faces. Men with PTSD had greater hippocampal 

activation compared to women with PTSD. The brainstem, too, was differentially affected by 

fear stimuli; this hub of sympathetic nervous system arousal had enhanced activation in women 

who had been exposed to trauma, both with and without PTSD, while for men elevated 

brainstem activity occurred only in those with PTSD (Felmingham et al., 2010). Though the 

results of these studies are inconsistent, they demonstrate that sex differences are likely present 

in the prevalence, etiology and presenting symptoms of PTSD and warrant further investigation. 

 Fear conditioning studies comparing men and women without PTSD also show gender 

differences. During fear learning, although women report greater subjective fear or stress 

(Lonsdorf et al., 2015; Zorawski et al., 2005), they exhibit lower (Lonsdorf et al., 2015; Milad et 

al., 2006) or equal (Zorawski et al., 2005) SCR compared to men. These studies observed no 

significant sex differences during extinction learning (Lonsdorf et al., 2015; Milad et al., 2006; 

Zorawski et al., 2005).  

 Significant sex differences also exist in rodent fear conditioning studies, although similar 

to human studies, there is no consistent pattern of differences. Some studies report that females 

have enhanced fear extinction compared to males, while others report a reduction; these 

differences may be explained by variability in experimental paradigms, behavioral measures, 

animal strain, or sample size (Shansky, 2015). For instance, in studies measuring only freezing 

behavior, female rodents usually exhibit less freezing than males during cued fear learning 

(Baran et al., 2009; Gruene et al., 2015), which is interpreted as impaired fear learning. However, 

Colom-Lapetina et al. (2019) observed that during fear conditioning, female rats, in addition to 

freezing less, exhibited more darting than males. Females also performed a more diverse array of 
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active behaviors (e.g. climbing, head-shaking, diving) during a subsequent forced swim test, 

suggesting that each sex may utilize differential behavioral coping strategies when under stress.  

Study Rationale  

 Nonetheless, prior studies have not consistently reported distinct extinction phenotypes in 

females, like are seen with PTSD in humans (Ramikie & Ressler, 2018; Shalev et al., 2017) and 

in male rodents (Bush et al., 2007; Galatzer-Levy et al., 2013; Sharko et al., 2017; Shumake et 

al., 2014). It may be the case that our previously established models (namely, only measuring 

freezing) are not sensitive to female-specific phenotypes of fearful behavior and the biological 

mechanisms behind them. Further, less than 2% of fear conditioning and extinction studies have 

examined female samples (Lebron-Milad & Milad, 2012), indicating that this body of literature 

is substantially lacking in sex-specific and female data. 

 The present study sought to fill this gap in the field by measuring both freezing and 

ultrasonic vocalizations (USVs) in a sample of female rats during a fear conditioning and 

extinction paradigm. Based on the reviewed literature and our previous findings, we hypothesized 

that like males, female rats would exhibit individual differences in fear extinction responses, 

presenting as either extinction competent (EC) or extinction resistant (ER) phenotypes. 

Methods 

Subjects 

Subjects were 14 outbred female Long Evans rats, initially weighing 150-175g or >6 

weeks old (Envigo, Indianapolis, IN). Rats were housed individually and handled daily for two 

weeks prior to behavioral testing. To assess estrous cycle phase, females received a vaginal 

smear every day, starting from the day after arrival until the day of euthanasia. On behavioral 

testing days, smears were done after testing to avoid additional stress. Smears were read 
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immediately after all smears were completed; they were later fixed with 95% EtOH, stained with 

hematoxylin and eosin, and cover slipped. Brains, hearts, and uteri were saved after euthanasia 

performed immediately after a generalization trial (data not shown). Wet mass of uteri was 

measured on the day of euthanasia, and dry mass was measured three days post-euthanasia to 

confirm the day of the estrous cycle at euthanasia. 

Fear Conditioning and Extinction Procedures 

Experimental procedures were adapted from the protocol used by Sharko, Fadel, Kaigler, 

and Wilson (2017) (see Figure 3). On day 1, for fear acquisition, rats were placed in a shock box 

(Context A; Med Associates, Inc.) within a sound-attenuating box containing a ventilation fan 

and a house light for 6.5 minutes. Unconditioned freezing and USVs were recorded for the first 

three minutes. Beginning at the third minute, animals were presented with a co-terminating tone-

shock pairing every 60 seconds (tone: 2 kHz, 10 sec, 80 dB; shock: 1mA, 1 sec), for a total of 

three tone-shock pairings. On day 2, context recall was assessed by placing rats in the same box 

for 8 minutes, with no tones or shocks (data is not presented in this report). On day 3, for the 

cued extinction portion of the experiment, they were placed in round bottom Plexiglas bowls in a 

different sound attenuated chamber with aspen bedding and lemon scent (Context B). After three 

minutes in the novel Context B to assess unconditioned fear responses, females were presented 

with twenty conditioned tones (2 kHz, 10 sec, 80 dB) without shock at one-minute intervals, for 

a total testing period of 23 minutes. After 48 hours on day 5, the rats were returned to Context B 

to assess extinction recall using another 20 tone presentations with the same procedures as day 3 

(data is not presented in this report). On day 8, to assess generalization of fear learning, rats were 

placed in a cylindrical glass bowl in a novel sound-attenuated chamber with a distinct floor and 

vanilla scent (Context C). One minute of unconditioned freezing and USVs was followed by ten 
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novel tones (3.5 kHz, 10 sec, 80 dB) at one-minute intervals (data not shown). Animals were 

smeared for estrous cycle assessment and euthanized immediately after the generalization test.  

Freezing behavior in all trials was assessed in one minute bins using Freezescan software 

(CleverSys, Inc, Reston, VA) in all trials, and parameters were set to detect freezing as the 

absence of movement other than respiration. As described previously in Sharko, Fadel, Kaigler, 

and Wilson (2017), animals were divided into extinction resistant (ER, high freezers) and 

extinction competent (EC, low freezers) based on a median split of average freezing during the 

last 10 tone presentations of extinction learning. 

Ultrasonic vocalizations were recorded using an ultrasonic microphone (full spectrum, 

USB port, 250,000 samples per second, and 16 bit resolution) with UltraVox XT software 

version 3.2.106/3.2.108 (Noldus Information Technologies, Leesburg, VA). During acquisition 

of conditioned fear and context exposure, microphones were placed below the animal. During 

extinction learning and extinction recall trials, microphones were oriented above the rats on one 

side of the experimental Plexiglas chamber. USVs in the 22 kHz range and 50 kHz range were 

manually labeled on a spectrogram (SFT length = 2048, Zero Padding = 1, Overlap = 90%) in 

the Analysis/Call Labeling tab, which provided quantitative information including call duration 

(msec), call start and stop time, peak frequency (frequency at maximum amplitude, Hz), and 

mean amplitude for each call. Data was then exported into Excel and divided into 60 second bins 

for analysis. The number of bouts, defined as the number of groups of successive calls separated 

by less than 320 seconds, vocalizations per bout, and latency to vocalize were also calculated 

(see Wӧhr, Borta, & Schwarting, 2005).  
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Statistical Analyses 

Due to time constraints, the present study only examined data from the fear acquisition 

trials and cued extinction learning trials. Freezing behavior during each trial was recorded as 

percent freezing per one minute time bin. High freezers (ER) and low freezers (EC) were 

compared in one minute bins over each trial using a one-way analysis of variance (ANOVA; ER 

versus EC freezing) with repeated measures (time) for freezing, number of USVs (22 and 50 

kHz), and duration of USVs (22 and 50 kHz). Twenty-two kHz and 50 kHz USVs were analyzed 

separately for each trial. Specific differences between groups were assessed using Bonferroni 

post-hoc analysis.  

For the 22 kHz and 50 kHz USV data, the total number of calls, total duration of calls, 

average duration per call, average peak frequency of calls, and mean amplitude of calls was also 

analyzed using two-way ANOVA to compare overall ER versus EC differences between fear 

learning and fear extinction trials. Specific differences between groups were assessed using 

Bonferroni post-hoc analysis.  

Additionally, trials were divided into periods of unconditioned freezing (first three 

minutes of each trial with no tone) and conditioned freezing (remainder of trial during tone/shock 

or tone alone presentations) to assess the effects of cue conditioning on 22 kHz and 50 kHz 

USVs. The total number of calls and total duration of calls were analyzed using two-way 

ANOVA to compare overall ER versus EC differences between fear learning and fear extinction 

trials. Specific differences between groups were assessed using Bonferroni post-hoc analysis. 
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Results 

Fear Learning 

Freezing Behavior 

 As seen in Figure 4A, there was no significant difference in freezing behavior between 

ER and EC rats during fear learning. There was a significant effect of time 

(F(2.282,27.38)=58.23, p<0.0001), but no time x group interaction (F(5,60)=0.73, p=0.61). The 

effect of time was related to the low level of unconditioned freezing during the first 3 minutes, 

which increased with each tone-shock pairing.  

22 kHz Ultrasonic Vocalizations 

On the whole, the total number of 22 kHz USVs (“distress calls”) during fear learning 

was very low, with some female rats not producing them at all. Among the ER rats, 43% 

vocalized in the 22 kHz range, compared to 71% of the EC rats. One ER rat was excluded from 

analyses as an outlier (number of 22 kHz calls >2 standard deviations from the mean of other 

rats). During fear acquisition, there was no significant difference in the total number of 22 kHz 

calls between ER and EC rats (F(1,6)=0.86, p=0.39). There was no significant effect of time 

(F(1.15,6.92)=1.99, p=0.21) or time x ER/EC interaction (F(1.07,6.42)=0.66, p=0.46) (Figure 

5A). For total call duration, there was no significant effect of time (F(1.77,10.60)=2.25, p=0.16), 

extinction phenotype (F(1,6)=1.08, p=0.34), or time x ER/EC interaction (F(1.36,8.17)=1.37, 

p=0.29) (Figure 5C). 

50 kHz Ultrasonic Vocalizations 

 The overall number of 50 kHz vocalizations was very high during fear learning, with 

100% of rats producing 50 kHz USVs. As seen in Figure 5, EC rats emitted significantly more 

50 kHz calls than ER rats in total throughout the trial, and had significantly longer total call 
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duration. Interestingly, females emitted significant 50 kHz USVs during the first 3 minutes in the 

new context, and these calls decreased during the tone-shock pairings.  There was no significant 

difference in average call duration, average peak frequency, or mean amplitude  between ER and 

EC rats (see below and Figure 8). To examine time effects, average number of 50 kHz USVs was 

analyzed using a two-way (phenotype x time) ANOVA with repeated measures. EC rats 

produced significantly more 50 kHz USVs during minutes 1, 2, 3, and 4, and in total throughout 

the trial (Figure 5B). There was a significant effect of extinction phenotype group 

(F(1,12)=45.04, p<0.0001), time (F(1.68,20.18)=11.41, p=0.0008), and time x ER/EC interaction 

(F(5,60)=4.832, p=0.0009). In addition, the total call duration of 50 kHz vocalizations was 

significantly higher for EC rats compared to ER rats during minutes 1, 2, and 3, and in total 

throughout the fear learning trial (Figure 5D). There was a significant effect of extinction 

phenotype (F(1,12)=49.74, p<0.0001), time (F(2.06,24.74)=9.38, p=0.0009), and time x ER/EC 

interaction (F(5,60)=3.397, p=0.0091) on 50 kHz call duration during fear learning. 

Extinction Learning 

Freezing Behavior 

 As seen in Figure 4B, ER rats froze significantly more than EC rats (F(1,12)=8.125, 

p=0.0146), and both groups displayed significant differences in freezing over time 

(F(22,264)=18.12, p<0.0001), although the time x ER/EC interaction was not significant 

(F(22,264)=0.87, p=0.63). This supports the notion that like males, females show distinct 

extinction phenotypes, since the last 10 tones of extinction learning were used to separate the ER 

and EC groups.  
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22 kHz Ultrasonic Vocalizations 

 Similar to what was observed during fear learning, very few rats vocalized in the 22 kHz 

range during extinction learning. Both ER and EC rats had only 43% vocalizers; of these, one ER 

rat was excluded as an outlier due to a very high number of calls, and the remaining vocalizers 

produced fewer than five 22 kHz USVs throughout the duration of the entire trial. A two-way 

RMANOVA did not show any significant effects of extinction phenotype (F(1,12)=0.97, 

p=0.34), time (F(1.01,12.10)=0.96), or time x ER/EC interaction (F(22,264)=0.9998, p=0.46) on 

the total number of 22 kHz calls during fear extinction (Figure 6A). There was no significant 

difference in total call duration, average call duration, average peak frequency, or mean 

amplitude between ER and EC rats (see below and Figure 7). 

50 kHz Ultrasonic Vocalizations 

 During extinction learning, 86% of the rats vocalized in the 50 kHz range, with 71% of 

ER rats and 100% of EC rats vocalizing in the high frequency range. One EC rat was excluded 

from analyses as an outlier. A two-way ANOVA demonstrated a significant effect of extinction 

phenotype group (F(1,11)=10.33, p=0.0082), time (F(1.88,20.69)=4.39, p=0.0276), and time x 

ER/EC interaction (F(22,242)=2.227, p=0.0017) on the total number of 50 kHz calls (Figure 6B) 

during fear extinction. The effect of time is due to a higher number of 50 kHz USVs during the 

first three minutes of the trial in a new environment prior to tone presentation. When examining 

total call duration, there is no significant group difference (F(1,12)=3.32, p=0.09), but there is an 

effect of time (F(2.92,35.03)=4.163, p=0.0133) and time x ER/EC interaction (F(22,264)=1.923, 

p=0.0089). There were no significant differences between groups in average duration, average 

peak frequency, or mean amplitude of calls (see below and Figure 8). 
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Comparison Between Fear Learning and Fear Extinction Trials  

22 kHz Ultrasonic Vocalizations 

 Overall, likely due to the overall low number of 22 kHz calls, most of these results 

comparing trials and extinction phenotypes for 22 kHz calls were not significant. One ER rat was 

excluded from analyses as an outlier in the extinction learning trial. There was no significant 

difference in total number of 22 kHz calls between ER and EC rats (F(1,23)=0.86, p=0.36), no 

difference between fear learning and fear extinction trials (F(1,23)=1.53, p=0.23), and no group 

x trial interaction (F(1,23)=0.78, p=0.38) (see Figure 7). Total call duration was not significantly 

different between trials (F(1,23)=2.67, p=0.12), between ER/EC phenotypes (F(1,23)=1.06, 

p=0.31), nor was there a group x trial interaction (F(1,23)=1.09, p=0.31). There was no 

significant difference in average call duration between trials (F(1,10)=1.32, p=0.28), between 

ER/EC phenotypes (F(1,10)=0.35, p=0.57), nor was there a group x trial interaction 

(F(1,10)=1.17, p=0.30). Mean call amplitude was not significantly different between trials 

(F(1,10)=2.59, p=0.14), between ER/EC phenotypes (F(1,10)=0.50, p=0.50) and there was no 

significant group x trial interaction (F(1,10)=0.29, p=0.60). Only average peak frequency was 

significantly different between fear learning and fear extinction trials (F(1,10)=5.11, p=0.047), 

but there was no ER/EC main effect (F(1,10)=1.53, p=0.44), nor group x trial interaction 

(F(1,10)=0.65, p=0.44). 

50 kHz Ultrasonic Vocalizations 

 As seen above, EC rats produced significantly more 50 kHz USVs during both fear 

learning and extinction learning compared to ER rats (F(1,23)=31.96, p<0.0001), but there was 

no overall difference between fear learning and extinction (F(1,23)=0.13, p=0.72) and no group x 

trial interaction (F(1,23)=0.24, p=0.63) (Figure 8A). Also demonstrated previously, EC rats had 
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significantly longer total 50 kHz call duration compared to ER rats (F(1,23)=33.94, p<0.0001), 

with no significant difference between trials (F(1,23)=2.91, p=0.10) and no group x trial 

interaction (F(1,23)=1.45, p=0.24) (Figure 8C). There were no significant differences between 

fear learning and extinction learning for average call duration (F(1,22)=0.03, p=0.86), average 

peak frequency (F(1,22)=1.97, p=0.17), or mean amplitude (F(1,22)=0.26, p=0.61). There were 

no significant differences between ER and EC rats for average call duration (F(1,22)=0.06, 

p=0.80), average peak frequency (F(1,22)=0.40, p=0.53), or mean amplitude (F(1,22)=0.26, 

p=0.61). Finally, there were no significant group x trial interactions for average call duration 

(F(1,22)=0.006, p=0.94), average peak frequency (F(1,22)=0.43, p=0.52), or mean amplitude 

(F(1,22)=0.46, p=0.51). 

Distinguishing Between Periods of Unconditioned and Conditioned Freezing 

 Two-way ANOVA was used to compare ER versus EC group differences in USV 

production between fear learning and extinction trials when dividing the trials into periods of 

unconditioned and conditioned responses. The first three minutes of both fear learning and 

extinction learning trials do not contain any tones or shocks, as this time is meant to assess 

baseline (i.e. unconditioned) levels of freezing and USV production in a new context. By 

contrast, conditioned freezing begins once the first tone is played and continues for the 

remaining duration of the trial (minutes 3-6 in fear learning and minutes 3-23 in fear extinction). 

22 kHz Ultrasonic Vocalizations 

 As seen in Figure 9, like in most of our analyses, there were no significant differences in 

total number of 22 kHz USVs between ER and EC groups (F(1,24)=0.51, p=0.48) or between 

fear learning and extinction (F(1,24)=1.42, p=0.25). For analysis of total call duration, one ER 
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rat was removed from extinction as an outlier. There was no significant difference in total call 

duration between groups (F(1,23)=1.06, p=0.31) or between trials (F(1,23)=2.67, p=0.12). 

50 kHz Ultrasonic Vocalizations 

 During periods of unconditioned freezing, EC rats emitted significantly more 50 kHz 

calls than ER rats in both the fear learning and extinction learning trials (F(1,24)=19.50, 

p=0.0002) (Figure 10A), and had significantly longer total call duration than ER rats in both 

trials (F(1,23)=16.90, p=0.0004) (Figure 10C). This suggests females vocalize in the 50 kHz 

range during exposure to a novel context. 

During conditioned freezing, EC rats had a significantly higher total number of 50 kHz 

USVs than ER rats (F(1,23)=14.04, p=0.0011) (Figure 10B). EC rats also produced significantly 

more vocalizations during extinction learning than they did during fear learning (F(1,23)=14.04, 

p=0.0011), and there was a significant group x trial interaction (F(1,23)=9.56, p=0.0052). When 

looking at total call duration during conditioned freezing, EC rats vocalized longer than ER rats 

during extinction learning (F(1,23)=20.39, p=0.0002). EC rats also vocalized longer during 

extinction than they did during fear learning (F(1,23)=5.90, p=0.023), and there was a significant 

group x trial interaction (F(1,23)=4.81, p=0.039) (Figure 10D). 

Discussion 

As hypothesized, female rats exhibited marked individual differences in freezing 

behavior during extinction learning, dividing into extinction competent (EC) and extinction 

resistant phenotypes (ER). These individual differences were not present during fear learning. 

These results are consistent with those from studies of male rats (Bush et al., 2007; Galatzer-

Levy et al., 2013; Monfils et al., 2019; Sharko et al., 2017), suggesting that the neurobiological 
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mechanisms that control freezing behavior during fear extinction are similar in males and 

females. 

However, though female rats appear to exhibit freezing behaviors like males during fear 

learning and extinction, surprisingly they do not vocalize like males. Prior research in male rats 

has demonstrated that freezing behavior and 22 kHz USVs are typically correlated with one 

another (Wöhr et al., 2005), and extinction competent rats exhibit a lower number of 22 kHz 

calls than extinction resistant rats (Kellis et al., 2018; Shumake et al., 2014). Studies of male rats 

rarely report USVs in the 50 kHz range in fear conditioning paradigms (Koo et al., 2004; 

Portfors, 2007; Wöhr et al., 2005). A rare example from Shumake et al. (2014) reported some 50 

kHz calls in both males and females, noting that most occurred at the end of extinction learning. 

By contrast, the female rats in the present study produced a high number of 50 kHz USVs, 

especially during unconditioned freezing, and almost no 22 kHz USVs. Thus, these findings in 

female rats were unexpected and novel. 

Some other studies have reported that female rats produce fewer 22 kHz USVs than 

males during fear conditioning and fear extinction (Schwarting, 2018; Shumake et al., 2014), 

though in a comparison of USVs between three different rat strains, Schwarting (2018) saw that 

female Long Evans rats, the strain used in the present study, produced the most 22 kHz calls. 

Nonetheless, Schwarting did not see any such inter-strain difference in freezing behavior in 

females, and concluded that there must be some difference in the physiological mechanisms 

underlying freezing behavior and USV production. Wöhr et al. (2005) also noted that their rats 

did not always produce 22 kHz USVs in concordance with freezing (e.g. when re-exposed to the 

fear conditioning context), positing that USV must be influenced by factors other than freezing.  
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This would be supported by our current findings, since ER and EC rats showed no difference in 

freezing during fear learning, but did show differences in USVs between these two groups.     

A lesion study conducted by Koo et al. (2004) sheds some light on what kinds of 

neurobiological differences might account for the disparity between freezing and 22 kHz USVs. 

This team saw significantly reduced freezing behavior and reduced 22 kHz USVs during fear 

learning, context re-exposure, and fear extinction in male rats with bilateral neurotoxic lesions to 

the BLA and in those with electrolytic lesions to the CeA, compared to controls and rats with 

neurotoxic lesions to the CeA. Rats with neurotoxic CeA lesions also produced significantly 

fewer USVs than controls during context and extinction trials, though still more than the other 

two groups. Neurotoxic lesions destroy neuronal cell bodies but not axonal projections passing 

through the region; electrolytic lesions destroy both. Therefore, these results can be interpreted to 

suggest that conditioned fear (in terms of both freezing and 22 kHz calls) is modulated by BLA 

neurons that project through the CeA, not the CeA neurons themselves. Additionally, the fact 

that rats with neurotoxic CeA lesions vocalized less than controls during context and extinction 

trials may implicate CeA neurons, in addition to projections from the BLA passing through the 

CeA, in the production of 22 kHz USVs even when conditioned freezing behavior is unimpaired.  

One possibility is that there are sex differences in the central nucleus of the amygdala; for 

example, female rats may have fewer CeA neurons or weaker outputs than males, resulting in 

reduced 22 kHz calls. It is well established that female rats exhibit greater hypothalamic-

pituitary-adrenal (HPA) responses following stress compared to males (Shansky, 2020; Wilson et 

al., 2004), and prior research has demonstrated functional sex differences in the BLA (Blume et 

al., 2017) and medial amygdala (Wilson et al., 2002) of rodents. Exposure to chronic stress has 

also been shown to alter BLA activation in males and females in contrasting ways (Blume et al., 
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2019). Furthermore, human neuroimaging studies of emotional memory show differential 

activation of left and right amygdalae in males and females (Shansky, 2020). Rat strain may also 

play a role, as Long Evans rats are sometimes reported to vocalize less than other strains 

(Shumake et al., 2014). 

Another plausible explanation is that estrous cycle phase affected these results. Though 

estrous cycle data were collected, due to time constraints we were unable to analyze the data for 

this report. BLA activity is dependent upon estrous cycle phase and, critically, these activation 

patterns are disrupted by repeated stress exposure (Blume et al., 2019). Ability to learn and 

extinguish fear is also cycle-dependent, with female rats displaying enhanced fear learning 

during diestrus (in which estrogen levels are low) and slower extinction during proestrus (high 

estrogen) (Blume et al., 2019). In female rats in a low-estrogen phase, estradiol injections before 

extinction learning enhanced activity in the CeA during extinction, and improved extinction 

memory (i.e. reduced freezing during recall) (Maeng et al., 2017).  

As for the 50 kHz USVs, it is highly unusual to observe so many 50 kHz calls during a 

fear conditioning study, although this may be due to the use of female rather than male subjects. 

Moreover, we found a significantly higher incidence of 50 kHz calls in extinction competent rats 

compared to extinction resistant rats. This might not be completely incongruent with the 

assumption that 50 kHz calls reflect positive affect, since these vocalizations may indicate 

reduced fear in EC rats (or, conversely, the absence of 50 kHz calls in ER rats may indicate 

enhanced fear). It may be that females generally respond more positively to a novel environment, 

especially given that most 50 kHz USVs were recorded during the first three minutes of 

unconditioned freezing in both fear learning and extinction, during the period when rats are first 

exposed to a novel context in the absence of any tone or shock. Schwarting (2018) also saw their 
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female rats produce 50 kHz USVs when placed in a new cage for the first time, though Long 

Evans rats produced by far the fewest USVs compared to other strains.  

In conclusion, female rats exhibit individual differences in freezing behavior similar to 

males, with some rats presenting an extinction competent phenotype while others are extinction 

resistant. However, females appear to vocalize less in the 22 kHz range and more in the 50 kHz 

range compared to males, suggesting the presence of substantial sex differences in the 

neurobiological mechanisms behind USV production in fear learning and extinction. Moreover, 

our results support the notion that freezing behavior and USVs may be controlled by distinct 

brain processes. In addition, the number and duration of 50 kHz USVs differs significantly 

between ER and EC females, further indicating that individual differences in fear responses exist 

within the female population. Thus, individual differences in fear extinction are seen in both 

male and female rats, but there are clearly distinct sex differences between ER and EC 

populations, particularly with respect to USVs. 

These results indicate that females differ from males in behavioral fear outputs, likely 

reflecting sex differences in neurobiology and endocrinology. Moreover, measuring freezing 

behavior alone does not seem sufficient to capture the full picture; future studies should consider 

other fear behaviors, such as ultrasonic vocalization and darting. Although qualitative video data 

was not coded for darting behavior in this study, it is possible this sample of females also 

exhibited some darting. In order to better understand risk factors for PTSD and develop more 

effective and targeted treatments, especially for women, substantially more research in females is 

still needed, particularly looking at individual differences within female populations. 

 

Project Support: VA Merit Award I01BX001374 to MAW and a Magellan Scholars award to IS. 
 



 27 

References 

American Psychiatric Association. (2013). Diagnostic and Statistical Manual of Mental 

Disorders (5th Ed.). 

Baran, S. E., Armstrong, C. E., Niren, D. C., Hanna, J. J., & Conrad, C. D. (2009). Chronic stress 

and sex differences on the recall of fear conditioning and extinction. Neurobiology of 

Learning and Memory, 91(3), 323–332. https://doi.org/10.1016/j.nlm.2008.11.005 

Benjet, C., Bromet, E., Karam, E. G., Kessler, R. C., McLaughlin, K. A., Ruscio, A. M., Shahly, 

V., Stein, D. J., Petukhova, M., Hill, E., Alonso, J., Atwoli, L., Bunting, B., Bruffaerts, 

R., Caldas-de-Almeida, J. M., de Girolamo, G., Florescu, S., Gureje, O., Huang, Y., … 

Koenen, K. C. (2016). The epidemiology of traumatic event exposure worldwide: Results 

from the World Mental Health Survey Consortium. Psychological Medicine, 46(2), 327–

343. https://doi.org/10.1017/S0033291715001981 

Blechert, J., Michael, T., Vriends, N., Margraf, J., & Wilhelm, F. H. (2007). Fear conditioning in 

posttraumatic stress disorder: Evidence for delayed extinction of autonomic, experiential, 

and behavioural responses. Behaviour Research and Therapy, 45(9), 2019–2033. 

https://doi.org/10.1016/j.brat.2007.02.012 

Blume, S. R., Freedberg, M., Vantrease, J. E., Chan, R., Padival, M., Record, M. J., DeJoseph, 

M. R., Urban, J. H., & Rosenkranz, J. A. (2017). Sex- and Estrus-Dependent Differences 

in Rat Basolateral Amygdala. Journal of Neuroscience, 37(44), 10567–10586. 

https://doi.org/10.1523/JNEUROSCI.0758-17.2017 

Blume, S. R., Padival, M., Urban, J. H., & Rosenkranz, J. A. (2019). Disruptive effects of 

repeated stress on basolateral amygdala neurons and fear behavior across the estrous 

cycle in rats. Scientific Reports, 9(1), 1–18. https://doi.org/10.1038/s41598-019-48683-3 



 28 

Bremner, J. D., Vythilingam, M., Vermetten, E., Southwick, S. M., McGlashan, T., Nazeer, A., 

Khan, S., Vaccarino, L. V., Soufer, R., Garg, P. K., Ng, C. K., Staib, L. H., Duncan, J. S., 

& Charney, D. S. (2003). MRI and PET study of deficits in hippocampal structure and 

function in women with childhood sexual abuse and posttraumatic stress disorder. The 

American Journal of Psychiatry, 160(5), 924–932. 

https://doi.org/10.1176/appi.ajp.160.5.924 

Brudzynski, S. M. (2001). Pharmacological and behavioral characteristics of 22kHz alarm calls 

in rats. Neuroscience & Biobehavioral Reviews, 25(7), 611–617. 

https://doi.org/10.1016/S0149-7634(01)00058-6 

Burgdorf, J., Knutson, B., & Panksepp, J. (2000). Anticipation of rewarding electrical brain 

stimulation evokes ultrasonic vocalization in rats. Behavioral Neuroscience, 114(2), 320–

327. 

Burgdorf, J., Knutson, B., Panksepp, J., & Ikemoto, S. (2001). Nucleus accumbens amphetamine 

microinjections unconditionally elicit 50-kHz ultrasonic vocalizations in rats. Behavioral 

Neuroscience, 115(4), 940–944. https://doi.org/10.1037//0735-7044.115.4.940 

Bush, D. E. A., Sotres‐Bayon, F., & LeDoux, J. E. (2007). Individual differences in fear: 

Isolating fear reactivity and fear recovery phenotypes. Journal of Traumatic Stress, 20(4), 

413–422. https://doi.org/10.1002/jts.20261 

Cao, X., Wang, L., Cao, C., Fang, R., Chen, C., Hall, B. J., & Elhai, J. D. (2019). Sex differences 

in global and local connectivity of adolescent posttraumatic stress disorder symptoms. 

Journal of Child Psychology and Psychiatry, 60(2), 216–224. 

https://doi.org/10.1111/jcpp.12963 



 29 

Colom-Lapetina, J., Li, A. J., Pelegrina-Perez, T. C., & Shansky, R. M. (2019). Behavioral 

Diversity Across Classic Rodent Models Is Sex-Dependent. Frontiers in Behavioral 

Neuroscience, 13. https://doi.org/10.3389/fnbeh.2019.00045 

Corcoran, K. A., & Maren, S. (2001). Hippocampal Inactivation Disrupts Contextual Retrieval of 

Fear Memory after Extinction. The Journal of Neuroscience, 21(5), 1720–1726. 

https://doi.org/10.1523/JNEUROSCI.21-05-01720.2001 

Corcoran, K. A., & Quirk, G. J. (2007). Activity in Prelimbic Cortex Is Necessary for the 

Expression of Learned, But Not Innate, Fears. Journal of Neuroscience, 27(4), 840–844. 

https://doi.org/10.1523/JNEUROSCI.5327-06.2007 

Felmingham, K., Williams, L. M., Kemp, A. H., Liddell, B., Falconer, E., Peduto, A., & Bryant, 

R. (2010). Neural responses to masked fear faces: Sex differences and trauma exposure in 

posttraumatic stress disorder. Journal of Abnormal Psychology, 119(1), 241–247. 

https://doi.org/10.1037/a0017551 

Fucich, E. A., Paredes, D., & Morilak, D. A. (2016). Therapeutic Effects of Extinction Learning 

as a Model of Exposure Therapy in Rats. Neuropsychopharmacology: Official 

Publication of the American College of Neuropsychopharmacology, 41(13), 3092–3102. 

https://doi.org/10.1038/npp.2016.127 

Galatzer-Levy, I. R., Bonanno, G. A., Bush, D. E., & LeDoux, J. (2013). Heterogeneity in threat 

extinction learning: Substantive and methodological considerations for identifying 

individual difference in response to stress. Frontiers in Behavioral Neuroscience, 7. 

https://doi.org/10.3389/fnbeh.2013.00055 

Gale, G. D., Anagnostaras, S. G., Godsil, B. P., Mitchell, S., Nozawa, T., Sage, J. R., Wiltgen, 

B., & Fanselow, M. S. (2004). Role of the Basolateral Amygdala in the Storage of Fear 



 30 

Memories across the Adult Lifetime of Rats. The Journal of Neuroscience, 24(15), 3810–

3815. https://doi.org/10.1523/JNEUROSCI.4100-03.2004 

Gay, N. G., Wisco, B. E., Jones, E. C., & Murphy, A. D. (2020). Posttraumatic Stress Disorder 

Symptom Network Structures: A Comparison Between Men and Women. Journal of 

Traumatic Stress, 33(1), 96–105. https://doi.org/10.1002/jts.22470 

Gilbertson, M. W., Shenton, M. E., Ciszewski, A., Kasai, K., Lasko, N. B., Orr, S. P., & Pitman, 

R. K. (2002). Smaller hippocampal volume predicts pathologic vulnerability to 

psychological trauma. Nature Neuroscience, 5(11), 1242–1247. 

https://doi.org/10.1038/nn958 

Gruene, T. M., Flick, K., Stefano, A., Shea, S. D., & Shansky, R. M. (2015). Sexually divergent 

expression of active and passive conditioned fear responses in rats. ELife, 4, e11352. 

https://doi.org/10.7554/eLife.11352 

Guina, J., Nahhas, R. W., Kawalec, K., & Farnsworth, S. (2016). Are Gender Differences in 

DSM-5 PTSD Symptomatology Explained by Sexual Trauma?: Journal of Interpersonal 

Violence. https://doi.org/10.1177/0886260516677290 

Holmes, A., & Singewald, N. (2013). Individual differences in recovery from traumatic fear. 

Trends in Neurosciences, 36(1), 23–31. https://doi.org/10.1016/j.tins.2012.11.003 

Hourani, L., Williams, J., Bray, R., & Kandel, D. (2015). Gender differences in the expression of 

PTSD symptoms among active duty military personnel. Journal of Anxiety Disorders, 29, 

101–108. https://doi.org/10.1016/j.janxdis.2014.11.007 

Inslicht, S. S., Metzler, T. J., Garcia, N. M., Pineles, S. L., Milad, M. R., Orr, S. P., Marmar, C. 

R., & Neylan, T. C. (2013). Sex differences in fear conditioning in posttraumatic stress 



 31 

disorder. Journal of Psychiatric Research, 47(1), 64–71. 

https://doi.org/10.1016/j.jpsychires.2012.08.027 

Ji, J., & Maren, S. (2005). Electrolytic lesions of the dorsal hippocampus disrupt renewal of 

conditional fear after extinction. Learning & Memory, 12(3), 270–276. 

https://doi.org/10.1101/lm.91705 

Jovanovic, T., Norrholm, S. D., Blanding, N. Q., Davis, M., Duncan, E., Bradley, B., & Ressler, 

K. J. (2010). Impaired Fear Inhibition is a Biomarker of PTSD but not Depression. 

Depression and Anxiety, 27(3), 244–251. https://doi.org/10.1002/da.20663 

Kellis, D., Kaigler, K., Witherspoon, E., Fadel, J., & Wilson, M. (2018, November). Cholinergic 

regulation of individual differences in fear extinction in rats [Poster session]. Society for 

Neuroscience, San Diego, California. 

Kessler, R. C., Sonnega, A., Bromet, E., Hughes, M., & Nelson, C. B. (1995). Posttraumatic 

Stress Disorder in the National Comorbidity Survey. Archives of General Psychiatry, 

52(12), 1048–1060. https://doi.org/10.1001/archpsyc.1995.03950240066012 

King, M. W., Street, A. E., Gradus, J. L., Vogt, D. S., & Resick, P. A. (2013). Gender 

Differences in Posttraumatic Stress Symptoms Among OEF/OIF Veterans: An Item 

Response Theory Analysis. Journal of Traumatic Stress, 26(2), 175–183. 

https://doi.org/10.1002/jts.21802 

Knutson, B., Burgdorf, J., & Panksepp, J. (2002). Ultrasonic vocalizations as indices of affective 

states in rats. Psychological Bulletin, 128(6), 961–977. https://doi.org/10.1037/0033-

2909.128.6.961 

Koo, J. W., Han, J.-S., & Kim, J. J. (2004). Selective Neurotoxic Lesions of Basolateral and 

Central Nuclei of the Amygdala Produce Differential Effects on Fear Conditioning. The 



 32 

Journal of Neuroscience, 24(35), 7654–7662. https://doi.org/10.1523/JNEUROSCI.1644-

04.2004 

Kuo, J. R., Kaloupek, D. G., & Woodward, S. H. (2012). Amygdala Volume in Combat-Exposed 

Veterans With and Without Posttraumatic Stress Disorder: A Cross-sectional Study. 

Archives of General Psychiatry, 69(10), 1080–1086. 

https://doi.org/10.1001/archgenpsychiatry.2012.73 

Lang, S., Kroll, A., Lipinski, S. J., Wessa, M., Ridder, S., Christmann, C., Schad, L. R., & Flor, 

H. (2009). Context conditioning and extinction in humans: Differential contribution of 

the hippocampus, amygdala and prefrontal cortex. The European Journal of 

Neuroscience, 29(4), 823–832. https://doi.org/10.1111/j.1460-9568.2009.06624.x 

Lebron-Milad, K., & Milad, M. R. (2012). Sex differences, gonadal hormones and the fear 

extinction network: Implications for anxiety disorders. Biology of Mood & Anxiety 

Disorders, 2(1), 3. https://doi.org/10.1186/2045-5380-2-3 

LeDoux, J. E. (1994). Emotion, Memory and the Brain. Scientific American, 8. 

LeDoux, J. E. (2000). Emotion Circuits in the Brain. Annual Review of Neuroscience, 23(1), 

155–184. https://doi.org/10.1146/annurev.neuro.23.1.155 

Litvin, Y., Blanchard, D. C., & Blanchard, R. J. (2007). Rat 22kHz ultrasonic vocalizations as 

alarm cries. Behavioural Brain Research, 182(2), 166–172. 

https://doi.org/10.1016/j.bbr.2006.11.038 

Lonsdorf, T. B., Haaker, J., Schümann, D., Sommer, T., Bayer, J., Brassen, S., Bunzeck, N., 

Gamer, M., & Kalisch, R. (2015). Sex differences in conditioned stimulus discrimination 

during context-dependent fear learning and its retrieval in humans: The role of biological 



 33 

sex, contraceptives and menstrual cycle phases. Journal of Psychiatry & Neuroscience : 

JPN, 40(6), 368–375. https://doi.org/10.1503/140336 

Maeng, L. Y., Cover, K. K., Taha, M. B., Landau, A. J., Milad, M. R., & Lebrón‐Milad, K. 

(2017). Estradiol shifts interactions between the infralimbic cortex and central amygdala 

to enhance fear extinction memory in female rats. Journal of Neuroscience Research, 

95(1–2), 163–175. https://doi.org/10.1002/jnr.23826 

McDonald, A. (2003). Amygdala. In Encyclopedia of the Neurological Sciences (pp. 124–127). 

Elsevier Science (USA). 

McDonald, A. J. (1998). Cortical pathways to the mammalian amygdala. Progress in 

Neurobiology, 55(3), 257–332. https://doi.org/10.1016/s0301-0082(98)00003-3 

Milad, M. R., Goldstein, J. M., Orr, S. P., Wedig, M. M., Klibanski, A., Pitman, R. K., & Rauch, 

S. L. (2006). Fear conditioning and extinction: Influence of sex and menstrual cycle in 

healthy humans. Behavioral Neuroscience, 120(6), 1196–1203. 

https://doi.org/10.1037/0735-7044.120.5.1196 

Monfils, M. H., Lee, H. J., Keller, N. E., Roquet, R. F., Quevedo, S., Agee, L., Cofresi, R., & 

Shumake, J. (2019). Predicting extinction phenotype to optimize fear reduction. 

Psychopharmacology, 236(1), 99–110. https://doi.org/10.1007/s00213-018-5005-6 

Norrholm, S. D., Jovanovic, T., Olin, I. W., Sands, L. A., Karapanou, I., Bradley, B., & Ressler, 

K. J. (2011). Fear Extinction in Traumatized Civilians with Posttraumatic Stress 

Disorder: Relation to Symptom Severity. Biological Psychiatry, 69(6), 556–563. 

https://doi.org/10.1016/j.biopsych.2010.09.013 



 34 

Norris, F. H. (1992). Epidemiology of trauma: Frequency and impact of different potentially 

traumatic events on different demographic groups. Journal of Consulting and Clinical 

Psychology, 60(3), 409–418. https://doi.org/10.1037//0022-006x.60.3.409 

Orr, S. P., Metzger, L. J., Lasko, N. B., Macklin, M. L., Peri, T., & Pitman, R. K. (2000). De 

novo conditioning in trauma-exposed individuals with and without posttraumatic stress 

disorder. Journal of Abnormal Psychology, 109(2), 290–298. 

https://doi.org/10.1037/0021-843X.109.2.290 

Peri, T., Ben-Shakhar, G., Orr, S. P., & Shalev, A. Y. (2000). Psychophysiologic assessment of 

aversive conditioning in posttraumatic stress disorder. Biological Psychiatry, 47(6), 512–

519. https://doi.org/10.1016/S0006-3223(99)00144-4 

Pietrzak, R. H., Goldstein, R. B., Southwick, S. M., & Grant, B. F. (2011). Prevalence and Axis I 

Comorbidity of Full and Partial Posttraumatic Stress Disorder in the United States: 

Results from Wave 2 of the National Epidemiologic Survey on Alcohol and Related 

Conditions. Journal of Anxiety Disorders, 25(3), 456–465. 

https://doi.org/10.1016/j.janxdis.2010.11.010 

Pitkänen, A., Pikkarainen, M., Nurminen, N., & Ylinen, A. (2000). Reciprocal connections 

between the amygdala and the hippocampal formation, perirhinal cortex, and postrhinal 

cortex in rat. A review. Annals of the New York Academy of Sciences, 911, 369–391. 

https://doi.org/10.1111/j.1749-6632.2000.tb06738.x 

Portfors, C. V. (2007). Types and Functions of Ultrasonic Vocalizations in Laboratory Rats and 

Mice. Journal of the American Association for Laboratory Animal Science, 46(1), 7. 



 35 

Ramikie, T. S., & Ressler, K. J. (2018). Mechanisms of Sex Differences in Fear and 

Posttraumatic Stress Disorder. Biological Psychiatry, 83(10), 876–885. 

https://doi.org/10.1016/j.biopsych.2017.11.016 

Rauch, S. L., Shin, L. M., Segal, E., Pitman, R. K., Carson, M. A., McMullin, K., Whalen, P. J., 

& Makris, N. (2003). Selectively reduced regional cortical volumes in post-traumatic 

stress disorder. Neuroreport, 14(7), 913–916. 

https://doi.org/10.1097/01.wnr.0000071767.24455.10 

Ross, D. A., Arbuckle, M. R., Travis, M. J., Dwyer, J. B., van Schalkwyk, G. I., & Ressler, K. J. 

(2017). An Integrated Neuroscience Perspective on Formulation and Treatment Planning 

for Posttraumatic Stress Disorder: An Educational Review. JAMA Psychiatry, 74(4), 407. 

https://doi.org/10.1001/jamapsychiatry.2016.3325 

Sangiamo, D. T., Warren, M. R., & Neunuebel, J. P. (2020). Ultrasonic signals associated with 

different types of social behavior of mice. Nature Neuroscience, 23(3), 411–422. 

https://doi.org/10.1038/s41593-020-0584-z 

Schwarting, R. K. W. (2018). Ultrasonic vocalization in female rats: A comparison among three 

outbred stocks from pups to adults. Physiology & Behavior, 196, 59–66. 

https://doi.org/10.1016/j.physbeh.2018.08.009 

Shalev, A., Liberzon, I., & Marmar, C. (2017). Post-Traumatic Stress Disorder. New England 

Journal of Medicine, 376(25), 2459–2469. https://doi.org/10.1056/NEJMra1612499 

Shansky, R. M. (2015). Sex differences in PTSD resilience and susceptibility: Challenges for 

animal models of fear learning. Neurobiology of Stress, 1, 60–65. 

https://doi.org/10.1016/j.ynstr.2014.09.005 



 36 

Shansky, R. M. (2020). Chapter 12 - Sex differences in amygdala structure and function: From 

rodents to humans. In J. H. Urban & J. A. Rosenkranz (Eds.), Handbook of Behavioral 

Neuroscience (Vol. 26, pp. 275–284). Elsevier. https://doi.org/10.1016/B978-0-12-

815134-1.00012-X 

Sharko, A. C., Fadel, J. R., Kaigler, K. F., & Wilson, M. A. (2017). Activation of 

orexin/hypocretin neurons is associated with individual differences in cued fear 

extinction. Physiology & Behavior, 178, 93–102. 

https://doi.org/10.1016/j.physbeh.2016.10.008 

Shin, L. M., Orr, S. P., Carson, M. A., Rauch, S. L., Macklin, M. L., Lasko, N. B., Peters, P. M., 

Metzger, L. J., Dougherty, D. D., Cannistraro, P. A., Alpert, N. M., Fischman, A. J., & 

Pitman, R. K. (2004). Regional Cerebral Blood Flow in the Amygdala and Medial 

PrefrontalCortex During Traumatic Imagery in Male and Female Vietnam Veterans With 

PTSD. Archives of General Psychiatry, 61(2), 168–176. 

https://doi.org/10.1001/archpsyc.61.2.168 

Shin, L. M., Rauch, S. L., & Pitman, R. K. (2006). Amygdala, Medial Prefrontal Cortex, and 

Hippocampal Function in PTSD. Annals of the New York Academy of Sciences, 1071(1), 

67–79. https://doi.org/10.1196/annals.1364.007 

Shumake, J., Furgeson-Moreira, S., & Monfils, M. H. (2014). Predictability and heritability of 

individual differences in fear learning. Animal Cognition, 17(5), 1207–1221. 

https://doi.org/10.1007/s10071-014-0752-1 

Shvil, E., Sullivan, G. M., Schafer, S., Markowitz, J. C., Campeas, M., Wager, T. D., Milad, M. 

R., & Neria, Y. (2014). Sex differences in extinction recall in posttraumatic stress 



 37 

disorder: A pilot fMRI study. Neurobiology of Learning and Memory, 113, 101–108. 

https://doi.org/10.1016/j.nlm.2014.02.003 

Sierra-Mercado, D., Padilla-Coreano, N., & Quirk, G. J. (2011). Dissociable Roles of Prelimbic 

and Infralimbic Cortices, Ventral Hippocampus, and Basolateral Amygdala in the 

Expression and Extinction of Conditioned Fear. Neuropsychopharmacology, 36(2), 529–

538. https://doi.org/10.1038/npp.2010.184 

Steimer, T. (2002). The biology of fear- and anxiety-related behaviors. Dialogues in Clinical 

Neuroscience, 4(3), 231–249. 

Tolin, D. F., & Foa, E. B. (2006). Sex differences in trauma and posttraumatic stress disorder: A 

quantitative review of 25 years of research. Psychological Bulletin, 132(6), 959–992. 

https://doi.org/10.1037/0033-2909.132.6.959 

VanElzakker, M. B., Kathryn Dahlgren, M., Caroline Davis, F., Dubois, S., & Shin, L. M. 

(2014). From Pavlov to PTSD: The extinction of conditioned fear in rodents, humans, 

and anxiety disorders. Neurobiology of Learning and Memory, 113, 3–18. 

https://doi.org/10.1016/j.nlm.2013.11.014 

Wignall, E. L., Dickson, J. M., Vaughan, P., Farrow, T. F. D., Wilkinson, I. D., Hunter, M. D., & 

Woodruff, P. W. R. (2004). Smaller hippocampal volume in patients with recent-onset 

posttraumatic stress disorder. Biological Psychiatry, 56(11), 832–836. 

https://doi.org/10.1016/j.biopsych.2004.09.015 

Wilson, M. A., Burghardt, P. R., Ford, K. A., Wilkinson, M. B., & Primeaux, S. D. (2004). 

Anxiolytic effects of diazepam and ethanol in two behavioral models: Comparison of 

males and females. Pharmacology Biochemistry and Behavior, 78(3), 445–458. 

https://doi.org/10.1016/j.pbb.2004.04.017 



 38 

Wilson, M. A., Mascagni, F., & McDonald, A. J. (2002). Sex differences in delta opioid receptor 

immunoreactivity in rat medial amygdala. Neuroscience Letters, 328(2), 160–164. 

https://doi.org/10.1016/s0304-3940(02)00481-0 

Wöhr, M., Borta, A., & Schwarting, R. K. W. (2005). Overt behavior and ultrasonic vocalization 

in a fear conditioning paradigm: A dose-response study in the rat. Neurobiology of 

Learning and Memory, 84(3), 228–240. https://doi.org/10.1016/j.nlm.2005.07.004 

Woodward, S. H., Kaloupek, D. G., Streeter, C. C., Martinez, C., Schaer, M., & Eliez, S. (2006). 

Decreased anterior cingulate volume in combat-related PTSD. Biological Psychiatry, 

59(7), 582–587. https://doi.org/10.1016/j.biopsych.2005.07.033 

Xu, C., Krabbe, S., Gründemann, J., Botta, P., Fadok, J. P., Osakada, F., Saur, D., Grewe, B. F., 

Schnitzer, M. J., Callaway, E. M., & Lüthi, A. (2016). Distinct Hippocampal Pathways 

Mediate Dissociable Roles of Context in Memory Retrieval. Cell, 167(4), 961-972.e16. 

https://doi.org/10.1016/j.cell.2016.09.051 

Yamasue, H., Kasai, K., Iwanami, A., Ohtani, T., Yamada, H., Abe, O., Kuroki, N., Fukuda, R., 

Tochigi, M., Furukawa, S., Sadamatsu, M., Sasaki, T., Aoki, S., Ohtomo, K., Asukai, N., 

& Kato, N. (2003). Voxel-based analysis of MRI reveals anterior cingulate gray-matter 

volume  reduction in posttraumatic stress disorder due to terrorism. Proceedings of the 

National Academy of Sciences of the United States of America, 100(15), 9039–9043. 

https://doi.org/10.1073/pnas.1530467100 

Zimmerman, J. M., & Maren, S. (2010). NMDA receptor antagonism in the basolateral but not 

central amygdala blocks the extinction of Pavlovian fear conditioning in rats. The 

European Journal of Neuroscience, 31(9), 1664–1670. https://doi.org/10.1111/j.1460-

9568.2010.07223.x 



 39 

Zorawski, M., Cook, C. A., Kuhn, C. M., & LaBar, K. S. (2005). Sex, stress, and fear: Individual 

differences in conditioned learning. Cognitive, Affective, & Behavioral Neuroscience, 

5(2), 191–201. https://doi.org/10.3758/CABN.5.2.191 

 

  



 40 

  

 

 

 

 

 

  

Figure 1. Examples of USV recordings on the spectrogram in UltraVox XT. These calls were 
recorded during fear learning. On the left half of the image, there are four 50 kHz USVs. The 
USVs closest to the top are at ~50 kHz, as is typically seen. The lower two calls are closer to 
~32 kHz, but due to their short duration and prior literature establishing an accepted range of 
32-70 kHz, they were categorized as 50 kHz calls. To the right is a 22 kHz USV; note its 
lower frequency and longer duration. 
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Figure 2. More examples of USV recordings on the spectrogram in UltraVox XT. The first 
five calls are the same as those in Figure 1. In this figure, a bout of five 22 kHz USVs is 
shown, followed by another 50 kHz USV. 
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Figure 3. Diagram illustrates Pavlovian fear conditioning paradigm as used in the present 
study. Data from day 1 and day 3 are presented in this paper. 
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Figure 4. Individual differences in freezing behavior during fear learning and fear extinction. 
During fear learning, there is no significant difference in percent freezing between ER and EC 
rats (Panel A). Arrows denote tones and lightning bolts denote shocks. Panel B shows 
freezing behavior during fear extinction. Rats were divided into EC and ER groups based on a 
median split of freezing during the last ten tone presentations. ER rats froze significantly 
more than EC rats throughout extinction, and both groups showed reductions in freezing over 
time. Arrows denote tone presentations, without shock. 
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  Figure 5. Individual differences in 22 and 50 kHz ultrasonic vocalizations during fear 
learning. There was no significant difference in the total number (Panel A) or total duration 
(Panel C) of 22 kHz calls between EC and ER rats during fear learning. Note the extremely 
low number of 22 kHz calls in Panel A. Panel B shows the total number of 50 kHz USVs 
during fear learning. EC rats produce significantly more 50 kHz USVs than ER rats during 
minutes 1, 2, 3, and 4, and in total throughout the trial. Panel D displays the total duration 
(msec) of 50 kHz calls during fear learning. EC rats had significantly longer 50 kHz call 
duration during minutes 1, 2, and 3, and in total throughout the trial. Arrows denote tones and 
lightning bolts denote shocks. * indicates p<0.05. 
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  Figure 6. Individual differences in 22 and 50 kHz ultrasonic vocalizations during extinction 
learning. There was no significant difference in the total number (Panel A) or duration (Panel 
C) of 22 kHz calls between EC and ER rats during extinction learning. Note the very low 
level of 22 kHz calls during extinction learning. Panel B shows the total number of 50 kHz 
USVs during extinction learning. EC rats produced significantly more 50 kHz calls than ER 
rats, and there is a main effect of time and time x ER/EC group interaction. One EC outlier 
was excluded. Panel D displays the total duration (msec) of 50 kHz calls during extinction 
learning. There is a main effect of time and time x ER/EC group interaction. One EC outlier 
was excluded. Arrows denote tone presentations, without shocks.  
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  Figure 7. Individual differences in 22 kHz USVs compared between fear learning and 
extinction learning trials. There were no significant differences in 22 kHz total call number 
(Panel A), total call duration (Panel C), average call duration (Panel D), or mean call 
amplitude (Panel E) between groups or trials. There was a significant difference in average 
peak frequency between fear learning trials and extinction learning trials, though there was no 
ER/EC difference (Panel B). * indicates p<0.05. 
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  Figure 8. Individual differences in 50 kHz USVs compared between fear learning and 
extinction learning trials. EC rats emitted a significantly higher number of 50 kHz calls 
compared to ER rats during both fear learning and extinction (Panel A). EC rats also had 
significantly longer total 50 kHz call duration compared to ER rats in both trials (Panel C). 
There were no significant differences in average peak frequency (Panel B), average call 
duration (Panel D), or mean call amplitude (Panel E) between groups or trials. * indicates 
p<0.05. 
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  Figure 9. Individual differences in 22 kHz USVs compared between fear learning and 
extinction trials when divided into periods of unconditioned freezing (first three minutes of 
each trial with no tone) and conditioned freezing (remainder of trial during tone/shock or tone 
alone presentations). There were no significant differences in total number of 22 kHz calls 
(Panels A and B) nor total call duration (Panels C and D) between groups, trials, or group x 
trial interaction in both periods of unconditioned vs. conditioned freezing. Despite n.s. results, 
note the difference in total duration between unconditioned and conditioned freezing (Panels 
C and D). 
 



 49 

 

Figure 10. Individual differences in 50 kHz USVs compared between fear learning and 
extinction trials when divided into periods of unconditioned freezing (first three minutes of 
each trial with no tone) and conditioned freezing (remainder of trial during tone/shock or tone 
alone presentations). During unconditioned freezing, EC rats emitted significantly more 50 
kHz calls than ER rats in both fear learning and extinction (Panel A) and had significantly 
longer total call duration in both trials (Panel C). During periods of conditioned freezing, EC 
rats produced a significantly higher number of 50 kHz calls compared to ER rats, and EC rats 
made more calls during extinction learning than they did during fear learning, and there is a 
significant group x trial interaction (Panel B). EC rats exhibited significantly longer call 
duration than ER rats in extinction learning trials (Panel D). * indicates p<0.05. 
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