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A B S T R A C T

Background: Only a small percentage of trauma-exposed subjects develop PTSD, with females being twice as
likely. Most rodent models focus on males and fail to account for inter-individual variability in females.
New method: We tested a behavioral PTSD model in female rats to distinguish between susceptible and resilient
individuals. In Experiment 1, female rats underwent footshocks paired with social isolation, a PTSD risk factor.
They were re-exposed to the conditioned context to test memory retention, and assessed in the Elevated Plus
Maze (EPM) and Social Interaction (SI) tests for anxiety and social behavior.
Results: Footshock-exposed rats showed fear memory retention up to 16 days, indicated by elevated freezing
behavior during re-exposure. They also exhibited reduced exploration in the EPM and less SI time compared to
controls. In Experiment 2, we classified rats into normal responders, susceptible, and resilient groups based on
locomotor activity after trauma, correlating with memory retention and anxiety.
Comparison with existing methods: Unlike existing models focused on males and lacking predictive variables before
trauma, our method identifies PTSD-like susceptibility and resilience in female rats by using exploratory
behavior as a predictor before trauma exposure.
Conclusions: Exploratory activity in a novel environment after trauma and before extinction is a reliable predictor
of PTSD-like phenotypes and differentiates between susceptible and resilient female rats.

1. Introduction

Women are twice more likely than men to meet diagnostic criteria
for stress-related disorders, including post-traumatic stress disorder
(PTSD), even when comparing the two sexes within the same trauma
(Breslau et al., 1999; Swaab and Bao, 2020). Combined neurobiological
and psychosocial factors such as genetic predisposition, hormonal in-
fluences, gender role and social context amplify female vulnerability to
develop PTSD (Christiansen and Berke, 2020). For example,
female-specific emotion-based coping strategies have been proposed to
encourage PTSD development (Buchholz et al., 2016; Li et al., 2006). To
increase this complexity, PTSD arises with partially different symptom
patterns in the two sexes; females, for instance, suffer more
re-experiencing and avoidance symptoms, as well as anxious and
dysphoric arousal (Birkeland, 2017; Fullerton et al., 2001). Other
female-specific symptoms, such as dissociation, depend on type, timing

and duration of the trauma (Andersen et al., 2008). Rodent studies
recapitulated some core sex-differences of PTSD symptoms, showing a
female bias towards internalizing and depressive symptoms (e.g.
reduced sucrose preference), while males tend to display externalizing
symptoms (e.g. hyper-responsive phenotype) (Pooley et al., 2018).
Moreover, conditioned fear responses have been shown to be neuro-
modulated in a sex-specific manner (Huckleberry et al., 2023; Morena
et al., 2021). However, some sex-related differences in response to stress
seem to be species-dependent (Schaack et al., 2021) and, even within the
same species, some inconsistencies remain. For example, if considering
the effects of stress on social behavior in female rats, some studies show
reduced social interaction (Moussa-Tooks et al., 2020; Graf et al., 2023)
while others report no difference (Klinger et al., 2019). There might be
multiple reasons underlying those discrepancies, including the age of the
animal at the time of stress or the behavioral endpoint measured. Also
the type of stressor might affect stress responses in a sex-dependent
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manner. For example, footshock-exposed female rats display reduced
anxiety-liked behavior in a conflict-based test to obtain food, relative to
males (Emtyazi et al., 2022), but increased anxiety in response to a
milder stressor (Adamec et al., 2006). Single prolonged stress leads to
different long-term PTSD-relevant effects between male and female rats,
the former reporting increased anxiety and acoustic startle response as
well as impaired spatial memory retention, while the latter manifesting
altered fear extinction retrieval (Mancini et al., 2021). Despite all this
evidence, historically preclinical researchers have displayed a bias to-
wards utilizing only one sex, typically males, while extrapolating the
results to both sexes. There is a need for laboratory animal models of
PTSD specifically developed and tested in females, to better understand
the mechanism underlying the disease and capture between-sex
variability.

When studying the evolution of PTSD in the female population, also
intra group variability has to be considered. According to the WHO, on
average only 5.6 % of trauma-exposed subjects develop PTSD, with this
rate changing according to several socio-cultural factors (Koenen et al.,
2017). Given that the factors contributing to resilience and vulnerability
are probably distinct in the two sexes (Shansky, 2015), rather than only
comparing males vs females it might be more advantageous to employ
models that examine response variability within each sex. Despite the
efforts of the scientific community have progressively shifted towards
the understanding of within-group individual differences (Blount et al.,
2023; Gonzalez et al., 2021), the comprehension of the neurobiological
factors contributing to female vulnerability in developing PTSD is still
limited and requires further studies.

We have previously implemented a paradigm encompassing both
cognitive and affective features of PTSD, mimicking some of the core
symptoms observed in human pathology. In particular, footshock
exposed, socially isolated male rats show an increased retention of the
stressful experience which persists long after stress exposure, reduced
Social Interaction (SI) and reduced exploration, but not increased anx-
iety, in the Elevated-Plus-Maze test (EPM) (Berardi et al., 2014). This
animal model was then applied to identify male rats who are susceptible
or resilient to develop PTSD-associated features. We indeed found a
predictive variable (i.e. exploratory activity in a novel environment after
trauma) that robustly differentiates, before any extinction learning,
between susceptible (SUS) and resilient (RES) male rats with respect to
impaired extinction of stress-associated memory and social deficits
(Colucci et al., 2020).

The current study set out to establish an analogue method to assess
the development of PTSD-like symptomatology in female rats. We first
wanted to assess whether the PTSD model previously developed in male
rats is able to replicate PTSD-like cognitive and affective alterations in
female rats; we then sought to determine whether exploratory activity
after trauma predicts susceptibility and resilience to develop PTSD-like
symptoms in female rats. In Experiment 1, we tested footshock exposed
and unexposed rats for the retention of the stress-associated memory,
anxiety level and social interaction. In Experiment 2, we checked in a
different cohort of rats whether exploratory activity after footshock
exposure would predict long term PTSD-induced alterations in the
cognitive, affective and social domain.

2. Materials and methods

2.1. Animal care and use

Adult female Sprague-Dawley rats were used (250–300 g, ~12–13
weeks, at the time of testing. Charles River Laboratories, Calco, Italy).
Rats were kept in an air-conditioned colony room (temperature: 21 ±

1◦C; lights on from 07:00 AM to 7:00 PM) with food and water ad libitum.
Animals were single housed 2 days prior to behavioral tests until the end
of experiments. We have previously shown that social isolation is
necessary for the development of long-lasting emotional distress upon
exposure to a traumatic event (Berardi et al., 2014). All the behavioral

tests were performed during the light phase of the cycle. The animal
protocol was approved by the Italian Ministry of Health (authorization
number: D6507.17). All procedures involving living animals were per-
formed in compliance with the ARRIVE guidelines, the Directive
2010/63/EU of the European Parliament, and the D.L. 26/2014 of
Italian Ministry of Health.

2.2. Behavioral procedures and equipment

All the behavioral procedures were previously described (Berardi
et al., 2014; Colucci et al., 2020; Morena et al., 2018; Riccardi et al.,
2024). Habituation, trauma exposure, extinction sessions and extinction
retention test were carried out in a metal trough-shaped apparatus
(60 cm long, 15 cm deep, 20 cm wide at the top, 6.4 cm wide at the
bottom) connected to a shocker.

The experiments were conducted under dim light conditions (be-
tween 3 and 10 lux on the apparatus). All the experimental sessions were
video-recorded and scored by well-trained researchers blind to experi-
mental conditions. After each session, fecal boli were removed and the
apparatus was cleaned with a 70 % ethanol solution.

2.2.1. Habituation
Rats were individually taken from the home-cage and placed in the

apparatus for 5 min, after which they were returned to their home-cages.

2.2.2. Exposure
Rats were individually placed in the apparatus for 6 min and, after

the first 2 min, 5 footshocks (2 s, 0.8 mA) were delivered at random
intervals. After the last footshock, rats were left in the apparatus for 60 s
to facilitate the association between the context and the aversive stim-
ulus. Unexposed rats of Experiment 1 did not receive any footshock
during the exposure session.

2.2.3. Open Field Test
The Open Field (OF) test was carried out in a black Plexiglas arena

(80 × 80 × 60 cm). Each rat was individually placed into the center of
the arena and left free to explore it for 15 min. The total distance trav-
eled (cm) by each rat and the time spent in the center of the arena were
measured as indexes of locomotor activity and anxiety, respectively.
Video acquisition and analysis were obtained through an automated
video tracking system (Smart, Panlab, Harvard Apparatus).

2.2.4. Extinction sessions and Extinction Retention test
During all extinction sessions (day 7, 10 and 13 after trauma) and

during extinction retention test (day 16 after trauma) animals were re-
exposed for 10 min to the experimental apparatus, in the absence of
the aversive event. Contextual freezing behavior was evaluated at each
session and considered an index of impaired extinction. Freezing
behavior is defined as the suppression of all movement except that
required for respiration and is a species-specific defense reaction (Curti,
1942, 1935).

2.2.5. Social Interaction test
The SI test was conducted in a quadrangular arena (40 × 40 × 60 cm)

of transparent Plexiglas; the floor of the arena was covered by 4 cm of
clean bedding. Unfamiliar rats (rats that had never been housed in the
same cage) were randomly assigned to couples, made by rats in the same
trauma condition (exposed vs exposed; unexposed vs unexposed). Each
couple of rats was placed into the center of the arena and left free to
interact for 10 min, after which they returned to their home cages. Time
spent in social interaction was manually scored. Social interaction time
was considered as the sum of the following social behaviors: sniffing (in
any part of the other’s body at a distance lower or equal to 1 cm),
pinning (the rotation of one rat to its dorsal surface after receiving a
pounce from the other), pouncing (one rat nosing or rubbing the nape of
the neck of the other), crawling over (one rat passing over the back of the
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other), following (one rat following the direction of the other), boxing
(both rats standing on the hind legs in front of each other moving the
forepaws).

2.2.6. Elevated Plus Maze test
The EPM was made by a central platform (10 ×10 cm), two opposed

open arms (50 ×10 cm) and two opposed closed arms (50 × 10 ×

40 cm). The illumination was set at ~5.5 lux in the closed arms and ~10
lux at the open arms. The floor consisted of black Plexiglas while the
walls were of transparent Plexiglas. The apparatus was 60 cm high from
the floor level. Each rat was individually placed in the central platform
of the apparatus facing one of the closed arms. The rat was free to
explore all the four arms of the apparatus. The session lasted 5 min, after
which rats were returned to their home cages. We measured anxiety-
related behaviors and locomotor activity, including the number of en-
tries into the open and closed arms, the time spent in the open and closed
arms, the anxiety index, and the latency to the first entry into an open
arm, as well as risk assessment behaviors such as the number of
Stretched-Attend Postures (SAPs; characterized by a forward extension
of the body while the hindquarters remain stationary, followed by a
retraction to the original position, a risk-assessment behavior, indicating
a cautious exploration of the environment and a potential intermediate
state between anxiety and curiosity) and the number of Head Dippings
(Head Dips; the acts of a rodent lowering its head over the edges of the
open arms, and interpreted as an exploratory behavior that reflects
reduced anxiety).

2.3. Experimental timeline

A graphical representation of the timeline of Experiment 1 and 2 is
shown in Fig. 1.

2.4. Statistical analysis

Statistical analysis was performed using GraphPad Prism version
8.4.2 (GraphPad Software, Boston, Massachusetts USA). Percentage of
time spent freezing was measured during all the re-exposures (Day 7, 10,
13 and 16). Two-way repeated measures ANOVA was used, with Con-
dition or Phenotype as between-subject variable and Day as repeated
measure. In the EPM test, anxiety index was calculated as Cohen et al.
(2013). with the following formula: 1-[(time in open arms/test

duration)+(number of open arm entries/total number of entries)/2]. In
the SI test, social interaction time was the sum of characteristic rats’
social behaviors (sniffing, crawling over, pouncing, pinning, boxing,
following). The number of open or closed arm entries, the time spent in
the open or closed arm, the number of SAPs, the number of Head Dips,
the anxiety index, the latency to first entry of an open arm of the EPM
and SI time were compared between footshock exposed and unexposed
rats with Unpaired t-test. The same measures were compared between
normal responders (NR), SUS and RES rats with One-Way ANOVA.
Post-hoc Sidak’s or Tukey’s multiple comparisons were used when
appropriate, to compare among days or between condition/phenotype.
For correlation analysis, Pearson’s correlation was performed, R coef-
ficient and relative p value were evaluated and a good correlation was
considered when R≥0.35 and p < 0.05. Data are illustrated as mean +/-
SEM and circles corresponds to single animals. The number of animals
per group is indicated in the figure legends.

3. Results

3.1. Experiment 1

3.1.1. Exposure to footshocks paired with social isolation induces PTSD-like
alterations in female rats

We first examined the retention of the stressful experience by eval-
uating freezing during extinction sessions in footshock-exposed vs un-
exposed animals. Two-way repeated measures ANOVA revealed a
significant main effect of condition (F(1, 28) = 50.4, p < 0.001), of day
(F(3, 84) = 16.7, p < 0.001) and a significant interaction between the two
(F(3, 84) = 6.90, p = 0.001). Post-hoc multiple comparisons showed that
exposed rats spent more time freezing, relative to unexposed rats, during
all the extinction days and during the extinction retention test (all ps <

0.001 Fig. 2a). Moreover, while levels of freezing where stable in un-
exposed rats (day 7 vs day 10, 13 and 16, all ps>0.05), trauma-exposed
rats decreased freezing over the extinction sessions (day 7 vs day 10, p =

0.003; vs day 13, p < 0.001; vs day 16, p < 0.001 Fig. 2a).
To investigate whether the increased retention of the traumatic

memory in footshock-exposed rats was associated with emotional al-
terations, we performed the EPM and SI tests and compared exposed and
unexposed rats. In the EPM, we found no significant difference between
groups neither in the number of open-arm entries (t(28) = 1.347, p =

0.189 Fig. 2b) nor in the time spent in the open arms (t(28) = 0.040, p =

Fig. 1. Experimental timelines. Graphical representation of the behavioral procedures conducted during Experiment 1 and Experiment 2. Experiment 1 compared
footshock-exposed and unexposed female rats. Experiment 2 aimed at finding a predictive variable of susceptibility and resilience to PTSD-like symptomatology,
therefore included screening experiments conducted after trauma and before re-exposures.
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Fig. 2. Trauma-exposed, socially isolated female rats showed cognitive and emotional alterations ascribable to PTSD-like phenotype. Rats previously exposed to a
series of unpredictable foot-shocks spent more time freezing, relative to non-exposed rats, during all the extinction sessions (Day 7, 10, 13) and during the extinction
retention test (Day 16). Only trauma-exposed rats decreased freezing over extinction sessions (a). In the Elevated Plus Maze Test, trauma-exposed rats showed similar
number of entries (b) and time spent (c) in the open arms. No difference between exposed and unexposed rats was found in the anxiety index (d). Unexposed rats
made more entries in the closed arms (e), despite no difference in the time spent there (f). No difference between groups was found in the number of risk-taking
behaviors, such as head dips (g) and stretched-attend postures (SAPs) (h), nor in the latency to enter the open arm of the maze (i). No difference in social inter-
action time was found between trauma-exposed and unexposed rats (j), although when couples were made by rats in the opposite trauma condition (exposed vs
unexposed), unexposed rats spent more time interacting with the conspecific (k). Unexposed, N = 15; Exposed, N = 15. *, **, **** p < 0.05, 0.01, < 0.0001 exposed
vs unexposed. ##, ### p < 0.01, 0.001 vs Day 7. N = 30.
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0.969 Fig. 2c). This indicates that exposed animals did not show a clear
anxious profile in this task, as confirmed by no difference between
groups in the anxiety index (t(28) = 0.366, p = 0.717 Fig. 2d). Inter-
estingly, exposed rats made significantly less entries in the closed arms,
an index of locomotor activity (t(28) = 2.984, p = 0.006 Fig. 2e) (Rodgers
et al., 1997). However, the total time spent in the closed arms was not
different between exposed and unexposed rats (t(28) = 0.052, p = 0.959
Fig. 2f). No significant differences were found in risk assessment mea-
sures such as head-dips (t(28) = 0.521, p = 0.607 Fig. 2g) and
stretched-attend postures (SAPs; t(28) = 1.668, p = 0.106 Fig. 2h), nor in
the latency to enter the open arm of the maze (t(28) = 0.865, p = 0.395
Fig. 2i), a measure of aversion and avoidance (Gapp et al., 2014).

In the social interaction test, we found no statistical difference be-
tween the two groups, despite a tendency of trauma-exposed rats to
spend less time exploring the conspecific, relative to unexposed rats
(t(28) = 1.840, p = 0.076 Fig. 2j). To fully capture the difference between
the two conditions, we then decided to isolate the social interactions of
the pairs made by a trauma-exposed vs an unexposed rat, and found a
significant reduction in social interaction time in trauma-exposed rats
(t(16) = 2.683, p = 0.016 Fig. 2k).

3.2. Experiment 2

3.2.1. Identification of exploratory activity as a predictive variable to
identify resilient and susceptible female rats towards a PTSD-like phenotype

We previously described a PTSD model that distinguishes between
high responders (SUS) and low responders (RES) male rats in terms of
impaired extinction of trauma-related memory. In the present experi-
ment, we aimed at exploring whether the exploratory activity in the OF
performed 5 days after trauma exposure was a predictive variable for
SUS and RES phenotypes in female rats, similarly to what we already
showed in male rats (Colucci et al., 2020). Consistently with males, we
found a significant negative correlation between the exploratory activity
(i.e. total distance traveled) in the OF and rats’ freezing behavior during
all the extinction sessions (Day 7, R = -0.425, p < 0.001; Day 10, R =

-0.517, p < 0.001; Day 13, R = -0.467, p < 0.001) and during extinction
retention test (Day 16, R = -0.454, p < 0.001) (Fig. 3a–d). In other
words, the less the OF arena was explored, the less more
over-consolidation and impaired extinction learning was observed in
our PTSD model.

Although in Experiment 1 we found no difference in anxiety level in
the EPM, visual inspection suggested a robust inter-group variability in
trauma-exposed rats (Fig. 2b–d, red bars and dots). Therefore, we
decided to explore whether the trauma-exposed group would contain
two different populations that might be ascribable to resilient and sus-
ceptible rats to develop PTSD-like symptoms. As we found that explor-
atory activity in the OF after trauma predicts freezing during extinctions,
we explored whether it would predict also the number of open-arm
entries (index of anxiety) in the EPM performed 18 days after trauma.
We found a significant positive correlation between the total distance
traveled in the OF and the number of entries in the open arms of the
maze (R = 0.578, p < 0.001. Fig. 4a).

In male rats we previously found that exploratory activity after
trauma predicted trauma-induced social impairments, with a positive
correlation between the total distance traveled in the OF (Day 5 post
trauma) and the time spent in social interaction during SI test (Day 19
post trauma) (Colucci et al., 2020). Here, we repeated the same analysis
in females but no significant correlation was found (R = 0.058, p =

0.677. Fig. 4b).

3.2.2. Other candidate predictive variables
In our previous study we looked for more predictors of SUS and RES

phenotypes other than the distance traveled in the OF, finding that
neither the time spent in the center of the arena during OF (index of
anxiety-like behavior) nor the time spent in social interaction short after
trauma (Day 6) were predictive variables (Colucci et al., 2020). Simi-
larly, we confirmed no significant correlations between the time spent in
the center of the arena and impaired extinction or anxiety measured in
the EPM (Time center vs Extinctions. Day 7: R = -0.124, p = 0.574; Day
16: R = -0.285, p = 0.187. Supplementary Fig. 1a-b. Time center vs open
arm entries, R = 0.048, p = 0. 828. Supplementary Fig. 1c). Also, no
correlations were found between time spent in social interaction and
impaired extinction or anxiety level (Social interaction vs Extinctions.
Day 7: R = -0.015, p = 0.947; Day 16, R = -0.035, p = 0.874. Social
interaction vs open-arm entries. R = -0.397, p = 0.061. Supplementary
Fig. 1f).

To summarize, we showed in female rats that exploratory activity
after trauma was a predictive variable of both cognitive (impaired
extinction) and affective (increased anxiety-like behavior) features of
PTSD, the latter being able to be captured by our PTSD model, in
contrast to what previously observed in males. However, exploratory
activity was not a predictive variable of PTSD-associated alterations in
the social domain. Other variables such as time spent in the center of the
OF arena and social interaction did not predict PTSD-like cognitive and
affective symptoms.

3.2.3. Female rats’ classification according to their exploratory activity
after trauma revealed PTSD-like phenotype

We divided the group of rats according to the distribution of the
exploratory activity during the OF Test performed 5 days after trauma.
In particular, every rat that scored below the lower limit of the distri-
bution (25th percentile) or above the upper limit (75th percentile) was
considered SUS or RES, respectively. Rats that scored between the 25th
and 75th percentile were considered Normal Responders (NR) (Fig. 5a).
We then analyzed the freezing behavior of the three experimental
groups (SUS, RES and NR) across extinction sessions (Days 7, 10, 13) and
at extinction retention test (Day 16 post trauma). Two-way RM ANOVA
revealed a main effect of phenotype (F(2,51) = 8.71, p < 0.001), a main
effect of Day (F(3, 153) = 50.6, p < 0.001) but no significant interaction
(F(6,153) = 0.543, p = 0.775, Fig. 5b). Sidak’s multiple comparisons
showed increased freezing behavior by SUS, compared to RES, across all
the extinction sessions (Day 7: p < 0.001; Day 10: p = 0.002; Day 13: p <

0.001) and at extinction retention test (Day 16: p = 0.021). Moreover,
SUS group showed increased freezing behavior with respect to NR group

Fig. 3. Exploratory activity after trauma is a predictive variable to identify resilient and susceptible female rats towards impaired extinction of traumatic memory.
Total distance traveled in the Open Field test performed 5 days after trauma exposure significantly correlated with time spent freezing during re-exposures performed
7 (a), 10 (b), 13 (c) and 16 days (d) after trauma, indexes of impaired extinction of the traumatic experience. N = 54.
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at extinction Day 13 (p = 0.016) and a strong tendency towards sig-
nificance at extinction retention test (Day 16, p = 0.069).

When we analyzed anxiety-related behavior during EPM (18 days
post trauma) by dividing the rats in NR, RES and SUS, one-way ANOVA
revealed a significant difference between the three groups in the number
of entries and time spent in the open arms of the maze (entries: F(2,51) =

16.67, p < 0.001. time: F(2,51) = 5.911, p = 0.005). In particular, RES
group showed reduced anxiety (increased number of open arm entries)
as compared to both NR (p = 0.001) and SUS group (p < 0.001); SUS rats
showed instead a reduced number of open-arm entries (i.e. increased
anxiety) relative to NR rats (p = 0.018). RES rats spent more time in the
open arms compared to both NR (p = 0.017) and SUS rats (p = 0.007),
while no difference was observed between SUS and NR rats (p = 0.703
Fig. 5c-d). Consistently, anxiety index was reduced in RES rats compared
to both NR and SUS rats (One-way ANOVA. F(2,51) = 0.302, p = 0.007.
Tukey’s: RES vs NR, p = 0.018; RES vs SUS, p = 0.009) (Fig. 5e).

When we analyzed an index of locomotor activity (the number of
entries in the closed arms of the maze), we saw that NR and RES groups
were not different, however SUS rats showed a reduced number of
closed-arm entries as compared to both NR (p = 0.004) and RES (p <

0.001. Fig. 5f). However, RES rats spent less time in the closed arms
relative to both NR (p = 0.02) and SUS (p = 0.189) rats, suggesting an
exploratory profile, while no difference was registered between SUS and
NR rats (p = 0.913) (Fig. 5g). We also checked the number of head-dips
and SAPs made during the EPM test and found an increased number of
head-dips in RES rats as compared to both NR and SUS (One-way
ANOVA: F(2, 51) = 6.216; p = 0.004. Tukey’s multiple comparisons:
RES vs NR, p = 0.015; RES vs SUS, p = 0.005; SUS vs NR, p = 0.664.
Fig. 5h), indicating reduced anxiety of RES rats; the number of SAPs was
not different between groups (One-way ANOVA: F(2, 51) = 0.373; p =

0.691. Fig. 5i). The reduced anxiety of RES rats was reflected by a
reduced latency to the first open arm entry, relative to SUS (One-way
ANOVA: F(2, 51) = 4.173; p = 0.021. Tukey’s: RES vs SUS, p = 0.016. All
other ps > 0.1 Fig. 5j).

We also analyzed the SI test (19 days after trauma exposure) by
segregating the animals in NR, SUS and RES, but found no difference
among the three groups in the time spent interacting with a conspecific
(one-way ANOVA: F(2, 51) = 1.139, p = 0.328. Fig. 5k).

In summary, NR, RES and SUS female rats manifested different
patterns of extinction of trauma-associated memory and different anxi-
ety levels, but they were similar in terms of social interaction.

4. Discussion

In the present study we established, in female rats, a PTSD-like
paradigm previously developed by our laboratory in male rats.

Consistently with males, exposure to a series of inescapable footshocks
paired with social isolation is able to induce a persistent memory of
trauma-associated context, together with long-lasting social withdrawal.
In addition, exploratory activity after trauma is a reliable predictive
variable to screen PTSD-like susceptibility (and resilience) shortly after
trauma and before any extinction session.

In Experiment 1, we observed that trauma-exposed rats, although
manifested a trend of decreasing freezing behavior over extinction ses-
sions, maintained elevated fear responses when placed in the trauma-
associated context compared to unexposed rats, indicating that the
extinction process is impaired. This is not surprising, as impaired fear
extinction (particularly for trauma-related stimuli) is one of the hall-
marks of PTSD. Interestingly, PTSD patients also present an impairment
in general learning and memory capabilities (Sep et al., 2023). Whether
our PTSD model also affects learning and memory of neutral stimuli is
not known and should be object of future investigations. In Experiment
2, different extinction patterns characterized susceptible and resilient
rats identified through exploratory activity after trauma. The two groups
are segregated in terms of freezing behavior already at the first
re-exposure to the traumatic context, suggesting exacerbated consoli-
dation and excessive retrieval of the traumatic memory, and throughout
the extinction sessions never reached freezing levels similar to resilient
rats, suggesting impaired fear extinction.

The EPM is widely used to identify anxiety-related behavior in ro-
dents; it is based on the physiological conflict between the exploration of
a novel environment and its aversive characteristics (Pellow et al., 1985;
File et al., 2004). Within this paradigm, it is also possible to analyze
some measures of risk assessment such as head dipping and SAPs which
are considered selective indices of anxiety (Weiss et al., 1998). These
ethological measures are often used to strengthen the readout related to
the emotional dimension of the task over the locomotor component. We
previously showed that male rats exposed to footshocks made less en-
tries in the closed arms of the EPM compared to non-exposed rats;
however, the EPM failed to reveal a classical anxious-like profile in male
exposed rats (Berardi et al., 2014). Here we obtained similar results; in
particular, we found no difference between footshock exposed and un-
exposed female rats in traditional anxiety indicators of the EPM (number
of entries and time spent in the open arms), in the above-mentioned risk
assessment measures and in the latency to the first entry in an open arm
of the maze, which is a further indicator of the willingness of the animal
to approach a potential danger (Gapp et al., 2014). Traditionally, the
number of entries in the closed arms of the maze has been proposed as a
measure of locomotion (Rodgers et al., 1997; Wall, 2001; Filgueiras
et al., 2014). Reduced locomotor activity in footshock exposed rats is
consistent with previous reports of hypoactivity after an inescapable
series of footshocks (Van Dijken et al., 1992) and after contextual fear

Fig. 4. Exploratory activity after trauma predicts anxiety but not social behavior. (a) Total distance traveled in the Open Field test (performed 5 days after trauma
exposure) significantly correlated with the number of entries in the open arms of the Elevated Plus Maze (18 days after trauma), indicating that exploratory activity
after trauma is a predictive variable of anxiety after trauma exposure. (b) Total distance traveled in the Open Field test did not correlate with time spent interacting
with a conspecific during the Social Interaction test (performed 19 days after trauma exposure).
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conditioning (Daviu et al., 2010); therefore, reduced locomotion of
footshock exposed rats in the apparatus might be the cause of the un-
suitability of the task in reporting increased anxiety in our PTSD rat
model. Considering that increased anxiety in females, compared to
males, is a hallmark of PTSD (Birkeland, 2017), we still decided to
investigate anxiety levels in our screened subpopulations of female rats,
while this was not previously analysed in male NR, SUS and RES rats.
Interestingly, when screening females in NR, SUS and RES, we found
increased open-arm entries (i.e. reduced anxiety) by RES rats. Therefore,
it can be hypothesized that in the first experiment the footshock exposed
population not screened for the three phenotypes is representative of
different degrees of anxiety which, as a mean, could not be detected. SUS
rats also manifested reduced entries in the closed arms of the apparatus
(i.e. reduced exploration) compared to both normal responders and
resilient rats; it can be speculated that SUS rats might have generalised
their hyper-responsiveness to stress, thus reducing their activity in a
different stressful situation such as the EPM., Interestingly, resilient rats
showed reduced time spent in the closed arms of the apparatus
compared to the other two groups, as well as increased risk-taking
behavior (i.e. number of head dips) and reduced latency to first open
arm entry, further supporting the evidence of reduced anxiety of this
phenotype.

Social abilities are compromised in PTSD patients due to the cogni-
tive and emotional symptoms characterising the disease (Couette et al.,
2020). For example, negative assumptions about the self /the others and
negative emotions easily generate social withdrawal, altering the pre-
disposition towards the others (Kashdan et al., 2009; LaMotte et al.,
2017). In our PTSD model we previously found that male rats exposed to
footshocks manifest reduced social interaction compared to
non-footshock exposed rats (Berardi et al., 2014). In the present study,
when we analysed all the couples that underwent the test, we did not
find the difference in social interaction between exposed and unexposed
rats that we previously observed in male rats. Interestingly, when we
analysed the behaviour of the couples made by a footshock-exposed and
an unexposed female rat, footshock-exposed rats presented reduced
level of social interaction. It is possible to hypothesize that social dy-
namics established between rats in different conditions (trauma expo-
sure vs absence of trauma) during the 10-min social interaction test
would reveal or even exacerbate the social impairments associated with
a PTSD-like phenotype. Manifestations of social dominance, for
example, have been found in female rats, in particular in for the
competition of resources such as the territory (Fulenwider et al., 2022).
When in Experiment 2 we segregated rats in normal responders, resilient
and susceptible, we did not find any difference in social interaction time
after trauma, in contrast with well-established poor interpersonal
functioning observed in people with PTSD (Olatunji et al., 2007) and
with our previous study conducted in males reporting increased social
interaction time of RES rats compared to SUS and NR (Colucci et al.,
2020). While there is extensive literature characterising arousal and
anxiety in PTSD susceptible and resilient rodents (Alexander et al., 2019;
Toledano and Gisquet-Verrier, 2014; Shanazz et al., 2023; Nalloor et al.,
2011), much less is known about their social profile. Females and males

show differences in post-trauma coping strategies (Tolin and Foa, 2006).
The reason why resilience to develop PTSD proves differently between
males and females in the social domain is an important issue for future
research. Giving that social impairments characterising individuals with
PTSD have been defined under the umbrella of higher-order social be-
haviors (i.e. social cognition) (Janssen et al., 2022), further experiments
will investigate other social domains beyond social interaction. How-
ever, since arousal is a core symptom of PTSD and is frequently assessed
through the acoustic startle response in PTSD-like experimental para-
digms (Mancini et al., 2021; Ganon-Elazar and Akirav, 2012; Fidelman
et al., 2018), future studies may explore this aspect within our model,
examining both male and female subjects. Furthermore, symptoms in
the affective domain (as assessed by the SI and EPM) were measured
after repeated extinctions of the fear memory; further experiments
should assess these symptoms prior to extinction training, to check for
potential pre-trauma differences.

A limitation of the present study is the lack of assessment of the
estrous cycle in female animals. However, this choice was made to
maximize the translational relevance of our findings, as patients with
active estrous cycles can experience trauma and develop PTSD at any
phase of the cycle. Restricting the analysis to specific estrous phases
would have reduced this translational applicability.

To summarize, after demonstrating that the PTSD model previously
developed in our lab in male rats presents translational value also in
female rats, we found that exploratory activity soon after trauma and
before any extinction session is a stable predictive variable to identify
subsequent susceptibility and resilience to the development of PTSD-like
symptoms in female rats, similarly to what already proven by our lab-
oratory in male rats. In particular, correlation analysis revealed a
negative association between this variable and long-term cognitive and
affective alterations of animals who develop PTSD-like symptoms (over-
consolidation, impaired extinction, increased anxiety), as measured by
freezing behaviour during re-exposures to the traumatic context in the
absence of trauma (i.e. extinction sessions) and by the propensity to
explore a potentially dangerous environment during the Elevated Plus
Maze test. Rats screened in SUS, RES and NR according to our predictive
variable are well-segregated, manifesting clear and stable differences in
the above-mentioned domains which are known to be severely affected
in PTSD.

The female population is severely afflicted by PTSD, with more
chronic and debilitating symptoms, and more comorbidities than males
(Kilpatrick et al., 2013). Developing behavioral models of PTSD on male
animals only constitutes an obstacle to the understanding of the un-
derlaying mechanisms and, eventually, to the progress of precision
medicine for PTSD (Akiki and Abdallah, 2018).
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NR and RES. RES rats displayed reduced freezing behavior compared to SUS, across all the three extinction sessions and at extinction retention test. SUS rats also
showed increased freezing with respect to NR rats at the extinction session performed 13 days after trauma. RES and NR rats were not statistically different across all
the time points. (c) RES rats made an increased number of entries in the open arms, compared to both NR and SUS rats; SUS rats showed the opposite pattern, with
reduced entries relative to NR rats. (d) RES rats spent more time in the open arms compared to both NR and SUS rats. No difference between NR and SUS rats was
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