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Abstract

In recent years, research has progressively increased the importance of considering sex differences in stress and
fear memory studies. Many studies have traditionally focused on male subjects, potentially overlooking critical
differences with females. Emerging evidence suggests that males and females can exhibit distinct behavioral and
neurophysiological responses to stress and fear conditioning. These differences may be attributable to variations

in hormone levels, brain structure, and neural circuitry, particularly in regions such as the prefrontal cortex (PFQ).

In the present study, we explored sex differences in prelimbic cortex (PL) calcium activity in animals submitted to
immobilization stress (IMO), fear conditioning (FC), and fear extinction (FE). While no significant sex differences were
found in behavioral responses, we did observe differences in several PL calcium activity parameters. To determine
whether these results were related to behaviors beyond stress and fear memory, we conducted correlation studies
between the movement of the animals and PL activity during IMO and freezing behavior during FC and FE. Our
findings revealed a clear correlation between PL calcium activity with movement during stress exposure and
freezing behavior, with no sex differences observed in these correlations. These results suggest a significant role
for the PL in movement and locomotion, in addition to its involvement in fear-related processes. The inclusion of
both female and male subjects is crucial for studies like this to fully understand the role of the PFC and other brain
areas in stress and fear responses. Recognizing sex differences enhances our comprehension of brain function

and can lead to more personalized and effective approaches in the study and treatment of stress and fear-related
conditions.

Plain English summary

In recent years, researchers have started paying more attention to the differences between males and females in
how they handle stress and remember fearful events. Traditionally, many studies focused mainly on males, which
might have missed important differences in females. New findings seem to suggest that males and females can
respond differently to stress and fear due to differences in hormone levels, brain structure, and brain circuits,
especially in the prefrontal cortex (PFC).
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In this study, we looked at how male and female animals' brains reacted to being restrained, experiencing
a strong trauma, and then trying to learn a new fearful memory. While their behaviors didn't show significant
differences between sexes, their brain activities did. We found that the prelimbic area of the brain shows calcium
activity linked to the animals’ movements during stress and their freezing behavior during fear-related tests.

These results show that the PL is involved in both movement and fear responses. Including both male and
female subjects in such studies is vital to fully understand how the prefrontal cortex and other brain areas work in
stress and fear situations. Recognizing these differences helps improve our understanding of brain function and can
lead to better, more personalized treatments for stress and fear-related conditions.

Highlights

- Sex differences were found in the animals’ calcium activity in the prelimbic cortex (PL) during IMO. Females
showed higher frequency, but lower amplitude of calcium events in early IMO.

- No significant sex or stage differences were found in high movement periods during IMO. However, a positive
correlation between calcium activity in the PL, and movement was observed in both sexes.

- Both sexes showed increased freezing during fear conditioning (FC). Sex differences were noted during the
second extinction session (FE2), with males showing significant changes across tones.

- A negative correlation between calcium activity in the PL and freezing behavior was identified during FC and

both extinction phases (FE1 and FE2).

- Significant sex differences in the percentage of excited neurons were observed during FC, but not in inhibited
neurons. Differences were also noted in the percentage of excited neurons during FE1, but not during FE2.

Keywords Sex differences, PFC, Stress, Fear learning, Fear memory, Calcium imaging, Miniscopes, Movement

Introduction

Stress-related disorders, such as generalized anxiety,
depression, or post-traumatic stress disorder (PTSD)
have a clear differential prevalence in women and men
that can be explained from different points of view,
including biological, psychological, genetic, and socio-
economic reasons [1-3]. PTSD is a chronic disease
that stems from a response to a high-intensity, negative
valence, traumatic experience in vulnerable individu-
als. Women present a higher prevalence of PTSD, but
PTSD-like models in rodents are usually employed only
in males [4], thus ignoring the sex-specific neurobiologi-
cal substrates.

Fear conditioning (FC) is a form of classical condi-
tioning used in research to evaluate fear learning and
fear memory [5]. The acquisition of conditioned fear is
evoked by repeated pairings of a neutral stimulus—the
conditioned stimulus (CS)—with a naturally aversive
one—the unconditioned stimulus (US). After this con-
ditioning session, the neutral stimulus, now conditioned
(CS), elicits a conditioned response (CR). One of the
most critical behaviors to evaluate fear response is freez-
ing, which is the cessation of all movement except for
respiration. Freezing is a well-established behavioral indi-
cator of fear in rodents, reflecting the learned associa-
tion between the CS and the US. In the case of classical
conditioning, if the CS is repeatedly presented without
the US, a new memory is formed, gradually inhibiting
the fear response. Thus, memory systems can induce this

updating of previously generated associations, a process
known as fear extinction (FE) learning [6].

A key feature of PTSD patients is an impaired extinc-
tion of learned fear [7, 8] which plays an important role
in the development, persistence, and treatment resistance
of clinical symptoms [9]. We have previously shown that
exposure to a severe stressor such as immobilization on
boards (IMO) presents similar alterations in fear process-
ing, including FE impairments in both male and female
mice, as observed in PTSD patients [10, 11].

Fear extinction involves the recruitment of differ-
ent brain regions, including the prefrontal cortex (PFC),
the amygdala, and the hippocampus. The medial PFC
(mPEC) is a key region in the regulation of fear learning
and memory, by playing distinct roles during the encod-
ing, recall, reconsolidation, and extinction of fear memo-
ries [12]. The prelimbic cortex (PL) is a key subregion of
the mPFC especially involved in fear conditioning [13].
PL silencing during FE leads to faster within-session
decreases in freezing in male rats. This enhanced learn-
ing is not sustained in future extinction sessions with-
out PL silencing [14]. Further evidence derives from a
study where animals exhibiting extinction impairment
also present increased PL activity during the FC and
FE [15]. These results suggest that although the PL pro-
motes the expression of conditioned fear it is not cru-
cially involved in acquiring or updating fear memories.
Moreover, bidirectional connections between the mPFC
and the amygdala have been proven to regulate the con-
ditioning, expression, and extinction of fear [16]. On the
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other hand, studies focusing on PL activity have rarely
considered the potential effects of sex as a biological vari-
able. However, there is evidence suggesting that PL func-
tion on fear exhibits a degree of sexual dimorphism. For
instance, PL activity in males, but not females, is globally
decreased throughout fear extinction recall, and only
females exhibited fear extinction-associated increases in
PL network excitability [17].

The study of calcium activity during stress and fear
procedures taking sex differences into consideration has
not been addressed yet. Several studies have used one
or two-photon calcium imaging techniques combined
with traumatic stress or fear learning procedures mainly
in males or not taking into consideration sex differences
[18-20]. Thus, studying fear-related processes in both
sexes, alongside their neuronal activity correlates in
the PL, can help us better understand and delineate the
role of the PFC in fear learning [21]. Therefore, we here
explore PL calcium activity during IMO, FC, and FE in
both male and female mice. We employed behavioral and
neuronal recordings using one-photon calcium imag-
ing techniques (UCLA Miniscope v3.1) in freely moving
animals. To our knowledge, this experiment entails the
longest calcium imaging recordings in freely behaving
animals during a FC and FE protocol considering sex dif-
ferences. We also developed a computational pipeline for
comparative Miniscope data analyses.

Methods

Animals

We used 7 male and 7 female C57BL/6] adult mice which
were 8 weeks old at the beginning of the experiments.
Animals were grouped and housed in a temperature-
controlled room (23%1 C) under a 12:12 light: dark cycle
and food and water were provided ad libitum through-
out the procedure. All animals were bred at the Animal
Facility at the Institut de Neurociéncies at the Univer-
sitat Autonoma de Barcelona. All procedures were per-
formed between 9 am and 4 pm. Experimental protocols
were performed according to the European Commu-
nity Council Directive 2010-63-UE and the Spanish RD
53/2013 and approved by Generalitat de Catalunya and
the Autonomous University of Barcelona (CEEAH-UAB
12033).

Stereotaxic surgery and histological validation

Viral injections

Animals were anesthetized with isoflurane (IsoFlo, Pro-
ima Ganadera SL, Spain) in oxygen at 4% for induction,
and 2.0-2.5% for maintenance, with an airflow of 1.25 L/
min. After placing the animal in the stereotaxic frame
(Kopf Model 962, Harvard-Panlab, Barcelona, Spain), the
skull was exposed and cleaned using saline serum (0.9%
NaCl). The skulls of the animals were correctly placed in
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the stereotaxic frame according to bregma and lambda.
Once the coordinates (AP+1.8 mm, LM*0.3 mm, DV
—2.3 mm, Fig. 1A) were identified, the skull was drilled,
and animals were injected with 800 nL of AAV express-
ing GCaMP6f calcium indicator (AAV1/2-Syn-WPRE-
SV40-GCaMP6f; Addgene, USA) produced at UAB-Viral
Vector Production Unit (UPV-UAB, Bellaterra, Spain).
Infusions were performed at a speed of 0.07 pL/min
using a Hamilton syringe (75RN model; Cibertec-Har-
vard, Madrid, Spain) coupled to an injection pump (KD
Scientific, MA, USA). After the injection, the syringe
was removed ensuring that no liquid refluxed from the
injection site. Animals were then sutured and left to rest
under close supervision for one week (Fig. 1B).

GRIN lens implantation and baseplating

After the one-week recovery, animals were anesthetized
and head-fixed to the stereotaxic frame. After expos-
ing the skull, a 0.5 mm-tip drill was used to perforate
the bone at the previously mentioned AP and LM coor-
dinates (AP+1.8 mm, LM +0.3 mm). Then, a guide hole
was made in the brain using the stereotaxic device and
a 0.5x16 mm blunt needle, reaching a depth of 100 pm
above the viral injection site (DV -2.2 mm). Then, a
1.0 pitch, 0.5 mm-diameter, 4 mm-length GRIN lens
(Inscopix, CA, USA), was implanted exactly at the same
AAV injection site (DV -2.3 mm). Throughout this pro-
cess, saline serum was constantly applied to the entry
point as a lubricant. After complete insertion, the lenses
were fixed using cyanoacrylate adhesive. The exposed
scalps were protected with dental cement (Rebaron, GC
Dental) and stained with black ink (Edding T-100). The
exposed sections of the lenses were protected by covering
them with plastic caps (0.2 mL PCR Eppendorf tube caps)
fixed with fast adhesive. Animals were then individual-
ized to prevent complications over the implants derived
from social contact and monitored during a 15 days-
recovery. (Fig. 1B). A mouse brain atlas image showing
AAV vector spread and GRIN lens placement in the PL
region was included in supplementary material (Fig. S1).
After two weeks of post-operative care, the protective
caps were removed, and a metallic baseplate was attached
to the skull using stained dental cement. The calcium sig-
nal was simultaneously monitored with the Miniscope to
ensure the optimal optical focus for each animal (Fig. 1B).
Animals were then left to rest for one week before under-
going the stress and behavioral treatments.

IMO, fear conditioning and fear extinction

General considerations

PL calcium activity and behavior of animals were simul-
taneously recorded during IMO using the Miniscope sys-
tem and a 2MP USB Camera with a 3.7 mm pinhole lens
(Zhejiang AILIPU Technology, China). During the FC
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Fig. 1 Surgical and behavioral procedures. (A) Anatomical location of the mouse PL cortex as described by Paxinos and Franklin's Mouse Brain Atlas
(2008) in stereotaxic coordinates [22]. (B) Summarizes the surgical procedures. (C) Summarizes the behavioral section of the experiment, starting with
the immobilization, the cued-fear conditioning (FC, CS+US), and fear extinction (FE1 and FE2, CS but no US). (D) Shows an example of the histological
validation of lens placement in the PL cortex. The scale bar corresponds to 500 um

and FE paradigms, the freezing behavior of animals was
registered using the StartFear Combined system and the
Freezing v1.3.04 software (Harvard-Panlab, Barcelona,
Spain).

Previously to IMO exposure, animals underwent three
sessions of habituation to the fear cages and the Minis-
cope for three consecutive days (one session per day).
These habituations consisted of 10 min of individual free
exploration carrying the Miniscope. The same context
was used for habituation and FC (context A) consisting
of a grid floor (25 bars of 3 mm in diameter and 10 mm
spacing), yellow light, and ethanol solution (70% v/v) for
cleaning. The context used for FE (context B) consisted
of a continuous metallic floor, a red-light source, and a
CR-36 cleaning solution (Jose Collado SA, Spain). Ani-
mals were left in their housing enclosure 5 min before
and after FC and FE to aminorate the stress caused by the
Miniscope placement on the head of the animals.

Immobilization stress

On the three days following the last habituation session,
animals were exposed to three different manipulations
to habituate them for the IMO. These manipulations
were given once per day. First, animals were exposed for
20 min to a new environment consisting of a box with
an area of 25 cm? for free exploration. The following day,
animals were introduced inside a 50 mL Falcon tube,
with a drilled cap to permit air transpiration and facilitate
breathing [23]. The day after these habituation sessions,
animals were exposed to IMO for 2 hours. The IMO pro-
cedure was conducted in a room separated from hous-
ing and behavioral tests. Each animal was immobilized
by gently attaching their four limbs in a prone position
to metal arms attached to a plastic board restricting their
movement, as previously described [11]. Recordings of
calcium activity and behavior were taken for the first and
the last 10 min of the IMO procedure. After the exposure
to IMO, animals were left undisturbed for six days until
the FC session.
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Fear conditioning and extinction

The protocol used for FC six days after IMO was per-
formed in context A and consisted of a 5-minute intra-
session habituation; five 30-second-long tones (30s,
6 kHz, 75 dB) coterminated with an electric footshock
(Is, 0.3 mA), and separated by 180-second intertrial
intervals (ITT); and 180 final seconds after the last CS-US
pairing. The two following days, animals underwent two
FE sessions (one session per day), performed in context
B. Each FE session consisted of a 5-minute intra-session
habituation followed by 15 uncoupled (no shock) 30-sec-
ond-long tones (30s, 6 kHz, 75 dB), spaced by 30-second
ITI (Fig. 1C), finishing with 30 s after the last tone.

Calcium imaging recording and analysis

General considerations

Throughout sessions, calcium activity (GCaMP6f 488 nm
fluorescence) was registered using a Miniscope (v3.2
UCLA University, CA, USA) coupled to the Miniscope
DAQ hardware and software. The Miniscope system is
an open-source microscopy platform for recording and
analyzing neural activity in freely behaving animals,
developed by Daniel Aharoni Lab (UCLA University, CA,
USA).

The Miniscope relied on a 0.25 pitch, 2 mm-diameter
GRIN lens (Inscopix, CA, USA), coated with black heat
shrink tubing. The Miniscope DAQ software was set up
with a recording rate of 30 frames per second. The LED
intensity and digital gain were adjusted for each animal
and kept constant throughout the experiment [24].

For FC, data were obtained from 5 females and 6
males; for FE1, we have 5 females and 6 males; and for
FE2, there are 5 females and 6 males for all calcium imag-
ing recordings. Exclusion from one session was due to
outlier removal or recording issues. It did not lead to
the removal of the animals from all tasks given that the
experiment was performed on all animals using the same
conditions. However, animals exhibiting recording issues
either at the start or end of the IMO were excluded from
all IMO analyses, leaving 5 males and 5 females in this
task.

Calcium signal deconvolution

We used the publicly available algorithm, Constrained
Non-Negative Matrix Factorisation optimized for Endo-
scope signals (CNMF-E), to deconvolve the calcium
signal [25]. CNMF-E first identifies non-linear shifts in
the visual field using an optimized template-matching
algorithm, NoRMCorre [26]. All data are reconstructed
using the extracted shift vectors to erase motion artifacts.
Following this motion correction, the visual field is seg-
mented into regions of interest (ROI) using the CNMF-E
algorithm. This delineates the spatial footprints of single-
neuron somas. By measuring the fluorescence pattern of
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different ROI, CNME-E can identify and discriminate dif-
ferent, yet overlapping, neurons and demix their signal
where they overlap (“Trace demixing’, Fig. 2). Lastly, each
ROI’s fluorescence trace is fit by a spike-decay model
of the calcium imaging indicator and transformed to
express fluorescence as a relative change in fluorescence,
A F (Fig. 2A).

For all sessions, the following set-up was used: spatial
downsampling=3; motion correction=non-rigid; tem-
poral downsampling=3; dendrite identification=false;
spatial algorithm=hals; include residuals=false; decon-
volution method =foopsi, minimum spike size=5 x noise;
de-trend method =spline; background model=svd.

For fear conditioning (FC) and fear extinction (FE1
and FE2), all single-neuron traces were obtained by the
deconvolution step. Furthermore, they were averaged
and expressed as a scaled difference from baseline fluo-
rescence levels for whole-field analyses (A F/F;), where
Ey is the median of the complete fluorescence, and A F
is the difference between Fj and the fluorescence trace.
We chose the median as the baseline given the vulner-
ability of the mean to transient changes in the signal. This
procedure was carried out to extract, from the values of
fluorescence in the tones, the global fluorescence base-
line. The goal was to compare data in the tones without
biases. For IMO, this step was not necessary, due to the
stressful nature of the procedure, which was constant
throughout the two hours of the process. Hence, it was
possible to analyze fluorescence traces without impactful
biases from external inputs (ex.: the shock, or the sound
of the tone), which make it necessary to apply the previ-
ously described normalization step.

PL calcium activity during IMO

The movement of the animal is the main behavior that
can be registered while it is immobilized. This move-
ment can be interpreted as the attempt or struggle
of the animal to free itself from the IMO. We quanti-
fied the movement of the animals as the frequency and
the length of high-activity epochs common during the
IMO while simultaneously recording PL calcium activ-
ity with the Miniscopes. We developed a MatLab code
to compute global movements within the field of vision.
All RGB frames were converted to grayscale, and edges
were extracted using the Sobel edge detection method
(built-in MATLAB?® function). Thresholds for edge detec-
tion were extracted on a frame-to-frame basis using the
canny method [27] and scaled by a fudge factor of 0.5.
This allowed us to reduce the amount of data processed
by avoiding taking into consideration the entirety of the
animal. This edge detection returned, for each frame,
a binary edge mask. We expressed this mask as a width
X height matrix. The movement was characterized as
the percentage of pixels at t=n, that were not present in
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Fig.2 Computational methods for the calcium imaging videos. (A) shows the overall working pipeline of CNMF-E from the original video until the extrac-
tion of filtered traces. From left to right are shown an unprocessed frame from an IMO session, the spatial footprints for the set session, and the raw and
filtered traces for the first 15 identified ROIs. (B) shows, for a single session, the average shuffled ¢ coefficient for all the neurons in a single session with
their 95 Confidence Interval (Cl). In red are shown the ¢ scores for the original traces. Dots label all neurons exhibiting a ¢ score outside the 95CI range.

(C) shows sample stimulus-excited (red) and stimulus-inhibited traces (blue)

t=n—1. These scores were divided by the count of total
edge-bearing pixels identified, t=n. Using test videos,
we validated that this measure is a practical approach
to detect movement at the field level. Given that trial-
to-trial changes in camera position, environment, and
mouse dimensions can impact this variable, all move-
ment traces were shifted to a median equal to 0 and
scaled by the 95% confidence interval.

The movement score was used to identify periods of
high activity of the animal during the IMO. By measur-
ing the movement in the video field, we found that their
distribution can be best described by two distinct normal
distributions. These correlate to low and high movement
frames. We defined the intersection between the two
distributions as the classifier to select high-movement
frames. For each animal, we calculated the number of
frames that animals spend in this high-movement sta-
tus. With this method, we analyzed differences in the
percentage of high-movement events, in their length and
frequency.

Furthermore, we decided to test calcium activity and
movement for correlation, employing Pearson’s Test.
First, we analyzed the data globally, by testing move-
ment, during early and late IMO, with the global fluo-
rescence activity in both females and males (as two
different groups). Secondly, we decided to look into indi-
vidual neurons and identify the specific percentages of
correlated (positively and negatively) and uncorrelated
neurons. We use Pearson’s correlation test between indi-
vidual neuronal fluorescence traces and movement scores
for each animal in early and late IMO. We defined neu-
rons as uncorrelated with p>0.05, positively correlated
with p<0.05 and R factor>0, and negatively correlated
with p<0.05 and R factor<0. We divided the neurons
into two groups, belonging to females and males, and the
analysis was done for early and late IMO.

Fear memory, freezing, and PL calcium activity
For FC and FE sessions, behavioral video data
was obtained with the Freezing v1.3.04 software
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(Harvard-Panlab-Barcelona, Spain), with a resolution
of one immobility measure per second (expressed in %).
Data were binarized as freezing or non-freezing. The first
is regarded as a percentage of immobility beyond a respi-
ratory rate above 0.7.

We decided to test calcium activity and freezing for
correlation, employing Pearson’s Test. First, we analyzed
the data globally, by testing global fluorescence and freez-
ing during a specific session (FC, FE1, and FE2) in both
females and males (as two different groups). Secondly, we
decided to look into individual neurons and identify the
specific percentages of correlated (positively and nega-
tively) and uncorrelated neurons. We use Pearson’s cor-
relation test between individual neuronal fluorescence
traces and freezing for each animal in FC, FE1, and FE2.
We defined neurons as uncorrelated with a p>0.05 signif-
icance, positively correlated with p<0.05 and R factor>0,
and negatively correlated with p<0.05 and R factor<0.
We divided the neurons into two groups, belonging to
females and males, and the analysis was done for all ses-
sions (FC, FE1, and FE2).

Identifying stimulus-responding neurons

Current methods for estimating neuronal activity in fear
memory with Miniscopes often rely on global-field mea-
surements. However, this approach can result in the sim-
plification of a population with heterogeneous neuronal
responses. To address this issue, we developed a different
method to compute the modulatory effects of the differ-
ent tones on calcium dynamics. Firstly, we defined a cal-
cium event as a local maximum in the filtered calcium
trace. Following, each neuron’s activity was expressed as
a Boolean (true or false) indicating the temporal location
of calcium events. For each neuron, the Phi Coefficient
(¢; a measure of association for two binary variables),
was computed to describe the association between tone
presentation and calcium responses. To this purpose, we
define “true positive” as a calcium event during tone pre-
sentation and “false negative” as a frame without a cal-
cium event during tone presentation.

To avoid delimiting a global ¢ threshold, all event
matrices were randomized, and ¢ scores were computed
1000 times. Results were stored in a matrix, R. Original
scores were expressed as Z distance from the population
matrix R. Z distance (or absolute Z-score) is a statistical
measure that quantifies the distance between a data point
and the mean of a dataset.

All formulas used were included in Supplementary
Material.

Histological processing

After termination of the protocols, animals were anes-
thetized with Isoflurane, perfused first with saline serum
(0.9% NaCl) and afterwards with 4% paraformaldehide
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(Casa Alvarez, Spain) for later histological processing and
validation of AAV injection and lens placement (Fig. 1D,
Fig. S1). Brains were extracted, cryopreserved in 30%
Sucrose and frozen in dry ice-cooled (-55°C) isopentane
(Sigma-Aldrich). Then, 30 um coronal sections of the PL
were obtained using a cryostat (Leica CM3050). Sections
were then stained with DAPI (1:20000), and mounted on
Superfrost slides (Thermo Scientific, USA). Next, a fluo-
rescence microscope (Nikon Eclipse 90i) was employed
to capture images depicting the distribution of the vec-
tor-associated reporter (EGFP). These images were then
overlapped with the DAPI image (Fig. 1D).

Statistical analyses
We used MATLAB code in the R environment including
the following tests: Shapiro-Wilk for testing for violations
of normality within groups and across the global sample.
Levene’s tests for equality of variances. Grubb’s recur-
rent test for outlier identification. One-way and repeated
measures ANOVA for testing for differences between
and within groups. We used Tukey’s test for multiple
comparison analysis. Furthermore, to test for a correla-
tion between calcium fluorescence and either freezing or
motion, we used the Pearson’s Correlation Test.
Statistical analyses were integrated with the MATLAB
code and tailored to the specific data tested. All codes
(MATLAB and R) of the complete pipeline and all the
hyperparameters are available on our GitHub.

Results

PL calcium activity during IMO shows sex differences

We sought to understand how the PL responds to this
high-intensity stressful stimulus and whether PL activ-
ity during the IMO is sex-dependent. We measured the
calcium activity during the first and final 10 min of the
IMO (early and late IMO, respectively). During early
IMO, the frequency of mean calcium fluorescence events
was found to be significantly elevated in females com-
pared to males (repeated measures ANOVA, Sex*Epoch
F (1,8)=35.8, p<0.001; Tukeys Early IMO p<0.001;
Fig. 3A). Furthermore, mean calcium fluorescence events’
frequency in females exhibited a clear decrease between
the early and late IMO (Tukey’s Early*Late in Females
p=0.0017; Fig. 3A). The opposite was observed in male
mice (Tukey’s Early*Late in Males p=0.005; Fig. 3A).
The mean calcium fluorescence events’ amplitude
resulted significantly lower in females than in males in
the early IMO (repeated measures ANOVA, Sex*Epoch
F (1,8)=16.21, p=0.0038; Fig. 3B). Females present an
increase in mean calcium fluorescence events’ amplitude
between early and late IMO (Tukey’s p = 0.0171; Fig. 3B).
Males do not show differences between both stages.
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PL calcium activity is coupled to the movement during IMO
We aimed to analyze if changes in PL calcium activity
are related to the movement of the animals throughout
the IMO. We first evaluated behavioral differences dur-
ing the IMO by measuring high movement periods in
early and late IMO video recordings. We did not find
significant differences between sexes nor stages of IMO
(early vs. late IMO) in the percentage of frames spent
in high movement (repeated measures ANOVA, Sex F
(1,8)=0.595, p=0.463; Epoch F (1,8)=1.162, p=0.312;
Sex*Epoch F (1,8)=0.029, p=0.870; Fig. 4A). To further
analyze and explore differences in the animals’ move-
ment we looked into both the length and frequency of

these high movement events (Fig. 4B and C). No dif-
ferences between sexes or stages of IMO (early vs. late)
were encountered in none of the variables [repeated
measures ANOVA for Events’ Length (Sex F (1,8)=2.054,
p=0.189; Epoch F (1,8)=1.092, p=0.326; Sex*Epoch F
(1,8)=1.049, p=0.335; Fig. 4B) and Events’ Frequency
(Sex F(1.8)=1.197, p=0.305; Epoch F (1,8)=1.992,
p=0.196; Sex*Epoch F (1,8)=0.435, p = 0.528; Fig. 4C)].
Subsequently, we investigated whether PL calcium
activity is related to the movement of the animals during
the IMO. The Pearson’s Correlation Test, for each animal,
in both early and late IMO, revealed a positive correla-
tion between the global fluorescence of each animal and
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movement score for both sexes (Fig. 5A and C). Indi-
vidual data of the animals are shown in Supplementary
Table 1.

To further analyze this correlation, we decided to
investigate it at single neuron level by exploring the per-
centages of positively correlated (R factor>0, p<0.05),
negatively correlated (R factor<0, p<0.05), and uncor-
related neurons (p>0.05) (Fig. 5B). The results show
that more than 50% of the registered neuronal popula-
tion display a positive correlation between fluorescence
and movement score for both early (females, 54.04%,
and males, 49.63%) and late IMO (females, 61.51%, and
males, 66,67%), for each sex. The second-in-size popula-
tion comprises negatively correlated neurons (early IMO;
in females, 11.56%, and males, 16.04%; and late IMO, for
females, 10.15%, and males, 8.57%). Uncorrelated neu-
rons are a minority of the neuronal population (early
IMO; in females, 34.40%, and males, 34.33%; and late
IMO, for females, 28.34%, and males, 24.76%).

PL calcium activity during fear conditioning and extinction
is sex-dependent

We first sought to determine whether males and females
exposed to IMO exhibit differences in freezing dur-
ing FC and FE. Both males and females exhibited a

A B
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marked increase in freezing throughout FC during tone
(CS) presentations (repeated measures ANOVA, Tones
F(4,48)=0.8, p<0.001; Fig. 6A), thus suggesting an ade-
quate fear acquisition. No significant differences were
found in FE1 (repeated measures ANOVA, Tones*Sex
F (2,24)=2.4, p=0.11; Tones F (2,24)=1.9, p=0.16; SexF
(1,12)=0.1, p=0.69; Fig. 6B). During FE2, we found dif-
ferences between males and females (repeated measures
ANOVA, Sex*Tone F (2,24)=6.998, p=0.04; Fig. 6C),
specifically due to differences in the first five tones
(Tukey’s CS (1,2,3,4,5), p=0.02). Also, significant dif-
ferences were found between the first and the last five
tones in males (repeated measures ANOVA, Tones F
(1,12)=14.17, p<0.001; Tukey’s in Males CS (1,2,3,4,5)
to CS (6,7,8,9,10), p<0.001; and CS (1,2,3,4,5) to CS
(11,12,13,14,15), p<0.001; Fig. 6C).

We subsequently sought to characterize PL activity
during FC and FE and explored whether this is sexually
dimorphic. We found no significant differences in the
global fluorescence of the animals during FC (repeated
measures ANOVA, Tones*Sex F (2,16)=2.313, p=0.131;
Tones F (2,16)=0.462, p=0.638; Sex F (1,8)=2.279,
p=0.169; Fig. 7A and B). No significant differences
were found during FE1 (repeated measures ANOVA,
Tones*Sex F (2,16)=1.935, p=0.18; Tones F (2,16)=0.228,

Early IMO Late IMO

11.56% ! 10.15%
3440% 5404% | 2834% 6151%

Positively Correlated
; Negatively Correlated
& Uncorrelated
16.04%
49.63% H76%
3433% 6667%
Late IMO

R=0.33639

Global Fluorescence (AUC)

005 0 015 02 025 03
Movement Score

Fig. 5 Correlation analysis between PL calcium activity (global and single unit fluorescence) and movement during the IMO (A) movement profile and
the associated global fluorescence trace of one representing animal during a single early IMO session. Dotted lines represent the onset of a high-move-
ment event. (B) results (% of total registered neurons) of Pearson’s Correlation Test between the individual neuron fluorescence traces and the movement
of each animal. On the left early IMO and the right late IMO. Number of neurons for females: 718 in early IMO, and 808 in late IMO. Number of neurons for
males: 667 for early IMO, and 525 for late IMO. (C) Scatter plot of Pearson's Correlation Test of one representing animal in early (left) and late IMO (right).
On the y-axis is the global fluorescence variable (AUC) and on the x-axis is the movement score. Datapoints are displayed binned (bin number=50). The
red line shows the best-fitted model. The R factor of the Pearson’s Correlation Test is also indicated in red
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p=0.80; Sex F (1,8)=3.814, p=0.09; Fig. 7C and D), except
for tones 6 to 10 where significant differences between
sexes were found (Tukey’s CS(6 to 10), p=0.02; Fig. 7D).
No significant differences were found for FE2 (repeated
measures ANOVA, Tones*Sex F (2,16)=1.504, p=0.25;
Tones F (2,16)=0.624, p=0.55; Sex F (1,8)=0.287,
p=0.61; Fig. 7E and F).

We subsequently explored the relationship between
PL calcium activity and freezing behavior during FC and
FE. We used Pearson’s Test to analyze the correlation
between global fluorescence and freezing in both sexes
during FC, FE1, and FE2. For every stage, the results
revealed a negative correlation between the two variables
in both sexes (R factor<0, p<0.001; Fig. 8A, B, and C).
Individual data of the animals are shown in Supplemen-
tary Table 2.

To further investigate this correlation at single neuron
level we determined the percentages of positively cor-
related (R factor>0, p<0.05), negatively correlated (R
factor<0, p<0.05), and uncorrelated neurons (p>0.05)
(Fig. 8D, E, and F). The results show that more than 50%
of the registered neuronal population display a negative
correlation between fluorescence and freezing for both
EC (56.99%) and FE (FE1, 53.12%; FE2, 54.13%). The sec-
ond-in-size population comprises uncorrelated neurons
for FC and FE2 (FC, 30.57%; FE2, 26.80%), and of posi-
tively correlated neurons for FE1 (FE1, 25.00%). Positively
correlated neurons are a minority of the neuronal popu-
lation for FC and FE2 (FC, 12.44%; FE2, 19.07%), while
for FE1, the minority is made of uncorrelated neurons
(FE1, 21.88%).

Sex differences in PL excited and inhibited neurons during
fear conditioning and extinction

To further analyze PL calcium activity, we identified
ratios of excited and inhibited neurons during FC and

FE. We found significant differences in the percentage of
excited neurons for FC (repeated measures ANOVA, Sex
F (1,8)=6.1217, p=0.0035; Fig. 9A). No significant differ-
ence was found for the percentage of inhibited neurons
(Fig. 9A). For FE1, we found significant differences for
the tones variable (repeated measures ANOVA, Tones
F (2,18)=41.8264, p<0.001; Fig. 9B). No significant dif-
ferences were noticeable in the percentage of inhibited
neurons (Fig. 9B). For FE2, no significant differences were
found in either the percentage of excited or inhibited
neurons (repeated measures ANOVA, Sex F (1,10)=6897,
p=0.0555; Fig. 9C).

Discussion

To the best of our knowledge, this is the first study
investigating the PL calcium activity correlates of stress
and fear learning including females and male individu-
als. Although we found no relevant sex differences in
behavior during IMO, FC, and FE, we did observe them
in PL calcium activity using Miniscopes. Specifically,
during the early stage of IMO, females exhibited higher
frequency and lower amplitude of calcium events than
males. Also, females showed a decrease in calcium
events’ frequency between early and late IMO, while the
opposite was observed in males. Calcium events’ ampli-
tude also increased between early and late IMO, while
males maintained the same levels. Regarding FC and FE,
females showed lower global fluorescence levels than
males during the FE1. To determine if these differences
in PL calcium activity were related to processes other
than stress and fear-related ones, we conducted correla-
tion studies between the animals’ movement during IMO
and freezing behavior during FC and FE. Our results
indicated that calcium activity in the PL correlated posi-
tively with movement during stress exposure and nega-
tively with freezing behavior during both FC and FE, with
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Fig. 7 Global fluorescence responses during fear conditioning and extinction. (A) on the right shows the mean +standard deviation (SD) fluorescence
responses to the tones (black bars) and shocks throughout the conditioning task. In each graph, red dotted lines show the upper and lower bound for
the session. In yellow, females, and in green males. On the left for each animal, the AUC of the fluorescent trace was computed and represented (FC: n=6
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females; FE2: n=7 for males, n=6 for females). Represented data means + SD. Differences were tested using repeated measures ANOVA after checking for
normality, sphericity, and removing outliers with the Grubbs'test (* p<0.05, **p <0.01, ***p <0.001
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no sex differences found in the correlation levels. This
suggests that the PL subregion of the PFC might have a
significant role in locomotion as well as in fear-related
processes.

The observed sex differences in PL calcium activity
during IMO and FE could be attributed to several factors,
including the influence of sex hormones such as estrogen,
which is known to modulate synaptic plasticity and neu-
ronal excitability, potentially explaining the higher fre-
quency and lower amplitude of calcium events in females
during early IMO [28, 29]. Additionally, structural and
functional differences in the PL and its connectivity with
other brain regions involved in stress and fear, such as the
amygdala and hippocampus, might underlie these sex-
specific patterns of activity [30]. These neural differences
could reflect distinct strategies in processing and adapt-
ing to stress between males and females, as supported
by research showing sex-dependent variability in stress-
induced neural activity and subsequent behavioral out-
comes [31]. Importantly, the lack of sex differences in the
correlation between PL activity and movement or freez-
ing behavior suggests that the observed calcium activity
differences are not merely due to movement but likely
reflect intrinsic neurobiological differences [7].

Our findings concur with previous studies and high-
light the multiple functions of the PFC in fear memory
and locomotion. The PL has been shown by previous
studies to be crucial for fear memory acquisition and
recall with increased firing rates of PL neurons dur-
ing these processes [32]. Furthermore, calcium imaging
experiments have demonstrated the activation of spe-
cific neuronal ensembles in the PL during fear memory
recall, indicating the significance of coordinated activity
in fear retrieval [33]. Besides having an impact on fear
memory, the PFC, and especially the PL plays a clear role
on locomotion. The firing patterns of PFC neurons cor-
relate with voluntary movement suggesting a role in the
planning and initiation of locomotor activity [34]. More-
over, the interaction of the PFC with the motor cortex
is important for executing difficult motor tasks as well
as adjusting movements according to sensory feedback
[35]. Also, locomotion could be influenced by fear con-
ditioning since altered movement patterns following fear
conditioning in mice are related to changes in PFC activ-
ity [36]. On the other hand, chronic stress-related PFC
function impairment can impact both fear responses and
locomotor activity, highlighting the connection between
emotional processing and motor functions [37]. The cor-
relation between PL calcium activity and both movement
during stress and freezing behavior during fear condi-
tioning and extinction underscores the integrated role
of the PFC in managing emotional and motor responses.
This integration could be crucial for adaptive behaviors,
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enabling organisms to respond appropriately to threats
through both emotional and motor adjustments [38].

Importantly, the sex differences in PL calcium activ-
ity observed in our study underscore the importance of
including both female and male individuals in stress and
fear studies to fully understand the complexity of brain
function and behavior. Understanding sex differences in
brain function, including the role of the PFC, is crucial
for developing comprehensive models of neural mecha-
nisms and for the eventual identification of potential sex-
specific therapeutic targets.

Conclusions

Our results highlight two important aspects in neurosci-
ence studies related to stress, fear, and calcium activity.
First, it is essential to include both female and male sub-
jects because, while there may be no differences between
sexes in some dependent variables, such as behavior,
there can be significant sex differences in other specific
parameters such as calcium activity. Second, although the
PL plays a crucial role in fear memory and movement,
studies in these fields generally do not consider both
parameters. Integrating these aspects would benefit the
field.
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