Translational Psychiatry

ARTICLE

www.nature.com/tp

W) Check for updates

Exploring individual differences in fear extinction in male and
female mice: insights from HPA axis, microbiota, and
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Exposure to traumatic life events may compromise physical and mental health of specific subjects. While some individuals
extinguish fear appropriately, others exhibit an inefficient and persistent fear response, with remarkable differences between sexes.
Understanding the heterogeneity in fear extinction responses is essential for elucidating the underlying mechanisms of fear-related
disorders. We used a multidisciplinary approach analyzing the hypothalamic-pituitary-adrenal (HPA) axis tone, the microbiota
composition, and the transcriptome of the amygdala (primary brain region involved in fear regulation) in adult male and female
mice that were exposed to the Pavlovian fear conditioning and extinction paradigm. This model allowed us to stratify the mice
population into two extreme phenotypic subgroups (resilient and susceptible), based on their individual fear extinction behavior.
Characterization of some components of the HPA axis revealed strong disturbances in vulnerable males (e.g., increased
hypothalamic CRF mRNA and corticosterone plasma levels), whereas softer changes were found in female animals. Several bacterial
groups such as the genera Parvibacter, Alloprevotella and Limosilactobacillus and the family Christensenellaceae were enriched in the
microbiota of resilient males, as well as relevant bacterial taxa enrichment was also observed in resilient (genus Muribaculum) and
susceptible (family Eggerthellaceae) female mice. We also identified clear differences in the transcriptomic profile of the amygdala
(31 differentially expressed genes) in male animals. These findings underscore the intricate involvement of multiple factors shaping
the inter-individual variability of fear extinction response in a sex-dependent manner, thus paving the way for new potential targets

for fear-related disorders.

Translational Psychiatry (2025)15:195; https://doi.org/10.1038/s41398-025-03400-9

INTRODUCTION
Fear entails an evolutionary-preserved emotional response that
allows individuals to recognize threats in order to avoid or, at least,
reduce damage, thus ensuring survival. However, exposure to
severe acute or long-lasting stress may give rise to the onset of
fear-related disorders, such as posttraumatic stress disorder
(PTSD), phobias, and panic disorder [1]. These disabling illnesses
are characterized by persevering recollections of trauma, hyper-
arousal, and negative consequences on mood and cognition [2].
Antidepressants, anxiolytics, antipsychotics, and beta-blockers are
the most prescribed drugs [3, 4], usually combined with behavior-
based strategies like exposure therapy [5]. Nevertheless, such
psychopharmacological treatments present limited efficacy and a
clear retention of fear dysregulation diagnosis later in life, even
among those who do respond [6]. At the crux of this issue lies a
lack of neurobiological understanding of these disorders.
Although we humans are all exposed to traumatic events
throughout life, around 1 out of every 15 people are not able to

correctly extinguish fear memories and display a persistent
somatization of such response [7, 8]. In parallel, animal models
that undergo behavioral paradigms recapitulating key features
from fear-related diseases also present such inter-individual
variability [9-11]. This highlights individual neurobehavioral
differences that contribute to the resilience (maintenance or
quick recovery of mental health during and after adversity) or
susceptibility (vulnerability to be influenced or harmed by a
traumatic event) to the long-term negative effects of stress.
Identification of the core mechanisms that explain such inter-
individual differences can be addressed from different views. One
of the most popular and studied components of fear response are
hormones [12]. Specifically, hypothalamic-pituitary-adrenal (HPA)
axis-related hormones and the several components that modulate
this axis have been reported to be a crucial driver of fear response
in animal models and humans [13]. Despite incongruent results,
several studies have observed dysregulated HPA axis functionality
in PTSD patients [14]. Reciprocally, HPA axis disturbances
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generated in animal models have revealed clear changes in stress
sensitivity, fear and anxiety-like behavior [15, 16]. In addition,
increasing evidence also warns us about the critical role of the
microbiota-gut-brain axis in the regulation of emotional processes
and behavior. A key study demonstrated that fear extinction
learning might be regulated by deleting the gut microbiota
through antibiotic administration or in germ-free adult mice [17].
Finally, analyzing the transcriptomic profile in fear-related brain
structures including the amygdala, prefrontal cortex, and hippo-
campus, has revealed specific genes involved in the resistance to
extinguish fear memories and, in turn, new potential targets for
the treatment of these neuropsychiatric disorders [10, 18].

The main goal of our research was to describe potential factors
contributing to the variability in the extinction of fear memories
among individuals, considering male and female animals. To this
end, we isolated two extreme subpopulations in both sexes based
on their extinction behavior, thus identifying resilient and
susceptible animals. This approach enabled the identification of
substantial inter-individual factors that influence fear extinction,
including stress markers, microbiota and transcriptome of the
amygdala.

MATERIALS AND METHODS

Animals

Adult C57BL/6 J male and female mice at the age of 8-10 weeks (Charles
River) were used in these experiments. In contrast to outbred lines, this
inbred strain was selected to address the challenge of isolating epigenetic
contributors, which are expected to be highly relevant to individual
variability in the extinction of fear memories. Mice were housed 4 per cage
in a temperature (21+1°C)- and humidity (55 =+ 10%)-controlled room
under a 12 h light/dark cycle (lights on at 8:00 AM). All behavioral studies
were performed during the light phase. Mice were acclimated to the
facility for 1 week and tests were conducted in alternate weeks in male and
female mice. Environmental factors were carefully controlled in order to
preserve the same experimental conditions among the different batches.
Food and water were available ad libitum. All behavioral data were
obtained by experimental observers blinded to the experimental condi-
tions. Experimental procedures were conducted in accordance with the
guidelines of the European Communities Directive 2010/63/EU and
Spanish Regulations RD 1201/2005 and 53/2013 regulating animal research
and approved by the local ethical committee (CEEA-UFV).

Cued fear conditioning and extinction

Mice were individually placed in the test chamber (LE116, Panlab, Harvard
Instruments) made of black methacrylate walls with a transparent front
door. The box (25 x 25 x 25 cm) was located inside a soundproof module
with a ventilation fan to provide background noise and attenuate nearby
sounds. The chamber floor was formed by parallel stainless-steel bars of
2mm of diameter spaced at 6 mm and connected to a shock generator
(LET00-26 module, Panlab, Harvard Instruments). A high-sensitivity weight
transducer (load cell unit) was used to record the signal generated by the
animal movement intensity. Experimental software PACKWIN V2.0 auto-
matically calculated the percentage of immobility time for each experi-
mental phase. Mice were individually conditioned after a 180 s habituation
with 3 cue tones (3 kHz, 80 dB) of 20 s long (2 min interval). Each cue tone
(conditioned stimulus, CS) co-terminated with a 0.7 mA foot-shock of 1s
duration (unconditioned stimulus, US). Fear extinction sessions (E1-E3)
took place 24, 48 and 72h after the conditioning day in a novel
environment (white walls, transparent cylinder, and smooth floor), and
after an acclimatation period (120s in E1 and 60s in E2 and E3), 20 cue
tones (CS) were presented with an interval period of 10s in absence of
electric foot-shock. Freezing behavior, a rodent’s natural response to fear,
was automatically evaluated and defined as complete lack of movement,
except for breathing for more than 800 ms. This time was chosen based on
previous studies [19], and considering the manufacturer's recommenda-
tions of the chamber used in our experiments (LE116, Panlab, Harvard
Instruments). The chamber was cleaned with 70% ethanol between each
animal trial in order to avoid olfactory cues. Data were expressed as
percentage of freezing behavior during the time the sound was active and
area under the curve (AUC), which was calculated by using a standard
trapezoid method: AUC = [0.5 X (BT +B2) x h] + [0.5 X (B2+B3) x h] + ...

SPRINGER NATURE

[0.5 X (Bn+ Bn+1) x h], where Bn were de freezing percentages for each
mouse and h the time between two consecutive measurements.

Criteria for categorization in resilient and susceptible mice
Two criteria were applied to identify resilient (good extinguishers) and
susceptible (poor extinguishers) mice. These criteria were applied
independently in the group of male and female mice. The first criterion
was based on the freezing in the last extinction session (E3), which
threshold was calculated as the freezing average in E3 +40% of the mean.
The second criterion comprised the percentage of decrease in the freezing
behavior between E1 and E3 and the threshold value was fixed in = 50%.
Therefore, resilient mice were those scoring under the low threshold in the
first criterion and above the 50% in the second criterion. On the contrary,
susceptible mice scored above the top threshold in the first criterion and
under 50% in the second criterion.

Experimental design

Sixty male and 62 female mice were exposed to cued fear conditioning
and extinction. Animals selected as resilient (n = 8 for females; n = 11 for
males) or susceptible (n =9 for both males and females) were chosen for
further experiments. Immediately after E3, fecal samples were collected
and frozen at —80°C until DNA extraction for the microbiota analysis.
Fifteen minutes after E3, blood samples were obtained from trunk blood
following decapitation. Mice were spaced at short time intervals and all the
samples were collected in the morning to avoid variability in corticoster-
one analysis. The samples were centrifuged at 15000 g for 5 min and the
supernatants were collected and frozen at —80°C until assayed for
corticosterone. Amygdala and hypothalamus tissues were also extracted
immediately after euthanasia and frozen at —80°C until used for
transcriptome and gPCR analysis. The final number of animals for each
biochemical experiment varied, given the different requirements for each
one. However, regardless of the experiment, all animals included were
obtained from those categorized as resilient or susceptible, as previously
detailed. Each experimental sequence was performed once.

Plasma corticosterone measurement

Plasma corticosterone levels were measured in resilient (n = 8 for females;
n = 9 for males) and susceptible (n = 7 for females; n = 9 for males) mice. A
competitive ELISA with a sensitivity of 2.5 ng/mL was performed according
to the manufacturer’s instructions (DRG Instruments GmbH, Germany).

Quantitative RT-PCR analysis

Total RNA was purified from hypothalamic tissues of resilient (n =8 for
females; n =10 for males) and susceptible (n =9 for males and females)
mice with the RiboPureTM Kit (Invitrogen). Reverse transcription was
performed with 1pg of total RNA and the SuperscriptTM Il Reverse
Transcriptase (Invitrogen). PCR reactions were conducted using Pri-
mePCRTM Probe Assay (Bio-Rad) to quantify levels of: CRH (ID:
gMmuCEP0032005), AVP (QMmuCEP0057424), OX (ID: gqMmuCEP0027871),
NR3C1 (ID: gMmuCIP0033656), NR3C2 (ID: gMmuCEP0055661), FKBP5 (ID:
gMmuCEP0054766), ADCYAP1R1 (ID: gMmuCIP0030184), OX1R (ID: gMmu-
CIP0030311), OX2R (ID: gqMmuCIP0036671), CB1R (ID: gMmuCEP0038879),
CB2R (ID: gMmuCEP0039299), CX3CR1 (ID: gMmuCEP0058111) and SGK1
(ID: gMmuCEP0053869). Additionally, GAPDH (ID: gMmuCEP0039581)
expression was used as endogenous control gene for normalization. PCR
assays were carried out with the CFX Connect RealTime PCR Detection
System (Bio-Rad). The fold changes in gene expression of susceptible
animals in comparison with resilient mice were calculated using the 274
method.

Gut microbiome sequencing and bioinformatics

DNA was extracted from resilient (n=7 for males and females) and
susceptible (n =7 for males; n = 8 for females) mice’s fecal samples using
QIAmp Powerfecal DNA kit (Qiagen) following manufacturer’s instructions.
The V3-V4 region of the bacteria 16S ribosomal RNA genes was amplified
by PCR wusing primers 341F (5-ACACTGACGACATGGTTCTACACC-
TACGGGNGGCWGCAG-3') and 785R (5'- TACGGTAGCAGAGACTTGGTCT-
GACTACHVGGGTATCTAATCC-3’). Amplicons were validated and quantified
by TapeStation (Aligent). An lllumina NextSeq 2000 was used to sequence
the DNA to generate paired end 300 bp reads. Sequence analyses and data
quality filtering were conducted using QIIME2 version 2023.7 [20], with
reads assigned to Amplicon Sequence Variants (ASVs) employing DADA2
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[21]. Taxonomy was attributed to ASVs utilizing the g2-feature-classifier
plugin [22]. The weighted classifier was constructed from Silva Database
version 138.1, encompassing the V3-V4 region, and weighted information
was obtained from the Qiita database (https://qgiita.ucsd.edu/) by extract-
ing the ‘Animal distal gut’ information based on EMPO samples
classification. Sequences lacking matches with any reference were
excluded. Data normalization was achieved through rarefaction. ASVs
belonging to the same genus were merged. Alpha (Faith’s PD) and beta
(Jaccard and Unweighted Unifrac) indices were calculated. Abundance of
functional pathways was predicted using Phylogenetic Investigation of
Communities by Reconstruction of Unobserved States (PICRUSt2) using a
Nearest Sequenced Taxon Index (NSTI) value of 2.0 [23]. Statistical analyses
were conducted using QIIME2 version 2023.7 and the R statistical package
version 4.3.2, with Phyloseq and microbiomeMarker packages. Differences
in alpha diversity between groups were assessed using the Kruskal-Wallis
test. The p-values were corrected for multiple testing using the Benjamini-
Hochberg false discovery rate (FDR) procedure, with results considered
significant for g-values < 0.05. Beta diversity differences between groups
were evaluated using both the ADONIS permutation-based statistical test
with a significance threshold of Pr(>F) <0.05 and Permutation-Based
Analysis of Variance (PERMANOVA), adjusting p-values with Benjamini-
Hochberg FDR. Linear discriminant analysis coupled with effect size (LEfSe
v1.0) was employed to identify differences in bacterial abundance between
groups and to identify pathways associated with bacteria that exhibited
differential representation between groups, using default settings for both
analyses. Differential abundance was further assessed with Analysis of
Compositions of Microbiomes with Bias Correction (ANCOMBC) [24].

RNA sequencing

Total RNA was purified from amygdala tissues of resilient (n = 4 for males
and females) and susceptible (n =4 for males and females) mice with the
RiboPureTM Kit (Invitrogen). RNA integrity > 7 was confirmed by
TapeStation (Aligent). Sequencing libraries were prepared using TruSeq
Stranded mRNA Sample Prep Kit (lllumina) following manufacturer's
instructions. Libraries were validated by using KAPA Library Quantification
Kit for lllumina according to the gPCR Quantification Protocol Guide (KAPA
Biosystems) and quantified by TapeStation (Aligent). Libraries were
submitted to an lllumina NovaSeq and sequencing was performed using
a 2x 150 bp paired end configuration. Pseudo-alignment and quantifica-
tion were then made with Salmon algorithm (reference genome GRCh38)
(PMID: 28263959). Correlation analysis, principal component study and
differential expression analysis were performed with DESeq2 package
(PMID: 25516281). Differential gene expression analyses were done using
the parametric Wald test, with Benjamini-Hochberg adjustment method
(padj). Genes with padj < 0.05 and a cutoff of 1.5 fold change were
considered significantly DEGs. Disease-gene association between the DEGs
and fear related disorders (“Post-traumatic stress disorder”, “Anxiety”,
“Fear”, “Stress”) was performed using the DISEASES database. The z-score
in this database is a statistical measure based on the frequency of literature
citations linking a gene with a specific disease, highlighting associations
that are significantly stronger than what would be expected by chance
[25].

Statistical analysis

Before the analysis, all data were checked for normality (Kolmogorov-
Smirnov test). Statistical analysis was carried out using unpaired Student t-
test, one-way ANOVA and two-way ANOVA of repeated measures followed
by Sidak post hoc comparisons after significant interactions between
factors. When parametric normality test was violated, Mann-Whitney and
Kuskal-Wallis nonparametric tests were used. For contingency graphs, one-
tailed chi-square tests were performed. Outliers were excluded if they were
> 2 standard deviations from the mean. A p value <0.05 was used to
determine statistical significance. The statistical analysis was performed
using GraphPad Prism 9 for each behavioral and molecular experiment as
detailed in Table S1.

RESULTS

Individual differences in the extinction of fear in male and
female mice

Male and female C57BL/6 J mice were exposed to an auditory fear
conditioning paradigm and subsequent extinction protocol for
3 days (Fig. 1A). Freezing levels differed between sexes over
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extinction (Fig. 1B), although no modifications between males and
females were observed during the previous conditioning phase
(Fig. S1). Females were more resistant to fear extinction as
revealed the increase of freezing behavior (interaction:
F11’1320 =2.271, p< 0.01; sex: F'|’120 = 15.34, p< 0.001) and AUC
(p < 0.001) in comparison with male animals (Fig. 1B). As expected,
male (p < 0.001) and female (p < 0.001) mice froze less by the end
of the extinction day 3 (interaction: F;i50=10.35 p<0.01)
(Fig. 1C). Notably, freezing behavior was higher in females with
regards to male mice (p <0.001) when comparing the last bin of
conditioned stimulus presentation during extinction (Fig. 1C). To
further examine the extinction dynamics between sexes, we
performed a distribution analysis of males and females according
to their freezing levels during the last extinction session (day 3)
(Fig. 1D and E). Interestingly, although both clusters of animals
showed a normal distribution, there was a clear shift to the right in
the female group (Fig. 1E). In fact, when applying the resilience/
susceptibility criteria to fear extinction (see Materials and
Methods) (Fig. 1A) to the entire population of female and male
mice, the percentage of female mice susceptible (bad extinguish-
ers) was significantly higher than in males (11.48% vs 3,28%,
x*=6.14, p<0.05) (Fig. S2). As a whole, these results are in
agreement with epidemiological studies demonstrating that the
prevalence of PTSD is higher in women than in men [26], as PTSD
patients often show impairment of fear extinction [27].

Given the normal distribution in the fear extinction behavior, we
isolated two distinct extreme phenotypic subgroups (resilient and
susceptible) in both male and female mice by applying specific
criteria on the extinction profile (Fig. 1F and I). As shown in Fig. 1G,
freezing levels during extinction presented clear differences
between phenotypes in male mice revealed by two-way ANOVA
(phenotype  effect: F,57=33.72, p<0.001: interaction:
F22.627 =243, p < 0.001) and AUC values (p < 0.001, resilient versus
susceptible mice). Accordingly, freezing behavior was higher in
susceptible in comparison with resilient male mice (p <0.001)
when analyzing the last cluster of cues presentation the day 3 of
extinction (interaction: Fq 3 =14.40, p <0.01) (Fig. 1H). Similarly,
fear extinction was different in resilient and susceptible female
mice as revealed two-way ANOVA (phenotype effect: F, 59 = 13.98,
p <0.001; interaction: F,;40 =3.89, p <0.001) and AUC values
(p < 0.001, resilient versus susceptible mice) (Fig. 1J). The analysis
of the last bin of conditioned stimulus presentation also showed a
clear difference between phenotypes (interaction: F;;5=5.53,
p < 0.05) in female mice (p < 0.001) (Fig. 1K). A significant increase
in the freezing behavior of all the experimental groups during the
first conditioned stimulus in comparison with the previous
habituation was observed, thus highlighting the discrimination
between the absence and the presence of the conditioned
stimulus (Fig. S3).

To explore resilience and vulnerability factors underlying
inter-individual differences in fear extinction, we performed
corticosterone, hypothalamic gene expression, microbiome and
transcriptome analysis in the selected population of resilient/
susceptible mice.

Corticosterone and hypothalamic gene expression analysis in
resilient and susceptible male and female mice

Stress has a critical role in the development and expression of
many psychiatric disorders including those related to the presence
of pathological fear [28]. The hypothalamus is critical in initiating
hormonal responses to stressful stimuli via the HPA axis (Fig. 2A),
and consequently, hypothalamic functions have been attributed
to the pathophysiology of fear-related disorders [29]. Notably,
plasma corticosterone levels were higher in susceptible male mice
in comparison with resilient animals (p < 0.01) (Fig. 2B). Moreover,
corticotropin-releasing hormone (CRH) mRNA level was also
higher (p <0.05) (Fig. 2C) in susceptible male mice. Congruent
with this, NR3C1 gene expression, encoding the glucocorticoid
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each) of CS presentations are shown in each extinction session. C Measure of the extinction (freezing levels) using the first bin (5 tones,
extinction day 1) and the last bin (5 tones, extinction day 3) of CS presentations. D, E Distribution analysis of average freezing levels in E3 in
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considering the classification criteria used. G, J Time course of the freezing levels and AUC values during cued fear extinction trials in male
G and female J mice considering the classification criteria. Four bins (5 tones each) of CS presentations are shown in each extinction session.
H, K Measure of the extinction (freezing levels) using the first bin (5 tones, extinction day 1) and the last bin (5 tones, extinction day 3) of CS
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#p < 0.05; ##p <0.01; W”p <0.001 (comparison between resilient and susceptible mice). AUC, area under the curve; CS, conditioned stimulus;

E3, extinction day 3.

receptor, decreased in susceptible animals (p <0.05) (Fig. 2D)
suggesting the existence of an impaired negative feedback on the
HPA axis. No modification was found in the mineralocorticoid
receptor gene expression (NR3C2) (Fig. 2E). We next analyzed the
expression of other hypothalamic neuropeptides involved in stress
response. An interesting increase of prepro-orexin mRNA level was
observed in susceptible male mice (p <0.01) (Fig. 1G), while no
changes were found between groups in the expression of arginine
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vasopressin (AVP) (Fig. 1F). Other receptors and factors involved in
fear regulation such as cannabinoid receptors (CB1R and CB2R),
orexin receptors (OX1R and OX2R), pituitary adenylate cyclase-
activating polypeptide type 1 receptor (ADCYAP1R1), CX3C motif
chemokine receptor 1 (CX3CR1), serum/glucocorticoid regulated
kinase 1 (SGK1) and FK506 binding protein 5 (FKBP5) were also
evaluated. An almost statistically significant increase in the
expression of CB2R (p = 0.06) was observed in susceptible mice
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mice). HPA, hypothalamic-pituitary-adrenal; CRH, corticotropin releasing hormone; ACTH, adrenocorticotropic hormone; AVP arginine
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(Fig. 2I), while CX3CR1 mRNA level was also enhanced (p < 0.05) in
this group of animals (Fig. S3C). No changes were observed in the
rest of receptors/factors analyzed (Fig. 2 and Fig. S4).

Regarding female mice, CRH expression was also higher in
susceptible in comparison with resilient animals (p < 0.05) (Fig. 2L).
However, this enhancement of CRH mRNA was not associated
with alterations in plasma corticosterone concentration (Fig. 2K).
We also observed a clear trend of increase in the expression of
ADCYAP1R1 in susceptible female animals (p = 0.07) (Fig. 2S). No
modifications were found in the other receptors/factors analyzed
(Fig. 2 and Fig. S4). These results suggest a sex-dependent
alteration in hypothalamic factors contributing to individual
differences in fear extinction.

Gut microbiome analysis in resilient and susceptible male and
female mice

Gut-brain  communication is implicated in cognition, social
behavior, fear expression, and stress response [30], and probiotic
supplementation has been widely investigated for its potential use
improving mood and anxiety [31]. The analysis of the alpha-
diversity (Faith’s PD, fraction of a phylogenetic tree represented in
each sample), revealed an interesting decrease in susceptible male
mice in comparison with resilient animals (p < 0.05) (Fig. 3A), while
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no changes were observed in female mice (Fig. 3l). Regarding
beta-diversity assessment, we also found significant differences in
Unweighted UniFrac distance (p <0.05) (Fig. 3B) and Jaccard
distance (p < 0.05) (Fig. 3C) between susceptible and resilient male
mice. Principal coordinate analysis plot based on these indices
revealed a clear separation between groups (Fig. 3D and E).
However, no differences were found in beta-diversity in the case
of females, as showed the analysis of Unweighted UniFrac and
Jaccard metrics (Fig. 3J and K) and the principal coordinate
analysis (Fig. 3L and M). Aside from general differences in the
microbiome diversity, we also analyzed the microbiota composi-
tion in the different groups of male and female mice by
representing the distribution of relative abundance of gut
microbiota at the family level (Fig. 3F and N). To further identify
which specific taxa is enriched and/or decreased in resilient and
susceptible male and female mice, we carried out linear
discriminant effect size (LEfSe) assessment. This analysis showed
some bacterial groups enriched in resilient male animals (Fig. 3G),
including the genera Parvibacter, Alloprevotella and Limosilactoba-
cillus, the family Christensenellaceae and the order Christensenel-
lales. ANCOM-BC (analysis of compositions of microbiomes with
bias correction) confirmed the presence of the genus Parvibacter
in resilient, but not in susceptible male animals (Fig. 3H). Details of
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the relative abundance of the taxa enriched in resilient and
susceptible male mice is shown in Fig. S5. Moreover, abundance of
functional metabolic pathways in these subpopulations of male
mice (Phylogenetic Investigation of Communities by Reconstruc-
tion of Unobserved States, PICRUSt2) is included in Fig. S6.

Regarding female mice, LEfSe analysis revealed an enrichment
of the genus Muribaculum and the family Eggerthellaceae in,
respectively, resilient and susceptible animals (Fig. 30). Taken
together, these results indicate the existence of alterations in the
gut microbiota diversity and composition between good and bad
extinguishers of fear, which were more substantial in male
subjects.
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Transcriptome analysis in resilient and susceptible male and
female mice

Given the importance of the amygdala as the central regulator of
fear extinction, we used RNA-Seq to examine the molecular profile
of this brain region in resilient and susceptible males and females
(Fig. 4A). Resilient animals were used as controls in these
experiments. RNA-Seq identified 31 differentially expressed genes
(DEGs) (adjusted p < 0.05 and cutoff of 1.5 fold change) between
resilient and susceptible male animals (Fig. 4B). Fourteen were
increased and 17 were decreased in susceptible male mice (Fig.
4B) in comparison with resilient mice. Surprisingly, only one gene
was upregulated in susceptible females (Fig. 4B). Further principal
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Fig. 4 Transcriptome analysis in the amygdala of resilient and susceptible male and female mice. A Schematic representation of the
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DEGs, differentially expressed genes.

component analysis (PCA) was sufficient to separate male mice
(Fig. 4Q), but not females (Fig. 4G), into groups corresponding to
their ability for fear extinction. The PC1 variances, the amount of
variability in a data set that can be attributed to first principal
component, were 54% for males and 39% for females (Fig. 4C and G).
Volcano plots (p value by fold changes, in log2 scale) of DEGs are
shown in Fig. 4D (males) and Fig. 4H (females), confirming the
existence of a different pattern of gene expression in males
resistant to fear extinction. DEGs in each resilient and susceptible
male mouse were clustered with a heat map (Fig. 4E). A disease-
gene association analysis using the DISEASES database revealed
that 14 DEGs in susceptible male mice were previously associated
with PTSD, anxiety, fear, or stress disorders (Fig. 4F). In summary, a
sex-dependent gene expression profile, in a key region of the fear
circuit, was associated with a fear extinction vulnerability
phenotype.

DISCUSSION

The knowledge of the neurobiological factors involved in inter-
individual differences in the ability to extinguish fear is crucial to
understand the vulnerability to develop fear-related disorders, as
well as to discover new potential targets for the treatment of
these diseases. Here, we describe important inherent group
differences in male and female mice considering their individual
variation in cued-fear extinction performance.

The behavioral model herein proposed represents a powerful
and reliable tool to study individual differences in fear extinction.
Using an auditory-cued fear extinction paradigm, we clearly
obtained two different subpopulations of good (resilient) and
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poor (susceptible) extinguishers in male and female mice
considering their extinction patterns. In this model, animals with
similar fear memory consolidation show individual differences in
the extinction process that were inherent to the animals and
observed in the absence of any genetic or environmental
manipulation. Interestingly, female mice presented an overall
higher resistance to extinguish fear in comparison with males, in
agreement with previous studies in rodents [32, 33]. Several
factors seem to contribute to this effect including sex-specific
differences in brain structures and neuronal circuits, molecular
mechanisms, or gonadal hormones [26, 34]. Importantly, women
have a twofold likelihood of developing PTSD compared to men
[26, 35]. Despite the clear clinical relevance of studying changes
associated with inter-individual differences in the extinction of
fear memories in male and female mice, most of the pre-clinical
research has exclusively used male animals. We used male and
female mice to analyze potential differences in individual
susceptibility to fear extinction within sexes.

Fear memories processing is greatly influenced by the HPA axis
through its effects on stress-related hormones. For example,
impairment of the HPA axis with dexamethasone leads to
enhanced fear extinction in adult male mice [36]. Notably, we
observed here that CRH expression, the first activator of the HPA
axis rapidly synthesized and released during stress events, was
substantially enhanced in susceptible male mice which may
probably give rise to the observed increase in the corticosterone
tone in these animals. Consistently, hypothalamic NR3C1 gene
expression, encoding the glucocorticoid receptor, decreased in
susceptible males possibly leading to impaired negative feedback
control of the HPA-axis [37]. In vulnerable female mice, the
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increased expression of CRH was not associated with changes in
plasma corticosterone levels, suggesting that gonadal hormones
could have an influence in the modulation of the HPA axis [38].
Moreover, corticosterone levels in resilient female mice were
higher in comparison with resilient males. Therefore, a possible
ceiling effect could also mask an increase in corticosterone levels
in susceptible female mice. Alterations of the HPA axis in
individuals with PTSD are thought to contribute to the persistent
and chronic nature of the disorder, although its activity can vary
since it is not always consistently hyperactive or hypoactive [39].
On the other hand, current evidence indicates that glucocorticoid
receptor mRNA levels remain stable or decrease after stress
exposure in a sex-specific manner [40, 41] which, in turn, could be
related to a pro-inflammatory tone given the important role of
these receptors in the modulation of inflammation and immune
responses [42]. Interestingly, the reduced glucocorticoid receptor
expression revealed in susceptible male mice was associated with
increased hypothalamic mRNA levels of CX3CR1, a general
microglial marker usually related to neuroinflammatory states
[43]. We also found a robust increase in the expression of the
common precursor gene for both orexin-A (OXA) and orexin-B
(OXB) neuropeptides in susceptible male, but not female, animals.
In agreement, orexins seem to play a key role in the regulation of
fear memory and anxiety [44]. OXA administration impaired fear
extinction [45], while OX1R antagonism facilitated this response in
male rodents [45, 46]. Accordingly, the activity of orexin neurons
was negatively correlated with successful extinction of condi-
tioned fear in male rats [9]. Most of the studies in orexin research
have been conducted only in male individuals which is a clear
limitation, as constitutive sex differences in the orexin system have
already been reported [47]. CB2R expression showed a clear trend
to increase in susceptible males, which is interesting due to the
recent involvement of this cannabinoid receptor subtype in fear
extinction deficits induced by OXA in male mice [19]. A single
nucleotide polymorphism in ADCYAP1R1 gene has been sug-
gested as a specific biomarker of PTSD in women but not men
[48], and female mice subjected to acute stress immobilization
show fear extinction impairments related to ADCYAP1R1 mRNA
upregulation in the hypothalamus [49]. Compatible with this, we
found a trend of increased ADCYAP1R1 expression in the
hypothalamus of susceptible female, but not male, mice.

In recent years, there have been major advances in elucidating
the involvement of the gut-brain axis in the regulation of fear
memories, with special attention to the extinction process [17].
Indeed, most of the studies examine the neurobehavioral
consequences of modifying the gut microbiome through the
administration of either antibiotics [17, 50] or probiotics [51]. We
analyzed the gut microbiota of male and female naive mice with
opposite response in the extinction of fear memories, without
adding any experimental condition (e.g., pharmacological treat-
ment, early stress or genetic alteration). Notably, our results
revealed clear differences in the diversity and structure of the gut
microbiota between good- and poor-extinguishers male mice. In
this sense, we found bacterial groups enriched in resilient mice
belonging to the Firmicutes phylum, including Limosilactobacillus
genus and Christensenellaceae family. Limosilactobacillus species
are described to present beneficial properties and have been used
as probiotics [52], while Christensenellaceae is considered as a
signature of a healthy gut, and its abundance is reduced in
patients with general anxiety disorder [53]. Also, Parvibacter
(Actinobacteria phylum) and Alloprevotella (Bacteroidetes phylum)
genera, both enriched in resilient male mice, have been related to
a positive reduction of low-density lipoprotein-cholesterol and
alleviation of metabolic liver damage during oxidative stress [54].
Parvibacter, which has not previously been directly linked to
psychiatric illness, requires special attention since it was the only
group significantly enriched in resilient males by using additional
ANCOM-BC statistical methodology, a more restrictive test with
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bias correction. Related to our data, decreased total abundance of
the phylum Actinobacteria, in which is included the genus
Parvibacter, was associated with PTSD status [55]. Further research
will be necessary to confirm the lack of Parvibacter as a
susceptibility factor to develop fear-related disorders. On the
other hand, given the bidirectional modulation of gut microbiome
and sex hormones, mainly estrogen [56], females present
significant variation between microbial communities, and this
may probably hide engaging differences in the microbiota
composition between resilient and susceptible female mice.
However, despite the lack of significant differences in the overall
microbiota composition, we could detect relevant bacterial taxa
enrichment in female animals. Muribaculum genus (Bacteroidetes
phylum), whose reduction has recently been associated with
anxiety-like behaviors induced by sleep deprivation [57], was
enriched in resilient female mice, whereas significant increase of
the enteritis-related Eggerthellaceae family (Actinobacteria phylum)
[58] was observed in susceptible females.

The third key element that might shed light on the unrevealed
fear extinction variability is the transcriptomic profile, even more
challenging considering both sexes. In male mice, transcriptomic
analyses highlighted the existence of a different transcriptional
footprint in the amygdala of resilient and susceptible animals, in
agreement with previous studies [10, 59]. Taking these results into
account, a very recurring question emerges: genetics or environ-
ment? The development of a “traumatic” memory and the
subsequent recovery depends on the pressure exerted by the
environmental conditions on our genome expression, thus arising
epigenetics. In our study, we used identical subjects (same strain,
origin, and experimental conditions) that were supposed to
encode very similar genome and transcriptome, although this
question was not addressed. Hence, experience-dependent
epigenetic changes may have accurately influenced the expres-
sion of specific genes and, in turn, fear extinction behavior.
Increasing evidence points to histone modifications like methyla-
tion [60], as a hallmark to provide resilience or susceptibility for
the extinction of aversive memories, given the monitoring role
over the expression of numerous fear-related genes [61]. Indeed,
RNA-seq revealed several DEGs in resilient and susceptible male
mice, some of them previously involved in fear-related disorders
(e.g., PTSD, panic attacks, phobias), as confirmed using DISEASES
database. It is also noteworthy that some of the identified DEGs
are expressed in the dendritic tree (Ntrk1, Slc17a8, Pppirib, Grikl,
Pura and Epha6), which adequate branching and arborization are
essential to develop efficient synapsis to correctly extinguish fear
episodes [62]. Particularly, the strongest DEG Ntrk1 (negligible
expression in resilient animals and highly increased in the
susceptible group), which is involved in the regulation of
proliferation, differentiation, and survival of sympathetic and
nervous neurons, may become an interesting target to further
explore within fear-related disorders. This gene participates in the
creation of new synapsis and has been recently reported as a key
player in hippocampal neuronal damage [63]. In contrast to male
mice, females did not present remarkable differences in their
transcriptomic profile related to their fear extinction behavior. As
previously discussed, female mice were included without regard
to estrus cycle phase, which is known to alter the expression of
different microRNA in the amygdala [64], thus probably increasing
the variability among individuals. Additionally, it is important to
mention the reduced number of studies with female subjects, and
more specifically analyzing the transcriptomic signatures in the
extinction of fear memories. Recent research suggests sex-specific
differences in the mouse amygdala transcriptional response
during fear acquisition [18], thus involving the necessity of
including female subjects in further fear extinction-related studies
to fill this gap of knowledge. However, it is worth noting the
challenges related to research conducted with females given the
considerable variability - especially regarding behavior
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experiments — compared to male subjects, which gives rise to
marked difficulties to achieve significant results and, in turn, clear
conclusions [65, 66]. This is most likely one of the main reasons for
the limited number of studies involving females, although some
reviews and meta-analysis point in the opposite direction [67, 68].
In addition, the increased costs associated with the use of both
sexes may also limit the inclusion of female individuals. Despite
these issues, our study includes male and female mice, which
underwent exactly the same procedure in the behavioral
experiments and were subjected to the same criteria in all the
biochemical analysis, aiming to achieve a greater translational
relevance in the obtained results.

In summary, the integrated approach of our study advances in
the understanding of the substrates that support differences
between adaptive or maladaptive fear extinction behaviors, with
the goal of identifying targets that may be suitable for alleviating
the persistence of traumatic memories in both sexes.
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