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ABSTRACT 

Although post-traumatic stress disorder (PTSD) occurs more in women than in men, how 

sex influences trauma susceptibility remains largely unknown. We developed the arousal-

based individual screening (AIS) model, which identifies mice as susceptible/resilient to 

PTSD-like phenotypes, based on changes in startle reactivity induced by 24-hour-restraint. 

To test the hypothesis that sex drives trauma susceptibility/resilience, we applied a multidis-

ciplinary approach involving electrophysiological, structural, and synaptoproteomic analyses 

of the hippocampus in susceptible and resilient mice of both sexes. Female mice were more 

susceptible to the trauma than male mice and exhibited long-lasting PTSD-like phenotypes. 

Long-term potentiation (LTP) was impaired in hippocampal slices of both male and female 

susceptible mice, whereas short-term presynaptic forms of plasticity and vesicle recycling 

remained unchanged. Increased apical dendritic length and augmented basal dendritic 

spine density of pyramidal neurons were found in CA1 of male susceptible mice, while de-

creased dendritic length of granule neurons was uncovered in the dentate gyrus of female 

resilient mice. Although minor synaptoproteomic changes were observed, bioinformatic 

analysis suggested sex- and susceptibility/resilience-dependent profiles. Notably, several 

pathways involving RHO Family GTPases were found to be upregulated exclusively in sus-

ceptible male mice. Accordingly, the Rac1/Rac3 GTPases inhibitor Ehop-016 rescued the 

hippocampal LTP impairment in susceptible male mice but not in susceptible female mice. 

Our findings suggest that the AIS model mirrors sex differences in PTSD susceptibility/resil-

ience and highlights associated functional, molecular and structural alterations. This model 

may represent a critical first step for studying sex-dependent pathophysiological mecha-

nisms subserving PTSD susceptibility and for sex-tailored drug development. 

Graphical abstract 
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INTRODUCTION 

Posttraumatic stress disorder (PTSD) is a severe neuropsychiatric disorder that occurs in 

vulnerable individuals, in the months and years following exposure to trauma [1]. Individuals 

with PTSD experience multiple symptoms belonging to four symptom clusters: intrusion 

symptoms, avoidance symptoms, alterations in mood/cognition and hyperarousal symptoms 

[2]. From a therapeutic perspective, the most used treatments for PTSD are psychological 

therapies that can be both trauma-focused (prolonged exposure and cognitive processing 

therapy) and non-trauma-focused interventions [3]. At the pharmacological level, chronic 

treatments with the selective serotonin reuptake inhibitors such as paroxetine and sertraline 

(the only antidepressants approved by the Food and Drug Administration for the treatment 

of PTSD) are recommended [4]. However, these therapeutic treatments are effective only in 

a small percentage of individuals with PTSD [5]. Thus, there is an urgent need to understand 
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the pathophysiological mechanisms subserving PTSD, paving the way for identification of 

novel pharmacological targets. 

Multiple epidemiological studies report that women are approximately twice as likely as men 

to receive a diagnosis of PTSD and exhibit greater symptom chronicity/severity compared 

with men [6; 7; 8]. The observation of these evident clinical sex differences in PTSD is not 

simply an epidemiological finding; it points to fundamental biological distinctions that neces-

sitate investigation at a neurobiological level. The neurobiological basis for this sex discrep-

ancy in PTSD outcomes is complex and may arise from multiple interactions between bio-

logical and non-biological factors [9]. In spite of this unquestionable sex difference in PTSD 

outcomes, the vast majority of preclinical studies in the field have been paradoxically carried 

out using exclusively male rodents [10]. The limited number of studies performed using fe-

male rodents have led to controversial findings and have basically failed in modelling the 

human condition, in which being female represents a risk factor for the development of 

PTSD [11; 12]. Thus, translational models useful to study sex differences in PTSD suscep-

tibility and resilience are needed.  

We have recently developed the arousal based-individual screening (AIS) model, which is 

a mouse model useful for the study of PTSD [13]. The AIS model combines the traumatiza-

tion (24-hour-restraint; [14]) of C57BL/6J mice with a novel individual screening consisting 

of z-normalization of post-trauma changes in startle reactivity. The AIS model has the ad-

vantage of modelling the chronicity of multiple PTSD symptoms. Indeed, with this model we 

can identify susceptible male mice exhibiting multiple PTSD-like phenotypes (exaggerated 

startle reactivity, exaggerated fear responses to a trauma-related cue, social/cognitive im-

pairment), resembling different PTSD symptoms, up to 75 days post-trauma. The AIS model 

has already allowed us to explore different pathophysiological aspects, including epigenetic 

mechanisms [15] and alterations of the gut-brain axis [16], which may play a key role in 
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traumatic stress susceptibility/resilience. However, our previous studies have been per-

formed only in male mice. 

Preclinical research and functional neuroimaging studies have led to the identification of key 

brain regions in PTSD etiopathogenesis [17]. Among these, the hippocampus has been 

shown to be involved in explicit memory processes and in the encoding of context during 

fear conditioning [18; 19]. Indeed, neural projections from the anterior cingulate cortex  to 

the ventral hippocampus mediate contextual fear generalization [18], while the connection 

of ventral hippocampus with amygdala regulates the encoding of emotional memories [20]. 

Accordingly, multiple findings suggest that an impairment of hippocampal synaptic plasticity 

may be crucial in the pathophysiology of PTSD [13; 21; 22]. 

In the present study we hypothesized that sex drives distinct mechanisms underlying trauma 

susceptibility/resilience in the hippocampus. To test this hypothesis, we firstly assessed the 

effectiveness of the AIS model in female mice. We then combined the AIS model with inte-

grated electrophysiological, structural, and synaptoproteomic approaches to identify sex-

dependent mechanisms of traumatic stress susceptibility/resilience in the hippocampus, 

with the objective of identifying potential sex-tailored therapeutic targets. 

MATERIALS AND METHODS 

Chemicals and reagents 

N4-(9-Ethyl-9H-carbazol-3-yl)-N2-[3-(4-morpholinyl)propyl]-2,4-pyrimidinediamine (EHop-

016) was purchased from MedChemExpress (MCE). EHop-016 exhibits a remarkable po-

tency, with an IC50 of approximately 1.1 μM for Rac1/3 inhibition [23]. For this reason, EHop-

016 is significantly more potent (100-fold greater) than its analog NSC23766, and 10–50 

times more effective than other currently available Rac GTPase inhibitors [23]. We selected 

a concentration of 3 μM to achieve a maximal inhibition and to maintain selectivity for Rac1 

and Rac3 GTPases, given that EHop-016 is highly selective for Rac1 and Rac3 GTPases 

at concentrations of 5 μM or less [23]. Toluidine Blue was purchased from (Sigma-Aldrich, 
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St. Louis, MO, United States). (2R)-amino-5-phosphonovaleric acid (APV) was obtained 

from Sigma-Aldrich.  NaCl, KCl, Na2HPO4, NaHCO3, CaCl2, MgCl2 and glucose were ob-

tained from Sigma-Aldrich. Percoll was also purchased from Sigma-Aldrich. iST 96x sample 

kit (In-StageTip Sample Preparation) was purchased from PreOmics. Evotip PureTM and 

Evosep One were obtained from Evosep Biosystems, Odense, Denmark. The nano-

BoosterCaptiveSpray™ was purchased from Bruker Daltonics. The MMI-L Low Concentra-

tion Tuning Mix was obtained from Agilent Technologies, Santa Clara, CA, USA. The Rapid 

GolgiStain Kit was purchased from FD NeuroTechnologies, Inc., Columbia, MD, United 

States. 

 

Animals 

Male and female C57BL6/J mice (10–16 weeks old at the beginning of the experiments, 

Charles River Laboratories Italia, Italy) were group-housed 3–5 per cage under controlled 

conditions (12-h light/dark cycle, 22 ± 2 ◦C, food, and water ad libitum) and weighed once 

a week until the end of each experimental protocol. The experimenter handled animals on 

alternate days during the week preceding the stress procedure. Animals were acclimatized 

to the testing room at least 1 h before the beginning of the tests. All experiments were 

carried out according to EU Directive 2010/63/EU, the Institutional Animal Care and Use 

Committees of Catania and the Italian Ministry of Health (authorization n° 497/2022-PR). 

The experiments complied with the WMA Statement on animal use in biomedical research 

and/or the EU recommendations (Directive 2010/63/EU) for experimental design and anal-

ysis in pharmacology care. Moreover, all animal experiments comply with ARRIVE (Animal 

Research: Reporting of In Vivo Experiments) guidelines. 

 

Acoustic startle reactivity (ASR) sessions . 
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Mice were firstly placed in the cylinders of the chambers for a 5-min acclimation period with 

a 65 dB(A) background noise. Mice were then exposed to 10 acoustic startle stimuli [40 

ms — 100 dB(A) noise bursts], which were delivered with variable inter trial intervals of 21, 

7, 20, 9, 14, 21, 11, 8, and 23 seconds to avoid habituation and compensatory mechanisms 

[24] . Both the magnitude (V max, peak of the response) and latency (T max, time at which 

the V max occurs) were considered for measurement of the ASR. 

 

Arousal-based individual screening (AIS) model 

The AIS model was applied as described in our previous works [13; 15; 16]. The day before 

the traumatic procedure (24-h-restraint stress [14], day 0), a pre-trauma ASR session (day 

-1) was carried out to assess ASR baseline. This was done to assemble two groups of mice 

(control and trauma-exposed mice) with similar average of ASR baseline. Control and 

trauma-exposed mice were given two other ASR sessions, 14 (ASR 1, day 15) and 28 days 

(ASR 2, day 29) post-trauma respectively. The post-trauma ASR change was analyzed both 

in terms of magnitude and latency and expressed as percentage of ASR baseline because 

of the high variability among mice. The post-trauma change of startle magnitude was calcu-

lated by using the following formula: [(post-trauma magnitude – baseline magnitude) x 

100/baseline magnitude]. The change of startle latency was calculated through the following 

formula: [(post-trauma latency – baseline latency) x 100/baseline latency].  

To detect traumatic stress susceptibility and resilience, we used an individual screening 

based on the z-normalization. This tool is extensively used in clinical studies and also suc-

cessfully employed in rodent studies to measure emotionality dimensions such as ASR, 

which can diverge across time [25]. The z-scores originating from z-normalization reveal 

how many standard deviations an observation (X) is above or below the mean [(μ), with its 

standard deviation (σ)] of a control group: Z = (X-µ)/σ. In the AIS model, the long-term 

changes of ASR are z-normalized to obtain an individual score defined “arousal score”.  
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AROUSAL score = [(X-µ/σ startle magnitude, day 15, 29 + X-µ/σ startle latency, day 15, 29) 

/ 4]. Because most of control mice showed an arousal score below 1, we segregate trauma-

exposed mice in susceptible and resilient using a susceptibility threshold of 1. Trauma-ex-

posed mice that exhibited an arousal score ≥ 1 were classified as susceptible, while trauma-

exposed mice with an arousal score < 1 were classified as resilient. 

 

24-h-restraint stress  

A correct air flowing was allowed by drilling 2 holes (0.5 mm of diameter) along the sidewalls 

and cutting the end of conical tubes 50 ml. A paper towel was placed in each tube to fill the 

space between the mouse and the cap, and one hole was also drilled in each cup to keep 

the tails of the mice out of the tube. About 10 tubes containing mice, randomly chosen, were 

placed in conventional cages (Tecniplast, 425 x 266 x 185 mm) with a level of illumination 

of 400 lux. During the restraint, mice had no access to food and water. At the end of the 

restraint, mice were immediately put back to their home cages, with free access to food and 

water. During the 24 hours of restraint, control mice remained in their home cages in a dif-

ferent room. Trauma-exposed mice were monitored for the recovery of the pre-trauma body 

weights as well as for the general physical state. Trauma-exposed mice remained group-

housed until the end of experiments because we observed no aggressive behavior post-

trauma. 

 

Odor-cued fear conditioning test 

We used the odor-cued fear conditioning test developed in our previous work [13] to assess 

fear reactivity to and avoidance of a trauma-related cue in susceptible and resilient female 

mice, which were exposed to a neutral odor [lemon oil, the conditioned stimulus (CS)] during 

exposure to the trauma [the unconditioned stimulus (US)]. Mice were tested in an evenly 

illuminated (60 ± 1 lux) square open (40 × 40 × 40 cm, Ugo Basile, Gemonio, Italy) after the 
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identification of susceptible and resilient subpopulations (day 29). The behavioral procedure 

consisted of a no cue exposure session(day 32), and four cue re-exposure sessions, which 

were performed at different time points (days 33, 40, 54, 75). During the no cue exposure 

session, mice were individually taken from the home cage and habituated to the open field 

in the absence of the trauma-related cue for 10 min. During each re-exposure session (10 

min), mice were placed in the open field containing the trauma-related cue, a cap for 50 ml 

falcon tube containing a piece of cotton wool soaked with 600 µl of lemon pure essential oil 

(Citrus limonum), which was fixed centrally 10 cm from one sidewall. Fear reactivity to the 

trauma-related cue was detected through the measurement of freezing behavior (% time), 

which was defined as the complete lack of movement except for that necessary for breath-

ing. Avoidance of the trauma-related cue was identified by assessing explorative behavior 

of the trauma-related cue, which was defined as the mouse directing its nose toward the cap 

at a distance of < 2 cm.  

The general avoidance-like behavior of control, susceptible and female mice was measured 

during the first 5 minutes of the no cue exposure session as previously described [13]. Six-

teen square plus one central square (the center) were drawn on the floor of the apparatus. 

Avoidance-like behavior was quantified by counting the number of entries and the time spent 

in the center. To circumvent any weighted effect of locomotion on avoidance-like behavior, 

the number of entries in the center was expressed as center entries ratio that was calculated 

by the following formula: (center crossings / total crossings) x 100. Behavior of mice was 

recorded and subsequently analyzed by two experts, well-trained researchers. All behav-

ioral experiments were performed during the light phase from 9:00 a.m. to 3:00 p.m. 

 

Estrous cycle assessment 

The estrous cycle assessment was conducted following established protocols, as detailed 

in previous works [26; 27]. After behavioral experiments, female mice were handled gently, 
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positioned on the cage grid, and lifted by the base of the tail. Vaginal lavage was performed 

using a 1% PBS solution, delivering approximately 10 μL. The collected vaginal fluid was 

placed on a glass slide. After air-drying, the samples were stained with Toluidine Blue. Iden-

tification of estrous phases was performed using a light microscope. 

 

Electrophysiological recordings 

Extracellular electrophysiological field recordings were performed on 400 μm transverse hip-

pocampal slices (CA3-CA1 synapses) of susceptible and resilient mice of both sexes, as 

previously reported [28]. Experiments were conducted by an operator who was blind to the 

subpopulation of mice. Three days after the segregation in subpopulations, mice were ran-

domly selected and euthanized via cervical dislocation before brain removal. Slices were 

placed in a recording chamber and perfused (1–2 ml/min) with artificial cerebrospinal fluid 

(ACSF) solution containing (in mM): 124 NaCl, 4.4 KCl, 1 Na2HPO4, 25 NaHCO3, 2 CaCl2, 

2 MgCl2, and 10 glucose, maintained at 29° C and continuously bubbled with 95% O2 and 

5% CO2. After 120 minutes of recovery, field excitatory post-synaptic potentials (fEPSPs) 

were recorded in CA1 stratum radiatum using a glass electrode filled with ACSF in response 

to Schaffer collateral stimulation by a bipolar tungsten electrode. We first measured basal 

synaptic transmission (BST) by stimulating with a series of increasing voltage pulses ranging 

from 5 to 35 V. For LTP experiments, a baseline was established by recording every minute 

for 15 minutes by stimulating at a voltage able to evoke a response of 35% of the maximum 

evoked response in BST. LTP was induced using a theta-burst stimulation protocol, which 

consisted of trains of 10 × 100 Hz bursts with five pulses per burst and a 200 ms inter-burst 

interval set at the test pulse intensity. LTP was recorded for 120 after tetanus. All experi-

ments assessing short-term plasticity were conducted in the presence of APV (50 μm), a 

selective competitive NMDA receptor antagonist. For paired pulse facilitation (PPF) experi-

ments, two paired pulses were administered at varying time intervals: 10, 20, 30, 40, 50, 
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100, 200, 500, and 1000 ms. PPF was quantified by measuring the synaptic response of the 

second stimulus as a percentage of the response to the first delivered stimulus. Post-tetanic 

potentiation (PTP) was evaluated using a stimulation interval of every 5 seconds over a 2-

minute duration, following the procedure outlined for LTP baseline. A theta-burst protocol 

was used for stimulation, with recordings taken for a subsequent 3 minutes. Synaptic fatigue 

was induced using two distinct protocols. In the first, a stimulation frequency of 10 Hz was 

maintained for 30 seconds. In the second protocol, a train of 20 pulses at 100 Hz was deliv-

ered. To assess recovery after vesicle pool depletion, following the 100 Hz stimulation, ad-

ditional pulses were delivered with different interpulse intervals: 125 ms from the first to the 

seventh pulse, 1,000 ms between the seventh and eighth pulse, and 3,000 ms between the 

eighth and ninth pulse. 

 

Preparation of purified hippocampal synaptic terminals (synaptosomes) 

Three days after the segregation in subpopulations, purified hippocampal synaptic terminals 

(synaptosomes) were isolated by using discontinuous Percoll gradient centrifugation as pre-

viously described [29]. Hippocampi were isolated after microdissection and placed into 1.5 

ml of ice-cold SET. Tissues were homogenized on ice using 20 up and down strokes. The 

resulting homogenate was transferred into a 2 ml Eppendorf tube and centrifuged at 1,000g 

at 4° C for 10 min. The supernatant was carefully transferred into a polycarbonate tube and 

placed on ice. The remaining pellet was resuspended in 1.5 ml ice-cold SET and again 

centrifuged at 1,000g at 4° C for 10 min. The second supernatant was collected and com-

bined with the previous one, obtaining a final volume of 3 ml. The pooled supernatant was 

subjected to a first step of ultracentrifugation at 21,000g at 4° C for 10 min using the T-8100 

fixed angle rotor with the Thermo Scientific Sorwall WX100 ultracentrifuge. During this pe-

riod the lower two layers of Percoll gradient were prepared in polycarbonate tubes, using 10 

% Percoll and 24% Percoll. First, 1 mL of 10 % Percoll was added to the tube, then 1 ml 
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24% Percoll was slowly introduced to the bottom of the tube creating a discontinuous gradi-

ent. At the end of the ultracentrifugation, the resulting pellet was resuspended in 1 ml of 3% 

Percoll and slowly layered above the 10% Percoll. Then, the tube was subjected to a second 

step of ultracentrifugation at 30,800g at 4° C for 9 minutes using slow acceleration (~1 min 

from 0 to 500 rpm followed by normal acceleration) and no deceleration (no brakes). This 

step lasted ~45min. The material on the top of the gradient was removed; the material be-

tween the layers 24% and 10% Percoll, enriched in synaptosomes, was collected (~0.5-0.6 

mL) into a 2 ml Eppendorf tube and diluted with 1 mL ionic medium. The recovered fraction 

was centrifuged at 20,000g at 4° C for 15 min. The pellet was recovered and transferred into 

a new 1.5 ml Eppendorf tube and again centrifuged at 20,000g at 4° C for 10 min. 

 

Synaptoproteomic profiling 

Proteomic profiling was performed in hippocampal synaptosomes (3 pools of 3 animals for 

each experimental condition). To ensure robustness and account for experimental variabil-

ity, three technical replicates for each pool were produced.  

DIA-PASEF label free analysis: sample preparation 

Cell extracts were prepared using the iST 96x sample kit (In-StageTip Sample Preparation) 

according to the manufacturer instructions using adapters for tube reaction. Briefly, 50 μl of 

lysis buffer solution were added to 100 μg of protein extracts and heated to 95 °C for 10 min 

shaking (1,000 rpm) followed by ten cycles of 30 s of sonication. Proteins were transferred 

into a cartridge and after the addition of the digestion solution were digested for 3 h at 37 

°C. Digestion was stopped by adding the “STOP” solution, and peptide purification was 

achieved by centrifugation for 2 min at 3,800g, followed by two rounds of washing and two 

rounds of elution into the collection tubes using the provided solutions. Peptides were dried 

in a vacuum centrifuge, resuspended in “LC-LOAD” solution in a concentration of 1ug/ul for 

MS analysis and shaken for 5 min (500 rpm). 
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Mass spectrometry analysis 

Peptides were loaded into a disposable trap column, Evotip PureTM following the manufac-

ture protocol. An amount of 400 ng of peptides for each sample was injected in triplicate into 

Evosep One LC system coupled online with timsTOF fleXTM (Bruker Daltonics, Bremen, 

Germany) mass spectrometer, as already reported (with some modifications) [30]. Desalted 

and concentrated peptides were separated into an analytical 8 cm column (PepSep C18, 8 

cm Performance column, particle size of 1.5 μm and internal diameter of 150 μm) at a tem-

perature of 40° C. A gradient of solvent A (0.1 % FA) and solvent B (ACN (LC-MS grade - 

LiChrosolv®) + 0.1 % FA) was used for the separation using a 21 min (60 SPD) method. 

The eluted peptides were ionized using a nanoBoosterCaptiveSpray™. The mass spectrom-

eter was operated in DIA (Data Independent Acquisition)-PASEF (Parallel Accumulation-

Serial Fragmentation) mode. Ions were scanned in positive mode, over an m/z of 100-1700 

and a mobility range of 0.85-1.30 V·s/cm². Dry gas flow was 3.0 l/min at 180°C and capillary 

voltage was 1400 V. For tandem mass PASEF analysis, the cluster of mono-charged ions 

was excluded to reduce the complexity of MS2 spectra using the following parameters: m/z 

475-1000 Da and 0.85-1.27 V·s/cm², the estimated cycle time for each PASEF analysis was 

0.95 seconds with a total of 8 cycles using DIA windows of 25 Da. 

The mass spectrometer was calibrated for mass and ion mobility accuracy, using a mix of 

ten standards with a known mass (MMI-L Low Concentration Tuning Mix). For calibration on 

nano-source, three specific lock masses (622.0290 m/z, 922.0098 m/z and 1221.9906 m/z) 

have been applied on a filter. 

Data processing 

Raw data were elaborated by using SpectronautTM (v.17, https://biognosys.com) following 

a library-free processing method based on the Mus Musculus (Swissprot database, down-

loaded on 12-05-2023, 17155 entries). The parameters were set as follows: Trypsin and 

LysC as enzymes, carbamidomethyl (C) as fixed modification, acetylation (protein N-term), 
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and oxidation (M) as variable modifications, 1 % FDR at precursor and protein levels. Abun-

dance values were automatically cross-run normalized. Proteins were considered identified 

only if they had at least one unique peptide. Data were finally exported into Excel for further 

analysis. 

Differential expression analysis 

Differential protein expression analysis was performed with the DeqMS (v. 1.12.1) package 

[31] in R (v. 4.1.2). DEqMS builds on top of Limma [32], and improves it with proteomics 

data specific properties, accounting for variance dependence on the number of quantified 

peptides or PSMs for statistical testing of differential protein expression. Analysis was per-

formed on the average of the expression levels obtained from the three technical replicates. 

Data were log-transformed and centered on the median before applying DEqMS. The rela-

tionship between protein expression and the stress condition was modelled in the form of 

protein expression =  β_1 C_M+β_2 C_F + β_3 R_M + β_4 R_F + β_5 S_M + β_6 S_F and 

analyzed with “lmFit” integrated in DeqMS package. The following 11 contrasts were tested: 

1) TE male mice (susceptible + resilient) vs C male mice; 2) TE female mice (susceptible + 

resilient) vs C female mice; 3) resilient male mice vs control male mice; 4) resilient female 

mice vs control female mice; 5) susceptible male mice vs control male mice; 6) susceptible 

female mice vs control female mice; 7) susceptible male mice vs resilient male mice; 8) 

susceptible female mice vs resilient female mice. 9) susceptible female mice vs susceptible 

male; 10) resilient female mice vs resilient male; 11) control female vs control males. The 

function `spectraCounteBayes` in DEqMS was used to correct bias of variance estimate 

based on minimum number of peptides per protein used for quantification. 

Only proteins that were expressed across all the samples were considered. In total, we 

identified 5063 proteins that met this criterion and were included in our further investigations. 

Differentially expressed proteins (DEPs) were considered for an adjusted p value < 0.05. 

Principal Component Analysis (PCA) was performed with prcomp tool in stats R package. 
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Pathways Enrichment Analysis 

Enrichment analysis was performed using WebGestaltR v. 4.0.3 [33] and the Gene Set En-

richment Analysis (GSEA) method. The categories considered for the analysis were those 

of the Mouse MSigDB Collection M2 Reactome canonical pathways (m2.cp.reac-

tome.v2023.1.Mm.entrez.gmt). Only enrichment categories with more than 10 genes and 

less than 500 genes were analyzed, and categories with FDR < 0.10 were reported. In total, 

we annotated 4,713 unique Entrez Gene IDs, of which 2,877 were assigned to functional 

categories used in the enrichment analysis. 

 

Dendritic morphology 

For dendritic morphology analysis, control, susceptible and resilient mice of both sexes were 

euthanized via cervical dislocation three days after identification. Golgi-Cox staining was 

carried out using the Rapid GolgiStain Kit as previously described [34; 35]. Hemispheres 

were coronally sliced (250 μm) using a cryostat (Leica CM 1520, Leica Biosystems, Buc-

cinasco, Italy). CA1 and dentate gyrus (DG) areas of hippocampus were identified under 

visible light on an inverted microscope (Cell Observer, equipped with the Zen 3.5 Blue edi-

tion software, Zeiss, Milano, Italy). Z-stacks (1 μm per Z-step size) of 5-8 CA1 or DG pyram-

idal neurons per animal with untruncated branches were acquired using a × 63 oil objective. 

Collapsed Z-stacks were analyzed using the Fiji ImageJ software [36] and dendrites were 

reconstructed using the FilamentTracer function [37]. Dendritic length was assessed using 

the SNT option of the "neuroanatomy" plug-in [38]. Dendritic spines (55-65 µm secondary 

dendrites) were counted using the plug in "dendritic spine counter" (v 1.6.3) and expressed 

as density: n spines/µm. CA1 basal and apical dendrites were considered separately. Anal-

yses were performed on 6/8 mice per group (5-8 neurons per mouse). 

 

Jo
ur

na
l P

re
-p

ro
of



Statistical analysis 

Sample size was determined by using power analysis and was thus similar to that of studies 

using related methods. Each experimental group consisted of a minimum of five mice. Data 

were analyzed using GraphPad Prism 8 (GraphPad Software, La Jolla, CA, USA). To assess 

data distribution, the D’Agostino-Pearson omnibus normality test was carried out. The 

Levene’s test was also used to verify equality of variances. All data assumed a normal dis-

tribution and then they were subjected to parametric tests (one, two-way ANOVA, two-way 

ANOVA with repeated measures when appropriate and three-way ANOVA; see figure leg-

ends for details). A chi-squared test was performed to assess the percentage of susceptibil-

ity/resilience according to the sex. For all data analyses, upon confirmation of significant 

main effects, differences among individual means were assessed using Bonferroni post-hoc 

test. P values of <0.05 were considered significant. The estimate of dispersion is shown as 

the standard error of the mean (s.e.m.), and variances were found to be similar among 

groups. All data are presented as means ± s.e.m. 

 

RESULTS 

Female mice exposed to 24h-restraint-stress were more susceptible to develop 

PTSD-related phenotypes than male mice 

To assess the effectiveness of the AIS model in mimicking sex-biased traumatic stress 

susceptibility, we firstly tested both males (n = 36 trauma-exposed mice) and females (n = 

38 trauma-exposed mice) using the experimental procedure established for this model 

(Fig. 1A). The AIS model is effective in identifying susceptible and resilient female mice 

long after exposure to the trauma. The calculation of the arousal score allowed us to seg-

regate trauma-exposed mice of both sexes in susceptible and resilient mice (Fig. 1B). Dur-

ing the ASR1, male susceptible mice exhibited a significant higher startle magnitude com-

pared to respective control and resilient mice, while female susceptible mice exhibited a 
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significant higher startle magnitude compared to respective resilient mice (Fig. 1C). Note-

worthy, during the ASR 1 male susceptible mice exhibited a significant higher startle mag-

nitude compared to female susceptible mice, suggesting that susceptible males have a 

stronger startle reactivity than females soon after stress exposure (Fig. 1C). This sex dif-

ference was not found during the ASR 2, in which either male or female susceptible mice 

showed a significant higher startle magnitude compared to respective control and resilient 

mice (Fig. 1C). Regarding the measurement of startle latency, male susceptible mice ex-

hibited a significant decrease of startle latency in comparison with respective control and 

resilient mice during both ASR sessions (Fig 1D). By contrast, female susceptible mice 

exhibited a significant decrease of startle latency in comparison with respective resilient 

mice during the ASR 2 (Fig 1D). Estrous cycle did not affect the startle reactivity of both 

susceptible and resilient female mice, during the ASR sessions (Fig S1A-D).  

In this first experiment (experiment 1) performed to assess the effectiveness of the AIS 

model as well as to perform electrophysiological recordings, we identified: 10 male sus-

ceptible mice (27.8 %), 26 male resilient mice (72.2 %), 17 female susceptible mice (44.7 

%) and 21 female resilient mice. In the second experiment (experiment 2; n = 31 male and 

n = 25 female trauma-exposed mice) performed to evaluate hippocampal structural plas-

ticity, we identified: 7 male susceptible mice (22.6 %), 24 male resilient mice (75 %), 9 

female susceptible mice (36 %) and 16 female resilient mice (64 %). In the third experiment 

(experiment 3; n = 40 male and n = 39 female trauma-exposed mice) carried out to assess 

the hippocampal synaptoproteomic landscape, we identified: 10 male susceptible mice (25 

%), 30 male resilient mice (75 %), 14 female susceptible mice (35.9 %) and 25 female 

resilient mice (64.1%). In the last experiment (experiment 4; n = 46 male and n = 45 female 

trauma-exposed mice), which we performed to evaluate the effects of the Rac1/Rac3 

GTPases inhibitor Ehop-016 on the impairment of LTP, we identified: 13 male susceptible 

mice (28,3 %), 33 male resilient mice (71,7 %), 14 female susceptible mice (31.1 %) and 
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31 female resilient mice (68.9%). We thus analyzed the percentage of trauma susceptibil-

ity/resilience considering all susceptible and resilient mice of both sexes identified through 

these experiments. Importantly, a Chi-square test revealed a significant more susceptibility 

of female mice to the trauma compared to male mice (Fig. 2A).  

Some control, susceptible and resilient mice identified in the first experiment were also 

tested two months post-trauma (day 56) in a third ASR session (ASR 3). Susceptible fe-

male mice developed a long-lasting hyperarousal, given that they still exhibited a signifi-

cant higher startle magnitude (Fig. 2B) as well as a significant lower startle latency (Fig. 

2C), in comparison with both control and resilient female mice, during a third ASR session 

performed two months post-trauma.  

In our previous study, we demonstrated that susceptible male mice exhibited significantly 

increased of avoidance-like behavior and fear reactivity to a trauma-related cue [13]. Here 

we found that also susceptible female mice showed increased avoidance-like behavior and 

long-lasting exaggerated fear responses to a trauma-related cue. During the no cue expo-

sure session (day 32) of the odor-cued fear conditioning test (Fig. S2A), there were no 

significant differences in center entries ratio among control, susceptible and resilient fe-

male mice (Fig. S2B). However, susceptible female mice but not female resilient mice ex-

hibited a significant decrease in time spent in the center of the open field compared to 

control mice (Fig. S2C). Total crossings remained comparable across groups (Fig. S2D), 

indicating that the avoidance-like behavior observed was not attributable to differences in 

general locomotor activity.  

During the no cue exposure session (day 32), basal freezing in the absence of cue was 

comparable among groups (Fig. S2E). During the first re-exposure session (day 33), sus-

ceptible and resilient female mice exhibited significantly elevated cue avoidance compared 

to control mice, as indicated by reduced exploration time of the trauma-related cue (Fig. 

S2F). Importantly, susceptible female mice showed a progressive and sustained freezing 
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response across multiple cue re-exposure sessions (days 33, 40, 54, 75), with freezing 

levels significantly higher than control and resilient mice at all timepoints (Fig. S2G). In 

contrast, resilient female mice showed freezing levels similar to control female mice, indic-

ative of normal fear memory recall without exaggerated fear responses.  

Hippocampal long-term potentiation impairment is associated with traumatic stress 

susceptibility regardless of sex 

We next conducted electrophysiological studies at CA3-CA1 hippocampal synapses (Fig. 

3A) to test the hypothesis that traumatic stress could induce sex-dependent alterations of 

synaptic transmission and plasticity. LTP, a form of synaptic plasticity underlying memory 

formation [39], was significantly impaired in susceptible male and female mice (Fig. 3B-D), 

whereas it remained unaffected in resilient mice of both sexes (Fig. 3B-D). These findings 

confirm our previous observations  showing LTP impairment in susceptible male mice [13]. 

Analyses of BST in slices from control, susceptible and resilient mice of both sexes re-

vealed no differences among groups (Fig. 3E, F). 

To further investigate the effects of traumatic stress on synaptic function, we examined 

different forms of presynaptic short-term plasticity. Analysis of PPF, which depends on 

presynaptic mechanisms regulating neurotransmitter release, showed no differences in 

slices from resilient or susceptible mice of both sexes (Fig. 3G, H). However, a significant 

difference was observed between control female and male mice, indicating subtle sex-

dependent variations in presynaptic function under baseline conditions. Neurotransmitter 

release was also assessed by evaluating PTP, an index of neurotransmission efficiency, 

and no significant differences were found related to the sex or trauma phenotype (Fig. 3I, 

J). We next assessed synaptic fatigue, which reflects the ability of the synapse to recover 

from neuro-transmitter depletion. To comprehensively evaluate this phenomenon, we em-

ployed different stimulation protocols. Under the 10 Hz protocol, control female mice 

showed faster vesicle depletion compared to control males. However, exposure to 
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traumatic stress did not affect synaptic fatigue in either susceptible or resilient mice (Fig. 

3K, M). No differences were observed in slices from both male or female resilient and 

susceptible mice subjected to the 100 Hz protocol, in terms of either vesicular depletion or 

recovery of neurotransmitter release (Fig. 3L, N). 

Collectively, our findings indicate that susceptible mice, regardless of sex, exhibit a pro-

nounced impairment in LTP, whereas BST and short-term synaptic plasticity remain unal-

tered.  

Traumatic stress triggered sex- and phenotype-dependent dendritic remodeling of 

hippocampal neurons  

Because we found deficits of long-term synaptic plasticity in the hippocampus of suscepti-

ble mice of both sexes, we wondered whether this was associated with changes at the 

level of dendritic remodeling of hippocampal neurons. In this regard, previous studies have 

demonstrated that LPT is consistently accompanied by structural modifications of dendritic 

spines, including spine enlargement and morphological remodeling in hippocampal neu-

rons [40]. Thus, we evaluated total length and spine density of the basal and apical den-

dritic arbor of CA1 pyramidal neurons and DG granule neurons.  

The length of CA1 apical dendrites was significantly increased only in susceptible male 

mice compared to both control and resilient male mice, while no changes were observed 

in female mice of both phenotypes (Fig. 4A). Conversely, length of CA1 basal dendrites 

was significantly decreased in control and resilient female mice compared to control and 

resilient male mice (Fig. 4B). Regarding DG granule neurons, dendritic length was signifi-

cantly reduced exclusively in resilient female mice compared to both control female and 

resilient male mice (Fig. 4C).  

Spine density analysis of CA1 apical dendrites uncovered no significant differences among 

groups (Fig. 5A). In contrast, CA1 basal dendritic spine density was significantly increased 

exclusively in susceptible male mice in comparison with both control and resilient male 
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mice (Fig. 5B). Finally, spine density of DG granule neurons was significantly higher in 

control females compared to control male mice (Fig. 5C). 

Traumatic stress induced sex- and phenotype-dependent changes in the synapto-

proteomic landscape of the hippocampus 

To assess whether the synaptic and structural plasticity alterations were accompanied by 

molecular changes at synapses, we then performed a synaptoproteomic analysis of the 

hippocampus. Synaptosomes derive from synaptic boutons and express proteins involved 

in mechanisms subserving synaptic plasticity, thus allowing the evaluation of synaptic-spe-

cific changes in protein expression [41].  

Principal component analysis (PCA) was performed to identify outlier samples. All samples 

were considered suitable for further analysis as no outliers were detected. No separate 

clusters were observed for control or trauma-exposed mice (Figure S3A) either for males 

or females (Fig. S3B). None of the 5063 tested proteins individually exhibited a significantly 

altered expression profile (FDR < 0.05) in any comparison. Nevertheless, we adopted a 

GSEA approach, a threshold-free method that analyzes all genes based on their differen-

tial expression rank, to evaluate whether the proteins exhibiting the most pronounced up 

or down-regulation were enriched in specific biological pathways with small yet coordinated 

trends. The GSEA analysis highlighted sex- and phenotype-dependent alterations at syn-

aptoproteome level (Fig. 6, Fig. S4, Tables S1-10). Considering the comparison between 

trauma-exposed (both susceptible and resilient) and control male mice, we observed a 

reduction of protein-sets related to synaptic transmission and an enrichment of proteins 

implicated in the cellular localization and stability of steroid hormone receptors (Fig. S4; 

Table S1). The limited number of significant pathways found enriched is likely attributable 

to the heterogeneity within the group of trauma-exposed mice. Indeed, after stratifying 

trauma-exposed male mice in susceptible and resilient subpopulations, it became evident 

that the two groups have different proteomic profiles (Fig. 6). When resilient male mice 
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were compared with control male mice, we found a downregulation of pathways related 

with the proteasome activity and an upregulation of proteins belonging to the pathway of 

neurexins and neuroligins, synaptic cell-adhesion molecules mediating trans-synaptic sig-

naling and shaping neural network properties [42]. We also noticed an enrichment of pro-

teins associated with pathways linked to glycosaminoglycans (GAG) among upregulated 

proteins (Fig. 6; Table S4). Differently, when susceptible male mice were compared with 

control male mice, a significant number of pathways related to signal transduction were 

found enriched among the downregulated proteins. Some of these pathways oversee the 

activation of GABAergic receptors and the cellular response to stimulation, while others 

play a crucial role in maintaining ionic balance through potassium channels. On the con-

trary, proteins implicated in the cellular localization, stability of steroid hormone receptors 

as well as in several pathways related to RHO Family GTPases were upregulated (Fig. 6; 

Table S4). 

The different proteomic profile between resilient and susceptible male mice is also corrob-

orated by the direct comparison between the two groups that revealed 55 significantly en-

riched protein-sets (FDR < 0.05) among up and down regulated proteins (Fig. 6; Table S4). 

Proteins downregulated in susceptible male mice are enriched in pathways associated with 

the functioning and regulation of cells engaged in transmitting neural signals, while proteins 

downregulated in resilient male mice are enriched in pathways associated with proteasome 

function.  

A different pattern was found by evaluating female mice. Comparing trauma-exposed fe-

male mice with control female mice, we detected a prominent presence of protein-sets 

related to energy metabolism and mitochondrial functions at the top of ranked protein list 

(Fig. S4; Table S5). Remarkably, the enrichment of these pathways remained evident even 

when stratifying female mice into susceptible and resilient groups, suggesting no major 

synaptoproteomic changes between susceptible and resilient female mice (Fig. 6; Table 

Jo
ur

na
l P

re
-p

ro
of



S6, S7). Notably, in the resilient group we also observed a downregulation of pathways 

related to the metabolism of glycosaminoglycans (GAGs) and sphingolipids towards the 

bottom of our ranked list (down-regulated proteins in resilient females) (Fig. 6; Table S6). 

No significant differences were observed in the comparison between susceptible and re-

silient females.  

We also directly compared female and male mice (Fig. S4; Table S8-S10). We found a 

significant enrichment of proteins related to synaptic structure and function among upreg-

ulated pathways and a downregulation of metabolic pathways and mechanisms associated 

to RNA translation in control females compared to males (Fig. S4; Table S8). Minor 

changes were found between resilient female and male mice, with the involvement of mi-

tochondrial processes among upregulated pathways and a downregulation of metabolic 

pathways (Fig. S4; Table S9). More changes were instead found between susceptible fe-

male and male mice, with an upregulation of pathways related to synaptic structure and 

function, and a downregulation of inflammatory pathways (Fig. S4; Table S10). Overall, 

the direct comparison of male and female mice showed a different synaptoproteome profile 

at baseline, converging in resilient animals, while further diverging under susceptible con-

ditions. 

Inhibition of Rac1/3 GTPases reversed the hippocampal LTP impairment exclusively 

in susceptible male mice  

As aforementioned, we found several pathways involving RHO Family GTPases upregu-

lated exclusively in susceptible male mice. Among enriched proteins upregulated in these 

pathways, we found Rac GTPases. Among Rac GTPases, especially Rac1 and Rac3 

GTPases play a synergistic role in the regulation of structural and synaptic plasticity in the 

hippocampus [43], also in relation to traumatic stress response, which was reported to in-

crease Rac GTPases-related signaling pathways [44]. We thus decided to test the hypoth-

esis that inhibition of Rac1/3 GTPases could rescue the hippocampal LTP impairment in a 
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sex-dependent manner. For this purpose, we selected EHop-016, a highly potent and se-

lective Rac 1/3 GTPase inhibitor. The treatment of hippocampal slices with EHop-016 fully 

rescued hippocampal LTP impairment in susceptible male mice but had no effect in suscep-

tible females (Fig. 7A-C). This suggested a sex-specific contribution of Rac1/3 signaling to 

the synaptic plasticity impairment induced by traumatic stress. Notably, EHop-016 treatment 

reduced LTP in control mice of both sexes (Fig. 7A-C), indicating that the fine-tuning of 

Rac1/3 signaling is required to maintain physiological synaptic plasticity. 

 

 

 

 

 

 

DISCUSSION 

Clinical findings consistently show that women are approximately twice as likely as men to 

develop PTSD, despite often experiencing fewer traumatic events overall [45; 46]. Other 

clinical studies indicate that women are at higher risk of developing PTSD compared to 

men because they are more frequently exposed to specific traumatic events carrying 

greater pathogenicity, such as child sexual abuse [47]. This has been however questioned 

by other findings reporting higher PTSD vulnerability in women regardless of the trauma 

type [8]. Women also tend to exhibit more severe PTSD symptoms across different time 

points after trauma exposure [45]. In spite of these evident sex/gender differences in 

PTSD, the vast majority of preclinical studies aimed at investigating the pathophysiological 

mechanisms underlying PTSD have been carried out mainly in male rodents [9]. In this 

study, in line with clinical evidence, we demonstrate that in the AIS model female mice are 

more prone to develop traumatic stress susceptibility than male mice. We also demonstrate 
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that susceptible female mice identified through the AIS model develop robust and persis-

tent fear responses to trauma-related cue, which appear even more pronounced compared 

to fear responses of susceptible male mice observed in our previous work [13]. Although 

further investigation is needed, this is translationally relevant because modeling sex differ-

ences in PTSD susceptibility and resilience has been proved challenging [11; 48; 49]. The 

few studies conducted with female animals have in fact provided contrasting findings that 

do not broadly reflect the human condition [10; 50]. The increased female susceptibility we 

observed might be due to our individual screening, which is based on trauma-induced 

changes in startle reactivity. Preclinical findings indeed suggest that females are more sus-

ceptible to stress-induced hyperarousal than males [51]. This is in line with human data 

showing that women are more prone to develop neuropsychiatric disorders characterized 

by hyperarousal, whereas men are more likely to develop neuropsychiatric disorders char-

acterized by deficits of attention [51].  

In line with previous works [52; 53], we did not find any significant influence of estrous cycle 

stage on ASR of susceptible and resilient female mice. These results, together with other 

findings, suggest that although ovarian hormones are basically key neuromodulators, other 

factors might be responsible for sex differences in PTSD susceptibility/symptomatology 

[9]. 

An impaired hippocampal synaptic plasticity has been consistently linked to the pathophys-

iology of PTSD [13; 21; 54]. To the best of our knowledge, here we demonstrate for the 

first time that a single traumatic event induces long-term hippocampal plasticity deficits 

exclusively in susceptible mice regardless of sex. Our results support the wide concept 

that PTSD might be a “synaptic disconnection syndrome” [55]. It is indeed well-established 

that individuals with PTSD exhibit reduced hippocampal function during memory and fear‐

related learning tasks, as well as reduced connectivity between the hippocampus and other 

stress-related brain areas [56]. Importantly, the LTP deficits observed in susceptible mice 
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were not associated with alterations in neurotransmitter release or vesicle recycling, as 

none of the presynaptic indices of short-term plasticity were affected by trauma. On the 

other hand, the subtle physiological differences observed in certain forms of synaptic plas-

ticity between control males and females underscore the intrinsic complexity of sex-de-

pendent modulation at the synaptic level. Indeed, recent studies have reported sex differ-

ences in presynaptic function, including variations in synaptic vesicle recycling dynamics 

and glutamate release probability, particularly within hippocampal and striatal circuits [57; 

58].  

Our morphological analysis shows an increased length of CA1 pyramidal neurons apical 

dendrites as well as higher spine density of basal dendrites in susceptible male but not 

female mice. These results demonstrate that maladaptive structural plasticity alterations 

induced by a single traumatic event are sex-dependent and may be different from those 

induced by chronic stress [59]. These results may also explain the hippocampal LTP deficit 

we previously observed in male susceptible mice. It has indeed demonstrated that changes 

in the length of the apical dendrites can affect the pyramidal cells ability to induce burst 

firing, which is necessary for the induction of LTP [60]. The fact that we did not find mala-

daptive structural plasticity alterations in the hippocampus of female susceptible mice in-

dicates that more complex mechanisms and dysfunctions of other brain areas foster the 

development of female traumatic stress susceptibility [9; 61]. We remarkably also uncov-

ered adaptive structural plasticity changes of DG granule neurons of exclusively female 

resilient mice. In this respect, the DG is a subregion of the hippocampus highly involved in 

shaping stress susceptibility/resilience [62]. Indeed, the anatomical connections between 

the DG and the amygdala are crucial for processes related to fear-related learning and 

memory [63]. Our results indicate that further studies are needed to understand sex-de-

pendent DG responses to trauma/stress, also because most of the structural plasticity 

studies have been conducted using predominantly male mice. 
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The study of the synaptoproteome can give information about molecular changes occurring 

at synapses [41]. Our study reveals no significant difference in the expression of single 

proteins, suggesting no major protein changes at synapses. This suggests that the long-

term impact of trauma on synaptic protein expression profiles is modest and lower than the 

detection power of our study. For this reason, future studies with larger cohorts and analy-

sis at different timepoints are needed. Despite the limited statistical power in detecting 

associations at the individual protein level, our study was able to identify significant differ-

ences in the expression of specific gene-sets with sex- and phenotype-dependent 

changes. Interestingly, GSEA revealed that the synaptoproteomic profiles of susceptible 

and resilient female mice exhibited a striking similarity to each other but at the same time 

are markedly different from those of susceptible and resilient male mice. The enhancement 

of pathways related to mitochondrial functions suggests an increased metabolic activity in 

trauma-exposed female mice. These results are in line with a previous study showing that 

traumatic stress induced sex-specific alterations of mitochondrial function in the synapse, 

with trauma-exposed female mice more sensitive to long-term functional changes of syn-

aptic mitochondria (increased respiration) [64]. We also observed a significant downregu-

lation of pathways related to sphingolipids metabolism in resilient female mice. This may 

be a relevant sex-specific resilient mechanism because increased sphingolipids pools pro-

duce pathophysiological mechanisms by boosting lipotoxic insults [65]. Notably, GSEA 

also revealed a the downregulation of pathways related to synaptic transmission and plas-

ticity in susceptible male mice, which correlates with the electrophysiological results show-

ing synaptic plasticity deficits. Importantly, the enrichment of proteins belonging to the neu-

rexins and neuroligins pathways suggests that resilient male mice adopt active coping 

strategies aimed at preserving hippocampal synaptic plasticity processes. Indeed, hypo-

function of neurexins was shown to lead to behavioral abnormalities related to neuropsy-

chiatric disorders as well as to synaptic plasticity impairment [66]. Conversely, we found 
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that several pathways involving RHO family GTPases were upregulated exclusively in sus-

ceptible male mice. Among these, Rac1 and Rac3 cooperate to regulate actin-dependent 

remodeling processes that support both structural and functional plasticity in the hippo-

campus [43]. It is therefore plausible that the upregulation of Rac-dependent pathways 

contributes to the structural alterations observed in CA1 exclusively in susceptible male 

mice, which may in turn underlie the LTP impairment. This interpretation is supported by 

previous findings showing that enhanced Rac1 activity is associated with increased CA1 

spine density and concomitant LTP deficits [67; 68].  

In this study, consistent with evidence from previous studies [44], we uncovered that the 

Rac 1/3 GTPase inhibitor EHop-016 successfully rescued hippocampal LTP impairment in 

susceptible male mice. Importantly, EHop-016 did not rescue the hippocampal LTP impair-

ment in susceptible female mice. This sex-specific effect aligns with our molecular data 

showing that RHO family GTPase pathways were upregulated exclusively in susceptible 

males, suggesting that Rac1/3 overactivation contributes to LTP impairment only in this 

group. In contrast, the absence of such molecular alterations in females likely accounts for 

the inefficacy of EHop-016 and indicates that distinct mechanisms underlie hippocampal 

synaptic plasticity dysfunction and traumatic stress susceptibility in the two sexes. The 

differential response to EHop-016 may thus reflect sex-dependent signaling cascades gov-

erning hippocampal LTP and the distinct ways in which traumatic stress affects synaptic 

structure and function. NMDA receptors are key mediators of Rac1 GTPase activation, 

which is crucial for the synaptic remodeling that fosters the induction and maintenance of 

LTP [69]. Our findings suggest that traumatic stress-induced aberrant NMDA receptor ac-

tivation [70] could lead to Rac GTPase signaling overactivation, thereby contributing to the 

LTP impairment we found in susceptible male mice. EHop-016 can effectively normalize 

this dysregulation by potently inhibiting Rac1 and Rac3 GTPases. This normalization 

would then restore NMDAR-dependent LTP, thereby rescuing the synaptic plasticity 

Jo
ur

na
l P

re
-p

ro
of



deficits. Conversely, the inefficacy of EHop-016 in susceptible female mice indicates that 

traumatic stress induces hippocampal LPT deficits via distinct Rac1/3-independent mech-

anisms, which warrant further experimental investigation to be fully elucidated. Overall, this 

suggests profound sex-dependent differences in the pathophysiology of stress-related dis-

orders including PTSD. The differential efficacy of EHop-016 supports the rationale for sex-

specific approaches in developing effective pharmacotherapies for PTSD. It is also im-

portant to underline that in line with other studies [71], EHop-016 induced LTP impairment 

in control mice of both sexes. This implies that the maintenance of an optimal range of Rac 

1/3 GTPase activity is pivotal for proper hippocampal synaptic function.  

In conclusion, our study indicates that the mechanisms underlying resilience and suscep-

tibility to trauma are robustly driven by sex. Effective and targeted pharmacological treat-

ments for PTSD may be developed by studying sex-dependent pathophysiological mech-

anisms, which may ultimately lead to sex-tailored therapeutic interventions. 
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Figure legends 
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Figure 1: The AIS model was effective in identifying susceptible and resilient mice of both 

sexes. (A) Experimental procedure of the AIS model. (B) Arousal score of control male mice 

(n = 14), susceptible male mice (n = 10), resilient male mice (n = 26), control female mice 

(n = 16), susceptible female mice (n = 17), resilient female mice (n = 21), (Stress suscepti-

bility, F (2, 99) = 44.61; P < 0.0001). (C) Startle magnitude (% of baseline, Stress susceptibility, 

F (2, 99) = 33.72, P < 0.0001; Sex, F (1, 99) = 8.740, P = 0.0039. (D) Startle latency (% of 

baseline, Stress susceptibility, F (2, 99) = 30.17, P < 0.0001). Two-way repeated measures 

(RM) ANOVA or three-way ANOVA followed by Bonferroni post hoc test: *P < 0.05, **P < 

0.01 and ***P < 0.001. Values are expressed as means ± s.e.m. 

 

Figure 2: Trauma-exposed female mice were more susceptible to develop persistent PTSD-

related phenotypes than trauma-exposed male mice. 
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(A) Percentage of susceptible and resilient mice of both sexes [Χ2 (1, N = 300) = 3.908, p = 

0.0408]. (B) Startle magnitude (% of baseline) (Stress susceptibility, F (2, 19) = 14.33, P = 

0.0002) (C) Startle latency (% of baseline) (Stress susceptibility, F (2, 19) = 4.375, P = 0.0274;) 

of some control female mice (n = 5), susceptible female mice (n = 6) and resilient female 

mice (n = 11) identified through the AIS model and further tested two months post-trauma 

(ASR 3). Chi-square test and two-way RM ANOVA followed by Bonferroni post hoc test: *P 

< 0.05. Values are expressed as means ± s.e.m. 
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Figure 3: Long-term synaptic plasticity was impaired in susceptible mice of both sexes, while 

short-term synaptic plasticity remained unaffected. 
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(A) Representative image of electrodes placement within the hippocampal slice. (B, C) LTP 

remained unaltered in resilient male (B) and female (C) mice compared to controls (males: 

F(1,12) < 0.0001, P = 0.983 n = 7/7 slices from 4/4 animals; females: F(1,12) = 0.117, P = 0.738 

n = 7/7 slices from 4/4 animals). In contrast, LTP was notably impaired in both susceptible 

male and female mice compared to controls (males: F(1, 13) = 28.168, P < 0.0001, n = 8 slices 

from 5 animals females: F(1, 12) = 30.043, P < 0.0001, n = 7 slices from 4 animals). No differ-

ences were detected among male and female resilient (F(1,12) = 1.387, P = 0.262), suscepti-

ble (F(1,13) = 0.003, P = 0.961) or  controls mice (F(1,12) = 0.398, P = 0.540). (D) Analysis of 

residual potentiation (averaged over the last 5 min of LTP recording, 120 min post-tetanus) 

confirmed the LTP impairment in susceptible mice and showed no sex-related differences 

(F (5, 37) = 11.776, P < 0.0001 among all groups; Bonferroni post-hoc: controls vs susceptible 

males P < 0.0001; controls vs susceptible females P = 0.001). (E, F) Analysis of Basal Syn-

aptic Transmission (BST) revealed no significant differences in fEPSP slope or fiber volley 

(FV) among control, susceptible and resilient mice (males and females n = 9 slices from 5 

animals for all conditions). (G, H) PPF was not affected by traumatic stress exposure both 

in males (control n = 12 slices from 7 animals; susceptible n = 12/4; resilient n = 13/4 ) and 

females (control n = 11/4; susceptible n = 12/4; resilient n = 15/4). Sex-related differences 

were found only in control mice (F (1, 21) = 5.757, P = 0.026). (I, J) No changes were found 

in PTP in either males (J) (control n = 12 slices from 4 animals; susceptible n = 14/4; resilient 

n = 11/4) or females (K) (control n = 12 slices from 4 animals; susceptible n = 10/4; resilient 

n = 11/4). (L, M) No stress-related changes were observed during synaptic fatigue at 10 Hz 

in either males (L) (control n = 10 slices from 4 animals; susceptible n = 10/4; resilient n = 

10/4) or  females (M) (control n = 12 slices from 4 animals; susceptible n = 11/4; resilient n 

= 13/4). Conversely sex-related differences were found in all conditions (controls: F (1, 20) = 

1.101, P < 0.0001; susceptible: F (1, 19) = 4.552, P =0.0461; resilient: F (1, 21) = 4.451, P 

=0.0471). (O, P) No changes were observed during synaptic fatigue at 10 Hz in either males 
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(O) (control n = 11 slices from 4 animals; susceptible n = 11/4; resilient n = 11/4) or females 

(P) (control n = 11 slices from 4 animals; susceptible n = 12/4; resilient n = 13/4). Two-way 

for repeat-ed measured ANOVA or One-way ANOVA. Post hoc comparisons were made 

using the Bonferroni test: ****P < 0.0001. All values are presented as means ± s.e.m. 

 

Figure 4: Traumatic stress triggered sex- and susceptibility/resilience-dependent changes 

in dendritic length of hippocampal neurons.  

(A) Total length of CA1 apical dendrites of pyramidal neurons (Sex, F (1, 34) = 17.09, P = 

0.0002; Stress susceptibility, F (2, 34) = 7.122, P = 0.0026; Sex x Stress susceptibility F (2, 34) 

= 3.507, P = 0.0412). (B) Total length of CA1 basal dendrites of pyramidal neurons (Sex, F 

(1, 31) = 38.90, P < 0.0001). (C) Total dendritic length of DG granule neurons (Sex, F (1, 34) 

= 19.54, P < 0.0001; Stress susceptibility, F (2, 34) = 5.583, P = 0.0080; Sex x Stress 
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susceptibility F (2, 34) = 3.318, P = 0.0483). Two-way ANOVA followed by Bonferroni post hoc 

test: *P < 0.05, **P < 0.01, ***P < 0.001. Data are shown as means ± s.e.m. Insets: repre-

sentative morphological reconstructions of dendritic trees performed with the Fiji ImageJ 

Neuroanatomy plugin. C: control mice; S: susceptible mice; R: resilient mice. 

 

Figure 5: Traumatic stress induces sex- and susceptibility/resilience-dependent changes in 

spine density of hippocampal neurons.  

(A) Spine density (number of spines/10 µm) in CA1 apical dendrites of pyramidal neurons. 

(B) Spine density in CA1 basal dendrites of pyramidal neurons (Stress susceptibility, F (2, 30) 

= 3.728, P = 0.0358). (C) Spine density in DG granule neurons (Sex, F (1, 30) = 9.924, P = 

0.0037). Two-way ANOVA followed by Bonferroni post hoc test: *P < 0.05. Values are ex-

pressed as means ± s.e.m. Insets: representative images of Golgi-Cox-stained dendrites 
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and automatic identification/counting of spines by using the Fiji ImageJ Dendritic spine coun-

ter plugin. C: control mice; S: susceptible mice; R: resilient mice. 
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Figure 6: Gene Set Enrichment Analyses (GSEA) revealed sex- and susceptibility/resilience-

dependent changes of the synaptic proteomic landscape of the hippocampus.  

Bar charts depicting the GSEA results. The following comparisons were considered: resilient 

versus control mice; susceptible versus control mice; susceptible versus resilient mice. All 

the analyses are reported stratified for sex. Only the top 10 significantly enriched Reactome 

canonical pathways are reported. The horizontal axis represents the positive (blue) and neg-

ative (orange) normalized enrichment scores (NES). The transparency of the bar chart rep-

resents the FDR. Pathways with a FDR < 0.05 are reported in dark colours whereas path-

ways with a FDR < 0.10 are reported in light colors. 

 

Figure 7: Ehop-016 rescued the hippocampal LTP impairment in a sex-dependent manner. 

(A) The LTP impairment in slices from susceptible male mice was restored by perfusion of 

hippocampal slices with the Rac1/3 GTPases inhibitor Ehop-016 (20 min before + 10 min 

after tetanus) (n = 6 slices from 4 animals; F(1,12) = 21.036, P = 0.001). Ehop-016 treatment 

impaired LTP in control male mice (n = 6 from 4 animals; F(1,11) = 15.592, P = 0.002). Shaded 
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area with dashed line = mean ± SEM of the last LTP recording in vehicle-treated slices 

shown in Figure 3B. (B) Treatment with Ehop-016 did not rescue the LTP deficit in suscep-

tible female mice (n = 6 slices from 4 animals; F(1,12) = 0.170, P = 0.688), while impaired LTP 

in control females (n = 6 slices from 4 animals; F(1,11) = 19.903, P = 0.001). Shaded area 

with dashed line = mean ± SEM of the last LTP recording in vehicle-treated slices shown in 

Figure 3C. (C) Analysis of residual potentiation (averaged over the last 5 min of LTP record-

ing, 120 min post-tetanus) confirmed that Ehop-016 rescued the LTP impairment exclusively 

in susceptible male mice (F(7, 46) = 11.422, P < 0.0001 among all groups; Bonferroni post-

hoc: susceptible vehicle vs susceptible Ehop males P < 0.0001; susceptible vehicle vs sus-

ceptible Ehop females P > 0.999; susceptible Ehop males vs susceptible Ehop females P= 

0.009). Two-way for repeated measure ANOVA or One-way ANOVA. Post hoc comparisons 

were made using the Bonferroni test: *P < 0.05; **P < 0.01; **** P < 0.0001. All values are 

presented as means ± s.e.m.  
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