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Post-trauma behavioral phenotype predicts the degree of vulnerability to fear relapse after extinction in male rats
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SUMMARY

Current treatments for trauma-related disorders remain ineffective for many patients [START_REF] Hoskins | Pharmacotherapy for post-traumatic stress disorder: systematic review and meta-analysis[END_REF][START_REF] Cusack | Psychological treatments for adults with posttraumatic stress disorder: A systematic review and meta-analysis[END_REF] . Fear extinction deficiency is a prominent feature of these diseases 3 , and many behavioral treatments rely on extinction training [START_REF] Milad | Neurobiological basis of failure to recall extinction memory in posttraumatic stress disorder[END_REF][START_REF] Powers | A meta-analytic review of prolonged exposure for posttraumatic stress disorder[END_REF] . However, in many patients, therapy is followed by a relapse of symptoms, and the underpinnings of such interindividual variations in vulnerability to relapse remain unknown [START_REF] Etkin | Using fMRI connectivity to define a treatment-resistant form of post-traumatic stress disorder[END_REF][START_REF] Zhutovsky | Individual prediction of psychotherapy outcome in posttraumatic stress disorder using neuroimaging data[END_REF][START_REF] Korgaonkar | Intrinsic connectomes underlying response to trauma-focused psychotherapy in post-traumatic stress disorder[END_REF] . Here, we modeled interindividual differences in post-therapy fear relapse with an ethologically-relevant trauma recovery paradigm. After fear conditioning, male rats underwent fear extinction while foraging in a large enriched arena, permitting the expression of a wide spectrum of behaviors. An automated multidimensional behavioral assessment revealed that post-conditioning fear response profiles clustered into two groups: some animals expressed fear by freezing more, while others darted more, as if fleeing from danger. Remarkably, the tendency of an animal to dart or to freeze after CS presentation during the first extinction session was respectively associated with stronger or weaker fear renewal. Moreover, genome-wide transcriptional profiling revealed that these groups differentially regulated specific sets of genes, some of which were previously implicated in anxiety and trauma-related disorders. Our results suggest that post-trauma behavioral phenotypes and the associated gene expression landscapes can serve as markers of fear relapse susceptibility, and thus may be instrumental for future development of more effective treatments for psychiatric patients.

RESULTS

While traditionally freezing behavior is employed as the sole measurement of fear in conditioning and extinction protocols in rodents, recent work also investigated active fear responses after fear conditioning in the form of flightlike behavior, revealing differences between individuals in their propensity for passive vs. active fear responses [START_REF] Gruene | Sexually divergent expression of active and passive conditioned fear responses in rats[END_REF][START_REF] Fadok | A competitive inhibitory circuit for selection of active and passive fear responses[END_REF][START_REF] Totty | Behavioral and brain mechanisms mediating conditioned flight behavior in rats[END_REF] . Such interindividual differences may be useful indicators of the vulnerability to fear relapse after extinction. Nevertheless, rodents display a restricted behavioral repertoire in standard conditioning chambers (Skinner boxes), potentially reducing detectible differences between individuals. In contrast, more ecologically relevant settings would allow expression of a broader repertoire of animals' natural behavioral patterns [START_REF] Krakauer | Neuroscience needs behavior: correcting a reductionist bias[END_REF] , therefore better modelling and contrasting healthy and pathological behavioral profiles. Despite a recent surge in novel naturalistic approaches to study fear behavior [START_REF] Mobbs | Neuroethological studies of fear, anxiety, and risky decision-making in rodents and humans[END_REF][START_REF] Paré | When scientific paradigms lead to tunnel vision: lessons from the study of fear[END_REF][START_REF] Kim | Fear paradigms: The times they are a-changin[END_REF][START_REF] Headley | Embracing Complexity in Defensive Networks[END_REF] , biological markers of interindividual differences in the vulnerability to fear relapse after extinction have not yet been revealed.

Here, we hypothesized that soon following fear conditioning, diverse behavioral phenotypes may be unveiled in an enriched naturalistic setting permitting the animals to express a wide spectrum of behaviors. We also hypothesized that these early behavioral markers may predict individual vulnerability to fear relapse. since it evoked low contextual freezing (Figure 3A). As expected, CS presentation there elicited robust fear renewal in the form of high CS-triggered freezing relative to the end of extinction in both groups (Figure S1A). Surprisingly, here the CS triggered significantly more freezing in darters than in freezers (Figure 3B). This difference in fear renewal response strengths could not be accounted for by differences between groups in contextual fear levels or extinction rates during the renewal test (Figure 3A,C).

Complementing freezing measures, we quantified the magnitude of the orienting response displayed upon CS onset (Video S2) by measuring head movement. We took this as a proxy of the magnitude of the acoustic startle response, which is known to be potentiated by fear [START_REF] Davis | Fear-potentiated startle: a neural and pharmacological analysis[END_REF] , since our setup was not suitable to measure the startle reflex itself. Orienting response magnitude was also greater in darters than freezers (Figure 3D-E), corroborating the result for freezing. Overall, the tendency of an animal to dart or to freeze after CS presentation during the first extinction session in the arena was, respectively, associated with higher or lower vulnerability to context-dependent fear renewal (Figure 3F-I).

Fear renewal vulnerability phenotypes are associated with different gene expression profiles

Finally, we sought to characterize specific biological substrates distinguishing these two behavioral phenotypes. Gene expression levels and their regulation have been associated with the recall and extinction of conditioned fear [START_REF] Soliman | A genetic variant BDNF polymorphism alters extinction learning in both mouse and human[END_REF][START_REF] Lin | The brain-specific microRNA miR-128b regulates the formation of fear-extinction memory[END_REF][START_REF] Stafford | Increasing histone acetylation in the hippocampus-infralimbic network enhances fear extinction[END_REF][START_REF] Li | The DNA modification N6-methyl-2'-deoxyadenosine (m6dA) drives activity-induced gene expression and is required for fear extinction[END_REF] , as well as with Post-Traumatic Stress Disorder (PTSD) [START_REF] Ressler | Post-traumatic stress disorder is associated with PACAP and the PAC1 receptor[END_REF][START_REF] Breen | PTSD Blood Transcriptome Mega-Analysis: Shared Inflammatory Pathways across Biological Sex and Modes of Trauma[END_REF] . Therefore, we investigated whether the vulnerability phenotypes detected here were associated with distinct gene expression profiles. We assessed darters' and freezers' genome-wide transcriptional profiles in the ventromedial prefrontal cortex (vmPFC; Figure 4A-B), a region implicated in fear extinction, renewal, and PTSD [START_REF] Stafford | Increasing histone acetylation in the hippocampus-infralimbic network enhances fear extinction[END_REF][START_REF] Milad | Neurons in medial prefrontal cortex signal memory for fear extinction[END_REF][START_REF] Kalisch | Context-dependent human extinction memory is mediated by a ventromedial prefrontal and hippocampal network[END_REF][START_REF] Milad | Recall of fear extinction in humans activates the ventromedial prefrontal cortex and hippocampus in concert[END_REF][START_REF] Peters | Induction of fear extinction with hippocampalinfralimbic BDNF[END_REF][START_REF] Sierra-Mercado | Dissociable roles of prelimbic and infralimbic cortices, ventral hippocampus, and basolateral amygdala in the expression and extinction of conditioned fear[END_REF][START_REF] Knapska | Functional anatomy of neural circuits regulating fear and extinction[END_REF][START_REF] Garfinkel | Impaired contextual modulation of memories in PTSD: an fMRI and psychophysiological study of extinction retention and fear renewal[END_REF][START_REF] Do-Monte | A temporal shift in the circuits mediating retrieval of fear memory[END_REF][START_REF] Marek | Hippocampus-driven feed-forward inhibition of the prefrontal cortex mediates relapse of extinguished fear[END_REF] .

Darters' and freezers' gene expression profiles clustered in two groups (Figure 4C), reflecting their behavioral phenotypes (Figure 4D), with 238 differentially expressed genes (DEGs; Figures 4E,S3A, Table S1). Among those, a gene ontology (GO) analysis revealed significantly enriched pathways comprising 49 genes which are involved in GABA signaling, regulation of membrane potential, membrane molecular organization, as well as glycogen catabolic processes (Figure 4F, Table S2A). In addition, we identified 45 DEGs involved in known protein-protein interaction (PPI) networks (Figure S3B, Table S2B). Finally, a disease-gene association (DGA) analysis revealed that 10 DEGs have previously been associated with PTSD, anxiety, or stress disorders [START_REF] Roberts | Trajectory and predictors of depression and anxiety disorders in mothers with the FMR1 premutation[END_REF][START_REF] Meier | Genetic variants associated with anxiety and stress-related disorders: a genomewide association study and mouse-model study[END_REF] (Figure S3C, Table S2C).

In 22 cases, DEGs were highlighted by two or more of these analyses, marking them as possible key players in the vulnerability to fear relapse (Figure S3D, Figure 4G). Remarkably, these 22 genes were preferentially involved in synaptic functions and plasticity, and the expression of 19 of them was significantly correlated with the intensity of fear renewal (Figure 4H).

DISCUSSION

Here, we showed that behavioral markers emerging during early fear extinction predict interindividual differences in the intensity of fear renewal and associated cortical gene expression profiles in male rats. These behavioral markers and genes may represent targets for novel treatments to enhance context generalization of extinction training.

While freezing levels have been widely used as an index to study interindividual variability in fear behavior [START_REF] Gruene | Sexually divergent expression of active and passive conditioned fear responses in rats[END_REF][START_REF] Dopfel | Individual variability in behavior and functional networks predicts vulnerability using an animal model of PTSD[END_REF] , to date they do not provide clear biomarkers of the vulnerability to fear relapse after recovery. Outside the laboratory, both humans and rodents can express multiple defensive behaviors in response to a perceived threat, such as freezing, fleeing, or attacking [START_REF] Ledoux | Surviving threats: Neural circuit and computational implications of a new taxonomy of defensive behaviour[END_REF][START_REF] Fanselow | Emotion, motivation and function[END_REF] . To improve the translation of findings from experiments with animal models to the clinic, one approach is to develop more naturalistic experiments to distinguish inter-individual responses by facilitating the expression and detection of a wider repertoire of behaviors [START_REF] Mobbs | Neuroethological studies of fear, anxiety, and risky decision-making in rodents and humans[END_REF][START_REF] Paré | When scientific paradigms lead to tunnel vision: lessons from the study of fear[END_REF][START_REF] Kim | Fear paradigms: The times they are a-changin[END_REF][START_REF] Headley | Embracing Complexity in Defensive Networks[END_REF] . Thus, we developed a new ethologically relevant paradigm combined with an automated pipeline for more extended behavioral profiling. This enabled the isolation of distinct behavioral phenotypes, including darting during early extinction which provided a marker of fear relapse vulnerability.

It is not possible to directly interpret our results in relation to previous work conducted in small enclosures. Indeed, in these settings, female rats display higher levels of darting [START_REF] Gruene | Sexually divergent expression of active and passive conditioned fear responses in rats[END_REF][START_REF] Pellman | Sexually dimorphic risk mitigation strategies in rats[END_REF][START_REF] Colom-Lapetina | Behavioral diversity across classic rodent models is sex-dependent[END_REF][START_REF] Greiner | Sex differences in fear regulation and rewardseeking behaviors in a fear-safety-reward discrimination task[END_REF][START_REF] Mitchell | Parametric modulators of sex-biased conditioned fear responding[END_REF][START_REF] Morena | Sex-dependent effects of endocannabinoid modulation of conditioned fear extinction in rats[END_REF] , while other studies did not observe sex differences in active defensive responses [START_REF] Totty | Behavioral and brain mechanisms mediating conditioned flight behavior in rats[END_REF][START_REF] Borkar | Sex differences in behavioral responses during a conditioned flight paradigm[END_REF] . The interindividual differences shown here may have led to the overall reduced incidence of darting responses detected in male rats in previous studies. The naturalistic environment here may also have contributed to revealing the darting responses that previous studies in smaller chambers did not elicit in male rats. Since trauma-and anxiety-related disorders have been reported as more prevalent in women [START_REF] Kessler | Posttraumatic stress disorder in the national comorbidity survey[END_REF][START_REF] Mclean | Gender differences in anxiety disorders: Prevalence, course of illness, comorbidity and burden of illness[END_REF] , further investigations testing female rats with our paradigm may provide new and interesting translational perspectives.

The CS-evoked darting we observed in the large open field may be related to fear-related conditioned jumping previously observed in small conditioning chambers [START_REF] Gruene | Sexually divergent expression of active and passive conditioned fear responses in rats[END_REF][START_REF] Fadok | A competitive inhibitory circuit for selection of active and passive fear responses[END_REF][START_REF] Totty | Behavioral and brain mechanisms mediating conditioned flight behavior in rats[END_REF][START_REF] Pellman | Sexually dimorphic risk mitigation strategies in rats[END_REF][START_REF] Borkar | Sex differences in behavioral responses during a conditioned flight paradigm[END_REF] , which could well correspond to attempted escape responses. Consistent with this, in our results, darting was triggered by the CS onset, decreased with extinction training, and darting trajectories had the tendency to start and end in safer spots of the environment, all consistent with darting as a CS-evoked defensive behavior. The transition between selecting darting or freezing may depend upon the characteristics and perceived level of safety of the current environment, or upon the physical and psychological distance from the perceived threat, as proposed by the predatory imminence theory [START_REF] Blanchard | Defensive behavior of laboratory and wild Rattus norvegicus[END_REF][START_REF] Fanselow | A functional behavioristic approach to aversively motivated behavior: Predatory imminence as a determinant of the topography of defensive behavior[END_REF] , and confirmed by previous observations e.g. [START_REF] Yilmaz | Rapid innate defensive responses of mice to looming visual stimuli[END_REF][START_REF] Salay | A midline thalamic circuit determines reactions to visual threat[END_REF][START_REF] Evans | A synaptic threshold mechanism for computing escape decisions[END_REF] . In this view, CS-evoked darting in the open field would be interpreted as a defensive response of animals perceiving the threat as being more imminent than it was perceived by the freezers. Interestingly, we showed that freezing, as an index of fear, does not transfer proportionally across environments. Perhaps, the darters expressed greater fear renewal in the form of freezing and orienting response because the constrained environment rendered their prevalent defense, darting, impossible. Future studies could explore this by testing renewal in environments allowing darting.

Understanding the biological mechanisms underlying interindividual responses to trauma and therapy is crucial for effective personalized therapy for patients. Here, we made a step towards deciphering the transcriptional coding landscape that is specifically associated with interindividual differences in vulnerability to fear renewal. We identified genes differentially expressed in more vs. less vulnerable subjects. Among others, these included genes involved in GABA signaling pathways, the regulation of membrane potential, and membrane proteic organization. These might be crucial for individual vulnerability to fear relapse by regulating long term synaptic plasticity mechanisms in the vmPFC, similarly to what has been reported in the amygdala for fear conditioning [START_REF] Shaban | Generalization of amygdala LTP and conditioned fear in the absence of presynaptic inhibition[END_REF][START_REF] Lange | Glutamic acid decarboxylase 65: a link between GABAergic synaptic plasticity in the lateral amygdala and conditioned fear generalization[END_REF] . These genes could therefore correspond to interesting targets of future manipulative studies to test a potential direct role in fear relapse vulnerability. It must be noted that the transcriptional changes observed here may not be specific to the vmPFC. Also, it remains to be determined whether the biological pathways revealed here may play a causal role in interindividual levels of vulnerability. Future studies should focus on longitudinal analyses of changes in these regulatory pathways through conditioning, extinction, and renewal in order to better understand their respective roles in interindividual vulnerability levels.

Overall, our results challenge the tenet that assessment of freezing alone is sufficient to model post-traumatic behavior in rodents. This novel behavioral paradigm may be directly applied in translational research, since it directly identifies subjects vulnerable to fear renewal soon after the traumatic experience. To conclude, we showed here that a naturalistic environment can reveal the expression of an increased variety of defensive behaviors among laboratory animals and that post-conditioning behavioral phenotypes can serve as markers of the level of fear relapse vulnerability. These results may be instrumental for the development of more effective treatments enhancing context generalization of extinction training for psychiatric patients. (A) Two n=7 groups were subsampled for transcriptomic analysis: same as Figure 3H, gray dots represent discarded data. (B) Approximate location (blue circles) of the brain sampled for transcriptomic analysis (cingulate cortex areas 32V and 25). (C) vmPFC transcriptomes PCA: PC1 and PC2 represented 32\% and 12\% of overall transcriptome variance. (D) Linear regression analysis of gene expression profile (transcriptome PC1) vs. early extinction behavioral phenotypes. (E) Scaled expression of DEGs for darters and freezers. Dendrograms: hierarchical clustering of individuals and genes according to gene expression. Only the 78 genes selected by the GO (panel F), PPI (Figure S3B), DGA (Figure S3C) analyses are labeled. Colored lettering: analyses for which the DEGs were retained. (F) Significantly enriched Biological Processes Gene Ontology (GO) terms. Genes in bold typeface: identified in at least two among GO, PPI, and DGA analyses. Yellow/green: genes upregulated in freezers/darters. (G) Summary of DEGs retained by at least two among GO, PPI, and DGA analyses. Node color intensity: gene relative expression in darters vs freezers. Lines: protein-protein associations. (H) Correlation between gene expression and renewal freezing of DEGs retained in G. Circles color and size: correlation coefficient (Pearson, only those with p<0.05 are displayed. See also Figure S3, and Tables S1-2.

MAIN TEXT FIGURES LEGENDS

STAR METHODS

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the Lead Contact, Marco Pompili (marco.pompili@college-de-france.fr).

Materials availability

This study did not generate new unique reagents.

Data and code availability

Transcriptomic data are deposited on https://www.normalesup.org/~pompili while behavioral data are deposited on https://www.normalesup.org/~pompili. All original code has been deposited at https://www.normalesup.org/~pompili. DOIs are listed in the key resources table. Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request

EXPERIMENTAL MODEL AND SUBJECT DETAILS

18 adult male Long-Evans rats (260-340 g at the time of surgery, 2-4 months old), were housed in groups of 4 or 5 in large, environmentally-enriched, clear plastic cages (80x60x40cm) before surgery. They were maintained at 21°C in a well-ventilated room with a light/dark cycle of 12h/12h and free access to food and water. Upon arrival in the lab the animals were allowed at least 3 days of acclimatization before being handled daily by the experimenter for at least 5 days prior to surgery. All the experimental procedures were performed in accordance with institutional guidelines and national laws and policies, and were approved by the local Ethics Committee.

METHOD DETAILS

Surgical implantation of a magnetic base for the Inertial Measurements Unit (IMU)

The rats received a surgical implantation of a magnetic base onto which was fixed the Inertial Measurements Unit (IMU) during the experiments. The IMU is a small and lightweight device containing accelerometers and gyroscopes that sample linear acceleration and angular velocity of the animals' head in three dimensions [START_REF] Pasquet | Wireless inertial measurement of head kinematics in freely-moving rats[END_REF] . The IMU was magnetically affixed to the animals' heads during the experiments. A pair of neodymium disk magnets (S-06-03-N, Supermagnete.com) was glued to the bottom face of the IMU, and another pair was cemented to the skull of the animals with a surgical procedure as described in [START_REF] Pasquet | Wireless inertial measurement of head kinematics in freely-moving rats[END_REF] . Briefly, rats were anesthetized with an intraperitoneal injection of a mixture of ketamine (Imalgene, 180 mg/kg) and xylazine (Rompun, 10 mg/kg). Analgesia was assured by subcutaneous injection of buprenorphine (Buprecare, 0.025 mg/kg). The rats were placed in a stereotaxic frame (Narishige, Japan) and the surgical area was disinfected with povidone-iodine and 70% ethanol. The skull was exposed and gently scraped, and 3% hydrogen peroxide solution was applied. Burr holes were drilled (two in the frontal bone, five in the parietal bones, and one in the occipital bone) and miniature stainless steel screws (Phymep, France) were attached. Self-curing dental adhesive (Super-Bond C&B, Sun Medical) was deposited on the skull. A pair of disk neodymium magnets were glued to a glass/epoxy sheet and were fixed above the screws using self-curing acrylic resin (UNIFAST trad, GC Dental Products Corp.). The skin ridges were sutured in front and at the rear of the implant and the rats were allowed to recover in their home cages for one week. They then were housed individually in standard large cages (58x38x20 cm, DxHxW). After recovery. rats were placed under mild food restriction (~17 g/day, adjusted to allow for a 15 g weight gain per week until reaching 400 g, and then to maintain this weight) to ensure proper motivation for foraging during the sessions in the open field.

Behavioral protocol

After recovery from surgery, the rats underwent a 14 day ABC fear renewal protocol [START_REF] Bouton | Context and behavioral processes in extinction[END_REF] , which employed three different environments: two standard fear conditioning chambers (A and C) and one open field arena B. Auditory cues (CS) were 20 s continuous pure tones at 2 kHz (62-68 dB). Each day the rat had one training/testing session. Cameras mounted on the sides of the environments monitored animals' behaviors while a ceiling mounted video tracked their positions. During habituation (days 1 through 5), animals were habituated to the open field during 26 min sessions of free exploration and foraging. During fear conditioning (days 6 and 7), rats underwent two fear conditioning sessions in A, each composed of a 10 min baseline recording followed by five presentations of the CS each co-terminating with a footshock (1 s; 0.7 mA) at 10 minute intervals. Rats were then left undisturbed in their cages during days 8 and 9, during the weekend. Extinction: on days 10 to 13, rats underwent extinction training in B. Each session consisted of a 6-minute baseline recording followed by three presentations of the CS at intervals of 6 minutes. Fear renewal test: on day 15, all rats underwent a fear renewal test in C. After 6 min baseline recording, three CS were presented at 6 minute intervals.

Animals underwent 3 habituation sessions in B and 2 in B'. Half of the animals underwent extinction in B and the others in B'. On day 14, the last day of extinction, half of the animals in B were switched to B' and vice versa. No difference in any of the behavioral measures was observed among animals who switched configuration on day 14 and those that did not, and their data were pooled.

Behavioral apparatus

The environment A was a transparent plexiglass box (37 x 45 x 37 cm, DxHxW) placed in a noise attenuating cubicle (Med Associates, USA). The floor consisted of 25 stainless steel rods (0.6 cm in diameter) connected to a constant-current scrambled shock generator (ENV-414, Med Associates, USA). C was a custom built PVC cubicle (40 x 40 x 40 cm) of dimensions similar to A, but with gray walls and a solid black floor. The open field could assume two different configurations, B and B', and was 250 x 150 cm with 70 cm high walls. While the walls and the floor were composed respectively of PVC and sheets of rubber in both B and B', the two configurations were different with respect to surface textures, distal cues visible in the room, and the identities of the objects (small models of Parisian and Roman monuments; $\sim$20x20x20cm each) within the open field. In B and B', to enhance the ethological relevance of the apparatus, we allowed foraging for food pellets (20 mg, MLabRodent Tablet, TestDiet) released from two ceiling-mounted automatic distributors (Camden Instruments, UK) every 20-40 s in each session. The conditioning and fear renewal test chambers were located in differently configured rooms on different floors of the same building.

In all environments, behavior was recorded from side-mounted cameras. In A and C, video was captured with a camcorder (Sony Handycam HDR-CX280) and, in B and B', with 4 video cameras (Basler Aca 2500-60) synchronized with Streampix 6 (Norpix, Canada). In B and B', video was also recorded at 30 Hz from above the open fields with a webcam (Logitech C920). The positions of red LEDs mounted on the IMU were tracked with Dacqtrack software (Axona, UK). Auditory cues (CS) were 20 s continuous pure tones at 2 kHz (62-68 dB) controlled by a Power1401 interface (CED, UK). This interface also controlled a flashing red LED (invisible to the animals) that helped synchronize position data acquisition.

Inertial signals acquisition and processing

The inertial measurement unit (IMU) is a small (19x13x13 mm) and lightweight (6 g) device [START_REF] Pasquet | Wireless inertial measurement of head kinematics in freely-moving rats[END_REF] . The IMU employs Bluetooth wireless communication and the synchronization was assured by an infrared (IR) antenna that captured IR pulses emitted regularly at 0.5 Hz and recorded along with inertial data by the IMU. Sensitivity of the IMU was set to its maximum (±2 g and ±250°/s) and the sampling rate was 300 Hz. Preprocessing of inertial signals was performed with custom scripts in R. The head orientations were computed via low-pass filtering of all of the accelerometer signals [START_REF] Pasquet | Wireless inertial measurement of head kinematics in freely-moving rats[END_REF] . A second-order Butterworth low-pass filter with a cut-off frequency of 2 Hz approximated gravity components.

Tissue sampling and genome sequencing

About 3 hours after the end of the renewal protocol, rats were anesthetized with isoflurane, then euthanized with a pentobarbital overdose (160 mg/kg, i.p.). Brains were immediately removed and frozen at -40°C in isopentane for 35 s and stored at -80°C until sectioning. Brains were sectioned (100µm) and the ventromedial prefrontal cortex (vmPFC) in sections from 4 to 2.7 mm rostral from bregma was micro-punched (0.75 mm punch diameter), bilaterally with a probe centered in the middle of the cingulate cortex areas 32 ventral and 25 [START_REF] Paxinos | The Rat Brain in Stereotaxic Coordinates -7th edition[END_REF] . RNA was extracted using Trizol (Invitrogen) and further purified using the Direct-zolTM RNA MiniPrep (Zymo Research). Genome-wide transcriptional profiling was performed for seven rats in each group.

Genomewide transcriptional profiling was performed for seven rats in each group. Library preparation and Illumina sequencing were performed at the Ecole Normale Supérieure genomic core facility (Paris, France). Messenger (polyA+) RNAs were purified from 0.1 µg of total RNA using oligo(dT). Libraries were prepared using the strand specific RNA-Seq library preparation TruSeq Stranded mRNA kit (Illumina). Libraries were multiplexed by 14 on 4 high throughput flowcell lanes. A 75 bp single read sequencing was performed on a NextSeq 500 (Illumina). A mean of 2.298*10 7 ±3.189 passing Illumina quality filter reads was obtained for each of the 14 samples.

Quantification and statistical analysis

Automatic scoring of behavior

All of the behavioral data presented in the figures result from an automated scoring pipeline. Freezing was defined as each continuous period when the angular speed, computed from the IMU gyroscopes, was below 12°/s for at least 200 ms, as shown previously [START_REF] Pasquet | Wireless inertial measurement of head kinematics in freely-moving rats[END_REF] . Since the animals were not equipped with the IMU during conditioning, freezing was manually scored for these sessions, and was defined as the absence of movement except for breathing. Object exploration was estimated as the time the animals spent within 5 cm around the objects. To detect darting, LED position data was smoothed with a 300 ms Gaussian window. Then, we first identified intervals when the animal moved at least 15 cm without changing direction (IMU-detected angular speed inferior to 3°/s in bins of 50 ms). The resulting straight trajectories were divided into darting vs. slower movement epochs by a k-means classification on the animal's speed.

A supervised deep learning algorithm scored the remaining behaviors. To create the training and test data sets, an experienced experimenter manually scored behaviors into the following categories: two types of grooming (face and body), rearing, freezing, and darting. The training and test sets were each derived from 98 minutes of video recordings from two extinction sessions for three randomly selected animals. Grooming was characterized by repetitive motion of the animals' head, and of the forelimbs to its muzzle and whiskers (face grooming) or body (body grooming). Rearing was characterized as epochs when the animal was standing on its hind limbs. All other time bins were scored as 'foraging/exploratory' and mostly included stationary activity, risk assessment, slow locomotion, and foraging behaviors.

A three-layer neural network with a convolutional layer and a fully connected hidden layer was implemented with custom scripts and built-in functions of the parallel computing toolbox in Matlab (Mathworks, USA). The behavioral measures provided to the network included: video-detected head position, accelerometer and gyroscope raw signals smoothed using a zero-phase lowpass filter, and the movement frequency power spectrum obtained by wavelet analysis of each gyroscope channel using the WaveletComp package in R that yielded a spectrogram of 3 bands, each 3 Hz wide, spanning from 0.1 to 9 Hz. All signals were down-sampled to 30 Hz and binned in 2 s windows with 200 ms overlap. Note that time bins previously classified as darting, freezing or object exploration (as defined above) were excluded from this analyses: the network thus only scored grooming, rearing vs. other behaviors. The network was trained on the manually scored behavior, and the robustness and accuracy of the classification was assessed on the test set by reiterating the training and test process 1000 times. The average accuracy of the classification was 87.7% (Figure S4A), consistent with previous reports [START_REF] Venkatraman | Investigating neural correlates of behavior in freely behaving rodents using inertial sensors[END_REF] . The repeated iterations of the algorithm diverged by 3.8% on average and errors tended to be concentrated in the same 3.9% of bins (Figure S4B-D). Given the lack of differences between the different iterations, one iteration was randomly selected to classify the entire dataset.

Behavioral data analysis

Using all data over the course of the entire protocol for all sessions of all the animals, a six-column matrix containing the time series of the respective classified behaviors was built and smoothed (Gaussian window of 20 s). All of the CS and post-CS (60 s) data from the five extinction sessions of all of the animals was extracted and its dimensionality was reduced with Principal Component Analysis (PCA). Then, unsupervised clustering (k-means) separated the animals into two groups using the average activation strengths of the first three components of the PCA during the three CS presentations of the first extinction session (ext1). As a control, data was k-means clustered into two groups from data from the three CS presentations of the last session of extinction (ext5). Behavioral analyses were focused on CS evoked responses taking place in the intervals from CS onsets until 60 seconds after CS offsets, here named CS periods.

The clustering and all statistical analyses were performed in Matlab (MathWorks, Natick, MA), using the Freely Moving Animal Toolbox (http://fmatoolbox.sourceforge.net) and custom written programs. Behavioral categories whose weights exceeded Otsu's threshold [START_REF] Otsu | A threshold selection method from gray-level histograms[END_REF] were considered as significantly contributing to the corresponding principal component. Otsu's threshold selection is a nonparametric and unsupervised method to set a threshold to extract relevant values from background activity.

In figure 3J, to increase the temporal resolution of behavioral cluster separation analysis we separated CS from post-CS in order to represent each session by 6 different intervals. For descriptive statistics, behavioral data was represented with boxplots where the central bar indicates the median, the bottom and top edges indicate the 25th and 75th percentiles; whiskers extend to the most extreme data points, excluding outliers. Datapoints were considered as outliers if they were greater than q3+2.7σ(q3 -q1) or less than q1-2.7σ(q3 -q1); where σ is the standard deviation, and q1 and q3 are, respectively, the 25th and 75th percentiles of the sample data. To represent overall changes in behavioral variance across the protocol (Figure 1E), the values of variance for the different behavioral classes (Figure S1A) for each day were pooled and fold change was computed relative to the average value of the previous day. Training stages were defined as in Figure 2G-H but early habituation only included hab2 since FC compared to previous day cannot be computed for hab1.

Differentially expressed genes analysis

The analyses of sequenced data were performed using the Eoulsan pipeline [START_REF] Jourdren | Eoulsan: a cloud computing-based framework facilitating high throughput sequencing analyses[END_REF] , including read filtering, mapping, alignment filtering, read quantification, normalisation and differential analysis. Before mapping, poly N read tails were trimmed, reads <40 bases were removed, and reads with quality mean < 30 were discarded. Reads were then aligned against the Rattus norvegicus genome from Ensembl version 96 using STAR (version 2.7.2d) [START_REF] Dobin | STAR: ultrafast universal RNA-seq aligner[END_REF] . Alignments from reads matching more than once on the reference genome were removed using Java version of samtools [START_REF] Li | The sequence alignment/map format and SAMtools[END_REF] . To compute gene expression, Rattus norvegicus GTF genome annotation version 96 from Ensembl database was used. All overlapping regions between alignments and referenced exons were counted using HTSeq-count 0.5.3 [START_REF] Anders | HTSeq-a Python framework to work with high-throughput sequencing data[END_REF] . The sample counts were normalized using DESeq2 1.8.1 [START_REF] Love | Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2[END_REF] . Statistical treatments and differential analyses were also performed using DESeq2 1.8.1.

Transcriptomics data analysis was performed using routines written in R. Differentially expressed genes (DEGs) were defined by an absolute value of log2 of fold change >1, an adjusted p-values after Bejamini & Hochberg correction [START_REF] Benjamini | Controlling the false discovery rate: a practical and powerful approach to multiple testing[END_REF] of <0.01, and mean total counts for all the conditions >10. In order to assure stringent selection, further correction was performed non-parametrically with a shuffling technique. We randomly permuted 3431 times (for all possible combinations of two groups of 7 subjects) the assignment of BH corrected p-values to the two groups. For each gene, we computed the number of times the difference in gene expression between the two groups in shuffled data was equal or greater than the difference observed. This was <0.02 in all cases, and we therefore retained all DEGs. Volcano plots and heatmaps for visualization were generated using the Enhanced Volcano (https://bioconductor.org/packages/devel/bioc/vignettes/EnhancedVolcano/inst/doc/EnhancedVolcano.html) and Complex Heatmap 70 R packages.

Gene annotation and enrichment analysis on the 238 DEGs was performed using Metascape with a minimum count of 5 and default parameters otherwise (http://metascape.org/) [START_REF] Zhou | Metascape provides a biologist-oriented resource for the analysis of systems-level datasets[END_REF] . All genes in the genome have been used as the enrichment background. Among the DEGs, 190 genes were detected in the ontology sources GO Biological Processes. Pvalues were calculated based on the accumulative hypergeometric distribution, and q-values were calculated using the Benjamini-Hochberg procedure to account for multiple testing. Protein-protein interactions analysis between the DEGs was performed using STRING (Search Tool for Recurring Instances of Neighboring Genes, v 11.0 (https://string-db.org/) [START_REF] Szklarczyk | The STRING database in 2017: quality-controlled protein-protein association networks, made broadly accessible[END_REF] . Interaction sources include all sources available in STRING. Disconnected nodes are not displayed in Figures. Minimum required interaction score was set to a high confidence level (0.7). Disease Gene association between the DEGs and the stress and anxiety related disorders ("Post-Traumatic Stress Disorder", "Anxiety Disorders", "Anxiety symptoms", "Anxiety", "Anxiety and fear", "Abnormal fear/anxiety-related behavior", "Stress, Psychological") was performed using the DisGeNET database [START_REF] Piñero | The DisGeNET knowledge platform for disease genomics: 2019 update[END_REF] . (B) Percent divergence between different runs of the machine learning classification. Results of the different runs were compared to each other, and for each comparison a divergence value was computed corresponding to the percentage of time bins with different classifications. On average, the different runs were different in 3.77% of the bins and the divergence was never greater than 6%. (C) Conditional probability of classification. Colors represent the probability (also expressed numerically for each cell) that one run classified a time bin to a particular behavior, given the classification outcome for that bin from another run. For example, the top left cell indicates that the bins that were classified as "foraging/exploration" on one run, had 0.001 (or 0.1%) probability of being classified as "body grooming" on another run. Note the high values along the diagonal, indicating that time bins classified as a particular behavior on a given run are very likely to be classified as the same behavior on a different run, and therefore demonstrating consistency between runs. (D) For each of the 2514 time bins of the test dataset, the proportion of runs when an error occurred was computed. Errors tend to concentrate in a few time bins and most time bins were never wrongly classified. 
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Figure 1 .

 1 Figure 1. Multidimensional behavioral scoring in an ethologically-relevant paradigm reveals clusters of distinct postconditioning fear response profiles. (A) Behavioral protocol. Rats were habituated to forage in the arena containing sheltering objects (red shapes) for 5 days (hab1 to hab5), then underwent fear conditioning in a standard cubicle, followed by five days of extinction (ext1 to ext5) in the arena, and then by the fear renewal test (ren) in another cubicle. (B) Automated multidimensional behavioral assessment tools. (C) Example darting trajectory (thick colored line; triangle-start, circle-end). Gray traces: trajectories over 5 min. (D) Darting peak speeds distribution (all trajectories, all rats). (E) Fold change (FC) in behavioral variance compared to previous training stage (all behavioral classes, see STAR Methods). Solid line: mean; shading: SEM. (F) PCs explained variance (green circles). Black line: shuffled data mean explained variance (shading: SEM). Stars: components with significant explained variance (Monte Carlo bootstrap). (G) Behavioral classes' contributions to the significant PCs. Red: significant weights. (H) Significant PCs expression during ext1 CS periods revealed two clusters. Dots: averages for each rat. Yellow and green: k-means separated clusters. Xs: cluster centers of mass; red dashed line: their Euclidean distance; red shaded areas: projections of contour lines of the Gaussian model's density estimates. Inset: inter-cluster distances distribution obtained for 1000 shuffles of group membership (red line: actual inter-cluster separation). [***p<0.001] See also Figures S1 and S2, and Video S1.

Figure 2 .

 2 Figure 2. Distinct fear response profiles and their evolution over extinction training. (A-B) Freezing and darting inter-group comparisons. Dots: averages across CSs for each rat. Box plots: central bar = median, bottom/top edges = 25th/75th percentiles; whiskers mark extreme points excluding outliers. (C-E) After conditioning (D), darters and freezers formed two distinct clusters not distinguishable before conditioning (C) or after extinction (E). Similar format to Figure 1H. (F) Darters-freezers cluster separation over time (red curve) compared to shuffled groups (gray line: mean; shading: 95% confidence interval). Red bars above: periods with significant separation (Monte Carlo bootstrap). (G-H) Intra-group comparisons relative to extinction training (late habituation: hab4 and hab5; early extinction: ext1 and ext2; late extinction: ext4 and ext5). (I-J) Locomotor speed around ext1 CSs presentations. Black dashed lines: CS onset and offset. (I) Individual trials. (J) Averages (solid lines) and SEM (shading). Gray bar: average baseline speed (20 s pre-CS). Bars above and below: periods significantly different from baseline. [Sign-rank tests (A,B,G,H); Unpaired t-test (J); n.s.: not significant, *p<0.05, **p<0.01, ***p<0.001] See also Figure S2.

Figure 3 .

 3 Figure 3. Greater vulnerability to fear renewal in darters than freezers. (A) Baseline freezing (prior to first CS). (B) First CS period freezing. (C) Freezing difference between first and last CS periods. (D-E) Orienting responses measured from head angular velocity. (D) Individual trials, (E) average (solid lines) and SEM (shading). Inset: average response amplitude 0-500 ms. (F-I) Fear renewal strength, measured as freezing (F-G) or orienting response (H-I) to the first CS, relative to ext1 freezing/darting. Same format and statistics as Figure 2. [Unpaired t-tests (A,B,C,E); n.s.: not significant, *p<0.05, **p<0.01, ***p<0.001] See also Video S2.

Figure 4 .

 4 Figure 4. Darters and freezers have different gene expression profiles in vmPFC. (A) Two n=7 groups were subsampled for transcriptomic analysis: same as Figure 3H, gray dots represent discarded data. (B) Approximate location (blue circles) of the brain sampled for transcriptomic analysis (cingulate cortex areas 32V and 25). (C) vmPFC transcriptomes PCA: PC1 and PC2 represented 32\% and 12\% of overall transcriptome variance. (D) Linear regression analysis of gene expression profile (transcriptome PC1) vs. early extinction behavioral phenotypes. (E) Scaled expression of DEGs for darters and freezers. Dendrograms: hierarchical clustering of individuals and genes according to gene expression. Only the 78 genes selected by the GO (panel F), PPI (Figure S3B), DGA (Figure S3C) analyses are labeled. Colored lettering: analyses for which the DEGs were retained. (F) Significantly enriched Biological Processes Gene Ontology (GO) terms. Genes in bold typeface: identified in at least two among GO, PPI, and DGA analyses. Yellow/green: genes upregulated in freezers/darters. (G) Summary of DEGs retained by at least two among GO, PPI, and DGA analyses. Node color intensity: gene relative expression in darters vs freezers. Lines: protein-protein associations. (H) Correlation between gene expression and renewal freezing of DEGs retained in G. Circles color and size: correlation coefficient (Pearson, only those with p<0.05 are displayed. See also Figure S3, and Tables S1-2.
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 S1 Figure S1. CS presentations elicited variable behavioral responses among animals (A-B). Segregating rats based on behavioral phenotype data from early extinction led to groups with significant differences of behavior evolution over extinction training (C-H). Relates to Figure 1.(A) Time spent performing behaviors during CS periods and group variance. Dots represent individual rats' averages over the three CS periods. In box plots, the central bar indicates the median, the bottom and top edges indicate the 25th and 75th percentiles; whiskers extend to the most extreme data points, excluding outliers (see Methods). The blue shading bars depict variance (scales at right). Stars mark the sessions where the variance was different from the previous session (F-test for equal variances). Note that object exploration, darting, and other exploratory/foraging behavior could not be expressed (NA) in the small conditioning chamber. (B) Comparison of behavioral expression during late habituation (late-Hab: hab4 and hab5), early extinction (early-Ext: ext1 and ext2), and late extinction (late-Ext: ext4 and ext5) sessions. Stars denote significant differences between these training stages (sign rank test). Only significant comparisons are shown. (C-H) Segregating animals based on behavioral phenotype data from ext1 (C-E) but not from ext5 (F-H) led to groups with significant differences of behavior evolution over extinction training. (C) Evolution of PC1 values over the three CS periods in freezer and darter groups as clustered from ext1 data. Each row corresponds to one rat (white corresponds to unavailable data). Colors represent the average expression of PC1 for the respective CS presentations (numbered below). The horizontal dashed line separates the two groups (freezers and darters) determined from ext1 data. (D) Average values of PC1 expression over the sessions for the two groups. The expression of PC1 is significantly different between the two groups in ext1 (as expected) and also ext2 (unpaired t-test; **p<0.01, ***p<0.001). (E) Changes in the behavior expression across extinction training sessions for the two groups as clustered with ext1 data. Colored dots represent the difference between early extinction (average of ext1 and ext2) and late extinction (average of ext4 and ext5). Note how the two groups manifest different evolution of the expression of freezing and darting over extinction training: darting extinguishes in darters and freezing change over extinction is greater for freezers. (F,G,H) Same as (C,D,E) but for the groups derived from k-means clustering on ext5 data. Note that the expression of PC1 differs between the two control groups only for the ext5 session used for clustering. Clustering with ext5 data did not lead to significant inter-group differences in behavioral expression changes over extinction. Data is represented as mean ±SEM. Statistics are unpaired t-tests [*p<0.05, **p<0.01, ***p<0.001]

Figure S2 .Figure S3 .Figure S4 .

 S2S3S4 Figure S2. Comparison of expression of behaviors other than darting and freezing during CS periods across extinction training (A-D). Fear acquisition, generalization of contextual fear, and within-day learning rate do not explain interindividual variability during early extinction (I-K). Darting typically was from one 'sheltering' location to another (L-N). Relates to Figures1 and 2. (A-D) Equivalent of Figure 2A-B for other behaviors. (E-H) Intra-group comparisons demonstrate significant differences in these behaviors expression over extinction learning (equivalent of Figure 2G-H for other behaviors). (I) Percentage of time spent freezing during CS presentations in conditioning sessions (CS1-5 were presented on day 1 and CS6-10 on day 2). (J) Percentage of time the animals spent freezing in baseline period prior to the first CS presentation in ext1. (K) Differences between CS3 and CS1 for proportion of time spent freezing in ext1. No significant differences. (L) Positions in the open field are colored according to their distance from the walls and the objects (all considered as 'sheltering' locations). (M) Dots indicate all rats' positions at the beginning (top left), in the middle (top middle), and at the end (top right) of all darting trajectories for all sessions in one configuration of the open field (see Methods). (bottom) When in the middle of darting trajectories, rats were further away from sheltering locations ('safety') than at the beginning or end of trajectories. (N) Positions of all rats (color coded by group) at CS onset for all sessions (left) and for ext1 (right). (bottom) No significant distance-to-safety difference between groups at CS onset. Statistics are unpaired t-tests [n.s.:not significant; *p<0.05, **p<0.01, ***p<0.001]
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SUPPLEMENTAL VIDEOS LEGENDS

Video S1. Examples of the 6 behavioral categories. Relates to Figure 1. The video is provided as a separate file.

Video S2. Example of a CS-evoked orienting response and associated startling in a small compartment. Relates to Figure 3. The video is provided as a separate file. Table S2. Summary of genes highlighted by GO, STRING, and PPI analyses. Relates to Figure 4 and Figure S3.

(A) Summary of GO analysis results. Significantly enriched Biological Processes GO terms are represented. P-values were calculated based on the accumulative hypergeometric distribution, and q-values were calculated using the Benjamini-Hochberg procedure to account for multiple testing using Metascape. The portion of genes associated with each GO term that was identified within the DEGs are reported and their symbols are detailed. Horizontal lines separate groups of GO terms whose summary term is indicated in bold. (B) STRING analysis summary and statistics. Each protein-protein interaction that is part of the PPI network of the DEGs obtained from STRING analysis of the DEGs list is described. Only connected nodes and interactions with confidence >0.7 are described. The strength of data supporting each association is reported as well as the type of connection: Neighborhood on chromosome, Homology, Co-expression, Experimentally determined interaction, Analysis of database information, Automated text mining of co-occurrence of gene/protein names. (C) Summary of DGA analysis results and statistics. List of DEGs that have been previously associated with anxiety and stress-related disorders according to DGA analysis (DisGeNET database). The Disease Specificity Index (DSI) reflects whether genes are associated to several or fewer diseases and the Disease Pleiotropy Index (DPI) reveals whether these diseases are similar or not. The probability of being loss-of-function (LoF) intolerant (pLI) measures how much the naturally occurring LoF variation has been depleted from a gene by natural selection. LoF intolerant genes will have a high pLI value (>0.9). The GDA score indicates the level of evidence of the association based on the number and type of sources.