bioRxiv preprint doi: https://doi.org/10.1101/2021.01.18.427217; this version posted September 21, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Parvalbumin I nterneuron Activity Underlies Vulnerability to Post-Traumatic Stress
Disorder in Autism
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Abstract

A rising concern in Autism Spectrum Disorder (ASBYhe heightened sensitivity to stress and
trauma, the potential consequences of which hawn lwverlooked, particularly upon the

severity of the ASD traits. This study investigatbé predisposition to, and impact of, Post-
Traumatic Stress Disorder (PTSD) in ASD. We fireimibnstrated a reciprocal relationship
between the two disorders and revealed that expdsua mild stressful event induces PTSD-
like memory in four mouse models of ASD. We alstalelish an unanticipated consequence of
stress in this condition, showing that the formatiof PTSD-like memory leads to the

aggravation of the core traits associated with ASDch a susceptibility to developing PTSD-

like memory in ASD stemmed from hyperactivationtioé prefrontal cortex and altered fine-

tuning of parvalbumin interneuron firing. We shdvat this traumatic memory can be treated by
recontextualization, reducing the deleterious éff@n the core symptoms of ASD. Overall, this
study reveals multi-level neurobiological mechargdimt explain the increased vulnerability to
develop PTSD in ASD. It provides a framework fotuie examination of the impact of PTSD-

like memory in autism and offers new directions doav behavioral therapeutic interventions
targeting traumatic memory in ASD.
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Abbreviations. ASD: Autism Spectrum Disorder; KO: Knock-Out; mPH@edial PreFrontal
Cortex; PTSD: Post-Traumatic Stress Disorder; P¥=-Rarvalbumin Interneurons;

| ntroduction

Autism Spectrum Disorder (ASD) is a neurodevelopm@letisorder caused by a combination of
genetic and environmental factors that impair neakeircuit function and lead to behavioural
difficulties, such as altered social behaviour eektitive movements?. Beyond the core traits,
ASD patients present with cognitive defects, inglgdhype-reactivity to sensory stimulff,
abnormal fear conditioning, and altered declarative memory Such a combination of
impairments suggests a potential predispositiondi®reloping post-traumatic stress disorder
(PTSD), in which an extreme stress induces anealteremory of an evehf. In line with recent
studies in humans positing a co-occurrence of thesedisorders ™ ASD and PTSD display
common behavioral features including impaired eomal regulation, cognitive rigidity, and
fragmented autobiographical memaryyet, the link between the two disorders remaiosrly
explored. This is critical to address as there [gessing need for explaining the occurrence of
traumatic stress in autism, but also for understanthe mechanisms underlying the unique
perception of traumatic events in this condition

As a crucial component of the fear memory circuiftythe medial prefrontal cortex (MPFC)
controls downstream structures including the higpagous and the amygdala to drive executive
functions such as short-term memory and reasatiitfgThe dysfunction of the mPFC has been
shown in both ASD"® and PTSD", suggesting that this structure represents a cammode
where cellular alterations may contribute to theesgance of these disorders. The mPFC
contains the fast-spiking parvalbumin-expressingrireurons (PV-INs) that provide critical
inhibitory control and maintain the excitation/ibhion balance in cortical circuits. These cells
are required for adapted fear memorizatfbrand normal sensory functioh. They play an
essential role in stress-related disord&ras well as in ASD, where they drive aberranticakt
activity ' Together, PV-INs represent cellular targets fasrnmalizing functional
connectivity and behavior in ASD, as their excdgatihas been shown to rescue social
impairments in the Contactin-associated proteim@ck out Cntnap2 KO) mouse model, which
recapitulates the core symptoms of ASD” However, there is an urgent need to investigate t
extent to which PV-INs are involved in the cogretideficits and their role in tuning cortical
activity in response to stress in ASD.

In this study, we aimed toimpactsl key cellular amblecular mechanisms involved in
interneuron adaptation to stress that impact badiah prefrontal cortex activity and memory
formation, and in turn contribute to the pathopblgsiy of ASD.
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Results

Stressin memorization and autistic traits

No investigation has explored the connection betw&8D and PTSD in mice models of ASD.
A cardinal feature of PTSD is the development aiaadaptive memory of the traumatic event
2 Here, we studied PTSD-like memory formation ie €ntnap2 KO mouse model, using a
contextual fear conditioning paradigm model of PTi&® memory % This paradigm
combines two auditory tonaspaired to two mild electric foot-shockg={g. 1a; Day 1), in
which the tones do not predict the foot shocks.sAsh, the environment or “context” of the
conditioning session becomes the only relevantigi@dof the threat. We found that non-
stressed control mice developed an adapted coatdeiar memory, characterized by a low fear
of the tonei(e. tone testfig. 1a, Day 2; Fig. 1b left panel) combined with a strong fear of the
conditioning contexti(e. context test;Fig. 1a, Day 2; Fig. 1b right panel). In contrast,
submitting control mice to a 20 min restraint stremmediately after the conditioning led to the
development of a maladaptive memory, consisting strong fear of the tone, and marginal fear
of the conditioning contextF{g 1b). This abnormal memory profile mimics PTSD-related
memory, by combining intrusiveensory hypermnesia for a salient, yet irrelevant element of the
trauma (the tone), with a partiainnesia of the surrounding context®?® Strikingly, Cntnap2
KO mice displayed the same memory profiles as obmice Eig. 1c). Non-stresse@ntnap2
KO mice were able to form adapted contextual memauiyile stressedCntnap2 KO mice
showed strong fear of the irrelevant tone, and fear of the conditioning context. This
demonstrates that, as control mi&ntnap2 KO mice develop PTSD-like memory after a
stressful event.

It is well-known that ASD is characterized by diffities coping with stresd We hence
reasoned that PTSD-like memory could be triggere@ntnap2 KO mice with lower level of
stress. Utilizing a modified version of the origiRTSD protocof*we subjected mice to a 30
min restraint stres&4h before conditioning Fig. 1d). In this paradigm, both non-stressed control
andCntnap2 KO mice displayed an adaptive contextual fear nrgrdd hours post-conditioning
(Fig. 1d, Day 2; Fig. 1e). In contrast, an independent group of stregSethap2 KO mice
showed strong and specific fear response to the tmmbined with low freezing to the
conditioning context, whilst stressed control mitemonstrated normal contextual fear memory
(Fig. 1f). This abnormal fear memory recapitulated all deed of PTSD-like memory
(Methods): partial fear generalizatiare(, fear of a similar, yet non-identical, salient eterhof
the traumatic evenfig. Sla) and persisting across timeig. S1b). Furthermore, we found no
difference in the reactivity to the electric fodtegk or the tone presentation between control and
Cntnap2 KO mice following stress and fear conditionirf§d. S1c), indicating thatPTSD-like
memory did not stem from altered sensory processiifp confirm that this profile was a
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feature of the autistic condition and not due tec#ic features of the&Cntnap2 KO mouse
model, we tested the protocale(, restraint stress and unpaired fear conditioningjhree
additional mouse models of ASD: The phosphatasetamsin homolog conditional knockout
(Pten cKO), the Shank 3 KO, and the Fragile-Xrnmr1 KO mouse models of autisif*
Following this paradigmpPten cKO, Shank3 KO, and Fmrl KO mice displayed traumatic
memory profile Fig. 1g), overall proving a general vulnerability in amtiso developing PTSD-
like memory.

Given the similar behavioral features of both PT&kl ASD conditions (impaired emotional
regulation, cognitive rigidity”®), we hypothesized that PTSD-like memory formatimould
exacerbate ASD-related traits. We therefore quadtgocial Fig. 1h; Fig. S2a-b) and repetitive
behaviors of theCntnap2 KO mice €ig. 1li; Fig. S2c-d) following PTSD-like memory
formation, compared to stressed control mice. Wmdothat unlike fear conditioning alone or
stress alone, PTSD-like memory formation, with bttt classic Kig. S2e-g) or the modified
PTSD protocol aggravated the severity of both earistic traits Fig. 1h-i). This exacerbation
was maintained for 3 weeks post-conditionikgg( S2f, g).

We next examined the malleability of the patholagimemory developed in ASD conditions to
determine whether it was possible to rescue PTE®4hemory in ASD mice. We used a
behavior-based rehabilitation strategy called “réertualization”??*?’ which has been shown
to successfully normalize PTSD-like memory in cohinice®. We re-exposed th@ntnap2 KO
micewith PTSD-like memory to the original tone in thenditioning context with no foot shock
(Fig. 2a). Whilst the stresse@ntnap2 KO mice replicated the amnesia to the conditioning
context, followed by a strong and high fear respaisthe tone during the recontextualization
session Kig. 2b), 24h later they exhibited normal, contextualiZzeér memory FEig. 2c).
Importantly, restoring normal memory improved sbdmeehavior and decreased repetitive
movements to levels close to that of control mieg.(2d, e, Fig. S2h-j). To note, we did not
find any sexual dimorphism regarding the impacstoéss in fear conditionindr(g. S3a, b), or
the aggravation of the core autistic traits withSPHike memory formation in th€ntnap2 KO
mice Fig. 3Sc, d). Together, this data demonstrates that whilstD?Ti& memory exacerbates
the core symptoms of ASD, it is possible to marapulthis pathological memory and
subsequently alleviate ASD-related behavior. Tloeegfit provides evidence for a reciprocal
relationship between PTSD and ASD.

mMPFC hyperactivation elicits PT SD-like memory

Alterations in the activity of the medial prefrohtartex (mPFC) have been previously described
in both PTSD* and ASD**?% Overall, decreased PFC functional activation ttessful and
trauma-related cues, has been found in PTSD patfénivhile hyperactivity of the principal
neurons has been described in ASDrlo uncover the impact of PTSD-like memory formation
in ASD, we analyzed neuronal activation inducedréyexposure to the conditioning context
using the cell activity marker c-F&S. Whilst there was no difference in cFos-positival ¢
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density at the basal level between control @nthap2 KO mice (n= 4 mice/group; Data not
shown), stresse@ntnap2 KO mice presented more c-Fos positive cells thaessed control
mice Fig. 3a, b). This increase in mMPFC cell activation was asgedi to alterations in
downstream structures involved in the fear memamwuitry *°. We found a significant decrease
in c-Fos-positive cells in the amygdala and hippgmas of stresse@ntnap2 KO mice following
re-exposure to the conditioning context, compacedantrol mice fig. $4a, b). Interestingly,
limited cFos activation was detected in PV-INs,gegiing that the cFos increase observed after
context test was specific to putative pyramidalsc@lig. 3a,b).

To further characterize the causal relationshipveen mPFC activity and PTSD-like memory
formation, we performedn vivo optogenetic modulation of the pyramidal cells loé tmPFC
during the modified fear conditioning protog#élig. 3c, Fig. $4c, d). We found that optogenetic
stimulation of the prefrontal cortical pyramidallsevia channelrhodopsin (ChR2) activation in
stressedontrol mice was sufficient to trigger traumatic memorynfation Eig. 3d). Similarly,
optical stimulation of the mPFC pyramidal cells non-stressed iEnap2 KO mice induced
PTSD-like memoryKig. $4€). Conversely, optogenetic inhibition of the mPHRZgmidal cells
via Archaerhodopsin (ArchT) activation in stresséntnap2 KO mice during conditioning
successfully prevented PTSD-like memory formatieiy.(3e). Together, this data indicates that
stress-induced mPFC hyperactivation in ASD unde®€&SD-like memory formation.

Stress-induced PV-INs alterations

Since an alteration of the excitation/inhibitionldrece coming from parvalbumin interneuron
(PV-INs) hypofunction has been well documented BDA®, we then wondered whether PV
interneuron activity underpins the observed mPF@ehgctivation and subsequent PTSD-like
memory formation. We hypothesized that increasintgrneuron activity would prevent
traumatic memory formation. We performed optogenetiimulation of PV-INs via cre-
dependent ChR2 activation during conditioning irestedCntnap2 KO mice and found that
both PTSD-like memory formatiorig. 3f, Fig. $4f-i), and the subsequent aggravation of core
autistic traits were preventedrig. $4j, k). We next explored the physiological mechanisms
priming PV-INs to be vulnerable to stress, usingitro electrophysiological recordings V-
Cre; Td-Tomato (controls) and Cntnap2”; PV-Cre; Td-Tomato (KO) mice. As previously
reported®®®: PV cell number was unchanged between controkidonditions(Fig. S5a-c) as
were intrinsic properties, such as resting membiaotential and input resistanc&aple 1).
However, we observed substantial changes in PMifINgf pattern after stress in control mice,
compared to non-stressed control miEég( 4, grey and black). As previously describetf,
stress enhances PV-IN excitability in control caoiodi (i.e. reduction in spike latency and
increase in maximum firing frequendyig. 4a-h; Fig. S5d-f). Interestingly, our data shows that
Cntnap2 KO PV-IN firing resembles that of stressed conf®-INs (Fig. 4b, black and light
pink). PV-INs in the stressedCntnap2 KO condition presented a shift in excitability,
characterized by a large increase in latency b $ipike Fig. 4c-e, Fig. Sbd-e) and a significant
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decrease in firing frequency at intermediate depotay steps, compared to non-stressed KO
and control conditionsHg. 4f). This suggests that PV-INs in ti@ntnap2 KO mice compute
cortical information following stress differentlyoim the control. These cells are likely to filter
more efficiently a certain range of inputs, undieidya global weaker inhibitory power within the
mPFC.

These cellular alterations were associated witmgés in the expression of activity-dependent
proteins that fine-tune PV-IN firing,i.e. the calcium/calmodulin-dependent Etvl/Er81
transcription factor, which regulates PV-IN spiletehcy at near threshold potenfialand the
calcium-binding protein parvalbumin (P¥, which expression levels depend on cell acti¥ity

In line with the shifted firing latency®¥ Fig. 4c-e), we found decreased Etv1/Er81 levels in
control PV-INs upon stress-ig. 4i, j top pane), but increased Etvl/Er81 expression in the
Cntnap2 KO condition after stress, compared to non-steessadition.

As previously reported®, PV levels were significantly decreased betweentrobandCntnap2
KO conditions Fig. 4i, j bottom panel; Fig. S5c). Whilst no change was observed upon stress
in control, PV expression significantly increasadhe stresse@ntnap2 KO mice, compared to
the non-stressed mic€i. 4i, j bottom panel; Fig. S5c). At the synaptic level, stress did not
affect spontaneous inputsi¢. S5g, h) andrelease probability onto PV-IN&iQg. 4k, I; Fig. S5i,

J) in control andCntnap2 KO conditions. However, the amplitude of the ewbk&puts afferent
to PV-INs was increased upon stress in confa.(4m, black). This was not the case for the
Cntnap2 KO condition Fig. 4m, pink), suggesting that stress elicits differential tegan of the
evoked inputs afferent to PV-INs. Overall, thisadatdicates that PV-INs in th@ntnap2 KO
mice display similar properties to stressed PV-lNghe control condition, and also present with
an altered adaptation to stress that is likelyrideulie a deficit in inhibition in the mPFC.

M aterials and methods

Mice. 3 to 5-month-old naive mice were individually hodse standard Makrolon cages, in a
temperature- and humidity-controlled room under2a light/dark cycle (lights on at 07:00),
with ad libitum access to food and water. We used both males emdlds to minimize the
number of mice produced in this study. WT a@@htnap2” KO mice (Jackson ID:
#017482(Penagarikano et al., 2011)) were noniiétes, derived from breeders of the same
colony and used for behavior and histological asedyShank 3 KO and control were kindly
provided by Dr Mireille Montcouquiol and Dr NathalBans (Neurocentre Magendie, Bordeaux
University, France)Pten control Pten™) and cKO mice Rten™; Emx-Cre/+), and Fnrl
control and KO mice were male littermates, kindigypded by Dr Andreas Frick (Neurocentre
Magendie, Bordeaux University, France). For optegies manipulation of PV cells, PUre
mice (Jackson ID: #008069) were bred withtnap2 ” mice to obtairCntnap2 *; PV-Cre/Cre
(KO). For electrophysiological recordings, R¥e (Jackson ID: #008069)Id-Tomato mice
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(control) were bred witlCntnap2 KO mice to obtairCntnap2 *; PV-Cre/+; Td-Tomato/+ mice
(KO).

All experiments took place during the light phadée replicated the behavioral experiments in
two to four different batches. We found no differes in the formation of PTSD-like memory in
males and female&ig. S3). Every effort was made to minimize the numbeaminals used and
their suffering. All procedures were conducteden@dance with the European Directive for the
care and use of laboratory animals (2010-63-EU)thedanimals care guidelines issued by the
animal experimental committee of Bordeaux Univgr@@CEAS50, agreement number A33-063-
099; authorization N°21248), and from the AustralidNational University Animal
Experimentation Ethics Committee (protocol numi?&618/66, A2020/26, and A2021/43).

Fear conditioning procedure. To assess the quality of the fear memory inGhimap2 WT and

KO mice, we used the only model currently availdhbg allows the assessment of both memory
components of PTSD in miced emotional hypermnesia and contextual amnesia) (&a® et
al., 2012).

Habituation (Day 0): The day before fear conditioning, mice were indinllly placed for 4 min
into a white squared chamber (30x15 cm, ImetroRrence) with an opaque PVC floor, in a
brightness of 40 lux. The box was cleaned with 18étia acid before each trial. This pre-
exposure allowed the mice to acclimate and becamdifr with the chamber later used for the
tone re-exposure test.

Acute mild gtress: In the original protocol, a 20-min restraint sgr@gs performed immediately
after the conditioning. In the modified protocole ywerformed a 30-min restraint stress under
bright light (100 Lux) 24h before the conditioniagssion. Stressed mice were taken to a neutral
room and placed into a perforated 50 mL Falcon®etallowing air circulation. Non-stressed
control mice were taken to the same room for 2B0omin but were kept in their home cage.

Conditioning (Day 1): Acquisition of fear conditioning was performedardifferent context, a
transparent squared conditioning chamber (30x15icra)brightness of 100 lux, given access to
the different visual-spatial cues of the experimeémom. The floor of the chamber consisted of
30 stainless-steel rods (5 mm diameter), spacednb apart and connected to the shock
generator. The box was cleaned with 70% ethanarbegach trial. All animals were trained
with a tone-shock un-pairing procedure, meaning tha tone was non-predictive of the
footshock occurrence. This training procedure yfdiescribed in previous studies (Kaouane et
al., 2012), promotes the processing of contextuasdn the foreground. Briefly, each animal
was placed in the conditioning chamber for 4 minrduwhich it received two tone cues (65 dB,
1 kHz, 15 s) and two foot-shocks (squared signdl:A, 50 Hz, 1 s), following a pseudo-
random distribution. Specifically, animals weregad in the conditioning chamber and receive a
shock 100 s later, followed by a tone after a 3@esrval. After a 20s delay, the same tone and
shock spaced by a 30s interval were presentedllyiaéter 20s, mice were returned to their
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home cage. As the tone was not paired to the fookshmice selected the conditioning context
(i.e. set of static background contextual cues and thtldrconstitutes the environment in which
the conditioning takes place) and not the tonehascbrrect predictor of the shockig. 1a,
Dayl).

Memory Tests (Day 2): 24 hours after conditioning, mice were submittedtwo memory
retention tests and continuously recorded foriof-second-by-second scoring of freezing by an
observer blind to experimental groups. Mouse freggiehavior, defined as a lack of movement
(except for respiratory-related movements), wasl s an index of conditioned fear response
(Fanselow, 1980). Mice were first submitted to thee re-exposure test in the safe, familiar
chamber during which three successive recordingi@es of the behavioral responses were
previously performed: one before (first two mingtesne during (next two minutes), and one
after (two last minutes) tone presentatiéig( 1a, Day 2). We determined the tone ratio (Insets
in the figures) which corresponds to the condittbmesponse to the tone expressed by the
percentage of freezing during tone presentationcangpared to the levels of freezing expressed
before and after tone presentation (repeated mesmsur 3 blocks of freezing). This tone ratio
was calculated as follows: [% freezing during tgmesentation — (% pre-tone period freezing +
% post-tone period freezing)/2] / [% freezing dgritone presentation + (% pre-tone period
freezing + % post-tone period freezing)/2]. 2h lataice were submitted to the context re-
exposure test. They were placed for 6 min in thaditmning chamber. Freezing to the context
was calculated as the percentage of the total spsmt freezing during the successive three
blocks of 2 min periods of the test. Optogeneticnipalation of memory formation was
performed as previously described (Al Abed et2020) and detailed in the optogenetics section
of the methods.

Assessment of the persistence of PTSD-like fear memory. To demonstrate that the PTSD-like
memory was long-lasting, mice were again submittethe two memory tests (tone-test and
context-test spaced out of 2h, as in day 2), 2@ ddigr fear conditioning={g. S1b). To assess
generalization of fear, mice were exposed to 2rditees,i.e, a new tone that immilar but not
identical to the conditioning tone (3 khz. 1kHz, respectively), and a white noisee.(highly
dissmilar from the conditioning toneFig. Sla). We considered fear to be partially generalized
when mice were presenting high levels of freezthe new tone (3kHz).

Recontextualization was performed as previously descriiédBriefly, two days after long-term
testing (Day 23), mice were re-exposed to the tone in the conditioning context, without
electric shock Kig. 2ab, Day 23). This protocol was also performed 3 dafysr conditioning,
with similar results. The first 2 min of the recextualization session (pre-tone) allowed us to
assess the level of conditioned fear to the cayditg context alone, while the conditioned
response to the tone was assessed during the naxt, 2oth by the percentage of freezing
during the tone presentation and by the tone deszribed above. 24h later, fear expression was
assessed by re-exposing the mice to the reguasé¢parated from each other) tone and context
tests (same tests as in day 2).
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Assessment of the core symptoms of ASD.

Repetitive behavior. Animals were placed in a cage with clean beddimg) )ecorded for 5 min
for off-line scoring. The behavior was defined by tpercentage of time spent grooming for 2
sec minimum, as previously defin&dand digging®.

Social interactions. Following 2 min of habituation in an empty 2-chanlarena, we quantified
the time spent close to a novel object or an urllamsex matched, control mouse for 5 min.
The test mouse has access to an unfamiliar objecta unfamiliar mouse contained in a clear
plastic box. Preference was quantified when the rmesuse was located within a 5 cm-radius
around the object/mouse. The results are expresgeetcentage of duration of interactions with
the mouse. Videos were analyzed off-line by an ewxpnter blinded to the experimental
conditions. In addition to the main experimentalugy (stress + fear conditioningig. 1h, 1), we
added control groups to ensure the specificityhef éffect of traumatic memory on the severity
of the core symptomsi.é. mice were submitted to the stress or the fear itonthg only
(Supplementary Fig. 2b-d, f-g)).

The exacerbation of core symptoms was studied dicapto the following timeline: Day 1: first
assessment of ASD-like behaviors (i.e., sociafggence and digging/grooming). Day 2-4: fear
conditioning. Day 5: second assessment of ASDAlikbaviors. Day 6-7: Recontextualization.
Day 8: third assessment of ASD-like behavior.

Long term maintenance of the ASD traits exacerbatias performed 3 weeks after the second
assessment; no recontextualization session wasrperd in this case.

Optogenetic manipulation of the mPFC. Surgery: Mice were injected bilaterally 4 weeks
before behavioral experiments with an Adeno-AsdediaVirus (AAV) to inhibit AAV5-
CaMKIlla-ArchT-GFP, UNC Vector Core) or activate glutamatergic nesr¢mAV5-CaMKIla-
ChR2 (H134R)-EYFP, UNC Vector Core) or parvalbumin interneurorsAY1-EF1a-DIO-
hChR2(H134R)-eYFP, UNC Vector Corg Control mice were injected with an AAV expressing
GFP only (AAV5-CaMKIk-GFP or AAV1-CAG-flex-eGFP-WPRE.bGH, UNC Vector Core).
We used glass pipettes (tip diameter 25-35 um) exted to a picospritzer (Parker Hannifin
Corporation) into the mPFC (0.1 ul/site; AP +1.9 mimt 0.35 mm; DV -1.3 mm). Mice were
then implanted with bilateral optic fiber implantd) days before behavior (diameter: 200um;
numerical aperture: 0.39; flat tip; Thorlabs) diegtto the mPFC (AP: +1.8 mm, L: £ 1.0 mm,
DV: -1.3 mm,6: 10°). Implants were fixed to the skull with Suyigwnd dental cement (Sun
Medical, Shiga, Japan). Mice were perfused aftpegments to confirm correct placements of
fibers Fig. SAc-€, g). Viral injections targeted the L2/3 of the mPF@d virtually all PV-INs in
the prelimbic and infralimbic cortices were infetté-or optogenetic manipulations, we used a
LED (Plexon®) at 465nm with a large spectrum towllthe activation of both ArChT and
ChR2. Light was continuously delivered to inacterétie mPFC, and was delivered at 5Hz (5ms
ON,195ms OFF) for mPFC activation of the pyramicklls (as previously describéd, and at
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10Hz (10 ms ON, 10 ms OFF) for activation of thevabumin interneurons. Mice were
submitted to the fear conditioning procedure descriabove and pyramidal cells of the mPFC
were either inhibited or activated during the whotenditioning session. The next day, fear
memory was tested as described ab@dwecheck the efficiency of the optogenetic actimatof
the PV-INs in the mPFC, we performigtvitro electrophysiological recordings of the pyramidal
cells in current-clamp mode at -70miig. $4h, 1).

Immunohistochemistry. Animals were perfused transcardially 90 min aftex tontext test on
Day 2 for c-Fos analysis, and 60 min after thera@st stress for quantification of Etv1/Er81, and
PV, with 0.01M phosphate buffered saline (PBS) limiaate blood and extraneous material,
followed by 4% paraformaldehyde (PFA). Brains wpostfixed for 36h in PFA. Tissues were
sectioned at 40 um using a Leica 1000S vibratondekapt in a cryoprotective ethylene glycol
solution at -20°C until processed for immunoflucesce. Sections were first washed and
permeabilized in PBS-Triton 0.25%, then non-spedinding sites were blocked by immersing
the tissue in 10% normal donkey serum, 2% bovingnselbumin in PBS-Triton 0.25% during
2h. Tissues were then stained using the primaiip@dies overnight: mouse anti-c-Fos (1:1000;
Santa Cruz), mouse anti-PV (Swan), rabbit anti-Bx81 (1:5000; kindly provided by Prof S.
Arber, BioZentrum Switzerland). After 3x 15 min was, we added anti-rabbit, anti-chicken,
anti-mouse, Alexa 488 or 555 (1:200; Life Techn@sy secondary antibodies for 2h. After 3x
15 min washes slices were stain during 10 min vidAPI (5uM; Sigma), mounted on
Livingstone slides then covered with Mowiol (Signaadd coverslip (Thermofisher). c-Fos, PV,
and Er81 staining were imaged using an Al Nikonfawad fluorescent microscope (20x
objective). Stained sections of control and mutaitte were imaged during the same imaging
session. Immunofluorescence signals were quantiigdg the ImageJ (FIJI) software with
routine particle analysis procedures, to obtainlgarcmasks, divided by the area to obtain cell
density per mrh

In vitro Electrophysiology. Mice were deeply anaesthetized with isofluorane®@ after the
restraint stress, or from their homecage, and peduwith ice-cold oxygenated, modified
artificial cerebrospinal fluid (ACSF) containingn(imM): 248 sucrose, 3 KCI, 0.5 CaCl2, 4
MgCl2, 1.25 NaH2P0O4, 26 NaHCO3, and 1 glucose ratgd with 95% O2 and 5% CO2. The
animals were then decapitated, the brain placedeirold oxygenated modified ACSF and 300
um coronal slices were cut using a Leica 1200S talona. Slices were then maintained at room
temperature in ACSF containing (in mM): 124 NaCK@l, 2 CaCl2, 1 MgClI2, 1.25 NaH2PO4,
26 NaHCO3 and 10 glucose saturated with 95% OXSah€O2. For patch clamp recordings in
whole-cell configuration, slices were transferrecatchamber and continuously superfused with
ACSF at 32°C. We visualized interneurons locatedayer 2-3 of the prefrontal cortex with
infrared-differential interference optics through d0x water-immersion objective.
Microelectrodes (6—10 K1) were pulled from borosilicate glass (1.5 mm outi@meter x 0.86
inner diameter) using a vertical P10 puller (Nagsh Japan). We used a potassium-gluconate-
based intracellular solution containing (in mM):01K-gluconate, 10 HEPES, 2 NaCl, 4 KCI, 4
ATP, and 0.4 GTP. Interneurons were kept undereatitlamp configuration with an Axoclamp
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200A (Axon Instruments) amplifier operating in atfanode. Data were filtered on-line at 2 kHz,
and acquired at a 20kHz sampling rate of using WR&.5 software (Strathclyde University).
Series resistance (Rs) was < 2% Mpon break-in and Rs < 20% during the course of the
experiment. To determine the excitability of the #P\hterneurons, we performed 500 ms
depolarizing steps of 1 pA and used the first sgikeked by the minimum current needed to
elicit an action potential applied from -70 mV. Wensidered a cell as “delayed” when the first
elicited spike at threshold potential occurred mitv@n 24.16 msi.e. median in non-stressed
controls) after the beginning of the 1 pA depolagzstep (Dehorter et al., 2015).The following
parameters were also measured: resting membrarentidt (Vrest), membrane resistance,
membrane capacitance (Cm), threshold potentiasitkes (Vthreshold, defined as dVv/dt = 10
mV/ms), rheobase, exponential fit of the slow ramdepolarization that remained just
subthreshold during 500 ms current injections, Akplgude, AP rise and AP duration, after-
hyperpolarization (AHP) amplitude and AHP duratiole characterized the changes in
membrane potential at near threshaléfifh), which corresponds to the activation of theagtet
rectifier current (Golomb et al., 2007). We alsofpened 500 ms depolarizing stepsA#5pA

to determine the maximum firing frequency. Data Iga was performed off-line in
EasyElectrophysiology _(https://www.easyelectropblggly.com). Spontaneous excitatory
postsynaptic currents (SEPSCs) were recorded tag®iclamp mode at -70 m¥A stimulating
electrode was placed in the cortex to activatecartibers and evoke PSCs in layer 2-3 cortical
cells. Stimulus delivery was performed by ISO STOMD (NPI) and PSCs induced by a train of
stimuli (10Hz, 20Hz and 40Hz, 5mA, 30 us in degetaV) were recorded in PV+ interneurons
at -70 mV. For paired-pulse ratio (PPR), EPSC anmbéi was measured on 5-10 averaged traces
at each inter-pulse interval at the first (EPSG#&§ond (EPSC?2) and fifth event (EPSC5).

Statistics. Data are presented as mean £ SEM. Statistical semlwere performed using the
StatView software for 2-way ANOVA, followed by Barfonipost-hoc test or Student’s t test,
when appropriate. Normality of the data was condidnusing the Kolmogorov—Smirnov test.
Statistical significance between cell groups wasrfogpmed using Chi square test
(https://www.socscistatistics.combtatistical significance was considered at psO3eeT able

2 (Main Figures) and able 3 (supporting information) for precise p-value aesis.

Data availability

All data are available in the main text or the dapgentary materials. Raw data will be made
available upon reasonable request.

DISCUSSION

Overall, this work uncovers a reciprocal relatiapsivetween PTSD-like memory
formation and the core traits of ASD. Whilst defcin stress processing are well-known in
ASD, there has been a lack of research into tlkeofi® TSD development in autism, that stems
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from a poor understanding of the combined disordasthe absence of suitable detection tools
93940 Here, we demonstrate in four mouse models of A8, contrary to a control population
in which PTSD is triggered by aaxtreme stress', a singlemild stress in ASD is sufficient to
produce traumatic memory. This study therefore igies/the first direct demonstration that ASD
is associated with a risk of developing PTSD-likennory for mildly stressful situations and that
interneurons are key cellular substrates to traemaiemory. Because ASD mice models
displayed intact contextual memory capacities im-swwessful situations, we suggest that an
impaired ability to cope with stressful situatioissresponsible for the switch from normal to
PTSD-like memory. One of the limitations to considdth this new animal model is that
gualitative aspects of PTSD (e.g., anxiety, avaganf reminders of the event, emotional
numbing) were not analyzed. Future studies shauld@ further dissect these important aspects
that are relevant to human behavior.

Human functional imaging and animal model studieggsest that cortical circuit
abnormalities in ASD contribute to altered sensmgresentations and difficulties in stress
coping. Our analysis uncovers the specific ciraltérations underlying the hypersensitivity to
stress that leads to PTSD-like memory formatioA8D and allows the reinterpretation of the
role of the circuitry responsible for PTSD-like meamy formation in general. PTSD is indeed
thought to be driven by amygdala hyperfunctionunggerlying the observed excessive fear. Yet,
we observed the development of PTSD-like memorgp@ated with_hypactivation of the
amygdala in theCntnap2 KO mice. Interestingly, we also found hippocampusdagpivation,
likely underlying contextual amnesfa Together, our results confirm the involvementthos
hippocampus and contextualization in determining nlature of the memory formed during a
stressful event in both ASD and PTSD. This worloalalls for reevaluating the mechanisms
underlying traumatic memory formation, which we d&strate can be triggered by mPFC
hyperactivation during trauma, combined with antacuild stress in ASD mouse moddisd. 1
and 3), and not by mPFC hypoactivation, as currenthaldgghed for PTSD (Kredlow et al.,
2022; Elzinga and Bremner, 2002). We therefore ipwew ground to further dissect PTSD
and its overlap with ASD pathophysiology.

Behaviorally, ASD and PTSD display similar charasties % including impaired
emotional regulation, cognitive rigidity, and fragnted autobiographical memory.
Anatomically, the mPFC, crucial for executive fuoos, has been implicated in the
pathophysiology of both ASB**®and PTSD (Kredlow et al., 2021; Dahlgren et £018). We
show here that traumatic memory in ASD aggravatesiak impairments and repetitive
behaviors, likely due to dysregulated cortico-safigircuits top-down control from the mPFE

We reveal how cell input-output function is modathin ASD, whereby the homeostatic
capabilities of cortical interneurons are alterégrastress, subsequently showing that the PV-
INs of the mPFC are directly responsible for traticn@emory formation in ASD. In response to
stress, PV-INs in the control condition are moreitable (.e. decreased latency to first spike,
increased firing frequency¥;ig.4), increasing their inhibitory power. This is a essary adaptive
response, mediating the fine-tuned activation oé¢ tmPFC during stress (Jacobs and
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Moghaddam, 2021).However, PV-INs in tBatnap2 KO condition do not display this adaptive
response, instead showing decreased excitabiliigpwimg stressi(e. increased latency to first
spike, decreased firing frequendyig.4), and thus a lower inhibitory power within theatiit
3345 These deficits therefore underlie mPFC hyperatitim, preventing th€ntnap2 KO mice
from adapting adequately to stress, and in turmimgato PTSD-like memory formation
(Graphical abstract). It would be of interest to further describe tbée of PV-INs in PTSD, as
this investigation has yet to be undertaken, amdidconcover additional convergent mechanisms
for ASD and PTSD centering around this interneypopulation. In addition, PV-INs pose as
potential targets for therapeutic intervention lasythave been shown to restore balance in the
mPFC circuit’®, Modulating the activity of the PV-INs in mice meld of ASD would be an
insightful investigation to restore normal memongaeduce the core symptoms of ASD.

The therapeutic approach explored here, recontizdtian, reveals that pathological
memory can be reshaped into adapted fear memorged&yivating the traumatic memory in the
original environment, recontextualization allow® tte-allocation of trauma representation into
specific context, thereby suppressing abnormal tmgpesia®. In a clinical perspective though,
our results suggest that recontextualization coulé PTSD-related memory in ASD. While this
IS promising, one caveat for the implementationthe$ procedure in patients will arise from
being able to identify the origin of the trauma ahetect PTSD in ASD. Our results indeed
support that everyday life situations could be egmeed as traumatic in ASD patients, as
previously suggested from clinical stud?f€& As new methods of detection emef§eour study
calls for better use of predictive tools that eradificient risk assessment and early interventions
of PTSD among those likely to experience traumahsas patients with autism. Timely
detection appears essential since PTSD worsensaditee symptoms of ASD and is strongly
associated with various psychiatric comorbiditied auicide®®.

Overall, our study provides a new tool to furthessdct the overlap between PTSD and
ASD and the underlying alterations in emotional ragm It encourages future research to
enhance detection and implementation of therapesttiategies to pave the way towards
alleviating the uncontrollable reactivation of tnaatic memory in autism in the context of
environmental pressure such as the COVID-19 parméilockdowns and curfews which
disrupt routines and may produce long-lasting dbgnimpairments in vulnerable populations.
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Figurelegends

Fig. 1 Cntnap2 KO mice display traumatic memory profile after mild stress. a, Behavioral
design of the original PTSD paradigim. Mean fear responses in control groups, measwged a
percentage of freezing duration before (pre), dufione), and after (post) presentation of the
tone (left; p<0.001; tone ratio (inset): p<0.00hdacontext tests (right; p<0.05); n=7 Non
stressed Control (white fill) & 11 Stressed Contrate (grey fill).c, Mean fear responses in
Cntnap2 KO groups, measured as percentage of freezingidntag¢fore (pre), during (tone), and
after (post) presentation of the tone (left; p<Q;0@ne ratio (inset): p<0.001) and context tests
(right; p<0.05); n=7 Non stress€&tnap2 KO (white fill) & 7 Stressedntnap2 KO mice (pink
fill). d, Behavioral design of the modified PTSD paradiggnMean fear responses in non-
stressed groups, measured as percentage of frelmaipon before (pre), during (tone) and after
(post) the tone (left; ns; tone ratio (inset): asyl context tests (right; ns); n=18 Control (gr&y)
20 Cntnap2 KO mice (pink).f, Mean fear responses in stressed groups durirey test (left;
p<0.001; tone ratio (inset): p<0.001) and contestd (right; p<0.001); n=32 Control (black) &
34 Cntnap2 KO (magenta)g, Fear responses in stresd&tdn control (n=7),Pten cKO (cyan;
n=8), stressedmrl control (n=12),Fmrl KO (light blue; n=9) mice, stresseghank3 control
(n=7), stressedhank3 KO (teal; n=8) mice (all controlss. ASD models: tone test (left):
p<0.0001; tone ratio (inset): p<0.001; context (gght): p<0.001)h, left; Social preference test
before and after the modified PTSD paradigm: danatf interaction with an unfamiliar mouse
in stressed control (black; n=11) ahtnap2 KO mice (Magenta; n=14; Control vs KO:
p<0.001; Prevs. Post PTSD in Control: ns and in KO: p<0.001; intécn ratio (inset):
p<0.001). Bottom right: 2-chamber arena for sopraference testing, Repetitive movements
before and after the modified PTSD paradigm (digg@and grooming; n=11 Control & 18 KO,;
Control vs KO: p<0.001; Pre-Post PTSD in Contrd: and inCntnap2 KO: p<0.001; ratio
(inset): p<0.05). Data presented as mean + SEM. %0.001; **: p<0.01; *: p<0.05 from 2-
way ANOVA,; #: interaction significance between fzeey and genotype. See table for precise
statistics.

Fig. 2. Recontextualization to normalize PTSD-like memory in ASD. a, Schematics of the
recontextualization (ReC) session and subsequentonyetests.b, Fear responses during the
Recontextualization (ReC) session (n= 19 contralsst+ FC and 1€ntnap2 KO stress + FC;
Pre: p<0.001; #: interaction genotype x freezing0.p01; Tone ratio during ReC (inset):
p<0.001).c, Fear responses post-ReC session, for the tong gledt context (right) tests (n=19
Control and 14Cntnap2 KO mice; ns)d, Social preference before and after ReC protocel
Control & 12 KO; Post-PTSDs. Post-ReC: ns in Control & p<0.001 in KO; Post Réantrol
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vs. KO p<0.05).e, Repetitive movements before and after ReC pré{oed 0 Control & 16 KO;
Post-PTSDys. Post-ReC: ns in Control & p<0.001 in KO). Datagamted as mean + SEM. ***;
p<0.001; ** p<0.01; *: p<0.05 from 2-way ANOVA,; #interaction significance between
freezing and genotype. See table for precise statis

Fig. 3. mPFC and PV-INs in the formation of PTSD-like memory. a, Total context recall-
induced c-Fos hyperactivation in the medial predabcortex (MPFC; p<0.05); n= 7 Control &
7 Cntnap2 KO mice. Proportion of PV+ cFos+ cells: 4.2 +5%. cFos+ PV+ in WT and 4.9 +/-
0.7 % in KO; 30 PV-INs out of 728 cFos+ cells in \@id 35 PV-INs out of 696 cFos+ cells in
KO; p=0.482; 9.9 +/- 1.6% cFos+ PV-INs in WT an8 #/-1.6 % in KO; 30 cFos+ out of 345
PV-INs cells in WT and 35 cFos+ out of 425 PV-INglg in KO; p=0.352b, Representative
images of c-Fos density (red) in layer 2/3 of th®R& (10x; scale: 100pumg, In vivo
optogenetics manipulation paradigdy.Fear responses undenotostimulation of the pyramidal
neurons in ChR2-expressing control mice (n=7; blae)l GFP-infected control mice (n=9;
black; tone test: p<0.001; tone ratio (inset): PAQA; context testp<0.01).e, Fear responses
under photo-inactivation of the pyramidal neurons in AifGinfected Cntnap2 KO mice
compared to GFP infected control a@dtnap2 KO mice Cntnap2 KO ArChT: dark red, n=9;
Cntnap2 KO GFP: magenta, n=11, Control GFP: black, n=9¢ttast: p<0.001; Pre-Tone, KO-
GFPvs. ArChT: ns; tone ratio (inset): p<0.001, Controlf3E. KO-GFP: p<0.001; KO-GFRs.
KO-ArChT: p<0.05; context test: control GEMB. KO-GFP: p<0.05; KO- GFRs. KO-ArChT:
p<0.05).f, Fear responses undahnotostimulation of the Parvalbumin Interneuron¥-(Ns) in
ChR2-PV-CreCntnap2 KO mice compared to GFP-PV-C@atnap2 KO mice (ChR2: light
pink; n=9; GFP: magenta; n=9; tone test: p<0.00bgetratio (inset): p<0.001; context test:
p<0.001). Data are presented as mean + SEM. ***0.@&1; **: p<0.01; *: p<0.05; #:
interaction significance between freezing and ggratSee table for precise statistics.

Fig. 4. Effect of stresson PV-INsin controls and Cntnap2 KO. a, Schematics of then vitro
electrophysiological recording of PV-INs in the n@RRPC: Pyramidal Celb, Normalized PV-

IN firing rate (% of maximum firing frequency) adunction of injected current steps (evolution
of spike frequency x stress: p<0.001) for non-sedscontrols (light grey; n=7), stressed controls
(black; n=9), non-stresséthtnap2 KO (light pink; n=11), and stress&htnap2 KO (dark pink;
n=7) conditionsc, Representative traces of PV-IN firing at threshptdential.d, Latency to
first spike (#: Interaction stress x genotype: 8Q; stress in controls: ns; stressdntnap2
KO: p<0.01). Dashed line represents limit (see Méd#) between delayas. non-delayed cells.

e, Proportion of delayeds. non-delayed PV-INs in non-stressed and stresseditams in
control (Chi square test: p<0.05) a@dtnap2 KO mice (p<0.001)f, Mean firing frequency at
intermediate steps (IFF; 100-400 pA, #: stressnogge: p<0.05; stress in controls: ns; stress in
Cntnap2 KO: p<0.001).g, Representative traces of PV-IN firing at maximunmnf@ frequency
(MFF, 600 pA).h, MFF at 600pA(stress in controls: p<0.05; non-stressed contsolnon-
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stressed KO: p<0.05). Representative illustrations of the expressionm8flEMagenta) and PV
(yellow) in each experimental group (scale: 10pm)Mean Er81 (top) and PV (bottom)
expression levels (a.u.: arbitrary unit; Er81: sdren controls: p<0.001; stress @mtnap2 KO:
p<0.001; Genotype in non-stressed: p<0.001; P¥sstin controls: ns; stress @mtnap2 KO:
p<0. 001; Genotype in non-stressed: p<0.B])Representative traces of 40 Hz paired-pulse
ratios (PPR)I, PPR ratio between®land 2° evoked excitatory post synaptic currents (eEPSC,
left) and £'and §' EPSCs (right); n=5 no stress control; n=8 stressatrol; n=11Cntnap2 KO

no stress; n=Cntnap2 KO stress; ns for botim, Mean eEPSC amplitude (pA); #: interaction
stress x genotype: p<0.05, p<0.05 & ns for EPSASE & EPSCS5, respectively; stress in
control: ns, p<0.05 & p< 0.01; stress@ntnap2 KO: ns, ns, ns. Data are presented as mean +
SEM. ***: p<0.001; **: p<0.01; *: p<0.05. from 2-waANOVA; see table for precise statistics.
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Control

Cntnap2 KO

p-values

Non-stressed

Stressed

Non-stressed

Stressed

Vrest (mV)

-65.63+1.81

-65.89+1.47

-71.96+ 1.10

-66.91+1.69

Stress x Genotype: p=0.1201; Non-
stress Ctri/s. non-Stressed Cntnap2
KO: p=0.0151

Rm (M Q)

152.78+2.49

156.32+1.70

152.67+2.10

154.80 +1.09

Stress x Genotype: p=0.4413; Non-
stress Ctri/s. non-Stressed Cntnap2
KO: p=0.7256; Stress in Controls:
p=0.0724; Stress in Cntnap2 KO:
p=0.5928

V threshold
(mV)

-34.42+1.66

-33.38+1.61

-33.20+3.85

-34.86+1.61

Stress x Genotype: p=0.4929; Non-
stress Ctri/s. non-Stressed Cntnap?2
KO: p=0.6342; Stress in Controls:
p=0.6323; Stress in Cntnap2 KO:
p=0.6253

AP amplitude
(mV)

39.50£3.550

34.75+1.767

33.80+ 2.390

27.01+ 4,718

Stress x Genotype: p=0.8904; Non-
stress Ctri/s. non-Stressed Cntnap?2
KO: p=0.1560; Stress in Controls:
p=0.2145; Stress in Cntnap2 KO:
p=0.2579

APrisetime 10-
90% (ms)

0.50 +0.07

0.61+0.18

0.37 £0.05

0.34 +0.02

Stress x Genotype: p=0.5415; Non-
stress Ctri/s. non-Stressed Cntnap2
KO: p=0.1841; Stress in Controls:
p=0.6258; Stress in Cntnap2 KO:
p=0.5111

AP half-width
(ms)

0.79+0.11

0.64 +0.04

0.61 +0.04

0.60 +0.03

Stress x Genotype: p=0.4771; Non-
stress Ctri/s. non-Stressed Cntnap?2
KO: p=0.1793; Stress in Controls:
p=0.1596; Stress in Cntnap2 KO:
p=0.4166

AP Decay 90-
10% (ms)

0.58 £0.07

0.52 £0.05

0.50 £0.05

0.51 +£0.05

Stress x Genotype: p=0.9048; Non-
stress Ctri/s. non-Stressed Cntnap2
KO: p=0.7658; Stress in Controls:
p=0.5185; Stress in Cntnap2 KO:
p=0.4488

AHP peak (mV)

-13.09 £1.33

-12.08 £1.24

-14.30 £1.19

-14.55 + 2.3

Stress x Genotype: p=0.4563; Non-
stress Ctri/s. non-Stressed Cntnap2
KO: p=0.4949; Stress in Controls:
p=0.6080; Stress in Cntnap2 KO:
p=0.5948

Table 1. Electrophysiological properties of the parvalbumin interneurons of the prefrontal cortex in non-stressed and
stressed control and Cntnap2 KO mice. Non-stressed PV-Cre; td-Tomato: n=7 cells, 4 micegsStd PV-Cre; td-Tomato: n=9
cells, 4 mice; Non-stress@htnapz"'; PV-Cre; td-Tomato: n=10 cells, 5 mice; Stres@ethapZ"'; PV-Cre; td-Tomato: n=8
cells, 4 mice. 2-way ANOVA: * p<0.05
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Table 2

Figure

Statistical Test

Samplesize

p-Value

Figurel

Fig. 1a

N/A

Fig. 1b

2-way ANOVA

Non stressed Control: n-Sfressed
Control: n=11

Tone Test: Genotype x Evolution of freezing interaction:
F,37=24.292, p<0.0001; Inset (Tone Ratio);&24.418,
p=0.0002Context Test: F; 154.721, p=0.0462

Fig. 1c

2-way ANOVA

Non stressed Cntnap2 KO: n=7;
Stressed Cntnap2 KO: n=7

Tone Test: Genotype x Evolution of freezing interaction:
F.24/9.189, p=0.0011; Inset (Tone Ratio);;F35.235,
p<0.0001Context Test: F; 15=5.116, p=0.0431

Fig. 1d

N/A

Fig. 1e

2-way ANOVA

Control: n=1&ntnap2 KO: n=20

Tonetest: p=0.9816; Inset (Tone ratio): p=0.18ThHntext
test: p=0.1442

Fig. 1f

2-way ANOVA

Control: n=32Cntnap2 KO: n=34

Tone Test: Genotype x Evolution of freezing interaction:
F2,126=35.720, p<0.0001; Inset (Tone ratio);s=33.407,
p<0.0001Context Test: F; 6~41.332, p<0.0001

Fig. 1g

2-way ANOVA

ControPten: n=7;Pten cKO: n=8
ControlFmrl: n=12;Fmrl1 KO: n=9
ControlShank 3: n=7; Shank 3 KO: n=8

Pten: Tone Test: Genotype x Evolution Freezing:

F, 26=15.952, p<0.0001; Inset (Tone Ratio);5F22.571,
p=0.0004Context Test: F; ;576.498, p=0.0242

Emrl: Tone Test: Genotype x Evolution Freezing:
F,36=11.273, p<0.0001; Inset (Tone Ratio);541.062,
p<0.0001Context Test: F; ;5~38.148, p<0.0001
Shank 3: Tone Test: Genotype x Evolution Freezing:
F.26=3.900, p=0.0330; Inset (Tone Ratio);;F5.955,
p=0.0297Context Test: F;15=9.073, p=0.0100

All controlsvs ASD models. Genotype x Evolution
Freezing: k9410.996, p<0.0001; Inset (Tone Ratio):
F34719.475, p<0.0001Context Test: F3,7=17.941,
p<0.0001

Fig. 1h

2-way ANOVA

Control: n=11Cntnap2 KO: n=14

Before: Controls. KO F; ,37=22.766, p=0.0002; Befones.
after PTSD in KO: F;5=36.965, p<0.0001; Befones. after
PTSD in controls: ns; Genotype x Evolution interactio
F1 ,5=8.504, p=0.0078; Mouse interaction Index: p=0.00045

Fig. 1i

2-way ANOVA,; t-
test

Control: n=11Cntnap2 KO: n=18

Before: Controls. KO F, ,7=47.177, p<0.0001; Befones.
After PTSD in Ctrl: ns; Beforgs. After PTSD in KO:
F,17106.643, p<0.0001; Genotype x Evolution interactio
KO F;,7=31.494, p<0.0001. RM Index: p=0.0472

Figure2

Fig. 2a

N/A
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Fig. 2b 2-way ANOVA Control: n=1Cntnap2 KO: n=14 mice| _Genotype x Evolution interactidi ,~60.528, p<0.0001;
Pre: R 3,=50.764, p<0.0001; Inset; k=71.695, p<0.0001
Fig. 2c 2-way ANOVA Control: n=19Cntnap2 KO: n=14 Tonetest: p=0.7213; inset: p=0.460Tontext test:
p=0.3777
Fig. 2d 2-way ANOVA Control: n=10¢ntnap2 KO: n=12 Post-ReC: Contres. KO F; ,-6.808, p=0.0168; Post-PTS
vs. Post-ReC in KO: F;=31.193, p=0.0002, ns in Controls
Genotype x Evolution interaction; k7=9.622, p=0.0056
Fig. 2e 2-way ANOVA Control: n=1@ntnap2 KO: n=16 Post-PTSDs. Post-ReC in KO: F,5=76.739, p<0.0001, ns
in Controls; Genotype x Evolution interaction: KO
F1,/59.508, p<0.0001
Figure3
Fig. 3a 2-way ANOVA Control: n=7Cntnap2 KO: n=7 mPFC: F,75.469, p=0.0375
Fig. 3b N/A
Fig. 3c N/A
Fig. 3d 2-way ANOVA Control GFP: n=9; Control ChR&7 Tone Test: Genotype x Evolution interactiof, ,s=17.397,
p<0.0001; Inset: £,~35.729, p<0.000XContext Test:
F1149.162, p=0.009
Fig. 3e 2-way ANOVA Control GFP: n=&ntnap2 KO GFP: Tone Test:_Genotype x Evolution interactiofy s;=7.523,
n=11;Cntnap2 KO ArchT: n=9 p<0.0001; Inset: ;»¢11.446, p=0.0003, Control GRB.
KO-GFP: p<0.0001; KO-GFi%s. KO-ArChT: p=0.0364.
Pre-Tone, KO-GFRs. ArChT: p=0.1826
Context Test: F,,64.352, p=0.0234; Control GRB. KO-
GFP: p=0.0393; KO-GF/s. KO-ArChT: p=0.011
Fig. 3f 2-way ANOVA; t- Cntnap2 KO PV-Cre GFP: n=9; Tone Test: Genotype x Evolution interactiof, 3,~33.793,
test Cntnap2 KO PV-Cre ChR2: n=9 p<0.0001; Inset: £59.749, p<0.000XContext Test:
p=0.0005
Fig. 39 2-way ANOVA,; t- Cntnap2 KO PV-Cre GFP: n=9; Tone Test: Genotype x Evolution interactioft, 3,~33.793,
test Cntnap2 KO PV-Cre ChR2: n=9 p<0.0001; Inset: £59.749, p<0.000XContext Test:
p=0.0005
Figure4
Fig. 4a N/A
Fig. 4b 2-way ANOVA Control no stress: n=7 cellante. Evolution of spike rate x Stred81,11=31.193, p=0.0002. In
Control stress: n=9 cells, 4 mice. Cntnap2 KO Evolution of spike rate x Stred8 4551.560,
Cntnap2 KO no stress: n=11 cells, 7 p=0.0315; in Controls, Evolution of spike rate xeSg
mice.Cntnap2 KO stress: n=7 cells, 4 | F304551.560, p=0.5014,
mice.
Fig. 4c N/A
Fig. 4d 2-way ANOVA,; t- | Control no stress: n=7 cells, 4 mice. | Stress x Genotypé; 3.=9.269, p=0.0043; Stress in Contro

test

Control stress: n=13 cells, 4 mice.
Cntnap2 KO no stress: n=12 cells, 7
mice. Cntnap2 KO stress: n=8 cells, 4
mice.

p=0.2230; Stress i@ntnap2 KO: p=0.0023
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Fig. 4e CHiTest; Control no stress: n=7 cells, 4 mice. | Stress in Control9=0.0046; Stress iBntnap2 KO:
https://www.socscis| Control stress: n=9 cells, 4 mice. p<0.00001
tatistics.com/ Cntnap2 KO no stress: n=11 cells, 7

mice.Cntnap2 KO stress: n=7 cells, 4
mice.

Fig. 4f 2-way ANOVA Control no stress: n=7 cellsiice. Stress x Genotypé; 346=11.685, p=0.0007; Stress in Ctrl
Control stress: n=9 cells, 4 mice. ns;_Stress iCntnap2 KO: F; ;7714.851, p=0.0002
Cntnap2 KO no stress: n=11 cells, 7
mice.Cntnap2 KO stress: n=7 cells, 4
mice.

Fig. 49 N/A

Fig. 4h 2-way ANOVA Control no stress: n=7 cellanee. Genotype x stres$; 1,~7.760, p=0.0177; Stress in Control§:
Control stress: n=9 cells, 4 mice. F1145.891, p=0.0293; non-stressed Ctrl vs non-strel€ed
Cntnap2 KO no stress: n=11 cells, 7 | p=0.0397
mice.Cntnap2 KO stress: n=7 cells, 4
mice.

Fig. 4i N/A

Fig. 4] 2-way ANOVA Non-stressed Control n = 4 mié2 Er81: Stress x Genotyp&; 30=42.753; p<0.0001; Stress in
cells; Control stressed n = 4 mice, 69| controls F; 14,719.111; p<0.0001; Stress@mtnap2 KO:
cells; non-stressedntnap2 KO n =4 F1154723.829; p<0.0001. Genotype in non-stresge®.0001
mice, 78 cells; Stressd&thtnap2 KO n PV: Stress x Genotypé; ,95=26.501; p<0.0001; Genotype
=5 mice, 80 cells in non-stressep=0.0028; Stress in controlss p=0.3400;

Stress irCntnap2 KO: F, 15=70.030; p<0.0001.

Fig. 4k N/A

Fig. 4l 2-way ANOVA Control no stress: n=5 cellsiice; eEPSC1/eEPSC2: Genotype x Strese=0.4870; Stress in
Control stress: n=8 cells, 4 mice; controls:p=0.3139; Stress i@ntnap2 KO: p=0.4122;
Cntnap2 KO no stress: n=11 cells, 7 | eEPSC1/eEPSC5: Genotype x Stresp=0.6863; Stress in
mice; Cntnap2 KO stress: n=7 cells, 4 | controls p=0.3109; Stress i@ntnap2 KO: p=0.5490
mice

Fig. 4m 2-way ANOVA Control no stress: n=5 cellanite; EPSC1: Genotype x Stres§; ,~4.466, p=0.0440; Stress in
Control stress: n=8 cells, 4 mice; Controls:p=0.0576; Stress in KP=0.3975EPSC2:
Cntnap2 KO no stress: n=11 cells, 7 | Genotype x Stress; F~=4.561, p=0.0419; Stress in Controk:
mice; Cntnap2 KO stress: n=7 cells, 4 | p=0.0382;_Stress in KP=0.5435EPSC5: Genotype X
mice Stressns; Stress in Controlp=0.0045; Stress in KO

p=0.9208;
Table3
Figure Statistical Test Samplesize p-Value

Supplementary Figure 1
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Is

Fig. 1a 2-way ANOVA Control: n=9Cntnap2 KO: n=6 mice Genotype x freezing evolutidh;33=6.058, p=0.0286; Inset:
White Noisevs. New Tone in KO: £5=7.913, p=0.0374;
New Tonevs. Original Tone in KO: £s=12.153, p=0.0075
Fig. 1b Tone test: 2-way | Control: n=9;Cntnap2 KO: n=6 mice | Tonetest: Evolution of Freezing x GenotypE, ,~15.098;
ANOVA, Context p<0.0001; Inset: £1:=20.510; p=0.0006Context test:
Test: Student's t-test Genotypep=0.0104
Fig. 1c 2-way ANOVA Control: n=9Cntnap2 KO: n=8 mice Genotype=0.7801
Supplementary Figure 2
Fig. 2a N/A
Fig. 2b 2-way ANOVA Control Stress only: n=9; ContFear | Session #1 vs Session #2 in all groups: p=0.7575
conditioning only: n=5Cntnap2 KO
Stress only: n=10Cntnap2 KO Fear
conditioning only: n=7 mice
Fig. 2c 2-way ANOVA Control Stress only: n=9; Contfear | Session #1 vs Session #2 in all groups: p=0.4517
conditioning only: n=5Cntnap2 KO
Stress only: n=10Cntnap2 KO Fear
conditioning only: n=7 mice
Fig. 2d 2-way ANOVA Control Stress only: n=9; Contfear | Session #1 vs Session #2 in all groups: p=0.9697
conditioning only: n=5Cntnap2 KO
Stress only: n=10Cntnap2 KO Fear
conditioning only: n=7 mice
Fig. 2e N/A
Fig. 2f 2-way ANOVA Control: n=11Cntnap2 KO: n=7 mice; | Genotype x Evolution interaction Sessionvl#2
in LT session: Control: n=Tntnap2 F1161.622, p=0.2210; Session ¥4 #2 in KO:F; s=6.124,
KO: n=7 mice p=0.0481; Session #&. LT in KO: ns; Controls. KO in
LT: Fy 15=2.405, p=0.1469. Mouse interaction only: Contrd
vs. KO: F;15779.218, p=0.0103 Session ¥ LT in KO: ns;
Controlvs. KO in LT: F, 1,6.025, p=0.0303
Fig. 29 2-way ANOVA Control: n=11Cntnap2 KO: n=7 mice; | Genotype x Evolution interaction Sessionw#1#2
in LT session: Control: n=1TCntnap2 F11611.033, p=0.0043; Session ¥4 #2 in KO:
KO: n=7 mice F1=14.668, p=0.0087; Session ¥ LT in KO: ns; Control
vs. KO in LT: F; ;5=6.025, p=0.0303
Fig. 2h 2-way ANOVA Control Stress only: n=Gntnap2 KO Session #2 vs Session #3: p=0.0583 for controlCGitidap2
Stress only: n=13 mice KO groups (stress only);
Fig. 2i 2-way ANOVA Control Stress only: n=@ntnap2 KO Session #2 vs Session #3: p=0.3418 for controlGntdap2
Stress only: n=13; KO groups (stress only);
Fig. 2j 2-way ANOVA Control Stress only: n=@ntnap2 KO Session #2 vs Session #3: p=0.8370 for controlGimdap2
Stress only: n=13 mice KO groups (stress only);
Supplementary Figure 3
Fig. 3a N/A
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Fig. 3b 2-way ANOVA Control no stress: n=6 maled & Non-Stressed: Sex x Genotype x Evolution interaction
females; Control stress: n= 23 males &p=0.1998; Inset: Sex x Genotype: p=0.7258Bpssed: Sex x
9 femalesCntnap2 KO no stress: n= 13 Genotype x Evolution interactiop=0.9661; Inset: Sex x
males & 7 femaleCntnap2 KO stress: | Genotype: p=0.7040
n=19 males & 19 females

Fig. 3c 2-way ANOVA Control stress: n=6 males &riales; | Left Panel: Sex x Genotype x Evolution interaction
Cntnap2 KO stress: n=4 males & 10 | p=0.2394Right pand: Sex x Genotype x Evolution
females interaction p=0.9907

Fig. 3d 2-way ANOVA Control stress: n=6 males &¥nfales; | Left Panel: Sex x Genotype x Evolution interaction
Cntnap2 KO stress: n=8 males & 10 | p=0.3154Right panedl: Sex x Genotype x Evolution
females interaction p=0.2292

Supplementary Figure 4

Fig. 4a 2-way ANOVA HPC: Control: n=ntnap2 KO: n=7; HPC: F176.404, p=0.0264;

Fig. 4b 2-way ANOVA Amy: Control: n=7Cntnap2 KO: n=6; | Amy: i ;,=9.950, p=0.0092

Fig. 4c N/A

Fig. 4d N/A

Fig. 4e Tone test: 2-way | Control: n=12Cntnap2 KO: n=8 mice | Tonetest: Evolution of Freezing x GenotypE, 3=9.793;

ANOVA, Context p=0.0004; Inset: f=77.350; p<0.0001Context test:
Test: Student's t-tegt Genotypeilnset: k 1568.125; p<0.0001

Fig. 4f N/A

Fig. 49 N/A

Fig. 4h N/A

Fig. 4i N/A

Fig. 4j Student's t-test GFP n=7 mice; ChR2 n=7 mice Session #1 vs Session #2 in ChR2 grqus®.0085

Fig. 4k Student's t-test GFP n=7 mice; ChR2 n=7 mice GFP vs ChR2: p<0.0001; Groups x Evolution: p=0.0829

Supplementary Figure5

Fig. 5a 2-way ANOVA Control no stress: n=82 cellsnice; Genotype x stres$; 1,~0.918, p=0.3543; Genotype in non-
Control stress: n= 69 cells, 5 mice; stressed groupp=0.7688; Stress in Controjg=0.2112;
Cntnap2 KO no stress: n= 78 cells, 4 | Stress irCntnap2 KO: p=0.8308.
mice; Cntnap2 KO stress: n=80 cells, 5§
mice

Fig. 5b N/A

Fig. 5¢ N/A

Fig. 5d 2-way ANOVA Control no stress: n=7 cellanite. Genotype x stress; g=9.473, p=0.0042; Stress in Control§:
Control stress: n=9 cells, 4 mice. F,153.807, p=0.0668; Stress @ntnap2 KO: F; ;5=5.515,
Cntnap2 KO no stress: n=11 cells, 7 | p=0.0330.
mice.Cntnap2 KO stress: n=6 cells, 4
mice.

Fig. 5e Correlation; 2-tailed Control no stress: n=7 cells, 4 mice. | Control no stress: Correlation: 0.886, p=0.0050; Control

Fisher'srto z
(http://vassarstats.n
t/rdiff. html)

Control stress: n=9 cells, 4 mice.

e Cntnap2 KO no stress: n=11 cells, 7
mice. Cntnap2 KO stress: n=6 cells, 4
mice.

stress: Correlation: 0.200, p=0.5288tnap2 KO no stress:
Correlation: 0.490, p=0.129@ntnap2 KO stress:
Correlation: 0.754, p=0.0888; Genotype in non-stggsups:
ns; Stress in Controp=0.0424; Stress i@ntnap2 KO:
p=0.5093
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Fig. 5f 2-way ANOVA Control no stress: n=7 cellsiice. Evolution of spike frequency x Stre$3s 101573.203,
Control stress: n=9 cells, 4 mice. p<0.0001; Evolution of spike frequency x Genotype:
Cntnap2 KO no stress: n=11 cells, 7 Fss5.10151.845, p=0.0022; Evolution of spike frequency x
mice.Cntnap2 KO stress: n=6 cells, 4 | Stress in Controld;s 455=3.662, p<0.0001Cntnap2 KO:
mice. p=0.0976

Fig. 59 N/A

Fig. 5h 2-way ANOVA Control no stress: n=6 cellanite. Frequency: Genotype in non-stresged.0696; Stress in
Control stress: n=6 cells, 4 mice. controls:p=0.8213; Stress i@ntnap2 KO: p=0.3813;
Cntnap2 KO no stress: n=6 cells, 4 Amplitude: Genotype in non-stressed: p=0.8680; Stires
mice. Cntnap2 KO stress: n=6 cells, 4 | controls: p=0.6197; Stress@ntnap2 KO: p=0.5632
mice.

Fig. 5i N/A

Fig. 5j 2-way ANOVA Control no stress: n=6 cellspice. eEPSC1/eEPSC2: Streps:0.0301; Stress in controls:

Control stress: n=6 cells, 4 mice.
Cntnap2 KO no stress: n=6 cells, 4
mice. Cntnap2 KO stress: n=6 cells, 4
mice.

p=0.1244; Stress i@ntnap2 KO: p=0.1211;
eEPSC1/eEPSC5: Genotype x Stres€).7239; Stress in
controls p=0.7615; Stress @Bntnap2 KO: p=0.4296
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