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SUMMARY

Impaired synaptic neurotransmission may underly circuit alterations contributing to behavioral
autism spectrum disorder (ASD) phenotypes. A critical component of impairments reported in
somatosensory and prefrontal cortex of ASD mouse models are parvalbumin (PV)-expressing
fast-spiking interneurons. However, it remains unknown whether PV interneurons mediating
hippocampal networks crucial to navigation and memory processing are similarly impaired. Using
PV-labeled transgenic mice, a battery of behavioral assays, /n vitro patch-clamp electrophysiology,
and /n vivo 32-channel silicon probe local field potential recordings, we address this question

in a Cntnap2-null mutant mouse model representing a human ASD risk factor gene. Cnitnap2~"~
mice show a reduction in hippocampal PV interneuron density, reduced inhibitory input to CAl
pyramidal cells, deficits in spatial discrimination ability, and frequency-dependent circuit changes
within the hippocampus, including alterations in gamma oscillations, sharp-wave ripples, and
theta-gamma modulation. Our findings highlight hippocampal involvement in ASD and implicate
interneurons as a potential therapeutical target.
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Paterno et al. show that deletion of autism-associated Cntnap?2 alters hippocampal PV+
interneuronal density and perisomatic inhibitory neurotransmission. Perturbed gamma oscillations
and sharp wave ripples (SWP-Rs) in area CA1 of Cntnap2 KO mice associated with impaired
spatial discrimination highlight the involvement of the hippocampus in the autism phenotype.

INTRODUCTION

The incidence of autism spectrum disorder (ASD), a heterogenous condition characterized
by hyperactivity, deficits in social interaction, and repetitive patterns of behavior, has risen
dramatically over the past five decades (Taylor et al., 2020). Initially reported as 1 in
10,000 cases, ASD incidence is now 2 in 100 cases (Kim et al., 2011; Baio et al., 2018;
Schendel and Thorsteinsson, 2018). Genome-wide association studies on these patients
indicate a genetic basis spanning hundreds of different risk genes (Abrahams et al., 2013;
lakoucheva et al., 2019). As a neurodevelopmental disorder diagnosed as early as 2 years
of age (Hyman et al., 2020), ASD significantly impacts neural circuits across many brain
regions including the cerebellum, somatosensory cortex, and prefrontal cortex (Golden et al.,
2018). Within these brain regions, a common simplified model is that excitatory/ inhibitory
(E/1) imbalance, presumably linked to GABAergic interneuron dysfunction, represents a
neurophysiological hallmark of ASD (Rubenstein and Merzenich, 2003; Gogolla et al.,
2009; Lee et al., 2017; Sohal and Rubenstein, 2019). Consistent with this hypothesis,
postmortem human ASD studies describe: (1) reduced interneuron density (Ariza et al.,
2018; Hashemi et al., 2018), (2) decreased GABA receptor subunit expression (Blatt et al.,
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2001; Guptill et al., 2007; Fatemi et al., 2010), and (3) decreased magnetic resonance (MR)
spectroscopy-measured GABA levels (Harada et al., 2011). Recapitulating human genetic
mutations associated with ASD, mouse models further support a GABAergic interneuron
dysfunction hypothesis (Chao et al., 2010; Vogt et al., 2015; Selimbeyoglu et al., 2017) and
specifically highlight alterations in parvalbumin (PV)-positive fast-spiking interneurons in
Shank3 (Filice, 2016), Mecp2 (Ito-Ishida et al., 2015), and CninapZ2 (Pefiagarikano et al.,
2011; Vogt et al., 2018) mutant mice as well as an environmental-induced ASD model such
as prenatal valproate exposure (Lauber et al., 2016).

In the hippocampus, a PV-positive interneuron subpopulation, which includes further
subtypes such as basket cells, axoaxonic cells, and bistratified neurons (Que et al., 2021),
primarily innervate the soma and proximal dendrites of excitatory pyramidal neurons
(Miles et al., 1996). These neurons represent a subset (~25%) of the total interneuron
population (Kosaka et al., 1987), derive from progenitor cells in a subpallial embryonic
region designated the medial ganglionic eminence (MGE) (Gelman and Marin, 2010), and
can make connections with up to 1,000 pyramidal cells (Bezaire and Soltesz, 2013; Li et al.,
1992). Hippocampal PV-positive interneurons play a fundamental role in the generation and
maintenance of network oscillations associated with learning and episodic memory (Cardin
et al., 2009; Sohal et al., 2009). For example, hippocampal PV-positive cells resonating at
gamma frequency (40-120 Hz) exert perisomatic inhibition onto CA1 pyramidal cells to
control spike generation (Cobb et al., 1995; Miles et al., 1996) and spike timing (Fernandez-
Ruiz et al., 2017) necessary for the functional processes underlying memory formation

or spatial navigation (Burgess, 2008; Hasselmo et al., 2002). Hippocampal PV-positive
interneurons are also essential for timing and spatial pyramidal cell synchrony during sharp
wave ripples (SWRs) thought to play a role during navigation and memory consolidation
(Buzsaki, 2015). Indeed, numerous studies suggest that PV-positive basket cell activity is
phase-locked to ripple cycles (Ylinen et al., 1995; Klausberger et al., 2003; Racz et al.,
2009; Varga et al., 2012), and more importantly, activation of these interneurons can induce
coherent ensemble spiking in pyramidal cells (Stark et al., 2014). Critically, these studies
suggest an essential role for a sub-class of interneurons (e.g., PV-expressing fast-spiking
interneurons) in dynamically regulating the E/I balance during normal network processing.
Given these findings, one would suspect that hippocampal PV-positive interneuron deficit
could result in a significant disruption of hippocampal-dependent network activity. While
inhibitory interneuron density deficits have been reported (Ariza et al., 2018; Hashemi et
al., 2018), a contrasting immunohistochemistry study in hippocampal tissue from 5 ASD
patients described increased PV+ interneuron density (Lawrence et al., 2010). Because a
systematic evaluation of hippocampal interneuron function in human ASD patients is not
feasible, we focused our efforts on an established mouse model of the disease.

Among identified human ASD risk genes, contactin-associated protein-like 2 (CNTNAP2),
which encodes a synaptic cell adhesion molecule, is considered by the Simons Foundation
Autism Research Initiative (SFARI) to be a strong ASD candidate. Indeed, a loss-of-function
CNTNAPZ gene mutation was identified in a cohort of ASD patients (Strauss et al., 2006),
and CNTNAPZ polymorphism has been associated with an increased risk of ASD (Arking
et al., 2008). Cntnap2 expression in mouse MGE at embryonic day 13.5 (E13.5) suggests

a role in development/maturation of somatostatin (SOM)- and parvalbumin (PV)-expressing
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interneurons (Gordon et al., 2016; Vogt et al., 2018). Indeed, null Cntnap2 mutant mice
have a modest, but significant, reduction of PV-positive cells in somatosensory cortex,
striatum, and hippocampus (Pefiagarikano et al., 2011; Lauber et al., 2018; Vogt et al.,
2018). These mice also replicate clinical phenotypes including epileptiform discharges,
hyperactivity, social interaction deficits, and repetitive behavior (Pefiagarikano et al., 2011).
While considerable work has been done to examine the functional consequences of Cntnap2
mutation on cortical circuits and associated behaviors, much less is known about how
Cntnap2 regulates hippocampal networks and hippocampal-dependent behaviors.

To investigate the role of Cntrnap2in the hippocampus, we performed a comprehensive
series of anatomical, behavioral, ex vivo, and /n vivo electrophysiological studies using adult
Cntnap2 knockout (KO) mice. We found a reduction in PV-labeled interneuron density in
area CA1 and diminished synaptic inhibition onto CA1 pyramidal cells. Using 32-channel
silicon probes, we uncovered frequency-dependent circuit changes with specific alterations
in gamma oscillations (65-90 Hz), sharp-wave ripples (150-250 Hz), and theta-gamma
modulation in area CAL. At a behavioral level, Cntnap2 KO mice were characterized by
hyperactivity and deficits in hippocampal-dependent spatial object recognition in addition
to the already established behavioral phenotypes such as repetitive behavior and altered
levels of anxiety. Taken together, these findings identify a role for Cntnap2, particularly in
hippocampal PV+ interneurons, and provide insights into ASD-associated behaviors.

PV interneuron density is reduced in the hippocampus of Cntnap2 KO mice

Interneuron deficits have been reported in the prefrontal cortex of ASD patients (Ariza et al.,
2018; Hashemi et al., 2018) and several genetic mouse models of ASD including Cntnap2
KO mice (Gogolla et al., 2009; Vogt et al., 2018). Additionally, in the Cntnap2 KO animal
model, decreased PV+ interneuron density was described in striatum, somatosensory cortex,
and hippocampus (Pefiagarikano et al., 2011; Lauber et al., 2018); however, other studies
failed to report differences in PV+ interneuron density in mPFC (Lazaro et al., 2019) or
hippocampus (Lauber et al., 2018). To address this discrepancy in PV+ interneuron density
in hippocampus, we crossed Cntnap2 mice with a transgenic Pvalb-tdTomato reporter line
(Jackson laboratory #027395). In hippocampal sections from adult wild-type (WT; 6 coronal
sections; n = 2 mice) mice, we first confirmed that 91% of Pvalb-tdTomato fluorescent cells
co-labeled with an antibody-recognizing PV (Figure 1). Next, using a blinded stereological
assessment of tdTomato-fluorescent cells, we confirmed a reduction in overall density of
PV+ interneurons for Cntnap2 KO mice compared to age-matched WT controls (Figure
1B). Parsing these cell counts by hippocampal sub-region, we noted that reduced PV+
interneuron density was only significant in area CA1 (Figure 1C, left panel). These data
indicate a role for CntnapZ2in development or maturation of PV-positive hippocampal
interneurons.
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Decreased inhibitory synaptic transmission in CA1 pyramidal neurons from Cntnap2 KO

mice

Impaired perisomatic inhibition may be a common pathophysiological alteration in ASD,
including Cntnap2 KO mice (Gogolla et al., 2009; Jurgensen and Castillo, 2015). Because
PV+ interneurons play a key role in mediating perisomatic inhibition (Freund and Katona,
2007) and are reduced in the CAL region of adult Cntnap2 KO mice (Figure 1), we
examined inhibitory transmission in acute hippocampal slices using visualized whole-

cell patch-clamp recording techniques. We measured spontaneous inhibitory postsynaptic
currents (sIPSCs) in CA1 pyramidal cells as a standard measure of inhibition. Representative
traces are shown in Figure 2A. We found decreased sIPSC amplitude and frequency (Figures
2B and 2C) in Cntnap2 KO mice compared to WT age-matched controls; no change in
sIPSC kinetics were noted (Table S1).

Because decreased inhibition could result from a change in synaptic drive onto soma-
innervating inhibitory neurons, we next measured sIPSCs (Figure 2D) and excitatory
postsynaptic currents (EPSCs; Figure 2I) onto tdTomato-labeled PV+ interneurons in the
stratum pyramidale (str. pyramidale) of area CAL. While a small, but statistically significant,
change in sIPSC decay time was noted (Figure 2F), measures of amplitude, rise-time,
inter-event interval, and frequency were unchanged (Figures 2E and 2L-20), suggesting that
the overall synaptic drive onto PV+ interneurons in adult Cntnap2 KO mice is normal. To
test whether deletion of CninapZ2 effected intrinsic firing properties of PV+ interneurons, we
measured resting membrane potential, input resistance, action potential threshold, frequency,
amplitude, and half-width from td-Tomato-labeled cells; no changes were noted (Figure S3;
Table S2). These results confirm an impairment of inhibitory neurotransmission in the CA1
region of hippocampus that is consistent with reduced PV+ interneuron density (Figure 1).

Hippocampal-dependent spatial memory performance is impaired in adult Cntnap2 KO

mice

Given the essential contribution of hippocampus to memory and navigation (O’Keefe

and Nadel, 1978), we next explored potential behavioral deficits in Cntnap2 KO mice

using a hippocampal-dependent one-trial spatial object location task (SOR) (Figure

3A). As previously reported (Pefiagarikano et al., 2011), Cntnap2 KO mice exhibit
generalized hyperactivity, quantified as increased distance moved across all trials of the

task (habituation, familiarization, and test; Figure 3B). Despite this hyperactivity, Cntnap2
KO mice showed similar object interaction times during familiarization compared to age-
matched WT controls (Figure 3C). During test, however, Cntnap2 KO animals exhibit
impaired discrimination ability between the object located in the new versus the old location
(Figure 3D).

To determine whether Cninap2 KO animals had a general deficit in object-context
association, we implemented the object congruence task. During this task, also referred to as
a “‘pattern separation task’’ (Figure 3E), Cntnap2 KO mice displayed overall hyperactivity
during trial 1 (Figure 3F), but no differences were found in objects’ interaction time during
trial 1, trial 2, or the test trial. The task performed showed that under both conditions,
age-matched Cntnap2 KO and WT mice can discriminate which objects were not congruent
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with the current context during the test. These findings suggest that both Cntnap2 KO and
WT mice spent more time exploring the incongruent object (or object previously presented
in a different context), as shown in Figure 3G. Collectively, these results indicate that
Cntnap2 KO mice exhibit a specific spatial memory deficit.

To provide a more comprehensive evaluation of potential autism-related behavioral deficits,
mice were also evaluated in an elevated plus maze (Figures SLIA-S1D) (Walf and Frye,
2007), a modified 3-chamber social test (Figures SIE-S1H) (Yang et al., 2011), self-
grooming (Figures S11-S1L) (Kalueff et al., 2016), and open field assays (Figures SIM-
S10) (Seibenhener and Wooten, 2015). Deficits in the elevated plus maze, self-grooming,
and the first 5 min of the open field test are congruent with previously published autism-like
behavioral phenotypes described for Cntnap2-null (Pefiagarikano et al., 2011) and other
mouse models of ASD (Silverman et al., 2010). These results further validated hyperactivity,
repetitive behavior, and decreased levels of anxiety in Cninap2 KO mice.

Gamma activity disruption in a layer-specific distribution in Cntnap2 KO during open field

navigation

To investigate theta-gamma dynamics along the hippocampal axis, we recorded local field
potentials (LFPs) from 32 channels arranged on a 4-shank silicon probe covering most
layers of CAl, CA3, and DG (Figure S2) while the animal navigated an open field.

Mice were exposed to different open field settings as shown in Figure 4A for 2 trials

per day (25 min for each recording session). During each exposure, Cntnap2 KO mice
were more active compared to WT in the 3 different contexts (Figure 4B; Figure S4),
further confirming an autism-like phenotype and persistence of these behavioral features
after electrode implantation.

To isolate our analysis to theta periods during open field navigation, we restricted LFP
analysis to theta epochs while animals were walking/running. Both groups ran at a similar
speed during open field navigation (control n = 6; median speed 9.6 cm/s; Cntnap2 KO

n = 7; median speed 10.6 cm/s; unpaired t test with Welch correction p > 0.1). We first
confirmed physiological features of the hippocampal anatomical layers using power and
phase of theta rhythm along the hippocampal axis (Figure 4C). As expected (Buzsaki, 2002),
we noticed a progressive theta phase shift along the axis, with maximal shift occurring

in CA1 stratum lacunosum-moleculare (str. LM) in addition to the peak amplitude of the
laminar theta power profile occurring in str. LM (Figure 4D). Cntnap2 KO mice showed

a similar layer-specific profile. To compare power across conditions, we calculated relative
power in theta, slow, and mid gamma frequency ranges. In area CA1, Cntnap2 KO mice
exhibited a statistically significant decrease in theta (6—10 Hz) in str. radiatum, increased
slow-gamma power (30-55 Hz) in str. LM, and a trending decrease in mid gamma power
(65-90 Hz) in str. pyramidale and str. LM (Figure 4E). In the DG (str. moleculare), no
differences in any frequency band examined (p > 0.1) (data not shown) were observed
between control and Cntnap2 KO mice.
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Cntnap2 KO exhibit a reduced mid gamma-theta phase modulation

In area CAL of the hippocampus, theta cycles, the most prominent oscillatory activity, are
thought to be temporal windows in which different gamma bands transmit inputs from
upstream regions. In particular, slow gamma (30-50 Hz), mid gamma (60-100 Hz), and
fast gamma (>100 Hz) occur at descending, peak, and trough of the theta cycle (Colgin
et al., 2009; Lasztoczi and Klausberger, 2014; Schomburg et al., 2014; Fernandez-Ruiz
et al., 2017). To determine whether loss-of-function of Cntnap2interrupts theta-gamma
co-modulation, we next examined distribution of gamma oscillations over the phase of
individual theta cycles (Figure 5A). As expected, for both Cnitnap2 KO and WT mice, slow
gamma, mid gamma, and fast gamma dominated the descending, peak, and trough of the
theta cycle, respectively (Figure 5B, left panel). However, modulation of power for mid
gamma was significantly decreased at the peak of the theta cycle for Cntnap2 KO mice
(Figure 5B).

To identify the contribution of different CA1 layers to gamma band oscillations (Lasztoczi
and Klausberger, 2014), we next implemented current source density (CSD) to spatially
separate LFP signals. CSD signals isolated fast gamma from str. pyramidale, slow gamma
from str. radiatum, and mid gamma from str. LM recordings, as shown in Figure 5C.
Cntnap2 KO mice exhibited increased modulation in fast gamma in pyramidal layers and
a statistically significant decreased modulation in mid gamma in str. LM (Figure 5D). No
differences were found in slow gamma-theta phase modulation in str. radiatum.

To further investigate the theta-gamma interaction, we calculated power modulation of high
(20-200 Hz) frequency spectral activity as a function of the phase of theta oscillations

(6-12 Hz). Cross-frequency coupling assessed as theta-gamma modulation index (MI) was
performed in the CSD signals. As expected, in both conditions, the highest MI found

was between theta and fast gamma (>120 Hz) in str. pyramidale and between theta and

mid gamma (65-90 Hz) in str. LM. However, Cninap2 KO mice showed an increased Ml
between theta and fast gamma in CA1 pyramidal cell layers and between theta and slow
gamma in str. radiatum and a decreased MI between theta and mid gamma in str. LM (Figure
6). Taken together, these findings suggest altered input processing in the different layers of
hippocampal CA1l in Cninap2 KO mice.

Decreased SWR power during immobility in home-cage recording

In freely moving animals, phasic inhibition plays a major role in shaping hippocampal
SWRs in CA1 (Gan et al., 2017). We therefore investigated SWRs during extended periods
of immobility during home-cage recordings (Figure 7A). We found a significant decrease

in SWR incidence (Figure 7B) and oscillatory amplitude in Cntnap2 KO mice (number of
SWR events: 13,502 and 14,956 in WT and Cnitnap2 KO, respectively) (Figure 7C). Other
features characterizing SWRs, such as duration, number of cycles per event, and frequency,
were similar in both conditions (Figures 7D—7F) and consistent with reported benchmarks of
SWR activity (Buzsaki, 2015). Bursting events, defined as doublets and triplets, were fewer
compared to singlets in both conditions. However, Cnitnap2 KO mice showed an increased
number of singlets and a reduced number of doublets compared to age-matched WT controls
(Figure 7G).
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Given the known positive correlation between the excitatory drive provided by SPWs and
the ripple’s oscillatory activity recorded in CA1 (Stark et al., 2014), we next investigated

if the difference in ripple power was secondary to a different input drive. Specifically, we
compared the magnitude of the sharp waves recorded in str. radiatum in both conditions

and found no significant differences (Figure 7H). Furthermore, the correlation coefficient
between SPW amplitude and ripple power was statistically significantly smaller for Cntnap2
KO mice compared to age-matched WT controls (Figure 71). Together, these results suggest
a localized alteration in CA1 pyramidal-to-interneuron interactions during ripple generation
in Cntnap2 KO mice. Given the known epileptic phenotype in Cnitnap2 KO mice with ages
older than 8 months (Pefiagarikano et al., 2011), we investigated the occurrence of interictal
epileptiform discharge (IEDs) and pathological fast ripples (p-ripples) in the CA1 region in
younger animals. Using established criteria for the detection of IEDs (Gelinas et al., 2016;
Lévesque et al., 2021; see STAR Methods), we did not detect fast ripple events in either WT
or Cntnap2 KO mice during these recording epochs. However, we did identify sporadic IED
events in 1 out of 7 Cnitnap2 KO animals (Figure S5).

DISCUSSION

ASD is a common neurodevelopmental disease involving different brain regions and a
spectrum of behavioral deficits (Silverman et al., 2010; Golden et al., 2018). Emerging
evidence from mouse models points to a role for interneuron-mediated functional deficits
underlying these complex behaviors (Mogt et al., 2015; Paterno et al., 2020; Filice et al.,
2020). For example, one recent study using /n7 vivo LFP recordings in the medial prefrontal
cortex revealed a behavioral deficit correlated with reduced phase-locking to interneuron-
mediated delta and theta oscillations (Lazaro et al., 2019). Although CnitnapZ2 is expressed
in adult hippocampus and embryonic pallial sub-regions where hippocampal interneurons
originate, much less is known about these interneurons in ASD. Our study provides
functional evidence of reduced PV+ interneuron-mediated perisomatic inhibition onto CA1
pyramidal neurons, decreased theta-nested mid gamma activity, decreased SWR power, and
an overall behavioral deficit in spatial memory in the Cntnap2 KO animal model. This
hippocampal-specific microcircuit dysfunction may be amenable to hippocampal-specific
therapeutic strategies for ASD

Here, we used Cnitnap2 KO mice, which is a preclinical animal model with several
advantages. First, it is a well-established mouse model that recapitulates key features

of ASD (Pefiagarikano et al., 2011). Second, previous studies suggested PV-positive
interneuron dysfunction in this model (Pefiagarikano et al., 2011; Vogt et al., 2018; Lauber
et al., 2018). Third, using a rodent model allows us to leverage a substantial body of

work linking known /n vivo electrophysiological properties to underlying hippocampal
cellular/network functions (Colgin, 2020). For example, gamma oscillations, SWRs, and
theta-gamma cross-frequency coupling correlate to very specific and interneuron-dependent
hippocampal network activities; that these findings were present in control animals but
altered in Cntnap2 KO mice both validated our approach and provided a network-level
interpretation of our results.
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One of our major findings is that hippocampal gamma activity is altered in Cntnap2 KO
mice. Interestingly, these gamma alterations were highly specific in both frequency and

the hippocampal sub-layer. In general, gamma oscillations vary in frequency and relation
to theta cycles across CA1 hippocampal sub-layers. In str. pyramidale, for example, fast
gamma (>100 Hz) is the prominent oscillatory activity recorded with highest power at

the trough of the theta cycle, corresponding to the highest probability of pyramidal cell
spiking (Lasztdczi and Klausberger, 2014; Schomburg et al., 2014). Str. radiatum primarily
receives input from CA3, and slow gamma oscillatory activity has been suggested to link
these two regions (Csicsvari et al., 2003; Colgin et al., 2009). Finally, str. LM receives
strong glutamatergic input from pyramidal cells located in the medial entorhinal cortex
(Suh et al., 2011; Yamamoto et al., 2014), where mid gamma (60-90 Hz) are thought to

be generated and transmitted to the hippocampus through the temporo-ammonic pathway
(Colgin et al., 2009; Lasztéczi and Klausberger, 2014; Schomburg et al., 2014; Fernandez-
Ruiz et al., 2017). Using CSD analyses to isolate gamma oscillations from individual
hippocampal layers, it was possible to infer input/output and local network activity of

the underlying hippocampal circuitry. Hippocampal interneurons appear to be critical to
maintain this layer-specific gamma activity as well as hippocampal input/output in general
(Colgin, 2016). In particular, PV+ interneurons are primarily responsible for pyramidal cell
perisomatic inhibition, whereas SOM-positive cells are primarily involved in controlling
distal inhibition onto pyramidal cells (Royer et al., 2012; Fernandez-Ruiz et al., 2017).
Thus, the balance of inhibition from PV and SOM interneurons is critical in controlling
and selecting hippocampal input from upstream regions. By altering PV interneuron density
and activity, ASD animals experience a derangement of this balance of inhibition, resulting
in abnormal neural oscillations as well as hippocampal input selections, which is not a
consequence of a gross difference in animal behavior, given a similar running speed in both
conditions.

Consistent with this, acute hippocampal slices from young adult Cntnap2 KO mice exhibited
reduced perisomatic inhibition onto pyramidal cells associated with reduced inhibitory
current frequency and amplitude, as well as a reduction in PV-positive interneurons. Given
these PV-specific deficits, we expected to find a reduction in mid gamma power and theta-
gamma modulation in str. LM during navigation, which was confirmed in Figures 4, 5,

and 6. In addition, and perhaps a bit surprisingly, we found increased theta-fast gamma
modulation in the pyramidal cell layer that can also be explained, at least in part, by a
reduction in PV-positive interneuronal activity, given that PV-positive interneurons have a
role in controlling the phase timing of (place) cells in this region. Together, these findings
are consistent with reduced perisomatic inhibition in area CA1 leading to an alteration of
the proximal and distal dendritic inhibition balance, thereby attenuating entorhinal cortex
(EC) input in favor of CA3 input. Of course, reduced input from upstream regions such as
entorhinal cortex (Brun et al., 2008) cannot be excluded from consideration as a mechanism
here, and future studies will be necessary using simultaneous recordings from both regions
during navigation to carefully evaluate this possibility.

The other major finding in our work is a reduction in hippocampal SWR power. SWRs
play a critical role in learning and consolidation of hippocampal-dependent memories and
in the decision-making process (Joo and Frank, 2018). Depolarization of CA1 pyramidal
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cells following a recurrent excitatory network of the CA3 area drives the onset of fast
activity (ripple event) in pyramidal cell layers. The content of the event is a sequential
activity of pyramidal neurons, which is dependent on previous experience (Carr et al., 2012),
and PV-positive interneurons play a critical role in ensemble pyramidal cells during SWR
events (Stark et al., 2014). In Cntnap2 KO mice, we found a reduced ripple power, which

is considered a measure of pyramidal cell synchrony (Csicsvari et al., 2000; Schomburg et
al., 2012), while all the other parameters analyzed were normal, including the degree of
depolarization input. These results highlight a local network alteration likely responsible for
altering the spike content of ripple events in Cnitnap2 KO animals. The implication of altered
ripple activity in ASD is not immediately clear; however, the fact that ASD is associated
with a reduction in ripple power suggests that the ““‘content’” of the output message of
hippocampus to cortex is abnormal in ASD (Siapas and Wilson, 1998).

An additional finding is a reduced discrimination ability in the spatial recognition task

in Cntnap2 KO mice. Spatial object recognition memory is a hippocampal-dependent
memory task (Broadbent et al., 2004) in which the CA1 hippocampal region has been
shown to be involved in detecting novelty in the spatial environment when one object is
moved in a different location (Larkin et al., 2014). Reduced discriminatory ability in these
animals further highlights a hippocampal-dependent behavioral phenotype correlated with
specific spatial information. Indeed, Cninap2 KO mice were able to discriminate when
tested in different type of tasks such as the context-dependent task. These animals also
showed an autism-like behavioral phenotype previously described as hyperactivity, repetitive
behaviors, and altered levels of anxiety. In our study, we did not detect any differences

in social interaction using a modified 3-chamber social task, and even if some studies

have showed an altered social interaction (Pefiagarikano et al., 2011, 2015; Selimbeyoglu
et al., 2017), others were not able to detect it (Scott et al., 2019). Additional studies
combining different social task protocols to precisely detect which component of the social
interaction is impaired in Cntnap2 KO mice, and at what precise stage of development, are
warranted (as suggested in Rein et al., 2020). An additional caveat is that alterations in
interneuron-mediated inhibition for Cntnap2 KO mice were evaluated at a single adult epoch
in development, and it is possible that these deficits could lead to additional homeostatic
alterations in circuit function (Turrigiano, 2011; Howard et al., 2014; Wu et al., 2020).
Further, although a decreased number of PV+ interneurons in the hippocampal region
(with a concomitant reduction in synaptic inhibition) is one plausible explanation for

the altered oscillatory activity reported in this study, additional explanations are possible.
For example, changes in unitary connections between inhibitory neurons and pyramidal
cells, or changes in release probability at inhibitory synapses, could contribute to the
observed alterations in hippocampal oscillations. In addition, PV+ interneurons include

a subpopulation of interneurons such as basket, axoaxonic, and bistratified neurons with
different morphological features (Que et al., 2021) and potentially distinct sub-roles in the
overall modulation of network dynamics (Forro et al., 2015). As information emerges on the
functional roles of distinct subpopulations of P+ interneurons (and the experimental tools
necessary to selectively manipulate these subpopulations), it will be interesting to study
these possibilities in further detail.
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In summary, our results show that ASD animals exhibited reduced PV+ density (Figure

1) and perisomatic inhibition (Figure 2), resulting in altered hippocampal gamma (Figures
4,5, and 6) and SWR (Figure 7) activity, which is likely associated with a hippocampal-
dependent deficit in spatial memory performance (Figure 3). Collectively, these findings
suggest an involvement of the hippocampal memory system in autism phenotypes.

Recent clinical studies have also implicated memory impairment as a common finding in
patients with ASD (Crane and Goddard, 2008; Loth et al., 2011; Goddard et al., 2014;
Robinson et al., 2017; Cooper and Simons, 2019), including deficits in object location
recognition memory (Ring et al., 2015). For example, Cooper et al., (2017) investigated
the neurophysiological basis of memory in ASD using an fMRI study while subjects
were performing an episodic memory task and found a diminished retrieval performance
associated with significantly reduced hippocampal connectivity during episodic memory
recollection. Our data represent a detailed description of hippocampal-dependent activity
and alterations in memory processing associated with a null Cntnap2 mutation, and further
studies focused on hippocampal dependent function are warranted in ASD.

Limitations of the study

Some possible limitations should be considered when interpreting our results. First, although
interpretations discussed here are concordant with a decreased number of soma-targeting
hippocampal PV+ interneurons and reduced inhibition onto CA1 pyramidal neurons,
functional alterations in interneuron sub-populations such as the dendrite innervating SOM+
interneurons would also influence circuit and behavior phenotypes. Although not the focus
of these studies, examination of the involvement of SOM+ as well as other interneuron sub-
populations are warranted in these animals. Second, interneuron function is not fixed, and
compensatory PV+ interneuron alterations at different developmental ages are possible in
Cnitnap2 KO mice. Third, the theta-gamma alteration observed in str. LM during navigation
could be interpreted as a local neuronal network alteration or a consequence of an alteration
in some downstream hippocampal region such as entorhinal cortex or a combination of both.
Future studies to address these latter issues might benefit from a multi-regional recoding
approach.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources should be directed to and
will be fulfilled by the lead contact, Rosalia Paterno (Rosalia. paterno@ucsf.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability—All data reported in this paper will be shared by the lead
contact upon request. This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available
from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

All experiments were performed on male adult mice (=2 months old) maintained in

a C57B/6 background. Specifically, rodent genotypes Cnitnap2 KO (Jackson laboratory;
017482), C57BL/6J (Jackson laboratory; 000664), and Parvalbumin tdt (+/—) (Jackson
laboratory; 027395) were used for all experiments. All animals were maintained on a
12-hour light/12-hour dark cycle with no food or water restrictions. All procedures involving
animals followed guidelines of the National Institutes of Health and were approved by
Institutional Animal Care and Use Committee at University of California, San Francisco
(#AN181254-02B).

METHOD DETAILS

Behavioral analysis—Behavioral tests were performed in male adult (P90-120) mutant
and age-matched control littermates. All tests were performed during the light phase of

the light/dark cycle by a trained operator blind to genotype. The order of testing was (1)
open field exploration, (2) self-grooming behavior, (3) object congruence task, (4) elevated
plus maze (EPM) task, and (5) modified three-chamber social task. An additional cohort of
animals performed a spatial object recognition task. These tasks are further described in the
following sections.

Open field—To assess locomotor activity, we used an open field consisting of a white
acrylic glass arena (40 cm x 40 cm) under uniform dim lighting. Individual mice were
placed in the center of the arena and their activity was recorded for 25 min. The total
distance traveled, and the animal position were automatically calculated using Ethovision
software tracking activity (Noldus).

Spatial object recognition task—All animals were moved into the testing room for

one hour to acclimate under normal lighting conditions and handled for 5 min each day.
Animals were habituated to a square testing apparatus (40 cm x 40 cm) with visual cues
present on the walls for a 30-min period (habituation phase) (Bevins and Besheer, 2006).
Items in the recording room were maintained constant across the experiment and served as
distal cues. Each behavioral experiment consisted of 2 different phases — familiarization (F)
and test (T) with a rest period between each phase. During familiarization, animals were
allowed to explore for a 10-min period two identical novel objects located in 2 different
quadrants of the apparatus. Between familiarization and test, animals were placed back in
the home cage for 2 h and the arena and objects were cleaned to avoid any olfactory cues.
During testing, one object was left in the previous location (unmoved-object) and the other
object was placed in a previously empty quadrant (moved-object). The test phase lasted 5
min, during which time the animals explored the new apparatus setting. We restricted our
analysis to the first 3 min of the test phase to avoid habituation (Dix and Aggleton, 1999).
All experiments were videotaped with a camera placed above and analyzed post-acquisition
by an operator blinded to genotype. The videos were processed using Ethovision software
11.5 (Noldus), which sampled video of the task to identify the animal’s body position at 12
frames/sec and the object exploration was manually identified as the animals approached the
object within 3 cm with the nose directed to the object and in an active sniffing behavior. To
measure recognition memory (Sivakumaran et al., 2018), we calculated discrimination index
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(DI) from the time of interaction with the moved object ( 7,,,) and the time of interaction
with the unmoved object ( 7,,) as follows:

DI = (T = Tuo) (Tmo + Tuo)

Object congruence task—All animals were moved into the testing room for 1 hr to
acclimate under normal lighting conditions and handled for 5 min each day. Experiments
were carried out inside sound attenuating shells equipped with two 5W lamps. Two different
contexts (40 cm x 40 cm) were used. Context A was made of a smooth white acrylic

box and Context B had a grid made of green label tape and each context was cleaned

with a different type of odorized cleaner. Two sets of objects were built (Object A and
Object B) using Lego Megablocks each with a different shape and color/contrast; both set
of objects contained an identical odor (20 L vanilla extract place on the tip of a cotton
swab) inserted inside each object. The task consisted of three 10-min trials with a period of
home cage resting between each trial. Specifically, during trial 1, animals were exposed to
one context containing two identical paired objects (i.e., Context A with Objects A); during
trial 2, animals were exposed to another context (never encountered before, i.e., Context

B with Objects B) and during test, a context was randomly chosen (Context A or Context

B) containing one object A and one Object B. During test, objects were then defined as
congruent (object previously shown with the same context i.e., Object A in Context A) or
incongruent (object incongruent with the current context, i.e., Object B in Context A). Home
cage resting time was 30-min between trial 1 and trial 2 and 2-hr between trial 2 and test.
All experiments were videotaped with a camera placed above and analyzed post-acquisition
by an operator blinded to genotype. The videos were processed using Ethovision software
11.5 (Noldus), which sampled video of the task to identify the animal’s body position at 12
frames/sec and the object exploration was manually identified as the animals approached the
object within 3 cm and the nose directed to the object and in an active sniffing behavior.

Elevated plus maze task—The plus maze consisted of 4-arms elevated 50-cm from the
floor with 2-closed arms with walls and 2-open arms (with no walls) connected by a junction
part. All animals were placed in the junction part of the maze and animal position was
recorded for 10 min using a tracking system that automatically calculates time spent in each
arm, distance traveled, and number of entries in each arm.

Self-grooming behavior—All animals were moved into the testing room for 1 hr to
acclimate under normal lighting conditions and handled for 5 min each day. They were
then placed individually in a standard mouse cage (13 x 32 x 18 cm) without bedding and
recorded for 20 min with a camera placed 1.5 m away on the side of the cage. Videos
were then processed post-acquisition by an operator blinded to genotype. Self-grooming
was scored for 10-min periods as a measure for grooming in all body parts after 10-min
habituation period in the home cage. Number and duration of each episode was reported.
If the time between consecutive events was less than 5 s, the events were combined and
reported as single event.
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Modified three-chamber social task—Social interaction was assessed using a
modified-three chamber task. The task utilized a Plexiglas box composed of two
interconnected chambers with one plastic cup in each chamber and consisted of two 10-min
phases: Habituation (H) and Test (T). During Habituation (H), animals were allowed to
explore the two chambers containing the two-empty cups for a 10-min period. During Test
(T), animals were allowed to explore the two chambers, containing one empty cup in one
chamber and one cup with an unfamiliar mouse in the other chamber. All experiments

were videotaped with a camera placed above the chambers and analyzed post-acquisition
by an operator blinded to genotype. Videos were processed using Ethovision software 11.5
(Noldus), which sampled video of the task to identify the animal’s body position at 12
frames/sec. The time and distance each animal spent in each chamber was calculated and
interaction time with the empty or social cup was manually identified as animals approached
the cup within 3 cm with nose directed to the object and in an active sniffing behavior.

Hippocampal slice preparation—Horizontal hippocampal-entorhinal cortex slices were
prepared from Cninap2 KO mice and age-matched WT sibling controls. Following deep
anesthesia with isoflurane, mice were euthanized by decapitation. The brain was rapidly
dissected and immersed in ice-cold oxygenated (95% O,/ 5% CO») high-sucrose artificial
cerebrospinal solution (SACSF) containing (in mM) 220 sucrose, 3 KCI, 26 NaHCO3, 10
dextrose, 2 MgSOy, 1.25 NaH,PO,4 and 1 CaCl,. 320 mm thickness slices were made using
a VT 1000S microtome (Leica) and immediately after transferred to an incubation chamber
with artificial cerebrospinal fluid (ACSF) containing (in mM) 124 NaCl, 26 NaHCO3, 10
dextrose, 3 KClI, 1 CaCl,, 2 MgSQy, and 1.25 NaH,PO,4, and maintained at 35°C for 30 min,
and thereafter at room temperature for at least 40 min before recording. £x vivo recordings
were performed in slices from P90-110 WT and Cnitnap2 KO mice, or P60-90 WT PV-tdt
(+/-) and Cntnap2 KO PVtdt (+/—) mice.

Patch-clamp recording—Slices were transferred individually to the recording chamber,
which was continuously perfused with oxygenated ACSF (2-3 ml/min at 28-30°C). Whole-
cell patch-clamp recordings were performed from hippocampal CA1 pyramidal neurons or
fluorescent-labeled parvalbumin-positive (PV+) interneurons, using an infrared differential
interference contrast (IR-DIC) video-microscopy system with an epifluorescent microscope
(Olympus BX50-WI) and water-immersion 40x objective. PV+ interneurons were identified
by expression of a red fluorescent protein tdTomato. Patch micropipettes (3-6 MQ) were
pulled from borosilicate glass using a computer-controlled micropipette puller (P-1000,
Sutter Instrument) and filled with the appropriate internal solution. To measure inhibitory
postsynaptic currents (IPSC), internal solution contained (in mM) 117.5 Cs-Gluconate, 11
CsCly, 1 MgCly, 10 HEPES, 11 EGTA, 2 NapATP, 0.5 Na,GTP and 1.25 QX-314 (285-290
mOsm, pH 7.2). Recordings were performed at a holding potential of 0 mV. To measure
excitatory postsynaptic currents (EPSC), internal solution contained (in mM) 135 CsCl,,

10 NaCl, 2 MgCl,, 10 HEPES, 10 EGTA, 2 Na,ATP and 0.2 Nay,GTP (285-290 mOsm,

pH 7.2). Recordings were performed at a holding potential of —65 mV. Intrinsic membrane
properties were recorded in current-clamp mode with internal solution containing (in mM)
120 K-gluconate, 10 KCI 1 MgCly, 0.025 CaCl,, 10 HEPES, 0.2 EGTA, 2 Na,ATP, 0.2
Na,GTP (285-290 mOsm, pH 7.2). Recordings were performed at a holding potential of
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—65 mV, and electrophysiological properties were measured in response to 250-ms current
step injections delivered in 10 pA increments from —150 to +150 pA. Data were recorded
using a Multiclamp 700B amplifier (Molecular Devices) and monitored with pClamp 10.3
software (Molecular Devices). Whole-cell voltage-clamp data were low-pass filtered at 1
kHz and digitally sampled at 10 kHz using a Digidata 1550A (Molecular Devices). Each
IPSC event were manually selected using Mini Analysis 6.0.7 (Synaptosoft Software), and a
mean of 100 individual events were analyzed for each cell.

Surgery for in vivo recordings—Six control and seven Cntnap2 KO male mice between
90-120 days of age were implanted with chronic silicon probe arrays (Vandecasteele et

al., 2012) comprised of four-shanks spaced 400 mm apart with eight electrodes sites in

each shank spaced 200 mm apart (A4x8 5mm 200-400-703 CM32; from NeuroNexus
Technologies). Before implantation, the back of the shank was covered with Dil (lipophilic
fluorescent dye - Thermo Fischer Scientific) to subsequently track electrode locations. Adult
mice (3—-4 months old; 28-30 g) were anesthetized with Ketamine/Xylazine mixture injected
intraperitoneally and maintained with isoflurane 0.8 — 1.2% through a nose cone mounted
on a mouse stereotaxic frame (Kopf Instruments, USA). The scalp was reflected with a
single incision, disinfected with 3% hydrogen peroxide and the periosteum scraped from

the scalp. All the following procedures were conducted under 0.5-5x magnification. Skull
screws (Machine Screw #000-120x 1/16°" Flat Head, Component Supply Company) were
placed in the scalp to anchor and support the implant, and two additional screws (Fine
Science Tools) were placed in the cerebellum for the reference and ground wires. The

entire structure was additionally secured with dental adhesive cement (C&B- Metabond,
Parkell). A rectangular craniotomy was then performed on the exposed skull, and the dura
was opened. Once the brain parenchyma was exposed, the probe was lowered with a
micromanipulator (Kopf Instruments) 2.5 mm beneath the skull surface to target the dorsal
hippocampus at the following coordinates from bregma AP: — 2.2 mm and ML: 1.3 —1.5
mm. The reference and ground wires were then wrapped around the screws previously
placed in the cerebellum area. The exposed cortex and electrodes shanks were covered

with Kwik-Sil silicone elastomer. The remaining structure was secured with dental cement
(Stoelting Co) to ensure headcap stability overtime. Mice were treated with buprenorphine
0.05 - 0.1 mg/kg and ketofen 5 mg/kg for the following two-three days or until no signs

of pain were detected. The animals were given at least one-week recovery time before
recording.

Electrode localization—To identify electrode localization, both physiologic and
histological techniques were used (Bragin et al., 1995; Csicsvari et al., 1999; Montgomery
et al., 2008; Vandecasteele et al., 2012). Specifically, mice were deeply anesthetized

with a mixture of Ketamine/Xylazine and perfused transcardially with saline followed by
4% paraformaldehyde (PFA; Electron Microscopy Science). Brains were post-fixed with
PFA 4% and 50 pm thick coronal sections were cut with a VT 1000S vibratome (Leica
Microsystems Inc., Buffalo Grove, IL). Right hemibrains (containing the electrodes) were
used for DAPI (PureBlu DAPI Nuclear Staining Dye, BioRad) staining to anatomically
identify the labeled-electrodes tracks. Stained sections were then examined with a Nikon
microscope. In addition, local field potential (LFP), sharp wave ripple (SWR) events (150—
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250 Hz) were used to functionally identify electrode location. SWRs were identified in the
CAL pyramidal cell layer and the concomitant sharp wave was used to locate electrodes in
the deep layers (Csicsvari et al., 1999). Subsequently, SWR-comodulogram was calculated
(Gillespie et al., 2016) and dentate spikes were detected in a sliding-window (Bragin et al.,
1995). The final electrode positions were found by using (1) the histological sections to
determine the vertical axis of the arrays position, (2) SWRs to determine electrodes in area
CALl and (3) dentate spikes to identify electrodes in dentate gyrus layers.

In vivo behavioral task and analysis—After the one-week post-operative recovery-
time was completed, mice were handled for 3-min/day for the duration of the experiment
and allowed to habituate to the recording room and the recording apparatus with home cage
recordings for 1-1.5 h/day for 5-7 consecutive days. Afterward, they were exposed to a
novel/familiar context paradigm. In detail, we placed mice in different boxes with identical
dimensions (40 x 40 cm). In each different box, hereafter referred to as different ‘contexts’
for the remainder of the paper, the base and walls varied by color and material type. In
addition, we placed unique spatial cues (printed shapes) on the walls. Thus, a unique context
was defined by the color and texture of the walls and base, as well as the spatial cues on
different faces of the walls. Using this method, we created three different contexts, which
were consistent across mice. In the task, animals were first transferred to the recording room
in their home cage and allowed to acclimate to the room for 1h before recording. Following
this, animals were recorded for 30-min in the home cage. They then were placed in the first
context for 25 min, followed by another 30 min within the home cage, followed by another
25 min in the same context, and finally another 15 min in the home cage. This cycle was
repeated on three consecutive days, one for each unique context. Thus, on each day the
context was changed such that the animal never encountered the same context on different
recording days. Of note, all experiments were run during the light cycle from 1:00 to 7:00
PM PST.

Recording and data analysis—Animal position and running speed were tracked and
recorded during the task by a digital video camera (NeuroMotive Camera, BlackRock
Microsystem) which recognized the mouse head-mount LED and sampled the head position
at 50 frames/sec. We validated this automatic tracking algorithm using Ethovision software
11.5 (Noldus), which sampled video of the task to identify the animal’s body position at 25
frames/sec.

Electrophysiological recordings were continuously acquired using a Multichannel
Acquisition Cerebus System and a Cereplex mu headstage (16-bit resolution; BlackRock
Microsystems, Salt Lake City, UT) at 32 KHz. Raw signal was first visually inspected and
electrodes with noise were excluded from further analysis. Using custom-written MATLAB-
based software (The MathWorks, MA, USA), LFPs were low pass filtered with a cut-off
frequency of 40% of the Nyquist rate (413.6 Hz), and then downsampled to 1034 Hz.

Sharp wave ripple detection and analysis—The detection of sharp wave ripples
(SWRs) was restricted to “immobility periods’ during home cage recording defined as speed
less than 1.5 cm/sec, duration more than 20 s and low-theta periods. We found all such
immobility periods during the home cage recordings from day 3 to 5, to ensure that mice
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were habituated to the recording setting and room. The LFP from all electrodes during

the immobility periods was then bandpass filtered from 150-250 Hz. The baseline mean
and standard deviation of these power values were used to define ripple-candidate events
as periods when the smoothed envelope in the filtered data was greater than 3 standard
deviations (SD) above baseline for at least 15 ms (Cheng and Frank, 2008). The beginning
and end of these events were defined as the period of time in which the power surrounding
the candidate ripple events was above one SD; events closer than 40 ms were combined.

Sharp waves (SPWSs) were detected within these immobility periods in the channels located
in CA1- stratum radiatum. The LFP signal was bandpass filtered at 4-50 Hz and events in
the range 20-400 ms exceeding 2.5 SD above baseline were included as candidate SPWs
(Fernandez-Ruiz et al., 2019). SWRs events were then defined as periods in which both

an SPW in CA1- stratum radiatum and a ripple in CA1- stratum pyramidale were found.
SWR bursts were defined as periods when more than one event was detected in a 200

ms time window; these bursts were classified as doublets and triplets if there were two or
three events, respectively (Yamamoto and Tonegawa, 2017). To detect fast ripples, LFPs
from electrodes located in stratum pyramidale during periods of immobility were bandpass
filtered from 250-600 Hz. Putative fast ripples were identified as periods in which the
smoothed envelope in the filtered data was greater than 5 Standard Deviations (SD) above
baseline. Events were required to have at least six cycles of oscillations (i.e., six peaks) with
each peak having an amplitude greater than 5 SD of the bandpass LFP filter (Lévesque et al.,
2011). To confirm that these fast ripple events were distinct from noise artifact, peak power
in frequencies greater than 200 Hz had to be larger than peak power in the frequency range
75-125 Hz for each event (Ewell et al., 2019). Each individual identified fast ripple event
was visually inspected and misidentified events were removed from further analysis.

Interictal epileptiform discharge (IEDs) were detected during immobility periods previously
selected (see above) in the channel located in CA1-stratum pyramidale. LFP signal was first
bandpass filtered at 60-80 Hz and IED events were identified when the smoothed envelope
in the filtered data was greater than 5 SD above baseline and the event with an unfiltered
envelope was greater than 5 SD above baseline (Gelinas et al., 2016; Lévesque et al., 2021).
Using these criteria, detected IEDs exhibited waveform features similar to those shown
previously (Buzsaki et al., 1991); representative IED examples are shown in Figure S5.

Spectral analysis—Theta epochs were detected automatically using a delta (1-4 Hz)

and theta (6—10 Hz) ratio followed by manual adjustment with visual inspection of the

LFP and power spectrum. These epochs were restricted to epochs in which the animal

was walking/running in the open field. Those epochs were then, convolved with a bank of
100 Morlet wavelet filters (Addison, 2017), linearly spaced from 2 to 100 Hz to generate

an instantaneous power and phase. The calculated instantaneous power was then averaged
across time to obtain an estimate of the power spectrum for each epoch. To normalize power
spectra across epochs, we calculated relative power in which each frequency was expressed
as percentage of the total spectrum.

To analyze LFP power as a function of individual theta cycles (‘cycle-by-cycle’ analysis),
we first extracted theta phase from the LFP recorded in the pyramidal cell layer. We
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bandpass filtered the signal between 1-40 Hz and linearly interpolated phase between
minima and maxima in each theta cycle using a zero-crossing of theta filtered (6-10 Hz)
signal (Belluscio et al., 2012). Theta peaks corresponded to 0° and 360° and theta troughs
corresponded to 180° and 540° of theta cycles recorded in pyramidal cell layer. The theta
phase of the pyramidal layer was used as reference for all analyses reported in the paper. To
calculate gamma power in each theta cycle, we applied 65 Morlet wavelets (as previously
described) linearly spaced between 20-150 Hz, and the resulting power amplitude values
were z-scored across all the cycles in the theta epochs for each recording session. Theta
phase was divided into 16 bins and the z-scored wavelet amplitude was averaged for each
bin to obtain the distribution of gamma amplitude by theta phase.

To correct for volume conduction of the LFPs recorded across layers, cycle-by-cycle
analysis was also conducted using current source density (CSD) signals. Specifically, CSD
signals were calculated as follows,

(1) = LFP=1.0) = 2LFP(n, 2:) + LFP(n+1,1))

distance

where LFP(n) represents the LFP signal from the electrode of interest; LFP(n-1) and
LFP(n+1) refer signals from electrodes above and below the electrode of interest,
respectively, and distance refers to the distance between electrodes in millimeters. To
test whether high frequency activity varied as a function of the theta cycle, three gamma
sub-bands were averaged across each theta phase bin as follow: slow gamma (25-55 Hz),
mid gamma (65-90 Hz) and fast gamma (> 100 Hz).

To measure cross-frequency coupling between theta and gamma activity, we calculated a
modulation index (MI) (Tort et al., 2010). Briefly, we calculated the relationship between
LFP phase in the range 6-12 Hz, and LFP amplitude in 5 Hz non-overlapping windows
from 20 to 200 Hz during theta epochs. To ensure that each event had enough length for the
low frequency calculation, we restricted the analysis to theta epochs longer than 1.5 s and
performed the calculation on the CSD signal previously extracted.

Immunohistochemistry, imaging and quantification—Adult (P90-120) WT and
Cntnap2 KO mice were deeply anesthetized with a mixture of Ketamine/Xylazine and
perfused transcardially with saline followed by 4% paraformaldehyde (PFA; Electron
Microscopy Science). Brains were post-fixed with PFA 4% and 50 mm thick coronal
sections were cut with a VT 1000S vibratome (Leica Microsystems Inc., Buffalo Grove,
IL). Primary antibody used: anti-parvalbumin (Sigma-Aldrich; P3088; 1:500) and RFP
(Rockland; 600-401-379; 1:1000). Secondary antibody used: Alexa 488 and Alexa 594
(Invitrogen; A11001; A11012; 1:1000). Images were acquired at 1024 pixels resolution
using a Nikon confocal microscope. Quantification analysis was performed using NIS-
Elements (Nikon software) in fluorescent label sections (50 pm) imaged with 4X objective.
All cells that expressed the marker were counted in every sixth coronal section (300 pm
apart). To quantify the PV-positive density in the hippocampus, 3 sections for the dorsal
hippocampus were analyzed for each animal and the value averaged to calculate a mean cell
density (cell/mm?).
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Graphical abstract—The graphical abstract was prepared using the BioRender software
(BioRender.com).

QUANTIFICATION AND STATISTICAL ANALYSIS

All analyses were performed using MATLAB (MathWorks) and PRISM (GraphPad). We
compared effects across session for each of the two animal conditions (wild-type versus
KO). Based upon normality, we used parametric or non-parametric tests accordingly as
specified in each analysis. For multi-comparison correction, post hoc testing was done using
the Tukey or Sidak correction, as indicated in each analysis. All plots with error bars are
reported as mean = SEMs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Reduced number of PV-positive interneurons in hippocampal area CA1 of
Cntnap2 KO mice

Reduced frequency and amplitude of IPSCs onto CA1 pyramidal neurons of
Cnitnap2 KO mice

Hippocampal alteration in gamma oscillations and sharp wave ripples in
Cntnap2 KO mice

Impaired spatial discrimination ability in Cntnap2 KO mice
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Figure 1. Reduced number of PV* interneurons (INs) in the hippocampus
(A) Example of hippocampal coronal section from WT PV tdTomato (TdT)(*/~) and

Cntnap2 KO PV TdT™) mice.

(B) Distribution of TdT-positive cells in the hippocampus (WT: 28 + 3 cells/mm?2,n=6
mice; Cntnap2 KO: 19 + 4 cells/mm?, n = 4 mice; unpaired t test, t (2.5), p = 0.03).

(C) Left panel: distribution of TdT-positive cells in area CAL (WT: 38 + 4 cellssmm?2, n =6
mice; Cntnap2 KO: 23 + 5 cells/mm?, n = 4 mice; unpaired t test, t (2.5), p = 0.04). Right
panel: area CA3 (WT: 38 + 4 cells/smm2, n = 6 mice; Cntnap2 KO: 30 + 3 cellsymm?2, n =4
mice; unpaired t test, t (1.6), p = 0.1).

Data are presented as mean + SEM.
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Figure 2. Decreased inhibition in CA1 pyramidal neurons in Cntnap2 KO mice
(A) Representative traces of IPSCs recorded from CA1 pyramidal neurons in WT and

Cntnap2 KO mice, voltage-clamped at 0 mV, with normalized unitary events (left)
demonstrating no differences in the kinetics of IPSCs.

(B) Cumulative distribution and average of IPSC amplitude recorded from pyramidal
neurons (WT: 24.24 + 1.51 pA, n =41, 7 mice; Cntnap2 KO: 16.22 + 1.09 pA, n = 38,

8 mice; two-tailed unpaired t test, t (4.22), p < 0.0001; cumulative distribution, Kolmogorov-
Smirnof [K-S] test: WT versus KO p < 0.0001).

(C) Cumulative distribution and average plots of IPSC frequency recorded from pyramidal
neurons (WT: 6.13 £ 0.41 Hz, n = 41, 7 mice; Cninap2 KO: 4.54 £ 0.29 Hz, n = 38, 8 mice;
two-tailed unpaired t test, t (3.08), p = 0.0029; cumulative distribution, K-S test: WT versus
KO p < 0.0001). Note a decreased IPSC amplitude and frequency in pyramidal neurons in

Cninap2 KO mice.
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(D-H) Whole-cell patch-clamp IPSC recording from PV+ interneurons located in CAl
pyramidal cell layer in WT and Cntnap2 KO mice.

(D) Representative traces of IPSCs voltage-clamped at 0 mV, with corresponding normalized
unitary events in WT and Cnitnap2 KO mice.

(E) IPSC amplitude (WT: 28.02 + 3.33 pA, n =9, 7 mice; Cninap2 KO: 23.07 £ 2.70 pA,

n =10, 6 mice; two-tailed unpaired t test, t (1.16), p = 0.2612; cumulative distribution, K-S
test: WT versus KO p < 0.0001).

(F) IPSC decay time constant (WT: 1.41 £ 0.12 ms, n = 9, 7 mice; Cntnap2 KO: 2.249
+0.32 ms, n = 10, 6 mice; two-tailed unpaired t test, t (2.310), p = 0.0337; cumulative
distribution, K-S test: WT versus KO p < 0.0001).

(G) IPSC rise time 10-90 (WT: 2.16 £ 0.26 ms, n = 9, 7 mice; Cntnap2 KO: 3.36 + 0.52 ms,
n = 10, 6 mice; two-tailed unpaired t test, t (1.982), p = 0.0638; cumulative distribution, K-S
test: WT versus KO p < 0.0001).

(H) IPSC frequency (WT: 5.06 £ 0.83 Hz, n =9, 7 mice; Cninap2 KO: 4.02 £ 0.90 Hz, n
=10, 6 mice; two-tailed unpaired t test, t (0.84), p = 0.41; cumulative distribution, K-S test:
WT versus KO p < 0.0001).

(1-0) Whole-cell patch-clamp EPSC recording from PV+ interneurons located in CAl
pyramidal cell layer in WT and Cntnap2 KO mice.

(I) Representative traces of EPSCs voltage-clamped at —65 mV, with corresponding
normalized unitary events in WT and Cnitnap2 KO mice.

(L) EPSC amplitude (WT: 51.76 £ 4.73 pA, n = 11, 7 mice; Cninap2 KO: 44.87 + 4.13 pA,
n =12, 6 mice; two-tailed unpaired t test, t (1.102), p = 0.2831; cumulative distribution, K-S
test: WT versus KO p < 0.0001).

(M) EPSC decay time constant (WT: 1.73 £ 0.25 ms, n = 11, 7 mice; Cntnap2 KO: 1.43
+0.099 ms, n = 12, 6 mice; two-tailed unpaired t test, t (1.123), p = 0.2742; cumulative
distribution, K-S test: WT versus KO p < 0.0001).

(N) EPSC rise time 10-90 (WT: 1.33 £ 0.23 ms, n = 11, 7 mice; Cninap2 KO: 1.79 £ 0.16
ms, n = 12, 6 mice; two-tailed unpaired t test, t (1.639), p = 0.1162; cumulative distribution,
K-S test: WT versus KO p < 0.0001).

(O) EPSC frequency (WT: 6.38 £ 1.50 Hz, n = 11, 7 mice; Cnitnap2 KO: 5.55 £ 1.17 Hz,

n =12, 6 mice; two-tailed unpaired t test, t (0.44), p = 0.66; cumulative distribution, K-S
test: WT versus KO p = 0.87). Results are expressed as mean + SEM. IPSCs, inhibitory
postsynaptic currents; EPSCs, excitatory postsynaptic currents. Data are presented as mean
+ SEM.

Cell Rep. Author manuscript; available in PMC 2022 January 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Paterno et al. Page 30

o WT

W

A
Spatial object recognition task

[ Cnt
8000 Sk 6000 *ok 2000 Sk
€
DAY DAY 2 £ s 6000 [ 45001 @ 15001 @
Habituation (10 min) m E o = °®
2 ¥ 4000 3000 | 1000 m
o £
28
— o = S E 2000 1500 ® 500 ®
/ : & " /} ‘5\<\ 5
| \ ] / 9 " N — o
\ \ il | Habituation Familiarization Test
Familiarization Test
c 50 0 wr D il os * owT
[ Cntnap2 KO 287 — s Cnt
oS = x
E 340 £2 20- 8 S o 041
=6 =8 =
8o S c
2 ¥ 30 S ¥ 15 ® = S ¥ 0.3
g £ k1] c o = "E ¥
% £ 204 5 2 101 @ 3 I I £ § 0.2
7 810 =0 @ s S| &€ ol
oo 88 e ‘ a -
0 T T T T 01— - 0.0-
ObjA  ObjB ObjA  ObjB ObjN ObjO  ObjN ObjO WT  Cntnap2 KO
E F owWT
Object congruence task 100007 _* _*_[icnt
HC (30 min) HC (120 min) =
3 o
> 9 6000
o
=+
8 £ 4000
. e O =il . §E
S |6 {
el B O 0
Trial 1 Trial 2 Test
Context A/B Context A/B
G O ObjA
100 O Ob} B . 100+ * el — WT
= 2 z 80 1 Cnt
EZ 80 e " S0 o o =
ch < N
§3 o © - £% 6o £ o
SF 60 [ ] @ o £ — p= e
S c = s g - - 3 O
53 40 £ E 407 0 ,
= ] A
T8 2 §s 2 - =
[SRC)
v WT Cntnap2 KO WT Cntnap2 KO " Objinc  ObjCon Objinc  ObjCon
Trial 1 - Context A/B Trial 2 - Context A/B Test Context A/B - Obj A and B

Figure 3. Spatial object recognition memory compromised in Cntnap2 KO mice
(A) Schematic representation of the one-trial spatial object recognition task. The scheme

displays the sequence of the trials across days and the position of the objects in the task
during familiarization and test.

(B) Total exploratory distance during habituation (10 min), familiarization (10 min), and test
(3 min) in control (n = 9) and Cntnap2 KO (n = 13) mice. Note the hyperactive performance
in Cntnap2 KO mice across all trials. Unpaired t test (habituation), t (20), p < 0.001.
Unpaired t test (familiarization), t (12.1), p < 0.01. Unpaired t test (test), t (11.9), p < 0.03.
(C) Cumulative time exploring objects during familiarization (ANOVA p > 0.05).

(D) Left panel: cumulative time exploring objects during test (ANOVA p < 0.05; Sidak’s
multiple comparisons test, WT object [Obj] A versus Obj B: p < 0.001, Cntnap2 KO Obj

A versus Obj B: p = 0.6). Right panel: discrimination Index (DI) in WT and Cntnap2 KO
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during test. Unpaired t test, t (15.3), p < 0.05. Note that Cntnap2 KO were not able to
discriminate the object moved in the new location.

(E) Schematic representation of the object congruence task. The scheme displays the
different contexts and the objects features and location in the task.

(F) Total exploratory distance across trials in control (n = 10) and Cntnap2 KO (n = 10)
mice. Unpaired t test trial 1, t (15.1), p < 0.01; unpaired t test trial 2, t (17.9), p = 0.1;
unpaired t test test, t (17), p < 0.01. Note that Cntnap2 KO showed hyperactivity during task
performance.

(G) Left: Cumulative time exploring objects during trials 1 and 2. (ANOVA p > 0.05).
Right: Cumulative time exploring objects during test (ANOVA p < 0.05; Sidak’s multiple
comparisons test, WT Obj congruent versus Obj non-congruent: p < 0.03; Cntnap2 KO Obj
congruent versus Obj non-congruent: p < 0.01). Note that both animal conditions, WT and
Cnitnap2 KO, were able to discriminate the object not congruent with the context.

Data are presented as mean + SEM.
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Figure 4. Power spectrum layer-specific changes during open field navigation
(A) Left panel: schematic view of the open fields used in this experiment. The recording

session was 25 min. Right panel: sample tracking during task exposure in WT (top) and

Cntnap2 KO (bottom)

(B) Averaged exploratory distance moved across animals. WT (6 animals): 7,313 cm;
Cntnap2 KO (7 animals): 11,408 cm; unpaired t test, t (3.3), p < 0.01.

(C) Example of the 32-channel electrode array implanted in the dorsal hippocampus and
representative electrophysiological recording across the CA1-DG axis.

(D) Layer shift of phase (left) and power (right) in theta rhythm in WT (6 animals) and
Cntnap2 KO (7 animals). Note the phase shift in str. LM and the higher theta power in str.

LM in both conditions.

(E) Relative power difference in theta (610 Hz), slow (25-55 Hz), and mid gamma (65-90
Hz) across CA1 hippocampal layers in WT and Cninap2 KO. Data are presented as mean +

SEM. *p < 0.05.
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Figure 5. Reduced mid gamma-theta modulation in Cntnap2 KO
(A) Example of theta cycles extraction. Top panel: the blue line represents the raw LFP, the

red line shows the filtered signal at 5-40 Hz, and the green line represents the extracted theta
signal. The vertical green dashed lines mark the maxima and minima of each theta cycle.
Bottom panel: gamma-filtered activity from the LFP signal shown above in slow (yellow:
25-55 Hz), mid (pink: 65-90 Hz), and fast gamma (blue: 100-150 Hz). Note increased
power in mid gamma at the peak and fast gamma at the trough of the theta cycles.

(B) Left panel: gamma amplitude modulation by theta phase averaged across all theta cycles
in each condition using LFP signal recorded in the str. pyramidale (WT, n = 6; Cninap2

KO, n = 7). Right panel: average mid gamma power (65-90 Hz) modulation by theta cycles
phases across sessions (WT, n = 6, sessions: 36; Cntnap2 KO, n = 7; sessions: 42). Multiple t
test corrected using Holm-Sidak method. *p < 0.01. Note the significant reduced modulation
at the peak of the theta cycle in Cntnap2 KO mice.

(C) Same analysis performed in (B) using CSD signal of the LFPs was able to isolate fast
gamma in pyramidal cell layer, slow gamma in str. radiatum, and mid gamma in str. LM.
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(D) Averaged fast, slow, and mid gamma power modulated by theta phase across session

in WT and Cntnap2 KO mice in str. pyramidale, str. radiatum, and str. LM, respectively.
Multiple t test corrected using Holm-Sidak method. *p < 0.03. Note the strong reduction of
the modulation of mid gamma and theta phase in stratum lacunosum moleculare. Data are
represented as mean £ SEM.
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Figure 6. Phase-amplitude coupling defects in Cntnap2 KO mice
Left panel: CSD signals were able to isolate phase-amplitude patterns in CAL1 sublayers.

CSD-derived LFP shows fast (>100 Hz) gamma-theta modulation from str. pyramidale and
mid-gamma mid (65-90 Hz) gamma-theta modulation from str. LM. Right panel: group data
of modulation index (MI) for fast gamma in str. pyramidale (WT, 6 session 36; Cnitnap2 KO,
7, 42 sessions, Mann-Whitney U test, p < 0.05), slow gamma in str. radiatum (WT, 6 session
36; Cntnap2 KO, 7, 42 sessions; Mann-Whitney U test, p < 0.01), and mid gamma in str. LM
across sessions (WT, 6 session 36; Cntnap2 KO, 7, 42 sessions; Mann-Whitney U test, p <
0.001). Data are represented as mean + SEM. Circles represent each recording session. *p <
0.05.
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Figure 7. SWR properties recorded in CAl pyramidal cell layer during immobility in WT and
Cntnap2 KO mice

(A) Example of LFPs traces containing SWRs in str. pyramidal and str. radiatum during
period of immobility recorded in the home cage.

(B) SWR incidence (WT, 0.45 + 0.06 event/s; Cntnap2 KO, 0.36 + 0.1 event/s; Mann-
Whitney U test, p < 0.01).

(C) Left panel: distribution of peak power of SWRs in WT and Cninap2 KO (number of
events: 13,502 and 14,956, respectively). Dashed lines indicate medians of the distributions,
**p < 0.001 rank-sum test. Right panel: average power spectrum for SWRs in WT and
Cntnap2 KO mice per session (WT, 15 sessions recorded in 6 animals; Cntnap2 KO, 20
sessions recorded in 7 animals; p < 0.05 in power between 145 Hz and 186 Hz, Holm-Sidak
correction for multi t test comparison).

(D) SWR peak spectral frequency (calculated with wavelets) (median frequency, WT: 164.5
Hz; Cntnap2 KO: 167.5 Hz; Mann-Whitney U test, p > 0.05).

(E) Number of cycles per ripple event (WT, 9.8 £ 0.07 cycles/ripple; Cntnap2 KO, 10.1 +
0.14 cycles/ripple; Mann-Whitney U test, p > 0.05).

(F) SWR duration (WT, 55.3 + 0.3 ms; Cntnap2 KO, 54.8 + 0.3 ms; Mann-Whitney U test, p
> 0.05).
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(G) Percentage of SWR occurrence per type. WT singlets, 84% = 0.01%; Cntnap2 KO
singlets, 86% * 0.01%; Mann-Whitney U test, p < 0.05. WT doublets, 14% + 0.001%;
Cninap2 KO doublets, 12% * 0.006%; Mann-Whitney U test, p < 0.03. WT triplets, 2% +
0.001%; Cnitnap2 KO triplets, 2% + 0.002%; Mann-Whitney U test, p > 0.05.

(H) Distribution of the SWP amplitude (median amplitude, WT: 3.80 SD; Cntnap2 KO: 3.78
SD).

(I) Correlation coefficient between SPW amplitude (SD) and average ripple power per
session in WT and Cntnap2 KO. WT, 15 sessions recorded in 6 animals; Cntnap2 KO, 20
sessions recorded in 7 animals; Mann-Whitney U test, p < 0.03. SD, standard deviation.
Data are represented as mean + SEM. Circles represent each recording session. *p < 0.05.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-PV Millipore-Sigma Cat#P3088; RRID: AB_477329

Rabbit anti-RFP Rockland Cat#600-401-379; RRID: AB_2209751

Alexa Fluor488 goat anti-mouse 1gG

Alexa Fluor594 goat anti-rabbit 19gG

Thermo Fisher

Thermo Fisher

Cat#A-11001; RRID: AB_2534069
Cat#A-11012; RRID: AB_141359

Chemicals, peptides, and recombinant proteins

DAPI

Dil

Paraformaldehyde Aqueous Solution 16%
Sucrose

Potassium Chloride

Calcium Chloride Dihydrate

Magnesium Sulfate Heptahydrate
Dextrose

Sodium Bicarbonate

Sodium Phosphate Monobasic

BioRad

Thermo Fisher

Electronic Microscopy Sciences
Fisher Scientific

Millipore Sigma

Fisher Scientific

Fisher Scientific

Fisher Scientific

Fisher Scientific

Fisher Scientific

Cat#1351303
Cat#D282

Cat#: RT15710-S
Cat#S3-500
Cat#PX1405
Cat#BP510-100
Cat#BP213-1
Cat#D15-500
Cat#BP328-500
Cat#BP330-500

Monohydrate

Sodium Chloride Fisher Scientific Cat#BP358-212
HEPES Fisher Scientific Cat#AC172572500
EGTA Millipore Sigma Cat#324626

QX-314 Millipore Sigma Cat#552233
Magnesium Chloride Fisher Scientific Cat#BP214-500
Cesium chloride Millipore Sigma Cat#C3011

Adenosine 5’-triphosphate disodium salt Millipore Sigma Cat#A26209

hydrate

Guanosine 5’-triphosphate sodium salt Millipore Sigma Cat#G8877

hydrate

Deposited data

Raw and analyzed data This Paper Available upon request
MATLAB Code This Paper Available upon request

Experimental models: Organisms/strains

Mouse: C57BL/6J
Mouse: Cntnap2 knock-out

Mouse: Pvalb-tdTomato

Jackson laboratory
Jackson laboratory

Jackson laboratory

JAX: 000664
JAX: 017482
JAX: 027395

Software and algorithms

Adobe Illustrator CS6
MATLAB 2017b

Adobe Systems
MathWorks

https://www.adobe.com/products/illustrator.html

https://www.mathworks.com; RRID:SCR_001622
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REAGENT or RESOURCE SOURCE IDENTIFIER

EthoVision XT Noldus https://www.noldus.com/animal-behavior-research/

Mini Analysis 6.0.7 Synaptosoft http://www.synaptosoft.com/MiniAnalysis/

PRISM Graphpad https://www.graphpad.com/

NIS-Elements Nikon Software https://www.microscope.healthcare.nikon.com/en_EU/
products/software/nis-elements

BioRender BioRender.com N/A

Other

Stereotaxic frame Kopf Instruments N/A

Vibratome Leica Biosystems Inc. Cat#VT1000S

Multichannel Acquisition Cerebus System BlackRock Microsystems N/A

Silicon probes: 32-channel; 200 mm inter- NeuroNexus Technologies
spacing; 703 mm2 electrode area

CM32: A4x8 5mm 200-400-703
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