',\' frontiers

in Molecular Neuroscience

ORIGINAL RESEARCH
published: 04 June 2019
doi: 10.3389/fnmol.2019.00145

OPEN ACCESS

Edited by:

Yi-Ping Hsueh,

Institute of Molecular Biology,
Academia Sinica, Taiwan

Reviewed by:

Carlo Sala,

Institute of Neuroscience (IN), Italy
Hyunsoo Shawn Je,

Duke-NUS Medical School,
Singapore

*Correspondence:
Eunjoon Kim
kime@kaist.ac.kr

T These authors have contributed
equally to the work

Received: 11 April 2019
Accepted: 17 May 2019
Published: 04 June 2019

Citation:

Shin W, Kweon H, Kang R, Kim D,
Kim K, Kang M, Kim SY, Hwang SN,
Kim JY, Yang E, Kim H and Kim E
(2019) Scn2a Haploinsufficiency

in Mice Suppresses Hippocampal
Neuronal Excitability, Excitatory
Synaptic Drive, and Long-Term
Potentiation, and Spatial Learning
and Memory.

Front. Mol. Neurosci. 12:145.

doi: 10.3389/fnmol.2019.00145

Check for
updates

Scn2a Haploinsufficiency in Mice
Suppresses Hippocampal Neuronal
Excitability, Excitatory Synaptic
Drive, and Long-Term Potentiation,
and Spatial Learning and Memory

Wangyong Shin't, Hanseul Kweon'?, Ryeonghwa Kang't, Doyoun Kim?,
Kyungdeok Kim', Muwon Kang', Seo Yeong Kim', Sun Nam Hwang?, Jin Yong Kim?,
Esther Yang?, Hyun Kim? and Eunjoon Kim"2*

" Department of Biological Sciences, Korea Advanced Institute of Science and Technology (KAIST), Daejeon, South Korea,
2 Center for Synaptic Brain Dysfunctions, Institute for Basic Science, Daejeon, South Korea, ° Department of Anatomy
and Division of Brain Korea 21, Biomedical Science, College of Medicine, Korea University, Seoul, South Korea

Nav1.2, a voltage-gated sodium channel subunit encoded by the Scn2a gene, has
been implicated in various brain disorders, including epilepsy, autism spectrum disordet,
intellectual disability, and schizophrenia. Nav1.2 is known to regulate the generation
of action potentials in the axon initial segment and their propagation along axonal
pathways. Nav1.2 also regulates synaptic integration and plasticity by promoting
back-propagation of action potentials to dendrites, but whether Nav1.2 deletion in
mice affects neuronal excitability, synaptic transmission, synaptic plasticity, and/or
disease-related animal behaviors remains largely unclear. Here, we report that mice
heterozygous for the Scn2a gene (Scn2a*/~ mice) show decreased neuronal excitability
and suppressed excitatory synaptic transmission in the presence of network activity in
the hippocampus. In addition, Scn2at/~ mice show suppressed hippocampal long-
term potentiation (LTP) in association with impaired spatial learning and memory, but
show largely normal locomotor activity, anxiety-like behavior, social interaction, repetitive
behavior, and whole-brain excitation. These results suggest that Nav1.2 regulates
hippocampal neuronal excitability, excitatory synaptic drive, LTP, and spatial learning
and memory in mice.

Keywords: sodium channel, neuronal excitability, synaptic transmission, synaptic plasticity, learning and memory,
autism, intellectual disability, schizophrenia

INTRODUCTION

Voltage-gated sodium channels play critical roles in the regulation of action potential initiation
and propagation (Catterall, 2017). Mutations in the SCN2A gene encoding the Navl.2 subunit
of the voltage-gated sodium channel o subunit have been strongly implicated in multiple
neurodevelopmental disorders (Sanders et al., 2018), including forms of epileptic disorders such
as infantile epileptic encephalopathy and benign familial infantile seizures (Sugawara et al., 2001;
Heron et al., 2002; Berkovic et al., 2004; Kamiya et al., 2004; Ogiwara et al., 2009; Klassen et al.,
2011; Carvill et al., 2013; Epi4K Consortium et al., 2013; Nakamura et al., 2013; Touma et al., 2013;
Baasch et al., 2014; Howell et al., 2015; Parrini et al., 2017; Wolff et al., 2017), autism spectrum
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disorders (ASD) (Weiss et al., 2003; Kamiya et al., 2004; Buxbaum
et al., 2012; Sanders et al., 2012; Jiang et al., 2013; De Rubeis
et al., 2014; Iossifov et al., 2014; Tavassoli et al., 2014; Codina-
Sola etal., 2015; D’Gama et al., 2015; Deciphering Developmental
Disorders Study, 2015; Krumm et al., 2015; Tammimies et al,,
2015; Yuen et al., 2015; Turner et al., 2016; Wang T. et al., 2016;
Geisheker et al., 2017; Krupp et al., 2017; Li et al., 2017; Stessman
et al,, 2017; Trujillano et al., 2017; Wolff et al., 2017), intellectual
disability (Kamiya et al., 2004; de Ligt et al., 2012; Rauch et al.,
2012; Bowling et al., 2017; Hamdan et al., 2017; Stessman et al.,
2017; Wolff et al., 2017; Cherot et al., 2018; Yokoi et al., 2018), and
schizophrenia (Fromer et al., 2014; Carroll et al., 2016). SCN2A
mutations that lead to a gain of Navl.2 function are thought
to induce early onset epilepsy, whereas those that lead to a loss
of Nav1.2 function induce ASD and intellectual disability (Ben-
Shalom et al., 2017; Wolff et al.,, 2017; Sanders et al., 2018).
However, the underlying pathophysiology, particularly for ASD
and intellectual disability, remains largely unclear.

Navl.2 is strongly expressed in the brain together with
Navl.1, Nav1.3, and Navl1.6 (Trimmer and Rhodes, 2004; Vacher
et al., 2008; Catterall, 2017), and displays distinct spatiotemporal
distribution patterns in various brain regions and at subcellular
sites (Westenbroek et al.,, 1989; Gong et al., 1999; Boiko et al,,
2001, 2003; Van Wart and Matthews, 2006; Kole et al., 2008;
Hu et al, 2009; Liao et al, 2010; Li et al., 2014; Tian et al,
2014; Yamagata et al., 2017). For instance, Navl.2 is mainly
expressed in excitatory neurons in brain regions including the
neocortex, hippocampus, and cerebellum (Trimmer and Rhodes,
2004; Vacher et al., 2008). Although Nav1.2 is primarily localized
to axonal and nerve terminal regions, it is also detected in
apical dendrites of neocortical and hippocampal pyramidal
neurons (Westenbroek et al., 1989; Gong et al., 1999), as well
as in the postsynaptic density of CAl pyramidal synapses
(Johnson et al., 2017).

At the neonatal stage, Navl.2 serves as the main sodium
channel subunit concentrated in the axon and axon initial
segment (AIS) - a membrane specialization in proximal axons
responsible for action potential generation (Bender and Trussell,
2012; Kole and Stuart, 2012). At later stages, its expression
decreases in favor of Navl.6 (Boiko et al., 2001, 2003; Kaplan
et al., 2001; Liao et al., 2010; Gazina et al., 2015), which localizes
to the distal side of the AIS and plays a critical role in action
potential generation. At this stage, Nav1.2 comes to reside in the
proximal side of the AIS and contributes to back-propagation
of action potentials to dendritic and synaptic compartments
(Hu et al., 2009), known to promote synaptic integration and
plasticity (Magee and Johnston, 1997; Bi and Poo, 1998; Koester
and Sakmann, 1998; Larkum et al., 1999; Johnston et al., 2003;
Feldman, 2012; Kim et al., 2015).

Recent studies have shown that mice with a heterozygous
deletion of Scn2a display absence-like seizure (Ogiwara et al.,
2018) and impaired spatial working and reference memory,
effects that are associated with altered hippocampal replay
content (Middleton et al., 2018). However, although a recent
study has suggested a novel role for Nav1.2 in regulating dendritic
GABA release in granule cells in the olfactory bulb (Nunes and
Kuner, 2018), in vivo evidence supporting the dendritic and

synaptic roles of Navl.2 is limited. In addition, whether mice
heterozygous for Scn2a display behavioral phenotypes related to
ASD and intellectual disability remains unclear.

In the present study, we generated a new heterozygous Scn2a
mutant mouse line in which one allele contains a deletion
of exons 4-6. We found that these mice display decreases
in neuronal excitability, excitatory synaptic drive, and long-
term potentiation (LTP) in the hippocampus. They also show
decreased hippocampus-dependent spatial learning and memory,
but largely normal locomotor activity, anxiety-like behavior,
social interaction, repetitive behavior, and whole-brain excitation.

MATERIALS AND METHODS

Animals

Floxed Scn2a mice in a C57BL/6] genetic background carrying
a deletion of exons 4-6 of the Scn2a gene (encompassing the 5
untranslated region and the first 158 amino acids of the protein)
flanked by loxP sites and a neomycin cassette (Scn2assette/+)
were designed and generated by Biocytogen. The neomycin
cassette was removed by crossing Scn2a®*"¢/* mice with
protamine-Flp mice (C57BL/6]), yielding floxed heterozygous
mice (Scn2at/*). Scn2a™/~ mice were subsequently obtained by
in vitro fertilization of eggs from female Scn2a”/* mice with
sperm from male C57BL/6] mice. To accelerate the generation of
Scn2at/~ mice, we treated fertilized eggs at the two-cell embryo
stage with purified HTNC, a cell-permeable Cre recombinase (see
below for details), in media at a final concentration of 0.3 uM
for 30-40 min. After treating with HTNC, the embryos were
washed and transferred to surrogate ICR female mice. Scn2a™/+,
Scn2at/~, and Scn2a~/~ mice were genotyped by polymerase
chain reaction (PCR) using the following primer sets: set 1,
5-TGG AGC GCT GAA GTT CCT ATT-3' (forward 1) and
5-ATG CTG TGC TAG GGG TTG GA-3' (reverse 1); and set
2, 5-TGT TGG CAT TCT GCA TGA CAT T-3' (forward 2)
and 5-AGG CAG TAC CAT TCC AAT CCA-3’ (reverse 2).
Young mice were weaned at approximately postnatal day 21-
27 (P21-27). After weaning, a maximum of eight littermates of
mixed genotype were group-housed before experiments. Animals
were housed under a 12-h (13:00-01:00) dark/light cycle and
were fed ad libitum. All animals were bred and maintained
according to the Requirements of Animal Research at KAIST,
and all procedures were approved by the Committees of Animal
Research at KAIST (KA2016-31).

Expression and Purification of HTNC

The pTriEx-HTNC construct encoding HTNC (histidine-
TAT-NLS-Cre), a Hisg-tagged Cre recombinase rendered cell
permeable by incorporation of the cell-penetrating TAT peptide
(Peitz et al., 2002), was a kind gift from Dr. Klaus Rajewsky
(AddGene plasmid #13763). Escherichia coli strain BL21 (DE3)
(Enzynomics) was transformed with the HTNC construct and
cultured in Luria-Bertani (LB) medium containing 50 pg/ml
ampicillin to an optical density at 600 nm (ODggg) of 0.5-0.6,
at which point expression of recombinant HTNC protein was
induced by addition of 0.5 mM isopropyl-p-D-thiogalactoside
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(IPTG). After culturing for an additional 4 h at 37°C in the
presence of IPTG, cells were harvested and resuspended in
a buffer consisting of 50 mM Tris-HCl (pH 8.0), 500 mM
NaCl, and 30 mM imidazole, and then lysed by sonication.
HTNC proteins were initially purified using a histidine affinity
column (GE Healthcare). Thereafter, the HTNC buffer was
changed to an imidazole-free, low-salt buffer (50 mM Tris-
HCI pH 8.0, 100 mM NaCl), and HTNC proteins were further
purified by cation exchange chromatography using an SP column
(GE Healthcare). Purified proteins were then exchanged into
phosphate-buffered saline (PBS) using a PD-10 desalting column
(GE Healthcare) and concentrated using a Centricon-YM10
centrifugal concentrator (Millipore).

Brain Homogenates and Immunoblotting
Brain homogenates from Scn2at/*, Scn2at/~, and Scn2a=/~
mice were prepared as described previously (Lee et al,
2015). Briefly, mouse brains (2 months for Scn2a®™/* and
Scn2a*/~ mice; embryonic day 20.5 for Scn2a=/7) were
homogenized in ice-cold homogenization buffer (0.32 M
sucrose, 10 mM HEPES, pH 7.4, 2 mM EDTA, protease
inhibitors and phosphatase inhibitors). Brain lysates were
immunoblotted with Nav1l.2 antibodies (Alomone, ASC-002,
1:200 or NeuroMab, K69/3, 1:500).

Immunohistochemistry

After cardiac perfusion of adult mice (3 months) using 1%
heparin and subsequent 4% paraformaldehyde (PFA), brains
were stored in 4% PFA for more than 1 day. Coronal sections
(40pum), prepared using a vibratome (Leica), were blocked with
5% goat serum, 0.2% TritonX-100 for 1 h and incubated with
primary antibodies (1:500 for NeuN) for 24 h. After washing
with PBS three times, sections were incubated with fluorophore-
conjugated secondary antibodies (1:1000) in PBS with 0.2%
Triton X-100 (Jackson ImmunoResearch). After washing with
PBS, sections were mounted with VECTASHIELD (Vector
Laboratory), and images were acquired using an LSM-780
confocal microscope (Zeiss).

Radioisotope in situ Hybridization

Mouse brain sections (14 pm thick) at embryonic day (E18)
and postnatal days (PO, P7, P14, P21, and P56) were prepared
using a cryostat (Leica CM 1950). Hybridization probes specific
for mouse Scn2a mRNAs were prepared using the following
regions: nt 181-480 (N-term) and nt 6060-6359 (C-term) of
Scn2a (NM_001099298.2). Antisense riboprobes were generated
using 3°S-uridine triphosphate (UTP) and the Riboprobe
system (Promega).

Fluorescence in situ Hybridization

Frozen mouse brain sections (14 pm thick) were cut coronally
through the hippocampal formation. Sections were thaw-
mounted onto Superfrost Plus Microscope Slides (Fisher
Scientific 12-550-15). The sections were fixed in 4% PFA for
10 min, dehydrated in increasing concentrations of ethanol
for 5 min, and finally air-dried. Tissues were then pretreated

for protease digestion for 10 min at room temperature.
For RNA detection, incubations with different amplifier
solutions were performed in a HybEZ hybridization oven
(ACDBio) at 40°C. The probes used in this study were three
synthetic oligonucleotides complementary to the nucleotide (nt)
sequence 2973-4072 of Mm-Scn2a-Cl, nt 464-1415 of Mm-
Slc17a7/Vglutl-C2, nt 1986-2998 of Mm-Slc17a6/Vglut2-C3,
nt 62-3113 of Mm-Gad1-C3, nt 552-1506 of Mm-Gad2-C2, nt
2-885 of Mm-Pvalb, nt 18-407 of Mm-SST-C3, and nt 124-1280
of Mm-VIP-C3 (ACDBio, Newark, CA, United States). The
labeled probes were conjugated to Atto 550 (Cl), Alexa Fluor
488 (C2), and Atto 647 (C3). The sections were hybridized at
40°C with labeled probe mixtures (C1 + C2 + C3) per slide for
2 h. Then the nonspecifically hybridized probes were removed by
washing the sections, three times each in 1x wash buffer at room
temperature for 2 min. Amplification steps involved sequential
incubations with Amplifier 1-FL for 30 min, Amplifier 2-FL for
15 min, Amplifier 3-FL for 30 min, and Amplifier 4 Alt B-FL
at 40°C for 15 min. Each amplifier solutions were removed by
washing three times with 1x wash buffer for 2 min at room
temperature. Fluorescent images were acquired using TCS SP8
Dichroic/CS (Leica), and the Image] program (NIH) was used to
analyze the images.

Brain Slices for Electrophysiology

For hippocampal electrophysiology experiments, acute sagittal
brain slices (300 pm thickness for whole-cell patch and 400 pm
for field recordings) of Scn2a*/* and Scn2a*/~ mice were
obtained using a vibratome (Leica VT1200) after anesthetizing
animals with isoflurane (Terrell). Brains were extracted and sliced
in ice-cold dissection buffer containing (in mM) 212 sucrose,
25 NaHCOs3, 5 KCI, 1.25 NaH,POy, 0.5 CaCly, 3.5 MgSOy,
10 D-glucose, 1.25 L-ascorbic acid, and 2 Na-pyruvate bubbled
with 95% O3/5% CO;. The slices were transferred to a recovery
chamber at 32°C with normal ACSF (in mM: 125 NaCl, 2.5
KCl, 1.25 NaH,;POy, 25 NaHCOs3, 10 glucose, 2.5 CaCl,, and
1.3 MgCl,, oxygenated with 95% O,/5% CO,). After 30-min
recovery at 32°C, slices were recovered for additional 30 min
at 20-25°C. For the recording, a single slice was transferred to
a submerged-type chamber at 27-28°C with circulating ACSF
(2 ml/min) saturated with 95% O, and 5% CO,. Stimulation and
recording pipettes were pulled from thin-walled borosilicate glass
capillaries (30-0065, Harvard Apparatus) with resistance 2.5-3.5
MQ using a micropipette electrode puller (PC-10, Narishege).

Whole-Cell Patch

Whole-cell patch-clamp recordings of hippocampal CAl
pyramidal neurons were made using a MultiClamp 700B
amplifier (Molecular Devices) and Digidata 1550 (Molecular
Devices). During whole-cell patch-clamp recordings, series
resistance was monitored each sweep by measuring the peak
amplitude of the capacitance currents in response to short
hyperpolarizing step pulse (5 mV, 40 ms); only cells with a
change in <20% were included in the analysis. To measure
the intrinsic excitability of hippocampal CA1l cells, recording
pipettes (2.5-3.5 MQ) were filled with an internal solution
containing (in mM) 137 K-gluconate, 5 KCI, 10 HEPES, 0.2
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EGTA, 10 Na-phosphocreatine, 4 Mg-ATP, and 0.5 Na-GTP,
with pH 7.2, 280 mOsm. To inhibit postsynaptic responses,
picrotoxin (100 pM), NBQX (10 wM) and D-AP5 (50 uM)
were added. After rupturing the cell, currents were clamped,
and resting membrane potential (RMP) was measured. Cells
with RMP larger than —60 mV were not used. After stabilizing
cells, RMP was adjusted by —65 mV. Current inputs were
increased from 0 to 330 pA in increments of 30 pA per sweep.
Each current was injected with the time interval of 15 s. For
mEPSCs in hippocampal CAl pyramidal neurons, recording
pipettes (2.5-3.5 MQ) were filled with an internal solution
containing (in mM) 100 CsMeSOy4, 10 TEA-CI, 8 NaCl, 10
HEPES, 5 QX-314-Cl, 2 Mg-ATP, 0.3 Na-GTP, and 10 EGTA,
with pH 7.25, 295 mOsm. Whole-cell recordings of mEPSCs
were obtained in neurons at a holding potential of —70 mV.
TTX (1 wM) and picrotoxin (100 wM) were added to ACSF to
inhibit spontaneous action potential-mediated synaptic currents
and inhibitory postsynaptic currents (IPSCs), respectively. For
recordings of spontaneous excitatory postsynaptic currents
(sEPSC:s), only picrotoxin (100 mM) were added to ACSF. For
hippocampal CA1 pyramidal neuron mIPSCs, recording pipettes
(2.5-3.5 MQ) were filled with an internal solution containing (in
mM) 120 CsCl, 10 TEA-CI, 8 NaCl, 10 HEPES, 5 QX-314-Cl, 4
Mg-ATP, 0.3 Na-GTP and 10 EGTA, with pH 7.35, 280 mOsm.
TTX (1 wM), NBQX (10 wM) and D-AP5 (50 wM) were added to
ACSEF to inhibit spontaneous action potential-mediated synaptic
currents, AMPAR-mediated currents and N-methyl-D-aspartate
receptor (NMDAR)-mediated currents, respectively. For the
recording of spontaneous inhibitory postsynaptic currents
(sIPSCs), NBQX (10 wM) and D-AP5 (50 wM) were added to
ACSF. For measuring NMDAR/AMPAR ratio, CA1 pyramidal
neurons were voltage clamped at —70 mV, and EPSCs were
evoked at every 15 s. AMPAR-mediated EPSCs were recorded at
—70 mV, and 20 consecutive responses were recorded after stable
baseline. After recording AMPAR-mediated EPSCs, holding
potential was changed to +40 mV to record NMDAR-mediated
EPSCs. NMDA component was measured at 60 ms after the
stimulation. The NMDA/AMPA ratio was determined by
dividing the mean value of 20 NMDA components of EPSCs by
the mean value of 20 AMPAR-mediated EPSC peak amplitudes.
Data were acquired by Clampex 10.2 (Molecular Devices) and
analyzed by Clampfit 10 (Molecular Devices). Drugs were
purchased from Abcam (TTX), Tocris (NBQX, D-AP5), and
Sigma (picrotoxin).

Field Recording

In field recordings, fEPSPs were recorded in the stratum radiatum
of the hippocampal CAl region using pipettes filled with
ACSF. fEPSPs were amplified (MultiClamp 700B, Molecular
Devices) and digitized (Digidata 1550, Molecular Devices) for
measurements. The Schaffer collateral pathway was stimulated,
and baseline responses were collected every 20 s with a
stimulation intensity that yielded a half-maximal response. For
input/output experiments, after acquiring a stable baseline, a
series of increasing input stimuli were given to evoke output
signals. Measured fEPSP slopes and fiber volleys were then
interpolated by linear fits to plot input/output relationships.

For paired-pulse ratio experiments, stimuli with indicated inter-
pulse intervals (25, 50, 75, 100, 200, 300 ms) were given,
pairs of peak amplitudes were recorded, and the ratio of
that amplitudes was calculated. To induce LTP and long-
term depression (LTD) at Schaffer collateral synapses on CAl
pyramidal neurons, high-frequency stimulation (100 Hz, 1 s),
theta-burst stimulation (10 trains of 4 pulses at 100 Hz), or low-
frequency stimulation (1 Hz, 15 min), was applied. Data were
acquired by Clampex 10.2 (Molecular Devices) and analyzed by
Clampfit 10 (Molecular Devices).

Animal Behavioral Tests

All behavioral assays were performed using littermates or
age-matched male animals during light-off periods, except
for automated 48-h movement analyses in LABORAS cages.
All behavioral test results were performed and analyzed in
a blinded manner.

Three-Chamber Social Interaction Test

The three-chamber test (Silverman et al., 2010) was performed
as described previously (Won et al., 2012; Chung et al., 2015).
Briefly, a subject mouse was placed in the center region of the
three-chamber apparatus, which contains a center and two side
chambers. In the first session, the subject mouse was allowed
to freely move around the whole three chambers for 10 min.
The mouse was then gently confined in the center chamber
while a novel “Object” and a wild-type (WT) stranger mouse
“Stranger 1 (129Sv strain)” was placed in the containers in the
two side chambers. The subject mouse was then allowed to freely
explore all three chambers for 10 min. In the third session, the
subject mouse was again gently guided to the center chamber
while the “Object” was replaced with a WT “Stranger 2” mouse.
The subject mouse was again allowed to freely explore all three
chambers for 10 min.

Direct Interaction Test and Juvenile Play
Test

Each mouse was habituated in a direct social interaction box for
30 min on the day before the experiment. On test day, pairs of
mice in the same age, sex, and genotype that have not met before
were placed in a direct interaction box, and their interactions
were recorded for 10 min. For the juvenile play test, subject
mice were habituated in a new home cage with bedding for
1 h, after isolation from their mothers and siblings, on test day.
Pairs of mice in the same age, sex, and genotype that have not
met before were placed in a new home cage without bedding,
and their interactions were recorded for 10 min. Nose-to-nose
sniffing, following, mounting, and allo-grooming were quantified
manually and pooled to calculate total social interaction.

Ultrasonic Vocalization Test

An ultrasound microphone (Avisoft) and Avisoft Recorder
software were used to record mice ultrasonic vocalizations
(USVs). For recording adult USVs, subject male mice were
placed in a home cage with an age-matched unfamiliar C57BL/6]
female counterpart, and USVs were recorded for 5 min. For
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pup USVs, pups at the age of postnatal day 4, 6, 8, and 10
were separated from dams and placed in a glass container, and
USVs were recorded for 3 min. Recorded USVs were analyzed as
previously described (Kim et al., 2018). Briefly, Avisoft SASLab
Pro software (RRID:SCR_014438) was used to analyzed USVs.
Signals were filtered from 1 Hz to 100 kHz and digitized with
a sampling frequency of 250 kHz, 16 bits per sample (Avisoft
UltraSoundGate 116H). To generate spectrograms, the following
parameters were used: FFT length, 256; frame size, 100; window,
FlatTop; overlap, 75%, which resulted in a frequency resolution of
977 Hz and a temporal resolution of 0.256 ms. Frequencies lower
than 45 kHz were filtered out to reduce background white noises.

Repetitive Behaviors Test

For repetitive behaviors tests using adult mice, a subject mouse
was placed in a novel and transparent grooming chamber
(40 cm x 15 cm x 15 cm), and their behaviors were recorded
through transparent side faces for 20 min. Self-grooming and
rearing behaviors from the last 10 min were quantified manually.
For juvenile repetitive behaviors, subject mice were placed in
a new home cage without bedding, and their behaviors were
recorded for 15 min. Self-grooming behavior from the last 10 min
was quantified manually.

Open-Field Test

Mice were placed in an open field box (40 cm x 40 cm x 40 cm)
and recorded for 60 min (20 min for juvenile open-field test). The
center zone line was 10 cm apart from the edge. The testing room
was illuminated at ~100 lux. Mice movements were analyzed
using EthoVision XT 10 program (Noldus).

Automated 48-h Movement Analysis
(LABORAS Test)

For a long-term and real-time movement analysis, we used
the LABORAS system (Metris), designed to detect and analyze
vibrations delivered from a cage to a carbon-fiber vibration-
sensitive plate placed underneath the cage with a mouse. Each
mouse was placed in the LABORAS cage without habituation.
After recording for 96 h, the data from all 96 h were analyzed
using LABORAS software.

Elevated Plus-Maze Test
The elevated plus-maze consisted of two open arms, two closed
arms, and a center zone, and was elevated to a height of 50 cm
above the floor. Mice were placed in the center zone and allowed
to explore the space for 8 min. The data was analyzed using
EthoVision XT 10 program (Noldus).

Light-Dark Chamber Test

The apparatus for the light-dark test consisted of light (~300 lux)
and dark (~0 lux) chambers adhered to each other. The size of
the light chamber was 20 cm x 30 cm x 20 cm, and that of the
dark chamber was 20 cm x 13 cm x 20 cm. An entrance enabled
mice to freely move across the light and dark chambers. Mice
were introduced to the center of the light chamber and allowed
to explore the apparatus freely for 10 min. The time spent in dark

and light chambers and the number of transitions were measured
using EthoVision XT 10 program (Noldus).

Seizure Susceptibility Test

Immediately before behavioral tests, the subject mouse
received an intraperitoneal injection of pentylenetetrazol
(PTZ) (40 mg/kg), or the same volume of saline, and was then
allowed to acclimate to a novel cage with bedding for 10 min
under low-light (60 lux) conditions. Seizure susceptibility
was measured in a blinded manner based on the following
behaviors: movement slowing (Phase 1), myoclonic jerk (Phase
2), clonic and generalized tonic seizure (Phase 3), and death
(Phase 4). A seizure-susceptibility score was determined
according to a modified Racine scale (Ferraro et al, 1999;
Naydenov et al., 2014).

Morris Water Maze Test

Mice were trained to find the hidden platform (10 cm diameter)
in a white plastic tank (120 cm diameter). Mice were given three
trials per day with an inter-trial interval of 30 min. The learning
phase of the water maze was performed for seven consecutive
days, followed by the probe test on day 8 where mice were given
1 min to find the removed platform. For reversal training (days
9-11), the location of the platform was switched to the opposite
position from the previously trained position, and mice were
trained to learn the new position of the platform. Target quadrant
occupancy and the exact number of crossings over the former
platform location during the probe test were measured using
EthoVision 10 program (Noldus).

Rotarod Test

Mice were placed on the rotating rod for 10 s, followed by the start
of rod rotation. The rotating speed of rod was gradually increased
from 4 to 40 rpm over 5 min. The assay was performed for two
consecutive days and three times per day, while measuring the
latencies of mice falling from the rod or showing 360-degree
rotation on the rod twice.

Novel Object Recognition Test

Object recognition test was performed in the open field box.
On the first day, mice were allowed to explore two identical
objects for 10 min. Twenty-four hours later, mice were placed
the same box where one of the two objects was replaced with a
new one. Exploration time for each object was measured. Object
exploration was defined by the mouse’s nose being oriented
toward the object and came within 2 cm of it as measured by
EthoVision XT 10 program (Noldus).

Contextual Fear Conditioning Test

All experiments were carried out in a fear conditioning system
(Coulbourn Instruments). Training and testing were performed
in a Plexiglas chamber with a stainless steel grid floor. On
the training day, mice were placed in the fear chamber and
allowed to freely move around the chamber for 2 min before
they received five foot shocks (2 s, 0.8 mA, 1 min apart).
To measure fear conditioning, mice were re-exposed the same
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chamber for 5 min without foot shock 24 h, or 7 days (in a
separate cohort), after training.

Maternal Homing Test

Maternal homing test was performed as previously described
(Jung et al., 2018). Juvenile mice were separated from their
mothers for at least 30 min before testing. The testing consists
of a nest homing phase followed by a maternal homing phase.
For the nest homing phase, bedding materials from the original
home cage (Home) and fresh bedding (New) were placed in the
opposite corner of open field box, previously described. Subject
mice were placed in one empty corner, and their behaviors
were recorded for 3 min. For the maternal homing phase, an
empty container and container with the mother of the subject
mice were placed in the two opposite empty corners of the
box after finishing 3 min nest homing phase. Subject mice were
placed in corner of bedding from home cage, and their behaviors
were recorded for 5 min. Time spent with bedding and time
spent sniffing containers was quantified using EthoVision XT 10
program (Noldus).

Statistics

Statistical analyses were performed using GraphPad Prism 7.
Normally distributed data were analyzed using Student’s ¢-test,
whereas data that did not conform to a normal distribution
were analyzed using the non-parametric Mann-Whitney test. For
data that were normally distributed but exhibited a significant
difference in variance in the F-test, Welchs correction was
used. Outliers were determined using ROUT test. All details of
statistical analyses, including the sex, age and number of mice,
are described in Supplementary Table 1.

RESULTS

Generation of Scn2a+/— Mice and
Characterization of Scn2a mRNA

Expression
To determine whether Scn2a haploinsufficiency in mice leads
to any changes in synaptic, neuronal or behavioral phenotypes,
we generated Scn2a™/~ mice carrying a heterozygous deletion
of the Scn2a gene (exons 4-6 covering aa 159-300 of Navl.2;
Figures 1A,B). This region also contains two exon 5 splice
variants — 5N/neonatal and 5A/adult - that are known to show
a neonatal-to-adult shift during postnatal brain development in
mice and rats and are thought to differentially regulate neuronal
excitability (Gustafson et al., 1993; Gazina et al., 2010, 2015).
After removal of the neomycin cassette by crossing with a
flippase-expressing mouse, the region containing exons 4-6 of
the Scn2a gene was deleted by incubating fertilized eggs at the
two-cell stage with purified, recombinant, cell-permeable HTNC
(histidine-TAT-NLS-Cre) recombinase (Peitz et al., 2002) (see
section “Materials and Methods” for details).

Immunoblot analyses of whole-brain lysates from 2-month-
old mice using an anti-Navl.2 antibody directed against aa
467-485 of Navl.2 showed that Navl.2 protein levels in the

resulting Scn2a™/~ mice were approximately ~60% of those in
WT mice (Figure 1C). The gross morphology of the Scn2a*/~
mouse brain was normal, as determined by immunostaining for
NeuN (neuronal marker) (Figure 1D). Homozygous Scn2a=/~
mice showed near complete elimination of Nav1.2 proteins and
exhibited perinatal lethality, consistent with a previous report
(Planells-Cases et al., 2000).

To determine the distribution pattern of Scn2a mRNA in
the mouse brain at various developmental stages [embryonic
day 18 (E18), PO, P7, P14, P21, and P56], we performed
in situ hybridization experiments using horizontal and sagittal
mouse brain sections and two independent radiolabeled
probes targeting 5" and 3’ regions of the Scn2a mRNA. These
experiments revealed Scn2a mRNA signals in various brain
regions, including the neocortex, hippocampus, striatum,
thalamus, and cerebellum; similar results were obtained for
5" and 3’ probes, although signals were stronger using the 5
probe (Figure 1E).

Scn2a Expression in Glutamatergic and
GABAergic Neurons

Previous studies reported that Navl.2 proteins are detected
in glutamatergic neurons (Trimmer and Rhodes, 2004; Vacher
et al., 2008) and GABAergic neurons with a caudal ganglionic
eminence origin, such as vasoactive intestinal polypeptide (VIP)-
positive neurons and reelin-positive/somatostatin (SST)-negative
neurons in the neocortex and hippocampus (Yamagata et al.,
2017). Another study, however, has reported that Navl.2 is
expressed in SST-positive, but not parvalbumin (PV)-positive,
neurons in the neocortex (Li et al., 2014). To gain additional
insights into the expression of Scn2a in glutamatergic and
GABAergic neurons in mice at the mRNA level, we attempted
double/triple fluorescence in situ hybridization for Scn2a and
markers of glutamatergic (Vglutl/2) and GABAergic (Gadl/2)
neurons using the RNA Scope method, which is known
to substantially enhance signal amplification and suppress
background (Wang et al., 2012).

Scn2a mRNA was detected in both glutamatergic and
GABAergic neurons in the neocortex and hippocampus of the
mouse brain at P56 (Figures 2A,B). Scn2a mRNA was also
detected in various subtypes of GABAergic neurons, including
those expressing SST and VIP, although signals in PV-positive
neurons were largely absent in the cortex and weak in the
hippocampus (Figures 2C-E). These mRNA analysis results
are partly similar to the previous reports (Li et al., 2014;
Yamagata et al., 2017), although our results are from mRNA
analysis. These results suggest that Scn2a is expressed in both
glutamatergic and GABAergic neurons in the mouse brain at least
at the mRNA level.

Decreased Neuronal Excitability and
Suppressed Excitatory Synaptic
Transmission in the Presence of Network
Activity in the Scn2at/~ Hippocampus

Navl.2 regulates action potential initiation and propagation
in the AIS in neonatal neurons (Catterall, 2017) and
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FIGURE 1 | Generation of Scn2a™/~ mice and characterization of Scn2a mRNA expression. (A) Schematic diagram of the strategy for targeting exons 4-6 of the
Scn2a gene. The two sets of primers used for PCR genotyping are indicated. (B) PCR genotyping of Scn2a*/*, Scn2a*/~, and Scn2a~—/~ mice (2 months for WT
and Scn2a™/~/HT mice; E20.5 for Scn2a—/~/KO mice). (C) Nav1.2 protein levels in whole-brain lysates from WT, Scn2a~/~, and Scn2a™/~ mice (2 months for WT
and Scn2a*/~ mice; E20 for Scn2a~/~ mice). Data are presented as means + SEM. n = 4 mice, **P < 0.01, Student’s t-test). (D) Normal gross brain morphology
in Scn2a*/~ mice (3 months), as shown by staining for the neuronal marker, NeuN. Scale bar, 500 wm. (E) Distribution of Scn2a mRNA in various brain regions of
WT mice at E18, PO, P7, P14, P21, and P56, revealed by isotope in situ hybridization. Note that the overall pattern of Scn2a mRNAs is similar using probes targeting

5" and 3’ regions, although signals from the 5" probe are stronger. Scale bar, 2 mm.

back-propagation of action potentials to somatic and dendritic
compartments to regulate synaptic integration and plasticity in
more mature neurons (Hu et al., 2009), suggesting that Scn2a
haploinsufficiency in mice might alter neuronal properties or
synaptic functions.

To test this, we first measured the excitability of Scn2a™t/~
pyramidal neurons in the hippocampal CAl region. Scn2a™/~
neurons showed reduced input resistance, suggesting modestly
decreased intrinsic excitability, but the current-firing relationship
showed only a tendency toward a decrease (Figures 3A,B).

Notably, in the presence of network activity, achieved by
omitting tetrodotoxin in the recording solution, the frequency
and amplitude of sEPSCs in Scn2a*/~ CA1l pyramidal neurons
were significantly reduced (Figure 3C). In contrast, sSIPSCs were
normal in Scn2a®/~ neurons (Figure 3D). These results suggest
that, in the presence of network activity, Scn2a haploinsufficiency

suppresses intrinsic excitability and excitatory transmission, but
not inhibitory synaptic transmission, in hippocampal neurons in
the presence of network activity.

In contrast to these changes, miniature excitatory and
inhibitory postsynaptic (mEPSCs and mlIPSCs,
respectively) were normal in Scn2a®/~ CA1 pyramidal neurons
(Figures 3E,F). These results collectively suggest that excitatory
network activity is strongly decreased in the hippocampus of
Scn2at/~ mice.

currents

Scn2a Haploinsufficiency Suppresses
Long-Term Potentiation

Back-propagation of action potentials regulates dendritic
excitability and synaptic integration and plasticity (Magee
and Johnston, 1997; Bi and Poo, 1998; Koester and Sakmann,
1998; Larkum et al., 1999; Johnston et al., 2003; Feldman, 2012;
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FIGURE 2 | Expression of Scn2a mRNA in both glutamatergic and GABAergic neurons. (A,B) Expression of Scn2a mRNAs in Vglut1/2-positive glutamatergic
neurons (A) and Gad1/2-positive GABAergic neurons (B) in the neocortex and hippocampus in the mouse brain (P56), as detected by fluorescence in situ
hybridization. Coronal brain sections were triply stained for Scn2a, Vglut1/2 or Gad1/2, and DAPI (nuclear stain; blue). Images at right show enlarged views of white
boxes in the images at left. Arrowheads indicate neurons that express both Scn2a and neuronal markers; cells indicated by yellow arrowheads were further enlarged
to highlight coexpression of the markers. Scale bar, 20 and 10 wm for left and right scale bars, respectively, in each row. (C-E) Expression of Scn2a mRNA in PV-,
SST-, or VIP-expressing GABAergic neurons in the neocortex and hippocampus in the mouse brain (P56), as detected by fluorescence in situ hybridization. Scale
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Kim etal, 2015), suggesting the possibility that Scn2a™/—
SC-CAL1 synapses may display altered synaptic plasticity.

Levels of basal excitatory synaptic transmission in the
Schaffer collateral-CA1 pathway (SC-CAl) were normal in
the Scn2a®™/~ hippocampus, as shown by the input-output
relationship between fiber volley and fEPSP slope in field
recordings (Figure 4A). In addition, these synapses showed
normal levels of paired-pulse facilitation (Figure 4B), suggestive
of unaltered presynaptic release.

An assessment of synaptic plasticity showed that LTP induced
by high-frequency stimulation was suppressed at Scn2at/~ SC-
CA1 synapses (Figure 4C). Similarly, LTP-induced by theta-
burst stimulation was suppressed at Scn2at/~ SC-CA1 synapses
(Figure 4D). In contrast, LTD at Scn2a™/~ SC-CA1 synapses was
normal (Figure 4E).

Given that both LTP and LTD are mediated by NMDARs
(Malenka and Bear, 2004; Collingridge et al, 2010), the
suppressed LTP, which contrasts with the normal LTD, is
unlikely to involve a decrease in NMDAR function. Indeed,
in patch-clamp recordings, Scn2a*/~ SC-CA1 synapses showed
a normal ratio of NMDAR- to AMPA (a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid) receptor (AMPAR)-mediated
synaptic transmission (Figure 4F). Taken together with the
normal AMPAR-mediated synaptic transmission, implied by the
results of spontaneous (mEPSC) and evoked (input-output)

excitatory transmission (Figures 3E, 4A), this indicates that
NMDAR-mediated synaptic transmission at Scn2a®/~ SC-
CA1 synapses is normal. Collectively, these results suggest
that Scn2a haploinsufficiency suppresses LTP without affecting
LTD through mechanisms independent of NMDAR-mediated
synaptic transmission.

Scn2at/~ Mice Display Impaired Spatial
Learning and Memory but Enhanced

Fear Memory

Because hippocampal LTP is known to be associated with
associative learning and memory (Bliss and Collingridge, 1993),
we next subjected Scn2at/~ mice to a battery of learning
and memory tests. Scn2a™/~ mice displayed suppressed spatial
learning and memory in the learning and probe phases of the
Morris water-maze test compared with WT mice (Figures 5A,B).
In addition, Scn2a*/~ mice performed poorly in the reversal
phase of the Morris water-maze test in both learning and probe
sessions (Figures 5A,C).

In the novel object-recognition test, Scn2a™/~ mice displayed
novel object-recognition memory comparable to that of WT
mice (Figure 5D). In the contextual fear-conditioning test,
Scn2at/~ mice showed normal memory immediately and
24 h after fear memory acquisition (Figure 5E). Intriguingly,
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sag ratio and current-spike relationship were normal, despite a decreasing trend. Data are presented as means + SEM. n = 14 cells from 3 mice for WT and HT,
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WT and 18 cells from 4 mice for HT, *P < 0.05, Mann-Whitney test for frequency, Student’s t-test for amplitude. (D) Normal sIPSC frequency and amplitude in
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however, these mice showed enhanced fear memory 7 days after
fear memory acquisition. Therefore, these mice seem to have
normal fear memory acquisition and short-term fear memory,
but enhanced long-term fear memory. Lastly, Scn2a*/~ mice
showed normal motor coordination and learning in the rotarod
test (Figure 5F).

These results collectively suggest that Scn2a haploinsufficiency
impairs spatial learning and memory while enhancing long-term
fear memory, but does not affect object-recognition memory.
In addition, Scn2a haploinsufficiency has mixed effects on fear
memory, enhancing long-term fear memory while leaving fear-
memory acquisition and short-term fear memory unaffected.
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FIGURE 4 | Scn2a*/~ mice display suppressed LTP, but normal LTD. (A) Normal basal excitatory synaptic transmission at hippocampal SC-CA1 synapses in
Scn2a™/~ mice (P20-22), as shown by the input-output ratio of fEPSP slopes plotted against fiber volley (FV) amplitudes. Data are presented as means 4 SEM.

n = 10 slices from 3 mice for WT and HT, two-way ANOVA with Sidak’s multiple comparison test. (B) Normal paired-pulse facilitation at hippocampal SC-CA1
synapses of Scn2at/~ mice (P20-22), as shown by fEPSP slopes plotted against inter-stimulus intervals. n = 10 slices from 3 mice for WT and HT, two-way ANOVA
with Sidak’s multiple comparison test. (C) Decreased LTP induced by high-frequency stimulation (100 Hz, 1 s) at hippocampal SC-CA1 synapses of Scn2a*/~ mice
(8 months). n = 12 slices from 6 mice for WT and 14 slices from 7 mice for HT, *P < 0.05, Mann-Whitney test (last 10 min). (D) Decreased LTP induced by
theta-burst stimulation (10 trains of 4 pulses at 100 Hz) at hippocampal SC-CA1 synapses of Scn2a™/~ mice (3 months). n = 11 slices from 3 mice for WT and 11
slices from 4 mice for HT, *P < 0.05, Student’s t-test (last 10 min). (E) Normal LTD induced by low-frequency stimulation (1 Hz, 15 min) at hippocampal SC-CA1
synapses of Scn2at/~ mice (P17-283). n = 9 slices from 4 mice for WT and 9 slices from 5 mice for HT, ns, not significant, Student’s t-test (last 10 min). (F) Normal
NMDA/AMPA ratio at hippocampal SC-CA1 synapses of Scn2at/~ mice (P21-25), as shown by the ratio of NMDAR- to AMPAR-mediated EPSCs. n = 12 cells from

5 mice for WT and 12 cells from 4 mice for HT, ns, not significant, Mann-Whitney test.

Scn2a*/~ Mice Show Abnormally
Enhanced Direct Social Interaction but
Normal Social Approach, Social

Communication, and Repetitive Behavior
Given the strong association of SCN2A with ASD (Sanders et al,,
2018), we next tested whether Scn2a™/~ mice display autistic-like
impairments in social and repetitive behaviors. In the three-
chamber test, known to measure social approach and social
novelty-recognition behaviors in rodents (Crawley, 2004; Nadler
et al, 2004; Silverman et al., 2010), Scn2a™/~ mice showed
normal levels of social approach, as measured by sniffing time
and time spent in the chamber (Figures 6A,C). Scn2a™/~ mice
also showed normal social-novelty recognition (Figures 6B,D).
In a direct social-interaction test using freely moving pairs of WT
or Scn2a™/~ mice, Scn2at/~ mice showed abnormally increased
total social interaction (Figure 6E).

In tests measuring USVs, a form of social communication in
rodents frequently impaired in mouse models of ASD (Scattoni
et al., 2009; Wohr, 2014), Scn2at/~ mice showed normal levels
of USVs during encounters with a novel female mouse, as shown
by the number of USV calls, duration of each call, and the latency
to the first call (Figure 6F).

In tests measuring repetitive behaviors, Scn2a*/~ mice
displayed normal levels of self-grooming and rearing
(Figure 6G). These results collectively suggest that Scn2a
haploinsufficiency ~induces abnormally enhanced direct
social interaction, but does not affect social approach, social
communication, or repetitive behavior in mice.

Scn2at/— Mice Show Suppressed
Locomotion in a Familiar Environment
but Normal Susceptibility to Induced

Seizure

Because disorders associated with SCN2A (epilepsy, ASD,
intellectual disability, and schizophrenia) involve hyperactivity,
anxiety, and seizure as important symptoms and comorbidities,
we next tested locomotor behavior, anxiety-like behavior, and
seizure susceptibility in Scn2a™/~ mice.

In the open-field test, Scn2a™/~ mice showed normal levels of
locomotor activity and time spent in the center of the open-field
arena (a measure of anxiety-like behavior) compared with WT
mice (Figures 7A,B).

In LABORAS cages, in which mouse movements are measured
for four consecutive days and thus represent a familiar
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FIGURE 5 | Scn2a*/~ mice show impaired spatial learning and memory and enhanced long-term fear memory. (A-C) Impaired spatial learning and memory in both
the initial and reversal phases of the Morris water-maze test in Scn2a™/~ mice (3-4 months), as shown by escape latency, time spent in quadrant, and number of
exact platform crossings in the learning phase (day 1-7), reversal phase (day 9-11), and respective probe tests (days 8 and 12). Data are presented as
means + SEM. n = 23 mice for WT and 28 for HT, *P < 0.05, **P < 0.01, ***P < 0.001, ns, not significant, two-way ANOVA with Sidak’s multiple comparison test,
Mann-Whitney test, and Student’s t-test. (D) Normal behavior of Scn2at/~ mice (2-3 months) in novel object-recognition test, as shown by novel-object
preference. Note object exploration times are normal on both first and second days. n = 16 mice for WT and 18 for HT, ns, not significant, Student’s t-test.
(E) Normal contextual fear memory acquisition and 24-h memory in Scn2a™/~ mice (2-3 months), but enhanced 7-day fear memory in contextual fear-conditioning
tests, as shown by freezing levels. Note that the 7-day experiment was performed directly after fear memory acquisition (no 24-h retrieval experiment). n = 13 mice
for WT and 10 for HT, **P < 0.01, ns, not significant, Mann-Whitney test and Student’s t-test. (F) Normal motor learning of Scn2a*/~ mice (3-4 months) in the
rotarod test, as shown by latency to fall from the rotating rod. n = 8 mice for WT and 12 for HT, two-way ANOVA with Sidak’s multiple comparison test.

environment (Quinn et al., 2003; Quinn et al., 2006), Scn2a™/~
mice showed decreased levels of total distance moved and time
spent rearing, but normal levels of self-grooming and climbing
(Figures 7C,D). Notably, the decreased locomotion became more
evident as the number of days in the LABORAS cage increased,
suggesting that habituation to this environment exacerbates

the decreased locomotion. These results suggest that Scn2a™/~
mice display normal locomotor activity in a novel environment,
but suppressed locomotor activity and repetitive behavior in a
familiar environment.

Scn2at/~ mice were then subjected to tests measuring
anxiety-like behaviors. In the elevated plus-maze test, Scn2a™/~
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stranger; S2, novel stranger. Data are presented as means + SEM. n = 15 mice for WT and 21 for HT, *P < 0.05, **P < 0.01, ***P < 0.001, ns, not significant,
two-way ANOVA with Sidak’s multiple comparison test. (E) Enhanced social interaction in Scn2a*/~ mice (3-4 months) in the direct social-interaction test, using
pairs of WT or Scn2at/~ mice. Note that, although the total social interaction was increased, a subset of individual parameters (nose-to-nose interaction and
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stranger female in Scn2a™/~ mice (3-4 months), as shown by the number of USV calls, duration of each call, and latency to first call. n = 7 mice for WT and 11 for
HT, ns, not significant, Student’s t-test and Mann-Whitney test. (G) Normal repetitive behaviors in Scn2at/~ mice (2-3 months), as shown by time spent
self-grooming and rearing. n = 8 mice for WT and 12 for HT, ns, not significant, Student’s ¢-test.

mice showed unaltered time spent in open or closed arms and
number of closed/open arm entries compared with WT mice
(Figure 7E). Similarly, in the light-dark chamber test, the time
spent by Scn2a®/~ mice in light/dark chambers was comparable
to that of WT mice, although Scn2a®™/~ mice showed mild
hypoactivity in the light chamber under intense illumination (300
lux) (Figure 7F), suggestive of light-induced hypoactivity. These

results suggest that Scn2a haploinsufficiency minimally affects
anxiety-like behaviors.

Visual inspection revealed no overt evidence of seizures
in Scn2a*/~ mice, an observation similar to that previously
reported using an independent Scn2at/~ mouse line with a
deletion of Scn2a exon 1 (Planells-Cases et al., 2000; Ogiwara
et al, 2018). However, because the Scn2a™/~ hippocampus
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showed suppressed neuronal excitability and excitatory synaptic
transmission in the presence of network activity (Figure 3), we
measured the susceptibility of Scn2a™/ ~ mice to induced seizure.
Scn2at/~ mice injected intraperitoneally with PTZ (40 mg/kg)
showed a similar susceptibility to induced seizures as WT mice,
as measured by myoclonic jerk frequency, seizure susceptibility
score, and terminal seizure stage reached (Figure 7G). Lastly,
Scn2at/~ mice showed normal levels of acoustic startle in all
sound intensity ranges tested (Figure 7H).

Newborn and Juvenile Scn2at/~ Mice
Show Modestly Increased Direct Social
Interaction and Moderately Decreased
Locomotion but Normal Social
Communication and Mother-Attachment

Behavior

Because neurodevelopmental psychiatric disorders frequently
involve early symptoms and pathophysiology, and Scn2a
expression reaches a high level at early postnatal stages
(Figure 1E), similar to results in rats (Shah et al,, 2001), we
subjected newborn and juvenile Scn2a®/~ mice to a set of
behavioral tests.

Newborn Scn2a®/~ mice (P4-10) separated from their
mother emitted USVs at levels comparable to those of WT
mice, as shown by the number of USV calls and duration of
each call (Figure 8A), suggesting that social communication is
normal in these mice.

Juvenile Scn2at/~ mice (~3 weeks of age) subjected
to a direct social-interaction test (also known as juvenile
play) displayed moderately increased levels of direct social
interaction, as shown by the significant increase in nose-to-nose
sniffing (Figure 8B), similar to adult Scn2a*/~ mice, which
showed increased total direct social interaction (Figure 6E).
Juvenile Scn2a*/~ mice separated from their mothers for
30 min and then allowed to reunite, spent comparable
amounts of time with the reunited mothers compared with
WT mice (Figure 8C). Juvenile WT and Sen2at/~ mice
also showed no genotype differences in the self-grooming
test (Figure 8D).

Notably, juvenile Scn2a*/~ mice showed moderately
decreased locomotor activity in the open-field test (Figure 8E),
a finding that contrasts with the normal open-field locomotor
activity in adult Scn2a*/~ mice (Figure 7A). This suggests that
the mild hypoactivity induced in juvenile Scn2a™/~ mice by a
novel environment spontaneously resolves as these mice grow
into adulthood. Lastly, Scn2a*/~ mice showed no anxiety-like
behavior, as measured by the time spent in the center region of
the open-field arena (Figure 8F).

Collectively, these results indicate that newborn and juvenile
Scn2at/~ mice show moderately increased direct social
interaction and moderately decreased open-field locomotion, but
normal social communication and mother-attachment behavior.
In addition, the decreased open-field locomotion in young
Scn2a™/~ mice contrasts with the normal open-field locomotion
in adult Scn2at/~ mice.

DISCUSSION

Our study demonstrates that Scn2a haploinsufficiency in mice
leads to decreases in neuronal activity, excitatory synaptic
transmission in the presence of network activity, and LTP
in the hippocampus that are associated with impaired spatial
learning and memory.

In support of these conclusions, our data indicate that
Scn2at/~  hippocampal CAl neurons show moderately
decreased neuronal excitability at about postnatal week
3 (Figures 3A,B). Whether this decrease is attributable
to a decrease in action potential initiation or back-
propagation  remains  unclear.  Nevertheless, because
Navl.2 promotes back-propagation of action potentials,
whereas Navl.6 promotes action potential initiation
in pyramidal neurons of the prefrontal cortex in
P16-20 rats (Hu et al, 2009), a decrease in the back-
propagation of action potentials is a possible contributor

to the decreased neuronal excitability in = Scn2at/~
hippocampal neurons.
The decreased neuronal excitability in Scn2at/—

hippocampal CA1 neurons is likely to suppress the output
function of these neurons. Similar changes might also
occur in neurons that lie upstream of CAl neurons, such
as CA3 and dentate gyrus neurons, as well as neocortical
neurons. These changes might explain why Scn2a®/~ CAl
pyramidal neurons display a markedly decreased frequency of
sEPSCs in the presence of network activity (Figures 3C,D).
However, this effect does not seem to involve a decrease
in excitatory synapse number because mEPSC frequency
and amplitude in Scn2at/~ CAl pyramidal neurons was
unchanged (Figure 3E).

In contrast to the normal basal excitatory synaptic
transmission observed in the Scn2at/~  hippocampus
(Figures 4A,B), LTP induced by high-frequency, or theta-
burst stimulation, was suppressed at Scn2a®/~ SC-CA1 synapses
(Figures 4C,D). This change does not seem to involve a
decrease in NMDAR function, because there was no change in
NMDAR-mediated currents (Figure 4F) or LTD induced by
low-frequency stimulation (Figure 4E), which, like LTP, requires
NMDAR activation (Malenka and Bear, 2004; Collingridge
et al, 2010). Along the same lines, the suppressed LTP is
unlikely to involve post-translational modifications of NMDARSs,
which are known to affect NMDAR channel properties (Lussier
et al,, 2015). Instead, the decreased LTP likely reflects the
operation of mechanisms that do not involve NMDAR-mediated
synaptic currents per se. Importantly, back-propagation of action
potentials is known to act together with dendritic sodium,
calcium, and potassium channels and NMDARSs to regulate the
activity of dendritic properties and synaptic integration and
plasticity (Magee and Johnston, 1997; Bi and Poo, 1998; Koester
and Sakmann, 1998; Larkum et al., 1999; Johnston et al., 2003;
Feldman, 2012; Kim et al., 2015). Therefore, the reduced Nav1.2
function in Scn2a™/~ hippocampal CAl neurons may suppress
these back-propagation processes and related synaptic plasticity.

It has been shown that distal dendrites of CA1 pyramidal
neurons display local sodium spikes that are independent
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FIGURE 8 | Newborn and juvenile Scn2a*/~ mice show modestly increased direct social interaction and modestly decreased locomotion but normal social
communication and mother-attachment behavior. (A) Normal mother-seeking USVs in newborn Scn2at/~ mice (P4-10), as shown by the number of USV calls,
duration of each call, and latency to the first call. Data are presented as means + SEM. n = 20 mice for WT and 27 for HT, ns, not significant, Mann-Whitney test.
(B) Moderately increased direct social interaction (or juvenile play) in juvenile Scn2at/~ mice (3 weeks), as indicated by nose-to-nose sniffing. Note that the total
social interaction is unaltered in the mutant mice n = 8 mice for WT and 14 for HT, *P < 0.05, ns, not significant, Student’s t-test. (C) Normal mother-attachment
behavior in juvenile Scn2a™/~ mice (3 weeks). n = 16 mice for WT and 25 for HT, ns, not significant, two-way ANOVA with Sidak’s multiple comparison test.

(D) Normal self-grooming in juvenile Scn2a™/~ mice (3 weeks). n = 20 mice for WT and 28 for HT, ns, not significant, Student’s t-test. (E,F) Decreased locomotor
activity and normal center time in juvenile Scn2a™/~ mice (3 weeks) in the open-field test. n = 19 mice for WT and 28 for HT, *P < 0.05, **P < 0.01, ns, not
significant, two-way ANOVA with Sidak’s multiple comparison test and Student’s ¢-test.

of back-propagating action potentials and are capable of
contributing to the postsynaptic depolarization and calcium
entry needed for LTP induction (Golding et al., 2002; Spruston,
2008). More recently, it has been shown that distal dendrites
in freely behaving animals display local dendritic spikes and
fluctuations of subthreshold membrane potentials independent
of back-propagating action potentials (Moore et al., 2017). In
addition, Navl.2 signals are detectable in apical dendrites of
neocortical and hippocampal pyramidal neurons (Westenbroek
etal., 1989; Gongetal., 1999) as well as in the postsynaptic density
of CAl pyramidal synapses (Johnson et al., 2017). Importantly,
our data indicate moderately suppressed neuronal excitability of
Scn2at/~ pyramidal neurons in the hippocampal CA1 region
(Figures 3A,B). These results collectively suggest the possibility
that suppressed sodium spikes and dendritic hyperpolarization
in Scn2at/~ dendrites might contribute to the suppressed LTP
independent of back-propagating action potentials.

The decreased LTP in the Scn2a™/~ hippocampus is in line
with the suppressed spatial learning and memory of Scn2a™/~
mice in the Morris water-maze test (Figures 5A-C). This result
is also in agreement with the recently reported impairments
in tasks requiring spatial working and reference memory in
an independent Scn2a™/~ mouse line (deletion of exon 1 vs.
deletion of exons 4-6 in our mice) (Planells-Cases et al., 2000),
which are associated with altered hippocampal replay content
(Middleton et al.,, 2018). In contrast, novel object-recognition
memory was unaltered in our Sen2at/~ mice (Figure 5D),
although it should be noted that brain structures in addition
to the hippocampus, such as the perirhinal cortex, have been
suggested to be involved (Warburton and Brown, 2015).

Our Scn2a™/~ mice also show normal contextual-fear
learning and 24-h memory (Figure 5E); these findings are
seemingly at odds with Morris water-maze result, possibly
reflecting differences in neural pathways or stimulus
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contexts/intensities between the two assays. Notably, however,
Scn2at/~ mice show abnormally enhanced 7-day fear memory
(Figure 5E), suggesting that these mice are more vulnerable to
strong noxious stimuli, a vulnerability that might stem from
enhanced fear memory or suppressed fear memory extinction.

Behaviors associated with an autistic-like phenotype,
including social interaction/communication and repetitive
behaviors, were largely normal in Scn2a™/~ mice (Figure 6),
a surprising result considering the strong association of SCN2A
with ASD. It is possible that Scn2a haploinsufficiency in mice
does not elicit autistic-like behaviors because of fundamental
differences between human and mouse brains, or because the
behavioral assays used are not sensitive enough to detect subtle
changes in social interaction or repetitive behavior. Notably,
however, Scn2a*/~ adult and juvenile mice showed increased
direct social interaction (Figure 6E), a result often observed
in other mouse models of autism that lack, i.e., the excitatory
postsynaptic scaffolding protein Shank3 (Wang X. et al., 2016;
Yoo et al.,, 2018). One of these studies on Shank3-mutant mice
carrying a deletion of exons 4-22 reported that the increased
social-interaction phenotype involves normal social interest but
unsuccessful repetitive attempts for social interaction toward a
mouse under a different genetic background (Wang X. et al,,
2016), although our study used pairs of Scn2a®/~ mice in
the same genetic background, making a similar analysis of
unidirectional social interaction not feasible.

Lastly, susceptibility to induced seizure and acoustic startle
responses were unaltered in Scn2a*/~ mice (Figures 7G,H), a
finding that contrasts with the decreased neuronal excitability
and excitatory synaptic drive observed in the Scn2at/~
hippocampus. This result is similar to that obtained in a previous
study using a different Scn2at/~ mouse line (exon 1 deleted),
in which seizure behaviors could not be detected by visual
inspection (Planells-Cases et al., 2000). On the other hand, a
recent study on this latter Scn2a*/~ mouse line employing
long-term electrocorticography-electromyography recordings
reported the presence of absence-like seizures with short bursts
of spike-wave discharges and behavioral arrests (Ogiwara et al.,
2018). This study further showed that conditional, heterozygous
Scn2at/~ mice in which deletion of yet another Scn2a exon (exon
2) restricted to excitatory neurons leads to similar absence-like
seizures. Thus, the prediction is that electrocorticography-
electromyography recordings in our mouse line might also reveal
absence-like seizures, although deletion of different exons in the
Scn2a gene might lead to different seizure phenotypes.
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