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Abstract

The voltage-gated potassium channel Kv4.2 is a critical regulator of dendritic excitability in the
hippocampus and is crucial for dendritic signal integration. Kv4.2 mRNA and protein expression
as well as function are reduced in several genetic and pharmacologically induced rodent models of
epilepsy and autism. It is not known, however, whether reduced Kv4.2 is just an epiphenomenon
or a disease-contributing cause of neuronal hyperexcitability and behavioral impairments in these
neurological disorders. To address this question, we used male and female mice heterozygous for a
Kv.2 deletion and adult-onset manipulation of hippocampal Kv4.2 expression in male mice to
assess the role of Kv4.2 in regulating neuronal network excitability, morphology and anxiety-
related behaviors. We observed a reduction in dendritic spine density and reduced proportions of
thin and stubby spines but no changes in anxiety, overall activity, or retention of conditioned
freezing memory in Kv4.2 heterozygous mice compared with wildtype littermates. Using EEG
analyses, we showed elevated theta power and increased spike frequency in Kv4.2 heterozygous
mice under basal conditions. In addition, the latency to onset of kainic acid-induced seizures was
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significantly shortened in Kv4.2 heterozygous mice compared with wildtype littermates, which
was accompanied by a significant increase in theta power. By contrast, overexpressing Kv4.2 in
wildtype mice through intrahippocampal injection of Kv4.2-expressing lentivirus delayed seizure
onset and reduced EEG power. These results suggest that Kv4.2 is an important regulator of
neuronal network excitability and dendritic spine morphology, but not anxiety-related behaviors.
In the future, manipulation of Kv4.2 expression could be used to alter seizure susceptibility in

epilepsy.
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Introduction

lon channels are critical modulators of excitability at cellular and circuit levels, and their
investigation can provide essential insight into mechanisms underlying neurological
disorders that involve hyperexcitability of the brain. KCNDZ, the gene encoding the voltage-
gated potassium channel Kv4.2 has been suggested as a risk gene for epilepsy and autism in
several gene profiling studies (Singh et al., 2006; Casey et al., 2012; Guo et al., 2012;
Connolly et al., 2013; Lee et al., 2014). Kv4.2 mediates somatodendritic A-type potassium
currents and plays a vital role in the regulation of neuronal excitability and dendritic signal
integration in the hippocampus (Birnbaum et al., 2004; Chen et al., 2006). Besides gene
mutations in KCNDZ, altered expression and function of Kv4.2 protein were also observed
in mouse models for monogenic neurological disorders such as Fragile x Syndrome (Gross
etal., 2011; Lee et al., 2011; Routh et al., 2013; Kalmbach et al., 2015) and PTEN deletion
syndrome (Lugo et al., 2014). Both disorders are associated with autism and epilepsy, and
their mouse models exhibit several autistic-like and anxiety-related behaviors. Moreover,
reduced Kv4.2 expression was detected after acute seizures in mice and rats (Tsaur et al.,
1992; Francis et al., 1997; Gross et al., 2016), and in animal models of acquired epilepsy
such as traumatic brain injury (Lei et al., 2012) and pilocarpine-induced temporal lobe
epilepsy (Bernard et al., 2004; Monaghan et al., 2008; Tiwari et al., 2019).

Hippocampal neurons from Kv4.2 knockout (Kv4.2K0) mice show delayed synaptic
maturation, have more silent (i.e. AMPA receptor-free) synapses, and their intrinsic
excitability is increased (Chen et al., 2006; Kim and Hoffman, 2012). These synaptic deficits
in the absence of Kv4.2 are also reflected behaviorally: Kv4.2X0 mice have deficits in
learning and memory suggesting a critical role of Kv4.2 in cognition (Lugo et al., 2012).
The effect of Kv4.2 deletion on brain excitability is less clear: one study shows increased
seizure susceptibility following kainic acid injection (Barnwell et al., 2009), but we did not
detect differences in the latency to seizure onset using a similar paradigm (Gross et al.,
2016). The ambiguous effect on seizure susceptibility may be due to compensatory changes
on the brain circuit level in adult Kv4.2KO mice. Indeed, studies in Kv4.2XO mice have
demonstrated that complete loss of Kv4.2 leads to downregulation of two of its auxiliary
subunits, KChIP2 and 3 in the hippocampus (Menegola and Trimmer, 2006; Menegola et al.,
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2012) and to increased hippocampal tonic GABA currents (Andrasfalvy et al., 2008).
Changes on electrical and molecular levels were also observed in the heart of Kv4.2KO mice
(Guo et al., 2005). We hypothesized that Kv4.2 heterozygous mice (Kv4.2HET) may be less
prone to compensatory effects than Kv4.2X0O mice, in addition to better modeling the
reduced levels (but not lack) of Kv4.2 observed in neurological disorders. Thus, they could
be a more suitable model to assess Kv4.2-mediated effects on neuronal excitability in
neurological disorders.

The aim of this study was to assess the role of reduced Kv4.2 in brain disorders such as
autism and epilepsy by investigating the effect of Kv4.2 levels on neuronal morphology and
network excitability, as well as on anxiety- and conditioned freezing related deficits. We
show that reduced expression of Kv4.2 leads to reduced dendritic spine density and a more
immature spine morphology, whereas anxiety-related behaviors and conditioned freezing
memory are unchanged. Using EEG analyses, we demonstrate that reduced Kv4.2 levels
increase basal and kainic acid-induced brain activity and increase susceptibility to seizures.
By contrast, intrahippocampal CAL1 injection of a lentivirus overexpressing Kv4.2 in
wildtype mice delays seizure onset and reduces EEG theta power. Overall, our study reveals
an important role of Kv4.2 in regulating network excitability and warrants future analyses
into altered Kv4.2 as an underlying pathological mechanism in epilepsy.

Material and methods

Animals

All animal procedures were approved by the Institutional Animal Care and Use Committee
of CCHMC and complied with the Guideline for the Care and Use of Laboratory Animals.
Kv4.2KO mice were obtained as a kind gift from Dr. Jeanne Nerbonne (Washington
University, St Louis). Male heterozygous Kv4.2 (Kv4.2HET) mice in C57BL/6J background
and female C57BL/6J wildtype (WT) mice (Jackson stock number 000664, RRID:
IMSR_JAX:000664) were bred at CCHMC to generate heterozygous Kv4.2 and WT
littermates. Pups were weaned at P21-28 and were housed with same sex littermates
(maximum 4 per cage) in a standard cage with food and water provided ad /ibitum. Mice
were maintained on a 14:10 hour light:dark cycle, and all experiments were performed
during the light cycle. Male Kv4.2HET mice and WT littermates were used for all
experiments, except for the analysis of nesting and marble burying behavior and the analysis
of dendritic spine morphology where both male and female mice were used. For dendritic
spine morphology analyses, female thyZ-EGFP mice (B6.Cg-Tg(Thy1-EGFP)OJrs/GfngJ
Jackson, catalogue no. 007919, RRID:IMSR_JAX:007919) and male Kv4.2HET mice were
used for breeding, and male and female #1yZ-EGFP-positive offspring was used at P60 for
analysis. Male 6-8 week-old C57BL/6J WT mice were used for bilateral intrahippocampal
CAL1 injection of lentiviral particles.

Antibodies, drugs, lentiviral particles and primers

The following antibodies were used: mouse monoclonal anti-Kv4.2 (UC Davis/NIH
NeuroMab Facility Cat# 75-016, RRID:AB_2131945), mouse monoclonal Kv4.3 (UC
Davis/NIH NeuroMab Facility Cat# 75-017, RRID:AB_2131966), mouse monoclonal anti-
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Akt (Cell Signaling Technology Cat# 2920, RRID:AB_1147620), mouse monoclonal anti-
BActin (Sigma-Aldrich Cat# A1978, RRID:AB_476692), rabbit polyclonal anti-DPP6
(Abcam Cat# ab41809, RRID:AB_732017), rabbit polyclonal anti-DPP10 (Abcam
Cat#ab42082, RRID:AB_2093405), mouse monoclonal anti-KChIP2 (UC Davis/NIH
NeuroMab Facility Cat# 75-004, RRID:AB_10671304), and mouse monoclonal anti-
KChIP3 (UC Davis/NIH NeuroMab Facility Cat# 75-005, RRID:AB_2130257). Secondary
antibodies used for detection of western blot with chemiluminescence were obtained from
GE Healthcare Life Sciences, Marlborough, MA, and for fluorescent detection from LI-
COR, Lincoln, NB. Lentiviral particles expressing Kcna2and control lentiviral particles
(virus containing the empty vector) were obtained from GeneCopoeia (Cat# LPP-Mm03412-
Lv105-100, and LPP-NEG-LV105-100-C). Kainic acid (cat# 0222) was obtained from
Tocris Biosciences, MN, USA, and was dissolved in sterile Ringers (Hospira, IL, USA).
Diazepam (cat# 1185008) was obtained from Sigma-Aldrich (St. Louis, MO). The following
gRT-PCR primers were used: Kv4.2for: GCTTTGAGACACAGCACCAC; Kv4.2rev:
TGTTCATCGACAAACTCATGG; B-tubfor: TCGTGGAATGGATCCCCAAC; B-tubrev:
TCCATCTCGTCCATGCCCT.

RNA isolation and gRT-PCR

RNA was extracted from tissue punches using Trizol® (Life Technologies, Carlsbad, CA),
and cDNA was generated using the High Capacity RNA-to-cDNA Kit (Applied Biosystems,
Foster City, CA), followed by SYBR green quantitative real-time PCR (Bio-Rad
Laboratories, Hercules, CA) using a QuantStudio 3 Real-Time PCR System (Applied
Biosystems, Foster City, CA). Relative changes were quantified with the comparative cycle
threshold method (272€T). Quality and quantity of MRNA was measured using a Nanodrop
Spectrophotometer (Thermo Fisher Scientific, Waltham, MA). Reverse transcription for
gPCRs was carried out using 1ug RNA.

Western blots

Western blots were done as described previously (Muddashetty et al., 2007) using lysates
from the whole hippocampus of Kv4.2HET mice and their WT littermates. Kv4.2, Kv4.3,
KChIP2, KChIP3, Akt and B-Actin were detected with HRP-coupled secondary antibodies
and chemiluminescence. DDP6 and DPP10 were detected with fluorescent secondary
antibodies. Specific bands were quantified using NIH ImageJ software and normalized to a
loading control on the same gel. The loading control for Kv4.2, Kv4.3, DDP10 and KChIP2
was Akt, and for DPP6 and KChIP3 B-Actin or Akt. For DPP and KChIP detection, blots
were cut in half after transfer. The top part was used for DPP detection, the bottom part for
KChIP and pB-Actin or Akt detection. All samples were run and quantified in duplicates.

Hippocampal tissue punches

To obtain CAL1 hippocampal tissue punches from lentivirus-infected brains, whole brains
were dissected, flash frozen and cut into slices of 1mm thickness with a coronal steel brain
matrix (Stoelting Inc, Wood Dale, IL). Using a mouse brain stereotaxic atlas, the
hippocampal CA1 region was identified (George Paxinos, 2012), dissected with a micro
puncher (1 mm diameter, Harris-UniCore™, Electron Microscopy Sciences, Hartfield, PA),
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and flash frozen on dry ice. Slices between bregma levels —1.5 to —=2.5 mm were selected for
the tissue dissection.

Dendritic spine density analysis

Male and female offspring from female 1y Z-EGFP positive and male Kv4.2HET breeders
were used at P60. Mice were transcardially perfused with 4% paraformaldehyde, and brains
were dissected and postfixed overnight in 4% paraformaldehyde. 500 um-thick coronal
sections were prepared using a vibratome (VT1000S, Leica, Wetzlar, Germany), and
sections were cleared using passive clearing technique (PACT) as described previously
(YYang et al., 2014). Briefly, slices were incubated in 4% acrylamide hydrogel overnight,
cleared with 8% SDS for 24 hours, washed and stored in 0.02% sodium azide at 4°C until
mounting. Sections were mounted using Fluoromount-G® (SouthernBiotech, Birmingham,
AL) and imaged on a Nikon A1R HD inverted microscope equipped with LUN-V laser
launch using a 100x objective (Nikon Instruments, Inc, Melville, NY). Acquired z-stacks
were deconvolved by blind 3D deconvolution (NIS-Elements, Nikon Instruments). Dendritic
spines were analyzed on apical secondary dendrites of pyramidal neurons in the
hippocampal CA1 area. Dendrites were analyzed for up to a total length of 100 pm or
wherever the secondary dendrite ended. Overall spine density was quantified manually using
Image J (NIH), and dendritic spine classification was performed semi-automatedly using
Neurolucida®360 software (MBF Bioscience, Williston, VT) with a preset algorithm
(Rodriguez et al., 2008; Dickstein et al., 2016). Five to six brains per genotype were
analyzed with two to six neurons per brain (details in figure legends). Dendritic spine counts
of all analyzed neurons from WT and Kv4.2HET mice were pooled for statistical analysis.
Dendritic spine analysis was performed by two independent experimenters with very
comparable results.

Behavioral experiments

Anxiety- and autism-associated behavioral analyses were conducted in the following order
on separate days: nesting, marble burying, elevated zero maze. A separate cohort was
utilized to test for audiogenic seizures. A third cohort was used to test prepulse inhibition
and fear conditioning. These experiments were performed using male Kv4.2HET mice with
WT littermate controls. In addition, a cohort of female Kv4.2HET and WT littermates was
used to assess nesting and marble burying. Experimenters and analyzers were blind to the
genotype of the tested mice.

Nesting—Nesting behavior was assessed at 2 h and 24 h post nestlet placement as per
described protocols (Deacon, 2006; Gross et al., 2015a). Before starting the test, mice were
individually housed for a period of 3 days to acclimatize and avoid behavioral changes due
to a novel environment. Nests were scored on a rating scale of 1 to 5 as described in Deacon,
2006. Briefly, a score of 1 indicates more than 90% intact nestlet, 2 indicates 50-90% nestlet
remains intact, 3 indicates mostly shredded nestlets (>90%) with no identifiable nest, 4
indicates an identifiable nest with more than 90% nestlet torn and 5 represents a near perfect
nest with walls taller than the mouse with more than 90% nestlet torn. In addition, the
leftover nestlet was weighed and the percentage torn was calculated and compared. While
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scoring is less objective than weighing used nestlet it captures the capability of a mouse to
build a nest regardless of how much nestlet material was used.

Marble burying—Marble burying was assessed as described previously (Gross et al.,
2015a). Briefly, rat cages (16in x 14in x 8in) were used for the test, and 20 dark blue glass
marbles were arranged in a 4 x 5 grid pattern on 4 inches of standard cage bedding. Marbles
covered 50% or more were recorded as buried. Latency to start burying and the number of
marbles buried at 5, 10 and 15 min were recorded.

Elevated zero maze (EZM)—EZM was performed as per the protocol described in
Schaefer et al 2009. The apparatus consisted of a circular runway with closed and open
quadrants located on opposing ends. The runway was 5 cm wide with a 50 cm internal
diameter and was elevated 40 cm above the floor with 0.5 cm curbs to prevent accidental
slipping off the edge (San Diego Instruments, CA). The room light was set to 5 LUX at the
maze level. Mice were placed in the enclosed quadrant and were allowed to explore for 5
min. Sessions were video recorded using a camera mounted above the apparatus which was
connected to an outside computer allowing the experimenter to exit the room as soon as the
mouse was placed in the apparatus. Latency to enter the open quadrant, time spent in open
and closed quadrants, as well as number of quadrant entries were analyzed using Odor
(Macropod Software, Yarraville, Australia).

Audiogenic seizures—Audiogenic seizures were performed as described previously
(Gross et al., 2015b). P26-P28 day old mice were tested with two mice per cage between 7
and 8 pm. Before the actual testing, mice were habituated in the testing chamber and the
environment for 30 minutes. A personal alarm (120dB attached with an A/C power adaptor
and installed inside the testing cage) was used for the sound induction. The alarm sound was
played twice for two minutes with a one-minute silence interval. Sound-induced behaviors
such as wild running or a full tonic-clonic convulsion were recorded.

Prepulse inhibition—To assess sensorimotor gating, prepulse inhibition testing of the
acoustic startle response was performed as described in (Schaefer et al., 2009). Briefly, mice
were singly placed in a sound-attenuated chamber (SR Laboratory, San Diego Instruments,
CA) inside a cylindrical acrylic holder with sliding door at each end mounted on a platform.
A piezoelectric force transducer was mounted beneath the platform to record movement of
mice. Background white noise was set at 55 dB. Mice were placed in the cylindrical test
chamber for a 5 min acclimatization period followed by four types of 4x4 Latin square
sequences of trials (zero stimulus, startle stimulus alone, 59 dB prepulse + startle stimulus,
70 dB prepulse + startle stimulus, or 80 dB prepulse + startle stimulus), repeated three times
for a total of 48 trials. The intertrial interval and interstimulus interval from prepulse onset to
startle signal onset was 8 sec and 70 ms, respectively. The startle signal was 120 dB which
lasted 0.2 s.

Contextual conditioned freezing—The mice were tested as per the protocol by
(Kuerbitz et al., 2018) with modifications. The apparatus consisted of an acrylic chamber
(25 x 25 cm, Freeze Monitor System; San Diego Instruments, CA) equipped with a 16 x 16
photo beam array, ceiling light and speaker, and had metal grid floors connected to a foot
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shock source. On day 1, mice were placed in the chamber for 12 min consisting of 6 min of
acclimation without stimulus followed by 6 min with nine tone-shock pairings (82 dB for 30
s paired with a 2 s long 1 mA foot shock during the last second of the 30 s tone interval).
Day 2 consisted of 6 min exploration period in the same chamber without shock or stimulus
to assess contextual memory. On day 3, mice were placed in a different environment (black,
triangular box with black lid with light, 50% smaller than the conditioning chamber). A 3
min no-tone interval was followed by ten 30 s periods of alternating tone and silence to test
cued memory and extinction. Day 4 was similar to day 3 except only 5 alternating periods of
tone silence were used to measure cued recall. The number of photo beam breaks while in
the chamber was used as a measurement of activity versus freezing.

Electrode implantation and electroencephalography

6-8 week-old male Kv4.2HET mice and littermate WT controls were implanted with wireless
transmitters for EEG monitoring (Castro et al 2012). The mice were first anesthetized with
4% isoflurane in medical grade oxygen in a closed chamber, and then maintained at 0.7—
1.5% isoflurane throughout the surgery and monitored for adequate respiration patterns.
Single channel wireless EEG transmitters (TA11ETA-F10, Data Science International (DSI),
St. Paul, MN) were used. The head was first shaved and disinfected using Dermachlor (2%
Chlorhexidine), and carprofen (100 ul) was administered subcutaneously. The skull was
exposed by making an incision along the midline. Dorsoventral coordinates were measured
from bregma and two holes were drilled at AP = =2.5 mm, L =+ 2.0 mm (Tse et al., 2014).
Approximately 1 mm length of each of the two leads of the transmitter was inserted into the
burr holes on top of the dura and sealed using GLUture (Zoetis Inc., Kalamazoo, Ml). The
wireless transmitter was placed subcutaneously by creating a pocket behind the neck. A
screw was attached to the back of the skull and dental cement (Lang Dental, IL) applied to
secure the assembly. After the cement had dried, the incision was closed using surgical
sutures (Coviden, Dublin, Ireland) and sealed with GLUture (Abbott Laboratories). Post-
surgery, the mice were injected with 1 ml saline, placed on a heating pad, and monitored
during recovery.

Video-EEG recording and spectral power analysis

Post-recovery, the mice were housed in individual cages placed on wireless receiver plates
(RPC1; DSI). DATAQUEST A.R.T software was used for recording EEG data received from
the telemetry system sampled at 500 Hz, which provided readouts for frequencies between 1
and 200 Hz (maximal sampling rate of the wireless transmitter TA11ETA-F10). Video was
continuously recorded (Axis 221, Axis communication) in parallel and synchronized with
the EEG signal. Video-EEG data were recorded for up to 4 weeks. The EEG recording data
were analyzed using NeuroScore software (DSI). For EEG power analyses, the raw EEG
signal was exported in 10 s epochs and subjected to Fast Fourier Transformation to generate
power bands. A 5 min period of recording (free of any grooming behavior to avoid
grooming-associated artifacts) was selected from individual mice from 2-h intervals during
the day and night period (12pm to 2pm and 12am to 2am, respectively, with very few
exceptions for which the hours of analysis were extended to 11am-3pm or 11pm-3am
because of excessive signal artifacts, movement or grooming during the 12—2pm/am
periods). These time periods were selected as there was minimum traffic of other
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experimenting personnel in the room. The EEG signal was split into power bands of the
following frequencies: delta (8, 0.5-4 Hz), theta (0, 4-8 Hz), alpha (a, 8-12 Hz), sigma (Z,
12-16 Hz), beta (B, 16—-24 Hz) and gamma (y, 24-80 Hz) (Tse et al., 2014). These
individual power bands were compared between the Kv4.29ET and WT mice. The data were
pooled from 10 s epochs for a total of 5 min duration. Mice with EKG signal or highly noisy
EEG were removed from analysis (10 mice per genotype were implanted and 4 from each
group were excluded).

Spike analysis

EEG spikes were detected using a spike detector module in NeuroScore™ version 3.2.1
(EEG analysis software). A spike was defined as having a duration of 1 — 70 ms and an
absolute amplitude value of 150 pV — 1500 pV (Puttachary et al., 2015). Spike trains were
defined as having a minimum duration of 5 ms with a minimum of 4 spikes spaced within
80-5000 ms apart from one another (Puttachary et al., 2015; Losing et al., 2017). EEG
artifacts due to movement or grooming (identified by the video recordings) were manually
removed. As described for the power analyses, mice with EKG signal or highly noisy EEG
were removed from analysis (10 mice per genotype were implanted and 4 from each group
were excluded). Data were analyzed in the same 2-h periods as described for EEG power
analysis above.

Kainic acid seizure model

6-8 week-old mice were implanted with transmitters for cortical surface EEG telemetry
recording as above. Post-surgery, the mice were allowed to recover for 24h and baseline
EEG was recorded for 15-20 min, followed by intraperitoneal (i.p.) injection with kainic
acid (2 mg/ml solution in sterile Ringers, 15 mg/kg body weight). Mice were returned
immediately to the recording platform to measure seizure onset and EEG power. EEG was
recorded for 90 min, following which the seizures were terminated with a subcutaneous
injection of diazepam (15 mg/kg).

In vitro assessment of lentivirus-mediated overexpression of Kv4.2 in HEK293 cells

HEK-293 cells (CRL-1573™  ATCC, Manassas, VA) were transfected at 80% confluency
with increasing amounts of lentiviral (50,000-500,000 transfective units/ml). Cells were
harvested after five days and analyzed by western blotting.

Intrahippocampal injection of lentivirus

Two different sets of experiments were performed using lentiviral overexpression of Kv4.2,
aimed at measuring the effect of lentivirus injection on seizure susceptibility and the effect
on Kv4.2 mRNA expression, respectively. The tissue from the seizure onset mice was not
used for the biochemical quantification of Kv4.2, as kainic acid-induced seizure was shown
to reduce the expression of Kv4.2 (Gross et al., 2016), and hence the specific effect of
lentivirus overexpression would not have been measured accurately in those mice. To
quantify Kcnd2 mRNA levels, 6-8 week old C57/BL6 mice were subjected to bilateral
intrahippocampal CAL injections of Kcnad2expressing lentivirus or a negative control at
bregma level AP = - 2.0 mm; L =+ 1.8 mmand V = 2.0 mm (2 pl/side= ~200,000
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transfective units/side). Using a 5 pl Hamilton syringe, lentivirus was administered slowly
over a 5 min duration and the needle was left in place for 10 min to allow the diffusion of the
injected volume followed by a slow retraction of needle over a 5 min duration. Tissue was
collected two weeks after virus injection. Before the experimental surgeries, the specificity
of injection was confirmed using a dye injection. To assess seizure onset, mice were
implanted with transmitters for EEG recording and at the same time received a bilateral
intra-hippocampal injection of lentivirus overexpressing KcndZ2 or a vector control at two
different doses (1 pl/side= ~100,000 transfective units/side and 2 ul/side= ~200,000
transfective units/side). The transmitters were implanted as described above under “electrode
implanting” followed by lentivirus injection as described above. Post injection, the incision
was closed using surgical sutures, and GLUture and antibiotic ointment was applied. The
mice were later administered with 1 ml of sterile Ringer’s saline and placed on heating pad
and monitored until recovery. Kainic acid-induced seizure onset and severity were analyzed
two weeks after virus injection.

Image processing

Figures were prepared using Adobe Photoshop CS6 software. To enhance visibility,
brightness and contrast of western blot images were adjusted equally across conditions using
the “level” tool without changing midtone. Quantification was performed on the raw images
using ImageJ (NIH).

Experimental design and statistical analysis

Non-behavioral data were analyzed using GraphPad Prism7 software. All data were
analyzed for normality using the Shapiro-Wilk’s test. For two-sample comparisons,
appropriate parametric (unpaired two-sided t-test) or non-parametric tests (unpaired two-
sided Mann Whitney test) were used as indicated in each figure legend. Dendritic spine
morphology was analyzed by 2-way ANOVA (genotype x spine type as variables) followed
by planned post-hoc comparisons of genotype-dependent differences for each spine type
using Sidak’s posthoc tests. Marble burying was analyzed by repeated measurements 2-way
ANOVA (genotype and time as independent variables) followed by planned post-hoc
comparisons of genotype-dependent differences for each time point using Sidak’s tests.
Statistical tests, sample sizes and p values are specified in the figure legends. Statistical
significance was set to a < 0.05. No mice were excluded from biochemical studies. Some
mice were excluded from EEG power and spike/spike train analysis due to unusable signal
as described in the respective method sections. Data are represented as scattered plots with
bars and error bars indicating mean + SEM, except for EEG power, spikes and spike trains,
which are presented as box-and-whisker plots which show minimum to maximum
(whiskers), 25t to 75t percentile (boxes) and median (line). Behavioral data were analyzed
using mixed linear model ANOVAs (Proc Mixed, SAS v9.4, SAS Institute, Cary, NC). The
autoregressive moving average (ARMA) variance-covariance model was used in conjunction
with Kenward-Roger first order degrees of freedom. Significant interactions were analyzed
using slice-effect ANOVAs. For PPI of the startle response, separate analyses were done for
each day since Proc Mixed is unable to handle two repeated measures involving time.
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Where applicable, statistical power was calculated using free online sample size and power
calculators (powerandsamplesize.com). Sample sizes were determined as follows: We
expected to detect a reduction in Kv4.2 protein or mRNA by half in Kv4.2 heterozygous
with the commonly observed 30% variability in western blot and gRT-PCR. The required
sample size for statistical power of 0.8 was determined as n=10. We previously observed that
a sample size of 23-27 was needed for detecting a difference in dendritic spine density of
0.96/1.133 with a standard deviation of 0.23 yielding a statistical power of 0.76 (Gross et al.,
2019). After reaching a sample size of ~27 in the analysis of Kv4.2 heterozygous and
wildtype mice, we performed power analyses of the data and determined a sufficient
statistical power of p=0.9995. Here, male and female mice were analyzed together (3 male
mice per genotype, 3 female WT and 2 female Kv4.2HET mice). Sample sizes for behavioral
experiments were based on previous data (Schaefer et al., 2009). As no trends or differences
were determined with ~20 mice or 12 mice per group, no further power analyses were
performed. Startle response and conditioned freezing were performed in 12 cohorts with one
mouse per genotype per litter, reducing litter effects, whereas on some occasions, multiple
mice per genotype per litter were used for nesting and marble burying assays. Sample sizes
were based on previous data (Gross et al., 2016). For quantification of western blots, seizure
onset and EEG power, analyzers were blind to the condition. For behavioral assays and
dendritic spine analyses, experimenters and analyzers were blind to the condition.

Kv4.2 expression is reduced in Kv4.2HET mice with no or only moderate effects on other
subunits of the Kv4.2 channel complex

To confirm that genetic reduction of KcndZ2led to decreased mRNA and protein expression
of Kv4.2, hippocampal tissue from Kv4.2HET and WT littermates was assessed by western
blot and quantitative real-time PCR. Kv4.2 protein and mRNA levels were reduced to 50%
or less in Kv4.2HET mice compared with WT mice (Fig. 1A, B). By contrast, the closely
related A-type channel Kv4.3, which is mainly expressed in the dentate gyrus and the
hippocampal CA3 region, but virtually absent from the CAL region where Kv4.2 is
expressed (Alfaro-Ruiz et al., 2019), was unchanged (Fig. 1C). Localization and function of
Kv4.2 channels are modulated by auxiliary subunits such as potassium channel interacting
proteins (KChIPs) or dipeptidyl peptidase-like proteins (DPPs) (Nadal et al., 2003; Norris et
al., 2010; Sun et al., 2011). To assess if genetic reduction of Kv4.2 alters the expression of
these auxiliary subunits, we analyzed hippocampal tissue of Kv4.2HET mice and WT
littermates by western blot specific for different KChIPs and DPPs. A moderate reduction in
the level of KChIP3 protein was observed (~30%, Fig. 1D, F) whereas mRNA levels were
unchanged (not showr). None of the other auxiliary subunits tested (DPP6, DPP10 and
KChIP2) changed (Fig. 1E-I). These results confirm that Kv4.2 heterozygous mice are a
model for reduced Kv4.2 expression and suggest that reduction of Kv4.2 has limited effects
on expression levels of auxiliary subunits.
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Kv4.2HET mice have reduced dendritic spine density and altered dendritic morphology in
the hippocampus

Kv4.2 protein is expressed in somata, dendrites, and dendritic spines of hippocampal CAl
pyramidal neurons (Kerti et al., 2012). The presence of Kv4.2 in dendrites and dendritic
spines and its function in regulating dendritic excitability suggest that it may affect dendritic
spine morphology; however, this has not been examined /n vivo. Using fluorescent reporter
mice and tissue clearing (Fig. 2A), we showed that dendritic spine density of hippocampal
CA1 pyramidal neurons was reduced in Kv4.2HET mice compared with littermate controls
(Fig. 2B, C). Dendritic spine morphology analysis demonstrated a significant reduction in
mushroom-shaped spines and an increase in filopodia-like and thin spines in Kv4.2HET mice
compared with control (Fig 2D). No significant changes in the proportion of stubby spines
was observed (Fig 2D). Similar trends of reduced dendritic spine density were observed in
male (Fig. 2E) and female (Fig. 2F) mice, suggesting that Kv4.2 reduction affects dendritic
spine density independently of sex. Overall, these findings suggest that reduced expression
of Kv4.2 leads to lower numbers of dendritic spines in the hippocampal CA1 network with a
more immature morphology. Western blot analyses of tissue slices confirmed a similar
reduction of Kv4.2 in this mouse model as described in Fig. 1 (Fig. S2).

Genetic reduction of Kv4.2 does not have an effect on overall anxiety levels or behavior

Alterations in dendritic spine morphology have been associated with behavioral
abnormalities (Gipson and Olive, 2017). To investigate if altered dendritic spine morphology
in Kv4.2HET mice was associated with autism-related phenotypes, we next tested behaviors
associated with anxiety, social function, and perseverative phenotypes. To rule out any
adverse effects on behavior caused by differences in growth or body weight, we measured
body weight every 2-3 days from postnatal week 3 to 7 in male and female Kv4.2HET and
WT mice. There was no difference between average weight of heterozygous and WT mice
during this period (weight at 5 weeks of age: Het-male = 19.27 + 1.9g, WT-male = 18.43 +
29, Het-female = 16.54 + 2.1g and WT-female = 17.37 £ 1.2g).

Home cage social behavior was analyzed by nesting behavior. We detected no difference in
nesting between male or female Kv4.2HET and WT mice by nesting score (Deacon, 2006)
and the percentage of nestlet torn 2 h and 24 h after adding fresh nestlet to the cage (Fig. 3A,
B, nesting scores from male mice shown).

To assess perseverative or repetitive behavior, a core feature of autism, we analyzed if
genetic reduction of Kv4.2 led to changes in marble burying behavior (Thomas et al., 2009).
No difference in the latency to start burying marbles (Fig. 3C) or the number of marbles
buried at different time points during the test (5 min, 10 min and 15 min) was observed (Fig
3D) indicating no increase in repetitive behavior in male or female Kv4.2HET mice (only
aata in male mice are shown). To evaluate whether reduced Kv4.2 expression has any effects
on anxiety-like behavior we tested mice in an elevated zero maze. Time spent in open or
closed quadrants is a measure of anxiety-related behavior (Walf and Frye, 2007). No
difference in the latency to open quadrant entry (Fig. 3E), the time spent in the open
quadrants (Fig. 3F) or transitions between the open and closed quadrants (Fig. 3G) of the
maze was observed. Similarly, no difference in the number of head dips was observed (data
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not shown). These results show that reduced Kv4.2 does not affect anxiety-like or
perseverative behavior, suggesting that reduced Kv4.2 per se does not induce autistic-related
behavior.

Kv4.2HET mice show normal sensorimotor gating behavior

Impaired sensorimotor gating has been observed in individuals with autism as well as in
autism mouse models (Perry et al., 2007; Sinclair et al., 2017). To evaluate potential autistic-
like phenotypes in Kv4.2HET mice, we next tested sensorimotor gating using a prepulse
inhibition (PPI) of acoustic startle response paradigm. The peak amplitude of the startle
response with or without prepulse was recorded on two consecutive days. We observed no
difference in the overall acoustic startle response or in the response inhibition after three
different acoustic prepulses between Kv4.2HET mice and their WT littermates during two
days of testing (Fig. 3H, I). These results suggest that acoustic startle and sensorimotor
gating are normal in Kv4.2HET mice. To further assess the response to acoustic stimulation
we also tested if Kv4.2HET mice were prone to audiogenic seizures. Two of 23 Kv4.2HET
mice experienced a seizure upon a 120dB sound stimulation, whereas none of the 13 WT
littermates seized (two-sided Fisher’s exact test: p=0.525). The two mice that seized came
from the same litter, and we observed a similar rate of ~10% audiogenic seizures in
C57BL/6J WT control mice from our breeding colony in previous studies (Gross et al.,
2015b; Gross et al., 2015a). We therefore conclude that Kv4.2HET mice are not prone to
audiogenic seizures.

Kv4.2HET mice exhibit normal contextual and cued conditioned freezing memory

Kv4.2HET mice have altered dendritic spine morphology in the hippocampal CAL1 region,
suggesting defective hippocampal function that could affect learning and memory. In a
previous study by Lugo et al, Kv4.250 mice showed impaired contextual learning during a
conditioned freezing test but no difference in cued freezing (Lugo et al., 2012). To analyze
the effect of reduced Kv4.2 levels on conditioned learning, mice were tested for contextual
and cued freezing. During the conditioning phase, both the Kv4.2HET mice and WT
littermate controls showed the same level of activity as measured by the number of beam
breaks while in the chamber (Fig. 3J). On the following day mice were tested for contextual
memory (without tone or shock), which showed the expected reduction in behavior in both
genotypes (Fig. 3K). Similarly, activity reductions were the same in the two genotypes when
presented with the tone in a new environment (cued memory) (Fig. 3L) and during the recall
phase to test extinction memory (Fig. 3M). These results indicate that reduced Kv4.2
expression does not affect conditioned freezing memory in mice.

Genetic reduction of Kv4.2 increases basal EEG theta power and spike frequency

Brain electrographic characteristics such as irregular EEG power of specific frequency bands
and epileptiform spikes signify an hyperexcitable or epileptogenic network and have been
observed in both pharmacologically induced (Tse et al., 2014) and genetic mouse models of
epilepsy (Dhamne et al., 2017). To assess if reduction in Kv4.2 leads to a hyperexcitable
network, we analyzed baseline EEG power spectrum characteristics by quantifying different
frequency bands of cortical EEG signal in freely behaving mice. In addition, we assessed the
average frequency of spikes and spike trains (example traces shown in Fig. 4A and Fig. S3).
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We chose cortical surface EEG recording to avoid potential side effects of intracranial
electrodes due to tissue scarring or inflammation. We observed a significant increase in 6
power (Fig. 4B, H) and a trend towards increased a power (Fig. 4C, 1) in cortical surface
EEG recordings from Kv4.2HET mice compared with WT control during both the day and
night period. No significant differences in other waveforms were detected during the day
(Fig. 4D-G) or the night period (Fig. 4J-M). Spike analysis showed an overall non-
significant increase in the number of spikes (Fig. 4N, P) and spike trains (Fig. 40, Q) in the
Kv4.2HET mice during the day and night period. These results suggest an abnormal neuronal
network and increased baseline excitability in Kv4.2HET mice.

Genetic reduction of Kv4.2 reduces latency to seizure onset and increases seizure-
induced EEG power in a mouse model of status epilepticus

Reduced expression of Kv4.2 has been observed in several mouse models of epilepsy, but it
is unknown if reduced Kv4.2 by itself causes a hyperexcitable network. To address this
question, we investigated the effect of reduced Kv4.2 on seizure susceptibility using the
acute kainic acid model of status epilepticus. Mice were implanted with cortical surface
electrodes for continuous video-EEG monitoring. After a 3-day recovery period, baseline
EEG was recorded for 20 min followed by intraperitoneal kainic acid injection to induce
status epilepticus (timeline shown in Fig. 5A). A significant decrease in the latency to
seizure onset was observed in Kv4.2HET mice compared with WT controls (Fig. 5B).
Moreover, Kv4.2HET mice showed a significant increase in theta power compared with WT
controls after kainic acid (Fig. 5C). No effect was observed on a, 8, Z and B power, although
these increases approached significance (Fig 5D-G). These results are consistent with the
notion that reduced levels of Kv4.2 lead to a hyperexcitable neuronal network.

Lentivirus-mediated overexpression of Kv4.2 increases latency to seizure onset and
reduces EEG power in a mouse model of status epilepticus

To further investigate the role of Kv4.2 in regulating brain excitability, we investigated the
effect of hippocampal overexpression of Kv4.2 on seizure susceptibility in the kainic acid
model of status epilepticus. We chose overexpression in WT and not Kv4.2HET mice to
avoid any potential compensatory effects caused by reduced KChIP3 in the Kv4.2HET mice
(Fig. 1D). This enabled us to assess the effect of increasing Kv4.2 levels in adult mice in
isolation. We chose lentiviral vector-mediated overexpression for this approach as it offers a
tool for rapid, stable and spatially restricted transgene expression (Lundberg et al., 2008).
We first used an /in vitro system to confirm that a lentivirus encoding the open reading frame
of murine Kcnad2expressed Kv4.2 protein in mammalian cells (Fig. 6B). We then performed
bilateral intrahippocampal CA1 injections of the Kv4.2-expressing lentiviral particles to
overexpress Kv4.2 in vivo in mice. Lentiviral particles containing the empty vector served as
a negative control. At the same time of viral injection, cortical surface EEG electrodes were
implanted for EEG recording. Two weeks after viral injection, status epilepticus was induced
by intraperitoneal injection of kainic acid as before, and latency to seizure onset and EEG
power were analyzed by continuous video-EEG recording as described above (timeline
shown in Fig. 6A). An initial dose of 1pl/side of lentiviral particles (100,000 transfective
units) showed no significant effect on latency to seizure onset (Fig. 6C) or EEG power
spectrum (data not shown) between the Kv4.2 expressing and the control mice; however,

Exp Neurol. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Tiwari et al.

Page 14

injecting twice the amount of lentiviral particles (2l/side) resulted in a significant increase
in latency to seizure onset after Kv4.2 overexpression (Fig. 6D). Note that the latency to
seizure onset was much shorter in the control mice than in the wildtype mice shown in Fig.
5B. We assume that the surgery and stereotaxic injection of lentiviral particles two weeks
prior to the experiment increased the overall susceptibility to seizures despite the fact that
mice recovered well and appeared overall healthy. Because Kv4.2- and control-injected mice
were treated equally, we do not think that this affected the overall results showing delay of
seizure onset with Kv4.2 overexpression. Evaluation of the EEG power spectrum showed a
significant reduction of theta power in the Kv4.2-injected mice (Fig. 6E). No significant
effect was observed on other waveforms (Fig. 6F—-I). In a separate group of mice, we used
gRT-PCR of hippocampal CA1 tissue punches to confirm that intrahippocampal CA1
injection of mice with Kv4.2-expressing lentiviral particles led to significantly increased
Kv4.2 mRNA expression in the targeted region compared with mice injected with control
lentiviral particles (Fig. 6J). Taken together, these results demonstrate the importance of
Kv4.2 in regulating neuronal excitability.

Discussion

The etiology of autism and epilepsy is highly complex and diverse. Discovering pathological
mechanisms that are shared and could be therapeutically targeted may be a promising
strategy to identify broadly applicable novel therapies for these diseases. As a step towards
this direction, we tested if reduced expression of the voltage-gated potassium channel Kv4.2,
which is impaired in many rodent models of acquired or genetic epilepsy and autism, is a
disease-causing factor underlying autistic-like behavior and brain hyperexcitability. Our
studies showed that reduced Kv4.2 in mice leads to a hyperexcitable brain, as evident by
increased frequency of electrographic spikes and increased susceptibility to kainic acid-
induced seizures. Lentivirus-mediated overexpression of Kv4.2, by contrast, decreased
seizure susceptibility and EEG power, corroborating that altered Kv4.2 levels may be a
causal and targetable molecular phenotype underlying brain hyperexcitability in brain
disorders. Mice with reduced Kv4.2 levels showed a decrease in dendritic spine density and
an immature dendritic spine morphology in the hippocampus. These findings suggest more
general impairments in brain function; however, they were not accompanied by changes in
anxiety-like and perseverative behaviors, defects in sensorimotor gating, or conditioned
freezing memory. In summary, our results suggest that Kv4.2 is an important regulator of
neuronal excitability and brain network dynamics and therefore could be a treatment target
in epilepsy.

Similarly as in a previous study in Kv4.2KO mice (Barnwell et al., 2009), we did not observe
spontaneous seizures during four weeks of continuous video-EEG monitoring in 6-8 week-
old Kv4.2HET mice. This suggests that reduced Kv4.2 levels do not lead to epilepsy in young
adult mice; however, we only used cortical surface EEG recordings paired with video
recordings and may have therefore missed focal hippocampal seizures. Despite the lack of
spontaneous cortical seizures, we observed characteristics of a hyperactive brain network
under baseline conditions. We detected on average increased numbers of spikes and spike
trains in Kv4.2HET mice compared with WT littermates. Individual waveform
characterization of electrographic power spectra also revealed that Kv4.2HET mice have
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significantly increased theta power compared with WT littermates. EEG abnormalities are
characteristic features of autism and epilepsy and are observed in both patients and animal
models (Keller et al., 2017). Changes in theta activity, for example, were shown to be
associated with seizure occurrence in five different mouse models (Milikovsky et al., 2017),
and interictal epileptiform spikes may predict epilepsy (White et al., 2010) and correlate
with epilepsy severity (Rosati et al., 2003). Kv4.2HET mice showed a trend towards
increased epileptiform spike frequency and significantly elevated theta power at a relatively
young age. It is possible that the hyperexcitable phenotype in Kv4.2HET mice may worsen
over time. Future studies are needed to assess if spontaneous recurrent seizures occur in
aged Kv4.2HET mice. Here, we focused on the effect of life-long reduction of Kv4.2 on
brain excitability. Life-long reduction of Kv4.2 most likely mimics genetic epilepsy and
autism disorders that have reduced Kv4.2 expression or function over the life span. Future
studies are needed to assess if acute down-regulation of Kv4.2 as observed in acquired
epilepsies, e.g. after traumatic brain injury or status epilepticus, leads to epileptogenesis and
the development of spontaneous recurrent seizures in mice. A limitation of this study is that
we were not able to reliably discern immobile wake from sleep phases for the EEG analysis.
As brain activity changes with wake or sleep stages, this might have skewed the data, and
more detailed follow-up studies are needed to test the effect of sleep cycles on brain activity
in Kv4.2 heterozygous mice.

Apart from showing that reduction in Kv4.2 levels increases the susceptibility to seizures,
we also observed that bilateral intrahippocampal CA1 injections of a lentivirus
overexpressing Kv4.2 delayed seizure onset and reduced EEG power. These findings suggest
a bidirectional role of Kv4.2 in modulating seizure susceptibility. Increasing Kv4.2 levels
using microRNA manipulation (Tiwari et al., 2019) or viral strategies (present study) could
thus represent a novel therapeutic strategy for epilepsy. A recent study in mice supported the
therapeutic benefit of overexpressing potassium channels as a gene therapy in epilepsy
(Snowhball et al., 2019). Further investigation is needed to confirm the potential seizure
delaying effect of viral overexpression of Kv4.2 using different mouse models of status
epilepticus and acquired or genetic epilepsy. Nevertheless, our results show that virus-
mediated overexpression of Kv4.2 may be a useful tool to modulate network excitability and
seizures.

Consistent with the observed changes in basal brain activity and function, we detected
altered dendritic spine morphology in Kv4.2HET mice. In particular, we observed reduced
dendritic spine density and an immature appearance of spines, i.e. less mushroom-type
spines and more thin and filopodia-type spines. This suggests that Kv4.2 is important for
dendritic spine maturation, which is supported by a study that showed impaired molecular
maturation of Kv4.2X0 synapses on apical dendrites of CA1 pyramidal neurons (Kim and
Hoffman, 2012). Alterations in dendritic spine density and morphology are a characteristic
neuropathological feature of autism and epilepsy (Peebles et al., 2010; Martinez-Cerdeno,
2017). While often times, increased excitability is associated with increased dendritic spine
density, there are a few epilepsy disorders, for example Rett syndrome and Tuberous
sclerosis complex (TSC) that were shown to have reduced dendritic spine density similarly
as reported here (Huttenlocher and Heydemann, 1984; Tavazoie et al., 2005; Belichenko et
al., 2009). Reduction in dendritic spine density could be a compensatory mechanism in
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response to excessive excitability in the dendrite. Another, maybe more likely explanation is
that changes in the numbers of dendritic spines will lead to complex circuit alterations,
which could cause the observed brain excitability. Alternatively, rather the change in
proportion of spine types than the absolute number of dendritic spines may drive the
increased susceptibility to seizures in this mouse model by changing brain circuits (Wong
and Guo, 2013). Our findings of immature dendritic spine morphology in Kv4.2HET mice
are thus consistent with the hypothesis that reduced Kv4.2 contributes to epileptic
phenotypes and potentially other brain dysfunctions. We detected ~1 spine per um in CAl
apical dendrites of WT mice, which is in line with what we and others reported previously in
fixed tissue (Perez-Cruz et al., 2011; Bhattacharya et al., 2012; Gross et al., 2019), but may
underestimate the actual density due to limited optical resolution (Attardo et al., 2015). We
cannot exclude that this potential underestimation may cause a bias in the spine types
detected but assume that it would have affected both genotypes equally and is thus not
invalidating our results.

In addition to dendritic spine density and morphology playing a role in autism and epilepsy,
theta oscillations may influence memory, emotions and cognition (Korotkova et al., 2018).
The alterations in EEG and dendritic spines caused by reduced Kv4.2 levels thus suggest
that brain function is impaired in Kv4.2HET mice; however, we did not detect deficits in
behavioral and cognitive assays. The behavioral paradigms performed were limited in
number and specifically chosen to test for broad autism- and hyperexcitability-associated
phenotypes, such as anxiety (elevated zero maze), home cage behavior (nesting),
perseverative behavior (marble burying), memory (conditioned freezing), and sensorimotor
gating (prepulse inhibition). The observed changes in theta oscillations and dendritic spine
morphology may not be sufficient to cause alterations in these behaviors and brain functions.
This is in contrast to Kv4.2X0 mice that likewise do not display anxiety-related behaviors
but showed impaired learning in contextual conditioned freezing (Lugo et al., 2012), and
suggests that residual levels of Kv4.2 are sufficient for normal conditioned freezing. In
summary, our behavioral analyses do not support a causal relationship between reduced
Kv4.2 expression and autistic-like phenotypes. Previous work suggested that a mutation in
KCNDZ2that leads to functional changes in closed-state inactivation causes autism and
seizures (Lee et al., 2014; Lin et al., 2018). Future investigations could assess if similar
mutations in KCNDZ2are common in autism spectrum disorders. Notably, reduced Kv4.2 has
been reported in a mouse model of Alzheimer’s disease, where it may contribute to
increased susceptibility to seizures and cognitive impairments (Hall et al., 2015). Future
studies are needed to perform a more thorough analysis of cognition, e.g. by testing spatial
navigation or decision making, to further evaluate brain function in Kv4.2 heterozygous
mice and test if they could serve as a mouse model of Alzheimer’s disease.

A limitation of this study is that, apart from a decrease in Kv4.2, we also detected
significantly reduced levels of the accessory protein KChIP3 in Kv4.2HET mice. Kv4
channels are multiprotein complexes containing principal and auxiliary subunits (Vacher and
Trimmer, 2011). Dipeptidyl peptidases (DPPs) and potassium channel interacting proteins
(KChIPs) are the two main classes of auxiliary subunits known to interact with the Kv4.2
channel (Rhodes et al., 2004; Kim et al., 2008), and KChIP subunits were shown to regulate
the surface expression of the complex (Shibata et al., 2003). Studies in KChIP3 knockout
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mice have suggested that loss of KChIP3 reduces A-type current densities (Norris et al.,
2010; Norris and Nerbonne, 2010); hence, the observed downregulation of KChIP3 might
have potentiated the loss of Kv4.2 expression in this model. Of note, KChIP3 was shown to
be reduced in the hippocampus of mice following kainic acid-induced seizure and in patients
with epilepsy (Hong et al., 2003) further supporting the validity of Kv4.2HET mice as a
model of a shared molecular phenotype in epilepsy. By contrast, no changes in the
expression of other subunits (DPP6, DPP10 and KChIP2) or, importantly, Kv4.3, another A-
type potassium channel that is expressed and functional in the hippocampus (Serodio and
Rudy, 1998; Alfaro-Ruiz et al., 2019) were detected. This suggested lack of other potential
compensatory mechanisms affecting A-type currents in the hippocampus; however, western
blot analysis is semiquantitative, and we thus might have missed subtle changes in
expression levels of other Kv4 channel complex subunits that could affect Kv4 channel
function. Moreover, observed percentages of reduction might have not been entirely
accurate.

In summary, this study shows that Kv4.2 expression is a critical determinant of neuronal
network excitability in the brain. This has two important implications: first, it provides
support for a causal role of reduced Kv4.2 in mouse models of epilepsy; and second, it
suggests that increasing Kv4.2 levels may be seizure-suppressive and thus therapeutic in
epilepsy. Our study does not directly support a role of impaired Kv4.2 in mediating autistic-
like behavior or cognitive deficits in mice. However, the fact that basal brain function is
altered in Kv4.2HET mice (dendritic spine morphology and theta oscillations) indicates that
cognition or behavior may also be deficient. The present study mainly focused on the
hyperexcitability phenotype. Future studies are necessary to further analyze a potential
causal role of Kv4.2 in autism, including more sophisticated behavioral analyses over a
wider age-range.
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Highlights

. Kv4.2 heterozygous mice have reduced dendritic spine density and altered
morphology.

. Kv4.2 heterozygous mice do not display autistic-like or anxiety-related
phenotypes.

. EEG analyses of Kv4.2 heterozygous mice suggest neuronal network
hyperexcitability.

. Reduced Kv4.2 decreases latency to kainic acid-induced seizure onset.

. Lentiviral Kv4.2 overexpression increases latency to seizure onset.
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Figure 1: Kv4.2 and KChIP3 are reduced in Kv4.2 heterozygous mice.
(A, B) Kv4.2 protein (A) and mRNA levels (B) are significantly reduced in Kv4.2HET mice

compared with WT control (unpaired t-tests, WT: n=11, HET: n=12; A: t(21)=7.4,
*p<0.0001; B: t(21)=8.3, *p<0.0001). (C) In contrast, Kv4.3 protein levels were unchanged
(unpaired t-test, WT: n=11, HET: n=12; t(21)=1.1, p=0.286). (D-1) Of all tested auxiliary
subunits of the Kv4.2 complex, only KChIP3 (D,F) was significantly reduced, whereas
DPP6 (E,F), KChIP2 (G,I) and DPP10 (H,I) were unchanged (D: unpaired t-test, n=11,
t(20)=2.97, p=0.008; E: unpaired t-test, n=11, t(20)=1.67, p=0.11; G: Mann Whitney test,
WT: n=11, HET: n=12, p=0.83; H: Mann Whitney test, WT: n=11, HET: n=12, p=0.79).
Example Western Blots are shown on top in A and C, as well as in F for D and E, and in |
for G and H. An additional example of western blots shown in F is shown in Fig. S1A.
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DPP6 and KChIP3 were either normalized to Akt or BActin, which did not differ between
genotypes (Fig. S1B). Error bars represent SEM.
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Figure 2: Kv4.2HET mice have reduced dendritic spine density and immature dendritic spine
morphology.

(A) Timeline depicting mouse breeding and steps involved in preparing the tissue for
imaging and dendritic spine analysis. Neurons were visualized by transgenic expression of
EGFP under a thyZ promoter, tissue clearing and confocal imaging. (B) Representative
images of dendrites from WT and Kv4.2HET mice. Scale bar is 5 pm. (C) Dendritic spine
density is reduced in 8-10 week-old Kv4.2HET mice compared with WT littermates (WT:
n=28 dendrites, 6 mice; HET: n=27 dendrites, 5 mice; unpaired t-test, t(53)=3.73;
*p=0.0005). (D) The proportion of thin and filopodia-like dendritic spines is increased,
whereas the proportion of mushroom-shaped dendritic spines is reduced in Kv4.2HET mice
(2-way ANOVA with Sidak’s post hoc tests: interaction: F(2,171)=15.53, p<0.0001; spine
type: F(2,171)=277, p<0.0001; genotype: F(1,171)<0.0001, p(genotype)>0.9999;
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*p<0.0001, #p=0.030, p(ns)=0.156; n as in C). Mean+/-SEM: thin/filo WT: 0.542+/-0.025;
thin/filo HET: 0.682+/-0.029; stubby WT: 0.132+/-0.019; stubby HET: 0.072+/-0.011;
mushroom WT: 0.327+/-0.015; mushroom HET: 0.246+/-0.022. (E,F) Significant reduction
in spine density was observed in male (E, WT: n=16 dendrites, 2 mice; HET: n=16, 3 mice,
unpaired t-test, t(30)=3.10, *p=0.0042) and female mice (F, WT: n=17 dendrites, 3 mice;
HET: n=18, 3 mice; unpaired t-test, t(33)=3.39, *p=0.0019). Dendritic spines were
quantified using ImageJ (NIH) (C,E,F) and Neurolucida 360 (MBF Bioscience) (D). Error
bars represent SEM. Reduction of Kv4.2 in thyZI-EGFP Kv4.2 heterozygous hippocampus
was similar as shown for mice without the #1yZ-EGFP transgene (Fig. S2).
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Figure 3: Reduced Kv4.2 does not affect behavior or startle.
(A, B) No change in nesting behavior was observed at 2 h (A, WT: n=21; HET: n=17; Mann

Whitney test, p=0.278) and 24 h (B, WT: n=20; HET: n=17; Mann Whitney test, p=0.436).
(C, D) In the marble burying assay, no difference in latency to start digging (C, WT: n=23;
HET: n=18; Mann Whitney test, p=0.77), or in the number of buried marbles at 5, 10 and 15
min of the task were observed (D, WT: n=23; HET: n=18; repeated measure 2-way ANOVA,
interaction (time x genotype): F(2,78)=0.80, p=0.453; genotype: F(1,39)=1.01, p=0.322;
time: F(2,78)=28.20, p<0.0001, no significant differences in pairwise comparisons using
Sidak’s multiple comparisons test). Data from male mice are shown, results in female mice
were similar. (E-G) Male Kv4.2HET mice are indistinguishable from WT littermates in
latency to enter the open quadrant (E, WT: n=23; HET: n=17; Mann Whitney test, p=0.730)
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or time spent in the open quadrant (F, WT: n=23; HET: n=17; unpaired t-test; t(38)=0.59,
p=0.558) or transitions (G, WT: n=23; HET: n=17; Mann Whitney test, p=0.357) in the
elevated zero maze. (H, 1) Kv4.2HET mice and WT littermates showed no difference in the
Vmax response during the pre-pulse inhibition on day 1 (H, WT: n=12; HET: n=12;
repeated measure 2-way ANOVA, p (interaction)=0.737, p(genotype)=0.866,
p(time)<0.0001) or day 2 (I, WT: n=12; HET: n=12; repeated measure 2 way ANOVA,
p(interaction)=0.264, p(genotype)=0.631, p(time)<0.0001). (J-M) Similarly, no difference
was observed in the response to a foot shock paired with tone (unconditioned stimulus, CS-
US) (J) or in contextual (K) or cued trials at 48 (L) and 72 hours (M) after conditioning.
Numbers of photo beam breaks as a measure of movement during the experimental session
are shown. Sample sizes were 12 for both genotypes. Error bars represents SEM.
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Figure 4: Increased theta power and increased number of electrographic spikes in Kv4.2HET

mice.

(A) Representative EEG traces of WT and Kv4.2HET mice. Waveform-specific EEG power
analyses during day time showed significantly increased theta waveforms (B, Mann Whitney
test, *p=0.008), but no significant changes in alpha (C, a), delta (D, §), sigma (E, ), beta
(F, B) and gamma (G, y) was observed in Kv4.2HET mice compared with WT (unpaired t-
tests, C: t(10)=1.888, p=0.088; D: t(10)=0.178, p=0.443; E: t(10)=0.153, p=0.881; F:
t(10)=0.224, p=0.826; G: t(10)=0.775, p=0.456). Likewise, during night time, significantly
increased 6 waveforms (H, unpaired t-test, t(10)=2.701, p=0.022) was observed, but there
were no significant changes in a (1), 6 (J), Z (K), B (L), and -y (M) power (unpaired t-tests,
I: 1(10)=1.780, p=0.105 ; J:t(10)=0.773, p=0.457; K: t(10)=0.587, p=0.570; L: t(10)=0.105,
p=0.917; M: t(10)=1.482, p=0.169) ). Waveform-specific EEG signal was normalized to
total power across all waveforms. Shown is the average EGG power during 5-min epochs
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from recordings on three consecutive days or nights, respectively. (N-Q) Analyses of
epileptiform spikes during the day and night time period showed a trend towards increased
frequency of spikes during the day but not the night (N, day: unpaired t-test, t(10)=2.134,
p=0.059 and P, night: t(10)=1.514, p=0.161) and of spike trains during the night but not the
day (O, day: Mann Whitney test, p=0.182; Q, night: Mann Whitney test, p=0.061)) in
Kv4.2HET mice compared with WT. Sample size was 6 for both genotypes. Examples of
spikes and spike trains are shown in Fig. S3. Error bars represent minimum to maximum.
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Figure 5: Reduced Kv4.2 levels increase susceptibility to kainic acid-induced seizure.
(A) Timeline depicting time points for electrode implantation and kainic acid injection and

EEG recordings. (B) Seizure onset analysis post kainic acid showed reduced latency to
seizure onset in Kv4.2HET mice compared with WT littermates (WT=5, Het=6; unpaired t-
test, t(9)=2.91, *p=0.017). (C) EEG power analysis showed significantly increased 6 power
in the Kv4.2HET mice compared with WT controls (n=5, unpaired t-test, t(8)=2.49,
*p=0.037). (D-G) No significant change was observed in any of the other waveforms
analyzed, (n=5; unpaired t —test, D: t(8)=2.27, p(a)=0.052; E: t(8)=1.89, p(6)=0.096; F:
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t(8)=2.08, p(X)=0.071; G: t(8)=2.04, p(p)=0.076). However, all EEG waveforms showed a
trend towards significantly increased power. Waveform-specific EEG baseline power (prior
kainic acid injection) was subtracted from post-injection EEG to normalize for signal
intensity. One Kv4.2HET mouse was eliminated from EEG power analysis due to noisy EEG
signal. Error bars represent SEM in B, and minimum to maximum in C-G.
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Figure 6: Overexpression of Kv4.2 levels reduces seizure susceptibility.
(A) Timeline depicting the time points for electrode implantation, lentivirus injection and

kainic acid injection and EEG recordings. (B) Western blot showing lentivirus-mediated
overexpression of Kv4.2 in HEK-293 cells. Cells were transfected with increasing amounts
of Kv4.2-expressing (Lv-Kv4.2) or control (Lv-Ctr) virus and assessed for Kv4.2 expression
using western blotting three days later. Numbers indicate multiples of 1000 transfective
units. (C) A lower dose of Kv4.2-expressing lentivirus (1 pl/side = ~100,000 transfective
units/side) has no effect on seizure onset (8—-9 week-old males injected with 15 mg/kg kainic
acid two weeks after virus injection; n = 3; unpaired t-test, t(4) = 1.91, p = 0.129). (D)
Double dose (2 pl/side = ~200,000 transfective units/side) of hippocampal injections of
Kv4.2-expressing lentivirus significantly increases the latency to kainic acid-induced seizure
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(n =5; unpaired t-test, t(8) = 3.47, *p = 0.008). (E) 6 power was decreased in Kv4.2
overexpressing mice during the first 90 min after kainic acid injection (baseline subtracted,;
ctr: n = 4; Kv: n = 3; unpaired t-test, t(5) = 2.69, *p = 0.043). (Fsingle bondl) No significant
difference was observed in other EEG waveforms (unpaired t-tests, F: t(5) = 1.75, p(8) =
0.140), G: t(5) = 1.54, p(a.) = 0.183, H: t(5) = 1.72, p(Z) = 0.146; I: t(5) = 2.03, p(B) =
0.098). (J) Lentivirus-mediated Kv4.2 mRNA overexpression in the hippocampus was
confirmed by gRT-PCR on hippocampal tissue punches (ctr: n = 11; Kv4.2: n = 10; Mann-
Whitney test, *p = 0.038). Error bars represent SEM in C, D and J, and minimum to
maximum in E-I.
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