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Abstract

Autism spectrum disorder (ASD) affects ~2% of the population in the US, and monogenic forms
of ASD often result in the most severe manifestation of the disorder. Recently, SCN2A has
emerged as a leading gene associated with ASD, of which abnormal sleep pattern is a common
comorbidity. SCN2A encodes the voltage-gated sodium channel Nay1.2. Predominantly expressed
in the brain, Nay,1.2 mediates the action potential firing of neurons. Clinical studies found

that a large portion of children with SCN2A deficiency have sleep disorders, which severely
impact the quality of life of affected individuals and their caregivers. The underlying mechanism
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of sleep disturbances related to Nay,1.2 deficiency, however, is not known. Using a gene-trap
ScnZa-deficient mouse model (Scn24"@P), we found that Scr2a deficiency results in increased
wakefulness and reduced non-rapid-eye-movement (NREM) sleep. Brain region-specific ScnZa
deficiency in the suprachiasmatic nucleus (SCN) containing region, which is involved in circadian
rhythms, partially recapitulates the sleep disturbance phenotypes. At the cellular level, we found
that Scn2a deficiency disrupted the firing pattern of spontaneously firing neurons in the SCN
region. At the molecular level, RNA-sequencing analysis revealed differentially expressed genes
in the circadian entrainment pathway including core clock genes Peri and Per2. Performing

a transcriptome-based compound discovery, we identified dexanabinol (HU-211), a putative
glutamate receptor modulator, that can partially reverse the sleep disturbance in mice. Overall,

our study reveals possible molecular and cellular mechanisms underlying Scn2a deficiency-related
sleep disturbances, which may inform the development of potential pharmacogenetic interventions
for the affected individuals.

Keywords

\Woltage-gated sodium channel; Nav1.2; channelopathy; sleep disorder; circadian clock; autism
spectrum disorder; neurodevelopmental disorder

Introduction

Autism spectrum disorder (ASD), a major neurodevelopmental disorder, affects
approximately 1 out of 44 children in the US according to the report from the Centers

for Disease Control and Prevention (CDC). Multiple genetic studies have identified a range
of monogenetic mutations in patients with ASD (Hoischen et al., 2014; Johnson et al., 2016;
Sanders et al., 2012; Wang et al., 2016). Most recently, a large-scale study has revealed that
both protein-truncating variants and missense variants of SCNZ2A were among the largest
set of variants identified in children with ASD (Satterstrom et al., 2020), highlighting an
important role of the SCAN2A gene in ASD etiology.

SCNZA encodes the voltage-gated sodium channel Nay/1.2, a major sodium channel widely
expressed in the central nervous system (CNS). Nay/1.2 is known to mediate action potential
(AP) firing and synaptic functions (Gazina et al., 2015; Hu et al., 2009). Previous work
with mouse models has shown that the complete knockout of ScnZais lethal (Planells-Cases
et al., 2000). Studies of the heterozygous (HET) knockout of ScnZa (expressing ~50%

of Nay1.2 protein) reveal minor to modest behavioral abnormalities in mice (Léna and
Mantegazza, 2019; Ogiwara et al., 2018; Planells-Cases et al., 2000; Shin et al., 2019;
Spratt et al., 2019; Tatsukawa et al., 2019). Our lab established a unique mouse model of
ScnZa deficiency with a gene-trap strategy (homozygous for the gene-trap is referred to as
ScnZa-deficient or Scn24™@ mice), which results in the expression of ~25% of the wild-type
(WT) level of ScnZaprotein in adulthood. These mice display major neurodevelopmental
defects including impaired innate behavior and elevated anxiety, among others (Eaton et al.,
2021), likely modeling the severe aspects of ScnZa deficiency-related disorders.

Sleep problem is known to be prevalent comorbidity in children with ASD (Glickman, 2010;
Maxwell-Horn and Malow, 2017; Missig et al., 2020; Veatch et al., 2015). An estimated
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40-80% of the ASD population experience sleep disturbances that do not improve with

age (Lai et al., 2014). Additionally, sleep impairment is a strong predictor of the severity

in core ASD symptoms (MacDuffie et al., 2020; Schreck et al., 2004). A clinical study of
children with SCN2A deficiency suggests that they have difficulty falling and staying asleep
(Crawford et al., 2021). According to Simons Searchlight Registry Update for SCNZ2A,
about 76.9% SCNZA children have a high likelihood of sleep problems with “wakes during
the night”, “sleeps too little”, “doesn’t fall asleep in 20 minutes” and “seems tired” as

the top complaints (SimonsSearchLight, September 2021 report). The sleep problems of
affected children reduce their quality of life and also pose a major burden on their caregivers
(Berg et al., 2021). Despite the prevalence of sleep issues in these patients, whether a mouse
model of ScnZa deficiency may recapitulate sleep abnormalities has not been determined,
hindering the understanding of mechanisms underlying sleep disorders to advance drug
discovery efforts.

Here, we performed a study to elucidate the sleep architecture of our ScnZa-deficient
mice. We found that a global ~75% Scn2a deficiency resulted in increased wakefulness
and reduced non-rapid-eye-movement (NREM) sleep, which can be partially recapitulated
by Cre recombinase-induced brain region-specific ScnZa deficiency in the suprachiasmatic
nucleus (SCN) containing hypothalamic region. Interestingly, SCN neurons with ScnZa
deficiency display abnormal hyperexcitability and irregular firing intervals, suggesting a
possible cellular mechanism underlying the sleep disturbance phenotype. Moreover, RNA-
sequencing (RNA-seq) analysis found that Scn2a deficiency resulted in a widespread change
of gene expression including the core clock genes Perl and Per2. Using a transcriptome-
based compound discovery approach, we further identified a putative glutamate receptor
modulator HU-211 that partially reverses the sleep disturbances of the Scn2a-deficient
mice. Together, our study may inform the development of pharmacogenetic therapeutics to
intervene in sleep disturbances related to SCN2A deficiency.

Scn2a-deficient mice display disrupted sleep patterns.

Clinical studies have found that children carrying SCNZA loss-of-function or protein-
truncating variants (collectively known as SCN2A deficiency) often have sleep problems
(Crawford et al., 2021). To understand how ScnZa deficiency affects sleep in mice, we
utilized a Scn2a-deficient mouse model generated using a gene-trap strategy (homozygous
for the gene-trap is referred to as ScnZa-deficient or Scn24"@ mice) (Eaton et al., 2021)
(Figure S1A). We performed video-electroencephalogram (EEG)/electromyography (EMG)
recording to continuously monitor freely moving male and female mice (Figure S2A)
(Soltani et al., 2019). With video confirmation, EEG/EMG waveforms were classified in
10-sec epochs as i) wakefulness (low-voltage, high-frequency EEG; high-amplitude EMG)
(Figure S2B); ii) non-rapid-eye-movement (NREM) sleep (high-voltage, mixed-frequency
EEG; low-amplitude EMG) (Figure S2C); or iii) rapid-eye-movement (REM) sleep (low-
voltage EEG with a predominance of theta activity [~4-8 Hz]; low-amplitude EMG)
(Figure S2D) (Chen et al., 2018). Notably, we observed that ScnZa-deficient mice had
abnormal sleep patterns with increased wakefulness and reduced NREM sleep (Figure 1A).
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In particular, we found that ScnZa-deficient mice had a significant increase in wakefulness
during both light and dark cycles (Figure 1B). This increased wakefulness seems to be
accompanied by the reduction of NREM sleep (Figure 1C). The REM sleep between

WT and ScnZa-deficient mice, however, was largely unchanged (Figure 1D). Notably,
heterozygous (HET) ScnZa-deficient mice (HET) with a reduction of Scn2a expression

to ~50% (Figure S3A-B) of the WT level do not have an observable sleep disturbance
phenotype (Figure S3C-E).

To gain a deeper understanding of the sleep-wake profiles of Scn2a-deficient mice, we
determined the percent of the time, epoch, number, and mean duration of bouts/episodes
among wakefulness, NREM, and REM in both light and dark periods (Figure 1E—M, and
S3C-E). Scn2a-deficient mice had significantly increased time/epochs in wakefulness and
increased number of bouts in both light and dark cycles, while the duration of bouts was
decreased (Figure 1E, 1H, 1K, S3C). On the other hand, the time and epochs of NREM in
ScnZa-deficient mice were decreased, the number of bouts in NREM sleep was increased,
and the duration of the bout was decreased (Figure 1F, 11, 1L, and S3D). Changes in REM
sleep were also observed, but at a smaller scale (Figure 1G, 1J, 1M, and S3E). These data
collectively indicate that the sleep pattern of Scn2a-deficient mice had more fragmentation
compared with that of WT mice. We also quantified the power density of wakefulness,
NREM, and REM states (Figure S2E-G and Figure S3F-H). We identified an increase in
the power density of the delta band (~0-4 Hz) in the awake state during the dark cycle and
a decrease in the power density of the delta band in NREM sleep during the light cycle in
ScnZa-deficient mice. Furthermore, we also observed an increase in the power density of the
theta band (~4-8 Hz) in NREM and REM states during the light cycle, as well as an increase
in the power density of the delta band in the REM state during the dark cycle (Figure
S2E-G and Figure S3F-H). No notable difference was observed in the three vigilance states
(wakefulness, NREM, REM) of heterozygous (HET) ScnZa-deficient mice compared with
WT mice (Figure S3F-H). Our data indicate that only homozygous (but not heterozygous)
Scn24"@P mice have major sleep disturbances.

The suprachiasmatic nucleus (SCN) of the hypothalamus is a major locus that regulates
circadian rhythms and sleeps in the brain (Hastings et al., 2018; Mohawk et al., 2012;
Saper et al., 2005). The expression of Scn2ahas been found in SCN-containing regions
(Wen et al., 2020; Zeisel et al., 2018). This led us to test whether the sleep abnormalities
observed in ScnZa-deficient mice may be related to the dysregulation of Scn2afunction
specifically in the SCN-containing regions. To this end, we studied SCN-containing region-
specific manipulation of ScnZaexpression in our mice. In particular, we first obtained
ScnZa “conditional ready” mice with Exon 2 and 3 of ScnZ2a floxed by LoxP sites (ScnZa
tmic or Scn2a™f mice) (Figure S1A). We then achieved brain region-specific conditional
deficiency of ScnZawith local AAV-Cre injection. ScnZa-tmlc mice were identified by
genotyping (Figure S1B), and indeed had similar Scn2aexpression levels compared to

that of the WT mice (Figure S1C-D), validating this genetic modification strategy. AAV-
Cre was microinjected into the SCN containing region, followed by a video-EEG/EMG
recording (Figure 2A-B). Interestingly, we found that mice with Cre recombinase-induced
ScnZa deficiency in the SCN-containing region had increased wakefulness and reduced
NREM sleep (Figure 2C—H), partially mimicking the phenotypes observed in global Scn2a-
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deficient mice. Cre-mediated ScnZa-deficient mice also had significantly increased bouts

of wakefulness and NREM in the light cycle with no major difference in REM sleep
compared to mice with vehicle injection (Figure 21-K). The average bout duration in NREM
sleep was significantly decreased during both the light and dark cycles in Cre-mediated
ScnZa-deficient mice compared to mice with vehicle injection, whereas those in wakefulness
and REM remain largely unchanged (Figure 2L—N). Nesting is suggested to be related

to sleep behavior (Eban-Rothschild et al., 2016). Cre-mediated Scn2a deficiency in the
SCN-containing region of the mice also severely impaired nesting behaviors (Figure S4A-
B), which has been previously observed in our global ScnZa-deficient mice (Eaton et al.,
2021). Together, our data suggest an important role of Scn2ain the SCN-containing region,
which regulations many aspects of sleep-related behaviors.

Scn2a-deficient mice show impaired wheel-running activity.

Disrupted sleeping patterns are often associated with an impairment of circadian rhythms
(Borbely et al., 2016). To determine explicitly whether the circadian rhythm behavior is
defective in Scn2a-deficient mice, we utilized a wheel-running test (Figure 3A), which
measures the rhythmic locomotor activity over time (Ingiosi et al., 2019). A neurotypical
WT mouse runs on the wheel during the dark cycle when they are awake, but does not run
much during the light cycle when they are asleep. As expected, WT mice had a rhythmic
change of running activity, peaking during the middle of the dark cycle, largely following
a sine wave pattern (Figure 3B, 3D). Although the ScnZa-deficient mice still had higher
running activity in the dark cycle per se, the running activity of the Scrn2a-deficient mice in
the light cycle was higher than that of WT with a decreased sine wave pattern (Figure 3C,
3E, 3F). Moreover, the R for sine-wave fitting in Scn2a-deficient mice was significantly
smaller than that in WT mice, indicating a larger heterogeneous running activity and
weaker circadian rhythm in the ScnZa-deficient mice (Figure 3G). JTK_CYCLE analysis
was performed to calculate the circadian-related parameters such as the period and phase
(Hughes et al., 2010). While the 24-hour circadian period remained similar between WT
and Scn24"@ mice (Figure 3H), we observed that phase (peak of the relative wheel-running
activity) of ScnZa-deficient mice was delayed for about 2 h, compared to a phase located to
~5.5 h for WT mice (Figure 31). Furthermore, we also noted that heterozygous (HET) mice
show no detectable differences in wheel-running behavior compared to WT mice (Figure
S5A-B). Our data thus demonstrate that the circadian rhythms of the Scn2a-deficient mice
are potentially disturbed.

Scn2a deficiency causes drastic changes in the firing pattern of SCN neurons.

The SCN is a critical brain region involved in sleep and circadian rhythms (Borbely et al.,
2016; Saper et al., 2005), and our data showed that the Cre recombinase-mediated ScnZa
deficiency in SCN containing region resulted in an altered sleep pattern. Thus, we asked how
the function of SCN neurons could be affected by Scn2a deficiency, while acknowledging
that other brain regions can regulate the sleep process as well (Saper et al., 2005). As the
majority of SCN neurons fire action potentials spontaneously (Harvey et al., 2020), we

used a cell-attached configuration to record the activity of these neurons in the SCN core
(Figure 4A). SCN neurons from WT mice displayed clear spontaneous firing, averaged at
2.42 +0.32 Hz (Figure 4B-C). Interestingly, SCN neurons in Scn2a-deficient mice fired
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ma et al.

Page 6

at a significantly higher frequency of 3.61 + 0.32 Hz (Figure 4B—C). Accordingly, the
inter-spike interval was significantly reduced. Since we noticed that the spike firing pattern
in ScnZa-deficient mice seemed to be less rhythmic (Figure 4B), we plotted the distribution
of spike intervals for both WT and ScnZa-deficient mice. We noticed that the action potential
spike interval of neurons in Scn2a-deficient mice was highly enriched in the <500 ms range,
whereas the number of intervals at >500 ms range was reduced (Figure 4D-E). Our data
thus suggest firing irregularities of ScnZa-deficient mice compared to WT mice, which may
contribute to an irregular circadian rhythm and abnormal sleep patterns.

RNA-sequencing and gPCR analyses reveal disrupted circadian entrainment pathways and
altered core clock genes expression.

To understand the possible molecular mechanisms underlying ScnZa deficiency-related
phenotypes, we conducted RNA sequencing analysis (Zhang et al., 2021). Statistically
significant differentially expressed genes (DEG) between WT and ScnZa-deficient mice
show an enrichment of the circadian entrainment pathway (Figure 5A). A heatmap of the
DEG from all four WT and ScnZa-deficient mice (Figure 5B, Figure S6A, S6B) shows
segregation of gene expression. Of particular interest, we found that the expressions of core
clock genes including Perl and Per2were significantly reduced (71% and 69% of the WT
value, respectively). Moreover, the protein-protein interaction map of the DEGs revealed
three clusters of pathways, including circadian rhythms, cGMP-PKG/MAPK signaling, and
glutamatergic synapse clusters (Figure 5C).

To validate the RNA-seq results, especially the change of expression in core clock genes,

we performed qPCR experiments in an independent set of samples that were different from
the samples used for RNA sequencing. Our data confirmed that the expression of ScnZawas
markedly reduced (sample collected at ZT12-ZT14, Figure 5D). Nay/1.6 and Nay/1.2 are two
major sodium channels often working in a coordinated fashion in principal neurons of the
CNS (Bunton-Stasyshyn et al., 2019; Lopez-Santiago et al., 2017). Interestingly, our result
shows that the expression of Scn8awas largely unchanged in ScnZa-deficient mice. Notably,
we revealed that the expressions of canonical core clock genes were significantly changed

in ScnZa-deficient mice, with decreased expression in Perl, PerZ, and Decl, and increased
expression in Bmall (Figure 5D). To understand whether the expressions of core clock
genes may lose their signature rhythmic expression in ScnZa-deficient mice, we further
tested the expression of PerZ and Per2 at two-time points (ZT2 in the light cycle and ZT14
in the dark cycle) (Figure 5E). These core clock genes are expected to have high expression
levels in the dark cycle (ZT14) and low expression levels in the light cycle (ZT2) (Kohsaka
et al., 2007). Interestingly, we found that the expressions of both Per 7 and Per 2were
reduced in the dark cycle of ScnZa-deficient mice compared to the WT mice (Figure 5F—
G), suggesting that the rhythmic expressions of core clock genes were disrupted. As sleep
patterns are closely associated with circadian entrainment, our data suggest that abnormal
expression of core clock genes related to circadian rhythms could be a molecular mechanism
underlying the altered sleep pattern of ScnZa-deficient mice.

Neurobiol Dis. Author manuscript; available in PMC 2023 June 15.
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Putative glutamate receptor modulator dexanabinol (HU-211) partially reverses the
abnormal sleep phenotypes.

Transcriptome-based compound discovery approaches have emerged as a novel strategy for
the identification of molecules with therapeutic potential via a connective map (CMAP)
analysis (Dhindsa et al., 2021; Lamb et al., 2006; Musa et al., 2018; Paranjpe et al.,

2019; Shukla et al., 2021; Subramanian et al., 2017). Analyzing the transcriptome of a
“diseased transcriptome” and “reference transcriptome” obtained from the treatment of
different molecules, this approach identifies compounds that may reverse the “diseased”
transcriptome. Applying this algorithm to our RNA-seq data, we identified a list of
perturbagen molecules that displayed a negative tau score of < —90, with a score close

to —100 value indicating a better reversal of the “diseased” transcriptome (Figure 6A). As
our RNA-seq analysis revealed that the endocannabinoid (Figure 5A) and glutamate-related
pathways (Figure 5C) were altered, we were particularly interested in one of the compounds
on the list, dexanabinol (HU-211). This cannabinoid derivative has been suggested to be

a putative glutamate receptor modulator (Figure 6B), which was studied in clinical trials
(Eshhar et al., 1993; Shohami et al., 1993; Striem et al., 1997). It does not appear to be
sedative and has been shown to induce locomotor hyperactivity in rodents (Eshhar et al.,
1993; Shohami et al., 1993).

To experimentally test the effect of HU-211 on sleep behaviors, a head-mount for
EEG/EMG recordings was implanted in the Scn2a-knockdown (KD mice achieved by virus
injection) together with a cannula. HU-211 (2.5 mg/ml in 2 ul) was given to the mice

via intraventricular injection into the cannula every 24 hours for 3 days (Shohami et al.,
1993) (Figure 6C). After that, the sleep patterns of the mice were examined for two days.
Since ScnZa deficiency mainly increases wakefulness and reduces NREM sleep, we focused
our analysis on these two states. Interestingly, we found that HU-211 was able to reduce
wakefulness of the Scn2a-KD mice towards WT level compared with vehicle treatment,
especially during the light cycle when mice normally sleep (Figure 6D). Correspondingly,
the NREM sleep was increased in ScnZa-KD mice with HU-211 treatment (Figure 6E).

We also collected the SCN-containing tissues of these mice to quantify the expression of
multiple genes identified by CMAP analysis using qPCR. We noted that the expressions

of multiple circadian-related genes (Fos/2, Perl, Ptgs2, Egr3) that were differentially
expressed in the ScnZa-deficient mice were shifted toward WT level after the HU-211
treatment (Figure 6F & Figure S7). Furthermore, we revealed that the HU-211 treatment
could also affect the expression of glutamate receptors Grial, Gria2, Grid2, and Grik4 at a
transcriptional level (Figure 6F & Figure S7). Taken together, our data suggest that HU-211,
a candidate molecule identified from transcriptome-based compound discovery, was able to
partially rescue the sleep disturbance phenotypes and gene expression pattern of ScnZa-KD
mice.

Discussion

Here we report that ScnZa deficiency in mice results in increased wakefulness and reduced
NREM sleep, accompanied by increased fragmentations of sleep. These abnormal sleep
phenotypes can be partially recapitulated by Cre recombinase-induced deficiency of Scn2a
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in the SCN-containing region, a main brain area associated with the regulation of circadian
rhythms and sleep. Our data further reveal that spontaneously firing neurons in SCN

with ScnZa deficiency have altered excitability and interval of firing, likely serving as a
cellular mechanism underlying impaired sleep and circadian rhythm. Consistent with these
findings, we identified circadian entrainment as one of the leading pathways altered in
ScnZa-deficient mice using RNA-seq. Utilizing a transcriptome-based compound discovery
approach, we demonstrated that HU-211, a putative glutamate receptor modulator, can
partially rescue the sleep disturbance phenotypes.

\Woltage-gated sodium channels Nay/1.1, Nay1.2, and Nay1.6, encoded by Scnla, Scn’a, and
Scné8a, respectively, are the three main sodium channels expressed in the adult CNS that
mediate action potential firing. Because of their important roles in neurons, not surprisingly
mutations of these channels are involved in many types of neurodevelopmental disorders
(Meisler et al., 2021). Nay/1.2 and Nay/1.6 are suggested to be predominantly expressed in
principal neurons, whereas Nay1.1 plays important roles primarily in interneurons (Han et
al., 2012a; Hu et al., 2009). Mice with Scn&a/Nay,/1.6 loss-of-function mutations display
increased NREM sleep and impaired REM sleep generation and quality (Papale et al.,
2010). On the other hand, ScrZa*~ mice have a fragmented rhythm of NREM sleep and

an elongated circadian period (Sanchez et al., 2019). These mice display reduced theta
power related to NREM sleep (Kalume et al., 2015) and have dramatic impairments in
intercellular signaling in the SCN including circadian deficits (Han et al., 2012b). A study
on the knockin mouse model carried R1648H loss-of-function mutation in Scrlarevealed
increased wakefulness, as well as reduced NREM and REM sleep during the dark phase
(Papale et al., 2013). It is worth noting that the impaired sleep phenotypes we identified
from the ScnZalNay/1.2 deficient mice are quite distinct. While ScnZaand Scn8a may have
overlapping expression patterns in certain neurons, Scnéa deficiency led to an increased
NREM duration of the total sleep, but Scn2a deficiency resulted in decreased NREM sleep.
A reduced power density in NREM and REM sleep was reported in Scnla*’~ mice, but

we noted an increase in the power density in Scn2a-deficient mice. These differences

in sleep and circadian rhythms observed in mouse models of Scnla, ScnZa, and Scn8a
may suggest different roles of these sodium channels in sleep and circadian homeostasis.
The availability of diverse models thus allows further comparisons to identify distinct or
convergent mechanisms underlying neurodevelopmental disorder and its sleep comorbidity
to develop targeted therapeutics.

The conventional paradigm suggests that ScnZa deficiency impairs neuronal excitability, but
we and others recently reported that Scrn2a-deficient principal neurons of the cortico-striatal
circuit display an unexpected elevation of neuronal excitability (Spratt et al., 2021; Zhang
et al., 2021), to an extent similar to the phenotypes of Scn2a gain-of-function variant (Que
et al., 2021). In this current study, we found that SCN neurons in Scn2a-deficient mice,
which are suggested to be the pacemaker of the circadian clock, display an increased firing
frequency. It is worth pointing out that without proper genetic labeling, the exact identity of
the neurons we patched is not known. However, as we were mainly focusing on the neurons
in the SCN core region, these neurons we studied were likely to be vasoactive intestinal
peptide (VIP) neurons (Abrahamson and Moore, 2001; Dibner et al., 2010; Kawamoto et
al., 2003; Mohawk et al., 2012; Zhang et al., 2009). The finding of increased firing in
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these SCN neurons is quite remarkable, considering SCN neurons are functionally very
different compared to cortical and striatal neurons. Additionally, our detailed analysis further
reveals that the regularity of spike interval was altered in ScnZa-deficient SCN neurons.

This is interesting as it was suggested that temporal coding (timing or pattern of firing)

can affect the synaptic plasticity to control sleep (Harvey et al., 2020; Tabuchi et al.,

2018). Indeed, Nay/1.2 is suggested to contribute to the backpropagation of action potential
in cortical pyramidal neurons, which could be essential for synaptic plasticity (Spratt et

al., 2019). However, whether Nay/1.2 also plays a similar role in SCN neurons remains

to be determined. Regardless, the abnormal distribution of spike intervals observed in the
Scn2a-deficient mice thus may indicate a temporal coding alteration, potentially contributing
to the abnormal circadian rhythms and sleep disturbance phenotypes.

It is not intuitive how the deficiency of Nay/1.2, a transmembrane protein, may result in the
disrupted expression of core clock genes related to sleep and circadian rhythm. While we
did not have direct evidence to elucidate a complete pathway, our interaction map analysis
pointed to an interesting hypothesis that deficiency of the Nay/1.2 may affect the expression
of core clock genes via the MAPK/ERK pathways, which could phosphorylate factors that
are known to transcriptionally regulate core clock genes (Hirayama et al., 2005; Karin, 1995;
Tao et al., 2015; Yap and Greenberg, 2018). The MAPK/ERK pathway, interestingly, is
found to be important in multiple mouse models related to neurodevelopmental disorders.
Inhibition of MAPK-interacting kinases (NMKSs) was shown to ameliorate behavioral
abnormalities in an NV/gn3-loss mouse model related to ASD (Hornberg et al., 2020) as

well as Fmr1 knockout mice related to Fragile X syndrome (Gkogkas et al., 2014). Notably,
sleep disruption is also presented in these mouse models (Boone et al., 2018; Thomas et al.,
2017). An altered MAPK/ERK signaling pathway may be a potential convergent mechanism
underlying genetically distinct mouse models related to neurodevelopmental disorders that
display sleep abnormalities.

Transcriptome-based compound discovery has emerged as a novel approach to identify
promising molecules with therapeutic potential based on the “reversal” of the gene
expression profile for many different types of disorders (Lamb et al., 2006; Paranjpe et
al., 2019; Shukla et al., 2021; Siavelis et al., 2016; Subramanian et al., 2017; Szymczak et
al., 2021). Here in this study, we applied this approach to study ScnZa deficiency-related
phenotypes. We were able to observe a partial rescue of the abnormal sleep phenotypes by
HU-211, suggesting the utility of such an approach for intervening in sleep disturbance.
While the exact target and mechanism of HU-211 remain to be determined, we suspect
that directly or indirectly modulation of glutamate receptor activities by HU-211 may
impact sleep homeostasis, considering glutamate concentration and glutamate receptor
activity are highly correlated with wakefulness and NREM sleep (Ferraro et al., 1997;
Minzenberg and Carter, 2008). While the identification of molecules to alleviate the
phenotype using this novel transcriptome-based compound discovery is interesting, there
are potential limitations worth mentioning. First of all, the initial “reference” dataset of
this analysis was generated with cell lines tailored for cancer research. Thus, the results
are likely to be biased towards molecules that regulate signaling pathways associated with
cancer biology, potentially limiting “matches” that can be calculated by the algorithm
with transcriptome from brain tissues. Second, this method is solely based on gene
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expression and is disease type/phenotype agnostic. As Scn2a deficiency could cause a
range of distinct cellular and behavioral abnormalities, it is not known to what extent

the identified molecules may affect the wide array of cell types and disease phenotypes.
Third, RNA-seq was performed on cortex samples due to practical consideration. As the
SCN brain region is very small, it is hard to accurately target or obtain only the SCN
region for study. However, we partially mitigated this issue by further validating the results
using SCN-containing hypothalamic samples. Fourth, while HU-211 is likely to rescue the
AP phenotype in the ScnZa-deficient neurons of SCN, our current study did not provide
direct evidence regarding the effect of HU-211 on AP firing, which could be a possible
future experiment. However, while limitations exist, our study provided proof-of-principle
evidence that this transcriptome-based compound discovery approach might be useful in
the study of monogenic neurodevelopmental disorders related to Scn2a deficiency. Our
study calls for additional investigation to further demonstrate the utility of this approach in
different neurological disorders and distinct disease models.

Conclusions

In summary, we revealed that Scrn2a deficiency results in impaired sleep architecture and
circadian rhythm in mice at the molecular, cellular, and behavioral levels. We further
demonstrated that a transcriptome-based compound discovery approach was able to identify
a molecule that partially reverses the abnormal sleep phenotypes. Our findings may

provide insights into the development of novel disease-modifying agents to treat the
neurodevelopmental phenotypes and co-morbidities related to Scn2a deficiency.

Materials and Methods.

Animals.

All experimental procedures were approved by the Purdue University Institutional Animal
Care and Use Committee (IACUC) and Peking University Health Science Center.

Mice were housed under a 12:12 hour light/dark photoperiod with ad libitum access

to food and water and were maintained at a consistent temperature and humidity.
C57BL/6N-Scn2a1tmiaNerliNarl (here we refer to as Scn2ai™i@/mia  Scn2gap or Scn2a-
deficient) mice were used in this study. Scn2a7/im1a (HET) mice were used as

breeding pairs to provide offspring for testing. We crossed the Scn2aW7mia yith mice
(B6.12954-GI(ROSA)26Sor™mNFLP) Dym/pajn Flpo mice, Jackson lab) in which codon-
optimized flippase (FIpO) was expressed from preimplantation onward to achieve extensive
gene recombination in the developing germline and generate the Scr2aV7mIc mice.
Scn2aWTmIc were used as breeding pairs to get Scn2a™1e/tmIc mice. The resulting Scr2a-
tm1Ic (Scn2a™™ mice were then backcrossed to C57BL6N mice for five or more generations
before the study. Both male and female mice were used. No significant sex differences were
observed in this study, thus data from both sexes were combined for statistical analysis.
Experiments were conducted in a blind manner whenever possible.
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Assessment of sleep-wake behavior.

Recording Implants.—Electroencephalograph (EEG) and electromyography (EMG)
electrodes were implanted in mice by using a prefabricated headmount (Pinnacle
Technologies), which was stabilized by four stainless steel epidural screws electrodes. The
first two electrodes (frontal and ground) were located 0.5 mm posterior to bregma and 1.5
mm on either side of the central suture. The second two electrodes (parietal and common
reference) were located 4.5 mm posterior to bregma and 1.5 mm on either side of the central
suture. Electrical continuity between the screw electrode and head mount was achieved with
silver epoxy. EMG activity was monitored using stainless-steel Teflon-coated wires inserted
bilaterally into the nuchal muscle. The head mount (integrated 2x3 pin grid array) was
secured to the skull with dental acrylic. Mice were allowed to recover for at least seven days
before recording.

Stereotaxically guided Scn2a deficiency/knockdown virus injection

and intracerebroventricular injection surgery.—For ScnZa conditional

genetic manipulating experiments, injections of adeno-associated viruses
(PENN.AAV.hSyn.HI.eGFP-Cre.WPRE.SV40, 105540, here referred to as Cre-virus) and
saline (vehicle) were given to Scn2a™mictmic mice. In brief, Scn2af™1eMmic mice were
injected with the virus seven days before the electrode was implanted. A single craniotomy
was made with the following stereotaxic coordinates: medial/lateral (ML): £0.22 mm;
anterior/posterior (AP): —0.5 mm; dorsal/ventral (DV): =5.3 mm from lambda. Injections
were made with a Micro Syringe Pipette (RWD) and UMP3 UltraMicroPump system (World
Precision Instruments) for a total volume of 250 nl.

For HU-211 experiments, mice (6—-8 weeks) were deeply anesthetized by isoflurane (3-5%
for induction and 1-1.5% for maintenance) and secured in the stereotaxic apparatus (RWD).
250 nl of AAV carrying ScnZa knockdown (Scn2a-KD) or control virus bilaterally injected
into SCN regions: ML: £0.22 mm; AP: —0.5 mm; DV: =5.3 mm. Guide cannulas were made
of 26 g needles and 1 x 2 mm fixed plastic holders; dummy and injection cannulas were
made of 33 g needles (RWD Ltd). Seven days after virus injection, the guide cannula was
placed at the following position: ML= 0.5 mm; AP=0.9 mm; DV=-2.75 mm.

Target identification by Connectivity Map.

Top 100 DEGs between the WT and Scn24"@ mice were processed with the Connectivity
Map (CMAP) dataset (Lamb et al., 2006; Subramanian et al., 2017) using the cloud-
based CLUE software platform (https://clue.io/). This allowed us to query the database
for compounds that were driving down the input genomic signatures, revealing potential
molecules that could be repurposed to treat the diseases/phenotype. Then, we focused on
perturbagen molecules that displayed a negative median tau score and were retained as
potential compounds with a median tau score < —90.

Compound administration.

Intracerebroventricular injections were performed by inserting injection cannulas into the
guide cannulas 2.75 mm deep following a 7-day rehabilitation period after surgery. Injection
cannulas were connected to 10 pl syringes by polyethylene tubing. Dexanabinol (HU-211,
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MedChemExpress) was dissolved in co-solvent Cremophor EL/ethanol to make a stock
solution with concertation of 50 mg/ml. Then, the stock solution was diluted (1:20) in saline
prior to injection (Shohami et al., 1995; Shohami et al., 1993). For each mouse, 2 pul HU-211
(2.5 mg/ml) (Shohami et al., 1993) was injected into the ventricles for 4 min at a speed of
0.5 ul/min using a syringe pump. Dexanabinol was given to mice every 24 hours for three
days.

Video-based EEG/EMG recordings and power spectral analysis.

After at least one week of recovery after surgery, mice were moved to the recording
chamber and connected to a lightweight tether attached to a low-resistance commutator
mounted over the cage (Pinnacle Technologies, USA) (Cho et al., 2017; Clasadonte et al.,
2017). This enabled the freely moving of the mice in the cage. Recording of EEG/EMG
waveforms began at lights-off and ran for 48 hours. Data acquisition was performed on
Sirenia Acquisition software (Pinnacle Technologies). Signals were amplified and high pass
filtered (0.5 Hz) via a preamplifier. EEG signals were then further amplified, low pass
filtered with a 25 Hz cutoff, and collected continuously at a sampling rate of 2000 Hz.
EEG/EMG waveforms were classified in 10-sec epochs as “wakefulness” (low-voltage,
high-frequency EEG; high-amplitude EMG); NREM sleep (high-voltage, mixed-frequency
EEG; low-amplitude EMG); or rapid-eye-movement (REM) sleep (low-voltage EEG with a
predominance of theta activity [~4-8 Hz]; low amplitude EMG) by a trained observer with
Sirenia Sleep Pro software (Pinnacle Technologies). For power spectral analysis, signals
were digitally filtered and spectrally analyzed by fast Fourier transformation using Sirenia
software. The mean spectral density of all stimulated events per animal was sorted into
successive 0.25 Hz frequency bands between 0 and 25 Hz. Each frequency band was
normalized to the sum of the power over the entire range (0-25 Hz).

Nesting behavior.

We evaluated nest-building using a five-point scale modified from previous reports (Deacon,
2006; Neely et al., 2019). 1) Assign a score of 1 when the shredded paper or small squares
remained scattered throughout the cage, or the cotton square or twist remained untouched;

2) Assign a score of 2 when some of the material was constructed into a nest, but over

50% of the material was not used for nest construction; 3) Assign a score of 3 when a
noticeable nest was constructed, but several pieces were still scattered; 4) Assign a score of
4 when almost all the material was used for the nest, but few pieces of material remained
scattered or were near the nest; 5) Assign a score of 5 when all material was used to make an
identifiable nest.

Wheel running activity monitoring.

Mice were placed in a cage with running wheels (Lafayette Instruments). Food and water
were available ad libitum. Mice were habituated for two days before recording for five days.
Duration, speed, and distance of running on the wheel were recorded.

Non-linear sine wave fitting/JTK_CYCLE to calculate the circadian rhythms-
related parameters.—Non-linear sine wave fitting was applied to fitting the raw wheel-
running data (Refinetti et al., 2007) using the following formula:

Neurobiol Dis. Author manuscript; available in PMC 2023 June 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ma et al.

Page 13
Y= Amplitude*sin((Z*zr*X/Period) + P’) + Baseline
JTK_CYCLE analysis was also performed to calculate the circadian-related parameters,

such as the period, phase, and amplitude (Hughes et al., 2010).

Non-linear Gaussian fitting to calculate the amplitude/interval distribution of
spontaneous firing.—Interval/amplitude distributions were calculated with the Gaussian
components by the maximum likelihood method (Jones and Gibb, 2005).

Model as follows:
Y = Amplitude*exp(—O.S*((X — Mean)/SD) A 2).
Amplitude is the height of the center of the distribution in Y units. Mean is the X value at

the center of the distribution. SD is a measure of the width of the distribution, in the same
units as X.

Immunofluorescence.

Mice were anesthetized with ketamine/xylazine (100/10 mg/kg, i.p.), and then transcardially
perfused, and decapitated to dissect brains into ice-cold paraformaldehyde (PFA; 4%). The
brain was fixed in PFA solution overnight and then transferred to the glucose solution (30%)
for cryopreservation for two days. Brain sections (50-pm in thickness) were cut by using a
Cryostat Microtome (Leica CM1860s). To image brain sections, we carried out fluorescence
imaging.

Ex vivo electrophysiology.

All chemicals were obtained from Sigma-Aldrich unless otherwise specified.
Electrophysiology was performed in slices prepared from 2—-3-month-old Scn2afmla/tmia
(ScnZa-deficient mice) and WT littermates. Mice were deeply anesthetized with ketamine/
xylazine (100/10 mg/kg, i.p., 0.1 mL per 10 grams of body weight), and then transcardially
perfused, and decapitated to dissect brains into ice-cold slicing solution containing the
following (in mM): 110 choline chloride, 2.5 KCI, 1.25 NaH,PQy4, 25 NaHCOg3, 0.5 CaCl,,
7 MgCly, 25 glucose, 0.6 sodium ascorbate, and 3.1 sodium pyruvate (bubbled with 95%
O, and 5% CO,, pH 7.4, 305-315 mOsm). Acute coronal slices containing suprachiasmatic
nucleus (SCN) (250-um in thickness) were cut by using a vibratome (Leica VT1200S) and
transferred to normal artificial cerebrospinal fluid (aCSF) (in mM): 125 NaCl, 2.5 KCl, 2.0
CaCly, 2.0 MgCl,, 25 NaHCO3, 1.25 NaH,PO4, and 10 glucose (bubbled with 95% O, and
5% CO», pH = 7.4, 305-315 mOsm). Then, slices were incubated at 37°C for 20~30 minutes
and stored at room temperature before use. Slices were transferred to an open recording
chamber and continuously perfused with aCSF at a rate of 2 mL/min at 32-33°C, and

were visualized under IR-DIC (infrared-differential interference contrast) using a BX-51WI
microscope (Olympus) with an IR-2000 camera (Dage-MTI). All somatic recordings were
performed from identified SCN neurons between ZT2 and 8. Glass pipettes (4—6 MegaQ)
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were filled with filtered, internal solution (in mM: 122 KMeSQy, 4 KCI, 2 MgCl,, 0.2
EGTA, 10 HEPES, 4 Na,ATP, 0.3 Tris-GTP, 14 Tris-phosphocreatine, adjusted to pH = 7.25
with KOH, 295-305 mOsm). For recordings in which the primary goal was to examine
neuronal firing rate, the loose cell-attached patch recording technique was chosen, given that
it does not affect endogenous membrane properties either by the formation of a tight seal

or by dialysis of intracellular milieu. The spontaneous firing was recorded for 3 min under
the gap-free mode. Electrophysiological signals were processed with an Axon MultiClamp
700B amplifier (Molecular Devices, USA) and data were acquired using pClamp 11.1
software (Axon Instruments, USA), filtered at 2 kHz and sampling rate at 20 kHz with an
Axon Digidata 1550B plus HumSilencer digitizer (Molecular Devices, USA). At least six
slices from three mice were used between ZT2 to ZT8, between 10 to 20 neurons were
recorded from each slice.

RNA sequencing.

Samples for RNA sequencing were collected from the neocortex of the mice. poly-A
selected libraries were prepared (Novogene), and ~40 million paired-end 150 bp reads
were sequenced on a NovaSeq6000 platform. Before library preparation, RNA quality was
checked using an Agilent Nano RNA Chip; samples with RNA integrity numbers greater
than 6.5 were sequenced.

FastX-Toolkit v. 0.0.14 was used to trim reads based on quality score. A trim score of 30
(the minimum quality score for trimming reads was 30), and a trim length of 50 (reads
shorter than 50 bases will be discarded) was used. Unpaired reads were discarded after
trimming and quality control. STAR v. 2.5.4b (Dobin et al., 2013) was used to align reads to
the Ensembl Mus musculus genome database version GRCm38.p6. HTSeq v.0.7.0 (Anders
et al., 2015) in “intersection-nonempty” mode, with Biopython v.2.7.3 was used to generate
a count matrix. Relative log expression (RLE) normalization was performed followed by

a differential expression analysis using the Bioconductor package DESeg2 (Love et al.,
2014). The Benjamini-Hochberg false discovery rate correction is used to correct p-values
for multiple testing in differential expression analyses and subsequent enrichment analyses.
Raw and processed RNA sequencing data are publicly available at GEO through accession
number: GSE179818.

Transcripts (ranked by the g-value), which were found to be significantly altered in WT
mice and Scn2a-deficient mice at FDR<0.05, were examined using the DAVID ontology
tools (Huang da et al., 2009) and clusterProfiler v. 4.0.2 (Yu et al., 2012), using the set of all
genes with detected expression in Mus musculus as the background. These annotation charts
were visualized using the R package (ggplot2), and the transcript cluster IDs were also used
for the protein and protein interaction (PPI) network by using the STRING v11 web tools
(Szklarczyk et al., 2019) and visualized by Cytoscape 3.8 software (Shannon et al., 2003).

Real-time RT-PCR (gqPCR).

Total RNA was isolated from brain tissue samples with QIAzol Lysis Reagent (QIAGEN,
Germany) and used for the first-strand cDNA synthesis with the Reverse Transcription
System (Thermofisher, USA). Potential DNA contamination was removed by RNase-free
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DNase treatment using a cDNA synthesis kit. Relative quantitation was determined using
the Bio-Rad CFX96 qPCR system (Bio-Rad Inc., USA) that measures real-time SYBR
green fluorescence and then calculated using the comparative Ct method (2 22Ct) with the
expression of B-actin as an internal control (Schmittgen and Livak, 2008).

Western blot.

Samples were carefully collected and then were quickly frozen by liquid nitrogen. Then
samples were transferred to —80°C for long-term storage. Brain samples were homogenized
in radioimmunoprecipitation assay buffer (RIPA) buffer supplied with a proteinase inhibitor
cocktail. For western blotting, membranes were incubated with Nay/1.2 (ASC-002, 1:1000,
Alomone Labs) and B-actin (3700S, 1:1000, Cell Signaling Technology) overnight at 4

°C followed by incubation with a proper Li-COR secondary antibody (AB_10956166 and
AB_ 10956588, 1:5000, LI-COR Biosciences). Bands were visualized Li-COR system and
quantified by densitometry with Image Studio Lite Ver 5.2 software (LI1-COR Biosciences).

Statistical analysis.

Two-tailed Student’s #-fest (parametric) or unpaired two-tailed Mann-Whitney U-test (non-
parametric) was used for single comparisons between two groups. Other data were analyzed
using either one-way or two-way ANOVA analysis with post-hoc Bonferroni’s multiple
comparisons test (except as otherwise noted). Post-hoc comparisons were carried out only
when the primary measure showed statistical significance. Data were expressed as mean +
SEM (except as otherwise noted), with statistical significance determined at p-values <0.05.
p=0.05 is indicated ns (no significance), p<0.05 is indicated as one asterisk (*), p<0.01 is
indicated as two asterisks (**), and p<0.001 is indicated as three asterisks (***). Mice from
different litters were randomly assigned to different treatment groups, and no other specific
randomization was used for the animal studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

AP Action potential

ASD autism spectrum disorder
CNS central nervous system

DEG Differentially expressed genes
EEG electroencephalogram

EMG Electromyography

HET heterozygous

HOM homozygous

NREM non-rapid-eye-movement sleep
REM rapid-eye-movement sleep
SCN suprachiasmatic nucleus

WT Wild-type
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Highlights
1. ScnZa deficiency results in sleep disturbance in mice;
ScnZa deficiency-related sleep disturbance involves suprachiasmatic nucleus;
ScnZa deficiency disrupts neuronal firing in suprachiasmatic nucleus;

ScnZa deficiency results in a change of core clock gene expression;

an S @

Transcriptome-based molecule discovery identifies HU-211 to alleviate sleep
disturbance.

Neurobiol Dis. Author manuscript; available in PMC 2023 June 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ma et al.

Page 22

S neew | | 1 il
2 NREM ||| IIII\ II |-i I-III I | Ll I III I\ \I illIIlII‘II IIIII \I
wake ||/ |0 = 11T
§ ﬁ | \ T \ Y 1 J-
s NREMI ] Il [ 1 IHI |||||| | |||l || || |||| llll II II III | |I||| ||||| |||||||||I
S wake H/ENNBE Ufl..!.ﬂ.f
C D
Wakefulness [ =T NREM i - wr REM ol *WT
% 100 *|_ = Scn2a"® 75 *|_ = Scn2a"® © 12 Sl = scn2at@
o
£ 80 E E
: Z%0 £
g o B g 6
& 40 > e 3
20 T T T T T 1 0 T T T T T 1 o L) T T T T 1
4 8 12 16 20 24 4 8 12 16 20 24 4 8 12 16 20 24
Zeitgeber time Zeitgeber time Zeitgeber time
F G
g 600- *k% *% _E 4007 * %% *% = 100
;;450— E 300 ;.’ 80
© | [4 | o 60
% 300 E 200 T a0
2 1501 s 100 2 20
oo £ 0 = o
Light Dark = Light Dark Light Dark
o *kk *%k l o *% * J » *
g 1257 5 125 550
< 100- ERTY 840
g 751 & 75 = 30
& 50- £ 50 ® 20
O 254 S 254 210_
2 o g o Z o
Light Dark Light Dark Light Dark
L M
n o 9
8 *% L *kk Hkk 3
= 1000 5 400 = 100
% 800 F 300 = 80
5 600 3 200 é 60
5 400 3 = 40
3 200 ;100 8 2
o . o O . = 0 .
2 Light Dark 4 Light Dark u Light Dark

Figure 1. Scn2a-deficient mice display abnormal sleeping patterns.
A, representative 48h long hypnograms of ultradian rhythms over the diurnal light/dark

phase in freely moving WT and ScnZa-deficient (Scn24'@P) mice, yellow: wakefulness
(Wake); blue: NREM; red: REM. B-D, Time spent in wakefulness (B), NREM (C), and
REM (D) states showed as a percentage of recording time per hour. E-G, Time spent in
wakefulness (E), NREM (F), and REM (G) in light (left) and dark (right) phases among
WT and Scn24"@ mice, respectively. H-J, Number of bouts in wakefulness (E), NREM

(F), and REM (G) in light (left) and dark (right) phases among WT and Scn24"8 mice,
respectively. K-M, Duration of bouts in wakefulness (K), NREM (L), and REM (M) in light
(left) and dark (right) phases among WT and Scn24"@ mice, respectively. No sex difference
was found between males and females thus the data were combined for presentation. Data
were analyzed by two-way ANOVA with Bonferroni’s multiple comparisons test. All data
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are presented as means £ SEM (*p<0.05; **p<0.01; ***p<0.001), n= minimum of 9 WT
and 11 Scn2a"@ mice.
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Figure 2. Cre recombinase-mediated Scn2a deficiency in SCN containing region produces sleep
disturbance.

A, Scheme of the conditional knockout strategy and EEG recording procedure for the

mice. B, brain slice imaging of Cre-virus injection into the SCN containing region and
enlarged imaged showing SCN region (3V: third ventricle). C-E, Time spent in wakefulness
(C), NREM (D), and REM (E) showed as a percentage of recording time per hour. F-H,
Time spent in wakefulness (F), NREM (G), and REM (H) of tm1c mice with Cre-virus
(Cre) or control virus (Veh) injection. 1-K, Number of bouts in wakefulness (1), NREM

(J), and REM (K) of tm1c mice with Cre-virus (Cre) or control virus (Meh) injection.

L-N, Duration of bouts in wakefulness (L), NREM (M), and REM (N) of tm1c mice with
Cre-virus (Cre) or control virus (\Veh) injection. Data were analyzed by two-way ANOVA
with post-hoc comparisons using Bonferroni’s correction. Veh: vehicle. Cre: mouse with Cre
virus injection in SCN containing region to achieve brain region-specific Scn2a deficiency.
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Data are presented as means + SEM (*p<0.05; **p<0.01; ***p<0.001), n= minimum of 12
vehicle and 14 Cre mice.
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Figure 3. Scn2a-deficient mice show impairment of wheel-running activity in light-dark
conditions.

A, lllustration of the wheel running assay. B-C, Representative relative wheel-running
activity and sine wave fitting for WT (B), and Scn24"@ mice (C). Individual dots show

the normalized activity per hour for WT, and Scrn24"@ mice, solid lines show the sine
wave fitting of the data for WT and Scrn24"@ mice. D-E, Averaged relative wheel-running
activity and sine wave fitting for WT and Scn24"3P mice. Gray shading represents the dark
period. Dash line shows the sine wave fitting. F, Distribution of wheel-running activity

in the light and dark phases show an increased percentage in light phase wheel-running
activities of Scn24"@ mice. G, the R? comparison of sine wave fitting for WT and Scn24"aP
mice was shown. H, Period of the wheel-running activity is not different between Scn24"aP
and WT mice. I, Cycle peak or phase of the wheel-running activity shows a notable
difference in Scn24"@P mice compared to WT mice. No sex difference was found between
males and females thus the data were combined for presentation. Data were analyzed by
unpaired student’s f-festand presented as means £ SEM (*p<0.05; **p<0.01; ***p<0.001;
ns p>0.05), n= minimum of 17 WT and 7 Scn24"@ mice.
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Figure 4. Scn2a deficiency disrupts the spontaneous firing of SCN neurons.
A, Illustration of the recording of SCN neurons. (P: pipette; 3V: The third ventricle; SCN:

suprachiasmatic nucleus; scale bar, 200 um). B, Representative cell-attached patch traces
from neurons of WT or Scn24™@ mouse. Scale bar, 1s. C, Spontaneous AP frequencies of
SCN neurons from WT and Scn24"@ mice during the light cycle (ZT2-8, WT: 6 slices

from 3 mice; Scn24"@: 6 slices from 3 mice). Scn2a deficiency resulted in an increased
firing frequency. D, Illustration of two spontaneous firing events from a typical SCN neuron
showing trough, peak, and interval; scale bar, 50 pA and 5 ms. E, Intervals distribution plot
showing enrichment in low intervals (<500 ms) and reduction in high intervals (>500 ms) of
neurons from Scn24"@ mice compared to those from WT mice. Data are presented as means
+ SEM (student’s ¢-test; **p<0.01).

Neurobiol Dis. Author manuscript; available in PMC 2023 June 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Maetal. Page 28

A B C Circadian rhythms
Enriched KEGG pathway Hrk
Neuroactive ligand-receptor i02
interaction ® | adjust WT Scn2at#® LT p—
Calcium signaling pathway ° S5t 1 2 3 4 1 2 3 4 pert 12 Epast 9
CcGMP-PKG signaling pathway ° 002 —_— p2¢
Circadian entrainment ® 003 —_ g 0 g
Retrograde. endﬂcannabmoxd ° — .2 é
signalling Count N
Cushing syndrome L] ® 125 -
Oxytocin signaling pathway . : 150 . i
Salivary secretion . & 2;3 [\- SW 5 52 R
GABAergic synapse - ® :;2; — e Lgid |\ Pesk1 Glutamatergic synapse
Aldosterone synthesis secretion - « ~- Pert Matn2 Thre
004 005 006 007 —_— Dect PRk otk
GeneRatio Per2 Soad Aﬁ:‘v:z
Aldntat}
Mdga? Col6a2
i, o
nt:
D mmwr E F G
= Em Scn2a"™®
9 dkk  kk ok kkk Kk
[7]
$1.2 e c Per1 5 Per2 .
= o - =
S.0.9 RNA @ 2.0 3
go0. o~ 3 @
e 15 5
0.6 A £ 1. s
S WPipomslames Trizo) 3 g2
%03 °1.0 a2
] > >1
2 &0 " % gos %
RSN AR ' 3 3
60(\600 Qe Qe 6\@‘0@ 00 Vay) ZT14 x 0.0 x 0
A2 ZT 2 ZT 14 ZT 2 ZT 14

Figure 5. Scn2a deficiency results in an altered circadian entrainment pathway and change of
core clock genes expressions.

A, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis
showing altered pathways based on differentially expressed genes (DEG) between WT
and Scn24"@ groups. Note that the circadian entrainment pathway is ranked fourth. B,
Heatmap of the top 100 DEG between WT vs Scn2d"@ groups (ranking by g-value),
showing ScnZa, Perl, PerZ, and Dec1 as highly downregulated genes. The heatmap also
shows a significantly different expression signature between WT and Scn24"3P mice. C,
Protein-protein interaction map of the DEG between WT and Scn24"@, showing circadian
rhythms, cGMP/PKG/MAPK signaling pathway, and glutamatergic synapse clusters. D,
gPCR analysis of relative mRNA expression of Scn2a, Scnéa, Perl, Per2, Bmall, Decl,
and Dec2from both WT and Scn24"@ mice. E, Illustration of dissected brain regions
for gPCR analysis at two different time points. F, The PerZ mRNA expression at ZT2
and ZT14 in the SCN-containing hypothalamus of WT and ScnZa-deficient mice. G, The
Per2 mRNA expression at ZT2 and ZT14 in the SCN containing hypothalamus of WT
and ScnZa-deficient mice. Unpaired student’s f-test. Data are presented as means + SEM
(*p<0.05; **p<0.01; ***p<0.001), n= minimum of 4 WT and 3 Scn24"@ mice.
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Figure 6. Putative glutamate receptor modulator dexanabinol (HU-211) partially reverses the
sleep disturbance phenotypes.

A, Connectivity map analysis of the top 100 DEGs identified by RNA-sequencing predicts

the compounds that may reverse the altered transcriptome. B, Structure of the HU-211. C,

Schematic for the intraventricular injection to administer HU-211 and implantation for EEG

electrodes on the skull of the mice. D, Time spent every four hours for the wakefulness
showing HU-211 was able to partially reduce wakefulness in Scn2aKD mice towards the
WT level. E, Time spent in every four hours for the NREM sleep showing HU-211 were
able to partially increase NREM sleep of ScnZa-KD mice towards the WT level. Repeated

measures two-way ANOVA with post-hoc pairwise comparisons using Bonferroni’s multiple

comparisons test with n= minimum of 13 WT (vehicle), 11 Scn2a-KD (vehicle), and 10
Scn2a-KD (HU-211). F, gPCR assay of the expression patterns of Fos/2, Per1, GriaZ, and
Grid2 genes in hypothalamus samples of ScnZa-KD mice treated with vehicle, ScnZa-KD
mice treated with HU-211, and WT mice treated with vehicle (student’s ¢-tes?). Black:
WT control with vehicle injection; Blue: Scn2a-KD mice with vehicle injection; Green:
ScnZa-KD mice with HU-211 injection. Data are presented as means = SEM (*p<0.05;
**p<0.01; ***p<0.001; ns p>0.05).
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