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Abstract

Study Objectives: Sleep disturbances are common co-morbidities of epileptic disorders. Dravet syndrome (DS) is an intractable epilepsy accompanied by
disturbed sleep. While there is evidence that daily sleep timing is disrupted in DS, the difficulty of chronically recording polysomnographic sleep from
patients has left our understanding of the effect of DS on circadian sleep regulation incomplete. We aim to characterize circadian sleep regulation in a
mouse model of DS.

Methods: Here we exploit long-term electrocorticographic recordings of sleep in a mouse model of DS in which one copy of the Scnla gene is deleted.
This model both genocopies and phenocopies the disease in humans. We test the hypothesis that the deletion of Scnla in DS mice is associated with
impaired circadian regulation of sleep.

Results: We find that DS mice show impairments in circadian sleep regulation, including a fragmented rhythm of non-rapid eye movement (NREM)
sleep and an elongated circadian period of sleep. Next, we characterize re-entrainment of sleep stages and siesta following jet lag in the mouse.
Strikingly, we find that re-entrainment of sleep following jet lag is normal in DS mice, in contrast to previous demonstrations of slowed re-entrainment
of wheel-running activity. Finally, we report that DS mice are more likely to have an absent or altered daily “siesta”.

Conclusions: Our findings support the hypothesis that the circadian regulation of sleep is altered in DS and highlight the value of long-term chronic
polysomnographic recording in studying the role of the circadian clock on sleep/wake cycles in pre-clinical models of disease.

Statement of Significance

Sleep disturbances are among the most common secondary symptoms of epileptic disorders. While there is evidence for a strong rela-
tionship between seizures, circadian rhythms, and sleep timing, performing long-term polysomnographic recordings to better understand
this relationship is not feasible in patients. Here we use long-term electrocorticographic recordings to reveal impairments in the circadian
regulation of sleep in a mouse model of Dravet syndrome, a severe form of childhood-onset epilepsy. In addition to furthering our under-
standing of sleep disturbances in this debilitating disorder, we propose an experimental framework in which sleep researchers can more
thoroughly characterize the circadian regulation of sleep in pre-clinical models of disease.
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Introduction

Sleep disturbance is common in epilepsy, and is associated
with reduced seizure control, poor cognitive outcomes, and de-
creased quality of life [1]. The prevalence of nocturnal seizures
in several forms of epilepsy [2], increased risk of seizure occur-
rence following sleep deprivation [3] and evidence that seizure
propensity shows daily rhythms [4-9] highlights the need for
a better understanding of the relationship between sleep, epi-
lepsy, and the circadian clock.

Dravet syndrome (DS) is a severe form of treatment-
resistant, childhood-onset epilepsy with a high mortality rate
[10]. DS usually manifests at 6-9 months of age with fever and
hyperthermia-induced seizures, and gradually progresses to
include to spontaneous myoclonic, tonic—clonic, absence, and
partial seizures [10, 11]. During this time, DS patients develop
several other co-morbidities, including autism-like behaviors,
ataxia, psychomotor regression, and high risk of sudden unex-
pected death (SUDEP). Sleep disruptions are reported by more
than 70% of DS patients [12], and DS patients report more fre-
quent nighttime awakenings and greater daytime sleepiness
than patients with other forms of epilepsy [13]. Disturbances,
including sleep-onset insomnia, difficulty maintaining sleep,
and frequent nocturnal seizures are well-documented, and
these disturbances are described as highly disruptive to quality
of life for both patients and caregivers [14-16].

DS is caused by loss-of-function mutations in one allele of
the SCN1A gene [17], which codes for the pore-forming alpha
subunit of the Na,1.1 sodium channel [18]. Na 1.1 is widely
expressed throughout the brain, primarily in GABAergic inter-
neurons. Previous work in a mouse model of DS, in which the
Scnla gene is heterozygously deleted, has shown that the muta-
tion causes a selective reduction in the excitability of inhibitory
interneurons [19, 20]. Several characterizations of DS mice have
revealed that, like human patients, they display both spontan-
eous and thermally induced seizures [19, 21], ataxia [22], autism-
like cognitive and social deficits [23, 24], SUDEP [25], and sleep
disturbances [26-28]. Specific heterozygous deletion of the Scnla
gene in forebrain interneurons recapitulates the epilepsy, SUDEP,
cognitive impairment, autistic-like behaviors, and homeostatic
sleep disruption observed in DS mice [23, 26, 28, 29]. This work
has led to the unified hypothesis that hyperexcitability of dif-
ferent neural circuits due to the loss of functional Na,1.1 chan-
nels underlies the co-morbidities of DS [30].

The two-process model of sleep regulation proposes both
homeostatic and circadian drives that influence the timing and
consolidation of sleep [31]. While the neural circuitry underlying
these sleep regulatory processes is multi-faceted, reliant on mul-
tiple neurotransmitter systems, and widely diffuse across the
brain, many of the most important nodes in these circuits are
GABAergic [32, 33]. In previous studies, we identified circadian
behavioral deficits in DS mice including reduced circadian amp-
litude of wheel-running activity (WRA), elongated endogenous
WRA period under conditions of constant darkness (DD), and
increased time to re-entrainment of WRA to a new light-dark
(LD) cycle [26]. These deficits were correlated with poor network
synchrony and reduced photoresponsiveness in the GABAergic
suprachiasmatic nucleus (SCN) of the hypothalamus, the master
circadian clock in mammals and a critical component of daily
sleep timing [34]. Later work showed that DS mice also lack
normal homeostatic non-rapid eye movement (NREM) sleep

rebound in response to sleep deprivation, as well as fragmented
NREM sleep under baseline conditions [28]. This was associated
with reduced excitability of GABAergic inhibitory neurons in
the thalamic reticular nucleus (TRN), a brain region which con-
tributes to maintaining the slow oscillations characteristic of
NREM sleep and the homeostatic sleep response [2]. Based on
these findings, we hypothesized that DS mice would also display
deficits in the circadian regulation of sleep.

Here we leverage long-term electrocorticographic (ECoG) re-
cordings to characterize the circadian regulation of sleep in DS
mice. We hypothesized that DS mice would have disturbances
in circadian sleep regulation due to reduced GABAergic tone in
the SCN caused by the heterozygous deletion of the Scnla gene.
We report disturbances in circadian sleep behavior of DS mice
including elongated circadian period of sleep, a fragmented
rhythm of NREM sleep that was not correlated with epileptiform
interictal activity and fragmented or absent siesta, a short bout
of sleep under the control of the circadian clock. Interestingly, DS
mice displayed no deficits in re-entrainment of sleep acrophase
following jet lag, and similar total sleep time during each phase
of the LD cycle when compared to wild type (WT) controls.
These results highlight the value of coupling long-term sleep
recordings with locomotor activity monitoring to more compre-
hensively disentangle the effects of environmental manipula-
tions on different outputs of the circadian clock, and provide a
novel approach to studying the circadian regulation of sleep in
pre-clinical models of disease.

Methods
Animals and housing conditions

All experiments with animals were performed in accordance
with animal protocols approved by the Office of Animal Welfare
at the University of Washington. Mice with a heterozygous dele-
tion of the Scnla gene (Scnla*"), hereafter referred to as DS mice,
were generated by targeted deletion of the last exon, encoding
domain IV from the S3 to S6 segment and the entire C-terminal
tail of Na,1.1 channels [19]. The mice used in this study were
generated by crossing heterozygous mutant mice of C57BL/6
background with WT C57BL/6 mice (both males and females of
each genotype), resulting in only WT or heterozygous Scnla mu-
tant offspring. Mice were genotyped as previously described [28].

ECoG recordings

Sleep was recorded as previously described [35]. Briefly, mice
were anesthetized with isoflurane and placed into a stereotaxic
device where isoflurane anesthesia continued throughout sur-
gery. Each mouse was implanted with ECoG electrodes, con-
sisting of dental screws (Pinnacle Technology, Lawrence, KS;
No. 8209: 0.10-in.). A midline incision was made above the skull.
Recording electrodes were screwed through cranial holes as
follows: over the left frontal cortex (1.5 mm lateral and 2 mm
anterior to bregma) and over the right parietal cortex (1.5 mm
lateral and 2 mm posterior to bregma), a ground electrode was
placed over the visual cortex (1.5 mm lateral and 4.0 mm pos-
terior to bregma), and a reference electrode was placed over the
cerebellum (1.5 mm lateral and 6.5 mm posterior to bregma).
Electromyogram (EMG) signals were obtained by placing a pair of



silver wires into the neck muscles. The screws were connected,
through silver wires, to a common 6-pin connector compatible
with the Pinnacle recording device. The screws and connector
were fixed to the skull with dental cement. Mice were implanted
at between 3 and 4 months of age to account for the long dur-
ation of circadian sleep experiments. After surgery, mice were
housed in single recording cages under a 12:12 LD cycle.

Mice had a recovery period of 1 week and were then fitted
with a preamplifier and tether, and connected to the Pinnacle
Technology recording system, where they were allowed 1 day to
acclimate before recording started. The ECoG and EMG signals
were sampled at 400 Hz with low-pass filters of 80 Hz and 100
Hz, respectively.

Sleep scoring and processing

Raw ECoG/EMG data were automatically classified in 10-second
bouts as either wake, NREM sleep or REM sleep using a previ-
ously described custom algorithm implemented in Python v2.7
[35]. Briefly, the power spectrums of the ECoG and EMG signals
are calculated using Welch’s method with an overlap window
of 50%. Then, the following features for each 10-second epoch
of sleep are calculated: delta power, the sum of ECoG power
at frequencies ranging between 0.5 and 4 Hz; theta power, the
sum of ECoG power at frequencies ranging between 6 and 12 Hz;
and EMG RMS, the mean square root of the raw EMG signal. If
EMG RMS was higher than a visually determined threshold for
each 24-hour recording session, typically set at 0.4 SDs above
the mean, the epoch was classified as wake, otherwise it was
classified as sleep. Next, sleep stage was classified as REM when-
ever the theta to delta power ratio during the epoch was higher
than the average theta to delta ratio—over the whole 24-hour
recording session—plus 1 SD. The remaining epochs were classi-
fied as NREM sleep. This scoring method was based on heuristics
for manually scoring sleep in previous studies and validated by
two independent experimenters that visually scored 10-second
bins as previously described [36-38], with a minimum of 90%
score agreement in both cases.

The 10-second scored epochs were further binned into 1-
or 60-minute bins, for which we calculated the percentage of
each sleep state. A 1- or 60-minute bin was classified as REM
when more than 20% of the bin was spent in REM sleep. If REM
sleep was lower than 20% during the bin, it was classified as ei-
ther wake or NREM sleep, depending on which of the two brain
states contributed to a higher percentage of the 1- or 60-minute
bin. Hypnograms were generated with 10-second bins of sleep
scores using a custom R code. NREM and REM intensities were
calculated as the product of sleep stage percentage and either
delta or theta power within each 1- or 60-minute bin. Statistical
analysis was performed for both 1- and 60-minute bins and
yielded similar results; 1-minute bins are reported for total
sleep time, sleep re-entrainment, rhythm intradaily variability
(IV), and circadian sleep period analyses, while 60-minute bin
results are reported for daily sleep stage intensity scores under
baseline conditions.

During long-term recording, the recording software was re-
started every 24 hours to account for potential software or hard-
ware failures, resulting in a loss of approximately 10-30 seconds
of recording time each day. To account for this, missing data
points were imputed after scoring by taking the mean of the
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values for delta, theta and sleep stage calls in the 60 seconds
following and preceding the gap using a custom R code. This
facilitated the combination of sleep scores into larger bins and
enhanced the continuity of the recording.

Interictal spike quantification

Epileptiform interictal spikes were identified semi-automatically
over a 24-hour recording session with the Sirenia Seizure soft-
ware (Pinnacle Technology, Lawrence, KS) using a line length
threshold [39] established for both ECoG channels, then con-
firmed visually by a manual scorer blind to experimental con-
ditions. Spikes were then classified as occurring during either
Wake, NREM or REM based on scores obtained through auto-
mated sleep classification.

Behavioral experiments and analysis

Our recordings were maintained in a ventilated, light-tight room
under either a 12:12 LD cycle with 200-lux intensity or DD. To de-
termine the effect of abrupt LD phase shifts on the phase of the
circadian rhythm of sleep, we used a delay and advance “jetlag”
protocol [26]. After mice were entrained to a 12:12 LD cycle, a
delay jetlag was initiated by extending the light phase by 6 hours
(i.e. delaying the time of lights off by 6 hours). The mice stayed
under this new 12:12 LD cycle until they re-entrained to the
new cycle. The advance jetlag was initiated by shortening the
light phase by 6 hours (i.e. advancing the time of lights off by 6
hours). For each day of recording, acrophase was determined for
both NREM and REM sleep using the El Temps software package
(Dr. Toni Diéz-Noguera, Universidad de Barcelona), and time to
re-entrainment was calculated as the number of days neces-
sary for sleep stage acrophase to return to mean baseline levels
within a 95% confidence interval.

To assess the endogenous circadian period of sleep, we re-
leased mice into DD for at least 14 days after they had synchron-
ized to a 12:12 LD cycle. Free-running period of NREM, REM, and
total sleep were assessed using 1-minute bins and Sokolove-
Bushell periodogram analysis in El Temps and R version 3.1.2
[40]. Waveforms of total sleep in DD were generated using El
Temps as previously described [26], and adjusted for the circa-
dian period of each animal.

We defined the “siesta” as a brief (<2 hours) bout of sleep
occurring primarily during the dark phase of the LD cycle that
is visually discernible from the main bout and occurs with a
regular onset each day. To compare the re-entrainment of the si-
esta and the main bout of sleep, we used total sleep (both NREM
and REM), due to the brevity of the siesta and the limited number
of REM bouts within it. We calculated the re-entrainment speed
(RS) in minutes per day for both sleep bouts individually by ex-
tracting the slope of a line fitted to sleep offset for delays and
onset for advances using actograms of sleep by three manual
scorers blind to experimental conditions. RS was determined as
the average slope calculated from the three manual scorers.

Wake after sleep onset (WASO) [41] was defined as the per-
centage of total time spent awake during the time of lights
on in the chamber, as sleep onset occurred within minutes of
lights on. WASO was calculated for each DS mouse during the
same 24-hour recording period used for the interictal spike
analysis.
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Data analysis and statistics

Data are presented as mean + SEM and typically analyzed
using one-, two-, or three-way ANOVA followed by Tukey, or
Student’s t-tests for comparisons in which type I error was not
possible. Chi-squared tests were used to assess differences in
the occurrence of siesta between genotypes. The 24-hour dis-
tributions of REM and NREM intensity were compared between
genotypes using a two-sample Kolmogorov-Smirnov test, as the
data were not normally distributed. Sleep stage bout durations
from both genotypes were not normally distributed and were
analyzed using a two-way analysis of variance (ANOVA) of the
aligned rank transform of the data with the ARTool R package
[42]. Occurrences of interictal spikes were analyzed using the
Kruskal-Wallis test, and post hoc pairwise comparisons made
with the Wilcoxon rank sum test. p < 0.05 was considered as
statistically significant. IV index was calculated as previously
described [43, 44]. Briefly, IV is the ratio of the mean square of
the difference between all the successive hours on each day, and
the same calculation around the overall mean:

2
n >, (Xi— Xiq)

(n—1) Yy (x - %)’

IV =

where n is the total number of data points, x, is each individual
data point, and x is the mean of all the data points. An IV index
of 0 represents a perfect sinusoid, while an IV index of 2 rep-
resents Gaussian noise. Interictal spiking frequency was correl-
ated with sleep IV or WASO using Spearman’s rank correlation.
All statistical tests were done with GraphPad Prism 6 (GraphPad
Software, Inc., La Jolla, CA) or R version 3.1.2.

NREM Q)

Results

DS mice show similar total amounts of sleep
compared to WT mice under baseline conditions

We first sought to determine whether total sleep duration dif-
fered between WT and DS mice over the 24-hour day. We im-
planted WT and DS mice with ECoG/EMG electrodes and
recorded continuously under 12:12 LD conditions. We then as-
sessed total sleep time and intensity during the light and dark
phases.

Sleep bouts of both genotypes synchronized to a 12:12 LD
cycle. While representative hypnograms of 24 hours of baseline
data (Figure 1A) reflect previously observed sleep fragmentation
of DS mice [28], mean daily sleep time calculated from 48 con-
secutive hours of recording shown in Figure 1B reveal that WT
and DS sleep time is comparable and highly consolidated during
the light phase (two-way ANOVA: genotype [F, ,, =0, p = 1]; light
phase [F ,, = 686.11, p < 0.001], n = 10 DS mice, 15 WT mice) (data
not shown). We next generated daily waveforms of 1-hour bins
of NREM and REM sleep intensity, defined as the product of
the amount of time spent in each sleep stage per hour and the
average delta or theta power, respectively (Figure 1B). The distri-
bution of sleep intensity did not differ between genotypes for
NREM (Kolmogorov-Smirnov test, p = 0.45) or REM (Kolmogorov-
Smirnov test, p = 0.686). Finally, we found that, in agreement
with previous reports [28], mean NREM and REM sleep bout dur-
ation is comparable between genotypes (Figure 1C), during both
the light phase (two-way ANOVA of aligned rank transform data;
no effect of sleep stage [F, ,, =0, p = 1] or genotype [F ,,=3.42,p =
0.07] and no interaction [F ,, = 0, p = 1]) and the dark phase (two-
way ANOVA of aligned rank transform data; effect of sleep stage
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Figure 1. DS mice show similar sleep bout length compared to WT controls. (A) Representative hypnograms taken from a single day of sleep under a 12:12 LD cycle in
wild type (top) and DS (bottom) mice. (B) Average waveforms 60-minute bins of non-rapid eye movement (NREM) and rapid-eye movement (REM) sleep intensity cal-
culated from normalized power values in WT and DS mice. The distribution of sleep intensity did not differ between genotypes for NREM (Kolmogorov-Smirnov test, p
= 0.45) or REM (Kolmogorov-Smirnov test, p = 0.686), and both WT and DS mice show similar total sleep time in both phases of the LD cycle (data not shown, two-way
ANOVA, effect of LD phase [p < 0.001] but not genotype [p = 0.36]). (C) Average NREM and REM sleep bout lengths are comparable between genotypes, during both the

light phase (two-way ANOVA of aligned rank transform data; no effect of sleep stage [F, ,, = 0, p > 0.05] or genotype [F

=3.42, p > 0.05], and no interaction [F, , = 0, p

1,44

= 1]) and the dark phase (two-way ANOVA of aligned rank transform data; effect of sleep stage [F, ,, = 121.59, p < 0.001] but not genotype [F, ,, = 0.01, p > 0.05] and no

interaction [F, ,, = 0.87, p = 0.35]).



[F,,, = 121.59,p < 0.001] but not genotype [F, ,, = 0.01,p = 0.92] and
no interaction [F, ,, = 0.87, p = 0.35]).

DS mice display altered IV of NREM sleep that is not
correlated with interictal activity

Previous work has demonstrated that DS mice display reduced
circadian amplitude of locomotor activity under baseline 12:12
LD conditions [26], and highly fragmented NREM but not REM
sleep [28]. We predicted that DS mice would also display a less
stable daily rhythm of NREM and REM sleep and assessed the
integrity of sleep rhythms using IV, a nonparametric index of
rhythm fragmentation. We found that IV index (Figure 2A) was
significantly higher in DS mice for NREM sleep (unpaired two-
tailed t-test, p = 0.04), but not REM sleep (unpaired two-tailed
t-test, p = 0.32), indicating that DS mice have a fragmented daily
rhythm of NREM sleep under baseline conditions.

It has been shown that interictal spiking events occur during
NREM sleep in DS mice and these spikes are associated with an
increased number of awakenings from NREM sleep [28]. We pre-
dicted that spiking frequency would also be positively correlated
with NREM IV. We quantified the presence of interictal spikes
during wake, NREM and REM sleep over a 24-hour recording
session under baseline 12:12 LD conditions. In agreement with
previous work, we found that interictal spiking occurs primarily
during NREM sleep in DS mice (Kruskal-Wallis rank sum test,
y? = 18.051, df = 2, p < 0.001; Figure 2B). Some spikes were ob-
served during wake, and rarely during REM sleep (pairwise com-
parisons using Wilcoxon rank sum test; NREM-Wake, p = 0.001;
NREM-REM, p < 0.001, REM-Wake, p = 0.27). Spontaneous seizures
were occasionally observed in DS mice during wake. Interictal
spikes were not observed in WT mice. Interestingly, we found
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no significant correlation between NREM IV and interictal spike
frequency during NREM sleep (Spearman’s rank correlation, r, =
0.19, p = 0.6; Figure 2C).

Previous reports have indicated that DS mice have highly
fragmented sleep, and we predicted that WASO, a measure of
sleep fragmentation commonly used in studies of human sleep,
would also be positively correlated with interictal spiking ac-
tivity in DS mice. Interestingly, we found no correlation between
WASO and interictal spike frequency across behavioral states
(Spearman’s rank correlation, r, = 0.19, p = 0.61; Figure 2D).

Sleep bouts take longer to re-entrain to phase
advances than phase delays, and DS mice display
normal re-entrainment

We previously demonstrated that DS mice take longer to
re-entrain to abrupt phase advances and delays of the LD cycle
simulating jet lag than WT mice, as measured by WRA [26]. We
predicted that the acrophase of sleep stages of DS mice would
also take longer to re-entrain to abrupt phase shifts of the LD
cycle. DS and WT mice were implanted with ECoG/EMG elec-
trodes, recorded from continuously for 3-5 days and subjected
to either delay or advance jet lags (Figure 3). To our knowledge,
continuous polysomnographic sleep recordings during single
transient jet lags have not been performed in mice, so we first
set out to determine the re-entrainment time of NREM and REM
sleep stage acrophases following both phase delays and ad-
vances in WT mice.

We find that following phase delays, WT NREM and REM sleep
took an average of 4.5 + 0.4 and 5.1 + 5 days to re-entrain, re-
spectively (n = 14). Following phase advances, NREM and REM
re-entrained in 6.9 = 0.5 and 7.8 + 0.6 days, respectively (n = 16).
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Figure 2. Altered IV of NREM sleep is not correlated with interictal activity in DS mice. (A) IV, a nonparametric measure of daily rhythm fragmentation, is higher in DS
mice than WT mice for NREM sleep (top panel; unpaired two-tailed t-test, p = 0.04), but not for REM sleep (bottom panel; unpaired two-tailed t-test, p = 0.32). (B) Interictal
spiking occurs primarily in NREM sleep in DS mice (Kruskal-Wallis rank sum test, 2= 18.051, df = 2, p < 0.001), while some spikes were observed during wake and rarely
during REM sleep (pairwise comparisons using Wilcoxon rank sum test; NREM-Wake, p = 0.001; NREM-REM, p < 0.001, REM-Wake, p = 0.27). Interictal spiking was not
observed in WT mice. (C) Interictal spike frequency showed no significant correlation with intradaily variability of NREM sleep (Spearman’s rank correlation, r, = 0.19, p
=0.6). (D) Total interictal spike frequency showed no significant correlation with wake after sleep onset (Spearman’s rank correlation, r, = 0.19, p = 0.61).
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Figure 3. Re-entrainment of WT and DS mice to delay and advance jet lags. (A) Representative double-plotted actogram of total sleep from a WT control mouse under-
going 30 days of continuous ECoG/EMG recording. Sleep acrophase for each day is overlaid in red on only one side of the actogram. All animals were monitored for 3-5
days under baseline conditions, and then subjected to either delay or advance jet lags. Shaded areas indicate periods of lights off, which are only indicated on the left

side of the plots for easy visualization. (B) Same as (A) for one DS mouse.

Figure 3A shows a representative double-plotted actogram from
one WT mouse, with acrophase overlaid in red on the left side.
DS mice displayed comparable re-entrainment times for both
delays (NREM = 5.3 = 0.4 days, REM = 5.9 = 1 days, n = 7) and ad-
vances (NREM = 5.9 = 6 days, REM = 7.3 = 0.9 days, n = 9). Three-
way ANOVA with genotype, sleep stage and jet lag direction as
factors reveals an effect of jet lag direction (F, ;, = 27.93, p < 0.001),
where advances took longer to re-entrain to than delays, but no
difference between genotypes (F, ,, = 0.003, p = 0.96) and no effect
of the interaction (Figure 4). Interestingly, there was a trend for
NREM sleep to re-entrain faster than REM sleep that reached the
borderline of statistical significance (F,,, = 3.9, p = 0.051).

These results indicate that in both WT and DS mice, sleep
bouts take longer to re-entrain to advances than delays, as ex-
pected based on an abundance of previous work demonstrating
the same result in mice using WRA. Furthermore, there was no
significant difference in re-entrainment time between NREM and
REM sleep stages, unlike previous demonstrations of this phe-
nomenon from similar experiments in the rat [37]. Finally, we
found that despite differences in re-entrainment times as meas-
ured by WRA [26], there was no difference in re-entrainment time
of sleep bouts between WT and DS mice in our ECoG experiments.

DS mice have an elongated circadian period of sleep

We predicted that like WRA, DS mice would display an elong-
ated circadian period of sleep relative to WT controls. To test
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Figure 4. Sleep stage acrophase takes longer to re-entrain to phase advances
than delays, and DS mice display normal re-entrainment when compared to WT
littermates. Time to re-entrainment is calculated as the number of days necessary
for sleep stage acrophase to return to mean baseline levels within a 95% confidence
interval. Three-way ANOVA with genotype, sleep stage and jet lag direction as factors
reveals a significant effect of jet lag condition (p < 0.001, F, ., = 27.93), but no difference
in re-entrainment time between sleep stages (p = 0.051, F, , = 3.9) or between geno-
types (p = 0.96, F, ;, = 0.003), and no interactions. n = 14 WT and 7 DS mice for delays,
16 WT and 9 DS mice for advances.

this prediction, we recorded sleep from WT and DS mice con-
tinuously for at least 14 days under conditions of constant dark-
ness (Figure 5, A and B). We found that the circadian period of
total sleep time in DD is significantly longer in DS (23.83 + 0.04



hours, n = 5) than WT (23.64 = 0.03 hours, n = 3) mice (two-tailed
Student t-test, p = 0.01; Figure 5E). However, this difference was
smaller than that measured from WRA [26]. To determine if
there were any differences in the circadian period of NREM and
REM sleep between and within genotypes, we also performed a
two-way ANOVA with genotype and sleep stage as factors. While
we found a strong effect of genotype (F, ,, = 19.96, p < 0.001), we
found no effect of sleep stage (F, ,, = 0.15, p = 0.86) or the inter-
action (F, ,, = 0.5, p = 0.62; data not shown). These results suggest
that, in agreement with previous findings [46], the rhythm of
both NREM and REM sleep are under strong control of the circa-
dian clock in free-running conditions.

DS mice are more likely to have an absent or
fragmented daily “siesta”

The “siesta” is a brief bout of sleep during the active period
commonly observed to occur in WT mice [46-50]. Recent work
has demonstrated that the daily timing of the siesta is under
control of vasoactive intestinal polypeptide (VIP) neurons in
the SCN [50], suggesting it as an important output of the cir-
cadian system’s regulation of sleep. Our continuous ECoG/EMG
recording paradigm offered a unique opportunity to directly as-
sess how the timing of the siesta in mice responds to manipula-
tions of the LD cycle, and to determine if the siesta is disrupted
in DS mice.

Days
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We first asked whether DS mice also display a consolidated
siesta akin to that seen in WT mice (Figure 6). We found that
DS mice were nearly 40% less likely to have a consolidated si-
esta than WT controls (Chi-squared test, y2(1) = 4.768, p = 0.02;
Figure 6B, top left panel).We then set out to determine if there
were any differences between the re-entrainment dynamics of
the siesta and the main bout of sleep following phase shifts in
WT mice. Here, we define the siesta as a brief (<2 hours) bout of
sleep occurring primarily during the active period (dark phase)
of the LD cycle that is visually discernible from the main bout
and occurs with a regular onset each day. We first calculated the
re-entrainment speed in minutes per day for both sleep bouts
individually by extracting the slope of a line fitted to sleep offset
for delays and onset for advances using actograms of sleep by
manual scorers blind to experimental conditions. In WT mice,
we find that re-entrainment of the siesta is slower than the
primary bout of sleep for both advances and delays (two-way
ANOVA: sleep bout [F, , = 65.88, p < 0.001], jet lag condition [F, .,
=3.953, p = 0.052] and effect of the interaction [F,, = 4.023, p <
0.05], n = 14 mice for delays, 16 for advances; Figure 6A).

For those DS mice that did display a siesta, a two-way ANOVA
with Tukey post hoc comparisons revealed a significant differ-
ence in RS between the siesta and main sleep bout following de-
lays (p < 0.001), but not advances (p = 0.25; Figure 6B, bottom left
panel). Therefore, we conclude that DS mice have a disrupted
daily siesta relative to their WT counterparts.
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=4.768,p = 0.02).

Discussion

Here we show that DS mice have impairments in the circadian
regulation of sleep including fragmented rhythm of NREM sleep,
elongated endogenous period of sleep, and a disrupted daily
siesta. These findings are consistent with our previous charac-
terization of circadian wheel-running behavioral deficits in DS
mice and suggest that a global heterozygous loss-of-function
mutation in the Na 1.1 sodium channel is sufficient to cause
disturbances in the circadian regulation of sleep. However,
in contrast to our previous report, both NREM and REM sleep
acrophase in DS mice re-entrain normally to phase shifts of the
LD cycle simulating jet lag. Moreover, while the endogenous
period of both WRA and sleep was significantly longer in DS
mice, the magnitude of this difference is more pronounced in
WRA than sleep [26]. This could be in part due to the fact that DS
mice were previously documented to display less WRA in gen-
eral than WT mice.

Despite these discrepancies, our results are consistent with
reports of disturbed sleep in DS patients [14, 15]. We found that
the endogenous period of both NREM and REM sleep is longer
in DS mice than their WT counterparts. As noted previously
[26], the elongation of circadian period in DS mice is striking, as
period period changes are typically only seen in clock gene or
clock-related gene mutants such as Clock [51], Rorf [52], and CK1e
[53]. A similar phenomenon in DS patients could explain com-
plaints of delayed sleep onset and difficulty maintaining sleep,
as a longer endogenous period of sleep would result in a delayed
phase of circadian entrainment. DS mice also showed rhythm
fragmentation in NREM but not REM sleep. We hypothesize that
disturbances to NREM sleep we report here and have reported

previously [28] are caused by reduced excitability of GABAergic
TRN neurons as a result of heterozygous deletion of Scnla. Of
note, recent work has demonstrated that another mouse model
of DS displays hyperexcitability of TRN neurons due to compen-
sation by calcium-activated SK potassium channels, leading to
excessive burst firing and non-convulsive seizures [54]. However,
the aforementioned DS mouse contains a human Scnla mutation
and is bred on a different genetic background than the DS model
presented here, suggesting a number of different explanations
for the discrepancies in TRN properties. Still, these results raise
the possibility that cellular and/or network changes outside the
TRN may contribute to the NREM sleep disturbances observed in
DS. Interestingly, although interictal spiking during NREM sleep
in DS mice has been associated with increased awakenings [28],
we observed no correlation between interictal spiking frequency
and both NREM IV and WASO. While we cannot completely rule
out the contribution of epileptic activity to sleep disturbances
in DS mice, our data suggest that epileptic activity identified at
the recording sites in our experimental setup alone is unlikely
to fully account for the fragmentation of sleep rhythms in DS. It
is possible that the combination of epileptic activity and sleep
rhythm fragmentation with a potentially independent etiology
leads to the frequent nighttime awakenings reported by DS
patients.

While most patients diagnosed with DS have a mutation
in the SCN1A gene, these mutations exist on a spectrum, and
the type and severity of symptoms seen in patients with DS
and other SCN1A-related epilepsies can vary widely [18]. For
example, a mouse model of generalized epilepsy with febrile
seizures plus (GEFS+), which is the result of a different Scnla



mutation, was shown to have reduced NREM and REM sleep and
normal homeostatic sleep rebound, in contrast to this and pre-
vious descriptions of sleep in the DS mouse studied here [27].
Continuing to characterize sleep and other co-morbidities in
these different pre-clinical models of SCN1A-related epilepsies
could be informative in helping to identify and more effectively
address different manifestations of symptoms in patients.

The contradictions between the sleep phenotype found in
this study and previously identified circadian behavioral pheno-
types underscore the value of combining long-term ECoG/EMG
recording and activity monitoring in disentangling different
behavioral outputs of the circadian clock, particularly in pre-
clinical models of disease. It is well-documented that DS mice
are susceptible to thermally-induced seizures [19, 21], and that
exercise such as wheel-running increases core body tempera-
ture. The risk of thermally induced seizures could deter DS mice
from running on wheels. Furthermore, like many DS patients,
DS mice show spasticity [23], which could reduce their ability
to run on a wheel. Similarly, a seizure during WRA might cause
premature termination, whereas a seizure before WRA might
prevent initiation of a bout of running. Although it remains to
be determined why it is clear that DS mice show reduced wheel-
running and this could, in turn, affect their ability to achieve
normal circadian phase resetting of WRA [26]. Therefore, ex-
isting circadian behavioral impairments in DS mice may appear
exacerbated when measuring rest-activity cycles by WRA, as op-
posed to measuring home cage activity or ECOG/EMG.

There is evidence to suggest that the circadian deficits in DS
mice are the result of reduced GABAergic neurotransmission
caused by the loss-of-function mutation in the Na,1.1 channel,
and thus impaired communication between SCN subregions
[26]. The mutation reduces excitability of GABAergic neurons
specifically [19], and GABA has been proposed as a critical com-
ponent in coupling both SCN subregions [55], and individual
SCN neuronal oscillators [55-57]. This network integrity is key
to the maintenance of rhythmic sleep-wake behaviors of the
type observed here [45]. Despite this, the possibility remains
that neuronal damage sustained as a result of chronic seizures
may also contribute to sleep phenotypes. The SCN projects to
multiple known sleep-wake maintenance centers [45], as well
as to neurons that drive endocrine, metabolic, and autonomic
functions that affect sleep [34]. Depending on the frequency,
severity and origin point of seizures, the SCN and its myriad
downstream targets may be differentially affected. Though we
are unaware of any evidence that seizures in DS directly affect
the integrity of these areas, future work could incorporate histo-
logical evaluation of DS mouse brain tissue to determine if and
how such centers are affected. This could also help to explain
the high degree of inter-individual differences seen in circa-
dian sleep behaviors in DS mice, such as rate of re-entrainment
to jet lag (Figure 4). Although such an analysis is beyond the
scope of the present study, previous histological work has con-
firmed a reduction in the expression of the Na,1.1 channel in
GABAergic neurons in the SCN [26], TRN [28], hippocampus [19],
cortex [19, 20, 24] and sleep-related hypothalamic nuclei [26, 27]
of DS mice, suggesting the Scnla*” mutation is highly likely to
contribute to the sleep phenotypes observed here. Of note, our
previous study on WRA in DS mice used animals that were typ-
ically older than then ones used in the current study; some of
the circadian deficits observed in WRA and not in the regulation
of polysomnographically recorded sleep could be also due to
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the history of seizures that could presumably have cumulative
neuronal damage in SCN targets. Future work on sleep-related
co-morbidities of DS should employ region-specific targeting of
the Scnla*” mutation to the SCN and its downstream targets—
many of which also richly express the Na,1.1 channel [27]—
in order to characterize their respective contributions to the
phenotypes observed in the DS mouse.

While this study is not the first to employ polysomnographic
recordings of this length in rodents [58], our results join a short
but growing list of successes in using long-term ECoG/EMG re-
cording to study the circadian regulation of sleep. A series of
studies from our lab employed long-term continuous sleep re-
cording in rats to demonstrate that under lighting conditions
that cause internal circadian desynchrony, the daily rhythms
of NREM and REM sleep become uncoupled [36], and that the
daily timing of REM sleep specifically is associated with an os-
cillator in the dorsomedial subregion of the SCN [37]. In mice,
long-term sleep recordings have been used to characterize tem-
poral distributions and re-entrainment dynamics of sleep fol-
lowing chronic environmental circadian disruption in the form
of serial advance jet lags over 3 months [59], as well as chronic
sleep disturbances that occur under LD cycles that cause circa-
dian misalignment [60], highlighting the value of this approach.

In addition to the identification of circadian sleep regula-
tion deficits in DS, our study offers a thorough characterization
of re-entrainment dynamics of sleep following a single phase
shift of the LD cycle simulating jet lag in WT mice, as well as,
to our knowledge, the first direct observation of the effects of
LD cycle manipulation on the daily siesta. Interestingly, we
found no significant difference in re-entrainment time between
NREM and REM sleep stages. This is in contrast to results from
similar experiments in the rat, which demonstrated that REM
sleep takes longer to re-entrain to delay jet lags than NREM,
and that the timing of REM is associated with the activity of the
dorsomedial SCN [37]. A recent study found that under 20-hour
LD cycles causing circadian desynchrony in the mouse, REM
sleep increases during the dark phase during misaligned days
(coinciding with the subjective day), suggesting that REM sleep
timing is regulated primarily by the ~24-hour circadian clock,
and is dissociated from the LD cycle [60]. This is in agreement
with our previous finding in rats that under 22-hour LD circa-
dian forced desynchrony, REM is dissociated from LD cycle and
displays an endogenous period of approximately 25 hours [36].
Future work seeking to reconcile these findings on the role of
the circadian clock in the timing of REM sleep in mice could
combine continuous sleep recording and a serial jet lag protocol
as used by Casiraghi et al. [61] to examine both re-entrainment
dynamics and the resulting period of sleep stages.

Both our protocol and Casiraghi et al.’s serial jet lag paradigm
could also be useful in further characterizing the mechanisms
underlying both the timing and the re-entrainment dynamics
of the siesta, which recent evidence suggests is under control of
VIP neurons in the ventral SCN [50]. We previously demonstrated
reduced signal propagation from the VIP-rich ventral SCN to the
dorsal SCN resulting in poor network connectivity in DS mice
[26], which could help to explain the disturbed siesta pheno-
type reported here. However, NREM sleep rhythm fragmentation
was observed in DS mice, and because NREM sleep comprises
a sizable portion of the daily siesta, it is possible that the ab-
sence or fragmentation of siesta in DS mice is an epiphenom-
enon of NREM fragmentation in general. Still, the difference in



10 | SLEEPJ, 2019,Vol. 42, No. 12

re-entrainment dynamics of siesta, but not the main sleep bout,
between WT and DS mice that display a consolidated siesta, as
well as the complete absence of siesta in some animals, suggest
that while NREM fragmentation likely contributes, the siesta
phenotype cannot be explained by this fragmentation alone.
Interestingly, a recent study using a mouse model of Angelman
syndrome with a maternal deletion of the Ube3A gene, which is
expressed in the SCN, found that the daily siesta is lost while
circadian rhythmicity remains intact [48], suggesting the siesta
may also be regulated by the sleep homeostat. Yet another re-
port found that mice with a deficiency in serotonin synthesis
exhibit both abnormal circadian behavior and a complete lack of
siesta [49]. Taken together, these data suggest a combination of
circadian and homeostatic components are at play in timing the
siesta and highlight the need for further study of its regulation.

Long-term sleep experiments of the kind performed here
and in previous studies also offer a framework in which to
study diseases with circadian and sleep-related co-morbidities
where long-term polysomnographic studies are not possible in
patients. Additionally, these approaches would be invaluable
in determining both efficacy and mechanisms of interventions
to improve sleep hygiene, and in turn, the core symptoms of
these diseases. Pharmacological imposition of sleep improved
both circadian and cognitive outcomes in a mouse model of
Huntington’s disease [62, 63]. Non-pharmacological behavioral
interventions using circadian entraining cues to improve the
temporal organization of sleep-wake cycles have also proven ef-
fective in treating disease. For example, social rhythm therapy
has shown success in improving both sleep hygiene and symp-
toms in patients with mood disorders [64], and temporally re-
stricting feeding has been shown to reduce seizure frequency
and severity in a rat model of pilocarpine-induced epilepsy [65].
Combining these interventions with continuous sleep moni-
toring can offer greater insight into how sleep timing and quality
is affected and provide clues into how these changes may result
in improvement of disease symptoms.
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