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Abstract 

Epilepsy is one of the most common comorbidities in individuals with autism spectrum disorders 

(ASDs). Many patients with epilepsy as well as ASD experience disruptions in their sleep-wake cycle 

and exhibit daily rhythms in expression of symptoms. Chronic exposure to light at nighttime can 

disrupt sleep and circadian rhythms. Contactin associated protein-like 2 knockout (Cntnap2 KO) 

mice, a model for autism spectrum disorder (ASD) and epilepsy, exhibit sleep and circadian 

disturbances and seizure-like events. This study examines how chronic dim light at night (DLaN) 

exposure affects sleep architecture, EEG power spectra, and seizure activity in Cntnap2 KO and 

wildtype (WT) mice. Using electroencephalography (EEG) recordings, male and female Cntnap2 KO 

and WT mice were exposed to DLaN (5 lux) for 2 or 6 weeks. EEG recordings were analyzed to 

assess sleep architecture, power spectrum, and seizure-like events. DLaN exposure delays the wake 

onset and disrupts sleep patterns in a sex-dependent manner, with females being more affected. DLaN 

significantly increased slow-wave activity (SWA, 0.5–4 Hz) in both WT and KO mice, indicating 

increased sleep pressure. Finally, we found that DLaN dramatically increased the frequency of 

seizure-like events in the Cntnap2 KO mice and even increased the occurrence rate in the WT mice. 

Spectral analysis of seizure-like events revealed increased theta power, suggesting the involvement of 

hippocampus. Chronic DLaN exposure disrupts sleep and increases seizure-like events in Cntnap2 

KO mice, with sex-specific differences. These findings emphasize the potential risks of nighttime 

light exposure for individuals with ASD and epilepsy, reinforcing the need to manage light exposure 

to improve sleep quality and reduce seizure risk.   

Keywords: ASD, dim light at night, seizure, epilepsy, mice, sleep-wake rhythm, sex difference 
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Introduction 

Epilepsy is one of the most common comorbidities in individuals with autism spectrum disorder 

(ASD) [1, 2]. A systematic review and meta-analysis evaluating 66 studies, ranging from clinic 

samples to population samples, reported a pooled prevalence rate of epilepsy in 7% of children and 

19% of adults with ASD [3]. Individuals with ASD and epilepsy tend to exhibit higher rates of 

intellectual disability and overall, more neurodevelopmental impairment psychiatric conditions 

compared with individuals with ASD without epilepsy [4-7]. Other studies have reported higher rates 

of epileptiform discharges and other abnormal electroencephalographic (EEG) features in individuals 

with ASD, even without the presence of clinical seizures. Interestingly, studies using overnight EEG 

monitoring in children with ASD reported higher rates of interictal epileptiform discharges (IEDs) in 

sleep [8-11]. These findings fit into a larger literature indicating that many patients with epilepsy 

experience disruptions in their sleep-wake cycle and exhibit daily rhythms in expression to symptoms 

[12-14]. Sleep disturbances are commonly reported in ASD, with affected individuals experiencing 

delayed sleep onset, nighttime arousals, fragmented sleep, and reduced total sleep duration [15-17]. 

The co-occurrence of epilepsy further exacerbates sleep disturbances. These associations raise 

questions about the underlying mechanisms, such as the shared role of pathological excitability and 

altered synaptic transmission that are best addressed using preclinical models [18]. 

To examine the intersection between autism-like behaviors, epilepsy and sleep disturbances, we 

searched a mouse model that exhibited all three phenotypes [19, 20]. Prior work has shown that 

mutations in the contactin associated protein-like 2 (Cntnap2) gene are associated with ASD, 

intellectual disabilities, and seizures in patients [21-28]. Similarly, a Cntnap2 KO mouse model [29] 

has been shown to have seizures, frequent interictal discharges as well as social behavioral deficits, 

and repetitive behaviors [30-33]. Previous studies showed that Cntnap2 KO mice have disrupted sleep 

and dampened day-night activity rhythms compared to wildtype (WT) mice [34-36]. Chronic 

exposure to light at nighttime has been associated with disrupted daily activity, delayed sleep onset, a 

dampened melatonin profile, mood alterations, metabolic dysfunctions, and poor cognition scores. We 

have previously shown that these mice are vulnerable to exposure to a mild, but common, circadian 

disruption caused by exposure to dim light at night (DLaN).  This disruption impacted both activity 

rhythms as well as reduced social interactions and increased repetitive behaviors [36]. The negative 

effects of DLaN were reduced by treatment with melatonin [36] or by shifting the light toward 

warmer colors that minimized stimulation of melanopsin [37]. The impact of DLaN on EEG-defined 

sleep or epileptic discharges was not examined in the prior work.      

In the present study, we used EEG/ Electromyography (EMG) recordings to measure daily rhythms in 

vigilance states – wake, non-rapid eye movement (NREM) sleep, and rapid eye movement (REM) 

sleep – in male and female Cntnap2 KO and WT mice. Following baseline recordings under standard 
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12:12 light/dark conditions, the mice were exposed to DLaN for two and six weeks. We were 

particularly interested in evaluating the potential sex differences in the temporal patterns in vigilance 

states. In addition, we wanted to test the hypothesis that the Cntnap2 KO mice would be vulnerable to 

circadian disruption driven by DLaN exposure. We also evaluated the impact of this environmental 

perturbation on the power spectrum of NREM sleep, particularly focusing on the slow-wave activity 

range (SWA, 0.5–4 Hz). Finally, we sought to determine if the DLaN exposure would impact the 

frequency of seizure-like events in the Cntnap2 KO mice. 

Results 

Fragmented sleep and dampened daily sleep-wake rhythm in the Cntnap2 KO mice  

Prior work has found evidence for disturbed sleep/wake rhythms in male Cntnap2 KO mice [34-36]. 

In the present study, we used EEG measurements to determine whether the mutation impacted daily 

rhythms of sleep-wake architecture in Cntnap2 KO and WT mice. As illustrated by the hypnograms, 

Cntnap2 KO mice exhibited significantly more fragmented vigilance states and increased sleep during 

the dark phase (Fig. 1A). Quantification of sleep percentages across the light and dark phases 

confirmed these findings, with KO mice displaying reduced sleep during the light phase and elevated 

sleep during the dark phase compared to WT controls (Fig. 1B).  

Previous studies have shown that waking episode duration is shorter in KO mice compared to WT, 

with a corresponding increase in waking bouts [34]. Further analysis revealed that, regardless of the 

light or dark phase, the average episode duration of wakefulness, NREM sleep, and REM sleep was 

significantly shorter in KO mice than in WT mice (Fig. 1C-E); similarity, the bout number for each 

vigilance is higher in the KO mice than in the WT mice, further supporting the presence of sleep 

fragmentation (Fig. 1F-H). A three-way ANOVA analysis of the hourly data indicated no significant 

difference between the sexes, or an interaction between genotype and sex, or interaction among time, 

genotype and sex; thus we combined the male and female data (Table 2). Hourly sleep-wake rhythms 

revealed a genotype-dependent interaction with time (Fig. 1I-K; Table 1). Post-hoc analysis indicated 

that KO mice slept more during the dark phase (Fig. 1I, J; Table 1). Notably, REM sleep distribution 

over the 24-hour cycle was affected by genotype (Fig. 1K, Table1).  

Further analysis of the 24-hour and light/dark phase data for each vigilance state revealed genotype- 

and sex-specific effects (Table 3). The overall time awake and REM sleep in the 24-hour period did 

show an effect of genotype, the KO mice had less awake time and more REM sleep compared to WT 

mice, and REM sleep showing a significant sex effect, males spent more time in REM sleep compared 

with females. During the light phase, wake time and NREM sleep were affected by the genotype, with 

WT mice had less wakefulness and more NREM sleep than KO mice, contributing to a blunted sleep-

wake rhythm in KO mice. Additionally, light-phase wake time and REM sleep were influenced by 
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sex, with females spending more time awake and less time in REM sleep than males. The most 

pronounced genotype effect was observed during the dark phase, where KO mice exhibited 

significantly reduced wakefulness and increased NREM and REM sleep compared to WT mice. 

Overall, our EEG confirmed sleep/wake data confirmed that the Cntnap2 KO mice exhibited sleep 

fragmentation with a significant impact on the rhythms in wake and NREM sleep and an increase in 

dark-phase sleep, leading to a blunted daily sleep rhythm. 

Sleep architecture is more affected by DLaN in Cntnap2 KO mice 

To investigate the effects of DLaN on sleep architecture, we used 5 lux dim light during the dark 

phase, comparable to the intensity of light emitted by electronic devices in a dark room, and 300 lux 

during the light phase, typical of working environments. We evaluated sleep architecture in Cntnap2 

KO and WT mice over a 24-hr period following 2 and 6 weeks of DLaN exposure. 

As shown in the representative hypnograms, the KO mice exhibited dramatic alterations in sleep 

architecture during the dim light phase after 6 weeks DLaN exposure with sex dependent effect (Fig. 

2A). In KO females, DLaN delayed wake around the light-dark transition and increased dim light 

phase wakefulness (Fig. 2H, T, Table 3 & 4). Correspondingly, nighttime NREM sleep (Fig. 2I, U) 

and REM sleep (Fig. 2J, V) were significantly reduced (Table 3 & 4). In contrast, KO males showed 

a decrease in waking and increase NREM sleep around the light-dark transition (Fig. 2K, L). Notably, 

after just 2 weeks of DLaN exposure, KO females already exhibited reduced NREM and REM sleep 

during the dark phase (Supplemental Fig. 1J-L), indicating that changes in these vigilance states 

preceded the delayed wake onset observed after 6 weeks of DLaN exposure. In contrast, the WT and 

KO males did not show significant differences after 2 weeks of DLaN exposure (Supplemental Fig. 

1). Although, the WT mice exhibited less pronounced changes than KO mice (Fig. 2), two-way 

ANOVA revealed significant interactions between DLaN and Zeitgeber time in WT females, 

indicating that DLaN altered the distribution of vigilance states across the 24-hr cycle. In contrast, 

WT males displayed DLaN-induced changes only in wakefulness (Table 4).  

Most previous studies on the effect of DLaN were performed in male rodents. Here, we observed 

distinct sex differences in sleep patterns under DLaN exposure in both WT and KO mice, particularly 

in total and dark/dim light-phase sleep (Fig. 2, Table 3& 4). These findings highlight the complex 

interplay between sex and genotype in modulating sleep alterations under DLaN exposure, with 

significant effects observed across waking, NREM, and REM sleep architecture. Analysis of total 24-

hr sleep revealed a significant sex difference, with KO females showed 7.2 ± 2.0% more wakefulness 

compared to KO males (Table 3). Additionally, REM sleep differed significantly across genotypes 

and sexes, with KO males exposed to 6 weeks of DLaN displaying a higher total amount of REM 

sleep than both KO females and WT males (Table 3). During the light phase, a significant genotypic 

effect was observed in NREM sleep and a sex effect in REM sleep (Table 3). In contrast, during the 
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dim light phase, both genotype and sex significantly influenced sleep patterns: KO females exhibited 

increased wakefulness compared to KO males, while KO males had significantly more REM sleep 

than KO females and WT males, suggesting a sex-dependent impact of DLaN on sleep regulation 

(Table 3). 

Interestingly, DLaN exposure did not affect episode durations or frequency in female mice 

(Supplemental Fig. 2). However, in male mice exposed to six weeks of DLaN, waking bout episode 

durations were extended relative to baseline conditions, as were NREM and REM sleep bout 

durations (Supplemental Fig. 2). These findings suggest that KO males and females may exhibit 

distinct phenotypes under DLaN exposure. In KO males, delayed wake onset and prolonged episode 

durations may serve as compensatory mechanisms to mitigate the impact of DLaN. While waking 

onset was also delayed in KO female, they showed increased waking time during the dim light phase, 

which may reduce the impact of DLaN on their sleep. 

Power spectrum of NREM sleep and the slow wave activity under DLaN 

The NREM sleep power spectrum revealed a significant increase in the delta range following DLaN 

exposure (Fig. 3). In WT mice, the absolute power in the delta range of NREM sleep gradually 

increased over time, with a significant elevation observed after both 2 and 6 weeks of DLaN exposure 

compared to baseline LD conditions in the light phase (Fig. 3A, C, Table 5). Similarly, KO mice 

exhibited a relatively smaller but significant increase absolute power in the delta range (Fig. 3B, D). 

To further examine the spectral changes induced by DLaN, we analyzed the EEG power spectrum 

during waking and REM sleep, but there the changes were relatively minor. In WT mice, a small, 

gradual increase was observed in the theta range during REM sleep in the dark phase (Supplemental 

Fig. 3B). In KO mice, there was a slight increase in the theta range during REM sleep in the light 

phase of (Supplemental Fig. 3E). 

Given these observed changes in the NREM sleep power spectrum within delta range, we further 

analyzed the relative slow wave activity (SWA) during NREM sleep over 24 hrs, as SWA serves as a 

well-established marker of sleep homeostasis and sleep pressure. Under baseline LD conditions, there 

were no significant differences in SWA between WT and KO mice (Fig. 3E, Table 5). However, after 

2 weeks of DLaN exposure, SWA increased significantly more in WT mice than in KO mice, 

particularly during the dark phase (Fig. 3F, Table 5). This effect became even more pronounced with 

extended exposure, with significant differences observed in WT mice at 6 weeks (Fig. 3G, Table 5). 

Seizure-like events increased after DLaN exposure in Cntnap2 KO mice 

During EEG scoring, abnormal bursts of high-amplitude, ‘hypersynchronized’ EEG activity were 

observed in Cntnap2 KO mice during both REM sleep (Fig. 4A) and wakefulness (Fig. 4B). This 

abnormal EEG activity, has been previously reported in Cntnap2 KO mice by another group and were 
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referred to as seizure-like activity [34]. We quantified the occurrence of these seizure-like events 

under three conditions in both WT and KO mice. At baseline, all 16 Cntnap2 KO mice exhibited 

seizure-like events (Fig. 4C, 100%), and these persisted under DLaN exposure. While rare in WT 

mice, a single seizure-like event was observed in one WT mouse at baseline. However, following 2 

weeks of DLaN exposure, 6 out of 14 WT mice (42.9%) exhibited seizure-like events, increasing to 

10 out of 14 WT mice (71.4%) after 6 weeks. Despite this increase in incidence, the frequency of 

seizure-like events in WT mice did not significantly differ between LD and DLaN conditions (Fig. 

4D). In contrast, Cntnap2 KO mice showed a significant increase in seizure-like events following 

DLaN exposure compared to baseline (Fig. 4E, mean ± SEM: baseline: 26.59 ± 5.49 events; 2 weeks 

DLaN: 92.47 ± 14.62 events; 6 weeks DLaN: 104.8 ± 8.43 events). 

The daily modulation and EEG power spectrum of the seizure-like events in Cntnap2 KO mice  

Since seizure-like events occurred during both REM sleep and wakefulness, we quantified their 

distribution over 24 hrs under baseline and post-DLaN conditions in KO mice. At baseline, these 

events were infrequent during wakefulness and occurred predominantly during REM sleep. After 2 

weeks of DLaN exposure, there was a significant increase in seizure-like events during REM sleep at 

ZT11 (Fig. 5A; Table 6). Following 6 weeks of DLaN exposure, seizure-like events during REM 

sleep became more pronounced across multiple time points during the light phase (Fig. 5C, Table 6). 

Similarly, seizure-like events during wakefulness increased significantly after 2 weeks of DLaN 

exposure, particularly in the active phase (Fig. 5B; Table 6) and remained elevated after 6 weeks of 

DLaN (Fig. 5D; Table 6). 

The observed daily rhythm in seizure-like events may be influenced by daily modulation in 

wakefulness and REM sleep. To account for this, we normalized seizure-like events by calculating 

their occurrence per minute of wakefulness or REM sleep (Fig. 5 E-H; Table 6). After 2 weeks of 

DLaN exposure, there was a significant increase in seizure-like events during both REM sleep (Fig. 

5E; Table 6) and wakefulness (Fig. 5F; Table 6), with no significant interaction between time and 

DLaN or a main effect of time. This suggests that DLaN increased seizure-like activity without 

altering its temporal distribution. After 6 weeks of DLaN exposure, both DLaN and time had 

significant effects on seizure-like events during REM sleep, though no interaction was observed (Fig. 

5G; Table 6).  In contrast, seizure-like events during wakefulness showed a significant interaction 

between time and DLaN (Fig. 5H; Table 6), indicating the emergence of a daily rhythmic pattern 

after prolonged exposure.  

Spectral analysis of seizure-like events after 2 weeks of DLaN exposure revealed a substantial 

increase in power density in the theta range, with an additional increase in the 14–16 Hz range during 

both REM sleep (Fig. 5I; Table 6) and wakefulness (Fig. 5J; Table 6). This increased theta power 
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was a consistent feature across seizure-like events under both LD and DLaN conditions 

(Supplemental Fig. 4). 

Discussion 

There is growing evidence that nightly exposure to light extracts a toll on our health and wellness [38, 

39]. Concerns about exposure to even DLaN may be particularly relevant to individuals with 

neurodevelopmental disorders who are vulnerable to environmental perturbations. To explore this 

issue and its underlying mechanisms, we examined the impact of DLaN on the Cntnap2 KO model of 

neurodevelopmental disorders. In prior work, we have shown that DLaN disrupts rhythms in activity 

and sleep behavior in the Cntnap2 KO mice [36, 37]. These disruptions were correlated with DLaN-

driven reductions in social behavior and increases in repetitive behaviors. While video analysis of 

sleep is useful for long-term, non-invasive tracking, it lacks the physiological precision of EEG, 

which is essential for defining sleep stages and quality. In the present study, we used EEG recordings 

to assess vigilance states (wake, NREM, and REM sleep) and examine the frequency of seizure-like 

events in the ASD model. Additionally, we explored potential sex differences, as prior work has 

largely focused on males.  

Sleep Disruptions in Cntnap2 KO Mice under Baseline Conditions 

Cntnap2 is the gene that associated with both ASD and cortical dysplasia-focal epilepsy (CDFE) 

syndrome, and sleep problems are widely recognized in both patient populations. Sleep disruptions 

have been reported in other ASD mouse models, including Neuroligin-2 knockout (Nlgn2 KO) and 

Neuroligin-3 knockout (Nlgn3 KO) mice [40, 41], while models such as fragile X mental retardation 

syndrome 1 (Fmr1) KO and BTBR mice show genotype-time interactions rather than robust 

differences from WT [42]. These variations in sleep phenotypes likely stem from differences in 

genetic mutations leading to distinct synaptic and cellular dysfunctions [43]. Under baseline 

conditions, all mice exhibited robust daily rhythms in wake, NREM sleep, and REM sleep, and the 

vigilance states were affected by the interaction between time and genotype, only REM sleep showed 

a significant influence by the genotype. Prior work also found that immobility defined sleep behavior 

was relatively unaffected in the Cntnap2 KO [36], but EEG-based sleep analysis revealed fragmented 

wakefulness and blunted state rhythms in the Cntnap2 KO mice [34]. This is consistent with our 

study, comparing with the behavior defined sleep, now using EEG analysis demonstrated that sleep 

fragmentation is a robust feature of the Cntnap2 KO model. Both male and female KO mice exhibited 

increased fragmentation of wakefulness, NREM, and REM sleep. These findings are contrast with the 

Nlgn2 KO mice, which exhibit more consolidated sleep compared to WT, highlighting model-specific 

sleep phenotypes [41]. In the present study, both sexes of KO mice exhibited a striking increase in 

vigilance state fragmentation, decreased waking and increased sleep during the night, a pattern that 

may reflect underlying deficits in circadian regulation. 
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Cntnap2 KO mice showed dramatic changes in sleep architecture after exposure to DLaN 

Under DLaN, WT mice did not show significant alterations in vigilance states after two and six weeks 

of exposure. These findings are consistent with a previous study demonstrating that chronic exposure 

to 5 lux nighttime light did not significantly alter the sleep structure of male WT mice [44]. Another 

study reported altered daily rhythm of vigilance state under DLaN, particularly in REM sleep [45]. In 

contrast to the minor changes in the WT mice, with prolonged DLaN exposure, Cntnap2 KO mice 

showed disrupted sleep-wake rhythms after six weeks, indicating that the impact of DLaN increases 

over time. Both male and female KO mice exhibited delayed waking onset during the active phase, 

suggesting a similar delay effect across sexes. Delayed sleep/waking onset is similar to previous 

findings about the effect of the DLaN in both human and animal studies [46-48].  

Cntnap2 KO mice demonstrated increased NREM sleep irrespective of sex under baseline conditions. 

However, females displayed more pronounced changes in sleep architecture under DLaN, 

characterized by an increase in wakefulness, suggesting that females may be less susceptible to the 

negative effects of DLaN. Interestingly, male KO mice displayed more consolidated episodes of 

wakefulness, NREM sleep, and REM sleep under DLaN conditions. In contrast, female KO mice and 

WT mice did not exhibit significant changes in sleep architecture under these conditions. These sex-

specific responses may be driven by hormonal differences. Given that ASD is predominantly studied 

in males [49], our inclusion of both sexes revealed subtle but significant sex differences in response to 

DLaN. Similar sex-specific responses to nighttime light have been observed in other species, such as 

birds, where females exhibit greater wakefulness under nocturnal light exposure [50]. These 

differences highlight the potential influence of environmental factors and hormonal regulation on the 

sleep phenotypes of males and females under DLaN conditions. 

Spectral analysis of the EEG during NREM sleep revealed a significant increase in delta power in 

both WT and KO mice under DLaN compared to baseline LD conditions, indicating elevated sleep 

pressure. This finding aligns with prior studies reporting similar effects after chronic DLaN exposure 

for durations ranging from one week to one month [46]. A 24-hr profile of slow-wave activity (SWA) 

data demonstrated more pronounced changes during the dark phase in WT mice. Although KO mice 

exhibited increased delta power in their NREM sleep power spectrum, these mice also had increased 

sleep during the dim light phase that may result in decreased relative SWA. In contrast, the extended 

waking periods in WT mice likely contributed to their elevated SWA. Both spectral data and relative 

SWA data suggest that KO and WT mice experienced greater sleepiness under DLaN conditions 

compared to baseline LD conditions. 

Seizure-like activity occurrence increased under DLaN conditions 
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Epileptic seizures and abnormal EEG patterns have been previously observed in Cntnap2 KO mice 

[30, 34]. Consistent with previous findings, we observed abnormal electrical discharges in both male 

and female KO mice, indicating that this EEG feature is present across sexes. Under baseline 

conditions these seizure-like events occurred primarily during REM sleep and were rarely observed 

during waking and never during NREM sleep. While, in general, approximately half of all seizures 

occur during sleep, most sleep-related seizures are associated with NREM sleep, with REM-related 

seizures being relatively rare [51]. Similarly, Ank3-exon1b knockout (Ank3-1b KO) mice, a model 

relevant to epilepsy, also exhibited a higher prevalence of seizures during REM sleep [52], and Nlgn2 

KO mice also showed seizure-like events predominated during wakefulness and REM sleep [53]. 

These findings suggest that abnormal EEG activity in epilepsy and autism models is strongly 

associated with REM sleep. 

As has been reported in patients and rodents, seizures are likely to occur at specific times, and the 

circadian rhythm of seizure occurrence varies among different epilepsy subtypes and location of 

seizure foci [18, 54, 55]. In Nlgn2 KO mice, hypersynchronized ECoG events peaked around ZT 9–

10, while in Cntnap2 KO mice, seizure density was highest at the beginning of the active phase under 

LD conditions. Our study found that chronic DLaN exposure significantly increased seizure-like event 

frequency in KO mice in REM sleep and waking. After six weeks of DLaN, seizure density exhibited 

a distinct rhythmic pattern in waking, suggesting that prolonged exposure to dim light may trigger 

adaptive mechanisms. Notably, WT mice also displayed seizure-like events under DLaN, though at a 

lower frequency, indicating that DLaN may be an environmental risk factor for both KO and WT 

mice. 

Excitatory/inhibitory imbalance in Cntnap2 KO mice 

Prior work suggests that network-wide differences from WT might underlie the increased occurrence 

of seizure-like events in Cntnap2 KO mice. Cntnap2 expression is highest in cortical and striatal 

regions [56], and its loss leads to dysregulated inhibitory synaptic transmission, and impaired 

neuronal migration. Power spectral analysis revealed that these seizure-like events were characterized 

by elevated theta power, which is likely to be generated by the hippocampus suggesting that the 

hippocampus may play a critical role in the generation of these seizure-like events. A reduction in 

parvalbumin-positive interneurons in the hippocampus has been described in Cntnap2 KO mice [30]. 

Dysfunction of parvalbumin-positive (PV+) interneurons has been implicated in several neurological 

disorders, including epilepsy [57, 58]. PV interneuron failure, potentially via depolarization block and 

impaired inhibitory synaptic function, results in a reduction in overall inhibition and ultimately in 

seizures or seizure-like events in the Cntnap2 KO mice.  
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In addition to PV neuron dysfunction, Cntnap2 KO animals have been reported to exhibit reduced 

functional synaptic connectivity and decreased synapse density in the medial prefrontal cortex [59, 

60]. Notably, modulation of the excitatory/inhibitory (E/I) balance in the prefrontal cortex has been 

shown to rescue social behavior deficits in Cntnap2 KO mice [61]. A recent study demonstrated that 

the daily E/I balance was disrupted in Fmr1 KO and BTBR mice, two other autism mouse models 

[42], suggesting that disrupted daily E/I balance may be a common feature of autism-related models. 

Environmental factors, such as DLaN, may further exacerbate these network imbalances. Chronic 

exposure to 5 lux DLaN has been shown to alter thalamo-cortical neuronal networks in animal studies 

[46]. In humans, sleeping under a night light of approximately 40 lux has been associated with 

shallower sleep, increased arousals, and significantly decreased brain oscillations during sleep [62]. 

Given that DLaN can disrupt brain networks, and Cntnap2 KO mice already exhibit disrupted E/I 

balance, exposure to DLaN likely intensifies these pre-existing neural deficits. This compounded 

disruption may explain the increased occurrence of seizure-like events observed in KO mice under 

DLaN conditions, as compared to the baseline LD condition.  

Disrupted circadian rhythm is a risk factor for seizure occurrence in Cntnap2 KO mouse model 

The circadian clock drives daily rhythms in physiology through a variety of mechanisms.  In the 

mouse cortex, the majority of synaptic transcripts exhibit daily rhythms in abundance that peak before 

dawn and dusk [63] and robust rhythms in phosphoproteins have been described [64]. In prior work, 

we have shown that DLaN altered the phase and amplitude of the molecular clock expressed in the 

Cntnap2 KO in a tissue-specific manner [36] and is likely to alter cortical physiology. Previously an 

interaction between disruption of the circadian clock and epilepsy has been suggested. For example, 

mutations in the RORα gene (RORA) link to intellectual disability including autistic symptoms [65]. 

In another example, mutations in SCN1A which encodes a voltage-gated sodium channel (Nav1.1), 

which is necessary for normal circadian rhythms, and is a risk factor for epilepsy [66, 67]. Similarly, a 

Nav1.1 mutation causing reduced interneuron excitability and seizures also causes sleep impairment 

in a mouse model of Dravet Syndrome [68].  

The evidence for bi-directional associations between circadian disruption and susceptibility to 

epilepsy are intriguing. DLaN is a mild environmental disruptor of circadian rhythms and one that 

may be commonly experienced by patients with ASD and other neurodevelopmental disorders. Our 

work raises the possibility that sleep and circadian disruption by environmental factors makes at least 

some of the core symptoms of developmental disabilities worse. Our findings also raise the possibility 

of using circadian medicine approaches to develop new interventions. Many have argued for the 

possible benefits of interventions at specific times of the day to strengthen the patients' circadian 

rhythms.  In this mouse model, we have already shown that nighttime treatment with melatonin 

improves the circadian rhythms as well as autistic-like behavior [36]. The same treatment during the 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 24, 2025. ; https://doi.org/10.1101/2025.03.22.644752doi: bioRxiv preprint 

https://doi.org/10.1101/2025.03.22.644752
http://creativecommons.org/licenses/by-nc/4.0/


12 
 

day did not produce these benefits. The timed treatment of melatonin supplements or melatonin 

receptor agonists may prove to be an appropriate countermeasure. It will be important to examine 

whether this class of drugs may also be effective in reducing the epileptic discharges. Here it is worth 

noting that the epilepsy associated with focal cortical dysplasia and Cntnap2 mutations is commonly 

resistant to pharmacological management and new treatments are badly needed.  

Limitations 

There are several limitations to this work that will need to be addressed in future studies.  This study 

exclusively uses Cntnap2 KO mice while ASD and epilepsy are genetically heterogeneous, and 

results from one model may not generalize to other forms of these disorders.  Future research should 

assess whether the effects observed here are consistent across other ASD-related mouse models 

following DLaN exposure.  

Additionally, while our findings show that DLaN increases seizure susceptibility, the mechanism of 

action remains unclear. Specifically, it is not clear whether the effects of DLaN are due to circadian 

rhythm disruption, direct light exposure, or a combination. To address this, future studies should 

manipulate the circadian system independently of DLaN exposure to determine whether the observed 

effects are driven specifically by circadian mechanisms.   

Conclusion 

Our study highlights the significant negative impact of DLaN on sleep and neurological health, 

underscoring the importance of addressing this increasingly common environmental factor. Unlike 

many previous studies focusing on male rodents, we included both sexes and found that female mice 

were less vulnerable to DLaN-induced waking disruptions compared to males. Cntnap2 KO were 

particularly sensitive to DLaN, showing more significant sleep disruptions and a sex-dependent effect 

on sleep phenotype. 

A striking finding was the increased occurrence of seizure-like activity under prolonged DLaN 

exposure. While Cntnap2 KO mice naturally displayed seizure-like activity due to their genetic 

deficit, we observed an increase in the occurrence under DLaN conditions, not only in Cntnap2 KO 

mice, but also in the WT mice. This suggests that chronic DLaN exposure can alter brain networks, 

potentially exacerbating neurological vulnerabilities. Our results emphasize the urgent need to 

optimize lighting environments, particularly for individuals with ASD and epilepsy, who may be more 

sensitive to the effects of artificial light at night. Promoting sleep hygiene, such as minimizing 

exposure to dim light before and during sleep, could mitigate these risks. These findings not only 

extend our understanding of DLaN's impact on vulnerable populations but also serve as a call to 

action for improving lighting habits in daily life to safeguard both neurological and overall health. 
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Methods 

Animals 

Mice (13-15 weeks old) were used in this study. All animal procedures were performed in accordance 

with the UCLA animal care committee's regulations. Cntnap2tm2Pele mutant mice backcrossed to the 

C57BL/6J background strain were acquired (B6.129(Cg)-Cntnap2tm2Pele/J, 

https://www.jax.org/strain/017482 [29]. Cntnap2 null mutant (KO) and C57BL/6J wild-type (WT) 

mice were obtained from heterozygous breeding pairs. Weaned mice were genotyped (TransnetYX, 

Cordova, TN) and group-housed prior to experimentation. Mice were housed in light-tight ventilated 

cabinets in temperature- and humidity-controlled conditions, with free access to food and water. Male 

and female mice will be used in this study. 

EEG/EMG Surgery 

At the age of 13-15 weeks, animals were operated under Ketamine/Xylazine anesthesia (100/8.8 

mg/kg, intraperitoneal injection) and EEG/ EMG electrodes were implanted as described previously 

[69]. A prefabricated head mount (CAT:8201, Pinnacle Technologies, KS) was used to position four 

stainless-steel epidural screw electrodes. One front electrode was placed 1.5 mm anterior to bregma 

and 1.5 mm lateral to the central line, whereas the second two electrodes (interparietal—located over 

the visual cortex and common reference) were placed 2.5 mm posterior to bregma and 1.5 mm on 

either side. A fourth screw served as a ground. Electrical continuity between the screw electrode and 

head mount was aided by silver epoxy. EMG activity was monitored using stainless-steel Teflon-

coated wires that were inserted bilaterally into the nuchal muscle. The head mount (integrated 2 × 3 

pin grid array) was secured to the skull with dental cement. Mice were allowed to recover for at least 

7 days before sleep recording. 

Experimental design 

Cntnap2 KO littermate and age-matched WT littermate controls were first entrained to a normal 

lighting cycle: 12 h light: 12 h dark (LD). Light intensity during the day was 300 lx as measured at the 

base of the cage, and 0 lx during the night. One week after surgery, mice were connected to a 

lightweight tether attached to a low-resistance commutator mounted over the cage (Pinnacle 

Technologies, KS) as previously described [69]. Mice were allowed a minimum of 2 additional days 

to acclimate to the tether and recording chamber. Subsequently, a baseline (BL) day was recorded, 

starting at lights on zeitgeber time 0. After the baseline recording, the mice were housed under dim 

light at night (DLaN; ZT0-12: 300 lux; ZT12-24: 5 lx) for 2 weeks as described previously [36]. Two 

weeks later, the mice were attached to the commutator for the post 2 weeks DLaN recording for 24 

hrs. After the recording, the mice were continuously housed under DLaN for another 4 weeks. After a 
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total 6 weeks of DLaN, the mice were again attached to the commutator for the post 6 weeks DLaN 

recording for 24 hrs. 

EEG data acquisition and EEG power spectrum analysis 

Data acquisition was done by Sirenia Acquisition software (Pinnacle Technologies, KS) as previously 

described [69]. EEG signals were low pass filtered with a 40 Hz cutoff and collected continuously at a 

sampling rate of 400 Hz. All data were recorded simultaneously in 1s epoch. Waking, NREM, and 

REM sleep were determined, movement artifacts and abnormal EEG events were excluded for power 

spectral and slow-wave analysis. For the spectral analysis, complete and clean recordings are needed 

to enter the analysis. Unfortunately, this was not possible in six animals (four male KO and two male 

WT mice), which were therefore excluded from the analysis of the absolute EEG power density 

spectra and SWA in NREM sleep. Spectral analysis was performed using fast Fourier transform (FFT; 

0.1–40 Hz, 0.1 Hz resolution); the absolute power density spectra of waking and REM sleep in 

baseline and post DLaN days were analyzed. 

Data analysis 

Three vigilance states (waking, NREM, and REM sleep) were scored offline in 10-s epochs by the 

Sirenia program. The manual scoring of vigilance states based on the EEG and EMG recordings was 

performed according to standardized criteria for mice [46]. The average amount of the vigilance states 

(waking, NREM sleep, and REM sleep) and EEG spectral data and NREM sleep SWA were analyzed 

in 1 hr, 12 hr and 24 hr intervals.  

Episode duration averages were compiled by the Sirenia program, which uses a conservative 

algorithm for bout lengths requiring sustained changes in arousal state to switch state. A bout was 

defined as 3+ continuous epochs, and the occurrence of 3+ continuous epochs of the different stage 

indicated the end of the current bout. Episode duration and bout number were analyzed in 12 hr 

intervals.  

To investigate the effect of DLaN on EEG power density of NREM sleep, we analyzed the relative 

EEG power density in the slow-wave range (SWA, 0.5–4.0 Hz) in NREM sleep as described 

previously [46]. Since for the slow wave activity analysis, it was necessary to re-calculate power 

density values relative to the control condition (WT, n = 14; KO, n = 17), complete and clean 

recordings were needed from all animals for both conditions to enter the analysis. Unfortunately, this 

was not possible in 5 animal under 2 weeks of DLaN and 5 of 6 weeks DLaN, which were therefore 

excluded from the analysis of SWA (2 weeks DLAN: WT, n = 11, KO, n = 15; 6 weeks DLaN: WT, n 

= 12, KO, n = 14). 

Seizure-like events identification  
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During vigilance state identification, occasional and distinct events of high amplitude EEG bursts 

were observed. Since alteration in E/I balance has been postulated as a mechanism underlying 

epileptogenesis and seizure generation, this abnormal EEG activity might be indicative of 

hypersynchronisation and/or epileptiform activity. Thus, these abnormal EEG events were marked on 

EEG traces (and excluded from the spectral analysis of the vigilance states described above). More 

precisely, the number and duration of abnormal events were quantified by marking them according to 

the following three criteria under either waking or REM sleep [41]: amplitude at least twice that of the 

background EEG signal, duration of at least one second and not caused by movement of the animal 

(no movement artifacts). Two events separated by less than 0.5 s were considered as a single one.  

Seizure-like activity events occurrence and power spectrum analysis 

To evaluate seizure-like events, we quantified their occurrence in 1-hr and 24-hr intervals. Given the 

differences in the amount of waking and REM sleep across the 24-hr cycle, we further normalized the 

frequency of these EEG events, calculating them as events per minute of REM sleep or waking under 

baseline conditions, after 2 weeks, and after 6 weeks of DLaN. 

To better capture these EEG events, we score the EEG data in 1 second epoch during both normal 

REM sleep or waking states and during periods exhibiting seizure-like activity. EEG power density 

was calculated within the 1–40 Hz range (1-Hz resolution) for these abnormal events and compared to 

the power density during normal waking or REM sleep occurring immediately before or after the 

seizure-like events. 

Statistical analysis 

For data analysis, GraphPad Prism 10 (GraphPad software) was used. A two-way analysis of variance 

(ANOVA) was used to compare the effect of DLaN across time, or EEG frequencies. If the result was 

significant, a post hoc Bonferroni multiple comparisons corrected t test was performed, and the 

significant time points and EEG frequencies bins are reported. Paired student’s t-tests were used when 

distributions were normal; otherwise, the nonparametric Wilcoxon matched-pairs signed rank test was 

used to compare the difference between baseline and DLaN conditions. 

Given the primary focus on the effects of DLaN, most comparisons were made between the LD and 

DLaN conditions. Unpaired student’s t-tests were used when distributions were normal; otherwise, 

nonparametric Mann-Whitney tests were used to determine statistically significant differences 

between WT and Cntnap2 KO mice. To account for potential confounding factors such as genotype 

and sex, a three-way ANOVA was conducted under three distinct conditions. The detailed data, 

including associated F-statistics, are presented in Table 2. A two-way ANOVA was used to compared 

the difference the genotype and sex difference under light, dark/dim light phase and total 24-hr under 

either LD or DLaN conditions, if the result was significant, a post hoc Bonferroni multiple 
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comparisons corrected t test was performed, details are presented in Table 3. Data are reported as 

mean and standard error of the mean (SEM), and the threshold for statistical significance was set to 

0.05. 

Abbreviations 

Ank3-1b Ank3-exon1b 

ANOVA analysis of variance 

ASD autism spectrum disorder 

BL baseline  

CDFE cortical dysplasia-focal epilepsy 

Cntnap2 contactin associated protein-like 2 

DLaN dim light at night 

EEG electroencephalograph 

EMG electromyographic 

E/I excitatory/inhibitory 

Fmr1 fragile X mental retardation syndrome 1 

Nlgn neuroligin 

NREM non rapid eye movement  

n.s. not significant 

PV+ parvalbumin-positive 

KO knockout 

LD light-dark 

SWA slow-wave activity 

WT wild type 

ZT Zeitgeber time 

 

Acknowledgments 

We extend our gratitude to Drs. Cristina A. Ghiani and Kathy Tamai for the useful discussions 

throughout the study. We are also grateful to Dr. Keith Lewy, the veterinarian from the animal 

facility, for providing post-surgical care for the mice. 

Author contributions 

CSC and YW conceptualized the experiments. YW conducted the experiments and analyzed the data. 

YW, TD and CSC identified the seizure-like events. YW, TD and CSC wrote and manuscript. All 

authors read and approved of the final manuscript. 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 24, 2025. ; https://doi.org/10.1101/2025.03.22.644752doi: bioRxiv preprint 

https://doi.org/10.1101/2025.03.22.644752
http://creativecommons.org/licenses/by-nc/4.0/


17 
 

Funding: Supported by National Institute of Child Health Development under award number: 

U54HD087101 (PIs S. Bookheimer, H. Kornblum); UCLA Research Support Fund to GDB 

Data availability 

The datasets here used and analyzed are available from the corresponding author upon request. 

Declarations 

Ethical approval 

All animal procedures were performed in accordance with the UCLA animal care committee's 

regulations. 

Competing interests 

The authors declare no competing interests. 

 

 

 

 

 

 

 

 

 

 

 

 

  

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 24, 2025. ; https://doi.org/10.1101/2025.03.22.644752doi: bioRxiv preprint 

https://doi.org/10.1101/2025.03.22.644752
http://creativecommons.org/licenses/by-nc/4.0/


18 
 

References 

1. Tuchman R, Rapin I: Epilepsy in autism. Lancet Neurol 2002, 1:352-358. 

2. Capal JK, Jeste SS: Autism and Epilepsy. Pediatr Clin North Am 2024, 71:241-252. 

3. Liu X, Sun X, Sun C, Zou M, Chen Y, Huang J, Wu L, Chen WX: Prevalence of epilepsy in 

autism spectrum disorders: A systematic review and meta-analysis. Autism 2022, 26:33-

50. 

4. Hughes JR, Melyn M: EEG and seizures in autistic children and adolescents: further 

findings with therapeutic implications. Clin EEG Neurosci 2005, 36:15-20. 

5. Yasuhara A: Correlation between EEG abnormalities and symptoms of autism spectrum 

disorder (ASD). Brain Dev 2010, 32:791-798. 

6. Mulligan CK, Trauner DA: Incidence and behavioral correlates of epileptiform 

abnormalities in autism spectrum disorders. J Autism Dev Disord 2014, 44:452-458. 

7. Zahra A, Wang Y, Wang Q, Wu J: Shared Etiology in Autism Spectrum Disorder and 

Epilepsy with Functional Disability. Behav Neurol 2022, 2022:5893519. 

8. Capal JK, Carosella C, Corbin E, Horn PS, Caine R, Manning-Courtney P: EEG 

endophenotypes in autism spectrum disorder. Epilepsy Behav 2018, 88:341-348. 

9. Chez MG, Chang M, Krasne V, Coughlan C, Kominsky M, Schwartz A: Frequency of 

epileptiform EEG abnormalities in a sequential screening of autistic patients with no 

known clinical epilepsy from 1996 to 2005. Epilepsy Behav 2006, 8:267-271. 

10. Kim HL, Donnelly JH, Tournay AE, Book TM, Filipek P: Absence of seizures despite high 

prevalence of epileptiform EEG abnormalities in children with autism monitored in a 

tertiary care center. Epilepsia 2006, 47:394-398. 

11. Parmeggiani A, Barcia G, Posar A, Raimondi E, Santucci M, Scaduto MC: Epilepsy and 

EEG paroxysmal abnormalities in autism spectrum disorders. Brain Dev 2010, 32:783-

789. 

12. Anderson CT, Tcheng TK, Sun FT, Morrell MJ: Day-Night Patterns of Epileptiform 

Activity in 65 Patients With Long-Term Ambulatory Electrocorticography. J Clin 

Neurophysiol 2015, 32:406-412. 

13. Spencer DC, Sun FT, Brown SN, Jobst BC, Fountain NB, Wong VS, Mirro EA, Quigg M: 

Circadian and ultradian patterns of epileptiform discharges differ by seizure-onset 

location during long-term ambulatory intracranial monitoring. Epilepsia 2016, 57:1495-

1502. 

14. Tang T, Zhou Y, Zhai X: Circadian rhythm and epilepsy: a nationally representative 

cross-sectional study based on actigraphy data. Front Neurol 2024, 15:1496507. 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 24, 2025. ; https://doi.org/10.1101/2025.03.22.644752doi: bioRxiv preprint 

https://doi.org/10.1101/2025.03.22.644752
http://creativecommons.org/licenses/by-nc/4.0/


19 
 

15. Souders MC, Mason TB, Valladares O, Bucan M, Levy SE, Mandell DS, Weaver TE, Pinto-

Martin J: Sleep behaviors and sleep quality in children with autism spectrum disorders. 

Sleep 2009, 32:1566-1578. 

16. Souders MC, Zavodny S, Eriksen W, Sinko R, Connell J, Kerns C, Schaaf R, Pinto-Martin J: 

Sleep in Children with Autism Spectrum Disorder. Curr Psychiatry Rep 2017, 19:34. 

17. Geschwind DH: Advances in autism. Annu Rev Med 2009, 60:367-380. 

18. Re CJ, Batterman AI, Gerstner JR, Buono RJ, Ferraro TN: The Molecular Genetic 

Interaction Between Circadian Rhythms and Susceptibility to Seizures and Epilepsy. 

Front Neurol 2020, 11:520. 

19. Mohrle D, Fernandez M, Penagarikano O, Frick A, Allman B, Schmid S: What we can learn 

from a genetic rodent model about autism. Neurosci Biobehav Rev 2020, 109:29-53. 

20. Golshani P: What Rodent Models Teach Us about the Association of Autism and 

Epilepsy. In Jasper's Basic Mechanisms of the Epilepsies. 5th edition. Edited by Noebels JL, 

Avoli M, Rogawski MA, Vezzani A, Delgado-Escueta AV. New York; 2024: 1219-1232 

21. Arking DE, Cutler DJ, Brune CW, Teslovich TM, West K, Ikeda M, Rea A, Guy M, Lin S, 

Cook EH, Chakravarti A: A common genetic variant in the neurexin superfamily member 

CNTNAP2 increases familial risk of autism. Am J Hum Genet 2008, 82:160-164. 

22. Strauss KA, Puffenberger EG, Huentelman MJ, Gottlieb S, Dobrin SE, Parod JM, Stephan 

DA, Morton DH: Recessive symptomatic focal epilepsy and mutant contactin-associated 

protein-like 2. N Engl J Med 2006, 354:1370-1377. 

23. Bakkaloglu B, O'Roak BJ, Louvi A, Gupta AR, Abelson JF, Morgan TM, Chawarska K, Klin 

A, Ercan-Sencicek AG, Stillman AA, et al: Molecular cytogenetic analysis and 

resequencing of contactin associated protein-like 2 in autism spectrum disorders. Am J 

Hum Genet 2008, 82:165-173. 

24. Nord AS, Roeb W, Dickel DE, Walsh T, Kusenda M, O'Connor KL, Malhotra D, McCarthy 

SE, Stray SM, Taylor SM, et al: Reduced transcript expression of genes affected by 

inherited and de novo CNVs in autism. Eur J Hum Genet 2011, 19:727-731. 

25. O'Roak BJ, Deriziotis P, Lee C, Vives L, Schwartz JJ, Girirajan S, Karakoc E, Mackenzie 

AP, Ng SB, Baker C, et al: Exome sequencing in sporadic autism spectrum disorders 

identifies severe de novo mutations. Nat Genet 2011, 43:585-589. 

26. Falsaperla R, Pappalardo XG, Romano C, Marino SD, Corsello G, Ruggieri M, Parano E, 

Pavone P: Intronic Variant in CNTNAP2 Gene in a Boy With Remarkable Conduct 

Disorder, Minor Facial Features, Mild Intellectual Disability, and Seizures. Front 

Pediatr 2020, 8:550. 

27. D'Onofrio G, Accogli A, Severino M, Caliskan H, Kokotovic T, Blazekovic A, Jercic KG, 

Markovic S, Zigman T, Goran K, et al: Genotype-phenotype correlation in contactin-

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 24, 2025. ; https://doi.org/10.1101/2025.03.22.644752doi: bioRxiv preprint 

https://doi.org/10.1101/2025.03.22.644752
http://creativecommons.org/licenses/by-nc/4.0/


20 
 

associated protein-like 2 (CNTNAP-2) developmental disorder. Hum Genet 2023, 

142:909-925. 

28. Ul Mudassir B, Agha Z: Novel and known minor alleles of CNTNAP2 gene variants are 

associated with comorbidity of intellectual disability and epilepsy phenotypes: a case-

control association study reveals potential biomarkers. Mol Biol Rep 2024, 51:276. 

29. Poliak S, Gollan L, Martinez R, Custer A, Einheber S, Salzer JL, Trimmer JS, Shrager P, 

Peles E: Caspr2, a new member of the neurexin superfamily, is localized at the 

juxtaparanodes of myelinated axons and associates with K+ channels. Neuron 1999, 

24:1037-1047. 

30. Penagarikano O, Abrahams BS, Herman EI, Winden KD, Gdalyahu A, Dong H, Sonnenblick 

LI, Gruver R, Almajano J, Bragin A, et al: Absence of CNTNAP2 leads to epilepsy, 

neuronal migration abnormalities, and core autism-related deficits. Cell 2011, 147:235-

246. 

31. Penagarikano O, Lazaro MT, Lu XH, Gordon A, Dong H, Lam HA, Peles E, Maidment NT, 

Murphy NP, Yang XW, et al: Exogenous and evoked oxytocin restores social behavior in 

the Cntnap2 mouse model of autism. Sci Transl Med 2015, 7:271ra278. 

32. Jurgensen S, Castillo PE: Selective Dysregulation of Hippocampal Inhibition in the Mouse 

Lacking Autism Candidate Gene CNTNAP2. J Neurosci 2015, 35:14681-14687. 

33. Choe KY, Bethlehem RAI, Safrin M, Dong H, Salman E, Li Y, Grinevich V, Golshani P, 

DeNardo LA, Penagarikano O, et al: Oxytocin normalizes altered circuit connectivity for 

social rescue of the Cntnap2 knockout mouse. Neuron 2022, 110:795-808 e796. 

34. Thomas AM, Schwartz MD, Saxe MD, Kilduff TS: Cntnap2 Knockout Rats and Mice 

Exhibit Epileptiform Activity and Abnormal Sleep-Wake Physiology. Sleep 2017, 40. 

35. Angelakos CC, Tudor JC, Ferri SL, Jongens TA, Abel T: Home-cage hypoactivity in mouse 

genetic models of autism spectrum disorder. Neurobiol Learn Mem 2019, 165:107000. 

36. Wang HB, Tahara Y, Luk SHC, Kim YS, Hitchcock ON, MacDowell Kaswan ZA, In Kim Y, 

Block GD, Ghiani CA, Loh DH, Colwell CS: Melatonin treatment of repetitive behavioral 

deficits in the Cntnap2 mouse model of autism spectrum disorder. Neurobiol Dis 2020, 

145:105064. 

37. Wang HB, Zhou D, Luk SHC, In Cha H, Mac A, Chae R, Matynia A, Harrison B, Afshari S, 

Block GD, et al: Long wavelength light reduces the negative consequences of dim light at 

night. Neurobiol Dis 2023, 176:105944. 

38. Walker WH, 2nd, Bumgarner JR, Becker-Krail DD, May LE, Liu JA, Nelson RJ: Light at 

night disrupts biological clocks, calendars, and immune function. Semin Immunopathol 

2022, 44:165-173. 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 24, 2025. ; https://doi.org/10.1101/2025.03.22.644752doi: bioRxiv preprint 

https://doi.org/10.1101/2025.03.22.644752
http://creativecommons.org/licenses/by-nc/4.0/


21 
 

39. Zielinska-Dabkowska KM, Schernhammer ES, Hanifin JP, Brainard GC: Reducing 

nighttime light exposure in the urban environment to benefit human health and society. 

Science 2023, 380:1130-1135. 

40. Thomas AM, Schwartz MD, Saxe MD, Kilduff TS: Sleep/Wake Physiology and 

Quantitative Electroencephalogram Analysis of the Neuroligin-3 Knockout Rat Model 

of Autism Spectrum Disorder. Sleep 2017, 40. 

41. Seok BS, Cao F, Belanger-Nelson E, Provost C, Gibbs S, Jia Z, Mongrain V: The effect of 

Neuroligin-2 absence on sleep architecture and electroencephalographic activity in mice. 

Mol Brain 2018, 11:52. 

42. Bridi MCD, Luo N, Kim G, Menarchek BJ, Lee RA, Rodriguez B, Severin D, Moreno C, 

Contreras A, Wesselborg C, et al: Daily oscillation of the excitation/inhibition ratio is 

disrupted in two mouse models of autism. iScience 2025, 28:111494. 

43. Exposito-Alonso D, Rico B: Mechanisms Underlying Circuit Dysfunction in 

Neurodevelopmental Disorders. Annu Rev Genet 2022, 56:391-422. 

44. Borniger JC, Weil ZM, Zhang N, Nelson RJ: Dim light at night does not disrupt timing or 

quality of sleep in mice. Chronobiol Int 2013, 30:1016-1023. 

45. Panagiotou M, Deboer T: Effects of Chronic Dim-light-at-night Exposure on Sleep in 

Young and Aged Mice. Neuroscience 2020, 426:154-167. 

46. Panagiotou M, Rohling JHT, Deboer T: Sleep Network Deterioration as a Function of 

Dim-Light-At-Night Exposure Duration in a Mouse Model. Clocks Sleep 2020, 2:308-324. 

47. Tam SKE, Brown LA, Wilson TS, Tir S, Fisk AS, Pothecary CA, van der Vinne V, Foster 

RG, Vyazovskiy VV, Bannerman DM, et al: Dim light in the evening causes coordinated 

realignment of circadian rhythms, sleep, and short-term memory. Proc Natl Acad Sci U S 

A 2021, 118. 

48. Chang AM, Aeschbach D, Duffy JF, Czeisler CA: Evening use of light-emitting eReaders 

negatively affects sleep, circadian timing, and next-morning alertness. Proc Natl Acad Sci 

U S A 2015, 112:1232-1237. 

49. Loomes R, Hull L, Mandy WPL: What Is the Male-to-Female Ratio in Autism Spectrum 

Disorder? A Systematic Review and Meta-Analysis. J Am Acad Child Adolesc Psychiatry 

2017, 56:466-474. 

50. Raap T, Pinxten R, Eens M: Light pollution disrupts sleep in free-living animals. Sci Rep 

2015, 5:13557. 

51. Herman ST, Walczak TS, Bazil CW: Distribution of partial seizures during the sleep--

wake cycle: differences by seizure onset site. Neurology 2001, 56:1453-1459. 

52. Villacres JE, Riveira N, Kim S, Colgin LL, Noebels JL, Lopez AY: Abnormal patterns of 

sleep and waking behaviors are accompanied by neocortical oscillation disturbances in 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 24, 2025. ; https://doi.org/10.1101/2025.03.22.644752doi: bioRxiv preprint 

https://doi.org/10.1101/2025.03.22.644752
http://creativecommons.org/licenses/by-nc/4.0/


22 
 

an Ank3 mouse model of epilepsy-bipolar disorder comorbidity. Transl Psychiatry 2023, 

13:403. 

53. Leduc T, El Alami H, Bougadir K, Belanger-Nelson E, Mongrain V: Neuroligin-2 shapes 

individual slow waves during slow-wave sleep and the response to sleep deprivation in 

mice. Mol Autism 2024, 15:13. 

54. Mirzoev A, Bercovici E, Stewart LS, Cortez MA, Snead OC, 3rd, Desrocher M: Circadian 

profiles of focal epileptic seizures: a need for reappraisal. Seizure 2012, 21:412-416. 

55. Quigg M: Circadian rhythms: interactions with seizures and epilepsy. Epilepsy Res 2000, 

42:43-55. 

56. Ahmed NY, Knowles R, Liu L, Yan Y, Li X, Schumann U, Wang Y, Sontani Y, Reynolds N, 

Natoli R, et al: Developmental deficits of MGE-derived interneurons in the Cntnap2 

knockout mouse model of autism spectrum disorder. Front Cell Dev Biol 2023, 

11:1112062. 

57. Godoy LD, Prizon T, Rossignoli MT, Leite JP, Liberato JL: Parvalbumin Role in Epilepsy 

and Psychiatric Comorbidities: From Mechanism to Intervention. Front Integr Neurosci 

2022, 16:765324. 

58. Leitch B: Parvalbumin Interneuron Dysfunction in Neurological Disorders: Focus on 

Epilepsy and Alzheimer's Disease. Int J Mol Sci 2024, 25. 

59. Lazaro MT, Taxidis J, Shuman T, Bachmutsky I, Ikrar T, Santos R, Marcello GM, 

Mylavarapu A, Chandra S, Foreman A, et al: Reduced Prefrontal Synaptic Connectivity 

and Disturbed Oscillatory Population Dynamics in the CNTNAP2 Model of Autism. Cell 

Rep 2019, 27:2567-2578 e2566. 

60. Del Rosario J, Speed A, Arrowood H, Motz C, Pardue M, Haider B: Diminished Cortical 

Excitation and Elevated Inhibition During Perceptual Impairments in a Mouse Model of 

Autism. Cereb Cortex 2021, 31:3462-3474. 

61. Selimbeyoglu A, Kim CK, Inoue M, Lee SY, Hong ASO, Kauvar I, Ramakrishnan C, Fenno 

LE, Davidson TJ, Wright M, Deisseroth K: Modulation of prefrontal cortex 

excitation/inhibition balance rescues social behavior in CNTNAP2-deficient mice. Sci 

Transl Med 2017, 9. 

62. Cho JR, Joo EY, Koo DL, Hong SB: Let there be no light: the effect of bedside light on 

sleep quality and background electroencephalographic rhythms. Sleep Med 2013, 

14:1422-1425. 

63. Noya SB, Colameo D, Bruning F, Spinnler A, Mircsof D, Opitz L, Mann M, Tyagarajan SK, 

Robles MS, Brown SA: The forebrain synaptic transcriptome is organized by clocks but 

its proteome is driven by sleep. Science 2019, 366. 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 24, 2025. ; https://doi.org/10.1101/2025.03.22.644752doi: bioRxiv preprint 

https://doi.org/10.1101/2025.03.22.644752
http://creativecommons.org/licenses/by-nc/4.0/


23 
 

64. Bruning F, Noya SB, Bange T, Koutsouli S, Rudolph JD, Tyagarajan SK, Cox J, Mann M, 

Brown SA, Robles MS: Sleep-wake cycles drive daily dynamics of synaptic 

phosphorylation. Science 2019, 366. 

65. Guissart C, Latypova X, Rollier P, Khan TN, Stamberger H, McWalter K, Cho MT, 

Kjaergaard S, Weckhuysen S, Lesca G, et al: Dual Molecular Effects of Dominant RORA 

Mutations Cause Two Variants of Syndromic Intellectual Disability with Either Autism 

or Cerebellar Ataxia. Am J Hum Genet 2018, 102:744-759. 

66. Lossin C, Rhodes TH, Desai RR, Vanoye CG, Wang D, Carniciu S, Devinsky O, George AL, 

Jr.: Epilepsy-associated dysfunction in the voltage-gated neuronal sodium channel 

SCN1A. J Neurosci 2003, 23:11289-11295. 

67. Han S, Yu FH, Schwartz MD, Linton JD, Bosma MM, Hurley JB, Catterall WA, de la Iglesia 

HO: Na(V)1.1 channels are critical for intercellular communication in the 

suprachiasmatic nucleus and for normal circadian rhythms. Proc Natl Acad Sci U S A 

2012, 109:E368-377. 

68. Kalume F, Oakley JC, Westenbroek RE, Gile J, de la Iglesia HO, Scheuer T, Catterall WA: 

Sleep impairment and reduced interneuron excitability in a mouse model of Dravet 

Syndrome. Neurobiol Dis 2015, 77:141-154. 

69. Chiem E, Zhao K, Stark G, Ghiani CA, Colwell CS, Paul KN: Sex differences in sleep 

architecture in a mouse model of Huntington's disease. J Neurosci Res 2024, 102:e25290. 

  

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 24, 2025. ; https://doi.org/10.1101/2025.03.22.644752doi: bioRxiv preprint 

https://doi.org/10.1101/2025.03.22.644752
http://creativecommons.org/licenses/by-nc/4.0/


24 
 

 

Fig 1. Cntnap2 KO mice have more fragmented sleep compared with WT mice.  

A. Representative 24-hr hypnograms. Yellow indicates the light phase. R: REM sleep, N: NREM 

sleep, W: waking. B. Percentage of light and dark phase sleep in total sleep in WT (grey circle) and 

KO (red circle) mice. Episode duration and bout numbers of waking (C, F), NREM sleep (D, G) and 

REM sleep (E, H) of WT mice and KO mice under light phase (left) and dark phase (right). Asterisks 

indicate significant differences between WT and Cntnap2 KO mice following either unpaired t-test or 

Mann-Whitney test. Time course of waking (I), NREM sleep (J), and REM sleep (K) in 1-hr bins for 

WT (black) and KO (red) mice. Pound sign indicates a significant interaction between the two factors 

“time” and “Genotype” (# p < 0.05, #### p < 0.0001, two-way ANOVA), while asterisks indicate 

significant differences between WT and KO mice (*p < 0.05, Bonferroni multiple comparisons test 

following a significant two-way ANOVA). Sample size: n = 16-18. Data are shown as mean ± SEM.  
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Fig 2. Vigilant states during baseline and 6 weeks of DLaN of WT and Cntnap2 KO mice. 

A. Representative 24-hrs hypnograms. Yellow indicates the light phase and dim yellow indicates the 

dim light at night. (B-G, N-S) Time course of waking, NREM sleep, and REM sleep in 1-hr, 12-hr 

and 24-hr bins for DLaN (red) and baseline (black) conditions in wild-type female (B-D; N-P) and 

male (E-G; Q-S) mice. Pound sign indicates a significant interaction between the two factors "time" 

and "DLaN" (# p < 0.05, #### p < 0.0001, two-way ANOVA), while asterisks indicate significant 

differences between baseline and DLaN (*p < 0.05, Bonferroni multiple comparisons test following a 

significant two-way ANOVA). Sample size: n = 7–8 mice per sex per condition. (H-M; T-Y) Time 

course of wakefulness, NREM sleep, and REM sleep in 1-hr. 12-hr and 24-hr bins for DLaN (red) and 

baseline (black) conditions in Cntnap2 KO female (H-J; T-V) and male (K-M; W-Y) mice. Pound 

sign from H-M indicates a significant interaction between the two factors "time" and "DLaN" (### p 

< 0.001, #### p < 0.0001, two-way ANOVA), while asterisks indicate significant differences between 

baseline and DLaN (*p < 0.05, **p < 0.01, ****p < 0.0001, Bonferroni multiple comparisons test 

following a significant two-way ANOVA). Asterisks in T-V indicate significant differences between 

baseline and DLaN (*p < 0.05, ***p < 0.001, paired t-test). Sample size: n = 7–10 mice per sex per 

condition. Data are shown as mean ±SEM. 
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Fig 3. Effect of DLaN on the power spectrum and slow wave activity of NREM sleep. 

Absolute EEG power spectrum during NREM sleep in the light phase (A) and dark phase (C) for 

baseline (black), 2 weeks of DLaN (gray), and 6 weeks of DLaN (red) in wild-type mice. Asterisks 

indicate significant differences between baseline and DLaN (* p = 0.05–0.0001, Bonferroni multiple 

comparisons test following a significant two-way ANOVA for the factor “DLaN” or the interaction 

between “frequency” and “DLaN”). Absolute EEG power spectrum during NREM sleep in the light 

phase (B) and dark phase (D) for baseline (black), 2 weeks of DLaN (gray), and 6 weeks of DLaN 

(red) in Cntnap2 KO mice. Asterisks indicate significant differences between baseline and DLaN (p = 

0.05–0.0001, Bonferroni multiple comparisons test following a significant two-way ANOVA for the 

factor “DLaN” or the interaction between “frequency” and “DLaN”). The frequency bin size is 0.1 

Hz. Data are shown as the mean. Time course of slow-wave activity in NREM sleep for WT (white) 

and Cntnap2 KO mice (black) under baseline conditions (E), after 2 weeks (F), and after 6 weeks (G) 

of DLaN. Asterisks indicate significant differences between WT and Cntnap2 KO mice (*p < 0.05, 

**p < 0.01; Bonferroni multiple comparisons test following a significant two-way ANOVA for the 

interaction of “time” and “DLaN”). Data are shown as mean ± SEM. n = 11–16 mice per genotype 

and condition. 
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Fig 4: Cntnap2 KO mice exhibit seizure-like events. 

Representative events of spike-like activity during REM sleep (A) and waking (B) shown with 

electroencephalogram and electromyogram recordings. (C) Number of mice exhibiting abnormal 

seizure activity during baseline, after 2 weeks and 6 weeks of DLaN during 24-hr recordings of WT 

and Cntnap2 KO mice. The gray portion of the pie chart with numbers indicates the number of mice 

showing normal EEG, while the red portion with numbers indicates the number of mice showing 

abnormal EEG. (D) Total number of events during baseline, 2 weeks and 6 weeks of DLaN in WT mice. 

(E) Total number of events during baseline, 2 weeks and of 6 weeks DLaN in Cntnap2 KO mice. 

Asterisks indicate significant differences between baseline and DLaN (****p < 0.0001, Bonferroni 

multiple comparisons test following a significant one-way ANOVA). n = 14–16 mice per genotype and 

condition. Data are shown as individual values. 
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Fig 5: Daily distribution and power spectrum analysis of seizure-like activity in Cntnap2 KO mice. 

Time course of seizure-like activity occurrence during REM sleep for Cntnap2 KO mice under 

baseline (black), after 2 weeks (A, white), and after 6 weeks (C, red) of DLaN. Time course of 

seizure-like activity occurrence during waking for Cntnap2 KO mice under baseline (black), after-2 

weeks (B, white), and after 6 weeks (D, red) of DLaN. Asterisks indicate significant differences 

between baseline and DLaN (*p < 0.05, **p < 0.01, Bonferroni multiple comparisons test after 

significant two-way ANOVA, interaction of “time” and “DLaN”). Quantified seizure-like activity 

occurrence per minute of REM sleep for Cntnap2 KO mice under baseline (black), after-2 weeks (E, 

white), and after 6 weeks (G, red) of DLaN. Quantified seizure-like activity occurrence per minute of 

waking for Cntnap2 KO mice under baseline (black), after-2 weeks (F, white), and after 6 weeks (H, 

red) of DLaN. Asterisks indicate significant differences between baseline and DLaN (*p < 0.05, **p < 

0.01, Bonferroni multiple comparisons test after significant two-way ANOVA, interaction of “time” 

and “DLaN”). Pound sign indicates a significant interaction between the two factors "time" and 

"DLaN" (#p < 0.05, ### p < 0.001, #### p < 0.0001, two-way ANOVA). Absolute EEG power 

spectrum during REM sleep (I) and waking (J) with seizure occurrence (red) and without seizure 

occurrence (black) for 2 weeks DLaN in Cntnap2 KO mice. Pound sign indicates a significant 

interaction between the two factors “Frequency" and "DLaN" #### p < 0.0001, two-way ANOVA). 

Asterisks indicate significant differences between abnormal EEG and normal EEG (*p < 0.05, **p < 
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0.01, Bonferroni multiple comparisons test after significant two-way ANOVA, interaction of 

“Frequency” and “seizure”). The frequency bin size is 1 Hz. n = 12–16 mice per condition. Data are 

shown as mean ± SEM. 
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Table 1: Vigilance state EEG measurements analyzed with two-way ANOVA with genotype and time 

as factors.  For this and other tables, significant effects are shown in bold.   

Measurement Genotype Time Interaction 

Waking (%) F (1, 768)= 3.828 F (23, 768)= 41.1; 

p<0.0001 

F (23, 768) =2.813; 

p<0.0001 

NREM sleep (%) F (1, 768)= 3.07 F (23, 768)= 40.43; 

p<0.0001 

F (23, 768) = 2.886; 

p<0.0001 

REM sleep (%) F (1, 768)= 4.458; 

p=0.0351 

F (23, 768) = 23.59;  

p<0.0001 

F (23, 768) = 1.646; 

p=0.0292 

 

 

 

Table 2: Vigilance state EEG measurements analyzed with three-way ANOVA data with sex, 

genotype and time as factors. Measurements were made with mice under LD 12:12 conditions and 

again after 6 weeks exposure to dim light at night (DLaN).  

Measurement Time Genotype Sex Time x 

Genotype 

Time x 

Sex 

Genotype 

x Sex 

Time x 

Genotype 

x Sex 

Waking (%) 

LD 

F (23, 216)= 

38.29; 

p <0.0001 

F (1, 216) = 

3.903; 

p = 0.0495 

F (1, 216) = 

1.488 

F (23, 216)= 

3.009; 

p <0.0001 

F (23, 216)= 

1.027 

F(1, 72)= 

0.051 

F (23, 72) = 

1.023 

NREM sleep (%) 

LD 

F (23, 216)= 

36.38; 

p <0.0001 

F (1, 216) = 

2.962 

F (1, 216) = 

0.851 

F (23, 216)= 

3.092; 

p <0.0001 

F (23, 216)= 

1.001 

F (1, 72) = 

0.1469 

F (23, 72) = 

1.077 

REM sleep (%) 

LD 

F (23, 216) = 

22.39; 

p <0.0001 

F (1, 216) = 

3.905; 

p = 0.0494 

F (1, 216) = 

5.255; 

p = 0.0228 

F (23, 216) = 

1.693; 

p = 0.0288 

F (23,216)= 

0.744 

F (1, 72) = 

0.227 

F (23, 72) = 

1.055 

Waking (%) 

DLaN 

F (23, 192)= 

33.47; 

p <0.0001 

F (1, 192) = 

1.574 

F (1, 192) = 

17.23; 

p <0.0001 

F (23, 192)= 

2.958; 

p <0.0001 

F(23, 

192)=3.033; 

p <0.0001 

F(1, 48)= 

0.713 

F (23, 48) = 

1.525 

NREM sleep (%) 

DLaN 

F (23, 192)= 

30.77; 

p <0.0001 

F (1, 192) = 

0.362 

F (1, 192) = 

14.92; 

p =0.0002 

F (23, 192) = 

3.155; 

p <0.0001 

F(23, 

192)=3.034; 

p <0.0001 

F (1, 48) = 

0.118 

F (23, 48) = 

1.417 

REM sleep (%) 

DLaN 

F (23, 192)= 

26.17; 

p <0.0001 

F (1, 192) = 

13.42; 

p = 0.0003 

F (1, 192) = 

15.22; 

p <0.0001 

F (23, 192) = 

0.971 

F(23, 

192)=2.423; 

p = 0.0006 

F (1, 48)= 

8.566; 

p = 0.0052 

F (23, 48) = 

1.352 
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Table 3: Time spent in three vigilance states in WT and Cntnap2 KO mice under LD and DLaN. Data 

shown as means ± SEM.  a genotype difference compared in the same sex; b sex difference compared 

in the same genotype. 

                 

Baseline  

WT 

female 

 

WT  

male 

 

KO 

female 

 

KO    

male 

 

Genotype Sex 

24 hours 

Waking (%) 

57.82 ± 

0.29 

55.99 ± 

0.34 

54.92 ± 

0.55 

53.45 ± 

0.46 

F (1, 30) = 4.458; 

 p = 0.0432 

F (1, 30) = 1.645 

 

24 hours 

NREM sleep (%) 

37.44 ± 

0.27 

 38.83 ± 

0.34  

39.97 ± 

0.54 

40.72 ± 

0.42 

F (1, 30) = 3.304 

 

F (1, 30) = 0.783 

 

24 hours 

REM sleep (%) 

4.74 ± 

0.05 

5.18 ± 

0.08  

5.11  ± 

0.08  

5.82 ± 

0.09 

F (1, 30) = 4.823; 

 p = 0.0359 

F (1, 30) = 6.146; 

 p = 0.0190 

Light phase  

Waking (%) 

37.72 ± 

0.55 

33.27 ± 

0.75 

41.35 ± 

0.68 

37.86 ± 

0.45 

F (1, 30) = 5.446; 

 p = 0.0265 

F (1, 30) = 5.089; 

 p = 0.0315 

Light phase 

NREM sleep (%) 

54.89 ± 

0.54 

58.30 ± 

0.71  

51.65 ± 

0.57 

53.85 ± 

0.41 

F (1, 30) = 5.708; 

 p = 0.0234 

F (1, 30) = 3.049 

Light phase  

REM sleep (%) 

7.39 ± 

0.09 

8.43 ± 

0.11 

7.01 ± 

0.18 

8.29 ± 

0.13 

F (1, 30) = 0.449 

 

F (1, 30) = 8.875; 

 p = 0.0057 

Dark phase  

Waking (%) 

77.91 ± 

0.65  

78.70 ± 

0.49 

68.50 ± 

0.80 a 

69.05 ± 

0.90 a 

F (1, 30) = 17.44; 

 p = 0.0002 

F (1, 30) = 0.087 

 

Dark phase 

NREM sleep (%) 

20.00 ± 

0.60 

19.36 ± 

0.39  

28.28 ± 

0.76 a 

27.59 ± 

0.74 a 

F (1, 30) = 17.45; 

 p = 0.0002 

F (1, 30) = 0.113 

  

Dark phase 

REM sleep (%) 

2.09 ± 

0.06 

1.93 ± 

0.13 

3.22 ± 

0.09 

3.36 ± 

0.18 

F (1, 30) = 9.502; 

 p = 0.0044 

F (1, 30) = 0.001 

  

6 weeks of DLaN  

24 hours 

Waking (%) 

58.57 ± 

0.46 

53.41 ± 

0.59  

57.95 ± 

0.26 b 

50.74 ± 

0.69 

F (1, 26) = 1.340 

 

F (1, 26) = 19.00; 

 p = 0.0002 

24 hours 

NREM sleep (%) 

36.87 ± 

0.39  

41.71 ± 

0.60 

37.28 ± 

0.24 

42.73 ± 

0.70 

F (1, 26) = 0.2690 

 

F (1, 26) = 13.76; 

 p = 0.0010 

24 hours 

REM sleep (%) 

4.56 ± 

0.12 

4.86 ± 

0.08 

4.77 ± 

0.06 

6.53 ± 

0.26 a b 

F (1, 26) = 6.789; 

 p = 0.0235 

F (1, 26) = 7.050; 

 p = 0.0134 

Light phase  

Waking (%) 

36.22 ± 

0.52 

32.71 ± 

0.53 

38.63 ± 

0.50 

35.83 ± 

0.76 

F (1, 26) = 3.055; 

 

F (1, 26) = 3.978 

 

Light phase 

NREM sleep (%) 

56.28 ± 

7.50 

59.14 ± 

8.15 

53.71 ± 

0.50 

55.06 ± 

0.85 

F (1, 26) = 4.414; 

 p = 0.0455 

F (1, 26) = 1.770 

 

Light phase  

REM sleep (%) 

7.50 ± 

0.22 

8.15 ± 

0.16 

7.66 ± 

0.12 

9.11 ± 

0.25 

F (1, 26) = 1.244 

  

F (1, 26) = 4.361; 

 p = 0.0467 

Dim light phase  

Waking (%) 

80.93 ± 

0.90 

74.11 ± 

1.24 

77.28 ± 

0.42 b 

65.64 ± 

1.27 

F (1, 26) = 4.804; 

 p = 0.0375 

F (1, 26) = 11.15; 

 p = 0.0025 

Dim light phase 

NREM sleep (%) 

17.45 ± 

0.82 

24.28 ± 

1.13 

20.86 ± 

0.40 

30.40 ± 

1.11 

F (1, 26) = 3.661 

 

F (1, 26) = 10.80; 

 p = 0.0029 

Dim light phase 

REM sleep (%) 

1.62 ± 

0.08 

1.57 ± 

0.12 

1.87 ± 

0.05 

3.95 ± 

0.33 a b 

F (1, 26) = 8.160; 

 p = 0.0083 

F (1, 26) = 4.901; 

 p = 0.0358 
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Table 4. Two-way ANOVA for the effect of DLaN in hourly vigilance state 

Group Measurement Time Treatment Interaction  

WT 

Female 

Waking (%) F (23, 312) = 23.13; 

p<0.0001 

F (1, 312) = 0.1499 

 

F (23, 312) = 2.904; 

p<0.0001 

NREM sleep (%) F (23, 312) = 23.06; 

p<0.0001 

F (1, 312) = 0.09997 

 

F (23, 312) = 2.963;  

p<0.0001 

REM sleep (%) F (23, 312) = 13.27 

p<0.0001 

F (1, 312) = 0.1517 

 

F (23, 312) = 1.779; 

p=0.0165 

WT 

Male 

Waking (%) F (23, 336) = 25.52; 

p<0.0001 

F (1, 336) = 1.456 

 

F (23, 336) = 1.634; 

p=0.0348 

NREM sleep (%) F (23, 336) = 23.80; 

p<0.0001 

F (1, 336) = 2.396 

 

F (23, 336) = 1.539 

 

REM sleep (%) F (23, 336) = 19.02; 

p<0.0001 

F (1, 336) = 0.8948 

 

F (23, 336) = 1.448 

 

KO 

Female 

Waking (%) F (23, 336) = 16.03; 

p<0.0001 

F (1, 336) = 2.349 

 

F (23, 336) = 3.819; 

p<0.0001 

NREM sleep (%) F (23, 336) = 15.36; 

p<0.0001 

F (1, 336) = 2.331 

 

F (23, 336) = 3.765;  

p<0.0001 

REM sleep (%) F (23, 336) = 12.25; 

p<0.0001 

F (1, 336) = 0.8993 

 

F (23, 336) = 2.908;  

p<0.0001 

KO 

Male 

Waking (%) F (23, 360) = 14.49; 

p<0.0001 

F (1, 360) = 2.076 

 

F (23, 360) = 2.266; 

p=0.0009 

NREM sleep (%) F (23, 360) = 13.28; 

p<0.0001 

F (1, 360) = 1.599 

 

F (23, 360) = 2.277; 

p=0.0008 

REM sleep (%) F (23, 360) = 9.587; 

p<0.0001 

F (1, 360) = 3.206 

 

F (23, 360) = 1.051 
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Table 5. Power spectrum and slow wave activity in NREM sleep.  Statistical results for Figure 3. 

Group Measurement Frequency Treatment Interaction 

 

WT light phase 

Panel A 

Power (µV^2) F (399, 14800) = 

114.5; p<0.0001 

 

F (2, 14800) = 80.43; 

p<0.0001 

F (798, 14800) = 0.908 

KO light phase 

Panel B 

Power (µV^2) F (399, 16000) = 99.3; 

p<0.0001 
 

F (2, 16000) = 72.07; 

p<0.0001 

F (798, 16000) = 0.732 

WT DLaN 

Panel C 

Power (µV^2) F (399, 14400) = 

100.0; p<0.0001 

 

F (2, 14400) = 51.72; 

p<0.0001 

F (798, 14400) = 0.629 

KO DLaN 

Panel D 

Power (µV^2) F (399, 16000) = 

112.2; p<0.0001 

F (2, 16000) = 66.45; 

p<0.0001 

F (798, 16000) = 0.575 

Group Measurement Time Genotype Interaction 

Baseline 

Panel E 

NREM SWA 

(%) 

F (23, 588) = 8.242; 

p<0.0001 

F (1, 588) = 0.069 F (23, 588) = 1.269 

DLaN (2 weeks) 

Panel F 

NREM SWA 

(%) 

F (23, 488) = 4.167; 

p<0.0001 

F (1, 488) = 47.09; 

p<0.0001 

F (23, 488) = 0.752 

DLaN (6 weeks) 

Panel G 

NREM SWA 

(%) 

F (23, 494) = 3.081; 

p<0.0001 

F (1, 494) = 52.96; 

p<0.0001 

F (23, 494) = 1.249 
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Table 6. Daily distribution and power spectrum of seizure-like activity. Statistical values for Fig. 

5. 

Measurement Time Treatment Interaction 

Seizure events 

REM sleep 

Panel A 

F (23, 672) = 

5.193; 

p<0.0001 

F (1, 672) = 

35.16; 

p<0.0001 

F (23, 672) = 1.550; p=0.0489 

Seizure events 

Waking 

Panel B 

F (23, 672) = 

2.710; 

p<0.0001 

F (1, 672) = 

160.6; 

p<0.0001 

F (23, 672) = 2.848; p<0.0001 

Seizure events 

REM sleep 

Panel C 

F (23, 696) = 

4.457; 

p<0.0001 

F (1, 696) = 

54.81; 

p<0.0001 

F (23, 696) = 1.707; p=0.0211 

Seizure events 

Waking 

Panel D 

F (23, 696) = 

5.684; 

p<0.0001 

F (1, 696) = 

169.9; 

p<0.0001 

F (23, 696) = 6.097; p<0.0001 

Events/min  

REM sleep 

Panel E 

F (23, 465) = 

1,371 

 

F (1, 465) = 

37,06; 

p<0.0001 

F (23, 465) = 1.548 

Events/min  

Waking 

Panel F 

F (23, 624) = 

1.003 

 

 

F (1, 624) = 

139.4; 

p<0.0001 

 

F (23, 624) = 1.050 

 

Events/min  

REM sleep 

Panel G 

F (23, 500) = 

1.600; 

p=0.0390 

F (1, 500) = 

32.51; 

p<0.0001 

F (23, 500) = 1.357 

Events/min  

Waking 

Panel H 

F (23, 672) = 

3.117; 

p<0.0001 

F (1, 672) = 

204.7; 

p<0.0001 

F (23, 672) = 3.576; p<0.0001 

 Frequency Seizures Interaction 

Power (µV^2) 

REM sleep 

F(39, 1280) = 

69.92; 

p<0.0001 

 

F(1, 1280) = 

427.5; 

p<0.0001 

F (39, 1280) = 31.11; p<0.0001 

Power (µV^2) 

Waking 

F (39, 960) = 

28.69; 

p<0.0001 
 

F (1, 960) = 

277.0; 

p<0.0001 

F (39, 960) = 15.58; p<0.0001 
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Supplemental Figures 

 

Supplemental Fig 1: Vigilant states during baseline and 2 weeks of DLaN in WT and Cntnap2 

KO mice. (A–F) Time course of waking, NREM sleep, and REM sleep in 1-hour bins for DLaN 

(white) and baseline (black) conditions in wild-type male (A, B, C) and female (D, E, F) mice. 

Sample size: n = 7–8 mice per sex per condition. (G–L) Time course of wakefulness, NREM sleep, 

and REM sleep in 1-hr bins for DLaN (white) and baseline (black) conditions in Cntnap2 KO male 

(G, H, I) and female (J, K, L) mice. Pound sign indicates a significant interaction between the two 

factors "Zeitgeber time" and "DLaN" (### p < 0.001, two-way ANOVA), while asterisks indicate 

significant differences between baseline and DLaN (*p < 0.05, **p < 0.01, ***p < 0.001, Bonferroni 

multiple comparisons test following a significant two-way ANOVA). Sample size: n = 7–10 mice per 

sex per condition. Data are shown as mean ± SEM. 
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Supplemental Fig 2: Episode duration and bout number in baseline and DLaN in WT and 

Cntnap2 KO mice. (A–F) Episode duration of waking, NREM sleep, and REM sleep for baseline 

(white circle) and 6 weeks DLaN (red circle) in female (A, B, C) and male (D, E, F) mice. (G-L) Bout 

number of waking, NREM sleep, and REM sleep for baseline (white circle) and 6 weeks DLaN (red 

circle) in female (A, B, C) and male (D, E, F) mice. Asterisks indicate significant differences between 

baseline and DLaN (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, paired t -test or Wilcoxon 

matched-pairs signed rank test). Sample size: n = 7–10 mice per sex, genotype, and condition. Data 

are shown as mean ± SEM. 

 

 

 

 

 

 

 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 24, 2025. ; https://doi.org/10.1101/2025.03.22.644752doi: bioRxiv preprint 

https://doi.org/10.1101/2025.03.22.644752
http://creativecommons.org/licenses/by-nc/4.0/


37 
 

 

Supplemental Fig 3: Effect of DLaN on the power spectrum of REM sleep and waking. Absolute 

EEG power spectrum during REM sleep in the light phase (A) and dark/dim light phase (B) for 

baseline (black), 2 weeks of DLaN (gray), and 6 weeks of DLaN (red) in wild-type mice. Asterisks 

indicate significant differences between baseline and DLaN (p = 0.05–0.0001, Bonferroni multiple 

comparisons test following a significant two-way ANOVA for the factor “DLaN”). Absolute EEG 

power spectrum during waking in the light phase (C) and dark/dim light phase (D) for baseline 

(black), 2 weeks of DLaN (gray), and 6 weeks of DLaN (red) in wild-type mice. Absolute EEG power 

spectrum during REM sleep in the light phase (E) and dark/dim light phase (F) for baseline (black), 2 

weeks of DLaN (gray), and 6 weeks of DLaN (red) in Cntnap2 KO mice. Absolute EEG power 

spectrum during waking in the light phase (G) and dark/dim light phase (H) for baseline (black), 2 

weeks of DLaN (gray), and 6 weeks of DLaN (red) in Cntnap2 KO mice. The frequency bin size is 

0.1 Hz and X axis started from 3 Hz. n = 11–16 mice per genotype and condition. Data are shown as 

the mean. 
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Supplemental Fig 4: Seizure power analysis under baseline and 6 weeks of DLaN. Absolute EEG 

power spectrum during REM sleep (A, C) and waking (B, D) with seizure occurrence (red) and 

without seizure occurrence (black) for baseline and 6 weeks DLaN in Cntnap2 KO mice. Pound sign 

indicates a significant interaction between the two factors “Frequency" and "DLaN" (#### p < 0.0001, 

two-way ANOVA). Asterisks indicate significant differences between abnormal EEG and normal EEG 

(*p < 0.05, **p < 0.01, Bonferroni multiple comparisons test after significant two-way ANOVA, 

interaction of “Frequency” and “seizure”). The frequency bin size is 1 Hz. n = 12–16 mice per 

condition. Data are shown as mean ± SEM. 
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