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Abstract

Nighttime light pollution is linked to metabolic and cognitive dysfunction. Many patients with 

autism spectrum disorders (ASD) show disturbances in their sleep/wake cycle, and may be 

particularly vulnerable to the impact of circadian disruptors. In this study, we examined the impact 

of exposure to dim light at night (DLaN, 5 lx) in a model of ASD: the contactin associated 

protein-like 2 knock out (Cntnap2 KO) mice. DLaN was sufficient to disrupt locomotor activity 

rhythms, exacerbate the excessive grooming and diminish the social preference in Cntnap2 mutant 

mice. On a molecular level, DLaN altered the phase and amplitude of PER2:LUC rhythms in a 

tissue-specific manner in vitro. Daily treatment with melatonin reduced the excessive grooming 

of the mutant mice to wild-type levels and improved activity rhythms. Our findings suggest that 

common circadian disruptors such as light at night should be considered in the management of 

ASD.
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1. Introduction

There is a growing concern that nighttime light pollution may be negatively impacting 

human health, as much of the world’s urban populations do not experience true night 

due to the widespread use of artificial lighting (Falchi et al., 2016). Previous studies have 

shown that night time light exposure leads to cognitive, skeletal motor, and metabolic 

dysfunction in laboratory animals (Bedrosian et al., 2016; Bedrosian et al., 2011; Borniger 

et al., 2014; Fonken et al., 2013; Fonken et al., 2012; Fonken and Nelson, 2011; Lucassen 

et al., 2016; Walker 2nd et al., 2019). The deleterious effects of night time light pollution 

also affect animals in the wild (Dominoni et al., 2013; Raap et al., 2015; Stevenson et al., 

2015). Despite all of the social and economic benefits of artificial lighting, we may be 

paying a price for inappropriate light exposure (Czeisler, 2013; Roenneberg and Merrow, 

2016; Rybnikova et al., 2016). One of the major factors leading to disrupted sleep is 

an inappropriate photic environment caused by nighttime exposure to electric lights and 

light-emitting devices as well as diminished exposure to daylight while indoors.

A significant proportion of individuals with neurodevelopmental disorders such as autism 

spectrum disorders (ASD) experience disruptions to their daily sleep/wake cycles. Among 

the most common complaints is delayed bedtime with frequent nocturnal awakenings 

(Devnani and Hegde, 2015; Elrod and Hood, 2015; Mazurek and Sohl, 2016; Robinson

Shelton and Malow, 2016; Veatch et al., 2015). Perhaps because of this disrupted temporal 

pattern of sleep, these patients are exposed to more light via electronic screens during the 

night (Engelhardt et al., 2013; Mazurek et al., 2016). This nocturnal light exposure by itself 

has been shown to delay sleep in healthy young people (Chang et al., 2015; Gronli et al., 

2016; Wood et al., 2013). Melatonin as well as conventional sleeping aids are commonly 

used as counter-measures to help sleep onset in patients with neurodevelopmental disorders 

(Goldman et al., 2014; Kawabe et al., 2014; Malow et al., 2012; Rossignol and Frye, 2014; 

Schwichtenberg and Malow, 2015). Animal models are helpful to better understand the 

mechanisms underlying circadian and sleep disorders as well as in developing strategies for 

disease management focused on restoring the sleep/wake cycle.

In this study, we set out to test the possibility that mice with a genetic risk factor associated 

with ASD are more vulnerable to the detrimental effects of nighttime light exposure. 

Rare and common variants of the contactin associated protein-like 2 (Cntnap2) gene are 

associated with ASD, intellectual disabilities, and seizures in patients (Arking et al., 2008; 

Bakkaloglu et al., 2008; Nord et al., 2011; O’Roak et al., 2011; Strauss et al., 2006) as well 

as in mouse models (Peñagarikano et al., 2011; Poliak et al., 1999). We examined the impact 

of nighttime light exposure by housing the mutant animals and their wild-type (WT) controls 

under conditions that mimic experiencing very dim LED-generated light in the bedroom 

at night. We describe the deleterious effect of dim light at night (DLaN) on daily rhythms 

of activity, sleep, and on the molecular circadian clock as measured by PERIOD2-driven 

bioluminescence. In addition, we examined the impact of DLaN on repetitive behavior and 

sociability in Cntnap2 mutant mice and examined the persistence of the effects of DLaN 

after returning the mice to a normal lighting cycle. Finally, we tested the ability of melatonin 

to counteract the effects of DLaN on repetitive behavior and circadian disruption.
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2. Materials and methods

2.1. Animals

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, (Poliak et al., 1999). Cntnap2 null mutant (KO) and wild-type (WT) mice were 

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

Cordova, TN) and group-housed prior to experimentation. We limited our studies to mice 

between the ages of 2 and 4 months as the circadian system is mature at this age and it 

is prior to the development of epilepsy in the mutant mice (Peñagarikano et al., 2011). 

Only male animals were used in this study as it has previously been determined that the 

C57BL/6J strain of mice exhibit subtle sex differences in circadian rhythms of locomotor 

activity (Kuljis et al., 2013).

2.2. Home cage lighting manipulations

Mice were housed in light-tight ventilated cabinets in temperature- and humidity-controlled 

conditions, with free access to food and water. Young adult (2–3 mo old) Cntnap2 KO 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. Following entrainment to normal LD, mice were 

singly housed under 1 of 2 lighting conditions for 2 weeks: LD, or dim light at night (DLaN, 

nighttime dim light 5 lx). The spectral properties of the DLaN are shown in Fig. S1. The 

melanoptic light intensity in the cage was 2.8 lx. The body weights of the mice are shown in 

Fig. S3.

2.3. Cage activity

Home cage activity (Loh et al., 2013; Wang et al., 2017) was monitored using a top-mounted 

passive infra-red (PIR) motion detector reporting to a VitalView data recording system (Mini 

Mitter, Bend, OR). Detected movements were recorded in 3 min bins, and 10 days of data 

were averaged for analysis using the El Temps chronobiology program (A. Diez-Noguera, 

Barcelona, Spain; http://www.el-temps.com/principal.html). Cage activity was determined 

by averaging 10 days of PIR-detected motion (movements/h), and the relative distribution of 

activity during the day versus the night was determined (day activity, %). The strength of the 

rhythm was determined from the amplitude of the χ2 periodogram at 24 h, to produce the 

rhythm power (%V) normalized to the number of data points examined. The periodogram 

analysis uses a χ2 test with a threshold of 0.001 significance, from which the amplitude 

of the periodicities is determined at the circadian harmonic to obtain the rhythm power. 

Precision was determined using the Clocklab program (Actimetrics, Wilmette, IL; http://

actimetrics.com/products/clocklab/) by first determining the daily onset of activity over 10 

days, and then determining the deviation from the best-fit line drawn through the 10 onset 

times. To produce the representative waveforms, hourly running averages of the same series 

of activity data was plotted against time of day (Zeitgeber Time, ZT, where ZT 0 indicates 

the time of lights-on).
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2.4. Monitoring of immobility-defined sleep behavior

Immobility-defined sleep was determined as described previously (Whittaker et al., 2018). 

Singly housed Cntnap2 KO and WT littermate controls (2–3 mo old) were first entrained to 

a normal lighting cycle (LD 12:12, 7 days). Mice were then kept in the LD or exposed to 

DLaN for 2 weeks prior to 2 days of measurement of sleep behavior. Mice were housed in 

see-through plastic cages containing bedding (without the addition of nesting material). A 

side-on view of each cage was obtained, with minimal occlusion by the food bin or water 

bottle, both of which were top-mounted. Cages were top-lit using IR-LED lights. Video 

capture was accomplished using surveillance cameras with visible light filters (Gadspot Inc., 

City of Industry, CA) connected to a video-capture card (Adlink Technology Inc., Irvine, 

CA) on a Dell Optiplex computer system. ANY-maze software (Stoelting Co., Wood Dale, 

IL) was used for automated tracking of mouse immobility.

Immobility was registered when 95% of the area of the animal stayed immobile for 

more than 40 s, as was previously determined to have 99% correlation with simultaneous 

EEG/EMG defined sleep (Fisher et al., 2016). Continuous tracking of the mice was 

performed for a minimum of 5 sleep-wake cycles, with randomized visits (1–2 times/day) by 

the experimenter to confirm mouse health and video recording. The 3rd and 4th sleep-wake 

cycles were averaged for further analysis. Immobility-defined sleep data were exported in 

1 min bins, and total sleep time was determined by summing the immobility durations 

in the rest phase (ZT 0–12) or active phase (ZT 12–24). An average waveform of hourly 

immobile-sleep over the two sleep-wake cycles was produced. Variability of sleep onset and 

awake time was determined using Clocklab to draw the best-fit line over the sleep cycles, 

and the differences between sleep offset and best-fit regression of each sleep cycle were 

averaged.

2.5. Recordings of neurons in suprachiasmatic nucleus (SCN)

Male Cntnap2 mutant mice and WT littermates (3–4 mo) entrained on a 12:12 LD or DL 

cycle were anesthetized in an isoflurane chamber at ZT 4.5 and ZT 16.5 for ZT 6–8 and 

ZT 18–20 recordings respectively. Anesthetized mice were decapitated, brains extracted, and 

brains incubated in ice-cold slice solution for 5 min. Coronal slices (300 μm) of mid-SCN 

were collected in slice solution (in mM: 26 NaHCO3, 1.25 NaH2PO4, 10 glucose, 125 NaCl, 

3 KCl, 5 MgCl2, 1 CaCl2) using a vibratome, and then incubated for 1 h at 34 °C in artificial 

cerebrospinal fluid (ACSF, in mM; 26 NaHCO3, 1.25 NaH2PO4, 10 glucose, 125 NaCl, 

3 KCl, 2 MgCl2, 2 CaCl2) while continually being aerated with 95% O2/5% CO2. Slices 

were placed in a recording chamber (PH-1, Warner Instruments, Hamden, CT) attached 

to the stage of a fixed stage upright DIC microscope (OLYMPUS, Tokyo, Japan), and 

superfused continuously (2 ml/min) with ACSF aerated with 95% O2/5% CO2 at 34 °C. Two 

sets of experiments were carried out to measure spontaneous firing rate (SFR) from SCN 

neurons. First, extracellular single-unit recordings from the SCN were taken with recording 

electrodes. These micropipettes (4–7 MΩ) were pulled from borosilicate tubing (Sutter 

Instrument) and filled with 3 M NaCl, pH 7.4. Second, cell-attached SCN recordings were 

made using electrode micropipettes (3–7MΩ) pulled from glass capillaries and recording 

electrodes were filled with ACSF. Recordings were obtained with the AXOPATCH 200B 

amplifier (Molecular Devices, Sunnyvale, CA) and monitored on-line with pCLAMP (Ver 
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10, Molecular Devices). The daytime SFR measured from WT mice was virtually identical 

between these two techniques (3.0 ± 0.2 Hz extracellular vs 3.0 ± 0.4 Hz cell-attached).

2.6. In vitro bioluminescence

In vitro measurements of bioluminescence were performed as previously described 

(Whittaker et al., 2018). Cntnap2 KO and WT PER2:LUC male mice were subjected to 

control LD or DLaN for 2 weeks prior to sampling. Mice were sacrificed after anesthesia 

(isoflurane) between ZT 10 and 11, and 1–2 mm3 explants were immediately dissected in 

ice-cold Hanks’ balanced salt solution (HBSS; Sigma) supplemented with 4.5 mM NaHC03, 

10 mM HEPES and 100 U/ml penicillin-streptomycin. Brains were incubated in ice-cold 

slice solution (in mM: 26 NaHCO3, 1.25 NaH2PO4, 10 glucose, 125 NaCl, 3 KCl, 5 MgCl2, 

1 CaCl2) aerated with 95% O2/5% CO2 for 5 min, and 300 μm coronal sections were 

collected using a vibratome and further microdissected in HBSS under a 10× dissecting 

microscope. The SCN was cut away from the rest of the section using two cuts with a 

surgical scalpel (No. 21 blade, Fisher Sci.). All explants were individually transferred to 

Millicell membranes (0.4 μm, PICMORG50, Millipore, Bedford, MA) resting on 1.2 ml of 

recording media: (1× DMEM (Sigma), 1× B27 supplement (Gibco), 4.5 mM NaHCO3, 10 

mM HEPES, 40 mM Glutamax (Gibco), 4.5 mg/ml D-glucose, 25 U/ml penicillin, 25 U/ml 

streptomycin, 0.1 mM sodium salt monohydrate luciferin (Biosynth, Staad, Switzerland)) in 

a 35 mm dish sealed with autoclaved vacuum grease (Dow Corning, Midland, MI). SCN, 

hippocampus, and liver explants were inserted into the Lumicycle photometer (Actimetrics, 

Wilmette, IL), incubated at 37 °C, and bioluminescence was continuously monitored for 

7 consecutive days. Raw bioluminescence values were normalized by baseline subtraction 

(24 h running average) and smoothed with 2 h windows to prepare the representative 

bioluminescence traces. The phase and amplitude of each explant were determined as 

previously described (Whittaker et al., 2018). Period was determined using the sine-wave 

fit function in Lumicycle Analysis (Actimetrics).

2.7. Behavioral tests

During the 14th day of LD or DLaN treatment, mice were placed in a novel arena for 

10 min, and their grooming and exploration behavior was recorded. Following habituation 

to the arena, mice were tested using the three chamber sociability protocol (Yang et al., 

2011). In this test, mice are freely mobile in an arena with three chambers where the central 

chamber remains empty. In each of the flanking chambers, an up-turned metal-grid pencil 

cup is placed: one remains empty as the novel object (O), and an age- and sex-matched 

WT stranger mouse (S1) is placed in the second up-turned cup. The stranger mice were 

previously habituated to the cups for 3 × 15 min sessions. To test for social preference, the 

mice were presented with the choice of the object (O) or the stranger mouse (S1). Social 

preference was determined by comparing the dwell time of the tested mouse in the two 

chambers, and a social preference index was calculated using the following: (S1 − O)/(S1 + 

O), where a higher value indicates greater social preference. The time that the tested mouse 

spent investigating the object and the stranger mouse was also determined.

Grooming and investigating behaviors were manually scored and averaged post-hoc by two 

independent observers who were blind to the treatment and genotype conditions.
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All three chamber tests were performed under dim red light (< 2 lx at arena level) during the 

animals’ night between 2 and 4 h after lights-off (ZT 14–16). Video recordings of each arena 

were captured using surveillance cameras, supplemented with infra-red lighting, connected 

to a video-capture card (Adlink Technology Inc., Irvine, CA) on a Dell Optiplex computer 

system. Automated tracking of the mice was achieved using ANY-maze software (Stoelting, 

Wood Dale, IL), which allowed us to determine distance traveled and chamber dwell time.

2.8. Drug treatments

WT and Cntnap2 KO mice were randomly distributed into one of two groups and housed 

under DLaN conditions. One group of mice was treated daily with melatonin (3.0 mg/kg) 

suspended in a small amount of condensed milk (10 mg condensed milk/g body weight). 

The second group of mice was treated daily with the suspension vehicle (10 mg condensed 

milk/g body weight). Both groups were first habituated to the ceramic food bowls containing 

condensed milk for 3 days prior to the start of the light and drug treatment. All mice in the 

study learnt to find and consume the condensed milk within the food bowls within 15 min 

of presentation. All food bowls were weighed at 15 min post-presentation to confirm that the 

treatment was fully consumed throughout the duration of the drug treatment. Mice in both 

groups were given free access to the treatments at ZT 11.5 (30 min prior to lights off) daily 

from the first day of the DLaN treatment. The total treatment duration was 2 weeks to match 

the duration of DLaN.

2.9. Morphometrical and Histoanatomical analyses of the SCN

Structural analysis of the SCN was performed as previously described (Lee et al., 2018). WT 

and Cntnap2 KO mice (males, 3–4 mo) were anesthetized with isoflurane at a specific time 

during the night (ZT 14) and transcardially perfused with phosphate buffered saline (PBS, 

0.1 M, pH 7.4) containing 4% (w/v) paraformaldehyde (PFA, Electron Microscopy Sciences, 

Hatfield, PA). The brains were rapidly dissected out, post-fixed overnight in 4% PFA at 

4 °C, and cryoprotected in 15% sucrose. Coronal sections were obtained using a cryostat 

(Leica, Buffalo Grove, IL), collected sequentially and then processed for Nissl staining using 

cresyl violet (Sigma) or immunofluorescence. The histomorpho-logical and stereological 

assessments were performed by two independent observers “masked” to the treatment and 

genotype.

2.9.1. Nissl staining—Coronal brain sections (20–30 μm) containing the entire left and 

right SCN were stained with 1% cresyl violet solution (Sigma). Photographs were acquired 

on a Zeiss Axioskop equipped with a Zeiss colour Axiocam using a 10× objective, to 

include both left and right SCN, and the AxioVision software (Zeiss, Pleasanton, CA) and 

then, used to estimate the area, height and width of the SCN. Measurements (in μm) were 

obtained using the AxioVision. For each animal, the three measurements were performed in 

consecutive slices of the SCN. Those from the 2 most central sections (largest area), the 2 

sections anterior and 3 posterior to these were summed (a total of 7 consecutive sections). 

No significant differences between the measurements in the left or right SCN were found so 

the results were averaged.
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2.9.2. Immunofluorescence—Free-floating coronal sections (30 μm) containing the 

entire SCN were blocked for 1 h at RT in carrier solution (1% BSA, 0.3% Triton X-100, 

PBS) containing 10% normal donkey serum and then incubated with gentle shacking 

for 2 h at 37 °C with the primary antibodies against arginine vasopressin (AVP; 1:500, 

guinea pig polyclonal, Peninsula Lab, San Carlos, CA) and vasoactive intestinal peptide 

(VIP; 1:1000, rabbit polyclonal, ImmunoStar, Hudson, WI) diluted in the carrier solution 

containing 5% normal donkey serum, followed by incubation in the appropriate secondary 

antibody conjugated to Cy3 or AlexaFluor 488 (Jackson ImmunoResearch Laboratories, Bar 

Harbor, ME). Sections were mounted and coverslips applied onto a drop of Vectashield 

mounting medium containing DAPI (4′−6-diamidino-2-phenylinodole; Vector Laboratories, 

Burlingame, CA). Stereological analysis was performed using a Zeiss AxioImager M2 

microscope (Zeiss, Pleasanton, CA) equipped with a motorized stage controlled by the 

StereoInvestigator software (MicroBrightField Biosciences, Williston, VT). Due to the 

SCN’s small area and the low number of VIP+ and AVP + neurons in the SCN, stereological 

parameters were designed to cover the entire area of interest. All immunopositive cell bodies 

were counted directly using a 40× objective. Images were acquired on a Zeiss AxioImager 

M2 microscope equipped with an AxioCam MRm and the ApoTome imaging system, using 

a 10× objective and the Zeiss Zen digital imaging software.

2.10. Statistics

To determine the impact of DLaN on waveform, we used a repeated measures two-way 

analysis of variance (ANOVA) with time and treatment as factors. To determine the impact 

of DLaN on other behavioral measures, we used a two-way ANOVA with genotype and 

treatment as factors. Post hoc Holm-Sidak pairwise comparisons were applied after the 

ANOVA. A t-test was used to compare Nissl measurements and cell counts in WT and 

Cntnap2 KO mice. Values were reported as the mean ± standard error of the mean (SEM). 

Differences were deemed significant if P < 0.05.

3. Results

3.1. Nighttime light exposure alters daily rhythms of cage activity in WT and Cntnap2 KO 
mice

To determine whether DLaN altered the daily rhythms in locomotor activity, separate 

cohorts of KO and WT mice were housed under either control conditions (LD) or DLaN 

for 2 weeks. We first examined the impact of DLaN on the average waveform (1 h bins) of 

each genotype using a 2-way ANOVA for repeated measures (Fig. 1A, B). Both Cntnap2 KO 

(n = 10) and WT controls (n = 10) exhibited clear rhythms in activity under both lighting 

conditions. The Cntnap2 KO activity levels significantly varied with time but not treatment; 

while in WT mice, there were significant effects of both time and treatment. Post-hoc 

analysis by Multiple Comparison Procedures (Holm-Sidak method) indicated significant 

reductions in activity caused by DLaN exposure at a number of phases during the night in 

both genotypes (Fig. 1A, B). To provide another measure, DLaN equally reduced the peak/

trough amplitude of the WT (63.9 ± 4.0–9.2 ± 1.0) and Cntnap2 KO (61.8 ± 7.5–12.0 ± 2.9). 

Quantitative analysis of all the activity rhythms (2-way ANOVA; Table 1) found that, under 

normal lighting conditions, Cntnap2 KO mice exhibited reduced rhythm strength (Fig. 1D), 
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increased daytime activity (Fig. 1E) and decreased precision in the daily onset of activity 

(Fig. 1F) compared to WT controls. DLaN significantly reduced cage activity (Fig. 1C) and 

rhythm power (Fig. 1D), while increasing the amount of activity during the day (Fig. 1E) 

and the cycle-to-cycle variation (Fig. 1F) in both genotypes. After return to the original LD 

cycle, both genotypes of mice exhibited partial recovery of their activity rhythms (Fig.S 4). 

These results indicate that the Cntnap2 KO mice exhibit some deficits in the generation of 

diurnal rhythms in cage activity and that DLaN negatively affected most of the locomotor 

activity parameters in both genotypes.

3.2. Nighttime light exposure alters the temporal pattern of sleep in Cntnap2 KO mice

We sought to determine whether loss of Cntnap2 had an impact on the amount or temporal 

pattern of sleep behavior measured with video recording in combination with an automated 

mouse tracking analysis software system (Wang et al., 2017, 2018). Both Cntnap2 KO 

(n = 10) and WT controls (n = 10) exhibited clear rhythms in sleep under both lighting 

conditions (Fig. 2A, B; Table 1). Further analysis showed significant effects of time and 

treatment in the mutants while, in the WT mice, there were significant effects of time but 

not treatment. Post-hoc analysis by Multiple Comparison Procedures (Holm-Sidak method) 

revealed significant changes in sleep caused by DLaN exposure at a number of phases 

during the night in both genotypes (Fig. 2A, B). Quantitative analysis of all the sleep 

rhythms (2-way ANOVA; Table 1) found that the total amount of sleep (per 24 h-day; Fig. 

2C) was not affected by genotype but did increase with treatment. Analysis of the same 

animals before and after the exposure confirmed that DLaN significantly increased the total 

amount of sleep in the mutant and mice. Significant day/night differences in the amount 

of sleep behavior (Fig. 2D) were seen in Cntnap2 KO and WT with higher amounts of 

sleep during the day. In contrast, the treated groups lost the day/night difference. Sleep 

fragmentation as measured by the total number of sleep bouts (Fig. 2E; Table 1) was not 

affect by genotype or treatment. However, the maximum sleep bout length (Fig. 2F) was 

increased by treatment but not genotype. Post-hoc analysis indicated that DLaN increased 

the duration of sleep in individual bouts in the Cntnap2 KO and WT mice. Finally, sleep 

onset (Fig. 2G, H) was altered by both genotype and treatment (Table 1). Thus, the Cntnap2 
KO mice exhibited a disruption in sleep onset, but other parameters were no different from 

WT mice. Both genotypes exhibited disrupted temporal patterns in sleep behavior driven by 

the DLaN treatment.

3.3. Daytime neural activity in the central clock is compromised in the Cntnap2 KO mice

A characteristic property of SCN neurons is that these cells generate a circadian rhythm of 

neural activity with higher spontaneous activity during the day and low activity during the 

night. This neural activity is critical for the synchrony of cells within the SCN circuit as well 

as the ability of this nucleus to drive outputs throughout the body. Thus, we measured the 

SFR of the dorsal SCN neurons in Cntnap2 KO and WT. Each of these cells was determined 

to be within the dorsal region of the SCN by directly visualizing the location of the cell 

with infrared DIC video microscopy. First, we found that the Cntnap2 mutants exhibited a 

reduced daytime firing rate compared to WT controls (Fig. 3A) which was accompanied by 

a shift in the distribution of SFR with the mutants exhibiting more cells firing below 2 Hz 

(Fig. 3B). In a second set of experiments, we measured the SFR from Cntnap2 KO and WT 
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mice held under a normal LD or DLaN for 2 weeks prior to the preparation of the brain 

slice. With this data set, we observed that the Cntnap2 KO mice exhibited a reduced SFR 

and the DLaN treatment did not have any obvious impact of the daytime or nighttime firing 

rate (Fig. 3C). In WT mice, the normal day/night rhythm as lost when the mice were held 

under DLaN (Fig. 3C). The SFR is a direct measure of the output of the SCN and our data 

indicate that the Cntnap2 KO mice exhibit a modestly reduced spontaneous neural activity.

3.4. DLaN shifted the phase and amplitude of the PER2:LUC rhythms in the Cntnap2 KO 
mice

Next, we used in vitro imaging of tissue from Cntnap2 KO and WT PER2:LUC mice to 

examine the impact of DLaN on bioluminescence rhythms. For both genotypes, we observed 

robust daily rhythms from the SCN, the hippocampus and liver under control conditions 

(Figs. 4, 5; Table 2; Fig. S5). The SCN was clearly impacted by the DLaN treatment 

(Fig. 4). In the central clock, the amplitude was reduced by treatment, but there were no 

differences between the genotypes. The peak phase varied with both treatment and genotype 

(Table 2). The Cntnap2 KO exhibited a significant phase advance, while the phase of the 

WT SCN was unaltered (Fig. 4E, F). In the hippocampus (Fig. 5), the KO mice exhibited 

a strong reduction in amplitude that was not seen in the WT (Fig. 5c, Table 2). The peak 

phase varied with treatment but not genotype (Table 2). The phase advances (4–6 h) were 

of larger magnitude than what we observed in the SCN. In the liver (Table 2, Fig. S5), the 

amplitude was not altered by treatment or genotype. The DLaN treatment also advanced 

the phase of the liver rhythms. There was no significant effect of genotype or treatment on 

the endogenous tau (free-running period) measured from any of the three tissues (Table 2). 

Overall, our data indicated that the Cntnap2 KO still presents robust PER2:LUC rhythms, 

but DLaN altered the amplitude and phase of these rhythms in a tissue-specific manner. The 

KO exhibited more sensitivity to the impact of treatment on phase in the SCN.

3.5. Nighttime light exposure alters social behavior in Cntnap2 KO mice

A key symptom in ASD is difficulty with social interactions, which has been demonstrated 

in both juvenile (Peñagarikano et al., 2011) and adult (Thomas et al., 2017) Cntnap2 
KO mice. When the three-chamber social approach test was administered to adult mice 

during the night (ZT 14–16), Cntnap2 KO mice under LD conditions did not exhibit a 

preference for the stranger chamber, whilst under DLaN, they actually preferred the object 

(Fig. 6A). WT typically spent more time in the chamber with a stranger mouse than in 

the one containing the object (Fig. 6B, Table 3). This social preference was eliminated by 

DLaN (Fig. 6B). The chamber dwell times were converted to a social preference index 

by normalizing the chamber preference to the total time spent in the two chambers of 

interest (Fig. 6C). The two-way ANOVA indicated that there were significant effects of both 

genotype and treatment. Post hoc analysis indicated that DLaN decreased preference for the 

stranger mouse in both WT and Cntnap2 KO, but the negative social effects of the exposure 

were stronger in the Cntnap2 KO mice. There were no genotypic or treatment differences 

in the time spent in the center chamber (Table 3). These findings indicate that exposure to 

DLaN disrupted social behavior in both genotypes, with the mutants being more susceptible.
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3.6. Nighttime light exposure aggravates repetitive behavior in Cntnap2 KO mice

A hallmark of ASD in humans is repetitive behavior, which is recapitulated in the Cntnap2 
mutants in the form of increased grooming behavior during the day (Peñagarikano et al., 

2011; Thomas et al., 2017). We examined grooming behavior in the night (ZT 14–16) 

for each of the four groups and observed that the amount of grooming was significantly 

impacted by both genotype and treatment (Fig. 7A, Table 3). Post hoc analysis indicated 

that the mutants exhibited more grooming behavior than WT mice and that this aberrant 

grooming behavior was exacerbated by DLaN treatment. WT mice housed under DLaN did 

not display increased grooming compared to WT mice in LD housing. The DLaN exposure 

decreased exploratory behavior as measured by distance traveled during the test (Fig. 7B, 

Table 3). There were no genotypic or treatment differences in the time spent in the center 

chamber (Fig. 7C). In the absence of DLaN, the Cntnap2 KO exhibited high levels of 

spontaneous grooming during the day but not in the night (Fig. S6). Therefore, the DLaN 

exposure drove a large increase in repetitive behavior in the Cntnap2 KO but not in WT 

mice.

3.7. Treatment with melatonin ameliorates the effects of nighttime light exposure on 
activity rhythms and repetitive behavior

Melatonin has been proposed as a safe and effective treatment to help with the sleep/wake 

disruptions common in neurodevelopmental disabilities (Goldman et al., 2014; Kawabe 

et al., 2014; Schwichtenberg and Malow, 2015). Levels of melatonin are normally high 

during the night and low during the day. Therefore, we sought to determine whether 

nightly treatment with melatonin (3 mg/kg) would improve the excessive grooming behavior 

seen in the Cntnap2 mutant exposed to DLaN. WT and KO mice housed under DLaN 

conditions were treated daily (ZT 11.5) with melatonin or vehicle for 2 weeks (Fig. 8A, 

Table 4). Significant effects were seen for both genotype and treatment as well as their 

interaction. Post hoc analysis revealed that melatonin treatment in the night significantly 

reduced grooming behavior in the mutant mice. As a control for the time of administration, 

another group of KO mice was treated with melatonin in the day (ZT 23.5). No amelioration 

in excessive grooming behavior was observed (Fig. 8A).

Finally, we determined the effects of the same nightly melatonin treatment on activity 

rhythms in the Cntnap2 KO exposed to DLaN. Cohorts of mutant mice were held under 

DLAN and treated with either melatonin (3 mg/kg) or vehicle (Fig. 8B, Table 4). Melatonin 

significantly improved the power of the daily rhythms by decreasing inappropriate activity 

during the day as well as reducing the cycle-to-cycle variation in activity onset. Therefore, 

melatonin successfully rescued the excessive grooming and disrupted activity rhythms seen 

in the Cntnap2 KO under DLaN.

4. Discussion

Cntnap2 homozygous null (Cntnap2 KO) mice were chosen because of their strong construct 

validity and the human genetic evidence that implicate this gene in autism. Recessive loss

of-function mutations in Cntnap2 cause Pitt-Hopkins-like syndrome (Peippo and Ignatius, 

2012; Zweier et al., 2009), symptoms of which include severe intellectual disability, lack 
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of speech, and seizures. In addition, a homozygous single base pair deletion, resulting in 

a truncated protein, causes Recessive Symptomatic Focal Epilepsy, which presents with 

autistic symptoms as well as cortical dysplasia and epilepsy (Strauss et al., 2006). The 

Cntnap2 KO mice have the first exon of Cntnap2 gene replaced by a neo gene that results in 

the absence of the Cntnap2 protein in the brains in homozygous mice (Poliak et al., 1999).

One of the key assessments in this study was the evaluation of the mutant mice compared to 

WT controls. We found that Cntnap2 KO mice have weaker daily cage activity rhythms, 

are more day-active and have less precision in activity onset than WT mice (Fig. 1; 

Table 1). Previous work with this model reported acute hyperactivity when the mice were 

placed in a testing field in the light phase of the LD cycle (Peñagarikano et al., 2011; 

Brunner et al., 2015; Thomas et al., 2017). We also observed some evidence for acute 

hyperactivity in the mutants when the mice were placed in an open arena (Fig. 7) as 

has also been seen with home cage activity (Angelakos et al., 2019). However, when the 

activity rhythms are measured over a 24-h cycle, the Cntnap2 KO mice show reduced 

locomotor activity, especially during the night. (Fig. 1; Thomas et al., 2017; Angelakos 

et al., 2019). We found that sleep behavior was relatively unaffected in the Cntnap2 KO 

(Fig. 2; Table 1) with overall sleep duration or fragmentation unaltered. Previous analysis 

on electroencephalogram (EEG)-defined sleep in the Cntnap2 KO mice enabled the authors 

to parse vigilance states into wake, rapid eye movement (REM) and non-REM sleep. They 

were able to demonstrate blunted rhythms in each of the states along with fragmented 

bouts of wakefulness (Thomas et al., 2017). The authors found a reduced spectral power 

of the EEG in the alpha (9–12 Hz) range (Thomas et al., 2017), suggesting a disruption in 

the coherence in the electrical activity of thalamic pacemaker cells that are thought to be 

responsible for the alpha waves.

The alterations in the amplitude of the diurnal rhythms in activity, sleep (NREM, REM) 

and core body temperature could be most simply explained if the Cntnap2 mutation caused 

disruption in the circadian timing system. The Cntnap2 transcript is highly expressed in the 

SCN as well as the paraventricular nucleus in the adult mouse (Lein et al., 2007). However, 

behaviorally, there does not appear to be an alteration in free-running circadian period (Tau) 

when activity is measured in constant darkness (Angelakos et al., 2019). Similarly, we did 

not see a difference in Tau between the WT (23.67 ± 0.07, n = 14) and mutant (23.53 

± 0.17, n = 8) mice when housed in constant darkness (DD). The free-running period, as 

measured by locomotor behavior in DD, is an extremely sensitive marker of output of the 

core molecular clock that drives circadian oscillations (Takahashi et al., 2008). Thus, the 

behavioral data do not suggest a disruption in the core clock in the Cntnap2 KO mice. In 

addition, we did not observe anomalies in the morphology of the SCN or in the number of 

cells expressing the peptides VIP and AVP (Fig. S7). We went on to measure PER2-driven 

bioluminescence from the SCN. Using this direct read out of the molecular clock (Yoo et 

al., 2004), we found that the key circadian parameters of amplitude, phase and free-running 

period did not vary between the genotypes (Figs. 4, 5; Table 3). We did see a reduction 

in daytime SFR measured from the mutant SCN (Fig. 3) so there may be some circadian 

disruption that could explain the deficits in the diurnal rhythms. Collectively, this work 

indicates that the Cntnap2 KO mice exhibit disruptions in the temporal patterning of activity 

and sleep which fits with a general pattern of deficits seen in mouse models of monogenic 
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neurological disorders (Angelakos et al., 2019; Brown et al., 2019; Shi and Johnson, 2019; 

Takumi et al., 2019).

Social deficits were observed in the Cntnap2 KO as measured by the 3-chamber test (Fig. 

6; Table 3), where they had decreased preference for spending time in close vicinity to a 

stranger mouse compared to WT. However, the time that the mutant mice spent investigating 

the stranger mouse was not different from the controls. Prior work with this model found 

robust social deficits in juvenile Cntnap2 mutants (Peñagarikano et al., 2011) that responded 

positively to treatment with oxytocin (Peñagarikano et al., 2015). Working with slightly 

older mice, another group observed social deficits in one test (urine-open field) but not in the 

3-chamber or reciprocal social interaction test (Brunner et al., 2015). Another study using 

adult mutants found reduced social interactions when the KO mice were allowed to interact 

in a cage (Thomas et al., 2017). The reasons for these differences among the different 

laboratories’ measurements of social behavior are not clear. The strongest phenotype that we 

observed with the Cntnap2 KO model was increased repetitive behavior. The mutant mice 

spent more time grooming (Fig. 7; Table 3) than WT controls. This repetitive behavior has 

been shown in prior work in the Cntnap2 model (Peñagarikano et al., 2011; Thomas et al., 

2017) and can be normalized by treatment with Risperidone (Peñagarikano et al., 2011), 

demonstrating the predictive validity of the model.

Genetic studies have revealed heterogeneity in ASD, predicting hundreds of rare genetic 

associations (Iossifov et al., 2012; O’Roak et al., 2012; Sanders et al., 2012). Despite 

evidence of genetic risk factors, environmental risk factors are very likely to be playing 

an important role in the symptoms and serving as a “second hit”. Nightly light exposure 

is a common environmental perturbation and has been shown to cause a number of ill 

effects (Bedrosian et al., 2016; Bedrosian et al., 2011; Borniger et al., 2014; Fonken et al., 

2013; Fonken et al., 2012; Fonken and Nelson, 2011; Lucassen et al., 2016). Therefore, 

we investigated the impact of dim light at night on locomotor activity, sleep, PER2:LUC 

bioluminescence rhythms, social and grooming behavior in both WT and mutant mice. The 

DLaN treatment had a dramatic effect on measures of locomotor activity rhythms (Fig. 

1; Fig. S2) and the temporal pattern of sleep (Fig. 2). For example, the normal day/night 

rhythms in the amount of sleep is lost under DLaN treatment, and the amount of time 

sleeping in the day and night were not significantly different in either genotype. The DLaN 

treatment did not altered SFR (Fig. 3C) although the day/night rhythm in SFR was lost 

under DLaN exposure. DLaN also dramatically reduced the amplitude of the PER2:LUC 

rhythm measured at the level of the SCN (Fig. 4). Since we do not have single cell resolution 

for the bioluminescence, we cannot resolve whether the reduction in amplitude is driven 

by a loss of synchrony in the cell population or damping of the single cell oscillation. 

Based on prior work examining the impact of constant light on SCN neurons (Ohta et al., 

2005), we would expect that DLaN desynchronizes clock neurons but does not compromise 

their ability to generate circadian rhythms. Finally, DLaN reduced social behavior in both 

genotypes (Fig. 6) and increased grooming in the mutants (Fig. 7).

We expected that the mutants may be more sensitive to the effects of circadian disruption 

and found some evidence for selective vulnerability in the Cntnap2 model i.e. DLaN 

produced significantly worse effects in the KO compared to WT controls. This selective 
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vulnerability was seen with changes in the amplitude and phase of the PER2 rhythms 

measured in the hippocampus, reduced social index, and increase time spent grooming. 

In our hands, the impact on activity onset and grooming were particularly robust. In the 

present study, using a shorter circadian disruption of 2 weeks, the negative impact of the 

light at night proved to be reversible when conditions of true darkness were restored (Fig. 

S4). It remains to be determined if longer durations under DLaN lead to permanent deficits. 

Circadian disruptions have been observed in a number of neurodevelopmental disorders 

(Angelakos et al., 2019; Brown et al., 2019; Shi and Johnson, 2019; Takumi et al., 2019), 

and it will be important to explore whether there is a selectively vulnerable developmental 

period for long-term effects of DLaN on behavior (e.g. Borniger et al., 2014; Logan and 

McClung, 2019).

The mechanisms underlying the negative impact of DLaN are not known and could be 

mediated by multiple factors. Based on recent work, our assumption is that the effects 

of DLaN are mediated by intrinsically photosensitive retinal ganglion cells (ipRGCs) 

(Lazzerini Ospri et al., 2017). For example, work from the Hattar laboratory indicates that 

ipRGCs that project to the SCN mediate the effects of light on learning (Fernandez et al., 

2018). Mood regulation by light, on the other hand, requires an SCN-independent pathway 

linking ipRGCs to the perihabenular nucleus (PHb). The PHb is anatomically integrated in 

a distinct circuit with the limbic system and appears to be both necessary and sufficient for 

driving the effects of light on affective behavior. An important area for future work will 

be to determine which of these ipRGC pathways underlie the impact of DLaN observed in 

the present study. Notably, recent work on the mouse forebrain has found evidence that a 

variety of the genes coding for transcripts linked to synaptic transmission are regulated by 

the circadian timing system, while the proteome is more highly influenced by the sleep/wake 

cycle (Noya et al., 2019). Many of these same synaptic transcripts have been shown to be 

down-regulated in cortical regions of patients with neurodevelopmental disorders (Gandal et 

al., 2018). Therefore, by altering both the circadian clock and sleep behavior, DLaN would 

be expected to have a major impact on synaptic transmission throughout the forebrain.

In this study, we show that treatment with melatonin improves some of the symptoms seen 

in the Cntnap2 model, with striking improvements in repetitive behaviors i.e. excessive 

grooming (Fig. 8A; Table 4). In addition, nightly melatonin improved the power and 

precision of cage activity rhythms (Fig. 8B). Thus, two key parameters in which the 

Cntnap2 mutants show selective vulnerability to DLaN are both improved and, in the case 

of grooming behavior, returned to WT levels. Exogenous melatonin treatment has also been 

proposed as a treatment for circadian rhythm disorders (e.g. Burke et al., 2013; Riemersma

van der Lek et al., 2008; Schroeder and Colwell, 2013) and is particularly appealing for 

use in young and adolescent patients (Eckerberg et al., 2012), as most indications are 

that it is well-tolerated. Perhaps for this reason, melatonin is one of the most commonly 

used medications for sleep disturbances in children and adolescents with developmental 

disabilities (Rossignol and Frye, 2014; Schwichtenberg and Malow, 2015). For example, 

a survey of ASD patients found that medications for sleep were prescribed in 46% of 

4–10-year-olds given a sleep diagnosis, with melatonin being the most commonly used 

medication (Malow et al., 2016). Mostly relying on self-reports by patients and family 

members, the studies to date have found consistent evidence that sleep latency is improved 
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in many of the patients taking melatonin (Andersen et al., 2008; Garstang and Wallis, 2006; 

Giannotti et al., 2006; Malow et al., 2012; Wirojanan et al., 2009; Wright et al., 2011). 

There has been at least one study which found that treatment with the melatonin receptor 

agonist Ramelteon improved insomnia and behavioral symptoms in a small number of ASD 

patients (Kawabe et al., 2014). Recent work examined the association between repetitive 

behaviors and sleep problems in children with ASD. Patients with repetitive behaviors, 

but not restrictive behaviors like the insistence on routine, experienced significant reported 

sleep problems even after controlling for anxiety (Hundley et al., 2016). This suggests that 

melatonin may be better suited as an intervention for the subset of ASD patients with 

repetitive behaviors and sleep problems (Schroder et al., 2019). Understandably, the work 

in patients is focused on treating the symptoms rather than understanding the underlying 

biology. With animal models, it is possible to explore the underlying mechanisms and 

develop improved therapeutics with caveats. For example, in the context of the present work, 

it is worth noting that many commonly used mouse strains like the C57 line do not produce 

melatonin (Ebihara et al., 1986).

The Cntnap2 model has strong construct validity, as mutations in this gene are found in 

humans with autism. Nevertheless, not all mouse models can recapitulate all of the autism 

domain deficits due to the broad spectrum of causes and symptoms in ASD. In our hands, 

the locomotor and repetitive behavior phenotypes were most robust in the adult mouse 

and were the focus of our study. Dim light at night is a mild environmental disruptor of 

circadian rhythms and one that may be commonly experienced by patients with ASD. At 

least two studies have shown that these young patients are more exposed to light at night via 

electronic screens than age-matched controls (Engelhardt et al., 2013; Mazurek et al., 2016). 

This light exposure by itself has been shown to delay sleep in healthy young people (Chang 

et al., 2015; Gronli et al., 2016; Wood et al., 2013). Our work raises the possibility that 

sleep and circadian disruption may be an environmental factor that makes at least some of 

the core symptoms of developmental disabilities worse. While this remains to be rigorously 

tested, the data suggests that patients and caregivers may benefit from living in a temporally 

structured environment with particular attention paid to lighting conditions. While melatonin 

levels would be suppressed by light exposure during the night, melatonin supplements or 

melatonin receptor agonists may prove to be an appropriate countermeasure.

Supplementary Material

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

ANOVA analysis of variance

AVP arginine vasopressin

ASD autism spectrum disorders

DD constant darkness

Cntnap2 KO contactin associated protein-like 2 knock out

DLaN dim light at night

EEG electroencephalogram

ipRGCs intrinsically photosensitive retinal ganglion cells

LD light:dark

PER2 PERIOD2

REM rapid eye movement

SFR spontaneous firing rate

SEM standard error of the mean

SCN suprachiasmatic nucleus

VIP vasoactive intestinal peptide

(WT) wild-type

ZT Zeitgeber Time
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Fig. 1. 
Rhythms in cage activity are altered by dim light at night (DLaN). Waveforms of daily 

rhythms in cage activity under LD and DLaN show the activity-depressing effect of DLaN 

(5 lx) in both Cntnap2 KO (A) and WT (B) mice. The mean ± SEM is shown at each 

time point. For this and all other figures, the mutants are shown as diamonds while the WT 

values are shown as circles. For this and all other figures, black symbols are from mice 

in normal LD while grey symbols are from mice in DLaN. The activity waveform (1 h 

bins) of each genotype was analyzed using a 2-way ANOVA for repeated measures with 

genotype and time as factors. Both Cntnap2 KO (n = 10) and WT controls (n = 10) exhibited 

clear rhythms in activity under both lighting conditions. Overall, the Cntnap2 KO exhibited 

significant effects of time (F(23, 383) = 23.491, P < 0.001) but not treatment (F(1, 383) = 

3.353, P = 0.089). The WT mice exhibited significant effects of both time (F(23, 383) = 

79.375, P = 0.001) and treatment (F(1, 383) = 25.744, P < 0.001). Post-hoc analysis by 
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Multiple Comparison Procedures (Holm-Sidak method) indicated significant reductions in 

activity caused by DLaN exposure at a number of phases during the night in both genotypes. 

Significant (P < 0.05) differences between the genotypes are indicated with an asterisk over 

the untreated values. Histograms (C–F) show means ± SEM with the values from individual 

animals overlaid. The locomotor activity parameters were analyzed using a 2-way ANOVA 

with genotype and treatment as factors. Significant (P < 0.05) differences as a result of 

treatment are indicated with an asterisk (*) over the treated values while the number sign 

(#) indicates a genotypic difference. (C) Cage activity was reduced by treatment (F(1, 35) = 

37.428, P < 0.001) but there were no effects of genotype (F(1,35) = 3.716, P = 0.063). (D) 

The power of the rhythms (% variation) was reduced by treatment (F(1, 35) = 26.780, P < 

0.001) as well as genotype (F(1,35) = 13.789, P < 0.001). (E) The amount of activity during 

the day (%) was increased by the treatment (F(1, 35) = 15.346, P < 0.001) as well as genotype 

(F(1,35) = 6.097, P = 0.019). (F) The precision of the activity onset (cycle-to-cycle variation) 

was reduced by the treatment (F(1, 35) = 41.644, P < 0.001) and genotype (F(1,35) = 29.686, 

P < 0.001). Overall, DLaN negatively impacted most measures of activity rhythms and the 

mutant mice exhibited more activity in the day and increased variability of activity onset 

which resulted in an overall reduction in the strength of the daily rhythm.
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Fig. 2. 
Rhythms in sleep behavior are altered by DLaN. Waveforms of daily rhythms in sleep 

behavior under LD and DLaN in both Cntnap2 KO (A) and WT (B) mice. The sleep 

waveform (1 h bins) of each genotype using a 2-way ANOVA for repeated measures with 

genotype and time as factors. All Cntnap2 KO (n = 10) and WT controls (n = 10) exhibited 

clear rhythms in sleep under both lighting conditions. The Cntnap2 KO exhibited significant 

effects of time (F(23, 479) = 8.426, P < 0.001) and treatment (F(1, 479) = 7.279, P = 0.024). 

The WT mice exhibited significant effects of both time (F(23, 432) = 16.133, P < 0.001) but 

not treatment (F(1, 432) = 0.838, P = 0.360). There were significant interactions between 

treatment and time (F(23, 479) = 2.812, P < 0.001). Post-hoc analysis by Multiple Comparison 

Procedures (Holm-Sidak method) indicated significant reductions in activity caused by 

DLaN exposure at a number of phases during the night in both genotypes. Significant (P 
< 0.05) differences between the genotypes are indicated with an asterisk over the treated 
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values. Several aspects of sleep behavior were measured from each genotype (Cntnap2 KO, 

WT) under each lighting condition (LD, DLaN) and the resulting data analyzed with 2-way 

ANOVA. Histograms show means ± SEM with the values from individual animals overlaid. 

Significant (P < 0.05) differences because of treatment are indicated with an asterisk (*) 

over the treated values while the number sign (#) indicates a genotypic difference. (C) Total 

sleep was increased by treatment (F(1, 39) = 4.762, P = 0.036) but there were no effects 

of genotype (F(1,39) = 0.011, P = 0.914). (D) Day/night differences in the amount of sleep 

were disrupted by treatment. Both WT (t(9) = 8.960, P < 0.001) and Cntnap2 KO (Z(9) = 

2.805, P = 0.002) exhibited increased sleep in the day than in the night. These differences 

were lost in both WT (t(9) = 1.347, P = 0.211) and KO (t(9) = 1.228, P = 0.251) mice under 

DLaN. (E) The number of sleep bouts was unaltered by treatment (F(1, 39) = 1.880, P = 

0.179) or genotype (F(1,39) = 0.440, P = 0.511). (F) The sleep bout length was increased by 

treatment (F(1, 39) = 14.676, P < 0.001) but not genotype (F(1,39) = 0.001, P = 0.979). (G, 

H) Polar plots show the time of sleep onset for the mice measured under each condition. 

The numbers show the phases (ZT) with ZT 0 showing the time of light-onset. The onset of 

sleep was altered by both treatment (F(1, 39) = 20.617, P < 0.001) and genotype (F(1,39) = 5.6, 

P = 0.023). The vector indicates the peak phase and the amplitude relative to WT controls. 

Overall, DLaN increased sleep behavior by shifting the onset of sleep to an earlier phase. 

This change had the effect of eliminating the normal day/night difference in sleep duration.
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Fig. 3. 
DLaN did not alter the daytime spontaneous frequency rate (SFR) of SCN neurons measured 

in a brain slice preparation. (A) Extracellular recording techniques indicated that SCN 

neurons from the Cntnap2 KO (n = 101) exhibited a modestly reduced daytime (ZT 5–7) 

firing rate compared to WT (n = 102) controls (Mann-Whitney Rank Sum test with U = 

2499, P < 0.001). (B) The distribution of SFR was shifted lower in the mutants with highly 

significant changes in the number of neurons firing at the 0–2 Hz rate (Z score = −6.050, 

P = 0.001). In a separate experiment (C), cell-attached recording techniques were used to 

measure the SFR of Cntnap2 KO and WT mice in brain slices prepared from mice held 

in normal LD and under DLaN. In WT mice (one-way ANOVA), there were significant 

differences (H = 19.744, P < 0.001) driven by a day/night difference in firing rate (Q = 

4.418; P < 0.001). In Cntnap2 KO, the day/night difference was lost (H = 0.338; P < 0.953). 

If we consider only day-time firing rate, the WT exhibits significantly higher SFR (H = 

11.722; P = 0.029) than the KO. There was no significant day/night difference in SFR under 

DLaN. In short, DLaN did not produce changes in SCN firing rate that we could measure in 

the slice preparation, but the Cntnap2 KO did show a reduced SCN output.
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Fig. 4. 
DLaN alters the PER2:LUC bioluminescence rhythms measured in the SCN. Representative 

examples of bioluminescence rhythms measured from the Cntnap2 KO (A) and WT 

(B) SCN under LD and DLaN conditions. Several parameters were measured from the 

bioluminescence rhythms and analyzed with 2-way ANOVA. Histograms show means ± 

SEM with the values from individual animals overlaid. Significant (P < 0.05) differences 

because of treatment are indicated with an asterisk (*) over the treated values while the 

number sign (#) indicates a genotypic difference. (C) The amplitude was reduced by 

treatment (F(1,31) = 47.458, P < 0.001) but there was no differences between the genotypes 

(F(1,31) = 0.014, P = 0.907). (D) There was no difference in the tau (free-running period) 

measured by treatment (F(1,31) = 1.838, P = 0.186) or genotype (F(1,31) = 0.024, P = 0.879). 

(E, F) Polar plots show the peak phase of the rhythms measured under each condition. The 

numbers show the phases (ZT) with ZT 0 showing the time of light-onset. The peak phase 
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varied with both treatment (F(1,31) = 4.726, P = 0.038) and genotype (F(1,31) = 4.424, P 
= 0.045). The vector indicates the peak phase and the amplitude relative to WT controls. 

Overall, DLaN decreased the amplitude of rhythms in both genotypes and caused a phase 

advance in the mutants only.
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Fig. 5. 
DLaN alters the PER2:LUC bioluminescence rhythms measured in the hippocampus. 

Representative examples of bioluminescence rhythms measured from the Cntnap2 KO 

(A) and WT (B) hippocampus under LD and DLaN conditions. Several parameters were 

measured from the bioluminescence rhythms and analyzed with 2-way ANOVA. Histograms 

show means ± SEM with the values from individual animals overlaid. Significant (P < 0.05) 

differences because of treatment are indicated with an asterisk (*) over the treated values 

while the number sign (#) indicates a genotypic difference. (C) Overall, the amplitude of 

the rhythms was not altered by treatment (F(1,32) = 3.566, P = 0.069) or genotype (F(1,32) 

= 0.065, P = 0.800). However, the treatment did dramatically reduce the amplitude of the 

KO rhythms, an effect that was significant in post-hoc tests. (D) There was no difference in 

the tau (free-running period) measured by treatment (F(1,32) = 0.205, P = 0.654) or genotype 

(F(1,32) = 0.629, P = 0.450). (E, F) Polar plots show the peak phase of the rhythms measured 

Wang et al. Page 28

Neurobiol Dis. Author manuscript; available in PMC 2020 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



under each condition. The numbers show the phases (ZT) with ZT 0 showing the time of 

light-onset. The peak phase varied with treatment (F(1,32) = 20.108, P < 0.001) but not 

genotype (F(1,32) = 0.602, P = 0.444). The vector indicates the peak phase and the amplitude 

relative to WT controls. Overall, DLaN caused a phase advance in both genotypes and 

decreased the amplitude in the mutants only.
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Fig. 6. 
Social preference is reduced by DLaN. Performance on the 3-chamber social test was 

assessed in mice of each genotype (Cntnap2 KO, WT) under each lighting condition (LD, 

DLaN) and the resulting data analyzed with 2-way ANOVA. During the social preference 

stage of the three chamber test, mice freely explored the arena with a novel object (O) in 

one chamber, and an age- and sex-matched WT stranger mouse (S1) in the other chamber 

while dwell time is measured. (A) Cntnap2 KO mice do not show a preference for the 

mouse over an object (t(8) = 0.533, P = 0.601). Under DLaN, the mutants actually prefer 

the object and avoid the mouse (t(8) = 3.791, P = 0.002). (B) WT mice prefer to spend time 

with the stranger mouse over the object (t(9) = 4.391, P < 0.001). This preference is lost 

under DLaN conditions (t(8) = 0.751, P = 0.464). (C) Normalizing the difference between 

chamber dwell times by time spent in both chambers produced the social preference index. 

This index shows significant effects of genotype (F(1,36) = 11.757, P = 0.002) and treatment 
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(F(1, 36) = 13.892, P < 0.001). Significant (P < 0.05) differences because of treatment are 

indicated with an asterisk (*) over the treated values while the number sign (#) indicates a 

genotypic difference. DLaN reduced social performance in both genotypes with the mutant 

mice appearing to avoid the test mouse.
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Fig. 7. 
Repetitive and exploratory behavior are altered by DLaN. Grooming and movement was 

assessed in a novel arena from mice of each genotype (Cntnap2 KO, WT) under each 

lighting condition (LD, DLaN) and the resulting data analyzed with 2-way ANOVA. 

Histograms show means ± SEM with the values from individual animals overlaid. 

Significant (P < 0.05) differences because of treatment are indicated with an asterisk (*) 

over the treated values while the number sign (#) indicates a genotypic difference. (A) 

Grooming behavior was significantly increased by genotype (F(1,43) = 21.986, P < 0.001) 

and treatment (F(1, 43) = 8.231, P = 0.007). There was a significant interaction between the 

two factors (F(1, 43) = 5.296, P = 0.027). (B) Novel arena exploration was decreased by the 

treatment (F(1, 43) = 5.846, P = 0.020) but not genotype (F(1,43) = 3.603, P = 0.065). (C) The 

time spent in the center of the open field did not vary with genotype (F(1, 29) = 0.254, P = 
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0.619 or treatment (F(1,29) = 1.688, P = 0.205). There was no significant interaction between 

the two factors (F(1, 29) = 0.981, P = 0.331).
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Fig. 8. 
Treating mice with melatonin counteracts the effects of DLaN on repetitive behavior. Both 

WT and Cntnap2 KO mice were housed under DLaN for 2 weeks. During the same 2 

weeks, mice were treated with either vehicle or a melatonin (3.0 mg/kg), given daily at 

ZT 11.5 (30 min before the night phase). (A) Grooming was assessed in a novel arena 

and the resulting data analyzed with 2-way ANOVA. Histograms show means ± SEM with 

the values from individual animals overlaid. A separate group of Cntnap2 KO mice treated 

with melatonin at ZT 23.5 are shown as squares. Half-tone symbols indicate mice that were 

treated with melatonin. Significant (P < 0.05) differences because of treatment are indicated 

with an asterisk (*) over the treated values while the number sign (#) indicates a genotypic 

difference. Grooming behavior was significantly increased by genotype (F(1,34) = 25.338, P 
< 0.001) and reduced by the melatonin treatment (F(1, 34) = 7.074, P = 0.012). There was 

a significant interaction between the two factors (F(1, 34) = 11.615, P = 0.002). The mutant 
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mice treated with melatonin at dawn were not different from vehicle controls (t(13) = 1.070, 

P = 0.304). (B) The impact of melatonin treatment on cage activity of a separate group 

of Cntnap2 KO mice under DLaN was assessed. Compared to vehicle controls, melatonin 

did not alter activity levels (t(30) = 0.181, P = 0.857). Melatonin treatment did improve 

the power (t(30) = 3.605, P = 0.001) and precision (U(30) = 25, P = 0.001) of the activity 

rhythm. Treatment with melatonin effectively reduced the repetitive behavior and improved 

the activity rhythms of the Cntnap2 KO mice under DLaN.
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