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Abstract
Study Objectives:  This study describes high-throughput phenotyping strategies for sleep and circadian behavior in mice, including 

examinations of robustness, reliability, and heritability among Diversity Outbred (DO) mice and their eight founder strains.

Methods:  We performed high-throughput sleep and circadian phenotyping in male mice from the DO population (n = 338) and their eight founder 

strains: A/J (n = 6), C57BL/6J (n = 14), 129S1/SvlmJ (n = 6), NOD/LtJ (n = 6), NZO/H1LtJ (n = 6), CAST/EiJ (n = 8), PWK/PhJ (n = 8), and WSB/EiJ (n = 6). Using 

infrared beam break systems, we defined sleep as at least 40 s of continuous inactivity and quantified sleep–wake amounts and bout characteristics. We 

developed assays to measure sleep latency in a new environment and during a modified Murine Multiple Sleep Latency Test, and estimated circadian 

period from wheel-running experiments. For each trait, broad-sense heritability (proportion of variability explained by all genetic factors) was derived in 

founder strains, while narrow-sense heritability (proportion of variability explained by additive genetic effects) was calculated in DO mice.

Results:  Phenotypes were robust to different inactivity durations to define sleep. Differences across founder strains and moderate/high 

broad-sense heritability were observed for most traits. There was large phenotypic variability among DO mice, and phenotypes were reliable, 

although estimates of heritability were lower than in founder mice. This likely reflects important nonadditive genetic effects.

Conclusions:  A high-throughput phenotyping strategy in mice, based primarily on monitoring of activity patterns, provides reliable and 

heritable estimates of sleep and circadian traits. This approach is suitable for discovery analyses in DO mice, where genetic factors explain 

some proportion of phenotypic variation.
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Statement of Significance
Diversity Outbred (DO) mice are an increasingly used resource for genetic discovery, with unique advantages. However, genetic analyses 

using this resource require a robust and high-throughput phenotyping strategy. This study describes such a strategy for sleep and circa-

dian behaviors. Using DO mice and mice from their eight founder strains, we demonstrate that measures of sleep architecture, latency to 

sleep, sleep drive, and circadian period derived through monitoring of activity patterns are robust to the specific inactivity duration used to 

define sleep, are reliable in DO mice, and are significantly influenced by complex genetic effects (e.g. heritable). This phenotyping strategy 

can be used in future studies leveraging DO mice to discover individual or combinations of genes affecting sleep and circadian behavior.
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Introduction

Many aspects of sleep and circadian behavior are heritable in 
humans [1, 2] and mice [3]. These heritable traits include total 
sleep [4], response to sleep loss [5], sleep homeostasis [6], and 
timing of major sleep episodes [7–10]. Data are emerging on 
gene variants that could explain these traits, as reviewed previ-
ously [1, 2] and evidenced by statistically significant associations 
with sleep phenotypes in recent large-scale genome-wide asso-
ciation analyses leveraging publicly available datasets, such as 
the UK Biobank and 23andMe [11–17]. There is also evidence that 
genes that may affect aspects of sleep and circadian behavior 
could have pleiotropic neurological consequences [2].

Identifying which genes affect sleep and circadian behavior 
is complicated. One strategy is to map candidate genes using 
association studies in outbred mouse resources, such as the 
Diversity Outbred (DO) mice [18–20] and then use inbred strains, 
in particular the Collaborative Cross [21–23], to validate the gen-
etic effects. However, the given genetic heterogeneity of outbred 
mice, this strategy will require phenotyping a large number of 
mice to achieve adequate statistical power. The gold-standard 
for studying sleep in mice is implanting electrodes and re-
cording electroencephalogram (EEG)/electromyogram (EMG) in 
individual mice. However, this approach is highly invasive and 
requires substantial technological efforts. An alternative ap-
proach is to use high-throughput phenotyping methods that do 
not require surgery to assess sleep and circadian rhythm [24, 
25]. Toward this end, here we evaluate sleep-related phenotypes 
based on multiple infrared beams that are transmitted across 
the mouse cage, characterizing a mouse as active whenever 
these beams are broken. These techniques have been shown 
to accurately estimate sleep and wake when compared to sim-
ultaneous EEG/EMG recording in young and old mice [24, 26, 
27]. Ultimately, the high-throughput phenotypes described 
here can be used to discover genetic associations in DO mice. 
As the Collaborative Cross lines have been sequenced [21–23], 
subsequent validation studies using gold-standard EEG/EMG in 
Collaborative Cross mice carrying the implicated founder alleles 
at specific locations can then be leveraged to derive more ac-
curate estimates of genetic effects on sleep architecture.

Based on this strategy, we developed a high-throughput pipe-
line to assess sleep and circadian behaviors in individual DO 
mice (n = 338 total) and in mice from each of the eight founder 
strains of the DO population (A/J [n  =  6], C57BL/6J [n  =  14], 
129S1/SvlmJ [n  =  6], NOD/LtJ [n  =  6], NZO/H1LtJ [n  =  6], CAST/
EiJ [n = 8], PWK/PhJ [n = 8], and WSB/EiJ [n = 6]) [18–20]. We first 
assessed total sleep and wake across light and dark periods, 
along with measurements of the number of sleep and wake 
bouts and average bout durations. We then performed separate 
experiments to capture other aspects of sleep–wake behavior, 
including: (1) sleep latency in a new environment as a measure 
of ability to maintain wakefulness [28]; (2) a modified Murine 
Multiple Sleep Latency Test (m-MMSLT) [29] to assess sleep 
drive under increasing sleep deprivation; and (3) wheel-running 
in constant darkness to assess circadian period. The DO mice 
were genotyped with a high-density genotyping array [30] and 
narrow-sense heritability of the sleep–circadian traits was es-
timated. We also quantified broad-sense heritability using data 
from the eight founder strains.

Our findings demonstrate that sleep and circadian pheno-
types are reliable within individual mice, but also vary be-
tween founder strains and across the DO population. We found 

moderate to high broad-sense heritability of most traits within 
the founder mice, but lower estimates of narrow-sense herit-
ability in the outbred DO mice. This provides the basis for future 
studies to identify gene variants and complex genetic effects 
that influence sleep and circadian behavior using DO mice [18–
20], the Collaborative Cross [21, 23], and their founder strains.

Methods
See Supplementary material for additional details.

Animals and husbandry

Studies were done in mice at 2–3 months of age from each of 
the eight DO founder genotypes (A/J [n  = 6], C57BL/6J [n  = 14], 
129S1/SvlmJ [n  =  6], NOD/LtJ [n  =  6], NZO/H1LtJ [n  =  6], CAST/
EiJ [n = 8], PWK/PhJ [n = 8], and WSB/EiJ [n = 6]) and from the DO 
population (n = 338). Founder strains were chosen based on com-
munity consensus in the design of the Collaborative Cross, and 
include five classical inbred strains (A/J, C57BL/6J, 129S1/SvlmJ, 
NOD/LtJ, NZO/H1LtJ) and three wild-derived strains representing 
different mouse sub-species (CAST/EiJ, PWK/PhJ, and WSB/EiJ) 
[21, 22]. As in previous studies identifying genetic influences 
on sleep characteristics, all mice included in the present ana-
lyses were male [6, 31]. Animals were obtained from the Jackson 
Laboratory at approximately 6 weeks of age; DO mice were or-
dered 3 times/year in groups of 50 non-siblings, following the 
DO production schedule (https://www.jax.org/strain/009376). All 
animals underwent the same protocol and testing order (see 
Supplementary meterial, Methods) to reduce environmental 
variability. Upon arrival, mice were housed in groups of five mice 
per cage for 3 weeks with a 12-h/12-h light/dark (L/D) cycle set at 
7 am/7 pm. After this initial acclimation period, mice were indi-
vidually housed for testing with the same L/D schedule. Access 
to chow (Laboratory Rodent Diet 5001) and water was provided 
ad libitum throughout the protocol. Experiments were approved 
by the IACUC at the University of Pennsylvania in accordance 
with the National Institutes of Health guidelines.

Overview of the testing protocol and phenotypes

Mice were acclimated to being singly housed with 12  h light/
dark (L/D) for 5 days in a standard mouse cage, which was placed 
within the Accuscan IR beam system (AccuScan Instruments, 
Inc., Columbus, OH) that has 16 infrared beams 1 inch apart in 
the horizontal plane. Software records activity when two con-
secutive beams are broken by the mouse and activity data is 
stored in 10-s epochs for analysis. After acclimation, the total 
amount of sleep–wake and the total number of sleep–wake 
bouts and duration of each bout were quantified over 5 days of 
baseline recording. Based on previous validation studies in mice 
of similar age [24, 26], we operationally defined a period of in-
activity (no beam breaks) of 40 s or more as sleep; other defin-
itions are considered in sensitivity analyses. We also calculated 
the mouse-specific standard deviation to assess associations 
with day-to-day variability.

After baseline sleep–wake recording, each mouse was trans-
ferred to a new cage with fresh bedding at 11 am, a time when 
there is increased sleep drive. Upon transfer to a new cage, mice 
become more active and spend time exploring the new cage en-
vironment [28]. Latency to sleep in this new environment was 
determined as the onset of the first consolidated bout of sleep, 

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsz278#supplementary-data
https://www.jax.org/strain/009376
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsz278#supplementary-data
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defined as the first period of inactivity of 3 min or more after 
comparisons to gold-standard EEG-defined sleep in an inde-
pendent set of C57BL/6J (n  =  9) mice (see Supplementary ma-
terial, Methods and Figure S1). This difference in the optimal 
duration of inactivity for sleep latency compared to overall 
sleep architecture reflects the distinction in target phenotypes. 
When defining latency to a single consolidated sleep bout, a 
longer period of inactivity (3 min) is required to avoid periods of 
quiet wakefulness when transferred to a new cage, whereas the 
shorter sleep definition (40 s) is more accurate when measuring 
total sleep amounts across the day [24, 26].

Following sleep latency testing in a new environment, mice 
were acclimated to their new cages for 5 days. Afterward, a modi-
fied Murine Multiple Sleep Latency Test (m-MMSLT) [29] was per-
formed to provide a measure of sleep drive (homeostasis). From 
10 am to 4 pm, mice were sleep deprived by gentle handling for 
30 min (e.g. 10 am to 10:30 am) then allowed to sleep for 30 min 
(e.g. 10:30 am to 11 am), resulting in 6 total sleep opportunities 
where mice experienced increasing sleep deprivation. Latency 
to sleep onset was defined as the time to the first sleep bout, 
using the same 3-min inactivity definition as in new environ-
ment testing; latency to sleep was scored as 30 min if mice were 
active for the entire sleep opportunity. The primary measure 
of sleep drive was the change in latency to sleep (slope) across 
the six sleep opportunities. The m-MMSLT was added later in 
the phenotyping protocol, and therefore is only available for a 
subset of the DO mice (N = 174).

After approximately 2 weeks of recovery from the new en-
vironment and m-MMSLT testing, mice were singly caged with 
a running wheel, where they acclimated to the change in envir-
onment for 10 days. After acclimation, voluntary wheel running 
in L/D 7 am/7 pm was recorded for 10 days. Subsequently, lights 
were turned off for 18–20 days (constant darkness; D/D) and a 
free-running circadian period was recorded. We used Clock Lab 
(Actimetrics) to estimate circadian periods from wheel-running 
data, employing the Lomb–Scargle algorithm [32, 33]. Thereafter, 
mice were returned to a 12-h L/D cycle and subsequently eu-
thanized by cervical dislocation.

DNA/genotyping

At harvest, organs were quickly frozen in dry ice and stored at 
−80°C. Tail samples were collected and shipped to the Jackson 
Laboratory, where DNA was extracted and genotyping carried 
out at GeneSeek (Lincoln, NE) using the high-density Mega 
Mouse Universal Genotyping Array (MegaMUGA) [30]. A hidden 
Markov model analysis was applied to the array intensities to 
infer the haplotype blocks in each DO genome [20]. A total of 325 
DO mice met quality standards and are included in heritability 
calculations.

Statistical analysis

We performed statistical analyses focused on (1) examining 
phenotypic variability in DO mice and comparing the phenotype 
values among founder mouse strains, (2) establishing reliability 
of the phenotype among the DO mice, and (3) calculating the 
proportion of phenotypic variability explained by genetic factors 
(i.e. heritability) within the DO mice (narrow-sense heritability; 
h2) and founder mice (broad-sense heritability; H2), separately. In 

addition to the observed scale, we created normalized pheno-
types using a rank-based inverse normal transformation based 
on the distributions in the founder strains and DO mice, separ-
ately. Phenotypes were compared among founder strains using 
an analysis of variance (ANOVA). To assess reliability in DO mice, 
data were obtained from repeated assessments of phenotypes 
in the same mouse, either leveraging multiple days of recording 
(e.g. sleep–wake) or by repeating the experiment in a consecu-
tive subset of animals (e.g. new environment test, m-MMSLT). 
Reliability was quantified using intraclass correlation coeffi-
cients (ICCs) as poor (ICC < 0.00), slight (0.00–0.20), fair (0.20–0.40), 
moderate (0.41–0.60), substantial (0.60–0.80), or almost perfect (0.80–
1.00) [34].

To determine whether genetic architecture explains vari-
ability in measured phenotypes, we estimated the heritability 
(and associated confidence intervals [CIs]) of each phenotype 
in the founder strains and DO mice, separately. Among founder 
strains, we used a mixed-effects model with strain as a random 
effect to estimate the variance attributable to differences in 
strains (i.e. genetic variance). Broad-sense heritability (H2; the 
proportion of phenotypic variability explained by all underlying 
genetic factors) was calculated as this genetic variance div-
ided by the total phenotypic variance. A  non-parametric 95% 
CI around this estimate was calculated as the 2.5th to 97.5th 
percentiles from 1,000 bootstrapped samples. Among DO mice, 
narrow-sense heritability (h2; the proportion of phenotypic vari-
ability explained by additive genetic effects), was calculated by 
fitting a mixed-effects model controlling for the experimental 
cohort as a fixed effect and utilizing a genetic kinship matrix as a 
random term via the est_herit function in qtl2scan (https://github.
com/rqtl/qtl2scan). A  nonparametric 95% CI was calculated 
from the distribution of heritability estimates of 1,000 simulated 
phenotypes with an error covariance matrix designed to reflect 
the estimated covariance structure of the original phenotype by 
weighting the additive genetic matrix by the heritability and the 
identity matrix by (1-heritability) [35, 36]. Heritability estimates 
for which the associated 95% CI did not include zero were con-
sidered statistically significant.

Results

High-throughput phenotypes

The following sections detail the observed distributions of the 
high-throughput sleep and circadian characteristics, including 
differences among founder strains and the observed phenotypic 
variability among the genetically diverse DO mice. Additional 
details, including within-group means and standard devi-
ations, medians and ranges, and pairwise comparisons between 
founder strains can be found in Supplementary material, File 
1. Unless otherwise noted, data are presented as mean value ± 
standard deviation.

Total sleep and wake
Total sleep (and wake) was estimated using our definition of 
sleep as 40 s or more of inactivity (Figure 1). As expected, the total 
amount of sleep was greater in the lights-on than the lights-off 
period in all mice (p = 1.86 × 10−145). Over 24-h, there were signifi-
cant differences in the total amount of sleep (and wake) across 
founder strains (p  =  2.52  × 10−10); the 129 strain had the most 
sleep on average (991.5  ± 41.8  min) and the CAST strain had 

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsz278#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsz278#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsz278#supplementary-data
https://github.com/rqtl/qtl2scan
https://github.com/rqtl/qtl2scan
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsz278#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsz278#supplementary-data
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Figure 1.  Total sleep duration in founder strains and DO mice. Plots illustrate the distribution of total sleep duration over 24 h (top panel), and separately during 

lights-on (middle panel) and lights-off (bottom panel) in founder (N = 60) and DO mice (N = 338). Vertical error bars represent the observed mean ± standard deviation. 

There were significant differences in total sleep (and wake) duration across the founder strains during all time periods; the 129 strain generally slept the most and the 

CAST strain the least. Total sleep duration was highly variable in the DO mice, with data spanning or exceeding the full range of values observed in founder strains.
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the least (556.5 ± 71.7 min). There were significant differences 
in amounts of sleep (and wake) between the founder strains 
during both lights-on (p = 1.42 × 10−8) and lights-off (p = 2.94 × 
10−9). Once again, the 129 strain had the most sleep and CAST 
the least in both periods (see Figure 1). The remaining strains 
had similar amounts of total sleep (averages between 463.3 and 
507.3 min) during lights-on, while the NZO more closely resem-
bled the 129 strain and the NOD and WSB more closely resem-
bled the CAST during lights-off. There is some visual evidence 
of higher mouse-to-mouse variability in the PWK strain (see 
section Phenotype Variability (Standard Deviation)).

The total amount of sleep was highly variable across DO 
mice, spanning or exceeding the full range of values observed 
across founder strains (Figure 1). During the entire 24-h period, 
total sleep was 798.9 ± 96.8 min on average, with values ranging 
from 412.9 to 1,165.8 min. There was significantly more sleep on 
average during lights-on (496.3 ± 58.0 min; ranging from 295.0 
to 655.1 min) and less sleep on average during lights-off (302.5 ± 
76.3 min; ranging from 27.3 to 513.8 min) in DO mice (p = 2.01 × 
10−122). This marked variation between individual DO mice is 
likely due, in large part, to their genetic heterogeneity.

Sleep and wake microarchitecture
To better understand sleep/wake microarchitecture, we esti-
mated the number of sleep and wake bouts and the average 
duration of each bout (see Table 1 and Supplementary material, 
File 1). Given that bout durations were not normally distrib-
uted among the DO population, results are also presented after 
rank-based inverse normalization (Supplementary Figure S2); 
this also more clearly illustrates differences among the founder 
strains.

We first examined the total number of sleep bouts (see Table 
1 and Supplementary Figure S2); results for wake bouts are 
nearly identical since each wake bout precedes a corresponding 
sleep bout. Significant differences in the number of bouts were 
observed over the entire day (p = 2.58 × 10−6), with fewer sleep 
bouts in the CAST strain (188.8 ± 34.3 bouts) and a larger number 
of sleep bouts in the 129 strain (308.5 ± 26.3). Differences among 
founder strains were observed in both light and dark periods, 
although stronger differences were seen in lights-off (p = 3.38 × 
10−8) than lights-on (p = .015). All founder strains had an average 

number of sleep bouts between 115.2 and 139.3 during lights-on. 
However, during the active lights-off period, the CAST strain had 
the fewest sleep bouts (70.2 ± 21.6) and the 129 strain the largest 
number of sleep bouts (169.6 ± 12.1). Among the DO mice, we 
observed an average of 234.0 ± 53.4 sleep bouts across the entire 
day (range = 84.0–391.0), with a similar average number of sleep 
bouts in both lights-on (117.4 ± 29.5; range = 27.4–219.2 bouts) 
and lights-off (116.9 ± 34.0; range = 10.4–211.0 bouts). Observed 
values spanned and exceeded the distribution observed across 
founders, reflecting genetic heterogeneity and likely epistasis 
(gene–gene interactions).

When we assessed the average duration of sleep and wake 
bouts over 24 h among founder strains, there was a difference 
in average wake bout duration (p = 5.22 × 10−8), but not average 
sleep bout duration (p  =  .175). All strains had a mean average 
sleep bout durations ranging from 2.92 to 3.60 min. The CAST 
mice had the longest wake bouts (4.92 ± 1.20 min) and 129 strain 
the shortest (1.47 ± 0.20 min). On the other hand, average bout 
durations of sleep and wake were significantly different among 
founder strains during both the lights-on (p = .0011 and p = 3.00 × 
10−5 for sleep and wake, respectively) and lights-off (p = .0001 and 
p = 2.27 × 10−5) periods (see Table 1). During lights-on, the CAST 
strain displayed the shortest average sleep bout duration and 
longest average wake bout duration. The NZO also displayed 
relatively short sleep bout duration during lights-on, while the 
129 strain had the shortest average wake bout duration during 
this period. Similarly, the 129 strain showed the shortest wake 
bout duration and the CAST strain the longest during lights-off; 
the NOD mice had the shortest average sleep bout duration.

Overall, observed values of average sleep and wake bout 
durations in DO mice encompass and exceed variation among 
the founder strains (see Supplementary material, File 1 and 
Figure S2). This includes individual mice with extremely long 
bout durations that extend well beyond the range observed in 
founders, which may represent an extreme genetic phenotype. 
DO mice had an average sleep bout duration of 3.70 ± 1.28 min 
(range: 2.15–12.14 min) and average wake bout duration of 2.99 ± 
1.15 min (range: 1.47–11.32 min). In general, more variability was 
observed in the bout durations corresponding to the expected 
behavior in the specific time period, that is, sleep bout duration 
during lights-on (sleep period) and wake bout duration during 

Table 1.  Comparisons of sleep architecture phenotypes in founder strains and DO mice

Measure*
Diversity  
Outbred

Founder strains

129/SvlmJ C57BL/6J A/J NOD/LtJ NZO/H1LtJ CAST/EiJ PWK/PhJ WSB/EiJ
ANOVA 
P-value†

Number of sleep bouts
  24 h 234.0 ± 53.4 308.5 ± 26.3 230.6 ± 40.8 234.0± 31.0 242.4 ± 27.0 277.9 ± 24.1 188.8 ± 34.3 229.9 ± 32.3 210.8 ± 46.8 2.58 × 10−6

  Lights-on 117.4± 29.5 139.3 ± 16.1 115.2 ± 18.6 130.4 ± 9.8 130.3 ± 14.8 137.8 ± 15.2 118.6 ± 21.0 139.2 ± 14.9 128.5 ± 15.2 0.0148
  Lights off 116.9 ± 34.0 169.6 ± 12.1 115.6 ± 25.6 103.7 ± 28.2 112.4 ± 15.6 140.2 ± 11.7 70.2 ± 21.6 91.0 ± 33.6 82.3 ± 37.6 3.38 × 10−8

Average sleep bout duration (min)
  24 h 3.70 ± 1.28 3.26 ± 0.30 3.42 ± 0.59 3.40 ± 0.38 2.92 ± 0.30 3.15 ± 0.35 3.03 ± 0.37 3.60 ± 0.75 3.41 ± 0.47 0.1749
  Lights-on 5.16 ± 3.59 4.34 ± 0.75 4.69 ± 0.84 3.94 ± 0.28 3.97 ± 0.48 3.45 ± 0.54 3.31 ± 0.48 3.88 ± 0.89 4.01 ± 0.50 0.0011
  Lights-off 2.77 ± 0.88 2.51 ± 0.27 2.25 ± 0.44 2.81 ± 0.52 1.75 ± 0.23 2.91 ± 0.23 2.60 ± 0.43 3.29 ± 0.96 2.61 ± 0.72 0.0001
Average wake bout duration (min)
  24 h 2.99 ± 1.15 1.47 ± 0.20 3.09 ± 0.74 2.96 ± 0.59 3.11 ± 0.53 2.09 ± 0.18 4.92 ± 1.20 2.90 ± 1.21 3.75 ± 1.10 5.22 × 10−8

  Lights-on 2.07 ± 0.81 1.10 ± 0.08 1.94 ± 0.61 1.64 ± 0.21 1.71 ± 0.27 1.89 ± 0.16 3.02 ± 1.22 1.57 ± 0.50 1.73 ± 0.47 3.00 × 10−5

  Lights-off 4.54 ± 6.46 1.77 ± 0.31 4.36 ± 1.33 5.22 ± 2.00 4.88 ± 1.06 2.32 ± 0.28 8.95 ± 2.93 6.02 ± 4.24 8.18 ± 4.91 2.27 × 10−5

*Data presented as mean ± standard deviation.
†p-Value from analysis of variance (ANOVA) comparing values across founder strains.

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsz278#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsz278#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsz278#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsz278#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsz278#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsz278#supplementary-data
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lights-off (active period). We observed a mean average sleep 
bout duration of 5.16 ± 3.59 min, with estimates ranging from 
2.11 to 28.34 min during lights-on. In contrast, the average wake 
bout duration during lights-on was 2.07 ± 0.81 min, with a range 
of only 0.936.84 min. During lights-off, average wake bout dur-
ation was 4.23 ± 2.69 min, with a range of 1.31–32.44 min, after 
excluding a single outlier of 112.18 min (average wake bout dur-
ation was 4.54 ± 6.46 min when including this point). Sleep bout 
duration during lights-off demonstrated a mean of 2.77 ± 0.88 
and a range of 1.22–6.42 min. Thus, we again found large hetero-
geneity in the DO mice.

Sleep latency in a new environment
Estimates of latency to sleep onset in a new environment were 
obtained for founder strains and DO mice (see Figure 2). When 
examining the values among founder strains, we observed sig-
nificant differences between mice for both observed (p = 3.49 × 
10−5) or rank-based inverse normalized (p = 2.11 × 10−12) values; 
one CAST mouse was an apparent outlier, with an extremely 
long sleep latency of 835.3 min. On average, we observed higher 
sleep latencies in a new environment in the B6, CAST, and WSB 
strains, intermediate values in the NOD, NZO, and PWK strains, 
and the lowest average values among the 129 and AJ mice. When 
assessing the distribution in the DO mouse population, mean 
sleep latency was 168.8 ± 69.4 min, with a wide range from 0.83 
to 683.7 min.

Modified Murine Multiple Sleep Latency Test (m-MMSLT)
To assess sleep drive under increasing amount of sleep depriv-
ation, we compared the slope of change in sleep latency across 
m-MMSLT trials within founder strains and DO mice (see Figure 
2). There was a significant difference in the m-MMSLT slope 
among founder strains (p =  .0021), with the CAST (0.44 ± 1.56) 
and PWK (0.54  ± 2.74) strains demonstrating average slopes 
close to zero (indicating relative resistance to increasing sleep 
deprivation), while all other strains showed negative slopes 
ranging from −1.97 to −2.86, indicating shorter latency to sleep 
with increasing sleep deprivation. We observed wide variability 
in this measurement among the DO mice, with a mean slope 
across m-MMSLT trials of −1.39 ± 2.39 and values ranging from 
−6.59 (indicating high sleep drive) to 6.34 (indicating increasing 
sleep latency over trials). Overall, 79.9% of DO mice tested had 
decreasing latency across trials (i.e. negative slopes).

Circadian period
The circadian period was examined during 18–20 days of con-
stant darkness (see Figure 3). The circadian period was quantifi-
able in 49 of 58 founder mice studied (84%), compared to 228 of 
332 DO mice (69%) that underwent the wheel running paradigm. 
In mice where a circadian period could not be determined, mice 
either showed no clear circadian period in wheel running or had 
a general lack of running on the wheel (see Figure 4 for examples 
of data from wheel running experiments in individual mice). 
Among the founder mice, average values of the circadian period 
ranged from 22.95 to 23.79 h and there were differences among 
the strains (p = 1.52 × 10−8). The wild-derived CAST mice exhib-
ited the shortest average period of 22.95 ± 0.30 h. Among the DO 
mice with available data, we observed a mean period of 23.45 ± 
0.43 h, with values covering and exceeding the spread observed 
in the founder strains (range from 21.71 to 24.44 h), including 
some mice with notably short circadian periods (<22.5 h).

Phenotype variability (standard deviation)
Finally, for sleep and wake characteristics we calculated the 
standard deviation of the measurements across 5  days of re-
cording within each individual mouse. Detailed results are pre-
sented in Supplementary material, File 1.

For baseline measures of sleep and wake over the entire 24 h, 
there were significant differences in within-animal standard de-
viation among founder strains for total sleep (p = .004), number 
of sleep bouts (p =  .018), and average sleep bout (p =  .029) and 
wake bout (p  =  .0002) duration. The PWK strain demonstrated 
the highest average SD for total sleep time (69.0  ± 46.7  min), 
with all other founder strains showing similar SD between 
23.1–39.4  min. Similarly, the PWK showed the largest SD in a 
number of sleep bouts (35.0 ± 8.5 bouts) and average sleep bout 
duration (0.63 ± 0.33 min), as well as the second-highest SD in 
average wake bout duration (0.59  ± 0.35  min), just below the 
CAST (0.68  ± 0.35  min). Results were similar when evaluating 
variability in sleep characteristics in lights-on and lights-off, 
except for no significant difference across founder strains for 
either total sleep in lights-on (p  =  .201) or average wake bout 
duration during lights-on (p = .167). PWK again showed greater 
variability for most measurements, except the number of sleep 
bouts during lights-off, where AJ showed a higher SD (24.2  ± 
11.3 min) than other strains. As with other phenotypes, the DO 
mice showed a wide range in SD values across traits, with some 
mice exhibiting SD values extending well above those in foun-
ders (see Supplementary material, File 1).

Robustness of inactivity-based sleep definitions

We evaluated the robustness of sleep and wake traits, sleep la-
tency in a new environment, and slope of latency to sleep across 
m-MMSLT trials to alternative definitions of sleep using dif-
ferent durations of inactivity.

Sleep and wake characteristics
To examine the robustness of sleep phenotypes to alternative 
inactivity definitions, we conducted sensitivity analyses al-
tering the definition of sleep to 20, 60, and 80 s of inactivity in a 
sample of 24 sequentially tested DO mice and all founder mice. 
Average estimates of each trait across different definitions are 
shown in Supplementary Table S1. The mean estimates of total 
sleep demonstrate expected changes using the different defin-
itions—there is more sleep using a definition of at least 20 s and 
less sleep with a definition of at least 80 s. All estimates were 
highly correlated during 24-h (Spearman’s rho ≥ 0.97), lights-on 
(Spearman’s rho ≥ 0.97) and lights-off (Spearman’s rho ≥ 0.97), 
indicating that the different definitions give consistent relative 
estimates of total sleep, with the rank order of mice from the 
most to the least sleep remaining nearly identical across defin-
itions (see Supplementary Figure S3).

We also examined how the number of sleep bouts and es-
timates of average sleep and wake bout durations changed 
based on the duration of inactivity used to define sleep (see 
Supplementary Table S1 and Figure S3). We again observed the 
expected differences in average values, with fewer bouts and 
longer bout durations as we increased the duration of inactivity 
for defining sleep–wake (see Supplementary Table S1). There 
were also high pairwise correlations compared to the primary 
40-s rule. Specifically, for the number of sleep bouts, Spearman’s 
correlations were at least 0.92 during 24-h, at least 0.88 during 

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsz278#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsz278#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsz278#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsz278#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsz278#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsz278#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsz278#supplementary-data
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Figure 2.  Sleep latency in a new environment and modified Murine Multiple Sleep Latency Test phenotypes in founder strains and DO mice. Estimates of latency to 

sleep in a new environment and the slope of latency to sleep across m-MMSLT trials are illustrated within the founder and DO mice. Vertical error bars represent the 

observed mean ± standard deviation. For sleep latency in a new environment, significant differences were seen among founders (N = 60) on both the observed scale 

(p = 3.49 × 10−5; top panel) and after rank-based inverse normalization to correct for outliers in the distributions (p = 2.11 × 10−12; middle panel). In general, longer sleep 

latency is observed for the B6, CAST, and WSB strains, while the shortest sleep latency was seen in the 129 strain. Values in DO mice (N = 338) span the full range seen 

in the founder strains. We also observed significant differences among the founder strains (N = 60) for the slope of latency to sleep across m-MMSLT trials (p = .0021; 

bottom panel). In general, the CAST and PWK strain exhibit slope values close to zero (indicating relative resistance to increased sleep deprivation), whereas other foun-

ders demonstrated negative slopes (shorter latency to sleep for later trials). We observe broad variability among DO mice (N = 174), with a negative slope on average, 

but values ranging from −6.59 (indicating high sleep drive) to 6.34 (indicating longer latency to sleep over trials).
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lights-on, and at least 0.92 during lights-off when comparing al-
ternative definitions to the 40-s rule. For sleep and wake bout 
duration, correlations with the 40-s definition were at least 
0.92 over 24-h, at least 0.94 during lights-on, and at least 0.89 
during lights-off. Correlations remained reasonably high when 
comparing more extreme differences in the rules, with the 
lowest observed Spearman correlation equal to 0.69 between 
the number of sleep bouts during lights-on defined using 20 or 
80 s. Thus, rankings are robust across definitions, particularly in 
comparison to the primary sleep definition.

Sleep latency in a new environment
Next, we evaluated the robustness of latency to sleep onset in 
a new environment to alternative definitions of the first con-
solidated sleep bout as 2, 2.5, 3.5, and 4 min of inactivity; the 
primary definition based on comparison to EEG was 3  min of 
inactivity. As the definition of the first sleep bout increases, we 
see expected increases in sleep latency, ranging from 160.7  ± 
79.8 min based on 2 min of inactivity to 172.0 ± 80.6 min based 
on 4  min of inactivity. As shown in Supplementary Figure S4, 
there is a high correlation across definitions, with Spearman’s 
rank correlations of at least 0.93 for all measurements. Thus, the 
ordering of animals with respect to sleep latency in a new envir-
onment is insensitive to the chosen definition within this range.

Modified Murine Multiple Sleep Latency Test
As with sleep latency in a new environment, we evaluated the 
robustness of the latency to sleep slope across m-MMSLT trials 
using definitions of 2, 2.5, 3 (primary), 3.5, and 4  min of in-
activity. Average slope values became more positive as the sleep 
bout definition increased, with values of −1.65 ± 2.50 for 2 min, 
−1.52 ± 2.38 for 2.5 min, −1.42 ± 2.33 for 3 min, −1.35 ± 2.33 for 
3.5 min, and −1.31 ± 2.27 for 4 min of inactivity. In all cases, the 

slope remains negative on average, demonstrating the expected 
shorter latency to sleep with increasing sleep deprivation. As 
shown in Supplementary Figure S4, we observed high correl-
ations among measures with alternative definitions. Compared 
to the primary definition of 3 min of inactivity, all Spearman rank 
correlations are at least 0.91. For more extreme comparisons, the 
smallest correlation was equal to 0.83 when comparing the 2- 
and 4-min definitions. Thus, the relative ordering of the data re-
mains robust.

Reliability of high-throughput phenotypes

In addition to evaluating alternative definitions of sleep, we 
evaluated the reliability of measured sleep traits across repeated 
measurements in DO mice. Reliability of sleep and wake char-
acteristics were evaluated across multiple days of recording, 
while the reliability of latency to sleep in a new environment 
and slope across m-MMSLT trials was assessed by repeat experi-
ments in subsets of DO mice. Results for all measures assessed 
are shown in Figure 5.

Sleep and wake characteristics
Sleep and wake parameters were estimated across 5 days, which 
allowed us to evaluate reliability in the DO mice. Across 24 h, 
all measurements of sleep amounts, bout numbers and bout 
durations were at least substantially reliable (ICCs ranging from 
0.686 to 0.819). When comparing lights-on and lights-off separ-
ately, similar results were observed. During lights-on, all traits 
were substantially reliable (ICCs ranging from 0.613 to 0.769), 
except average sleep bout duration, which showed moderate 
reliability on the observed scale (ICC = 0.475), but reliability in 
the substantial range after rank-based inverse normalization 
(ICC = 0.601). During the lights-off period, all phenotypes showed 
at least substantial reliability (ICCs ranging from 0.672 to 0.847).

Figure 3.  Circadian period in founder strains and DO mice. The circadian period is shown in the founder strains (N = 49) and DO mice (N = 228). Vertical error bars 

represent the observed mean ± standard deviation. Among these mice with a measurable circadian period, we found significant differences across the founder strains 

(p = 1.52 × 10−8), with the CAST strain exhibiting the shortest period and several strains observed to have a period closer to 24 h. Among the DO mice, the average cir-

cadian period was 23.5 ± 0.4 h, with a range of 21.7 to 24.4 h. Thus, the circadian phenotype in the DO population fully covers and extends beyond the spread observed 

in the founders.

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsz278#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsz278#supplementary-data
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Figure 4.  Examples of data from circadian wheel-running experiments. Examples of data obtained from wheel running experiments utilized to estimate circadian 

period among the DO mice, including scenarios where the period was and was not able to be estimated. Each row represents a double-plotted day of wheel running 

activity, used to estimate circadian period. Panels on the left illustrate animals with valid estimates of the circadian period either <24 h (top left), =24 h (middle left), 

or > 24 h (bottom left). Panels on the right illustrate scenarios where we are unable to estimate the circadian period due to non-consolidated activity (top right), lack 

of sufficient wheel running (middle right), or a combination of both factors (bottom right). These plots illustrate the broad diversity in the circadian period and wheel-

running behavior in the DO mouse population.
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Figure 5.  Reliability of observed and normalized phenotypes in DO mice. Estimates of reliability are illustrated based on repeated measurements of sleep and wake 

characteristics, sleep latency in a new environment, and the slope across m-MMSLT trials. Reliability can be interpreted based on ranges of ICC values as almost perfect 

(ICC = 0.80–1.00), substantial (0.60–0.80), moderate (0.40–0.60), fair (0.20–0.40), slight (0.00–0.20), or poor (<0.00). We find that nearly all phenotypes are at least substan-

tially reliable, apart from moderate reliability of average sleep bout duration in lights-on and sleep latency in a new environment, as well as fair reliability for the slope 

across m-MMSLT trials. Similarly, after rank-based inverse normalization nearly all phenotypes are at least substantially reliable, apart from moderate reliability of 

latency to sleep slope across m-MMSLT trials and fair reliability for sleep latency in a new environment.
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Sleep latency in a new environment
Repeated new environment tests were conducted for a set of 
24 DO mice that were sequentially tested to assess reliability. 
Sleep latency in a new environment was moderately reliable 
with an ICC (95% CI) of 0.453 (0.076, 0.719) on the observed scale 
and at the upper end of the fairly reliable range with an ICC of 
0.398 (0.009, 0.684) after normalization. This lower estimate of 
reliability is likely partially confounded by differences in stress 
between the first and second days of the experiment, as nearly 
all latency estimates (21 of 24 [87.5%]) in the second experiment 
were shorter than those in the first experiment (median [range] 
difference = −37.8 [−133.5, 4.67] min; see Supplementary Figure 
S5). Thus, there is moderate reliability of the latency to sleep in 
a new environment.

Modified Murine Multiple Sleep Latency Test
Similarly, we evaluated the reliability of the m-MMSLT data by 
repeating the experiment within a set of 24 sequentially tested 
DO mice. Results demonstrated fair reliability on the observed 
scale, with an ICC of 0.317 (−0.084, 0.632), but moderate reli-
ability after normalization (ICC [95% CI] = 0.453 [0.076, 0.719]). 
Unlike data on sleep latency in a new environment, we observed 
no meaningful difference between the values on the two re-
peated runs (median [range] difference = 0.00 [−4.02, 4.77]). Thus, 
there is evidence of fair to moderate reliability of the slope of the 
latency to sleep across m-MMSLT trials in DO mice.

Heritability of high-throughput phenotypes

To estimate the proportion of phenotypic variance explained by 
genetic factors, we calculated the heritability (and associated 
95% CIs) for each trait within the founder strains and DO mice, 
separately. Given differences in the underlying genetic models, 
calculations in the founder mice can be interpreted as broad-
sense heritability (H2), which estimates the proportion of pheno-
typic variability due to all underlying genetic factors (e.g. additive 
and dominance single gene effects and epistasis), whereas esti-
mates in DO mice correspond to narrow-sense heritability (h2), 
which estimates the proportion of phenotypic variability due to 
additive genetic effects only. Heritability estimates for which the 
95% CI did not include 0% were considered significant. Overall, 
we observe lower or nonsignificant estimates of narrow-sense 
heritability in the DO mice, compared to significant broad-sense 
heritability in founders (Figure 6 and Supplementary Figure S6 
and Supplementary material, File 1); differences in these esti-
mates suggest important non-additive genetic effects.

Sleep and wake characteristics
For estimates of total sleep over 24-h and during lights-on and 
lights-off, results among the founders showed high heritability, 
indicating that 66.5% (95% CI: 51.4%, 81.6%) of variance in total 
sleep during the entire day, 58.3% (41.5%, 75.1%) of variability 
in total sleep during lights-on and 63.9% (46.5%, 81.3%) of vari-
ability in lights-off is explained by genetic differences. However, 
among the DO mice, we did not observe significant heritability 
for total sleep in any of the time periods, with h2 estimates be-
tween 0% and 11.4% and all 95% CIs including 0%.

Significant heritability was seen for some measures of sleep–
wake microarchitecture in both the founder and DO mice, al-
though higher heritability was again seen among founders. In 

particular, during lights-on we estimated that 26.2% (5.3%, 47.0%) 
of variability in sleep bout duration and 41.1% (18.8%, 63.5%) of 
variability in wake bout duration was explained by genetic fac-
tors in founder mice. In lights-off, H2 was increased slightly to 
36.7% (15.8%, 57.6%) for sleep bout duration and 43.5% (22.1%, 
64.8%) for wake bout duration. Interestingly, the significant H2 
for average wake bout duration (57.2% [41.9%, 72.4%]), but not 
average sleep bout duration (7.1% [0.0%, 26.8%]), was maintained 
over the entire 24 h. There was considerably higher heritability 
for the number of sleep bouts during lights-off (59.1% [43.4%, 
74.8%]), compared to non-significant estimates during lights-on 
(18.1% [0.0%, 37.2%]). In this case, heritability was also observed 
when summarizing over the entire 24-h period (49.9% [32.5%, 
67.3%]). Among the DO mice, significant narrow-sense herit-
ability was observed for the sleep bout duration during lights-off 
(26.7% [9.3%, 51.0%]), as well as the number of sleep bouts during 
both lights-off (18.6% [1.6%, 41.1%]) and 24 h (23.8% [4.3%, 47.7%]). 
No measures during the lights-on period had significant h2 es-
timates in DO mice (see Figure 6). Similar results were seen for 
rank-based inverse normalized phenotypes (Figure 6); a signifi-
cant h2 emerged for normalized wake bout duration during 24 h 
in DO mice (18.3% [1.1%, 40.6%]). Thus, sleep–wake bout char-
acteristics show evidence of heritability in founder mice, with 
a few modest heritability estimates among DO mice, mainly in 
lights-off. This likely highlights the importance of complex gen-
etic influences on variability in sleep microarchitecture.

Sleep latency in a new environment
We next examined the evidence for heritability of latency to 
sleep in a new environment. There was significant broad-sense 
heritability for this trait among the founders. Specifically, gen-
etic factors were estimated to explain 38.6% (6.1%, 71.2%) of 
variability in latency to sleep based on observed data, which 
increased to an H2 (95% CI) of 69.7% (59.8%, 79.6%) after rank-
based inverse normalization to account for a large outlier ob-
served in the CAST mice. Among the DO mice, we observed a 
non-significant heritability estimate of 8.5% (0.0%, 26.5%) that 
decreased to 2.3% (0.0%, 18.9%) for the normalized phenotype. 
Thus, results again support complex genetic influences on sleep 
latency in a new environment.

Modified Murine Multiple Sleep Latency Test
Next, we examined the heritability of the slope of latency to sleep 
across m-MMSLT trials. Consistent with prior phenotypes, we ob-
served significant heritability among founders for the observed 
(27.8% [2.5%, 53.1%]) and rank-based inverse normalized (28.3% 
[4.6%, 52.0%]) phenotype. However, no evidence of narrow-sense 
heritability was observed for this trait among the DO population.

Circadian period
The circadian period was one of the most heritable traits exam-
ined across both founder and DO mouse populations. In par-
ticular, the circadian period showed a heritability of 61.2% (43.8%, 
78.6%) among the founder mice and a heritability of 32.6% (5.4%, 
71.3%) among the DO mice. Estimates were generally similar 
for rank-based inverse normalized data, with a slight decrease 
among founders (55.3% [40.7%, 69.9%]) and an increase among 
DO mice (40.8% [12.7%, 84.7%]). Thus, there is strong evidence 
that both additive and nonadditive genetic factors significantly 
influence variability in the circadian period.

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsz278#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsz278#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsz278#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsz278#supplementary-data
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Figure 6.  Heritability of observed and normalized phenotypes in founder strains and DO mice. The estimated broad-sense (H2) and narrow-sense (h2) heritability of 

measured phenotypes within the founder and DO mice are illustrated for traits on both the observed (top panel) and rank-based inverse normal transformed (bottom 

panel) scales. Heritability estimates with 95% CIs that did not include 0 were considered significant and are shown in black (hollow bars for H2 or solid bars for h2), while 

estimates where the CI included 0 are considered non-significant and presented in gray. Overall, considerably larger estimates of heritability were observed within the 

founder mice compared to the DO mice. This difference in broad-sense (within founders) and narrow-sense (within DO mice) heritability likely reflects the importance 

of non-additive genetic effects in determining the variability in measured sleep and circadian traits.



Keenan et al.  |  13

Phenotype variability (standard deviation)
Finally, we evaluated genetic influences on within animal 
day-to-day variability (standard deviation) of baseline sleep 
characteristics over 5 days of recording. In general, lower herit-
ability estimates were seen for these measures in both founders 
and DO mice, suggesting an increased role of nongenetic influ-
ences on day-to-day variability (Supplementary Figure S6).

More specifically, no significant heritability was observed for 
SD of total sleep time in either founders or DO mice. For sleep 
microarchitecture, significant broad-sense heritability was 
observed for variability of the number of sleep bouts during 
lights-on (H2 [95% CI] = 33.4% [7.9%, 58.9%]), average sleep bout 
duration in lights-on (23.7% [3.7%, 43.7%]) and lights-off (25.6% 
[3.6%, 47.6%]), and average wake bout duration during lights-off 
(33.5% [10.2%, 56.8%]) and summarized over 24 h (36.1% [15.7%, 
56.6%]). Among the DO mice, only the variability in average sleep 
bout duration over 24 h demonstrated significant heritability (h2 
[95% CI] = 16.4% [0.3%, 37.5%]).

Discussion
We have described a comprehensive, high-throughput, and 
noninvasive approach to assessing multiple phenotypes related 
to sleep and circadian behavior in mice. We have shown that 
there are highly significant differences among the eight founder 
strains of the Collaborative Cross [21, 23] and DO mice [18–20] in 
nearly all the phenotypes assessed. Importantly, our study also 
demonstrated the robustness and reliability of these phenotypes 
in DO mice. Furthermore, using data in the eight founder strains, 
we have shown the measured phenotypes have evidence of sig-
nificant broad-sense heritability. While estimates of narrow-
sense heritability calculated in DO mice were lower, significant 
heritability was still observed for multiple traits. In particular, 
the circadian period demonstrated the largest heritability in DO 
mice, and was one of the more heritable traits in founders; thus, 
it appears both additive and non-additive genetic effects play a 
role in explaining variance. Ultimately, larger heritability esti-
mates in founders than DO mice suggest that non-additive gen-
etic effects (e.g. dominance and epistasis) play an important role 
in explaining phenotypic variability, as may be expected given 
the complex nature of the traits. Overall, our results indicate that 
genetic factors play a moderate role in determining variability in 
the high-throughput traits examined here; non-genetic factors 
may also play a role, although these differences are expected to 
be minimal given our experimental design.

Challenges and approaches to identifying genes 
affecting sleep and circadian behavior

Almost all aspects of sleep and circadian rhythm in humans are 
heritable, as previously reviewed [1, 2], including total sleep [4], 
response to sleep deprivation [5, 6], and timing of sleep [7–10]. 
Many common sleep disorders are also heritable [1, 2]. Moreover, 
sleep abnormalities are common in neurological and psychiatric 
disorders, suggesting possible pleiotropic genetic associations 
[2]. Thus, there are many opportunities for the discovery of gen-
etic factors driving variation in sleep and circadian biology.

Studying sleep and circadian genetics in humans
Although there are many sleep and circadian phenotypes 
to study in humans, our current toolkit for uncovering gene 

variants underlying these quantitative phenotypes is limited. 
This is largely due to feasibility. Large genetic studies have iden-
tified gene variants using self-reported phenotypes to assess 
sleep duration and chronotype within datasets such as the UK 
Biobank and 23andMe [11–14]. However, self-report phenotypes 
are problematic because there are significant variations when 
compared to results from objective data [37–39], making sub-
jective assessment of sleep a “noisy” phenotype that requires a 
very large number of subjects. Studies leveraging objective sleep 
data from accelerometry within subsets of these populations 
are emerging and have identified associated variants [15–17], but 
results are not always consistent with self-reported phenotypes. 
Ultimately, human studies that use objective in-depth or inva-
sive phenotyping necessarily have smaller sample sizes given 
the increased burden in obtaining these endpoints. Moreover, 
human studies do not typically involve interventions to assess 
different aspects of the behavior, as we have described here. Due 
to these challenges in obtaining robust phenotypes, it will be 
difficult to conduct human studies with sufficient sample size 
to find gene variants associated with important sleep and circa-
dian traits, such as response to sleep loss (i.e. sleep drive).

Drosophila and forward genetics approaches
Beyond human studies, various genetic discovery approaches 
have been applied in animal models to identify genes relevant 
to sleep and circadian traits. In Drosophila, unbiased forward 
genetics approaches have been particularly useful [3, 40]. For 
example, the screening of established mutants has identified 
multiple genes that affect amounts of sleep and wake [41, 42]. 
In recent analyses, Toda et  al. performed an unbiased screen 
of over 12,000 Drosophila genetic lines to identify a single gene 
that induces sleep [43]. In addition to these large-scale gen-
etics screens, Harbison et  al. leveraged an artificial selection 
procedure—breeding short- and long-sleeping flies over mul-
tiple generations—to produce extreme short- and long-sleep 
phenotypes [44]. This approach identified 126 polymorphisms 
on 80 candidate genes that influence sleep in outbred fly popu-
lations [44]. This work has been extended to the creation of the 
Drosophila Sleep Inbred Panel (SIP), which allows evaluations 
of candidate polymorphisms across consistent genetic back-
grounds [45]. In translating this forward genetics approach to 
mouse models, Funato et al. screened over 8,000 randomly mu-
tagenized mice and identified only two dominant mutations 
affecting sleep and wake based on EEG/EMG recording [46]. As 
more recently described by Miyoshi et al., this number has been 
increased to approximately 10,000 mice, and approximately 10 
heritable loci have been identified [47]. While these approaches 
are able to identify genes, forward genetics techniques are ultim-
ately less practical in mice given their longer lifespan compared 
to Drosophila, as well as the labor-intensive and costly nature of 
obtaining EEG/EMG recording and scoring in many thousands of 
animals [47]. Instead, analyses have typically relied on classical 
approaches within inbred mouse strains [31, 48, 49].

Genetic analyses within inbred and outbred mice
Total sleep and wake, as well as the duration of different sleep 
stages, vary between inbred mouse strains [4]. Multiple quan-
titative trait loci (QTLs) have been associated with different 
amounts of sleep stages in the lights-on and lights-off periods 
[48, 49]. Although a number of QTLs has been identified, it has 
been difficult to identify the relevant genes within the QTL. For 

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsz278#supplementary-data
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example, a QTL has been identified for sleep homeostasis (i.e. 
increase in delta power following sleep deprivation) using re-
combinant inbred mice [6]. However, the identified QTL region 
contained over 200 genes. Thus, determining the causative 
gene variants remains challenging. Informatics examination 
of the QTL region suggested that Homer1a might be the respon-
sible gene [50], although studies of Homer1a knockout mice did 
not exhibit differences in sleep homeostasis [51]. Instead, mice 
lacking Homer1a exhibited an inability to sustain long bouts of 
wakefulness in the lights-off period when compared to wild-
type mice [51].

Thus, a clear limitation of analyses using inbred mice is 
that the broad genomic regions identified by linkage peaks, 
encompassing hundreds of genes, make it difficult to identify 
the specific gene(s) responsible for a phenotype. DO mice pro-
vide a key benefit in this regard. As a result of increased recom-
bination and smaller haplotype blocks through outbreeding, the 
DO mice allow the identification of smaller QTL regions that 
may contain only a few genes (rather than hundreds) [18–20]. 
The utility of analyses in DO mice is evidenced by a number of 
examples of genetic factors being identified using this approach 
[18, 19, 52–59]. Thus, it seems reasonable to propose that finding 
genes underlying sleep and circadian phenotypes using DO 
mice is likely to be a productive strategy. It requires, however, 
phenotyping of hundreds of mice to provide sufficient statistical 
power. Thus, the ideal phenotyping strategy needs to be high-
throughput, as with the approach described here.

Robust, reliable and heritable high-throughput sleep 
and circadian traits

To establish the utility of the high-throughput phenotypes de-
scribed here for future genetic analyses in DO mice, it is key to 
demonstrate their robustness and reliability, as well as show that 
underlying genetic factors are likely to influence trait variability.

Robustness
Our noninvasive, high-throughput phenotyping strategy for 
sleep and wake is based on activity monitoring and defining 
sleep as 40 s or more of continuous inactivity [24]. This definition 
has been validated previously in young [24] and old [26] B6 mice. 
It is, however, conceivable that for different inbred strains or 
DO mice an alternative definition of sleep could be more appro-
priate. To assess this, we evaluated the robustness of sleep and 
wake phenotypes using different durations of inactivity to de-
fine sleep (i.e. 20, 60, or 80 s). While, not surprisingly, the actual 
amounts of sleep changed across these definitions, the rank or-
dering of mice with respect to the different phenotypes remains 
consistent. Similarly, we validated an optimal inactivity-based 
definition of the first consolidated sleep bout by comparing data 
against EEG-defined sleep latency in an independent sample 
of B6 mice. Our optimal definition for latency to consolidated 
sleep was 3 min of inactivity; data on the sleep latency in a new 
environment and slope across m-MMSLT trials were again ro-
bust to deviations from this definition (ranging from 2 to 4 min). 
Thus, we believe that utilizing one specific duration of inactivity 
to defined sleep will not impede the discovery of gene variants 
using the DO mouse strategy. Ultimately, if specific gene vari-
ants are found for certain phenotypes, these can be assessed 
in replication studies using Collaborative Cross mice with the 
relevant alleles at the specific location identified, combined with 

gold-standard EEG/EMG recording to quantify the phenotype of 
interest.

Reliability
We have also shown that most phenotypes are reliable in DO 
mice. Analyses leveraged repeated experiments (for sleep la-
tency in a new environment and m-MMSLT) or multiple days 
of recording (for sleep architecture). In general, nearly all meas-
ured sleep and wake phenotypes showed at least substantial re-
liability (ICC values of 0.6 and above). While all measures were 
reliable, we also found that reliability was higher in the lights-off 
period for the majority of measures. Thus, it is conceivable that 
when DO mice are used to identify novel gene variants, data from 
the lights-off period will prove more informative. In contrast, 
measurements during m-MMSLT and new environment testing 
showed fair/moderate reliability. Given that these latencies to 
sleep tests involve some amount of stress to the animals (either 
movement to a new environment or interaction with experi-
menters during sleep deprivation for m-MMSLT), this lower re-
liability likely reflects some interplay between true sleep latency 
and the influence of stress (which affects the ability to sleep). 
This was particularly evident in repeated testing of sleep latency 
in a new environment, where nearly all animals demonstrated 
faster latency to sleep on the second experiment compared to 
the first. Future studies should carefully consider the potential 
confounding effects of stress on these phenotypes, which may 
include the use of alternative experimental approaches to min-
imize this influence and increase the reliability of the traits.

Heritability
Importantly for discovering genetic associations, for most 
phenotypes assessed we observed significant broad-sense herit-
ability, with 95% CIs that did not include zero. Estimates of broad-
sense heritability (or the proportion of variability explained by 
additive, dominant, and epistasis genetic effects) were derived 
from data in the eight founder strains, while narrow-sense her-
itability (or the proportion of variability explained by additive 
genetic effects only) was calculated in DO mice. Thus, while the 
analysis methods differ, comparisons of the heritability values 
in the two mouse samples provide insight into potential genetic 
mechanisms of effect; larger broad-sense heritability suggests 
important non-additive genetic effects. Emphasizing the likely 
complex genetic influences on sleep and circadian phenotypes, 
heritability estimates in the founder strains were indeed larger 
and more often statistically significant than those obtained 
from the data from the DO mice. Despite these differences, we 
did find that both approaches gave robust estimates of herit-
ability for a circadian period (61.2% in founders and 32.6% in 
DO mice). Thus, additive genetic effects may be particularly 
important for this trait. However, we could not assess the cir-
cadian period in all mice we studied, due to some mice either 
not wheel-running or having a disrupted circadian rhythm of 
wheel-running after switching to constant darkness. It will be of 
interest to determine whether DO mice can be used to identify 
novel clock genes despite this limitation. Interestingly, meas-
ures of sleep and wake microarchitecture showed more herit-
ability in DO mice than total sleep–wake amounts; thus, these 
phenotypes may be more promising from a genetic standpoint. 
Ultimately, the development of new analysis approaches that 
can evaluate nonadditive genetic effects within DO mice will be 
particularly important.
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While the narrow-sense heritability estimates of sleep archi-
tecture in DO mice were generally low compared to broad-sense 
heritability estimates, results were similar to those observed in 
large-scale human analyses performed in many thousands of 
individuals [12, 14–17]. The median narrow-sense (or additive) 
heritability estimate for sleep architecture measures in our DO 
mice was 8.5%, with values ranging from 0.0% to 26.7%. In re-
cent human studies utilizing self-reported sleep duration, cor-
responding additive heritability estimates fall between 7.0% and 
10.3% [12, 14, 17]. Similarly, recent studies using accelerometry 
have estimated additive heritability between 2.8% and 22.3% for 
sleep-related variables [16] and between 10% and 21% for sleep 
and activity behaviors [15]. Therefore, the modest evidence for 
additive genetic heritability observed in our sample of DO mice 
is supported by similar analyses in human samples that leverage 
genome-wide genotype data. It is likely that our comparatively 
small sample of DO mice is not sufficiently powered to detect 
significant narrow-sense heritability estimates in these lower 
ranges.

In addition to mean estimates, recent analyses in Drosophila 
have identified and validated multiple genes that influence 
day-to-day variability in sleep phenotypes [60]. Thus, we also 
examined the heritability of within-mouse standard deviations 
of sleep and wake phenotypes across multiple days of recording. 
While there was some evidence of significant broad-sense her-
itability for these traits, in general, there appeared to be a less 
genetic influence on day-to-day variability in both founders and 
DO mice when compared to the average values of traits them-
selves. Recent studies in humans using accelerometry have 
similarly suggested low heritability of the variability of sleep 
duration (h2 [95% CI] = 2.8% [2.0%, 3.6%]) [16]. Thus, additional 
studies may be required to determine the role of genetic influ-
ences on the day-to-day variability of sleep phenotypes in mice.

Strengths, limitations and future directions

Strengths of this study include the ability to perform reliable, 
non-invasive screening of a large number of DO mice, the in-
clusion of mice from each of the eight founder strains to quan-
tify broad-sense heritability, the carefully designed phenotyping 
paradigms that minimize environmental variance, and the ro-
bust analysis methodologies.

There are also limitations. Our high-throughput phenotyping 
approach using beam-breaks does not allow assessment of 
stage-specific sleep characteristics (e.g. non-rapid eye move-
ment [NREM] and rapid eye movement [REM]); video-based 
analysis coupled with machine learning approaches using sim-
ultaneous EEG is a promising future direction to capture these 
characteristics [61]. Despite prior validation of our inactivity 
definition against EEG/EMG recording [24, 26], estimates of total 
sleep obtained using our inactivity-based method are higher 
than external, strain-specific estimates using either EEG/EMG or 
a Piezoelectric system [31, 62]. While a number of factors could 
influence these differences, including environment or periods 
of quiet wakefulness scored as sleep, we have demonstrated 
that the specific inactivity definition does not influence the rela-
tive ordering of individual mice; thus, results of within and be-
tween strain comparisons are expected to be robust. Validation 
studies of genetic associations identified using the approaches 
described herein should be performed with gold-standard EEG/
EMG in the Collaborative Cross lines carrying the implicated 

founder alleles at specific genetic locations to more accurately 
estimate effects on sleep amounts.

As in previous studies, analyses were performed only in 
male mice; future analyses should evaluate the performance 
and heritability of phenotypes in female mice. To understand 
any gender differences, genetic associations discovered in male 
DO mice should be validated using both male and female mice 
from the implicated Collaborative Crosslines, as well as male 
and female knock-out mice when appropriate. Analyses of the 
reliability of sleep and wake architecture utilized data from five 
consecutive days of recording. While results provide insight into 
the stability of the target phenotypes, future studies examining 
the reproducibility of these traits with repeated testing over a 
longer time period (e.g. 1 month apart) would be insightful. A re-
cent study on EEG/EMG sleep parameters measured 4 weeks 
apart suggests that some, but not all, are correlated on first and 
second measurement [47]. Finally, the broad-sense heritability 
estimates derived in founder mice attribute differences between 
strains solely to genetic effects; it is possible that unknown non-
genetic effects could influence differences and bias H2 estimates. 
However, the pipeline was designed to diminish environmental 
variability and, thus, we expect these non-genetic differences to 
be minimal.

Conclusions
We have implemented and assessed a high-throughput 
phenotyping strategy for evaluating different sleep and circa-
dian phenotypes in mice. The majority of the phenotypes, we 
were assessed both reliable among DO mice and have evidence 
of broad-sense heritability in founder strains. Comparatively, 
fewer traits demonstrated narrow-sense (or additive) herit-
ability in DO mice, underscoring the importance of complex, 
nonadditive genetic effects for determining variability in these 
traits. Ultimately, DO mice have unique advantages when com-
pared to other model systems. The genetic complexity created 
by random outbreeding results in clear phenotypic heterogen-
eity among DO mice, with phenotype values extending beyond 
ranges observed in the original founder strains. This heterogen-
eity is more akin to that seen in human population studies, and 
increases the likelihood of large genetic effects. Importantly, the 
increased recombination in DO mice also allows the identifica-
tion of narrow genetic linkage regions, facilitating identification 
of individual genes affecting traits of interest. Thus, when com-
bined with appropriate analysis approaches and large enough 
samples, this strategy is likely to lead to the identification of 
novel sleep and circadian genes.
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