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The executive neural circuitry and chemistry for sleep/wake switching mechanisms have 

been increasingly revealed in recent years. However, the very fundamental mechanism of sleep 

regulation remains a mystery, for example, with the question of what is the neural substrate for 

“sleepiness” still unanswered. My project tackles this challenging but highly interesting question 

through forward genetics in mice. We have initiated a dominant screen of ENU-mutagenized 

mice, in which a comprehensive set of sleep parameters is measured via EEG/EMG-based 

somnography analysis in basal light/dark periods as well as in the recovery period following 

forced sleep deprivation. A major obstacle for such large-scale genetic studies of 

sleep/wakefulness in mice has been the low throughput of EEG/EMG-based sleep analysis. In 



 

order to break this bottleneck, I have developed an automated sleep-scoring program, which 

adapts itself to the EEG/EMG variability between and within individual mice through a simple 

pattern-matching algorithm. This new software, combined with highly streamlined surgical 

procedures as well as a custom database software for administering large-scale experimental 

logistics, have enabled us to sustain a throughput of up to 112 mice fully sleep-scored per week. 

Importantly, quantitative parameters of sleep behavior provide relative standard deviations as 

small as 5-10% in isogenic cohorts of mice, enabling a robust screen. We have so far screened 

~7,000 ENU-mutagenized mice, and established >10 heritable phenodeviant pedigrees, including 

one exhibiting markedly increased NREM sleep amounts, and one with reduced episode 

durations and amounts of REM sleep. The causal mutations for these two pedigrees have been 

positionally cloned through the whole-exome sequencing in combination with a classical linkage 

analysis.
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CHAPTER ONE 
 

INTRODUCTION 

 
Historical background 

Why do we have to sleep? What is the neural substrate for “sleepiness”? How do we 

have dreams? We are still unable to give clear answers to these simple questions, yet an 

estimated 50 million plus Americans suffer from sleep problems (NHLBI, 2003), and nearly 

9 million adults take prescription sleep aid in the United States (Chong et al., 2013). In fact, 

sleep is a mysterious behavior also in terms of its evolution, since sleep is the only behavioral 

state when a healthy animal reversibly loses consciousness; during sleep, the animal is 

completely unproductive and highly vulnerable to various hazards. Nevertheless, in 

mammals, there is no species known that does not sleep for at least a few hours a day. Sleep 

has to provide some significant evolutionary advantage surpassing these risks, but there is no 

convincing explanation as to what is that advantage. 

For a long period of time, sleep, a ubiquitously-observed behavior in animal species 

with a well-developed central nervous system, had been considered as a passive state with 

diminished brain activities and abandoned sensory stimuli. In the late 1940s, Moruzzi and 

Magoun offered new insight into sleep research through the observation that a sleeping cat 

became awaken when electrical stimulation was applied on the reticular formation in brain 

stem, while damage to the reticular formation made the cat continuously sleep, suggesting 

that the reticular formation is a central regulator of sleep/wake behavior (Moruzzi and 

Magoun, 1949; Starzl et al., 1951).  
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In 1953, Kleitman and his colleagues introduced the following observations: 1) Sleep 

comprises two distinct phases, a state with rapid eye movement (REM sleep) and one with 

non-rapid eye movement (NREM sleep). 2) Strong electroencephalographic activation, of 

which the characteristic is similar to wakefulness, is observed during REM sleep (Aserinsky 

and Kleitman, 1953). These findings are some of the biggest discoveries in the history of 

sleep research, drastically impacting the fundamental concept of sleep.  

As the idea of the active regulation of sleep/wake became widely accepted, more 

detailed neural mechanisms have been gradually revealed, especially with the advancements 

of molecular biology in late 20th century. For example, the monoaminergic 

(catecholaminergic, serotonergic, histaminergic) systems (Aston-Jones and Bloom, 1981; 

Fornal et al., 1985; Steininger et al., 1999; Ko et al., 2003; John et al., 2004), the cholinergic 

system (Lee et al., 2005), and the GABAergic system (Sherin et al., 1998; Chamberlin et al., 

2003) were found to be closely yet complexly linked to each other to modulate sleep, mainly 

in the brain stem and hypothalamic regions (Figure 1-2). 

Our group has contributed to the field by finding an additional, important modulator 

of sleep. We identified the orexin neuropeptides, exclusively expressed in the lateral 

hypothalamus (Sakurai et al., 1998). We subsequently discovered their essential function in 

sleep/wake regulation through the observation that the orexin-deficient mice exhibited 

multiple behavioral arrests, which were similar to the sleep attacks and cataplexy observed in 

patients with narcolepsy (Chemelli et al., 1999). Indeed, electroencephalography (EEG) and 

electromyography (EMG)-based studies unveiled that the orexin-deficient mice frequently 

exhibit abnormal, direct transitions from wakefulness to REM sleep. 
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Figure 1-1 Characteristics of polysomnographic signals in different mammalian species. 
In humans, vigorous eye movements are observed during REM sleep as seen in EOG signals. 
During NREM sleep, a low-frequency component of EEG, delta waves, becomes dominant, 
while EEG oscillates faster with high theta waves during REM sleep in all mammalian 
species shown in this figure. (Adapted from Datta and Maclean, 2007) 
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Figure 1-2 Major components of the ascending arousal system. Many different 
transmitters and modulators play a role in multiple pathways from the midbrain to the cortex 
via hypothalamic or thalamic regions. (Adapted from Saper et al., 2005) 
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Ascending projections of orexin neurons to the cerebral cortex as well as descending 

projections to the monoaminergic and cholinergic systems were also described (Peyron et al., 

1998; Sakurai et al., 2005). Their role in sleep/wake regulation has been summarized as an 

indispensable, stabilizing and wake-inducing component of the flip-flop switching 

mechanism for sleep and wakefulness (Figure 1-3) (Saper et al., 2005). 

While the executive neural circuitry for switching sleep/wake states has been 

extensively studied in recent years, more fundamental questions of sleep regulation have 

remained to be elucidated. A widely accepted hypothetical model of sleep regulation is the 

“two process” model, proposed originally by Borbély in 1982, which argues that two distinct 

components of “sleepiness” are at work: circadian and homeostatic (Borbély, 1982; Borbély 

and Achermann, 1999). While “process C,” which is inverse of the circadian sleep drive, 

oscillates each day informing usual sleep time, the latter homeostatic sleep drive, or “process 

S,” is increased during waking and dissipated during sleep (Figure 1-4). Indeed, the cortical 

EEG recording revealed that the amplitude of lower frequency region of EEG from 0.5 to 

~5Hz during NREM sleep, called delta power, correlates with the process S as accumulating 

after sleep deprivation and quickly decreasing after the sleep onset. The delta power has been 

the only widely accepted surrogate readout available to measure subject’s homeostatic sleep 

drive (Borbély, 1982; Franken et al., 2001; Allada and Siegel, 2008; Bjorness et al., 2009). 

If we could answer what the neural substrate for homeostatic sleep drive is, or how 

the brain maintain relatively constant daily amounts of sleep, we may be able to open the 

black box of sleep mechanisms and eventually provide a significant benefit to our sleep-

deficient society. 
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Figure 1-3 A flip-flop switch model for sleep/wake switching. During wakefulness (a), 
orexin neurons activate the monoaminergic neurons in the LC, TMN, and Raphe nuclei, ｗ
hich in turn inhibit the sleep-active VLPO neurons. During sleep (b), the VLPO neurons 
inhibit orexin neurons, as well as neurons in LC, TMN, and Raphe to prevent activation of 
the monoaminergic systems. (Adapted from Saper et al., 2005)  
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Figure 1-4 Two-process model of sleep regulation. The figure represents scenario for 
humans. Processes S and C represent the hypothetical degrees of the homeostatic and 
circadian sleep drive, respectively. The individual’s sleep drive at a given time is represented 
by the difference between process S and process C; the sleep drive reaches maximum at the 
beginning of the sleep period at a regular night. Additional sleep pressure accumulates as 
process S further increases after a night without sleep, and the ensuing recovery sleep is 
longer and “deeper” than usual in order to repay the sleep debt. SWA, EEG slow wave 
activity (delta power); TST, total sleep time. (Adapted from 
http://www.scholarpedia.org/article/File:2-process.JPG and Borbely AA, 1982) 
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Forward genetics of high-order behaviors in mice 

In conjunction with the development of techniques in molecular biology, genetic analysis 

also attracted attention as a potent tool for elucidating unknown biological mechanisms in 

multiple model organisms, especially when combined with the whole-genome analyses. 

Among the genetic analyses, forward genetics utilizing drug-induced mutagenized mice in 

particular has made substantial contributions to uncovering diverse mechanisms, such as 

within the immune (Sandberg and Ljunggren, 2005; Tabeta et al., 2006; Hoebe and Beutler, 

2008; Theodoratos et al., 2010) and metabolic systems (Lloyd et al., 2005; Wilkes et al., 

2009). Meanwhile, as this mutagenesis approach became widely used, it also became obvious 

that positional cloning of causal mutations associated with “complex behaviors” takes more 

effort than originally expected because phenotypic variances between subjects or trials. 

Nevertheless, several large-scale behavioral screenings were already done in different 

institutions, and candidate genes were successfully isolated in areas such as epilepsy (Frankel 

et al., 2009), ataxia (Sharkey et al., 2009), and locomotor activities (Furuse et al., 2010). In 

the field of circadian rhythm research, findings by Takahashi and his colleagues, such as the 

discovery and identification of ClockΔ19 and Overtime mutations in N-ethyl-N-nitrosourea 

(ENU) mutagenized mice have had a significant impact (Vitaterna et al., 1994; Siepka et al., 

2007) (Figure 1-5). In their review, Takahashi et al describe how these accomplishments 

were rigorously derived by choosing less variant readouts such as circadian period length, tau, 

and maximizing the number of mice that are screened at once (Takahashi et al., 1994; 2008). 

Thus, in conducting a new genetic screening for a complex behavior in mice, it is crucial  
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Figure 1-5 Identification of the clock mutant through ENU mutagenesis screen. The 
Clock mutant mice with a ClockΔ19 allele has prolonged circadian period length on constant 
dark environment. (Adapted from Vitaterna, et al., 1994) 
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either to construct an experimental strategy that allows isolation of subtle behavioral 

differences, such as the second-generation method (which utilizes statistical power of 

multiple mice in the second generation that carries the same mutations with 50% chance, 

although it requires significantly greater time and resources) (Kumar et al., 2011), or 

carefully select a phenotype that employs readouts that are robust and tight enough for 

conducting a first-generation screening. 

 

Genetic analysis of sleep/wake in fruit flies 

There is a consensus that “sleep” in lower animal species (where EEG is not 

applicable) can be defined behaviorally with the following criteria: 1) absent or reduced 

movement; 2) elevated sensory threshold for external stimuli; 3) homeostatic rebound 

following deprivation; 4) regulation by the circadian clock; 5) Relatively quick, reversible 

state transitions. 

Using these criteria, there are several reports of large-scale forward genetic screening of 

sleep phenotype in flies. One of the representative findings through genetic screening in flies 

is the line Cirelli et al. introduced, named “Minisleep” (mns) (Cirelli et al., 2005). The mns 

flies exhibit markedly reduced number of sleep episodes, and the authors determined a point 

mutation in the shaker gene, encoding a voltage-gated potassium channel subunit. Sehgal and 

her colleagues isolated a fly mutant that also has a long wakeful time through screening of 

transposon-based library stocks, and named the mutant “Sleepless” (sss) (Figure 1-6) (Koh et 

al., 2008). Subsequently, the authors claimed that a protein encoded by sss regulates 

expression and activity level of the shaker channel (Wu et al., 2010). Another line of mutant  
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Figure 1-6 Prolonged wakefulness of a Sleepless (sss) mutant in flies. Total daily sleep 
time and mean sleep duration are significantly reduced on both mutant males (M) and 
females (F). (Adapted from Koh et al., 2008) 
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flies with reduced sleep is called “Fumin” (fmn), caused by a loss-of-function mutation in the 

dopamine transporter gene (Kume et al., 2005). 

As can be seen from the examples above, genetic screenings in flies are considered to 

be established approaches in the sleep field; however, it is already known that the approaches 

carry two potential drawbacks (Shaw and Franken, 2003; Cirelli and Bushey, 2008; Freeman 

et al., 2013): 1) While candidate gene approach in flies can be a powerful tool to validate 

mutations started in mammals (see below), mutations found in forward genetic screening in 

flies do not necessarily lead to the same phenotype in mammals; 2) It is difficult to reach the 

fundamental mechanisms underlying sleep regulation in higher vertebrates as we see two 

distinct sleep phases, NREM and REM sleep. This complexity is a stark contrast to the 

“sleep” in flies. Futhermore, all the above-mentioned criteria defining the “sleep” behavior 

are solely based on locomotor activity as the only proximal readout. This makes the 

distinction between “quiet wakefulness” and “sleep” arbiturary. Indeed, all reported sleep 

mutants in flies have been those with reduced sleep or increased waking. 

Drosophila is also one of the experimental species that has been extensively utilized 

for validating mutations that we have observed in human sleep abnormalities. For example, a 

mutation in the human circadian clock gene DEC2 has been reported to cause a short sleep 

phenotype, with the corresponding mutation induced in mice and Drosophila producing the 

same phenotype (He et al., 2009). Similarly, recent report shows that abnormalities in sleep 

regulation in human subjects caused by a mutation in the ABCC9 gene were reproduced in 

flies by artificially inducing the same mutation in the fly genome (Allebrandt et al., 2013). 
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Mapping sleep-related genes by inter-strain QTL analyses in mice 

In order to elucidate mechanisms of complex phenotypes, quantitative trait loci 

(QTL) analysis has been widely and classically used in genetic studies of multiple organisms, 

including mice and humans. QTL is a DNA region in chromosomes that affects specific 

quantitative phenotypic characteristics. In QTL analysis, the region is mapped through 

linkage analysis, and eventually we are able to identify a causative genetic polymorphism. 

While it requires a large number of subjects to identify QTLs in humans due to genetic 

variability, it has become an effective approach for mice, especially by using two different 

established isogenic strains. Several groups have conducted sleep analyses in mice using this 

method. 

The first group to perform sleep QTL analysis in mice was Tafti and Franken, and 

they reported multiple QTL regions in the mouse CXB line, which is generated by crossing 

C57BL/6J and BALB/cBy strains, that causes differences in sleep parameters (Tafti et al., 

1997). Subsequently, they performed the same experiment with BXD line, from C57BL/6J 

and DBA/2J, and successfully identified QTL regions that affect delta power, which is a 

lower frequency comportment of EEG wave prominent during NREM sleep (Franken et al., 

2001). They were only able to narrow the QTL region down to 45cM, which consists of over 

200 genes, even though they utilized BXD mapping panels, which was the most fine panel 

available due to whole-genome sequence data on both of two parent strains (C57BL/6J and 

DBA/2J) (Table 1-1). More recently, they reported a candidate gene through bioinformatics 

analysis, Homer1a, from one of the regions named “Delta power in sleep 1” (Dps1) (Maret et 

al., 2007; Mackiewicz et al., 2008). Homer1a is a splicing variant of Homer1, an immediate  
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Table 1-1 Candidate genes located in the region of sleep QTL. Even though several 
genomic regions that alter sleep phenotype are identified, all regions contain hundreds of 
genes. (Adapted from Tafti et al., 1999) 
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early gene product that binds to group 1 metabotropic glutamate receptors. Homer1a mRNA 

is indeed upregulated after 6 hours of sleep deprivation, while its expression is back to basal 

level during the recovery period after deprivation, suggesting Homer1a is involved in 

homeostatic sleep regulation. However, its constitutive function in sleep remains to be 

determined, since they could not validate a relevant phenotype in Homer1a knockout mice 

(Naidoo et al., 2012). 

Taken together, it is obvious that the mapping resolution becomes a bottleneck when 

executing inter-strain QTL analyses of complex behavior such as sleep, because the density 

of inter-strain polymorphisms is very high, usually more than 1 per kilobase. In order to 

solve this problem, there is a method combining expression level analysis such as 

microarrays to pinpoint a candidate gene from a list of several hundred genes in the QTL 

region; however, it could still be difficult to prove that the changes in expression level induce 

abnormal sleep phenotype. Moreover, there is no guarantee that we can isolate a single 

candidate gene from the list by just observing changes in expression levels. 

 

Feasibility and obstacles for conducting forward genetic screen of sleep/wake in mice 

From these previously published observations, we determined that forward genetic 

screening of sleep/wake behavior by true EEG/EMG measurements in ENU-mutagenized 

mice is the best choice to reveal the mystery of sleep, particularly in mammals. However, 

several practical obstacles become huge barriers when conducting the large-scale sleep 

screening. The first one is the variability of sleep parameters as described previously. As 

Takahashi et al. mentioned in their review, isolating any gene through the genetic screening 
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becomes highly difficult if readouts have high relative standard deviation (RSD) values, such 

as in fear conditioning with typical RSD values over 100% (Takahashi et al., 2008). However, 

as Franken et al. reported in their QTL analysis in sleep, the actual RSD value of total sleep 

time is around 8% on C57BL6 strain (Franken et al., 1998), which is second in parameter 

tightness only to the circadian tau (less than 1%). This suggests the feasibility of finding 

phenodeviant mice through a forward genetic approach if we are able to establish 

standardized methods with enough throughput for surgery and recording. Another and the 

most significant obstacle is a labor-intensive nature of sleep staging from the raw EEG/EMG 

data, which can be rate limiting for executing the screening. Therefore, we aimed to increase 

the throughput of sleep screening by developing a novel automated sleep scoring software 

specialized to maintain screening throughput of >100 mice per week, as described later in 

Chapter 3.  
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CHAPTER TWO 
 

DEVELOPING STREAMLINED TECHNIQUES FOR LARGE-SCALE SLEEP 

RECORDING IN MICE 

 
Introduction 

Forward genetic screen requires a highly uniform and consistent phenotyping assays, 

while maintaining a high throughput. In order to achieve this, we must continuously make an 

effort to standardize protocols for implanting surgery and data acquisition; the multitude of 

researchers/technicians involved requires assurance of same accurate and reliable output 

regardless of the experimenter. Also, hundreds of mice are handled by multiple people at any 

give time, further emphasizing the requirement to develop a centralized database system 

encompassing the entire screening flow. In this chapter, I will discuss streamlined surgery 

techniques, a data acquisition software, and a database software, which were all newly 

developed for our forward genetic screening. 

 

Designing custom-made EEG/EMG electrode implants 

The first thing we tackled was standardization and outsourcing of pre-fabricated 

EEG/EMG electrodes for mice. In most sleep research laboratories, EEG is recorded through 

small screws blindly twisted into the skull (Wu et al., 2009). While this method is relatively 

inexpensive, the stability of the screws depends on the thickness of the skull, and more 

importantly, the depth of implanted screws varies depending on the surgeon, which 

ultimately causes variability of EEG characteristics. To avoid these issues, we have been 
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using custom-made electrodes since we started sleep recording orexin-null mice in 1999 

(Chemelli et al., 1999). These electrodes are made from connecters for electrical circuit 

boards, called “female pin headers”, and they have the advantage of more direct tip insertion. 

On the other hand, this electrode has two drawbacks: 1) Time needed to construct it by hand 

from a pin header; and 2) Electrode can be inserted too deeply, increasing the risk of surgery-

related complications such as bleeding. 

Thus, we meticulously reviewed the electrode and decided to outsource the 

production to a manufacture company (Unique Medical Inc., Tokyo, Japan). When we 

designed the new electrode, we also incorporated 4 stoppers on the electrode base (Figure 2-

1), enabling us to insert the electrode more simply and precisely. 

 

Refining techniques of stereotaxic surgery 

With dominant genetic screening, a screening with n=1, it is crucial to avoid 

accidental loss of mice during surgery and surgical complications that can introduce 

additional noise into resulting sleep parameters. We improved our implant surgery protocols 

to allow shorter operation time without sacrificing overall preciseness and consistency. For 

example, instead of using a conventional injectable anesthetic such as Nembutal or 

Ketamine/Xylazine, we switched to gas anesthesia, a mixture of isoflurane/oxygen. Gas 

anesthesia lessens the impact of anesthesia by enabling a full intraoperative control of the 

depth of anesthesia, and a much shorter recovery time from anesthesia. 
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Figure 2-1 A custom-designed EEG/EMG module. The current design was drawn based 
on the handmade module that was previously used (A). A picture of the mass-production 
model is shown with newly designed stoppers in each corner at the bottom of the module (B). 

A B 
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In addition to the gas anesthesia, we also adopted a new stereotaxic table with 3-

dimentional digital gauges, enabling us to precisely insert EEG/EMG electrodes with 1/100 

mm precision and eliminate any technical variability between surgeons. 

With these techniques, we are now capable of performing the same implant surgery 

within 20 minutes per mouse, which is ~1/3 of time than before, enabling us to perform more 

surgeries per day (Figure 2-3). 

 

SleepyDAQ: software for simultaneous multi-channel EEG/EMG data acquisition 

Continuous recording of EEG/EMG data from one mouse for 72 hours entails 500 

samples per every second for both EEG and EMG; consequently, the recorded file becomes 

about 250MB. In order to maintain a throughput of >100 mice per week, we must have a 

stable system that digitizes more than 25GB of data seamlessly without error every week. 

Thus, we developed a modified system for EEG/EMG recording. The hardware for the 

system consists of Grass Model LP511 amplifier (Grass Instruments, West Warwick, RI)  or 

Nihon-Koden Model AB-611J amplifier (Nihon-Koden, Tokyo, Japan) with appropriate filter 

settings (EEG: 0.3-300 Hz, EMG: 30-300 Hz), a NI PCI-6220 analog-to-digital converter 

(National Instruments, Austin, TX) at 250 Hz sampling rate, and a regular tower-type PC 

(OS: Windows7 64-bit version). Each PC is able to simultaneously record up to 16 mice until 

storage media becomes full. SleepyDAQ, the recording software, was specially designed for 

EEG/EMG recordings based on LabView (National Instruments, Austin, TX), where all the 

EEG/EMG data are processed and displayed on a monitor in real-time. In addition to basic 
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Figure 2-2 Isoflurane vaporizer and stereotaxic table for mouse implant surgery. Flow 
rate of isoflurane/oxygen mixed gas and isoflurane concentration is precisely adjusted using 
the vaporizer (A). The electrode position is continuously monitored through digital gauge 
shown on the top left corner of the picture (B). 

A 

B 
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Figure 2-3 A screenshot of the SleepyDAQ data acquisition software. Each display is 
capable of simultaneously show live EEG/EMG signals from 8 mice. 
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Figure 2-4 Recording setups for EEG/EMG data acquisition. The large-scale EEG/EMG 
recordings are currently ongoing at UT Southwestern (A) and University of Tsukuba (B). 
Each PC is connected with up to 16 mice via signal amplifiers and analog-to-digital 
convertors to record EEG/EMG. The recording room is subjected to 12/12-h light/dark cycles 
with controlled humidity (40-60%) and temperature (24˚C, thermoneutral for mice). 

A B 
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functions, we also added a feature to inform users if there is any clipping of data during 

recording sessions. 

 

SleepyDB: a database system for performing large-scale sleep screening 

In our forward genetic screening, there are 5 major events and daily health checks for 

every mouse (Figure 2-5). Data is entered with a laptop computer and a portable barcode 

reader that can be taken to any vivarium room. In order to manage and integrate the large-

scale volume of data most accurately and efficiently, we also developed a custom made 

database software, named SleepyDB. The software is coded in Filemaker (Filemaker inc. 

Santa Clara, CA), and all the data analyzed by users are automatically imported to this 

database. The database also periodically calculates mean and SD on each sleep parameters, 

based on strain, generation, and pedigrees. Thus, all users are able to easily find appropriate 

data for specific mice, compare sleep parameters while avoiding false negatives and 

minimizing significant mistakes, and recognize important information such as which mice 

need to be bred or performed IVFs. In addition, since we are collaborating with other 

laboratories for this research, SleepyDB is specially designed for smooth importing and 

exporting of data, enabling intensive communication between different databases; for 

example, we routinely import basic data from other databases such as MUSDB (Masuya et 

al., 2004) before transferring mice from collaborators, allowing us to carefully inspect all the 

mice at the time of acceptance. 
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Import Surgery Recording Analysis Breeding

SleepyDAQ SleepyScore

SleepyDB

 
Figure 2-5 Major events and associated software in the flow of large-scale sleep 
screening. SleepyDB integrates all sleep data and occurrences throughout this screening in 
order to manage these data most accurately and efficiently. 
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Figure 2-6 Screenshots of the SleepyDB database software. The database has multiple 
modules to enter different categories of data for each mouse or for groups of mice (A); Users 
are able to instantaneously check the screening status, health-related data, and sleep data for 
any of the thousands of mice through this database (B and C). 

A 

B 

C 
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Discussion 

We have developed a custom made electrode, streamlined surgery procedures, 

SleepyDAQ that simultaneously records EEG/EMG up to 16 mice per station, and SleepyDB, 

a centralized online database that integrates all the events associated to this entire project. 

With these enabling technologies and software, we are now allowed to conduct sleep 

recordings without relying on individual abilities. It also makes the entire project even more 

seamless by instantaneously sharing all the data among members in our group. However, 

while these improvements are necessary to conduct the screening, they alone are not 

sufficient; in the next chapter, I will describe the most significant bottleneck in conducting 

sleep screening in mice: sleep staging. 
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CHAPTER THREE 
 

SLEEPYSCORE: A NEWLY DEVELOPED SEMI-AUTOMATED SLEEP STAGING 

SOFTWARE 

 
Introduction 

The most significant obstacle in executing large-scale genetic analysis of sleep in 

mice is the low throughput of EEG/EMG-based analysis. The rate-limiting step for sleep 

analysis in mice is the manual scoring of long hours of EEG/EMG recordings by human 

eyes; the average time a skilled scorer spends for scoring 24 hours of EEG/EMG data is over 

2 hours. Even though several automated sleep-scoring systems for rodents are already 

published (Doman et al., 1995; Veasey et al., 2000; Berthomier et al., 2007; Brankack et al., 

2010; Sunagawa et al., 2013), these programs are not capable of efficiently and robustly 

handling a large number of mice and so are essentially useless for our purposes. For example, 

in a commercial software called “SleepSign”, the user has to set certain numerical thresholds 

for EEG/EMG parameters for each mouse, and then the user has to repeat modifying these 

thresholds until the computed results meets his satisfaction – a chicken-and-egg situation 

(Figure 3-1) (Kohtoh et al., 2008). Moreover, these threshold-driven types of pattern 

recognition often do not work even on one mouse due to inherent variability of EEG/EMG 

parameters across several days of recording time. Here, I describe the newly developed 

MATLAB (Mathworks)-based EEG/EMG scoring software, named “SleepyScore,” which 

enables us to conduct the large-scale sleep screening in mice more efficiently. 
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Figure 3-1 Sleep Stages are selected based on the threshold-based algorithm in the 
SleepSign software. Users must repeatedly select certain thresholds until scored result 
becomes satisfactory. (Adapted from Kohtoh S, et al., 2008) 



30 

 

 

Core algorithm: Non-parametric fitting of EEG spectra to user-selected reference 

epochs 

Since EEG signals are intrinsically very weak, they are easily interfered by external 

factors. From our extensive experiences in sleep recordings, we have recognized that EEG 

characteristics of each mouse are slightly different, even after standardization of surgical and 

recording procedures. Therefore, it is very important that the automated scoring algorithms 

are able to correctly discriminate three different sleep stages through the noise of subtle 

individual differences. 

The software utilizes a simple pattern-matching algorithm, in which the human scorer 

is asked to randomly select, for each mouse, 15 representative (reference) epochs of NREM 

and REM sleep episodes from 3 days of EEG/EMG recording. Then, the software calculates 

the “similarity” of a given epoch to these reference epochs in the frequency domain, using 

Euclidean distance described in Figure 3-2. In this Euclidean distance calculation, we use the 

entire 0-30Hz band to make a score and do not limit to specific bands of the EEG spectrum, 

such as delta or theta, for the score calculation, so that the algorithm is able to grab the 

specific characteristics of EEG on particular mice. Lastly, the software evaluates these scores 

in non-parametric fashion to determine the final sleep stage. These calculations are actually 

performed on every 4-second sub-epoch, and the software determines the final score on 20-

second epochs by incorporating the scores of adjacent two 4-second sub-epochs before and 

after the 20-second epoch (using the scores from a total of 9 sub-epochs), allowing the 

algorithm to take bold and flexible  
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Figure 3-2 Calculating Euclidean distance on SleepyScore. The similarity between a 
subject EEG spectrum and every reference curves are calculated using the formula. If two 
curves are almost identical, the distance value, d(P,Q), becomes close to zero. 
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User Selected Best NREMs

User Selected Best REMs

Similarity
Score

Subject

Similarity
Score

98 83 86 75

42 76 58 31

Stage NREM NREM NREM REM NREM REM REM REM

Score 98 86 83 76 75 58 42 31

Rank 1 2 3 4 5 6 7 8

“NREM”

NREM REM

Rank Score 11 25

 
Figure 3-3 Novel pattern-matching algorithm for automated sleep scoring. Assisted by 
the software, the user randomly selects several representative NREM and REM epochs for an 
individual mouse as reference epochs. Similarity scores (Figure 3-2) are calculated in the 
frequency domain for a given 4-sec sub-epoch from the same mouse, against each of the 
reference NREM and REM epochs. The similarity scores are compared to determine the 
sleep stage of the subject sub-epoch by non-parametric ranking. Actual software uses 15 
reference NREM and REM epochs, instead of 4 epochs as shown in this schematic diagram. 
This algorithm adapts itself to the inter- and intra-individual variability of EEG/EMG 
parameters, ensuring very high accuracies in sleep scoring. 
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measures to determine the final sleep stages, including transitional epochs that are difficult to 

score even for humans. 

 

Temporal EMG variance with median filter, a powerful algorithm distinguishing wake 

and sleep states 

While the core algorithm described in the previous section is for distinguishing 

between NREM sleep and REM sleep by using their distinct EEG spectra, the software 

distinguishes between wakefulness and sleep (either NREM or REM) by using information 

contained in the EMG. One practical problem in EMG measurements that we have 

recognized is that a constant background noise can easily contaminate EMG signals 

depending on EMG wire positioning during surgery. This suggests difficulty of classification 

between wakefulness and sleep by simply comparing EMG powers on particular epochs. 

Therefore, we developed a novel algorithm that specifically detects only wake epochs, 

utilizing variances between short time bins of EMG power in a single epoch. First, EMG 

power within every 0.5-second bin is calculated, and then its variance is determined over 8 

bins (over a 4-second sub-epoch). The final variance values are calculated after a total of five 

variance values within one 20-second epoch are filtered by median function. The median 

filter is very effective in excluding false calculations on epochs with micro-muscle twitches 

during sleep episodes as in Figure 3-4.  
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Figure 3-4 Calculating EMG variance to determine sleep/wake status. The EMG power 
on every 0.5-sec bin is used to calculate EMG power variance value for each 4-sec sub-epoch. 
The EMG variance value for the 20-sec epoch is then calculated through a non-parametric 
median filter as shown in this schematic diagram. 
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After the program calculates a final EMG variance value on all the epochs, the user selects, 

through a graphical user interface, one threshold that discriminates between wake and sleep. 

 

User-friendly interfaces enabling fast sleep-staging corrections 

Although pursuing perfect sleep scoring with automated algorithms is a critical step, 

building user-friendly interfaces plays an important practical role when a large number of 

sleep recordings are analyzed. When we execute SleepyScore, we are able to score intuitively, 

requiring no manuals, since the software uses plenty of graphical user interfaces (GUI) from 

selecting date of analysis and recording files, to the finishing window. In particular, a 

window for manually modifying sleep stages helps us identify and correct unavoidable mis-

staging by the software. On this window, a graph of delta power or theta/delta ratio is shown 

right above the corresponding hypnogram, and with a simple click on a epoch of interest, the 

raw EEG/EMG data will be instantaneously displayed, enabling us to swiftly verify or 

correct the sleep stage (Figure 3-5). 

When the sleep scoring is over, files with sleep stages, hypnograms, and values of all 

the sleep parameters are automatically generated. As I mentioned earlier, these files are 

imported automatically to our database, SleepyDB, for our forward genetic screening, and we 

can almost instantaneously compare the sleep parameters with that of the entire cohort. 
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Figure 3-5 Instantaneously switching between two windows in SleepyScore to 
seamlessly manual-correct sleep stages. By examining sleep stages with corresponding 
delta power graph (or delta/theta ratio) above the hypnogram, users can easily find suspect 
epochs where the software may have potentially made a mistake. Clicking on that portion of 
hypnogram instantaneously displays the second window,which displays raw EEG/EMG data 
and allows re-staging as needed. 
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Example 1: Wildtype C57BL/6J mice 

To examine and validate usability of SleepyScore on sleep screening, accuracy, 

specificity and sensitivity of each sleep stages are determined using EEG/EMG data from 8 

male C57BL/6J mice. 

As shown in Table 3-1, SleepyScore maintains about 92% in overall accuracy on 

fully automated scoring, which is slightly less than ~95% variability between two skilled 

human scorers. However, after a user spends maximum of 10 minutes modifying obvious 

computer errors, we observed significant increases in all the parameters; in particular, 

accuracy now improves to 98%, suggesting the software is functional for our purpose of 

scoring sleep data to perform accurate and robust comparisons between mutagenized mice. 

 

Example 2: Orexin null mice - abnormal transitions with preserved micro-architecture 

In addition to the ability to score sleep data accurately and precisely, the software is 

obviously required to detect sleep abnormalities in our forward genetic screening. EEG/EMG 

data for two distinct mouse strains with known sleep abnormalities, orexin-null and 

goosecoid-like (Gscl)-null mice, are available in our laboratory, and we utilized these 

recordings for further validating our software. 

Even though orexin-null mice show essentially normal micro-architecture on both 

EEG and EMG, these mice exhibit frequent abnormal direct transitions from wakefulness to 

REM sleep mostly during dark phase, called cataplexy, whereas wildtype mice never exhibit 

these transitions (Chemelli et al., 1999). Since we do not include any algorithm that prohibits 

the transition from wakefulness to REM sleep, the software correctly detects cataplexy 
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Automated Scoring

Wake NREM REM

Genotype Strain Sensitivity Specificity Sensitivity Specificity Sensitivity Specificity Accuracy

WT C57BL/6J 8 91.85 ± 3.50% 92.67 ± 3.77% 92.72 ± 4.48% 92.14 ± 3.18% 93.45 ± 7.11% 92.26 ± 2.56% 92.84 ± 1.57%

Orexin-/- C57BL/6J 3 97.55 ± 1.35% 87.68 ± 7.11% 88.26 ± 7.13% 96.11 ± 1.88% 87.06 ± 7.68% 93.45 ± 3.97% 93.14 ± 3.95%

GSCL-/- C57BL/6J 3 99.27 ± 0.17% 89.32 ± 2.72% 88.55 ± 2.86% 99.01 ± 0.30% 96.25 ± 1.36% 94.46 ± 1.67% 94.72 ± 1.69%

Automated Scoring with maximum of 10 minutes modifying obvious computer errors

Wake NREM REM

Genotype Strain Sensitivity Specificity Sensitivity Specificity Sensitivity Specificity Accuracy

WT C57BL/6J 8 97.65 ± 2.48% 97.47 ± 2.13% 97.66 ± 2.19% 97.48 ± 2.29% 96.08 ± 4.75% 97.72 ± 2.27% 97.93 ± 1.33%

Orexin-/- C57BL/6J 3 98.29 ± 0.59% 92.81 ± 3.52% 92.49 ± 4.31% 97.96 ± 0.41% 95.54 ± 2.43% 95.71 ± 2.31% 95.66 ± 2.03%

GSCL-/- C57BL/6J 3 99.37 ± 0.12% 94.57 ± 0.52% 94.32 ± 0.47% 99.16 ± 0.25% 96.94 ± 1.35% 97.13 ± 0.43% 97.18 ± 0.43%

Number
of mice

Number
of mice

 

Table 3-1 Summary of the SleepyScore performance. 24-h basal EEG/EMG recordings 
with 12:12-h light/dark cycle were scored using the SleepScore. Each value represents the 
mean ± SD. The top table shows total accuracy, sensitivity and specificity of each sleep 
stages, using the automated scoring algorithm of SleepyScore. The bottom table shows final 
performance after maximum 10 min/recording of manual corrections. 
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Figure 3-6 Sample hypnograms with automated (SleepyScore) and manual scoring 
using the same 24 hours EEG/EMG recording of a wild type mouse. W represents a 
period of Wakefulness; NR, NREM sleep; R, REM sleep. 

A 

B 
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Figure 3-7 SleepyScore correctly stages cataplectic attacks of orexin-null mice. Note 
episodes of cataplexy during dark phase, marked by arrowheads, on both automated and 
manual scoring results. 

A 

B 
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attacks as in Figure 3-7. Also, overall accuracy and REM sleep sensitivity are also 

maintained at over 95%, enabling robust screen on forward genetics. 

 
Example 3: Gscl null mice - abnormal REM micro-architecture 

In contrast to orexin-null mice that have transitional abnormality, Gscl-null mice 

show abnormal EEG power spectra in REM sleep (Funato et al., 2010). Indeed, the 

abnormality in EEG micro-architectures tends to be overlooked in large-scale screenings 

without a double-checking system through visual inspection in place. SleepyScore also has 

difficulty detecting this type of anomalies through its automated scoring algorithm, since the 

software compares subject epochs with 15 reference NREM and REM epochs from the same 

individual mouse. However, unlike other fully automated sleep scoring programs, the 

opportunity to visually inspect raw EEG characteristics during REM sleep is preserved in 

SleepyScore, typically when the 15 REM sleep references are initially selected as shown in 

Figure 3-8. Therefore, in a sense, we are forced to perform additional inspection of the sleep 

characteristics of each mouse before elimination. 

 

Discussion 

As mentioned above, SleepyScore allows us to score many long sleep recordings in a 

significantly shorter time than manual scoring by incorporating novel algorithms and 

intuitive graphical user-interfaces. The overall accuracy is always over 90% just using the 

automated algorithm, and the accuracy increases to 98% when a user performs modifications 

for no more than 10 minutes. Also, validation using orexin-null and Gscl-null mice shows 

that SleepyScore has the ability to detect sleep/wake abnormalities in state transitions as well 
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as in micro-acchitectures. An updated version of SleepyScore will implement additional 

functions to quantitatively assess the markers of homeostatic sleep need by extracting decay 

characteristics of NREM delta power as well as cumulative NREM episode durations 

(NREM consolidation), particularly during the recovery recordings after sleep deprivation. 
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Figure 3-8 Abnormal EEG micro-architecture during REM sleep on Gscl-null mice. A 
typical REM EEG from a Gscl-null mice showing abnormal delta-power contaminations (A) 
as compared with a typical, “clean” REM epoch in a wildtype mice (B). See the frequency 
spectrum display in the lower left panel of the window. Although SleepyScore is unable to 
automatically detect EEG/EMG micro-architecture abnormalities, users have an ample 
opportunity to examine the potential micro-architecture ablations when they select reference 
epochs at the beginning of executing the software. 
 

 

A 

B 
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CHAPTER FOUR 
 

FORWARD GENETICS OF SLEEP/WAKE IN MICE 

 
Introduction 

With the enabling technologies as described in previous chapters at hand, we have 

now been conducting a large-scale forward genetic screening of sleep/wake behaviors in 

mice. We specifically chose a dominant screening of ENU-mutagenized G1 or F1 mice, 

which has a significant potential in primarily detecting strong gain-of-function mutations 

with a relatively modest throughput of phenotypic assay. In this chapter, I will describe the 

approaches and our findings, with a highlight on two promising mutant lines recently 

identified. 

 

Approaches 

Mice 

ENU-mutagenized C57BL/6 male mice were provided from the laboratory of Dr. Joseph 

Takahashi at UT Southwestern and the laboratory of Dr. Shigeharu Wakana at RIKEN 

BioResource Center (Tsukuba, Ibaraki, JAPAN). Mice were provided food and water ad lib, 

housing in regular cages pre- and post-recording periods, and switched to special recording 

cages with food and hydrated gels during EEG/EMG recordings. All mice were 12-16 weeks 

old at time of surgery and singly housed, kept always under conditions of controlled 

temperature and humidity, and maintained on a 12:12-hour light:dark cycle. 
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All animal experiments were performed under protocols approved by the Institutional 

Animal Care and Use Committee of the University of Texas Southwestern Medical Center at 

Dallas and were in strict accordance with NIH guidelines. 

For the primary screen, we have now been conducting two slightly different screens, at the 

G1 generation and F1 generation as shown in Figure 4-1, aiming for up to 10,000 mice. 

While G1 mice are generated by crossing ENU-injected (G0) C57BL/6J males with wildtype 

C57BL/6J females, F1 primary screening utilizes mice that are generated by directly crossing 

ENU-injected (G0) C57BL/6J males with wildtype C57BL/6N females, which skips one 

generation thus enabling us to shorten the experimental duration towards genetic mapping. 

As shown in Table 4-1, wildtype male mice with the C57BL/6J, C57BL/6N, and C57BL/10J 

backgrounds exhibit essentially identical sleep phenotype with regard to all major 

quantitative parameters of sleep. This suggests that the subtle differences of genetic 

background within the C57BL family of inbred strains are unlikely to affect sleep parameters 

in the primary screening either at the G1 or F1 (C57BL/6J x C57BL/6N) mice..This also. 

assures that interference from inter-strain QTL is unlikely with respect to sleep phenotype in 

the later stage of genetic mapping at the N2 and N3 generations. 

 

Recording Methods 

For individual mice, we are measuring the hourly total time and mean episode durations 

(reflecting sleep-state fragmentation) of wake, NREM, and REM states, as well as the EEG 

power spectra (in particular, delta power in NREM and theta power in REM). EEG delta 

power is the most reliable marker for the “depth” of NREM sleep (Franken et al., 2001; 
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Bjorness et al., 2009)and is closely monitored during the recovery NREM sleep after 4 hours 

of sleep deprivation. Each mouse is completely acclimated to the housing condition with 

controlled light/dark cycle and to the tethered recording setup for at two weeks before the 

actual recording. EEG/EMG is recorded for at least 3 days in a special cage. We also 

optimized our methods for automated sleep deprivation for genetic screening, using gyratory 

shakers (120 rpm, programmed to shake/stop for 1-10 seconds at random) (Sinton et al., 

2009). 

 

Identification of causal mutations 

Once we find a phenotypically interesting G1 or F1 mouse, we cross him with wildtype 

C57BL/6N or C57BL/10J females in order to test the heritability of the phenotype. Since the 

G1 mice carry heterozygous (dominant) mutations, up to one half of the offspring is expected 

to exhibit the same phenotype, if the phenotype is indeed due to an induced mutation. Once 

the heritability of sleep phenotype is confirmed, we will map the causal mutation by classical 

linkage analysis, after generating ~100 N2 mice by backcrossing the mutant mouse with the 

same inbred counter strain we used for generating F1 mice. For genotyping single-nucleotide 

polymorphisms across the genome, we use a microfluidic PCR device (Fluidigm 

BioMarkTM HD System) that can simultaneously genotype up to 96 loci for up to 96 N2 

mice in a single run. The relative paucity of ENU-induced mutations (estimated 30-40 coding 

mutations across the genome) ensures that we can identify the causal mutation once we find a 

heritable mutant trait. Simultaneously, we analyze the ENU induced mutations across the 

exome on the N2 mice by whole-exome sequencing with ~50X read coverage (McDermott  
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Figure 4-1 Breeding Diagram for Mapping Causal Mutations. (A) Primary screening at 
G1 generation with a pure C57BL/6J background. Once a phenodeviant (putative mutant) 
mouse from G1 generation is identified, two additional crosses with a different inbred strain 
are required to map the mutation that causes sleep abnormalities. (B) After we confirmed that 
all sleep parameters are identical between the C57BL/6J and C57BL/6N strains, we now skip 
one generation by crossing C57BL/6J G0 male mice directly with wildtype C57BL/6N 
female mice, and conduct the primary screen at F1 generation. 

A 

B 
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24 hr
Total time (min) 746.5  ± 39.4 (5.3%) 717.0  ± 61.4 (8.6%) 747.6  ± 27.7 (3.7%)
Episode duration (min) 11.9  ± 3.0 (25.0%) 10.4  ± 3.1 (30.0%) 3.6  ± 0.9 (23.8%)

Light priod
Total time (min) 227.0  ± 20.2 (8.9%) 206.0  ± 29.3 (14.2%) 291.3  ± 35.7 (12.2%)
Episode duration (min) 5.3  ± 0.9 (16.0%) 4.7  ± 1.3 (26.8%) 2.4  ± 0.3 (13.6%)

Dark period
Total time (min) 519.5  ± 38.5 (7.4%) 510.9  ± 46.3 (9.1%) 456.3  ± 31.1 (6.8%)
Episode duration (min) 27.3  ± 14.9 (54.4%) 20.9  ± 11.4 (54.5%) 5.7  ± 2.6 (46.4%)

24 hr
Total time (min) 622.5  ± 41.8 (6.7%) 653.8  ± 61.5 (9.4%) 621.4  ± 27.4 (4.4%)
Episode duration (min) 6.4  ± 0.6 (9.9%) 6.8  ± 1.0 (14.0%) 3.0  ± 0.7 (23.7%)

Light priod
Total time (min) 439.1  ± 16.5 (3.8%) 457.9  ± 27.2 (5.9%) 378.7  ± 33.0 (8.7%)
Episode duration (min) 6.5  ± 0.7 (10.8%) 7.1  ± 1.2 (16.5%) 3.1  ± 0.7 (21.5%)

Dark period
Total time (min) 183.4  ± 37.7 (20.5%) 195.9  ± 45.5 (23.3%) 242.7  ± 24.5 (10.1%)
Episode duration (min) 6.4  ± 0.9 (13.3%) 6.3  ± 1.2 (19.7%) 2.9  ± 1.0 (32.9%)

24 hr
Total time (min) 70.2  ± 8.1 (11.5%) 68.6  ± 7.6 (11.0%) 71.1  ± 9.3 (13.1%)
Episode duration (min) 1.6  ± 0.1 (7.1%) 1.7  ± 0.2 (11.0%) 1.3  ± 0.1 (10.2%)
REM latency (min) 7.8  ± 0.9 (11.0%) 8.5  ± 1.3 (15.6%) 3.8  ± 0.8 (22.0%)
Inter-REM interval (min) 28.2  ± 3.4 (12.2%) 30.7  ± 4.9 (16.0%) 24.1  ± 3.7 (15.2%)

Light priod
Total time (min) 53.9  ± 8.6 (15.9%) 55.9  ± 6.9 (12.3%) 50.0  ± 6.8 (13.6%)
Episode duration (min) 1.6  ± 0.1 (8.5%) 1.8  ± 0.2 (11.6%) 1.4  ± 0.2 (12.2%)
REM latency (min) 7.6  ± 0.9 (12.4%) 8.5  ± 1.5 (17.6%) 3.9  ± 0.9 (23.2%)
Inter-REM interval (min) 17.8  ± 3.0 (16.8%) 19.2  ± 3.0 (15.8%) 17.3  ± 3.5 (20.3%)

Dark period
Total time (min) 16.4  ± 4.4 (26.9%) 12.7  ± 4.3 (33.8%) 21.0  ± 8.4 (40.1%)
Episode duration (min) 1.6  ± 0.2 (12.2%) 1.3  ± 0.3 (23.4%) 1.1  ± 0.2 (19.0%)
REM latency (min) 8.5  ± 1.4 (16.8%) 8.6  ± 2.1 (24.3%) 3.6  ± 1.0 (27.1%)
Inter-REM interval (min) 46.2  ± 23.9 (51.7%) 48.8  ± 24.3 (49.9%) 33.7  ± 13.3 (39.4%)

Data represent the mean values ± SD (%RSD). Each strain consists of 15 mice.

C57BL/6J C57BL/6N C57BL/10J

NREM Sleep

Wake

REM Sleep

C57BL/6J C57BL/6N C57BL/10J

C57BL/6J C57BL/6N C57BL/10J

 
 
Table 4-1 Quantitative sleep/wake characteristics are identical among three inbred 
strains of the C57BL subfamily. Every sleep parameter was extensively examined before 
proceeding to the actual mutagenesis screening. Parameters for which the %RSD values are 
constantly less than 20% across the strains are shown in red; these can be considered “tight” 
parameters, suitable for use in the primary genetic screening as described in the text. 
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Figure 4-2 Experimental protocol for primary screening and some of the quantitative 
sleep parameters for phenotyping. (A) Before the actual recording session is started, mice 
are fully acclimated with the wired recording environment and light/dark cycles. At least 2 
days of basal EEG/EMG are recorded first. On the following day, the mice are sleep-
deprived using gyratory shakers (120 rpm, programmed to shake/stop for 1-10 seconds at 
random) for 4 hours at the beginning of light phase, followed by a recovery sleep recording 
until the end of the day. The housing cage is changed before sleep deprivation, so that normal 
mice will not sleep for another hour or so even after the end of the deprivation period. This 
allows screening for abnormal response to forced as well as spontaneously prolonged waking. 
(B) Once all the sleep stages are determined by the automated sleep-scoring system, the 
software calculates basic sleep parameters on an hourly basis.

A 

B 
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Center Sequencing Core in UT Southwestern Medical Center). Combining the linkage 

analysis result, which has a resolution of chromosomal region about ~25Mbp, and the next- 

generation deep sequencing data, we are able to pinpoint the single mutation that causes the 

sleep phenotype. 

 

Results of G1/F1 screening 

Examining ~7,000 G1/F1 mice through the primary screen, we have so far found 39 

initial phenodeviant G1/F1 mice. Although many of these mice represented non-heritable 

deviations, several promising pedigrees were identified. Now, we have already mapped 4 

causal mutations from 4 different pedigrees/phenotypes out of 11 pedigrees with confirmed 

heritability. 

In the next two sections, the two pedigrees for which the causal mutations were 

already identified will be described in some details. 

 

Example phenodeviant 1 - Markedly long NREM sleep time / short wake time 

This mouse shows significantly increased total sleep time in the basal recordings 

(Figure 4-3A and 4-3B). Although mice are nocturnal species, his wake time does not 

increase during the dark period, and he spends most of the day in sleep. The total time of 

wakefulness during the basal period is markedly diminished as compared to the entire G1 

cohort, with values more than 3.8 standard deviation below from the population mean 

(Figure 4-3C). Importantly, the mouse is otherwise healthy and his other behaviors including 

sleep homeostasis and reductions of delta power during recovery phase after forced sleep 
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deprivation are overtly normal on visual inspections. This mouse has been bred with wildtype 

C57BL/6N females in order to examine phenotype heritability. We observed clear double 

peaks in both of F1 and N2 generations, confirming the heritability (Figure 4-3D and 4-4). 

After we took tail DNAs from all the N2 mice (n=110 with 55 putative m/+ and 55 

putative +/+), we performed QTL analysis using R/qtl software (Broman et al., 2003; Smith 

et al., 2009). Genotyping was based on a panel of SNPs between C57BL/6J and C57BL/6N, 

which was recently assertained and confirmed in RIKEN BioResource Center in 

collaboration with Vivek Kumar (Kumar et al., 2013) in Takahashi laboratory at UT 

Southwestern (Figure 4-5). The result of the QTL analysis (with 24-hour wake time as 

quantitative trait) was impressive since a single peak with LOD score of >35 was detected on 

chromosome 9 (Figure 4-6). While there are more than 400 genes within this QTL region, we 

utilized a next-generation sequencing, particularly whole-exome sequencing, to narrow them 

down to a single nucleotide level. Indeed, the sequencing identified only one ENU-induced 

mutation within the region, and we named the mutated allele as Sleepy, after we confirmed 

the mutation by conventional direct sequencing on multiple affected mice, which predicted 

the hypersomnia phenotype with a 100% accuracy (Figure 4-7). 

It is important to note that we would be unable to isolate the Sleepy mutant if we had 

used home cage locomotor activity as a surrogate readout for sleep/wake behavior (Tang et 

al., 2002) in the large-scale screening (Figure 4-8). Even though the retrospective statistical 

analysis shows a significant reduction of the dark-phase and 24-hour home cage activity in 

the Sleepy mutants, the reduction is within 1 standard deviation from the mean value of G1 

population, which could not have been detected in the primary screen. The surrogate 
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parameter would not clearly separate two populations of mutant and normal mice at F1/N2 

generations, either. 
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Figure 4-3 Sleep/wake characterization of phenodeviant #1. (A and B) Representative 24-
hr basal hypnograms for a wild-type mouse (A) compared with Phenodeviant #1 (B). W 
represents a period of Wakefulness; NR, NREM sleep; R, REM sleep. (C and D) Histograms 
showing the distributions of 24-hour total time of wakefulness for basal recording in the G1 
primary screen (C) and in the F1 generation (D). 

A 

C 

B 

D 
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Figure 4-4 Hypersomnia phenotype is transmitted to N2 generation of phenodeviant #1. 
(A and B) Representative 24-hour basal hypnograms for N2 siblings with (B) and without 
(A) the phenotype. Clear double peaks for 24-hour wake time in the N2 generation are 
observed (C). 

A 

C 

B 



55 

 

 

Figure 4-5 Panel of SNP markers between C57BL/6J and C57BL/6N strains. We utilized 
these markers to narrow the QTL region down to the subchromosomal level. Markers were 
originally constructed by Vivek Kumar in the Takahashi lab at UT Southwestern, and 
supplemented by Wakana lab at RIKEN Tsukuba. 
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Figure 4-6 Linkage analysis for phenodeviant #1. The QTL analysis with C57BL/6J x 
C57BL/6N N2 mice successfully revealed single peak on chromosome 9 with a peak LOD 
score of more than 35. (putative m/+: n = 55, putative +/+: n = 55) 
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Figure 4-7 Direct sequencing on mutated region of phenodeviant #1. Whole-exome 
sequencing revealed that the mutant mice harbor a G to A transversion in the candidate locus 
named Sleepy. 
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Figure 4-8 Sleep abnormalities in the Sleepy mutant could not have been detected using 
home cage locomotor activity as surrogate readout in large-scale screening. (A-D) Home 
cage activity of Sleepy (SLP) mutants and normal mice (n = 5 each) over 3 days of recording 
(A), and averaged total activity counts during 24-hour day (B), 12-hour light phase (C), and 
12-hour dark phase (D). (E-J) Although statistical analysis of multiple mutant mice reveals 
reduced total home cage activities, these differences are within 1 standard deviation (SD) 
below the G1 population mean (E and G), which we would have been unable to pick up 
during the large-scale screen. In contrast, the EEG/EMG-based wake time in the Sleepy 
founder is ~4 x SD deviated from the population mean (H and J). 

A 

B 

E 

H 

C D 

F G 

I J 
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Example phenodeviant 2 - Short, highly fragmented REM sleep 

This mouse shows a markedly reduced mean episode duration of REM sleep 

throughout the recording period (Figure 4-9). Other sleep parameters, such as total time of 

wakefulness and NREM sleep, are within normal ranges, except for a reduction of total REM 

sleep time during basal recording (Figure 4-9C and 4-9D). No overt abnormalities on sleep 

homeostasis or delta power reductions are detected by visual inspection during recovery 

period from forced sleep deprivation. 

To test the heritability of this phenotype, we crossed this mouse with wildtype 

C57BL/6N females to produce F1 offspring. As shown in Figure 4-10, about half of the 

offspring from this phenodeviant G1 exhibit the same phenotype as G1, suggesting that this 

sleep behavior is indeed due to a Mendelian dominant mutation. 

We then performed QTL analysis after generating 56 N2 males (23 putative m/+ and 

33 putative +/+) from the F1 mouse which had the shortest mean episode duration of REM 

sleep (Figure 4-11). The linkage analysis revealed a clear, significant peak in a ~25 Mb 

interval on chromosome 14 (Figure 4-12), and from whole-exome sequencing, we identified 

a single ENU-induced missense mutation within that region. Also, the mutation was verified 

by conventional direct sequencing as in Figure 4-12B, and we named the allele as Dreamless. 
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Figure 4-9 REM sleep abnormality of Phenodeviant #2. (A and B) Representative 24-hour 
basal hypnograms for a phenotypically normal mouse (A) compared with Phenodeviant #2 
(B). Wrepresents a period of Wakefulness; NR, NREM sleep; R, REM sleep. Phenodeviant 
#2 shows highly fragmented REM sleep episodes throughout the EEG/EMG recording 
session. (C and D) Statistical analysis of total REM sleep time reveals a reduced total REM 
sleep time with 1.83 x standard deviation below the G1 population mean (C), whereas mean 
episode duration of REM sleep provides a stronger index of phenotype (D). 
 

A B 

C D 



61 

 

 
Figure 4-10 Histogram showing the distributions of mean episode duration of REM 
sleep on F1 mice of phenodeviant #2. The double peaks on F1 distribution are observed. 
The F1 mouse with shortest episode duration of REM sleep, which exhibited a duration even 
shorter than the G1 founder phenodeviant, was used for generating N2 mice. 
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Figure 4-11 The REM sleep abnormality of Phenodeviant #2 is heritable at the N2 
generation. (A and B) Representative 24-hour basal hypnograms for siblings of N2 mice 
with (B) and without (A) the short, fragmented REM phenotype. W represents a period of 
Wakefulness; NR, REM sleep; R, REM sleep. 

A B 

C 
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Figure 4-12 Mapping of Phenodeviant #2. Linkage analysis revealed a QTL peak on 
chromosome 14 with a LOD score of 11 (A). (putative m/+: n = 23, putative +/+: n = 33) 
Whole-exome sequencing revealed a T to A transversion on the candidate locus, named 
Dreamless (B). 
 

A 

B 
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Discussion 

An individual grows increasingly sleepy after a long period of wakefulness, and 

taking a nap is the only way to dissipate such sleepiness. The fundamental neural mechanism 

for this powerful feedback control, called homeostatic sleep regulation, remains a mystery. 

The amount of sleep per 24-h day is kept relatively constant for each species partly because 

of this feedback mechanism, but it also remains mysterious as to how the “set point” for 

sleep/wake amounts is determined and maintained. Forward genetic analysis can be a 

powerful approach for such a biological problem with no obvious exploratory entry point. 

However, as far as I know, forward genetic analysis of sleep based on true polysomnographic 

(EEG/EMG-based) phenotyping has never been attempted in mammals simply because it has 

been deemed too labor-intensive. 

Here, I describe a forward genetic screen of “true” sleep phenotype in ENU-

mutagenized mice, which we initiated three years ago. Indeed, our EEG/EMG-based screen 

identified a variety of mutants; such as a pedigree with markedly long NREM sleep time and 

a pedigree that exhibits short and fragmented REM sleep. ENU mutagenesis in inbred mice 

with a well-characterized genetic background ensured the determination of causal mutations 

for the identified sleep phenotypes, demonstrated in successful mapping of two causal 

mutations mentioned in this chapter. The use of two extremely closely related inbred strains, 

C57BL/6J and C57BL/6N with no detectable sleep/wake differences, ensured no interference 

from inter-strain QTLs, while providing enough inter-strain SNP markers at least for 

relatively crude linkage analysis. We found that, when combined with next-generation, 
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whole-exome deep sequencing, the relatively crude QTL analysis with ~100 SNP markers 

and 50-100 N2 mice was indeed sufficient to identify the single, ENU-induced causal 

mutation (Fairfield et al., 2011). 

In order to claim a candidate mutation from a mapped QTL as a causal gene for the 

associated phenotype, the following types of evidence are required (Glazier et al., 2002; 

Abiola et al., 2003; Flint et al., 2005). 

• Two or more different mutant alleles within the same gene 

• Mutation resulting in an obviously drastic change of the encoded protein, such as 

frame shift, missense mutation at a highly conserved residue, and splicing mutation 

• Mutation resulting in altered gene function or expression levels demonstrable in 

experiments in vivo or in vitro  

• Duplication of phenotype by transgenic expression of the mutant allele or by 

reproducing the mutant allele by genetic knock-ins or genome editing strategies 

• Genetic interaction of the mutant allele with null (or hypomorph) allele 

• Demonstration of a mutant allele in another species 

Currently, genetic verification of identified mutations is underway utilizing the zinc finger 

nuclease (ZFN) (Miller et al., 2007; Wood et al., 2011) and CRISPR/Cas (Cho et al., 2013; 

Cong et al., 2013) technologies, inducing the same mutations and/or functionally equivalent 

mutations on the mouse genome, which can be either homozygous or heterozygous already at 

the transgenic founder generation. In addition to the genetic verification, we are also 

performing in vitro functional studies of the mutated genes in transfected cells, which can be 

used to test the effects of the mutant alleles on relevant cellular phenotypes. 
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Outlook and Future Studies 

Through this large-scale sleep screening in mice, we found that a heterozygous 

single-nucleotide change can induce a significant change in sleep behavior, implying the 

existence of nonredundant and so-far undiscovered molecular mechanisms of sleep 

regulation. 

More studies must be performed to understand the role of the identified genes in vitro 

and in vivo in order to clarify the detailed biochemical/physiological mechanisms through 

which these genes govern sleep/wake regulations. In particular, we are analyzing the 

biochemical consequences of these mutations in vitro using transfected cell lines. We have 

been analyzing allelic interactions of the identified ENU-induced mutations with a number of 

targeted mutant alleles including knockouts, by measuring sleep/wake behavior in mice 

carrying different allele combinations. We have also been elucidating how and where in the 

brain these genetic changes eventually lead to the organismal-level sleep phenotype, utilizing 

viral- and transgene-mediated expression of mutant alleles. 

With respect to furthering the genetic screen, a modifier screen, such as an enhancer 

or suppressor screen starting with the identified mutants, may be useful in order to discover 

additional genes working in the same genetic pathway. Even more straight forward, the 

continuation of the ongoing primary mutagenesis screen in order to identify additional 

mutant pedigrees will be also highly valuable, since accumulation of mutations in different 

genes that result in similar phenotypes (e.g., an increased sleep time) will eventually start to 

point to a biological pathway that dictates the phenotype. Since the fundamental molecular 
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mechanism of sleep/wake behavior remains mysterious, the results from these unbiased 

screens will continue to be highly valuable. We will eventually be able to connect the genetic 

“dots” with each other by finding missing pieces of the biologic puzzle, in order to reveal the 

entire picture. 

We began our studies with the aim of gaining a fundamental understanding of sleep. 

Our forward genetic screening system in sleep/wake behavior in mice indeed has proven to 

be a powerful tool to identify candidate sleep-regulating genes. Since the mutant traits we 

found are very severe even in heterozygotes, we speculate that the mutated genes are at or 

near the very core of the molecular pathway regulating sleep in mice. Eventually, finding 

such sleep-regulating genes and pathways in mammals will make an enormous impact on the 

entire field of neuroscience. 
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