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ABSTRACT

Sleep disorders arise by an interaction between the environment and the genetic
makeup of the individual but the relative contribution of nature and nurture varies with
diseases. At one extreme are the disorders with simple Mendelian patterns of inheritance
such as familial advanced sleep phase syndrome, and at the other extreme are diseases such
as insomnia, which can be associated with a multitude of medical and psychiatric
conditions. In this article, we review data on the relative contribution of genetic and
environmental factors in the pathogenesis of various sleep disorders. The understanding of
many of these disorders has been advanced by the study of sleep and circadian rhythms in
model laboratory organisms. We summarize this model system research and how it relates
to human sleep disorders. The current challenge in this field is the identification of
susceptibility genetic loci for complex diseases such as obstructive sleep apnea. We
anticipate such identification will increase our ability to assess risk for disease before
symptom onset and by doing so will shift the focus from treatment to prevention of disease.
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CIRCADIAN REGULATION OF SLEEP
AND CIRCADIAN SLEEP DISORDERS

The Circadian Clock

Virtually all organisms display biologic rhythms,
called circadian rhythms, which are synchronized to
the 24-hour earth rotation cycle. In addition to
having an approximate 24-hour period, circadian
clocks have a few other key properties. First, they
are free running. That is, they continue to keep time
even in the absence of external cues. However, nor-
mally clocks are entrained to external cues provided by
the environment. The best understood entraining
signal is light, which changes with sun exposure. In

mammals, a retinal photoreceptor molecule—mela-
nopsin, which is found in retinal ganglion cells but
not rods and cones—transduces the light entrainment
signal. This signal is carried to the suprachiasmatic
nucleus (SCN), the site of the central circadian clock,
by the retinohypothalamic tract (for review, see Peir-
son and Foster1). Another entrainment signal, re-
stricted feeding, does not require the SCN.2 Finally,
circadian clocks show temperature compensation,
where the period remains constant at different tem-
peratures. Control of circadian rhythm of three phys-
iological variables—sleep, core body temperature, and
melatonin secretion—is anatomically housed in neu-
rons of the SCN in the hypothalamus.
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In 1971, Ron Konopka and Seymour Benzer
ushered in the modern era of circadian research when
they published a description of the first three circadian
mutants, which they had identified in the fruit fly
Drosophila melanogaster.3 These three mutants turned
out to be different mutations in the same gene, which
they named period or per. Per turned out to be an integral
part of the core molecular machinery that makes up the
clock. There is one per gene in Drosophila but three
separate per genes in mammals.

The 35 years of intense research that followed the
identification of per mutants have led to a remarkably
detailed understanding of the molecular underpinnings
of the circadian clock.4 This clock mechanism, which is
phylogenetically conserved and similar in flies and mam-
mals, consists of a cell-autonomous transcriptional-
translational negative feedback loop. At the core of the
clock are a pair of transcription factors, CLOCK and
BMAL1, that activate per gene transcription as well as
transcription of other genes, cryptochrome or cry (the
identity of this second gene is one arena in which
mammals and fruit flies differ as in Drosophila, the
PER partner is TIMELESS). The mRNA from these
genes is transported to the cell cytoplasm, where it is
translated into protein. In the cytoplasm, PER proteins
form a heterodimer with CRY proteins; when this
protein complex reaches a critical concentration, it trans-
locates back into the nucleus. In the nucleus, this com-
plex then negatively regulates the positive transcriptional
activity of CLK:BMAL1, at which point the negative
feedback loop is completed.

A major determinant of the duration of this
molecular oscillation is the time it takes PER proteins to
reach the critical concentration in the cytoplasm to be
transported back into the nucleus. Proteolytic degrada-
tion lowers PER concentrations and therefore turns
out to be a key site for regulation of this process. PER
proteins are marked for degradation by phosphorylation
by one or more protein kinases. Therefore, mutations in
either the kinases themselves or in the amino acids in
PER, which the kinases phosphorylate, would be pre-
dicted to stabilize PER protein, expedite its nuclear
entry, and therefore shorten the period of the clock.

Advanced Sleep Phase Syndrome

Thirty years after the publication of Konopka and
Benzer’s pioneering work on per mutants in Drosophila,
a mutation in one of the three human per genes, per2,
was found to account for an autosomal-dominant circa-
dian sleep disorder called familial advanced sleep phase
syndrome (FASPS).5 Affected members of this extended
family have a sleep onset and waking time that are 3 to 4
hours earlier than unaffected family members.6 When
Ptacek and colleagues mapped the FASPS trait to a
region of chromosome 2q known to contain one of the

three human per genes, the possibility that there was a
mutation in the per2 gene itself was immediately
appreciated. Indeed, there was a mutation of a con-
served serine amino acid, in a region of the protein
known to bind caseine kinase 1e.5 Toh et al went on to
demonstrate in vitro that this mutation causes reduced
phosphorylation of PER by caseine kinase 1e.5 Given
what was known from work in Drosophila and rodents
about the mechanism of regulation of circadian period,
a possible explanation for the short period that has been
shown in these FASPS patients is that the PER protein
mutation results in reduced phosphorylation of this
protein, increasing its stability and cytoplasmic con-
centration, and therefore promoting its precocious en-
try into the nucleus. Research is ongoing to test this
model.

Recently, a genetic association study showed that
another single nucleotide polymorphism in the 50-un-
translated region of per2 was more likely to be found in
patients with extreme morning preference than in pa-
tients with evening preference.7 The biochemical and
cell biologic consequences of this polymorphism are
unknown.

Not long after the identification of the disease
gene in this first FASPS family, a second gene causing
FASPS was identified in a different family. However,
this time the trait was not linked to any of the three
human per genes. It was instead linked to the protein
kinase casein kinase 1d.8 A mutation in a conserved
threonine resulted in reduced activity of the enzyme in
vitro. To show that this mutation was causing the
patient syndrome and was not simply a linked poly-
morphism, Xu and colleagues made elegant use of the
previously established animal models for circadian
rhythm studies by demonstrating an alteration of the
circadian clock in both mice and fruit flies.8 Although
the in vivo phosphorylation substrate for casein kinase
1d remains unknown, these findings show that protein
phosphorylation is a major determinant of the period of
human circadian rhythms, just as it is in Drosophila,
mice, and hamsters.

Delayed Sleep Phase Syndrome: Is There a

Genetic Etiology?

The identification of two genes, which are implicated in
the circadian clock of model organisms as the cause for
FASPS, leads to an optimistic expectation that for the
opposite phenotype, delayed sleep phase syndrome,
underlying genetic lesions will also be identified. This
optimism is tempered, however, by a few points. First,
delayed sleep phase syndrome is more common than
advanced sleep phase syndrome; therefore, if there is a
genetic predisposition, it is more likely to be genetically
heterogeneous. Second, it is evident that environmental
psychosocial variables influence the likelihood of
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delayed sleep phase. Social activities, television shows,
and Internet browsing tend to be late evening endeav-
ors, in particular among teenagers. Finally, poor sleep
hygiene, including reduced or mistimed exposure to the
phase-advancing effects of morning light, can result in
a mildly delayed sleep phase because the endogenous
free-running human circadian period in most people is
slightly longer than 24 hours.9 In support of a more
complicated pathogenesis for delayed sleep phase syn-
drome is the fact that a large family with convincing
Mendelian segregation of a delayed sleep phase trait has
yet to be described.

Despite this likely genetic heterogeneity and the
input of environment, close to 50% of patients with
delayed sleep phase report a relative with similar circa-
dian tendencies.10 Moreover, monozygotic twins have
matching circadian tendencies11 and a single family
pedigree with higher than normal reports of eveningness
has been described,12 suggesting an underlying genetic
predisposition. Attempts have been made to identify
genetic polymorphisms in candidate circadian genes in
subjects with delayed sleep phase syndrome. Lower
scores on the Horne-Ostberg morningness-eveningness
scale13 indicating delayed sleep phase tendencies have
been reported to be associated with a polymorphism in
the 30-untranslated region of the human CLOCK
gene,14 although a follow-up study failed to reproduce
this association.15 A structural polymorphism in the
human per3 gene has also been shown to be associated
with delayed sleep phase,16 although the functional
consequences of this amino acid change or even the
role of the PER3 protein in the function of the central
clock remains unclear.

Other Circadian Sleep Disorders

Blind patients who lack a functional retina cannot
entrain their circadian cycle to light. Their circadian
cycle is therefore free running; because the majority of
humans have a circadian period that is slightly longer
than 24 hours,9 blind patients will be phase delayed by 20
to 30 minutes every day such that after 5 weeks, their
physiology will be 12 hours out of phase with the day-
night cycle.17 Instead of light, alternative cues have been
attempted to entrain the circadian rhythm of blind
patients. Melatonin, a pineal hormone that has weak
and time-of-day-dependent effects on the circadian
phase in people with normal light input and normal
melatonin levels,18 can entrain the central clock of blind
patients.19 To date, there have been few searches for
association between mutations in components of the
light or melatonin entrainment system, although it is
likely that such mutations exist. In fact, one study
showed an association between delayed sleep phase and
a polymorphism in the rate-limiting enzyme in melato-
nin synthesis.20

HOMEOSTATIC REGULATION OF SLEEP
AND ITS GENETIC UNDERPINNINGS

Process S: The Homeostatic Sleep Process

Although we knowmuch about the molecular basis of the
circadian clock, we know little about the molecular
genetic basis of the sleep homeostatic process. A current
popular model posits that sleep is controlled by two
interacting processes, the circadian process described
above and a sleep promoting process (process S).21 The
pressure for sleep increases as a function of the duration of
prior wakefulness. The process is homeostatic in that
longer durations of wakefulness lead to increased amounts
of subsequent recovery sleep. Increases in electroencepha-
logram (EEG) waves of the delta frequencies are fre-
quently used as a measure of the sleep homeostatic drive.

Studies to assess sleep homeostasis often involve
sleep deprivation for fixed periods and examining be-
havioral impairment during sleep deprivation and/or
delta power during recovery sleep. Studies in healthy
humans have shown that there are major differences
between individuals in the degree of behavioral impair-
ment during 36 hours of sleep deprivation. Within
individual subjects, however, the response is highly
reproducible.22,23 Thus, the degree of sleep drive is a
biologic trait. Further studies are needed to determine if
this trait in humans is genetically determined.

There is strong evidence that in another mammal,
the laboratory mouse, sleep drive is indeed genetically
determined. Franken et al24 studied increases in EEG
delta power in different inbred mouse strains. The in-
crease in delta power was reproducible within a strain but
different between strains. Franken et al24 studied 32
recombinant inbred lines of mice that were derived from
crosses between DBA and C57BL/6 mice (DBA and
C57BL/6 mice have different responses to sleep depriva-
tion). They found that there were substantial differences
in increases in delta power between the recombinant
inbred lines and they were able to identify a quantitative
trait locus (QTL) for this difference on mouse chromo-
some 13. This QTL has a logarithm of odds (LOD) score
of 3.6, which is highly significant. The gene responsible
for this quantitative trait remains to be determined.

This research in mice suggests that there will also
be variants of the genes for sleep promotion in humans
and that these variants will affect the response to sleep
deprivation. Moreover, it is conceivable that certain
variants in these genes would result in excessive sleepi-
ness and other variants would result in excessive wakeful-
ness and hence insomnia (see further below).

The Use of Drosophila sp. to Study Sleep

Regulation and Its Genetic Determinants

The phenomenal success of using Drosophila in identi-
fying circadian clock genes of relevance to human

GENETIC BASIS FOR SLEEP REGULATION AND SLEEP DISORDERS/RAIZEN ET AL 469

D
ow

nl
oa

de
d 

by
: U

ni
ve

rs
ity

 o
f P

en
ns

yl
va

ni
a 

Li
br

ar
ie

s.
 C

op
yr

ig
ht

ed
 m

at
er

ia
l.



disorders raised the possibility that Drosophila would
also prove to be a valuable genetic model system for the
study of sleep. In 2000, two groups described the
remarkable similarity between rest in Drosophila and
sleep in mammals.25,26 Like humans, Drosophila have a
consolidated sleep period during the night,25,26 they
exhibit recovery sleep following sleep deprivation, and
they are less responsive during sleep.25,26 Moreover,
there are similar pharmacological responses in Droso-
phila: caffeine reduces the amount of sleep,25,26 antihist-
amines increase sleep,26 and modafinil reduces the
duration of sleep bouts.27

Drosophila studies have shown that the tran-
scription factor cyclic adenosine monophosphate re-
sponse element binding protein (CREB) plays a role in
sleep-wake control. Mutants with reduced CREB have
increased sleep, and continuous activation of the PKA/
CREB pathway reduces sleep.28 This finding indicates
that genes whose transcription is affected by CREB
promote wakefulness. A phylogenetically conserved
role for CREB in promoting wakefulness was demon-
strated by showing that mice lacking two of the three
isoforms of CREB have reduced wakefulness.29

Although the studies of the effects of CREB
signaling on sleep-wake regulation were hypothesis-
driven experiments, Drosophila also offers the power
of identifying genes in a hypothesis-independent fashion
by using genetic screens. Indeed, such a screen has led to
the identification of the Shaker potassium channel gene
as a promoter of sleep.30

Currently, the chief disadvantage of Drosophila
for understanding sleep regulation is that the neuro-
anatomy of insects is poorly understood in comparison to
that of mammals. Sleep, unlike cell-autonomous circa-
dian clocks, is the product of a circuit composed of
multiple neuronal groups. Two articles have, however,
recently described a role of the mushroom body in the fly
brain for sleep-wake control.31,32

Thus, moving forward, we can anticipate the field
of sleep research in Drosophila to yield new insights into
the molecular/genetic basis of sleep regulation.

DISORDERS OF BEHAVIORAL STATE
INSTABILITY: NARCOLEPSY

Clinical Features

Narcolepsy is a disease characterized by five cardinal
features: excessive daytime sleepiness, cataplexy, frag-
mented nocturnal sleep, sleep paralysis, and hypnogogic
or hypnopompic hallucinations. Cataplexy refers to the
sudden loss of muscle tone associated with emotional
outbursts, usually with laughing. Cataplectic spells can
be as subtle as brief jaw drop or slight knee buckling or as
severe as complete paralysis lasting minutes. It is believed
that cataplexy represents the normal muscle atonia seen

during rapid eye movement (REM) sleep expressed
inappropriately during wakefulness. Sleep paralysis is
a similar phenomenon to cataplexy except that the
atonia involves the whole body (except the diaphragm
and extraocular muscles) and it occurs at sleep-wake
transitions. Although the presence of cataplexy is
highly suggestive of the diagnosis of narcolepsy, sleep
paralysis is far less specific and can occur in association
with other sleep disorders or in normal individuals.
Interestingly, twin studies suggest that the propensity
for sleep paralysis is heritable33 and familial cases of
autosomal-dominant sleep paralysis have been de-
scribed.34,35 Hypnogogic and hypnopompic hallucina-
tions are dreamlike thoughts during wakefulness that
occur during wake-sleep transitions (hypnogogic) or
sleep-wake transitions (hypnopompic). The current
gold standard diagnostic test for narcolepsy is the
multiple sleep latency test (MSLT). Narcoleptics
show reduced mean sleep latencies as well as sleep-
onset REM periods, in which REM sleep is recorded
within 15 minutes of sleep onset.

Based on these five clinical features and the
MSLT findings, a popular notion is that narcolepsy
represents a disease in which there is behavioral state
instability. Sleepiness is the result of instability of the
wake state; nocturnal sleep fragmentation is the result of
instability of the sleep state; and cataplexy, sleep paraly-
sis, and hypnogogic hallucinations represent intrusion of
features of REM sleep into wakefulness.

Narcolepsy Pathogenesis

Prior to 1999, little was known about the pathogenesis
of narcolepsy. Studies of families and twins indicate
that narcolepsy arises by an interaction of the environ-
ment on a predisposed genetic substrate. Twin studies
showed concordance rates of �30%,36 suggesting both
a genetic as well as environmental factors in the patho-
genesis or on expression of the disorder. The influence
of genetics is illustrated by the greater than 10-fold
increased risk for narcolepsy with an affected first-
degree relative.36 Although not causal for the disorder,
genetic predisposition to narcolepsy is conferred by
HLA class II allele, DQB1*0602, usually in combina-
tion with DR2.36 Approximately 90% of patients with
narcolepsy and cataplexy carry this allele, whereas less
than 40% of people in the general population carry the
allele. The association of the disease with a gene
encoding a major histocompatibility antigen combined
with the apparent environmental factors in the patho-
genesis has led to the suggestion that the immune system
plays a role in the pathogenesis of narcolepsy, much like
juvenile diabetes or rheumatoid arthritis. However, no
convincing evidence for inflammation has ever been
demonstrated, immune-modifying therapy has had little
if any impact on disease progression, and extensive
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searches for autoantibodies in narcoleptics have come up
empty-handed.37 Therefore, a role for the immune sys-
tem in the pathogenesis remains unproven.

A Defect in Hypocretin Neurotransmission

In August of 1999, two articles published in the journal
Cell led to a giant advance in the understanding of the
pathogenesis of narcolepsy as well as in the understand-
ing of the basic neurobiology of sleep. In the first article,
Mignot and colleagues showed that in a canine colony in
which narcolepsy segregated in an autosomal-recessive
fashion, the causative mutation was in a receptor for a
hypothalamic peptide called hypocretin,38 which is
found in the posterior hypothalamus in neurons that
project to many of the wake promoting brain nuclei.39 In
the second article, Chemelli and colleagues showed that
mice with targeted disruption of the gene encoding
preprohypocretin, the precursor protein to hypocretin
(also known as orexin), displayed narcoleptic features,
including direct transitions between wakefulness and
REM sleep, a transition never observed normally.40

The demonstration that defective hypocretin
neurotransmission results in narcolepsy in animal mod-
els was rapidly translated to the clinic with the finding
that cerebrospinal fluid (CSF) hypocretin levels are
reduced in narcoleptics patients.41 This reduction
might be explained by degeneration of the neurons
that make hypocretin as a postmortem pathological
study of narcoleptic’s brains have shown an absence of
hypocretin immunoreactivity in the hypothalamus.42,43

A follow-up study showed absence of other immuno-
logical antigens expressed by hypocretinergic neu-
rons,44 demonstrating an absence of these neurons.
The finding of low CSF hypocretin can be diagnosti-
cally useful in the appropriate clinical setting.45 Inter-
estingly, patients with all the features of narcolepsy,
including sleep onset REM periods but without cata-
plexy, can have normal levels of CSF hypocretin,
suggesting that the pathogenesis of narcolepsy without
cataplexy is different from the pathogenesis of narco-
lepsy with cataplexy.45 Further supporting a pathophy-
siological distinction between these two clinical entities
is the finding that the association of HLA DQB1*0602
is far stronger among narcolepsy patients with cataplexy
than among those without cataplexy.46

Can one relate the previously known association
of narcolepsy with an HLA haplotype to the finding of
apparent degeneration of hypocretin neurons? One pos-
sible way to tie these together is to propose that in
narcoleptics there is an autoimmune attack on hypocre-
tin neurons. Despite the absence of direct evidence for
immune system activation, there has been a continued
search for environmental triggers. In this regard, it is
interesting that there may be an effect of birth month on
the likelihood of developing narcolepsy.47

In summary, narcolepsy results from loss of
hypothalamic neurons that contain hypocretin. Based
on the clinical features of narcolepsy and the available
neuroanatomic and neurophysiological data, Saper,
Chou, and Scammell have proposed a ‘‘flip-flop’’ model
for sleep-wake regulation and that the main role of
hypocretin is to stabilize behavioral state.48 Further
elaborations of the underlying neuronal circuitry for
this flip-flop switch control of REM sleep have been
elucidated.49 Therefore, the discovery of hypocretin
signaling with the use of genetic studies in animal
models 7 years ago has led to remarkable advances in
our understanding of the pathophysiology of narco-
lepsy and in our understanding of sleep regulation in
general. As in the case of circadian disorders, the
hypocretin story underlines the power of genetic model
systems to discover and understand genes that have
relevance to sleep disorders.

DISORDERS OF MOTOR CONTROL
DURING SLEEP: THE PARASOMNIAS

Clinical Features

According to the International Classification of Sleep
Disorders (ICSD-2), parasomnias are ‘‘undesirable
physical events or experiences that occur during entry
into sleep, within sleep, or during arousals from sleep.’’
Parasomnias are classified as disorders of arousal from
non-REM sleep, parasomnias usually associated with
REM sleep, and other parasomnias.

The disorders of arousal occur during non-REM
sleep. These parasomnias are more common in child-
hood and may be considered part of a continuum because
they share overlapping features. They include sleepwalk-
ing, confusional arousals, and sleep terrors. These para-
somnias usually occur during slow wave sleep but can
also occur during stage 2 non-REM sleep.50 Common
among these disorders is an incomplete transition from
slow wave sleep, altered perception of the environment,
automatic behavior, and variable degrees of amnesia for
the event. Because of the association with slow wave
sleep, the arousal parasomnias tend to occur in the first
third of the night, when slow wave sleep is most
prominent. Arousal parasomnias may represent an ab-
normal transition between slow wave sleep and lighter
stages of non-REM sleep, with the patient ‘‘stuck’’
between deep sleep and wakefulness.51

Sleepwalking (somnambulism) can be either
calm or agitated, with varying degrees of complexity
and duration.52 Confusional arousals have more asso-
ciated agitation than what would be expected with
sleepwalking: a typical episode may begin with move-
ments and moaning, then evolve to confused behavior
with calling out, crying, or thrashing.53 Attempts to
wake a patient during a non-REM parasomnia are
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usually unsuccessful; the individual appears confused,
with eyes open or closed, and is very agitated or even
combative. A confusional arousal episode may last 5 to
15 minutes (although sometimes longer) before the
patient calms and returns to a restful sleep. Sleep terrors
are the most dramatic disorder of arousals from slow
wave sleep. Patients may sit up suddenly and scream,
with an intense, blood-curdling ‘‘battle cry.’’ Auto-
nomic activation is present, with mydriasis, diaphoresis,
and tachycardia.54 There is increased respiratory tidal
volume and an intense look of fear on the face. More-
over, there is a ‘‘curious paradox’’ of endogenous arousal
coexistent with external unarousability.52

Genetics of non-REM Parasomnias

Several studies support a genetic predisposition to the
expression of arousal parasomnias. A three-generation
family has been described in which night terrors ap-
peared to be transmitted in an autosomal-dominant
fashion.55 Kales et al reported that the prevalence of
sleep terrors and sleepwalking in first-degree relatives of
individuals with sleep terrors was 10 times greater than
in the general population. If both parents were affected,
they estimated that there was a 60% chance that a child
would be affected.56 A study of monozygotic and dizy-
gotic twins also demonstrated that sleep terrors are under
moderate to strong genetic control.57 Proposed modes of
inheritance for sleepwalking include multifactorial mod-
els, autosomal-recessive inheritance with variable pene-
trance, and autosomal-dominant inheritance with
variable penetrance.58 Working from the Finnish Twin
Cohort, Hublin et al reported that greater than one-
third of sleepwalking in adults and greater than one-half
of sleepwalking in children is attributable to genetic
factors; both additive and dominant genetic effects
were proposed.59 A family-based study found a positive
association between the HLA-DQB1*05 subtype and
sleepwalking, suggesting (beyond narcolepsy, see above)
a possible further interaction between the immune
system and sleep.58

Some of the apparent genetic complexity of non-
REM parasomnia may be explained by the many known
triggers, which include sleep deprivation and intrinsic
sleep disorders such as obstructive sleep apnea (OSA)
and periodic limb movements in sleep.60 Parasomnias
such as sleepwalking and sleep terrors seem significantly
more common in children with OSA than in normal
children.61,62 Moreover, Guilleminault et al reported
that in children, sleep-disordered breathing or periodic
limb movements in sleep (restless legs syndrome [RLS])
may trigger sleepwalking or sleep terrors, as these para-
somnias disappeared after treatment for these condi-
tions.63 Therefore, two considerations are important in
evaluating genetic contributions to arousal disorder par-
asomnias, particularly in children. First, a shared family

environment leading, for example, to poor sleep and
sleep deprivation complicates interpretation of herit-
ability; second, the heritability of arousal parasomnias
could occur indirectly as there is evidence of familial
aggregation of sleep-disordered breathing as well as of
RLS (as detailed further in this article, see below).

REM Sleep Behavior Disorder

As its name indicates, REM sleep behavior disorder
(RBD; also known as REM sleep motor disorder)
consists of motor manifestations during REM sleep.
Instead of the normal atonia of REM sleep, patients
with RBD have complex movements that can be vigo-
rous and even violent (for review, see Schenck and
Mahowald64). Accordingly, affected patients may injure
themselves or their bed partners by punching, grabbing,
or kicking.65,66 Although there is variable loss of the
general muscle paralysis typically associated with REM
sleep, all other major features of REM sleep remain
intact. RBD is more common in male patients (80 to
90% are male patients), with onset usually in the sixth to
seventh decade of life.67 There is often a prodrome
where vocalizations and partial limb movements without
complex behavior occur during REM sleep.

The pathogenesis of the disorder in many pa-
tients is explained by a neurodegenerative disease proc-
ess that affects key brain stem areas that promote the
atonia during REM sleep.68,69 In animals, lesions of
key areas in the pons result in a similar syndrome in
which lesioned animals exhibit complex motor behav-
iors during REM sleep.70 This model of the patho-
genesis is supported by the observation that a large
number of patients with RBD go on to develop other
neurological signs and symptoms of a neurodegenera-
tive disease.68,69,71 Neurodegenerative diseases that
have been shown to be associated with RBD include
the synucleinopathies Parkinson’s disease, Lewy-body
dementia, and multisystem atrophy.68,69,72 Although
there are currently no studies on family aggregation of
RBD, several susceptibility loci have been identified for
Parkinson’s disease (for review, see Schapira73).

SENSORIMOTOR DISORDER AT SLEEP
TIME: RLS

Clinical Features of RLS

The prevalence of RLS, a disorder first described by
Ekbom,74 varies widely by geographic origin but in some
studies affects as many 10 to 15% of the population.75–77

Although methodological differences may account for
some of the variation in prevalence values,78,79 it is likely
that this geographic variation in prevalence indicates
that there are both environmental and genetics factors
in the pathogenesis of the disorder.
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The diagnosis of RLS can be made on the basis
of the patient history alone. Polysomnographic suppor-
tive evidence in the form of periodic limb movements
during wakefulness and sleep is not essential for the
diagnosis but is a useful biomarker for the purpose of
research studies. For example, the presence of periodic
limb movements during sleep may distinguish one type
of familial RLS from another.80 In RLS, symptoms
consist of an ill-described sensation in the limbs,
usually in the legs, that comes on with rest and results
in an urge to move the affected limb. This sensation is
relieved with movement. The symptoms are strongly
influenced by the circadian clock as they begin in the
evening and wane in the morning. With increasing
severity of the disease, symptoms occur earlier in the
day and can be experienced at all times of day and in
all limbs.

Pathophysiology of RLS

RLS has both sensory and motor manifestations; there-
fore, the precise neuroanatomic and neurochemical
defect is unclear. Aspects of the disorder that bear
relevance to the underlying pathophysiological mecha-
nisms include the following: association with low body
iron stores when it arises secondary to other conditions;
low brain iron levels in some patients with the primary
disorder; the structural normality of the brain; and the
therapeutic effect of dopaminergic agonists.

A distinction is often made between primary and
secondary RLS because it is felt that the former is more
likely to have a genetic underlying basis. Nevertheless,
the known risk factors for secondary RLS likely have
relevance to the pathophysiology of primary RLS also.
For example, iron deficiency is a common cause for
secondary RLS,81,82 a finding that may explain the
high prevalence of RLS during pregnancy.83 Patholog-
ical specimens from patients with primary RLS have
reduced iron stores in the substantia nigra84 consistent
with results of a prior magnetic resonance imaging
(MRI) study.85 A subset of patients with normal serum
iron levels have been found to have reduced iron stores in
the CSF,86,87 suggesting that part of the defect in these
patients is specifically in central nervous system iron
homeostasis. Moreover, Nordlander has shown in a
small case series that high intravenous doses of iron
can ameliorate RLS symptoms even in patients with
normal serum iron.88 A larger study led by Early and
colleagues to test the role of iron therapy on RLS therapy
is currently under way.89

Neuroimaging and postmortem studies, aside
from showing differences in iron levels, have failed to
detect gross structural defects in brains of RLS patients.
This suggests that the defect in RLS is at the neuro-
chemical level, perhaps due to a defect in a specific
neurotransmitter system that depends on iron.

Finally, one of the main treatment modalities for
RLS is the use of dopaminergic agonists. The therapeu-
tic effect of dopamine agonists have led to the idea that
defective dopamine neurotransmission may play a role in
expression of the disorder. Dopaminergic neurotrans-
mission may also explain the circadian manifestation of
RLS, because dopamine and its metabolites show circa-
dian variation in human plasma90 and expression of the
mRNA for the rate-limiting enzyme in dopamine bio-
synthesis, tyrosine hydroxylase, shows circadian varia-
tion.91,92 In an attempt to explain the apparent
excitability changes in the spinal cord and the therapeu-
tic effect of dopamine, the A11 dopaminergic neurons,
which are located in the hypothalamus and provide
descending inhibitory input to the spinal cord, have
been proposed to have abnormal function in RLS
patients.93 Recently, a new dopaminergic cell group
was identified in the ventral periaqueductal gray that
shows state-dependent changes in activity.94 The rele-
vance of this neuronal group to RLS is unknown.

At this point, however, there is no compelling
mechanism to tie iron deficiency with defective dopa-
minergic neurotransmission.95 Analysis of eight genes
related to dopaminergic neurotransmission found no
mutations in DNA from RLS patients.96

Genetics of RLS

Frequent familial occurrence of RLS,97–99 in particular
of RLS of early onset,100 suggests an underlying genetic
etiology. In fact, a positive family history of RLS is used
as supportive evidence of the diagnosis of RLS.79 High
heritability is indicated by a small twin study, in which
there was concordance for RLS symptoms in 10 out of
12 of the twin pairs.101 An important observation made
in this twin study with relevance to attempts to identify
genes that cause RLS is that despite the high concord-
ance rate, the age of onset and symptom severity varied
between individuals in a given twin pair, suggesting
environmental factors in expression of the disorder.
Based on observations of single families, it has been
proposed that a frequent mode of inheritance is autoso-
mal-dominant.102–104 An alternative model to explain
RLS inheritance is that it is transmitted as an autosomal-
recessive trait but because of the high defective gene
carrier frequency, it appears to be dominant within
families.105 Although the penetrance is high in these
families with early onset of the disorder, the expressivity
within families is variable,102,103,106 suggesting the pres-
ence of modifying genetic loci, environmental factors, or
both in the pathogenesis of the disorder. Studies of
families have also raised the possibility of genetic antici-
pation,102,103 a hallmark of trinucleotide repeat disor-
ders, although ascertainment bias in RLS, a subjective
disorder without overt physical exam findings, is likely to
make accurate identification of anticipation challenging.
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Three genome-wide association studies have
been performed to map RLS susceptibility genes. In
a single French-Canadian family, a susceptibility locus
was found on chromosome 12q.105 In a follow-up
large-scale study of 19 families in Quebec, Canada,
confirmation of linkage to 12q was provided in five
families of French-Canadian heritage.80 In collabora-
tion with deCODE Genetics, Rye and colleagues
reported recently, albeit thus far only in a meeting
abstract, the confirmation of the 12q RLS susceptibil-
ity locus in the Icelandic population. The unique
genealogy strategy for linkage studies offered in Ice-
land may provide the needed tools for future identi-
fication of the 12q RLS susceptibility tools.

In contrast to the results of these studies in North
America and Iceland, two large South Tyrolean families
did not show linkage of RLS to chromosome 12q.107 A
study of a large Italian family identified a different RLS
susceptibility locus on chromosome 14q,108 and an RLS
susceptibility locus on chromosome 9p was identified in a
North American family.109 Furthermore, there are likely
to be genetic loci that modify expression of the disease. A
polymorphism in a gene encodingmonoamine oxidase has
been shown to be associated with an increased risk of
severe RLS in Canadian women.110 Therefore, it is likely
thatmore than onegene contributes to the pathogenesis or
expression of RLS. Interestingly, Desautels et al reported
that RLS patients with linkage to chromosome 12q had
significantly higher indices of periodic limbmovements of
sleep than RLS patients without linkage to chromosome
12q.80 In addition, the diagnosis of RLS has beenmade in
a subset of patients with a hereditary neuropathy, those
withCharcot-Marie-Tooth type 2,111 aswell as in a subset
of patients with autosomal-dominant cerebellar ataxia.112

Therefore, future genetic mapping studies may be able
to minimize the confounding effect of genetic heteroge-
neity by careful phenotypic description of affected pa-
tients. It is anticipated that identification of one or more
susceptibility genes for RLS will provide a tremendous
boost to our understanding of the pathogenesis of the
disorder and will lead to new diagnostic and therapeutic
possibilities.

DISORDERS OF SLEEP ONSET AND
SLEEP MAINTENANCE: INSOMNIA

Insomnia Definition and Clinical Features

Insomnia, chronic sleeping difficulty, is an extremely
common condition (for review of prevalence, see
Roth113). Insomnia is often divided into a primary
form (i.e., psychophysiological insomnia) and a secon-
dary form where insomnia is thought to be secondary to
other comorbid conditions. Recent data from cognitive-
behavioral treatment, however, have challenged this
dichotomy.114 Insomnia is often a complaint in patients

with psychiatric disorders, in particular depression (for
review, see Fava115) and may occur secondary to disor-
ders such as chronic pain. That the diagnosis of insomnia
is based on self-report of a complaint and may arise as
part of both medical and psychiatric disorders make
genetic studies particularly challenging. There is clearly
a need to develop more in-depth characterization of the
phenotype to facilitate genetic studies of insomnia.
Apart from the rare fatal familial insomnia (FFI) that
we describe below, very little is known about the genetics
of insomnia. A recent, albeit relatively small, study of
subjects with primary insomnia (n¼ 77) found that there
was a higher prevalence of insomnia in their first-degree
relatives as compared with controls (spouses of those
with insomnia) or population-based estimates of pre-
valence.116 Thus, there is some suggestive evidence of
family aggregation of primary insomnia. Further family-
based studies with more in-depth phenotyping are
needed.

Prion Diseases: FFI

FFI is a prion disorder that results from spongiform
brain degeneration. Prion diseases can occur by inher-
itance as in the cases of Gerstmann-Straussler-Scheinker
syndrome and FFI, sporadically as in the case of Creutz-
feldt-Jacob disease (CJD) and fatal sporadic insomnia,
and by infection as in the case of Kuru and new-variant
CJD.117,118 Common to all these diseases is the finding
that the disease can be transmitted to animals; therefore,
these diseases are collectively known as transmissible
spongiform encephalopathies. The causative agent has
been proposed to be a normal cellular protein PrP that is
converted by a poorly understood process to a neurotoxic
protein.118

Patients with FFI initially may complain of mild
insomnia and nonrefreshing sleep and show evidence of
autonomic nervous system hyperactivity (pyrexia, dia-
phoresis, myosis, and sphincter disturbances). These
symptoms worsen to the point that the patients complain
of an inability to fall asleep and eventually show clouded
cognition and confusion. Some patients may die after a
few months without overt motor manifestations. Those
who progress to motor involvement will show features
typically seen in CJD, including myoclonus, pyramidal
tract signs, and cerebellar ataxia. The course is invariably
fatal. The disease results in profound reductions of sleep,
both non-REM and REM sleep, and loss of the normal
circadian oscillation of melatonin, growth hormone, and
cortisol. Other functions controlled by the central circa-
dian clock are preserved, including body temperature and
sleep propensity, indicating a selective defect in sleep
regulation and in the neurohormonal outputs of the
circadian clock.119

Unlike the brains of patients with CJD, which
show spongiform degeneration of the cerebral cortex, the
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histopathology of FFI is restricted to atrophy of the
anteroventral and mediodorsal nuclei of the thalamus.120

The clinicopathologic findings in FFI implicate these
neuronal cell groups in sleep initiation or maintenance,
in autonomic functions, and in neuroendocrine circadian
rhythm.

FFI is transmitted in an autosomal-dominant
pattern121 and is genetically determined by the identity
of two amino acids of the prion protein. FFI patients
have a mutation at position 178 that changes a normal
aspartate to an asparagine, which results in disease.
Interestingly, this mutation must be coupled with a
methionine polymorphism at position 129 to express
the insomnia and neuropathology that is typical of FFI.
The same D178N mutation, when coupled with a valine
at position 129, results in a clinical presentation and
neuropathology typical of CJD and not FFI.122 In
addition, patients who are homozygous for methionine
129 show more prominent oneiric episodes, insomnia,
and dysautonomia at disease onset, whereas patients
heterozygous for met/val129 show ataxia and dysarthria
at disease onset, earlier sphincter loss, and seizures.123

The FFI disease phenotype could arise from the
effect of the selective neurodegeneration seen in the
disease, from the effect of the D178N mutation, from
the loss of normal PrP function with conversion to the
pathological form of the protein, or from some combi-
nation of these three. The D178N mutation does not
appear to be essential for disease manifestation because
there have been reports of patients who presented with
FFI symptoms and whose postmortem pathological
analysis showed the signature brain pathology of FFI,
yet were the only members of their families with disease
and did not carry the D178N mutation.124,125 Further-
more, a case series has been described in which patients
with sporadic CJD who have little thalamic pathology
and no mutation in PrP had sleep-wake disturbances
similar to those reported for FFI patients.126 This ob-
servation challenges the interpretation that FFI symp-
toms arise solely from the effects of neurodegeneration
of key neuronal groups in the thalamus. A final inter-
pretation is that the PrP gene product itself plays a role
in sleep regulation and that disruption of this role
contributes to the insomnia phenotype of FFI. In sup-
port of a potential role for PrP in normal sleep physiol-
ogy is the finding by Tobler and colleagues that mice
lacking the PrP gene have fragmented sleep.127

EPILEPTIC DISORDERS THAT ARISE
DURING SLEEP

Epileptic Disorders

The relationships between sleep and epilepsy are com-
plex. Seizures may decrease REM sleep, increase
non-REM stage 1 sleep, and decrease sleep efficiency.128

Different stages of sleep have varying effects on neuronal
excitability and ultimately seizure threshold. Although
non-REM sleep promotes interictal activity via in-
creased neuronal synchrony, REM sleep apparently in-
hibits the incidence and extension of epileptiform
discharges. Herman et al reported that the effects of
sleep on focal onset seizures may depend in part on the
epileptic focus location: frontal lobe seizures are most
likely to occur during sleep, followed in decreasing
frequency by temporal lobe, occipital, and parietal lobe
seizures.129 Chronic sleep deprivation may exacerbate
seizure frequency, and case series have supported im-
proved seizure control in patients following treatment
of OSA.130,131

Sleep has an activating role in several specific
epilepsy disorders, including benign Rolandic epilepsy
of childhood, electrical status epilepticus during sleep,
and autosomal-dominant nocturnal frontal lobe epilepsy.
Benign Rolandic epilepsy, also referred to as benign
epilepsy with centrotemporal spikes, begins in childhood
and remits in adolescence. Seizures consist of unilateral
clonic jerking (often upper extremity and face), hyper-
salivation, speech difficulty, and preserved alertness.
Seizures predominate at night and begin exclusively
during sleep in about half of cases.128 Although a strong
genetic basis for benign Rolandic epilepsy had been
suggested in earlier reports (autosomal-dominant inher-
itance, multifactorial inheritance), a recent analysis based
on international twin registries suggests that the mode(s)
of inheritance are complex and that the environment
plays a role in the pathogenesis or expression of the
disorder.132

Nocturnal frontal lobe epilepsy can manifest in
three patterns that may lie along a continuum: (1)
paroxysmal arousals, which involve abrupt, frequently
recurring arousals from sleep with stereotyped move-
ments (elevating the head, sitting, screaming, or looking
about as if frightened); dystonic posture of the limbs
often occurs, with a typical event duration of less than
20 seconds; (2) nocturnal paroxysmal dystonia, where
sudden arousals occur with complex, stereotyped, and
sometimes bizarre sequences of movements (dystonic or
asymmetric tonic postures, cycling movements, kicking,
twisting, or rocking of the pelvis); the event duration is
usually less than 2 minutes; and (3) episodic nocturnal
wanderings, where sudden awakenings with abnormal
motor features are followed by agitated somnambulism
(jumping, twisting, moving aimlessly), possibly accom-
panied by screaming or agitated behavior; the duration is
usually less than 3 minutes.133,134 The mean age of onset
for nocturnal frontal lobe epilepsy is 10 to 12 years, and
affected patients usually have a history of normal psy-
chomotor development. Establishing the diagnosis may
be difficult as neuroimaging is usually normal. Patients
may not have ictal or interictal EEG changes. Anticon-
vulsants are often effective, especially carbamazepine.
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Autosomal-dominant frontal lobe epilepsy has
been associated with mutations in the nicotinic acetyl-
choline receptor a4 and b2 subunits.135,136 A gain of
function of these mutant receptors may underlie the
nocturnal seizures occurring in affected patients.137 Re-
cently, two nucleotide variations in the promoter of the
corticotrophin-releasing hormone (CRH) gene have
also been identified and could play a pathogenic role in
patients without demonstrable acetylcholine receptor
mutations, although further investigation is needed.138

OSA
OSA is a common condition in which there is intermit-
tent narrowing or frank closure of the upper airway
during sleep (for review of advances, see Pack139). Clo-
sure occurs with the loss of upper airway dilator muscle
activity during sleep. Closure arises behind the soft palate
or at the base of tongue, or in both locations. Complete
closure of the airway leads to cessation of respiration (i.e.,
apnea), and partial closure results in substantial reduction
of respiration (i.e., hypopnea). In both of these events,
oxygen levels decline, carbon dioxide levels increase, and
the episode is generally terminated by an arousal, which
results in sleep interruption accompanied by restoration
of upper airway motor tone. Symptomatic sleep apnea
(i.e., with complaints of excessive daytime sleepiness)
occurs in 4% of middle-aged males and 2% of females,
although sleep apnea in the absence of sleepiness is much
more common.140 (For review of epidemiology of OSA,
see Young et al141.)

Clinical Features of OSA

OSA typically presents with complaints of loud, habitual
(i.e., nightly) snoring, and apneas may be witnessed by
bed partners. There are several risk factors for the
condition142: obesity, in particular excess fat in the
neck; altered craniofacial structures (e.g., retrognathia);
nasal septal deviation and nasal allergies; enlarged tonsils
and adenoids, which is a key risk factor in children; and
hypothyroidism. Premenopausal women are relatively
protected from the disorder.143 The disorder is progres-
sive and its severity changes slowly over time. Major
determinants of disease progression are degree of obesity
as well as change in weight.144

OSA has several consequences. It can result in
excessive daytime sleepiness and this is often the reason
that individuals with OSA seek help. OSA is a risk factor
for hypertension and randomized trials comparing the
current major therapy (i.e., use of nasal continuous
positive airway pressure [CPAP] to sham CPAP) have
revealed reductions in blood pressure.145,146 OSA is also
associated with atrial fibrillation.147 Individuals with
severe untreated OSA have a higher rate of cardiovas-
cular events or death over a 10-year period than controls

with similar degrees of obesity or patients with severe
OSA who are treated with CPAP.148 There is no dif-
ference in cardiovascular event rates or deaths between
controls and those with severe OSA who are treated with
CPAP. Finally, there is growing evidence that OSA is
associated with insulin resistance149–151 and that treat-
ment of obese type II diabetics with OSA by nasal
CPAP can improve glucose control.152

The common association of OSA with these
other conditions—obesity, hypertension, myocardial in-
farction, diabetes, and so on—is going to make identify-
ing the genes conferring risk for OSA challenging.

Genetics of OSA

EVIDENCE OF FAMILY AGGREGATION

The first indication that OSA may have a genetic
component came from finding large family pedigrees
in whom OSA was common.153 Family aggregation of
symptoms of OSA was then demonstrated154 and sub-
sequently sleep-disordered breathing by objective test-
ing.155 Family aggregation of sleep-disordered breathing
has now been demonstrated in four different popula-
tions: (1) in the Cleveland Family Study155; (2) in
Scotland156; (3) in Israel157; and (4) in Iceland using
the genealogy database.158 Such family aggregation
might simply be due to obesity. In the Cleveland Family
Study, body mass index (BMI) was used as a covariate
and controlling for this did not alter the degree of family
aggregation.155 In the Scottish study, the investigation
was done only on relatively less obese individuals with
OSA (i.e., BMI < 30 kg/m2).156 Thus, family aggrega-
tion of OSA is independent of obesity.

INTERMEDIATE TRAITS FOR OSA (FRACTIONATING

THE PHENOTYPE)

The risk factors for OSA described above lead one to
conclude that there may be several distinct traits that are
genetically determined that are associated with an in-
creased risk of OSA. Thus, elucidating the genes for
OSA likely involves determining the genes for these
intermediate traits.

Many of these traits are structural, involving
anatomic changes that act to compromise upper airway
size (for review, see Schwab159). In OSA, the size of the
upper airway is decreased even in wakefulness.160 Among
the anatomic risk factors that are in part genetically
determined are craniofacial structure, size of upper airway
soft tissue structures, and regional distribution of fat, in
particular fat deposited in the parapharyngeal fat pads.161

OSA has a high prevalence in individuals with
specific craniofacial disorders such as Treacher Collins
syndrome, Apert’s syndrome, and Pierre Robin syn-
drome. It is also common in subjects with achondropla-
sia and Down’s syndrome. Even, however, in the absence
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of these specific genetic conditions, individuals with
OSA have craniofacial abnormalities, albeit ones that
are more subtle.162,163 The most common abnormality
is retroposed mandibles with inferior position of the
hyoid bone. These abnormalities are heritable and are
found in first-degree relatives of individuals with
OSA.156,164

Soft tissue structures are also important. MRI
studies reveal that individuals with OSA have increased
tongue size, increased volume of the lateral pharyngeal
walls, and increased total soft tissue in the upper airway.165

These differences are heritable and first-degree relatives
(same gender siblings) have increased size of these struc-
tures compared with same-gender neighborhood controls
and their same-gender siblings.166 Differences in size of
these structures between OSA and controls and their
heritability is not explained by obesity.165,166 Heritability
of the size of these structures is 35 to 40%.

Obesity is also heritable.167 Adoption studies of
twins raised apart provide the most compelling evidence
of this.168,169 It is, however, not just the overall level of
obesity but the distribution of fat that is genetically
determined.170–172 This has particularly been shown
for amounts of abdominal visceral fat.170–172 Currently
we do not know whether the volume of the paraphar-
yngeal fat pads is heritable, although this is likely to be
the case.

CHALLENGES TO ELUCIDATING GENES

CONFERRING RISK FOR OSA

There are significant challenges in determining genes
conferring risk for OSA. First, OSA is an age-dependent
phenotype. As described, it is a slowly progressive dis-
order.144 Thus, individuals with genes conferring risk
would not be expected to show much apneic activity
during sleep when they are younger (i.e., in their
twenties). This is particularly so in women because
they have the added factor of being premenopausal,
which protects them from OSA.143 Both of these issues
are of particular importance for the strategy of examining
linkage to the quantitative trait of the apnea-hypopnea
index, a measure of disease severity. This is the strategy
being employed in the Cleveland Family Study to study
genes conferring risk for OSA.

Another important challenge is obesity. Because
obesity and regional distribution of fat are heritable, we
may simply find genes for obesity. This has led inves-
tigators to control for obesity as a covariate in ongoing
genetic studies.

Individuals with OSA also commonly have other
disorders (e.g., hypertension, diabetes, and cardiovascu-
lar disease). Thus, they have a complex phenotype. It
may be that the genes that are found in genetic studies of
OSA are susceptibility genes for hypertension rather
than OSA. This does not imply that hypertension is a
risk factor for OSA. This is a challenge for the affected-

only approach to linkage for OSA that is currently being
pursued in Iceland (unpublished data). Thus, a challenge
to elucidating genes for OSA is that there are likely to be
genes affecting the consequences of the condition, in-
cluding the presence of excessive sleepiness, and hence
whether individuals seek clinical evaluation.

CURRENT KNOWLEDGE ABOUT GENES FOR OSA

Both candidate gene association studies and linkage
studies are being applied to study genes conferring risk
for OSA. Much of the effort to date in candidate gene
studies has focused on APOe4. There are some studies
that show an association between the presence of
APOe4 allele and OSA,173,174 although other studies
do not find this.175–177 This may, in part, be related to
age, as in the Sleep Heart Health study an association
was found in individuals under the age of 65 years but
not in those over this age.174 This is compatible with the
concept that sleep-disordered breathing in the elderly is
a somewhat different disorder. It has also been reported
that the presence of APOe4 may affect consequences of
OSA.178 There is a relationship between declines in
performance in a memory task with increasing severity
of OSA in individuals with the APOe4 allele, but not in
those with other genotypes.178 Thus, the role of APOe4
in OSA at the present time remains a matter of debate
and there is a need for further inquiry.

Candidate gene studies have also looked at var-
iants of serotonin receptors because serotonin is involved
in the state-dependent neural control of the upper air-
way. These candidate genes studies were negative.179 A
somewhat more positive result was found examining the
tumor necrosis factor-a (TNFa; �308A) allele. This
polymorphism is in the promoter region of TNFa and
leads to enhanced levels of the proinflammatory cyto-
kine. This allele was found more commonly in subjects
with OSA than unspecified controls from a blood
bank.180 Because TNFa may be part of the mechanism
by which OSA leads to sleepiness,181 this association
may be related to enhanced sleepiness in individuals with
a given degree of OSA leading them to present clinically.

Although candidate gene association studies for
OSA are currently limited, there is also a paucity of
linkage studies. Currently, to our knowledge, there are
only two such studies: the Cleveland Family Study and a
recently established study in Iceland that uses the genea-
logical database. As described previously, the Cleveland
Family Study is looking at linkage to apnea-hypopnea
index as a quantitative trait, using individuals across the
life span.182,183 Initial studies with this cohort suggested
that the transmission of this trait was different in Cau-
casians and African-Americans.184 In Caucasians, evi-
dence of a major gene effect was markedly reduced when
BMI was introduced as a variable in models
of segregation analysis, whereas in African-Americans
inclusion of BMI strengthened the evidence. This has led
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to the conclusion that genes conferring risk for OSA may
be different in Caucasians and African Americans, and
hence the need to do linkage studies separately in the two
groups. This genetic heterogeneity, which reduces the
power of the Cleveland Family Study, combined with the
challenges described above have led to linkages that are
rather weak—LOD score of 1.09 on chromosome 8q in
African-Americans182 and an LOD score of 1.33 on
chromosome 2p in Caucasians and 1.45 on chromosome
19p.183 (No fine mapping has been reported to date.)
Thus, currently linkage studies in OSA are not close to
finding genes conferring risk for this disorder.

CONCLUDING REMARKS AND FUTURE
DIRECTIONS
Throughout this article we have noted the impact of
genetics on the normal variations of sleep and in a large
number of sleep disorders. We have alluded to the power
of using model genetic organisms for understanding
single genes effects on sleep. The data obtained from
model systems has proven useful not only in under-
standing sleep disorders with simple Mendelian modes
of inheritance such as FASPS but also in understanding
diseases such as narcolepsy, in which the genetic influ-
ence is weak. We believe that these approaches over the
next decade will be complemented by genome-wide
human diseases association studies to identify genes
that confer risk for complex sleep disorders, such as
OSA. Developing such association studies will require
large collaborative clinical networks, some of which
could be international in scope. As has already been
demonstrated in the case of RLS, and is likely to be
demonstrated in the case of OSA and insomnia, progress
in association studies will require careful attention to
phenotypic description of affected individuals and to the
influence of confounding variables. Genes identified in
association studies, in turn, can have their function
assessed in studies in model organisms. New knowledge
about the genes conferring risk for sleep disorders will
allow sleep medicine to take advantage of the vision of
personalized medicine, where medicine in the future will
focus on managing risk for disease rather than disease.185

ACKNOWLEDGMENTS

We are grateful to Mr. Daniel Barrett for his outstand-
ing help in putting this review together. The authors are
supported by NIH grants K08 NS-48914 (D.M.R.),
K23 RR-016566 (T.B.A.M.), and AG-17628, HL-
60287, and RR-00040 (A.I.P.).

REFERENCES

1. Peirson S, Foster RG. Melanopsin: another way of signaling
light. Neuron 2006;49:331–339

2. Hara R, Wan K, Wakamatsu H, et al. Restricted feeding
entrains liver clock without participation of the super-
chiasmatic nucleus. Genes Cells 2001;6:269–278

3. Konopka RJ, Benzer S. Clock mutants of Drosophila
melanogaster. Proc Natl Acad Sci USA 1971;68:2112–
2116

4. Allada R, Emery P, Takahashi JS, Roshbash M. Stopping
time: the genetics of fly and mouse circadian clocks. Annu
Rev Neurosci 2001;24:1091–1119

5. Toh KL, Jones CR, He Y, et al. An hPer2 phosphorylation
site mutation in familial advanced sleep phase syndrome.
Science 2001;291:1040–1043

6. Jones CR, Campbell SS, Zone SE, et al. Familial advanced
sleep-phase syndrome: a short-period circadian rhythm
variant in humans. Nat Med 1999;5:1062–1065

7. Carpen JD, Archer SN, Skene DJ, Smits M, von Schantz
M. A single-nucleotide polymorphism in the 50-untrans-
lated region of the hPER2 gene is associated with diurnal
preference. J Sleep Res 2005;14:293–297

8. Xu Y, Padiath QS, Shapiro RE, et al. Functional con-
sequences of a CKIdelta mutation causing familial advanced
sleep phase syndrome. Nature 2005;434:640–644

9. Czeisler CA, Duffy JF, Shanahan TL. Stability, precision,
and near 24-hour period of the human circadian pacemaker.
Science 1999;284:2177–2181

10. Dagan Y, Eisenstein M. Circadian rhythm sleep disorders:
toward a more precise definition and diagnosis. Chronobiol
Int 1999;16:213–222

11. Fukuda K. Twins under shift work: a case study of sleep log
data. Percept Mot Skills 1997;84:931–937

12. Ancoli-Israel S, Schnierow B, Kelsoe J, Fink R. A pedigree
of one family with delayed sleep phase syndrome. Chrono-
biol Int 2001;18:831–840

13. Horne JA, Ostberg O. A self-assessment questionnaire to
determine morningness-eveningness in human circadian
rhythms. Int J Chronobiol 1976;4:97–110

14. Katzenberg D, Young T, Finn L, et al. A CLOCK
polymorphism associated with human diurnal preference.
Sleep 1998;21:569–576

15. Robilliard DL, Archer SN, Arendt J, et al. The 3111 Clock
gene polymorphism is not associated with sleep and circadian
rhythmicity in phenotypically characterized human subjects.
J Sleep Res 2002;11:305–312

16. Ebisawa T, Uchiyama M, Kajimura N, et al. Association of
structural polymorphisms in the human period3 gene with
delayed sleep phase syndrome. EMBO Rep 2001;2:342–346

17. Klein T, Martens H, Jan Dijk DK, et al. Circadian sleep
regulation in the absence of light perception: chronic non-
24-hour circadian rhythm sleep disorder in a blind man with
a regular 24-hour sleep-wake schedule. Sleep 1993;16:333–
343

18. Czeisler CA. Commentary: evidence for melatonin as a
circadian phase-shifting agent. J Biol Rhythms 1997;12:
618–623

19. Sack RL, Brandes RW, Kendall AR, Lewy AJ. Entrainment
of free-running circadian rhythms by melatonin in blind
people. N Engl J Med 2000;343:1070–1077

20. Hohjoh H, Takasu M, Shishikura K. Significant association
of the arylalkylamine N-acetyltransferase (AA-NAT) gene
with delayed sleep phase syndrome. Neurogenetics 2003;
4:151–153

21. Borbely AA, Achermann P. Sleep homeostasis and models
of sleep regulation. J Biol Rhythms 1999;14:557–568

478 SEMINARS IN NEUROLOGY/VOLUME 26, NUMBER 5 2006

D
ow

nl
oa

de
d 

by
: U

ni
ve

rs
ity

 o
f P

en
ns

yl
va

ni
a 

Li
br

ar
ie

s.
 C

op
yr

ig
ht

ed
 m

at
er

ia
l.



22. Van Dongen HP, Baynard MD, Maislin G, Dinges DF.
Systematic interindividual differences in neurobehavioral
impairment from sleep loss: evidence of trait-like differential
vulnerability. Sleep 2004;27:423–433

23. Leproult R, Colecchia EF, Berardi AM, Stickgold R,
Kosslyn SM, Van Cauter E. Individual differences in
subjective and objective alertness during sleep deprivation
are stable and unrelated. Am J Physiol Regul Integr Comp
Physiol 2003;284:R280–R290

24. Franken P, Chollet D, Tafti M. The homeostatic regulation
of sleep need is under genetic control. J Neurosci 2001;21:
2610–2621

25. Hendricks JC, Finn SM, Panckeri KA, et al. Rest in
Drosophila is a sleep-like state. Neuron 2000;25:129–138

26. Shaw PJ, Cirelli C, Greenspan RJ, Tononi G. Correlates of
sleep and waking in Drosophila melanogaster. Science 2000;
287:1834–1837

27. Hendricks JC, Kirk D, Panckeri K, Miller MS, Pack AI.
Modafinil maintains waking in the fruit fly Drosophila
melanogaster. Sleep 2003;26:139–146

28. Hendricks JC, Williams JA, Panckeri K, et al. A non-
circadian role for cAMP signaling and CREB activity in
Drosophila rest homeostasis. Nat Neurosci 2001;4:1108–
1115

29. Graves LA, Hellman K, Veasey S, Blendy JA, Pack AI,
Abel T. Genetic evidence for a role of CREB in sustained
cortical arousal. J Neurophysiol 2003;90:1152–1159

30. Cirelli C, Bushey D, Hill S, et al. Reduced sleep in
Drosophila Shaker mutants. Nature 2005;434:1087–1092

31. Pitman JL, McGill JJ, Keegan KP, Allada R. A dynamic role
for the mushroom bodies in promoting sleep in Drosophila.
Nature 2006;441:753–756

32. Joiner WJ, Crocker A, White BH, Sehgal A. Sleep in
Drosophila is regulated by adult mushroom bodies. Nature
2006;441:757–760

33. Hori A, Hirose G. Twin studies on parasomnias. Proceed-
ings of the World Federation of Sleep Research Societies
1995;324:24A

34. Roth B, Buuhova S, Berkova L. Familial sleep paralysis.
Schweiz Arch Neurol Neurochir Psychiatr 1968;102:321–
330

35. Goode GB. Sleep paralysis. Arch Neurol 1962;6:228–234
36. Mignot E. Genetic and familial aspects of narcolepsy.

Neurology 1998;50:s16–s22
37. Scammell TE. The frustrating and mostly fruitless search

for an autoimmune cause for narcolepsy. Sleep 2006;29:601–
602

38. Lin L, Faraco J, Li R, et al. The sleep disorder canine
narcolepsy is caused by a mutation in the hypocretin (orexin)
receptor 2 gene. Cell 1999;98:365–376

39. Peyron C, Tighe DK, van den Pol AN, et al. Neurons
containing hypocretin (orexin) project to multiple neuronal
systems. J Neurosci 1998;18:9996–10015

40. Chemelli RM, Willie JT, Sinton C, et al. Narcolepsy in
orexin knockout mice: molecular genetics of sleep regu-
lation. Cell 1999;98:437–451

41. Nishino S, Ripley B, Overeem S, Lammers GJ, Mignot E.
Hypocretin (orexin) deficiency in human narcolepsy. Lancet
2000;355:39–40

42. Peyron C, Faraco J, Rogers W, et al. A mutation in a case of
early onset narcolepsy and a generalized absence of hypocretin
peptides in human narcoleptic brains. Nat Med 2000;6:
991–997

43. Thannickal TC, Moore RY, Nienhuis R, et al. Reduced
number of hypocretin neurons in human narcolepsy. Neuron
2000;27:469–474

44. Crocker A, Espana RA, Papadopoulou M, et al. Concom-
itant loss of dynorphin, NARP, and orexin in narcolepsy.
Neurology 2005;65:1184–1188

45. Mignot E, Lammers GJ, Ripley B, et al. The role of
cerebrospinal fluid hypocretin measurement in the diagnosis
of narcolepsy and other hypersomnias. Arch Neurol 2002;
59:1553–1562

46. Mignot E, Hayduk R, Black J, Grumet FC, Guilleminault
C. HLA DQB1*0602 is associated with cataplexy in 509
narcoleptic patients. Sleep 1997;20:1012–1020

47. Dauvilliers Y, Carlander B, Molinari N, et al. Month of
birth as a risk factor for narcolepsy. Sleep 2003;26:663–
665

48. Saper CB, Chou TC, Scammell TE. The sleep switch:
hypothalamic control of sleep and wakefulness. Trends
Neurosci 2001;24:726–731

49. Lu J, Sherman D, Devor M, Saper CB. A putative flip-flop
switch for control of REM sleep. Nature 2006;441:589–
594

50. Broughton R. NREM parasomnias. In: Kryger MH, Roth
T, Dement WC, eds. Principles and Practice of Sleep
Medicine. Philadelphia: W.B. Saunders; 2000:693–706

51. Fisher C, Kahn E, Edwards A, Davis DM. A psychophy-
siological study of nightmares and night terrors: I.
Physiological aspects of the stage 4 night terror. J Nerv
Ment Dis 1973;157:75–98

52. Mahowald M. Arousal and sleep-wake transition para-
somnias. In: Lee-Chiong TL, Mahowald MW, Carskadon
MA, eds. Sleep Medicine. Philadelphia: Hanley and Belfus;
2002:207–213

53. Rosen GM, Ferber R, Mahowald MW. Evaluation of
parasomnias in children. Child Adolesc Psychiatr Clin N
Am 1996;5:601–616

54. Mason TB II, Pack AI. Sleep terrors in childhood. J Pediatr
2005;147:388–392

55. Hallstrom T. Night terror in adults through three
generations. Acta Psychiatr Scand 1972;48:350–352

56. Kales A, Soldatos CR, Bixler EO, et al. Hereditary factors
in sleepwalking and night terrors. Br J Psychiatry 1980;137:
111–118

57. Ooki S. Statistical genetic analysis of some problem behaviors
during sleep in childhood: estimation of genetic and environ-
mental factors influencing multiple health phenomena
simultaneously. Nippon Eiseigaku Zasshi 2000;55:489–499

58. Lecendreux M, Bassetti C, Dauvilliers Y, Mayer G,
Neidhart E, Tafti M. HLA and genetic susceptibility to
sleepwalking. Mol Psychiatry 2003;8:114–117

59. Hublin C, Kaprio J, Partinen M, Heikkila K, Koskenvuo M.
Prevalence and genetics of sleepwalking: a population-based
twin study. Neurology 1997;48:177–181

60. Mahowald MW, Schenck CH, Rosen GM, Hurwitz TD.
The role of a sleep disorder center in evaluating sleep
violence. Arch Neurol 1992;49:604–607

61. Owens J, Spirito A, Nobile C, Arrigan M. Incidence of
parasomnias in children with obstructive sleep apnea. Sleep
1997;20:1193–1196

62. Goodwin JL, Kaemingk KL, Fregosi RF, et al. Parasomnias
and sleep disordered breathing in Caucasian and Hispanic
children: the Tucson children’s assessment of sleep apnea
study. BMC Med 2004;2:14

GENETIC BASIS FOR SLEEP REGULATION AND SLEEP DISORDERS/RAIZEN ET AL 479

D
ow

nl
oa

de
d 

by
: U

ni
ve

rs
ity

 o
f P

en
ns

yl
va

ni
a 

Li
br

ar
ie

s.
 C

op
yr

ig
ht

ed
 m

at
er

ia
l.



63. Guilleminault C, Palombini L, Pelayo R, Chervin RD.
Sleepwalking and sleep terrors in prepubertal children: what
triggers them? Pediatrics 2003;111:e17–e25

64. Schenck CH, Mahowald MW. Rapid eye movement sleep
parasomnias. Neurol Clin 2005;23:1107–1126

65. Schenck CH, Bundlie SR, Ettinger MG, Mahowald MW.
Chronic behavioral disorders of human REM sleep: a new
category of parasomnia. Sleep 1986;9:293–308

66. Sheldon SH. Parasomnias in childhood. Pediatr Clin North
Am 2004;51:69–88

67. Montagna P. Sleep-related non epileptic motor disorders.
J Neurol 2004;251:781–794

68. Postuma RB, Lang AE, Massicotte-Marquez J, Montplaisir
J. Potential early markers of Parkinson disease in idiopathic
REM sleep behavior disorder. Neurology 2006;66:845–
851

69. Gagnon JF, Postuma RB, Mazza S, Doyon J, Montplaisir J.
Rapid-eye-movement sleep behaviour disorder and neuro-
degenerative diseases. Lancet Neurol 2006;5:424–432

70. Hendricks JC, Morrison AR, Mann GL. Different
behaviors during paradoxical sleep without atonia depend
on pontine lesion site. Brain Res 1982;239:81–105

71. Schenck CH, Bundlie SR, Mahowald MW. Delayed
emergence of a parkinsonian disorder in 38% of 29 older
men initially diagnosed with idiopathic rapid eye movement
sleep behaviour disorder. Neurology 1996;46:388–393

72. Boeve BF, Silber MH, Ferman TJ, Lucas JA, Parisi JE.
Association of REM sleep behavior disorder and neuro-
degenerative disease may reflect an underlying synucleinop-
athy. Mov Disord 2001;16:622–630

73. Schapira AH. Etiology of Parkinson’s disease. Neurology
2006;66(suppl 4):S10–S23

74. Ekbom KA. Restless legs: a clinical study. Acta Med Scand
1945;158:1–123

75. Phillips B, Young T, Finn L, Asher K, Hening WA, Purvis
C. Epidemiology of restless leg syndrome in adults. Arch
Intern Med 2000;160:2137–2141

76. Lavigne GJ, Montplaisir J. Restless legs syndrome and sleep
bruxism. Sleep 1994;17:739–743

77. Rothdach AJ, Trenkwalder C, Haberstock J, Keil U, Berger
K. Prevalence and risk factors of RLS in an elderly
population: the MEMO study. Memory and Morbidity in
Augsburg Elderly. Neurology 2000;54:1064–1068

78. Walters AS. Toward a better definition of the restless legs
syndrome. The International Restless Legs Syndrome Study
Group. Mov Disord 1995;10:634–642

79. Allen RP, Picchietti DL, Hening WA, Trenkwalder C,
Walters AS, Montplaisir J. Restless leg syndrome diagnostic
criteria, special considerations, and epidemiology. A report
from the restless leg syndrome diagnosis and epidemiology
workshop at the National Institutes of Health. Sleep Med
2003;4:101–119

80. Desautels A, Turecki G, Montplaisir J, et al. Restless legs
syndrome: confirmation of linkage to chromosome 12q,
genetic heterogeneity, and evidence of complexity. Arch
Neurol 2005;62:591–596

81. Ekbom KA. Restless legs syndrome. Neurology 1960;10:
868–873

82. Sun ER, Chen CA, Ho G, Earley CJ, Allen RP. Iron and
the restless legs syndrome. Sleep 1998;21:371–377

83. Goodman JD, Brodie C, Ayida GA. Restless leg syndrome
in pregnancy. BMJ 1988;297:1101–1102

84. Connor JR, Boyer PJ, Menzies SL, et al. Neuropathological
examination suggests impaired brain iron acquisition in
restless legs syndrome. Neurology 2003;61:304–309

85. Allen RP, Barker PB, Wehrl F, Song HK, Earley CJ. MRI
measurement of brain iron in patients with restless legs
syndrome. Neurology 2001;56:263–265

86. Earley CJ, Connor JR, Beard JL, Malecki EA, Epstein DK,
Allen RP. Abnormalities in CSF concentrations of ferritin
and transferrin in restless legs syndrome. Neurology 2000;
54:1698–1700

87. Mizuno S, Mihara T, Miyaoka T, Inagaki T, Horiguchi J.
CSF iron, ferritin and transferrin levels in restless legs
syndrome. J Sleep Res 2005;14:43–47

88. Nordlander NB. Therapy in restless legs. Acta Med Scand
1953;145:453–457

89. Earley CJ, Heckler D, Allen RP. Repeated IV doses of iron
provides effective supplemental treatment of restless legs
syndrome. Sleep Med 2005;6:301–305

90. Sowers JR, Vlachakis N. Circadian variation in plasma
dopamine levels in man. J Endocrinol Invest 1984;7:341–
345

91. Weber M, Lauterburg T, Tobler I, Burgunder JM.
Circadian patterns of neurotransmitter related gene expres-
sion in motor regions of the rat brain. Neurosci Lett 2004;
358:17–20

92. Clemens S, Sawchuk MA, Hochman S. Reversal of the
circadian expression of tyrosine hydroxylase but not nitric
oxide synthase levels in the spinal cord of dopamine D(3)
knockout mice. Neuroscience 2005;133:353–357

93. Bara-Jimenez W, Aksu M, Graham B, Sato S, Hallett M.
Periodic limb movements in sleep: state-dependent excit-
ability of the spinal flexor reflex. Neurology 2000;54:1609–
1616

94. Lu J, Jhou TC, Saper CB. Identification of wake-active
dopaminergic neurons in the ventral periaqueductal gray
matter. J Neurosci 2006;26:193–202

95. Allen R. Dopamine and iron in the pathophysiology of
restless legs syndrome (RLS). Sleep Med 2004;5:385–391

96. Desautels A, Turecki G, Montplaisir J, et al. Dopaminergic
neurotransmission and restless leg syndrome: a genetic
association study. Neurology 2001;57:1304–1306

97. Ambrosetto C, Lugaresi E, Coccagna G, Tasssinari CA.
Clinical and polygraphic remarks in the syndrome of restless
legs. Riv Patol Nerv Ment 1965;86:244–252

98. Bornstein B. Restless legs. Psychiatria et Neurologia 1961;
141:165–201

99. Montagna P, Coccagna G, Ciriguotta F, Luganesi E.
Familial restless legs syndrome. In: Guilleminault C,
Lugaresi E, eds. Sleep/Wake Disorders: Natural History,
Epidemiology, and Long-Term Evolution. New York:
Raven Press; 1983:231–235

100. Hening WA, Washburn T, Somel D, LeSage S, Allen RP,
Earley CJ. RLS patients with younger age of onset have a
higher frequency of affected relatives. Neurology 2003;60
(suppl 1):S05.004

101. Ondo WG, Vuong KD, Wang Q. Restless leg syndrome in
monozygotic twins: clinical correlates. Neurology 2000;55:
1404–1406

102. Trenkwalder C, Seidel VC, Gasser T, Oertel WH. Clinical
symptoms and possible anticipation in a large kindred of
familial restless legs syndrome. Mov Disord 1996;11:389–
394

480 SEMINARS IN NEUROLOGY/VOLUME 26, NUMBER 5 2006

D
ow

nl
oa

de
d 

by
: U

ni
ve

rs
ity

 o
f P

en
ns

yl
va

ni
a 

Li
br

ar
ie

s.
 C

op
yr

ig
ht

ed
 m

at
er

ia
l.



103. Lazzarini A, Walters AS, Hickey K, et al. Studies of
penetrance and anticipation in five autosomal-dominant
restless legs syndrome pedigrees. Mov Disord 1999;14:111–
116

104. Winkelmann J, Muller-Myhsok B, Wittchen HU, et al.
Complex segregation analysis of restless legs syndrome
provides evidence for an autosomal dominant mode of
inheritance in early age at onset families. Ann Neurol
2002;52:297–302

105. Desautels A, Turecki G, Montplaisir J, Saqueira A, Verner
A, Rouleau GA. Identification of a major susceptibility locus
for restless legs syndrome on chromosome 12q. Am J Hum
Genet 2001;69:1266–1270

106. Walters AS, Picchietti DL, Hening WA, Lazzarini A.
Variable expressivity in familial restless leg syndrome. Arch
Neurol 1990;47:1219–1220

107. Kock N, Culjkovic B, Maniak S, et al. Mode of inheritance
and susceptibility locus for restless legs syndrome,
on chromosome 12q. Am J Hum Genet 2002;71:205–
208

108. Bonati MT, Ferini-Strambi L, Aridon P, Oldani A,
Zucconi M, Casari G. Autosomal dominant restless legs
syndrome maps to chromosome 14q. Brain 2003;126:1485–
1492

109. Chen S, Ondo WG, Rao S, Li L, Chen Q, Wang Q.
Genomewide linkage scan identifies a novel susceptibility
locus for restless leg syndrome on chromosome 9p. Am J
Hum Genet 2004;74:876–885

110. Desautels A, Turecki G, Montplaisir J, et al. Evidence for a
genetic association between monoamine oxidase A and
restless leg syndrome. Neurology 2002;59:215–219

111. Gemignani F, Marbini A, Di Giovanni G, Salih S, Terzano
MG. Charcot-Marie-Tooth disease type 2 with restless legs
syndrome. Neurology 1999;52:1064–1066

112. Konieczny M, Bauer P, Tomiuk J, et al. CAG repeats in
restless legs syndrome. Am J Med Genet B Neuropsychiatr
Genet 2006;141:173–176

113. Roth T. Prevalence, associated risks, and treatment patterns
of insomnia. J Clin Psychiatry 2005;66(suppl 9):10–13

114. Stepanski EJ, Rybarczyk B. Emerging research on the
treatment and etiology of secondary or comorbid insomnia.
Sleep Med Rev 2006;10:7–18

115. Fava M. Daytime sleepiness and insomnia as correlates of
depression. J Clin Psychiatry 2004;65(suppl 16):27–32

116. Dauvilliers Y, Morin C, Cervena K, et al. Family studies in
insomnia. J Psychosom Res 2005;58:271–278

117. Gambetti P, Parchi P. Insomnia in prion diseases: sporadic
and familial. N Engl J Med 1999;340:1675–1677

118. Prusiner SB. Prions. Proc Natl Acad Sci USA 1998;
95:13363–13383

119. Dauvilliers Y, Cervena K, Carlander B, et al. Dissociation in
circadian rhythms in a pseudohypersomnia form of fatal
familial insomnia. Neurology 2004;63:2416–2418

120. Lugaresi E, Medori R, Baruzzi A, et al. Fatal familial
insomnia and dysautonomia with selective degeneration of
thalamic nuclei. N Engl J Med 1986;315:997–1003

121. Manetto V, Medori R, Cortelli P, et al. Fatal familial
insomnia: clinical and pathologic study of 5 new cases.
Neurology 1992;42:312–319

122. Goldfarb LG, Petersen RB, Tabaton M, et al. Fatal familial
insomnia and familial Creutzfeldt-Jakob disease: disease
phenotype determined by a DNA polymorphism. Science
1992;258:806–808

123. Montagna P, Cortelli P, Avoni P, et al. Clinical features of
fatal familial insomnia: phenotypic variability in relation to a
polymorphism at codon 129 of the prion protein gene. Brain
Pathol 1998;8:515–520

124. Mastrianni JA, Nixon R, Layzer R, et al. Prion protein
conformation in a patient with sporadic fatal insomnia.
N Engl J Med 1999;340:1630–1638

125. Parchi P, Capellari S, Chin S, et al. A subtype of sporadic
prion disease mimicking fatal familial insomnia. Neurology
1999;52:1757–1763

126. Landolt HP, Glatzel M, Blattler T, et al. Sleep-wake
disturbances in sporadic Creutzfeldt-Jakob disease. Neurol-
ogy 2006;66:1418–1424

127. Tobler I, Deboer T, Fischer M. Sleep and sleep regulation
in normal and prion protein-deficient mice. J Neurosci
1997;17:1869–1879

128. Bazil CW. Nocturnal seizures. Semin Neurol 2004;24:293–
300

129. Herman ST, Walczak TS, Bazil CW. Distribution of partial
seizures during the sleep-wake cycle: differences by seizure
onset site. Neurology 2001;56:1453–1459

130. Malow BA, Weatherwax KJ, Chervin RD, et al. Identi-
fication and treatment of obstructive sleep apnea in adults
and children with epilepsy: a prospective pilot study. Sleep
Med 2003;4:509–515

131. Malow BA. Sleep deprivation and epilepsy. Epilepsy Curr
2004;4:193–195

132. Vadlamudi L, Kjeldsen MJ, Corey LA, et al. Analyzing the
etiology of benign Rolandic epilepsy: a multicenter twin
collaboration. Epilepsia 2006;47:550–555

133. Provini F, Plazzi G, Tinuper P, Vandi S, Lugaresi E,
Montagna P. Nocturnal frontal lobe epilepsy: a clinical and
polygraphic overview of 100 consecutive cases. Brain 1999;
122:1017–1031

134. Provini F, Plazzi G, Lugaresi E. From nocturnal paroxysmal
dystonia to nocturnal frontal lobe epilepsy. Clin Neuro-
physiol 2000;111(suppl 2):S2–S8

135. Hirose S, Iwata H, Akiyoshi H, et al. A novel mutation of
CHRNA4 responsible for autosomal dominant nocturnal
frontal lobe epilepsy. Neurology 1999;53:1749–1753

136. De Fusco M, Becchetti A, Patrignani A, et al. The nicotinic
receptor beta 2 subunit is mutant in nocturnal frontal lobe
epilepsy. Nat Genet 2000;26:275–276

137. Bertrand D, Picard F, Le Hellard S, et al. How mutations in
the nAChRs can cause ADNFLE epilepsy. Epilepsia
2002;43(suppl 5):112–122

138. Combi R, Dalpra L, Ferini-Strambi L, Tenchini ML.
Frontal lobe epilepsy and mutations of the corticotropin-
releasing hormone gene. Ann Neurol 2005;58:899–904

139. Pack AI. Advances in sleep-disordered breathing. Am J
Respir Crit Care Med 2006;173:7–15

140. Young T, Palta M, Dempsey J, Skatrud J, Weber S, Badr S.
The occurrence of sleep-disordered breathing among
middle-aged adults. N Engl J Med 1993;328:1230–1235

141. Young T, Peppard PE, Gottlieb DJ. Epidemiology of
obstructive sleep apnea: a population health perspective. Am
J Respir Crit Care Med 2002;165:1217–1239

142. Young T, Skatrud J, Peppard PE. Risk factors for
obstructive sleep apnea in adults. JAMA 2004;291:2013–
2016

143. Bixler EO, Vgontzas AN, Lin HM, et al. Prevalence of
sleep-disordered breathing in women: effects of gender. Am
J Respir Crit Care Med 2001;163:608–613

GENETIC BASIS FOR SLEEP REGULATION AND SLEEP DISORDERS/RAIZEN ET AL 481

D
ow

nl
oa

de
d 

by
: U

ni
ve

rs
ity

 o
f P

en
ns

yl
va

ni
a 

Li
br

ar
ie

s.
 C

op
yr

ig
ht

ed
 m

at
er

ia
l.



144. Peppard PE, Young T, Palta M, Dempsey J, Skatrud J.
Longitudinal study of moderate weight change and sleep-
disordered breathing. JAMA 2000;284:3015–3021

145. Pepperell JC, Ramdassingh-Dow S, Crosthwaite N, et al.
Ambulatory blood pressure after therapeutic and subther-
apeutic nasal continuous positive airway pressure for
obstructive sleep apnoea: a randomised parallel trial. Lancet
2002;359:204–210

146. Becker HF, Jerrentrup A, Ploch T, et al. Effect of nasal
continuous positive airway pressure treatment on blood
pressure in patients with obstructive sleep apnea. Circulation
2003;107:68–73

147. Mehra R, Benjamin EJ, Shahar E, et al. Association of
nocturnal arrhythmias with sleep-disordered breathing: The
Sleep Heart Health Study. Am J Respir Crit Care Med
2006;173:910–916

148. Marin JM, Carrizo SJ, Vicente E, Agusti AG. Long-term
cardiovascular outcomes in men with obstructive sleep
apnoea-hypopnoea with or without treatment with contin-
uous positive airway pressure: an observational study. Lancet
2005;365:1046–1053

149. Ip MS, Lam B, Ng MM, Lam WK, Tsang KW, Lam KS.
Obstructive sleep apnea is independently associated with
insulin resistance. Am J Respir Crit Care Med 2002;165:
670–676

150. Punjabi NM, Sorkin JD, Katzel LI, Goldberg AP, Schwartz
AR, Smith PL. Sleep-disordered breathing and insulin
resistance in middle-aged and overweight men. Am J Respir
Crit Care Med 2002;165:677–682

151. Punjabi NM, Shahar E, Redline S, Gottlieb DJ, Givelber R,
Resnick HE. Sleep-disordered breathing, glucose intoler-
ance, and insulin resistance: the Sleep Heart Health Study.
Am J Epidemiol 2004;160:521–530

152. Babu AR, Herdegen J, Fogelfeld L, Shott S, Mazzone T.
Type 2 diabetes, glycemic control, and continuous positive
airway pressure in obstructive sleep apnea. Arch Intern Med
2005;165:447–452

153. Strohl KP, Saunders NA, Feldman NT, Hallett M.
Obstructive sleep apnea in family members. N Engl J Med
1978;299:969–973

154. Redline S, Tosteson T, Tishler PV, Carskadon MA,
Millman RP. Studies in the genetics of obstructive sleep
apnea: familial aggregation of symptoms associated with
sleep-related breathing disturbances. Am Rev Respir Dis
1992;145:440–444

155. Redline S, Tishler PV, Tosteson TD, et al. The familial
aggregation of obstructive sleep apnea. Am J Respir Crit
Care Med 1995;151:682–687

156. Mathur R, Douglas NJ. Family studies in patients with the
sleep apnea-hypopnea syndrome. Ann Intern Med 1995;122:
174–178

157. Pillar G, Lavie P. Assessment of the role of inheritance in
sleep apnea syndrome. Am J Respir Crit Care Med 1995;
151:688–691

158. Gislason T, Johannsson JH, Haraldsson A, et al. Familial
predisposition and cosegregation analysis of adult obstruc-
tive sleep apnea and the sudden infant death syndrome. Am
J Respir Crit Care Med 2002;166:833–838

159. Schwab RJ. Genetic determinants of upper airway structures
that predispose to obstructive sleep apnea. Respir Physiol
Neurobiol 2005;147:289–298

160. Schwab RJ, Arens R, Pack A. Sleep apnea. In: Lipson DA,
van Beek EJR, eds. Functional Lung Imaging. Vol. 200:

Lung Biology in Health and Disease. Boca Raton: Taylor
and Francis; 2005:513–557

161. Horner RL, Mohiaddin RH, Lowell DG, et al. Sites and
sizes of fat deposits around the pharynx in obese patients
with obstructive sleep apnoea and weight matched controls.
Eur Respir J 1989;2:613–622

162. Miles PG, Vig PS, Weyant RJ, Forrest TD, Rockette HE Jr.
Craniofacial structure and obstructive sleep apnea syndrome: a
qualitative analysis and meta-analysis of the literature. Am J
Orthod Dentofacial Orthop 1996;109:163–172

163. Lowe AA, Fleetham JA, Adachi S, Ryan CF. Cephalo-
metric and computed tomographic predictors of obstructive
sleep apnea severity. Am J Orthod Dentofacial Orthop
1995;107:589–595

164. Guilleminault C, Partinen M, Hollman K, Powell N,
Stoohs R. Familial aggregates in obstructive sleep apnea
syndrome. Chest 1995;107:1545–1551

165. Schwab RJ, Pasirstein M, Pierson R, et al. Identification of
upper airway anatomic risk factors for obstructive sleep
apnea with volumetric magnetic resonance imaging. Am J
Respir Crit Care Med 2003;168:522–530

166. Schwab RJ, Pasirstein M, Kaplan L, et al. Family
aggregation of upper airway soft tissue structures in normal
subjects and patients with sleep apnea. Am J Respir Crit
Care Med 2006;173:453–463

167. Bell CG, Walley AJ, Froguel P. The genetics of human
obesity. Nat Rev Genet 2005;6:221–234

168. Stunkard AJ, Foch TT, Hrubec Z. A twin study of human
obesity. JAMA 1986;256:51–54

169. Sorensen TI, Price RA, Stunkard AJ, Schulsinger F.
Genetics of obesity in adult adoptees and their biological
siblings. BMJ 1989;298:87–90

170. Borecki IB, Rice T, Perusse L, Bouchard C, Rao DC. An
exploratory investigation of genetic linkage with body
composition and fatness phenotypes: the Quebec Family
Study. Obes Res 1994;2:213–219

171. Borecki IB, Rice T, Perusse L, Bouchard C, Rao DC. Major
gene influence on the propensity to store fat in trunk versus
extremity depots: evidence from the Quebec Family Study.
Obes Res 1995;3:1–8

172. Rice T, Perusse L, Bouchard C, Rao DC. Familial
clustering of abdominal visceral fat and total fat mass: the
Quebec Family Study. Obes Res 1996;4:253–261

173. Kadotani H, Kadotani T, Young T, et al. Association
between apolipoprotein E epsilon4 and sleep-disordered
breathing in adults. JAMA 2001;285:2888–2890

174. Gottlieb DJ, DeStefano AL, Foley DJ, et al. APOE
epsilon4 is associated with obstructive sleep apnea/hypo-
pnea: the Sleep Heart Health Study. Neurology 2004;63:
664–668

175. Foley DJ, Masaki K, White L, Redline S. Relationship
between apolipoprotein E epsilon4 and sleep-disordered
breathing at different ages. JAMA 2001;286:1447–1448

176. Saarelainen S, Lehtimaki T, Kallonen E, Laasonen K,
Poussa T, Nieminen MM. No relation between apolipo-
protein E alleles and obstructive sleep apnea. Clin Genet
1998;53:147–148

177. Larkin EK, Patel SR, Redline S, Mignot E, Elston RC,
Hallmayer J. Apolipoprotein E and obstructive sleep apnea:
evaluating whether a candidate gene explains a linkage peak.
Genet Epidemiol 2006;30:101–110

178. O’Hara R, Schroder CM, Kraemer HC, et al. Nocturnal
sleep apnea/hypopnea is associated with lower memory

482 SEMINARS IN NEUROLOGY/VOLUME 26, NUMBER 5 2006

D
ow

nl
oa

de
d 

by
: U

ni
ve

rs
ity

 o
f P

en
ns

yl
va

ni
a 

Li
br

ar
ie

s.
 C

op
yr

ig
ht

ed
 m

at
er

ia
l.



performance in APOE epsilon4 carriers. Neurology 2005;
65:642–644

179. Sakai K, Takada T, Nakayama H, et al. Serotonin-2A and
2C receptor gene polymorphisms in Japanese patients with
obstructive sleep apnea. Intern Med 2005;44:928–933

180. Riha RL, Brander P, Vennelle M, et al. Tumour necrosis
factor-alpha (-308) gene polymorphism in obstructive sleep
apnoea-hypopnoea syndrome. Eur Respir J 2005;26:
673–678

181. Vgontzas AN, Zoumakis E, Lin HM, Bixler EO, Trakada
G, Chrousos GP. Marked decrease in sleepiness in patients
with sleep apnea by etanercept, a tumor necrosis factor-
alpha antagonist. J Clin Endocrinol Metab 2004;89:4409–
4413

182. Palmer LJ, Buxbaum SG, Larkin E, et al. A whole-genome
scan for obstructive sleep apnea and obesity. Am J Hum
Genet 2003;72:340–350

183. Palmer LJ, Buxbaum SG, Larkin EK, et al. Whole genome
scan for obstructive sleep apnea and obesity in African-
American families. Am J Respir Crit Care Med 2004;169:
1314–1321

184. Buxbaum SG, Elston RC, Tishler PV, Redline S. Genetics
of the apnea hypopnea index in Caucasians and African
Americans: I. Segregation analysis. Genet Epidemiol 2002;
22:243–253

185. Ginsburg GS, Donahue MP, Newby LK. Prospects for
personalized cardiovascular medicine: the impact of genomics.
J Am Coll Cardiol 2005;46:1615–1627

GENETIC BASIS FOR SLEEP REGULATION AND SLEEP DISORDERS/RAIZEN ET AL 483

D
ow

nl
oa

de
d 

by
: U

ni
ve

rs
ity

 o
f P

en
ns

yl
va

ni
a 

Li
br

ar
ie

s.
 C

op
yr

ig
ht

ed
 m

at
er

ia
l.


