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           One of the most exciting and interesting frontiers 
in medical research is the study of the genetics of 

disease. Understanding the genetic basis of sleep dis-
orders is important because it leads to insights about 
their pathogenesis; it also confi rms the biologic basis 
of these disorders, leads to new tests for their diagno-
sis, and, more importantly, leads to novel therapies for, 
and individualized treatment of, patients with sleep 
disorders. The beginning of the modern scientifi c study 
of sleep is usually marked by Nathaniel Kleitman’s 
studies on sleep and the effects of sleep deprivation 
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 The study of genetics is providing new and exciting insights into the pathogenesis, diagnosis, and 
treatment of disease. Both normal sleep and several types of sleep disturbances have been found 
to have signifi cant genetic infl uences, as have traits of normal sleep, such as those evident in EEG 
patterns and the circadian sleep-wake cycle. The circadian sleep-wake cycle is based on a complex 
feedback loop of genetic transcription over a 24-h cycle. Restless legs syndrome (RLS) and peri-
odic limb movements in sleep (PLMS) have familial aggregation, and several genes have a strong 
association with them. Recent genome-wide association studies have identifi ed single nucleotide 
polymorphisms linked to RLS/PLMS, although none has a defi nite functional correlation. Nar-
colepsy/cataplexy are associated with HLA DQB1*0602 and a T-cell receptor  a  locus, although 
functional correlations have not been evident. Obstructive sleep apnea is a complex disorder 
involving multiple traits, such as anatomy of the oropharynx, ventilatory control, and traits asso-
ciated with obesity. Although there is clear evidence of familial aggregation in the obstructive sleep 
apnea syndrome, no specifi c gene or locus has been identifi ed for it. Angiotensin-converting enzyme 
has been proposed as a risk variant, but evidence is weak. Fatal familial insomnia and advanced 
sleep phase syndrome are sleep disorders with a defi nite genetic basis.  
   CHEST 2013;  143� ( 5 ): 1489 – 1499  

  Abbreviations  :     ACE   5    angiotensin-converting enzyme    ;    GWAS   5    genome-wide association study    ;    HLA   5    human leu-
kocyte antigen    ;    NREM   5    nonrapid eye movement    ;    OSA   5    obstructive sleep apnea    ;    PLMS   5    periodic limb movements in 
sleep    ;    REM   5    rapid eye movement    ;    RLS   5    restless legs syndrome    ;    SNP   5    single nucleotide polymorphism    ;    TNF   5    tumor 
necrosis factor     

in the 1920s.  1   This was followed in 1937 by descrip-
tions by Blake and Gerard  2   of EEG patterns associated 
with wake, light sleep, and deep sleep. Subsequent 
years have been marked by major advances in the 
observation, description, and clinical features of sleep 
and its disorders. The next major horizon in sleep 
medicine will be the discovery and description of 
the genetic basis of normal and abnormal sleep. The 
genetics of sleep disorders represents an important 
and exciting area of research that attempts to defi ne 
mechanisms of disease at the level of DNA. Several 
excellent, comprehensive reviews on the genet ics of 
sleep and sleep disorders have been published recently.  3 - 5   

 Research into the genetic infl uence of any trait or 
disease, including sleep, begins with careful observa-
tion and recording of familial aggregation of a given 
trait or disorder. Additionally, studies of traits or dis-
orders occurring in monozygotic and dizygotic twins 
provide valuable information about genetic transmis-
sion. Heritability, defi ned as the fraction of variance 
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in a phenotype, trait, or disease explainable by genetic 
infl uence, can be estimated in families by using more 
advanced techniques such as segregation analysis and 
genome-wide linkage studies. Recently, a powerful 
tool called population-based, case-control, genome-
wide association studies (GWASs) has provided insight 
into previously unknown genetic loci, including the 
genetic infl uences in sleep disorders.  6   Different gene 
alleles (risk variants) can be characterized by their fre-
quency of occurrence and by how large an effect they 
have on a phenotype, trait, or disease. Risk variants 
range from rare (allele frequency  ,    1%) to common 
(allele frequency  .    5%) and may be associated with a 
range of effects from small (increased risk by a factor 
of 0.1) to large (increased risk by a factor of  .    100) on 
a given phenotype, trait, or disease.  7 - 9    

 Genetic Infl uence on Normal Sleep Traits 

 There is no single sleep gene. Sleep is a complex 
phenotype involving a recurrent behavioral state, char-
acteristic EEG changes, timing during the 24-h clock, 
and responses to deprivation. As such, sleep may be 
controlled or infl uenced by many genes—many still 
not yet defi ned. Initial investigations have attempted 
to focus on traits easily measured, such as EEG pat-
terns during sleep, and have compared monozygotic 
twins, dizygotic twins, and unrelated control subjects. 
For example, preliminary investigations of genetic 
infl uences examined EEG patterns and the power spec-
trum of monozygotic and dizygotic twins ( Fig 1 ).  5 , 10 , 11   
If no genetic linkage existed, then EEG frequencies 
in monozygotic twins should be no more similar than 
those in dizygotic twins or unrelated individuals. Sev-
eral studies have demonstrated that EEG frequencies 
are much more similar in monozygotic twins than in 
dizygotic twins or in unrelated control subjects, which 
indicates signifi cant genetic determination.  12        

 Genetic Determination of Circadian Rhythm 

 Circadian rhythm is one of the fi rst sleep traits 
found both in animal models and in humans to be 
controlled by genetic factors and to have its molec-
ular mechanism elucidated. In the  Drosophila mela-
nogaster  fruit fl y, genetic mutations can be induced 
that result in a longer or shorter circadian sleep-
wake cycle than the mean of the fl y population.  13   Gene 
mutations have been identifi ed that correlate with 
changes in circadian sleep-wake cycle length, and a 
model of its molecular mechanism has been devel-
oped.  14   In a series of remarkable fi ndings, researchers 
have determined that the  Drosophila  genes are quite 
similar to those that infl uence the circadian sleep-
wake cycles of animals, such as mice, and of humans 
( Table 1 ).  15 , 16       

 The circadian rhythm is controlled by light input 
transmitted from the retina to the suprachiasmatic 
nucleus in the hypothalamus. Cells within the supra-
chiasmatic nucleus contain a molecular feedback loop 
with a cycle of approximately 24 h. The fi rst gene dis-
covered that involved the circadian rhythm was 
called  CLOCK ; it was found on chromosome 5, which 
encodes for the CLOCK protein.  17   Additional genes 
involved in the sleep-wake cycle are  BMAL1  (or 
 ARNTL ),  PERIOD  ( PER1, PER2,  and  PER3 ), and 
cryptochrome 1 and 2 ( CRY1  and  CRY2 ). The molec-
ular basis of the circadian clock has a feedback loop 
involving the CLOCK/BMAL1, PER, and CRY pro-
teins produced by these genes. Within the nucleus of 
the cell in the suprachiasmatic nucleus, the CLOCK 
protein forms a heterodimer with the BMAL1 pro tein, 
the product of the  BMAL1  gene.  18   CLOCK/BMAL1 
increases transcription of the  PER1, PER2,  and  PER3  
genes, encoding the PER1, PER2, and PER3 pro teins, 
and the  CRY  gene encodes the CRY protein. The PER 
and CRY proteins are transported from the nucleus 
into the cytoplasm and combine to form a PER/CRY 
dimer. Over a 24-h period, the PER/CRY dimer grad-
ually increases to a critical concentration in the cyto-
plasm, and then moves back into the nucleus where it 
provides negative feedback to the CLOCK/BMAL1 
dimer, thus inhibiting its own transcription  19   ( Fig 2 ). 
Additional feedback loops exist to regulate the sleep-
wake cycle. Casein kinase 1,  ́   ( CSNK1E  or  CK1 ́   ) 
genes produce protein products that regulate the 
PERIOD protein.  BMAL1  appears to be modulated 
by unique proteins known as REV-ERB a  and ROR1, 
which are transcribed in the nucleus of the supra-
chiasmatic nucleus and are products of the genes 
 NR1D1  (previously termed  REV-ERB a  ) and  ROR1.  
CRY also has proteins that modulate its expression.  20          

 Genetic Infl uence on Clinical Disorders 
of Sleep  

 Restless Legs Syndrome and Periodic Limb 
Movements in Sleep 

 Restless legs syndrome (RLS) and periodic limb 
movements in sleep (PLMS) have signifi cant evidence 
of a genetic basis. RLS/PLMS represents the sensory 
and motor manifestations of a common, yet poorly 
understood, sleep disorder. Diagnostic criteria con-
sist of four main symptoms: (1) a persistent urge to 
move or stretch the legs, (2) symptoms that occur with 
rest or inactivity, (3) relief by stretching or walking, 
and (4) occurrence in the evening or night. RLS may 
be either primary or secondary, that is, related to a 
medical condition such as iron defi ciency, pregnancy, 
or renal failure. 

 Familial forms of RLS and PLMS have been iden-
tifi ed. Most patients (40%-60%) have a family history 
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of a relative with RLS. Persons with a positive fam-
ily history tend to have symptom onset at an earlier 
age compared with those without a family history.  20   
Genetic linkage studies in these families have iden-
tified several associated chromosomal loci: RLS1 
on chromosome 12q, discovered in a French Cana-
dian family  21  ; RLS2 on 14q, in an Italian family  22  ; 
RLS3 on chromosome 9p, in 15 extended American 
families; RLS4 on chromosome 2q; and RLS5 on 
chromosome 20p.  23   In these families, transmission 
appears to be autosomal dominant with incomplete 
penetrance. A high concordance has been found in 

monozygotic twins. Since dopaminergic medications 
are used to treat RLS, candidate genes that code for 
receptors or enzymes related to dopamine transmis-
sion have been studied but have not been found to be 
signifi cant. 

 GWAS has been used successfully to identify can-
didate genes associated with RLS. In one large study, 
PLMS was strongly associated with four genes:  MEIS1, 
BTBD9, MAP2K5,  and  SKOR1  (previously called 
 LBXCOR1 ) ( Fig 3 ).  24   Each genetic variant of these 
alleles carries an increased risk for RLS of approx-
imately 50%.  BTBD9  was associated with PLMS but 

  
 Figure 1.      Power spectral analysis demonstrating the genetic infl uence on sleep EEG frequency power 
density. A, A female MZ twin pair with virtually identical EEG frequency power density. B, A single 
individual recorded on two different occasions. C, EEG frequency of a male MZ twin pair with virtu-
ally identical EEG power density. D, A male DZ twin pair with different EEG power spectrums. 
DZ  5  dizygous; MZ  5  monozygous. (Adapted with permission from Andretic et al.  5  )    
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not with RLS, which suggests that this variant is asso-
ciated with motor manifestations of the syndrome 
but not necessarily with the sensory part.  25   Each at-risk 
allele of  BTBD9  is also associated with a 13% decrease 
in ferritin, a known risk factor for RLS.  25   Also of interest 
is that the  MEIS1  gene is involved with a regulatory 
network important in motor neuron development.  26   
 SKOR1  is involved with regulation of the develop-
ment of dorsal horn sensory pathways. Additional risk 
variants have been identifi ed recently, consisting of 

two single nucleotide polymorphisms (SNPs) expressed 
in the pro tein tyrosine phosphatase, receptor type, 
D ( PTPRD ) gene, a gene involved with neuronal 
development that may also provide a possible func-
tional association.  27       

 The importance of these studies is that they point 
toward a molecular mechanism for this condition. 
Little is known at this time about the exact function 
of most of these genes and how they play a role in 
the development of RLS/PLMS. The next challenge in 
research is to develop relevant animal models of these 
variants and attempt to identify how they contribute 
to RLS/PLMS.  9   Further studies should fi ll in the gaps 
in the exact pathophysiology of this sleep disorder, 
leading to objective diagnostic testing, and to the 
development of new treatments.   

 Genetic Basis of Narcolepsy 

 Narcolepsy is a relatively uncommon disorder char-
acterized by hypersomnolence, cataplexy, hypnagogic 
hallucinations, and sleep paralysis. Its prevalence 
is approximately 25 to 50 per 100,000 people in the 
general population.  28 , 29   Familial clustering has been 

  
 Figure 2.      Diagram of the molecular basis of the circadian sleep-wake cycle. The  BMAL1  and  CLOCK  
genes are transcribed to proteins BMAL1 and CLOCK, which combine to create a transcription 
factor BMAL1/CLOCK, which facilitates transcription of the PER and CRY proteins from their 
respective genes. PER and CRY form a dimer in the cytoplasm that gradually increases in concentra-
tion in the cytoplasm and reenters the nucleus, providing negative feedback.  CK1 ́   CSNK1E  facili-
tates degradation of PER. ROR1 and REV-ERB a  regulate  BMAL1 . (Adapted with permission from 
Lowrey et al.  83  )    

 Table 1  —   Mammalian Genes That Infl uence Circadian 
Rhythm and Their Close Counterparts in the 

Drosophila melanogaster Fruit Fly  

  Mammalian    Gene  Drosophila  Gene  

   Clock  ( CLOCK   a  )  Clock  
  Period 1, 2,  and  3  ( PER1,   a    PER2,   a   and  PER3   a  )  Period  
  Cryptochrome 1  and  2  ( CRY1   a   and  CRY2   a  )  Cryptochrome  
  BMAL1  ( ARNTL   a  )  Cycle  
  Timeless  ( TIMELESS   a   )  Timeless  
  CK1 d   and  CK1 ́    ( CSNK1E   a  )  Doubletime   

   Adapted with permission from Allada.  85    
  a     Currently approved gene symbol per the Human Genome Organi-
sation International Gene Nomenclature Committee database.  84     
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observed: First-degree relatives have 10- to 40-fold 
higher risk (0.9%-2.3%) than that observed in the gen-
eral population.  30   Monozygotic twins show low con-
cordance (about 32%).  28   In a canine model, a genetic 
basis of narcolepsy has been observed; in humans a 
defi nite genetic basis has not yet been determined. 
However, recent investigations provide signifi cant evi-
dence of a genetic predisposition associated with an 
autoimmune pathogenesis. 

 The neuropeptide hypocretin (orexin) has been the 
subject of considerable interest in the syndrome of 
narcolepsy/cataplexy, and evidence that depletion of 
hypocretin (orexin) is important in narcolepsy has 
accumulated in the past several years. A gene muta-
tion in a canine model resulting in orexin-2 receptor 
dysfunction leads to narcolepsy that may be autosomal 
recessive.  31   A narcolepsylike phenotype has been seen 
in hypocretin/orexin knockout mice.  32   Patients with 
narcolepsy/cataplexy syndrome lack hypocretin in cere-
brospinal fl uid.  33   Autopsy studies of the brains of per-
sons with narcolepsy have found a marked reduction 
of hypocretin neurons in the lateral hypothalamus.  34   
Hypocretin is important in maintaining sleep and wake 
homeostasis, and its defi ciency leads to hypersomno-
lence and dissociation of rapid eye movement (REM) 
sleep and wakefulness. The hypothesis that destruc-
tion of hypocretin cells is caused by an autoimmune 

event has gained wide appeal. Recent observations 
have found that onset of narcolepsy is associated 
with upper airway infections due to  Streptococcus  
infections, H1N1 influenza infections, and even 
H1N1 vaccinations.  35   

 Narcolepsy has been associated with the human leu-
kocyte antigen (HLA) system, a 4-megabase region 
of chromosome 6, which is divided into three sub-
regions: class I, class II, and class III. Class II HLA 
antigens have been strongly associated with autoim-
mune diseases. The class II antigen, DQB1*0602, has 
been associated with narcolepsy.  30 , 36   Most (90%-100%) 
patients with narcolepsy/cataplexy across all ethnic 
groups have this allele. In addition, 35% to 56% of 
patients who have narcolepsy without cataplexy also 
have this allele. However, 20% of the normal popu-
lation also has the allele, reducing its usefulness in 
diagnostic testing. Homozygotes, carrying two alleles, 
have a risk of narcolepsy two to four times greater 
than heterozygotes and may have more severe symp-
toms.  37 , 38   Several other alleles have been identifi ed 
that also predispose to narcolepsy (DQB1*0301, 
DQA1*06, DRB1*04, DRB1*08, DRB1*11, and 
DRB1*12), whereas several alleles seem to be pro-
tective (DQB1*0601, DQB1*0501, and DQA1*01).  39   

 Recent investigations have found strong evidence 
pointing to an autoimmune pathogenesis of narcolepsy. 

  
 Figure 3.      Genome-wide association study (GWAS) of restless legs syndrome (RLS). A Manhattan plot 
diagram of a GWAS demonstrating a common method of displaying data from a GWAS. The x axis 
shows various chromosome locations. The y axis displays the negative logarithm of the association 
 P  value. Each dot in the display represents different single nucleotide polymorphisms (SNPs), possibly 
linked to RLS. The stronger the association, the smaller the  P  value and the higher the negative 
logarithm. The higher the dot on the display, the more likely it is that the SNP is statistically different 
among those with the disease and those without it. In this display, 13 SNPs are signifi cant and high-
lighted in bold (three SNPs on chromosome 15 are similar and appear as a single dot.) Gb  5  gigabases. 
(Adapted with permission from Winkelmann et al.  24  )    
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Recent GWASs have found an association between 
narcolepsy and a specifi c SNP on the T-cell recep-
tor  a  locus.  40   The T-cell receptor  a  locus has been 
identifi ed as the unique protein on T lymphocytes 
that interacts with HLA classes I and II, including 
the HLA-DQB1*0602 allele.  41   The exact function is 
indeterminate but supports a strong genetic infl uence 
in narcolepsy and again suggests the possibility of 
an autoimmune disease. T-cell receptor is important 
in the immune response because it interacts with 
protein-bound HLA antigens, which likely have a 
role in an autoimmune reaction resulting in the destruc-
tion of hypocretin cells, in the context of some type 
of antigenic trigger. Autoantibodies directed against 
a protein expressed in hypocretin cells, Tribbles 
homolog 2 (Trib 2), have been discovered in patients 
with newly diagnosed narcolepsy. There is not direct 
evidence that these antibodies actually kill hypocre-
tin cells, but it may be a consequence of cell injury 
or may be incidental.  42 , 43   GWAS technology with 
replication and fine mapping methodologies have 
shown an SNP associated with the purinergic recep-
tor (P2RY11) to be signifi cantly associated with nar-
colepsy.  44   The allele associated with narcolepsy is 
important in the function of CD8  1   T lymphocytes and 
natural killer cells, which may be implicated in cell 
death. This fi nding suggests that immune mechanisms 
have a role in the pathogenesis of narcolepsy.  44     

 Genetics of Obstructive Sleep Apnea 

 Obstructive sleep apnea (OSA) is a complex dis-
order with multiple predisposing factors (eg, obesity, 
age, male sex, and craniofacial abnormalities) and with 
physiologic variables such as apnea-hypopnea index, 
oxyhemoglobin saturation, and other clinical variables 
such as sleepiness, obesity, and hypertension. In such 
a complex syndrome, it would be unlikely for there 
to be a single genetic predisposition. However, sev-
eral traits most likely infl uence the predisposition to 
OSA, such as anatomy of the oropharynx, ventilatory 
control, or traits associated with obesity. The most 
common anatomic abnormality found in patients with 
OSA is mild retrognathism and inferior position of 
the hyoid bone, which are likely determined genetically. 
However, distinct genetic loci for this trait have not 
yet been identifi ed. 

 Many studies have been undertaken on the genetic 
infl uences on OSA since the documentation of numer-
ous familial forms of this sleep disorder.  45   Inherited 
factors likely account for approximately 40% of the 
risk of OSA.  46   Redline and Tishler  46   noted that the 
prevalence of OSA in fi rst-degree relatives of patients 
with OSA has been reported to range from 22% to 84%. 
The OR of a fi rst-degree relative having OSA ranges 
from 2 to 46  .  46   

 Several authors have noted familial aggregation of 
cases of OSA.  47 - 50   Among these, the Cleveland Family 
Study provided the strongest data in support of famil-
ial aggregation, and it was the fi rst to observe a major 
difference in heritability between whites and blacks.  49   
Obesity, which has both environmental and genetic 
infl uences, is a signifi cant risk factor for OSA. Genetic 
factors are important in the determination of BMI 
(weight in kg/height in m 2 ), and they may explain as 
much as 50% to 90% of the variance in the BMIs of 
siblings in twin studies. Furthermore, family studies 
provide a heritability estimate of 20% to 80% for 
BMI.  51 , 52   In the Cleveland Family Study, fi rst-degree 
relatives of patients with OSA had a higher relative 
risk of OSA even when obesity was controlled for 
as measured by BMI. Another study of a population 
in Scotland also demonstrated signifi cant familial 
aggregation in OSA, with the authors observing that 
maxillofacial structure was a more important factor 
than obesity.  53   The fi rst-degree relatives of patients 
with OSA have smaller mandibular and maxillary bone 
structure than do control subjects, which suggests 
that maxillofacial anatomy is an important inherited 
trait that contributes to the development of OSA. 

 Many candidate gene association studies have been 
done on OSA using different populations. Among the 
most promising genetic associations are genes with 
different alleles for apolipoprotein E4 (ApoE4), tumor 
necrosis factor (TNF), and angiotensin-converting 
enzyme (ACE). On the basis of two reports, ApoE4 
has been proposed as a candidate gene for develop-
ment of OSA.  54 , 55   However, a recent systematic review 
found only 1 TNF polymorphism, TNFA rs1800629, 
to have a statistically signifi cant association with OSA. 
There was not suffi cient data in this review to support 
an association with ACE or ApoE4. Many studies were 
found to be underpowered and thus were unable to 
detect signifi cant ORs.  56   Furthermore, a lack of asso-
ciation of ApoE4 with OSA was found in another 
meta-analysis of eight studies (N  5    6,508).  57   In another 
study, certain polymorphisms of TNF- a  were found 
to occur more frequently in patients with OSA than 
in control subjects,  58   and to correlate with the pres-
ence of sleepiness in those patients.  59   

 ACE polymorphisms have been associated with the 
development of hypertension, which has provoked 
interest in a hypothesis that certain polymorphisms 
in patients with OSA might identify those patients in 
whom hypertension would develop. There have been 
mixed results in studying this hypothesis. For example, 
in the Wisconsin Sleep Cohort, the D allele of the 
insertion/deletion polymorphism was correlated with 
the presence of hypertension in patients who had 
mild to moderate OSA,  60   whereas in the Cleveland 
Family Study, the D allele seemed to reduce the risk 
for hypertension.  61   
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 Congenital central hypoventilation syndrome is a rare, 
lifelong condition that typically presents in infancy, and 
is characterized by absence of spontaneous breathing 
or by shallow, inadequate breathing. Hypoventilation, 
confi rmed by a Pa co  2  level  .    45 mm Hg during wake-
fulness, is due to abnormal central respiratory drive. 
Other abnormalities of the autonomic nervous sys-
tem are often present as well. Some method of venti-
latory support is usually necessary during wakefulness 
and sleep. Congenital central hypoventilation syn-
drome is associated with defects in the  PHOX2B  gene, 
which is important in neuronal development, spe-
cifi cally in the neurons determining central ventila-
tory control.  62     

 Fatal Familial Insomnia 

 Two sleep disorders have been identifi ed as having 
a defi nite genetic basis ( Table 2 ). The fi rst is fatal famil-
ial insomnia, which has been described as a rare auto-
somal neurodegenerative disease initially reported in 
1986.  63   The clinical manifestations consist of progres-
sive cognitive impairment, hallucinations, severe insom-
nia, and, eventually, death. The age of onset is 30 to 
60 years of age, and the natural history is approxi-
mately three years. Autopsy has shown selective degen-
eration of thalamic nuclei associated with abnormal 
accumulation of the prion protein. In these persons, 
a single mutation has been identifi ed on the prion 
protein gene ( PRNP ), at position 178, in combination 
with another mutation on position 129.  64         

 Familial Advanced Sleep Phase Syndrome 

 The second sleep disorder with a well-defined 
genetic basis is familial advanced sleep phase syn-
drome, which is an autosomal dominant disorder. 
Persons with this disorder have a regular sleep cycle 
that occurs 4 h earlier than that of unaffected family 
members. A mutation has been discovered on the 
human  PER2  gene on chromosome 2q, which was 
referred to previously in the discussion of the circa-
dian clock. In a mouse model, this mutation results in 
alterations in the phosphorylation of the PER2 protein 
by casein kinase-1,  a    1 ( CSNK1A1 ).  65   Of great inter-
est is that the mouse model accurately replicates the 
human phenotype.  66      

 Sleep and the Immune System 

 The biochemical and molecular mechanisms of 
sleep have been the subject of intense investigation 
in the past 2 decades, and the understanding of the 
function of regulatory mechanisms has increased 

signifi cantly during that time. Regulation of sleep is 
extraordinarily complex and multiple systems are 
involved. Many cytokines intrinsic to the function of 
the immune response to infection have been found 
to infl uence and regulate sleep.  67   Additionally, recent 
studies have found that sleep duration is important 
in the immune system. Short sleep duration appears 
to affect the immune system and is associated with 
alterations in the system and may increase risk of clin-
ical infections. This section reviews some of the most 
interesting work investigating the relation between 
sleep and the immune system. 

 Multiple cytokines and other molecules are involved 
in both positive and negative feedback loops affect-
ing nonrapid eye movement (NREM) sleep. Most of 
the evidence revolves around two cytokines: IL-1 b  
and TNF- a . Both IL-1 b  and TNF- a  are found in 
the brain and cerebrospinal fl uid and have diurnal 
rhythms in the brain; the highest levels of IL-1 b  and 
TNF- a  are found during periods of sleep. Both IL-1 b  
and TNF- a  promote sleep, specifi cally NREM sleep, 
if injected either centrally or systemically into rab-
bits or other animal models, including mice, rats, and 
cats. Total sleep time is increased, and the normal 
cycle of REM, NREM, and wake is physiologic.  68 , 69   
Substances that block or inhibit the action of IL-1 b  
or TNF- a  decrease NREM sleep. Examples include 
anti-IL-1 b  or anti-TNF, soluble receptors to the cyto-
kines, and a substance known as  small interfering 
RNA targeting IL-1 b  and TNF- a  . Animals lacking 
receptors for the cytokines demonstrate less sleep.  69   
Compounds known to inhibit NREM sleep, such 
as corticotropin-releasing hormone, glucocorticoids, 
and prostaglandin E 2 , also suppress the production 
of IL-1 or TNF.  70   Other substances known to inhibit 
either IL-1 b  or TNF- a  include IL-4, IL-10, IL-13, 
and transforming factor growth factor- b , and they also 
inhibit NREM sleep. Levels of IL-1 b  mRNA increase 
in the brain following sleep deprivation. The expected 
rebound in sleep after sleep deprivation can be blunted 
by blocking TNF.  70   

 The mechanism of action of IL-1 b  and TNF- a  in 
enhancing NREM sleep is not fully understood, but 
there is evidence that these two cytokines activate 
nuclear factor- k B (NF- k B), a protein involved with 
DNA transcription. Substances that result in inhibition 
of NF- k B activity also inhibit sleep. For exam ple, IL-4, 
IL-10, and the glucocorticoids are known to inhibit 
NF- k B activity and also to inhibit NREM sleep.  68   
Furthermore, evidence exists that clinical symptoms 
associated with sleep deprivation, such as sleepiness, 
fatigue, cognitive impairment, and enhanced pain sensi-
tivity, can be elicited by exogenous injection of IL-1 b  
or TNF- a .  68 , 71   Clinical syndromes such as sleep apnea, 
chronic fatigue, rheumatoid arthritis, and chronic 
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fatigue seen with chronic infl ammation are associated 
with increased brain and circulating levels of IL-1 b  
and TNF- a .  72   Several intriguing case series report that 
the fatigue of rheumatoid arthritis and the sleepi-
ness of sleep apnea can be attenuated by clinically 
available inhibitors of TNF, such as etanercept.  68 , 73   

 Other cytokines have been identified that also 
infl uence sleep. For example, increased levels of IL-6 
are associated with sleep.  74   IL-6 demonstrates a 
biphasic pattern, with nadirs at about 8:00  am  and 
9:00  pm , and it peaks at about 7:00  pm  and 5:00  am . 
Sleep deprivation delays this circadian pattern, such 
that the increase in IL-6 occurs during the day.  74 , 75    

 Sleep Deprivation and the Immune System 

 The effect of total or partial sleep deprivation on 
the immune system has created considerable interest. 
These studies have been recently reviewed.  76   The phys-
iologic response to either complete or partial sleep 
deprivation is to activate components of the infl am-
matory system. Most studies have found a nonspecifi c 
activation of the immune reaction and such as increases 
in leukocyte and monocyte counts, increases in cyto-
kines such as IL-6 and TNF. Increases in IL-1 b  

and IL-17 have also been documented in response 
to moderate sleep deprivation.  76   Sleep deprivation is 
associated with reductions in immune response,  77   
including impairment of T-cell cytokine production.  78   
These studies of molecular changes in immune func-
tion have been supplemented by clinical studies sup-
porting an association of short sleep with risk of 
infection. On the basis of data from almost 57,000 indi-
viduals, both short sleep and long sleep are associ-
ated with an increased risk of pneumonia compared 
with 8-h sleepers.  79   Normal sleep enhances, whereas 
sleep deprivation for one night impairs, the response 
to hepatitis A vaccine.  80   Shorter sleep duration mea-
sured by actigraphy in healthy adults was associ-
ated with an impaired IgG response to hepatitis B 
surface antibody and inability to achieve the thresh-
old for clinical protection to hepatitis B vaccine 
despite correction for other factors.  81   In addition, 
response to influenza vaccine can be impaired by 
sleep deprivation.  82      

 Conclusion 

 There have been very exciting and interesting 
developments in the areas of genetics and immunology 

 Table 2  —   Summary of Sleep Disorders With Alleles or Loci That Have Been Associated on the Basis of Candidate 
Gene, Linkage, or Genome-Wide Association Studies  

  Sleep Disorder Associated Gene, Loci, SNP Comments  

  Narcolepsy/cataplexy DQB1 and DQA1; primary allele 
 DQB1*0602

HLA class II allele; effect observed across 
 several ethnic groups; high prevalence (90%) 
 in narcolepsy with cataplexy 

 Narcolepsy/cataplexy T-cell receptor  a Based on GWAS; identifi ed across several 
 ethnic groups independently; T-cell receptor 
 on lymphocytes interacts with HLA class I 
 and II antigens, including DQB1*0602 allele 

 RLS/PLMS  RLS1 Identifi ed in familial linkage studies across 
 several nationalities; complex transmission, 
 but often autosomal dominant, with 
 incomplete penetrance; no association with 
 dopamine system or iron metabolism 
 documented 

  RLS2  
  RLS3  
  RLS4  
  RLS5  

 RLS/PLMS  MEIS1 Based on GWAS; replicated in several studies; 
  MEIS1  associated with motor neuron 
 development 

 RLS/PLMS  BTBD9 Based on GWAS; associated with PLMS 
 without RLS; allele also associated with 
 reduced ferritin levels 

 RLS/PLMS  MAP2K5/SKOR1  ( LBXCOR1 ) Based on GWAS; gene associated with 
 development of dorsal-horn sensory pathways 

 RLS/PLMS  PTPRD Based on GWAS; two SNPs involved with 
 neuronal development 

 Familial advanced sleep phase syndrome  HPER2 Autosomal dominant transmission; identifi ed 
 through candidate gene sequencing 

 Fatal familial insomnia Single point mutation in prion gene Point mutation at position 178 of prion protein 
 gene combined with point mutation at 
 codon 129  

   GWAS  5  genome-wide association study; HLA  5  human leukocyte antigen; PLMS  5  periodic limb movements in sleep; RLS  5  restless legs 
syndrome; SNP  5  single nucleotide polymorphism.   
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related to normal sleep and sleep disorders. These 
fi ndings will have a signifi cant effect on the clinical 
practice of sleep medicine in the near future. A clear, 
genetic, molecular mechanism regulates the circa-
dian rhythm. New information about the genetic basis 
of RLS/PLMS, narcolepsy, circadian rhythm disor-
ders, and OSA will soon lead to improved diagnos-
tic tests and new individualized treatments. Rapidly 
advancing research on the relation of the immune 
system and sleep will lead to more advanced under-
standing of each area.     
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