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Sleep is a fundamental physiologic process with unknown

functions. It is divided into 2 distinct states: non–rapid-eye-

movement sleep and rapid-eye-movement sleep. After acute

infection with nonneurotropic agents, there are stereotypic

changes in non–rapid-eye-movement sleep, particularly

increased time spent in slow-wave sleep, and often a reduction

of time spent in rapid-eye-movement sleep. It is now recognized

that both infection-associated sleep and spontaneous sleep are

regulated, in part, by immune mediators called cytokines. This

review provides brief tutorials on the elements of the innate

immune system that detect infection, how sleep is characterized

in the laboratory, issues regarding the interpretation of sleep

effects on immune function, the interaction of sleep with

circadian rhythms and stress, and some of the microbial

products, cytokines, and neuropeptides associated with sleep

regulation. We also summarize our current understanding of

the role of sleep in host defense and asthma exacerbation.

(J Allergy Clin Immunol 2005;116:1188-98.)
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The innate immune system of mammals comprises
numerous antimicrobial mechanisms,1 some of which can
be traced back to the first multicellular organisms. Until
recently, study of the innate immune system has taken a
back seat to the more evolutionarily advanced acquired
immune system. In the last decade, however, the emphasis
in immunology has shifted to innate immune mechanisms
with the discovery of certain key concepts and molecular
classes described below.2 The innate immune system
appears to have 2 primary functions: rapid isolation and
destruction of invading pathogens (or foreign cells, such
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as tumors or transplants) through inflammatory processes
and antigen recognition and processing for the acquired
immune system. The acquired immune system, in turn,
uses antibodies and cytotoxic cellular mechanisms that
help clear residual microorganisms and, through immuno-
logic memory, speed up their detection and removal in
future reinfections.

In the context of infection, both of these innate immune
functions require distinguishing pathogenic microorgan-
isms from the self. In recent years, microbiologists have
characterized an evolutionarily conserved receptor system
that appears to be the major cell membrane–bound system
for pathogen recognition. This receptor system has been
named the Toll-like receptor (TLR) system after the Toll
system of fruit flies,3 where this class of pathogen-associ-
ated molecular pattern (PAMP) recognition receptors was
first identified. Currently, TLRs comprise 13 receptors
(some found in mice, some found in human subjects,
and most shared by both species4) that recognize a range
of PAMPs unique to microorganisms. These PAMPs
include the LPS on the surface of gram-negative bacteria
(TLR4), lipopeptides on gram-positive bacteria and
mycoplasma (TLR2, TLR1, and TLR6),5,6 fungal poly-
saccharides (TLR2), bacterial flagellae (TLR5 and
TLR11),6 unmethylated bacterial and viral DNA (TLR9),
guanosine-uridine–rich viral RNA (TLR7 and TLR8),7

Abbreviations used
APR: Acute-phase response

dsRNA: Double-stranded RNA

EEG: Electroencephalographic

GHRH: Growth hormone–releasing hormone

NK cells: Natural killer cells

NLR: NACHT–leucine-rich repeat bearing proteins

NOD: Nucleotide-binding oligomerization domain

NREMS: Non–rapid-eye-movement sleep

PAMP: Pathogen-associated molecular pattern

PGD2: Prostaglandin D2

REMS: Rapid-eye-movement sleep

SWS: Slow-wave sleep

TLR: Toll-like receptor

mailto:Krueger@vetmed.wsu.edu


J ALLERGY CLIN IMMUNOL

VOLUME 116, NUMBER 6

Majde and Krueger 1189

R
e
v
ie
w

s
a
n
d

fe
a
tu

re
a
rt
ic
le
s

or the double-stranded RNA (dsRNA) induced during viral
replication (TLR3).3 TLRs all possess amino-terminal
leucine-rich repeats that are responsible for PAMP recog-
nition, as well as a carboxy-terminal TLR1 receptor
domain required for intracellular signaling.6 Most TLRs
are expressed on the cell surface, but those that recognize
nucleic acids are all expressed in endosomal compart-
ments.6 Soluble factors are also involved in pathogen rec-
ognition and can work in association with TLRs and with
more generic scavenger, complement, and lectin receptors
on phagocytes.1

Selected bacterial PAMPs, the peptidoglycans, are also
sensed by a family of cytoplasmic proteins, termed the
nucleotide-binding site/leucine-rich repeat proteins.8 This
family of pathogen recognition receptors has recently been
dubbed NLRs (NACHT–leucine-rich repeat bearing pro-
teins) for convenience.9 The best studied members of
this cytoplasmic system are the nucleotide-binding oligo-
merization domain (NOD) proteins NOD1 and NOD2.6

Peptidoglycans are a major structural component of all
bacterial cell walls, and NODs can distinguish gram-
negative andgram-positive peptidoglycans.10There is con-
troversy as to whether peptidoglycans are recognized by
TLR2 on the cell surface, as well as intracellular
NLRs.11 Elucidation of the PAMPS for TLRs and related
proteins have provided valuable insights into the cause
of such human diseases as Crohn’s bowel disease and
recurrent bladder infections.6

Major effector cells in the innate immune system are the
circulating phagocytic leukocytes (neutrophils and mono-
cytes), natural killer cells (NK cells), natural killer T
lymphocytes (NK T cells), and gd T lymphocytes. Fixed
macrophages and dendritic cells are widely distributed
throughout tissues. All of these cells express TLRs that
recognize pathogens. TLRs have only recently been found
on NK cells12 and gd T cells.13 A central function of phag-
ocytes is to recognize, engulf, and (ideally) destroy path-
ogens through several mechanisms, often involving
oxygen and nitrogen free radicals. NK cells and cytotoxic
NK T cells also play a key role in eliminating infected or
otherwise altered cells, such as tumor cells.2,14 Dendritic
cells are key antigen-processing cells and form a central
link between innate and acquired immunity.2 Tissue
mast cells (which also express TLRs15) and enterochro-
maffin cells16 also play a role in innate immunity through
release of vasoactive factors, such as histamine and sero-
tonin. All of these cells release cytokines when invaded
by microbes or when stimulated by other cytokines or
mediators released in the course of inflammation.

Cytokines are an enormously complex network of
peptide-signaling molecules that are synthesized by im-
mune cells activated by PAMP recognition.17 Cytokines
are also made by infected epithelial cells, endothelial cells,
and virtually any other cell when appropriately stimulated,
although the specific types made18 and quantities pro-
duced per cell might differ from phagocytes. More than
100 cytokines have been identified, several of which are
key regulators of allergy and asthma responses.19 The
cytokines are generally classified as proinflammatory
(type I) or anti-inflammatory (type II) and include classical
endocrine hormones, such as prolactin and growth hor-
mone, as well as chemotactic chemokines and immuno-
modulatory type I IFNs as subsets.14

The release of cytokines from infected cells alerts
neighboring cells through paracrine mechanisms that the
host is under attack. This cytokine signaling induces
protective cytokines (eg, IFNs) in those neighboring cells
and stimulates chemotaxis of inflammatory cells, such as
neutrophils, to supplement local defenses. In sufficient
concentrations cytokines spill into the lymph and blood
to act on the brain, liver, and bone marrow. Circulating
cytokines act on brain capillary endothelium to induce
pyrogenic prostaglandins and enter the brain parenchyma
through specific transporters and at sites lacking a blood-
brain barrier, such as the organum vasculosum of lamina
terminalis and the median eminence of the hypothala-
mus.20 Once in the brain, proinflammatory cytokines
induce themselves, as well as prostaglandins and anti-
inflammatory cytokines.21 Extensive evidence indicates
that cytokines also signal the brain through the vagus
nerve (although this has recently been questioned22) and
can thereby induce cytokine synthesis in selected regions
of the brain.20 The accumulated systemic and brain proin-
flammatory cytokines initiate a complex and protective
physiologic response termed the acute-phase response
(APR).23 The most commonly studied physiologic APR
is fever. Our laboratory has characterized one of the
even more complex APRs, excess slow-wave sleep
(SWS). Several recent reviews17,24-32 have discussed the
humoral regulation of physiologic and pathologic sleep
by microbial products, cytokines, and hormones. This
article will summarize and update these reviews with
respect to selected microbial products, infective orga-
nisms, cytokines, and neuropeptides. In addition, we will
discuss our limited knowledge of the host defense role
of sleep. Finally, we will discuss the relationship of sleep
to asthma.

BASICS OF SLEEP

We spend a third of our lives asleep, but despite a
century of study,30 we have very little understanding of
why we sleep. All mammals sleep, although in radically
different amounts and patterns. For example, aquatic
mammals sleep on one side of the brain at a time to avoid
drowning.33 In an effort to better understand physiologic
sleep, our studies have focused on sleep alterations that
occur after challenge with microbial products of the type
detected by TLRs and NODs or after actual infection.

Whether physiologic or pathologic, sleep is divided into
2 states: non–rapid-eye-movement sleep (NREMS; quiet
sleep) and rapid-eye-movement sleep (REMS; paradoxi-
cal sleep or dream sleep). These 2 states manifest very
differently and appear to be regulated by different regions
of the brain.34 NREMS and REMS are defined by electro-
encephalographic (EEG) brain wave patterns, the amount
of eye movement, and brain temperature by using EEG
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electrodes, electromyographic electrodes, and thermistors
applied in or near the brain, respectively.35 The process
of collecting and integrating all of these various data to
quantify sleep states is termed polysomnography.

NREMS is divided into 4 stages in human subjects, the
latter 2 of which are characterized by high-amplitude EEG
slow-wave activity (also called delta waves: frequencies
between 0.5 and 4 Hz). In human subjects sleep is usually
consolidated into an 8-hour period during the night. In
contrast, most mammals are polyphasic sleepers. For
instance, a rat SWS episode seldom lasts more than a
few minutes, and sleep episodes occur throughout the day
and night, although as a nocturnal species, they do sleep
more during the day.We have observed in animals that the
total amount of SWS is increased during infection or after
challenge with microbial products or certain cytokines.25

Another characteristic of infection-associated SWS is
increased amplitudes of the EEG delta waves, which are
thought to be a measure of sleep intensity.36 Time spent
in NREMS and slow-wave amplitudes are the 2 measures
that best characterize sleep changes after infection.

REMS comprises about 25% of the sleep time in human
subjects but less than 10% of the sleep time in rodents.33

Time in REMS is reduced in more severe inflammatory
states. One of the intrinsic regulators of REMS appears
to be endogenous type I IFNs because spontaneous
REMS is substantially suppressed in the absence of the
type I IFN receptor.37

Frequently, excess SWS and fever (or hypothermia in
small animals) coincide in infections, and because both are
induced by the same stimuli, they are often assumed to
be linked. Both SWS and body temperature are regulated
by the hypothalamus, although by different regions. There
are many circumstances in which these 2 APRs can be
distinguished, and they appear to be independently regu-
lated.38 In fact, brain temperature characteristically de-
creases along with decreasing brain metabolic rate in
normal NREMS, which is thought by some to reflect a
restorative or restful function of NREMS.39

Sleep regulation is intimately associated with circa-
dian rhythm regulation. Obvious evidence of the associ-
ation is that diurnal species sleep at night, whereas
nocturnal species sleep primarily during the day.40

Although sleep rhythms can be disrupted by eliminating
external cues, such as light-dark cycles, when those
cues are available, sleep rhythms are clearly controlled
by a circadian pacemaker in the suprachiasmatic nucleus
of the hypothalamus, as are temperature rhythms and
numerous other biologic rhythms.40 Several genes
expressed both in the suprachiasmatic nucleus and in
nonneural tissues are involved in circadian rhythm regu-
lation,41 and the use of gene microarrays reveals that ex-
pression of several hundred genes in the mouse liver vary
in a cyclical pattern over the course of a 24-hour day.41

Currently, it is believed that the timing of sleep and
wakefulness is mediated by 2 interconnected processes:
a homeostatic regulatory process that increases during
waking and decreases during sleep, together with a
circadian clock-dependentmechanism.41Clock-dependent
mechanisms clearly influence sleep-wake cycles during
jet lag and appear responsible for chronic sleep disor-
ders associated with inappropriate sleep-wake cycles,
such as those that occur in shift workers.41 The genes
involved in circadian regulation of sleep are being vig-
orously investigated. Genes that appear important for
sleep are the period genes and the cryptochrome genes
that regulate them.42

SLEEP DEPRIVATION

The importance of sleep for various host functions is
generally studied by examining the effects of either acute
or chronic sleep deprivation on the function of interest.
Regrettably, sleep deprivation paradigms are not stan-
dardized, and it is difficult to compare results from
different laboratories. More importantly, it is not possible
to isolate sleep as an independent variable because during
sleep, almost every physiologic variable changes relative
to wakefulness. Furthermore, sleep regulation is inti-
mately associated with the hypothalamic-pituitary axis,43

as indicated by the inhibition of spontaneous sleep with
antagonists of corticotrophin-releasing hormone, such as
astressin.44

Although prolonged sleep loss is not associated with
classical stress markers,29,45 perhaps because of hypotha-
lamic failure,46 acute sleep loss is a potent stimulus of
stress hormones in animals.45,47,48 The stress component
might reflect the method used for overcoming the sleep
urge because human volunteers do not demonstrate the
increases in glucocorticoids seen in laboratory animals,49

perhaps because they make a conscious decision to partic-
ipate. (Alternatively, the sleep deprivation methods used
in animals might be inherently more stressful than those
used in human volunteers.) Experimental studies compar-
ing REMS deprivation in rats with other classical labora-
tory stressors such as foot shock and restraint reveal that
stress hormone responses, such as increased corticoster-
one and decreased testosterone levels, are greatest after
acute REMS deprivation and are similar in rats to those
seen after foot shock, a potent stressor.47 Subacute sleep
deprivation induces stress ulcers in rats.50 Restraint stress,
well known to be immunosuppressive,51 is a much milder
inducer of stress hormones than is REMS deprivation,47

but it can lead to an increase in REMS in rats.52

Regardless, acute stress is a powerful modulator of
immune function,51 and the effects of sleep deprivation
on immunity in animals must be interpreted with care.
Furthermore, most studies of immune competence in hu-
man volunteers use stimulated blood leukocyte responses.
Such ex vivo studies can be confounded by the catechol-
amine increases associated with sleep deprivation,53

which in turn might result in alterations in white blood
cell populations that can lead to sampling errors.54

Functional studies, such as analysis of vaccine responses,
might give a more accurate assessment of sleep depriva-
tion effects on immunity in human subjects than can
classical ex vivo analyses.
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EXCESS SWS AS AN APR

Sleepiness is anecdotally a frequent early response to
acute infections, especially during more debilitating in-
fectionswith agents such as influenza virus. The need to lie
down and sleep can be overwhelming in such infections.
Sleepiness and excess sleep are reported subjectively after
viral challenge infections in human volunteers55 and natu-
ral infections associated with fatigue, such as infectious
mononucleosis.56More objective polysomnographicmea-
surements have been conducted in human subjects with
infectiousmononucleosis57 orHIV-158 (chronic infections)
or challenged with a rhinovirus causing the common cold
(an acute infection).59 Although fatigue and excessive
sleep time are commonly seen in infectious mononucleo-
sis, sleep architecture (ie, relative amounts and quality of
NREMS and REMS) is not changed.57 In HIV-1–infected
asymptomatic patients,60 striking increases in SWS are
seen before the onset of clinical AIDS.58 Increased SWS
has also been induced with certain HIV viral proteins,61 al-
though large doses are required, and rigorous removal of
microbial contaminants62 (easily acquired during purifica-
tion63) has not been conducted in these studies. In the local-
ized rhinovirus infection, total sleep is reduced, perhaps as
a result of discomfort.59 (These findings of reduced sleep
contradict self-report studies conducted after rhinovirus
challenge.55) A fatal rabies virus (a classical neurotropic
virus) infection of the mouse brain results in an almost
total loss of NREMS over time, with substantial increases
in awake time, which is consistent with the insomnia seen
in human patients with rabies.64 A more severe strain of
rabies results in early development of a pathologic sleep
state during which REMS and waking are no longer
detectable in the EEG spectrum.64

Because it is difficult to conduct polysomnographic
studies in sick human subjects, animal models with non-
neurotropic agents have been devised to further characterize
infection-associated sleep changes.35 As indicated earlier,
quantification of sleep is a complex process requiringmain-
tenance of electrode placement and continuous monitoring
of EEG patterns, eye motion, and brain temperature,35

and only in the last 25 years has prolonged polysomnogra-
phy become routine in small experimental animals.

Because of the notable association of excess sleep with
influenza infections in human subjects (although not
documented with polysomnography), influenza has also
been the infection model most extensively investigated in
animals with respect to sleep characteristics.

Initially, studies of sleep in response to influenza were
conducted in rabbits, in which the influenza virus un-
dergoes only partial replication. Large doses of virus given
intravenously result in a rapid and short-term (about
6-hour) increase in NREMS, as well as short-term fever.65

Killed virus is not active, suggesting that at least partial
replication is necessary.65 Pretreatment of the rabbits
with either virus65 or synthetic dsRNA66 blocks these
and other APRs, suggesting that both virus and dsRNA
induce mediators (perhaps anti-inflammatory cytokines)
capable of suppressing the virus-induced APR. These
studies also suggest that the formation of dsRNA during
partial viral replication67 plays a role in the rabbit influ-
enza viral APR.66

Subsequently, influenza models were developed in
mice. Certain human strains of influenza virus have been
serially passaged through the lungs ofmice and are adapted
to complete replication in the mouse respiratory tract.
Large doses of these viral strains cause a lethal pneumo-
nitis similar to human viral pneumonia when administered
intranasally. With smaller viral doses, the mice can
survive, depending on their genetic background. In both
types of infection, the mice manifest a marked decrease in
body temperature, loss of appetite, and a substantial loss of
bodyweight.68 The time of onset of these responses is dose
dependent, but once initiated, the APR progresses with the
same features, if of somewhat differentmagnitude.68 Sleep
changes in high-dose infections resemble those seen in the
rabbit but are accompanied by a profound hypothermia
rather than fever.69,70 This hypothermic response appears
to be protective in mice,71 as is fever in larger species,72 al-
though if the body temperature decreases to less than 32�C,
the mice almost certainly die.73 In addition to increased
time spent in NREMS, time spent in REMS is sup-
pressed.69 Baseline sleep and sleep responses to influenza
in mice are substantially affected by the mouse strain
used.74 A characteristic feature of the NREMS response
to virus in both mice and rabbits is an increase in slow-
wave (delta) amplitudes, suggesting an increased intensity
of SWS.36 In mice sleep changes induced by influenza
infection are dependent on expression of the chemokine
macrophage inflammatory protein 1a.75

A series of studies has been conducted of sleep changes
occurring during systemic bacterial or fungal infections of
rabbits.61 These studies include both human pathogens
and a natural pathogen of rabbits,Pasteurella multocida.61

Sleep changes after these challenges are similar to those
seen with influenza, although route, dose, and invasive-
ness of the bacterium affect the kinetics and magnitude
of the sleep response. Increases in NREMS and delta
amplitudes, as well as reducedREMS, are seen in all rabbit
infection models examined.61

In summary, increased NREMS and decreased REMS
are characteristic of every nonneurotropic acute infection
in which sleep has been characterized, whether viral, bac-
terial, fungal, or parasitic.61 The degree to which these
sleep states are altered during infection depends on the se-
verity of the infection. The nature of the infective organism
seems less important, although the time course of the sleep
effect varies greatly with the microbe used, and the sleep
architecture is substantially affected by animal strain.74

MICROBIAL PRODUCTS, CYTOKINES,
AND SLEEP

The links between the immune system and sleep were
first identified in the 1970s, when a sleep-inducing factor
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FIG 1. Cytokine networks are involved in sleep regulation. A variety of stimuli, including microbial stimuli,

promote production of brain cytokines such as IL-1b, TNF-a, and nerve growth factor (NGF). The initial microbe-

induced cytokines are activated at the site of infection, usually in the periphery (left box) via pathogen-

associated molecular pattern recognition receptors such as Toll-like receptors (TLR) and NACHT–leucine-rich

repeat bearing proteins (NLR). Peripheral cytokines induce stress hormones and both cytokines and

hormones make their way to the brain via a variety of mechanisms. Many cytokines promote non-rapid

eye movement sleep (NREMS). These cytokines also promote production of each other, thereby forming pos-

itive feedback loops. There are several mechanisms used to dampen these positive feedback loops such as the

inhibitors of cytokines (lower right box) and anti-somnogenic cytokines (upper right box). It is likely that all of

these mechanisms are involved in physiological sleep regulation as well as the sleep responses to microbial

challenge. Effector downstream mechanisms are shown in the right box; several of those molecules are also

used by the innate immune system for anti-microbial actions. CRH, corticotrophin-releasing hormone; IGF-1,

insulin-like growth factor 1;GHRH, growth hormone releasing hormone;NO, nitric oxide; PGD2, prostaglandin

D2; OVLT, organum vasculosum of lamina terminalis; NFkB, nuclear factor kB.
isolated from human urine, Factor S, was chemically
characterized.30 Factor S was shown to be a muramyl pep-
tide derived from bacterial peptidoglycan,30 a chemically
unique cell-wall component of all bacteria. Macrophages
have several enzymes capable of degrading peptidoglycan
into lower-molecular-weight muramyl peptides.76 Such
peptidoglycan fragments are of the type recognized by
NOD proteins, and their biologic activities are greatly
affected by small changes in structure (eg, amidation-
deamidation).77 These early observations suggest that the
breakdown of normal flora might be contributing peptido-
glycan fragments that can act as physiologic regulators
in the brain,78 a theory for which there is supporting
evidence79 but little direct evidence to date.

Fortuitously, at the same time that Factor S was being
characterized, other workers were investigating the
immunologic properties of the peptidoglycan muramyl
dipeptide, a potential vaccine adjuvant.30 Subsequently,
muramyl dipeptide–and Factor S–related peptidoglycans
were all shown to induce the key immunoregulatory cyto-
kine IL-1b.30 Then IL-1b was shown to be a potent som-
nogen, as well as a potent pyrogen.23 In fact, IL-1b is one
of the most neurologically active molecules known, being
somnogenic and pyrogenic after central administration of
femtomolar quantities.23 Subsequent studies revealed that
bacterial LPS, LPS components (eg, lipid A), and viral and
synthetic dsRNA, as well as killed and living bacteria,
increase NREMS and reduce REMS in rabbits.80 All of
these microbial factors also induce IL-1, TNF-a, IL-6,
and a host of other cytokines. It is highly probable that
all microbial PAMPs will be shown to alter sleep, as
well as temperature, responses in appropriate models
through their induction of proinflammatory cytokines.

Infections represent just one form of systemic inflam-
mation. Other disease states that involve systemic inflam-
mation include cancer,14,81 trauma,82 and autoimmune
diseases.26 Sleep has been characterized in only a few
studies of patients with cancer,83-85 and alterations are dif-
ficult to separate from the effects of cancer pain or anxiety.
In autoimmune diseases, such as rheumatoid arthritis,
sleep studies reveal a characteristic pattern of sleep frag-
mentation that can be dissociated from pain.26 Recent
studies in patients with arthritis given an antagonist of
TNF-a to reduce joint inflammation show a reduction in
the daytime sleepiness often reported by these patients.86

Sleep disorders are also associated with chronic fatigue
syndrome and fibromyalgia, probably as a consequence
of the systemic inflammation associated with these disor-
ders.26 Low levels of systemic inflammation, as detected
by the increased levels of the APR protein C-reactive pro-
tein, are associated with atherosclerosis and severe perio-
dontal disease.87 Whether these low levels of systemic
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inflammation affect spontaneous sleep is unknown.88 The
specific cytokines initiating sleep changes seen in more
severe inflammatory diseases have not been rigorously
defined; all of the known proinflammatory cytokines are
implicated as discussed later.

Several other cytokines, including anti-inflammatory
cytokines, have been implicated in sleep regulation by
infusing them centrally into animals.24 In general, proin-
flammatory cytokines increase SWS, and anti-inflamma-
tory cytokines, such as IL-4 and IL-10, inhibit sleep
(Fig 1).24

EFFECTS OF SLEEP DEPRIVATION ON
IMMUNE PARAMETERS

Studies of leukocyte population changes and cytokine
levels in various sleep deprivation models have been
performed in human volunteers.49 Different deprivation
schedules result in different immune outcomes, particu-
larly in terms of leukocyte numbers and cell types.49 In
subjects sampled at 15, 39, and 63 hours during total sleep
deprivation and also after recovery sleep, plasma levels of
IL-1b tend to increase slightly during deprivation and
decrease to less than baseline levels on recovery.49 IFN-g
levels fluctuate across the sleep deprivation period and
decrease substantially on recovery.49 No systematic vari-
ation is seen in plasma IL-2, IL-6, IL-12, or TNF-a levels
in this study.49 Another study revealed increases in soluble
TNF-a receptor 1 and IL-6 levels in human volunteers
subjected to simulated spaceflight (with extensive partial
sleep deprivation), whereas soluble TNF-a receptor 2,
TNF-a protein, IL-2 receptor, and IL-10 levels do not
change.89 The amplitude of the diurnal rhythm of the met-
abolic regulator leptin is reduced during total sleep depri-
vation.90 Another sleep deprivation paradigm examined
plasma IL-6, growth hormone, cortisol, and melatonin in
partially sleep-deprived subjects.91 IL-6 and growth hor-
mone levels are altered in response to the sleep schedule
and sleep stage, whereas the cortisol and melatonin levels
do not change.91 The interpretation of the IL-6 results has
been complicated by the observation that the tissue dam-
age from an indwelling catheter changes IL-6 levels inde-
pendently of experimental manipulations.92 Other factors
that must be controlled in such studies are the sleep
deprivation parameters used and the time of day the blood
is drawn for leukocyte harvest and cytokine mea-
surements.49

Another approach to dissecting the role of cytokines in
sleep is to examine sleep changes when cytokines or
cytokine receptors of interest are mutated or blocked. Such
studies demonstrate distinct changes in spontaneous sleep
when IL-1, TNF, or the key transcription factor for these
cytokines, nuclear factor kB, are blocked.24 IL-6 defi-
ciency alters the NREMS response to LPS in mice93 but
does not appear to be involved in regulation of spontane-
ous sleep in mice.94 The absence of the type I IFN recep-
tor, which binds such IFNs as IFN-a, reduces spontaneous
REMS but does not substantially affect spontaneous
NREMS.37 Although cytokines are implicated in the sleep
changes that occur during infection and mice with null
mutations in cytokine genes permit one to determine
whether the cytokine is important in sleep, these studies
can be complicated by the increased susceptibility to in-
fections that might result from the loss of the cytokines.95

Our laboratory is currently investigating the effects on
sleep and body temperature in cytokine-deficient mice
given a very low dose of influenza virus that can be con-
trolled by noncytokine innate mechanisms. We are also
examining sleep and body temperature in a dsRNA viral
model that obviates the infection issues in these mice.96

These studies should help characterize the role of proin-
flammatory cytokines and type I IFNs in virus-induced
sleep and hypothermia responses.

Studies of the neurologic effects of IL-1 and TNF have
defined some of their specific actions on brain regions
associated with sleep regulation.27 IL-1 stimulates sleep-
active neurons in the preoptic area of the anterior hypothal-
amus, inhibits serotonergic neurons in the raphe, enhances
adenosine levels in the hippocampus, and stimulates
prostaglandinD2 (PGD2) production by the hypothalamus,
neocortex, and hippocampus.27 (Both adenosine and
PGD2 are considered sleep regulatory substances.) TNF
might also stimulate sleep-active neurons in the preoptic
area of the anterior hypothalamus, inhibits noradrenergic
neurons in the locus ceruleus, and also stimulates PGD2

synthesis.27 IL-1 has also been implicated in regulation
of the somatotropic axis, specifically through stimulation
of growth hormone–releasing hormone (GHRH) synthesis
in GHRHergic neurons and upregulation of GHRH
receptors. GHRH is a potent stimulant of NREMS: central
injection of 1 nmol/kg in rabbits induces 53 minutes of
excess NREMS within the first 6 hours after injection.27

GHRH-receptor deficient dwarf mice have suppressed
NREMS and REMS; the latter is restored by restoring
growth hormone, but NREMS is not restored with growth
hormone.97 These dwarf mice also fail to respond to influ-
enza challenge with increased NREMS.98 The GHRH-
inhibitory peptide somatostatin suppresses NREMS.27

Another member of the somatotropic axis, insulin-like
growth factor, inhibits or promotes NREMS depending
on dose.27

It is important to recognize that IL-1b and TNF-a are
also involved in physiologic regulation of sleep unrelated
to inflammation.24 The levels of cytokines both in the
brain and in the cerebrospinal fluid correlate with sleep
propensity (eg, during sleep deprivation).24 In human sub-
jects IL-1 levels in the plasma are highest at sleep onset,
and plasma TNF-a levels correlates with SWS EEG
activity.24 Extensive evidence implicates IL-1 and TNF in
physiologic body temperature and appetite regulation, as
well as sleep regulation.99 IL-1 homologs have been found
in all vertebrates, as well as invertebrates.100 The evolu-
tionary significance of IL-1 is demonstrated by the fact
that the TLR system is derived from the type 1 IL-1
receptor, homologs of which are seen in plants, as well
as all animals examined.100
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OTHER SLEEP REGULATORY SUBSTANCES

In addition to cytokines and somatotropic hormones,
numerous other neuropeptides, classical endocrine hor-
mones (eg, prolactin), growth factors (eg, nerve growth
factor), prostaglandins other than PGD2, and adenosine
also are involved in sleep regulation. Evidence for a sleep
regulatory role for these factors has been reviewed in
depth27 and is beyond the scope of this article. Although
many details remain to be worked out, a cascade of effec-
tors ranging from cytokines to nitric oxide participate in
sleep regulation.27,98 A highly simplified sketch of the cas-
cade of known sleep regulatory substances induced by in-
fection is provided as Fig 1. The sequence of events starts
in the periphery with microbial invasion, phagocytosis,
and release of PAMPs into the tissue; TLR/NLR detection
of the PAMPs; and induction of proinflammatory cyto-
kines by local epithelium and phagocytes. These cyto-
kines then act on the brain and brain endothelium
through endothelial receptors, specific transporters, pene-
tration of the blood-brain barrier at circumventricular
organs and the median eminence, or nerve transport.
Within the brain, cytokines induce other proinflammatory
cytokines in the hypothalamus and other brain regions.
These cytokines in turn induce NREM sleep and regula-
tors, such as nitric oxide andGHRH. The proinflammatory
cytokines also induce anti-inflammatory cytokines, such as
IL-10, soluble receptors, glucocorticoids, and receptor
antagonists, to dampen the inflammatory events.

SLEEP AND IMMUNE COMPETENCE

The importance of adequate and appropriate sleep for
health maintenance was anecdotally recognized in the
Bible.101 However, scientifically demonstrating a role for
sleep in immune competence has proved difficult because,
as mentioned earlier, it is not possible to isolate sleep
per se as an independent variable. Studies of T-cell subsets
in association with sleep show that TH1 cells (associated
with cellular immunity) increase relative to TH2 cells (as-
sociated with humoral immunity) early in the sleep cycle,
but the ratios reverse during late sleep.102 Functional con-
sequences of acute sleep deprivation on responses to vac-
cines in human volunteers have been demonstrated.103,104

One whole night of sleep deprivation before vaccination
suppresses the antibody response to hepatitis A vaccine
about 50% on day 28.103 Six nights of partial sleep depri-
vation during which the subjects were inoculated with
influenza virus vaccine also showed a 50% reduction in
antibody levels 10 days after vaccination, but by 3 weeks,
antibody levels were similar in both groups.104 Chronic
sleep loss in shift workers is associated with increased
infections,105 although, of course, many other factors in
the lives of these workers other than sleep loss could
account for this phenomenon.

One study of influenza vaccination in mice shows a
marked immunosuppression in sleep-deprived Swiss mice
versus normal-sleeping control animals; sleep-deprived
mice have lower antibody titers and viral clearance.106

Another influenza study in the BALB/c strain of mouse
suggests that sleep deprivation enhances existing immu-
nity.107 (There are substantial differences in SWS
responses to influenza in different mouse strains.74)
Challenge of nonimmune mice with influenza after sleep
deprivation reveals a protective effect of diminished sleep
time: sleep-deprived mice have reduced dissemination of
the virus and enhanced viral clearance.107 In another influ-
enza model in C57BL/6 or Swiss mice subjected to sleep
deprivation, constant light, or restraint stress, no effect of
sleep deprivation or constant light on viral antibody titers
or viral clearance is seen.108 In this model restraint stress
reduces lung inflammation, but sleep deprivation or
constant light do not.108 Effects of sleep deprivation on
an intravenous bacterial challenge in rabbits does not
reveal sleep deprivation–induced clinical changes other
than enhanced fever.109

Chronic sleep loss in rats results in a lethal sepsis that
probably results from a breakdown of intestinal defenses
and systemic invasion by the intestinal flora.110,111 These
animals also demonstrate hormonal secretion patterns
compatible with hypothalamic failure.46,111 A similar
hormonal pattern is seen in military trainees subjected
to prolonged sleep loss, together with numerous other
physical stressors.112

A careful analysis of sleep patterns in bacterially or
Candida species–infected rabbits shows a correlation be-
tween favorable outcomes (eg, survival) and the quantity
and quality of SWS.113 Overwhelming doses of bacteria
result in reduced total NREMS and a poor prognosis.113

This study, although correlative, is the most direct dem-
onstration to date of a relationship between increased
NREMS and recovery from infection.

SLEEP AND ASTHMA

It is widely recognized by emergency department
personnel and parents that many asthma attacks occur at
night when the patient is trying to sleep.114 Up to 75% of
asthmatic subjects are awakened by breathing difficulties
at least once a week, and approximately 40% experience
nocturnal symptoms on a nightly basis.115 Not all asth-
matic patients experience a majority of their attacks at
night, and allergists often distinguish patients with noctur-
nal asthma from those whose attacks do not consistently
occur at night. However, up to 90% of asthmatic subjects
experience nocturnal symptoms severe enough to awaken
them from sleep.116

Circadian aspects of asthma116 have been examined
together with the interaction of asthma attacks with sleep
per se.117 Sleep posture and any associated sleep-disordered
breathing117-119 certainly contribute to asthma exacerba-
tion during sleep, and circadian changes in lung function
also appear important.114,120 Effective treatment of sleep
apnea can reduce nocturnal asthma symptoms in patients
with this sleep disorder.121 Other physiologic changes
associated with sleep, such as reduced lung volume,
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intrapulmonary blood pooling, and upper airway narrow-
ing, might also aggravate asthma attacks.117 Vagal tone,
neurogenic inflammation, and airway hyperresponsive-
ness are increased at night and most likely also contribute
to asthma severity.116 At the biochemical level, circadian
rhythms in catecholamine and cholinergic receptors are
probably relevant to nocturnal asthma.122

Immune parameters associated with asthma, particu-
larly IgE levels, show a circadian rhythm in asthmatic
subjects, although unexpectedly, the serum concentration
nadir occurs at night.123 Cytokine secretion in general also
displays a rhythm.123,124 Serum IL-4, IL-5, and IFN-g
levels are higher in asthmatic subjects than in healthy sub-
jects at both 4 PM and 4 AM; only IFN-g levels correlate
with airway responsiveness to methacholine.125 IL-1b
and IFN-g induction ex vivo show a maximum around
the time of sleep onset and a minimum level in the morn-
ing hours.126

Several effector cells, particularly mast cells and eosin-
ophils, secrete a range of cytokines and other inflammatory
mediators on activation by IgE-allergen interactions,
including IL-5, leukotrienes, and histamine.127 IL-5 levels
correlate with reduced forced expiratory volume,128

whereas increased bronchoalveolar lavage IL-1b levels
are associated with nocturnal asthma.129 The major medi-
ators of asthmatic bronchospasm, the leukotrienes, are
increased at night in patients with nocturnal asthma.130

The complex interactions of leukocytes, cytokines, leuko-
trienes, and other inflammatory mediators in asthma have
been recently reviewed and are beyond the scope of this
article.127

The inflammation accompanying certain acute viral
infections exacerbates asthma and wheezing and appears
to either stimulate or suppress future asthma attacks.131

Analyses of cytokine changes in asthmatic patients expe-
riencing respiratory infections reveal diminished anti-
inflammatory IL-10 production in asthmatic subjects
compared with control patients.132 Epithelial cells from
asthmatic individuals appear to have an intrinsic deficiency
in antiviral cytokine production (such as IFN-b).133

Whether virally induced somnolence (which includes
‘‘excess’’ SWS) has any special properties vis-à-vis
asthma is not known.

ASTHMA AND SLEEP

Asthma, in turn, affects sleep. Obviously, sleep depri-
vation occurs when a patient is kept awake all night trying
to breathe. Recent studies suggest that asthmatic subjects
experience chronic sleep deprivation, even when clini-
cally stable.134 Experimental sleep deprivation appears to
reduce the bronchoconstriction that occurs during sleep
in asthmatic patients.135 Selective REMS deprivation
reduces plasma histamine levels and increases plasma
epinephrine levels in rats, factors that could ameliorate
asthma.136 As discussed earlier, the effects of sleep depri-
vation cannot readily be dissociated from the effects of
stress, and therefore such studies provide little information
regarding sleep effects per se on asthma.

CONCLUDING REMARKS

Unexpected links between the innate immune system
and sleep regulation have been revealed in the last 25
years. Although the evidence is limited, it is likely that
maintenance of immune function is one reason why we
sleep. The importance of sleep to recovery from infection
remains more intuitive than grounded in hard evidence.
The evidence that sleep plays a role in nocturnal asthma is
more extensive but is difficult to dissociate from intrinsic
circadian changes in inflammation, as well as physiologic
changes associated with sleep. The sheer complexity of
sleep regulation combined with immune regulation will
make it extremely difficult to dissect out key interactive
mechanisms and thus therapeutic targets relevant to
nocturnal asthma and other immune disorders. However,
the burgeoning field of sleep medicine might well offer
assistance to asthmatic patients. It would certainly seem
to be appropriate to assess asthmatic patients for treatable
sleep-disordered breathing.
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