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Cytokines in immune function and sleep regulation
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SLEEP

There are two independent literatures concerning the fundamental mechanisms of sleep
regulation. One is based on neurophysiological methods: this literature has led to the
identification of circuits involved in non-rapid eye movement sleep (NREMS) regulation
such as corticothalamic projections, ventrolateral preoptic (VLPO), and median preoptic
(MnPO) circuits (Lu et al., 2002; McGinty and Szymusiak, 2003). Satisfactory explanations
of how these circuits impose sleep on the brain and how they keep track of past sleep—wake
activity are not yet available. A second sleep-regulatory literature is based on biochemical
methods. This work has its basis in the homeostatic nature of sleep and the 100-year-old
finding that the transfer of cerebrospinal fluid from sleep-deprived, but not control, animals
enhances sleep in the recipients (Obal and Krueger, 2003). Within the past 20 years several
sleep-regulatory substances (SRSs) have been identified and extensively tested in that they
have met all the criteria for SRSs (Jouvet, 1984; Borbely and Tobler, 1989: Krueger and
Obal, 1994). This literature provides a mechanistic explanation for sleep homeostasis but has
only begun to address the issues of the cellular mechanisms leading to sleep. This review
discusses SRS that are linked to host defense; we focus on interleukin-1p (IL-1p), tumor
necrosis factor-a. (TNF-a) and interferons (IFNs). We also briefly discuss how sleep is part
of the acute-phase response (APR) induced by viral challenge.

HUMORAL REGULATION OF SLEEP

The accumulation of SRSs in cerebrospinal fluid during prolonged wakefulness (W)
provides very strong support of the hypothesis that sleep is regulated, in part, by humoral
agents (Borbely and Tobler, 1989; Obal and Krueger, 2003). However, what it is about
wakefulness that causes enhanced production of SRSs has not, until recently, been
characterized. Sleep is posited to be linked to prior neuronal use via adenosine triphosphate
(ATP) released during neurotransmission (Burnstock, 2007; Krueger et al., 2007). ATP, via
purine type 2 receptors, in turn releases cytokines from glia (Hide et al., 2000; Solle et al.,
2001; Suzuki et al., 2004; Ferrari et al., 2006). Many substances can affect sleep (Figure
15.1). However, only a handful of humoral agents are strongly implicated in sleep
regulation. The list includes TNF-a, IL-1pB, growth hormone-releasing hormone (GHRH),
prostaglandin D,, and adenosine for NREMS and vasoactive intestinal peptide, nitric oxide

"Correspondence to: Dr. James M. Krueger, Department of VCAPP, Washington State University, PO Box 646520, Pullman, A
99164-6520, USA. Tel: 509-335-8212, Fax: 509-335-6450, Krueger@vetmed.wsu.edu.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

KRUEGER et al.

Page 2

(NO) (Kapés et al., 1994a, b) and prolactin (Roky et al., 1995) for rapid eye movement sleep
(REMS) (Obal and Krueger, 2003). Substantial evidence impheating additional substances in
sleep regulation is beginning to accumulate; these molecules include hypocretin (Kilduff and
Peyron, 2000), oleamide (Boger et al., 1998), nerve growth factor (NGF) (Yamuy et al.,
1995; Takahashi and Krueger, 1999), epidermal growth factor (Kushikata et al., 1998;
Foltenyi et al., 2007), and brain-derived neurotrophic factor (BDNF) (Kushikata et al., 1999;
Faraguna et al., 2008). It is important to recognize that those agents implicated in NREMS
and REMS affect each other’s production and act in concert with each other to affect sleep
(Figure 15.1) (Obal and Krueger, 2003). For instance, TNF-a induces IL-1p, NGF,
prostaglandin, NO, adenosine, and growth hormone production.

CYTOKINES IN SLEEP REGULATION

Detailed discussion of the involvement of IL-1f3, TNF-a, and other cytokines in sleep
regulation has been reviewed (Obal and Krueger, 2003). Briefly, injection of exogenous low
doses of IL-1p or TNF-a enhances NREMS (Figure 15.2) (Krueger et al., 1984; Shoham et
al, 1987). Conditions that enhance endogenous production of IL-1p or TNF-a, e.g.,
excessive food intake (Hansen et al., 1998) or infectious disease (Majde and Krueger, 2005),
promote NREMS (Figure 15.1). Conversely, inhibition of endogenous IL-1p and TNF-a.,
using antibodies or endogenous inhibitors such as their soluble receptors, inhibits
spontaneous sleep (Opp and Krueger, 1994). These inhibitors of IL-1p and TNF-a also
inhibit sleep rebound after sleep deprivation. Brain levels of IL-18 mRNA (Mackiewicz et
al., 1996; Taishi et al., 1997) and IL-1 (Lue et al., 1998) and plasma levels of IL-1p
(Nguyen et al., 1998) vary with the sleep-wake cycle with highest levels correlating with
high sleep propensity. Brain levels of TNF-a (Floyd and Krueger, 1997) and TNF-a mRNA
(Bredow et al., 1997) also vary with sleep propensity in a similar fashion. Both IL-1p
MRNA and TNF-a mRNA increase in the brain during sleep deprivation (Taishi et al.,
1999). Microinjection of TNF-a (Kubota et al., 2002) into the basal forebrain/anterior
hypothalamus (BF/AH) enhances NREMS while injection of the TNF soluble receptor into
the same area inhibits sleep. IL-1p enhances the firing rate of BF/AH sleep-active neurons
while it inhibits wake-active neurons (Alam et al., 2004). Some hypothalamic neurons
receptive for GHRH are also receptive for IL-1p (De et al., 2002). These data suggest that
this BF/AH NREMS regulatory network is responsive to IL-1p and TNF-a.. The IL-1 type |
receptor and the TNF 55 kD receptor are responsible for IL-1- and TNF-enhanced NREMS
since mice lacking these receptors do not respond to IL-1 or TNF respectively (Fang et al.,
1997, 1998). Both IL-1p and TNF-a., affect, or are affected by, several neurotransmittcr
systems involved in the activational networks. For example, IL-1f or TNF injected into the
locus coeruleus (De Sarro et al., 1997) enhances sleep. IL-1p injected into the dorsal raphe
also promotes NREMS (Manfridi et al., 2003).

Both IL-1p and TNF-a have been linked to a variety of clinical conditions involving sleep
disorders (Obal and Krueger, 2003). For instance, clinical conditions associated with
sleepiness correlate with higher blood levels of TNF. TNF-a is elevated in sleep apnea
(Entzian et al., 1996; Vgontzas et al., 1997; Minoguchi et al., 2004), chronic fatigue (Moss
et al., 1999), acquired immunodeficiency syndrome (AIDS) (Darko et al., 1995), chronic
insomnia (Vgontzas et al., 2002), myocardial infarct (Francis et al., 2004), excessive
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daytime sleepiness (\VVgontzas et al., 2003), postdialysis fatigue (Dreisbach et al., 1998), and
pre-eclampsia patients (Majde and Krueger, 2002). Cancer patients receiving TNF report
fatigue (Eskander et al., 1997). There are TNF-a-associated sleep disturbances in alcoholics
(Irwin et al., 2004). There also may be a relationship between TNF and narcolepsy (Okun et
al., 2004). Rheumatoid arthritis patients receiving the soluble TNF receptor (STNFR) report
reduced fatigue (Franklin, 1999). Sleep apnea patients treated with the STNFR have reduced
sleepiness (Vgontzas et al., 2004). If obstructive sleep apnea patients are surgically treated,
their elevated TNF-a plasma levels return to normal (Kataoka et al., 2004). Systemic TNF,
like IL-1, likely signals the brain via multiple mechanisms; one involves vagal afferents
since vagotomy attenuates intraperitoneal TNF-a-induced NREMS responses (Kubota et al.,
2001b). The effects of systemic bacterial products such as endotoxin may also involve TNF
(Mullington et al., 2000). For instance, in humans, endotoxin doses that induce transient
increases in sleep also induce concomitant increases in circulating TNF-a. (Haack et al.,
2001).

There is substantial evidence linking sleep deprivation-enhanced IL-1, and TNF, to
symptoms associated with sleep deprivation, such as sensitivity to kindling (Yi et al., 2004)
and pain stimuli (Honore et al., 2006; Kawasaki et al., 2008; Kundermann et al., 2008),
cognitive (Gambino et al., 2007; Baune et al., 2008; Trompet et al., 2008), and memory
(Dantzer, 2004; Banks and Dinges, 2007; Pickering and O’Connor, 2007) impairments,
performance impairments (Banks and Dinges, 2007), depression (Anisman and Marali,
2003; Vollmer-Conna et al., 2004), sleepiness (Moldofsky, 1995; Tringall et al., 2000;
Krueger et al., 2007), and fatigue (Anisman and Marali, 2003; Omdal and Gunnarsson,
2005; Carmichael et al., 2006), and to chronic sleep loss-associated pathologies such as
metabolic syndrome (Hristova and Aloe, 2006; Jager et al., 2007; Larsen et al., 2007),
chronic inflammation (Hu et al., 2003; Frey et al, 2007), and cardiovascular disease
(Yndestad et al., 2007). These sleep deprivation-associated symptoms can be induced by
injection of exogenous IL-1 and/or TNF, (Obal and Krueger, 2003), or in some cases
blocked if these cytokines are inhibited (Opp and Krueger, 1991; Depino et al., 2004; Larsen
et al., 2007). There is an inhibitor of IL-1 approved for clinical use, anakinra, the 1L1-
receptor antagonist (IL-1RA), a naturally occurring substance whose levels are altered by
sleep loss (Frey et al., 2007) and that inhibits sleep (Takahashi et al., 1996). IL-1RA reduces
fatigue (Omdal and Gunnarsson, 2005) and improves pancreatic beta cell function (Larsen et
al, 2007).

Cytokines discovered by neurobiologists also promote sleep. For instance, NGF induces
NREMS (Takahashi and Krueger, 1999) and REMS (Yamuy et al., 1995). Giant reticular
cells and neurons in the mesencephalic trigeminal nucleus are immunoreactive for the p75
and trkA NGF receptors. These neurons may modify NGF-induced REMS (Yamuy et al.,
2000). Further, if NGF-receptive basal forebrain cholinergic neurons are selectively removed
using an immunotoxin conjugated to an anti-p75 NGF receptor, there is a transient loss of
NREMS and a more permanent loss of REMS (Kapaés et al, 1996). NGF, in cortical
pyramidal cells, upregulates with sleep loss (Brandt et al., 2001). BDNF may also play a role
in sleep regulation. BDNF promotes both NREMS and REMS in rabbits, although in rats,
only NREMS increases after intracerebroventricular injection (Kushikata et al., 1999;

Handb Clin Neurol. Author manuscript; available in PMC 2017 May 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

KRUEGER et al.

Page 4

Faraguna et al., 2008). BDNF mRNA upregulates during sleep deprivation and
downregulates during sleep (Taishi et al., 2001).

The regulation of cytokines in the brain is complex and not very well understood.
Nevertheless, some cytokine-associated substances, such as the IL-1RA and the TNF and
IL-1 soluble receptors seem to act as endogenous antagonists, and indeed these substances
inhibit spontaneous sleep (Obal and Krueger, 2003). Antisomnogenic cytokines act, in part,
by inhibiting production of prosomnogenic cytokines and release of other substances
implicated in sleep regulation, e.g., NO (Kasai et al., 1995).

Some of the prosomnogenic cytokines, such as IL-1p and TNF-a, promote inducible nitric
oxide synthase (iNOS) activity (Figure 15.1) (Obal and Krueger, 2003). This observation
prompted investigations into the role that NO may have in sleep (Kapas et al., 1994a, b;
Kapés and Krueger, 1996). There are three types of NOSs: neuronal (nNOS), iNOS, and
endothelial (eNOS). nNOS colocalizes with cholinergic neurons in the peduculopontine
tegmental nuclei (PPT), the laterodorsal tegmental nucleus (LDT). These neurons project to
the thalamus and basal forebrain as well as the medial pontine reticular formation (mPRF),
which is crucial in REMS generation (Sakai et al., 2001). The cholinergic cells in the
LDT/PPT have ascending projections to thalamic and basal forebrain nuclei that in turn
project to the cortex (Jones, 2003). Microinjection of NO donors into the PPT enhances
REMS while injection of NOS inhibitors into the, PPT reduces REMS (Datta et al., 1997).
Similarly, inhibition of NOS in the mPRF (Leonard and Lydic, 1995, 1997) or dorsal raphe
nuclei (Burlet et al., 1999) also results in reduced REMS. The role of NO in NREMS is not
as well studied or clear. However, manipulation of NOS does affect NREMS (Kapas and
Krueger, 1996). Specific effects depend on route of administration of drugs, time of day they
are given, and the specific drugs used (Obal and Krueger, 2003). For example, mice lacking
nNOS have less REMS whereas mice lacking iNOS have more REMS, but less NREMS
(Chen et al., 2003).

NF-xB and c-Fos (AP-1) are transcription factors that are activated by IL-1p, TNF-a, and
NGF (Obal and Krueger, 2003) (Figure 15.1). NF-xB activation promotes the production of
several other substances implicated in NREMS regulation, including the adenosine Al
receptor, cyclooxygenase-2, the GHRH receptor as well as several of the prosomnogenic
cytokines (Obal and Krueger, 2003). NF-xB is activated within the cortex during sleep
deprivation (Chen et al., 1999). Adenosine also elicits NF-xB nuclear translocation in basal
forebrain slices (Basheer et al., 2001) and that action is mediated by the A1 receptor. A cell-
soluble peptide inhibitor of NF-xB nuclear translocation inhibits NREMS (Kubota et al.,
2000).

INTERFERONS AND SLEEP

IFNs fall into two classes, type | and type Il (IFN-y). Type I IFNs, particularly IFN-as, are
commonly associated with viral infections and their primary function is thought to be
blockade of viral replication. Type I IFNs are quite distinct structurally and functionally
from IFN-v, as they bind to different receptors and use distinct (but overlapping) signal
transduction pathways. Type | IFNs were the first cytokines to be discovered (in 1957),
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purified, cloned, commercialized, and used clinically. Despite this long history, their
physiology and pathophysiology remain somewhat mysterious. This is in part due to the
research focus on then-antiviral action, and also to the lack of specificity of the assay used to
detect them, i.e., the antiviral activity assay also detects cytokines such as TNF-a that
induce IFN-B (Jacobsen et al., 1989). Only recently have specific immunoassays become
available for IFN-as (Hayden et al., 1998).

IFN-a (Hori et al., 1998) and type I IFN receptors (Krueger and Majde, 1994) are found in
the brain, and IFN-a and IFN-y both cross the blood—brain barrier (Pan et al., 1997). Thus
circulating IFNs can act directly on the brain, and central nervous system responses such as
fever, fatigue, and somnolence are consistently seen with the pharmacological doses
commonly employed in the clinic (Smedley et al., 1983). Several studies demonstrate that
different subtypes of IFN-a. are somnogenic and enhance NREMS (Majde and Krueger,
2005). As is the case with antiviral activity, the somnogenic actions of IFNs are species-
specific (Kimura et al., 1994); this specificity is determined by receptor-binding affinities
(Uzé etal., 1992). IFN-B has no demonstrable somnogenic activity (De Sarro et al., 1990;
Kimura et al., 1994), possibly because it does not circulate (Billiau, 1981) or because it
associates with the type | receptor differently than IFN-a (Lewerenz et al., 1998). Mice
deficient in a functional type | IFN receptor (IENRI knockouts) have a 30% reduction in
spontaneous REMS (Bohnet et al., 2004).

The role of IFN-vy in sleep has received little study. Clinical trials with pharmacological
doses of IFN-y generally report fevers and the “flu syndrome,” and occasionally describe
profound somnolence (Sriskandan et al., 1986). IFN-vy is also somnogenic in rabbits, but its
effect appears to be due to its interaction with TNF-a (Kubota et al., 2001c). Because IFN-y
is a potent priming agent for cytokine induction, especially IL-12 and somnogenic IL-18
(Kubota et al., 2001a), regulates tryptophan metabolism and thus serotonin metabolism
(Werner-Felmayer et al., 1989), stimulates prolactin release (Walton and Cronin, 1990),
potentiates the toxicity of double-stranded (ds)RNA (Chapekar and Glazer, 1986) and
potentiates NO induction by TNF-a (Zhang et al., 1994), it would seem likely that IFN-y
has an important role in sleep regulation during viral infections. However, analysis of sleep
responses to low-dose influenza virus in IFN-y knockouts did not reveal a substantial role
for this cytokine in infection-altered sleep (Toth and Hughes, 2004).

ALTERED SLEEP AS AN ACUTE-PHASE RESPONSE: MEDIATORS AND
MECHANISMS

The APR is a complex array of physiological changes that occur within a few days following
an acute infection or other systemic inflammatory challenges. The most apparent
components of the APR are the behavioral changes, which include body temperature
changes, anorexia, immobility, sleepiness, excess sleep, and a feeling of being sick or toxic
(malaise). It is well established in bacterial infections that proinflammatory cytokines are
largely responsible for these symptoms. Excess NREMS, increased electroencephalogram
(EEG) delta-frequency brain waves and often reduced REMS accompany systemic
inflammation. SRSs that induce sleep alterations also can induce body temperature changes
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as well as reduced locomotor activity, though by different mechanisms. The APR is
generally considered adaptive (Hart, 1988), particularly the fever response (Kluger et al.,
1996). Physiologically regulated hyperthermia enhances a number of immunological
functions while inhibiting the replication of heat-sensitive microorganisms (Mackowiak,
1981).

One reason fever has remained the hallmark of systemic inflammation is that it is easy to
measure. Excess sleep, being more difficult to measure, has received much less attention,
though changes in sleep during disease were noted by Aristotle (Pollmacher et al., 1995).
The importance of sleep for health and recovery from disease has been recognized
intuitively if not scientifically; few physicians fail to recommend to their infected patients
that they should get plenty of rest. However, whether such rest/sleep truly has an adaptive
value remains unknown. There are close ties between regulation of the sleep response to
diverse microbial products and cytokines (Majde and Krueger, 2002; Krueger and Majde,
2005). A picture is emerging that suggests that sleep, like fever, is a stereotypic response to
inflammation that may represent a basic host defense mechanism.

Clinicians have long recognized that it is difficult to distinguish between the APR symptoms
induced by bacterial and viral diseases on clinical grounds. In the last 20 years extensive
evidence has accumulated that the APR associated with bacterial infections is mediated by
proinflammatory cytokines (Krueger and Majde, 2005) released by infected target tissues or
invading inflammatory cells. These cytokines activate not only the physiological changes
such as fever and sleep, but also the biochemical markers characteristic of the APR, by
acting upon the liver, bone marrow, and brain (Steel and Whitehead, 1994). While the
mediators of the viral APR are poorly defined, most of the same cytokines induced by
bacterial infections are also induced by viruses, along with substantial amounts of type |
IFNs (Hayden et al., 1998; Gendrel et al., 1999; Majde, 2000). It is highly likely that these
virus-associated cytokines also mediate the viral APR, though minimal direct evidence is
available (Kozak et al., 1995, 1997; Kurokawa et al., 1996). Further, pharmacological levels
of the IFNs, which are expressed during viral infections; can induce an APR in the absence
of other cytokines (Quesada et al., 1986), and can also alter the expression of
proinflammatory cytokines known to be essential for the bacterial APR (Reznikov et al.,
1998; Begni et al., 2005).

Whether the changes in sleep associated with infectious disease aid the host’s recovery
remains to be determined. However, chronic loss of sleep in rats leads to septicemia
(Everson and Toth, 2000). Further, sleep loss affects a variety of immune parameters, e.g.,
the ability of leukocytes to produce IFN (Krueger and Majde, 1994). The strongest evidence
that sleep is protective in infections is from observations in rabbits infected experimentally
with Staphylococcus aureus, infected rabbits that exhibit reduced NREMS either die or
express more severe clinical symptoms than do infected rabbits that exhibit more NREMS in
response to infection (Toth et al., 1993). Apart from such correlational studies, the only
approach we currently have to assess the role of sleep in infections is to sleep-deprive
animals that are subsequently infected and then determine disease outcomes. There are a
number of methodological issues associated with such studies, not the least of which is the
stress associated with sleep loss and its impact on immune function (Dunn, 2002). Several
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laboratories have specifically examined the impact of sleep deprivation on influenza, with
variable outcomes that appear to depend on subtle changes in experimental parameters.
Although it is likely that infection-altered sleep promotes recovery from infection, direct
evidence is lacking and the mechanism is unknown.

While toxic mechanisms involved in both triggering and downregulating the bacterial APR
have been intensively investigated (Majde and Krueger, 2002), viral toxicity mechanisms
have received little attention since the 1940s. Indirect evidence, using both the synthetic
dsRNA pl:C and viral dsRNA, supports a major role for viral dSRNA in triggering the viral
APR, including sleep responses (Majde, 2000).

Brain-signaling mechanisms underlying the viral APR

From the above discussion it is apparent that many cytokines, hormones, and other
inflammatory regulators may play a role in sleep and temperature alterations induced by
microbes. Cytokines are posited to activate the central nervous system-regulated APRs via
several routes (Dunn, 2002; Banks, 2005; Romanovsky et al., 2005): saturable
transendothelial translocation via specific endothelial transporters (Banks, 2005);
penetration via circumventricular organs lacking a substantial blood—nbrain barrier (Banks,
2004); signal transduction via sensory nerves, specifically the vagus (Kubota et al., 2001b;
Romanovsky et al., 2005); induction of prostaglandin production in brain endothelial cells
(Dunn, 2002; Romanovsky et al., 2005); and diffusion through extracellular spaces (Banks,
2004). To date, the relative contributions of these various mechanisms to signaling the
central nervous system from the periphery during infections are unknown.

A THEORY OF THE BRAIN ORGANIZATION OF SLEEP: CYTOKINE
INVOLVEMENT IN “LOCAL” SLEEP

Sleep is an unusual physiological process. Until recently (Rector et al., 2005) we did not
know exactly what slept and we still do not know with experimental certainty why we sleep.
There are several road blocks to understanding whether sleep helps host defense. Regardless,
new evidence from several laboratories now suggests that cytokines play an essential role in
determining the functional state of cortical assemblies. A theory of brain organization of
sleep posits that, as synapses and circuits are used, ATP is released and it in turn induces
SRS release from glia (Krueger et al, 2007). The released cytokines, including
neurotrophins, are then responsible for synaptic sculpturing. In an autocrine fashion, these
activity-dependent SRSs alter synaptic efficacy via nuclear transcription events and
translation mechanisms targeted to the specific synapses that were activated. For example,
TNF enhances a-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate (AMPA) receptor and
the adenosine Al receptor; excess expression of either one would change cell sensitivity to
glutamate and adenosine respectively. SRSs also act in a paracrine fashion to affect the
electrical properties of nearby neurons such that a given input results in a different output
(Alam et al., 2004). Within a neuronal assembly, the SRS-induced altered input—output
relationships can, by definition, be considered a state shift. It is posited that sleep-regulatory
networks modulate and coordinate neuronal assembly state and thereby produce sleepiness
and sleep at the whole-organism level. Within a population of neuronal assemblies, as
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wakefulness becomes prolonged, the fraction of neuronal assemblies into the “sleep” mode
would increase. At some point a predicted emergent property of the system (brain) would be
a system-wide state shift (Roy et al., 2008). This emergent property would be associated
with unconsciousness because a large fraction of the neuronal groups would be in a state
where environmental input is divorced from a functional output. Thus, sleep-associated
unconsciousness is needed, because output activity would be out of phase with
environmental input. Further, it is the consequence of the process itself (Krueger and Obal,
1993, 2003).

There are many ramifications of this theory of brain organization of sleep. Some of the
important ones and supporting evidence as it is related to cytokines are:

1 SRS levels are dependent on prior neural activity and sleep history.

2 SRSs act locally to affect a sleep-regulatory biochemical network.

3 Sleep intensity of one part of the brain can be more intense than other parts.
4, Changes in SRS levels locally within the cortex will activate neural pathways.
5

Sleep is a fundamental property of neural assemblies.

SRS levels are dependent on prior neural activity and sleep history

Activity-dependent expression of NGF and BDNF by neurons is well known (Brandt et al.,
2001). Cellular electrical activity alters the synthesis and actions of these regulatory
molecules and, in turn, they directly alter electrical properties of cells containing their
receptors and alter the expression of many molecules necessary for synaptic efficacy and
plasticity. These mechanisms are posited to be responsible for Hebbian synaptic regulation
and collectively form the basis for the neurotrophin hypothesis (Schinder and Poo, 2000).
The synthesis of TNF-a (Turrin and Rivest, 2004) and IL-1p (Plata-Salaman et al., 2000;
Rizzi et al., 2003) is also enhanced by neural activity. Although the actions of these
substances are usually not discussed within the context of Hebbian mechanisms, there are
data suggesting TNF-a could influence neuronal connectivity via its actions on AMPA
receptors. Thus, TNF-a enhances AMPA receptor expression and cytosolic calcium levels
(De et al., 2003). These actions of TNF-a appear to be physiological because an inhibitor of
TNF-a inhibits AMPA-induced postsynaptic potentials (Beattie et al, 2002) and AMPA-
induced changes in cytosolic Ca?* (De et al., 2003). AMPA receptors play a key role in EEG
synchronization (Bazhenov et al., 2002) and synaptic plasticity. For example, TNF-a plays a
role in synaptic scaling (Stellwagen and Melenka, 2006). Further, afferent stimulation of
somatosensory cortex neurons is associated with enhanced TNF-a expression (Churchill et
al., 2008).

SRSs act locally to affect a sleep-regulatory biochemical network

Unilateral application of TNF-a (Yoshida et al., 2004), IL-1p (Yasuda et al., 2005b),
GHRH (Szentirmai et al., 2007), or BDNF (Faraguna et al., 2008) on to the surface of the
somatosensory cortex induces unilateral dose-dependent and state-dependent increases in
EEG delta wave power. Conversely, the soluble TNF receptor or the soluble I1L-1 receptor
unilaterally reduces EEG power during the NREMS occurring after sleep deprivation.
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Associated with the changes in the TNF- or IL1-altered EEG power are enhancements of
Fos-IR and IL-1-immunoreactivity unilaterally in the somatosensory cortex and reticular
thalamus.

Sleep intensity of one part of the brain can be more intense than other parts

This was the first prediction of the original theory (Krueger and Obal, 1993) that was
experimentally tested. Kattler et al. (1994) showed that, using right-hand vibration
stimulation, the amplitude of EEG slow waves (indicative of the intensity of sleep) during
the first subsequent sleep episode was higher on the contralateral side somatosensory cortex
than on the ipsilateral side (the contralateral side receives the input from the stimulated
hand). Subsequently similar results were obtained from rats (Vyazovskiy et al., 2000) and
mice (Vyazovskiy et al., 2004). Further, Huber et al. (2004) showed that EEG slow-wave
power was greater over cortical areas during sleep that were “used” in a prior learning
paradigm. Those results confirmed the work of Maquet et al. (2003) and Ferrara et al.
(2002), using brain-imaging techniques, concluded that the brain areas activated during sleep
were those most active during prior wakefulness. Natural variation in spontaneous activity is
also correlated with EEG delta power. Thus, EEG delta power from the visual cortex is
relatively higher during daylight hours than that from the somatosensory cortex of rats.
Conversely, at night when the rats are using their whiskers for location, EEG delta power is
relatively higher in the somatosensory cortex than in the visual cortex (Yasuda et al., 2005a).

Changes in SRS levels locally within the cortex will activate neural pathways

Unilateral injection of either TNF-a. (Churchill et al., 2005) or IL-1p on to the surface of the
somatosensory cortex activates a pathway unilaterally, as determined by Fos expression, that
includes corticoreticular thalamic projections as well as anterior hypothalamic neurons.
These circuits are known to be involved in sleep regulation. The results suggest a pathway
by which information concerning the state of cortical columns is conveyed to the sleep-
regulatory circuits. Such circuits could indeed provide homeostatic input to the
hypothalamic “sleep switches.”

Sleep is a fundamental property of neural assemblies

This prediction, although made in 1993 (Krueger and Obal, 1993), was not directly
demonstrated until 2005 (Rector et al., 2005). Using either auditory or whisker stimulation
to induce cortical evoked response potentials, somatosensory and auditory cortical columns
were shown to oscillate between two functional states. During the functional state that
correlated with sleep, the amplitude of the evoked response potential is higher than during
the wake-like state. Further, the probability of a cortical column being in the sleep-like state
was dependent upon prior time in the wake-like state. Finally, in a preliminary study using a
conditioning paradigm, the error rate of a learned licking response induced by whisker
stimulation is greater if the cortical column receiving the input from the stimulated whisker
is in the sleep-like state (Walker et al., 2005). Finally, microinjection of TNF-a on to cortical
columns induces the sleep-like functional state (Churchill et al., 2008).

Collectively, the theory and supporting data suggest that sleep begins as a local process
fundamental to cortical assemblies. Cytokines play a role in functional state determination
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and such, states are neuron activity-dependent. Changes in sleep associated with the APR
are likely driven by inflammatory mediators such as cytokines, adenosine, NO, and
prostaglandins since these molecules are also implicated in physiological sleep regulation.
The pathological response likely reflects an amplified physiological sleep mechanism.
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Fig. 15.1.

Molecular networks are involved in sleep regulation. Substances in boxes inhibit sleep and
inhibit the production or actions of sleep-promoting substances illustrated via feedback
mechanisms. Inhibition of one step does not completely block sleep, since parallel sleep-
promoting pathways exist. These redundant pathways provide stability to sleep regulation.
Our knowledge of the biochemical events involved in sleep regulation is more extensive than
that illustrated. The molecular network shown here possesses many of the characteristics of
biological networks and engineered systems (this topic is reviewed in several lead articles in
Science 2003; 301:5641). Thus, the network is modular in that several proteins (cytokines)
are working in “overlapping co-regulated groups” in this pathway. Second, the molecular
network is robust in that removal of one of the components does not result in complete sleep
loss. Third, the network operates as a recurring circuit element with multiple feedback loops
affecting other pathways to the extent that similar networks involving many of the same
substances and component network parts are used to regulate body temperature,
inflammatory responses, the microcirculation, memory, and food intake, and these systems,
to a limited degree, coregulate. Specificity for any one physiological process, such as sleep,
results from multiple interacting molecular and cellular circuits, each possessing different,
but similar to each other, reactivity. IL-1RA, IL1 receptor antagonist; SIL1R, soluble IL-1
receptor; anti-1L1; anti-IL1 antibodies; CRH, corticotrophin-releasing hormone; PGD,
prostaglandin D»; a-MSH, a-melanocyte-stimulating hormone; STNFR, soluble TNF
receptor; anti-TNF, anti-TNF antibodies; TGFp, transforming growth factor 8; IGF1,
insulin-like growth factor; A1R, adenosine Al receptor; COX2, cyclooxygenase 2; LPS,
lipopolysaccharide; MPs, muramyl peptides, BDNF, brain-derived neurotrophic factor; NGF,
nerve growth factor; L-NAME, A-nitro-L-arginine methyl ester; GHRH, growth hormone-
releasing hormone; NO, nitric oxide; NOS, nitric oxide synthase; NF-xB, nuclear factor
kappa B; NREM, nonrapid eye movement.
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Fig. 15.2.

Murine tumor necrosis factor-a (TNF-a)) enhances nonrapid eye movement sleep (NREMS)
in mice. TNF-a, 3 ug, was injected intraperitoneally at time 0. Mice were kept on a 12-hour
light-dark cycle with lights out at 0 hour. Circles are NREMS values + SE; squares are rapid

eye movement sleep (REMS) values + SE. (Data are from Fang et

Handb Clin Neurol. Author manuscript; available in PMC 2017 May 23.

al. (1997).)
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