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Abstract: Interleukin-1 beta (IL1) and tumor necrosis factor alpha (TNF) promote non-rapid eye movement sleep under 

physiological and inflammatory conditions. Additional cytokines are also likely involved but evidence is insufficient to 

conclude that they are sleep regulatory substances. Many of the symptoms induced by sleep loss, e.g. sleepiness, fatigue, 

poor cognition, enhanced sensitivity to pain, can be elicited by injection of exogenous IL1 or TNF. We propose that ATP, 

released during neurotransmission, acting via purine P2 receptors on glia releases IL1 and TNF. This mechanism may 

provide the means by which the brain keeps track of prior usage history. IL1 and TNF in turn act on neurons to change 

their intrinsic properties and thereby change input-output properties (i.e. state shift) of the local network involved. Direct 

evidence indicates that cortical columns oscillate between states, one of which shares properties with organism sleep. We 

conclude that sleep is a local use-dependent process influenced by cytokines and their effector molecules such as nitric 

oxide, prostaglandins and adenosine.  
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INTRODUCTION 

 Sleep is important because it is integral to most issues in 
neurobiology and neuropathology. Further, sleep and sleep 
pathologies are of direct importance to the quality of our life. 
Although our understanding of sleep remains limited much 
has been accomplished over the past 20 years especially 
within the context of cytokine regulation of sleep and related 
physiological and pathophysiological processes. The evi-
dence that cytokines are involved in physiological sleep 
regulation and their relationships to other sleep regulatory 
substances (SRSs) is the focus of this review [reviewed 
1,2,3]. Many laboratories have developed what is now over-
whelming evidence linking sleep deprivation-enhanced inter-
leukin-1 beta (IL1), and the related cytokine tumor necrosis 
factor alpha (TNF), to symptoms associated with sleep dep-
rivation, such as sensitivity to kindling [4] and pain stimuli 
[5,6,7], cognitive [8,9,10], memory [11,12,13], and perform-
ance impairments [11], depression [14,15], sleepiness [2,16, 
17], and fatigue [14,18,19]. Further, chronic sleep loss is 
associated with pathologies such as metabolic syndrome 
[20,21,22], chronic inflammation [23,24], and cardiovascular 
disease [reviewed 25]. All of these sleep deprivation-asso- 
ciated symptoms can be induced by injection of exogenous 
IL1 and/or TNF [reviewed 1,2], or in some cases blocked if 
these cytokines are inhibited [21,26,27]. An inhibitor of IL1, 
the IL1-receptor antagonist (IL1RA) is a naturally-occurring 
substance whose levels are altered by sleep loss [23] and 
inhibits sleep [28]. Similarly, the TNF soluble receptor 
(sTNFR) is altered by sleep loss and inhibits sleep in animal 
models [2]. Both the IL1RA and the sTNFR are approved for 
clinical use. The IL1RA reduces fatigue in rheumatoid arthri- 
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tis patients [19] and improves pancreatic beta cell function 
[21]. The sTNRF reduces fatigue [29] and sleepiness in sleep 
apnea patients [30]. These and other findings have trans-
formed our views of sleep pathologies such as sleep apnea 
and chronic restricted sleep; they are now considered in-
flammatory disorders. Further, the cytokine sleep literature 
has contributed much to our understanding of sleep regula-
tion and what exactly it is that sleeps. 

HUMORAL REGULATION OF SLEEP 

 Many of the variables that affect sleep have been linked 
to hormonal and humoral mechanisms (Fig. 1). These 
mechanisms are often linked to each other in biochemical 
cascades and feedback loops (Fig. 2) and link sleep to multi-
ple other physiological and mental processes (Fig. 1). They 
operate to affect sleep over very different time scales ranging 
from the life span of the individual to milliseconds (Fig. 1). 
Although cytokines are involved in the regulation of many of 
the variables listed in Fig. (1), the sheer number of sub-
stances and physiological processes, and the substantially 
different time scales suggest the involvement of a distributed 
network of semiautonomous regulatory events at both the 
biochemical and cellular levels. Such distributed regulatory 
networks are common in biological and engineered systems. 
The regulatory output is an emergent property of the entire 
system. Experimentally, it is possible to amplify one or more 
of the individual mechanisms to affect sleep, e.g. injection of 
a SRS or stimulation of a sleep regulatory circuit. Similarly, 
sleep disorders occurring during pathologies likely result 
from the disproportionate stimulation of one or more of the 
humoral/hormonal mechanisms shown in Fig. (1). 

 We have known for almost 100 years that mammalian 
cerebrospinal fluid contains sleep promoting substances that 
accumulate during wakefulness [2,31]. Indeed, these findings 
have led to the identification of many of these substances  
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Fig. (1). Many biological variables are associated with sleep patterns. The interveining hormonal and humoral substances acting to affect 

sleep are known in many cases; such substances act over different time lines to alter expressions of sleep phenotypes. Abbreviations: CRH, 

corticotropin releasing hormone; GHRH, growth hormone releasing hormone; PGD2, prostaglandin D2; VIP, vasoactive intestinal 

polypeptide; TNF, tumor necrosis factor alpha; CCK, cholecystokinin; NPY, neuro-peptide Y; GABA, gamma amino butyric acid; NO, nitric 

oxide. 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). Cytokines such as IL1, TNF, nerve growth factor (NGF), EGF, interleukin 4 (IL4), interleukin 10 (IL10), and associated soluble and 

membrane-bound receptors all form part of the sleep biochemical regulatory network. Cell activity affects levels of these substances. Within 

brain for example, ATP, co-released during neurotransmission, induces the release of the gliotransmitters IL1 and TNF from glia. These 

substances induce their own production and interact with multiple other substances via NFkB activation. These effects are associated with 

gene transcription and translation and take several hours. Down-stream events include well-known metabolic substances and regulators of 

the microcirculation such as NO, adenosine and prostaglandins. Neurotransmission, acting on an even faster time scale, is altered by sub-

stances such as IL1 via actions on the production of receptors that alter postsynaptic neuron sensitivity such as AMPA and adenosine A1 

receptors (A1AR). State oscillations within local networks occur as a result of this ultra-complex biochemical regulatory scheme [2,3,56]. 

Abbreviations:P2, purine type 2 receptors; NFkB, nuclear factor kappa B; NOS, nitric oxide synthase; NGF, nerve growth factor; EGF, epi-

dermal growth factor; GHRH, growth hormone releasing hormone; CRH, corticotrophin releasing hormone; IL1RA, IL1 receptor antagonist; 

sIL1R, soluble IL1 receptor; sTNFR, soluble TNF receptor; PGs, prostaglandins; COX, cyclooxygenase; glu, glutamic acid; GABA, gamma 

amino butyric acid; CRH, corticotrophin releasing hormone; sTNFR, soluble TNF receptor;, sIL1R, soluble IL1 receptor; TGF, transforming 
growth factor beta; cry, cryptochrome; per, period. 
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(Fig. 2). However, it is not possible to isolate sleep as the 
independent variable because most, if not all, physiological 
parameters change with sleep. As a consequence, investiga-
tors have developed lists of criteria to be met before a sub-
stance is considered a sleep regulatory substance [32-35]. 
Criteria common to these lists are: a) The substance if in-
jected should enhance sleep. b) If inhibited, sleep should be 
reduced. c) The level of the substance should vary in brain 
with sleep propensity. d) The substance should act on sleep 
regulatory circuits. e) The substance should be altered in 
pathological states associated with enhanced sleepiness. All 
of these criteria have been met by IL1, TNF, growth hor-
mone releasing hormone (GHRH), adenosine, and prosta-
glandin D2 for non-rapid eye movement sleep (NREMS) 
regulation. For rapid eye movement sleep (REMS) regula-
tion, prolactin, NO, and vasoactive intestinal polypeptide 
also meet these requirements [reviewed 2]. The evidence 
dealing with cytokines is expanded upon here.  

 Cytokines such as IL1 have long evolutionary histories; 
they date to jawless vertebrates 500 million years ago and 
related cytokines date to invertebrates occurring at least 850 
million years ago [36]. Cytokines are well-known for their 
roles in host defense but may have initially evolved for other 
purposes [36]. IL1 was first implicated in sleep regulation 
about 25 years ago by the finding that it has the capacity to 
enhance non rapid eye movement sleep (NREMS) [37]. In 
subsequent years, a plethora of additional evidence suggests 
that IL1 and other cytokines such as TNF, epidermal growth 
factor (EGF), and brain-derived neurotrophic factor (BDNF) 
are SRSs (Table 1) [reviewed 2,3,36]. There is evidence that 
these mechanisms and related effector substances are de-
pendent on metabolism and are shared by fruit flies and 
mammals, e.g. EGF [38,39], nuclear factor kappa B (NFkB) 
[40-44] and adenosine [45].  

 Central or systemic injection of IL1 or TNF enhances 
duration of NREMS and electroencephalogram (EEG) delta 
(1/2-4Hz) power (an index of sleep intensity) and/or sleepi-
ness in every species thus far tested including, mice, rats, 
rabbits, sheep, cats, monkeys, and humans [reviewed 1-
3,36]. Injection of exogenous low doses of IL1 or TNF en-
hances NREMS. Conditions that enhance endogenous pro-
duction of IL1 or TNF, e.g., excessive food intake [46] or 
infectious disease [47], promote NREMS [2,3]. Conversely, 
inhibition of endogenous IL1 or TNF, using antibodies or 
endogenous inhibitors such as their soluble receptors or the 
IL1RA, inhibits spontaneous sleep [1,2,3,36]. These inhibi-
tors of IL1 and TNF also inhibit sleep rebound after sleep 
deprivation. Brain levels of IL1 mRNA and IL1 and plasma 
levels of IL1 vary with the sleep-wake cycle with highest 
levels correlating with high sleep propensity. Brain levels of 
TNF and TNF mRNA also vary with sleep propensity in a 
similar fashion. Both IL1 mRNA and TNF mRNA increase 
in the brain during sleep deprivation. The IL1 type I receptor 
and the TNF55kD receptor are responsible for IL1- and 
TNF-enhanced NREMS since mice lacking these receptors 
do not respond to IL1 or TNF and have less spontaneous 
sleep respectively [48,49]. Microinjection of TNF [50,51] 
into the anterior hypothalamus enhances NREMS. IL1 en-
hances the firing rate of hypothalamic sleep-active neurons 
while it inhibits wake-active neurons [52]. Some hypotha-
lamic neurons receptive for GHRH are also receptive for IL1 

[53]. These data suggest that this NREMS regulatory net-
work is responsive to IL1 and TNF. Both IL1 and TNF af-
fect, or are affected by, several neurotransmitter systems 
involved in the activation networks. For example, injection 
of IL1 into the locus coeruleus [54], or the dorsal raphe pro-
motes NREMS [55]. Collectively, these and other data [re-
viewed 1,2,3,] indicate that IL1 and TNF are involved in 
physiological NREMS regulation as well as changes in sleep 
associated with pathologies.  

 Both IL1 and TNF have been linked to a variety of clini-
cal conditions involving sleep disorders [reviewed 1-3,36]. 
For instance, TNF is elevated in patients with chronic fatigue 
syndrome, chronic insomniac patients, postdialysis fatigue 
preeclampsia, alcoholism, myocardial infarction, influenza  
 

Table 1. Cytokines alter Sleep 

 Cytokine/Growth Factor
1
 Effect on NREMS

2
 

Interleukin-1 alpha    

Interleukin-2    

Interleukin-6    

 Interleukin-8    

Interleukin-15    

Interleukin-18    

Epidermal growth factor    

Acidic fibroblast growth factor    

Erythropoietin    

Nerve growth factor    

Brain derived neurotrophic factor    

Glia-derived neurotrophic factor 

Neurotrophins 3 and 4  

  

 

Interferon alpha    

Interferon gamma    

Tumor necrosis factor beta    

Granulocyte-macrophage colony-stimulating factor    

Interleukin-1 receptor antagonist    

 Interleukin-4    

Interleukin-10    

Interleukin-13    

Transforming growth factor beta    

Granulocyte colony-stimulating factor    

Insulin-like growth factor 
Small dose: ;  

high dose:  

Soluble TNF receptor    

Soluble IL1 receptor    

1See Reference 2 for citations. 
2 increase;  decrease;  no change. 
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virus infections, rheumatoid arthritis, and sleep apnea. Fur-
ther, the TNF polymorphic variant, G-308A, is associated 
with metabolic syndrome and sleep apnea. 

 Several additional cytokines have the capacity to promote 
sleep, most notably since they were discovered by neurosci-
entists rather than by immunologists, are the neurotrophins. 
Neurotrophins 1 (NGF), 2 (BDNF), 3 and 4 as well as glia-
derived neurotrophic factor all can promote sleep (Table 1). 
For example, NGF induces NREMS [57], if injected intrac-
erebroventricularly (ICV), and REMS [58], if injected into 
the pontine reticular formation. Giant reticular cells and neu-
rons in the mesencephalic trigeminal nucleus are immunore-
active for the p75 and trk A NGF receptors. These neurons 
may modify NGF-induced REMS [59]. Further, if NGF re-
ceptive basal forebrain cholinergic neurons are removed us-
ing an immunotoxin conjugated to an anti-p75 NGF recep-
tor, there is a transient loss of NREMS and a more perma-
nent loss of REMS [60]. After sleep loss, NGF1-A (also 
called Erg-1 and Zif 268) up regulates in the locus coeruleus 
[61]. NGF1-A is a transcription factor induced by NGF via 
trk A receptors. NGF-IR also increases in the somatosensory 
cortex after sleep loss [62]. Notably, after ICV injection, 
NGF induces a reduction in EEG delta power during 
NREMS [57]. Many other somnogenic cytokines, e.g., IL1 
and TNF, enhance EEG delta power although some can ei-
ther enhance or inhibit EEG delta power depending on con-
ditions, e.g. TNF [2] and BDNF [63,64]. Collectively, such 
data suggest that NGF and other neurotrophins play a role in 
sleep.  

 Other cytokines that may also be involved in the regula-
tion of sleep include; IL2, IL6, IL8, IL15, IL18, EGF, acidic 
fibroblast growth factor, colony stimulating factor, and inter-
ferons (Table 1; [reviewed 2,3]). In contrast, other cytokines 
inhibit NREMS including the IL1RA, IL4, IL10, IL13, insu-
lin-like growth factor, transforming growth factor beta and 
the soluble IL1 and TNF receptors [reviewed 2,3]. Although 
collectively these data strongly suggest that the brain cyto-
kine network participates in sleep regulation, it is premature 
to conclude that any of these cytokines, other than IL1 and 
TNF, is an SRS.  

 The regulation of cytokines in the brain is complex and 
not very well understood. Nevertheless, some cytokine-
associated substances, such as the IL1RA and the TNF and 
IL1 soluble receptors seem to act as endogenous antagonists, 
and indeed these substances inhibit spontaneous sleep [re-
viewed 1,2,3,36]. Anti-somnogenic cytokines act, in part, by 
inhibiting production of pro-somnogenic cytokines (Fig. 2). 
For example, IL10 inhibits IL1 and TNF production and also 
inhibits production of IL1 receptor types I and II. Further, 
exogenous IL10 inhibits production or release of other som-
nogenic substances implicated in sleep regulation, including 
NGF and NO and it increases the production of sleep-
inhibitory substances such as corticotropin releasing hor-
mone and the IL1RA. IL4 inhibits IL1 and TNF production 
and it also increases the production of the IL1RA and release 
of the soluble TNF receptor. Furthermore, IL4 inhibits pro-
duction or release of other substances implicated in sleep 
regulation, e.g., NO. Both IL4 and IL10 inhibit sleep (e.g., 
Fig. 2) and are in brain.  

 IL1 downstream mechanisms indicate its involvement in 
many other substances implicated in sleep regulation (Fig. 
2). IL1 promotes NFkB activation and in turn IL1 production 
is enhanced by NFkB activation [reviewed 2]. NFkB is a 
transcription factor usually acting as an enhancer element for 
a wide array of genes, including other cytokines, such as 
TNF, NGF and EGF, and other SRSs such as the adenosine 
A1 receptor, the gluR1 component of AMPA receptors, cy-
clooxygenase, and NO synthase (Fig. 2). There may be some 
degree of specificity for NFkB activation to sleep. Sleep loss 
enhances hypothalamic and cortical NFkB activation 
[40,65]. Adenosine also elicits NFkB nuclear translocation in 
basal forebrain via the adenosine A1 receptor [66]. Finally, 
an inhibitor of NFkB inhibits duration of NREMS [41]. Thus 
via the actions of IL1 on NFkB and the NFkB-enhanced en-
zymes and receptors, shorter lived molecules known to be 
involved in sleep regulation are recruited into the sleep regu-
latory biochemical cascade including adenosine, NO, and 
prostaglandins. That these mechanisms are also very likely 
involved in the regulation of local cerebral blood flow high-
lights the relationships between cellular metabolism, sleep 
and blood flow.  

 Upstream events involved in IL1 synthesis and release 
suggest a close relationship to cell activity and metabolism 
in the brain. There is an extensive literature relating neuronal 
activity to neurotrophin expression [reviewed 67] and these 
relationships form in part the basis of the neurotrophin hy-
pothesis [68]. Other cytokines such as IL1 are less well stud-
ied in this regard although it is known that excessive en-
dogenous stimulation, as occurs during kindling [4] or dur-
ing sleep deprivation [69], enhances IL1 expression. Activity 
in neurons is translated into pre- and post-synaptic events 
that manifest in both the short run and long run. Thus ATP is 
co-released with neurotransmitters (Fig. 2) [reviewed 70,71]; 
in turn ectonucleotidases hydrolyze some of that ATP to 
adenosine. Adenosine acts on neurons via the adenosine A1 
receptor to hyperpolarize cells via K

+
 channels [45]. ATP 

also acts via P2X7 receptors on microglia to induce the re-
lease of IL1 and TNF [72-75]. For example, macrophages 
obtained from mice lacking the P2X7 receptor fail to elabo-
rate IL1 if challenged with endotoxin [74]. ATP-released 
cytokines in turn act on cells bearing their receptors to acti-
vate NFkB. A second method used to demonstrate activity-
dependence of cytokines uses the whisker stimulation-
somatosensory cortex rat model. After 2 hours of whisker 
twitching, in the cortical column that receives afferent input 
from the whisker, TNF-immunoreactivity (IR) in neurons is 
enhanced while in adjacent cortical columns enhanced TNF-
IR is not observed [76]. It is not known if the enhanced neu-
ronal TNF expression results from TNF uptake from the mi-
croglia-released TNF or if it is synthesized in the neuron of 
its expression.  

 IL1 and TNF may also provide a bridge between the cir-
cadian rhythm and the sleep homeostat (Fig. 2). There are 
daily rhythms in brain cytokines including IL1 and TNF [re-
viewed 2]. Removal of the type I IL1 receptor results in 
sleep deficits that are limited to the night hours [48] while 
removal of the TNF 55 kD receptor disrupts sleep during the 
transition between nighttime and daytime [49]. Finally, IL1 
and TNF inhibit expression of some clock genes via interfer-
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ing with CLOCK-BMAL1-induced activation of E-box regu-
latory elements [77] (Fig. 2).  

ORGANIZATION OF SLEEP 

 If a subject survives a brain lesion, whether experimental 
or pathological, for a few days or more, it sleeps. There ap-
parently are no reported cases of subjects with complete lack 
of sleep including those with fatal familial insomnia [78]. 
This is an important meta-finding for sleep research because 
it indicates that sleep is a property of any surviving group of 
neurons. From comparative studies, it appears that many 
species of birds and marine mammals exhibit unihemispheric 
sleep [79,80,81]. A defining characteristic of NREMS, EEG 
delta waves, has a local cortical origin [82]. Further, isolated 
cortical islands that retain their blood flow, wax and wane 
through periods of high amplitude delta waves [83]. Clinical 
evidence also indicates the brain can be awake and asleep 
simultaneously, e.g. parasomnias such as sleep walking [84]. 
Collectively, such data indicate sleep has characteristics of a 
local process. 

 IL1 [85], TNF [86] and other SRSs including GHRH 
[87], and BDNF [64] have the capacity to act locally within 
the cortex to alter a sleep phenotype, EEG delta power. EEG 
delta power is indicative of NREMS intensity; e.g. it is en-
hanced during the deep sleep that follows sleep deprivation 
[35,88]. Unilateral application of IL1 or TNF (Fig. 3) to the 
surface of the cortex enhances EEG delta power during 
NREMS, but not during REMS or waking, on the ipsilateral 
side but not on the contralateral side suggesting that sleep is 
more intense on the side receiving IL1 [85,86]. These unilat-
eral changes in EEG delta power are associated with changes 
in Fos and IL1-IR in the corresponding cortical areas and 
reticular thalamus [89,90] suggesting the involvement of the 

biochemical sleep regulatory cascade (Fig. 2) and known 
thalamo-cortical sleep regulatory circuitry [82]. These data 
coupled with what is known about use-dependent production 
of IL1, TNF, NGF, and BDNF strongly support the idea that 
sleep is targeted to active circuits and is initiated at a local 
network level. Further, local application of TNF to cortical 
columns is associated with cortical column state changes [3]. 
Such changes suggest that sleep is a fundamental property of 
neuronal networks.  

 The idea that sleep is a local process is directly supported 
by the finding that cortical columns oscillate between sleep-
like and wake-like states [91]. Further sleep intensity, a sleep 
phenotype determined from EEG delta power, is dependent 
upon prior use and is targeted and localized to areas dispro-
portionately used during prior wakefulness. EEG delta power 
is enhanced in the left somatosensory cortex compared to the 
right during NREMS after prolonged right hand stimulation 
prior to sleep onset [92]. Other evidence is consistent with 
the idea that sleep is a regional property of brain dependent 
upon prior activity. In mice, rats, chickens, pigeons, humans 
and cats, if a localized area is disproportionately stimulated 
during waking, EEG delta power in that area is enhanced 
during subsequent NREMS [93-102]. There are also several 
findings showing that cerebral blood flow during sleep is 
enhanced in those areas disproportionately stimulated during 
prior waking [103,104]. Finally, the developmental plasticity 
literature [105-107]

 
and the learning literature demonstrating 

replay of neuronal electrical patterns associated with waking 
learning tasks

 
[108], indicate changes in the EEG during 

sleep are targeted to areas activated during prior waking. 

 Previously we and many others had proposed that waking 
activity results in the accumulation of SRSs that provide a 
humoral signal that enhances sleepiness and sleep [34,35, 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3). Application of tumor necrosis factor alpha (TNF) unilaterally (left) to the somatosensory cortex enhances EEG delta power on the 

ipsilateral side during NREMS. Such responses occur during NREMS but not during REMS or waking (modified from 86]. 
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88]. However, that literature for the past 100 years has not 
posited what it was about wakefulness that caused the en-
hanced SRS production. We propose that it is neurotransmis-
sion-released ATP [3]. There is a large rich literature demon-
strating co-release of ATP with neurotransmitters including 
sites within the cortex and other areas of brain [reviewed 
70,71]. Much of this literature focused on ATP co-released 
with glutamate although the current consensus is that ATP is 
released with most, if not all, neurotransmitters. There is an 
independent large literature demonstrating ATP-enhanced 
release of cytokines from immunocytes via purine P2 recep-
tors [for IL1 reviewed 109,110]. The immunocyte literature 
has been extended to the brain; ATP induces IL1, TNF and 
BDNF release from glia via P2 receptors [reviewed 72-
75,111]. For example, both IL1 and TNF are released from 
microglia upon activation of the P2X7 receptor. IL1, TNF, 
NGF, and BDNF are all putative gliotransmitters. Since 
these cytokines are also putative SRSs it seems logical to 
posit that, via ATP release that P2R receptors and their sub-
sequent induction of cytokine release, the brain keeps track 
of prior sleep/wake activity. It also seems likely that sleep 
would affect P2R expression and that cytokines may provide 
a feedback signal to alter P2R receptors. The neurotransmis-
sion-ATP-P2 receptor mechanism also provides a way to 
target sleep to active circuits. 

 Mechanistically our hypothesis is summarized as follows 
(Fig. 4) [3]. Neuronal activity is associated with synaptic co-
release of ATP with the neurotransmitter. The consequent 
increase in extracellular ATP thus provides a transitory 
measure of prior local neuronal activity. The ATP is detected 
by nearby glia P2Rs causing the release of sleep regulatory 
cytokines such as IL1 and this provides for the translation of 

prior neuronal activity into local levels of SRSs. These sub-
stances in turn, by a slow process (gene transcription/trans- 
lation), alter electrical properties of nearby neurons by alter-
ing their own production and that of receptor populations, 
such as AMPA and adenosine receptors. The SRSs also, by a 
fast process (diffusion for short distances), directly interact 
with their receptors on neurons and alter electrical properties. 
Further, ATP is hydrolyzed by ectonucleotidases releasing 
extracellular adenosine that in turn acts on adenosine recep-
tors again altering electrical potentials on the nearby neu-
rons. These events are happening locally and the collective 
electrical changes result in a shift in input-output relation-
ships within the local neuronal assemblies that originally ex- 
hibited the increase in activity, i.e. a state shift. In a mathe-
matical model, the local state of neuronal assemblies syn-
chronize, also called phase locking, with each other because 
they are loosely connected to each other via neurons and 
humorally [56]. Well characterized sleep regulatory circuits 
and associated activation networks likely ensure the syn-
chronization of neuronal assembly state for niche-adaptation 
purposes.  

 There are many good reviews dealing with mammalian 
sleep regulatory circuitry [e.g. 82,112-115]. A fundamental 
premise of the sleep regulatory circuitry literature is that 
such circuits impose sleep on the brain; hence sleep is 
viewed as being initiated by these circuits. The sleep regula-
tory circuit paradigm is mechanistically silent on many well-
known sleep phenomena, e.g. performance detriments asso-
ciated with prolonged wakefulness, sleep homeostasis, many 
sleep parasomnias such as sleep-walking, reoccurrence and 
reorganization of sleep after lesions. In contrast, our theory 
[116,117 and others [118-120] posit that sleep is initiated 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (4). Neuronal activity is linked via ATP released during neurotransmission to both long-term and short-term mechanisms involved in 
neuronal assembly state and in events involved in synaptic scaling. 
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locally within neuronal assemblies depending upon past use
1
 

and addresses all these issues. If we consider input to a corti-
cal column (neuronal assembly) during waking to induce an 
environmentally adaptive output then during the sleep-like 
state the new output in response to the same input would 
likely not be relevant to the environmentally-driven input. If 
that output manifested in motor or cognitive real-time out-
puts, behavior would not be coordinated with real-time envi-
ronmental inputs and this would lead to dysfunction. Thus, 
within the context of our theory, it is easy to envision, as 
well as being experimentally demonstrated [91] how some 
cortical columns may be awake while simultaneously other 
cortical columns are asleep within the same brain. As sleep 
loss progresses we propose that the number of cortical col-
umns in the sleep-like state would increase and indeed Rec-
tor et al. [91] showed that the probability of any column be-
ing in the sleep-like state increases the longer it has been in 
the wake-like state. Assuming performance depend upon the 
coordinated actions of multiple columns in the wake state, if 
some of those columns are in the sleep-like state, perform-
ance whether cognitive functioning or muscle co-ordination 
would likely suffer. 

CONCLUSION 

 The biochemical mechanisms responsible for sleep regu-
lation are very complex. Explaining physiological sleep and 
sleep disturbances occurring during pathology is possible 
within the context of the brain cytokine network, although 
incomplete. 
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