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  Abstract   The circadian oscillator plays an important role in behavior and metabolic 
physiology. In turn, adenosine occupies a unique position as both a fundamental 
neuromodulator and a basic building block of cellular metabolism. Multiple connec-
tions exist between the two, both through the direct actions of adenosine and 
through the cellular signaling cascades regulating and regulated by its availability. 
Speci fi cally, we show that the circadian clock is connected to adenosine and other 
purinergic products on three levels. At the level of circadian signaling, the adenosine-
derived signaling molecule cAMP is itself a circadian clock component that 
indirectly induces transcription of many circadian genes, as well as in fl uencing 
cell cycle timing. At the level of metabolism, AMP kinase, a cellular energy sensor 
dependent upon AMP, can phosphorylate multiple clock proteins. It phosphory-
lates cryptochromes and thereby enhances the activity of the inhibitory clock pro-
tein complex that contains them. The histone and clock protein deacetylase SIRT1 
is also phosphorylated and upregulated by AMPK, leading to increased clock pro-
tein degradation and chromatin repression. SIRT1 activity is also regulated by 
NAD +  cofactors, whose levels are themselves under both circadian and metabolic 
control. Finally, multiple adenosine receptor subtypes can control clock function. 
A3 receptors in fl uence mammalian temperature control and therefore possibly the 
circadian oscillator. A1 receptor transcription can be induced indirectly via gluco-
corticoids which are under circadian control. In addition, A1 receptors modulate 
light responsiveness of the circadian clock. Taken together, this intricate regulatory 
web likely permits a complex dialogue between metabolism and diurnal behavior 
and physiology that allows organisms to exploit their circadian geophysical environ-
ment optimally.  
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 In this chapter, we not only outline the existing connections between adenosine and 
the circadian oscillator de fi ned by research of numerous different laboratories, but 
also show the vast potential for therapeutically relevant connections whose mecha-
nisms remain to be elucidated. These connections are bidirectional: on the one hand, 
the circadian clock controls adenosine and its downstream products, which are also 
important signaling molecules; on the other, adenosine and related molecules 
directly regulate the circadian oscillator. The drama of this interrelationship plays at 
the level of both the single cell and the whole organism, in both brain and peripheral 
tissues. Below, after a general introduction to the circadian oscillator in which we 
brie fl y mention these connections, we discuss each of these links in detail, looking 
 fi rst at adenosine itself, and then at several of its products, with a focus on the phos-
phorylated nucleotides ATP and AMP. 

 Of course, no discussion of this topic would be complete without a consideration 
of the important role that adenosine also plays in sleep–wake behavior, the major 
behavioral output of the circadian clock. This complex and fascinating topic is the 
subject of a separate chapter. 

    11.1   Introduction to the Circadian Clock 

 Most life on earth is governed by 24 h light–dark changes. An internal clock has 
evolved in both unicellular and multicellular organisms in order to perceive diurnal 
environmental cues of light, temperature, and nutrients and to control behavioral 
and physiological output in order to anticipate these environmental changes. This 
“circadian” clock (from the Latin  circa diem , “approximately a day”), is found in 
nearly all cells of multicellular organisms. 

 In complex organisms, the multitude of circadian oscillators in peripheral cells 
is controlled by a superior clock in the brain. Transplantation experiments in the 
late 1980s by Lehman et al. using Syrian hamsters revealed the suprachiasmatic 
nucleus (SCN) of the hypothalamus as the master circadian clock: animals with 
lesions in the SCN completely lost rhythmic daily behavior, and implantation of 
fetal SCN tissue was able to restore this circadian locomotor activity entirely 
(Lehman et al.  1987  ) . 

 In order to be functionally useful, the circadian clock must be able to do more 
than just oscillate with a period of approximately 24 h. It should also be able to 
sense environmental cues and changes, and further to transmit this information on a 
behavioral and physiological level. Conceptually, the molecular circuitry responsi-
ble for each of these processes is separable. Thus, the circadian clock mechanism in 
general can be divided in three parts: an input part, where incoming stimuli are 
processed and passed on, a core part with a ticking molecular clock, and an output 
part, which transmits information to all target pathways of the circadian oscillator 
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throughout the body. As we shall see, adenosine and its metabolites can in fl uence 
all three of these parts independently. In turn, the levels of these compounds are 
in fl uenced both directly and indirectly by the circadian oscillator.  

    11.2   How the Rising Sun Stimulates Signal Transmission 
in the Brain: The Morphology of Clock Input 

 In mammals, the most important and potent “zeitgeber” or timing cue from the 
environment, is light. After light is perceived in the retina by both conventional rods 
and cones and specialized retinal ganglion cells containing the alternative photopig-
ment melanopsin (Berson et al.  2002 ; Drouyer et al.  2007  ) , it is signaled glutamater-
gically directly via the retinohypothalamic tract (RHT) to the SCN (Castel et al. 
 1993  ) . The SCN itself is a heterologous tissue consisting of at least two regions: a 
core and a shell. While the latter is thought to be primarily an oscillator, the former 
shows weak intrinsic oscillation but signi fi cant induction by RHT stimulation, and 
is believed to be crucial to clock input (Foley et al.  2011 ; Moore et al.  2002  )  

 Brain region-speci fi c lesion experiments in rats could show that in addition to the 
SCN at least two other nuclei in the brain are important for input processing: the 
intergeniculate lea fl ets (IGL) and the dorsale raphe nuclei (DRN). Although light 
signals are transmitted directly to the SCN by the RHT, all other nonlight signals are 
thought to proceed indirectly by  fi rst reaching the DRN (Moga and Moore  1997  ) . 
The IGL seems to have a more general control function: light signals from the RHT 
and nonphotic input from the DRN are projected to the IGL before the information 
is passed on again to SCN neurons, giving rising evidence for an integrative function 
of the IGL for all environmental cue signaling. Nevertheless, its detailed function 
remains to be elucidated. 

 As discussed more completely below, one obvious way in which adenosine 
affects the circadian oscillator is via its actions as an inhibitory neurotransmitter that 
modulates the activities of these brain nuclei.  

    11.3   The Ticking Molecular Core Clock in the SCN 

 In mammals, the circadian clock mechanism itself depends upon a set of regulatory 
feedback loops containing both transcriptional and posttranslational components. 
The CLOCK/BMAL DNA binding complex enhances initially the transcription of 
Period genes ( Per1 ,  Per2 , and  Per3 ) and Cryptochromes ( Cry1  and  Cry2 ). The PER 
and CRY proteins are translocated back to the nucleus and inhibit their own tran-
scription by binding to the nuclear CLOCK/BMAL complex. Since both PER and 
CRY protein and RNA are unstable, the nuclear mRNA and protein level of both 
proteins drop as soon as this inhibition occurs. When their levels drop low enough, 
inhibition ceases and transcription of  PER  and  CRY  starts again (for review see 
Reppert and Weaver  2001  ) . 
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 Several mechanisms stabilize the oscillation of this core loop. For example, a 
second interlocked feedback loop is formed by the action of REV-ERB a , the orphan 
nuclear receptor and repressor, via inhibition of  Bmal1  transcription. Posttranslational 
modi fi cation of PER proteins,  fi rst to stabilize and then to destabilize them, likely 
also plays a key role via a number of kinases such as casein kinase 1 e  (CK1 e ) 
(Ripperger and Merrow  2011  ) . A host of accessory factors involved in chromatin 
modi fi cation (WDR5, NONO, SFPQ, MLL) also participate (Brown et al.  2005 ; 
Duong et al.  2011 ; Katada and Sassone-Corsi  2010  ) . Among these are the sirtuins, 
which are sensitive to cellular redox potential via their use of NAD +  cofactors (Imai 
et al.  2000  )  (Fig.  11.1 ).  
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  Fig. 11.1    Mechanistic overview of the circadian clock. The mammalian molecular clock responsible 
for diurnal behavior consists of several interlocked feedback loops of transcription and translation. 
A cycle begins with the enhanced transcription of Period ( Per1 ,  Per2 , and  Per3 ) and Cryptochrome 
( Cry1  and  Cry2 ) by binding of the CLOCK/BMAL heterodimer to DNA. The PER and CRY pro-
teins are translated and then translocated back to the nucleus to inhibit their own transcription. 
Meanwhile, posttranslational modi fi cations by casein kinase 1 e  (CK1 e ) and other kinases modify 
these proteins and target them for ubiquitination and proteosome-mediated degradation. As a 
result, the nuclear mRNA and protein level of both proteins drop to a level at which inhibition is 
reversed and transcription of PER and CRY starts again. A second interlocked feedback loop is 
formed by the action of REV-ERB a , the orphan nuclear receptor and repressor. Its transcription is 
enhanced by CLOCK/BMAL, but its protein product inhibits  Bmal1  transcription. Opposing it is 
ROR a , whose transcription is also enhanced by CLOCK/BMAL, but whose activity activates 
 Bmal1  transcription. Metabolic feedback possibly occurs at the level of SIRT1, whose NAD + -
dependent histone deacetylation activity can associate with CLOCK proteins to deacetylate chro-
matin, BMAL, or PER. Adapted from Fu and Lee  (  2003  )        
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 Recently, a separate independent circadian mechanism based upon redox 
modi fi cation of proteins has also been discovered. Its mechanism is as yet unknown. 
Because it is completely independent of either transcription or of known clock 
proteins, and in addition induces cyclic oscillations of a number of proteins impor-
tant in buffering cellular redox capacity, it could prove important for many aspects 
of circadian metabolism (O’Neill et al.  2011  ) . Hence, a second general way in which 
adenosine affects the circadian oscillator is via its effects upon cellular redox 
mechanisms. Since these mechanisms also affect adenosine levels, this pathway is 
bidirectional. 

 Although the SCN is the seat of the master circadian clock in the brain, the 
molecular clock mechanisms described above are in fact present in all of the cells of 
the body. First evidence for extra-SCN clocks came from experiments with retinal 
clocks identi fi ed in  X. laevis  (Besharse and Iuvone  1983  )  and in rabbits (Brandenburg 
et al.  1983  ) . Light-induced entrainment of these oscillators could also be demon-
strated (Tosini and Menaker  1996  ) . These retinal clocks are independent of SCN 
rhythms and are important for proper photoreceptor metabolism (Besharse and 
Dunis  1983  )  and rod and cone shedding (Green and Besharse  2004  ) . Adenosine 
plays a key role in the regulation of this process (Ribelayga and Mangel  2005  ) .  

    11.4   Clock Output, from SCN to Behavior and Physiology 

 Subsequently, clocks were discovered in nearly all cells of the body, and therefore 
peripheral tissue like  fi broblasts are often used as cellular models to monitor oscillator 
function (Cuninkova and Brown  2008  ) . More directly, however, one way that the 
SCN controls circadian physiology is through the synchronization of these periph-
eral oscillators. Interestingly, the signals by which it does this are a mixture of direct 
and indirect ones: neural control of circadian behavior affects food intake and body 
temperature, both of which synchronize circadian clocks; SCN control of endocrine 
function provides hormonal synchronizing stimuli; and the sympathetic nervous 
system can also provide synchronizing cues (reviewed in Dibner et al.  2010 ; 
Hastings et al.  2007 ; Schibler et al.  2003  ) . 

 In order to control behavior like rest–wake activity (Moore  2007  )  or memory 
consolidation (Eckel-Mahan and Storm  2009 ; Ruby et al.  2008  )  the SCN was shown 
to have several efferents to the diencephalon, into distinct nuclei in the hypothala-
mus like the supraventricular zone or the preoptic zone, as well as thalamic regions 
and the pineal gland (for review see Card  2000  ) . Second, the SCN innervates several 
organs through the autonomic nervous system (reviewed in Bartness et al.  2001  )  by 
which it controls physiological aspects such as heart rate or liver activity (for review 
see Rüger and Scheer  2009 ; Shibata  2004  ) . The adrenal cortex (for review see 
Dickmeis  2009  )  and glucocorticoid secretion (reviewed in Kalsbeek et al.  2012  )  is 
under direct SCN control via the hypothalamic pituitary adrenal gland axis and can 
furthermore be directly in fl uenced by light (Ishida et al.  2005  ) . Several other 
hormones like melatonin or luteinizing hormone are also under circadian control 
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(Lucas et al.  1999  ) . Since adenosinergic modulation of neurotransmission occurs at 
most brain loci, it is plausible that adenosine might in fl uence a number of these 
regulatory points. 

 The neural and hormonal pathways discussed above are directly responsible for 
a portion of circadian physiology. Another portion, however, is indirectly regulated 
by food intake. Even though it is tightly controlled, the circadian clock is still a 
 fl exible system. Light is known to be the strongest synchronizer, which means 
concretely that the clock can adjust to changes in seasonal light availability, but 
food also has a quite strong impact on circadian timing, especially upon peripheral 
oscillators. Normally, feeding time is controlled by behavior, which is SCN-
governed in keeping with light. Thus, it is a potent timing cue from SCN to peripheral 
clocks. If feeding time is constrained, however, peripheral circadian physiology will 
adjust to match (Damiola et al.  2000 ; Stokkan et al.  2001  )  and in the absence of 
dominant light cues, behavior will follow. Feeding experiments with different diet-
forms, high caloric, hypocaloric, or normocaloric, showed that the locomotor 
behavior adapted to the new Zeitgeber time (Challet  2010  ) . It remains unclear what 
exactly in food in general has this strong shifting ability, and how this feedback 
reaches the clock. On the one hand, hormonal or neural signals in response to food 
probably play an essential role (Mistlberger  2011  ) . On a cellular level, there is also 
rising evidence that factors from the sirtuin family link metabolism and therefore 
probably feeding to the circadian clock (for review see Asher and Schibler  2011 ; 
Bellet and Sassone-Corsi  2010  ) , mainly by acting posttranslationally upon histones 
or clock proteins to modify transcription. All sirtuin families require nicotinamide 
adenine dinucleotide (NAD + ) as cofactor for their enzymatic activities of ADP-
ribosylation and deacetylation (Imai et al.  2000  ) . As mentioned earlier in the context 
of the core oscillator, the sirtuin SIRT1 interacts directly with clock proteins (Asher 
et al.  2008  ) . The fact that SIRT1 is dependent on NAD +  makes it a sensor of the 
metabolic state of the cell similar to ATP.  

    11.5   The Many Faces of Adenosine 

 Adenosine is well established as one of the principal inhibitory neuromodulators of 
the central nervous system. Numerous studies establish that it is critical in maintaining 
the delicate neurochemical balance that permits conscious thought, rest, and the 
maintenance of physiological equilibrium. Equally importantly, it is a precursor of 
intracellular purinergic signaling pathways and a basic building block of ATP, the 
energy currency of the cell (reviewed in Dunwiddie and Masino  2001  ) . The functions 
of adenosine are therefore ubiquitous on both cellular and systemic levels. 
Interestingly, all of the aforementioned processes―energy regulation and metabolism, 
physiology, rest and activity, and memory consolidation―are regulated in mammals 
by the circadian oscillator via a complex bidirectional web of both intra- and inter-
cellular signaling pathways. Not surprisingly, as we discuss below, adenosine  fi gures 
prominently within these pathways. 
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 Both the functions of adenosine and its sources in the CNS vary widely. Research 
in the past 30 years revealed many different functions and aspects of adenosine 
activity in the cell as well as in the extracellular matrix, be it in the form of a direct 
neuromodulator or as modi fi er of the activity of other receptors like D1 or NMDA 
(Manzoni et al.  1994 ; Popoli et al.  1996  ) , to mention two examples. Due to its wide 
functionality, the metabolism of adenosine is a well-studied topic, and all precursors 
and breakdown products are known. Extracellular adenosine is dependent on two 
main processes,  fi rst on the degradation of extracellular AMP to adenosine by ecto-
5 ¢ nucleotidase and second on the secretion of intracellular adenosine, which itself 
has two different origins. The intracellular adenosine level depends on the degradation 
of ATP to AMP and  fi nally to adenosine via the cytoplasmic 5 ¢ nucleotidase as well 
as on the hydrolysis of S-adenosylhomocysteine (SAH). Interestingly the ATP-AMP 
dephosphorylation process is highly concentration-dependent and therefore changes 
in intracellular adenosine levels can re fl ect changes in metabolic rate. More 
speci fi cally, the formation of adenosine from AMP occurs as the concentration of 
ATP changes in a physiological range, most likely due to the activity of a speci fi c 
subtype of cytoplasmic 5 ¢ nucleotidase (for review see Latini and Pedata  2001  )  
(Fig.  11.2 ). However, as ATP is not the only source of adenosine, the relationship 
between adenosine and ATP concentration is most probably not a linear one.  

 On the contrary, to reduce levels of adenosine two major reactions can occur, 
either via phosphorylation of adenosine by adenosine kinase (ADK) resulting in 
raising concentrations of 5 ¢ AMP, or via the generation of inosine and later on 
inosine monophosphate (IMP) by an irreversible reaction of adenosine with adenos-
ine deaminase (ADA). Both reactions are necessary tools to stabilize intra-and 
extracellular pools of adenosine (for review see Dunwiddie and Masino  2001  ) .  

    11.6   From Bottom to Top: Adenosine as Regulator 
of the Circadian Clock 

    11.6.1   Adenosine Receptors 

 The  fi rst adenosine agonist experiments more than 15 years ago were carried 
out with hamsters, where application of the selective adenosine agonist 
N6-cyclohexyladenosine (CHA) revealed a regulative aspect of adenosine for the 
clock (Watanabe et al.  1996  ) . In particular, phase advances induced by changed 
light settings were diminished after CHA application to the SCN (Elliott et al.  2001  ) . 
Administration of the adenosine antagonist caffeine did not affect the circadian 
clock, though it did diminish sleep and stimulate arousal (Antle et al.  2001  ) . 

 Surprisingly, subsequent experiments in mice showed that the observed changes 
in phase-shifting were regulated by A1 adenosine receptors (Sigworth and Rea 
 2003  ) . It was already known that relatively few adenosine A1 receptor mRNAs are 
present in the hypothalamus or SCN, so it remained unclear how A1 receptor 
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signaling acts on SCN clock activity. Work by Hallworth and coworkers was able to 
show that A1 receptors located in the retinohypothalamic tract play an important 
role in attenuation of the release of glutamate and therefore regulate the transmis-
sion of light information to the SCN (Hallworth et al.  2002  ) . 

 The A2a and A2b receptors are both expressed in the brain―A2a rather ubiqui-
tously, and A2b in speci fi c regions―and both are also expressed in somatic tissue 
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  Fig. 11.2    Adenosine metabolism. Adenosine is formed by the sequential breakdown of ATP into 
 fi rst ADP and then 5 ¢ AMP via the enzymatic activity of a cytosolic 5 ¢ nucleotidase. To a lesser 
extent, S-adenosylhomocystein (SAH) derived from S-adenosylmethionine (SAM) also serves as 
a source of cellular adenosine. Adenosine kinase (ADK) and adenosine deaminase (ADA) instead 
promote the breakdown reaction of adenosine. ADK activity leads to the production of 5 ¢ AMP by 
adenosine phosphorylation. ADA converts adenosine to inosine in an irreversible reaction. 
Subsequent hydrolyis of inosine results in inosine monophosphate (IMP), an intermediate of 
purine metabolism. In addition to sequential breakdown to form adenosine, ATP is also a substrate 
for adenylate cyclase, whose activation by G-coupled receptors promotes the formation of the 
signaling molecule cAMP, which can itself be transformed into 5 ¢ AMP. The “energy metabolites” 
of the cell (ATP, ADP, and AMP) can bind to AMP kinase (AMPK) to regulate its activity. AMPK 
is itself a sensor of the cellular energy status and can promote ATP formation       
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(for details see review Dunwiddie and Masino  2001  ) . For both of them, agonists 
show no effects upon the circadian clock and there is no further indication that they 
might play a role in controlling the transmission of input cues to or within the SCN 
(Fredholm et al.  2000 ; Hallworth et al.  2002 ; Latini and Pedata  2001  ) . The A3 
receptor was also tested with several different agonists but light-induced phase 
advances were not observed (Elliott et al.  2001  ) .  

    11.6.2   Adenosine Monophosphate 

 The  fi rst metabolic product of adenosine by adenosine kinase (ADK) is AMP, and 
in subsequent enzymatic steps ADP and ATP are produced. Together with adenos-
ine deaminase, ADK is the principal regulator of intracellular adenosine availability. 
AMP levels themselves, or more speci fi cally the cellular ratio of AMP–ATP, is 
highly controlled. AMP protein kinase (AMPK) is a direct sensor for changed 
AMP–ATP ratios, or better, energy levels in the cell in general (reviewed in Hardie 
 2007  ) . Due to the fact that the adenylate kinase enzyme keeps the catalysis of 
2ADP → 1ATP + 1AMP near to equilibrium, the ATP–AMP ratio varies approxi-
mately as the square of the ATP–ADP ratios, which makes the AMP–ATP ratio a 
reliable index for metabolic processes in the cell (Kahn et al.  2005  ) . Moreover, 
AMP has the ability to activate AMPK through three different mechanisms―allosteric 
activation, phosphorylation, and inhibition of dephosphorylation―AMPK is there-
fore a very sensitive sensor for changes in cellular energy status (reviewed in Hardie 
 2007  ) . In its turn, through phosphorylation of a diversity of targets, AMPK can 
organize metabolic pathways depending upon hormonal inputs like leptin or adi-
ponectin, as well as coordinate the response to stress-induced depletion of ATP 
(Kemp et al.  1999  ) . 

 What does this have to do with the regulation of circadian clocks? In fact, one 
of the targets of AMPK is the circadian clock! In 2009 Lamia and coauthors dem-
onstrated nicely by using the agonist aminoimidazole carboxamide ribonucleotide 
(AICA), that AMPK phosphorylates the circadian repressor protein CRY1, thereby 
stabilizing its binding to PER2 while decreasing its degradation. As a result, the 
transcription normally induced by the CLOCK/BMAL complex is suppressed, 
and the “trigger” for a new clock cycle is inactivated (Lamia et al.  2009  ) . In a 
related story 2 years before, another group showed that AMPK phosphorylates 
CK1 e , which itself controls the degradation of PER2 (Um et al.  2007  ) . The same 
group published data this year about tissue- and isoform-speci fi c activity of AMPK 
and concluded that AMPK controls expression of peripheral clock genes (Um 
et al.  2011  ) . Beside this direct interaction of AMPK on the circadian clock, it has 
been observed in muscle tissue that AMPK also triggers the activation of SIRT1 
(Cantó et al.  2009,   2010  ) . SIRT1, as discussed previously, deacetylates PER2 
in order to degrade PER2 protein and create the environment for a new cycle 
(Asher et al.  2008  ) .  
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    11.6.3   Adenosine Triphosphate 

 Recent research shows that adenosine in the form of ATP also seems to be an important 
factor to link metabolism to clock function. In the simplest existing circadian oscil-
lator, found in the cyanobacterium  Synechococcus elongates , the protein products 
of the  KaiABC  locus, together with ATP, are themselves suf fi cient to generate a 24 h 
rhythm, even in vitro. One of those proteins, KaiC, has two ATP binding sites 
(Ishiura et al.  1998  )  and was later on found to display ATPase activity under the 
control of KaiA (Pattanayek et al.  2009  ) . In fact, the rate of ATP hydrolysis is cru-
cial to set clock speed (Rust et al.  2011  ) . 

 Even if the KaiABC clock is not conserved directly in mammalian cells, ATP 
hydrolysis equally provides timing and directionality to circadian processes in 
mammals. For example, diurnal modulation of a Na + /K + -ATPase in rat neurons 
directly in fl uences  fi ring rate (Wang and Huang  2004  ) . Highest ATPase enzyme 
activity was found during the subjective day, when calcium concentrations were 
also increased. In fact, the membrane potential and  fi ring of rat SCN neurons is 
highly dependent on the actual activity status of the Na + /K + -ATPase (Wang and 
Huang  2006  ) . Similar regulation of  fi ring could explain the spontaneous circadian 
electrical activity of SCN neurons. 

 Although the ATPase of the previous paragraph was governed by circadian 
mechanisms, ATP itself is mostly regulated by metabolic function and energy con-
sumption. Brie fl y, ATP is generated or (more accurately) recycled in several cata-
bolic subprocesses during glycolysis or in the respiration chain reaction in 
mitochondria. In the same process in which ATP is synthesized, NAD +  is oxygen-
ated and vice versa. In the context of circadian clocks, it has been suggested that 
food/energy uptake modulates ATP and NAD +  levels (Ishikawa and Shimanzu  1976 ; 
Mistlberger  2011  )  thereby regulating clock function. The effects of this energy input 
on clock output are discussed in the next paragraph. Apart from these metabolic 
considerations, however, ATP may directly affect clock function via P2X7 puriner-
gic receptors, a class of ligand-gated ion channel whose ATP-dependent activation 
results in subsequent upregulation of  Per1  clock gene expression in some tissues 
(Nakazato et al.  2011  ) .   

    11.7   Metabolism and Clock Output: NAD +  as a Linker 

 The ability of food to entrain the circadian clock has itself hinted repeatedly at a 
long-suspected connection between metabolism and circadian function (reviewed in 
Asher and Schibler  2011  ) . Nevertheless, the molecular currency of this link is not 
clear. Beside ATP, nicotinamide adenine dinucleotide (NAD + ) is a second potent 
linker between energy metabolism and the circadian clock. As stated above, recent 
data has shown that the histone acetylase SIRT1 is able to counterbalance the activity 
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of CLOCK on a chromatin level (Nakahata et al.  2009  ) , and also to modulate PER 
protein function (Asher et al.  2008  ) . In turn, SIRT1 activity is directly modulated by 
intracellular levels of NAD + . (As explained below, because NAD +  salvage is itself 
under circadian control via the CLOCK/BMAL-controlled transcription of nicotin-
amide phosphoribosyltransferase (NAMPT) (Nakahata et al.  2009 ; Revollo et al. 
 2004  ) , this pathway is bidirectional.)  

    11.8   From Top to Bottom: Diurnal Regulation of Adenosine 
and Adenosinergic Factors 

 As discussed above, adenosine levels in the retinohypothalamic tract are critical to 
regulating light-induced phase-shifting in the SCN. In studying these adenosine-
dependent currents, however, Ribelayga found in a rabbit retinal model system 
additionally a strong direct dependency upon light and darkness (Ribelayga and 
Mangel  2005  ) . Thus, adenosine levels in the extracellular matrix of the rabbit retina 
are highly sensitive to light, and this sensitivity is more pronounced during the sub-
jective night than day (Brandenburg et al.  1983  ) . The authors therefore suggested a 
threshold light intensity for the modulation of adenosine as a function of the circa-
dian clock. Concretely, this double regulation means that extracellular baseline 
levels of adenosine are circadian, with high levels at the subjective night and lower 
levels during the day. The underlying mechanism is still not fully understood, but it 
appears that not only less adenosine is transported to the intracellular compartment 
but also the intracellular purinergic fraction is increased. Both factors lead to an 
extracellular accumulation of adenosine in the observed circadian pattern (Ribelayga 
and Mangel  2005  ) . The physiological effects of this regulation upon neural activity 
remain unclear. Of course, adenosine is also an important regulator of sleep–wake 
behavior―the most important behavioral output of the circadian system―but this 
topic is treated in a separate chapter. 

 Metabolic products of adenosine are also regulated in circadian fashion, most 
notably ATP, in many examined tissues. For example, Womac et al. reported circa-
dian ATP  fl uctuations in brain, with highest levels at night. The authors suggest that 
one consequence of this oscillation would be a circadian modulation of intracellular 
signaling between astrocytes and neurons in the brain (Womac et al.  2009  ) . In this 
context, ATP serves as an auto- as well as a paracrine factor, which is thought to 
regulate intracellular calcium waves, the interconnection between astrocytes and 
neurons, and even brain metabolism in general (Bernardinelli et al.  2004 ; Haydon 
 2001 ; Womac et al.  2009  ) . 

 More generally still, metabolomic analysis of cultured human or mouse cells 
(R. Dallmann, personal communication) shows circadian levels of ATP as well as 
most redox molecules. This suggests a global circadian regulation of mitochondrial 
function, which in turn affects ATP and adenosine levels.  
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    11.9   Outlook: The Extending Front of Circadian Adenosine 
Regulation 

    11.9.1   Adenosine and cAMP Signaling Pathways 
in the Central Nervous System 

 So far, we have considered the circadian effects of adenosine and the metabolic 
products whose production is directly dependent upon it―AMP and ATP. However, 
these products are themselves the source of signaling molecules crucial to circadian 
function. ATP is not only a source of adenosine, but also cAMP, which is a cellular 
signaling molecule for both the circadian oscillator and other processes. For exam-
ple, a study focusing on melatonin synthesis in the pineal gland revealed a special 
role for cAMP in controlling the circadian expression of genes (Kim et al.  2005  ) . 
Melatonin synthesis requires (S)-Adenosylmethionine (SAM) activity, which in 
turn is dependent on methionine adenosyltransferase II (METII), an enzyme with 
increased activity during the night. It is clear that the circadian expression of METII 
is directly under the control of cAMP signaling pathways, though various mecha-
nisms have been proposed (Chik et al.  2007 ; Ho et al.  2007 ; Kim et al.  2005  ) . 
A study some years later was even able to show that the adrenergic/cAMP signaling 
pathway controls more than 600 genes in the pineal gland and drives their nocturnal 
expression (Bailey et al.  2009  ) . Another study published comparable results, show-
ing that a homeobox gene with strong circadian expression in the pineal gland itself 
serves as a transcription factor in the adult pineal gland. Interestingly, the authors as 
well postulated adrenergic/cAMP signaling mechanisms as mediators of the circa-
dian oscillator (Rath et al.  2009  ) . 

 A completely different aspect of clock-controlled cAMP is its direct interference 
in glucogenesis. The impact of the circadian pacemaker on liver glucogenesis is 
generally accepted, but Zhang et al. recently showed that CRY1, a core clock pro-
tein, is able to block cAMP increase and as a consequence pCREB-induced gene 
expression. CRY1 inhibition interferes upstream of cAMP synthesis by repression 
of the Gs alpha subunit from activated G protein-coupled receptors and therefore 
inhibits the activity of the adenylate cyclase (Zhang et al.  2010  ).  

 At the same time, cAMP is an important regulator of circadian function. Indeed, 
inhibitors of cAMP signaling disrupt circadian oscillations at a cellular level and 
cAMP levels themselves oscillate in circadian fashion. Thus, purinergic signaling 
in the form of cAMP forms an auxiliary feedback loop within the circadian clock 
itself (O’Neill et al.  2008  ) . Similarly, Amelio et al. discovered in 2007 a NONO-
TORC2 complex which activates CREB targets dependent on cAMP levels 
(Amelio et al.  2007  ) . NONO itself plays a crucial part of the internal circadian 
clock (Brown et al.  2005  )  and might therefore be a clock output transmitter to 
transcription via cAMP.   
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    11.10   Feedback Loops from Adenosine to the Clock and Back 

 In the case just described, cAMP is both an effector of circadian output, and itself a 
regulator of clock function. Such a feedback loop forms a mechanism by which 
pathways controlled by the clock can themselves in fl uence clock timing, and has 
become a common theme in the circadian regulation of physiology. It is possible 
that two evolutionary bene fi ts are obtained by this strategy. First, by coupling 
multiple feedback loops of cellular signaling, additional resilience is achieved. Very 
simply, two interlocked feedback loops are more robust to perturbation than just 
one. In this way, at a cellular level the timing of the circadian oscillator even with-
stands cell division (Nagoshi et al.  2004  ) . Second, through clock control of a given 
pathway, an organism can anticipate an environmental change and induce signaling 
cascades to respond appropriately. By linking some output of this change back to 
clock timing, repeatedly mistimed inductions can change the phase of the clock to 
better anticipate these changes. In this way, for example, the circadian clock regu-
lates feeding behavior, but repeatedly mistimed feeding resets the phase of the clock 
(Damiola et al.  2000 ; Stokkan et al.  2001  ) . 

 For all of the cases above, it is likely that adenosine and the purinergic signaling 
that it governs form parts of such clock-controlled feedback loops. In the case of 
cAMP, which is one of the most important signaling metabolites in the CNS and 
peripheral tissues, the case is clear. On the one hand, it shows circadian expression, 
with highest concentrations in the subjective night. The effects of this are wide-
ranging, as we discuss above. Not only is it responsible for different types of 
indirect circadian signaling (An et al.  2011 ; Atkinson et al.  2011  ) , but it also acti-
vates transcription at  Per  clock gene promoters themselves and is itself therefore 
necessary for robust clock oscillations (Hastings et al.  2007  ) . 

 Adenosine itself occupies a similar central position. For example, in retinal cells, 
its levels vary directly with light (Ribelayga and Mangel  2005  ) . At the same time, 
however, its abundance affects the ability of the circadian oscillator to be phase-
shifted by light (Sigworth and Rea  2003  ) . The elegant result is that the more light 
there is in the environment, the less the clock is systematically affected by it! Adding 
additional complexity, an alternative promoter of the A1 receptor itself is induced 
by glucocorticoids themselves (Ren and Stiles  1999  ) . The physiological implications 
of this further feedback are as yet unclear. 

 A  fi nal and more complex example is furnished by AMP and ATP in metabolism. 
Both extracellular and intracellular ATP levels vary in circadian fashion, both in 
brain regions including the SCN and in retina (Burkeen et al.  2011 ; Womac et al. 
 2009  ) , and in cultured astrocytes (Marpegan et al.  2011  ) . Similarly, there exists a 
global circadian regulation of redox molecules like NAD +  (Nakahata et al.  2009  ) . 
Extracellular ATP acts as a signaling molecule for glia, and is thought to play a role 
in the regulation of brain metabolism (Womac et al.  2009  ) . Meanwhile, as discussed 
earlier, the AMP–ATP ratio is a cellular “thermometer” for energy levels and regu-
lates mitochondrial function. Lastly, AMP (via AMPK) and NAD +  (via SIRT1) 
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directly regulate circadian function (Asher et al.  2008 ; Lamia et al.  2009 ; Nakahata 
et al.  2009 ; Um et al.  2011  ) . Circadian entrainment to feeding is additionally 
regulated via NAD +  through the activity of poly-ADP ribose polymerase 1 (PARP1) 
(Asher et al.  2010  ) , and AMPK itself regulates SIRT1 (Cantó et al.  2009,   2010  ) . 
These interconnections form in effect another feedback loop (Fig.  11.3 ). Since ATP 
signaling also regulates intracellular Ca 2+  waves, this loop might have more than 
just metabolic implications: it could also be an important factor for synaptic plastic-
ity and long-term potentiation, regulated in parallel by the homeostatic process of 
sleep itself (Tononi and Cirelli  2006  ) .   
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  Fig. 11.3    Adenosine and the circadian clock: a model. In this review, we propose that the circadian 
clock and adenosine are connected on three levels. (1) Circadian signaling pathways. cAMP is 
itself a circadian signaling molecule and induces transcription of several circadian genes, as well 
as in fl uencing cell cycle timing. (2) Metabolic clock feedback. AMP kinase, a cellular energy sen-
sor, phosphorylates CRY and thereby enhances the activity of the PER/CRY inhibitory clock pro-
tein complex. Moreover, SIRT1 deacetylase activity is upregulated by AMPK, leading to increased 
PER degradation and chromatin repression. SIRT1 activity is also regulated by NAD+ cofactors, 
whose levels are themselves under both circadian and metabolic control. (3) Adenosine receptor 
control of clock function. A3 receptor subtypes in fl uence mammalian temperature control and 
therefore possibly the circadian oscillator. A1 receptor subtype transcription can be induced indi-
rectly via glucocorticoids which are under circadian control. In addition, A1 receptors modulate 
light responsiveness of the circadian clock       
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    11.11   The Tip of the Iceberg 

 As discussed extensively elsewhere in this book, adenosine receptors exist in many 
brain tissues that are also enervated by the SCN, including the hypothalamus, thala-
mus, or the amygdale. Thus, in the brain alone, the potential exists for many more links 
between the circadian clock and adenosine that await discovery. For example, the 
adenosine A3 receptor plays an important role in thermoregulation in mammals (Yang 
et al.  2010  ) . In fact, however, mammalian body temperature varies slightly in circadian 
fashion, probably via rest–activity regulation, and these  fl uctuations are suf fi cient to 
entrain and phase-shift peripheral circadian oscillators (Brown et al.  2002  ) . Since circadian 
body temperature is one of the cues by which the SCN entrains peripheral circadian 
oscillators, adenosine might play an important unexplored role in this process. 

 Peripheral tissues also express a variety of adenosine receptors, like A2a, A2b or 
A3. Some tissues, like muscle, are able to link adenosine metabolism to PER2 deg-
radation via SIRT1 activation (Cantó et al.  2009  ) . In cells throughout the body, the 
molecular basis of circadian clocks is mostly the same. Thus, where it exists, adren-
ergic input/output could in fl uence many diverse aspects of circadian physiology. 

 A variety of pathophysiologies have been directly linked to circadian dysfunc-
tion, and in parallel to purinergic signaling dysfunction. It is possible that these 
correlations are marks of the interplay of circadian clocks with adenosine. Circadian 
disruption from night shiftwork, for example, has been linked to metabolic syn-
drome (Knutsson et al.  1999 ; Pietroiusti et al.  2010  ) . Metabolic disorders have also 
been tied to adenosinergic dysfunction (Figler et al.  2011 ; Westermeier et al.  2011  ) . 
Additionally, many psychiatric disorders are linked to a circadian context―for 
example bipolar disorders (Mansour et al.  2005  )  or schizophrenia (Lamont et al. 
 2010 ; Moons et al.  2011  ) . Similarly, some depressive disorders have been proposed 
to arise as consequences of manipulations in the adenosine neuromodulatory system 
(reviewed in Gomes et al.  2011  ) . Of course, experimental evidence is still missing 
that directly links the circadian clock to purinergic signaling in any major disease, 
but the plethora of molecular connections between these pathways makes it likely 
that such connections exist. 

 To conclude, research in the past 40 years has discovered more and more connec-
tions between adenosine, its downstream products, and the circadian oscillator, in 
the brain as well as in peripheral tissues. The mechanism of this interaction seems 
to vary from tissue to tissue, and many interesting connections remain to be found.      
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