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Adenosine signaling has been implicated in the pathophy-
siology of alcohol use disorders and other psychiatric 
disorders such as anxiety and depression. Numerous stu-
dies have indicated a role for A1 receptors (A1R) in acute 
ethanol-induced motor incoordination, while A2A recep-
tors (A2AR) mainly regulate the rewarding effect of ethanol 
in mice. Recent findings have demonstrated that dam-
pened A2AR-mediated signaling in the dorsomedial stria-
tum (DMS) promotes ethanol-seeking behaviors. Moreover, 
decreased A2AR function is associated with decreased 
CREB activity in the DMS, which enhances goal-oriented 
behaviors and contributes to excessive ethanol drinking in 
mice. Interestingly, caffeine, the most commonly used 
psychoactive substance, is known to inhibit both the A1R 
and A2AR. This dampened adenosine receptor function 
may mask some of the acute intoxicating effects of ethanol. 
Furthermore, based on the fact that A2AR activity plays a 
role in goal-directed behavior, caffeine may also promote 
ethanol-seeking behavior. The A2AR is enriched in the 
striatum and exclusively expressed in striatopallidal neu-
rons, which may be responsible for the regulation of inhi-
bitory behavioral control over drug rewarding processes 
through the indirect pathway of the basal ganglia circuit.  
Furthermore, the antagonistic interactions between ade-
nosine and dopamine receptors in the striatum also play 
an integral role in alcoholism and addiction-related disord-
ers. This review focuses on regulation of adenosine sig-
naling in striatal circuits and the possible implication of 
caffeine in goal-directed behaviors and addiction. 
 
 
INTRODUCTION 
 
Adenosine, an inhibitory neuromodulator, has been implicated 
in the pathophysiology of alcohol use disorders (Asatryan et al., 
2011; Dunwiddie and Masino, 2001; Ruby et al., 2010). Acute 
ethanol exposure in cultured neurons is known to increase 
extracellular adenosine. This spike in adenosine contributes to 
the intoxicating and/or rewarding effect of ethanol. In contrast, 
chronic ethanol exposure to cultured cells no longer increases 
extracellular adenosine levels. Furthermore, chronic exposure 

decreases type 1 equilibrative nucleoside transporter (ENT1) 
expression (Diamond et al., 1991). Specifically, mice lacking 
ENT1 present with reduced adenosine levels in the nucleus 
accumbens (NAc). The reduction in adenosine levels caused 
by the deletion of ENT1 may be one of the possible molecular 
mechanisms underlying functional ethanol tolerance and de-
pendence (Nam et al., 2012). In addition, ethanol drinking im-
pairs several striatal functions including reward evaluation, motor 
function and habit formation. Our recent studies have indicated 
that reduced adenosine A2A receptor (A2AR) signaling in the 
dorsomedial striatum (DMS) promote goal-directed behaviors in 
mice lacking the ethanol sensitive adenosine transporter, ENT1 
(Nam et al., 2013). Furthermore, decreased DMS A2AR signal-
ing contributes to excessive ethanol drinking (Nam et al., 2013). 
Therefore, a mechanistic understanding of adenosine-mediated 
signaling in the DMS will contribute to our understanding of the 
neurobiology of alcohol use disorders and will be helpful in the 
development of new therapeutic methods. 

The complexity and heterogeneity of striatal neurons make it 
challenging to understand ethanol-induced neuroadaptation in 
reward circuitry. Despite these difficulties, recently developed 
bacterial artificial chromosome (BAC) transgenic mice express-
ing enhanced green fluorescent protein (EGFP) enable the exa- 
mination of gene expression in these two distinct striatal neu-
rons (Durieux et al., 2011; Ena et al., 2011; Gong et al., 2003; 
Surmeier et al., 2007). Morphologically indistinguishable stria-
topallidal and striatonigral neuronal subtypes comprise approx-
imately 90-95% of striatal neurons (Graybiel, 2000; Humphries 
and Prescott, 2010). Striatopallidal neurons, which project to 
the ventral pallidum or globus pallidus, can be identified by the 
dopamine D2 receptor (D2R). In contrast, striatonigral neurons, 
which project axons to the substantia nigra pars reticulata, can 
be recognized by the cholinergic muscarinic M4 receptor (M4R) 
or dopamine D1 receptor (D1R) (Gong et al., 2003; Le Moine 
and Bloch, 1995; Lobo et al., 2006; Surmeier et al., 1996). This 
is especially important as striatal-specific neuronal circuits are 
implicated in several aspects of addictive behaviors (Koob and 
Volkow, 2010). Anatomically, the striatum can be divided into 
two distinct sub-regions, the dorsal striatum and the ventral 
striatum. While the ventral striatum (also known as the nucleus 
accumbens; NAc) mediates the rewarding and motivational 
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effects of a substance or stimulus, the dorsal striatum (also known 
as the caudate-putamen; CPu) regulates voluntary movement 
and habitual behaviors (Everitt and Robbins, 2013; Voorn et al., 
2004). Recent studies demonstrate that two different dorsal 
striatum regions, the dorsomedial striatum (DMS) and dorsola-
teral striatum (DLS), play distinctive roles in behavior develop-
ment (Yin and Knowlton, 2006; Yin et al., 2007; 2009). Notably, 
the DMS primarily regulates goal directed (action-outcome) 
behavior, which is sensitive to outcome devaluation and in-
strumental learning, whereas the DLS is involved in habit for-
mation (stimulus-response) (Balleine et al., 2007; Graybiel, 2008; 
Yin et al., 2004). The DMS (analogous to the caudate) is a part 
of the associative network, which is involved in ‘working memo-
ry’ and the anticipation of reward. By contrast, the DLS (similar 
to the putamen) receives input from the sensorimotor cortex 
and is involved in locomotor behavior and habit formation 
(Lovinger, 2010; Yin and Knowlton, 2006). Surprisingly, direct 
evidence for a role of striatal signaling in the behavioral shift 
from excessive ethanol drinking to habit development has not 
yet been established. 

How alcohol-seeking behaviors are regulated by brain region 
or cell type specific adenosine signaling remains a key question 
in addiction research. This review will highlight the recent find-
ings that have contributed to our understanding of habit forma-
tion development from excessive ethanol drinking and a poten-
tial role of caffeine consumption in the process. 
 
ADENOSINE REGULATION IN THE BRAIN 

 
Adenosine metabolism 
Adenosine is produced both intracellularly and extracellularly in 
the central nervous system (CNS) from the breakdown of ade-
nosine triphosphate (ATP). Dephosphorylation of adenine nuc-
leotides ATP, adenosine diphosphate (ADP), and adenosine 
monophosphate (AMP) outside of cells account for the majority 
of extracellular adenosine. Extracellular concentrations can range 
from 25 to 250 nM, depending on the brain region of interest 
(Dunwiddie and Masino, 2001). In addition, the signal transduc-
tion molecule, cyclic AMP (cAMP) can also be degraded by 
phosphodiesterase to form adenosine (Brundege et al., 1997) 
(Fig. 1). Termination of adenosine action in the synapse is facili-
tated by the enzymatic conversion for adenosine to inosine, 
hypoxanthine, or xanthine by adenosine deaminase (Lloyd and 
Schrader, 1993; Pedata et al., 1990). This pathway becomes 
extremely important under conditions of high extracellular ade-
nosine levels, such as hypoxia and ischemia, and can aid in 
clearing excess adenosine. 

The location of adenosine metabolism appears to be mainly 
dependent upon CNS cell type, with astrocytes and neurons 
showing different expressions of nucleotide metabolizing en-
zymes and transporters (Parkinson et al., 2006); however, both 
neurons and astrocytes (Kulik et al., 2010) can ultimately func-
tion as a major source of adenosine in extracellular space. 
Specifically, the production of adenosine in astrocytes (Zamzow 
et al., 2008) implies that astrocytes play a diverse role in the 
regulation of neuronal adenosine, which appear to be depen-
dent on pathophysiological conditions.  
 
Adenosine transport 
In addition to adenosine metabolism, the transport of adenosine 
into cells represents a crucial factor in determining the fate of 
the purinergic signaling system. Therefore, nucleoside trans-
portation across the plasma membrane is a possible molecular 
pathway for adenosine recycling and redistribution (Dunwiddie 

and Masino, 2001). The identification of two adenosine trans-
porter families encoding equilibrative and concentrative based 
transport in mammals provides a mechanism for the essential 
concept of homeostasis in adenosine regulation. For example, 
sodium-independent equilibrative nucleoside transporters (ENTs) 
mediate bi-directional nucleoside transport determined by the 
concentration gradient between membranes, and sodium-de-
pendent concentrative nucleoside transporters (CNTs) mediate 
an inwardly directed transport that is driven by the sodium elec-
trochemical gradient. Both ENTs and CNTs are expressed in 
highly metabolically active tissues, including the brain. However, 
they differ in selectivity, kinetics, regulation and subcellular 
distribution (King et al., 2006). 

Four ENT and three CNT subtypes have been cloned (Bald-
win et al., 2004). These types include ENT1, ENT2, ENT3, 
ENT4, and CNT1, CNT2, CNT3. ENT1 is sensitive to nanomo-
lar concentrations of nitrobenzylthioinosine (nitrobenzylmercap-
topurine riboside; NBMPR), whereas ENT2 is resistant to NBMPR 
up to 1 mM (Baldwin et al., 1999; 2004; Yao et al., 1997). Fur-
thermore, ENT1 and ENT2 are widely expressed throughout 
the central nervous system (Jennings et al., 1998; 2001), while 
ENT3 appears to be expressed outside the CNS (Baldwin et al., 
2005). The expression and pharmacological properties of ENT4 
have yet to be fully characterized. The CNT family demon-
strates a more distinct selectivity in nucleoside transporting than 
the ENT family. Most CNTs show a pyrimidine preference with 
similar affinity to adenosine molecules, yet the rate of adeno-
sine transport by CNT1 is much lower than the rate of pyrimi-
dine transport and CNT1 displays a much lower turnover num-
ber of molecules per second than ENT1 (King et al., 2006). 
Interestingly, acute ethanol treatment in neuronal cells is known 
to increase extracellular adenosine, whereas chronic exposure 
no longer increases adenosine. The normalized adenosine 
levels caused by chronic ethanol exposure could be attributed 
to the downregulation of ENT1 expression. Mice lacking ENT1 
exhibit reduced adenosine levels in the NAc. This reduction in 
adenosine could be associated with the observed reduction in 
the acute intoxicating effects. of ethanol and the excessive 
alcohol consumption phenotype in these mice compared to 
wild-type littermates (Chen et al., 2010; Choi et al., 2004; Kim et 
al., 2011; Nam et al., 2011). 
 
Adenosine receptor signaling 
Adenosine is responsible for balancing neurotransmitter re-
lease, reducing neuronal excitability and regulating ion channel 
function through activation of four classes of G protein-coupled 
receptors: A1, A2A, A2B and A3, which all display a distinct 
affinity for adenosine (Fredholm et al., 2005a; 2005b; Huang et 
al., 2005). A1R and A2AR have 10 to 100 nM binding affinities, 
whereas A2BR and A3R have 1 to 5 µM binding affinities. As 
normal CNS adenosine levels are 25 to 250 nM, A1R and 
A2AR are the main subtypes thought to be involved in the regu-
lation of psychiatric disorders. A1Rs are Gi coupled receptors, 
expressed ubiquitously in the CNS, and mediate the tonic inhi-
bition of neuronal activity. In contrast, A2ARs are Gs coupled 
receptors and are primarily expressed in the striatum. A2ARs 
are known to activate adenylate cyclase, increase the levels of 
cAMP, and exert excitatory influences on striatal neurons. De-
spite their widespread distribution in the brain, little is known 
about A2BR and A3R because their binding affinity is too high 
to induce physiological responses. Inhibition of either A1R or 
A2AR appears to be responsible for the stimulating effects of 
adenosine receptor antagonists such as caffeine (Svennings-
son et al., 1999).
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Fig. 1. Purinergic signaling involved in alcohol use disorders. Adenosine is synthesized from AMP by nucleotidase activity in the cytosol and is 

then transported to extracellular region via a nucleoside transporter. Among several nucleoside transporters, ENT1 is known to regulate ade-

nosine levels in response to ethanol. Adenosine can also be converted from ATP extracellularly by ecto-nucleotidase activity. Extracellular 

adenosine is able to bind to two main adenosine receptors, A1R and A2AR, which are expressed in two distinct neurons in the striatum. cAMP, 

cyclic adenosine monophosphate; ENT, equilibrative nucleoside transporter. 

 
 
 
ADENOSINE RECEPTOR SIGNALING IN ETHANOL  

DRINKING 

 
Striatal A2AR signaling 
Striatal adenosine levels play an important role in ethanol sen-
sitivity, withdrawal, and drinking (Arolfo et al., 2004; Gordon and 
Diamond, 1993; Meng and Dar, 1995; Nagy and DeSilva, 1994). 
The A2AR is enriched in the striatum and exclusively ex-
pressed in striatopallidal neurons, while A1Rs are widely distri-
buted throughout the CNS. In addition, A2AR in striatopallidal 
neurons are known to regulate inhibitory behavioral control over 
drug rewarding processes through the indirect basal ganglia 
circuit (Graybiel, 2000; 2008). Because the A2AR is able to 
couple with Gs proteins, decreased adenosine or inhibition of 
A2AR in the striatum dampens adenylyl cyclase activity (Kull et 
al., 2000). Furthermore, decreased cAMP activity within the cell 
inhibits PKA activity, and decreases CREB phosphorylation. 
The fact that A2AR and D2R are selectively coexpressed in 
striatopallidal GABAergic neurons suggests that A2AR-PKA-
CREB signaling may be associated with the role of the ence-
phalin and dopamine D2R, which could contribute to the addic-
tive and drug-seeking responses to ethanol. Furthermore, re-
cent studies suggest a direct role of the striatal A2AR in mediat-
ing many of the cellular and behavioral responses underlying 
ethanol- and heroin-seeking behavior (Arolfo et al., 2004; Yao 
et al., 2006). Because the A2AR has a higher binding affinity 
(Kd) for adenosine (150 nM) than A1R (70 nM), reduced striatal 
adenosine levels by ENT1 deletion (< 100 nM) may predomi-
nantly affect A2AR signaling (Ciruela et al., 2006a; 2006b), 
which may in turn contribute to excessive ethanol drinking in 
ENT1 null mice.  

Similar to ENT1 null mice, striatal-specific A2AR inhibition 
and A2AR knockout (KO) mice consume more alcohol in com-
parison to wild-type littermates (Naassila et al., 2002). These 
data further support the theory that dampened A2AR signaling 

in the striatum plays an essential role in increased alcohol 
drinking in ENT1 null mice. Furthermore, A2AR signaling has 
been strongly implicated in many of the behavioral effects of 
ethanol consumption and withdrawal. For example, A2AR 
agonists are known to reduce ethanol-withdrawal responses as 
measured by hyper-excitability in response to handling (Kaplan 
et al., 1999). Additionally, daily treatment of A2AR antagonist, 
ZM241385 (20 mg/kg, 4 days, i.p.) increased ethanol consump-
tion and preference in ENT1 wild-type mice to a level similar to 
that of ENT1 null mice in a two-bottle choice experiment (Nam 
et al., 2013), suggesting that ENT1 deletion or A2AR inhibition 
promotes increased ethanol drinking. 

Furthermore, mice lacking A2AR (Chen et al., 1999; 2001; 
Ledent et al., 1997) have been shown to demonstrate reduced 
sensitivity to the hypnotic effects of alcohol, increased alcohol 
consumption, and reduced alcohol-withdrawal seizures (El 
Yacoubi et al., 2001; Naassila et al., 2002). As a result, anta-
gonism of A2AR signaling could be useful in the treatment of 
alcohol withdrawal symptoms; however, since inhibition of A2AR 
also results in increased alcohol consumption, the mechanisms 
through which the A2AR mediates each of these effects should 
be further delineated to identify a more specific therapeutic 
approach.  
 
A2AR inhibition in the DMS and goal directed drinking  
Recently, an essential role of the dorsal striatum in the devel-
opment of habitual seeking behaviors, which include the regula-
tion of voluntary movement, acquisition of goal-directed actions, 
and stimulus-driven habits, has been revealed (Lovinger, 2010; 
Yin and Knowlton, 2006). Recent studies have investigated the 
contribution of adenosine signaling in sub-regions of the dorsal 
striatum, the dorsomedial striatum (DMS; equivalent to caudate 
nucleus) and the dorsolateral striatum (DLS; equivalent to pu-
tamen) to habitual-seeking behaviors. Notably, the DMS pri-
marily regulates goal-directed (action-outcome) behavior, which 
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is sensitive to outcome devaluation and instrumental learning, 
whereas the DLS is more involved in habit (stimulus-response) 
formation (Yin and Knowlton, 2006; Yin et al., 2004; Yu et al., 
2009). Since ethanol appears to impair several striatal functions 
including reward evaluation, motor function and habit formation 
(Corbit et al., 2012), the behavioral associations of adenosine 
signaling in habit formation have been examined. The lack of 
ENT1 function or inhibition of A2AR in the DMS reduces A2AR 
signaling through dampened PKA-driven CREB activity and 
accelerates the transition from goal-directed to habitual beha-
viors (Nam et al., 2013). Interestingly, inhibiting DMS A2AR 
promotes goal-directed behavior and increases both sucrose 
and ethanol seeking in operant self-administration experiments. 
Furthermore, reduced striatopallidal cAMP levels are correlated 
with faster acquisition of the reinforcer and a higher rate of lever 
pressing with extensive training in an instrumental conditioning 
experiment in mice (Lobo et al., 2007). This suggests that a 
reduction of cAMP-dependent PKA activity in A2AR expressing 
(mostly striatopallidal) neurons of the DMS could induce in-
strumental responding similar that of ENT1 null mice. Thus, 
hypo-A2AR function in the DMS of ENT1 null mice may lead to 
increased goal-oriented behavior. This is an early step towards 
habit formation in response to positive reinforcers and could 
render these mice more sensitive to the formation of compul-
sive habitual seeking behaviors (Fig. 2).  

Reduced striatopallidal specific A2AR-CREB signaling may 
be associated with the reduction of enkephalin biosynthesis in 
the DMS. It is well known that the endogenous opioid system 
plays an important role in the development of ethanol rein-
forcement through repeated exposures (Herz, 1997). Further-

more, enkephalin is especially known to regulate the hedonic 
value and positive reinforcing properties of ethanol through the 
cortico-mesolimbic system. These lines of evidence support the 
hypothesis that reduction of A2AR-CREB activity in the DMS is 
critical to establish the reinforcing properties in the initial stages 
of habit formation. In addition, many alcohol preferring rodents 
exhibit lower enkephalin expression in the midbrain in compari-
son to non-preferring control animals and also have increased 
sensitivity to opioid alterations by ethanol treatment (Froehlich 
et al., 1991; Li et al., 1998; Mendez and Morales-Mulia, 2006; Ng 
et al., 1996). Thus, decreased CREB activity, possibly down- 
stream of A2AR in the DMS, also promotes excessive ethanol 
seeking, which is governed by positive reinforcement and sen-
sitivity to goal-directed responses during the extinction stage. 
Furthermore, chronic ethanol exposure has been shown to 
induce hypo-CREB activity in the striatum, which could be one 
mechanism explaining how repeated ethanol exposure could 
lead to the development of habitual ethanol seeking (Lonze and 
Ginty, 2002; Yang et al., 1998).  
 
Interactions between adenosine and dopamine receptors  
in the striatum 
The interactions between signaling in the A2AR and the dopa-
minergic system appear to be an important striatal mechanism 
through which A2AR influences behavior. Adenosine and do-
pamine receptors are able to form several different combina-
tions of adenosine-dopamine heterodimers throughout the 
brain; however, there are only two types of adenosine-dopamine 
heterodimers that are heavily concentrated in the striatum and 
thus relevant to addiction disorders: The A2AR-D2R heterodi-

Fig. 2. Possible mechanisms of hypo A2AR-CREB function in the

dorsomedial striatum (DMS) via ENT1 deletion or A2AR inhibition

or caffeine (Nam et al., 2013) 
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Fig. 3. Interaction between adenosine and dopamine signaling in corticostriatal circuits for addictive behaviors. Striatal neurons in the GABA-

ergic medium spiny neurons (MSN) which contain dopamine D1Rs co-express adenosine A1 receptors (A1R). These striatal neurons are able 

to activate the prefrontal cortex (PFC) or the sensory motor cortex (SMC) using thalamic neurons as an intermediary. In contrast, striatal neu-

rons containing dopamine D2Rs co-express A2AR in the MSN, and inhibit the PFC or SMC by inhibiting thalamic neurons. Astrocytes are 

main source of adenosine and A1R and A2AR inhibit D1R and D2R respectively. Red line, glutamate neurotransmission; Blue line, GABA 

neurotransmission; Purple line, dopamine neurotransmission. 

 
 
 
mer and A1R-D1R heterodimer (Fig. 3). 

A2AR-D2R heterodimers are located on excitatory striatopal-
lidal neurons. A2AR agonists are known to cause a conforma-
tional change in the shape of D2R, which in turn, leads to a 
reduction in dopamine binding to D2R, and thus prevents the 
effects of D2R signaling, such as phosphorylation of Ca2+ ion 
channels. Furthermore, A2AR agonism (as well as D2 antagon-
ism) has been shown to increase the expression of c-fos (Fuxe 
et al., 2010) and inhibit the release of GABA. In contrast, D2R 
agonists and A2AR antagonists have the reverse effect and 
inhibit c-fos expression (Ferré et al., 1997; Fuxe et al., 2007; 
2010). The D2R also has antagonistic effects on A2AR. D2R 
agonist signaling decreases cAMP levels that would have nor-
mally been stimulated by A2AR. Inhibition of the D2R and sti-
mulation of A2AR results in an increase the activity of PKA, 
which in turn phosphorylates AMPA and NMDA glutamate 
receptors, and DARPP-32. This intracellular activity leads to an 
up-state of the striatopallidal neuron. Thus, activation of the 
D2R would bring the neuron back to a normal state. However, it 
is important to note that A2ARs can exert dopamine indepen-
dent effects on neurotransmission. For example, caffeine, an 
A2A antagonist, is known to promote locomotor function in D2R 
KO mice (Zahniser et al., 2000). Due to the high concentration 
of A2AR-D2R heterodimers in the striatum, they may be able to 
be used as a specific target location in the treatment of addic-
tion. Extensive studies have shown that A2ARs are up regu-
lated in the ventral striatum (NAc) during extended cocaine use 
and are diminished during withdrawal periods. Interestingly, A2AR 
agonists are able to diminish the rewarding effects of cocaine, 

and counteract the sensitization to the locomotor effects of 
cocaine. Furthermore, A2AR antagonists have also been asso-
ciated with reinstatement of cocaine self-administration, imply-
ing that the A2AR plays an important role in the mechanisms of 
addiction (Fuxe et al., 2010).  

The A1R-D1R heterodimer is primarily found in striatonigral 
and striato-entopeduncular inhibitory GABA pathways. A1R 
agonists have been found to significantly decrease the binding 
affinity of D1R located in the NAc and the PFC (Fuxe et al., 
2010). This suggests that, similar to A2AR-D2R heterodimers, 
a conformational change in the structure of the D1R is caused 
by adenosine binding to the A1R, and thus, decreases dopa-
mine signaling. In contrast, A1R antagonists have been shown 
to have the reverse effect and increase dopaminergic signaling 
(Fuxe et al., 2010). Furthermore, A1R agonists have also dem-
onstrated an ability to counteract the effects of D1R activation, 
indicating that the function of A1R in the A1R-D1R heterodimer 
is to inhibit dopamine signaling via the D1R. The ability of A1R 
to inhibit the D1R action could be useful in limiting the hijacking 
of the dopaminergic natural reward system by drugs and addic-
tive substances. This in turn would eliminate the hedonic or 
pleasurable effects that can be experienced with drug usage. 
However, due to the large dispersal of A1R throughout the brain 
it is difficult to isolate the addiction centers of the brain without 
undesirable side effects. Therefore, manipulation of the A2AR-
D2R heterodimer appear to be the most promising treatment for 
addiction related disorders. In any case, the antagonistic interac- 
tions between the A1-D1 and A2A-D2 receptors display strong 
implications for the molecular mechanisms of addiction (Fig. 3). 
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Caffeine and alcohol drinking 
Interestingly, caffeine is known to inhibit both the A1R and 
A2AR. However, caffeine has a much higher binding affinity for 
A2AR, thus the effects of caffeine on the A1R are considered to 
be negligible. The antagonist effects of caffeine may provide 
the mechanism for its stimulant effects and its ability to promote 
excessive ethanol seeking in the CNS. Furthermore, specific 
actions of caffeine, including increased arousal (Huang et al., 
2005), increased locomotor activity (El Yacoubi et al., 2000) 
and increased ethanol tolerance can be attributed to its inhibi-
tion of A2AR. In addition, a recent co-crystal structural study 
has revealed that ZM241385 (A2AR specific antagonist) and 
caffeine have similar pharmacological binding properties to 
A2AR (Dore et al., 2011), suggesting that inhibition of A2AR by 
either ZM241385 or caffeine might enhance goal-directed be-
havior and promote ethanol drinking (Fig. 2). Several investiga-
tions have demonstrated the importance of the interaction of 
ethanol with the A2AR system and why concurrent intake of 
ethanol and caffeine could lead to heavier drinking patterns and 
greater prevalence of goal-directed binge alcohol drinking 
(Butler and Prendergast, 2012). However, further investigation 
is needed to understand pharmacological regulation by caffeine 
and brain region-specific A2AR regulation in alcohol use dis-
orders.  
 
CONCLUSION 

 
Although the alteration of extracellular adenosine levels at a 
given time remain somewhat constant, it is becoming increa-
singly clear that adenosine levels are modulated through neuro-
glial interactions and cell type specific adenosine transporters. 
Genetic and pharmacological approaches for adenosine signal-
ing have been important in characterizing striatal signaling 
pathways involved in A2AR signaling and have been useful in 
behavioral analyses. Genetically engineered adenosine trans-
porter ENT1 null and adenosine A2AR knockout mouse mod-
els have provided essential roles of adenosine signaling in 
alcohol seeking behaviors. Moreover, DMS adenosine signal-
ing plays a large role in the orchestration of goal-oriented etha-
nol drinking. Furthermore, dampening of the A2AR-PKA-CREB 
signaling pathway in the DMS promotes goal-oriented seeking 
for both natural and hedonic stimuli, which suggests that A2AR 
inhibition is a salient feature for addiction development. Howev-
er, further investigation on the involvement of caffeine in regula-
tion of both A1R and A2AR signaling is still needed to fully un-
derstand how consuming caffeinated alcohol beverages may 
result in unintentional excessive ethanol consumption. 
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