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Caffeine is the most consumed pychostimulant in the world, and it is known to affect basic and fundamental
human processes such as sleep, arousal, cognition and learning and memory. It works as a nonselective blocker
of adenosine receptors (A1, A2a, A2b andA3) andhas been related to the regulation of heart rate, the contraction/
relaxation of cardiac and smoothmuscles, and the neural signaling in the central nervous system (CNS). Since the
late 1990s, studies using adenosine receptor antagonists, such as Caffeine, to block the A1 and A2a adenosine re-
ceptor subtypes have shown to reduce the physical, cellular and molecular damages caused by a spinal cord in-
jury (SCI) or a stroke (cerebral infarction) and by other neurodegenerative diseases such as Parkinson's and
Alzheimer's diseases. Interestingly, other studies using adenosine receptor agonists have also shown to provide
a neuroprotective effect on various models of neurodegenerative diseases through the reduction of excitatory
neurotransmitter release, apoptosis and inflammatory responses, among others. The seemingly paradoxical
use of both adenosine receptor agonists and antagonists as neuroprotective agents has been attributed to differ-
ences in dosage levels, drug delivery method, extracellular concentration of excitatory neurotransmitters and
stage of disease progression. We discuss and compare recent findings using both antagonists and agonists of
adenosine receptors in animal models and patients that have suffered spinal cord injuries, brain strokes, and
Parkinson's and Alzheimer's diseases. Additionally, we propose alternative interpretations on the seemingly par-
adoxical use of these drugs as potential pharmacological tools to treat these various types of neurodegenerative
diseases.

© 2014 Elsevier B.V. All rights reserved.
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Spinal cord injury (SCI)

Spinal cord injury (SCI) is the main cause of disability worldwide
producing mainly mechanical and physical damage, which may lead
to inflammation and neuronal cell death (Palacios et al., 2012). Adeno-
sine receptors have been shown to have a major role in regulating the
inflammatory responses after a SCI (Song et al., 2009). For example,
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the blockade of the A1 adenosine receptor by caffeine has been involved
in mediating neuroprotective effects against SCI, including reduction of
hyperalgesia, which involves an attenuation of hypersensitivity to pain,
usually caused by damage to nociceptors (pain receptors) and/or pe-
ripheral nerves after injury (Palacios et al., 2012; Stone et al., 2009).
Also, daily caffeine intake inmice has been shown to inhibit the process
of antinociception (increased tolerance to pain) bymodulation of theA1
receptor as demonstrated using the specific A1 receptor antagonist
DPCPX, which mimicked the effects of caffeine (Salvemini et al.,
2013). In addition, caffeine application to the spinal cord of guinea
pigs after a SCI induced an up-regulation of the A1 receptor and of tissue
growth factor (TGF)-betamRNAs,which has been shown to provide im-
mune regulation of inflammation further supporting a neuroprotective
role of caffeine (Butler and Prendergast, 2012; Chen et al., 2010;
Salvemini et al., 2013). Thesefindings suggest a role of the A1 adenosine
receptor as a key target for the regulation of pain and the inflammatory
response that ensues in patients after suffering a SCI (Fig. 1).

Regulation of the adenosine A2a receptor has been implicated in
the modulation of the anti-inflammatory or proinflammatory re-
sponses having a protective role against tissue damage and locomotor

dysfunction in animal models of SCI (Dai et al., 2010b; Pan and Chen,
2004). Pharmacological blockade of A2a receptors helps protect the
CNS after a SCI by reducing excessive release of neurotransmitters
caused by high levels of intracellular calcium ions, which can lead to
neuronal death through increased excitability (excitotoxicity) (Pan
and Chen, 2004). For example, enhanced release of the endogenous
neurotransmitter adenosine soon after a SCI has been related to the de-
velopment of many known functional motor and sensory deficits (Pan
and Chen, 2004). Thus, the blockade of both A1 and A2a adenosine re-
ceptors has shown to provide a protective role against SCI-induced
pain, inflammation and cell death caused by excessive neuronal activity.

The role of adenosine receptor agonists as potential neuroprotective
agents against SCI has also been reported. A recent study showed that
the intrathecal application of R(−)N6-(2-phenylisopropyl) adenosine
(R-PIA), a selective A1 receptor agonist, inhibited SCI-induced
hyperalgesia in rats (Higashi et al., 2002). On the contrary, the intrathe-
cal application of CGS21680, a selective A2a receptor agonist, did not in-
hibit SCI-induced hyperalgesia, suggesting that adenosine inhibits
hyperalgesia through the specific activation of A1 receptors (Higashi
et al., 2002). Although there is a substantial body of work showing the

Fig. 1. Summary of the reported results of using adenosine receptor agonists and antagonists to treat themain detrimental effects causedbya spinal cord injury, stroke, and Parkinson's and
Alzheimer's diseases. *The effects of A2a receptor agonists on cell death caused by a stroke have been shown to include a neuroprotective role in acute experiments and a neurally det-
rimental role in chronic experiments after brain damage (Stone et al., 2009).
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use of A1 receptor agonists as therapeutic tools in many animal models
of Central (CNS) pain (Sawynok and Reid, 2011), few studies have
shown the use of A1 receptor agonists as neuroprotective agents after
a SCI.

In contrast, multiple A2a adenosine receptor agonists have been
demonstrated to protect against damage and locomotor dysfunction
after a SCI (Reece et al., 2004). A study found that A2a receptor agonist
ATL146e, given during rabbit spinal cord reperfusion, resulted in a time-
dependent improvement in spinal cord function after ischemia and re-
duced paralysis and apoptosis (Cassada et al., 2002). In another rabbit
model, the application of ALT146e also significantly improved motor
function and neuronal viability after a SCI (Okonkwo et al., 2006). The
intraperitoneal injection of the A2a receptor agonist CGS21680 onto
mice where a SCI was induced by extradural compression at T5 to T8
displayed a neuroprotective effect by reducing tissue damage, locomo-
tor dysfunction and inflammation (Genovese et al., 2010; Paterniti
et al., 2011). In another study using a similar mouse model of SCI the
combinatory use of the A2a receptor agonists ATL 313 and CGS 21680
administered after injury, reduced tissue damage, TUNEL staining, cyto-
kine (TNF-alpha) expression, Bax, Fas-L and caspase-3 expression and
annexin V staining while increasing Bcl-2 expression, which suggested
a protective role against the onset of neuronal apoptosis, which is a sig-
nificant source of secondary damage after a SCI (Gelber et al., 2011).

Results obtained from the use of adenosine receptor antagonists and
agonists provided both similar and contrasting results. The use of A1
and A2a adenosine receptor blockers provided neuroprotection by de-
creasing pain and inflammatory responses triggered after a SCI, while
the use of agonists was shown to mostly enhance cellular viability and
motor function in the animalmodels. But there were also similar results
regarding the reduction of hyperalgesia by both the A1 adenosine re-
ceptor antagonist and agonist. Also, the use of A2a adenosine receptor

antagonists and agonists showed decreased neuronal death by the re-
duction of neurotransmitter release, thus avoiding neural excitotoxicity
(A2a antagonist) and by the reduction of overall tissue damage and ap-
optosis (A2a agonist). Potential explanations for the seemingly para-
doxical effects by using both agonists and antagonists of adenosine
receptors will be discussed later.

Stroke

Abrain stroke can lead to rapid neurological damage due to ischemia
or blood-related neurotoxicity as in the case of hemorrhagic strokes.
The inflammatory response triggered after a stroke plays an important
role in the pathogenesis of this type of injury. Recent studies have
shown dose-dependent effects of caffeine on human health, which
were positively or negatively associated with the development of car-
diovascular diseases such as hypercholesterolemia, hypertension and
myocardial infarction (Arosio et al., 2011). For instance, a study showed
that elevated coffee intake is associatedwith a transiently increased risk
of ischemic stroke (Mostofsky et al., 2010). Another study showed that
the long-term moderate consumption of coffee can provide protective
effects (reducing the risk of both coronary heart disease and stroke by
10%–20%) in healthy individuals yet detrimental effects when intake
was high (Bohn et al., 2012). An epidemiological study showed that nei-
ther the high (more than 4 cups a day) nor the low doses (less than 2
cups a day) has the most dangerous effect but is the intermediate con-
sumption (2–4 cups a day) of coffee, which can be the most harmful
by decreasing, for example, the process of fibrinolysis, which prevents
blood clots from increasing in size (Montagnana et al., 2012). Addition-
ally, studies performed in women without cardiovascular disease or
cancer history show that low or no coffee consumption is associated
with an increased risk of stroke (Larsson et al., 2011). Thus, the risk of

Fig.1 (continued).
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ischemic stroke associatedwith caffeine consumption still demands fur-
ther study since it can exert positive or negative effects depending on
dosage (biphasic effects). These seemingly contrasting effects by differ-
ent doses could be attributed to a differential expression of adenosine
receptor subtypes from subject to subject, mainly A1 and A2a, in the
basal ganglia including the striatum and globus pallidus (Xie et al.,
2007).

Adenosine is a biological mediator with an important role in signal
transduction, which increases drastically when brain ischemia is caused
by a stroke (Wei et al., 2011). Thus, it is important to consider the use of
adenosine receptor agonists and antagonists as pharmacological tools to
promote normal CNS function after a stroke. Several reports have con-
firmed the neuroprotective role of A2a receptor antagonists in different
models of ischemia. The selective A2a receptor antagonist SCH58261 re-
duced ischemic brain damage in an adult rat model of focal cerebral is-
chemia (Melani et al., 2003; Monopoli et al., 1998a, 1998b). The same
antagonist, subchronically administered, was protective against both
brain damage and neurological deficits (Melani et al., 2006; Pedata
et al., 2005). Also, the selective A2A antagonist ZM241385 reduced hip-
pocampal injury and improved performance in the Morris water maze
after four-vessel occlusion in the rat (Higashi et al., 2002). Other studies
have benefited by the recent generation and characterization of genetic
knockout models for all the four adenosine receptors (A1, A2a, A2b and
A3), which further supported the potential neuromodulatory role of
these receptors in the control of normal and abnormal CNS function
after a stroke (Wei et al., 2011). A later study extended these findings
by using selective inactivation of A2a receptors on bone marrow-
derived cells (BMDCs) to demonstrate that A2a receptor loss on either
BMDCs or non-BMDCs was sufficient to protect against a traumatic
brain injury (Dai et al., 2010a). Notably, using this same paradigm,
A2a receptors were found capable of producing contrasting effects on
brain injury responses and outcomes in a manner that depended on
local glutamate concentrations (Dai et al., 2010b). A2a receptor agonists
attenuated the morphologic, behavioral, cellular and cytokine changes
induced by brain injury when glutamate levels were low. In contrast,
when glutamate levels were high (as when following a stroke), A2a re-
ceptor antagonists (not agonists) were found to have a protective effect
aswell. These results suggest that the seemingly paradoxical use of both
an A2a antagonist and agonist to provide cellular protection after a
stroke can be dependent on the concentration of excitatory neurotrans-
mitters such as glutamate and possibly other neurotransmitter systems
known to be critical in the regulation of motor responses such as aden-
osine and dopamine (Collins et al., 2010; Ferré, 2008).

Regarding the role of the A1 adenosine receptor in stroke, a recent
study found that the activation of this receptor provided neuroprotec-
tion after transient middle cerebral artery occlusion and that blocking
this receptor with DPCPX (an A1 adenosine receptor antagonist) elimi-
nates the neuroprotective effects (Hu et al., 2012). Additionally, the ac-
tivation of the A1 receptor subtype after a cerebral ischemic injury was
shown to be neuroprotective by inducing decreases in oxidative stress
and inflammation (Hu et al., 2012; Stone et al., 2009). These findings
support that the activation of the A1 adenosine receptor, and not its in-
hibition, could be beneficial to stroke patients.

The activation of the A2a receptor has also been shown to have a po-
tential therapeutic role against stroke. This adenosine receptor subtype
is highly sensitive to neuromodulation after brain insults and related in-
flammatory responses (Chen et al., 2006). A2a receptor agonists have
been found protective in the global ischemia model in the gerbil (Von
Lubitz et al., 1995), and an A2a receptor knockout neonatal mouse
model showed aggravated hypoxic ischemic injury in comparison to
wild-type mice (Adén et al., 2003). Another study showed contrasting
effects of A2a activation, which include a neuroprotective role in acute
experiments and a neurally detrimental role in chronic experiments
after brain damage (Stone et al., 2009). Therefore, it is very important
to consider that the duration of exposure to some of these drugs could
be critical on the final outcome. Additionally, we again see a protective

role against the inflammatory processes induced by neural tissue dam-
age (as seen after a SCI)when using either antagonists (A2a) or agonists
(A1) of adenosine receptors after a stroke (Fig. 1).

Parkinson's disease

Neurodegenerative diseases, such as Parkinson's disease, are charac-
terized byprogressive nervous systemdysfunction andneuroinflamma-
tion (Morelli et al., 2012; Peterson et al., 2012; Stone et al., 2009).
Parkinson's disease induces dyskinesia, a progressive degeneration of
the CNS, which includes symptoms such as rigidity, shaking and slowed
movement. Recent studies provide evidence of the significant beneficial
effects of caffeine intake in improvingmotor activity, through neuropro-
tection and neurorestoration by thropic proteins, such as TGF-beta, glial
cell-derived neurotrophic factor, neurturin, bonemorphogenic proteins
and others (Airavaara et al., 2012; Chen and Chern, 2011; Postuma et al.,
2012; Rosim et al., 2011). Studies performed using rat models for
Parkinson's disease showed that the administration of caffeine to rats
a week after the start of the progression of the disease prevented the
loss of nigral dopaminergic neurons, indicating a role for caffeine in
delaying neuronal degeneration (Li et al., 2008; Morelli et al., 2012;
Sonsalla et al., 2012). In addition, caffeine has been shown to be a
“down-regulator” of neuroinflammatory responses and nitric oxide
(NO) production, which, together with prostaglandins, is believed to
underlie the initiation of many pathological processes including cell
death (Salvemini et al., 2013; Tsutsui et al., 2004; Yaday et al., 2012).
These studies further support the use of caffeine and thus the blockade
of adenosine receptors as a potential mechanism to protect against in-
flammatory damage produced after an injury to the CNS and/or during
the progression of a neurodegenerative disease.

Recent studies support the strategy that blocking adenosine receptors
might also confer a disease-modifying benefit against Parkinson's dis-
ease. For example, the blockade of A2a adenosine receptors has been
shown to be an effective symptomatic treatment in Parkinson's patients
without provoking marked impairment in the ability to control move-
ments and thus avoid the onset of spasmodic (convulsive) or repetitive
motions or lack of coordination (such as dyskinesia) at very early stages
of the disease (Jenner et al., 2009). A study using 6-hydroxydopamine
(OHDA)-lesioned rats showed that the application of 8-(3-chlorostryryl)
caffeine (CSC), a selective A2a adenosine receptor antagonist, inhibited
the levodopa-induced motor fluctuations through a downstream
DARPP-32 and ERK1/2 signaling pathway (Song et al., 2009). Also, the
use of Istradefylline (KW-6002), another A2a receptor antagonist, was
shown to not only slow the onset of motor deficits related to the disease
but also induce neurogeneration and reduce neuroplasticity (changes in
neural pathways and synapses) that ensues when treating patients
with other standard dopamine replacement strategies, like L-DOPA
(Schwarzschild et al., 2006). Additionally, in animal models for
Parkinson's disease, which displayed significant akinesia (the loss or im-
pairment of voluntary movements), the application of caffeine and the
A2a receptor antagonists 8-(3-chlorostyryl) caffeine (CSC) and SCH-
58261 but not an A1 antagonist (8-cyclopentyltheophylline) or an A1 re-
ceptor agonist (N(6)-cyclopentyladenosine) was shown to provide a
therapeutic effect by reducing the onset of akinesia in these animals
(Coccurello et al., 2004; Kelsey et al., 2009). Thus, blockade of adenosine
receptors, especially the A2a receptor subtype, can confer a beneficial ef-
fect by reducing some of the side effects experienced by other traditional
pharmacological treatments for Parkinson's patients (Fig. 1).

Alzheimer's disease

Alzheimer's disease (AD) is characterized by synaptic loss and neu-
ronal cell death aswell as the presence of extracellular amyloid plaques,
composed of the amyloid-β (Aβ) protein and intracellular neurofibril-
lary tangles. According to the ‘amyloid hypothesis,’ increased levels of
Aβ occur in AD, and Aβ leads to synaptic dysfunction, neuronal cell
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death and, ultimately, impairment of higher cortical activity, including
memory and cognition (Morley and Farr, 2014). Recent studies have
been conducted in order to understand how the modulation of the ad-
renergic systems can contribute to the reduction or stoppage of the neu-
rodegenerative processes related to Alzheimer's disease. In mice, it has
been shown that both caffeine and adenosine receptor antagonists pre-
vent the accumulation of amyloid-β-peptide (Aβ) in and around cere-
bral blood vessels, which, if untreated, could result in cognitive deficits
(Cupino and Zabel, 2013; Gahr et al., 2013). Recent studies have
shown that chronic caffeine consumption reverses cognitive impair-
ment and decreases brain Aβ levels in AD mice (Arendash et al., 2009;
Cao et al., 2009; Chu et al., 2012).

A possiblemechanism for the caffeine-induced effects is through the
stimulation of pro-survival cascades and inhibition of pro-apoptotic
pathways in the striatum and/or cortex, as shown in a recent study by
Zeitlin et al. (2011), where caffeine treatment in a transgenic model of
AD was shown to stimulate PKA activity, to increase phospho-CREB
levels and to decrease phospho-JNK and phospho-ERK expression in
the striatum, all of which are thought to be beneficial changes for
brain function. In the frontal cortex, caffeine did not significantly in-
crease phospho-CREB and PKA activity but significantly reduced
phospho-JNK and phospho-ERK expression in both transgenic and
non-transgenic mice. These results suggest that caffeine promotes neu-
ronal survival and reduces the process of neurodegeneration in the stri-
atum and/or cortex, which may contribute to its beneficial effects
against AD (Zeitlin et al., 2011).

Inflammation is known to be a crucial feature related to AD (Haskó
et al., 2004, 2008), and the pathogenesis of neurodegeneration has
been at least in part attributed to the release of proinflammatory cyto-
kines from brain resident cells (Fredholm et al., 2000, 2001) and, al-
though less consistently, from peripheral cells (Erdmann et al., 2005;
Lappas et al., 2005a). As previously mentioned, adenosine is a naturally
occurring metabolite that is ubiquitously distributed throughout the
body as a metabolic intermediary. It has been shown to accumulate in
the extracellular space at the site of inflammation (Lappas et al.,
2005b) in response tometabolic stress and cell damage, and there is ev-
idence that it could play a key role in preserving homeostasis (Canas
et al., 2009). The physiological responses to adenosine take place as a re-
sult of its binding to adenosine receptors, and recent studies show that
the activation of the adenosine system (specifically the A2a adenosine
receptor subtype) can lead to the down-regulation of the inflammatory
response (Csóka and Haskó, 2011; Querfurth and LaFerla, 2010;
Tarkowski et al., 1999, 2001; Wyss-Coray, 2006) and also the preven-
tion of beta amyloid (Aβ)-induced synaptotoxicity (Bermejo et al.,
2008) by inducing the production of interleukin-10 (IL-10), the major
anti-inflammatory cytokine (Bonotis et al., 2008). Also, IL-10 is largely
correlated to the expression of adenosine A2A receptors in peripheral
blood mononuclear cells (PBMCs). The PBMCs are usually disrupted in
patients with mild cognitive impairment and Alzheimer's disease. Re-
cent experiments show that there was a significant linear increase in
adenosine A2a receptor mRNA levels and receptor density in patients
with mild cognitive impairment but only partially in patients with AD
(Arosio et al., 2011). In summary, the above studies suggest that there
is a significant positive correlation between themodulation of the aden-
osine system and the regulation of the inflammatory response in the
central and peripheral nervous systems.

Aging is another factor that has been correlated to the onset and fur-
ther progression of AD. What happens if we could control neuronal
aging? The effects of the modulation of gene expression on normal
aging and in pathological conditions (as Alzheimer's disease) are still
unclear, but the use of caffeine to treat AD-related cognitive deficits is
showing promising results. Caffeine is emerging as a protective agent
against Alzheimer's disease by blocking the A2a adenosine receptor
whose expression and function become aberrant throughout aging
and in age-related pathologies such as AD (Marques et al., 2011). In a re-
cent “Cardiovascular Risk Factors, Aging and Dementia” (CAIDE) study,

coffee drinking of 3–5 cups per day at midlife was associated with a de-
creased risk of dementia/AD by about 65% in later life, suggesting that
coffee drinking may be associated with a decreased risk of dementia/
AD (Eskelinen and Kivipelto, 2010). Another study in humans showed
that therewere no significant associations between coffee or caffeine in-
take and risk of cognitive impairment, overall dementia, AD, vascular
dementia (VaD) or moderate/high levels of the individual neuropatho-
logic lesion types. However, men in the highest quartile of caffeine in-
take were less likely than men in the lowest quartile to have any of
the lesion types (Gao and Phillis, 1994). These findings might open pos-
sibilities for theuse of caffeine and other adenosine receptor antagonists
for preventing or postponing the onset of age-related deficits that could
lead to AD (Fig. 1).

Potential interpretations for the seemingly paradoxical use of
adenosine receptor antagonists and agonists to treat the
effects of various neurodegenerative diseases

A potential explanation of the seemingly paradoxical use of both
adenosine receptor agonists and antagonists to treat neurological dis-
eases was recently addressed by Dai and Zhou (2011). The authors at-
tributed what they called the “bidirectional effect” of A2a adenosine
receptor activation and inhibition to the following: (1) different devel-
opmental stages of the animal subjects since the use of a A2a knockout
aggravated hypoxic ischemic brain injury in neonatal mice but reduced
injury progression in mature mice (Adén et al., 2003); (2) different
stages of pathological processes after injury since neuroprotection by
A2a receptor agonists was observed during the early stages of SCI,
whereas neuroprotection by inhibiting of the A2a receptor in bonemar-
row cells or by using an A2a receptor knockout animal model was ob-
served during the later stage of SCI (Li et al., 2006); and (3) different
routes and times of A2a receptor drug administration since a study
showed that peripheral administration of the A2a receptor agonist,
CGS21680, protects the hippocampus against kainate-induced
excitotoxicity. However, the direct injection of CGS21680 into the hip-
pocampus failed to provide protection, whereas the direct injection of
the A2a antagonist ZM241385 into the hippocampus reduced kainate-
induced neuronal damage (Jones et al., 1998a, 1998b). The authors
also added that different A2a receptor drug treatment methods could
affect the regulation of neurotransmitter release (e.g. glutamate) and
the onset of inflammatory processes. In these cases, protection could re-
sult from the anti-inflammatory effect of A2a receptor activation,
whereas cellular damage could bemediated by glutamate excitotoxicity
and neuroinflammation enhanced by A2a receptor activation depend-
ing on the timing and dosage of the adenosine receptor agonists or an-
tagonists used.

Additionally, we propose several explanations which could explain
the seemingly paradoxical actions of both antagonists and agonists of
adenosine receptors in the treatment of the neurodegenerative disease
models discussed in this review. Caffeine has been described to have the
ability to influence dopaminergic neurotransmission and potentiate do-
pamine receptor-mediated behavioral responses, such as locomotion
and cognitive functions (Ferré, 2008; Xie et al., 2007). The adenosine
A2A and the dopamine D2 receptors as well as the adenosine A1 and do-
pamine D1 receptors have been shown to have antagonistic effects sup-
ported by their anatomical co-localization (dimerization) and
pharmacological interactions (Chen et al., 2001; Ferré, 2008). Studies
in the nucleus accumbens and caudate putamen have demonstrated
that A2A receptor activation inhibits the ability of dopamine to bind to
the D2 receptor, thus functionally antagonizing it, resulting in behavior-
al effects such as depressed locomotor activity, low attention and con-
centration (Collins et al., 2010; Ferré, 2008). This seemingly “intimate”
anatomical, pharmacological and physiological relationship between
the adenosine and dopamine systems also influences glutamate release
from presynaptic terminals as they have been shown to express A1 and
A2a adenosine receptors (Xie et al., 2007). This highly complex
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Table 1
Effects of adenosine receptor antagonists and agonists on neurodegenerative diseases.

Drug type (adenosine
receptor subtype)

Known effects on each of the following types of neurodegenerative diseases

Spinal cord injury (SCI) Stroke Parkinson's disease Alzheimer's disease

Caffeine (broad
adenosine receptor
antagonist)

- Up-regulation of A1 receptor
(Butler and Prendergast, 2012)
- Reduces hyperalgesia (Palacios
et al., 2012; Stone et al., 2009)
- Inhibits antinociception
(Salvemini et al., 2013)
- Reduces neurotransmitter
release (prevents excitotoxicity)
(Pan and Chen, 2004)
- Reduction of locomotor
dysfunction (Dai et al., 2010b;
Pan and Chen, 2004)

- Increases risk of ischemic stroke
(elevated coffee intake) (Bohn et al.,
2012; Mostofsky et al., 2010)
- Reduces the risk of both coronaryheart
disease and stroke (moderate coffee
consumption) (Bohn et al., 2012)
-Decreasesfibrinolysis (moderate coffee
consumption) (Montagnana et al.,
2012)
- Increased risk of stroke (low or no
coffee consumption) (Larsson et al.,
2011)

- Improves motor activity
(Airavaara et al., 2012; Chen and
Chern, 2011; Postuma et al.,
2012; Rodnitzky, 2012)
- Prevents the loss of nigral
dopaminergic neurons (Li et al.,
2008; Morelli et al., 2012; Sonsalla
et al., 2012)
- Reduces both motor and non-
motor early onset symptoms
(Bohn et al., 2012; Palacios et al.,
2012)
- Down-regulates neuro-
inflammatory responses and
nitric oxide (NO) production
(Salvemini et al., 2013; Tsutsui
et al., 2004; Yaday et al., 2012)
- Protects against disruptions of
the BBB in animal models
(Xuesong et al., 2010)

- Prevents the accumulation of amyloid-β-
peptide (Aβ) in and around cerebral blood
vessels (Cupino and Zabel, 2013; Gahr
et al., 2013)
- Reverses cognitive impairment and
decreases brain Aβ levels in AD mice
(Arendash et al., 2009; Cao et al., 2009;
Chu et al., 2012)
- Stimulates PKA activity, increased phospho-
CREB levels and decreased phospho-JNK and
phospho-ERK expression in the striatum
(Zeitlin et al., 2011)
- Significantly increases phospho-CREB
and PKA activity, but significantly
reduced phospho-JNK and phospho-ERK
expression in both transgenic and non-
transgenic mice in the frontal cortex
(Zeitlin et al., 2011)
- Coffee drinking of 3–5 cups per day at
midlife was associated with a decreased risk
of dementia/AD by about 65% in later life
(Eskelinen and Kivipelto, 2010)
- Men in the highest quartile of caffeine
intake were less likely than men in the
lowest quartile tohave anyof the lesion types
(Gao and Phillis, 1994)
- Increasesmitochondrial function andblocks
melatonin signaling to mitochondria
(Dragicevic et al., 2012)
- Protects against oxidative stress and
Alzheimer's disease-like pathology in rabbit
hippocampus (Prasanthi et al., 2010)
- Protects against disruptions of the BBB
in animal models (Xuesong et al., 2010)

Agonists (A1) - Inhibits hyperalgesia (Higashi
et al., 2002)

- Decreases ischemia after transient
middle cerebral artery occlusion
(Hu et al., 2012)
- Decreases oxidative stress and
inflammation (Hu et al., 2012;
Stone et al., 2009)

N/A

Agonists (A2a) - Provides neuroprotection in early
stages of SCI (Li et al., 2006)
- Reduces paralysis and apoptosis
(Cassada et al., 2002)
- Improves motor function and
neuronal viability (Cassada et al.,
2002; Okonkwo et al., 2006)
- Reduces tissue damage,
locomotor dysfunction and
inflammation (Genovese et al.,
2010; Paterniti et al., 2011)
- Reduces neuronal apoptosis
(Gelber et al., 2011)
- Reduces demyelination (Gao and
Phillis, 1994)
- Reduces JNK MAPK activation in
oligodendrocytes in injured spinal
cord (Genovese et al. 2009)

- Reduces the morphologic,
behavioral, cellular and cytokine
changes induced by brain injury
(at low extracellular glutamate levels)
(Dai et al., 2010b)
- Neuroprotective role in acute
experiments and a neurally
detrimental role in chronic
experiments (Stone et al., 2009)
- Reduces kainate-induced
excitotoxicity in the hippocampus
(Jones et al., 1998a, 1998b)

- Reduces toxic effects in 6-
OHDA lesioned rats (Agnati
et al., 2004)

- Down-regulates the inflammatory
response (Csóka and Haskó, 2011;
Querfurth and LaFerla, 2010; Tarkowski
et al., 1999, 2001; Wyss-Coray, 2006) and
also prevents beta amyloid (Aβ)-induced
synaptotoxicity (Bermejo et al., 2008) by
inducing the production of interleukin-10
(IL-10), the major anti-inflammatory
cytokine (Bonotis et al., 2008)

Agonists (A2b) - Activated under
pathophysiological conditions;
potential therapeutic role in the
recovery of motor function after a
SCI (Agnati et al., 2004)

N/A N/A

Agonists (A3) N/A - Reduces hypoxia-mediated
decrease in cell viability (Canas et al.,
2009)
- Increases locomotor activity and
decreases cerebral ischemia (Canas
et al., 2009)
- Reduces apoptosis (Canas et al., 2009)
- Reduces the inflammatory
response produced after cerebral
ischemia (Chen and Pedata, 2008)

N/A
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relationship between the adenosine, dopamine and glutamate systems
could explain why the use of adenosine receptor antagonists, such as
caffeine, and agonists at various instances during the progression of a
neurodegenerative disease and at different concentrations could pro-
duce these seemingly paradoxical results.

We propose that the most effective course of action when adminis-
tering any of these modulators of adenosine receptors to potential pa-
tients during clinical trials will have to include: (1) the cell-specific
pharmacological agents since caffeine and other modulators of the
adenosine system have been shown to have effects on neurons and
non-neurons, (2) the dosage and time of drug applicationwill be critical
since studies suggest that it is crucial not only to know the state of dis-
ease progression but also to choose the proper exposure period (acute
versus chronic) and concentration and (3) the knowledge of the levels
of themain neurotransmitter systems present in the patients is of para-
mount importance since it has been established that themodulatory ef-
fects of these drugs on adenosine receptors can be influenced by the
levels of excitatory neurotransmitters such as glutamate. Thus, blood
testing for peripheral levels of these signaling molecules as well as im-
aging techniques, such as magnetic resonance spectroscopy (Hall
et al., 2012), to measure central levels of glutamate and dopamine will
be needed in order to effectively treat the patient.

Conclusions

Recent experimental evidence suggests that the primary target for
the neuroprotective effects of caffeine (Glade, 2010; Snel and Lorist,
2011), the most consumed psychostimulant in the world (Nehlig
et al., 1992), is mostly through either the activation or inhibition of
the A1 and A2a adenosine receptor subtypes (Doré et al., 2011;
Sebastião and Ribeiro, 2009) (Table 1; includes earlier findings not
discussed in this review). The use of adenosine receptor antagonists,
such as caffeine, and agonists has been shown to protect against neuro-
logical diseases such as spinal cord injury, stroke, Alzheimer's and
Parkinson's diseases (Fig. 1; Federico and Spalluto, 2012; Glade, 2010;
Marjo and Miia, 2010; Müller and Jacobson, 2011; Ojeda-López et al.,
2012; Paul et al., 2011; Ramlackhansingh et al., 2011; Rosim et al.,
2011; Schenone et al., 2010). Experimental evidence supports the use
of caffeine and other adenosine receptor antagonists as well as adeno-
sine receptor agonists in the reduction of hyperalgesia, antinociception,
excitotoxicity, inflammatory response, dyskinesia, akinesia, sensory and
motor deficits and neuronal cell death related to the pathophysiology of
the neurodegenerative diseases discussed (Camilo and Goldstein, 2004;

Ding et al., 2007; Horiuchi et al., 2010; Kowaluk, 1998; Kitta et al., 2012;
Tomić et al., 2006; Xiao et al., 2011). The seemingly paradoxical use of
adenosine receptor agonists and antagonists to treat similar diseases
suggests that factors such as dosage, drug delivery method, state of dis-
ease progression, extracellular concentrations of potential excitotoxic
transmitters and known anatomical and pharmacological relationship
between adenosine and dopamine receptors as they influence gluta-
mate release must be taken into consideration when designing treat-
ment strategies. Finally, the neuroprotective effects and the reduction
in side effects produced in comparison to current treatments support
the use of agonists and antagonists of adenosine receptors as potential
therapeutic tools to treat neural degeneration such as that induced by
spinal cord injury, stroke, Parkinson's and Alzheimer's diseases as well
as other known diseases of the CNS.
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