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Abstract Adenosine receptors modulate neuronal and synaptic function in a range
of ways that may make them relevant to the occurrence, development and treat-
ment of brain ischemic damage and degenerative disorders. A| adenosine receptors
tend to suppress neural activity by a predominantly presynaptic action, while Ajp
adenosine receptors are more likely to promote transmitter release and postsynaptic
depolarization. A variety of interactions have also been described in which adeno-
sine A1 or A, adenosine receptors can modify cellular responses to conventional
neurotransmitters or receptor agonists such as glutamate, NMDA, nitric oxide and
P2 purine receptors. Part of the role of adenosine receptors seems to be in the regula-
tion of inflammatory processes that often occur in the aftermath of a major insult or
disease process. All of the adenosine receptors can modulate the release of cytokines
such as interleukins and tumor necrosis factor-o. from immune-competent leuko-
cytes and glia. When examined directly as modifiers of brain damage, A adenosine
receptor (AR) agonists, Apa AR agonists and antagonists, as well as A3 AR antago-
nists, can protect against a range of insults, both in vitro and in vivo. Intriguingly,
acute and chronic treatments with these ligands can often produce diametrically op-
posite effects on damage outcome, probably resulting from adaptational changes
in receptor number or properties. In some cases molecular approaches have identi-
fied the involvement of ERK and GSK-3[ pathways in the protection from damage.
Much evidence argues for a role of adenosine receptors in neurological disease. Re-
ceptor densities are altered in patients with Alzheimer’s disease, while many studies
have demonstrated effects of adenosine and its antagonists on synaptic plasticity in
vitro, or on learning adequacy in vivo. The combined effects of adenosine on neu-
ronal viability and inflammatory processes have also led to considerations of their
roles in Lesch—Nyhan syndrome, Creutzfeldt—Jakob disease, Huntington’s disease
and multiple sclerosis, as well as the brain damage associated with stroke. In addi-
tion to the potential pathological relevance of adenosine receptors, there are earnest
attempts in progress to generate ligands that will target adenosine receptors as ther-
apeutic agents to treat some of these disorders.

Keywords Neuroprotection - Neurodegeneration - Ischaemia - Alzheimer’s dis-
ease - PB-amyloid - Huntington’s disease - Parkinson’s disease - Neurotoxicity
- Aging - Stroke - Lesch-Nyhan syndrome - Multiple sclerosis - Creutzfeldt-Jacob
syndrome - Prion disease - Acute administration - Chronic administration - Receptor
up-regulation - Receptor down-regulation
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Abbreviations

ADAC Adenosine amine congener

AMP Adenosine monophosphate

AR Adenosine receptor

BDNF Brain-derived neurotrophic factor

BIIP20 S-(—)-8-(3-Oxocyclopentyl)-1,3-dipropyl-7 H -purine-2,6-dione

cAMP Cyclic adenosine monophosphate

CCPA 2-Chloro-N°-cyclopentyladenosine

CGS15943 5-Amino-9-chloro-2-(2-furyl)-1,2,4-triazolo[ 1,5-c]quinazoline

CGS21680 2-[4-(2-Carboxyethyl)-phenylethylamino]-5’ N -ethyl-carbox
amido-adenosine

CHA NS-Cyclohexyladenosine

CID Creutzfeldt-Jakob disease

CI-IB-MECA  2-Chloro-N°-(3-iodobenzyl)adenosine-5'- N-methyluronamide

CNS Central nervous system

CP66,713 4-Amino-1-phenyl[1,2,4]-triazolo[4,3-a]quinoxaline

CPA Cyclopentyl adenosine

8-CPT 8-Cyclopentyltheophylline

CREB Cyclic AMP responsive element binding protein

CSC 8-(3-Chloro styryl)caffeine

DMPX 3,7-Dimethyl-1-propargylxanthine

DPCPX 8-Cyclopentyl-1,3-dipropylxanthine

EAE Allergic encephalomyelitis

ERK1/2 Extracellular signal-regulated kinases 1 and 2

GABA Gamma-aminobutyric acid

HD Huntington’s disease

HGPRT Hypoxanthine-guanine phosphoribosyltransferase

IB-MECA NS-(3-Iodobenzyl)adenosine-5'- N -methyluronamide

IL Interleukin

KFM19 RS-(—)-8-(3-oxocyclopentyl)-1,3-dipropyl-7 H -purine-2,6-dione

LNS Lesch—Nyhan syndrome

MAP-2 Microtubule-associated protein 2

MAPK Mitogen-activated protein kinases

MCAo Middle cerebral artery occlusion

MPTP 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine

MRS2179 N®-Methyl-2'-deoxyadenosine-3’, 5'-bisphosphate

MRS1706 N-(4-Acetylphenyl)-2-[4-(2,3,6,7-tetrahydro-2,6-dioxo-1,3-
dipropyl-1H -purin-8-yl)-phenoxyJacetamide

MS Multiple sclerosis

NBTI Nitrobenzylthioinosine

NECA 5'-N-Ethylcarboxamidoadenosine

NGF Nerve growth factor

NMDA N-Methyl-D-aspartate

3-NP 3-Nitro-propionic acid
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PKC Protein kinase C

PLC Phospholipase C

R-PIA R-Phenylisopropyladenosine
SAH S-Adenosylhomocysteine

SCH58261 7-(2-Phenylethyl)-5-amino-2-(2-furyl)-pyrazolo-[4,3-¢]-1,2,4-
triazolo[1,5-c]-pyrimidine

TNF-o Tumor necrosis factor alpha

Trk Tropomyosin-related kinase

7ZM241385 4-(2-[7-Amino-2-(2-furyl)(1,2,4)-triazolo(2,3-a)-(1,3,5)triazin-5-
yl-amino]ethyl)phenol

1 Introduction

As will be evident elsewhere in this volume, adenosine receptors are essentially
ubiquitous, with almost all cell types expressing functional forms of at least one
of the four known subtypes (A1, Aza, A2, Az). Each of these subtypes has been
associated with a range of actions, some of which may become over- or underex-
pressed, over- or underactive. Such a change in activity could lead to abnormalities
of tissue function, which may be severe enough to lead to overt disease. In this chap-
ter, the evidence for a possible contribution of adenosine receptors to the processes
of neurodegeneration and neurological disorders involving neurodegeneration will
be addressed, together with the potential for developing adenosine receptor ligands
as therapeutic agents to modify those disorders.

2 Relevant General Features of Adenosine Receptor Actions

2.1 Aq Adenosine Receptors

A1 adenosine receptors occur throughout the central nervous system (CNS), with
a high density in the hippocampus and neocortex. The widespread distribution
of these receptors is seen in almost all mammalian species examined, including
humans (Fastbom et al. 1986, 1987a,b). All cell types in the CNS possess these re-
ceptors, including both neurons and microglia (Goodman and Snyder 1982; Lee
and Reddington 1986; Rivkees et al. 1995; Fiebich et al. 1996b; Svenningsson
et al. 1997; Ochiishi et al. 1999a, b), with neuronal receptors existing on presy-
naptic terminals and postsynaptic membranes (Ochiishi et al. 1999a, b). Probably
the most prominent consequence of activating the A adenosine receptor (AR) is
the inhibition of neurotransmitter release from synaptic terminals, an action that
has been linked to the reduction of calcium influx in response to action potential
invasion of the terminals (Wu and Saggau 1997). A;ARs are able to suppress the
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release of a variety of neurotransmitters, including glutamate (Corradetti et al. 1984;
Fastbom and Fredholm 1985; Andine et al. 1990; Butcher et al. 1990), acetylcholine
(Spignoli et al. 1984; Brown et al. 1990) and dopamine (Michaelis et al. 1979;
Chowdhury and Fillenz 1991). There is a significant degree of specificity in this
action, however, since it seems to result primarily in a suppression of release of ex-
citatory transmitters such as the major excitatory transmitter glutamate (Corradetti
et al. 1984; Héron et al. 1993; Poli et al. 1991), rather than inhibitory transmitters
such as gamma-aminobutyric acid (GABA). While a depression of GABA release
can be demonstrated using A AR agonists, the potency of these compounds and the
amount of release inhibition that can be produced are far less than those that have
been reported on glutamate release (Hollins and Stone 1980). This difference may
be fundamentally important to understanding the relevance of adenosine receptors
in neurodegeneration and neuroprotection, since the brain damage which follows
strokes and traumatic (mechanical) injuries to the brain (Corsi et al. 1999a) has
been attributed to a massive release of glutamate, and it is a suppression of this that
may contribute to the neuroprotective efficacy of adenosine A (and Asa) AR. The
much smaller effect on GABA release means that the risk of reinstating a degree of
hyperexcitability, as a result of blocking inhibitory transmission, is greatly reduced.

Activation of AjAR reduces calcium influx, or inhibits calcium availability,
as demonstrated in neuronal and cardiac tissues (Dolphin and Prestwich 1985;
Fredholm and Dunwiddie 1988; Rudolphi et al. 1992; Scholz and Miller 1992). This
may be related to the frequently observed ability of AjAR to modulate the potas-
sium conductances of several types, including the ATP-sensitive potassium channels
in heart and hippocampal neurons (Trussel and Jackson 1985; Regenold and Illes
1990; Hosseinzadeh and Stone 1998). There appear to be neuronal chloride conduc-
tances which are also sensitive to purines, resulting in an increased chloride influx
which should contribute to neuronal inhibition in most areas of the brain (Mager
et al. 1990; Schubert et al. 1991).

2.2 Ajp Adenosine Receptors

A population of AyaoARs is usually distinguished from AsgARs on the basis
of the higher affinity of AyoARs for the agonist ligand 2-[4-(2-carboxyethyl)-
phenylethylamino]-5’ N-ethyl-carboxamido-adenosine(CGS21680).CGS21680 sho
ws an approximately 140-fold selectivity for A;p ARs relative to AjARs, (Bridges
et al. 1988; Hutchison et al. 1989; Merkel et al. 1992). The AxaoARs occur pre-
dominantly on neurons in the striatum, especially the GABAergic striatopallidal
projection neurons and on cholinergic interneurons (Jarvis and Williams 1989;
Schiffmann et al. 1991; Cunha et al. 1994; Kurokawa et al. 1994, Latini et al. 1996;
Ongini and Fredholm 1996; Moreau and Huber 1999). They are also found in the
nucleus accumbens and olfactory tubercle, and the hippocampus and cerebral cor-
tex (Cunha et al. 1994; Dixon et al. 1996), although in the last two areas there are
significant pharmacological differences between the nominally A, sites and those
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classically described in striatum (Cunha et al. 1996). A broadly similar distribution
exists in human brain, since, although they were initially reported to exist primarily
in striatal regions (Martinez-Mir et al. 1991), subsequent work has shown their
presence more widely throughout the CNS (Svenningsson et al. 1997).

There is abundant evidence from a number of biochemical and electrophysio-
logical investigations that the activation of Ao AR promotes the release of neuro-
transmitters, including glutamate (Sebastiao and Ribeiro 1992; Cunha et al. 1994),
an effect probably produced by increasing presynaptic calcium influx (Goncalves
et al. 1997). Administration of the Axa AR agonist CGS21680 in vivo does not
itself alter the extracellular levels of glutamate in the CNS, but in the rat it can
increase the efflux of glutamate triggered by ischemia (Fredholm and Dunwiddie
1988; O’Regan et al. 1992). Consistent with this, the AR antagonist 5-amino-9-
chloro-2-(2-furyl)-1,2,4-triazolo[ 1,5-c]quinazoline (CGS15943) can depress gluta-
mate release, possibly by blocking the enhancing effect of endogenous adenosine
at AoAAR (Fredholm and Dunwiddie 1988). The facilitation of release by Aoa AR
agonists has also been demonstrated for other transmitters such as GABA. Hence
it is possible that neuroprotection by A»a AR agonists may result, at least in part,
from increased extracellular levels of GABA causing generalized inhibition of cell
activity, calcium influx and damage (Mayfield et al. 1993; Kurokawa et al. 1994).

2.3 Ajp Adenosine Receptors

The low-affinity Aog AR was cloned in the early 1990s, and has long remained the
least known adenosine receptor subtype. The Asp receptor positively couples to
both adenylyl cyclase and phospholipase C (PLC), the latter occurring through Gq
proteins and representing the most important pathway responsible for Asg-mediated
effects (Linden et al. 1999). The A;gAR is expressed at low levels in almost all
tissues including brain and spinal cord, and its low affinity for the natural ligand
suggests that it could be mainly recruited under pathological conditions.

In the CNS, A>gARs have been suggested to mediate the outgrowth of dorsal
spinal cord axons (Corset et al. 2000) and to interact with inflammatory cytokines in
the induction of long-term brain responses to trauma and ischemia, such as reactive
astrogliosis. A complex interaction between Ayg AR and tumor necrosis factor alpha
(TNF-o) has been reported, depending upon specific pathophysiological conditions.
In particular, prolonged treatment of human astrocytes with the proinflammatory
cytokine TNF-at increased the functional responsiveness of Aog AR, which, in turn,
synergized with the cytokine in inducing the morphological signs of chronic reac-
tive gliosis (Trincavelli et al. 2004). Conversely, short-term exposure of astrocytes to
TNF-a caused the phosphorylation of A;g AR and impairment in their coupling to
G; proteins, with consequent decreases of cyclic adenosine monophosphate (cAMP)
production. TNF-o-mediated downregulation of Ao AR was demonstrated to oc-
cur via protein kinase C (PKC) intracellular kinase. This event likely represents
a defense mechanism to counteract excessive Ajp receptor activation under acute
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damage conditions characterized by massive release of both cytokines and adeno-
sine, such as those occurring during trauma or ischemia (Trincavelli et al. 2008).

AspARs have been also suggested to inhibit taurine release from pituicytes,
the astroglial cells of the neurohypophyses. In whole rat neurohypophyses pre-
loaded with [3H]taurine, taurine efflux elicited by hypotonic shocks was about
30-50% smaller in the presence of 10mM adenosine or 1 mM NECA (5'-N-
ethylcarboxamidoadenosine). The A;gAR antagonists MRS1706 {N-(4-acetyl-
phenyl)- 2-[4-(2,3,6,7 -tetrahydro-2,6-dioxo- 1,3-dipropyl-1 H -purin-8-yl)-phenoxy]
acetamide} or alloxazine partially reversed the inhibition of release by NECA,
while neither agonists of the adenosine Ay, Ayp or Az ARs nor the AjAR antag-
onist DPCPX (8-cyclopentyl-1,3-dipropylxanthine) had any effect (Pierson et al.
2007). Based on evidence implicating taurine not only in cell osmoregulation but
also in olfactory, auditory and visual development, as well as in long-term po-
tentiation in the striatum (Warskulat et al. 2007), if confirmed by further studies,
this observation may unveil entirely new pathophysiological roles for this as-yet
neglected adenosine receptor subtype.

2.4 Az Adenosine Receptors

The A3ARs (Zhou et al. 1992) have been less well studied than the A; and Aja
AR populations recognized earlier. A3 sites exist primarily in peripheral tissues, but
they are believed to occur on neuronal and glial cells membranes in most species ex-
amined, including human (Jacobson 1998), although at least one group has reported
failing to find either the A3 receptor protein or its mRNA in the CNS (Rivkees
et al. 2000). This report was accompanied by claims that several of the purportedly
selective ligands used in the functional study of A3 receptor effects actually have
significant activity at AjAR that could complicate the interpretation of results, and
could possible account entirely for the supposed actions attributed to AzAR.

2.5 Receptor Interactions

There is good evidence for interactions between receptors for adenosine and other
neuroactive compounds. For instance, activation of N-methyl-D-aspartic acid
(NMDA) receptors can inhibit the actions of AjAR agonists on presynaptic ter-
minals (Bartrup and Stone 1990; Bartrup et al. 1991; Nikbakht and Stone 2001). In
a situation in which the levels of glutamate increase significantly, therefore, there
is a real danger that the protective activity of endogenous adenosine could be com-
promised by NMDA receptors. The direction of receptor interactions is reversed at
postsynaptic sites. On hippocampal and striatal neurons, for example, adenosine can
depress the activation of NMDA receptors. This action can be produced by A; or
A2aAR (de Mendonga et al. 1995; Norenberg et al. 1997, 1998; Wirkner et al. 2000,
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2004; Gerevich et al. 2002). The relevance of these interactions remains unclear,
as do the circumstances under which one or the other would be dominant. Thus,
if an increase in the ambient levels of glutamate occurs prior to any elevation of
adenosine levels, then a loss of AR-mediated protection would be expected, leading
to enhanced cell damage. If, however, any increase in adenosine levels precedes a
change in glutamate, the purine could limit the release of the amino acid, and block
the activation of NMDA receptors by the lower amounts of glutamate present.

There may be a significant contribution to A>a AR antagonist neuroprotection
by the modulation of responses to other neuroactive agents via influences directly
on the receptors. Simpson et al. (1992) and later Cunha et al. (1994) reported
the ability of A2oAR to antagonize the activation of AjAR, a proposal subse-
quently confirmed and supported by other groups (Dixon et al. 1997; O’Kane
and Stone 1998; Latini et al. 1999). The Aja agonist CGS21680 inhibits neu-
ronal responses to the A; ligand CPA (O’Kane and Stone 1998), an action that
may be related to its ability to induce a low-affinity site for the highly selec-
tive A| receptor agonist 2-chloro-N°-cyclopentyladenosine (CCPA) (Dixon et al.
1997). This interaction may occur between the membrane receptors themselves,
or via an intermediate, diffusible messenger. Both A; and AyaARs suppress the
electrophysiological effects of glutamate or NMDA applied directly to neurons (de
Mendonga et al. 1995; Norenberg et al. 1997, 1998; Gerevich et al. 2002; Wirkner
et al. 2000, 2004), while CGS21680 reduces the increased postsynaptic influx of cal-
cium induced by quinolinic acid, and the Ay AR antagonist SCH58261 increases it
(Popoli et al. 2002), although another antagonist 4-(2-[7-amino-2-(2-furyl)(1,2,4)-
triazolo(2,3-a)-(1,3,5)triazin-5-yl-amino]-ethyl)phenol (ZM241385) appears not to
do so (Tebano et al. 2004). One implication of this interaction is that, when the
extracellular level of adenosine reaches levels sufficient to activate Axp AR, as it
can do after kainate administration or ischemia, it may inhibit A receptor func-
tion. This phenomenon may explain the curious observation that neuroprotection
by ZM241385 is lessened by DPCPX (Jones et al. 1998a,b). The protection by
ZM?241385 could be due to its blockade of Aya AR, thus “releasing” AjAR from
tonic suppression by AraAR. If the heightened activation of AjAR were then re-
sponsible for the neuroprotection, it would be prevented by DPCPX, as observed
(Jones et al. 1998a, b).

As in the case of the Ara agonists noted above, there is evidence that agonists
at A3AR, administered acutely, may reduce responses to AjAR agonists, and thus
decrease the protective activity of endogenous adenosine levels (von Lubitz et al.
1999a). On the contrary, a chronic activation of A3AR exerts protective effects, as
detailed below (see Sect.3.4). However, it is not known whether these effects are
mediated by an opposite activity on the AjAR subtype.

Finally, there is evidence that some AR subtypes can physically interact with
other neurotransmitter receptors, leading to the generation of receptor heteromers
characterized by unique pharmacological properties. Yoshioka et al. (2001) co-
expressed AjAR and P2Y; receptor for ADP in HEK293 cells. These receptors
co-immunoprecipitated in western blots of whole cell membrane lysates. Coexpress-
ing the P2Y receptor did not alter surface expression of the A receptor, but it did
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inhibit the binding of radiolabeled AjAR agonists and antagonists in membrane
preparations. This change was not seen in a mixture of membranes from cells ex-
pressing each receptor individually. Additionally, the binding of an AjAR agonist
was displaced by the P2Y; agonist ADPBS and the P2Y; antagonist N°-methyl-
2'-deoxyadenosine-3’, 5’-bisphosphate (MRS2179) in cotransfected cells, but not in
cells expressing the A receptor only. Globally, these data indicate formation of a
functional heteromeric complex where A|ARs physically interact with P2Y recep-
tors (Abbracchio et al. 2006).

A1ARs couple to Gj, mediating depression of intracellular cAMP levels, whereas
P2Y receptors interact with Gg/11 and have no effect on cAMP. ADPS inhibited
cAMP production in co-transfected cells only, an effect that was antagonized by
the A antagonist DPCPX, but not by MRS2179, and was abolished by pertussis
toxin. Thus, ADPBS appears to have acted via the AjAR ligand-binding site; i.e.,
the P2Y/A; dimer has novel pharmacological properties compared with the parent
receptors. Interestingly, although ADPS induced inositol phosphate synthesis, the
A1 agonist cyclopentyl adenosine (CPA) did not. Thus, dimerization did not lead to
a complete change in pharmacological properties in this case.

Using confocal laser microscopy to study the subcellular distribution of the
P2Y; and A AR, Yoshioka et al. (2001) showed that both were expressed mainly
near the plasma membrane of HEK293 cells. Furthermore, there was a strong over-
lap in their distribution in individual cells. This was confirmed in a subsequent
study using the biophysical technique of bioluminescence resonance energy transfer
(Yoshioka et al. 2002b). In the absence of agonists, the receptors showed a ho-
mogeneous colocalization across the cells. Addition of ADPBS and CPA together,
but not alone, induced an increase in the bioluminescence resonance energy trans-
fer ratio over 10 min. Thus, although the receptors have a constitutive association,
their coactivation increased the association. This association was also seen with
native receptors in central neurons. Using confocal laser microscopy and double im-
munofluorescence, Yoshioka et al. (2002a) demonstrated that the P2Y; and A;AR
colocalized in neurons of the rat cortex, hippocampus, and cerebellum. A direct
association was then shown by their coimmunoprecipitation in membrane extracts
from these regions.

The structural requirements for the receptor—receptor interaction are not known
at present. The physiological roles of the P2Y|/A; dimer also remain to be de-
termined, although Nakata et al. (2003) have pointed out that its pharmacological
properties resemble those of a presynaptic receptor that mediates inhibition of neu-
rotransmitter release in some tissues. Finally, Yoshioka et al. (2001) reported that
the rat P2Y, receptor also coimmunoprecipitated with the Aj receptor when they
were coexpressed in HEK293 cells. Thus, the formation of oligomers by AjAR re-
ceptors is likely to be widespread and to greatly increase the diversity of purinergic
signaling.

In a similar way, A4 ARs have been demonstrated to dimerize with D, recep-
tors, an interaction which involved peculiar peptide residues (Canals et al. 2003).
The formation of Aja/D; receptor heteromers in the plasma membrane contributes
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to explain the early observation of agonist affinity loss at the D, receptor after
activation of the Ar4 AR (Ferré et al. 1991) and provides a molecular explanation to
the functional interaction between adenosine and dopamine in basal ganglia.

2.6 Anti-inflammatory Effects

One line of argument that tissue protection by purines is more dependent on mod-
ulation of the immune system than on neurotransmitter release or activity is that
protection against damage is shown in a range of tissues besides the CNS. Adeno-
sine antagonizes the release and actions of several proinflammatory cytokines such
as TNF-a and complement (Lappin and Whaley 1984; Cronstein et al. 1992;
LeVraux et al. 1993; Barnes et al. 1995; Ritchie et al. 1997). ApaARs specifically
inhibit the production of IL-12 by human monocytes but increase the generation
of IL-10 (Link et al. 2000). This ability to modulate the relative release of several
cytokines could be a significant factor in determining the overall immune profile
that occurs in response to different primary activating stimuli in different inflam-
matory situations. Adenosine suppresses phagocytosis, free radical generation and
cell adherence by white blood cells activated by immune stimulation (Cronstein
et al. 1985, 1987, 1990, 1992; Burkey and Webster 1993; Cronstein 1994). There is
now clear evidence that Ay AR play a major role in this form of cellular regulation
(Dianzani et al. 1994; Hannon et al. 1998), probably acting via the activation of a
serine/threonine protein phosphatase (Revan et al. 1996). Most strikingly, adeno-
sine receptors protect the heart against damage occasioned by ischemia (Zhao et al.
1993; Matherne et al. 1997). Indeed, all anti-inflammatory actions of adenosine have
been demonstrated in the myocardium, including suppression of TNF-o production
(Meldrum et al. 1997; Wagner et al. 1998a, b; Cain et al. 1998) and regulation of
neutrophil adherence to myocytes (Bullough et al. 1995). There is, however, some
confusion as to the nature of the ARs involved. Human neutrophils possess Aj and
AsAARs (Varani et al. 1998) and Cronstein et al. (1992) have demonstrated that
both receptors are able to modulate several aspects of the immune response, includ-
ing chemotaxis. Lozza et al. (1997) have suggested that A} and A>s AR agonists
are both able to protect the heart against ischemia/reperfusion injury, but there are
reports that Aj agonists but not Axp AR agonists provide cardiac protection (Casati
et al. 1997), whereas other groups have claimed the opposite (Cargnoni et al. 1999).
The former claim is more consistent with evidence that resistance to myocardical
ischemia is correlated with the level of expression of AjAR. In most cases, the
two populations of receptor exhibit opposing actions, suggesting that their joint
presence could be the basis of a control system in which low concentrations of
adenosine, via Aj AR, are normally able to enhance the sensitivity of white blood
cells to immune stimuli but, at the higher concentrations likely to occur at the time of
an established immune response, A4 AR can restrain the extent of cellular activity
(Cronstein et al. 1992).
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The regulation of cytokines by A3AR is quite selective. Production of several
cytokines, including some such as IL-1f and IL-6, which are also proinflammatory,
can be modified by A3AR activation (Ramakers et al. 2006). A3AR may also sup-
press the oxidative burst that accompanies the response of defensive leucocytes to
immune activation. They can reduce superoxide generation in human eosinophils
(Ezeamuzie and Philips 1999), for example, although there is apparently no similar
suppression of oxidative activity in human neutrophils (Hannon et al. 1998). The
former action could be secondary to an increase in the level of antioxidant enzymes,
including superoxide dismutase, which has been shown to be produced by A3AR
agonists in endothelial cells (Maggirwar et al. 1994).

3 Role of Adenosine Receptors in Brain Cell Survival
and in Neurodegenerative Diseases

3.1 Aj Adenosine Receptors and Neuroprotection

Although much of the interest in the therapeutic value of purine receptor ligands has
centered on protection following strokes, there remains the possibility that overacti-
vation of glutamate receptors may contribute to chronic neurodegenerative disorders
such as Alzheimer’s disease and Huntington’s disease. This possibility is the ratio-
nale for studying the protective effects of agents against excitotoxins, which are
frequently used as a model of stroke and neurodegenerative disease. The most com-
monly used excitotoxins are kainic acid and quinolinic acid, a tryptophan metabolite
for which the evidence for a role in some degenerative disorders is substantial (see
Stone 1993, 2001; Stone and Darlington 2002 for reviews). Not only do they pro-
duce a controllable degree and extent of injury, but the mechanisms of damage have
much in common with natural causes. Thus, even the damage produced by kainic
acid probably involves a presynaptic action of kainate, which induces the release
of endogenous compounds such as glutamate and aspartate (Kohler et al. 1978;
Ferkany et al. 1982; Lehmann et al. 1983; Jacobson and Hamberger 1985; Con-
nick and Stone 1986; Virgili et al. 1986; Okazaki and Nadler 1988). Whether this
secondary release is the primary cause of cell death or only a contributory (perhaps
permissive) component is irrelevant, since the essential issue is that the inhibition of
their release by an agent such as an adenosine AjAR agonist will have the same net
protective activity.

Both A|AR agonists and Aya AR agonists and antagonists (see also below) can
protect against kainic acid-induced damage (MacGregor and Stone 1993; Jones et al.
1998a, b). R-Phenylisopropyladenosine (R-PIA) protected against kainic acid neu-
rotoxicity in several regions of the CNS in addition to the hippocampus (MacGregor
and Stone 1993; MacGregor et al. 1993, 1996), the involvement of AjAR being
further confirmed by showing that protection could be prevented by the simulta-
neous administration of an AjAR antagonist such as DPCPX. In addition to the
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use of DPCPX to confirm the involvement of A| AR, there have been several stud-
ies showing that DPCPX and other selective AjAR blockers increase the amount
of neuronal damage after ischemia or the administration of excitotoxins (Rudolphi
et al. 1987; von Lubitz et al. 1994a; Phillis 1995). R-PIA prevented the kainate-
induced damage in areas such as the basolateral amygdala, pyriform cortex and
rhinal fissure. An observation that has not been pursued, but which may be of con-
siderable pathological and therapeutic importance, was that some areas of the brain,
especially those located in more caudal regions such as the entorhinal cortex, the
posteromedial cortical amygdaloid nucleus and the amygdalopyriform transition,
were not protected by AjAR activation. It is still uncertain why R-PIA showed such
regionally selective protection. There may be fewer AjARs in the resistant areas,
or a greater susceptibility to damage which the adenosine agonist was unable to
overcome at the doses used. The protection afforded by A ARs does not necessarily
require the use of a selective exogenous agonist, since compounds which raise the
concentrations of endogenous adenosine, either by inhibiting transporter function or
adenosine metabolism, can also produce protection (Parkinson et al. 1994; Pazzagli
et al. 1994).

There is an even greater contribution of presynaptic release in the neuronal
damage caused by quinolinic acid, although its major action seems to be the
activation of NMDA receptors and the generation of reactive oxygen species
(Stone and Darlington 2002; Stone 2001).

A number of other studies have demonstrated protection by adenosine
analogs against damage produced by toxins or excitotoxins (Arvin et al. 1989;
Connick and Stone 1989; Finn et al. 1991). One especially interesting report
showed that protection could be produced by the adenosine A; receptor agonist
N°-cyclohexyladenosine (CHA) against the selective dopaminergic neurotoxin 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (Lau and Mouradian 1993).
This protection raises the real possibility that a selective AjAR agonist could be
useful in Parkinson’s disease, where a proportion of cases may be caused by the
exposure of patients to exogenous toxins with molecular structures and a propensity
to generate oxidative stress similar to those of MPTP. However, the mechanism of
protection against MPTP remains unclear, although antagonists at NMDA receptors
can also block MPTP damage, raising the possibility that glutamate receptors may
play a critical role comparable to that exhibited by them in stroke-induced damage,
and against which Aj AR agonists are also effective.

3.2 A4 Adenosine Receptors and Neuroprotection

At variance from the clearcut neuroprotective role exerted by AjAR, contrasting
data have been reported so far on the beneficial/detrimental roles mediated by
AsA AR on brain cells.

As with the AjAR, very early studies indicated that agonists at AopoAR can
produce protection of the CNS against several insults, including ischemia (Phillis
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1995; Sheardown and Knutsen 1996), and excitotoxins such as kainate (Sperk 1994;
Jones et al. 1998a, b). However, protection by CGS21680 was largely prevented
by 8-(p-sulfophenyl)-theophylline (8PST), a nonselective xanthine antagonist that
blocks both A and A ARs. Since this antagonist does not penetrate the blood—brain
barrier, it was suggested that the protective activity of CGS21680 was generated
via sites on the systemic rather than central side of the barrier. The effect was be-
lieved to be primarily exerted on the vascular system, modifying blood flow to the
potentially damaged regions of brain, or on white blood cells of the immune system,
reducing their penetration to and activation by the early neuronal damage. This con-
clusion was supported by findings that administering CGS21680 directly into the
hippocampus did not induce protection.

On the other hand, neuroprotection by an antagonist at Appa AR was first re-
ported by Gao and Phillis (1994). They found that the nonselective A AR antagonist
CGS 15943 protected the gerbil brain against ischemic damage, an observation later
supported using the more selective compounds 8-(3-chlorostyryl)caffeine (CSC)
and 4-amino- 1-phenyl[1,2,4]-triazolo[4,3-a]quinoxaline (CP66,713) (Phillis 1995).
Many of the earlier studies examined protection against global cerebral ischemia,
but protection has also been demonstrated against focal ischemic damage (Ongini
et al. 1997). More recent work has involved a range of different receptor ligands and
ischemic models (von Lubitz et al. 1995b; Sheardown and Knutsen 1996; Monopoli
et al. 1998). In addition, protection by A4 AR antagonists occurs against excitotox-
ins such as kainic acid, glutamate and quinolinic acid (Jones et al. 1998a, b). The
ability of A4 AR antagonists to protect the CNS has received strong support from
the generation of transgenic mice lacking these receptors. These knockout animals
exhibit a significantly lower level of brain injury following excitotoxins or ischemia
(Bona et al. 1997; Chen et al. 1999).

Interestingly, a possible mechanism at the basis of the neuroprotective effects of
AsAAR antagonists may reside in blockade of A;p AR-mediated glutamate release
by astrocytes.

Adenosine causes a two- to threefold increase in glutamate release from cultured
hippocampal astrocytes (Nishizaki et al. 2002; Nishizaki 2004). Such an effect is
mimicked by the Aa AR agonist CGS21680 and inhibited by the Ao AR antag-
onist 3,7-dimethyl-1-propargylxanthine (DMPX), but not by the A;AR antagonist
8-cyclopentyltheophylline (8-CPT) (Li et al. 2001; Nishizaki et al. 2002). These
observations suggest that adenosine stimulates vesicular glutamate release from as-
trocytes via AppAR. This agrees with recent findings demonstrating that the Apa
receptor antagonist ZM241385 (5nM via probe) completely prevents the increase
in extracellular glutamate outflow induced by dihydrokainic acid, a blocker of glial
glutamate uptake (Pintor et al. 2004).

More recently, however, the equation Aza receptor blockade = neuroprotection
has appeared too simplistic (in this respect, see Popoli et al. 2007). First, it is now
definitely clear that, besides mediating “bad” responses (for example, stimulation of
glutamate outflow and excessive glial activation), Ao ARs also promote “good” re-
sponses (such as trophic and anti-inflammatory effects). This implies that blockade
of A»aAAR can result in either protoxic or neuroprotective effects according to the
mechanisms involved in a given experimental model.
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Confirmation that AppoAR activation could be neuroprotective came with the
development of more selective compounds. Thus, ZM241385 is highly selective
for ApAAR, with an approximately 80-fold greater affinity at Apo AR compared
with AppAR. It has an affinity for Ao AR that is around 1,000 times greater than
for AjAR (Palmer et al. 1995). When examined for its ability to protect the CNS
against kainic acid, ZM241385 was as effective as the agonist ligand CGS21680. In-
deed, the agonist and antagonist together produced a synergistic protection leading
to the complete protection of hippocampal neurones (Jones et al. 1998a, b).

To explain these puzzling results, several hypotheses have been invoked, includ-
ing different degrees of presynaptic versus postsynaptic Az receptor blockade. The
question of presynaptic versus postsynaptic sites of action of App AR has been ex-
plored by Blum et al. (2003a), with the conclusion that the overall response will
depend on the balance of involvement of the former, at which A, AR activation
appears to be deleterious, whereas Ay AR stimulation is protective at postsynaptic
sites. In line with this hypothesis, the increase in intracellular calcium levels induced
by quinolinic acid in striatal neurons (an effect mediated by postsynaptic NMDA
receptors) is significantly potentiated by the App AR antagonist 7-(2-phenylethyl)-
5-amino-2-(2-furyl)-pyrazolo-[4,3-¢]-1,2,4-triazolo[ 1,5-c]-pyrimidine (SCH58261)
and prevented by the Axa AR agonist CGS21680 (Popoli et al. 2002). In agreement,
CGS-21680 was reported to reduce NMDA currents in striatal neurons (Norenberg
et al. 1997; Wirkner et al. 2000). Moreover, ZM241385 potentiated NMDA-induced
effects in rat corticostriatal slices (Tebano et al. 2004), and the Aypo AR antagonist
CSC potentiated NMDA -induced toxicity in the hippocampus (Robledo et al. 1999).
Thus, as far as NMDA-dependent toxicity is concerned, it seems that Ao AR acti-
vation, rather than its blockade, can exert neuroprotective effects.

However, the activity of Apa AR antagonists on the “postsynaptic side” of excito-
toxicity appears to be far more problematic. At variance from protective receptors on
postsynaptic neuronal cells, postsynaptic App ARs localized on microglial inflam-
matory cells might play a detrimental role. In addition, Aypo ARs expressed by bone
marrow-derived cells have been proposed as potential contributors to striatal dam-
age induced by mitochondrial dysfunctions in Huntington’s and Parkinson’s disease
(Huang et al. 2006), as was previously suggested in the ischemic context (Yu et al.
2004). In accordance with these findings, in an established in vitro model of reac-
tive astrogliosis, blockade of Axa ARs abolished growth-factor mediated astrocytic
activation, an event that may potentially contribute to inflammation and neuronal
damage in neurodegenerative diseases (Brambilla et al. 2003).

Finally, A ARs can mediate neuroprotection by potentiating brain-derived neu-
rotrophic factor (BDNF) survival signaling pathways. The first link between BDNF
and adenosine was provided in 2001, with the demonstration that the activation
of tropomyosin-related kinase (Trk)A receptors in PC12 cells and TrkB in hip-
pocampal neurons could be obtained in the absence of neurotrophins by treat-
ment with adenosine (Lee and Chao 2001). These effects were reproduced by
using the adenosine agonist CGS21680 and were counteracted with the antag-
onist ZM?241385, indicating that this transactivation by adenosine involves the
A2a AR subtype. At hippocampal synapses, presynaptic activity-dependent release
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of adenosine, through the activation of AysAR, facilitates BDNF modulation of
synaptic transmission (for a review, see: Popoli et al. 2007). A similar positive in-
teraction has more recently been confirmed to occur at the neuromuscular junction,
which possesses both adenosine Ayp AR and BDNF TrkB receptors. The following
sequence of events in what concerns cooperativity between A4 AR and TrkB re-
ceptors has been suggested: Ayp ARs activate the PKA pathway, which promotes
the action of BDNF through TrkB receptors coupled to PLCy, leading to the en-
hancement of neuromuscular transmission (Pousinha et al. 2006; see also below).
Preliminary data indicate that Ay ARs also regulate BDNF levels in the striatum.
The importance of Ao AR in regulating BDNF has recently been strengthened by
the demonstration that both BDNF levels and functions are significantly reduced in
the brains of A;a AR knockout (KO) mice (Popoli et al. 2007).

The possible detrimental/beneficial effects elicited by AzaAR activation or
blockade on different brain cell populations are summarized in Fig. 1.
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Fig. 1 Schematic representation of the possible effects elicited by Ajs adenosine receptor (AR)
activation or blockade on different brain cell populations. In the presynaptic neurons, Asa AR
blockade may exert beneficial effects through the inhibition of glutamate release. In the postsy-
naptic neurons, adenosine Aya ARs inhibit N-methyl-D-aspartate (NMDA) receptor currents and
activate tropomyosin-related kinase (Trk)B receptors, both being potentially beneficial effects.
The picture is further complicated by the different effects elicited by the stimulation or blockade
of AxpaARs expressed on non-neuronal cells. In astrocytes, Axpa AR stimulation can induce both
deleterious effects by an increase in glutamate outflow (for a more detailed description of the
effects elicited by Axa ARs on glial-mediated modulation of glutamate outflow, see the main text),
and beneficial effects through an inhibition of nitric oxide (NO) and tumor necrosis factor alpha
(TNF-) release. This latter beneficial effect has been observed also in microglial cells, although
the stimulation of Aya ARs can also induce potentially deleterious effects on this cell population
(see also Saura et al. 2005). Finally, in bone marrow-derived cells, it seems to be the blockade of
Aoa ARs that, through the reduction of cytokine release, can induce beneficial effects. Reproduced
and modified from Popoli et al. (2007) with permission from Elsevier
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3.3 Ajp Adenosine Receptors and Neuroprotection

Far less is known about the role of AsgARs in neuroprotection compared to that
of Aj and of AypoARs. As already mentioned, expression of Asg ARs on glial cells
and their lower affinity for adenosine suggests a role under emergency conditions
(when adenosine levels are massively increased) in mediating long-term inflamma-
tory changes. In line with this hypothesis, Ao ARs were found to synergize with the
proinflammatory cytokine TNF-a in mediating the induction of reactive astrogliosis
(see Trincavelli et al. 2004).

3.4 Az Adenosine Receptors and Neuroprotection

A dual, biphasic role of A3AR in neuroprotection has been described in several
experimental models, both in vivo and in vitro. In fact, von Lubitz et al. clearly
demonstrated that an acute administration of the A3AR selective agonist N 6.(3-
iodobenzyl)adenosine-5'-N-methyluronamide (IB-MECA) to gerbils dramatically
worsened the outcome of a subsequent ischemic episode, whereas chronic stimu-
lation of this receptor subtype protected the animals from stroke, probably through
the induction of preconditioning (von Lubitz et al. 1999b; see also below). The
protective action of A3AR agonists against ischemic damage has been recently
confirmed by Chen et al. (2006), who also showed that neuroprotection was com-
pletely lost in Az knockout mice, thus demonstrating the specific involvement of
this receptor subtype. Similar results have been obtained in in vitro models. In
fact, in non-neuronal cells, low concentrations of the Az3AR agonist 2-chloro-N 6.
(3-iodobenzyl)adenosine-5'- N-methyluronamide (CI-IB-MECA;10nM or 1 uM)
protected against the cell death induced by selective antagonists at this receptor sub-
type (Yao et al. 1997). Thus, it is suggested that there is a tonic low level of A3AR
activation, possibly induced by the release of endogenous adenosine, which results
in cell protection. Protection by CI-IB-MECA against cell death has been also
demonstrated in primary cortical cultures subjected to oxygen—glucose deprivation
(Chen et al. 2006). Opposite toxic effects can be achieved when concentrations of
agonists>10 uM are used. This has been proven true in several non-neuronal cell
lines, with induction of apoptosis and Bak expression (Yao et al. 1997), but also in
rat cerebellar granule cells (Sei et al. 1997) and in astrocytic cultures (Abbracchio
et al. 1998; Di Iorio et al. 2002), where the reduction of the Bcl-2 expression and
the activation of the proapoptotic enzyme caspase 3 by CI-IB-MECA have been
demonstrated (Appel et al. 2001).

3.5 Adenosine Receptors and Therapeutic Possibilities

These various findings have aroused great interest in the search for new drugs
that could be used to slow or prevent the neuronal damage that characterizes
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neurodegenerative conditions such as Alzheimer’s disease, Parkinson’s disease, and
Huntington’s disease. That interest is attributable not only to the efficacy of the
compounds available, but also to the fact that they should be relatively free of ma-
jor side effects. Whereas the use of AjAR agonists would lead to a suppression of
transmitter release at many sites within the central and peripheral nervous system,
whatever the physiopathological state of those sites, A»4 AR antagonists should only
produce effects when the receptors are being activated by endogenous adenosine. In
practice, this means that Apo AR antagonists have little effect on heart rate, blood
pressure, or other vital signs under normal conditions. During ischemia in the brain,
however, the levels of adenosine may rise to levels at which AypA AR are activated.
Stimulation of Axa AR increases the release of the excitotoxic amino acid glutamate
(O’Regan et al. 1992; Popoli et al. 1995), which would tend to cause or facilitate
the occurrence of damage. Under these circumstances, Axa AR antagonists should
reduce the enhanced release of glutamate and thus decrease the extent of neuronal
damage. Their beneficial activity would therefore be restricted to those areas of the
brain experiencing ischemia, with little or no effect on other areas of the brain or
peripheral tissues.

A particularly exciting aspect of Axa AR protection is that it may contribute to the
long-term benefits of treating patients with Parkinson’s disease with Aja receptor
antagonists. It is clear that Aoo ARs potently modulate cell sensitivity to dopamine
receptors, accounting for the beneficial effects of adenosine antagonists in this dis-
ease (Mally and Stone 1994, 1996, 1998). This phenomenon has led to clinical
trials with Apa AR antagonists in Parkinson’s disease with promising, though as-yet
unpublished, results. In lower primates, Appo AR antagonists are certainly effective
against toxin-induced models of the disorder (Kanda et al. 1998; Grondin et al.
1999). The occurrence of protection has been supported strongly by the demonstra-
tion that MPTP was able to produce little damage in transgenic mice engineered to
be deficient in Axo AR (Ongini et al. 2001).

As noted earlier, the protective effect of Ayo AR antagonists may be the result
of their removal of the Aya AR suppression of AjAR (Jones et al. 1998a, b; Pedata
et al. 2001). Since there is clear evidence that AjAR activation is protective, this
interaction would explain both the protection by A;a AR antagonists and the block-
ade of that protection by A AR antagonists (Jones et al. 1998a, b). Aj AR activation
suppresses excitatory transmitter amino acid release, as does blockade of Axa AR
by CGS15943 (Simpson et al. 1992), whereas blockade of AjAR or activation of
AsA AR enhances the release.

3.6 Molecular Basis of Neuroprotection

There has to date been little progress in identifying the molecular basis of the
neuroprotective activity of adenosine receptors, quite apart from identifying the
relative importance of neurons and glia in neuroprotection. Staurosporine is a well-
recognized activator of apoptosis, and in many cells, including astrocytes, this
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activity is accompanied by caspase 3, p38 mitogen-activated protein kinase (MAPK)
and glycogen synthase kinase 33 (GSK3p) activation (D’ Alimonte et al. 2007). The
induction of apoptosis can be prevented by CCPA at A; receptor-selective concen-
trations that are blocked by DPCPX. In addition, these authors noted that CCPA
induced the phosphorylative activation of Akt and thus activation of phosphatidyli-
nositol 3-kinase (PI3K), leading to the proposal that this action caused inhibition of
the staurosporine effects. The same group has reported a similarly protective action
of CCPA against astrocyte apoptosis induced by the quasi-ischemic procedure of
oxygen/glucose deprivation (Ciccarelli et al. 2007). Abnormalities in both the p38
and GSK3p pathways have been implicated in the neuronal damage following acute
(stroke) and chronic (Alzheimer’s disease) neurodegenerative conditions, so that the
modulation of adenosine A; receptor function may have a more fundamental and
direct relevance to cell protection in these cases than merely a global influence on
cell excitability or transmitter release. Protection was again accompanied by activa-
tion of PI3K. Pharmacological modifiers of apoptosis led to the overall conclusion
that A receptor activation protects by activating the PI3K and extracellular signal-
regulated kinase 1 and 2 (ERK1/2) MAPK pathways.

Some of the mechanisms at the basis of Ayp AR-mediated neuroprotection have
already been described above (see Sect. 3.2). In addition, part of the neuroprotective
effects of AyoAR may stem from the reduction of nitric oxide production. Saura
et al. (2005) reported that CGS21680 potentiated the lipolysaccharide-induced
increase of NOS expression and NO production in mixed neuron/glial cultures,
whereas ZM?241385 blocked the effect. Similarly, Fiebich et al. (1996b) have shown
that the activation of Aypo AR can induce the expression of COX-2, a key proinflam-
matory molecule giving rise to eicosanoids and, indirectly, to increased oxidative
stress. The AppA AR antagonists could therefore suppress this expression as part of
their neuroprotective mechanism (in this respect, see also Sect. 3.6).

The mechanisms underlying the protective effects exerted by low doses of A3AR
agonists have not been clearly understood. In an in vivo model of ischemia, pro-
tection by IB-MECA appears to be associated with preservation of cytoskeletal
proteins (such as microtubule-associated protein) and increased deposition of glial
fibrillary acidic protein in injured areas (von Lubitz et al. 1999b). This would accord
with studies in vitro, using glial cultures, in which CI-IB-MECA induced a number
of cytoskeletal changes with the formation of actin filaments (the so-called “stress
fibers”) accompanied by alterations of cell morphology, such as the emission of long
and thick processes in parallel with the alteration of cytoskeletal-associated RhoGT-
Pases (Abbracchio et al. 1997). These changes resulted in a significant reduction of
spontaneous apoptosis in culture (Abbracchio et al. 1998), suggesting that astro-
cytes exposed to nanomolar concentrations of A3AR agonists are more resistant to
cell death, probably due to increased adherence to the culture substrate. Therefore,
it can be envisaged that neuroprotection observed in vivo could (at least in part) be
due to the beneficial effects of A3AR agonists on astrocytes, which might in turn
help neurons to survive the ischemic episode.
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3.7 Trophic Activity

It is possible that an important feature of adenosine receptor activation or blockade
contributing to the regulation of neuronal and glial function and viability is the abil-
ity of these receptors to directly influence the growth and development of nerve and
glial cells. Much of this work has been performed and reviewed by Rathbone et al.
(1992, 1999). Both A1 and AyAARs can promote neuritogenesis in neuroblastoma
cells, the AxoAR acting via PKA (Canals et al. 2005). Trophic effects are exerted
by A2aARs via a positive synergistic interaction with BDNF prosurvival pathways
(see above). This interaction occurred through activation of PI3K/Akt via a Trk-
dependent mechanism, resulting in increased cell survival after nerve growth factor
or brain-derived neurotrophic factor withdrawal.

The ability of adenosine to mediate trophic effects via activation of its receptors
presents yet another factor to be considered in using adenosine ligands therapeuti-
cally, since antagonists might inhibit a valuable degree of structural reorganization
and recovery following a brain insult or limit the degree of damage produced in a
degenerative disorder.

4 Aging and Alzheimer’s Disease

4.1 Changes of Adenosine Receptors with Aging

Since ARs can modify the neural release and actions of acetylcholine, one of the
neurotransmitters most intimately associated with the loss of cortical afferent neu-
rons arising from the nucleus basalis of Meynert, and therefore the transmitter most
commonly linked to the development of Alzheimer’s disease, they have attracted
some attention in relation to dementias.

It is interesting to compare the range of studies that have examined adenosine
receptors during the normal aging process with those that have concentrated selec-
tively on changes found in the brains of patients with dementias. Animal studies
to date have centered largely on AjAR presence and distribution in view of their
ability to inhibit transmitter release. Reports of alterations with ageing have been
confusing, no doubt (at least in part) due to the differing choices of species, brain
region, methodology and ligands employed. Some groups have reported clear de-
creases in Aj AR binding in limited regions of animal brain (Araki et al. 1993; Cunha
et al. 1995), whereas others have found more generalized losses (Pagonopoulou and
Angelatou 1992) or no change (Virus et al. 1984; Hara et al. 1992; Fredholm et al.
1998) with aging. In one of the earliest of these studies, the loss of a low-affinity
subtype of AjAR was described (Corradetti et al. 1984), although binding was ex-
amined using an agonist ligand, and the pharmacological tools to explore the nature
of the receptor in more detail were not yet available. A later study using gerbils
classified as “middle aged” (16 months old), and which may not therefore have
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direct relevance for neurodegeneration in the elderly, found significant reductions
of A1AR density in the hippocampus compared with young animals (1 month old),
whereas increased binding was found in the neocortex (Araki et al. 1993). When
changes in the presence of AjAR were studied using quantitative autoradiography
in the brains of young, old, and senescent rats (3, 24, or 30 months), the density of
receptors diminished with age, although the dynamics of that reduction were very
different in the various brain regions examined. Thus, while a gradual decline in
receptor numbers was seen in hippocampus, cortical sites were lost only after 24
months of age (Meerlo et al. 2004). Fredholm et al. (1998) noted that, while they
could find no change in receptor binding, mRNA for the AjAR was decreased in
aging rats, a finding which emphasizes the importance for interpretation of examin-
ing the receptor message as well as the protein and, ideally, a measure of receptor
function.

Results with A4 ARs have been more consistent, usually indicating a reduction
in receptor binding in regions of high density such as striatum (Fredholm et al.
1998). Although these changes were statistically significant, the limited magnitude
of the change (20% decrease between 6 and 99 weeks of age) leaves open the ques-
tion of the functional meaning of that change in the light of the innate adaptive
plasticity of the brain.

No data on the possible changes of A3 AR with age are available at the moment.

4.2 Alterations of Adenosine Receptors in Alzheimer’s Patients

The examination of human brain tissue from patients who died with a confirmed
diagnosis of Alzheimer’s disease seems to consistently show a loss of AjAR (Jansen
et al. 1990; Kalaria et al. 1990; Ulas et al. 1993; Deckert et al. 1998), especially and
most clearly in the hippocampus, a region of the brain most intimately involved in
the processes of learning and memory.

Jansen et al. (1990) described a decrease in receptor densities for several neuroac-
tive compounds in post-mortem tissue from Alzheimer’s disease patients. Losses
were found in receptors for most of these, including adenosine A;ARs, which were
reduced by 46% in the dentate gyrus. An autoradiographic study using DPCPX
as a ligand also reported marked decreases in AjAR binding in the outer layers
of the dentate gyrus, probably reflecting the loss of perforant path input (Jaarsma
et al. 1991). The surprising observation was made that the CA1 and CA3 regions
showed no loss of AjAR, despite clear cellular degeneration and reduced numbers
of NMDA receptors. Although the difference was attributed to a dendritic location
of the A1 AR, the recognized association of Aj AR with presynaptic terminals leaves
open the question of whether the perforant path is far more profoundly affected by
degeneration than intrinsic hippocampal fibers.

Ulas et al. (1993) also found a similar decrease in A receptor binding in the hip-
pocampus and parahippocampal gyrus of Alzheimer individuals and age-matched
controls, with a loss of binding density, though not affinity, in the dentate gyrus
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(molecular layer). However, decreases were also seen in the CAl stratum oriens
and outer layers of the para-hippocampal gyrus, with subnormal levels of antago-
nist binding in the CA3 region. Coupling to G proteins was similar in the control
and patient populations, indicating a normal transduction pathway for the remaining
receptors.

Striatal AjARs are also decreased in patients with Alzheimer’s disease. Quan-
titative autoradiography in the post-mortem striatum indicated a reduction of Aj-
binding sites in Alzheimer’s disease patients compared with matched controls. No
comparable change of another presynaptic site, that for kappa opiate receptors, was
noted, but the loss of Aj AR showed a strong correlation with the decreased activity
of choline acetyltransferase measured in the same tissue samples (Ikeda et al. 1993).
In contrast, the levels of AjAR and Ay ARs appear to be increased in the frontal cor-
tex, in parallel with an increased functional activity of these receptors (Albasanz
et al. 2008).

In a fascinating analysis of post-mortem neocortical and hippocampal tissue
from patients with Alzheimer’s disease, Angulo et al. (2003) reported a signifi-
cant colocalization of AjAR with B-amyloid in senile plaques. They also showed
that, in human neuroblastoma cells, activation of AjAR activated PKC, p21 Ras
and ERK1/2, leading to increased formation of soluble B-amyloid fragments, rais-
ing the possibility that agonists at AjAR might be valuable drugs in the treatment
of established or late-stage Alzheimer’s disease.

4.3 Adenosine Receptors and Cognition

In considering both the possible role of adenosine receptors in the symptomatology
of Alzheimer’s disease, and the potential value of adenosine ligands in treatment, it
is clearly important to consider not only histologically or functionally defined neu-
ronal damage but also the reflection of that damage at the behavioral level, especially
for cognition.

There is increasing epidemiological evidence for a role of adenosine receptors
in cognitive decline with aging. Much of this evidence relates to the use of coffee,
which, in several recent studies, has been concluded to produce a protective ef-
fect against the cognitive decline in Alzheimer’s disease (van Gelder et al. 2007,
Quintana et al. 2007). It is clear, however, that the variations in methodology be-
tween studies rather confuse attempts to compare results. It is also clear that the
relationship between coffee and cognition is not simple, with major questions re-
maining, such as the role of caffeine versus other constituents of the brew, and the
existence of an optimal coffee intake, above and below which cognitive decline may
be enhanced.

Despite this caveat, studies specifically focused on caffeine have reached similar
conclusions. The risk of developing Alzheimer’s disease, for example, is inversely
related to caffeine consumption (Maia and de Mendonca 2002). Both caffeine and
7ZM?241385 prevent the neuronal toxicity caused by B-amyloid peptide in vitro or in
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vivo (Dall’Igna et al. 2003, 2007). Caffeine was also effective in the Swedish muta-
tion transgenic mouse model of Alzheimer’s disease, in which cognitive deficits are
associated with the induced overexpression of -amyloid in the brain. Caffeine was
able to reduce the f-amyloid load and behavioral indications of cognitive impair-
ment in these mice (Arendash et al. 2006). Associated proteins such as presenilin 1
and B-secretase were also reduced. Confirmation that these effects were likely to be
a direct result of actions on the neurons rather than glia or peripheral mechanisms
was obtained by showing a similar reduction of B-amyloid formation in neuronal
cultures with the same mutation.

Psychological studies have investigated the effects of caffeine on a range of be-
haviors in human subjects, including vigilance and aspects of learning, as well as
in a variety of modified states, including subject age, frequency of caffeine use,
level of tolerance or withdrawal, and state of sleep deprivation. However, the rel-
evant doses and their molecular mechanism of action often remain unproven. In
a representative study, Riedel et al. (1995) noted that, in healthy subjects, 250 mg
of caffeine reduced the scopolamine-induced performance deficit in memory tasks.
The provocative conclusion was drawn that any cognition-enhancing drug being
considered for therapeutic use should be shown to be at least as active as this dose
of caffeine: an amount equivalent to only three cups of coffee. Results of the many
studies on caffeine are, however, often confusing. In one study of almost 1,000 peo-
ple, it was reported that the consumption of (caffeinated) coffee was associated with
improved cognitive performance in women, especially those aged over 80 years, but
not men. A possible attribution of this finding to caffeine was made on the basis that
decaffeinated coffee seemed to have no influence on cognitive function (Johnson-
Kozlow et al. 2002).

It seems likely that the effects of adenosine antagonists, especially the nonselec-
tive ones such as caffeine, may have quite subtle effects on learning. Angelucci et al.
(2002) suggested that this was due to an effect to improve memory retention, with
less or no effect on memory acquisition, while Hauber and Bareiss (2001) showed
an improvement by theophylline of spatial reference memory when acquisition was
achieved under light conditions, but not in the dark.

Whereas most studies have found that agonists at A;ARs tend to impair learn-
ing and memory function (Normile and Barraco 1991; Zarrindast and Shafaghi
1994; Corodimas and Tomita 2001), there are occasional reports of learning fa-
cilitation or improvement after the acute (Hooper et al. 1996) or chronic (von
Lubitz et al. 1993) administration of an agonist. Antagonists have clear ability
to enhance cognition and to reverse induced cognitive deficits. One of the earli-
est studies on animal learning used the compound RS-(—)-8-(3-oxocyclopentyl)-
1,3-dipropyl-7 H -purine-2,6-dione (KFM19), an AjAR antagonist, which showed
cognition-enhancing properties in a rat model (Schingnitz et al. 1991). In a more
recent study of olfactory discrimination and social memory in rats, Prediger et al.
(2005) demonstrated that deficits in the behaviors of both 12- and 18-month-old
animals could be prevented by caffeine or ZM241385. Interestingly, Aj AR block-
ade by DPCPX was ineffective. Similarly, DPCPX was reported not to affect the
acquisition of a shock-induced avoidance task, even though caffeine, or a selective
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AsAAR antagonist, did so (Kopf et al. 1999). It is important to note, however, that
knockout studies have not been consistent with many of the pharmacological stud-
ies using antagonists. Thus, mice lacking A AR exhibited normal learning of spatial
tasks in the water maze (Gimenez-Llort et al. 2002).

Maemoto et al. (2004) have also shown recently that a new A AR-selective an-
tagonist, FR194921 (2-(1-methyl-4-piperidinyl)-6-(2-phenylpyrazolo[ 1,5-a]pyridin-
3-y1)-3(2H)-pyridazinone) was able to reverse scopolamine-induced deficits on a
passive avoidance test, with little effect on behavioral paradigms related to anxi-
ety and depression. Pitsikas and Borsini (1997) obtained similar results using the
A1AR antagonist S-(—)-8-(3-oxocyclopentyl)-1,3-dipropyl-7 H -purine-2,6-dione
(BITP20). A number of detailed structure—activity studies have attempted to define
the molecular requirements of AjAR antagonism that are needed for cognition
enhancement (Suzuki et al. 1993).

Few studies have been performed using Ay or A3 AR ligands in human subjects.
Most recently, a specific relationship between Aza AR and Alzheimer’s disease was
reported by Scatena et al. (2007). The administration of SCH58261 to mice in which
B-amyloid (25-35) peptide was delivered into the cerebral ventricles was found
able to prevent the subsequent neuronal loss, raising the possibility of reversing
the neuronal loss in Alzheimer’s disease that is attributable to B-amyloid accumula-
tion. This is particularly interesting in relation to the report, described above, of the
colocalization of AjAR with 3 -amyloid in senile plaques and the ability of AjAR
to increase the formation of soluble B-amyloid fragments. Since there are several
strands of evidence that Ao AR can inhibit the activation of A{AR (Cunha et al.
1994; Dixon et al. 1997; O’Kane and Stone 1998), it is possible that the effect of
SCHS58261 is the result of removing an Ay AR-mediated suppression of AjAR,
unmasking the protective efficacy of AjARs.

Part of the difficulty in accounting for the detailed mechanism of Ao AR an-
tagonist protection lies in the fact that modulation of Ays AR results in a plethora
of actions, many of which are in functional opposition to each other. Thus, while
AxAAR agonists promote glutamate release (Sebastiao and Ribeiro 1996) and an-
tagonists should therefore have a valuable action in suppressing excessive release
(see also Sect. 3.2), the opposite applies to the inflammatory cytokines. Activation of
Az AR inhibits both the initial calcium influx and the subsequent release of TNF-o
induced by various stimuli, including the neurotoxic HIV protein Tat (Fotheringham
et al. 2004). Blockade of A>s AR should therefore increase the release of TNF-o
and, presumably, related proinflammatory cytokines, thus potentially increasing cell
damage. Perhaps the net neuroprotective effects of A4 AR blockade are a complex
result of pro- and anti-inflammatory activities, at least some of which may be time
dependent, determined by whether the antagonists are present acutely or chronically.

The A3AR agonist IB-MECA appeared to have little effect alone on measures
of learning using simple tests such as spontaneous alternation and passive avoid-
ance. However, this compound did prevent the deficits in these behaviors induced
by scopolamine or dizocilpine (Rubaj et al. 2003).



558 T.W. Stone et al.

4.4 The Enigma of Propentofylline

The xanthine derivative propentofylline has been the subject of research for almost
20 years, yet in many respects it remains an enigma. It is also an enigma that re-
quires decoding, since its activity may have significance for understanding the role
of adenosine receptors in health and disease. Propentofylline is a weak antagonist at
adenosine receptors. Its main actions seem to be an inhibition of adenosine uptake
into cells, resulting in increased extracellular concentrations, and an inhibition of
cyclic AMP phosphodiesterases. But at the level of the behaving animal, its overall
effect is to promote cognitive function. Propentofylline has been shown to protect
against cerebral ischemia in gerbils (Dux et al. 1990).

Even in humans, this compound is an effective cognition enhancer (Noble and
Wagstaff 1997), and has been found to improve cognitive function in patients with
vascular dementias (Mielke et al. 1996a, b). In animal models of Alzheimer’s dis-
ease, it has been shown to prevent the cognitive impairment caused by intracerebral
administration of B-amyloid (1-40) (Yamada et al. 1998). This effect was attributed
to the promotion of nerve growth factor (NGF) production, which raises further
questions about the relationship between this hypothesis and the activation of adeno-
sine receptors. One possibility is that raised extracellular adenosine levels activate
AsaAR, and these in turn, as shown by Heese et al. (1997), then promote the gen-
eration of NGF and other neurotrophins. The balance of activation of adenosine
receptors could be tipped from AjAR to AppAAR activation by virtue of the in-
hibitory effect of propentofylline on phosphodiesterase (Schubert et al. 1997). This
hypothesis would be consistent with the fact that propentofylline is able to suppress
TNF-a production (Meiners et al. 2004), an action that could be mediated partly via
the activation (direct or indirect) of Aya AR.

There may also be more direct influences of propentofylline on microglial cells
which regulate their degree of inflammatory activity (McRae et al. 1994; Schubert
et al. 1996; Rudolphi and Schubert 1997), though the extent to which adenosine
receptors might be involved in this also remains unclear. Some of these effects are
almost certainly mediated via changes in calcium dynamics within neurons and glia
(McLarnon et al. 2005).

4.5 Adenosine, Homocysteinuria and Alzheimer’s Disease

Homocysteinuria has been widely linked to vascular abnormalities leading, directly
or indirectly, to the compromise of neuronal function and cognitive dysfunction
seen in vascular dementia and Alzheimer’s disease, and there have been suggestions
that a deficiency of adenosine may contribute to the neurological manifestations of
increased homocysteine levels. One of the consequences of raised extracellular ho-
mocysteine is a parallel reduction of adenosine concentrations, possibly resulting
from the formation of S-adenosylhomocysteine (SAH). A strong negative correla-
tion between plasma levels of the two compounds has been recorded in Alzheimer’s
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disease patients (Selley 2004). It is possible, therefore, that a raised homocysteine
level could induce a fall of adenosine concentrations to the extent that activation of
protective receptors, including A; and Ayp ARs, is compromised.

4.6 Genetic Studies

In an attempt to assess the possible relevance to Alzheimer’s disease of mutations
in the Ay receptor gene, Liu et al. (2005) have examined 174 patients and 141 con-
trols for the presence of the 1976 T>C polymorphism. No significant differences
were noted in the genotype distribution or allelic frequency of this molecule, imply-
ing that a change of Axa AR function characterized by this mutation was not likely
to be a major contributor to the Alzheimer’s disease susceptibility. However, the
numbers of patients are not high for this type of study, and there may be alternative
polymorphisms that are more relevant.

5 Creutzfeldt—Jakob Disease

Creutzfeldt-Jakob disease (CJD) is one of the prion diseases, characterized by the
presence of protease-resistant prion protein within the brain parenchyma, leading to
neuronal degeneration, motor impairment and ultimately death. CJD is often consid-
ered to be the human equivalent of scrapie, a disease primarily of sheep and related
animals, and bovine spongiform encephalopathy (BSE) in cattle. The involvement
of transmitters and other endogenous neural molecules in the development of prion-
induced brain damage has received rather little attention, other than a degree of focus
on glutamate and its receptor subtypes. However, Rodriguez et al. (2006) have ex-
amined the levels of adenosine A1 AR in the neocortex of 12 patients with CJD and
six age-matched controls. Elevated numbers of AjAR were identified in the patient
group, together with increased receptor activity in cyclic AMP assays but normal
levels of mRNA, suggesting increased receptor efficacy together with a possible
decrease in the rate of receptor turnover.

When similar measurements were made in mice expressing bovine BSE prion
protein, a similar increase in AjAR number in the brain occurred in parallel with
the appearance of prion protein and the development of motor symptoms (Rodriguez
et al. 2006). A simplistic interpretation of these data would be consistent with an up-
regulation of AjAR function as a protective adaptation to the potentially injurious
prion protein. However, it will be important to assess how the changes in AjARs
compare with changes in other purine receptors, purine transporters and purine
metabolic enzymes, in addition to other ARs and other neuroactive substances, be-
fore a significant role of AjARs can be considered in isolation.
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6 Lesch-Nyhan Syndrome

Lesch—Nyhan syndrome (LNS) is the result of an X-linked deficiency of
hypoxanthine—guanine phosphoribosyltransferase (HGPRT). The lack of this major
purine salvage enzyme results in high levels of hypoxanthine and uric acid, the lat-
ter producing a range of consequences in peripheral tissues, such as gouty arthritis
and nephrolithiasis. In some cases, especially those with a complete absence of
enzyme activity, there is also involvement of the CNS, with mental retardation and
self-mutilation. Since the realization that the latter behavior could be induced by
the administration of high doses of caffeine, the question has arisen of whether the
various behavioral symptoms are due to a lack of adenosine or its receptors. To date,
in spite of the increased de novo synthesis of purines, there is little evidence for any
abnormality of adenosine levels or function, but it has been found that hypoxanthine
can inhibit adenosine uptake. Levels of hypoxanthine comparable with those found
in LNS patients suppress the equilibrative nucleoside transporters in human leuco-
cytes, whether they are sensitive or not to nitrobenzylthioinosine (NBTI) (Torres
et al. 2004; Prior et al. 2006). An examination of ARs in a mouse HGPRT knockout
model of LNS has revealed an increase in the expression of AjAR and a decrease
of ApA AR in the brain (Bertelli et al. 2006). What remains unclear is whether these
receptor changes are induced by the alterations of adenosine uptake, and whether
either of these phenomena can account for any of the behavioral symptoms in mouse
models or human patients.

7 Multiple Sclerosis

Multiple sclerosis (MS) is an autoimmune disorder that results in damage to areas
of the CNS. It has been widely considered that the primary site of damage is the
oligodendrocyte and myelin sheath surrounding central axons, but more recent work
is beginning to indicate a significant involvement of neuronal damage, produced
either directly by autoantibodies or occurring secondary to the loss of myelin.

The various adenosine receptors are effective modulators of cytokine release
from immune-competent cells (Hasko and Cronstein 2004; Bours et al. 2006; Hasko
et al. 2007). Adenosine levels in the blood of MS patients are lower than in con-
trols (Mayne et al. 1999), raising the possibility that this could contribute to the
induction of an autoimmune attack. The actions of adenosine on blood mononu-
clear cells also differ between patients and controls. Both groups of cells release
similar amounts of the proinflammatory cytokines TNF-o and IL-6 in the resting
state, but when activated, the increased production of TNF- is reduced by AjAR
activation in controls but not patients with MS. Conversely, A;ARs inhibit IL-6
but not TNF-o release in patients (Mayne et al. 1999). Both results are consistent
with an apparently lower Aj AR density in cells from MS patients (Johnston et al.
2001). These data are also reflected in transgenic mice lacking A; AR, which show
a marked propensity to develop experimental allergic encephalomyelitis (EAE), a
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condition widely recognized as the murine equivalent of MS (Tsutsui et al. 2004).
The signs and symptoms of EAE develop in parallel with increased production of
proinflammatory cytokines, consistent with the inhibitory activity of AjAR activa-
tion in monocytes from control humans.

Some of this work may be translated into therapeutic application, since methylth-
ioadenosine has now been shown to not only suppress proinflammatory cytokine
production by human white blood cells but also prevent and reverse EAE in animals
(Moreno et al. 2006). These effects were attributed to an interference with the activa-
tion of the nuclear transcription factor NF-kB, and the involvement of AR activation
of blockade was left open. Nevertheless, the potential implications of this activity of
methylthioadenosine on MS treatment will no doubt encourage much further work
on its molecular basis.

8 Huntington’s Disease

Huntington’s disease (HD) is an inherited neurodegenerative disease caused by loss
of neurons in the striatum—especially medium spiny neurons containing GABA
and enkephalin—and cortex. These changes result in motor abnormalities such as
chorea, with the development of mental and psychological deterioration. The molec-
ular origin of the degeneration has been ascribed to the production of an abnormal
form of the protein huntingtin, in which an extended polyglutamine sequence (CAG
triplets at the gene level) occurs.

Among the earliest proposals for the mechanism of neurodegeneration in HD
was that excessive stimulation of glutamate receptors could be responsible for neu-
ronal damage and death (Coyle and Schwarcz 1976; Lipton and Rosenberg 1994).
Indeed, a large number of studies have demonstrated that overactivation of NMDA
receptors in particular can produce many of the symptoms of HD in animals. The
most effective agonist in this regard is quinolinic acid (Stone 2001), an endogenous
metabolite of tryptophan that, unlike glutamate itself, is a selective agonist at the
NMDA receptors (Stone and Perkins 1981; Stone and Darlington 2002). Admin-
istration of quinolinic acid into the striatum produces chronic neurodegeneration,
which reproduces many of the electrophysiological, histological, motor and other
behavioral symptoms of human HD (Beal et al. 1986, 1991; Ferrante et al. 1993;
Popoli et al. 1994, 2002). Since ARs are important regulators of glutamate-mediated
neurotransmission, there have been many suggestions that adenosine may be rel-
evant to understanding HD, either as a key to the underlying cellular actions of
huntingtin, and thus the molecular basis of the disorder, or as a means to treat the
development or progress of the condition.

A second major hypothesis is that mutant huntingtin induces changes in mito-
chondrial function, and it is this that represents the primary cellular abnormality
(“gain of function” hypothesis). A number of other potentially pathogenetic events
have been attributed to mutant huntingtin. For example, proteolytic cleavage of mu-
tant huntingtin generates fragments that aggregate into the nucleus and cytoplasm,
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thus contributing to early neuropathology. Accumulation of proteolytic huntingtin
fragments and their aggregation may also trigger a cascade of damaging processes,
leading to increasing dysfunctions in neurons through oxidative injury, transcrip-
tional dysregulation, glutamate receptor excitotoxicity and apoptotic signals (Popoli
et al. 2007 and references therein). In addition to this toxicity, there may also be a
“loss of function” effect due to the loss of some beneficial actions exerted by normal
huntingtin, which has been shown to be antiapoptotic, essential for normal embry-
onic development, and stimulatory on the production of BDNF into the cortex and
its delivery to the striatal targets (see Popoli et al. 2007 and references therein).

Animal models of HD have become widely used based on each of these de-
fects, namely the intrastriatal application of quinolinic acid or the administration
(intrastriatal or systemic) of the mitochondrial toxin 3-nitro-propionic acid (3-NP).
In addition, there are several transgenic models involving the induced expression
of mutant hungtingtin, the R6/2 model being the most commonly used (Mangiarini
et al. 1996).

8.1 Adenosine Receptors in HD

As noted above, A AR activation suppresses glutamate release from neurons. In line
with the excitotoxic hypothesis, Blum et al. (2002) have reported that an AjAR ag-
onist, referred to as an adenosine amine congener (ADAC), was able to prevent the
neuronal degeneration and motor sequelae of 3-NP administration to mice. Since no
protection was apparent in cell cultures, the results were interpreted to indicate an
action on presynaptic sites, presumably those at which the release of glutamate
could be inhibited. Conversely, the AjAR antagonist DPCPX exacerbates damage
induced by a similar mitochondrial poison, malonate (Alfinito et al. 2003).

The ARs that have become of greatest interest in HD are the Ay ARs. Activation
of these promotes the release of glutamate, depending on the age of animals and the
presence of a depolarizing stimulus (Corsi et al. 1999a, 2000), and increased num-
bers or functional activity of A ARs could cause or contribute to an excitotoxic
process (Domenici et al. 2007). The administration of CGS21680 itself increases
extracellular glutamate levels (Popoli et al. 1995).

Consistent with this, Ao AR antagonists have been shown to reduce the toxic
consequences of quinolinic acid administration, an effect correlated with a reduction
of glutamate release triggered by quinolinic acid (Reggio et al. 1999; Popoli et al.
2002; Scattoni et al. 2007). A similar phenomenon has been described in R6/2 mice,
in which SCH58261 reduced the motor abnormalities and loss of brain tissue (Chou
et al. 2005) and glutamate release in the striatum of R6/2 mice (Gianfriddo et al.
2004).

While this provides comforting support of the concept that quinolinic acid admin-
istration provides an acceptable model of HD, it is important to establish whether
glutamate release is elevated in mutant mice or HD patients and, if so, the mech-
anism involved. The most obvious possibility, that of raised quinolinic acid levels,
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has been supported directly by evidence from Guidetti et al. (2004), who measured
increased amounts in patients at an early stage of HD. As to the mechanism, the
presence of mutant huntingtin has been shown to reduce the uptake of glutamate
by astrocytes (Behrens et al. 2002), a result that could cause increased activation of
glutamate receptors, contributing to excitotoxicity.

Neuroprotection has also been demonstrated for the 3-NP model of HD. The
blockade of Aya AR by CSC-protected mice treated with 3-NP against neuronal loss
(Fink et al. 2004). Similarly, less cell death was seen when 3-NP was administered
to Axa AR knockout mice compared with wild-type controls. Consistent with this,
another inhibitor of mitochondrial complex II, malonate, produced a degeneration
of striatal neurons that was also prevented by DMPX (Alfinito et al. 2003).

However, as already noted above (Fig. 1), the role of Ayo ARs in HD is far more
complex. Activation of Apa ARs has also been reported to mediate beneficial effects.
The Az AR agonist CGS21680 enhances the neurotrophic activity of growth factors
such as BDNF, a key factor promoting the viability of striatal neurons, by facilitating
TrkB receptor function (Lee and Chao 2001). Agonists at Ao AR are also associated
with a normalization of cyclic AMP response element binding protein (CREB) in
transgenic animals (Chiang et al. 2005).

Moreover, CGS21680 reduces the incidence of abnormal extracellular macro-
molecular deposits that are present in HD brains in a similar way to B-amyloid
deposits in Alzheimer’s disease and Lewy bodies in Parkinson’s disease. In R6/2
mice, ubiquitinated deposits have indeed been demonstrated in striatal cells, both in
vivo and in cell cultures, which appear to depend on the expression of mutant hunt-
ingtin protein (Chou et al. 2005). These deposits are reduced by CGS21680. In the
same study, it was also noted that CGS21680 corrected the abnormally high levels
of blood glucose and 5'-adenosine monophosphate (AMP)-activated protein kinase
activity in the mutant mice, strongly suggesting a more fundamental role of A5 AR
than had hitherto been suspected in the regulation of cellular biochemistry.

There is a significant depletion of Ao AR in the striatum of patients with HD
and in transgenic mice (Blum et al. 2003b) or rats (Bauer et al. 2005) expressing
mutant huntingtin. On the other hand, the density of Ao AR on blood platelets is
increased in human HD patients (Varani et al. 2003), showing a significant cor-
relation with both CAG repeat length (Maglione et al. 2006) and anticipation of
symptoms between generations (Maglione et al. 2005). In a total of 126 HD gene-
positive individuals, Aoo AR Bmax values were found to be robustly increased at all
HD stages as well as in 32 presymptomatic subjects (Varani et al. 2007). The same
abnormality is present also in other neurological diseases characterized by an ex-
tended polyglutamine sequence (polyQ), but not in non-polyQ inherited disorders
(Varani et al. 2007). The same peripheral cells exhibited altered membrane fluidity, a
finding that may explain the observed change in receptor density. Authors argue that
the observed alteration in lymphocytes reflects the presence of the mutant protein
and suggest that the measurement of the A4 AR binding activity might be of poten-
tial interest for a peripheral assessment of chemicals capable of interfering with the
immediate toxic effects of the mutation.
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There is clear evidence for increased activity of Apa AR associated with HD. Stri-
atal neurons expressing mutant huntingtin were found to show increased Ara AR
activation of adenylate cyclase (Varani et al. 2001), and a similar result was ob-
served subsequently in blood cells of HD patients (Varani et al. 2003). The ability
of AsAAR stimulation to raise cyclic AMP levels is also increased in R6/2 mice
(Chou et al. 2005; Tarditi et al. 2006), and in animals treated with 3-NP (Blum et al.
2003a). In the Tarditi et al. study, an increase in both the number of A4 ARs as well
as their activation of adenylate cyclase was reported, which was apparent within a
few days of birth of R6/2 mice. Both of these parameters then fell to the values
seen in wild-type animals. The mRNA for AyA AR, in contrast, showed no change
until 21 days postnatally, after which it decreased substantially. Two conclusions
may be drawn from this work. Firstly, the mismatch between Az AR protein and
mRNA could indicate changes in factors that affect translation or transcription of
the ApaAAR, or which regulate receptor activity. Secondly, a loss rather than an in-
crease of Ao AR seems to be associated with older mice in which motor symptoms
of HD are beginning to occur. A further intriguing observation in this study was
that in the young mice, Ao AR function was not prevented by ZM241385, whereas
sensitivity to this antagonist was established in the older animals after 21 days of
age. Whether this also implies differences in the regulation of receptor function, or
different variant structures of the receptor protein at different ages, remains to be
explored.

In conclusion, available data on the potential exploitation of A4 AR ligands in
HD are controversial and reflect the complexity of Aya AR regulation in this disease
(for further comments, see Popoli et al. 2007). The complex mutual relationship
between AR activities mediating detrimental or beneficial effects (see also Sect. 3)
makes it difficult to establish whether targeting A4 AR would really be of interest
to treat HD. Further basic research is needed to solve several specific questions,
in particular: (1) neuronal versus non-neuronal receptor localization, and (2), for
receptors expressed in neurons, pre- versus postsynaptic sites (see Fig. 1).

9 Cerebral Ischemia and Reperfusion: Stroke

9.1 Role of A1 Adenosine Receptors

One of the earliest reports of neuroprotection against ischemia was that the
nonselective agonist 2-chloroadenosine would prevent hippocampal damage in
rats (Evansetal. 1987). Similar results were obtained subsequently using AjAR-
selective agonists (von Lubitz et al. 1989; Phillis and O’Regan 1993; von Lubitz
et al. 1995a), with suggestions that the protection could involve an inhibition of
leukocyte adherence and extravasation (Grisham et al. 1989).

The finding that theophylline could increase the release of glutamate produced
by ischemia certainly suggests that endogenous adenosine is exerting an inhibitory
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action on glutamate release (Héron et al. 1993), although this could have been due
to A or Axa AR blockade. The simultaneous measurement of purine and glutamate
release into the extracellular space of brain, together with the neuronal damage and
behavioral consequences of an ischemic episode, revealed a significant relationship
between these parameters, with a lower extracellular glutamate being associated
with less cell damage (Melani et al. 1999). It is interesting that several nonpurine
compounds that can depress the release of excitatory amino acids are also protec-
tive against ischemic damage (Ochoa et al. 1992; Graham et al. 1993). Conversely,
A1 AR blockade exacerbates ischemic damage (Phillis 1995).

On the other hand, it has been argued that the release of endogenous glutamate
is not actually related to ischemic-induced brain damage. Systemic administration
of R-PIA, CHA or an adenosine uptake inhibitor did not prevent the increase of
glutamate levels in brain during ischemia (Héron et al. 1993, 1994; Cantor et al.
1992; Kano et al. 1994), although other groups have reported a decreased release
using CPA (Simpson et al. 1992). The differences may depend on the pharmacoki-
netics of the agonists used or the model used for inducing damage.

Although little is known of the signaling pathways that underlie ischemic dam-
age or adenosine-mediated protection in vivo, some clues may be gleaned from in
vitro work. Di Capua et al. (2003), for example, found that AjAR agonism pro-
tected primary rat neurons against “‘chemical ischemia” (produced by iodoacetate)
via the activation of protein kinase C-epsilon. The activity of AjARs themselves
may change under ischemic conditions. Adenosine AjARs are desensitized and in-
ternalized by a period of hypoxia in brain slices (Coelho et al. 2006). A period of
ischemia in vivo followed by reperfusion has been said to result in no change in
the number of AjARs or their inhibitory efficacy on presynaptic transmitter release
(Shen et al. 2002), although Lai et al. (2005) have reported an increase in AjAR
expression in the cerebral cortex following ischemia in Wistar rats.

9.2 Role of Ay Adenosine Receptors

The activation of AjoAR can protect neurons against ischemia-induced damage.
One of the best-tested Ao AR agonists is ATL-146e, which prevents ischemic dam-
age in the spinal cord (Cassada et al. 2001a; Reece et al. 2006) as well as damage
induced by mechanical trauma (Reece et al. 2004; Okonkwo et al. 2006). This pro-
tection afforded by ATL-146e was accompanied by the normalization of several
molecular markers, such as those for apoptosis (Cassada et al. 2001b), microtubule-
associated protein 2 (MAP-2) and TNF-a levels (Reece et al. 2004). However, the
protection is not completely prevented by ZM241385, implying that there are rele-
vant sites of action other than Aya AR. A period of ischemia of the spinal cord does,
however, induce a highly significant increase in Ao AR number, a finding that may
contribute to the protective effect of App AR agonists. There is also a greater in-
hibition of TNF-a levels in postischemic spinal cord, as well as reduced platelet
adhesion to endothelial cells (Cassada et al. 2002), consistent with an important
role of A»o AR on blood cells



566 T.W. Stone et al.

On the other hand, blockade of AyA AR is also neuroprotective against ischemic
damage caused by transient or permanent arterial occlusion (Gao and Phillis 1994,
Phillis 1995; Monopoli et al. 1998; Pedata et al. 2005). Confirmation of the detri-
mental influence of AppoAR has come from an examination of A, AR-deficient
transgenic mice (Chen et al. 1999). These animals showed substantial resistance to
ischemia-induced brain damage compared with their normal littermates.

An interesting observation reported by Corsi et al. (1999a, b) is that the agonist
CGS-21680 only increased the spontaneous efflux of glutamate and GABA in young
(not old) rats, although it enhanced potassium-evoked release similarly in both
groups of animals. This may have implications for the utility of App AR agonist and
antagonist ligands in treating older patients after cerebral ischemia, since chronic
treatment might show fewer side effects attributable to increased basal release
of glutamate, while retaining neuroprotective activity against the depolarization-
induced release occurring during and immediately after cerebral ischemia or trauma.
The reason for the increased damage may depend, at least partly, on the increased
release of glutamate and related amino acids that these compounds produced during
cerebral ischemia (O’Regan et al. 1992)

It is interesting to note that, while most of the work in this area has employed
adult rodents, there is some evidence that the reverse situation occurs for young
animals. Thus, in neonatal rats, Aden et al. (2003) found that it was activation
of A4 AR that protected against a period of hypoxia and ischemia, with App AR
knockout mice showing greater brain damage than wild-type controls.

The release of proinflammatory cytokines such as TNF-o from macrophages is
suppressed by activation of Arp AR (Kreckler et al. 2006). Work by Chen and col-
leagues (Yu et al. 2004), however, has revealed a fascinating insight into the sites
through which protection is mediated. By generating populations of rats lacking
AsaAR generally and replacing bone marrow tissue selectively with cells recon-
stituted to contain AppAR, they have been able to comment directly on the roles
of receptors intrinsic to the CNS relative to those in the blood. The results showed
that the presence of Axa ARs on blood cells alone was sufficient to reverse the pro-
tective effect of generalized Aya AR knockout, while wild-type mice given Axa AR
knockout bone marrow cells were protected against ischemic damage. This illu-
minating study strongly suggests that the A4 ARs relevant to protection against
ischemic damage are those on blood cells. This may also imply that the mechanism
of AxaAR antagonist protection is more strongly dependent on, for example, the
release of inflammatory cytokines, than had previously been thought.

Although the A>gAR has received relatively little attention with respect to neu-
roprotection, its activation has a number of consequences that could well contribute
significantly to the phenomenon. For example, there is evidence that its activation of
p38 MAPK leads to the increased expression of IL-6 in macrophages (Fiebich et al.
1996a, 2005). Since IL-6 is a cytokine that has been reported to protect neurons
against a range of insults (Bensadoun et al. 2001; Carlson et al. 1999), its produc-
tion, either in central glia or peripheral cells, may result in some protective efficacy.

Brain inflammation induced in rats by a chronic intraventricular infusion of LPS
was associated with a loss of neuronal ApgAR. This loss was prevented by a nitro
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derivative of the anti-inflammatory drug flurbiprofen, while the parent compound
was inactive (Rosi et al. 2003). The authors’ conclusion was that an NO-releasing
anti-inflammatory compound might be an effective inhibitor of brain inflammation
in conditions such as Alzheimer’s disease, and that changes in the density of A;g AR
might be involved. It is becoming increasingly clear that much more work is re-
quired to expand our knowledge of the effects of A>gAR activation or loss on the
overall profile of pro- and anti-inflammatory cytokines in the brain and elsewhere,
especially in relation to the net effects on neurotransmission, 3-amyloid production,
and neuronal or glial cell viability.

9.3 Role of A3z Adenosine Receptors

As already mentioned above (see Sect.3.4), A3AR activation can protect isolated
cells from hypoxia-induced death (Chen et al. 2006), and it reduced infarct size
in rats subjected to middle cerebral artery occlusion (MCAo). Conversely, animals
lacking A3 AR exhibit substantially increased infarct volumes, suggesting that the
activation of these receptors by endogenous adenosine normally acts as a physio-
logical brake on those processes causing damage (Chen et al. 2006; Fedorova et al.
2003).

The chronic administration of an A3AR agonist such as IB-MECA affords
protection against a subsequent period of cerebral ischemia (von Lubitz et al.
1999b, 2001).

At least part of the protective activity of A3AR agonists may involve modula-
tion of immune-competent cells and the inflammatory reaction to cellular damage.
Agonists have been shown to inhibit the generation of several proinflammatory cy-
tokines from cells, including interleukin (IL) 10, IL-12, interferon-y and TNF-o
(Hasko et al. 1998; McWhinney et al. 1996). The latter action is sufficiently robust to
have been developed as a screen for new agonist compounds (Knutsen et al. 1998).
Indeed, it has been suggested that activation of A3 AR may be responsible for the re-
ported inhibition by adenosine of TNF-a secretion in the human U937 macrophage
cell line (Sajjadi et al. 1996).

The opposite effects obtained on the outcome of brain ischema upon acute or
chronic treatment with selective A3AR agonists are discussed below (see Sect. 9.5).

9.4 Time Course of Protection Induced by Adenosine
Receptor Ligands

One of the valuable features of neuroprotection by AjAR activation is that it can
be demonstrated for a period of several hours following the occurrence of a vascu-
lar or toxic insult. This is a major consideration for any drug intended for clinical
use as a neuroprotectant following an acute incident such as a stroke, since the
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expansion of damage from a limited central region into a more extensive penumbral
area occurs over a period of hours or days, and it is essential to limit the degree
of that expansion if patient recovery is to be optimized. Most authorities consider
that there is a window of opportunity for neuroprotection of up to several hours after
the occurrence of stroke. Several A|AR-selective agonists such as R-PIA certainly
exhibit protection, even when administered up to 2 h after excitotoxic insults, indi-
cating that the neuronal network and intracellular signaling processes that contribute
to damage continue to operate over this time frame (Miller et al. 1994). Against
ischemia-induced damage, cyclohexyladenosine (CHA) remains protective when
administered up to at least 30 min following cerebral ischemia (von Lubitz et al.
1989), and ADAC similarly has a window of efficacy of several hours after cerebral
ischemia in gerbils (von Lubitz et al. 1996). This latter compound is of special in-
terest since it seems to possess fewer of the cardiovascular side effects associated
with some other AjAR agonists (Bischofberger et al. 1997), and its efficacy is still
apparent when administered chronically in very low doses (von Lubitz et al. 1999a).
The importance of this finding is that many other purine receptor ligands produce
opposite effects when used chronically rather than in a single acute dose paradigm.
Since most patients needing neuroprotection may be taking the drugs for prolonged
periods of time, this could be a highly significant advantage of ADAC and related
compounds.

The timing of acute administration of A3AR agonists is also important. Treat-
ment prior to ischemia increased infarct size, while postischemic administration
reduced damage, probably as a result of altered dynamics of receptor activation,
on neurons, glia and blood components (von Lubitz et al. 2001).

9.5 Acute Versus Chronic Administration

Despite the evidence for a neuroprotective action of adenosine and Aj AR agonists,
caffeine—a nonselective antagonist at both A and A, ARs—was also found to pro-
tect against ischemic damage in the CNS after its chronic administration (Rudolphi
et al. 1989; Sutherland et al. 1991). Single, acute injections of more selective AjAR
antagonists, including DPCPX, were also found to exacerbate ischemic damage
(Phillis 1995; von Lubitz et al. 1994a), while their chronic administration reduced
damage and produced neuroprotection (von Lubitz et al. 1994a). This dichotomy of
response probably indicates compensatory changes of receptor density that follow
the prolonged presence of any receptor ligand. However, such changes may be lim-
ited in extent, or restricted to certain cell subtypes, since no significant changes in
A1AR binding were detected after chronic administration of antagonists (Traversa
et al. 1994). However, others have reported that chronic administration of the AR
antagonists caffeine and theophylline increase AjARs in cerebral cortex (Murray
1982; Szot et al. 1987) and the hippocampal CA1 region (Rudolphi et al. 1989)
Chronic administration of low doses of ADAC generated the opposite result, with
marked protection of the brain. The reasons for this difference from other AjAR
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agonists is not entirely clear, although the authors point out the substantial difference
in molecular structure between ADAC and other compounds, with the implication
that it may yield a different spectrum or time course of action on a range of cellu-
lar targets whose balance determines the overall production of neuronal damage or
protection (von Lubitz et al. 1999a).

The effects of acute and chronic treatment with AypAR ligands show less
disparity than in the case of the AjAR ligands described above. Overall, the quali-
tative effects of agonists and antagonists are similar whether they are administered
acutely or chronically. This assertion would be consistent with evidence that recep-
tor numbers and affinities change little in vivo (von Lubitz et al. 1995b) or in vitro
(Abbracchio et al. 1992) in the continued presence of Axa AR ligands.

As mentioned above (see Sects. 3.4 and 3.5), the acute administration of agonists
at A3ARs, and their application to neurons in cell culture, does appear to induce
neuronal death (Sei et al. 1997). In addition, an A3 AR agonist can potentiate the de-
gree of CNS damage following cerebral ischemia (von Lubitz et al. 1994b). On the
other hand, the maintained presence or chronic intermittent administration of A3AR
agonists produces protection, probably as a result of compensatory adaptations in
the number or sensitivity of receptors. Thus, acute administration of the selective
agonist ligand IB-MECA significantly enhanced the extent of brain damage follow-
ing ischemia in gerbils. Chronic administration of the same compound, however,
resulted in a highly significant reduction in the ischemic damage (von Lubitz et al.
1994b; 1999b; Chen et al. 2006).

9.6 Therapeutic Implications of Preconditioning

Relatively short periods of hypoxia, hypoglycemia or ischemia can result in protec-
tion of tissues against a subsequent and more severe insult. This is the phenomenon
of preconditioning. Neuronal preconditioning has been demonstrated using both in
vivo and in vitro preparations (Schurr et al. 1986; Khaspekov et al. 1998). One fac-
tor contributing to this is a change in the number of AjARs, which increases after
the preconditioning period, probably as an adaptive protective development against
further ischemia (Zhou et al. 2004). Adenosine is known to be involved in precon-
ditioning, mainly through its opening of Karp channels (Yao and Gross 1994). In
many models, even those in which it is induced by an anesthetic agent such as isoflu-
rane (Liu et al. 2006), preconditioning can be prevented almost completely by AjAR
blockers (Hiraide et al. 2001; Nakamura et al. 2002; Yoshida et al. 2004; Pugliese
et al. 2003), although A;AARs seem to contribute little to the phenomenon. The
lack of involvement of Apa ARs is also surprising given the foregoing discussion on
the clear neuroprotective activity of A4 AR antagonists (Phillis 1995; Jones et al.
1998a, b), although it is likely that the differences between in vitro slice preparations
and in vivo studies are largely responsible for this difference. Interestingly, A3 AR
antagonists can enhance neuronal recovery after simulated ischemia in vitro, con-
sistent with the work quoted above that acute activation of A3 AR worsens ischemic
damage in vivo (Pugliese et al. 2007).
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10 Prospects for Adenosine Receptor-Based Therapeutics

In summary, there is an increasingly acceptable rationale, at the cellular, biochemi-
cal and behavioral levels, for believing that changes in AR function might contribute
to the symptoms and possibly progression of neurodegenerative disorders (Ribeiro
et al. 2002), and that ligands acting at the various ARs may have a potential role
in the therapeutic treatment of some of those disorders (Muller 1997, 2000; Mally
and Stone 1998; Broadley 2000; Press et al. 2007; Baraldi et al. 2008). Of course,
no receptor population is likely to function in isolation in the CNS. The activation
or blockade of other neurotransmitter receptors may have significant effects on the
number or efficacy of ARs.

For example, von Lubitz et al. (1995a) tested combinations of ligands acting at
NMDA and AjAR, using either acute or chronic treatments. The results revealed
changes of animal responses with combined treatments that suggested important
interactions between NMDA and Aj AR contributing to the changes of seizure gen-
eration and motor impairment. There were parallel changes of AjAR density which
indicated that the interactions were occurring at a deeper level of cellular func-
tion than merely a degree of nonspecificity in the ligand efficacy at the different
receptors.

If ARs are indeed significant contributors to neuroprotection by responding to
altered endogenous levels of the purine, or if they are used as targets for therapeutic
agents that act directly upon them, it will be necessary to obtain information on the
manner in which those receptors behave throughout the period of insult and sub-
sequently. A range of factors, such as acidity, oxygen levels, cytokines, peptides,
growth factors, and undoubtedly many more, could act to modify receptor respon-
siveness in a fashion that reduces or enhances the expected efficacy of agonists or
antagonists. Examples of this include the report that tissue oxidation reduces the
affinity of A1 AR antagonists, but not agonists, although the density of binding sites
was decreased for both (Oliveira et al. 1995). Changes in the balance of agonist to
antagonist activity could be produced in this way, which could significantly alter the
anticipated response to ligands.

The ability of AR antagonists to reverse cognitive dysfunction has been taken
to indicate that they may have a standalone place in the treatment of dementias.
However, given the undoubted existence of this and many other receptor interaction
phenomena, the generalized loss of neurons that can occur with aging or disease,
and the complexity of neuronal interactions that underlie cognitive performance, it
is likely that future attention will shift to compounds that retain specificity of action
but act at a defined number of different sites (Van der Schyf et al. 2006). In this
context, however, it seems likely that blockade of ARs would be one of the more
valuable sites to include in the profile of optimum targets.

For the treatment of ischemic damage, however, there is clearly a potential use
for AjAR agonists and App AR antagonists. An alternative approach to using con-
ventional agonists for stroke-induced brain damage could be to inhibit adenosine
kinase. This enzyme is a major route for the removal of adenosine, converting it to
AMP. Consequently, the overexpression of the kinase results in an exacerbation of
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ischemic damage (Pignataro et al. 2007), whereas inhibition has been found to raise
extracellular adenosine levels and produce protection against damage (Jiang et al.
1997).

Whichever strategic approach is used, and whichever receptor subtype is se-
lected, it seems likely that ARs will in the future represent a valuable series of
targets for protection of the brain against a range of insults. However, we will have
to solve some pending issues concerning the opposite (beneficial versus detrimen-
tal) effects exerted by some AR subtypes depending on their cellular and/or pre-
versus postsynaptic localization. This especially applies to the A;a AR subtype (see
Fig. 1). Blockade of Ay5 AR can result either in protoxic or neuroprotective effects
according to the mechanisms involved in a given experimental model and, in some
cases, to the disease stage. In this respect, it is envisaged that notable advances
will be achieved by the availability of transgenic mice bearing selective defects of
AsA AR on specific cell populations (Yu et al. 2004). The use of these mice will help
in addressing the therapeutical use of Axa AR ligands in not only HD but also all
other neurodegenerative diseases characterized by a dysfunction of the adenosin-
ergic system.
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