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List of Abbreviations

ATP adenosine triphosphate
ADP adenosine diphosphate
AMP adenosine monophosphate
bFGF basic fibroblast growth factor
BDNF brain-derived neurotrophic factor 
cAMP cyclic adenosine monophosphate
CCL2 CC chemokine ligand 2
CHA cyclohexyladenosine
CHO Chinese Hamster Ovary (cells)
CNS central nervous system
CNTF ciliary neurotrophic factor
CT-1 cardiotrophin-1
IL interleukin
EDTA ethylene diaminotetra acetic acid
GDNF glial-derived neurotrophic factor
GFAP glial fibrillary acidic protein
G-CSF granulocyte colony-stimulating factor
GTP guanine triphosphate
JAK Janus kinase
LIF leukemia inhibiting factor
MAPK mitogen activated protein kinase
MCP monocyte chemoattractant protein
mRNA messenger ribonucleic acid
NGF nerve growth factor
NMDA N-methyl-D-aspartate
NFκB nuclear factor kappa B
NT neurotrophin
OSM oncostatin M
PTX pertussis toxin
PTX3 pentraxin 3
PTZ pentylenetetrazole
RANTES regulated on activation, normal T-cell expressed and secreted 
TGF-β transforming growth factor beta
TM7 7 trans-membrane spanning receptors 
TNF-α tumor necrosis factor alpha
Trk tyrosine kinase
UTP uridine triphosphate
UDP uridine diphosphate
VEGF vascular endothelial growth factor
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The adenosinergic system

General aspects

Adenosine and ATP belong to a group of molecules, called purines, which have
similar molecular structure. Purines are important constituents of living cells, for
example adenine and guanine are basic components of nucleic acids. 
ATP is the universal “currency” of free energy in the cell, acting as a energy donor
in most cellular activities. Besides their role in energy transfer, purines also
function as important intercellular signaling molecules [65]. When cells use
energy, ATP is hydrolyzed into ADP, AMP and finally into adenosine. Under
physiological conditions the production and consumption of energy are balanced
and the amount of intracellular adenosine is tightly regulated. Since under
physiological conditions ATP concentrations in the cell are high (about 3 mM),
adenosine concentrations rise sharply if a small amount of ATP is metabolized.
Thus, in situations where cells are impaired in their ability to synthesize ATP, the
levels of intracellular adenosine will therefore increase rapidly. 
Adenosine is transported passively across the cell membrane by facilitated
diffusion transporters, which equilibrate the concentration of extra- and
intracellular adenosine. Rising intracellular levels of adenosine will thus lead to
the release of adenosine, Under basal conditions the concentration of extra-
cellular adenosine in all biological fluids is estimated at 30-300 nM, but as a
result of decreased energy supply or increased metabolic activity the concen-
tration can rise to 10 µM or higher [86, 178, 189]. Another source of adenosine is
the extracellular breakdown of ATP by ecto-nucleotidases, but this has been
suggested to be a minor contributor to the amount of extracellular adenosine
[65].
The two main mechanisms responsible for the clearing of adenosine from the
extracellular space are transformation into inosine by adenosine deaminase or by
reuptake into cells, which occurs by facilitated diffusion or by active transport
[43, 65]. 
The breakdown rate of adenosine in the extracellular space is very high due to the
high expression of the appropriate enzymes. Thus the extracellular concen-
trations of adenosine can rise and decrease rapidly, which makes adenosine an
ideal signaling molecule. Figure 1.1 describes pathways of adenosine release,
production and degradation and the enzymes involved.

Purinoreceptors

Purinoreceptors have been subdivided into P1 receptors, which bind adenosine as
natural ligand and P2 receptors which can bind ATP, ADP, adenine dinucleotides
but also pyrimidines like UTP and UDP [32]. P1 or adenosine receptors have
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initially been divided in two subtypes. This classification between A1 and A2 was
based on their effect on cAMP [219]. Currently, the adenosine receptor family
contains the four subtypes, A1, A2A, A2B and A3, which all couple to G-proteins
and have the typical seven-transmembrane structure as shown in figure 1.2 [85].
Originally it was reported that adenosine A1 and A3 interact primarily with Gi-
proteins and induce inhibition of adenylyl cyclase whereas adenosine A2A and A2B

receptors couple preferentially to Gs-proteins and thus stimulate adenylyl cyclase
and increase cAMP levels [86, 152, 218]. Adenosine receptors, however, have also
been reported to interact with other G-proteins and signal through various other
pathways, independent of adenylyl cyclase, as reviewed recently [189]. In table
1.1 an overview of the second messenger pathways induced by adenosine
receptors has been provided. Several reviews addressing the structure,
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classification and pharmacology of adenosine receptors have been published [2,
86, 152, 153, 157, 201].
P2 receptors are divided in a family of ligand gated ion channels, P2X receptors
and G-protein coupled receptors termed P2Y receptors. Several subtypes of both
families have been cloned and characterized [170]. 

Physiological functions of adenosine in the periphery

In situations of increased energy use or a decreased energy supply the consumption
of ATP overrides its’generation. As a result the balance is shifted towards higher
levels of adenosine, which is rapidly released from the cell. The resulting
increased extracellular levels of adenosine and the subsequent stimulation of cell-
surface adenosine receptors will generally result in an inhibition of the cell
metabolism (Figure 1.3). Thus adenosine-based phosphate metabolism provides a
very basic feedback system linking energy demand to energy supply, which
controls the metabolic rate in order to prevent energy depletion and subsequent
cellular damage [58, 65, 98, 157]. 
Already since 1929, when adenosine was described to be involved in cardiovascu-
lar regulation [61], extensive research on the many physiological functions of
adenosine has been performed [22, 63, 111, 202, 230].
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most important region for agonist and antagonist binding is indicated. (Adapted from ref 170).



In keeping with the already mentioned role of adenosine, coupling energy
consumption to energy demand, adenosine receptors are distributed in almost all
biological tissues and in many different species [147, 172, 173]. Although
adenosine may have different actions depending on cell type, the ultimate result
of the action is the control of metabolic rate. Thus, adenosine has several actions,
which directly modulate energy supply. Adenosine induces relaxation of vascular
smooth muscle cells causing vasodilatation, thereby increasing blood flow. In the
kidney, adenosine causes vasoconstriction thus reducing renal blood flow and
indirectly regulating blood pressure [100, 231]. Adenosine plays a role in the
modulation of cardiac and respiratory function as well [144, 198, 208]. For
example, adenosine is involved in hypoxia-induced angiogenesis, thereby
counteracting the effects of a reduced energy supply [135]. In addition, adenosine
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Table 1.1. Overview of G-protein coupling and second messenger signaling of adenosine
receptors. (Adapted from refs 86, 189).

adenosine G-protein effects of MAPK signaling pathway  
receptor G-protein coupling subtype
subtype

A1 Gi1/2/3 cAMP ERK1/2 Gi/0 > βγ > Tyr kinasea >
IP3/DAG (PLC) P13K> MEK1
Arachidonate (PLA2)
choline, DAG (PLD)
K+ channels
Q,P, N type Ca2+ channels

G0

A2A Gs cAMP ERK1/2 Gs > cAMP > PKA > Rap1b

Golf cAMP > B-Raf > MEK1
G15/16 IP3 ERK1/2 Gαs > cAMP > PKA > Src >

Ras

A2B Gs cAMP ERK1/2 Gs > cAMP > P13K> MEK1
Gq/11 IP3/DAG (PLC) p38 Gs > cAMP > PKA

A3 Gi2/3 cAMP ERK1/2 Gi/0 > βγ > P13K> Ras >
IP3/DAG (PLC) MEK1
choline, DAG (PLD)
K+ -ATP channels
Cl- channels

Gq/11 IP3/DAG (PLC)

←←

←

←
←
←

←←

←
←
←
←

←
←

←
←

←
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Figure 1.3. The adenosinergic system forms a negative feedback loop to regulate cell metabolism.
Adenosine levels rise in cases of excessive energy use. Adenosine is transported out of the cell,
binding to adenosine receptors on the surface. Activation of adenosine receptors slows down
energy usage, which will eventually result in reduced formation of adenosine.

Table 1.2. Overview of physiological systems/pathological conditions in which adenosine plays a
role.

physiological system/pathology references

central nervous system [65, 175, 202]
sleep [17, 168, 169]
circadian rhythm [69]
anxiety [82, 110]
drugs of abuse induced actions [64, 203]
pain modulation [110, 166, 184, 185]
cardiac system [14, 144, 154, 208] 
blood flow [58, 164, 208]
angiogenesis [62, 94, 135, 136]
platelet aggregation [126, 183]
respiratory system [95, 198]
mast cell degranulation, asthma [83, 125]
immune system [47, 126]
kidney [42, 100]
gastrointestinal tract [177]
lipolysis [103, 186, 212]
cell growth, proliferation [33]
apoptosis [4, 151]
embryogenesis [119]



is involved in several other physiological functions, which are not directly linked
to energy control. Adenosine is known to mediate anti-inflammatory effects,
which could protect tissues from damage [77, 126, 204]. Furthermore, adenosine
is involved in platelet aggregation, gastrointestinal mobility, mast cell
degranulation, pain modulation, induction of sleep, cell growth, proliferation and
apoptosis. In table 1.2 an overview of all the different functions in which
adenosine plays a role has been provided. 

Physiological functions of adenosine in the nervous system

Generally the brain consumes approximately 20% of our total energy.
Consequently, the brain is very vulnerable to fluctuations in energy supply. In
this respect adenosine plays an important role by coupling energy use to energy
demand. Large amounts of adenosine are produced and released during
conditions of increased energy use such as high neuronal activity during seizures,
or under conditions of reduced energy supply like in ischemia or hypoglycemia.
[180]. Stimulation of cell surface adenosine receptors in the brain, that are mainly
of the A1 subtype, protects neurons by retaining neuronal firing and inhibiting
the release of excitatory neurotransmitters, including glutamate [202]. These
actions are primarily described for neurons in the brain but adenosine seems to
exert similar effects in the spinal cord [56].
Whereas under pathological conditions adenosine is neuroprotective, under
physiological conditions adenosine acts as a neuromodulator by regulating a
general inhibitory tone in the brain. This neuromodulatory role at the synapse
level is mediated by stimulation of inhibitory A1 receptors and facilitatory A2A

receptors [48, 231].
Besides neuromodulatory and neuroprotective effects, adenosine also induces
trophic effects in neurons and glia cells. Adenosine stimulates neurite outgrowth
[36], increases glia cell proliferation and promotes myelination [200]. These
actions are more extensively reviewed in chapter 2. 

Adenosine is also involved in other functions in the central nervous system. For
instance adenosine is known to induce sleep [168], which explains the activating
properties of the unspecific adenosine antagonist caffeine [87]. There is some
evidence that adenosine may play a role in the effects of drug abuse, since opiates,
benzodiazepines as well as ethanol inhibit adenosine reuptake [65]. Since
adenosine is known to have analgesic effects [66, 110], it has been suggested that
analgesic effects of for example morphine are actually caused by its effect on
adenosine  [63, 64, 203].
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Functions of different adenosine receptors in the nervous system

Although adenosine receptors are found throughout the brain, their expression
varies in specific brain regions [55, 175] (Figure 1.4). The specific expression
pattern of the different receptor subtypes is related to their specific functions. The
functions of adenosine receptors have been analyzed by using selective adenosine
receptor antagonists and by the generation of mouse strains with targeted
deletions of adenosine A1, A2A and A3 receptor subtypes [110, 124, 149, 235].

Adenosine A1 receptors
Adenosine A1 receptors are clearly involved in neuroprotection. These receptors
are found throughout the brain, but show especially high expression in vulnerable
areas like for example the hippocampus. Adenosine A1 receptors are found both
pre- and postsynaptically in neurons, where they play an important role in
inhibiting the release of excitatory neurotransmitters and inducing hyper-
polarization respectively. Thus presynaptically, adenosine inhibits the release of
the excitotoxic neurotransmitters glutamate, probably through the inhibition of
Ca2+-influx [63, 65, 70]. Postsynaptically, adenosine counteracts depolarization
by stabilization of the Mg2+ blockade of NMDA receptors [178, 181]. Adenosine
also actively reduces postsynaptic Ca2+-influx, probably by an inhibition of N-
type voltage-dependent Ca2+-channels [60, 129, 148, 159, 195, 210]. Moreover,
stimulation of adenosine A1 receptors causes hyperpolarization of the postsynaptic
resting membrane potential via G-protein-dependent activation of inwardly
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rectifying K+-channels (GIRKs) [160, 214]. In addition, adenosine A1 receptor
stimulation enhances a calcium-dependent potassium current, in much the same
way as GABAB receptor stimulation, although different G-proteins might be
involved [90, 98].

Adenosine A2A receptors
In general adenosine A2A receptors are involved in the facilitation of neuronal
firing. In close interaction with adenosine A1 receptors they modulate synapse
function. Although A2A receptors have been found in all brain regions they are
particularly expressed in the nucleus accumbens, olfactory tubercle and striatum,
where they are co-localized with dopamine D2 receptors [88, 122, 143, 155, 170].
It has been shown that antagonistic interactions between adenosine A2A and
dopamine D2 receptors and also between adenosine A1 and dopamine D1

receptors are partly responsible for the motor stimulant effects of adenosine
receptor antagonists like caffeine [88]. Furthermore, involvement of adenosine
A2A receptors in locomotion, anxiety, aggression, motivation and reward in drug
addiction and psychotic-like behavior have been suggested [37, 39,124,143].
Most of these functions have been revealed using adenosine A2A receptor knock
out mice. [37, 38, 52, 143].
Adenosine A2A receptors are also involved in the control of cerebral blood flow
[58, 170].

Adenosine A2B receptors
Adenosine A2B receptors have been found in most tissues but are generally
expressed at low levels. Low expression levels were also found throughout the
brain [59]. Since selective ligands for the adenosine A2B subtype are lacking, and
no A2B knock mouse has been generated yet, less is known on its physiological
role. It has been suggested that A2B receptors play a role in vascularization and
control of cerebral blood flow [93, 170, 193]. Stimulation of A2B receptors has
been shown to induce release of vascular endothelial growth factor in both
peripheral and cerebral endothelial cells [73, 78, 93, 94]. There are indications
that A2B receptors are involved in neuroexcitatory actions and that stimulation of
these receptors would aggravate tissue injury [72]. A2B receptors are also
expressed in glia cells where they have been shown to induce release of
interleukin-6 [76, 191].

Adenosine A3 receptors
Adenosine A3 receptors are widely distributed in the brain, but its physiological
role is largely unknown [170]. Adenosine A3 receptors mediate inhibition of
synaptic transmission in neurons in concert with A1 receptors [31] and they play
a role in modulating synaptic plasticity [46]. More extensive research on the role
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of the A3 receptor in the brain has been done by the group of Von Lubitz [224,
226-228]. Von Lubitz and colleagues showed that stimulation of A3 receptors
induces apoptosis of brain tissue and they therefore suggested that the A3

receptor acts as a “death receptor”. Inducing apoptosis of badly damaged neurons
in stroke would be beneficial since it would limit neuroinflammation and infarct
size [228]. 
In contrast, stimulation of the A3 receptor with low concentrations of adenosine
seems to induce neuroprotective effects [3, 4, 71, 106]. These seemingly
conflicting actions do have physiological significance. High levels of adenosine in
the core area of an ischemic insult would induce apoptosis through action of A3

receptors, while in the surrounding brain tissue lower adenosine levels exert
neuroprotective effects mediated by the same receptors. Furthermore, several
reports indicate that adenosine A3 receptor stimulation in glia cells leads to
neuroprotection by inducing cytoskeleton rearrangement [1, 5].

The four different adenosine receptor subtypes have a different affinity for
adenosine. Whereas A1 and A2A receptors have relatively high (nanomolar range)
affinities for adenosine, A2B and A3 receptors have a much lower affinity and are
only activated at micromolar concentrations [65]. These differences in affinity
may reflect functional significance. Thus different receptors with different
functional responses are activated by varying extracellular concentrations of
adenosine. Moreover, adenosine at varying concentrations not only activates
different receptor subtypes, but also induces multiple, sometimes even opposite
effects by activation of the same receptor subtype. These observations show that
the adenosinergic system regulates a complex interplay of biological activities. 

Adenosine in pathology and therapy

Adenosine-based treatment of disorders

Since adenosine is involved in many physiological functions, drugs that interact
with the adenosinergic system (so called “adenosine-based drugs”) could be
developed to treat a variety of pathological conditions. But at the same time these
adenosine-based drugs cause serious side effects because adenosine receptors are
so widely distributed. This explains why presently only very few adenosine-based
drugs are used in the clinic, even though extensive research on the physiological
roles of adenosine has been done since 1929 [61].
Currently, adenosine is only therapeutically used as intravenous application to
treat patients suffering from supraventricular tachycardias (see [176] and
www.adenocard.com). Adenosine-based treatment of other disorders is still at an
early stage of investigation. 
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High levels of extracellular adenosine have been associated with the
pathophysiology of lung diseases [24]. Adenosine A2B and A3 receptors play a
role in adenosine-induced mast cell degranulation and bronchoconstriction and
have therefore been associated with the pathophysiology of asthma [74, 171, 185,
236]. In order to block adenosine-induced bronchoconstriction asthmatic patients
use theophylline, a non-specific adenosine antagonist [72].  High doses of
theophylline, however, can lead to seizure activity, so more specific adenosine
receptor antagonists, which show fewer side effects are preferable. Since specific
antagonists for A2B receptors are not available, currently only adenosine A3

antagonists are under investigation as possible anti-asthmatic drugs [75, 83,
197].
It has been reported that adenosine and adenosine analogues induce apoptosis in
various types of tumor cells [13, 35, 115, 139, 188]. Furthermore, it has been
reported that particularly adenosine A3 receptors are beneficial in the treatment
of cancer [79, 140, 151]. In addition to inducing apoptosis in tumor cells,
stimulation of adenosine A3 receptors protects tissue from damage by chemo-
therapy and induces the release of granulocyte colony-stimulating factor (G-CSF)
which stimulates the proliferation of bone marrow cells [16, 80]. Currently, 2-
chlorodeoxyadenosine is tested in clinical trials for the treatment of glioma (see
www.clinicaltrials.gov). 
Adenosine is also known to mediate anti-inflammatory effects, like suppression
of phagocytosis and reduction of free radical generation, which could protect
tissues from damage [77, 101, 126, 204]. 

Adenosine and the treatment of neurological diseases

It is well established that adenosine induces neuroprotective activity in the brain
[53, 111, 178, 202]. These effects of adenosine might have significant therapeutic
potential in acute brain injuries like brain trauma and stroke, but also in a wide
range of chronic neurological diseases including seizures, Alzheimer’s disease,
Parkinson’s disease, Huntington’s disease and multiple sclerosis [10, 27, 65, 175,
179, 216, 230].
Before considering possible pharmacological tools to manipulate the adeno-
sinergic system it is important to realize that prolonged stimulation of adenosine
receptors leads to receptor desensitization. This process involves uncoupling of
the activated receptor from its G-protein by receptor phosphorylation mediated
by G-protein kinases (GRK’s). Internalization of receptors into intracellular
compartments may also occur [28]. Ligand stimulation for hours to days causes
receptor down regulation. In this case degradation of receptors leads to a decrease
in actual receptor number.
Desensitization of adenosine A1 receptors in several tissues including brain,
requires exposure to agonist for at least 15 minutes to hours or even days, while
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adenosine A3 receptors in astrocytes undergo significant desensitization already
after several minutes after stimulation [44, 170, 213]. Long-term stimulation of
adenosine receptors with antagonists generally leads to an increase in receptor
number [170]. 
Stimulation of adenosine A1 receptors as well as inhibition of adenosine A2A

receptors reduces neuronal damage when administered acutely [51]. Accordingly,
mice lacking adenosine A2A receptors show less neuronal damage in ischaemia
models [30, 38]. Surprisingly, it has also been reported that chronic stimulation
of adenosine A1 receptors or chronic inhibition of adenosine A2A receptors,
aggravates neuronal damage [53, 107].  These contradictory results, a phenomenon
called “effect inversion”, may be caused by desensitization and up-regulation of
adenosine receptors due to the chronic agonists and antagonists treatment,
respectively [53, 107]. 

Possible pharmacological approaches to increase the neuroprotective effects of
adenosine
It is clear that the adenosinergic system is important to maintain a healthy
nervous system. It may thus be attractive to evaluate therapeutic approaches to
several neurological diseases based on the adenosinergic system. Several
pharmacological approaches to manipulate the adenosinergic system are available
and can be divided in two categories: synthetic adenosine derivatives that directly
stimulate adenosine receptors or factors that indirectly increase the effectiveness
of endogenous adenosine. Table 1.3 shows a summary of neuroprotective effects
of different pharmacological approaches in various models of brain pathology. 

STIMULATION OF ADENOSINE RECEPTORS

Stable synthetic adenosine derivatives that can cross the blood-brain barrier make
much better candidates for clinical use than adenosine, which is instantly degraded.
For clinical use it is also mandatory that these compounds are effective even
when administered hours after the pathological event, e.g. stroke. The adenosine
A1 agonists CHA and R-PIA and the adenosine-amine congener ADAC showed
neuroprotective effects 30 minutes to several hours after cerebral ischaemia [108,
130, 225].
However, due to the widespread distribution of adenosine receptors throughout
the body, especially the A1 subtype, peripheral side effects often occur when
using adenosine A1 receptor agonists [202]. This could be prevented by using
adenosine A2A receptor antagonists, which have less effect on heart rate and
blood pressure than adenosine A1 receptor agonists [202]. 
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Experimental model Drug Mechanism Effect refs

Kainic acid injection in hippocampus adenosine agonist protection [133]
Kainic acid induced toxicity 2-CA agonist protection [11]
rat hippocampal cell culture CPA A1 agonist protection [142]   

cell injury
vessel occlusion in rats (forebrain R-PIA A1 agonist protection [26]

ischaemia)/ KA induced seizures
carotid artery occlusion in gerbils ADAC A1 agonist protection [223]

hypoxia, ischaemia
carotid artery ligation in newborn rats PD 81,273 allosteric enhancer protection [99]

hypoxia, ischaemia of A1 receptor binding 
hyperglycemic cerebral ischaemia PD 81,273 allosteric enhancer protection [138] 

of A1 receptor binding
preconditioning MCA occlusion followed DPCPX A1 antagonist reduction of  [146]

by longer MCA occlusion protective effect
hypoxia, ischaemia of preconditioning

quinolic acid injection# combined with SCH 58261 A2A antagonist protection [19]
free radicals (xanthine) in hippocampus ZM 241358

β-amyloid toxicity in cultured rat neurons caffeine antagonist protection [51]
ZM 241358 A2A antagonist

carotid artery occlusion in newborn rats theofylline antagonist protection [30]
hypoxia, ischaemia SCH 58261 A2A antagonist              

quinolic acid induced neurotoxicity# SCH 58261 A2A antagonist protection [167]
MPTP induced neurotoxicity* SCH 58261 A2A antagonist protection [40]
MPTP induced neurotoxicity* KW-6002 A2A antagonist protection [104]
MCA occlusion in rats                       GP683 adenosine kinase protection [211]

hypoxia, ischaemia inhibitor
MCA occlusion in rats 5’d-5IT adenosine kinase protection [109]

hypoxia, ischaemia inhibitor
cell death by stimulation with               propentofylline adenosine uptake protection [81]

macrophage/microglial products inhibitor
carotid artery occlusion                         propentofylline adenosine uptake increased cerebral [217]

hypoxia, ischaemia inhibitor blood flow
subclavian and brachiocephalic artery NBTI adenosine uptake protection against [91]

occlusion. ischaemia inhibitor reperfusion injury
bilateral artery occlusion in gerbils deoxyco- adenosine deaminase protection [165]

ischaemia formycin inhibitor

# animal model for Huntington’s disease, * animal model for Parkinson’s disease. 2-CA = 2-chloroadenosine,
CPA= N6- cyclopentyladenosine, R-PIA = R- N6-phenylisopropyladenosine, ADAC = adenosine amine
congener, PD 81,273 = a 2-amino-3-benzylthiophene(no details given in paper), DPCPX = 8-cyclopentyl-1,3-
dipropylxanthine, SCH 58261 = 7-(2-phenylethyl)-5-amino-2-(2-furyl)pyrazolo-[4,3-e]-1,2,4-triazolo[1,5-
c]pyrimidine, ZM 241358 = 4-(2-[7-amino-2-{2-furyl}{1,2,4}triazolo{2,3-a}{1,3,5}triazin-5-yl-
amino]ethyl)phenol, KW-6002 = (E)-1,3-diethyl-8-(3,4-dimethoxystyryl)-7-methyl-3,7-dihydro-1H-purine-
2,6-dione, GP 683 = 4-(N-phenylamino)-5-phenyl-7-(5’-deoxy β- D-ribofurasonyl)pyrrolo[2,3-d]pyrimidine,
5’d-5IT = 5’-deoxy-5-iodotubercidin, NBTI = nitrobenzylthioinosine, KA = kainic acid. 



INCREASING THE EFFECTIVENESS OF ENDOGENOUS ADENOSINE

Compounds that increase the effectiveness of endogenous adenosine will only
enhance effects at sites of high extracellular adenosine levels. Presumably, this
approach would induce tissue/region-specific effects without much peripheral
side effects. Inhibition of enzymes that metabolize adenosine, like adenosine
deaminase or adenosine kinase have been shown to increase the neuroprotective
effects of adenosine [53, 109, 165]. The extracellular concentration of adenosine
can also be increased by inhibition of adenosine reuptake [81]. Yet another
approach to increase the effectiveness of adenosine is the use of factors, so-called
allosteric enhancers, that do not activate the adenosine receptor itself but
enhance the binding of endogenous adenosine to the receptor [99].

Alzheimer’s disease
It has been suggested that chronic neurological diseases as well as acute brain
injuries could be treated with trophic factors like nerve growth factor (NGF),
brain-derived neurotrophic factor (BDNF) and glial-derived neurotrophic factor
(GDNF). However, poor penetration of the blood-brain barrier and the
occurrence of side effects limits the use of exogenous application of these factors.
Therefore stimulating the local production of trophic factors seems a more
attractive approach [43].
Two synthetic purine derivatives, propentofylline and AIT-082, are currently
under evaluation in clinical trials for the treatment of Alzheimer’s disease. Both
compounds have been shown in vivo to increase the mRNA expression for NGF,
neurotrophin-3 and basic fibroblast growth factor (bFGF) in vivo. As NGF is
considered to protect cholinergic neurons, which degenerate in Alzheimer’s
disease, it has been suggested that propentofylline and AIT-082 might have a
neuroprotective effect in Alzheimer’s disease [43, 57, 96, 118].
Propentofylline acts as an adenosine uptake inhibitor thereby maintaining high
concentrations of adenosine in the extracellular space. Furthermore, it has been
demonstrated that propentofylline stimulates the production of NGF in cultured
mouse astrocytes [194]. In addition, the capacity of propentofylline to improve
cerebral blood flow presumably also contributes to its’ neuroprotective effect [43,
217]. It is not yet known whether propentofylline has been successful in clinical
trials since the pharmaceutical company involved is reluctant to publish the
results. A meta-analysis of clinical trial results published so far, did not show any
beneficial effect of propentofylline in patients with Alzheimer’s disease [84].
AIT-082 is under evaluation in clinical trials as a memory-enhancing agent since it
increases NGF release from glia cells, it enhances NGF induced neurite outgrowth
in a neuron-like cell line and it protects neuronal tissue from damage in vivo [57,
141, 174]. The mechanism of AIT-082-induced protection remains to be elu-
cidated, but it has been suggested that AIT-082 increases the release of adenosine
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from astrocytes. First clinical trials have been performed with AIT-082, now
renamed as NeotrofinTM, to investigate pharmacokinetics and tolerability [96]. 

Parkinson’s disease
Parkinson’s disease is caused by degeneration of dopaminergic neurons in the
substantia nigra that innervate the striatum. The subsequent decreased levels of
dopamine in the striatum lead to a disturbed regulation of motor behavior causing
the symptoms typically observed in Parkinson’s disease. In the striatum dopamine
D2 receptors are co-localized with adenosine A2A receptors whereas dopamine D1

receptors are in close proximity of adenosine A1 receptors. Through a system of
receptor cross talk, adenosine counteracts the actions of the neuro-transmitter
dopamine. Whereas stimulation with dopamine or other dopamine D2 receptor
agonists enhances motor activity, stimulation of adenosine A2A receptors reduces
this effect [88]. Likewise, stimulation with adenosine A1 receptor agonists
counteracts the enhancing effect of dopamine D1 receptor agonists on motor
behavior. These interactions are probably responsible for the motor stimulant
effects of adenosine receptor antagonists like caffeine. Furthermore, adenosine
A2A receptor antagonists have been reported to attenuate the neurotoxicity
observed in a mouse model of Parkinson’s disease [40, 104]. In addition,
adenosine A2A receptor antagonists were found not only to diminish the
symptoms of Parkinson’s disease but also to potentiate the effect of L-DOPA
[229]. L-DOPA, a dopamine precursor, which is currently used to treat
Parkinson’s disease, shows significant side effects like dyskinesia that are observed
especially in patients that receive high dosages of L-DOPA. If adenosine A2A

receptor antagonists indeed increase the efficacy of L-DOPA, lower doses of L-
DOPA could be used and less side effects would occur [25]. All these findings
suggest that adenosine A2A receptor antagonists could be useful in the treatment
of Parkinson’s disease [192]. Recently, phase II clinical trials of the adenosine A2A

receptor antagonist, KW-6002 (IstradefyllineR) have been performed and showed
relief of Parkinson’s disease motor symptoms without side effects [102, 114, 120].
Phase III clinical trials will start shortly (Schwarzschild, personal communication).

Adenosine A1 receptor expression in pathological events

During seizure activity, cerebral hypoxia and ischemia elevated extracellular
concentrations of adenosine have been found in brain tissue [65, 67]. It has been
assumed that these elevated levels of extracellular adenosine cause endogenous
anticonvulsant activity as well as neuroprotection [66, 178]. Since the main
protective actions of adenosine are mediated via the A1 receptor, it is likely that
the expression level of this receptor has a significant influence on the efficiency of
neuroprotection by adenosine. The study of adenosine A1 receptor expression in
disease is therefore of particular interest. 
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Several conflicting reports addressing the level of adenosine A1 receptor expression
in epilepsy have been published. Some reports show that adenosine A1 receptors are
chronically reduced in epilepsy [65, 92, 150]. Others have found an upregulation
of these receptors [9, 221]. It is thus not clear whether changes in adenosine A1

receptor expression might be a causal factor in the pathophysiology of epilepsy. 
Several reports describe modification of adenosine A1 receptor activity that is
related to the aging process [41, 128]. This modification is most likely due to a
decrease in adenosine A1 receptor expression, which has been observed in aged
rats and mice [49, 50, 68, 156, 196]. 
A reduction of adenosine A1 receptors has also been observed in autopsy and
post-mortem samples of patients with Alzheimer’s disease [112] as well as
dementia with sclerosis type pathology [54].

Glia cells 

Most of the research on adenosine receptors in the brain has been focussed on
neurons. Mechanisms of neuroprotection induced through neuronal adenosine
receptors have been well described. In addition glia cells form a considerable
component of the nervous system and play an important role in for example brain
development, nerve tissue maintenance, modulation of synaptic transmission,
formation of the blood-brain barrier and brain immune function [113]. This thesis
will partly focus on the role of glia cells in adenosine-induced neuroprotection. I
therefore briefly describe here the properties and functions of glia cells.

Microglia

Unlike neurons and astrocytes, microglia are derived from bone-marrow and
migrate to the brain during development. Microglia are the primary
immunocompetent cells of the brain. Under physiological conditions microglia
are resting ramified cells, with many large processes to monitor their
surroundings. If damage in the CNS occurs, microglia become activated, retract
their processes and adapt a round macrophage-like morphology [199]. Microglia
can orchestrate neuroinflammation by producing cytokines and by presenting
antigens. Furthermore microglia can phagocytose both cells and cell debris [7].
Since microglia can produce neurotoxic substances, activation of microglia, so-
called reactive microgliosis has been linked to the pathophysiology of many types
of brain pathology [12, 15, 205]. In addition to their detrimental activity,
microglia can also assume a neurosupportive role by producing neurotrophins
[145, 205, 206]. Whether microglia mediate detrimental or beneficial effects
probably depends on a variety of factors. Indeed it has been shown that adenosine
receptors are involved in the regulation of microglia activation [105]. 
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Astrocytes

Astrocytes are the most abundant cells in the brain; by estimation the number of
neurons in the human brain is outnumbered ten times by astrocytes.  During
early brain development astrocytes form growth tracts to guide the migration of
neurons. In this development phase astrocytes also produce trophic factors thus
supporting neurons in their development. In the adult brain, astrocytes play an
essential role in the maintenance of the nervous system. Astrocytes that surround
glutamatergic synapses regulate the extracellular glutamate concentration by
actively taking up glutamate (Figure 1.5). This mechanism prevents the occurren-
ce of glutamate excitotoxicity [8]. Since the active uptake of glutamate requires a
large amount of energy, it is clear that a balanced cell metabolism in astrocytes
surrounding the synaptic cleft is of the utmost importance. It is likely that besides
their involvement in inhibiting neurotransmitter release from the presynaptic
neuron, adenosine receptors also play an essential role in regulating cell
metabolism in astrocytes surrounding the synaptic cleft. 
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Figure 1.5. Regulation of glutamate concentration in the synaptic cleft by astrocytes.  Glutamate
released presynaptically stimulates glutamate receptors on the postsynaptic neuron leading to
depolarization. Excessive stimulation of glutamate receptors can lead to an increase of the
intracellular Ca2+ concentration, resulting in neuronal damage. Astrocytes control the action of
glutamate by actively taking up glutamate from the synaptic cleft. Glutamate is cotransported with
Na+, leading to an increase of the Na+ concentration in astrocytes. Na+ concentrations in
astrocytes are regulated by the energy consuming Na+/ K+ - ATPase (Adapted from ref 215).



During physiological conditions but also in brain pathology, astrocytes are known
to produce and release neuroprotective substances. Furthermore, astrocytes
constitute an important component of the blood-brain barrier, a structure that
prevents antigens from entering the brain. 

Both astrocytes and microglia fulfill various important roles in regulation of
neuronal function. It is likely that adenosine is widely involved in the molecular
mechanisms underlying the multiple functions of these glia cells [43]. Therefore
part of this thesis is focussed on glial adenosine receptors and their involvement
in glial function is being reviewed in chapter 2. 

Interleukin-6 in the brain

The cytokine interleukin-6 (IL-6), like adenosine is released during
neuropathological conditions and has been shown to mediate neuroprotective
effects. IL-6 belongs to the family of neuropoietic cytokines, which consists of
ciliary neurotrophic factor (CNTF), leukemia inhibiting factor (LIF), oncostatin M
(OSM), cardiotrophin-1 (CT-1), IL-6 and IL-11 [209].
This family of cytokines is involved in several biological functions including
immune responsivity and hematopoiesis [117]. IL-6 does not only elicit its
functions in the peripheral immune system. Since IL-6 is also produced by
neurons, astrocytes and microglia, various additional functions of IL-6 in the
brain have been proposed [21, 97, 182, 187, 220, 233]. Under physiological
conditions IL-6 levels in the brain are very low or undetectable, but during
pathological events like neuroinflammation, ischaemia and seizures, IL-6 levels
rise dramatically [97, 127, 134, 161, 222]. IL-6 mediates contrasting effects in the
brain [89]. IL-6 is involved in the neuroimmune response, causing neuronal
degeneration. Therefore, IL-6 has been associated with the pathophysiology of
neurodegenerative disorders like Alzheimer’s disease [18, 158, 234]. On the
other hand, IL-6 plays a role in neuronal and glial differentiation and survival [89,
97]. Numerous reports show neuroprotective effects of IL-6. In vitro, IL-6 protects
neurons during ischemia or induced excitotoxicity [123, 137, 232]. In vivo, IL-6
shows neuroprotective effects in a number of different animal models [6, 20, 127,
132]. IL-6 deficient mice showed increased neuronal death in animal models like
experimentally induced brain-injury, the MPTP (Parkinson’s disease) model and
after kainic acid-induced seizures [29, 162, 163, 207].
IL-6 elicits effects in CNS cells by binding to the IL-6 receptor, which is asso-
ciated with the transmembrane transduction peptide gp130. Two forms of the IL-
6 receptor have been identified; an extracellular soluble form and a membrane
bound form. Under both conditions the receptor can induce signal transduction
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after binding to gp130 [116]. The gp130-IL6 receptor complex can activate
second messenger pathways involving JAK kinases and homodimerization of
STAT3, which then act on the IL-6 response element to activate gene
transcription leading to protein synthesis [190]. An alternative pathway involves
the RAS/MAPK cascade and the activation of the nuclear factor NF-IL-6 [97]. 
Although the signaling pathway involved in IL-6 action has been described, the
complete signaling cascade leading to the neuroprotective effects of IL-6 is still
largely unknown. IL-6 might have neuroprotective properties due to induction of
other neuroprotective substances since IL-6 has been found to induce the expres-
sion of vascular growth factor, a factor involved in angiogenesis [45]. Furthermore,
IL-6 was found to induce the release of NGF from astrocytes [34, 121, 131].

Aim of the thesis

Adenosine is released during pathological conditions and has significant
neuroprotective effects mainly by stimulating adenosine A1 receptors in neurons.
These neuroprotective effects are increased following upregulation of adenosine
A1 receptors. Much research has been performed to enhance the neuroprotective
effects of adenosine experimentally. Since direct interference with the
adenosinergic system causes side effects, it would be preferable to find ways to
increase the neuroprotective effects of adenosine indirectly, for example by
finding factors that increase adenosine A1 receptor expression.

Like adenosine, the proinflammatory cytokine interleukin-6 (IL-6) is released
during pathological conditions and IL-6 is also known to reduce neuronal damage
and mortality. In contrast to adenosine, however, little is known so far regarding
the mechanism of IL-6 mediated neuroprotection.  Recent findings in vitro have
shown that IL-6 is being released by cultured astrocytes after adenosine receptor
stimulation [76, 191]. Furthermore, it has been shown that stimulation with IL-6
increases the expression of adenosine A1 receptors in nervous tissue, which implies
that the neuroprotective effect of IL-6 might partially be due to upregulation of
adenosine A1 receptors [23]. From these findings we propose a model for inter-
actions between the adenosinergic system and IL-6 (Figure 1.6). 

The aim of the current thesis is to further investigate the interactions between the
adenosinergic system and IL-6 and to check whether IL-6 has an effect on adenosine A1

receptor expression in pathological conditions. 

While the mechanisms of direct adenosine-induced neuroprotection in neurons
are well understood, less is known on putative neuroprotective effects of
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adenosine that are mediated by glia cells. Therefore part of this thesis focuses on
the role of glia cells in adenosine-induced neuroprotection. 
In chapter 2 we have reviewed current knowledge on the neuroprotective sub-
stances that are released by glia cells after adenosine receptor stimulation. In
addition, in chapter 3 we show that the chemokine CCL2 is another factor with
“presumed” neuroprotective effects that is released after stimulation of glial
adenosine receptors.
Most research on receptor pharmacology has been performed on rat and human
adenosine receptors while mouse adenosine receptors have not been fully
characterized. In order to study the adenosinergic system in knock out models in
mice, it was necessary to investigate pharmacological properties of mouse
adenosine receptors. In chapter 4 we therefore present a pharmacological
characterization of the mouse adenosine A1 receptor using functional studies and
radioligand binding assays.
In chapter 5 we have investigated the effect of IL-6 on the regulation of
adenosine A1 receptor expression during seizures. Finally, the results have been
summarized and discussed in chapter 6.
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Figure 1.6. Proposed model of interactions between adenosine and IL-6.
Neuropathological events lead to an increase of extracellular adenosine concentration (1). Adeno-
sine A1 receptors in neurons are stimulated, resulting in membrane hyperpolarization and
inhibition of neurotransmitter release, which will protect neurons (2). Stimulation of adenosine
A2B receptors on glial cells leads to a release of interleukin-6 (3), which will subsequently result
in adenosine A1 receptor upregulation (in neurons) (4) and thereby increasing adenosine’s
neuroprotective effects. Question marks (3,4) indicate that it is not yet known if these
interactions exist in vivo. IL-6 has neuroprotective effects but the mechanisms are unknown (5).
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Summary

Introduction

Purines have been divided into two classes: guanine-based and adenine-based
purines. Whereas there is functional evidence for the existence of receptors for
the guanine-based nucleotide GTP and its nucleoside guanosine; these receptors
still await their discovery [21, 126]. In contrast, a large variety of receptors for
adenine-based purines has been described and cloned. Thus P1 or adenosine
receptors are activated by adenosine and P2 receptors are activated by the adenine
nucleotides ATP and ADP (for excellent review see: [18, 42, 81]).  
Adenosine binds and activates four subtypes of adenosine or P1 receptors that are
named adenosine A1, A2A, A2B and A3 receptors. These receptors all belong to the
family of 7 trans-membrane receptors (TM7) that predominantly signal through
activation of G-proteins [42]. Although adenosine A1 and A3 receptors were
originally classified to couple to Gi/o proteins and the adenosine A2 receptors to
Gs proteins, it is today clear that this is not exclusively the case [42]. Adenosine
receptors have been cloned from various species and their pharmacological profile
is based on a variety of specific agonists and antagonists [42, 63]. P2 receptors
exist as two families: the P2Y receptors that belong to the TM7 receptors and the
P2X receptors that are ligand-gated ion-channels. Currently 11 members of the
P2Y receptor family have been cloned of which six are molecular and functionally
characterized (P2Y1, P2Y2, P2Y4, P2Y6, P2Y11 and P2Y12). From the eight cloned
members of the P2X family are functional responses known from seven members
(P2X1-7) (for review see: [18, 58]). P2 receptors are not only activated by the
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Adenosine and its nucleotides (purines) are structurally closely related, can be produced on
demand and released to the extracellular environment. Today purines are regarded as the
phylogenetically most ancient epigenetic factors for cellular control. Purines act via P1
(adenosine) and P2 (ATP) receptor subtypes and have many important functions in the central
nervous system. In neurons adenosine is known for its function as a neuromodulator, whereas
ATP acts as a transmitter with profound effects in fast neurotransmission. Since purines are
massively released under pathological conditions in the CNS, it is generally assumed that purine-
signaling in brain is aimed to protect neurons. 
Purine receptors are not only found in neurons, they are also abundantly expressed in glia cells
(astrocytes and microglia). Apart from numerous purinergic effects on glial physiology, there is
increasing evidence that purine receptor signaling significantly contributes to the control of glial
activity under pathological conditions in the CNS. Purines control the proliferation of glia cells
and stimulation of glial purine receptors leads to synthesis and release of various neuroprotective
factors. These findings suggest that, in addition to their direct effects on neurons, purines may
also have indirect neuroprotective functions by activating glia cells. We here thus review the
function of purines in neuroprotection with a main emphasis in purine-signaling in glia cells.



purine nucleotides (ATP and ADP) but also by the pyrimidine nucleotides (UTP
and UDP) and their pharmacological characterization is based on the rank-order
of potency of the various agonists. Selective and potent antagonists for P2
receptors, however are still lacking [58, 81].
Adenosine and its nucleotides are structurally closely related and are regarded as
the phylogenetically most ancient epigenetic factors for cellular control. They
share a metabolic route, are both produced on demand and can be released to the
extracellular environment. Adenosine and its nucleotides are present in all cell
types, making the broad and abundant expression of P1 and P2 receptors in all
tissues conceivable [18, 58]. Since these molecules and their receptors are
involved in both numerous physiological processes and disease pathologies there
are various therapeutic concepts and approaches that are based on purine
signaling [18, 42, 58, 136]. 
Activation of purine receptors leads to a variety of effects in the central nervous
system [18, 24, 41]. Adenosine is well known for its role as neuromodulator
under physiological conditions and ATP plays a role in fast neurotransmission.
Under pathological conditions (e.g. ischaemia, trauma, and excitotoxicity), high
concentrations of adenosine and/or ATP are released into the extracellular space
as a result of an imbalance in energy metabolism. High levels of extracellular
adenosine protect neurons from excitatory damage by hyperpolarization and
inhibition of neuronal transmitter release (see below). Although most
extracellular ATP is rapidly metabolized into adenosine, there is recent evidence
that ATP itself may influence the survival of neurons [131]. 
Brain damage in general also activates glia cells, mostly microglia and astrocytes.
The prominent presence of activated glia cells in the injured brain has led
approximately 10 years ago to the assumption that glial activation might be a key
feature in neurodegenerative processes [73, 80, 85]. This assumption has now
been refined. Clear evidence that activated glia cells support damaged neurons
and promote survival has been achieved in the last couple of years [15]. These
data fit more in the general and old concept of glia as neuron supporting cells
[119]. Thus glia activation per se is not detrimental; this probably is only the case
when glia activation is very strong and prolonged as observed in chronic
neurodegeneration. The control of glia activity is therefore crucial for the final
outcome. Like other cells, glia cells express a variety of purine receptors. These
receptors are involved in several aspects of glial physiology such as control of ion-
channel expression, induction of intracellular calcium transients and regulation of
proliferation and apoptosis [39, 54, 57, 67, 89]. Here we will review the current
literature on purinergic effects in the CNS with a main emphasis on glia cells and
their contribution to neuroprotection. 

Glia cells in purine receptor-induced neuroprotection

41



Effects of purines in neurons

Expression of all types of adenosine receptors has been found in neurons.
Adenosine A1 receptors are highly expressed especially in cortex, thalamus, cere-
bellum and hippocampus [88, 122]. Adenosine A2A receptors are predominantly
found in the striatum, where they are co-localized with dopamine D2 receptors.
Moreover, A2A receptors are abundantly expressed in the nucleus accumbens and
in the olfactory tubercle [33, 78]. The expression of the other two adenosine
receptor subtypes, A2B and A3, is not restricted to specific brain areas [36, 132]. 
Under physiological conditions adenosine has several prominent effects in the
brain. First adenosine is a key modulator of energy homeostasis, a function which
is common to all tissues [23, 137]. Moreover, adenosine in the brain plays a
neuromodulatory role at the synaptic level, since it modulates the release of
neurotransmitter by a balanced activation of presynaptic inhibitory A1 receptors
and facilitatory A2A receptors [23, 107]. In addition, it has been suggested that
adenosine mediates direct trophic functions since it stimulates neurite outgrowth,
through activation of adenosine A2A receptors [20, 96].
Like in other tissues, adenosine is also in the brain essentially involved in the
coupling of energy consumption and energy supply. In order to maintain a stable
cellular energy content, adenosine can suppress neuronal firing (reduce energy
consumption) and increase the cerebral blood flow (support energy supply) [28,
50]. These effects are induced by the large amounts of adenosine that are released
under pathological conditions like seizures and ischaemia. Under these conditions
the extracellular concentration of adenosine rapidly rises from nanomolar to
micromolar levels [31, 99], which subsequently leads to a significant protection
of neurons [25, 41, 99, 101, 133, 138]. Since the neuroprotective mechanisms of
neuronal adenosine A1 receptors have been reviewed extensively in a number of
excellent articles they will only be discussed briefly here [31, 32, 50, 99].
Presynaptically, adenosine inhibits the release of the excitatory neurotransmitters
glutamate [31, 34]. Postsynaptically, adenosine causes hyperpolarization of the
cell membrane, mainly by increasing K+ conductance [46, 94, 128], by
stabilization of the Mg2+ blockade of NMDA receptors [99, 101] and by a
reduction of Ca2+-influx, probably caused by an inhibition of N-type voltage-
dependent Ca2+ channels [29, 71, 86, 92, 114, 125]. Thus the sum of these
effects will finally lead to a decrease of neuronal excitability, thereby preventing
neurons from death caused by overstimulation, called excitotoxicity. The neuro-
protective effects of adenosine A1 receptors are increased following receptor
upregulation, suggesting that an enhancement of neuronal adenosine A1 receptor
expression attenuates neuronal damage in pathological conditions [99]. 
Investigations that studied the expression of P2 receptor mRNAs found abundant
and ubiquitous expression of P2X1, P2X2, P2X4 and P2X6 mRNA in the brain,
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whereas other P2X mRNA were more restricted to special brain regions [24].
Furthermore, the expression of P2Y1, P2Y2, P2Y4 and P2Y6 mRNA has been
observed in brain tissue without further characterization of its localization [24].
Protein studies, however, did not always corroborate the findings on mRNA
expression, which makes the issue of P2 receptor expression in brain a field for
further investigation. Based on the work of G. Burnstock (1970) who was the first
to postulate a signaling function for nucleotides, it is widely accepted today that
nucleotides such as ATP or UTP are extracellular signaling molecules [17]. They
act in the brain as neurotransmitter or co-transmitter with various effects on fast
neurotransmission, dependent on the nucleotide and receptor subtype involved
[18, 24, 81, 136]. Despite the fact that much progress has been made, the effects
of P2 receptors in neurons are still less well described than those of adenosine
receptors [70, 116], which  is mostly due to the lack of selective ligands for most
P2 receptor subtypes [81].

Effects of purines in glia cells

Purine receptor expression in glia cells

Adenosine receptors are also present in glia cells [21]. The expression of all
adenosine receptor subtypes has been described in both rat and mouse astrocytes
[14, 36, 78]. Whereas consistent results have been published on the expression
of adenosine A1 and A3 receptors in cultured microglia, conflicting data exist on
the expression of adenosine A2A and A2B receptors in these cells. This difference
may be due to species differences [38, 51, 84, 132, 140]. 

Both astrocytes and microglia express P2X and P2Y receptor subtypes [84]. The
expression of P2X receptors in hippocampal astrocytes was recently described in a
detailed study showing that P2X4 and P2X6 were abundantly expressed in these
cells. Moderate expression of P2X1, P2X2, P2X3 and P2X7 was found in
astrocytes, whereas astrocytic P2X5 protein was not detected [65]. Similar results
were observed in cultured cortical astrocytes with the exception that the authors
did not find expression of P2X6 but detected P2X5 expression [43]. RT-PCR
analysis and functional studies have also provided evidence for the expression of
several P2Y receptors (P2Y1, P2Y2, P2Y4, P2Y6 and P2Y12) in cultured cortical
astrocytes [8, 43]. The situation concerning expression of P2 receptors in
microglia is less complex. A variety of functional studies as well as
immunohistochemical evidence indicates that microglia express P2Y7, P2Y2 and
P2Y12 (see for review: [57]). The expression of P2Y12 seems to be unique for
microglia, as compared to other macrophage-like cell types and could therefore
account as a microglia specific marker in immunological studies [103].
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Purinergic control of glia cell proliferation

Microglia and astrocytes rapidly respond to any pathological event in the CNS.
The activation of these cells (gliosis) which inevitably occurs whenever neurons
are endangered is most likely aimed to reduce the damage and to protect
neuronal cells [119]. However, highly activated, overreacting glia cells might
induce a so-called bystander reaction that can lead to the degradation of healthy
tissue, thereby increasing the damage. It is therefore of particular interest to
understand how the “double-edged sword” of glial activation is balanced, how the
activity of glia cells is controlled. Since ATP and adenosine are rapidly released
under pathological conditions and glia cells functionally express purine receptors,
various groups have investigated the possible involvement of purines in the
control of glial activity.
In this respect, it has been reported that adenosine as well as ATP can activate
microglia and increase microglia proliferation [38, 45, 57], while others have
found that adenosine and ATP inhibit microglial proliferation and activation or
even induce apoptosis in these cells [13, 89, 112, 141]. These, apparently
contradictory data, might be related to the different activation stages of microglia.
It is known that activated microglia can act as brain macrophages and release
neurotoxic substances, thereby increasing neuronal damage [3, 4, 120]. On the
other hand increasing evidence suggests that activated microglia provide favorable
conditions for neuronal repair since it has been shown that activated microglia
have direct neuroprotective effects or that they can trigger T-cells to mount a
neuroprotective response [108, 119].
Similarly astrocytes undergo profound functional changes in response to CNS
injury. This reaction, called reactive astrogliosis is characterized by increased
astrocyte proliferation, astrocyte hypertrophy and an increased expression of glial
fibrillary acidic protein [74, 87]. Since reactive astrogliosis has been observed for
example in the aging brain or Alzheimer’s disease [129] it has been linked to the
pathogenesis of these conditions and it has been assumed that astrogliosis would
impair neuronal regeneration in the CNS.  However, there are some indications
that reactive gliosis may also be beneficial for neuronal repair. In addition,
reactive astrocytes could actually support neural outgrowth [1, 84, 97, 135].
Similar to the onset of microglia activity, several reports have shown that purines
contribute to the onset of astrogliosis, whereas blockade of adenosine receptors
was found to prevent this reaction [2, 14, 54, 62]. Accordingly, it has been
suggested that adenosine, by stimulating the proliferation of astrocytes would
enhances their protective effects, activities such as the clearance of neurotoxic
levels of glutamate from the extracellular space [100]. On the other hand
adenosine has recently been described to induce apoptosis of astrocytes via
adenosine A3 receptors, indicating again a complex function of purines in the
regulation of astroglial activity [26]. 
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Thus whereas the molecular identity of the involved purine receptor subtypes is
not always known, there are contradictory purinergic effects on the proliferation
of both glia cell types, microglia and astrocytes [21].  As mentioned above
proliferation of microglia and astrocytes may have neuroprotective or “neuro-
detrimental” effects. It is thus tempting to speculate that purines may stimulate
the protective side of glial proliferation whereas the destructive side of glial
proliferation is inhibited by purine signaling. Further experiments are clearly
needed to investigate whether this hypothesis is true. 

Purinergic control of glial secretion of neuroprotective substances

The release of various neurotrophic factors from astrocytes during development
has long been known [82]. Various reports have recently provided additional
evidence for a neuron-supportive role of astrocytes and microglia during CNS
pathology. These cells are now known to release various factors aimed to protect
neurons from the threats of damage. Among these factors are neurotrophic
factors and cytokines [82]. Neurotrophic factors constitute a large family of
related proteins such as nerve growth factor (NGF), neurotrophins 3 and 4 (NT3,
NT4), brain-derived-neurotrophic factor (BDNF), glial-derived neurotrophic
factor (GDNF) and vascular endothelial growth factor (VEGF) [60, 124, 134].
Next to these factors a number of glial derived cytokines have also been described
to have neuroprotective properties; IL-1α, IL-1β, IL-6, IL-10, TNF-α, TGF-β and
the chemokine CCL2 [12, 19, 115, 118, 121].  How the synthesis and release of
these factors from glia cells is controlled has not been completely understood yet,
but experimental evidence strongly suggests that glial purine receptors are
important regulators here.

Release of neurotrophic factors from glia cells

The activity of nerve growth factor was initially associated with the differentiation
and survival of young neurons. NGF is, however, also involved in maintenance of
mature neurons and neuronal repair. NGF exerts its neurotrophic effects through
several second messenger pathways, via the activation of tyrokinase A (TrkA)
receptors. The essential mechanism involved in NGF-induced neuroprotection is
based on intervention of the apoptotic pathways. For an excellent review on NGF
function see [113].
Cultured mouse astrocytes have been shown to release NGF after stimulation of
adenosine A1 receptors [22], treatment with propentofylline (adenosine reuptake
inhibitor) [111] or with guanosine and GTP [77]. In the same line of evidence it
was described that exposure to AIT-082, a hypoxanthine derivative, stimulated
the production of mRNA for NGF, neurotrophin-3 and basic fibroblast growth
factor (bFGF) in cultured mouse astrocytes [47, 96] as well as in vivo [48]. The
mechanism underlying the effects induced by AIT-082 is not yet fully explained,
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but it has been suggested that AIT-082 might enhance the release of adenosine
from astrocytes [27]. An effect of adenosine receptor stimulation on the release of
NGF was also found in microglia, but in contrast to astrocytes this effect was due
to the stimulation of adenosine A2A receptors [52]. 

S100B
S100 proteins are small calcium- binding proteins that play a role in many
intracellular functions like protein phosphorylation, enzyme activities, cell
proliferation and differentiation and intracellular calcium homeostasis [30].
Unlike most other S100 proteins, S100B is secreted by cells, mainly astrocytes,
and promotes of neuronal survival and neurite outgrowth [5, 79, 104]. Extra-
cellular S100B exerts these effects probably by binding to the receptor for
advanced glycation end products (RAGE), nuclear translocation of NF-κB and
stimulation of Bcl-2 expression [30]. The release of S100B from astrocytes is,
among other receptors, induced by stimulation with adenosine A1 receptors [21,
22].

Cytokines
Although cytokines were believed to be solely involved in regulating immune
function in the periphery and inflammatory responses in the nervous system, it is
now obvious that these molecules also have potent neuroprotective effects [19,
59, 117]. The pro-inflammatory cytokine IL-6 was initially believed to induce
primarily destructive effects in the brain. Since expression of IL-6 in brain is
increased during brain pathologies like seizures, Alzheimer’s disease, as well as
normal aging, it was believed that IL-6 would play a causal role in the patho-
physiology of these conditions [7, 44, 49, 130]. However, increasing evidence has
shown that IL-6 is neuroprotective, plays a role in differentiation and
regeneration of nervous tissue and is essential for maintenance of homeostasis in
the CNS. Therefore, the higher levels of IL-6 observed under pathological
conditions may also indicate an intrinsic response to counteract brain damage
[44, 59]. Several reports clearly show the beneficial effects of IL-6 in different
models for neurotoxicity [9, 66, 69]. Moreover, IL-6-deficient mice depict a
compromised inflammatory response in the CNS, an increase of oxidative stress
and a delayed post-traumatic healing after brain injury [95, 123]. Next to other
factors that stimulate the release of IL-6 from glia cells, purine receptors are
involved. Stimulation of adenosine A2B receptors led to an increase of IL-6 mRNA
and IL-6 protein synthesis in human astroglioma cells and cultured mouse
astrocytes [37, 106]. Similar effects were observed in the microglia cell line MG5.
However, in contrast to astrocytes, stimulation of adenosine A2B receptors had no
effect in MG5 cells, the fast IL-6 release here was induced by stimulation with ATP
via pertussis-toxin insensitive P2Y receptors [90, 110]. The question, which P2Y-
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subtype in microglia mediates this effects, however, remains to be answered [57]. 
Although the neuroprotective actions of IL-6 are now well established, the
underlying mechanisms remain to be elucidated. The effects of IL-6 on NGF
production and enhancement of NGF-mediated effects most likely contribute to
the neuroprotective effects of the cytokine [19, 64, 72]. Based on our data,
however, we propose an additional, purine-receptor-based mechanism. In 1999
Schumann and colleagues found a marked increase of de novo protein synthesis
in human neuronal cells after stimulation with IL-6 [105]. We could recently
demonstrate that adenosine A1 receptors are among the newly synthesized
proteins in nervous tissue in response to IL-6 stimulation [10]. Since it is well
described that upregulation of adenosine A1 receptors in brain enhances the
neuroprotective effects of adenosine, it has been proposed that the indirect effect
of IL-6 on adenosine A1 receptors might be essential for the neuroprotective
function of IL-6 [10]. 
A clear dual role has now been acknowledged for TNF-α in brain [98]. Its
expression can induce further damage to brain tissue during ischemia [6, 75] or
protect neurons from various insults [61, 83, 109]. An explanation for these
conflicting results has been addressed in two recent papers using mouse models
deficient for the two different TNF-α receptors TNF-R1 and TNF-R2. Both groups
found that the detrimental effects of TNF-α were due to the activity of TNF-R1,
whereas activation of TNF-R2 leads to neuroprotection and trophic effects [40,
142]. Microglia cells are a major source for TNF-α in brain. Among other factors
that control the release of TNF-α from microglia increasing evidence suggests
that also purine receptors are involved. The receptor responsible for this effect is
P2X7 that needs relatively high concentrations of ATP indicating its activity under
acute situations [53, 57, 121].
Another important cytokine in brain is the pro-inflammatory chemokine CCL2.
Expression of this chemokine in glia cells has been associated with a variety of
neurodegenerative diseases [11, 68]. The expression of CCL2 in brain most likely
orchestrates the infiltration of the CNS by blood macrophages [55, 56, 127],
however, recent results, showing various effects of CCL2 in brain cells indicate
additional functions of CCL2 in brain [11]. Recently, two reports show marked
protection of neurons by CCL2 stimulation after the neurons were treated with
NMDA or HIV-tat [16, 35]. Although the mechanism of CCL2-induced neuro-
protection is unknown, it has been hypothesized that CCL2 might modulate the
uptake, release and metabolism of neurotransmitters like glutamate through
presynaptic chemokine receptors [35, 76]. Interestingly, purine receptor stimu-
lation has also been shown to be involved in the release of CCL2 from astrocytes.
Two different purine receptors are involved. Thus astrocytic release of CCL2 can
be induced by stimulation of P2X7 receptors [91] as well as by stimulation of
adenosine A3 receptors [139].

Glia cells in purine receptor-induced neuroprotection

47



The findings described above suggest a general role of glial purine receptors in
regulating the synthesis and release of various neuroprotective factors (Figure
2.1). Thus, purines not only protect neurons indirectly, they also could have
indirect effects by inducing the release of neuroprotective factors from glia cells.
Interestingly, the synthesis and release of neurotrophins, cytokines and
chemokines in glia cells is controlled by several different purine receptors, namely
all four adenosine receptor subtypes, A1, A2A, A2B and A3, and the ATP receptor
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Figure 2.1. Overview of neuroprotective substances released by glia cells and its effects on
neurons. (1) As a result of energy shortage ATP is broken down to adenosine. Adenosine is
transported out of the cell by facilitated diffusion transporters. (2) ATP can be transported out of
the cell co-localized with certain neurotransmitters or by ATP-conducting ion-channels. ATP is also
released when severely damaged cells release all of their contents. (3) Extracellular ATP is broken
down by nucleotidases into adenosine. (4) ATP stimulates P2X7 receptors in astrocytes and P2Y
receptors in microglia resulting in the increased production of CCL2 and IL-6 respectively. (5)
Adenosine stimulates adenosine A1 receptors in neurons resulting in a reduction of Ca2+ influx, an
inhibition of neurotransmitter release and an increase of K+ influx, causing hyperpolarization.
Adenosine stimulates A1, A2B and A3 receptors in astrocytes resulting in an increased production of
NGF, S100B, IL-6 and CCL2. Adenosine stimulates A2A receptors in microglia increasing the
production of NGF. (6) S100B, CCL2, IL-6 and NGF are released by astrocytes. (7) NGF and IL-6
are released by microglia. (8) S100B, CCL2, NGF exert neuroprotective effects in neurons. (9) IL-6
exerts neuroprotection possibly through the upregulation of adenosine A1 receptors. 



subtypes P2X7 and P2Y. Since these receptors have different affinities for their
natural ligands, it is tempting to speculate that different receptor subtypes will be
activated depending on the extracellular concentration of adenosine and/or ATP.
Accordingly, the release of different neuroprotective substances from glia cells
would be precisely regulated by varying extracellular concentrations of purines. 

Conclusions

Purines, ATP and adenosine are released in high concentrations in the
endangered CNS. In this review we have discussed an indirect neuroprotective
function of purine signaling in the CNS, by activating astrocytes and microglia.
Purine signaling in glia cells might influence the proliferation and apoptosis of
these cells, which could be of importance to initiate or stop an inflammatory
reaction in the CNS. Moreover purine signaling activates glia cells to release
factors that induce neuroprotective functions (see table 2.1 for an overview).
Interestingly, different factors are released by stimulation of specific purine
receptor subtypes, indicating that the purine-induced release of neurotrophic
factors is carefully regulated. Since purine research in glia cells is a relatively
novel research area, future investigations are likely to find even more neuropro-
tective substances to be released by glia cells and might create opportunities for
the development of new therapeutic approaches in neuroinflammation.
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Table 2.1. Overview of substances released by glia cells upon purine receptor stimulation.

ligand receptor substance released cell type reference

C-CPA adenosine A1 NGF, S100B mouse astrocytes [22]
CGS 21680 adenosine A2A NGF mouse microglia [52]

NECA adenosine A2B IL-6 human astroglioma [38]
2-chloroadenosine adenosine A2B IL-6 mouse astrocytes [106]

Cl-IB-MECA adenosine A3 CCL2 mouse astrocytes [139]
propentofylline unknowna NGF mouse astrocytes [111]

AIT-082 not specificb NGF, NT-3, bFGF mouse astrocytes [47, 96]
ATP P2Y IL-6 MG5 cells [110]

(microglia cell line)
ATP P2X7 IL-1b mouse microglia [102]
ATP P2X7 TNF-a rat microglia [53]
ATP P2X7 CCL2 rat astrocytes [91]

guanosine/GTP unknown NGF mouse astrocytes [77]

a propentofylline acts as an adenosine transport inhibitor and a weak adenosine receptor 
antagonist [93]    b AIT-082 might enhance the release of adenosine from astrocytes [27]
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Summary

Introduction

Adenosine is essentially involved in the coupling of cellular metabolism to energy
supply. In order to control metabolic rate, adenosine, for example, suppresses
neuronal firing and increases blood flow [18, 31, 50]. The effects of adenosine are
mediated by four types of G-protein coupled adenosine receptors; A1, A2A, A2B

and A3 [27]. In the brain adenosine acts as a physiological neuromodulator [16,
66]. Under pathological conditions like seizures, ischaemia and hypoxia the
extracellular adenosine concentration rapidly rises from nanomolar to micromolar
levels [20, 57]. This large amount of adenosine has a significant neuroprotective
effect [17, 57, 58, 64, 67] mainly by stimulating neuronal adenosine A1 receptors
[27]. In neurons, adenosine inhibits the release of excitatory neurotransmitters
and causes hyperpolarization of the membrane potential [20, 57]. Recent
evidence however, suggests that stimulation of glial adenosine receptors leads to
the synthesis of various neuroprotective substances. It has for example been
shown that adenosine A1 receptor stimulation in astrocytes induces release of
nerve growth factor and S100B protein [13]. Moreover, it was shown that
stimulation of adenosine A2B receptors in astrocytes induces synthesis and release
of interleukin-6 (IL-6) [23, 59]. The induction of IL-6 synthesis might also
contribute to the neuroprotective actions of adenosine since there is accumulating
evidence that IL-6 is a neuroprotective cytokine [45-47, 53, 63]. Thus the
neuroprotective properties of adenosine might be direct in neurons and indirect
in glia cells by stimulating the synthesis of neuroprotective substances.
Chemokines are small chemotactic cytokines of approximately 10kDa, that are
essential elements in the peripheral immune system (for review see [5, 51, 56]).
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During neuropathological conditions high concentrations of adenosine are released stimulating
adenosine receptors in neurons and glia cells. It has recently been shown that stimulation of
adenosine receptors in glia cells induces the release of neuroprotective substances like NGF,
S100B and interleukin-6 (IL-6). It has therefore been suggested that glial adenosine receptors are
involved in neuroprotection. Since recently neuroprotective effects of the chemokine CCL2
(formerly known as MCP-1) have been reported, we investigated the possible effect of adenosine
receptor stimulation on glial CCL2 synthesis. Here we show that stimulation of cultured murine
astrocytes with the selective adenosine A3 receptor agonist 2-chloro-N6-(3-iodobenzyl)-N-methyl-
5’-carbamoyladenosine (Cl-IB-MECA) induced the release of CCL2. Specific ligands for adenosine
A1 or A2 receptors did not affect CCL2 release. Furthermore, Cl-IB-MECA-induced CCL2
synthesis was inhibited by adenosine A3 receptor antagonists. These results show that stimulation
of adenosine A3 receptors in astrocytes induced the release of CCL2, thus supporting the
assumption that adenosine receptors in glia cells regulate the synthesis of neuroprotective
substances. 



It is now clear that chemokines are also found in brain where they are pre-
dominantly expressed in glia cells [3, 4, 6]. 
The expression of CCL2 in glia cells, which is evident in most neurodegenerative
conditions, controls the infiltration of the brain by blood leukocytes [25, 37, 38,
60]. On the other hand the presence of functional chemokine receptors in all
types of endogenous brain cells (neurons, astrocytes, oligodendrocytes and
microglia) led to the assumption that chemokines may function as intercellular
messengers in the brain (for review see [7, 36]). In line with this assumption are
the effects of CCL2 on astroglial synthesis of matrix metalloproteinases and
cytokine release [10, 15, 19]. Moreover, recent results show direct neuro-
protective properties of CCL2 stimulation in NMDA or HIV-tat-treated neurons
[11, 21]. 
Although it is clear that astrocytes express and release CCL2, little is yet known
on the regulation of glial CCL2 synthesis. The findings, that astroglial adenosine
receptors stimulate expression of various neuroprotective substances and that
CCL2 has direct neuroprotective properties, prompted us to investigate possible
effects of glial adenosine receptor stimulation on CCL2 synthesis.

Materials and methods

All cell culture media and supplements were obtained from Gibco-BRL Life
technologies (Breda, the Netherlands). Reverse transcriptase enzyme and buffer
were purchased from Promega (Madison, WI, USA). Taq-polymerase and buffer
for PCR were obtained from Eppendorf (Boulder, CO, USA). N6-cyclopenty-
ladenosine (CPA), N-ethylcarboxamidoadenosine (NECA), 1,3-dimethyl-8-
phenylxanthine (8PT) and 3-propyl-6-ethyl-5-[(ethylthio)carbony]-2 phenyl-4-
propyl-3-pyridine carboxylate (MRS 1523), Lipopolysaccharide (E.Coli, 0128:B12)
and pertussis toxin were obtained from Sigma-Aldrich (St.Louis, MO, U.S.A.), 2-
chloro-N6-(3-iodobenzyl)-N-methyl-5’-carbamoyladenosine (Cl-IB-MECA) and 2-
[p-(2-carboxyethyl)phenyl-ethylamino]-5'-N-ethylcarboxamidoadenosine
(CGS21680) were purchased from Tocris Cookson (Ellisville, MO, USA).

Glial cultures

Astrocyte cell cultures were established as described previously [8]. In brief,
mouse cortex was dissected from new-born mouse pups (<1 day). Brain tissue
was gently dissociated by trituration in phosphate-buffered saline (PBS) and
filtered through a cell strainer (70 mm Ø, Falcon) into Dulbecco’s Modified Eagle
medium (DMEM). After two washing steps (200 x g for 10 min), cells were
seeded in culture flasks (75 cm2, Greiner; 10 x 106 cells/flask). Cultures were
maintained up to 4 weeks in DMEM containing 10% fetal calf serum with 0.01%
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penicillin and 0.01% streptomycin in a humidified atmosphere (5% CO2) at 37ºC.
Culture medium was changed the second day after preparation and every 6 days
thereafter. For in situ hybridization mixed astrocyte cultures were incubated with
0.25% w/v porcine trypsin at 37ºC for 10 min and seeded on poly-L-lysine-coated
glass coverslips in 6-well culture dishes. Floating microglia were harvested from
confluent mixed astrocyte cultures and plated on new culture dishes. Microglia
cultures were pure (> 95%) as tested by cell specific markers (F4/80 and Mac-1).
For in situ hybridization microglia were seeded on poly-L-lysine-coated glass cover-
slips in 6-well culture dishes.

CCL2 ELISA

For ELISA experiments glia cells were seeded directly after preparation in 24-well
dishes at a density of 1.0~1.5 x 105 cells/well and experiments were performed
12-14 days thereafter. Microglia were removed from these mixed astrocytes
cultures by tapping and rinsing the plates yielding cultures that contained > 90%
astrocytes. Harvested microglia were plated in 24-well plates at a density of 1.0 x
105 cells/well The medium was changed two hours before stimulation with
DMEM containing 0.1% fetal calf serum supplemented with 0.01% penicillin and
0.01% streptomycin. Cells were incubated 24 hours with adenosine receptor
agonists, which were added to the culture medium. Antagonists were added 30
minutes before agonist treatment and were left in the medium the following 24
hours. Control cells (unstimulated) received solvent only. In some experiments,
cells were pre-incubated 18 hours with 200 ng/ml pertussis toxin. The medium
was then changed followed by incubation with the adenosine agonist.
Supernatants were then removed, centrifuged at 10.000 g for 2 minutes and
stored at –80ºC until analysis. 
A commercial ELISA kit (R&D systems, Minneapolis, MN, USA) was used to
determine CCL2 levels. For ELISA analysis supernatants from astrocytes were
diluted 1:4 in stimulation medium (DMEM + 0.1% fetal calf serum, 0.01%
penicillin and streptomycin); supernatants from microglia were not diluted.
ELISA experiments were carried out according to the manufacturer’s protocol
with some modifications due to the low activity of the streptavidin horseradish
peroxidase supplied in the ELISA kit. After incubation with the secondary
biotinylated antibody, plates were washed and incubated for 30 min with
streptavidin conjugated to poly-horseradish peroxidase (Strepta-E from Centraal
Laboratorium voor Bloedtransfusie, Amsterdam, The Netherlands) at a
concentration of 125 ng/ml in incubation buffer. A final washing step was
followed by the chromogen reaction: 1 mg of 3’, 3’, 5’, 5’-tetramethylbenzidin
(Roth, Germany) in 0.3 ml 96% EtOH was added to 11 ml 0.1 M Na-acetate, pH
6, and 0.004% H2O2 and plates were incubated for ca. 5 min with 0.1 ml of the
chromogen solution until the reaction was stopped by addition of 1 M H2SO4.
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The absorption at 450 nm minus 570 nm was measured in a microplate reader
(Labsystems©, Breda, The Netherlands), and the concentrations were calculated
using SOFTmax PRO software (Molecular Devices, Sunnyvale, CA). 

Reverse transcription-polymerase chain reaction (RT-PCR)

Cultured glia cells were lysed in guanidinium isothiocyanate/mercaptoethanol
buffer and total RNA was extracted with one phenol/chloroform step,
precipitated according to Chomczynski and Sacchi [12]. Subsequently, RNA was
treated with RNAse free DNAse (Sigma-Aldrich, Bornhem, Belgium) for 2 hours
and precipitated. Reverse transcription (RT): 1 µg of total RNA was transcribed
into cDNA as described [8]. The quality of the cDNA was controlled using
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) primers [9] and potential
contamination by genomic DNA was checked for by running the reactions
without reverse transcriptase and using GAPDH primers in subsequent poly-
merase chain reaction (PCR) amplifications. 
PCR: 2 µl of the RT reaction product was used in the subsequent PCR ampli-
fication as described [8]. Primer sequences used are listed in table 3.1. Cycle
numbers were 35 and annealing temperature was 58ºC for adenosine receptor
primers and 28 cycles and 60ºC for GAPDH primers.

In situ hybridization

For in situ hybridization PCRII vectors containing mouse adenosine receptor PCR
products were linearized with BamHI or XhoI. Adenosine A3 receptor sense and
antisense probes were synthesized by run off transcription and the use of
digoxigenin-conjugated UTP according to the manufacturer’s protocol (Boehringer
Mannheim, Mannheim, Germany).
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Table 3.1. Primer sequences for mouse adenosine receptors and GAPDH

Gene Primer sequences (5’-3’) PCR product (bp)

A1 ACTTCTTCGTCTGGGTGCTG 349
AGAAAGGTGACCCGGAACTT

A2A TCATGTACCTGGCCATCATC 349
TGCTCCTGGGTAAGAAGCTC

A2B ATGTGGTCCCCATGAGCTAC 351
AGGCATAGACAATGGGGTTG

A3 ATGGAAGCCGACAACACC 309
CAGCAAGGACATGATGGAAG

GAPDH CATCCTGCACCACCAACTGCTTAG 312
GCCTGCTTCACCACCTTCTTGATG



Cultured glia cells were seeded on poly-L-lysine-coated glass cover-slides and
fixed in 4% paraformaldehyde for 30 min. The in situ hybridization procedure was
carried out as described earlier [14]; alkaline phosphatase-conjugated sheep anti-
digoxigenin was used for the immunological detection of the digoxigenin- labeled
RNA-RNA complex. Control experiments included hybridization with digoxigenin-
labeled sense probes and hybridization with β-actin probes. 

Intracellular calcium measurements

For calcium measurements, astrocytes were plated on glass coverslips two days
before the experiment. Cells were loaded 1 hour at 37ºC with Fura-PE3 (TEF
Labs, Austin, USA) in loading buffer containing 120 mM NaCl, 5 mM HEPES, 6
mM KCl, 2 mM CaCl2, 1 mM MgCl2, 5 mM glucose, 22 mM NaHCO3, 0.005 mM
Fura; pH 7.4. Subsequently, the coverslips were fixed in a perfusion chamber and
mounted on an inverted microscope. Fluorimetric measurements were done using
a sensicam CCD camera supported by AxolabR 2.1 imaging software. Digital
images of the cells were obtained at an emission wavelength of 510 nm using
paired exposures to 340 and 380 nm excitation wavelength sampled at a
frequency of 1 Hz. Fluorescence values representing spatial averages from a
defined pixel area were recorded on-line. Increases in intracellular calcium
concentrations were expressed as the 340/380 ratio of the emission wavelengths.
Compounds were administered with a pipette directly into the medium covering
the cells. In pertussis toxin experiments, astrocytes were pre-incubated with 200
ng/ml pertussis toxin overnight before the calcium measurements.

Data analysis

The results of the ELISA experiments are presented as mean ± S.E.M. of 3-4
experiments per ligand. Statistical comparisons were performed using ANOVA
followed by Tukey post hoc test. Significance refers to results where p < 0.05 was
obtained.

Results

Adenosine A3 receptor stimulation leads to CCL2 release from astrocytes

Similar to previous reports [30, 34], constitutive synthesis of CCL2 was observed
in unstimulated astrocyte cultures. The CCL2 levels varied from 900-1800 pg/ml
between various preparations. The adenosine A1 and A2A receptor agonists CPA
and CGS 21680 (10 nM – 1 µM) did not affect the constitutive CCL2 synthesis in
these cultures (Figure 3.1A). A significant increase in CCL2 protein release in
astrocyte cultures was observed in response to stimulation with the selective A3

adenosine receptor agonist Cl-IB-MECA and the non-selective adenosine receptor
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Figure 3.1. Effect of adenosine receptor agonists and antagonists on CCL2 release in cultured
murine astrocytes and microglia. A) Effect of various concentrations (10 nM – 10 µM) of adenosine
receptor agonists on CCL2 release in cultured mixed astrocytes. Data represented as percentage of
control (unstimulated) value, which varied between 900 pg/ml and 1800 pg/ml in different
preparations. *, p < 0.05 for Cl-IB-MECA induced CCL2 release versus control value. ^, p < 0.05
for NECA induced CCL2 release versus control value. B) Effect of adenosine receptor antagonists
on CCL2 release in cultured mixed astrocytes induced by 100 nM Cl-IB-MECA. Data represented
as percentage of value stimulated with 100 nM Cl-IB-MECA. Data are given as mean ± S.E.M.
(n=4). *, significantly different from control p < 0.05. C) Lack of effect of various adenosine recep-
tor agonists on CCL2 release in pure microglial cultures. Stimulation cultured microglia for 24h
with 100 nM or 1 µM adenosine receptor ligands did not change basal CCL2 release (300 pg/ml),
whereas stimulation with LPS (1 ng/ml for 24h) pronouncedly induced CCL2 in these cultures.
Data are given as mean ± S.E.M. (n=4). 



agonist NECA, respectively (Figure 3.1A). Significant induction of CCL2 release
by Cl-IB-MECA was observed at a concentration of 100 nM (p < 0.05). At con-
centrations 10 nM and 1 µM CCL2 induction just failed to reach significance. The
non-selective adenosine receptor antagonist NECA stimulated CCL2 release at a
concentration of 1 µM. 
The specific induction of CCL2 release with Cl-IB-MECA suggested the involve-
ment of adenosine A3 receptors. In subsequent experiments astrocyte cultures
were pre-incubated with different concentrations (10 nM, 100 nM and 1 µM) of
the antagonists 8-PT and MRS 1523 and then stimulated with 100 nM Cl-IB-
MECA (Figure 3.1B). The non-selective adenosine antagonist 8-PT, which has a
very low affinity for the adenosine A3 receptor, did not influence Cl-IB-MECA-
induced CCL2 release. In contrast, the selective A3 receptor antagonist MRS 1523
significantly inhibited Cl-IB-MECA-induced CCL2 release (p < 0.05) (Figure 3.1B),
whereas CCL2 levels in unstimulated cells were unaffected by treatment with 1
µM MRS 1523 (116 ± 18% from unstimulated controls).

No involvement of adenosine A3 receptors in CCL2 release from microglia

Since astrocyte cultures used in our experiments still contained microglia cells,
similar ELISA experiments were performed in pure microglia cultures in order to
investigate whether adenosine receptor stimulation would induce CCL2 release in
these cells. CCL2 ELISA analysis revealed a basal release of CCL2 in cultured
microglia that was strongly induced by stimulation with LPS (1 ng/ml) (Figure
3.1C). In contrast to the situation in astrocyte cultures, CCL2 release from pure
microglia was not significantly changed by stimulation with CPA, NECA,
CGS21680 or Cl-IB-MECA (Figure 3.1C).

Adenosine receptor mRNA expression in glia cells 

In order to check whether adenosine A3 receptor mRNA is expressed both in
astrocyte cultures and pure microglia cultures, RT-PCR experiments were
performed. Results of the RT-PCR experiments (Figure 3.2A) showed mRNA
expression of the adenosine A1, A2B and A3 receptor subtypes in astrocyte
cultures. Expression of adenosine A2A receptor mRNA was not detectable (Figure
3.2A). In pure microglial cultures mRNA expression for adenosine A1, A2B and A3

adenosine receptor mRNA were found. Adenosine A2A receptor mRNA express-
ion in cultured microglia was only detected after 2 hour stimulation with bacterial
lipopolysaccharide (LPS) (100 ng/ml). In contrast to microglia, LPS did not
induce the expression of A2A receptor mRNA in mixed astrocyte cultures (data
not shown). Since adenosine A3 receptor mRNA was detected in both mixed
astrocyte- and pure microglial cultures in situ hybridization experiments using a
probe for adenosine A3 receptor mRNA were performed. In situ hybridization
analysis, using the antisense probe for adenosine A3 receptor mRNA, showed
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positive staining in cultured astrocytes (Figure 3.2B) and microglia (Figure 3.2D).
Approximately 50% of the microglia and 75% of the astrocytes expressed
adenosine A3 receptor mRNA. No staining was found using the sense control
probe in astrocytes (Figure 3.2C) or microglia (Figure 3.2E). 
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Figure 3.2. Analysis of adenosine receptor mRNA expression in cultured mixed astrocytes and
pure microglial cultures. A) RT-PCR analysis of adenosine receptor mRNA expression in cultured
mixed astrocytes and microglia. MM, molecular marker; highlighted band represents 500 bp. On
the right results of the GAPDH control experiment of astrocytes (1), unstimulated microglia (2)
and microglia stimulated with LPS (3). Results are shown from a typical experiment, similar
results were obtained from 4 independent experiments.
In situ hybridization analysis showing the expression of adenosine A3 receptor mRNA in cultured
astrocytes and microglia. B) Specific in situ hybridization signal in cultures astrocytes using the
antisense riboprobe. C) Control hybridization with the sense probe revealed no staining in cultured
astrocytes. D) Specific in situ hybridization signal in cultured microglia using the antisense
riboprobe. E) Control hybridization with the sense probe revealed no staining in cultured
microglia. In B and C the bar represents 50 µm, in D and E it represents 20 µm.



Cl-IB-MECA-induced CCL2 release from astrocytes is not blocked by
pertussis toxin (PTX)

Overnight pre-incubation with PTX (200 ng/ml for 16h) did not effect Cl-IB-
MECA-induced CCL2 release (Figure 3.3). Surprisingly, PTX treatment tended to
increase CCL2 release from astrocytes stimulated with 100 nM Cl-IB-MECA and
unstimulated cells (Figure 3.3). This increase, however, was not significant. PTX
treatment did not affect CCL2 release in LPS (1 ng/ml) stimulated astrocyte
cultures. The average amount of CCL2 protein in those samples was 7.4 x 103

pg/ml for LPS alone versus 6.6 x 103 pg/ml for LPS preceded by PTX treatment
(n=3).

Cl-IB-MECA-induced calcium transients in astrocytes are not affected by
pertussis toxin

In order to gain more information on the G-protein that couples to adenosine A3

receptors, studies on intracellular calcium transients in cultured astrocytes were
performed. It was found that approx. 50% of the investigated cells (141 out of
271) responded with increases in intracellular calcium after stimulation with 10
µM Cl-IB-MECA (see Figure 3.4A for a typical response). Intracellular calcium
transients in cultured astrocytes were also found in response to 10 µM of the
adenosine A1 receptor specific ligand CPA, however, this was found less frequent
since approx. 30% (46 out of 133) of the investigated cells responded to CPA
stimulation (see fig. 3.4B for a typical response). Pre-incubation with PTX (200
ng/ml) had no influence on the calcium transients caused by Cl-IB-MECA
stimulation; neither the rise in ratio nor the number of responding cells (110 out
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of 177) was changed after PTX treatment (Figure 3.4C and 3.4D). In striking
contrast pre-treatment with PTX (200 ng/ml) completely abolished the induction
of intracellular calcium transients in astrocytes in response to 10 µM CPA (Figure
3.4D). Only 4 out of 151 investigated cells still responded and showed a smaller
rise in ratio compared to untreated cells (Data not shown).
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transients in cultured murine astrocytes. A) Typical intracellular calcium response induced by 10
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murine astrocytes. C) Typical intracellular calcium response induced by 10 µM Cl-IB-MECA after
pre-treatment with PTX (200 ng/ml). D) Bar graph showing the percentage of cells responding to
Cl-IB-MECA and CPA in the presence or absence of PTX pre-treatment. Data in D are represented
as mean ± S.E.M. from 6-12 experiments. *, significant effect of PTX treatment (p < 0.05). The
arrow in A-C indicates the moment of stimulation.



Discussion

The neuromodulator adenosine has prominent neuroprotective effects in
neurodegenerative diseases by directly inhibiting excitatory neurotransmitter
release and by inducing neuronal hyperpolarization [20, 57]. Recent evidence
suggests that neuroprotection by adenosine might also occur indirectly by
induction of the release of neuroprotective substances from glia cells [13, 23, 35,
59]. In damaged neural tissue the chemokine CCL2 is predominately expressed in
glia cells (see for example [29]) and recently direct neuroprotective effects of this
chemokine have been published [11, 21]. However, little is yet known on the
regulation of glial CCL2 expression. We therefore investigated the possible effect
of adenosine receptor stimulation on glial CCL2 synthesis. We show that
stimulation of mixed mouse astrocyte cultures with the selective adenosine A3

receptor ligand Cl-IB-MECA induces a significant release of CCL2. Other selective
adenosine receptor agonists (CPA; adenosine A1 receptors and CGS 21680;
adenosine A2A receptors) did not have any effect on CCL2 release in mixed
astrocytic cultures, indicating that CCL2 release is induced by stimulation of
adenosine A3 receptors. Most likely, the effect of the non-selective adenosine
agonist NECA is also due to activation of adenosine A3 receptors, since NECA
has an intermediate affinity for this receptor subtype [27, 28, 68]. Antagonist
studies further corroborated the involvement of adenosine A3 receptors. The non-
selective antagonist 8PT, which has high affinity for A1- and A2A-, intermediate
affinity for A2B- but very low affinity for A3 adenosine receptors [27], did not
effect Cl-IB-MECA-induced CCL2 release. In contrast, 10 nM of the selective
adenosine A3 receptor antagonist, MRS 1523 [26, 49, 55], inhibited the effect of
Cl-IB-MECA on CCL2 release. The affinity of MRS 1523 at mouse adenosine A3

receptors is not known yet. Ki -values for MRS 1523 at rat and human A3

receptors were 113 and 18.9 nM respectively [44], indicating species dependent
differences of the affinity of MRS 1523. Similar to our findings a maximal effect of
MRS 1523 already with 10 nM was reported by Reshkin and colleagues [55] in
A6 cells, a renal cell line derived from Xenopus Laevis. Thus, MRS 1523 can block
adenosine A3 receptor-mediated responses at low concentrations.  
Taken together the results obtained by RT-PCR analysis and in situ hybridization
and the pharmacological data confirm the expression of the adenosine A3 receptor
in mouse astrocytes and its involvement in the release of CCL2. The effect of
adenosine A3 receptor ligands on the release of CCL2 was cell type specific.
Microglia that are known to release CCL2 upon a variety of stimuli (for review
see [7]) did not release CCL2 in response to Cl-IB-MECA, although adenosine A3

receptors are expressed in these cells and functional as published recently (this
work and [24, 32]). 
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Cl-IB-MECA-induced CCL2 release in cultured astrocytes was not inhibited by
pre-incubation with pertussis toxin, suggesting that Cl-IB-MECA-induced CCL2
release through a Gi protein independent pathway. This is in agreement with
previous studies that describe various pertussis toxin insensitive adenosine A3

receptor mediated effects [43, 55]. Adenosine A3 receptors are reported to couple
mainly to Gi or Gq proteins [52]. Since the involvement of Gi proteins in Cl-IB-
MECA mediated CCL2 release in astrocytes seems to be unlikely, Gq proteins
might be important here. The observed effects of Cl-IB-MECA on intracellular
calcium transients in astrocytes, which were completely insensitive to PTX
treatment, corroborate the assumption that adenosine A3 receptors in murine
astrocytes are coupled to Gq proteins. On the other hand we also observed
intracellular calcium transients in response to the adenosine A1 receptor agonist
CPA. This effect, however, was most likely mediated by Gi proteins since it was
completely blocked by PTX pre-treatment.
Little is yet known about the physiological role of adenosine A3 receptors. In
peripheral tissues both beneficial as well as harmful effects of adenosine A3

receptor stimulation have been reported [22, 33]. This also is the case in CNS
tissues. In animal experiments it has been found that adenosine A3 receptor
ligands are neuroprotective in cerebral ischaemia models [65]. These findings
have recently been confirmed in adenosine A3 receptor deficient mice [22].
Adenosine A3 receptor stimulation has been reported to regulate the survival of
glia cells. It was thus reported that administration of adenosine A3 receptor
ligands at nanomolar concentrations protected cultured astrocytes cells from cell
death, whereas stimulation with micromolar concentrations induced cell death
[40, 48]. 
Also CCL2 induces both detrimental and beneficial effects in the brain. Thus
CCL2 is clearly involved in neuroinflammation and several lines of evidence
suggest a function of CCL2 in the pathogenesis of neurodegenerative diseases
[37, 41, 42, 54, 61, 62]. On the other hand there are also reports showing direct
neuroprotective effects of CCL2 in culture [11, 21]. 
To what extent the effects of adenosine A3 receptor stimulation in vivo are caused
by increased release of CCL2 is still unclear. This should be further investigated
in adenosine A3 receptor deficient- or CCL2 deficient mice [1, 2, 39]. 
In conclusion, the data presented here show that stimulation of adenosine A3

receptors in cultured astrocytes induced the release of CCL2. This effect is most
likely mediated via Gq proteins and suggests a new function of adenosine A3

receptors in astrocytes. The here presented results furthermore corroborate the
assumption that adenosine receptors in glia cells regulate the release of various
neuroprotective substances as it was already shown for NGF and IL-6 [23, 35,
59].
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Summary

Introduction

The four distinct adenosine receptor subtypes, A1, A2A, A2B and A3, belong to the
family of G-protein coupled receptors [11]. Originally adenosine A1 and A3

receptors were described to interact mainly with Gi-proteins and induce
inhibition of adenylyl cyclase whereas adenosine A2A and A2B receptors are
coupled mainly to Gs-proteins, consequently stimulate adenylyl cyclase and
increase cAMP levels [12, 32]. However, since adenosine receptors have also been
reported to interact with different G-proteins and signal through various other
pathways, independent of adenylyl cyclase, as reviewed recently [37] the above
mentioned classification should be regarded as historical and may not solely
reflect the situation in vivo.
Since adenosine was first described to be involved cardiovascular regulation [9],
extensive research has been performed and a large number of physiological
functions of adenosine has been described (for reviews see: [10, 17, 22, 28, 35,
38, 42]). After the cloning of the first adenosine receptor [20], different
adenosine receptor subtypes have been characterized. The adenosine A1 receptor
has been cloned from several species: [1, 21, 25, 27, 29, 31, 33, 43, 45]. Fewer
reports described the cloning of adenosine A3 [29, 43, 45], adenosine A2A [26]
and adenosine A2B [33] receptor subtypes.
Mouse strains with targeted deletions of adenosine A1, A2A and A3 receptor
subtypes have been generated [16, 19, 44]. These transgenic mice prove to be a
useful tool to unravel the function of these adenosine receptor subtypes [30].
Despite the large interest in mouse adenosine A1 receptors, its pharmacological
properties are largely unknown [12]. This is in contrast to the human and rat
adenosine receptors, which have been well characterized in pharmacological
studies. In order to elucidate the pharmacological properties of the mouse

Chapter 4

76

The adenosinergic system is involved in many important physiological functions. Adenosine
exerts its extracellular effects through four types of G-protein coupled receptors: A1, A2A, A2B and
A3. Adenosine acts as an important regulator of metabolic processes. In the brain adenosine
mediates prominent neuroprotective functions via the adenosine A1 receptor. Whereas the
pharmacological characteristics of the rat and human adenosine A1 receptor have been intensively
studied, the mouse adenosine A1 receptor has not yet been characterized. Accordingly, we have
cloned the mouse brain adenosine A1 receptor and present here a pharmacological
characterization of the mouse adenosine A1 receptor using functional studies and radioligand
binding assays. The results show that the binding affinities of several ligands for the mouse
adenosine A1 receptor are similar to the affinities for the rat and human adenosine A1 receptor
with some exceptions.



adenosine A1 receptor, we have cloned the adenosine A1 receptor from mouse
brain and expressed it in Chinese Hamster Ovary (CHO) cells for pharma-
cological characterization and functional studies. Additionally, further binding
studies were performed on rat and human adenosine A1 receptor in order to
compare the binding affinities for all three species.

Materials and methods

Reagents

Phosphate-buffered saline, Dulbecco’s Modified Eagle medium (DMEM), DMEM-
F12, fetal calf serum and penicillin/streptomycin were obtained from Gibco.
Reverse transcriptase enzyme and buffer were purchased from Promega. Taq-
polymerase and buffer for polymerase chain reaction (PCR) were obtained from
Eppendorf (Boulder, CO, U.S.A). PCR-primers were ordered from Genset oligo’s.
N6-cyclopentyladenosine (CPA), R-N6-phenylisopropyladenosine (R-PIA), cyclo-
pentyltheophylline (CPT), N6-cyclopentyl-9-methyladenine (N-0840) and 8-
cyclopentyl-1,3-dipropylxanthine (DPCPX) were obtained from RBI (Natick, MA,
U.S.A.). N-ethylcarboxamidoadenosine (NECA), 2-chloro-N6-cyclopentylade-
nosine (CCPA) and forskolin were purchased from Sigma (St.Louis, MO, U.S.A.),
while adenosine deaminase was from Roche Biochemicals (Mannheim, Germany).
2-[p-(2-carboxyethyl)phenyl-ethylamino]-5'-N-ethylcarboxamidoadenosine
(CGS21680) was from Ciba Geigy. 4-(2-[7-amino-2-(2-furyl)[1,2,4]triazolo[2,3-
a][1,3,5]triazin-5-ylamino]ethyl)phenol (ZM241358) was from Zeneca Pharma-
ceuticals.  [3H]DPCPX was purchased from Amersham, whereas [3H]cAMP was
from NEN (Du Pont Nemours, ‘s-Hertogenbosch, NL). GTP was obtained from
Aldrich. 2-chloro- N6-(3-iodobenzyl)-N-methyl-5’-carbamoyladenosine (Cl-IB-
MECA) was a kind gift from K.A. Jacobson, NIH, USA.

Glial cultures

Mixed astrocyte cell cultures were established as described previously [3]. In
brief, mouse cortex was dissected from new-born mouse pups (<1 day). Brain
tissue was gently dissociated by trituration in phosphate-buffered saline and
filtered through a cell strainer (70 mm Ø, Falcon) into Dulbecco’s Modified Eagle
medium (DMEM). After two washing steps (200 x g for 10 min), cells were
seeded in culture flasks (75 cm2, Greiner; 10 x 106 cells/flask). Cultures were
maintained up to 4 weeks in DMEM containing 10% fetal calf serum with 0.01%
penicillin and 0.01% streptomycin in a humidified atmosphere (5% CO2) at 37ºC.
Culture medium was changed the second day after preparation and every 6 days
thereafter.
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Reverse transcription-polymerase chain reaction (RT-PCR)

Cells were lysed in guanidinium isothiocyanate/mercaptoethanol buffer and total
RNA was extracted with one phenol/chloroform step, precipitated according to
Chomczynski and Sacchi [5]. Subsequently RNA was treated with RNAse free
DNAse (Sigma-Aldrich, Bornhem, Belgium) for 2 hours and precipitated. Reverse
transcription (RT): 1 µg of total RNA was transcribed into cDNA in a total
volume of 25 µl containing 0.5 µl of M-MLV reverse transcriptase, 1 µl of RNase
inhibitor, 1 µl of random hexamers (0.2 mM), 5 µl of 5x buffer, 5 µl of
deoxynucleosidetriphosphates (dNTPs) (2.5 mM) and H2O adjusted to 25 µl.
After 60 min at 42°C, the reaction was stopped by heating at 95°C for 5 min. The
quality of the cDNA was controlled using glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) primers [4] and potential contamination by genomic
DNA was checked for by running the reactions without reverse transcriptase and
using GAPDH primers in subsequent polymerase chain reaction (PCR)
amplifications. PCR: 2 µl of the RT reaction was used in subsequent PCR
amplification as described previously [3]. In brief, the following reagents were
added: 5 µl 10x PCR-buffer, 2.5 µl MgCl2 (50 mM), 0.5 µl dNTPs (10 mM), 1 µl
of each primer, 38 µl H2O and 0.1 µl Taq-polymerase. Primer sequences for
mouse full-length adenosine A1 receptor:
forward primer: 5’-CATGCCGCCGTACATCTC-3’;
backward primer: 5’-TCTAGTCCTCAGCTTTCTCCTC-3’.
Cycle numbers were 35 and annealing temperature was 58ºC. The sequence of
the PCR product was verified by TA cloning into pCRII (Invitrogen). In brief PCR
products were stored on ice after the amplification. 20 µl of the resulting PCR
product was checked by gel electrophoresis and 2 µl was used for ligation into
linearized pCRII (Invitrogen) according to the instructions of the manufacturer.
The ligation product was used to transform competent bacteria (TOP-10F,
Invitrogen) and resulting bacterial colonies were grown overnight in 5 ml LB
medium. Plasmid preparation was done by standard methods and positive
plasmids were sequenced by ALF (sequencing facility; University of Groningen).
A XhoI /BamHI fragment, containing the full-length adenosine A1 receptor
coding region, was excised from the pCRII vector clone and ligated into a XhoI
/BamHI digested pcDNA3.1(-) expression vector (Invitrogen), incorporating a
neomycin resistance gene. Sequence analysis was performed to check the
orientation of the adenosine A1 receptor insert.

Stable expression in Chinese hamster ovary (CHO) cells

CHO cells were cultured at 37ºC in cell culture flasks (25 cm2, Corning),
containing 5 ml DMEM-F12 medium, supplemented with 10% fetal calf serum
and 2 mM L-glutamine in a humidified atmosphere (5% CO2). Cells were seeded
into a six-well dish and transfected with 1 µg of the pcDNA3.1(-)-mouse
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adenosine A1 receptor expression vector, using 3 µl of fuGENE 6 transfection
reagent (Roche). After transfection, cells were seeded in cell culture flasks. After
2 weeks of selection with 50 µg/ml G 418, monoclonal CHO cell lines, stably
expressing the mouse adenosine A1 receptor (CHO-mA1), were generated and
adenosine A1 receptor mRNA expression levels of 16 clones were determined by
RT-PCR. The CHO-mA1 cell line with highest expression levels was used for
binding studies and cAMP measurements. 

Radioligand binding assay

For membrane preparation CHO-mA1 cells were cultured in cell culture flasks
(75 cm2, Greiner), grown to confluency and harvested by trypsinization for 30 sec
with 0.25% w/v porcine trypsin at 37°C.  The cell suspension was spun for 10
min at 500 g. After removing the supernatant, the pellet was resuspended in 50
mM Tris/HCl pH 7.4 (at 25°C, approx. 10 x 106 cells/ml) and spun for 40 min
(4°C) at 18,000 g.
After discarding the supernatant, the pellet was resuspended in 50 mM Tris/HCl
pH 7.4 (at 4°C, approx. 20 x 106 cells/ml) and stored at –80°C until analysis.
Rat cortical membranes were prepared according to the method of Lohse and
colleagues [23] and incubated with 2 IU/ml adenosine deaminase for 30 min at
37°C before storage [34]. CHO-hA1 cell membranes were prepared as described
previously [7]. For displacement studies, membranes (75 µg) were incubated for
1 hour at 25°C in 50 mM TrisHCl (pH 7.4) in the presence of 1.6 nM
[3H]DPCPX and different concentrations of ligand to determine the Ki. To
determine non-specific binding 100 µM CPA was used. Total volume during
incubation was 200 µl.
Incubations were stopped by rapid dilution with 1 ml ice-cold buffer and bound
radioligand was subsequently recovered by filtration through Whatman GF/B
filters using either Millipore system or Brandel Harvester under reduced pressure.
Filters were then washed three times with 2 ml buffer. The retained radioactivity
was measured by liquid scintillation counting (LKB Wallac, 1219 Rackbeta).
Saturation experiments were carried out under the similar conditions. Increasing
concentrations of [3H]DPCPX (0 – 4 nM) were used. Filters were washed five
times with 2.5 ml buffer to remove excess of radioligand.

cAMP-accumulation assay

CHO-mA1 cells were seeded in 24 wells plate at a density of 2 x 105 cells/well.
The next day, growth medium was aspirated and washed twice with
DMEM/HEPES (pH 7.4). Cells were then incubated for 30 min at 37°C with
DMEM/HEPES supplemented with adenosine deaminase (2 IU/ml), cilostamide
(50 µM) and rolipram (50 µM). After incubation different concentrations of CPA,
ranging from 1 nM till 100 µM, were added for another 10 min. Subsequently,
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forskolin (10 µM) was added. After another 15 min, the cAMP generation was
stopped by aspirating incubation medium and adding 200 µl ice-cold 0.1 N HCl to
the cells.
The amount of cAMP was determined by competition with [3H]cAMP for protein
kinase A binding protein (PKA). Briefly, sample or cAMP standard (0 – 16 pmol),
1.8 nM [3H]cAMP and PKA-solution were incubated on ice for at least 2.5 hours.
The incubation was stopped by dilution with ice-cold TrisHCl buffer (pH 7.4).
Bound radioactivity was recovered by filtration through Whatman GF/C filters
using a Brandel harvester. 

Data analysis

All radioligand binding data were analyzed using the Software program PRISM
3.0 (GraphPad, San Diego, CA), based on non-linear curve fitting procedures,
yielding KD and Bmax values in case of saturation binding experiments and Ki

values in case of displacement studies. Data derived from cAMP determinations
were also analyzed using PRISM (GraphPad, San Diego, CA), providing EC50

values. 

Results 

Sequence

The sequence that was obtained for the present adenosine A1 receptor gene
cloned from mouse brain (Figure 4.1, accession number (AC): AJ555877) showed
99% similarity with the sequence suggested to be the mouse adenosine A1

receptor previously cloned by Marquardt and colleagues ([26], AC: U05671), 95%
similarity with the rat adenosine A1 receptor (AC: M69045) and 89% similarity
with the human adenosine A1 receptor (AC: S56143). See Figure 4.1 for an
alignment of the protein sequences of the mouse, rat and human adenosine A1

receptor. The previously cloned mouse adenosine A1 receptor [26] differs from
the present receptor sequence at position 10. We describe here an alanine, which
is also found in the rat and human sequence, whereas the previously described
sequence showed a glycine at this position.

Radioligand binding

Saturation binding experiments were performed at CHO-mA1 membranes, using
the ligand [3H]DPCPX. A typical experiment is shown in Figure 4.2A. Analysis of
three experiments resulted in a KD of 0.53 nM with a 95% confidence limit of
0.44-0.63 nM and a Bmax of 97 ± 60 (standard deviation) fmol/mg. Competition
binding experiments were performed with the following ligands: the selective
adenosine A1 receptor agonists CCPA, CPA and R-PIA, the non-selective adenosine
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receptor agonist NECA and the selective adenosine A1 receptor antagonists CPT,
DPCPX and N0840. Furthermore binding affinities towards the mouse adenosine
A1 receptor were determined for ligands selective for other adenosine receptors:
the adenosine A2A receptor agonist CGS21680, the adenosine A2A receptor
antagonist ZM241385 and the selective adenosine A3 receptor agonist Cl-IB-
MECA. Figure 4.2B shows a representative competition experiment of increasing
concentrations of selective agonists CPA and R-PIA with the radioligand
[3H]DPCPX. Adding GTP (1 mM) shifted the displacement curve of CPA to the
right, resulting in a Ki value of 4.2 ± 2.7 nM in the control situation in contrast to
a Ki of 17 ± 8 nM in the presence of GTP. This finding suggested agonistic
activity of CPA at CHO-mA1 membranes, which was further corroborated by
functional studies (see below). An overview of the affinity values of the binding
assays is provided in Table 4.1.
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mouse MPPYISAFQA AYIGIEVLIA LVSVPGNVLV IWAVKVNQAL RDATFCFIVS 50

mouse LAVADVAVGA LVIPLAILIN IGPQTYFHTC LMVACPVLIL TQSSILALLA 100

mouse IAVDRYLRVK IPLRYKTVVT QRRAAVAIAG CWILSLVVGL TPMFGWNNLS 150

mouse EVEQAWIANG SVGEPVIKCE FEKVISMEYM VYFNFFVWVL PPLLLMVLIY 200

mouse LEVFYLIRKQ LNKKVSASSG DPQKYYGKEL KIAKSLALIL FLFALSWPPL 250

mouse HILNCITLFC PTCQKPSILI YIAFLTHGN SAMNPIVYAF RIHKFRVTFL 300

mouse KIWNDHFRCQ PKPPIEEDIP EEKAED 326

rat MPPYISAFQA AYIGIEVLIA LVSVPGNVLV IWAVKVNQAL RDATFCFIVS

rat LAVADVAVGA LVIPLAILIN IGPQTYFHTC LMVACPVLIL TQSSILALLA

rat IAVDRYLRVK IPLRYKTVVT QRRAAVAIAG CWILSLVVGL TPMFGWNNLS

rat VVEQDWRANG SVGEPVIKCE FEKVISMEYM VYFNFFVWVL PPLLLMVLIY

rat LEVFYLIRKQ LNKKVSASSG DPQKYYGKEL KIAKSLALIL FLFALSWPPL

rat HILNCITLFC PTCQKPSILI YIAFLTHGN SAMNPIVYAF RIHKFRVTFL

rat KIWNDHFRCQ PKPPIDEDLP EEKAED

human MPPSISAFQA AYIGIEVLIA LVSVPGNVLV IWAVKVNQAL RDATFCFIVS

human LAVADVAVGA LVIPLAILIN IGPQTYFHTC LMVACPVLIL TQSSILALLA

human IAVDRYLRVK IPLRYKMVVT PRRAAVAIAG CWILSFVVGL TPMFGWNNLS

human AVERAWAANG SMGEPVIKCE FEKVISMEYM VYFNFFVWVL PPLLLMVLIY

human LEVFYLIRKQ LNKKVSASSG DPQKYYGKEL KIAKSLALIL FLFALSWPPL

human HILNCITLFC PSCHKPSILT YIAFLTHGN SAMNPIVYAF RIQKFRVTFL

human KIWNDHFRCQ PAPPIDEDLP EERPDD

Figure 4.1. Alignment of adenosine A1 receptor amino acid sequences for mouse (AC: AJ555877),
rat (AC: M69045) and human (AC: S56143). Differences between the mouse and rat sequence are
shown in black. Differences between the human sequence compared to rat and/or mouse are
shaded. The mouse protein sequence presented here was identical to the previously described
mouse sequence (AC:U05671) except at position 10 (underlined) where a glycine was found at this
position instead of the alanine in the rat, human and the mouse sequence presented here.
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Figure 4.2. A) Saturation analysis of [3H]DPCPX binding to membranes of CHO cells expressing
the mouse adenosine A1 receptor. A representative experiment is shown. B) Displacement studies
of specific [3H]DPCPX binding (1.6 nM) from membranes of CHO cells expressing the mouse
adenosine A1 receptor by CPA, CPA + GTP and by R-PIA. A representative experiment is shown.

Table 4.1. Binding affinities (Ki values ± S.E.M. in nM or % displacement) of reference ligands
for adenosine A1 receptors from mouse, rat and human.

mousea ratb humanc

CCPA 21 ± 2 8.1 ± 0.4 6.4 ± 1.8d

CPA 4.2 ± 2.7 6.1 ± 0.8 10 ± 1
R-PIA 14 ± 3 11 ± 5e n.d.
NECA 238 ± 55 98 ± 22 12 (9.6-15)d

DPCPX 1.4 ± 0.1 0.73 ± 0.08 1.6 ± 0.1
8-CPT 12 ± 2 11 ± 3 36 ± 2
N0840 303 ± 70 182 ± 53 1081 ± 69

ZM 241385 116 ± 18 n.d. n.d.
CGS 21680 3 - 5 % (10-6)f n.d. n.d.

18 – 20 % (10-5)f n.d. n.d.
Cl-IB-MECA 10 - 12 % (10-6)f n.d. n.d.

45 - 49 % (10-5)f n.d. n.d.

a membranes of CHO cells expressing the mouse adenosine A1 receptor
b rat brain cortical membranes
c membranes of CHO cells expressing the human adenosine A1 receptor
d Ki value with 95% confidence interval; value taken from [2]
e value taken from [41]
f % displacement of specific binding at the designated molar concentration (n=2)
n.d. = not determined



cAMP measurements

In recombinant CHO cells stably expressing the mouse adenosine A1 receptor
baseline cAMP levels were too low to allow analysis of A1 receptor-induced
inhibition of cAMP production. Therefore, cAMP levels were raised by adding
forskolin at a concentration of 10 µM. Co-administration of 1 nM up to 100 µM of
the selective adenosine A1 receptor agonist CPA concentration-dependently
inhibited the forskolin-induced cAMP accumulation in CHO-mA1 cells (Figure
4.3). An EC50 value of 16.7 ± 2.2 (S.E.M.) nM was calculated from 3 independent
experiments.

Discussion 

The adenosinergic system has been studied intensively for several decades. A
large number of physiological and metabolic functions of adenosine have been
described. Thus adenosine is essentially involved in the coupling of metabolic
requirement to energy supply. In order to control metabolic rate, adenosine for
example, retains neuronal firing, increases heart rate and increases blood flow by
inducing vasodilatation of smooth muscle cells [6, 8, 15, 28, 39]. Furthermore,
adenosine is also involved in other functions such as inducing sleep and causing
analgesic effects and anti-inflammatory effects [10, 13, 22]. 
Especially in the brain adenosine shows its importance as a metabolic control
factor. Adenosine inhibits the release of excitatory neurotransmitters and causes
a hyperpolarization of the membrane potential in neurons. Adenosine exerts
these neuroprotective effects mainly by stimulation of adenosine A1 receptors
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present throughout the brain [10, 36]. Although adenosine is obviously involved
in essential physiological functions, studies show that adenosine A1 receptor
deficient mice function relatively normal compared to wild type mice [14, 16].
However, exposed to pathophysiological conditions like hypoxia, mice lacking
adenosine A1 receptors show more neuronal damage and have a lower survival
rate. It is therefore concluded that adenosine A1 receptors are primarily important
in mediating effects of adenosine during pathophysiological conditions [14, 16].
Despite the fact that human and rat adenosine receptors have been extensively
characterized, the pharmacological properties of the mouse adenosine receptors
have not yet been investigated in detail compared to other species [12]. The two
previous studies that investigated binding affinities of adenosine A1 receptor
ligands in membrane fractions from fresh material, used only a limited set of
adenosine receptor ligands [24, 40]. Therefore, we have cloned the adenosine A1

receptor from mouse brain, expressed it in CHO cells, a cell line that has been
successfully used in a detailed study on rat and human adenosine receptors [18]
and studied its characteristics in radioligand binding assays and second
messenger studies.
The sequence of the present adenosine A1 receptor gene cloned from mouse brain
was almost identical to the mouse adenosine A1 receptor gene that was
previously described by Marquardt and colleagues [26] and the sequence was
similar to the rat and human adenosine A1 receptor sequence. The radioligand
binding assays revealed that the binding characteristics of the mouse receptor in
this study are similar to the characteristics of the rat and human adenosine A1

receptor (Table 4.1), although the non-selective ligand NECA showed a slightly
lower affinity for the mouse receptor than for the rat receptor. Moreover,
inhibition of cAMP production was observed after receptor stimulation with CPA
with an EC50 value of 16.7 ± 2.2 nM. The results of the radioligand binding and
cAMP assays show that ligands commonly used to study the rat and human
adenosine A1 receptor have similar binding affinities to the mouse adenosine A1

receptor. It is thus concluded that these ligands can be used to study pharma-
cological and physiological effects of the mouse adenosine A1 receptor.
In summary, we have cloned the mouse adenosine A1 receptor, which showed to
be functional after expression in CHO cells. Our results provide a specification of
mouse adenosine A1 receptor pharmacology. This information will be of use for
the characterization of physiological effects of the adenosine A1 receptor in
mouse models.
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Summary

Introduction

Adenosine plays an important role in coupling energy supply to energy demand
and exerts its effects via four subtypes of adenosine receptors named adenosine
A1, A2A, A2B and A3 receptors. These receptors all belong to the family of 7 trans-
membrane receptors (TM7) that predominantly signal through activation of G-
proteins [17]. Although adenosine A1 and A3 receptors were originally reported
to couple to Gi/o protein and the adenosine A2 receptors to Gs protein, it is now
clear that this is not exclusively the case [17]. Adenosine receptors have been
cloned from various species and their pharmacological profile is based on a
variety of specific agonists and antagonists [17, 23].
Under physiological conditions adenosine acts as an inhibitory neuromodulator in
the brain [10, 42]. Neuropathological conditions like stroke, ischemia and
seizures lead to the release of large amounts of adenosine in the extracellular
space. Under these conditions adenosine acts as a neuroprotective agent and an
endogenous anticonvulsant [13, 15].  Adenosine promotes neuronal survival and
moreover counteracts seizure activity by presynaptically inhibiting the release of
the excitatory neurotransmitter glutamate [33, 34]. Postsynaptically, adenosine
causes hyperpolarization of the cell membrane, mainly by increasing K+

conductance [19, 40]. These actions of adenosine are mainly mediated by
adenosine A1 receptors. Accordingly, the neuroprotective effect of adenosine will
be increased by upregulation of adenosine A1 receptors [34]. 
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The neuromodulator adenosine is released in the brain in large amounts during neuropathological
events, like stroke or seizures. Under these circumstances adenosine induces neuroprotective
effects by activating adenosine A1 receptors in neurons. This makes the adenosine system one of
the most important neuroprotective systems in the brain. Significant upregulation of adenosine A1
receptor expression has been shown in mice after seizures, thereby increasing the neuroprotective
function of adenosine. This upregulation is a rather unusual feature, since G-protein coupled
receptors are normally down regulated in the presence of large amounts of ligand. We propose
here a mechanism that induces upregulation of adenosine A1 receptor expression in the presence
of high concentrations of extracellular adenosine.
In vitro experiments have shown that stimulation of glia cells with the pro-inflammatory cytokine,
interleukin-6 (IL-6) leads to an increase of adenosine A1 receptor expression in cultured brain
cells. In order to investigate the role of IL-6 in adenosine A1 receptor upregulation after seizures
we have performed experiments in wild type and IL-6 knock out mice. We report that wild type
mice show increased expression of adenosine A1 receptors in hippocampus and cortex after
pentylenetetrazole-induced seizures, measured by autoradiography. In contrast, no upregulation
was observed in IL-6 knock out mice. These results suggest that IL-6 is involved in the
upregulation of adenosine A1 receptor expression after seizures. We conclude that IL-6 plays an
important role in the complex mechanism of adenosine-induced neuroprotection.



Upregulation of adenosine A1 receptors in the brain has been observed in mouse
and rat after induction of seizures and in post mortem tissue of humans suffering
from epilepsy [5, 30, 41]. It has moreover been assumed that in mice this
upregulation of adenosine A1 receptors protects neurons against subsequent
seizures [4]. However, the observed upregulation of adenosine A1 receptors in
the presence of high concentrations of extracellular adenosine is a rather unusual
feature, since TM7 receptors are normally downregulated (desensitized) in the
presence of large amounts of ligand [21, 36]. Indeed, desensitization of adenosine
A1 receptors in response to prolonged agonist treatment in brain tissue has been
reported [1, 2, 36]. It may thus be assumed that the expression of adenosine A1

receptors during seizures is regulated such that the desensitizing properties of
high adenosine concentrations are counteracted. We have recently suggested a
mechanism that involves the cytokine IL-6, which could account for such an
upregulation [8]. IL-6 is released in brain under pathological conditions like
ischemia and seizures [26, 28, 31] where it is known to have significant
neuroprotective effects [3, 18, 25, 39]. Previous work from our group has shown
that adenosine induces the release of IL-6 in astrocytes [16, 38] and that IL-6
treatment increases adenosine A1 receptor expression in nervous tissue [8]. 
A direct relationship between IL-6 expression in brain and upregulation of
adenosine A1 receptors in vivo has yet not been demonstrated. In order to address
this question we have now investigated the potential role of IL-6 in regulating
adenosine A1 receptor expression in vivo, using IL-6 deficient mice. We report
here that the increased expression of adenosine A1 receptors, observed in the
hippocampus and cortex of wild type mice in response to pentylenetetrazole-
induced seizures is absent in IL-6 deficient mice. This finding corroborates the
assumption that IL-6 increases A1 receptor expression in brain. 

Materials and Methods

Animals and pentylenetetrazole treatment

Male wild type C57Bl6 mice (Harlan) and male IL-6 knock out mice (Jackson), 3
months old, weighing 23-29 g were used. The animals were housed in groups of
five per cage in a room with controlled light/dark (12h/12h) cycle and
temperature (21ºC). Food and water was supplied ad libitum. The mice received
once daily, for two consecutive days one intraperitoneal (i.p.) injection with 55
mg/kg pentylenetetrazole (PTZ, Sigma) dissolved in 0.9% saline solution.
Control animals received saline only. Latency of seizure onset was timed and
animals were subsequently observed for one hour. Animals were assigned a
seizure score according to the following criteria adopted from Kondziella and
colleagues [24]. 0= normal behavior, 1= myoclonic jerks, 2= minimal seizures
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without Straub-tail, 3= minimal seizures with Straub-tail, 4= generalized tonic-
clonic seizures, 5= like 4 with loss of consciousness and postictal phase, 6= like
5 with rotation on their axis, 7= like 6 and death. All pentylenetetrazole (PTZ)
treated animals showed at least score 2 (minimal seizures) within 5 minutes.
Mice were killed by decapitation 26 hours after the second injection. All
experiments were in accordance with the regulations of the Committee for Use of
Experimental Animals of the University of Groningen (DEC No. 2976).
The mice which received PTZ injections did not all show tonic-clonic seizures.
Therefore, the groups of mice (both wild type and IL-6 knock out) that received
PTZ injections, were subdivided in two groups according to the severity of the
seizures. The “PTZ-high” groups consisted of animals which showed tonic-clonic
seizures (score 4) after at least one of the two PTZ injections. All other animals,
which received PTZ injections, were assigned to the “PTZ-low” groups.

Tissue preparation

The brains were removed immediately after decapitation. The two hemispheres
were separated and subsequently frozen and stored at –80ºC until use. The right
hemispheres were prepared for RNA analysis and radioligand binding studies
while the left hemispheres were used for autoradiography. 
The right hemispheres of animals in the same experimental group were pooled
before RNA extraction and membrane preparation. Wild type and IL-6 knock out
control groups contained 15 animals, while the four PTZ treated groups had 6-8
animals per group. From the right hemispheres 25 coronal brain sections of 30 µm
were cut and lysed in guanidinium isothiocyanate containing mercaptoethanol.
Lysed samples were stored at -20ºC until RNA analysis. The remaining part of the
right hemispheres was collected in 0.32 M sucrose solution (4ºC) and immediate-
ly processed further into brain membranes according to Lohse and colleagues
[29]. In brief, brain tissue was homogenized using a Potter-homogenizer in 10
volumes of 0.32 M sucrose. The homogenate was centrifuged at 1000 g for 15 min
and the supernatants were centrifuged at 48000 g for 40 min. The pellets were
resuspended in 50 mM Tris-HCl buffer, pH 7.4, and subsequently centrifuged at
48000 g for 15 min.  After repeating the last centri-fugation step membranes were
resuspended in Tris-HCl buffer and incubated at 37ºC for 30 min with 2 IU/ml
adenosine deaminase. Brain membranes were frozen and stored at –80ºC until
the binding assay was performed. 
Left hemispheres were cut into coronal brain sections of 20 µm using a Leica
microtome (at -14ºC). The tissue sections were thaw-mounted on gelatine-coated
microscope slides and dried overnight sealed in plastic with silica gel. Microscope
slides were stored at –80ºC until autoradiography. 
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RNA isolation and reverse transcription-polymerase chain reaction (RT-PCR)

Tissue was lysed in guanidinium isothiocyanate/mercaptoethanol buffer and total
RNA was extracted with one phenol/chloroform step according to [9].
Subsequently, RNA was treated with RNAse free DNAse (Sigma-Aldrich,
Bornhem, Belgium) for 30 min and precipitated. Reverse transcription (RT): 1 µg
of total RNA was transcribed into cDNA in a total volume of 25 µl containing 0.5
µl of M-MLV reverse transcriptase, 1 µl of RNase inhibitor, 1 µl of random
hexamers (0.2 mM), 5 µl of 5x buffer, 1.25 µl of deoxynucleosidetriphosphates
(dNTPs) (10 mM) and H2O adjusted to 25 µl. After 60 min at 42°C, the reaction
was stopped by heating at 95°C for 5 min. The quality of the cDNA was
controlled using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) primers
(see Table 5.1). Potential contamination by genomic DNA was checked for by
running the reactions without reverse transcriptase and using GAPDH primers in
subsequent polymerase chain reaction (PCR) amplifications. Conventional PCR:
2 µl of the RT reaction was used in subsequent PCR amplification as described
previously [7]. In brief, the following reagents were added: 5 µl 10x PCR-buffer,
2.5 µl MgCl2 (50 mM), 0.5 µl dNTPs (10 mM), 1 µl of a mix containing both
primers, 39 µl H2O and 0.1 µl Taq-polymerase. 

Real-time semi-quantitative polymerase chain reaction (Q-PCR)

Adenosine A1 receptor mRNA expression in the brains of wild type and IL-6
knock out mice was analyzed by real-time PCR using the iCycler (Bio-rad,
Veenendaal, The Netherlands) and the iQ SYBR Green supermix (Bio-rad).
Mouse ribosomal protein L32-3A (rpL32A) primers and hypoxanthine guanine
phosphoribosyl transferase (HPRT1) primers were used for normalization to
housekeeping genes. These genes did not show variations in response to the
experimental treatment. Primers used for adenosine A1 receptor analysis and the
housekeeping gene primers, listed in table 5.1, have been designed by the use of
the Primer Designer program (Scientific and Educational Software, Version 3.0).
The comparative Ct method (amount of target amplicon X in sample S,
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Table 5.1. Primers used for conventional reverse transcriptase and real-time (*) PCR

Gene accession Forward primer (5’-3’) Backward primer (5’-3’) Product
number  size(bp)

GAPDH AF106860 CATCCTGCACCACCAACTGCTTAG GCCTGCTTCACCACCTTCTTGATG 346
rpL32A* X06483 GCTGGAGGTGCTGCTGATGT ACTCTGATGGCCAGCTGTGC 114
HPRT1* X62085 GACTTGCTCGAGATGTCA TGTAATCCAGCAGGTCAG 102
Ado A1R* AJ555877 CCTCTCCGGTACAAGACAGT GGTGTCAGGCCTACCACAAG 92



normalized  to  a  reference R  and  related  to a control sample C,  calculated by
2-{(CtX,S-CtR,S)- (CtX,C-CtR,C)} was used to determine the relative expression levels
between animal groups treated with saline and PTZ [27]. Results are given as
mean ± S.E.M. (n=4). Relative expression values of adenosine A1 receptor
mRNA in animal groups treated with PTZ were compared to control levels (saline
treatment) by the one-sample t test, using 1 as the test value. p < 0.05 was
considered significant. 

Radioligand binding assay

For the determination of the maximum bound radioligand, membranes were
incubated for 1 hr at 25°C in 50 mM Tris/HCl (pH 7.4 at 25°C) in the presence of
4 nM [3H]DPCPX (Ki = 1.4 nM). Experiments were performed three times in
triplo. Aspecific binding was determined in the presence of 100 µM CPA. Total
volume during incubation was 200 µl. The protein concentration was measured in
the suspension used in the different experiments with the bicinchonic acid
method. Incubations were stopped by rapid dilution with 1 ml ice-cold buffer and
bound radioligand was subsequently recovered by filtration through Whatman
GF/B filters using either Millipore system or Brandel Harvester under reduced
pressure. Filters were then washed three times with 2 ml buffer. The retained
radioactivity was measured by liquid scintillation counting (LKB Wallac, 1219
Rackbeta).

Autoradiography

Sections were preincubated in Tris-HCl buffer, 170 mM, pH 7.4 containing 0.5
IU/ml adenosine deaminase (Sigma Co.) for 3 x 10 min at room temperature,
washed out and dried in a stream of cold air. For the labeling of adenosine A1

receptors, sections were incubated with 3.0 nM [3H]- N6-cyclohexyladenosine
([3H]-CHA, Moravek Biochemicals, Brea, CA, USA, spec. activity 20 Ci/mmol) in
170 mM Tris-HCl buffer including 0.5 IU/ml adenosine deaminase at room
temperature for 90 min. To determine non-specific binding sections were
incubated in the presence of 3 µM N6-cyclopentyladenosine (CPA, Sigma-RBI,
Saint Louis, MA, USA). Following incubation, unbound radioactivity was
removed by rinsing the sections three times for 2 min in ice-cold Tris-HCl buffer,
50 mM, pH 7.4, and rinsing once for 5 s in ice-cold distilled water to remove
buffer salts. The sections were then dried in a stream of cold air. 
Dried sections were exposed to a tritium-sensitive phosphor screen (Packard)
along with tritium standards ([3H]-microscales, Amersham) and stored in an X-
ray film cassette for 96 hours at room temperature. Screens were read using the
Cyclone Storage Phosphor system (Packard). Quantification analysis of the
resulting autoradiographic images was performed by using an automatic image
analysis system (Quantimet 500, Leica, Cambridge). Optical density was measured
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in hippocampus and cortex in six sections per mouse (see Figure 5.1 for brain
areas measured). The values of the sections were averaged for each mouse.
Optical density measurements from each brain area were converted into fmol
ligand bound per mg tissue equivalent, according to the calibration curve
obtained from the tritium standards. Statistical comparisons of the four animal
groups were performed using one-way ANOVA followed by Tukey posthoc test.

Results

Seizure scores

Seizure scores consist of ordinal data, therefore an average seizure score per
group is not informative on the actual seizure scores. We therefore compared the
seizure severity after the first and second PTZ-injection per animal. Figure 5.2
shows the percentage of animals with similar seizure scores after both PTZ-
injections and animals that showed higher scores after the first injection or after
the second injection. In wild type mice one animal showed lower seizure scores
after the second injection. The majority of animals (7 out of 10 animals) showed
equal seizure scores on both days and in two animals higher seizure scores after
the second injection were found. This pattern was different in IL-6 deficient mice,
where the majority of animals (7 out of 13 animals) showed higher scores after
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Figure 5.1. Overview of the brain areas measured with autoradiography. Autoradiography was
performed as described in the methods part. Adenosine A1 receptor expression was measured in
one area of the hippocampus, which showed high expression of adenosine A1 receptor (area 1) and
in two areas of the cortex. Area 2 included the parietal/somatosensory cortex while area 3 included
the piriform cortex. All sections in which adenosine A1 receptor expression was measured were
taken at approximately Bregma –1.75. 



the second injection and the minority showed equal (5 out of 13) or lower seizure
scores (1 out of 13) after the second PTZ-injection. In order to compare the
scores after first and second injection statistically, the Wilcoxon signed ranks test
was used. IL-6 knock out mice showed significantly (p < 0.05) higher seizure
scores after the second injection compared to the first, whereas no significant
difference in seizure scores between the two injection rounds was observed in
wild type animals. 

Adenosine A1 receptor mRNA expression 

In order to investigate possible effects of seizure activity in IL-6 deficient mice and
wild type animals on A1 receptor mRNA expression, Q-PCR analysis was
performed. No differences were observed in mice with lower seizure scores
compared to control mice (data not shown). Similarly no seizure effect on A1

receptor expression was measured in wild type with high seizures scores compared
to untreated mice (Figure 5.3). In contrast a significant (p < 0.05) downregu-
lation of adenosine A1 receptor mRNA expression was detected in IL-6 deficient
mice with high seizure scores compared to untreated controls (Figure 5.3).

Adenosine A1 receptor expression in brain membranes (radioligand binding)

Radioligand binding experiments using [3H]DPCPX have been performed in
order to investigate the expression of adenosine A1 receptors in the brain. The
use of [3H]DPCPX as a specific mouse adenosine A1 receptor binding molecule
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Figure 5.2. Comparison of seizure scores of wild type and IL-6 knock out after first and second
PTZ-injection. Day 1>2 indicates higher seizure scores on day 1; 1=2 indicates no differences in
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has been evaluated in an earlier study [43]. Since a high concentration (3 times of
the Ki) of the radioligand was used, one can assume that all adenosine A1

receptors present in the preparation will be occupied by the ligand. Therefore the
amount of [3H]DPCPX binding is informative on the number of adenosine A1

receptors. The graph in figure 5.4 shows [3H]DPCPX binding in fmol per mg
tissue in wild type animals and IL-6 deficient mice. In IL-6 knock out mice there
are no differences between control and PTZ-injected animals (both PTZ low score
and PTZ high score). Similarly we did not observe a difference in [3H]DPCPX
binding between the PTZ low score group and control wild type animals. In wild
type mice that showed high seizure scores after PTZ injection more [3H]DPCPX
binding was observed. This difference, however, just failed to reach significance,
which is most likely due to the fact that seizures do not upregulate adenosine A1

receptor expression in all brain regions [4, 30]. It was therefore further decided to
investigate the seizure effects in autoradiographic experiments as described [4].
Since animals which showed low seizure scores, did not show any sign of
increased [3H]DPCPX binding only animals with high seizure scores were used
for autoradiography experiments.
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Adenosine A1 receptor expression in brain sections (autoradiographic
analysis)

Figure 5.5 shows the results of the autoradiography experiments. We investigated
adenosine A1 receptor expression in the hippocampus and cortex, brain regions
that showed an upregulation of adenosine A1 receptors in response to PTZ-
induced seizures [4, 30]. In hippocampus (Figure 5.5A) and cortex (parietal/
somatosensory cortex) (Figure 5.5B) of wild type mice a significant upregulation
(p < 0.05) of [3H]CHA binding was observed in response to seizures. These
findings indicate an upregulation of adenosine A1 receptor expression of
approximately 20% resembling values found in an earlier study [30]. In striking
contrast no upregulation of adenosine A1 receptor expression was observed in IL-
6 knock out mice, thereby corroborating the results obtained in membrane
preparations. In another area of the cortex (including the piriform cortex) no
differences in [3H]CHA binding were observed in both animal groups, wild type
mice and IL-6 knock out animals (Figure 5.5C).

Correlation between seizure scores and adenosine A1 receptor expression

By plotting the seizure scores against the [3H]CHA binding results of the
autoradiography experiments of individual animals, a possible correlation
between seizure score (after the first PTZ-injection) and adenosine A1 receptor
expression was investigated (Figure 5.6). Data of both control (which all had
seizure score 0) and PTZ treated animals (score 2-4) were plotted. Statistical
analysis revealed that the Pearson’s correlation coefficient was significant; p =
0.003 (hippocampus) and p = 0.0019 (cortex1), indicating a positive correlation
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between seizure scores observed on day 1 and [3H]CHA binding in wild type
animals (Figure 5.6A and C respectively). No significant correlations were found
in IL-6 knock out animals (Figure 5.6B and D). It was also clear that the two wild
type animals that showed lower seizure scores (2 and 3) after PTZ injection also
had lower adenosine A1 receptor expression levels. 
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Discussion

The current experiments were aimed to investigate the potential regulatory effect
of IL-6 on the expression of adenosine A1 receptors in brain tissue. Both
adenosine and IL-6 are released under neuropathological conditions like seizures
[26, 31, 32, 34, 37] and both factors induce pronounced neuroprotection [14, 18,
25, 28, 35]. However, in contrast to the well-understood neuroprotective effects
of adenosine the mechanism of IL-6-induced neuroprotection remains to be
elucidated [18, 20].
The main receptor involved in the neuroprotective effect of adenosine is the
adenosine A1 receptor [14, 34] and it has long been known that an upregulation
of its expression increases its neuroprotective capacities [34]. Accordingly, a
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marked adenosine A1 receptor upregulation has been observed in mice and rats
by chemically induced seizures and in post mortem tissue of humans suffering
from epilepsy. In all cases this upregulation is assumed to protect neurons against
subsequent seizures [4, 5, 30, 41]. The upregulation of adenosine A1 receptors
during seizures presents a paradox, since adenosine A1 receptors have been found
to be downregulated by prolonged ligand treatment [1, 2, 21, 36]. We have
recently described an upregulating effect of IL-6 treatment on adenosine A1

receptor expression in vitro and proposed that the cytokine could explain the
increased expression of A1 receptors after seizures [8]. In order to evaluate this
hypothesis we have induced seizures in IL-6 deficient mice and wild type mice
and compared the expression of adenosine A1 receptors in brain.
First, we found that IL-6 deficient mice showed higher seizures scores after the
second injection compared to the first injection, whereas this was not the case in
wild type animals. Moreover, two animals in the IL-6 deficient group died as a
result of PTZ induced seizures, whereas all wild type animals survived the
procedure. These findings suggest that IL-6 knock out mice are more susceptible
to PTZ induced seizures, which was also concluded in two very recent studies
[11, 12]. 
Second, no seizure effect on A1 receptor mRNA expression was found in wild type
mice, whereas PTZ treatment caused a significant down regulation of adenosine
A1 receptor mRNA expression in brain of IL-6 deficient mice. These findings thus
indicate a stimulatory effect of IL-6 on the adenosine A1 receptor mRNA
expression in brain, verifying data that were obtained in vitro previously [8].
Third, using autoradiography we observed a significant increase in adenosine A1

receptor expression in the hippocampus and part of the cortex in wild type mice
after PTZ-induced seizures. In contrast to wild type mice we did not find any
effect of PTZ treatment on the expression of adenosine A1 receptors in the brain
of IL-6 deficient mice. These autoradiographic findings were supported by
radioligand binding experiments in membrane preparations of the brain. Taken
together these findings strongly support our previous assumption that IL-6
increases the expression of adenosine A1 receptors in nervous tissue [8]. 
In a recent paper it was shown that seizures could be induced in IL-6 knock out
mice at much lower dosages of several convulsant substances when compared to
wild type littermates [12]. By analyzing the effect of these different convulsants
the authors conclude that IL-6 knock out mice might have impaired GABA
inhibitory inputs and enhanced neurotransmission through glutamate receptors.
Since adenosine A1 receptors are regulating both transmitter systems [14], we
suggest that IL-6 knock out mice are more susceptible to seizures due to a lack of
adenosine A1 receptor upregulation. 
Stimulation of adenosine A1 receptor expression might not be the only
connection between IL-6 and the adenosinergic system. We and others have
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shown that stimulation of adenosine A2B receptors in astrocytes leads to the
synthesis and release of IL-6 [16, 38]. Since adenosine A2B receptors have a low
affinity for adenosine, high concentrations of the ligand (which are found during
seizures) are required to activate this receptor. We therefore propose the
following sequence of events: high concentrations of adenosine (like in seizures)
activate adenosine A2B receptors in astrocytes and lead to the release of IL-6,
which in turn increases the expression of adenosine A1 receptors augmenting the
neuroprotective properties of this receptor [8]. 
Interestingly, a significant correlation was found in this study between the seizure
scores and the induction of adenosine A1 receptor expression in the hippocampus
and cortex of wild type mice. Thus, increased expression of adenosine A1

receptors was only found in animals with high seizure scores. Since according to
the above mentioned assumptions high levels of extracellular adenosine are
required to initiate the circuitry, it is tempting to speculate that only in animals
with high seizure scores a sufficient amount of adenosine was released to
stimulate the synthesis of IL-6. However, in order to confirm this hypothesis,
further experiments are needed that would investigate the correlation of seizure
severity and IL-6 release in the brain.
The data presented here and the results of others strongly suggest a beneficial
role of the pro-inflammatory cytokine IL-6 in brain during seizures. Findings
pointing in the same direction have been published earlier by Asanuma and
colleagues [6]. This group found that an inhibition of brain inflammation by
cyclosporine A treatment, which blocks the expression of several inflammatory
genes [22], significantly aggravated the severity of PTZ-induced seizures.
Interestingly, it was observed that cyclosporine A treatment only affected seizure
activity after the second PTZ injection very similar to the effect we observed in IL-
6 deficient mice [6]. These authors concluded that the brain inflammation
occurring in response to the first seizures would initiate processes that protect
the brain from upcoming seizure events. We have now added data in support of
this assumption, showing that inflammatory events (release of IL-6) upregulate
the expression of the adenosine A1 receptor. 
We and others found that seizures did not induce an increase in adenosine A1

receptor expression in all brain regions [30]. Due to our data it would therefore
be of particular interest to investigate the question whether brain regions without
an effect on A1 receptor expression might have different IL-6 release capacities or
whether the expression of A1 receptors is differentially regulated. 
In conclusion, this study demonstrates a clear relationship between the expression
of IL-6 and the upregulation of adenosine A1 receptors in response to seizures.
The current data not only verify findings that have been obtained in vitro, they
moreover provide an explanation for the well-known, but not well-understood
neuroprotective properties of IL-6. 

Chapter 5

102



References

IL-6-induced upregulation of adenosine A1 receptor expression

103

1. Abbracchio, M. P., Cattabeni, F., Fredholm, B. B., and Williams, M. 1993. Purinoceptor 
Nomenclature: A status report. Drug development research 28: 207-213

2. Abbracchio, M. P., Fogliatto, G., Paoletti, A. M., Rovati, G. E., and Cattabeni, F. 1992. Prolonged in 
vitro exposure of rat brain slices to adenosine analogues: selective desensitization of adenosine A1

but not A2 receptors. Eur J Pharmacol. 227(3): 317-324
3. Ali, C., Nicole, O., Docagne, F., Lesne, S., MacKenzie, E. T., Nouvelot, A., Buisson, A., and Vivien, 

D. 2000. Ischemia-induced interleukin-6 as a potential endogenous neuroprotective cytokine against
NMDA receptor-mediated excitotoxicity in the brain. J Cereb.Blood Flow Metab 20(6): 956-966

4. Angelatou, F., Pagonopoulou, O., and Kostopoulos, G. 1991. Changes in seizure latency correlate 
with alterations in A1 adenosine receptor binding during daily repeated pentylentetrazol-induced 
convulsions in different mouse brain areas. Neurosci Lett 132(2): 203-206

5. Angelatou, F., Pagonopoulou, O., Maraziotis, T., Olivier, A., Villemeure, J. G., Avoli, M., and 
Kostopoulos, G. 1993. Upregulation of A1 adenosine receptors in human temporal lobe epilepsy: a 
quantitative autoradiographic study. Neurosci Lett 163(1): 11-14

6. Asanuma, M., Ogawa, N., Nishibayashi, S., Kondo, Y., and Mori, A. 1995. Effects of repeated 
injection of cyclosporin A on pentylenetetrazol-induced convulsion and cyclophilin mRNA levels in 
rat brain. Neurochem.Res. 20(1): 101-105

7. Biber, K., Klotz, K. N., Berger, M., Gebicke-Harter, P. J., and van Calker, D. 1997. Adenosine A1

receptor-mediated activation of phospholipase C in cultured astrocytes depends on the level of 
receptor expression. J Neurosci 17(13): 4956-4964

8. Biber, K., Lubrich, B., Fiebich, B. L., Boddeke, H. W., and van Calker, D. 2001. Interleukin-6 
enhances expression of adenosine A(1) receptor mRNA and signaling in cultured rat cortical 
astrocytes and brain slices. Neuropsychopharmacology 24(1): 86-96

9. Chomczynski, P. and Sacchi, N. 1987. Single-step method of RNA isolation by acid guanidinium 
thiocyanate-phenol-chloroform extraction. Anal.Biochem. 162(1): 156-159

10. Cunha, R. A. 2001. Adenosine as a neuromodulator and as a homeostatic regulator in the nervous 
system: different roles, different sources and different receptors. Neurochem Int 38(2): 107-125

11. De Luca, G., Di Giorgio, R. M., Macaione, S., Calpona, P. R., Costantino, S., Di Paola, E. D., De Sarro, 
A., Ciliberto, G., and De Sarro, G. 2004. Susceptibility to audiogenic seizure and neurotransmitter 
amino acid levels in different brain areas of IL-6-deficient mice. Pharmacol.Biochem.Behav. 78(1): 75-81

12. De Sarro, G., Russo, E., Ferreri, G., Giuseppe, B., Flocco, M. A., Di Paola, E. D., and De Sarro, A. 
2004. Seizure susceptibility to various convulsant stimuli of knockout interleukin-6 mice. 
Pharmacol.Biochem.Behav. 77(4): 761-766

13. Dragunow, M. 1988. Purinergic mechanisms in epilepsy. Prog.Neurobiol. 31(2): 85-108
14. Dunwiddie, T. V. and Masino, S. A. 2001. The role and regulation of adenosine in the central 

nervous system. Annu Rev Neurosci 24: 31-55
15. Dunwiddie, T. V. and Worth, T. 1982. Sedative and anticonvulsant effects of adenosine analogs in 

mouse and rat. J.Pharmacol.Exp.Ther. 220(1): 70-76
16. Fiebich, B. L., Biber, K., Gyufko, K., Berger, M., Bauer, J., and van Calker, D. 1996. Adenosine A2b

receptors mediate an increase in interleukin (IL)-6 mRNA and IL-6 protein synthesis in human 
astroglioma cells. J Neurochem 66(4): 1426-1431

17. Fredholm, B. B., IJzerman, A. P., Jacobson, K. A., Klotz, K. N., and Linden, J. 2001. International 
Union of Pharmacology. XXV. Nomenclature and classification of adenosine receptors. Pharmacol 
Rev 53(4): 527-552

18. Gadient, R. A. and Otten, U. H. 1997. Interleukin-6 (IL-6)--a molecule with both beneficial and 
destructive potentials. Prog Neurobiol 52(5): 379-390

19. Gerber, U. and Gahwiler, B. H. 1994. GABAB and adenosine receptors mediate enhancement of the 
K+ current, IAHP, by reducing adenylyl cyclase activity in rat CA3 hippocampal neurons. J 
Neurophysiol 72(5): 2360-2367



Chapter 5

104

20. Gruol, D. L. and Nelson, T. E. 1997. Physiological and pathological roles of interleukin-6 in the 
central nervous system. Mol Neurobiol 15(3): 307-339

21. Hettinger, B. D., Leid, M., and Murray, T. F. 1998. Cyclopentyladenosine-induced homologous 
down-regulation of A1 adenosine receptors (A1AR) in intact neurons is accompanied by receptor 
sequestration but not a reduction in A1AR mRNA expression or G protein alpha-subunit content.
J Neurochem. 71(1): 221-230

22. Ho, S., Clipstone, N., Timmermann, L., Northrop, J., Graef, I., Fiorentino, D., Nourse, J., and 
Crabtree, G. R. 1996. The mechanism of action of cyclosporin A and FK506. Clin.Immunol.
Immunopathol. 80(3 Pt 2): S40-S45

23. Klotz, K. N., Hessling, J., Hegler, J., Owman, C., Kull, B., Fredholm, B. B., and Lohse, M. J. 1998. 
Comparative pharmacology of human adenosine receptor subtypes - characterization of stably 
transfected receptors in CHO cells. Naunyn Schmiedebergs Arch Pharmacol 357(1): 1-9

24. Kondziella, D., Bidar, A., Urfjell, B., Sletvold, O., and Sonnewald, U. 2002. The pentylenetetrazole-
kindling model of epilepsy in SAMP8 mice: behavior and metabolism. Neurochem.Int. 40(5): 413-418

25. Kunioku, H., Inoue, K., and Tomida, M. 2001. Interleukin-6 protects rat PC12 cells from serum 
deprivation or chemotherapeutic agents through the phosphatidylinositol 3-kinase and STAT3 
pathways. Neurosci.Lett. 309(1): 13-16

26. Lehtimaki, K. A., Peltola, J., Koskikallio, E., Keranen, T., and Honkaniemi, J. 2003. Expression of 
cytokines and cytokine receptors in the rat brain after kainic acid-induced seizures.
Brain Res.Mol.Brain Res. 110(2): 253-260

27. Livak, K. J. and Schmittgen, T. D. 2001. Analysis of relative gene expression data using real-time 
quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25(4): 402-408

28. Loddick, S. A., Turnbull, A. V., and Rothwell, N. J. 1998. Cerebral interleukin-6 is neuroprotective 
during permanent focal cerebral ischemia in the rat. J Cereb Blood Flow Metab 18(2): 176-179

29. Lohse, M. J., Lenschow, V., and Schwabe, U. 1984. Interaction of barbiturates with adenosine 
receptors in rat brain. Naunyn Schmiedebergs Arch.Pharmacol. 326(1): 69-74

30. Pagonopoulou, O., Angelatou, F., and Kostopoulos, G. 1993. Effect of pentylentetrazol-induced 
seizures on A1 adenosine receptor regional density in the mouse brain: a quantitative 
autoradiographic study. Neuroscience 56(3): 711-6

31. Peltola, J., Hurme, M., Miettinen, A., and Keranen, T. 1998. Elevated levels of interleukin-6 may 
occur in cerebrospinal fluid from patients with recent epileptic seizures. Epilepsy Res. 31(2): 129-133

32. Peltola, J., Laaksonen, J., Haapala, A. M., Hurme, M., Rainesalo, S., and Keranen, T. 2002. Indicators
of inflammation after recent tonic-clonic epileptic seizures correlate with plasma interleukin-6 
levels. Seizure. 11(1): 44-46

33. Ribeiro, J. A. 1995. Purinergic inhibition of neurotransmitter release in the central nervous system. 
Pharmacol Toxicol 77(5): 299-305

34. Rudolphi, K. A. and Schubert, P. 1996. Purinergic interventions in traumatic and ischemic injury. In
Novel Thearapies for CNS Injuries, Peterson, P. L. and Willis, P. W. 327-342. Boca Raton, New York, 
London, Tokyo: CRC Press Inc.

35. Rudolphi, K. A., Schubert, P., Parkinson, F. E., and Fredholm, B. B. 1992. Neuroprotective role of 
adenosine in cerebral ischaemia. Trends Pharmacol Sci 13(12): 439-445

36. Ruiz, A., Sanz, J. M., Gonzalez-Calero, G., Fernandez, M., Andres, A., Cubero, A., and Ros, M. 1996.
Desensitization and internalization of adenosine A1 receptors in rat brain by in vivo treatment with 
R-PIA: involvement of coated vesicles. Biochim.Biophys.Acta 1310(1): 168-174

37. Samland, H., Huitron-Resendiz, S., Masliah, E., Criado, J., Henriksen, S. J., and Campbell, I. L. 
2003. Profound increase in sensitivity to glutamatergic- but not cholinergic agonist-induced seizures
in transgenic mice with astrocyte production of IL-6. J Neurosci.Res. 73(2): 176-187

38. Schwaninger, M., Neher, M., Viegas, E., Schneider, A., and Spranger, M. 1997. Stimulation of 
interleukin-6 secretion and gene transcription in primary astrocytes by adenosine. J Neurochem
69(3): 1145-1150

39. Swartz, K. R., Liu, F., Sewell, D., Schochet, T., Campbell, I., Sandor, M., and Fabry, Z. 2001. 
Interleukin-6 promotes post-traumatic healing in the central nervous system. Brain Res 896(1-2): 
86-95



IL-6-induced upregulation of adenosine A1 receptor expression

105

40. Trussell, L. O. and Jackson, M. B. 1985. Adenosine-activated potassium conductance in cultured 
striatal neurons. Proc Natl Acad Sci U S A 82(14): 4857-4861

41. Vanore, G., Giraldez, L., Rodriguez de Lores, Arnaiz G., and Girardi, E. 2001. Seizure activity 
produces differential changes in adenosine A1 receptors within rat hippocampus. Neurochem.Res. 
26(3): 225-230

42. Williams, M. 1989. Adenosine: the prototypic neuromodulator. Neurochemistry international 14(3): 
249-264

43. Wittendorp, M. C., Von Frijtag Drabbe Kunzel J., IJzerman, A. P., Boddeke, H. W. G. M., and Biber, 
K. 2004. The mouse brain adenosine A(1) receptor: functional expression and pharmacology.
Eur J Pharmacol. 487(1-3): 73-79



106



107

Summary and conclusions

Chapter 6



The adenosinergic system

The energy-rich molecule ATP is used by all living cells as a “currency”, providing
energy for most cellular activities. In most organisms the daily turnover of ATP
thus equals their bodyweight [12]. Adenosine, a metabolite of ATP, plays an
important role as a regulator of metabolic processes, but probably during
evolution it has gained an additional role as a signaling molecule. In chapter 1
general features and functions of the adenosinergic system have been discussed in
detail. In the subsequent chapters of the thesis we have focussed on the
neuroprotective activity of adenosine receptors. 

Summary/scope of the thesis

During neuropathological conditions large amounts of adenosine are released in
the brain. Whereas increased levels of adenosine mediate neuroprotection, in the
long term down regulation of adenosine receptors will occur.  We hypothesized
that in order to maintain the neuroprotective effects of adenosine there must be
some factor involved to uphold or even increase adenosine receptor expression.
Previous research in vitro has indicated that IL-6 might be involved in such a
mechanism [3, 7]. In figure 1.6 we have postulated our hypothesis on the key of
events occurring during pathological conditions in the brain. 

“ IL-6 is involved in upregulation of adenosine A1 receptors in neuropathological conditions
in vivo”

In order to prove this hypothesis a number of projects has been performed, which
are described in chapters 3, 4 and 5.

The mouse adenosine A1 receptor resembles the receptor in other species

Whereas the adenosine A1 receptor of many animal species has been cloned and
characterized, hardly any literature data on the mouse A1 receptor were available
concerning mouse adenosine A1 receptor pharmacology. Since we intended to use
a mouse knock out model as approach to prove our hypothesis, we had to
characterize the binding properties of ligands towards the mouse adenosine A1

receptor. We therefore cloned the adenosine A1 receptor from mouse astrocytes
and expressed it in CHO cells. In chapter 4 the cloning, functional expression
and pharmacology of the mouse brain adenosine A1 receptor has been presented.
The results show that the protein sequence of the adenosine A1 receptor
resembles the rat and human sequences. Moreover, we found that commonly
used ligands bind the mouse receptor with similar affinities as the rat and human
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receptor. Therefore, we can conclude that in our experiments we can use the
same ligands, which have been used successfully in rats. Furthermore, the
pharmacological characterization of the adenosine A1 receptor will be of help for
the study of other adenosine-mediated physiological processes in mouse models. 

Working out the hypothesis

Possible regulatory effects of IL-6
Currently, no effective IL-6 receptor antagonists are available. Therefore, in order
to study the possible regulatory effect of IL-6 on adenosine A1 receptor express-
ion in vivo we have decided to use a IL-6 knock out mouse model.  The con-
stitutive IL-6 knock out model has the disadvantage that mice without the gene
could have adapted and modified their physiology to cope with the loss of the
gene. We have taken this risk because in general knock out mouse models have
proved to be useful tools to study the role of one specific factor. No overt changes
in brain morphology and also on clear physiological phenotype was observed in
IL-6 knock out mice. Furthermore, as expected, the lack of IL-6, clearly prevented
upregulation of the A1 adenosine receptors in the seizure model.

Main findings (chapter 5)
● IL-6 knock out mice were more susceptible to PTZ-induced seizures. This
finding implicates that the increased seizure susceptibility in IL-6 knock out mice
is possibly due to a lower adenosine A1 receptor expression.
● A subsequent autoradiography study indeed showed a lack of adenosine A1

receptor upregulation in IL-6 mice in the seizure model. Further analysis of the
results showed a clear correlation between the severity of the seizures and the
rate of adenosine A1 receptor expression in wild type animals. Wild type animals
with higher adenosine A1 receptor expression levels had generally a lower seizure
susceptibility, while in IL-6 knock out mice this correlation was absent.
● Radioligand binding results in total mouse brain homogenates failed to show a
difference in A1 expression levels, both under control conditions and after PTZ-
induced seizures. The most likely explanation for the different findings in
radioligand binding and autoradiography is the fact that the A1 adenosine
receptor is upregulated in distinct brain areas. The detection of this upregulation
is lost in whole brain.

From the seizure experiments and the subsequent autoradiography we conclude
that IL-6 is involved in upregulation of adenosine A1 receptor expression after
seizures, thereby enhancing the neuroprotective effects of adenosine. 
In the current literature contradicting effects of IL-6 in the brain have been
reported. Thus both detrimental and neuroprotective effects of IL-6 in the brain
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have been described. These different effects are probably due the differences of
levels of IL-6 involved and differences in brain areas studied. Our findings suggest
a pronounced neuroprotective role of IL-6 in the brain. Moreover, our results also
provide the mechanism involved in IL-6 induced neuroprotection.

Future implications
We have observed adenosine A1 receptor upregulation 24-48 hours after PTZ-
induced seizures in wild type mice but not in IL-6 knock out mice, implicating that
IL-6 induced upregulation of A1 receptors takes place within this time. It is how-
ever, not yet clear what triggers the release of IL-6 from astrocytes in vivo: previous
experiments in vitro suggest involvement of adenosine A2B receptors [7, 14]. 
Furthermore, questions remain on the timing of the sequence of events
concerning the production of IL-6 and its’ release from astrocytes. In order to
study this in detail, IL-6 release in the brain should be measured and adenosine
A1 receptor mRNA and protein samples should be taken at various time points
after seizures. Since this would require a large number of test animals it would be
desirable to investigate this issue in a brain slice culture model using RNA
silencing techniques to knock out the IL-6 gene. 
Due to its’ neuroprotective effects, several reports have suggested that IL-6 could
have some therapeutic potential in neurodegenerative diseases [9, 11, 13]. Due to
the widespread actions of IL-6 leading to peripheral inflammatory responses, IL-6
based drugs can not be administered systemically. Therefore it is of utmost
importance that IL-6 is delivered exactly at the site where its actions are needed.
Possible techniques which have been proposed are mini-osmotic pumps, gene-
therapy or carrier molecules [9]. However, it seems rather unlikely that IL-6
based drugs will be used in clinical setting. 
IL-6 itself might not be a good candidate as a target to increase the neuro-
protective effects of adenosine. But there might be other factors that could
interact with the adenosinergic system, thereby enhancing the neuroprotective
effects of adenosine. All other members of the IL-6 cytokine family (IL-11, LIF,
OSM, CNTF and CT-1), use the same signaling cascade and are known to induce
neuronal survival [16]. Interestingly, no research has been performed to check
whether these neuroprotective effects are due to an interaction with the
adenosinergic system. More research is needed to study this complex system and
its interactions with cytokines, neurotrophins and other substances.

Neuroprotective substances released by glia cells: IL-6 and more?

IL-6 is a neuroprotective cytokine and is released by astrocytes upon adenosine
receptor stimulation. As described in chapter 2, astrocytes and microglia are
known to release other neuroprotective factors upon stimulation of various
adenosine receptor types. Using RT-PCR analysis we have screened mRNA levels
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of factors considered to be involved in neuroprotection like VEGF and pentraxin 3
(PTX3), to determine whether adenosine stimulates the release of these factors
from glia cells. We also screened mRNA levels of chemokines like CCL2 and
RANTES. We thus found that cultured astrocytes showed increased expression of
CCL2 mRNA after adenosine receptor stimulation (data not shown). Further
analysis of protein levels using ELISA showed that CCL2 protein release from
astrocytes was mediated by the adenosine A3 receptor subtype (chapter 3).
This is a remarkable finding, since the role of the A3 receptor in the brain is still
unclear. Although previous reports suggest that the adenosine A3 receptor
mediates neuroprotection, our findings are among the first to show an action of
adenosine A3 receptors [1, 6, 17]. Our results indicate A3 might also be involved
in adenosine-induced neuroprotection via the induction of the potentially
neuroprotective chemokine CCL2. 
CCL2 has been shown to mediate neuroprotective effects [4, 5], although its’
mechanism is unknown. CCL2 may also have beneficial effects on astrocytes.
CCL2 has been shown to induce cytoskeleton rearrangement, which might be
beneficial for cell survival. Thus the effect of A3 receptor stimulation on
cytoskeleton rearrangement reported previously [1] could be explained by the
effect of the adenosine A3 receptor on the release of CCL2.

Conclusions

Adenosine is an important endogenous neuroprotector in the brain. In this thesis
we have investigated mechanisms of adenosine-induced neuroprotection. We
have shown that IL-6 is involved in upregulation of the adenosine A1 receptor in
vivo, resulting in increased neuroprotection. This finding explains at least part of
the neuroprotective properties of IL-6. Although the focus in this thesis is mainly
on interactions between adenosine and IL-6 (Figure 6.1B), these pathways most
likely constitute only a small part of the complex interactions between adenosine
and other factors, which have been reviewed in chapter 2 (Figure 6.1A). Since all
four adenosine receptor subtypes are involved, it is likely that the release of specific
neuroprotective factors from glia cells might be precisely regulated by adenosine. 
Adenosine and adenosine receptors are thus involved in the complex interplay
between neurons and glia cells. In this regard adenosine constitutes an important
factor in neuron-glia communication like cytokines, chemokines and neurotrans-
mitters [2, 8, 10, 15]. 
An improved understanding of the complex pathways of adenosine-induced
neuroprotection may reveal novel possibilities to enhance endogenous neuro-
protective processes. This could lead to possible therapeutic opportunities to
treat neurodegenerative disorders.
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Figure 6.1. A) Overview of neuroprotective substances released by glia cells and its effects on
neurons. B) Interactions between adenosine and IL-6. Cascade of events in A and B: (1) Neuro-
pathological events lead to an increase of extracellular adenosine concentration. (2) Adenosine A1
receptors in neurons are stimulated, resulting in membrane hyperpolarization and inhibition of
neurotransmitter release, which will protect neurons. (3) Stimulation of adenosine A2B receptors
on glia cells leads to a release of IL-6. The question mark indicates that it is not known if this
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Betrokkenheid van glia cellen en cytokines
bij neuroprotectieve processen

geïnduceerd door adenosine



Inleiding

Adenosine tri-fosfaat (ATP) is een belangrijke energierijke verbinding, die dienst
doet als energiedonor voor allerlei cellulaire processen. In situaties waarbij de
energie consumptie verhoogd is, wordt meer ATP afgebroken dan gevormd. De
concentratie van het afbraakproduct, adenosine stijgt dan snel en wordt
onmiddellijk over de celmembraan de cel uit getransporteerd. Dit extracellulaire
adenosine bindt aan adenosine receptoren op de celmembraan, waardoor proces-
sen in werking worden gezet die het metabolisme van de cel afremmen. Zo wordt
het evenwicht tussen ATP afbraak en productie weer hersteld. Dit is een zeer
basaal mechanisme dat in alle celtypes aanwezig is. 
In de hersenen is de concentratie adenosine verhoogd tijdens neuropathologische
aandoeningen zoals herseninfarcten en epilepsie. Onder deze omstandigheden
heeft adenosine neuroprotectieve eigenschappen die gemediëerd worden door
adenosine A1 receptoren. Verhoging van het aantal receptoren resulteert in een
sterker neuroprotectief effect van adenosine. Langdurige blootstelling van adeno-
sine A1 receptoren aan hoge concentraties adenosine, zoals tijdens neuropatho-
logie kan echter leiden tot een vermindering van het aantal receptoren. Om de
beschermende werking van adenosine te handhaven, is het noodzakelijk dat het
aantal functionele receptoren in de membraan op peil blijft. Voorafgaand
onderzoek in gekweekte hersencellen heeft aangetoond dat het pro-inflammatoire
cytokine, interleukine-6 (IL-6) hier waarschijnlijk bij betrokken is. Stimulatie van
adenosine receptoren in glia cellen resulteerde in een verhoogde afgifte van IL-6.
Bovendien werd een verhoging van het aantal adenosine A1 receptoren in glia
cellen geconstateerd nadat deze cellen met IL-6 waren gestimuleerd. 

In dit proefschrift werd de hypothese onderzocht of IL-6 ook in vivo betrokken is
bij de regulatie van adenosine A1 receptoren tijdens hersenschade. 
Om deze hypothese te kunnen bewijzen, is een reeks van experimenten gedaan
die staan beschreven in hoofdstukken 3, 4 en 5.

Eigenschappen van de muis adenosine A1 receptor

Hoewel de eigenschappen van de adenosine A1 receptor van veel diersoorten
bekend zijn, zijn er nauwelijks gegevens in de literatuur over de farmacologie van
de muis adenosine A1 receptor. Omdat we de muis als proefdier wilden gebruiken
in onze experimenten, was het nodig om eerst de bindingseigenschappen van
liganden voor de muis receptor te onderzoeken. Hiertoe werd de adenosine A1

receptor gekloneerd uit muis astrocyten en in de CHO cellijn tot expressie
gebracht. Dit proces, evenals de resultaten zijn beschreven in hoofdstuk 4. De
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resultaten laten zien dat de muis receptor, qua structuur en eigenschappen
overeenkomt met de adenosine A1 receptor van de rat en de mens. Dit betekent
dat we in onze experimenten de liganden kunnen gebruiken die met succes
gebruikt zijn bij ratten. 

Betrokkenheid van IL-6 bij de regulatie van adenosine A1 receptoren

Om de rol van IL-6 te kunnen onderzoeken (hoofdstuk 5), werd gebruik gemaakt
van een IL-6 knock out model; bij de IL-6 knock out muizen is het IL-6 gen d.m.v.
genetische manipulatie uitgeschakeld. 
In controle en IL-6 knock out muizen werden kunstmatig convulsies opgewekt
d.m.v. injecties met de convulsant pentylenetetrazole (PTZ), waarna de expressie
van adenosine A1 receptoren werd onderzocht. 
IL-6 knock out muizen waren veel gevoeliger voor PTZ dan controle muizen. Dit
verschil zou wellicht veroorzaakt kunnen zijn door een verschil in adenosine A1

receptor expressie.
Uit autoradiografie experimenten bleek dat bij controle muizen waarin convulsies
waren opgewekt, de expressie van adenosine A1 receptoren in de hippocampus en
een deel van de cortex was toegenomen. Bij IL-6 knock out muizen was er echter
geen effect van convulsies op adenosine receptor expressie waarneembaar. Hieruit
kan geconcludeerd worden dat IL-6 een rol speelt bij de regulatie van adenosine
A1 receptor expressie tijdens convulsies. IL-6 stimuleert op deze manier de
neuroprotectieve effecten van adenosine. 
In de huidige literatuur worden tegenstrijdige (schadelijke en beschermende)
effecten van IL-6 beschreven. Onze resultaten suggereren dat IL-6 een belangrijke
neuroprotectieve rol speelt in de hersenen. Bovendien geven de resultaten inzicht
in het mechanisme van de beschermende werking van IL-6. 

Afgifte van neuroprotectieve stoffen door glia cellen

Verder is in dit proefschrift de rol van adenosine receptoren in glia cellen
onderzocht. Het is algemeen bekend dat stimulatie van adenosine receptoren in
glia cellen resulteert in de productie en afgifte van neuroprotectieve stoffen, zoals
nerve growth factor (NGF), S100B en IL-6. In dit proefschrift is gevonden dat
astrocyten (het meest voorkomende glia cel type) na stimulatie van de adenosine
A3 receptor het chemokine CCL2 afgeven (hoofdstuk 3). Dit is een bijzondere
vinding omdat niet bekend is welke rol de adenosine A3 receptor speelt in de
hersenen. Onze resultaten laten zien dat de adenosine A3 receptor, door het sti-
muleren van de afgifte van het mogelijk neuroprotectieve chemokine CCL2,

Nederlandse samenvatting

117



betrokken zou kunnen zijn bij neuroprotectieve processen geïnduceerd door
adenosine. 

Conclusie

Samenvattend heeft dit proefschrift bijgedragen aan het inzicht in de complexe
interacties tussen adenosine, adenosine receptoren en cytokines. 
Adenosine is een belangrijke stof met intrinsieke beschermende eigenschappen in
de hersenen. In dit proefschrift hebben we de mechanismen onderzocht van de
neuroprotectieve processen geïnduceerd door adenosine. We hebben laten zien
dat het cytokine IL-6 ook in vivo betrokken is bij regulatie van adenosine A1

receptoren en daardoor de neuroprotectieve eigenschappen van adenosine kan
versterken. Hoewel de focus in dit proefschrift voornamelijk gericht is op de
interacties tussen adenosine en IL-6, maken deze slechts deel uit van een groter
geheel van complexe interacties tussen adenosine en andere factoren (samengevat
in hoofdstuk 2). 
Omdat alle vier adenosine receptoren erbij betrokken zijn, is het waarschijnlijk
dat de afgifte van specifieke neuroprotectieve stoffen door glia cellen precies
gereguleerd wordt door adenosine. Zo zijn adenosine and adenosine receptoren
betrokken bij de complexe wisselwerking tussen neuronen en glia cellen. Hieruit
kan geconcludeerd worden dat adenosine, evenals cytokines, chemokines en
neurotransmitters, een rol speelt bij de communicatie tussen neuronen en glia
cellen. 
Verbeterde kennis van de ingewikkelde processen verantwoordelijk voor de
neuroprotectieve werking van adenosine, zou nieuwe mogelijkheden kunnen
creëren om de intrinsieke beschermende werking van adenosine te versterken.
Dit zou uiteindelijk kansen kunnen scheppen om methoden te ontwikkelen voor
de behandeling van neurodegeneratieve ziekten. 
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