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Abstract: Adenosine is a powerful neuromodulator that has a range of functions in various cells and tissues throughout 

the body. In the brain adenosine controls many varied processes through a range of receptors. Research over the past 25 

years has implicated adenosine, acting predominantly through the A1 receptor, in seizure control and epilepsy. Most of 

this work has utilized animal models and there are still only a handful of studies in humans. In this article, I will focus on 

specific aspects of the role of adenosine in epilepsy, in particular its role in terminating seizures and preventing status 

epilepticus, a prolonged and neurologically dangerous seizure state. I will also discuss the few reports that have studied 

adenosine in human epilepsy in an attempt to bridge the gap between pre-clinical studies and the clinic. The great 

challenge for researchers is to translate knowledge about adenosine and epilepsy from the lab to the clinic to develop new 

medications to treat people suffering from epilepsy and status epilepticus.  
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Adenosine is a powerful neuromodulator that has a range 
of functions in various cells and tissues throughout the body. 
In the brain adenosine controls many varied processes 
through a number of receptors (A1, A2a, A2b, A3). In 
particular, research over the past 25 years has implicated 
adenosine in seizure control and epilepsy. Most of this work 
has utilized animal models and there are still only a handful 
of studies in humans. Twenty-one years ago I wrote a review 
article entitled “Purinergic Mechanisms in Epilepsy” which 
was published in Progress in Neurobiology [1]. At that time 
there was a growing body of research which suggested very 
strongly that adenosine played a major role in controlling 
epileptic seizures although there was controversy regarding 
the role of basal versus seizure-induced adenosine levels. 
Many hundreds of studies have been published since that 
review appeared (a PubMed search using “adenosine and 
epilepsy” found 607 papers published between 1988 and 
2009). In this article I wish to address 3 questions. First, has 
our understanding of the role of adenosine in epilepsy 
progressed during this time period and, in particular, are 
there any human studies that shed further light on the role of 
adenosine in epilepsy? Second, are we any closer to 
designing drugs (and/or other therapies) based upon our 
knowledge of adenosine in epilepsy for people with epilepsy 
and/or status epilepticus? Finally, how can we facilitate the 
translation of basic research in this area to the clinic? 

ADENOSINE AND EPILEPSY – HUMAN STUDIES 

Although there is a vast literature on the role of 
adenosine in epilepsy using in vivo and in vitro animal 
models there is a scarcity of data in humans. It is not the 
intent of this article to review the literature studying 
adenosine in seizures in animal models. This work has been 
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comprehensively and well reviewed recently [2-6] and also 
in the current volume (see other chapters). This article will 
focus on new developments in our understanding of the role 
of adenosine in epilepsy and on human studies. 

Glass et al. (1994) provided one of the first systematic 
studies investigating the A1 adenosine receptor and the 
adenosine transporter in human temporal lobe (TLE) 
epilepsy tissue. They found that there was a dramatic loss of 
A1 adenosine receptors in both the hippocampus and 
temporal cortex in biopsy epilepsy tissue compared with 
post-mortem neurologically normal tissue [7]. The loss of 
A1 receptors in the hippocampus was likely due to 
hippocampal sclerosis which is a common feature of TLE.  
However, the loss in the temporal cortex was interesting 
because adjacent sections probed with labels for GABAa 
receptors (as well as the adenosine transporter) found normal 
levels of receptor expression. In direct contrast to these 
results Angelatou et al. [8] found an up-regulation of the A1 
adenosine receptor in temporal cortex in biopsy epilepsy 
tissue compared with post-mortem neurologically normal 
tissue. The reasons for these opposite results are still not 
clear and to my knowledge no further reports have been 
published in this area. Clearly, it will be very important to 
determine the state of the A1 (as well as A2 and A3) 
adenosine receptors in human epilepsy as this information 
has a major impact on treatment of epilepsy through this 
system. It will also be important to study the post-receptor 
signal transduction pathways to determine whether these are 
also altered in TLE. If the A1 receptor is indeed down-
regulated, then adenosine augmentation therapies are 
unlikely to be effective in seizure control for temporal lobe 
epilepsy. On the other hand, if there is A1 receptor up-
regulation then adenosine augmentation therapies are 
perhaps even more likely to be effective. Thus, it is critical 
that we determine the state of the A1 (as well as A2 and A3) 
adenosine receptors (and associated signalling pathways) in 
human TLE. In this regard, the recent development of 
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ligands suitable for PET analysis of the adenosine A1 
receptor in humans [9] holds great promise for studying the 
state of the A1 adenosine receptor in Epilepsy. 

In addition to the studies of adenosine receptors in human 
epilepsy During and colleagues [10] showed that adenosine 
levels rose in human brain during seizure activity suggesting 
that it may also function as a seizure-induced seizure 
terminator in humans with epilepsy. This is a very important 
observation as it provides the human data linking adenosine 
to seizure arrest (see next section). More recently, 
researchers have found that GABAa receptors derived from 
patients with TLE (but not controls) show a run-down with 
repetitive activation [11]. This run-down may contribute to 
seizure generation. The run down has been shown to be 
inhibited by A2a and A3 adenosine receptor antagonists, and 
by adenosine deaminase, but unaffected by A1 receptor 
modulation [12, 13]. These results indicate adenosine may 
have both anticonvulsant effects (through the A1 receptor) 
and pro-convulsant effects through A2a and A3 receptors. If 
this is indeed true in human epilepsy, then therapies that seek 
to augment adenosine levels (eg: uptake blockers, adenosine 
kinase blockers) may have complex actions on seizure 
outcome.  

ADENOSINE, SEIZURE ARREST AND STATUS 
EPILEPTICUS 

Many years ago we proposed that adenosine acts as an 

endogenous anticonvulsant substance to terminate seizures 

by acting directly on neuronal adenosine receptors and 

indirectly through glial cells. In particular, we hypothesized 

that seizure-induced elevated levels of adenosine terminated 

seizures [14]. The natural extension of this hypothesis is that 

seizures that are prolonged and/or recurrent (Status 

Epilepticus) might be caused by a failure of this endogenous 

seizure arrest mechanism. Using A1 adenosine receptor 

agonists and antagonists we demonstrated that this was 

indeed the case [15]. More recently, other reports have been 

published which strengthen this hypothesis. Avsar and 

Empson [16] found that adenosine acting on the A1 receptor 

was critical for stopping the progression of status epilepticus 

in an in vitro model. Fedele et al. [17] found that kainic acid 

induced convulsive status epilepticus in A1 adenosine 

receptor knock-out mice compared with non-convulsive 

status epilepticus in wild-type mice. Furthermore, A1 

receptor knockout mice showed greatly enhanced brain 

damage supporting many studies indicating that adenosine 

acting through the A1 receptor is a powerful endogenous 

neuroprotective agent, as originally postulated many years 

ago [18]. Adenosine may also be responsible for preventing 

status epilepticus development after traumatic brain injury. 

Kochanek et al. [19] found that traumatic brain injury in A1 

adenosine receptor knock-out mice lead to status epilepticus 

whereas similar injury to wild-type mice generated only very 

brief 1-2 sec seizures. Finally, loss of adenosine appears to 
be critical for theophylline-induced status epilepticus [20]. 

These combined studies clearly demonstrate that 

adenosine, working through the A1 receptor terminates 

seizures and that loss of this endogenous anticonvulsant 
system leads to status epilepticus generation with more 

severe brain damage. Whether status epilepticus occurring in 

humans is also caused by a loss of this seizure termination 

mechanism is unknown. Furthermore, the utility of therapies 

augmenting adenosine activity through the A1 receptor for 

status epilepticus in humans is also unknown. 

ADENOSINE, ASTROCYTES AND SEIZURES 

Adenosine has powerful direct actions on nerve cells that 
involve hyperpolarisation and strong inhibition of neuronal 
discharges (reviewed in [21]). These actions are likely to be 
central to its anticonvulsant effects in the brain. However, 
other brain cell types are also involved in epileptic 
discharges and in epilepsy development. For example, 
astrocytes are very important cells in epilepsy and seizure 
generation [22]. Astrocytic scars formed in epileptic brain 
may promote seizure spread and may also limit the degree of 
regeneration. Adenosine appears to have many roles with 
regard to astrocytes.  

Activation of the A1 adenosine receptor has been shown 
to powerfully protect astrocytes from apoptosis [23, 24]. 
Supporting these results Bjorklund et al. [25] found that both 
A1 and A3 adenosine receptors were implicated in protecting 
astrocytes from injury. Thus, adenosine is a protector of 
brain astrocytes through the activation of A1 and A3 
receptors. This astroprotection may have relevance to a 
number of neurological disorders given the important roles 
for astrocytes in normal and pathological brain function. For 
example, it is thought that compounds that promote the 
survival of astrocytes (astroprotectors) may be more 
effective than neuroprotectors in reducing brain injury in 
various brain disorders [26]. 

The effects of adenosine on astrocyte scar formation are 
likely to be more complicated. By promoting astrocyte 
survival adenosine, acting through A1 and A3 receptors 
might be expected to promote the development of glial scars, 
which are composed principally of astrocytes, after seizures 
(and in other brain disorders). In this way adenosine might 
lead to a promotion of seizure activity? On the other hand, 
activation of A1 receptors in astrocyte cultures inhibits their 
proliferation [27] which might be expected to reduce scar 
formation. Finally, although direct activation of the A2a 
receptor on astrocytes is not sufficient to generate an 
astrocytic scar, it does appear to promote scar formation 
induced by basic fibroblast growth factor [28]. Thus, 
adenosine acting through A1, A2a, and A3 receptors is likely 
to have complex roles in glial scar formation. Ultimately, it 
will be critical to determine what effects adenosine acting on 
these various receptors has on human astrocytes (see below). 

Adenosine is also released by astrocytes probably 
through an astrocytic release of ATP which is then degraded 
extracellularly by nucleotidases to adenosine [29]. This 
astrocytic release pathway regulates synaptic transmission 
through the A1 adenosine receptor and has important 
implications for controlling brain functions such as sleep. 
Astrocytic release of ATP (and conversion to adenosine) also 
occurs following hypoxia and oxygen-glucose deprivation 
[30]. 

Adenosine is also regulated by astrocytic adenosine 
kinase which converts it to AMP. This inactivation pathway 
appears to be the dominant pathway for removal of 
adenosine from the extracellular space and has gained 
attention as a target for the development of anticonvulsant 
medications [2-5, 31, 32]. The pioneering work of Boison 
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has identified adenosine kinase as the leading regulator of 
adenosine levels in the brain. His studies (detailed elsewhere 
in this edition) have shown that up-regulation of astrocytic 
adenosine kinase after seizures and ischemia can worsen 
seizures and brain injury whereas reducing adenosine kinase 
activity can stop seizures and improve brain injury outcome 
[33, 34]. These key studies have provided one of the major 
conceptual advances in the field of adenosine and epilepsy. 
However, because human astrocytes differ in many ways 
from astrocytes derived from rats and mice [26] it will be 
critical to determine whether levels of adenosine kinase are 
elevated in human TLE and also whether adenosine kinase 
actually controls adenosine levels in human (and rodent) 
astrocytic cells. In this regard, recent studies defining the 
conditions required to isolate and maintain adult human 
brain astrocytes in vitro will be important in this endeavour 
[35]. Of similar importance will be studies of the adenosine 
transporter in human astrocytes [36]. 

ADENOSINE, MICROGLIA AND EPILEPTO-
GENESIS 

Microglia are the brain’s resident macrophage cells. They 
play important roles in neurodegeneration including in nerve 
cell death after epileptic seizures [37]. They are also thought 
to be involved in epileptogenesis [38]. Adenosine has been 
shown to be a potent modulator of microglial and 
macrophage function [39, 40]. Adenosine A2a receptors also 
regulate ramification in microglia [41] although how this 
action might influence seizure development or expression is 
currently unclear. Because there are major species 
differences in rodent versus human microglia and 
macrophages [26] it is imperative that more work is 
undertaken studying the actions of adenosine compounds on 
human cells to determine which, if any, of these actions are 
relevant to humans. Finally, because there is good evidence 
for blood-brain barrier breakdown in epileptic conditions 
[42] the effects of adenosine on peripheral immune cells 
(macrophages) are likely to be augmented in epileptic brain 
due to increased brain permeability of peripheral cells. 
Adenosine itself, although regulating astrocytic function (as 
described above) does not appear to play a prominent role in 
regulating the blood-brain barrier [43].   

CONCLUSION 

Adenosine has been implicated in seizure control and 
epilepsy for many years. In particular, elevated levels of 
adenosine following seizures and activation of A1 adenosine 
receptors is very important for seizure termination. Whether 
status epilepticus in humans is caused by a loss of this 
anticonvulsant system is unknown but medications 
augmenting adenosine A1 receptors might in future prove 
efficacious in treating status epilepticus. Targeting adenosine 
kinase may also prove to be a fruitful avenue for drug 
therapy of epilepsy and status epilepticus although more 
work needs to be undertaken on human astrocytes to study 
this pathway of adenosine regulation. More work also needs 
to be conducted on the actions of adenosine and analogues 
on blood and brain immune mediator cells such as 
macrophages and microglia. These cells are also very 
important for seizures and seizure-related brain damage. 
Again, it is critical that this work uses human macrophages 
and microglia given the dramatic species differences in the 

biochemistry and functions of these cells. Finally, it is 
imperative that studies are undertaken to fully characterize 
the state (levels, transduction pathways) of A1, A2 and A3 
adenosine receptors in human TLE to determine the potential 
usefulness of adenosine augmentation (or inhibition in the 
case of A2 and A3 receptors) for treating people with 
epilepsy. In particular, modulation of A2 and A3 receptors 
may generate different outcomes on seizures than A1 
modulation and these various actions need to be thoroughly 
studied before drugs that regulate these receptors can be 
tested in humans. 
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