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Abstract

Despite the introduction of at least 20 new antiepileptic drugs (AEDs) into clinical practice over 

the past decades, about one third of all epilepsies remain refractory to conventional forms of 

treatment. In addition, currently used AEDs have been developed to suppress neuronal 

hyperexcitability, but not necessarily to address pathogenic mechanisms involved in epilepsy 

development or progression (epileptogenesis). For those reasons endogenous seizure control 

mechanisms of the brain may provide alternative therapeutic opportunities. Adenosine is a well 

characterized endogenous anticonvulsant and seizure terminator of the brain. Several lines of 

evidence suggest that endogenous adenosine-mediated seizure control mechanisms fail in chronic 

epilepsy, whereas therapeutic adenosine augmentation effectively prevents epileptic seizures, even 

those that are refractory to conventional AEDs. New findings demonstrate that dysregulation of 

adenosinergic mechanisms are intricately involved in the development of epilepsy and its 

comorbidities, whereas adenosine-associated epigenetic mechanisms may play a role in 

epileptogenesis. The first goal of this review is to discuss how maladaptive changes of 

adenosinergic mechanisms contribute to the expression of seizures (ictogenesis) and the 

development of epilepsy (epileptogenesis) by focusing on pharmacological (adenosine receptor 

dependent) and biochemical (adenosine receptor independent) mechanisms as well as on 

enzymatic and transport based mechanisms that control the availability (homeostasis) of 

adenosine. The second goal of this review is to highlight innovative adenosine-based opportunities 

for therapeutic intervention aimed at reconstructing normal adenosine function and signaling for 

improved seizure control in chronic epilepsy. New findings suggest that transient adenosine 

augmentation can have lasting epigenetic effects with disease modifying and antiepileptogenic 

outcome.
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1. Introduction

Thirty-five years ago it was first demonstrated that endogenous adenosine may act as an 

endogenous anticonvulsant of the brain (Dunwiddie, 1980). Since then a large number of 

studies have validated the concept that adenosine acts as endogenous anticonvulsant and 

seizure terminator of the brain (Ault and Wang, 1986; Dragunow, 1991; Dragunow et al., 

1985; Dunwiddie and Fredholm, 1984; Lee et al., 1984), not at least supported by studies 

showing a rise of seizure-induced endogenous adenosine coinciding with seizure termination 

(During and Spencer, 1992; Van Gompel et al., 2014). Neuronal excitability in the brain is 

modulated by activation of G protein coupled adenosine receptors (A1, A2A, A2B, A3) 

(Fredholm et al., 2001; Fredholm et al., 2005; Fredholm et al., 2011). Therefore, excitability 

depends on the equilibrium of different receptor-mediated effects, receptor expression levels, 

and availability of endogenous adenosine to activate the receptors. In addition, adenosine has 

receptor independent effects that regulate biochemical enzyme reactions and that affect 

epigenetic functions (Williams-Karnesky et al., 2013). Whereas different sources of 

adenosine from neurons and astrocytes affect synaptic versus homeostatic adenosine 

signaling (Cunha, 2001, 2008), overall levels of adenosine are largely under the control of 

metabolic clearance through the astrocyte-based enzyme adenosine kinase (ADK) (Boison, 

2013; Fedele et al., 2004; Lloyd and Fredholm, 1995; Pak et al., 1994). Maladaptive 

processes that determine adenosine availability and signaling have been associated with the 

development of epilepsy and – consequently – therapeutic approaches aimed at restoring 

normal adenosinergic function hold promise for the therapy of epilepsy (Boison, 2008, 

2012a). The following sections will review maladaptive changes of the adenosine system in 

epilepsy and discuss the therapeutic potential of adenosine augmentation therapies.

2. Imbalance of adenosine receptor activation

Several lines of evidence suggest that maladaptive changes in adenosine receptor signaling 

contribute to the pathophysiology of epilepsy. It is conceivable that any shift in the ratio of 

inhibitory A1R vs. stimulatory A2ARs directly affects neuronal excitability. Material covered 

in subsequent sections summarizes findings that show that the epileptic state is indeed 

characterized by decreased A1R signaling and increased A2AR signaling. However, it is 

currently unknown whether changes in adenosine receptor expression are cause for or 

consequence of epilepsy.

2.1. Adenosine A1R

Experimentally, a decrease in A1R density and the failure of endogenous adenosine-based 

seizure control mechanisms have been described in the rat kindling model of epilepsy 

suggesting the failure of endogenous seizure control mechanisms in epilepsy (Rebola et al., 

2003). Receptor knockout studies have shown that mice lacking the A1R have spontaneous 
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electrographic seizures (Li et al., 2007a) and develop lethal status epilepticus following the 

intrahippocampal injection of kainic acid, or a traumatic brain injury (Fedele et al., 2006; 

Kochanek et al., 2006). These studies directly show that A1R activation is needed to prevent 

seizure spread. Histopathological and biochemical analyses from specimen surgically 

resected from patients with intractable epilepsy show decreased expression levels of A1 

receptors, suggesting that decreased A1R expression may contribute to seizure generation in 

human chronic epilepsy (Glass et al., 1996). Experimentally, dynamic changes in A1R 

signaling or expression have been described as a direct consequence of acute seizures. 

Desensitization of A1R responses but normal receptor levels have been described in the 

hippocampus of rats after status epilepticus elicited by performant path stimulation (Hamil 

et al., 2012), whereas upregulation of the A1R in the entorhinal cortex has been described as 

a response to spontaneous seizures induced by electrical stimulation (Hargus et al., 2012). In 

a human genomic study variants in the A1R gene have been associated with the development 

of posttraumatic seizures after a severe traumatic brain injury, suggesting that deficiency in 

A1R signaling might be associated with posttraumatic epileptogenesis (Wagner et al., 2010). 

Together, these data suggest that dysregulation of A1R signaling is intricately linked to the 

pathophysiology of epilepsy.

2.2. Adenosine A2AR

The synaptic fraction of A2ARs can mediate synaptotoxic effects of the synaptic pool of 

adenosine (Matos et al., 2012; Popoli et al., 2003; Silva et al., 2007), which is largely 

dependent on the neuronal release of adenosine or its precursor ATP (Lovatt et al., 2012). 

Thereby, neuronal hyperexcitability in epilepsy likely leads to enhanced synaptic A2AR 

activation, which could aggravate synaptotoxicity and thereby further the degeneration of 

normal circuitry contributing to the progressive course of epilepsy. Interestingly, genetic 

variants of the A2AR gene have been associated with acute encephalopathy with biphasic 

seizures and late reduced diffusion in children, suggesting that A2AR dysregulation 

promotes seizures and excitotoxic brain damage in those patients (Shinohara et al., 2013). In 

Wistar Albino Glaxo/Rijswijk (WAG/Rij) rats, a model of human absence epilepsy, 

increased expression of A2ARs in epileptic rats, but not in pre-symptomatic animals has 

been described suggesting that increased A2AR expression in this model supports the 

epileptic phenotype (D’Alimonte et al., 2009). In line with a potentially pro-convulsive role 

of the A2AR, A2AR knockout mice were partially resistant to limbic seizures. In conclusion, 

increased A2AR activation may promote the epileptic state.

2.3. Adenosine A2B and A3Rs

Little is known about the contribution of A2BRs and A3Rs in epilepsy. Using an in vitro 
system of tissue from human resected epileptogenic foci, which was microtransplanted into 

Xenopus oocytes, it was shown that the A2BR selective antagonist MRS1706 as well as the 

A3R selective antagonist MRS1334 reduced the run-down of GABA currents (Roseti et al., 

2008). These findings suggest that cortical adenosine A2B and A3 receptors alter the stability 

of GABAA receptors and thereby fine-tune neuronal excitability.
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3. Adenosine receptor-independent effects

In addition to adenosine receptor dependent effects, adenosine influences biochemical 

enzyme reactions through mass action. Adenosine is an obligatory end product of S-

adenosylmethionine (SAM) dependent transmethylation reactions, which also include 

methyl group transfers onto DNA, catalyzed by DNA methyltransferases (Boison et al., 

2002; Mato et al., 2008; Williams-Karnesky et al., 2013). ADK, by removing adenosine 

drives the flux of methyl groups through the transmethylation pathway; therefore, increased 

ADK expression directly leads to hypermethylated DNA (Williams-Karnesky et al., 2013) 

(Figure 1). Conversely, increased adenosine (or reduced ADK), as well as increased 

homocysteine, which is under tight metabolic control in the brain, shift the equilibrium of 

the S-adenosylhomocysteine (SAH) hydrolase reaction towards the formation of SAH 

(Mandaviya et al., 2014; Williams-Karnesky et al., 2013). SAH in turn is known to block 

DNA methyltransferase activity by product inhibition (James et al., 2002). Consequently, the 

intracebroventricular injection of adenosine as well as of homocysteine decreased global 

DNA methylation levels in the hippocampus of rats, whereas the injection of SAM increased 

global hippocampal DNA methylation (Williams-Karnesky et al., 2013). Through those 

biochemical adenosine-receptor independent effects, adenosine contributes to the 

homeostasis of the DNA methylome, and thereby assumes a novel function as epigenetic 

regulator. In support of a role of SAM/SAH-dependent regulation of seizure activity and the 

underlying role of methylation reactions, the convulsant L-methionine-dl-sulfoximine 

(MSO) leads to an increased SAM/SAH ratio, to an increase in the methylation flux, and to 

seizures, which can be blocked by adenosine and homocysteine (Gill and Schatz, 1985; 

Schatz et al., 1983; Sellinger et al., 1984). Although not directly shown, those studies 

suggest that SAM might have a pro-convulsive profile, a consideration that needs further 

investigation because SAM is widely used as a neutraceutical with antidepressive and 

precognitive properties (Cantoni et al., 1989; Chavez, 2000; Lu, 2000).

Importantly, epileptogenic areas of the brain are characterized by hypermethylation of the 

DNA (Kobow et al., 2013; Miller-Delaney et al., 2015; Williams-Karnesky et al., 2013). The 

‘methylation hypothesis of epileptogenesis’ (Kobow and Blumcke, 2011) suggests that 

methylation changes in DNA contribute to epileptogenesis and are implicated in disease 

progression and maintenance of the epileptic phenotype. We recently demonstrated that a 

transient 10-day dose of adenosine delivered to the brain ventricles of rats after the onset of 

epilepsy, reversed the hypermethylated state of DNA back to methylation levels in the 

normal range, and prevented mossy fiber sprouting, disease progression, and progressive 

epileptogenesis long-term for at least three months (Williams-Karnesky et al., 2013). These 

findings demonstrate that changes in DNA methylation patterns are a key determinant of the 

progression of epilepsy and that adenosine augmentation therapies may reverse DNA 

hypermethylation and break the cycle of increasing seizure severity.

4. Disruption of adenosine homeostasis

It is now well-established that adenosine homeostasis is disrupted both in animal models of 

epilepsy (Gouder et al., 2004; Rebola et al., 2003) as well as in human epilepsies (Aronica et 

al., 2011; de Groot et al., 2012; Masino et al., 2011). Consequently, adenosine deficiency 
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can be considered a pathological hallmark of epilepsy. Several mechanisms contribute to the 

disruption of adenosine homeostasis in epilepsy as will be outlined in the subsequent 

sections.

4.1. Astroglial dysfunction in epilepsy

Hippocampal sclerosis is a characteristic pathological hallmark of temporal lobe epilepsy 

(TLE) (Malmgren and Thom, 2012) and surgical resections of epileptogenic brain tissue 

have demonstrated that onset zones for chronic temporal lobe-derived and post-traumatic 

seizures correlate with gliotic scarring. Astrocytes influence the pathogenesis and 

pathophysiology of epilepsy by the homeostatic control of synaptic transmission via the 

release of gliotransmitters such as glutamate, ATP, and D-serine (Haydon and Carmignoto, 

2006), in addition to the reuptake of neurotransmitters such as glutamate (Coulter and Eid, 

2012) or neuromodulators such as adenosine (Boison, 2012b). An “astrocytic basis of 

epilepsy” was proposed based on findings suggesting that prolonged episodes of neuronal 

depolarization evoked by the astrocytic release of glutamate contributes to epileptiform 

discharges (Tian et al., 2005). Astrocytes play important ‘upstream’ homeostatic role in 

controlling uptake, degradation and recycling of neurotransmitters. In addition, glial 

dysfunction in the blood brain barrier, as well as neuroimmunological functions governed by 

glia have been implicated not only in seizure generation (i.e. ictogenesis) but most 

importantly in the pathophysiological processes that lead to the development of epilepsy (i.e. 

epileptogenesis) (Cacheaux et al., 2009; Devinsky et al., 2013; Heinemann et al., 2012; 

Ivens et al., 2007; Ravizza et al., 2011; Vezzani et al., 2013). Because glia communicate 

with each other and assume a role that is upstream of neuronal function, perturbations of 

glial homeostasis can affect entire neuronal networks. Those network effects of glia might 

indeed be a reason why neuronal networks in epilepsy synchronize; similarly, fluctuations in 

homeostatic functions of glia might explain why seizures are sporadic. In the adult brain the 

metabolic clearance of adenosine is largely mediated by astrocytes and the astroglial enzyme 

ADK. Astrogliosis in the epileptic brain is associated with increased expression of ADK and 

resulting adenosine deficiency (Aronica et al., 2013; Aronica et al., 2011; Boison, 2012b; de 

Groot et al., 2012; Gouder et al., 2004; Li et al., 2008; Masino et al., 2011). Consequently, 

astrogliosis in epilepsy is tightly linked to the disruption of adenosine homeostasis.

4.2. The adenosine kinase hypothesis of epileptogenesis

Interestingly, ADK undergoes biphasic expression changes during epileptogenesis (Boison, 

2013; Gouder et al., 2004; Li et al., 2008), which form the basis of the ADK hypothesis of 

epileptogenesis originally proposed in 2008 (Boison, 2008) and amended in the following by 

incorporating biphasic epigenetic changes associated with epileptogenesis (Williams-

Karnesky et al., 2013): Acquired epilepsies including temporal lobe epilepsy are thought to 

be triggered by an insult to the brain, which can be a brain injury, an acute seizure, a stroke 

or hypoxic period, high fever or an infection, as well as unknown or unconfirmed triggers 

(Dube et al., 2007; Frey, 2003; Kwan, 2010; Pardo et al., 2014). Scientific evidence as 

discussed further below suggests the existence of two distinct phases of epileptogenesis, an 

acute, initiating phase followed by chronic processes needed for the progression and 

maintenance of epileptogenesis. Phase I, acute, initiating: Acute insults to the brain such as 

traumatic brain injury (Clark et al., 1997), seizures (During and Spencer, 1992; Gouder et 
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al., 2004), or a stroke (Pignataro et al., 2008) lead to an acute surge in adenosine associated 

with transient downregulation of ADK within the first two to three hours after the injury 

(Gouder et al., 2004; Pignataro et al., 2008). High levels of adenosine in turn can lead to 

reduced DNA methylation (Williams-Karnesky et al., 2013). We propose that the injury-

induced adenosine surge may precipitate epileptogenesis through an epigenetic mechanism 

whereby the resulting acute hypomethylation of DNA may permit the transcription and 

expression of epileptogenesis initiating genes. Future studies are needed to identify genes 

that might be regulated by the injury-induced adenosine surge. Phase II, epilepsy 

progression: During the ‘latent period’ of epileptogenesis which occurs during the first few 

days or weeks after an insult in rodent models, or weeks and months in humans, 

inflammatory processes are activated that lead to microglial and astroglial activation 

(Devinsky et al., 2013; Nabbout et al., 2011; Vezzani et al., 2011). As mentioned earlier, 

astrogliosis is associated with increases in ADK expression and consequential development 

of adenosine deficiency. We have shown that seizures originate in areas of astrogliosis with 

overexpression of ADK (Li et al., 2012; Li et al., 2008), that seizure onset during 

epileptogenesis temporally coincides with the emergence of astrogliosis and overexpressed 

ADK (Li et al., 2007a), that overexpression of ADK as such is sufficient to generate 

electrographic seizures (Li et al., 2007a; Li et al., 2008), and that overexpression of ADK 

associates with hypermethylation of DNA (Williams-Karnesky et al., 2013). Since 

therapeutic adenosine augmentation restores normal DNA methylation levels and prevents 

epilepsy progression long-term (Williams-Karnesky et al., 2013) we propose that increased 

ADK and increased DNA methylation status form a vicious cycle implicated in the 

progression and maintenance of the epileptic state. Therefore, dysregulation of ADK plays a 

significant role in the processes that turn a normal brain into an epileptic brain (Figure 1).

4.3. The triad of ADK, A2AR, and GFAP dysregulation

Astrogliosis is not only associated with upregulation of ADK, but also with increased 

expression of the astroglial A2AR in GFAP-positive astrocytes (Matos et al., 2012; Orr et al., 

2015). As early as three and seven days after kainate-induced neurotoxicity, prominent 

increases in the levels of the astrocytic A2AR were found (Orr et al., 2015). This is an 

important finding because astrocytic A2ARs play a role in the control of astrocyte 

physiology. A2AR activation stimulates astrogliosis via an Akt/NF-kappaB dependent 

pathway in vitro (Ke et al., 2009), whereas the pharmacological blockade of A2ARs 

prevented BDNF-induced reactive astrogliosis in rat striatal primary astrocytes (Brambilla et 

al., 2003). Since A2ARs, as well as ADK, are both upregulated in GFAP-positive reactive 

astrocytes, the intriguing possibility exists that both systems undergo interdependent 

maladaptive changes during epileptogenesis. Increased A2AR expression may trigger 

compensatory upregulation of ADK expression to limit activation of the gliosis-promoting 

A2AR; whereas increased A2AR expression might be a compensatory response to adapt to 

the reduced adenosine tone, which is a consequence of increased ADK expression. 

Therefore, a self-reinforcing maladaptive circuit might be generated that promotes reactive 

astrocytosis and progressive adenosine deficiency. It remains to be determined which factors 

trigger this maladaptive process and whether ADK, the A2AR, and GFAP share common 

regulatory elements that control gene expression.
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4.4. Ecto-5′-nucleotidase (CD73)

Ecto-5′-nucleotidase (CD73) is the major adenosine producing enzyme in the extracellular 

space (Augusto et al., 2013; Chu et al., 2014; Cunha et al., 1992; Koszalka et al., 2004) and 

implicated in reactive synaptogenesis (Lie et al., 1999; Schoen et al., 1999). Interestingly, 

increased CD73 expression was found in the dentate gyrus molecular layer in human 

resective surgery specimen from TLE patients, implicating TLE-associated reactive 

synaptogenesis in this brain region (Lie et al., 1999). Consistent with these human data, 

increases in CD73 activity were also found in rodent models of epilepsy (Bonan et al., 

2000a; Bonan et al., 2000b; Schoen et al., 1999). More recently, genetic variants of both 

CD73 and ADK were associated with the development of posttraumatic epilepsy in a human 

study involving samples from 162 subjects (Diamond et al., 2015).

Epilepsy-associated expression changes in the largely synapse-associated adenosine 

producing enzyme CD73 and the largely astrocytic adenosine metabolizing enzyme ADK 

need to be discussed within the context of spatio-temporal mechanisms of adenosine 

signaling in epilepsy: In the brain adenosine fulfills two very different, seemingly opposing 

roles. As a homeostatic regulator and retaliatory metabolite adenosine sets the inhibitory and 

general neuroprotective ‘tone’ via activation of widespread inhibitory A1Rs (Meghji and 

Newby, 1990). On the synaptic level however, adenosine facilitates synaptic function via 

activation of stimulatory A2ARs (Cunha, 2001, 2008). Whereas the tonic inhibitory pool of 

adenosine is thought to be largely under the control of astrocytes, the stimulatory pool of 

adenosine acting at the synapse level is likely derived from neurons to allow a highly 

localized modulation of individual synapses (Cunha, 2001, 2008; Lovatt et al., 2012; Meghji 

and Newby, 1990). These two parallel, but different functions of adenosine have likely 

evolved to increase salience of synaptic transmission in a tonically inhibited network, a 

mechanistic strategy to enhance the signal to noise ratio (Cunha, 2001). Thus, increased 

expression of CD73 in the epileptic brain might be a compensatory response to inhibit 

synaptic transmission in mossy fibers, but is unlikely to control the homeostatic pool of 

adenosine, controlled by astrocytic ADK, which determines the activation status of the 

anticonvulsive and neuroprotective A1R.

4.5. Adenosine transporters

Adenosine homeostasis in the brain also depends on adenosine transport, which is mediated 

by nucleoside transporters (NTs), either equilibrative transporters (ENTs) or cotransporters 

(CNTs) (Parkinson et al., 2011). Blockade of NTs leads to a rise in extracellular adenosine 

leading to increased A1R activation, and consequently an anti-epileptic effect of NT 

inhibitors has been reported (Zhang et al., 1993). ENT1 expression appears to be under the 

influence of seizure activity since an increase in ENT1 binding site density was observed as 

a consequence of seizures (Pagonopoulou and Angelatou, 1998). More recently it was 

shown that cannabidiol is a potent inhibitor of ENT1 (Carrier et al., 2006). Therefore, an 

increase in extracellular adenosine through ENT1 blockade may contribute to the well-

known anti-seizure activity of plant based cannabinoids. A potential role for NT inhibitors in 

the treatment of seizure disorders has been discussed (Boison, 2005).
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5. Comorbidities of epilepsy

Patients with epilepsy have a high prevalence of cognitive and psychiatric comorbidities, 

which may even precede the diagnosis of epilepsy Psychiatric disorders, including cognitive 

changes, attention deficits, psychosis, and personality changes, as well as depression, and 

anxiety occur more frequently in people with epilepsy than in the general population, 

particularly in patients with refractory epilepsy (Gaitatzis et al., 2004a; Gaitatzis et al., 2012; 

Gaitatzis et al., 2004b; LaFrance et al., 2008). Clinically, comorbid cognitive impairments 

are among the most debilitating and persistent concerns of chronic epilepsy (Elger et al., 

2004; Hermann et al., 2008; LaFrance et al., 2008). A recent survey study indicates that 54% 

of epilepsy patients exhibit at least one abnormal score on a battery of cognitive tests, twice 

the rate in healthy volunteers (Taylor et al., 2010). From a patient’s perspective cognitive co-

morbidities that include impairment of memory, concentration, and ability to think clearly 

are perceived as the most debilitating complication associated with epilepsy (Fisher et al., 

2000). In particular, episodic memory impairment is now recognized as a key feature of 

temporal lobe epilepsy (TLE) and cognitive impairment has been described as “the most 

problematic of the comorbidities of epilepsy” (Bell et al., 2011). Apart from mediating 

seizure control, adenosine is a crucial regulator of behavior. Importantly, disruption of 

adenosine homeostasis has been linked with cognitive and psychiatric phenotypes as shown 

in our previous work (Boison et al., 2012; Shen et al., 2012a; Wei et al., 2011; Yee et al., 

2007). The brain-wide transgenic overexpression of ADK in mice was sufficient to trigger 

adenosine-deficiency (Shen et al., 2011) and impairment of cognitive function (Boison et al., 

2012; Yee et al., 2007), in particular severe learning deficits in the Morris water maze task 

and in Pavlovian conditioning (Yee et al., 2007). Thus, reconstruction of adenosine 

homeostasis emerges as a rational and innovative approach to restore cognitive function 

under conditions of increased metabolic adenosine-clearance (as found in TLE). We recently 

demonstrated that therapeutic adenosine augmentation with the ADK inhibitor ABT-702 

exerted antipsychotic-like activity in the pre-pulse inhibition paradigm for psychiatric gating 

deficits typical for schizophrenia, whereas adenosine releasing cell grafts to the hippocampal 

formation restored cognitive performance in Adk-transgenic mice (Shen et al., 2012b). 

Together these findings suggest that maladaptive changes in adenosine homeostasis can not 

only give rise to epileptic seizures, but also give rise to comorbidities commonly associated 

with epilepsy.

6. Adenosine augmentation therapies for epilepsy

Experimental and clinical findings outlined in the sections above provide a neurochemical 

rationale to use therapeutic adenosine augmentation for the treatment of seizures and 

associated comorbidities in epilepsy. Several approaches have been tested, which all 

demonstrate a potent antiictogenic and antiepileptogenic role of adenosine therapy.

6.1. Pharmacological approaches

Adenosine augmentation therapies (AATs) make rational therapeutic use of an endogenous 

anticonvulsant and neuroprotectant of the brain with the potential to not only suppress 

seizures, but also to prevent epileptogenesis (Boison, 2009, 2012a). ADK inhibitors are the 

Boison Page 8

Neuropharmacology. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



most efficient therapeutic agents to raise the tissue tone of endogenous adenosine (Boison, 

2013). By reducing the metabolic clearance of adenosine, ADK inhibitors can potentiate an 

endogenous adenosine response, for example a seizure-induced adenosine release, in a site- 

and event-specific manner (Kowaluk et al., 1998; Kowaluk and Jarvis, 2000; McGaraughty 

et al., 2001; McGaraughty et al., 2005). Because ADK is pathologically overexpressed in 

epileptogenic brain regions (Aronica et al., 2011; Boison, 2012b; Gouder et al., 2004; Li et 

al., 2008) and because overexpression of ADK is sufficient to promote seizures (Etherington 

et al., 2009; Li et al., 2012; Li et al., 2008; Theofilas et al., 2011) the use of ADK inhibitors 

for the treatment of epilepsy is based on a strong neurochemical rationale. Importantly, the 

ADK inhibitor 5-ITU effectively suppresses seizures in a mouse model of pharmacoresistant 

temporal lobe epilepsy (Gouder et al., 2004) suggesting that ADK inhibitors might be 

superior to conventional antiepileptic drugs. In addition, several lines of evidence indicate 

that ADK, rather than adenosine deaminase (ADA) is the major adenosine metabolizing 

enzyme in the brain. In particular, ADK inhibition but not ADA inhibition increased 

endogenous adenosine and depressed neuronal activity in hippocampal slices (Pak et al., 

1994) and a genetic knockout of ADK was more efficient in inducing adenosine secretion 

from cells than a genetic knockout of ADA (Huber et al., 2001). In line with those findings 

the ADK inhibitors 5′-amino-5′-deoxyadenosine or 5-ITU, but not by the adenosine 

deaminase (ADA) inhibitor 2′-deoxycoformycin suppressed bicuculline-induced seizures in 

rats suggesting that the antiictogenic activity of ADK inhibition is superior to ADA 

inhibition (Zhang et al., 1993). Several ADK inhibitors have subsequently been developed 

for seizure control (Ugarkar et al., 2000a; Ugarkar et al., 2000b). One of those agents, 

GP-3269, showed enhanced pharmacokinetic properties, attenuation of the seizure response 

in the rat maximum electroshock (MES) and kindling models, and lack of profound 

cardiovascular side effects (Erion et al., 1997; McGaraughty et al., 2005). However, despite 

an improved side effect profile, the chronic, systemic use of ADK inhibitors for epilepsy 

therapy might not be an option due to liver toxicity (Boison et al., 2002) and the occurrence 

of cognitive and sedative side effects (Boison, 2013).

6.2. Cell-based adenosine delivery

An alternative approach to avoid systemic side effects of a drug is its focal delivery to the 

brain (Nilsen and Cock, 2004). One strategy for the focal augmentation of adenosine 

signaling in the brain is an ex vivo gene therapy approach to first delete the Adk gene in 

cultured cells to induce therapeutic adenosine release, and then to transplant the resulting 

adenosine-releasing cells into the host brain to therapeutically exploit locally enhanced 

adenosine release. The first successful cell therapy approach was achieved with baby 

hamster kidney (BHK) cells that were engineered to lack the Adk gene (Huber et al., 2001). 

As a result of this manipulation, these ADK-deficient BHK cells released about 40 ng 

adenosine per 105 cells per day. When encapsulated into semipermeable polymer 

membranes and transplanted into the brain ventricles of kindled epileptic rats the implants 

almost completely suppressed any seizures in an A1R dependent manner (Huber et al., 

2001). Unfortunately, seizure suppression was limited to two weeks due to the reduced 

longevity of the encapsulated cells. To develop a more versatile cell-based system for seizure 

control, both alleles of the Adk gene were disrupted in mouse embryonic stem (ES) cells by 

homologous recombination; the resulting Adk−/− ES cells yielded glial populations with an 
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adenosine release profile comparable to Adk-deficient BHK cells (Fedele et al., 2004). 

When differentiated into neural precursor cells and grafted into the infrahippocampal fissure 

of rats, the adenosine cells profoundly suppressed kindling epileptogenesis (Li et al., 2007b). 

Likewise, when grafted into the infrahippocampal fissure of mice 24 hours after a status 

epilepticus, the same cells prevented the development of epilepsy in a post status model of 

epileptogenesis (Li et al., 2008). Adk−/− cells attenuated astrogliosis, prevented 

overexpression of ADK, and led to a complete lack of any seizures, whereas animals with 

control grafts underwent normal epileptogenic pathology and developed spontaneous 

electrographic seizures at a rate of about 4 seizures per hour (Li et al., 2008). In an attempt 

to engineer human stem cells for therapeutic adenosine release, human mesenchymal stem 

cells were infected with a lentivirus engineered to express a micro RNA directed against 

Adk. This approach reduced ADK expression to 20% of its normal levels and triggered the 

release of about 1 ng adenosine per 105 cells per hour (Ren et al., 2007). When transplanted 

into the infrahippocampal fissure of mice, these implants reduced acute seizure-induced cell 

death (Ren et al., 2007) and led to a partial suppression of epileptogenesis (Li et al., 2009). 

This partial therapeutic effect is most likely due to the 40-times lower amounts of adenosine 

released by those cells as compared to the engineered ES cells that completely lacked any 

ADK expression. Together, these reports demonstrate that disruption of ADK expression in 

cells is a promising therapeutic strategy to augment adenosine signaling at a local site within 

the brain with potent therapeutic effects resulting in seizure suppression as well as 

prevention of epileptogenesis.

6.3. Gene therapy

A different strategy for targeted and cell-type selective adenosine augmentation is gene 

therapy. Whereas conventional gene therapies overexpress a transgene to produce a 

therapeutic agent, the therapeutic goal here is to use a gene therapy approach that reduces 

the expression of the endogenous Adk-gene. This can best be achieved with antisense 

approaches (Boison, 2010) designed to knock down gene expression. An adeno associated 

virus vector was constructed to expresses an Adk cDNA in antisense orientation under the 

control of an astrocyte specific gfaABC1D promoter (Lee et al., 2008). Injection of this virus 

into the hippocampus of transgenic mice with spontaneous electrographic seizures resulted 

in a substantial unilateral decrease in seizure activity ipsilateral to the virus injection site 

with 0.6 ± 0.6 seizures/h, compared to 5.8 ± 0.5 seizures/h on the contralateral (non-

injected) side (Theofilas et al., 2011). This study constitutes a proof of feasibility that a gene 

therapy targeting ADK, restricted to a specific brain area (hippocampus) and to a specific 

cell type (astrocyte), can have potent therapeutic effects based on boosting the anticonvulsive 

properties of adenosine. Additional work is needed to evaluate whether anti-ADK gene 

therapies are effective in clinically relevant models of temporal lobe epilepsy.

6.4. Dietary interventions

The high fat low carbohydrate ketogenic diet is a metabolic intervention, which provides 

effective seizure control in many forms of pharmacoresistant epilepsy (Freeman, 2009; 

Kossoff and Rho, 2009; Kossoff et al., 2009; Neal et al., 2008; Yellen, 2008). Although it 

has been used clinically for over 80 years, the mechanisms underlying the therapeutic 

actions of a ketogenic diet have not been fully explored. A ketogenic diet induces the brain 
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to use ketones as primary energy source instead of glucose and it is those metabolic changes 

that are thought to underlie the therapeutic effects of this type of metabolic intervention 

(Bough, 2008; Bough et al., 2006; Kalapos, 2007; Ma et al., 2007; Yellen, 2008). Although 

several mechanisms of ketogenic diet therapy may synergistically contribute to antiepileptic 

outcome, a large body of evidence supports the notion that a ketogenic diet increases 

adenosine signaling in the brain (Masino and Geiger, 2008, 2009; Masino et al., 2012; 

Masino et al., 2009). Indeed, it was recently shown that a ketogenic diet reduced the 

expression of ADK in mice (Masino et al., 2011). In line with this finding, the ketogenic diet 

suppressed seizures in adenosine deficient Adk-tg mice, but not in A1R deficient mice, 

demonstrating that functional A1R activation is necessary for the antiepileptic effects of the 

diet (Masino et al., 2011). Although anecdotal clinical data suggest an antiepileptogenic 

activity of ketogenic diet therapy, further studies are needed to explore whether a ketogenic 

diet is antiepileptogenic and to identify the underlying mechanisms.

6.5. Antiepileptogenesis

Several lines of evidence suggest that adenosine might prevent epileptogenesis. Transgenic 

mice with an engineered reduction of ADK expression in forebrain did not develop epilepsy, 

even when an epileptogenesis-triggering status epilepticus was coupled with transient 

blockade of the A1R (Li et al., 2008). As mentioned above, adenosine-releasing stem cells – 

implanted into the hippocampal formation after triggering epileptogenesis – dose-

dependently attenuated astrogliosis, suppressed ADK-increases, and attenuated the 

development of spontaneous seizures (Li et al., 2008). In an independent therapeutic 

approach, the transient delivery of adenosine by intraventricular silk for only 10 days 

provided long-lasting (beyond adenosine-release) antiepileptogenic effects in the rat kindling 

model (Szybala et al., 2009). More recent findings that the antiepileptogenic effects of 

adenosine are based on an epigenetic mechanism will be discussed in more detail below.

As mentioned earlier, increased DNA methylation has been considered to play a key role in 

epileptogenesis (Kobow and Blumcke, 2011). Theoretically, DNA methylation inhibitors 

might be of therapeutic value to treat epilepsy by restoring non-pathological epigenetic 

homeostasis. Current DNMT inhibitors such as 5-azacytidine or zebularine are 

antimetabolites, which are incorporated into DNA, and which therefore are clinically used 

for the treatment of cancers (Christman, 2002). The use of those drugs for the treatment of 

persons with epilepsy must be approached with caution due to risks of cell death and 

mutagenesis. As an alternative to conventional pharmacological DNMT inhibitors, focal 

adenosine therapy may act as an effective epigenetic medicine. Recently, we described a 

novel antiepileptogenic role for adenosine whereby a transient dose of adenosine 

administered to epileptic rats after the onset of epilepsy not only suppressed seizures during 

active adenosine release, but also prevented further disease progression long-term even after 

the therapy was suspended. Adenosine treatment restored normal DNA methylation levels in 

the otherwise hypermethylated hippocampus of the epileptic rat (Figure 1). More 

specifically, genome wide analysis using a methylated DNA immunoprecipitation array 

revealed that out of the 125 genes which showed increased DNA methylation in epilepsy, 66 

also showed reduced DNA methylation after adenosine therapy in treated epileptic rats. 

Interestingly, multiple targets that function to either interact with DNA or play a role in gene 
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transcription and translation (PolD1, Polr1e, Rps6kl1, Snrpn, Znf524, Znf541, Znf710) 

responded to adenosine therapy. Consequently, those targets are of interest as likely 

candidates to mediate adenosine-dependent changes in major homeostatic functions of the 

epigenome (Williams-Karnesky et al., 2013).

7. Conclusions and outlook

The excitability of the brain is determined by neurons, which in turn are connected into 

networks, which in turn are broadly controlled by the homeostatic environment of their 

surroundings, which to a large degree is under the control of glial cells. It becomes clear that 

complex neurological syndromes, such as epilepsy, which are not only defined by a 

dominant symptom (i.e. a seizure), but also by a growing number of associated 

comorbidities, can best be explained by the disruption of network homeostasis. Disruption of 

network homeostasis implies the simultaneous and concordant dysregulation of several 

molecular pathways, which in turn can affect each other and lead to a progression of the 

disease in the sense that ‘seizures beget seizures’. This old concept has a lot of truth and can 

best be explained by the self-reinforcing interplay of several homeostatic systems that 

become progressively dysregulated during disease progression. Conventional antiepileptic 

drugs with a target-centric mode of action are unlikely to affect network homeostasis and to 

prevent the progressive maladaptive changes occurring during epileptogenesis, which can be 

considered a lifelong process of disease progression. Novel therapeutic interventions based 

on adenosine, epigenetic mechanisms, or dietary and lifestyle interventions might hold 

promise to affect network homeostasis as a novel conceptual strategy to treat and prevent 

epilepsy on the network level. Adenosine emerges as a prototype homeostatic network 

regulator with the proven capability to control network activity both through receptor-

dependent as well as through receptor-independent epigenetic and bioenergetic mechanisms 

(Boison, 2013). Consequently, therapeutic adenosine augmentation has been demonstrated 

to suppress epileptic seizures (Li et al., 2008; Li et al., 2007b), to prevent disease 

progression and epileptogenesis (Li et al., 2008; Williams-Karnesky et al., 2013), but also to 

prevent psychosis and to improve cognition (Shen et al., 2012b) without any known adverse 

effects. The robust antipsychotic and pro-cognitive effect of adenosine in mice (Shen et al., 

2012b) suggests that therapeutic adenosine augmentation might combine anticonvulsant 

with cognition-enhancing effects. In preclinical toxicity studies of intrathecal adenosine in 

dogs, no side effects were observed with intrathecal adenosine infused chronically for 26 

days (Chiari et al., 1999). Likewise, intrathecal adenosine was tested in humans in escalating 

doses of up to 2 mg without any adverse effects (Eisenach et al., 2002a, b). Several 

therapeutic adenosine augmentation strategies ranging from gene therapy to dietary 

intervention are currently in preclinical development. It is within the scope of possibilities 

that adenosine augmenting therapies are introduced into the clinic as a novel class of 

‘homeostatic network therapy’ within the next ten years. Challenges will be to develop 

strategies to confine adenosine’s action to identifiable target areas and cells; the advent of 

cell-type specific gene therapy vectors might offer a promising strategy to manipulate 

adenosine homeostasis in a localized and cell-type selective manner.
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Highlights

• Adenosine deficiency is a pathological hallmark of epilepsy

• Hypermethylation of DNA is associated with the epileptic state

• Adenosine deficiency causes increased DNA methylation

• Adenosine therapy effectively suppresses seizures

• Adenosine therapy restores normal DNA methylation levels & prevents 

epileptogenesis
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Figure 1. The epigenetics of epileptogenesis
Increased ADK expression drives increased DNA methylation as a prerequisite for 

progressive epileptogenesis. Conversely, adenosine therapy restores normal DNA 

methylation nad thereby prevents epileptogenesis. For further details, please refer to the 

main text. SAM: S-adenosylmethionine; SAH: S-adenosylhomocysteine; DNMT: DNA-

methyltransferase; 5mC: 5-methylcytidine.
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