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Abstract

Experimental research over the past decade has supported the critical role of astrocytes activated
by different types of injury and the pathophysiological processes that underlie the development of
epilepsy. In both experimental and human epileptic tissues astrocytes undergo complex changes in
their physiological properties, which can alter glio-neuronal communication, contributing to
seizure precipitation and recurrence. In this context, understanding which of the molecular
mechanisms are crucially involved in the regulation of glio-neuronal interactions under
pathological conditions associated with seizure development is important to get more insight into
the role of astrocytes in epilepsy.

This article reviews current knowledge regarding the role of glial adenosine kinase as a
neuropathological marker of the epileptic brain. Both experimental findings in clinically relevant
models, as well as observations in drug-resistant human epilepsies will be discussed, highlighting
the link between astrogliosis, dysfunction of adenosine homeostasis and seizure generation and
therefore suggesting new strategies for targeting astrocyte-mediated epileptogenesis.
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Adenosine kinase, the key enzyme in adenosine metabolism

Astrocytes serve as a key regulator of adenosine tone in the brain through adenosine (ADK)
mediated metabolic clearance (Boison, 2008; Boison et al., 2010). As a consequence, an
increase in astrogliosis, as observed across multiple disease processes including epilepsy
(Sofroniew and Vinters, 2010) and Alzheimer’s disease (Cagnin et al., 2001; Nagele et al.,
2004), has profound effects on extracellular adenosine levels and adenosine mediated
signalling (Boison, 2008). The significance of pathological changes in adenosine tone
become readily apparent in light of adenosine’s potent anticonvulsant (Dragunow, 1986) and
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neuroprotective (Dragunow and Faull, 1988) actions that are mediated by the G protein-
coupled adenosine A; receptor (A1R) (Fredholm et al., 2005b; Fredholm et al., 2005g;
Fedele et al., 2006; Boison et al., 2010).

Independent of the adenosine tone, excessive network activity causes an adenosine surge
that induces a state of synaptic depression and inhibits excitatory neurons (Dunwiddie, 1980;
Mitchell et al., 1993; Manzoni et al., 1994), which in the context of seizures or epilepsy is
anticonvulsant (Dragunow, 1991; Gouder et al., 2003). Therefore, adenosine augmentation
strategies, in particular those restricted to a hyperexcitable brain area, hold promise as a
rational approach for epilepsy therapy (Boison, 2009). Both astrocytes and neurons have
been established as a source for extracellular adenosine (Figure 1). In regards to astrocytes,
high frequency stimulation of the CA1 pyramidal neurons induces a Ca?* mediated release
of ATP from astrocytes (Cotrina et al., 1998; Zhang et al., 2003; Pascual et al., 2005)
through either vesicular transport (Pascual et al., 2005) or hemichannels (Kang et al., 2008).
Once in the synaptic cleft ATP is rapidly converted to adenosine by a series of
ectonucleotidases (Zimmermann, 2000). Recently, neurons have also been implicated as a
source for synaptic adenosine, whereby stimulation of postsynaptic CA1 neurons evokes a
release of adenosine that suppresses excitatory transmission (Lovatt et al., 2012). Adenosine
is removed from the extracellular space by equilibrative (Baldwin et al., 2004) and
concentrative (Gray et al., 2004) nucleoside transporters, which are expressed in both
astrocytes and neurons (Guillen-Gomez et al., 2004; Peng et al., 2005; Alanko et al., 2006).
Importantly, expression of ADK in astrocytes (Studer et al., 2006) allows the influx and
metabolic clearance of adenosine (Boison et al., 2010), whereas the lack of ADK in neurons
permits those cells to release adenosine directly (Lovatt et al., 2012). Within the astrocyte
cytoplasm adenosine is rapidly phosphorylated by ADK, which converts the ribonucleoside
into 5'-adenosine monophosphate (AMP) (Mimouni et al., 1994). As a consequence,
neuropathological changes that cause astrogliosis and an associated increase in ADK, as
observed in epilepsy, can reduce synaptic adenosine levels thereby increasing network
excitability and the propensity for ictogenesis (Fedele et al., 2005; Etherington et al., 2009).

Expression of ADK in the normal brain

In adult brain, ADK is primarily expressed in astrocytes. Immunocytochemical analysis of
adult rat and mouse brain revealed predominant astrocytic expression throughout the
hippocampus and cortex. Two isoforms of ADK have been identified in mammals, a long
nuclear isoform and a short cytoplasmic isoform (Cui et al., 2009). Nuclear ADK
immunoreactive material (IR) was observed in a subpopulation of resting astroglial cells,
whereas cytoplasmic expression was weak or below detectable levels (Fedele et al., 2005; Li
et al., 2008b; Aronica et al., 2011). A similar cellular expression pattern was detected in the
temporal cortex of rats with predominantly nuclear ADK in resting glial cells (Aronica et al.,
2011). Although the specific role of these isoforms in brain has still to be established, the
nuclear ADK is likely involved in epigenetic mechanisms as regulator of methyltransferase
reactions, whereas the cytoplasmic isoform is thought to regulate the extracellular levels of
adenosine [(discussed above; for review see (Boison, 2008)]. Accordingly, reduced
adenosine tone has been detected in mice constitutively overexpressing a transgene for the
cytoplasmic isoform of ADK (Fedele et al., 2005; Pignataro et al., 2007; Li et al., 2008a).
Moreover a recent study indicates a role for the cytoplasmic isoform in sleep regulation
(Palchykova et al., 2010).

The function of ADK isoforms in developing human brain is still unclear. Developmental
studies performed in mouse brain indicate a switch from neuronal expression during the
perinatal period to a near exclusive astrocytic expression in adult brain (Studer et al., 2006).
These observations point to a dual functionality of this enzyme and suggest a key role for
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ADK in the brain that may affect important cellular functions of neural progenitor cells,
such as proliferation, survival and neural plasticity. Interestingly, strong expression of ADK
has been detected in human fetal brain (gestational week, GW 13; temporal cortex); with
these high levels observed by Western blot analysis in total cortical homogenates being a
possible reflection of the enzyme’s expression in the deep compartments of the cortical wall
(VZ/SVZ; ventricular/subventricular zone) at early stages of corticogenesis (unpublished
observations). Whether a dysregulation of ADK expression/function early during
development could contribute to cognitive dysfunction in children with epilepsy deserves
further investigation.

Expression of ADK in the epileptic brain

Astrogliosis is a pathological hallmark of various types of medically refractory focal
epilepsy, including epilepsy that develops following traumatic, ischemic or infectious brain
injury (Sofroniew and Vinters, 2010). Astrogliosis is also the prominent morphological
feature of hippocampal sclerosis (HS), which represents the most common
neuropathological finding in adult patients undergoing surgery for intractable temporal lobe
epilepsy (TLE) (Thom, 2009). Activation of astrocytes is also observed in focal
malformations of cortical development (such as focal cortical dysplasia [FCD] and cortical
tubers in tuberous sclerosis complex [TSC]), which are recognized causes of chronic
medically intractable epilepsy in children and young adults [for review see (Aronica et al.,
2012a)]. In addition, astroglial tumors (particularly slow-growing, low-grade tumors)
represents a common cause of epilepsy in both adults and pediatric patients (van Breemen et
al., 2007).

Over the past decade, an increasing number of observations have shown the existence of
rapid regulatory cross-talks between neurons and glia during synaptic transmission,
suggesting an astrocytic basis for epilepsy (Seifert and Steinhauser, 2011). Astrocytes can
influence network excitability in epilepsy through different mechanisms, including a
dysfunctional adenosine homeostasis, which may result from changes in ADK expression
levels (Boison, 2008).

Experimental studies: animal models of epilepsy

The ADK hypothesis of epileptogenesis (Boison, 2008) is based on the observation that
ADK is upregulated in reactive astrocytes in experimental models of TLE. Upregulation of
ADK in astrocytes has been reported in the mouse hippocampus at 1 and 4 weeks after
kainic acid (KA)-induced status epilepticus [SE; (Gouder et al., 2004); Table I]. At these
time points a cytoplasmic expression of ADK in reactive astrocytes was also evident. In line
with the immunocytochemical data, ADK activity was also found to be significantly
increased 8 weeks after KA (Gouder et al., 2004). In contrast, a rapid, but transient,
reduction of ADK was detected during the initial KA-induced SE (Gouder et al., 2004).

In a subsequent study, an intra-amygdaloid injection of KA in mice was used to model focal
epileptogenesis [(Li et al., 2008b); table 1]. In this model, which is characterized by highly
localized astrogliosis in the CA3 region, both focal seizures and upregulation of astroglial
ADK was restricted to the injured region (3 weeks after KA injection), suggesting that a
focal upregulation of ADK may be sufficient to induce highly confined hyperexcitability (Li
et al., 2008b). In a more recent study, this mouse model of focal epileptogenesis was used to
evaluate the contribution of a local disruption of glial adenosine homeostasis to ictogenesis
in mice (Li et al., 2012). The authors identified 2 independent foci (amygdala and CA3
region; 3 weeks or 2 months after KA), characterized by astrogliosis and upregulation of
ADK and corresponding to the focal origin of subclinical seizure activity [(Li et al., 2012);
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see also below discussion on functional consequences of ADK regulation on neuronal
excitability].

In order to understand the dynamics of ADK expression during development and
progression of epilepsy, expression and cellular distribution of ADK was also studied in a
rat model of TLE (post-SE model induced by electrical stimulation of the hippocampus)
[(Aronica et al., 2011); Table I]. In this model (both in the hippocampus and temporal
cortex) there was an upregulation of ADK protein expression during the latent phase (1
week post SE), which preceded the development of spontaneous electrographic seizures and
was characterized by prominent astrogliosis. Similar to the post-SE mouse model,
immunocytochemical analysis showed ADK expression in reactive astrocytes with
prominent cytoplasmic labeling. The upregulation of ADK in activated astrocytes persisted
in both the hippocampus and temporal cortex well into the chronic epileptic phase (3-4
months post-SE) in rats with a progressive form of epilepsy. However, ADK gene
expression has been shown to be down-regulated 24 hrs after induction of SE (Gorter et al.,
2006). This transient down-regulation (observed also in the post-SE mouse model (Gouder
et al., 2004), may likely represent an attempt to increase the protective levels of adenosine
(Pignataro et al., 2008). In addition, a down-regulation of ADK levels post-injury could also
contribute, together with the regulation of glial adenosine receptor (AR) expression, to the
development of astrogliosis (Hask et al., 2005; Boison, 2010).

Data generated in rodent models of epilepsy infer that astrogliosis and the associated
increase in ADK expression contribute to epileptogenesis. However, epilepsy is a complex
disorder whereby multiple factors (i.e. granule cell dispersion, neuronal cell loss, mossy
fiber sprouting) contribute to the disease process. Unfortunately, these factors confound
interpreting the definitive role of astrocyte based ADK in epilepsy. Through a series of
mechanistic studies using genetic approaches, pathological levels of ADK have been
identified as sufficient for epileptogenesis. First, transgenic mice (Adk-tg) were engineered
to overexpress the cytoplasmic ADK-S isoform under control of the human ubitquitin
promoter on an Adk null background that does not express either the endogenous ADK-S or
ADK-L isoform. These mice have a 141% overexpression of ADK-S throughout the brain
and corresponding 2.2 fold increase in ADK activity compared to wild-type controls.
Importantly, the Adk-tg mice develop spontaneous cortical and hippocampal electrographic
seizure-like activity by 8-9 weeks of age (Fedele et al., 2005; Li et al., 2008b). Because the
human ubiquitin promoter drives expression in both neurons and astrocytes conclusions
pertaining to cell specificity are limited. To expand on these findings, targeted gene therapy
using adeno-associated viral vectors designed to selectively overexpress (AAV8-pGFA-
Adk-sense) or knockdown (AAV8-pGFA-Adk-antisense) the ADK-S isoform within
astrocytes have been employed. A single intrahippocampal injection of AAV8-pGFA-Adk-
sense into the CA3 subregion of wild-type mice yielded a 144% overexpression of ADK-S
isoform within astrocytes, which was sufficient to induce spontaneous electrographic
seizures. Finally, targeted downregulation (AAV8-pGFA-Adk-antisense virus) of the ADK-
S isoform in the astrocytes of Adk-tg mice yielded a complete (100%) suppression of focal
seizure activity (Theofilas et al., 2011). Together these findings indicate that astrocyte based
ADK overexpression is sufficient to induce seizures and highlight ADK and more generally
adenosine augmentation as a tangible therapeutic target (discussed below) in epilepsy.

Human studies: common causes of refractory epilepsy

As discussed above, astrogliosis represents a major pathological feature of HS (Bliimcke et
al., 2009; Thom, 2009) and recent data suggest a role for astroglial cells in seizure
development and progression (Binder and Steinhauser, 2006; Wetherington et al., 2008;
Seifert et al., 2010). Overexpression of ADK has recently been reported in specimens of
patients undergoing surgery for pharmacologically refractory TLE [(Aronica et al., 2011);
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Table I]. In both HS and temporal cortex of TLE patients, ADK IR was detected in reactive
astrocytes with a characteristic cytoplasmic localization (Aronica et al., 2011). This increase
in astroglial ADK levels observed in human specimens could explain the relatively low
adenosine baseline levels detected in microdialysis samples of epileptic patients, compared
to control human hippocampus (During and Spencer, 1992).

The cellular distribution and expression of ADK has also been investigated in astroglial
brain tumors [(de Groot et al., 2012); Table I]. ADK IR is detected in the tumor astrocytes
with a predominant cytoplasmic localization as well as peritumoral tissue containing
infiltrating tumor cells. Interestingly, a significantly higher expression of ADK is detected in
the peritumoral infiltrated tissue of patients with epilepsy compared to patients without
epilepsy (de Groot et al., 2012). The peritumoral region has been suggested to play a critical
role in the generation and propagation of seizure activity (van Breemen et al., 2007; de
Groot et al., 2012). Thus, the observed over-expression of ADK may potentially contribute
to the epileptogenicity of this region, suggesting a surgical approach that should aim to
maximize simultaneous resection of both the tumor and (if possible) the peritumoral
epileptic focus (de Groot et al., 2012). Additional studies of a series of tumors, including a
large cohort of long-term epilepsy associated tumors [LEAT; (Thom et al., 2012)], which
could be stratified on the basis of the duration and/or severity of epilepsy, are essential to
further assess the value of ADK expression/activity as a biomarker of epileptogenicity.

Evaluation of ADK expression in other pathologies associated with chronic intractable
epilepsy and characterized by astrogliosis, deserves further investigation. Interestingly, in
focal cortical dysplasia (FCD), we observed strong ADK expression in reactive astrocytes
within the dysplastic cortex (unpublished observations). In addition, it could be interesting
to take into consideration the potential role of focal deregulation of ADK expression/
function in reactive astrocytes within the context of epilepsy associated with Alzheimer
disease (AD) (Palop and Mucke, 2009; Roberson, 2011).

Functional consequences of ADK regulation on astrocyte function

As outlined above (see introduction), ADK critically regulates the extracellular adenosine
levels in brain (Boison, 2006; Etherington et al., 2009). Changes in the levels of adenosine,
as a result of the regulation of ADK expression/function in epileptic tissue, may influence
astroglial function through activation of different ARs, which have been detected in
astrocytes [for reviews see (Boison et al., 2010; Aronica et al., 2012b)].

Activation of A1R on astrocytes has been shown to reduce their proliferation in vitro
(Rathbone et al., 1991; Ciccarelli et al., 1994), as well as to mediate cytoprotective effects
(Ciccarelli et al., 2007; D’ Alimonte et al., 2007; Bjorklund et al., 2008). In addition,
astrocyte function and proliferation may secondarily influence the activation of A;Rs
expressed on microglial cells, which has been shown to attenuate neuroinflammation
(Tsutsui et al., 2004; Synowitz et al., 2006).

Adenosine mediates its actions on astrocytes also through the A,aRs, which are also
expressed in microglia and induced following different types of brain injury or inflammation
(Cunha, 2005; Rebola et al., 2011). Activation of glial ApaRs has been suggested to control
neuroinflammation (Nishizaki et al., 2002; Rebola et al., 2011). Acting via the astroglial
AyaRs, adenosine may also regulate the extracellular concentration of glutamate (Li et al.,
2001; Nishizaki et al., 2002) and inhibit the production of nitric oxide [NO;(Brodie et al.,
1998)]. In contrast to the A1Rs, activation of A,aRs increases astrocyte proliferation
(Hindley et al., 1994; Brambilla et al., 2003). Thus, activation of AyaRs may play a critical
role in promoting astrogliosis in epileptic brain, particularly when occurring in concert with
changes in A1Rs expression (Figure 1). Interestingly, a downregulation of AjRs (which
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negatively modulates astrocyte proliferation) has been observed during epileptogenesis
(Ekonomou et al., 2000; Rebola et al., 2003). As discussed above, induction of astrogliosis
is asso ciated with an upregulation of ADK (Figure 2), leading to a reduction in extracellular
levels of adenosine [(Boison, 2006); Figure 1]. Inflammatory molecules, such as IL-1f, up-
regulated in epileptogenic tissue from TLE patients [for review see (Aronica and Crino,
2011; Vezzani et al., 2011)] may also play a role in the regulation of adenosine cycle in
astrocytes. Accordingly, IL-1p has been shown to increase the expression of ADK in human
astrocytes in culture, suggesting a potential modulatory crosstalk between the astrocyte-
based adenosine cycle and inflammation (Aronica et al., 2011).

Increasing evidence points towards a critical role of ARs in neuron-glia communication and
neuroinflammation (Boison, 2010; Gomes et al., 2011). Activation of AygRs has been
shown to induce the release of IL-6 from astrocytes and the activation of the AgRs to
promote the synthesis of the chemokine MCP-1 [monocyte chemotactic protein-1; for
reviews see (Hasko et al., 2005; Abbracchio and Ceruti, 2007; Gomes et al., 2011)]. Thus, it
is tempting to hypothesize that a dysfunction in adenosine’s homeostasis may critically
influence balance of pro- and anti-inflammatory processes, leading to uncontrolled
inflammation that may contribute to the development of the epileptic process and/or
cognitive dysfunction [for reviews see (Vezzani et al., 2011; Boison et al., 2012)].

ADK expression levels may also play a role in the regulation of tumor growth and apoptotic
cell death in astrocytomas (Abbracchio et al., 1997; Synowitz et al., 2006; Dehnhardt et al.,
2007; Gessi et al., 2010; Gessi et al., 2011). Accordingly, increased ADK mRNA expression
has been detected in human cancer samples outside the brain, such as in colorectal cancer
(Giglioni et al., 2008). Moreover, it has been demonstrated that extracellular adenosine
reduced the viability of cultured astrocytoma cells (Sai et al., 2006), suggesting that
induction of ADK might represent a strategy to improve survival of tumor cells.

Functional consequences of ADK regulation on neuronal excitability

Adenosine modulates neuronal excitability via activation of the high affinity Ay or Asa,
low-affinity Aog, or low abundance Az adenosine receptors that feed into a multitude of
different neuronal and astrocytic pathways (Blum et al., 2003; Sebastiao and Ribeiro, 2009b,
a; Boison et al., 2010). In the context of epilepsy, the predominant research focus has been
on adenosine signalling via inhibitory A, and facilitory A,a receptors (Figure 1). In
comparison to the A,aR where expression is primarily localized to the striatum (Rosin et al.,
1998; Ferre et al., 2007), the A1R is widespread throughout the limbic system with greatest
expression levels in the hippocampus and cortex [(Reppert et al., 1991); Allen Brain Atlas,
www.brain-map.org]. However, seizure activity has been shown to alter the expression
levels of both the A;R and A,aR. Rats that were either stimulated by intraamygdalar
kindling or received an intraperitoneal injection of KA had a robust increase in cortical Ayp
expression and activity, while the AqR was downregulated (Rebola et al., 2005). Likewise in
the hippocampus there is a decrease in A1R following chemical (Cremer et al., 2009) or
electrical kindling (Aden et al., 2004).

Depending on the subcellular localization, the A{R has the capabilities to modulate both the
pre- and postsynaptic activity of neurons (Figure 1). Numerous lines of research have
established that adenosine activation of the A1R inhibits excitatory post-synaptic potentials
[for review see (Dunwiddie and Masino, 2001)]. More specifically, in the mossy fiber
synapse, A;R activation inhibits P/Q- and N-type voltage gated Ca2* channels that
subsequently attenuate synaptic transmission by reducing the release probability of
excitatory neurotransmitters (Gundlfinger et al., 2007). On the post-synaptic membrane of
excitatory neurons, A1R modulates the activity of inwardly rectifying K+ channels, which
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can directly stabilize the membrane potential or hyperpolarize the cell (Luscher et al., 1997,
Takigawa and Alzheimer, 2002). Recently, the A{R has also been found to reduce GABAA-
receptor dependent depolarizations that occur during a seizure (llie et al., 2012). Thus, A;R
modulation of network excitability has the capability to exert a profound anticonvulsant
effect.

The pathological state of network hyperexcitability leading to seizures in epilepsy is in part
due to an ADK-mediated reduction in adenosine tone leading to diminished A1R activity
(Figure 1). Injection of KA in either the hippocampus (Gouder et al., 2004) or amygdala (Li
et al., 2007a; Li et al., 2008b; Li et al., 2012) causes a focal injury that is confined to the
ipsilateral hemisphere and is characterized by overt astrogliosis and increased ADK
expression (Figure 2). These epileptic hallmarks are accompanied by increased network
excitability and electrographic seizures (Gouder et al., 2004; Li et al., 2007a; Li et al.,
2008b; Li et al., 2012). Importantly, seizure activity in KA injected mice is attenuated by
either 5-iodotubercidin, an ADK inhibitor (Gouder et al., 2004) or adenosine that is focally
delivered by transplanted ADK-deficient embryonic stem cells (Li et al., 2008b). Further
evidence that dysregulation of the adenosine system aggravates an epileptic phenotype
comes from a series of studies that employ A;R-knockout mice or antagonists. First,
independent of a focal injury, AR knockout mice have spontaneous electrographic seizures
that occur in the CA3 subregion of the hippocampus despite normal wild type levels of ADK
expression (Li et al., 2007a). Second, using a low dose of KA (1 nmol) injected into the
hippocampus of A1R knockout mice, seizure severity is escalated from non-convulsive
(observed in wild type mice injected with the same dose) to convulsive during SE.
Moreover, the A1R knockout mice die within 5 days of KA injection and there is extensive
neuronal cell death within both the ipsi- and contralateral hippocampus. Pathology in the
wild type mice is confined to the ipsilateral injection site (Fedele et al., 2006). However,
administration of a non-convulsive dose of an A;R antagonist to intraamygdaloid injected
KA mice causes a synchronization of epileptic foci and subsequent generalization of
seizures to the cortex (Li et al., 2012). To distinguish between ADK and A;R dependent
effects on neuronal excitability in temporal lobe epilepsy, Li et al compared the seizure
phenotype of epileptic wild type mice 4 weeks after the intraamygdaloid KA injection, and
the spontaneous seizures in the Adk-tg mice that overexpress ADK in brain and have normal
AR expression and in the AR knockout mice which have normal ADK expression.
Remarkably, all three models displayed a similar seizure phenotype indicating that either
overexpression of ADK alone or loss of the A1R alone is sufficient to trigger spontaneous
electrographic seizures (Li et al., 2007a; Li et al., 2008a). Together, these data implicate that
disruption of adenosine signaling can affect neuronal excitability at different levels.
However, considering that ADK acts upstream of the A1R; overexpression of ADK is
expected to exert dominant effects over A;R expression changes.

Conclusions and clinical relevance

Astrogliosis and an increase in ADK is a pathologcial hallmark of epilepsy. The
consequence of increased ADK in the epileptic brain is a decrease in the ambient adenosine
tone and A{R activity. As a result, systemic administration of A1R agonists or ADK
inhibitors successfully attenuates seizure activity (Fredholm, 2003; Jacobson and Gao, 2006;
Boison, 2011). However, the use of systemic AR agonists, ADK inhibitors or adenosine as
a therapeutic strategy for epilepsy treatment is limited due to negative side effects including
bradycardia, vasoconstriction in the kidney and sedation (Albrecht-Kupper et al., 2012).
Thus, it is imperative that novel therapeutic approaches, which focally restore normal
adenosine levels, are developed for epilepsy treatment. The prospects for these new
therapies are likely to be successful based on the efficacy of adenosine augmentation in
rodents. Multiple studies have established that focal delivery of adenosine to the brain, via
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either transplantation of ADK deficient embryonic stem cells (Li et al., 2007b; Ren et al.,
2007; Li et al., 2009; Ren and Boison, 2010) or biodegradable adenosine loaded silk based
polymers (Wilz et al., 2008; Szybala et al., 2009), prevents seizures and epileptogenesis.
Additionally, the ketogenic diet, which is effective in treating refractory epileptic patients,
has been shown to mediate anticonvulsant actions through the A;R (Masino et al., 2011). By
further developing adenosine augmentation therapies for clinical use it may be possible to
revolutionize the neurocentric approach to treating epilepsy; thereby, finding a cure.
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Figure 1. Astrocyte based ADK modulates network excitation by controlling the extracellular
adenosine tone

Non-pathological state (left panel): Extracellular adenosine (ADO) arises from two sources
including: (i) Ca2* mediated release of ATP from astrocytes followed by catabolism to ADO
through a series of ectoenzymes that include nucleoside triphosphate diphosphohydrolases,
ectonucleotide pyrophosphatase/phosphodiesterases and ecto-5"-nucleotidases; and (ii)
Direct ADO release into the extracellular space upon postsynaptic stimulation of neurons.
Once in the extracellular space ADO inhibits neuron excitation through activation of A;Rs
localized to the pre- and postsynaptic neuron membrane. On the presynaptic neuron, A1R
activation inhibits Ca2* dependent vesicular release of excitatory neurotransmitters by
inhibiting P/Q- and N-type voltage gated Ca2* channels; while on the postsynaptic neuron
A1R hyperpolarizes the cell by activating G-protein coupled inwardly rectifying K*
channels (GIRKS). ADO is cleared from the extracellular space by passive propagation
through concentrative and equilibrative transporters (ENT1/ENT2) on the astrocyte
membrane. Once in the astrocyte cytoplasm ADO is metabolized into AMP by ADK, which
sets the ambient ADO tone. Pathological state (right panel): Sustained neuronal excitation,
as observed in epilepsy, induces a shift in adenosine receptor expression levels with A1R
being superseded by A,aR. As a consequence, there is a loss of AR activity, which
translates to increased network excitability due to increased Ca2* dependent vesicular
release of excitatory neurotransmitters and attenuated GIRK mediated hyperpolarization.
Furthermore, A,aR activation causes an increase in astrogliosis that is accompanied by
increased ADK expression and activity. Pathological levels of ADK will drive ADO influx
and metabolism; thereby, decreasing the extracellular ADO tone.
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Figure 2. Increased ADK expression in arodent model for mesial temporal lobe epilepsy

A,B ADK immunohistochemistry images from the contra- and ipsilateral hemisphere of a
C57BL/6 mouse 10 weeks following intrahippocampal KA injection. A single unilateral
injection of KA (400 ng/100 nL) into the CA1 subregion (coordinates relative to Bregma
AP: -2.18; ML: -1.8, DV: —-1.7) induces focal astrogliosis and associated ADK
upregulation within the ipsilateral hippocampus (panel B), compared to the non-injured
contralateral hemisphere (panel A). C,D High magnification images of the regions
demarcated by boxes in panels A and B. Note that in the non-injured hemisphere (panel C)
the nuclear isoform of ADK is predominantly expressed, while in the injured hemisphere
there is a robust increase in cytoplasmic ADK expression within astrocytes (arrows, panel
D).
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Table |
Adenosine kinase changesin the epileptic brain
ADK References

Animal models
Kindling model/rat * (Li etal., 2007b)
Post-SE model: +/astrocytes (Gouder et al., 2004)
Chemical/KA/mouse ¢
Post-SE model: +/astrocytes (Aronica et al., 2011)
Electrical/hippocampus/rat b
Model of focal +/astrocytes (Li et al., 2008b)
epileptogenesis/mouse ¢ (Lietal, 2012)
Patient tissue
Temporal lobe epilepsy +/astrocytes (Aronicaet al., 2011)

(Masino et al., 2011)
Astrocytomas +/tumor astrocytes  (de Groot et al., 2012)
Gangliogliomas +/tumor astrocytes  (de Groot et al., 2012)

Focal cortical dysplasia -

+: increased immunoreactivity (IR) expression compared to controls.

Post-SE: status epilepticus

*
therapeutic implants of adenosine kinase deficient stem cells

a . R . . . — T
unilateral injection of kainate (KA) into the dorsal hippocampus of adult mice: increased IR 1 and 4 weeks after KA injection; increased

adenosine kinase activity 8 weeks after KA.

bEIectricaI stimulation of the hippocampus: increased IR 1 week and 3-4 months after SE.
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cunilateral intraamygdaloid injections of KA: increased IR 3 weeks after KA injection (Li et al., 2008b); three weeks or two months after KA (Li et

al., 2012).
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