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Abstract

Introduction—Despite epilepsy being one of the most prevalent neurological disorders, one
third of all patients with epilepsy cannot adequately be treated with available antiepileptic drugs.
One of the significant causes for the failure of conventional pharmacotherapeutic treatment is the
development of pharmacoresistance in many forms of epilepsy. The problem of
pharmacoresistance has called for the development of new conceptual strategies that improve
future drug development efforts.

Areas covered—A thorough review of the recent literature on pharmacoresistance in epilepsy
was completed and select examples were chosen to highlight the mechanisms of
pharmacoresistance in epilepsy and to demonstrate how those mechanistic findings might lead to
improved treatment of pharmacoresistant epilepsy. The reader will gain a thorough understanding
of pharmacoresistance in epilepsy and an appreciation of the limitations of conventional drug
development strategies.

Expert opinion—Conventional drug development efforts aim to achieve specificity of symptom
control by enhancing the selectivity of drugs acting on specific downstream targets; this
conceptual strategy bears the undue risk of development of pharmacoresistance. Modulation of
homeostatic bioenergetic network regulation is a novel conceptual strategy to affect whole
neuronal networks synergistically by mobilizing multiple endogenous biochemical and receptor-
dependent molecular pathways. In our expert opinion we conclude that homeostatic bioenergetic
network regulation might thus be used as an innovative strategy for the control of
pharmacoresistant seizures. Recent focal adenosine augmentation strategies support the feasibility
of this strategy.

1. Introduction

Epilepsy is one of the most prevalent neurological disorders affecting around 1% of the
world population. Historically, epilepsy has been described as a condition of neuronal
dysfunction, in which inadequate neuronal inhibition or excessive neuronal excitation causes
sudden, brief episodes of altered consciousness or perception, involuntary movements, or
convulsions. Consequently, drug development was guided by the principle that excessive
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neuronal discharges are the cause of the disease. However, despite the development of a
whole armamentarium of novel antiepileptic drugs (AEDs) with new mechanisms of action,
around one third of all patients with epilepsy experience seizures uncontrolled by
conventional pharmacotherapy [1, 2]. The occurrence of severe side effects prevents
effective doses of AEDs from being used and in at least some pharmacoresistant individuals
effective concentrations of AEDs are not obtained despite increased dosages. The incidence
of pharmacoresistance in epilepsy correlates with high seizure frequency and the occurrence
of febrile seizures prior to treatment; in addition, certain types of epilepsy such as found in
patients with partial seizures are more prone to the development of pharmacoresistance.

Drug development efforts to date have focused on a neurocentric concept of seizure
generation with the aim to generate new compounds that are highly selective for
downstream targets of neuronal signaling. In addition, model systems used to screen for
novel AEDs have been designed almost exclusively on the premise to assess a drug’s effects
on neuronal function. The focus on highly selective neuronal targets has however several
caveats:

i. Epilepsy is a disorder of complex network dysfunction [3-5], involving not only an
imbalance of neuronal excitation and inhibition, but also disruption of
immunomodulatory functions [6, 7], dysfunction of the blood brain barrier [8],
altered function of glia — in particular of astrocytes and microglia [6, 9, 10], as well
as more complex epigenetic changes [3, 11]. The focus on individual highly
selective neuronal downstream targets is therefore unlikely to provide effective
treatment for a network disorder, such as epilepsy.

ii. While targeting a downstream component of an epileptogenic network, symptom
suppression might go hand in hand with the development of major side-effects.

iii. The focus on a selective downstream target is highly vulnerable to the development
of compensatory reactions that might contribute to the development of
pharmacoresistance.

Here we urge that future drug development efforts need to focus on “upstream regulators” of
network function. Only the synergistic modulation of an entire network will enable us to
circumvent drug resistance, which is still a major hurdle in effective seizure treatment of
epilepsy. In the following we will discuss mechanisms of pharmacoresistance and strategies
to circumvent pharmacoresistance in epilepsy.

2. Mechanisms of drug resistance in epilepsy

Three hypotheses were proposed in recent years in an attempt to explain the phenomenon of
pharmacoresistance. As will be outlined in more detail below, those hypotheses are largely
based on pharmacodynamic and pharmacokinetic parameters.

2.1. Target hypothesis of pharmacoresistance

This hypothesis is based on pharmacodynamic changes of drug targets. In general, a reduced
sensitivity of a given drug target (ion channel, receptor) to its AED is postulated.
Pharmacoresistance to carbamazepine due to reduced sensitivity of voltage-gated sodium
channels to this drug has most intensively been studied; it remains unclear to date whether
pharmacoresistance due to changes in drug targets are a general phenomenon or specific to
carbamazepine. In the latter case, electrophysiological recordings performed on
hippocampal slices derived from epileptogenic tissue resected from patients with therapy
resistant seizures demonstrated loss of use-dependent block of Na* channels by
carbamazepine [12]. Apart from voltage-gated sodium channels, pharmacodynamics
changes of GABA receptors have been evaluated in a rat model of pharmacoresistant TLE.
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In those studies resistance to phenobarbital was associated with both changes in GABAA
receptor subunit composition as well as with a shift to diazepam-insensitive ligand binding
properties [13, 14]. In line with those findings changes in composition and properties of
GABA receptors have been linked to status epilepticus resistant to benzodiazepines [15].
To provide a more comprehensive assessment of target changes, a recent patch-clamp study
examined the effects of carbamazepine and phenytoin on voltage-gated sodium currents in
hippocampal CA1 neurons of sham-control and chronically epileptic rats [16]. Interestingly,
in this study significant changes were found in the effects of phenytoin, but not of
carbamazepineon the voltage-dependence of current inactivation in chronically epileptic
animals. In contrast, carbamazepine had less pronounced effects on the time course of
recovery from current inactivation in epileptic compared to control animals, whereas the
effects of phenytoin remained unaltered [16]. These findings suggest that the reduction of
AED sensitivity in chronic epilepsy is due to different biophysical mechanisms for
carbamazepine and phenytoin. Together, currently available data indicate that target
mechanisms of drug resistance are AED-specific rather than being based on common
general mechanisms.

2.2. Transporter hypothesis of pharmacoresistance

This hypothesis is largely based on pharmacokinetic changes that determine drug
availability, and a large body of literature supports a strong correlation between the
overexpression of drug efflux transporters in the blood brain barrier (BBB) and
pharmacoresistance to AEDs [8, 17-20]. Evidence for the transporter hypothesis is based on
findings that a variety of multidrug transporters are expressed at increased levels in
endothelial cells of the BBB from tissue resected from patients with pharmacoresistant
epilepsy [8, 21, 22]. Those findings could be replicated in several animal models of
epilepsy. Thus, members of the ATP-binding cassette (ABC) transporter family, such as P-
glycoprotein and breast cancer resistance protein were found to be upregulated in rodent
models as a consequence of seizure activity [23—-26] and were shown to be associated with
lower brain levels of AEDs [27]. Moreover, AED-resistant rats expressed higher levels of P-
glycoprotein than non-resistant rats [26]. Mechanistically, in transport assays it was further
demonstrated that several AEDs are substrates of P-glycoprotein and that several AEDs are
indeed transported by ABCtransporters [28-30]. The strongest support for the transporter
hypothesis is based on therapeutic studies, in which the selective P-glycoprotein inhibitor
tariquidar was able to reverse AED resistance in rats [31, 32]. More recently, it was
demonstrated that targeting the glutamate/cyclooxygenase-2 mediated signaling pathway
that leads to upregulation of P-glycoprotein in epilepsy with a cyclooxygenase-2 inhibitor
controlled P-glycoprotein expression and promoted the delivery of phenytoin to the brain of
chronic epileptic rats [33]. While those rodent-based in vivo and in vitro studies support the
transporter hypothesis it is important to validate the functional and mechanistic aspects of
the hypothesis in human patients with pharmacoresistant epilepsy. In a recent study a
humanized dynamic in vitro BBB model was developed that is based on co-cultures of
human microvascular endothelial cells and astrocytes from epilepsy patients or controls
[34]. Using this model system, it was demonstrated that the permeability of this
reconstructed BBB for phenytoin was reduced by one order of magnitude when cells from
pharmacoresistant patients were used, an effect that was reversible after the addition of the
P-glycoprotein inhibitor tariquidar [34]. A similar conclusion was derived in an independent
approach using a directional transport assay that was independent of permeability
components, in which transport of phenytoin and several other AEDs by human P-
glycoprotein was demonstrated [35]. Together, those data suggest that AEDs are indeed
substrates for drug efflux transporters in human patients with pharmacoresistant epilepsy.
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2.3. The intrinsic severity hypothesis of pharmacoresistance

This hypothesis is based on epidemiological data suggesting that long-term treatment
outcome in epilepsy and responsiveness to AEDs depends on severity and frequency of
seizures in the early phase of epilepsy [36]. In those epidemiological studies a higher
number of seizures prior to treatment onset and seizure clustering were associated with a
higher incidence for the development of pharmacoresistance [37-39]. Although supported
by epidemiological data the neurobiological basis of this hypothesis remains understudied. It
would be interesting to see whether there is a genetic basis linking intrinsic seizure severity
with pharmacoresistance. Clinically, patients with higher seizure frequency at onset of
treatment might eventually become treatable with AEDs at higher serum concentration of
the drugs. Importantly, the intrinsic severity hypothesis was questioned in a prospective
study, in which 77 children with new onset TLE were followed with formal reviews
performed at 7 and 14 years following seizure onset. This prospective study demonstrated
that neither initial frequency nor early seizure remission were predictive of final outcome
[40]. Together, while a wide range of epidemiological data support the intrinsic severity
hypothesis, there is little molecular evidence in support of the hypothesis and some clinical
studies are not in agreement with the hypothesis.

2.4. Genetic basis of pharmacoresistance

If pharmacoresistance can be linked to increased expression of drug efflux transporters, then
overexpression of the genes or polymorphisms within genes coding for those transporters
might causally be linked to pharmacoresistance. Pharmacogenetic studies that link
polymorphisms in drug transporter genes appear to be more frequent in non-responders to
AEDs and have critically been reviewed elsewhere [41]. Those studies need to be treated
with caution, however, because data are derived from patients that have been treated with
AEDs for many years [41]. Attention has focused on polymorphisms in the gene encoding
P-glycoprotein, MDR1, and a C/T polymorphism at base 3435 has been associated with
resistance to phenytoin and pentobarbital, both drugs transported by human P-glycoprotein
[42, 43]. Importantly, a CC genotype was associated with lower phenobarbital levels in CSF
than the CT or TT genotype at position 3435 [43]. Although some pharmacogenomics data
appear to indicate a genetic association between polymorphisms in drug transporter genes
and pharmacoresistance, causal relationships have not yet been established.

3. Strategies to circumvent drug resistance and the role of the blood brain
barrier (BBB)

Circumvention of drug resistance is problematic because of difficulties defining what is
meant by drug resistance, what factors and mechanisms are responsible for drug resistance,
and what biomedical strategies are available to counter drug resistance. Clearly, adjunctive
treatment of epilepsies with AEDs is disappointingly ineffective [44] and thus investigators
are searching for new drugs targeting mechanisms other than those affected by current
AEDs, ways to increase BBB permeability of new AEDSs, new targets that regulate drug
resistance, and ways to decrease drug efflux away from sites of action in brain. The BBB is
a complicated and dynamic process that includes tight junctions between adjacent
endothelial cells, closely apposed astrocytes and podocytes, and to a lesser extent a
basement membrane. The BBB constitutes a physical and function barrier, important for the
supply of nutrients and drugs into the brain and as a protection against the entry of unwanted
and potentially harmful cells and substances. Although there is very strong evidence that the
BBB may be at least transiently opened when and where epileptic foci occur, it is not clear
yet whether BBB disruption occurs prior to or as a consequence of seizures [45].
Furthermore, most AEDs are lipophilic and as such can enter the brain by diffusing through
endothelial membranes. Nevertheless, disruption of the BBB can increase serum protein
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extravasation and because lipophilic AEDs such as phenytoin are highly bound to serum
protein the levels of free phenytoin in brain are decreased especially in brain regions where
there is BBB disruption and this could predispose patients to pharmacoresistance [46]. But
the BBB is not the only possible explanation for drug resistance (see also above) because
pharmacoresistance has been observed in brain slices where the BBB is not functional
especially under conditions where there is overexpression of drug efflux pumps [47].

As outlined above, AEDs are substrates for P glycoprotein and other carrier proteins that
efflux drugs across the BBB [45]. As such the BBB (see above) plays a prominent role in
the transporter hypothesis of drug resistance in epilepsy. P-glycoprotein also known as the
multidrug resistance protein (MRP) is a member of the ABC family of transporters and these
active transporters help defend the brain in part by regulating the efflux of lipophilic
substances and drugs from the brain. Overexpression of these transporters in patients with
pharmacoresistant epilepsy and in patients receiving AEDs has been shown by many
investigators, and this likely participates in preventing effective drug levels of AEDs from
being reached in brain of pharmacoresistant epileptic patients [8]. Indeed, inhibitors of these
transporters have been shown to increase drug levels in brain of pharmacoresistant patients.
However, it is still uncertain the extent to which increased drug transporter expression levels
are directly linked to pharmacoresistant epilepsy [45] and a better strategy might be to
control the over-expression of these transporters by targeting transcriptional activation thus
preserving basal transporter functions [48]. Alternatively, AEDs and other anti-epileptic
approaches that are less specific and that do not rely on multidrug transporters might be
advantageous to patients living with pharmacoresistant epilepsy.

It appears clear that inflammation, disruption of the BBB, and the presence of epilepsy are
intimately linked(Fig. 1) [45, 49]. A variety of inflammatory mediators including cytokines,
matrix metalloproteinases, arachidonic acid, and derivatives of arachidonic acid have all
been shown to negatively affect BBB integrity. Conversely, anti-inflammatory strategies
including the use of non-selective COX inhibitors, selective COX-2 inhibitors, and
corticosteroids have been used to protect the BBB, block P glycoprotein overexpression, and
treat medically refractory epilepsy [48, 50]. Ketogenic diets (see below) continue to be used
effectively for the treatment of medically refractory epilepsies and ketogenic strategies
appear able to control seizures, epilepsy and inflammation [49]. Indeed, a ketogenic diet has
been shown to decrease preexisting neuroinflammation in patients with obesity-associated
fatty liver disease [51], affect a variety of inflammatory pathways and decrease local
inflammation induced in rat hindpaws [52]. Consistent with the hypothesis that increased
adenosine production is a mechanism by which a ketogenic diet acts (see below), adenosine
is well known to have anti-seizure and anti-inflammatory properties, and drugs such as
methylxanthines that affect adenosine receptor function can protect against BBB disruption
[53-55]. While age- and model-specific anticonvulsant effects of the methylxanthine
caffeine have been reported [56] it is generally accepted that higher doses of
methylxanthines have proconvulsant effects [57]. Thus, a ketogenic diet and adenosine with
its documented anticonvulsant properties may find use as alternate strategies for the
treatment of pharmacoresistant epilepsies.

4. Homeostatic bioenergetic network regulation — a novel concept to avoid
drug resistance

Mechanisms of pharmacoresistance and strategies to circumvent pharmacoresistance as
discussed above are inherently linked to current concepts and dogmas of pharmaceutical
drug development efforts. The “holy grail” of drug development is specificity, thought to be
achievable by selecting drug targets that act as far downstream as possible in specific signal
transduction pathways. Thus, highly selective AEDs are ideally specific for only one target/
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pathway (e.g. a particular type of ion channel in neurons), which bears the inherent risk of
compensation. Compensation of blockade of a single target (or a few targets) can most
easily be achieved by pharmacodynamics changes affecting interactions between target and
drug, or by pharmacokinetic changes affecting the effective concentration of an AED.
Therefore, it is not surprising that current AED treatment regimens are prone to the
development of pharmacoresistance and that drugs with a broader spectrum of action, such
as valproate are still the mainstay for epilepsy therapy.

Epilepsy is a complex disorder of network dysfunction not only involving an imbalance
between excitation and inhibition (targeted by current AEDs). Apart from changes in
neuronal physiology — the measurable outcome of current AED efficacy, epilepsy involves
dysfunction of glial control of brain homeostasis [9, 58-60], inflammatory processes [6, 7],
biochemical alterations [61], bioenergetic changes [55, 62], and epigenetic changes [3, 63,
64]. Control of homeostatic bioenergetic network regulation might provide an alternative
strategy to treat epilepsy(Fig. 2) by affecting several pathogenic mechanisms involved in
epilepsy synergistically. It is obvious that this goal cannot be achieved by focusing on
downstream targets; in contrast, if it were possible to modify master regulators that act
upstream of several biochemical and receptor-dependent signaling pathways it might be
possible to rationally treat a complex disorder such as epilepsy on the network level.
Modification of a whole network is unlikely to lead to compensatory changes and drug
resistance as encountered with current AEDs that act on highly specific downstream targets.
In the following we will focus on the purine ribonucleoside adenosine, which — based on its
biochemical properties — is prototype of ahomeostatic bioenergetic network regulator.

4.1. Network regulation through adenosine

In the 1950s Miller and Urey performed experiments on chemical evolution in an attempt to
reconstruct primordial components of our Earth’s atmosphere. Importantly, given the right
conditions, the purine base adenine can form spontaneously from hydrogen cyanide.
Therefore, adenine likely played already a role in prebiotic evolution. Biochemically,
adenine, and its ribosylated form adenosine, are part of 5’-adenosine triphosphate (ATP,
reflecting the energy state of a system) as well as of the nucleic acids RNA and DNA
(reflecting the metabolic capacity of a cellular system)(Fig. 3). Therefore, it is tempting to
speculate, that early on in evolution adenosine assumed the role of a bioenergetic feedback
regulator. Thus, if ATP levels (i.e. energy supplies in the environment) go down, adenosine-
levels (the natural degradation product of ATP) increase and this rise in adenosine is a prime
candidate to provide metabolic feedback inhibition on all processes that consume energy.
Due to those — evolutionary ancient — properties, adenosine has been termed a retaliatory
metabolite. The earliest forms of life depended on very basic biochemical regulatory
networks long before more sophisticated regulatory systems such as receptors, signal
transduction pathways, protein kinases, etc., evolved. Due to its early evolutionary origin,
adenosine has most likely retained its primordial regulatory functions and thus not only
exerts its “modern” receptor-mediated functions, but also exerts receptor-independent
functions as a key regulator of basic biochemistry. Adenosine is an obligatory end product
of transmethylation reactions [65]. If adenosine is not constantly removed by its key
regulating enzyme adenosine kinase (ADK) the S-adenosylhomocysteine hydrolase reaction
is driven towards the synthesis of S-adenosylhomocysteine, which is a potent inhibitor of
transmethylation reactions [66]. This biochemical property of adenosine poises the molecule
to induce epigenetic changes. Interestingly, a nuclear isoform of ADK undergoes tightly
controlled developmental expression switches during early postnatal brain development
[67].

On the receptor level, adenosine is known to activate four types of G-protein coupled
adenosine receptors termed Ag, Aza, Azp and Az In brain the high affinity receptors for
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adenosine, Aj and Ayp, have been characterized most extensively. The AR is expressed at
high levels in the limbic system and is associated with inhibitory G-proteins. Activation of
presynaptic A1Rs blocks calcium channels and thereby reduces the release of excitatory
neurotransmitters, such as glutamate, whereas activation of postsynaptic A;Rs increases
potassium flux across the membrane and thereby stabilizes the postsynaptic membrane
potential. Due to those properties, activation of A;Rs is associated with potent antiepileptic
and neuroprotective properties [68—70]. Conversely, loss of the A¢R is associated with
spontaneous electrographic seizures and with seizure- and trauma-induced mortality [71,
72]. In contrast, the A,aR is associated with stimulatory G-proteins and due to its
heterologous association with other receptor subtypes (e.g. dopamine D5 receptors, TrkB
receptors) this receptor is uniquely suited to modulate neuronal networks on different levels
[73, 74]. Whereas activation of the A{R can contribute to the generation of a globally
inhibited network with potent anticonvulsant downstream effects [75, 76], activation of the
AxaR can potentiate specific functions within the inhibited network and thereby improve the
signal to noise ratio of signal transduction in neuronal networks [77]. [78]Although A AR
activation can have pro-convulsive effects [76, 79] and may modify the efficacy of AEDs
[80], it appears that the net-effects of combined AR and AyaR activation are anticonvulsant
[81]. An additional layer of complexity in the net-effects of adenosine is afforded by a
possible anticonvulsant role of the A3R [82] and its interaction with AEDs [83]. Given the
multiple activities of adenosine as an upstream regulator, controlling not only basic
biochemistry (through adenosine receptor independent mechanisms) but also specific
receptor-mediated functions of relevance for epilepsy, adenosine is a prime candidate to
modulate network activity in epilepsy in the broader sense of “homeostatic bioenergetic
network regulation”.

4.2. Suppression of pharmacoresistant seizures by adenosine

Based on the mechanisms discussed above, adenosine is considered to be an endogenous
anticonvulsant of the brain. Indeed, adenosine is released during seizures and likely is an
endogenous agent contributing to seizure arrest [84]. Conversely, adenosine deficiency —
due to overexpression of ADK — has been associated with spontaneous seizures [71] and
increased susceptibility to neuronal injury [85]. Therefore, adenosine augmentation therapies
should constitute a rational approach to suppress seizures in epilepsy. But would this
strategy be effective in pharmacoresistant epilepsy? Using a mouse model of
pharmacoresistant temporal lobe epilepsy that is based on the intrahippocampal injection of
the excitotoxin kainic acid (KA) it was demonstrated that spontaneous seizures that were
resistant to carbamazepine, valproate, and phenytoin, could completely be suppressed by
systemic treatment with the adenosine A;R agonist 2-chloro-N®-cyclopentyladenosine
(CCPA). Likewise, seizures were completely suppressed by systemic application of the
ADK inhibitor 5-iodotubercidin, an effect that was reversed after injecting the animals with
the A1R antagonist 8-cyclopentyl-1,3-dipropylxanthine(DPCPX), indicating that seizure
suppression by 5-iodotubercidin was based on increasing the tone of the endogenous
anticonvulsant adenosine [86]. These studies suggest that adenosine — being an endogenous
metabolite — is uniquely suited to suppress seizures that are resistant to conventional AEDs.
However, the systemic augmentation of adenosine receptor signaling as achieved in these
studies was associated with cardiovascular and sedative side effects [75, 83]. Likewise, the
potentiation of anticonvulsant activity of classical AEDs by adenosine receptor agonists was
associated with neurotoxic and peripheral side effects in at least some studies [80, 83], while
peripheral side effects have not routinely been investigated in other studies [87, 88]. Thus, in
order to avoid peripheral side effects and to utilize adenosine signaling for antiepileptic
therapy, different approaches are needed.
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4.3. Ketogenic diet — a dietary tool to circumvent pharmacoresistance

Manipulating an endogenous molecule such as adenosine offers ideal opportunities to avoid
pharmacoresistance and limit side effects, and recent evidence suggests there may be global
metabolic strategies which regulate adenosine. A well-established dietary therapy — the
ketogenic diet — is a metabolic treatment used most often to treat pediatric and
pharmacoresistant epilepsy [89], and recent evidence suggests it may be acting by increasing
AR activity. Briefly, it had been observed historically that when persons with epilepsy
stopped eating they would experience relief from their seizures [89]. Because fasting cannot
be continued indefinitely, and seizures returned upon eating, the ketogenic diet was
developed in the early 1900°s as an epilepsy therapy which would mimic metabolic changes
occurring during fasting but still allow the patient to ingest calories [89]. Like fasting, the
ketogenic diet reduced seizures. This dietary therapy is highly effective, yet it fell out of
favor with the advent of AEDs [89]. Nevertheless, it remains as effective as AEDs (more
than 50% seizure control in more than 50% of patients) and it can resolve medically
refractory epilepsy — suggesting that it targets mechanisms other than those targeted by
traditional AEDs [89]. Recent retrospective and prospective evidence [90], combined with a
continued need for new epilepsy therapies, have re-energized interest in this metabolic
strategy.

It is well known that metabolic dysfunction is associated with many neurological disorders,
including epilepsy but often it is unclear if the metabolic abnormalities contribute to, result
from, or simply evolve in parallel with the disorder [55]. In sharp contrast to this cause-and-
effect conundrum, the ketogenic diet is a clear case where the metabolic change occurs first:
eating a very high fat, low carbohydrate diet — and thus forcing the body to generate ATP
from ketones rather than glucose — dramatically reduces seizures [55]. Therefore, the
metabolic change precipitated by adhering to this diet precedes the change in seizure
threshold. The diet is associated with some side effects — initial lethargy, constipation, and
increased risk of kidney stones — but in many patients these effects are mild [89]. A bigger
issue is that the diet requires strict adherence, which is particularly difficult for adults.

Recent evidence suggests that ketogenic diet may be acting via increasing AqR activity, thus
opening up a new strategy for manipulating this endogenous anticonvulsant [91]. With
adenosine as a key link between metabolism and neuronal activity it is a likely candidate to
play this role [55], and a global adenosine-increasing metabolic treatment this could be an
effective strategy for generalized refractory seizures (where surgery is not an option) and for
patients who experience side effects from AEDs — particularly children. In addition, while
most children are on the diet for 6 months to 2 years, there are reports of adults who have
been on a ketogenic diet for epilepsy for nearly 30 years without adverse effects [92].

Increasingly, the ketogenic diet is gaining acceptance as the treatment of choice or at least a
second-line therapy for some seizure disorders as outlined in a recent International
consensus statement [93-95], and it is used increasingly around the world and in many
different cultures [89]. In addition, the ketogenic diet may control two interacting
pathologies of epilepsy — seizures and inflammation [49]. Taken together, the potential to
increase an endogenous modulator — such as adenosine — by altered endogenous metabolism
—such as ketogenic diet therapy, or an analogous pharmaceutical strategy -offer the potential
for few side effects and limited pharmacoresistance. In addition, adenosine acts to promote
sleep and reduce anxiety, thus potentially resolving known co-morbidities of epilepsy
simultaneously with improved seizure control.
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4.4. Novel strategies for seizure suppression in epilepsy

To make use of adenosine augmentation as a therapy of epilepsy, focal treatment approaches
have been developed in order to avoid peripheral and central side effects associated with
systemic adenosine augmentation.

In an approach aimed at providing a focal source for adenosine, biopolymer silk was
engineered to release adenosine at predefined doses and release kinetics [96]. Silk is a
natural occurring protein that can be manufactured in all-aqueous solutions and that provides
a biodegradable source for focal drug delivery, with the degradation products being amino
acids [97]. Since both silk, as well as adenosine are already FDA-approved for different
conditions, silk-based adenosine delivery appears to be a promising strategy for future
clinical applications. In a recent study, silk-based implants engineered to release a constant
dose of adenosine for a limited time span of 10 days were implanted into the
infrahippocampal fissure of fully kindled (epileptic) rats [98], a widely used animal model
with predictive value for the efficacy of potential AEDs in human epilepsy. Before
implantation, all animals reproducibly displayed generalized stage 4 to 5 seizures prior to
polymer implantation. While this seizure activity was maintained in rats receiving control
implants or a sham procedure, seizure activity was almost completely suppressed in
recipients of adenosine-releasing implants for a duration of 10 days [98]. As the release of
adenosine from the polymers began to wear off beyond day 10, seizures gradually recurred
indicating that seizure suppression was due to the paracrine activity of adenosine released
from the polymer [98]. Adenosine-releasing silk-based polymers implanted prior to the
onset of kindling significantly suppressed the progressive course of seizure expression. This
effect was dose dependent [96] and was maintained even after expiration of adenosine-
release from the polymer suggesting longer-lasting disease-modifying effects of transient
adenosine delivery [98].

In an attempt to provide sustained delivery of adenosine to the epileptic brain, murine
embryonic stem cells were engineered to release adenosine based on biallelic genetic
disruption of the Adk gene. After in vitro differentiation into adenosine-releasing neural
progenitor cells, the cells were grafted into the infrahippocampal fissure of rats one week
prior to the onset of kindling [99] or into the infrahippocampal fissure of mice 24h after
triggering epileptogenesis with intraamygdaloid injection of KA[71]. While recipients of
control graft or those subjected to a corresponding sham procedure were without lasting
therapeutic benefits, recipients of adenosine releasing embryonic stem cell-derived neural
progenitor cells were characterized by robust suppression of kindling epileptogenesis [99],
and KA-injected mice with the implants failed to develop any spontaneous seizure activity
three weeks after KA injection, a time point when control animals typically displayed about
4 seizures per hour [71]. These studies demonstrate the therapeutic potential of adenosine
released from engineered stem cells.

Finally, adeno associated virus-based gene therapy vectors were constructed to express an
antisense construct directed against adenosine kinase [100]. Spontaneously epileptic Adk-tg
mice that exhibit seizures due to their inborn adenosine deficiency received a unilateral
intrahippocampal injection of the ADK antisense virus or of an empty control virus. Only
recipients of the ADK knockdown virus displayed almost complete suppression of seizures
in the injected hemisphere, while seizures in the contralateral hippocampus were not
affected [100].

5. Conclusion

The examples outlined above suggest that focal adenosine augmentation by various
strategies is very effective in suppressing seizures in a variety of epilepsy models. In
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contrast to systemic adenosine augmentation no overt side effects were noted in these
studies. In conclusion, utilization of the adenosine system, either by metabolic manipulation
or by focal augmentation strategies, appears to be a strategy to circumvent
pharmacoresistance (i) by making use of an endogenous agent, and (ii) by providing
upstream control of complex network regulation.

6. Expert Opinion

During the past decades pharmaceutical drug development efforts were largely based on the
premise to develop highly specific drugs by targeting downstream effectors of cellular
communication pathways. While specificity might have value to suppress symptoms or
select endophenotypes of a condition, this approach bears the inherent risk for the
development of pharmacoresistance. Today the pharmacological treatment options for
epilepsy have improved only incrementally compared to treatment options 40 years ago, and
more than 30% of all patients with epilepsy remain refractory to treatment. Not surprisingly,
older drugs with a broader spectrum of action, such as valproate, are still the mainstay for
antiepileptic therapy. Targeting downstream pathways with exogenous and highly selective
drugs can lead to compensatory responses both on pharmacodynamic, as well as
pharmacokinetic levels, a phenomenon commonly referred to as “pharmacoresistance”. In
order to improve treatment options for complex network disorders, such as epilepsy, the
current dogmas of pharmaceutical drug development efforts, i.e. selectivity and focus on
(largely neuronal) downstream targets, need to be brought into revised perspective and new
conceptual strategies need to be developed. A possible conceptual improvement for the
treatment of epilepsy might therefore be the focus on non-selective upstream regulators and
endogenous regulators of brain homeostasis. Adenosine is a homeostatic bioenergetic
network regulator, which affects basic biochemical and bioenergetic homeostatic networks,
but in addition can exert more specific functions via a variety of molecular pathways that are
linked to adenosine receptors. Complex interactions between biochemical, and receptor-
dependent, mechanisms, lead to anticonvulsive and neuroprotective net effects that are
mediated by an increased tone in adenosine. Since adenosine deficiency is a pathological
hallmark of the epileptic brain, adenosine reconstitution would be based on a concise
neurochemical rationale. Rather than leading to excessive adenosine signaling, augmentation
of adenosine signaling to the epileptic brain could be a unique way to reconstitute normal
adenosine signaling. In contrast to conventional drugs, adenosine is an endogenous
metabolite, and therefore not a substrate for drug efflux transporters. As an upstream
regulator, adenosine is capable to synergistically regulating the homeostasis of complex
networks. Therefore, compensatory mechanisms (“pharmacoresistance™) are unlikely to
limit the therapeutic effectiveness of adenosine. Adenosine homeostasis can be modified
therapeutically by strategies as diverse as the ketogenic diet or stem cell and gene therapies.
Importantly, adenosine augmentation is capable of suppressing seizures that are refractory to
conventional pharmacotherapy. Adenosine augmentation therapies can be targeted to
specific brain regions by focal application modalities that include the regionally restricted
implantation of adenosine releasing devices or cells. Several experimental adenosine
augmentation approaches have shown that the focal delivery of adenosine to an
epileptogenic brain region can potently suppress epileptic seizures and newer studies
indicate that even a transient enhancement of adenosine signaling can have long-lasting
disease-modifying effects. The future for epilepsy therapy might thus rely less on
conventional drug therapies but rather on targeted and localized strategies that can restore
homeostasis of complex networks. Eventually, only rationally designed therapeutic
strategies that affect whole networks might provide a cure for epilepsy, whereas
conventional blockade of select pathways might at the best provide symptom control.

Article highlights box
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»  Pharmacoresistance can be caused by pharmacodynamics changes of drug
targets. It can also be caused by pharmacokinetic changes that determine drug
availability; overexpression of drug efflux transporters is a major contributor to
pharmacoresistance.

» Epidemiological data suggest a correlation between initial seizure severity and
subsequent emergence of pharmacoresistance while pharmacogenomic data
suggest an association between polymorphisms in drug transporter genes and
pharmacoresistance, but causal relationships have not yet been established.

o Overexpression of multiple drug resistant proteins (transporters) can result in
pharmacoresistance in part by limiting drug concentrations in brain.

* The blood brain barrier (BBB) restricts the entry of AEDs into brain and
evidence exists that the BBB is disrupted when and where epileptic seizures
occur.

» A complex network disorder, such as epilepsy, might best be treated by
regulating homeostasis and bioenergetics of network function, rather than using
drugs that are highly selective for single downstream targets.

»  Adenosine is a homeostatic bioenergetic network regulator that can provide
seizure control by a combination of receptor-mediated, biochemical, and
bioenergetic functions.

» Adenosine augmentation therapies effectively suppress seizures in a variety of
rodent models of epilepsy.

» A ketogenic diet can suppress seizures by augmentation of adenosine signaling.

* Novel adenosine augmentation strategies to prevent seizures in experimental
epilepsy include silk-based adenosine delivery, stem cell transplantation and
gene therapy.

» Eventually, only rationally designed therapeutic strategies that affect whole
networks might provide a cure for epilepsy, whereas conventional blockade of
select pathways might at the best provide symptom control.
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Figure 1. Role of the blood brain barrier in pharmacoresistance

Approximately 30% of people living with epilepsies are pharmacoresistant to anti-epileptic
drugs (AEDs). The resulting seizures can result from and lead to inflammation. The
seizures, inflammation and pharmacoresistance are at least associated with and possibly
result from damage to the blood brain barrier (BBB) and increased expression levels of
multiple drug resistant (MDR) transporters. Drug targets alternate to AEDs are being sought
to control pharmacoresistant seizures and the development of epilepsy. Although not yet
investigated in human patients, animal models suggest therapeutic potential for anti-
inflammatory drugs(e.g. cyclooxygenase 2 inhibitors); Likewise, ketogenic diets and the
purine nucleoside adenosine show therapeutic promise based on mechanisms that are not
currently targeted by conventional AEDs.
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Figure 2. Regulation of bioenergetic hetwork homeostasis

Conventional antiepileptic drugs (AED) act with high specificity on selected pathways and
are therefore prone to compensatory reactions that contribute to pharmacoresistance. In
contrast, a homeostatic bioenergetic network regulator, such as adenosine, is uniquely able
to effect entire networks on multiple receptor-dependent, biochemical, bioenergetic, and
epigenetic pathways.
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Figure 3. Adenosine is bioenergetic feedback regulator

The biochemistry of adenosine, being a building block of both 5’-adenosinetriphosphate
(ATP) as well as of nucleic acids allows it to act as bioenergetic feedback regulator. When
energy levels drop (e.g. due to excessive energy consumption during a seizure) ATP levels
drop and adenosine — a degradation product of ATP — rises. Increased levels of adenosine
provide inhibition to a wide range of metabolic activities in a biochemical strategy to
conserve energy.
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