
Management of the patient with medically refractory epilepsy

Tiziana Granata,
Department of Neurology, Cleveland, OH, USA, Department of Child Neurology, Carlo Besta
Neurological Institute, Milan, Italy, Tel.: +39 022 394 302, Fax: +39 027 063 8217

Nicola Marchi,
Department of Cell Biology and Cerebrovascular Research Cleveland Clinic Foundation,
Cleveland, OH, USA, Tel.: +1 216 445 0561, Fax: +1 216 445 1466

Erin Carlton,
Cerebrovascular Research Cleveland Clinic Foundation, Cleveland, OH, USA, Tel.: +1 216 445
0561, Fax: +1 216 445 1466

Chaitali Ghosh,
Department of Cell Biology and Cerebrovascular Research Cleveland Clinic Foundation,
Cleveland, OH, USA, Tel.: +1 216 445 0561, Fax: +1 216 445 1466

Jorge Gonzalez-Martinez,
Department of Neurological Surgery, Cleveland, OH, USA, Tel.: +1 216 445 0561, Fax: +1 216
445 1466

Andreas V Alexopoulos, MD, MPH, and
Cleveland Clinic Epilepsy Center, 9500 Euclid Ave, S-51, Cleveland, OH 44195, USA, Tel.: +1
216 444 3629, Fax: +1 216 445 4378

Damir Janigro†

Departments of Neurological Surgery, Molecular Medicine and Cell Biology and the
Cerebrovascular Research Cleveland Clinic Foundation, Cleveland, OH, USA, Tel.: +1 216 445
0561, Fax: +1 216 445 1466
Tiziana Granata: granata.t@istituto-besta.it; Nicola Marchi: marchin@ccf.org; Erin Carlton: ecarlto2@utnet.utoledo.edu;
Chaitali Ghosh: ghoshc@ccf.org; Jorge Gonzalez-Martinez: gonzalj1@ccf.org; Andreas V Alexopoulos: alexopa@ccf.org

Abstract
Epilepsy imposes a significant clinical, epidemiologic and economic burden on societies
throughout the world. Despite the development of more than ten new antiepileptic drugs over the
past 15 years, approximately a third of patients with epilepsy remain resistant to pharmacotherapy.
Individuals who fail to respond, or respond only partially, continue to have incapacitating seizures.
Managing patients with medically refractory epilepsy is challenging and requires a structured
multidisciplinary approach in specialized clinics. If the problems related to drug resistance could
be resolved, even in part, by improving the pharmacokinetic profile of existing drugs, the
economic savings would be remarkable and the time required to design drugs that achieve seizure
control would be shorter than the discovery of new targets and molecules was required. A
promising approach is the use of corticosteroids that may have a dual beneficial effect. Resective
brain surgery remains the ultimate and highly successful approach to multiple drug resistance in
epileptic patients.
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The proportion of patients with refractory seizures varies across studies between 6 and 35%
[1–4]. The variability in reported drug resistance depends on the criteria adopted for
definition (e.g., number of ineffective drugs, persistence of acceptable number of seizures vs
seizure freedom), on the characteristics of the recruited population (e.g., population-based
study vs patients referring to tertiary center; children vs adults, patients with homogeneous
vs heterogeneous epileptic syndromes) and on the study design (e.g., prospective vs
retrospective). In the last two decades, the introduction of several new drugs, which are
often better tolerated and manageable than the older ones, has certainly improved our ability
to treat epilepsy. Recent studies reported that 12–17% of treatment-resistant patients became
seizure-free with the addition of a previously untried, in most cases new-generation,
antiepileptic drugs (AEDs) [5,6].

Nevertheless, drug resistance still remains the main determinant of low quality of life in a
high number of patients with epilepsy who account – in what is probably an optimistic view
– for 15% of cases.

Among these patients, a proportion of cases may find a valuable alternative treatment in
epilepsy surgery; nevertheless, surgery is not feasible for all patients either because removal
of the epileptic area would result in unacceptable deficits (e.g., when motor or language
areas are involved) or because seizures have multifocal origin.

A further issue to be considered is that of the economic weight of drug resistance. Interest in
the economic aspects of epilepsy has been growing both in rich and poor countries, and it is
known that the cost of epilepsy care is directly correlated with the severity of illness. An
Italian prospective study carried out on both children and adults reported that the direct
annual cost of patients with epilepsy is €412 for seizure-free patients, €2198 for drug-
resistant patients and reaches €945 for surgical candidates [7]. Further studies confirmed that
patients with intractable seizures incur a cost many times higher than those with controlled
epilepsy [8,9]. In the wealthier nations, an ongoing debate continues regarding how to curb
rapidly rising healthcare costs. State-financed healthcare systems are facing the problem of
an inflation of needs and, therefore, are forced to find ways to limit the expenditures for
healthcare. Consequently, there is an urgent need for solutions that are therapeutically
effective yet fiscally conservative.

The development of new drug treatments is expensive and often fraught with various
unexpected problems. In fact, if the problems related to drug resistance could be resolved,
even in part, by improving the pharmacokinetic profile of existing drugs, the overall savings
would be remarkable and the time required to produce drugs that achieve seizure control
would be shorter than if the discovery of new targets and molecules was required. For
example, if a pharmacological treatment was to improve response to AEDs, the result would
consist in fewer surgeries, monitoring sessions and invasive procedures. A promising
approach is the use of corticosteroids, which may have a dual beneficial effect. Based on
laboratory data, the use of corticosteroids appears to be effective in promoting the BBB
penetration of AEDs rather than targeting a focus and operating by a specific epileptogenic
mechanism. Newer research, particularly in pharmacogenomics, holds promise for therapy
that more closely suits an individual's profile and type of epilepsy.
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New (or improved) therapeutic approaches to epilepsy management
Resective brain surgery

There is little question that surgery is, and will for the foreseeable future remain, the ‘drug
of choice’ for multiple drug resistance, and the effectiveness of the surgical approach has
been supported by meta-analysis of literature [10,11], as well as, for temporal lobe epilepsy,
by a randomized, controlled study (Box 1 & Table 1) [12]. The relative success of
neurosurgery in patients refractory to treatment suggests that more scientific efforts ought to
be directed towards the improvement of resective techniques, mapping and monitoring. The
reality, however, has shown that the main laboratory focus remains indifferent to these
quests and that the pursuit of ‘mechanisms’ is still deemed more important than the search
for better therapies.

However, long-term follow-up studies have demonstrated that seizure freedom after surgery
in many cases depends on drug maintenance and that a number of patients relapse with
seizures, albeit at low frequency, despite the continuation of AEDs [13–16]. These data
suggest that, at least in a subset of patients, surgery does not cure epilepsy (if so, drugs could
be discontinued safely), but rather treats drug resistance and transforming refractory
epilepsy in a drug-responsive epilepsy (Figures 1 & 2). If this hypothesis is at least in part
true, then we may well accept that multiple drug resistance to AEDs is a dual disease, one
resulting from abnormal neuronal firing and a pathological neuronal substrate, and the other
owing to insufficient drug efficacy or levels.

In support of this hypothesis is the fact that MDR1 and other ‘drug resistance genes’ are
almost invariably found in the resected portion of the epileptic brain. In fact, most, if not all,
human studies are based on resected brain, with comparatively little attention devoted to the
majority of epileptic pathologies that respond to AEDs. It is currently unknown whether the
epileptic brain in drug-responsive patients expresses elevated levels of drug transporters, but
indirect evidence has shown that these are primarily associated to epileptogenic regions
[17,18]. In other words, pre- and intra-operative mapping of neuronal activity has allowed
the pinpointing of overexpressed transporters to highly active regions, while the surrounding
brain (which is also ‘epileptic’ but to a lesser extent) is virtually devoid of abnormal patterns
of expression. There is also evidence to show that seizures cause abnormal MDR1
expression, but since this was reported from animal models the clinical translation is not
entirely straightforward [19]. Interestingly, the function of MDR1 is decreased by specific
patterns of electrical activity [20]. This may imply that different seizures impact drug
extrusion in different ways, and perhaps that AC current (as the one used for the
experiments described in [20]) may become a treatment options for epileptic patients who
develop drug resistance.

Palliative surgery
Palliative treatments, including vagus nerve stimulation and deep brain stimulation (DBS),
have been increasingly used in drug-resistant patients who are not candidates for resective
surgery. Vagus nerve stimulation was introduced in the 1990s as an adjunctive therapy in
patients with intractable epilepsy. In controlled trials, vagus nerve stimulation has been
reported to be effective in reducing seizure frequency in 23–30% of patients, but only a
minority of patients experience complete seizure control [21,22].

Deep brain stimulation with ‘brain pacemakers’ similar to those used to treat movement
disorders were performed in the hope that the epileptic brain could be reset to a preseizure
status or permanently disallowed from re-entry into a seizure-producing modality. Different
subcortical structures have been chosen as targets for stimulations, including anterior and
centromedian thalamic nuclei; subthalamic and caudate nuclei; and the cerebellum. Limited
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experience is also available for hippocampal stimulation. A significant but not spectacular
decrease in seizure frequency in a subpopulation of patients has been reported by almost all
authors, regardless of the target used (for a review see [23]), but the true efficacy of DBS is
difficult to judge since most studies have been carried out on a small series of patients,
affected by different types of epilepsies, who were treated in the context of open-label trials.
However, if the preliminary positive results of a recent, double-blind study including 110
patients affected by focal seizures and treated with anterior thalamic nucleus stimulation are
confirmed [24], a subset of drug-resistant patients will benefit from this therapeutic
advancement. In addition, if the same trials were to be repeated to treat drug resistance as a
separate phenomenon, a different electrical stimulation pattern may be used to mimic the
reversal of drug resistance obtained by traditional surgery.

As also noted for the surgical approach and the use of anti-inflammatory drugs (see later),
the failure of current therapeutic advancements may relate to the fact that we are treating a
poorly defined disease, or rather a cluster of diseases with unknown components.

The failure of available antiepileptic medications to adequately control seizures in a
substantial number of patients underscores the need to focus on new and better understood
therapeutic targets with an eye on the development of novel AEDs. Furthermore,
advancements in technology and neuroscience, and the success of neuromodulation in
ameliorating a variety of neurological disorders (e.g., Parkinson's disease) have spurred
interest to explore promising therapeutic alternatives, such as electrical stimulation, local
drug delivery, cell transplantation and gene-based therapies [25]. Future targeted therapies,
for example, could be coupled to seizure forecasting systems to create ‘smart’ implantable
devices that will detect/predict and pre-emptively treat the patient's seizures. Thus, targeted
therapies can be employed in a closed-loop fashion to prevent or suppress seizures before
they become clinically manifest.

New AEDs
In the last 15 years, several new-generation AEDs have been made available to patients.
However, the impact of these new drugs in the management of patients with intractable
epilepsy has been quite limited. If one examines the percentage of patients with uncontrolled
epilepsy who became seizure-free during the brief period of randomization as part of the
regulatory studies that led to medication approval, this percentage ranges from 1% up to a
maximum of 8% across the newer AEDs. This observation reinforces the belief of most
investigators that when adequate trials of two or three appropriate AEDs have failed, the
likelihood of attaining future sustained control of seizures in these patients is approximately
5% at best, and certainly below 10%.

Rational polypharmacy using specific combinations of available AEDs may be beneficial
even when they fail to control seizures as monotherapy, although existing data are
insufficient to make firm recommendations. Some authors believe that the use of drugs with
different mechanisms of action appears to be more effective than combining drugs with
similar mechanisms. A computational approach, which factors in genomic- and epilepsy-
related variables in addition to the drugs' specific mechanisms of action, may perhaps be
employed in the future to assist clinicians in the decision-making process.

Current AEDs exert their action through a limited range of molecular targets, which include
sodium and calcium channels, as well as inhibitory (GABA receptors and transporters) and,
to a lesser degree, excitatory (glutamatergic) neurotransmission. If we are to tackle the
hitherto medically intractable epilepsies, we are clearly in need of novel AEDs that can
attack a wider range of molecular targets to counteract neuronal excitability or modify the
impaired, seizure-sustaining microenvironment.
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Some of the new AEDs in the pipeline represent modifications of already available parent
AED compounds, the development of which is geared towards improved safety (e.g.,
fluorofelbamate, which is an analog of felbamate developed to avoid the serious life-
threatening adverse effects of the parent compound, including aplastic anemia and hepatic
failure), tolerability (e.g., eslicarbazepine, which possesses a minor molecular variation from
the basic chemical structure of carbamazepine and oxcarbazepine, and is therefore
associated with a more favorable metabolic process and with lesser neurological impairment
in animal models) and/or effectiveness (e.g., pregabalin, which is structurally and
functionally related to gabapentin, similarly exhibiting high affinity binding to the α2-δ
auxiliary subunit of voltage-gated calcium channels, and possesses not only a more
favorable pharmacokinetic profile but also a higher degree of anticonvulsant efficacy in
clinical studies).

Other drugs have novel or previously unidentified mechanisms of action, and these drugs are
usually discovered through screening in animal models. Levetiracetam represents a good
example of an AED that came to the market based on its unique antiepileptic profile in
animal models. Unlike all previous AEDs, levetiracetam showed no activity in the two
standard acute seizure models used to screen potentially new AED agents (the maximal
electroshock and subcutaneous pentylenetetrazol seizure models). At the same time
levetiracetam was found to be effective in animal models of chronic epilepsy and exhibited a
broad spectrum of action against various audiogenic, chemo-convulsive and kindled seizure
models [26]. At a molecular level, levetiracetam did not exhibit activity against the
traditional AED molecular targets. Its mechanism of action was elucidated after the
medication became available for clinical use, when it was observed that it specifically binds
to a synaptic vesicle protein (SV2A). A positive correlation has been shown between
binding of levetiracetam and related compounds to SV2A and their antiseizure potency in rat
brain [27]. These postmarketing discoveries led investigators to carefully examine the
hitherto unknown role of SV2A, and its potential as a novel target for current and future
AED development. Levetiracetam analogs are currently in various stages of development.

Another new AED, rufinamide, was recently approved by the US FDA as an orphan-drug
designation to be used as adjunctive therapy in patients with Lennox–Gastaut syndrome – a
highly intractable population of patients – based on the positive results in a randomized,
placebo-controlled trial performed in this population [28]. Rufinamide is structurally
unrelated to other AEDs, and is suspected to exert its action by limiting high-frequency
firing of sodium-dependent action potentials [29].

Lacosamide, the most recent AED to be introduced into the European and US markets in
2009 is a new drug discovered by high-throughput animal screens. In animal models this
compond appears to have a profile similar to AEDs that inhibit sustained, repetitive sodium
channel activity, such as the voltage-gated sodium channel (VGSC) blockers, phenytoin and
carbamazepine. These two commonly prescribed old-generation AEDs exert their action on
the VGSC fast inactivation, which follows within milliseconds of depolarization, thereby
reducing the likelihood of further generation of action potentials. Lacosamide, on the other
hand, is the first AED that selectively facilitates the process of slow inactivation of the
VGSCs, a process occurring over a period of seconds to minutes (approximately a 100–
1000-fold greater time-frame compared with fast inactivation) [30]. This effect is unique to
lacosamide and is not shared by the other currently available VSGC blockers. Although
experience with lacosamide is limited at this time, this new drug appears promising as an
add-on therapy in patients with focal epilepsies.

Other novel drugs in various stages of development include the first potassium-channel-
acting AED, retigabine, which has a stabilizing effect on hyperexcitable cells via its action
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on KCNQ2/3 and 3/5 channels, and has shown efficacy in a broad-spectrum of animal
models, and talampanel, which is the first AED in development with a mechanism of AMPA
receptor antagonism [31].

Lastly, ganaxalone is a neuroactive steroid that, similarly to the endogenous steroid hormone
progesterone, exhibits high-affinity GABA-A receptor allosteric modulation, which includes
anticonvulsant activity in animal models [32]. Early clinical trials have been conducted and
promising results in intractable patients with infantile spasms have been reported [33]. The
use of other steroids is discussed later.

It becomes apparent that although the currently used paradigms for AED development and
animal model screening have made important contributions in the pharmacotherapy of
epilepsy, new pharmacological paradigms are needed to tackle the problem of intractable
epilepsy. A better understanding of the basic mechanisms that govern epileptogenesis,
seizure initiation/termination and development of intractability are essential, as is the
development of animal models that approximate the human condition of epilepsy
refractoriness.

Disease modification is a highly desirable goal in patients at risk for later development of
epilepsy following an identifiable initial precipitating injury, with resultant changes in the
functional circuitry leading to later development of an abnormal hyperexcitable,
epileptogenic network. Thus, primary and secondary prevention may effectively abort the
later occurrence of refractory epilepsy. Finally, genetic stratification and the development of
individualized treatment that takes into account the underlying genetic substrate offer
promising and challenging paths of scientific exploration.

Nonpharmacological treatment options for pharmaco-resistant epilepsy: the ketogenic diet
The ketogenic diet is an important nonpharmacological alternative, usually reserved for
young patients with any type of difficult-to-control seizures (Table 1). The diet was
originally developed almost a century ago, and is designed to mimic the biochemical
changes associated with starvation. It consists of a strict dietary regimen that is high in fat
and low in carbohydrate and protein content. The typical ratio of fats to carbohydrates and
protein is 4:1 (classic ketogenic diet) or 3:1 (often used in adolescents, and in very young
children below 2 years of age). Such a strict regimen is difficult to implement and maintain,
and requires close supervision of the child by a trained dietician and by the treating
physician(s). In addition to the practical complexities, concerns also exist regarding the
long-term effects of the diet on the child's growth. For these reasons, the ketogenic diet is
restricted to a small group of young patients with pharmaco-resistant epilepsy, and does not
usually represent a long-term therapy. The diet is usually initiated with in the hospital
setting. Thereafter, regular follow-up appointments with the ketogenic diet team are
recommended to monitor the patient's growth and laboratory studies, the nutritional and
neurological status, as well as the overall quality of life and effectiveness of the diet. Most
children benefiting from the diet will show a substantial decrease in seizures during the first
3 months. As expected, children and families are more likely to comply with the diet if there
is evidence of response. Adherence to the regimen can be followed with a simple and cost-
effective laboratory (urine) measurement that can be performed at home (i.e., ketonuria).

No randomized, controlled clinical trials are available [34]; nonetheless, the efficacy of the
diet in selected patients have been reported in several large observational studies. The first
multi-center study examining the efficacy of the ketogenic diet in pharmaco-resistant
epilepsy was completed in 1998 [35]. A total of 51 children, aged 1–8 years, with an average
seizure frequency of 230 seizures per month, were recruited at seven epilepsy centers. A 4:1
ketogenic diet was initiated in-hospital, and all children were subsequently followed up for
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at least 6 months, at which time 55% of the children initiating the diet had shown evidence
of response, defined as at least 50% reduction of seizure frequency in comparison with
baseline. Not all children were able to tolerate the diet throughout the period of observation:
88% remained on the diet for at least 3 months, 69% for at least 6 months and only 47%
remained on it at 1 year. Notably, five patients (10%) were free of seizures at 1 year. Recent
meta-analysis describes an estimated rate for obtaining seizure control of 15%, with 33% of
patients obtaining a reduction greater than 50% in seizure frequency and that the ketogenic
diet is particularly effective in intractable generalized epilepsies (for systematic review and
meta-analysis see [36,37]). It should be noted, however, that only half of patients following
a ketogenic diet were able to maintain it for a long period; the most frequent reasons for
discontinuation included insufficient control of seizures, inability to tolerate the diet owing
to medical intolerance or concurrent medical illness and inability to tolerate the strict dietary
regimen. There are only a few studies indicating when it is appropriate to terminate the
ketogenic diet. Most clinicians wean the patient from the diet after a 2–3-year period. A
recent study reports a long-term experience in 28 patients (now aged 7–23 years) among a
group of 386 treated patients who continued the diet for at least 6 years: 24 out of 28
patients experienced more than a 90% decrease in seizures. The side effects included slowed
growth, kidney stones and fractures, whereas the lipid profile was not significantly affected
[38,39]. Reports on the use of the ketogenic diet in adults are scarce, although a benefit was
seen in a small series of adults with pharmaco-resistant epilepsy. No long-term follow-up
data exist for adults on the ketogenic diet, especially regarding the future risk of
atherosclerosis.

Although the ketogenic diet has been employed as a treatment of intractable epilepsies for
almost a century, its mechanism of action remains poorly understood. While no single
mechanism can account for the observed clinical effects, it is believed that the diet exerts its
action by activating several endogenous metabolic and genetic processes, and thereby
stabilizes and/or enhances cellular metabolism [40].

Complementary & alternative medical therapies
In the industrialized world, homeopathy, acupuncture, psychological techniques and herbal
treatments are often undertaken by patients with epilepsy, particularly when conventional
treatments fail. On the other hand, a large proportion of epileptic patients around the world
are not receiving AEDs, either for economic reasons or cultural attitudes. These patients
often refer to what we consider ‘alternative’ medicine. Well-designed clinical trials of herbal
therapies in patients with epilepsy are scarce and methodological issues prevent any
conclusions of their efficacy or safety (for review see [41]).

Unorthodox efficacy of anti-inflammatory drugs in the treatment of drug-resistant
epilepsy: preliminary findings & proposed mechanisms

The use of steroids and adrenocorticotropic hormone in the treatment of infantile spasms has
been established since the mid-20th Century. Since that time, despite the fact that solid
evidence on efficacy or safety are still lacking for epilepsy other than West syndrome [42],
these drugs have also been utilized in other epileptic syndromes including Lennox–Gastaut,
Landau–Kleffner, continuous spike and waves during slow sleep (CSWSS) and Rasmussen's
encephalopathy [43]. The aforementioned pathologies are termed ‘epileptic
encephalopathies’ and share some common features: high frequency of seizures and/or of
epileptic EEG abnormalities, arrest or regression of psychomotor development or of
acquired skills (e.g., aphasia in Landau–Kleffner patients) and, at least in some instances,
evidence of inflammation (for review see [44]). More interestingly, some observational
studies suggest that corticoids could also be effective in other forms of generalized and focal
epilepsies [45,46]. A study aimed at evaluating the impact of steroids on cerebral swelling
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and seizures during presurgical subdural grid EEG monitoring in 37 drug-resistant children
demonstrated a reduced seizure frequency and a statistically significant longer time to obtain
seizures recording in patients given dexamethasone (2–10 days) compared with untreated
patients (1–5 days) [47].

Recently, a retrospective study identified 29 pediatric patients (aged 18 years or younger),
who had received a steroid course (methylprednisolone, adrenocorticotropic hormone,
hydrocortisone or dexamethasone) for the treatment of medically intractable epilepsy. It
should be noted that patients with a history of epileptic syndromes known to respond to
steroids (e.g., West, Landau– Kleffner and Rasmussen's symndromes) were excluded.
Efficacy was defined as termination of status epilepticus or a reduction in seizure burden by
at least 50%.

Treatment was effective in 25 out of 29 patients and observed after 32 of the 38 steroid
therapies. A clinically significant reduction of partial seizures resulting in motor functional
improvement was observed after ten out of 13 treatments. This positive effect persisted after
withdrawal in half of the cases. Only in 5% of the patients were steroids withdrawn owing to
the severity of side effects.

The question then arises as to why or how steroids ameliorate seizures. There are at least
two broad mechanistic approaches to this problem. From the neurosurgical standpoint,
dexamethasone is the drug of choice to treat brain edema, for example in association with
neoplasms. The rationale for the use of steroids varies from hospital to hospital, but animal
and in vitro data clearly show a direct effect on the BBB [48]. Thus, the results presented
previously may be explained by a direct action of the drug on BBB integrity. This point of
view is supported by several lines of evidence linking a leaky BBB to epilepsy [49–51] (or
acute seizures [52,53]). According to the alternative hypothesis, steroids act as anti-
inflammatory agents; this is the most common rationale for their use. In support of this
hypothesis is the fact that inflammation has been linked to seizures in several recent papers
[44,54–56]. However, it is in our opinion quite unlikely that these two mechanisms may
actually exist in isolation. In other words, it is currently apparent that inflammation causes
seizures by a direct action on BBB endothelial cells [53,54,56] and, therefore, it is likely that
white blood cell activation and BBB damage coexist in patients.

As stated previously, the current rationale for the use of steroids in ‘noninfammatory’
seizure disorders is dual and scientifically sound. There are indirect observations that
support the data produced in the limited retrospective trail by Granata and colleagues. For
example, it has been shown that dexamethasone reduces the frequency and intensity of
electrographic seizures measured by ECG [47]. In addition, at least two recent papers have
shown a marked efficacy of anti-inflammatory agents in seizure models [54,56]. However,
these data are confounded by other reports where the efficacy of anti-inflammatory therapies
was not shown (e.g., in the same pilocarpine model [57]). We have recently tested
dexamethasone's efficacy in pilocarpine-induced seizures and have essentially failed to
measure any effects in preventing status epilepticus. How these data are related to the
clinical experience remains to be understood. However, the lack of efficacy of
dexamethasone on seizures induced chemically in otherwise naive animals paired with the
curative effect in patients begs an alternative explanation of its mechanism of action.

A parsimonious explanation of these contrasting data is that, as in the case of lobectomies,
the effects of steroids are on the disease of drug resistance rather than on neurons or other
CNS cells participating in EEG abnormalities. Thus, a possible mechanism of action may
imply an effect on the BBB that favors chemotherapeutic access to the brain. This again
leads to a paradox whereby a leaky BBB has to be healed to allow drug penetration. The
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rationale for this way of thinking was recently provided by in vivo animal studies [58].
These findings suggested that free drug penetration in epileptic brain is hampered by a
leaky, protein-permeant BBB. Thus, by acting either directly (targeting the endothelium) or
indirectly (targeting white blood cells), dexamethasone may improve free drug passage by
improving the BBB.

Drug resistance in patients with epilepsy: scientific & clinical background
Current orthodoxy predicts that epilepsy is a neuronal disease and most therapeutic
approaches thus attempt to modify neuronal excitability. This approach has the drawback of
pharmacokinetic barriers for CNS delivery. Surprisingly, while the field of epilepsy research
has primarily targeted neurons or other brain cells (astrocytes), the epidemiology of acute
seizures reveals a striking role for cerebrovascular- or BBB-related factors.

A major challenge facing epilepsy treatment is the effective delivery of AEDs across the
BBB (Box 1). The rationale for this mini-review stems from the urgent need to address the
issue of CNS drug delivery in view of recent contradictory findings and the continuous
debate on the role of drug transporters in determining the refractory phenotype. In more
general terms, the issue of multiple drug resistance to CNS drugs is not a prerogative of
seizure disorders. In fact, neoplasms and CNS infections are only an example of the broad
impact that drug resistance has on the management of neurologic patients.

As a consequence of the molecular biology revolution, drug research has experienced an
incredible growth of knowledge on the molecular mechanisms of human diseases, leading to
the generation of novel therapeutic concepts. At the same time, there has been a rapid
increase in research costs associated with a significant decrease in new drugs reaching the
market. In the case of neurological disorders, one of the reasons for this translational crisis is
the lack of reliable predictive early assessment of absorption, distribution, metabolism and
excretion (ADME) parameters. Thus, many useful drugs fail late in clinical trials when their
poor pharmacokinetic behavior should have been discovered earlier. Even when preclinical
ADME measurements suggest that brain penetration or targeting is not an issue the diseased
brain often provides new and sometimes unpredictable challenges, such as the
overexpression of multiple drug resistance efflux pumps [59]. The extent of this problem
only underscores the difficulty of ‘pushing’ drugs into the CNS of patients affected by
neurological disorders. Reliable drug delivery to the brain remains an unsolved task for
small molecule drugs and even more so for macromolecular drugs, which become more and
more available as a consequence of the progress made by the biotechnology and
pharmaceutical industry sectors. The functional and protective role of the BBB is a crucial
factor preventing straightforward drug therapy of CNS diseases. The last two decades have
seen the field dominated by studies of multiple drug resistance genes and proteins, which
have been shown to be partially responsible for poor penetration of a variety of drugs. In the
case of epilepsy, early cDNA array experiments demonstrated the complexity of this
phenomenon. Based on similar results in clinical trials of cancer patients, a number of
investigators have attempted to link MDR1 expression and polymorphism to AED
resistance. The results were encouraging at first [60,61] but failed to be duplicated [62]. In
light of the complex biology of chemotherapy resistance, these findings are not surprising
since MDR1 is only one of the multitudes of mechanisms that can lead to drug resistance.

Why bother if the ‘epileptic’ BBB is leaky?
A perhaps paradoxical aspect of multiple drug resistance in neoplastic disease or seizure
disorders is the fact that over-expression of drug transporters has been noted on a
background of impaired BBB function (for a review, see [63]). Thus, extrusion of drugs
occurs under conditions of apparent free passage across leaky endothelial cells. This led to
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an alternative, yet not exclusive, explanation for this seemingly inconsistent phenomenon. A
recent paper dealing with a rat model of brain edema described regions of impaired BBB
function characterized by lower levels of free drug (phenytoin or carbamazepine) compared
with regions of intact cerebral vasculature [58]. These findings confirmed that drug
lipophilicity (log P) is a good predictor of drug passage across the cerebrovascular
endothelium even after BBB disruption. However, these experiments revealed for the first
time that protein–drug extravasation is the biggest factor controlling free drug partition in
regions of BBB disruption (Box 1). The possibility thus exists that future attempts to tackle
drug delivery to the epileptic focus will consists of ‘BBB drugs’ that allow better free drug
distribution by re-establishing normal BBB function.

Clinical findings & possible mechanisms of multiple drug-resistant
epilepsy

In most cases, patients with epilepsy are effectively treated with AEDs; however,
approximately 20% of patients with primary generalized epilepsy, and up to 60% of patients
with focal epilepsies, may exhibit pharmaco-resistance during the course of their frequently
lifelong condition [64]. There is no generally accepted definition of intractability. No single
step in the treatment defines pharmaco-resistance, but from the patient's perspective
intractability refects the inability to achieve acceptable seizure control despite adequate trials
with a sufficient number of medications at doses that are associated with tolerable, if any,
side effects. The probability of seizure freedom becomes very low if the administration of
three appropriately selected and prescribed AEDs, given alone or in combination, fails –
hence the term of multiple drug resistance. In these cases, neurosurgical resection of the
epileptic tissue represents the final alternative to resolve seizures in such patients. In the past
15 years, new AEDs were released but no major reduction in the overall percentage of drug-
resistant patients was achieved [65].

The complexity of drug-resistant epilepsy reflects the nature of the pathophysiological
process, its possible evolution over time and the different individual sensitivity to drugs,
whether it be congenital or acquired. Biologic factors influencing prognosis refer almost
exclusively to symptomatic epilepsy that may be the result of a structural lesion including a
wide variety of pathologic conditions (e.g., inflammatory, neoplastic or metabolic) or
disorders of neuronal development and migration, and other situations presumed to be
symptomatic, but of unknown etiology [65–67]. Furthermore, the appearance of
intractability may be quite delayed, by a median of 9 years or more in some studies of
patients with symptomatic epilepsy, while in other patients intractability may be a prominent
feature from the outset (de novo intractability present at the time of the first clinically
manifest seizures). Keeping in mind these complex scenarios, several hypotheses have been
formulated, including those discussed in the following sections.

AED neuronal target modification (pharmacodynamic hypothesis)
Changes in the electrical and synaptic properties of neurons in specific brain areas can result
in decreased sensitivity to the actions of AEDs. Using brain specimens from drug-refractory
patients or from chronically epileptic rats, a small number of studies demonstrated changes
in ion channel assembly and reduced sensitivity to the AED in both sodium and calcium
channels. Different experimental paradigms used to assess the efficacy of different AEDs in
other epileptic brain areas led to miscellaneous results that sometimes appear to be difficult
to interpret. For instance, while Vreugdenhil and colleagues showed diminished
carbamazepine sensitivity of rat CA1 neurons in reducing burst activity [68], Remy et al.
showed a normal neuronal response to the same AED when measured in dentate granule
cells of kindled rats [69]. Similarly contradictory results were obtained when studying in
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vitro sensitivity to phenytoin of sodium and calcium currents of hippocampal CA1 neurons
in the amygdala-kindled rat compared with in vivo. Neurons in the CA1 region of kindled
rats are fully responsive to valproic acid treatment, while the effect of carbamazepine is
reduced immediately after kindling. Remarkably, Remy et al. demonstrated a reduced
sensitivity of voltage-dependent sodium channels to carbamazepine in human epileptic brain
[70]. The loss of GABA-ergic responses to AEDs was reported more recently [71]. Other
results suggest that these changes are not crucial in determining drug resistance in epileptic
brain, since human brain slices from refractory patients responded to AEDs in a fashion
similar to normal rodent brain [72].

Altered brain distribution of AEDs: overexpression of multidrug-resistant proteins
(pharmacokinetic hypothesis)

Alternatively, drug resistance in epilepsy may depend on inadequate brain intraparenchymal
AED concentrations (for recent updates see [73,74]). This occurs if AEDs are extruded into
the vascular bed at the BBB before entry into the brain, or if insufficient plasma levels are
reached. Drug transporters so far identified in brain are cell membrane proteins that play an
important role in regulating the entry of a large variety of clinically relevant drugs into the
CNS. These proteins have been initially discovered and characterized for their ability to
confer resistance of cancer cells to chemotherapeutics. Among these drug transporters,
members of the ATP binding cassette (ABC) family (e.g., P-glycoprotein [P-gp] or MDR1),
multidrug resistance-associated proteins (MRPs) and breast cancer-resistance protein all
raised interest in the epilepsy field because of their overexpression in human drug-resistant
brain (see review in [59]). Since these transporters restrict the entry of lipophilic substrates
into the brain, it was suggested that BBB overexpression in epileptic tissue could reduce the
effective concentration of AEDs at their target sites. Indeed, human epileptic brain
transporter proteins are upregulated at the BBB [17,75–78]. Experimental models of seizures
mimicking the neuropathological features of temporal lobe epilepsy have been used to study
the molecular mechanisms of intractability. In rodents, MDR1, MRP1–2 and the breast
cancer-resistance protein are overexpressed in endothelial cells, astrocytes and neurons after
induction of sustained limbic seizures or in malformed cortical regions [19,79].

Molecular and functional studies have implicated several drug transport proteins at the BBB
and blood–cerebrospinal fluid barrier as potentially important factors in the development of
drug-resistant epilepsy [63]. An additional hypothesis to explain refractoriness mediated by
MDR1 relates to reports linking an ABCB1 3435C–T single-nucleotide polymorphism or a
three-single-nucleotide polymorphism haplotype containing 3435C–T to multidrug
resistance in epilepsy in three retrospective case–control studies. A further meta-analysis
failed to replicate the association [62].

An incomplete picture of transport mechanisms responsible for drug-resistance owing to
accumulation defects has led to a wide array of opinions owing to inconsistent or conflicting
data regarding the relative significance of a multitude of transport mechanisms. Cell lines,
animal and clinical data indicate that MDR1, MRP1 and related transporters are clearly able
to mediate drug accumulation defects in cultured malignant cells, but correlations with
pathology, clinical resistance and outcomes in resistance to AEDs are less persuasive. A
large number of small molecules, many of natural origin, are able to reverse multidrug
resistance by inhibiting the functions of MDR1, MRP1 and sister proteins; their action has
been considered a possible method to reverse multiple drug resistance. While a few
compounds have actually reached clinical trials [101,102], a clear beneficial effect has not
been shown in cancer patients after P-gp blockade [80]. An additional trial with the P-gp
blocker verapamil is currently planned [103].
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Expert commentary
Given the knowledge acquired by the combined clinical and preclinical, laboratory efforts, it
appears that at present no magic bullet is available to treat multiple drug resistance in
epileptic patients. Improved presurgical mapping and patient selection make surgical
management more attractive than in the past. This is confounded by the intrinsic risk of
surgical procedures and, in countries with free-market healthcare, significant costs to the
patients.

Recent clinical trials [101–103] have enrolled (or plan to enroll) patients for add-on therapy
with inhibitors of transporters involved in drug resistance to small molecules [59].
Preliminary data are not yet available, but the lessons learned from neuron–oncology
suggest limited efficacy and side effects [80]. The whole field of pharmacokinetic drug
resistance has been a focus of renewed attention with the discovery of relatively common
polymorphisms for the MDR1 (or ABCB1) gene [61,81]. However, after a short lag-time,
what appeared to be a likely and exploitable mechanism of multiple drug resistance to AED
has become another false start, as underscored by the lack of support for these initial
findings. These results do not rule out per se that these variants are indeed involved in the
process leading to refractoriness, but rather highlight the infantile condition of
pharmacogenomics.

Surprisingly, old drugs, such as steroids, are teaching us new tricks. Dexamethasone is
known as a potent anti-inflammatory drug, but also exerts powerful ‘BBB repair’ potency.
Recent laboratory findings suggest that a detriment to brain delivery of AEDs is a hostile
neuronal environment (e.g., brain edema) resulting from a disrupted BBB [58]. Therapies
aimed at improving CNS homeostasis (e.g., dexamethasone) have also been successfully
used to treat a variety of seizure disorders refractory to traditional AEDs. Finally, there is
growing evidence linking systemic inflammation to seizures [44,54]. This mechanism, if
confirmed and further supported by clinical data, may further justify a broader use of
NSAIDs or steroids even in epilepsies that are generally not assumed to be due to
inflammatory or infectious events. The preliminary nature of the clinical findings strongly
supports the development of multicenter clinical trials to test the best pharmacological and
etiological approach [82].

Five-year view
The multifaceted nature of drug refractory epilepsy dictates the need for a multidisciplinary
approach to therapeutic intervention. In the near future, the surgical approach is likely to
remain the ‘drug of choice’. Under ideal circumstances, we will benefit from ground
breaking surgical advancement, improvement in the capacity for early diagnosis and
strengthening of the bridge between clinical experience and basic research. Ideally, one may
foresee the ability to predict or at least identify the drug-resistant share of the disease. The
development of markers of drug resistance will include specific imaging sequences, EEG
signatures and serological markers associated with AED levels or metabolism. The disease
as a whole may be revealed by brain signaling molecules (e.g., brain proteins or protein
fragments, autoantibodies or nucleic acids). The use of markers of drug resistance will
impact the pharmacological route to specific combination of AEDs and accelerate the
development of unconventional drugs (e.g., steroids). Today, early prognosis of drug
resistance has been shown to shorten time to surgery and to avoid the exacerbation of brain
damage and decline of cognitive function induced by seizures and AEDs. Finally, a better
transition from the bedside to bench is required. The clinical experience is rarely taken into
account when designing the basic science experiments. We often rely on animal models that
are obsolete and based on the use of an acute neuronal trigger, while epidemiology dictates
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modeling of a complex, ‘holistic’ disease. The dissociation between science and medicine
has been furthered by the mechanistic reductionism adopted by many epilepsy researchers.
This has led to findings that, although reproducible within a certain experimental model, are
not expandable to the clinical reality.
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Box 1

Mechanisms and clinical management of refractoriness to antiepileptic
drugs

There are at least three broad mechanisms of refractoriness to antiepileptic drugs:

• Pharmacodynamic (drugs fail to exert its effects)

• Pharmacokinetic (transporters and P450 enzymes; drug fails to reach the brain
parenchyma)

• Altered brain homeostasis (free drug partitions poorly with the CNS despite
increased passage of total drug)

The following clinical approaches are currently used to deal with multiple-drug
resistance in epileptic individuals:

• Surgery

• Blockade of MDR1

• Change of antiepileptic drug target (e.g., Keppra)

• Anti-inflammatory drug therapies
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Key issues

Re-evaluation of previous knowledge together with analysis and interpretation of current
results have suggested the following:

• Multiple drug resistance can be seen either as a disease condition or as a
comobidity separated from epilepsy.

• The mechanisms underlying the phenomenon of drug resistance may not
necessarily be the same as those responsible for seizure disorders.

• Resective surgery treats both conditions by abrogating the seizure focus as well
as the cells and molecules responsible for drug resistance.

• If two distinct pathologies lead to multiple drug resistant epilepsy, one may wish
to treat them as separate conditions.

• Recently, the therapeutic use of steroids has been shown to reduce seizure
burden in many epileptic pathologies, which may result from improved drug
distribution into the brain.
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Figure 1. To cut or not to cut? The decision-making process for resective surgery
AED: Antiepileptic drug.
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Figure 2. Is drug-resistant epilepsy a dual disease?
MRPs: Multidrug resistance-associated proteins.
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Table 1

Strategies to manage the refractory patient.

Strategy Current and future treatments Ref.

Polytherapy Add-on traditional AED

Change drug target (e.g., from GABA to NMDA or vice versa)

Increase CNS levels by manipulation of MDR1 (e.g., verapamil) or by BBB healing (e.g.,
dexamethasone)

Surgery Temporal or extratemporal resections [83]

Removal of drug-resistant brain after diagnosis with PET/verapamil

Ketogenic diet Endogenous or exogenous molecules that mimic the effects of the diet without compliance issues

Anti-inflammatory agents If target is well defined (BBB? Drug passage across the BBB?) develop specific molecules to treat
seizures, resistance to drugs and/or multiple-drug resistance in epileptic individuals

[54–56]

AED: Antiepileptic drug.
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