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Current theories on drug resistance in epilepsy include the drug
transporter hypothesis, the drug target hypothesis, and a novel ap-
proach called the inherent severity model of epilepsy, which posits
that the severity of the disease determines its relative response to
medication. Valuable as each of these hypotheses is, none is cur-
rently a stand-alone theory that is able to convincingly explain
drug resistance in human epilepsy. As a consequence, it may be
of interest to update and integrate the various hypotheses of drug
resistance and to explore possible links to the severity of epilepsy.
The observation that a high frequency of seizures prior to onset of
treatment is a prognostic signal of increased severity and future drug
Jailure suggests that common neurobiological factors may underlie
both disease severity and pharmacoresistance. Such a link has been
proposed for depression; however, the evidence for a direct mecha-
nistic link, genetic or otherwise, between drug response and disease
severity of human epilepsy is still elusive. Although emerging data
[from experimental studies suggest that alterations in GABAy re-
ceprors may present one example of a mechanistic link, clearly more
work is needed to explore whether common neurobiological factors

may underlie both epilepsy severity and drug failure.

Much to the disappointment of physicians, patients, and
care providers, extensive antiepileptic drug (AED) resistance
continues to be a major public health issue, affecting one in
three patients with epilepsy despite the introduction of modern
AEDs with new mechanisms of action (1). The development
of innovative and possibly more effective drug treatment strate-
gies to deal with drug resistance has been hampered by the
fact that none of the prevailing pharmacological hypotheses,
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including the drug target and transporter hypotheses, is able to
fully explain the neurobiological basis for drug resistance (2).
Efforts to explain pharmacoresistance by one hypothesis alone
may suffer the fate of blind men trying to describe an elephant.
Perhaps not surprisingly, these hypotheses have not led yet to
the development of new pharmacological strategies that can
successfully treat patients with drug-resistant epilepsy (1-3),
which at least in part, may be due to the fact that current hy-
potheses for the mechanism of epilepsy pharmacoresistance are
often discussed in an exclusive rather than integrative fashion.
Investigators recently proposed a novel approach that consid-
ers pharmacoresistance in terms of intrinsic disease severity (2).
This review will update and integrate the pharmacological, neu-
robiological, and clinical hypotheses that endeavor to explain
the relationships between the intrinsic severity of epilepsy and
drug resistance.

Inherent Disease Severity as a Mechanism of AED
Failure: Clinical and Experimental Evidence

The theory, termed the inherent severity model of epilepsy, pro-
poses that there is a continuum in severity of the disease, which
determines its relative response to medication (2). Prospective
studies of outcome in populations of patients with newly treated
epilepsy have consistently shown that the single most important
factor associated with the chance of remission of seizures is the
frequency of seizures in the early phase of epilepsy, with an asso-
ciation between increased number of seizures in this period and
poorer outcome (4-6). In a study of 780 patients newly diag-
nosed with epilepsy and followed up at a single center over a 20-
year period, the numbers of pretreatment seizures were greater
for patients with drug-resistant epilepsy. Those reporting more
than ten seizures prior to initiation of therapy were more than
twice as likely to develop drug-resistant epilepsy (6). In addition,
clusters of three or more seizures occurring within a 24-hour
period during treatment also were found to be associated with
drug resistance (7). In an earlier prospective community-based
cohort study of 792 patients recruited at the time of their first
diagnosis of epileptic seizures, the number of seizures in the
first 6 months after presentation was the single most impor-
tant predictive factor for both early and long-term remission of
seizures (8). Indeed, according to a recent review, a high fre-
quency of seizures in the early phase of epilepsy is the dominant
risk factor influencing the chance of remission of seizures, out-
weighing the contribution from other factors associated with
prognosis, including etiology of epilepsy, seizure type, or the
results of either EEG or imaging (2). These epidemiological
data support the intrinsic severity epilepsy model, which seeks
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to explain AED failure by assessing differences in inherent
epilepsy severity by the frequency of seizures in the early phase of
epilepsy.

Any neurobiological and pharmacological hypothesis of
intrinsic severity of epilepsy and drug response, based on long-
term studies in childhood-onset epilepsy and short-term studies
inadults with epilepsy, has to consider thatapproximately 7 per-
cent of newly treated patients is extensively drug resistant and
never enters 1-year remission from the start of treatment, de-
spite the use of many drugs (4). However, only an additional 15
to 20 percent of patients switch in and out of drug resistance
during the course of their epilepsy (4). This observation is sup-
ported by several studies showing that approximately one in five
patients previously considered to be drug resistant, eventually
becomes seizure-free with a change of medical regimen (9-11).
These data show that drug resistance is reversible, and the in-
trinsic severity of the epilepsy can decrease over time—at least in
a significant subgroup of patients with drug-resistant epilepsy.
These findings allow revision of earlier suggestions that a pa-
tient who does not achieve seizure control with the first two or
three drug regimens (including combinations) within the first
2 or 3 years of starting treatment is unlikely ever to achieve
remission and usually can be considered to have drug-resistant
epilepsy (12).

Although intuitively instructive, the inherent severity
model, if based solely on early seizure frequency, has its lim-
itations. These limitations include: 1) A lack of studies on the
neurobiological basis of the severity hypothesis (2). Surprisingly,
no molecular genetic studies have been performed for patients
with low, versus high, seizure frequency at presentation or early
in the course of the disease (2). 2) The clinical observation that
a subgroup of patients with a higher seizure frequency at the
onset of treatment will become seizure-free but require higher
serum concentrations of AEDs to do so than those with a lower
seizure frequency (13). This finding suggests that the intrinsic
epilepsy severity concept alone is not able to fully explain or
predict drug resistance of the epilepsy. 3) The evidence from a
community-based cohort of 77 children with new-onset tempo-
ral lobe epilepsy (TLE), who were followed prospectively with
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formal reviews at 7 and 14 years after seizure onset, showed that
there were lesions on MRI but neither initial seizure frequency
nor early seizure remissions were predictive of seizure outcome
(14). The undeniable success of resective epilepsy surgery in
drug-resistant epilepsy, also apparent in those patients with a
low seizure frequency, suggests that structural lesions play a di-
rect and important role in determining AED failure (1). Thus,
itis of interest not only to examine more closely if drug failure is
determined by seizure frequency alone, but also to study the in-
teraction of seizure frequency and other potential contributing
factors that may lead to drug resistance.

Univariate and multivariate logistic regression analyses
demonstrated that drug resistance also is associated with family
history of epilepsy, previous febrile seizures, traumatic brain in-
jury as the cause of the epilepsy, intermittent recreational drug
use, and an interesting new finding, prior or current psychiatric
comorbidity, particularly depression (6). The data provide a pre-
liminary basis for the integrative hypothesis that the deleterious
neurobiological processes that underpin psychiatric comorbid-
ity and an intrinsic severity of epilepsy may interact with those
producing drug resistance in epilepsy (see Figure 1).

Animal models of epilepsy that offer direct comparison
of pharmacoresistant and pharmacoresponsive animals, in the
absence of the various confounding factors that complicate epi-
demiological studies, may be valuable tools in the effort to un-
derstand the biological basis of drug resistance and whether or
not and how it can be predicted (15). Using an animal model
of spontaneous recurrent seizures that develop after electrically
induced status epilepticus, the difference in seizure frequency
between pharmacoresistant and pharmacoresponsive rats, prior
to AED treatment, was investigated (W. Loscher and C. Brandt,
unpubl. ms.). In this model, about 30 to 40 percent of epileptic
rats did not respond to prolonged treatment with either phe-
nobarbital or phenytoin (16,17), thus meeting the operational
definition of pharmacoresistance in animal models (i.e., per-
sistent seizure activity not responding to at least two AEDs at
maximum tolerated doses) (18). A meta-analysis of three drug
trials involving a total of 33 epileptic rats showed that before
onset of AED treatment, average seizure frequency in AED
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nonresponders (7 = 13) was significantly higher than seizure
frequency in responders (7 = 20); however, the outcome actu-
ally was due to a subgroup of nonresponders (7 = 6) that exhib-
ited >3 seizures/day (W. Loscher and C. Brandt, unpubl. ms.).
Such high seizure frequency was not observed in responders,
demonstrating that high seizure frequency predicted pharma-
coresistance, but did not occur in all nonresponders. In other
words, in this animal model, as in human epilepsy, intrinsic dis-
ease severity alone is not sufficient to explain AED resistance.
Other factors associated with pharmacoresistance in the
same model include behavioral abnormalities (19), hippocam-
pal damage (20,21), overexpression of the efflux transporter
P-glycoprotein (P-gp) at the blood-brain barrier (BBB) (22),
and alterations in GABA, receptors that form the target for
several AEDs, including phenobarbital (20,21). Thus, these ex-
perimental data suggest that multifactorial rather than single
alterations underlie pharmacoresistance (see Figure 1).

Update of the Transporter and Drug
Target Hypotheses

Two hypotheses have gained considerable favor in recent years,
the zransporter hypothesis, which suggests that AED levels are
decreased at their brain targets because of overexpression of drug
efflux transporters, such as P-gp, in epileptogenic brain regions,
and the target hypothesis, which suggests that intrinsic (genetic)
and acquired (disease-related) alterations to the structure and/or
functionality of AED targets in epileptogenic brain regions lead
to reduced drug effects (23,24).

Similar to the famous Koch’s postulates, which originally
were used to establish the role of bacteria in infectious disease,
Sisodiya suggested that at least four criteria must be satisfied fora
proposed drug-resistance mechanism of epilepsy to be accepted.
The mechanism must: 1) be detectable in epileptogenic brain
tissue; 2) have appropriate functionality; 3) be active in drug
resistance; and 4) result in reduced drug resistance when the
mechanism is overcome (25). All of these criteria recently have
been satisfied for the transporter hypothesis; however, as yet,
only in rodent models of epilepsy. Accordingly, P-gp expression
is 1) increased in epileptogenic brain tissue of rodents (23), 2)
associated with lower brain levels of AEDs (26,27), 3) higher in
AED-resistant rats than in responsive animals (22), and most
importantly, 4) coadministration of the highly selective P-gp
inhibitor, tariquidar, reverses AED resistance (28,29). Thus, it
is reasonable to conclude that P-gp plays a significant role in
mediating resistance to AEDs in rodent models of TLE and that
inhibition of P-gp can circumvent this mechanism; however,
whether or not this phenomenon extends to the human species
remains unclear (30).

The major caveat of the transporter hypothesis is the lack
of evidence that AEDs are substrates for efflux by human P-gp
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(2). The in vitro model systems used in this respect have not
been validated for highly permeable compounds, such as AEDs,
and it is not clear if P-gp levels in the model systems accurately
represent P-gp levels in brain capillaries of patients with drug-
resistant epilepsy (31). It thus is important to note that two
independent studies recently reported transport of AEDs by
human P-gp, using modified model systems (32,33). First, in-
vestigators developed a new, dynamic in vicro BBB model that
recapitulates several of the functional and structural properties
of the BBB, including shear stress (32,34). By using cocultures
of human microvascular endothelial cells and astrocytes from
normal and drug-resistant epileptic brain tissue, the investiga-
tors found that the permeability of the in vitro BBB to pheny-
toin was tenfold less when using brain capillary endothelial cells
from drug-resistant patients (32). This decreased permeability
could be partially counteracted by the selective P-gp inhibitor,
tariquidar, indicating that P-gp was involved in the reduced
permeability of endothelial cells from epileptic patients (32).
Transport of phenytoin by human P-gp was substantiated in
another study that used MDRI-transfected cells in a modified
transport assay, which allows evaluation of active transport in-
dependently of the passive permeability component (33). In
addition to phenytoin, several other major AEDs were trans-
ported by human P-gp, and this transport could be inhibited
by tariquidar.

A next logical step in the assessment of the transporter
hypothesis in epilepsy patients will be the use of ' C-labeled
AEDs and PET to determine if AED resistance is associated
with lower brain uptake and increased brain efflux of AEDs. A
pilot PET study assessing the P-gp ligand (R)-'' C-verapamil by
patients with TLE showed increased brain efflux of this ligand
in parahippocampal regions of the ipsilateral hemisphere in five
of seven patients, but, because of its low brain uptake, (R)-''C-
verapamil is not an ideal substance to identify alterations in
function or expression of P-gp in the brain (35). Recent exper-
imental data have indicated that (R)-'!C-verapamil combined
with the P-gp inhibitor tariquidar is a more promising approach
to measure P-gp function at the BBB (36), and clinical trials
are underway to evaluate this approach in patients.

Increased brain expression of efflux transporters, such as P-
gp, could be either a result of prolonged or frequent seizures, as
demonstrated in rodent models of epilepsy, or of genetic factors,
such as polymorphisms in the MDRI gene or, theoretically, of
both (23). Several pharmacogenetic studies have indicated that
MDRI polymorphisms that affect the expression or function-
ality of P-gp, such as the 3435C>T polymorphism, are more
frequent in AED nonresponders than responders, but the find-
ing could not be reproduced in other studies (37). A likely
explanation for these inconsistent data is that most previous
genetic association studies included patients treated with var-
ious AEDs, and for several of these drugs, it is not known
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whether or not they are transported by P-gp (37). More recent
monotherapy studies in human patients with epilepsy treated
with AEDs that are transported by human P-gp (phenytoin or
phenobarbital) demonstrated a significant association between
the MDRI 3435C>T polymorphism and pharmacoresistance
(38,39). Furthermore, in the phenobarbital study, the CC geno-
type of 3435 was associated with significantly lower drug levels
in CSF and a significantly lower CSF/plasma ratio than the CT
or TT genotypes (39). However, causality has not been proven
in any of these studies, thus all reported findings remain asso-
ciations. Finally, it is of interest to note that polymorphisms in
MDRI also have been shown to predict antidepressant treat-
ment response in depression (40).

The target hypothesis of drug failure is based primarily on
studies indicating reduced sensitivity of voltage-gated sodium
channels to carbamazepine in epileptogenic brain tissue from
patients who were not seizure-free while receiving this AED and
underwent resective surgery (41,42). Surprisingly, compared to
the transporter hypothesis, only a few studies have explored the
target hypothesis; therefore the criteria proposed by Sisodiya
have not been met, either experimentally or clinically, as of yet.
Furthermore, it remains unknown if target alterations in epilep-
togenic brain tissue from AED-resistant patients alter only the
efficacy of carbamazepine or whether they also can affect other
AEDs that act at sodium channels or ones that have a different
mechanism of action (2). Alterations in voltage-gated sodium
channels and other AED targets, including GABA, receptors,
have been determined in animal models of TLE (3,24). In line
with the target hypothesis, GABA, receptor subunit alterations
were associated with resistance to phenobarbital in a rat model
of TLE (20,21). Furthermore, alterations in GABA, receptors
are likely to explain resistance of status epilepticus to benzodi-
azepines (43,44). Chen and Wasterlain have proposed the inter-
esting concept that alterations in GABA, receptors, including a
decrease in the number of functional receptors because of recep-
tor trafficking, are an explanation for both the transition from
isolated seizures to status epilepticus and for the progressive loss
of efficacy of the AED to terminate status epilepticus, suggest-
ing that the same neurobiological mechanism may underlie the
evolution of both severity of seizures and AED failure (44).

Conclusion: The Need for an Integrative View

In addition to the transporter and target hypotheses of epilepsy
drug resistance, a novel approach, the inherent severity model
of epilepsy, recently has been proposed by Rogawski and John-
son (2). As valuable as each of the three hypotheses may be,
neither is able to explain drug resistance in human epilepsy as
a stand-alone theory. The transporter hypothesis, which has a
solid base in experimental epilepsy, needs more evidence from
human epilepsy studies. The target hypothesis, although intu-
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itively attractive, is based on very few studies in human epilepsy
with only one AED (carbamazepine), although more recent
experimental data indicate that target alterations also may be
involved in resistance to other AEDs. Although the novel third
theory is a welcome approach, it also has its limitations. High
seizure frequency often is associated with drug resistance, yet
a subgroup of these patients eventually becomes seizure-free
after a change of medication, and conversely, a subgroup of
epilepsy patients starting with few seizures, turn out to have
drug-resistant epilepsy. Finally, another caveat of the inherent
severity model is the lack of studies on the neurobiological,
molecular, and genetic basis of the severity hypothesis. It is
possible that each of the three theories applies to one pure sub-
group of patients, yet in many patients these mechanisms may
overlap.

Experimentally, it has been shown that pharmacoresistance
is associated with high seizure frequency, target alterations, and
P-gp overexpression in the same epileptic rats—although, as
discussed, not all AED-resistant rats display high seizure fre-
quency. Inhibition of P-gp selectively increases AED concentra-
tions in epileptogenic brain regions that share overexpression of
P-gp and reduced target sensitivity (21,27), which may explain
the surprisingly high efficacy of the P-gp inhibitor tariquidar
to counteract pharmacoresistance in epileptic rats (27,28). In
other words, P-gp inhibition may counteract the consequences
of both P-gp overexpression and loss of target sensitivity in
epileptogenic brain regions by increasing AED concentrations
at target sites. The European Union is currently supporting
a “European research initiative to develop imaging probes for
early in vivo diagnosis and evaluation of response to therapeu-
tic substances” (EURIPIDES; cf., www.euripides-europe.com/)
that will explore the causes of drug resistance for patients with
major neurological diseases, including epilepsy. A key aim of
this initiative is the development of new PET ligands, includ-
ing ''C-labeled AEDs, to study alterations in functionality and
expression of P-gp in epilepsy that could ultimately permitiden-
tification of patients who would benefit from coadministration
of P-gp inhibitors.

Finally, the ultimate integrative hypothesis would be one
in which the mechanisms thought to be involved in regulat-
ing drug response also would play a role in determining disease
severity, which as yet remains unproven for epilepsy. It is of inter-
est to note that similar links have been proposed for depression:
it was reported that polymorphisms in FKBP5, a glucocorti-
coid receptor-regulating cochaperone of Hsp90, are associated
with increased recurrence of depressive episodes and rapid re-
sponse to antidepressant treatment (45). Although promising
data from experimental epilepsy studies suggest target modifi-
cation may present such a link, as reviewed, the evidence for
a direct mechanistic link, genetic or otherwise, between drug

response and human disease severity, if it exists, is still elusive.
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Clearly, more work is needed to explore whether or not com-

mon neurobiological factors may underlie both epilepsy severity

and drug failure.
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