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    Chapter 14   

 Discovering New Antiepileptic Drugs Addressing 
the Transporter Hypothesis of Refractory Epilepsy: 
Ligand- Based Approximations                     

     Manuel     Couyoupetrou    ,     Mauricio     Di     Ianni    ,     Melisa     Gantner    ,     Guido     Pesce    , 
    Roxana     Peroni    ,     Alan     Talevi     , and     Luis     E.     Bruno-Blanch     

  Abstract 

   About one third of the epileptic patients cannot control their symptoms with antiepileptic drugs, despite 
the introduction of more than 15 novel therapeutic agents to the market since 1990. The most studied 
hypothesis to explain the phenomenon of drug resistance in epilepsy maintains that it might be related to 
regional overactivity of effl ux transporters from the ATP-binding cassette (ABC) superfamily at the blood–
brain barrier and/or the epileptic foci. Here, we review scientifi c evidence supporting the transporter 
hypothesis along with its limitations. We also cover some technical aspects of computational and experi-
mental approaches used for the early detection of substrates of such effl ux systems.  
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1      Introduction 

   About 30 % of the epileptic patients suffer from refractory or intrac-
table epilepsy [ 1 ], i.e., they fail to achieve seizure freedom through 
adequate trials of two tolerated appropriately chosen antiepileptic 
drug (AED) schedules [ 2 ]. A clear and universal  defi nition   of 
refractory epilepsy is fundamental to understand the limitations of 
the neurobiological explanations to refractory epilepsy, which are 
discussed later in the present chapter. This scenario has not changed 
substantially despite the introduction of more than 15 AEDs from 
1990 to the present [ 3 ]. Biological mechanisms underlying drug- 
resistant epilepsy have not been fully elucidated [ 4 ], though there 
are several hypotheses that explain this phenomenon; among them, 
the more prominent are the transporter hypothesis [ 5 ,  6 ], the tar-
get hypothesis [ 6 ,  7 ], the neural network hypothesis [ 8 ], the gene 
variant hypothesis [ 9 ], and the intrinsic severity hypothesis [ 10 ]. 

1.1  Refractory 
Epilepsy: Current 
Explanations
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The transporter and target hypotheses have been proposed earlier 
and have thus been more extensively studied. The former states 
that drug resistance in epilepsy may be a consequence of the local 
overactivity of ATP-binding cassette (ABC) transporters at the 
blood–brain barrier (BBB) and/or the epileptic foci. An overview 
on the evidence and limitations of this hypothesis is provided under 
the next subsection. The target hypothesis proposes that the 
reduced sensitivity to AEDs might be linked to acquired modifi ca-
tions in the structure and/or functionality of AED targets. While 
some years back constitutive alterations of drug transporters or tar-
gets were also included within the scope of the transporter and 
target hypothesis [ 7 ,  11 ], leading experts in the fi eld now catego-
rize intrinsic alterations of drug targets within the gene variant 
hypothesis [ 4 ]. The latter, however, also covers other possible 
genetic causes of drug resistance, such as polymorphic variants of 
CYP biotransformation enzymes. The nature of the pharmacoki-
netic or pharmacodynamic alteration is not trivial since it could 
have a profound impact on the clinical approach to the drug resis-
tance issue. While genetic causes of pharmacoresistance might cur-
rently be detected through simple diagnostic tests even before 
starting the treatment, acquired modifi cations linked to the patho-
physiology of the disease are more diffi cult to prove and nowadays 
still require more invasive procedures (e.g., surgery resection). 
Recently, the possible role of epigenetics in drug-resistant epilepsy 
has also been underlined [ 12 ]. 

 It has been noted that none of the hypotheses provides a full 
or universal explanation to nonresponsive patients with epilepsy: a 
certain hypothesis might be applicable to a particular subgroup of 
patients, or alternatively, some patients could require multiple 
hypotheses to explain their refractoriness [ 4 ,  11 ,  13 ]. It is worth 
highlighting that the best treatment approach should be highly 
dependent on the underlying drug resistance mechanisms observed 
in a given patient.  

   In eukaryotes,     ABC   transporters are transmembrane effl ux trans-
porters characterized by wide substrate specifi city [ 14 ,  15 ]. They are 
highly expressed in barrier tissues (e.g., blood–brain barrier) and 
elimination organs (such as the liver and kidneys), restricting the 
bioavailability of xenobiotics and being consequently involved in 
multidrug resistance phenomena. They also play a role in the traffi c 
of physiologic compounds (e.g., cholesterol or amyloid beta) and 
the pathogenesis of diverse disorders [ 15 – 17 ]. Most of the research 
on  ABC transporters   has focused on P-glycoprotein ( Pgp  )      , the fi rst 
historically identifi ed member of the superfamily, although the 
attention of the scientifi c community now also extends to other 
members, namely, multidrug resistance proteins ( MRPs   or ABCCs) 
and breast cancer resistance protein ( BCRP   or ABCG2). 

1.2  Strong and Weak 
Points of the Transporter 
Hypothesis
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 Validation of the  transporter   hypothesis for drug-resistant epi-
lepsy has been achieved at the  preclinical   level, where drug resis-
tance in animal models of seizure and epilepsy has been reverted by 
coadministration of ABC transporter inhibitors. In 2001, Potschka 
and coworkers proved that the levels of carbamazepine in the 
extracellular fl uid of the cerebral cortex could be enhanced through 
perfusion of the  Pgp   inhibitor  verapamil   and the MRP1/2/5 
inhibitor probenecid [ 18 ]. Next, the same group proved that coad-
ministration of probenecid and phenytoin increased phenytoin 
anticonvulsant effect in kindled rats [ 19 ]. Neither 50 mg/kg pro-
benecid nor 6.25 mg/kg phenytoin exerted signifi cant anticonvul-
sant effect when given alone. It was argued that such raise in the 
seizure threshold was unlikely to result from additive effects of the 
chosen sub-anticonvulsant doses. Similar results were later obtained 
in the focal pilocarpine model of limbic seizures [ 20 ]. These pio-
neering works had two important limitations: (a) they used weak, 
unspecifi c modulators of ABC transporters; and (b) experiments 
were performed without discriminating between responder and 
nonresponder animals. The fi rst issue was solved with tariquidar, a 
third-generation and more specifi c inhibitor of Pgp [ 21 ]. Inhibition 
of Pgp by tariquidar increased the phenytoin brain-to-plasma ratio. 
Defi nitive preclinical proof of concept of the transporter hypothe-
sis was obtained by coadministration of tariquidar to drug-resistant 
animals with Pgp overactivity [ 22 ]. Similar results were observed 
in the 3-mercaptopropionic acid model of refractory seizures, 
which is associated with Pgp upregulation at the blood–brain bar-
rier, neurons, and astrocytes [ 23 ]. Remarkably,  verapamil   add-on 
therapy did not improve seizure control in a study on phenobarbital- 
resistant dogs,  and   some animals showed a worsening of seizure 
control [ 24 ], which highlights the potential infl uence of interspe-
cies variability and the necessity to validate the transporter hypoth-
esis at clinical trials. 

 Concerning clinical data, substantial evidence shows high 
expression levels of ABC transporters at the neurovascular unit of 
nonresponders [ 25 – 32 ]. Most of these studies compare samples 
from patients with intractable epilepsy subjected to surgical removal 
of the epileptic focus with samples of human brain from people 
with no history of seizures. While brain tissue from drug-respon-
sive epileptic patients would be a more adequate control, such 
samples are unavailable since the invasive procedure to obtain them 
is unacceptable in responders. This limitation has recently been 
overcome using positron emission tomography [ 33 ,  34 ] which 
showed that the plasma-to-brain transport rate constants K1 for 
[11C] verapamil   and (R)-[11C] verapamil   tend to be reduced in 
different brain regions of drug-resistant epileptic patients in com-
parison with both healthy individuals and seizure-free patients. 

 Reversal of drug resistance after blocking ABC transporters 
would constitute defi nite proof of  the   transporter hypothesis. 

Discovering New Drugs to Address the Transporter Hypothesis
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Anecdotal cases of refractory patients who have shown improve-
ment when AEDs were coadministered with  verapamil   have been 
reported [ 35 – 38 ], but it is unclear if the observed results could be 
a consequence of the intrinsic anticonvulsant effects of  verapamil   
and/or other drug interactions of pharmacokinetic nature. More 
recently, a study was conducted on seven children with drug- 
resistant epilepsy [ 39 ]. They received  verapamil   as add-on therapy 
to baseline AED. Three subjects with genetically determined 
 Dravet syndrome   showed a partial response to adjunctive  vera-
pamil  ; another patient with the same syndrome but no known 
mutation showed partial seizure control during 13 months fol-
lowed by seizure worsening. Two subjects with structural epilepsy 
and one with  Lennox–Gastaut syndrome   showed no improvement. 
In spite of the limited number of patients participating in the study, 
the results seem in agreement with the idea that some therapeutic 
interventions might be more effective in certain subgroups of 
refractory patients. A double-blind, randomized, single-center trial 
(initial sample size = 22) showed mild benefi ts of  verapamil   in com-
parison to placebo as add-on therapy for refractory epilepsy for a 
subset of the participants [ 40 ]. Randomized controlled multi-
centered trials and studies addressing the effect of selective inhibi-
tors of  Pg  p with no intrinsic activity are still needed to obtain 
defi nitive clinical evidence for the transporter hypothesis. Regarding 
a possible association between genetic variants of ABC transporters 
and drug-resistant epilepsy, the available studies are controversial 
and sometimes inconclusive; while former meta-analysis failed to 
establish an association between ABCB1 variants and refractory 
epilepsy [ 41 ], subgroup analysis in more recent ones suggests asso-
ciations in Caucasian and Asian subjects [ 42 – 44 ]. 

 The main argument against the transporter hypothesis is that 
not all AEDs are  Pgp   substrates. Seemingly contradictory evidence 
exists regarding which AEDs are substrates and which are not [ 45 , 
 46 ], but it should be kept in mind that results are highly depen-
dent on the experimental setting, including the type of assay (in 
vivo, ex vivo, or in vitro, human versus animal models, concentra-
tion equilibrium transport assay, or nonequilibrium conditions). 
Still, it seems safe to say that some AEDs are unlike Pgp substrates. 
A number of points should be considered to reach a conclusion 
regarding the assigned category (substrate or non-substrate). 
Possible interspecies variability in substrate specifi city should not 
be excluded. Bidirectional transport assays in the presence and 
 absence   of a selective Pgp inhibitor might lack sensitivity since 
directional transport might be masked by the contribution of 
 passive diffusion; this is especially true when high concentrations 
of the test drug are used. The magnitude of this effect depends on 
the expression levels of the transporter in the cell culture, the sub-
strate-tested concentrations, the drug affi nity for the transporter, 
and the physicochemical features of the test drug, among others 

Manuel Couyoupetrou et al.



263

[ 47 ]. Starting the assay with equal drug concentrations on both 
sides of the cell monolayer (concentration equilibrium transport 
assay,  CETA  ) removes  the   concentration gradient, avoiding net 
diffusion and enhancing sensitivity [ 48 ]. 

 Even if some available AEDs are not  Pgp   substrates, does this 
entirely preclude the validity of the transporter hypothesis? Not 
really. First, Pgp is one among many other effl ux transporters pos-
sibly involved in drug-resistant epilepsy. Most of the studies deter-
mining the directional transport of AEDs have focused on Pgp; 
however, some of the AEDs  are   transported by other members of 
the ABC superfamily. The role of  BCRP   in the drug resistance 
phenomena might have been overlooked: while previous work 
seemed to suggest that AEDs were not transported by BCRP [ 49 ], 
more recent studies using double-knockout Mdr1a/1b(−/−)/
Bcrp(−/−) mice and the  CETA   model suggest otherwise [ 50 ,  51 ]. 
Interestingly, proteomic studies have revealed ABCG2 as the trans-
porter with the highest expression levels at the BBB of healthy 
subjects [ 52 ]. Moreover, due to the partial overlapping of the sub-
strate specifi city of different ABC transporters (together with 
reported co-expression and co-localization patterns that point to a 
cooperative role in the disposition of common substrates) [ 50 – 52 ], 
the role of a certain ABC transporter might be obscured owing to 
the function of others, their concerted function, and possible com-
pensatory regulation, thus requiring complex models to study the 
phenomena. The diffi culties to quantify the levels of expression of 
a given transporter in different regions of the brain of patients who 
have not been subjected to surgical procedures and the uncertain-
ties regarding the ability of experimental models to refl ect the 
absolute and relative expression levels of the different ABC effl ux 
transporters at the epileptic foci and the BBB contribute to the dif-
fi culties to study the infl uence of a given transporter in the regional 
AED bioavailability in the brain. 

 The current defi nition of refractory epilepsy itself suggests that 
the transporter hypothesis may hold even if some of the known 
AEDs are not recognized by ABC transporters. Since the defi ni-
tion indicates that a patient should be considered unresponsive 
after failure of two well-tolerated and appropriately chosen and 
used AED trials, the key to the preceding reasoning lies in what is 
considered an appropriate drug choice. The defi nition of drug- 
resistant epilepsy weakens the transporter hypothesis if and only if 
one of the two appropriate therapeutic interventions was in fact a 
non-substrate for ABC transporters. At present, in the absence of 
defi nitive clinical proof of the transporter hypothesis, clinical 
guidelines for the management of epilepsy do not recommend to 
try at least one non-substrate AED; thus, the quality of substrate or 
non-substrate is presently unrelated to the appropriateness of the 
intervention. If the transporter hypothesis was validated, then a 
method for patient selection capable of identifying patients that 

Discovering New Drugs to Address the Transporter Hypothesis



264

may benefi t from therapeutic strategies targeting effl ux transport 
will be required; what is more, patient selection should also be 
considered when designing clinical trials to study the clinical rele-
vance of the transporter-associated resistance [ 53 ], excluding other 
sources of drug resistance as possible confounders.  

   There are a number of possible therapeutic solutions that are being 
explored in relation to the transporter hypothesis. Inhibition of 
 ABC transporters   by adding on transporter blockers has already 
been studied as a possible therapeutic solution to multidrug resis-
tance in cancer, though clinical trials have so far been disappointing 
([ 13 ,  15 ,  53 ] and references therein) due to safety issues. The 
reader should bear in mind the physiologic role of ABC transport-
ers as a general detoxifi cation mechanism and their involvement in 
the traffi c of endogenous substrates, which discourages the use of 
add-on inhibitors in the context of long-term therapeutic interven-
tions (such as the ones used in epilepsy). The potential effects of 
such inhibitors in the pharmacokinetics of other drugs should also 
be considered in a polymedication scenario owing to the high 
probability of adverse drug interactions. Moderate or weak inhibi-
tors of ABC transporters emerge as possible solutions; so do thera-
peutic agents directed to the signaling cascade that regulates the 
transporter expression [ 53 ]. A deep review on such approaches can 
be found in the excellent articles by Potschka and Luna-Munguia 
[ 53 ,  54 ]. 

 The use of a  “Trojan horse” approach   to deliver therapeutic 
levels of the ABC transporter substrates to the epileptic focus, 
avoiding the recognition of the effl ux pumps, could also be men-
tioned. This type of intervention encompasses prodrug design and 
particulate delivery systems (mainly, pharmaceutical nanocarriers) 
([ 55 ,  56 ]; the reader may also refer to the special chapter on this 
subject, in this same volume). Finally, the design of novel AEDs 
which are not recognized by ABC transporters constitutes an inter-
esting but presently overlooked alternative solution. In the follow-
ing sections, we will describe some protocols directed to the early 
in silico and in  vitro   identifi cation of substrates of ABC transport-
ers in the frame of AED discovery programs.   

2    In Silico Identifi cation of Substrates for ABC Transporters 

 The general procedure to build ligand-based computational models 
has already been discussed by Talevi and Bruno-Blanch in another 
chapter of this volume. Similarly, the use of target- based   approxi-
mations for the early recognition of  Pgp   substrates through homol-
ogy modeling and subsequent virtual screening has been discussed 
by Palestro and Gavernet. Thus, we will only discuss under this 

1.3  Therapeutic 
Approaches 
to Transporter- 
Mediated Refractory 
Epilepsy
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section particular aspects of ligand-based approximations aimed to 
in silico early recognition of ABC transporter substrates, with 
emphasis on the suitability of  meta-classifi ers for this   purpose. 
Naturally, the general objective here is to discard substrates of ABC 
transporters; that is,  ABC effl ux pumps   will be regarded as  antitar-
gets  , i.e.,  a biological target that causes undesirable effects when inter-
acting with a drug . Note that unlike common screening campaigns, 
where the compounds that interact with a given biological target 
are retained for further studies,  the   compounds interacting with an 
antitarget will not progress to additional testing. 

 We suggest starting any protocol to identify potential new 
treatments for effl ux transporter-associated refractory epilepsy with 
high-throughput cost-effi cient in silico screening tools and then 
gradually advance to computationally demanding models with 
lower throughput,    reserving in vitro and in vivo models to the last 
stages of the screening. This cascade “in silico and in vitro fi rst, 
in vivo later” approximation is not only cost-effi cient (experimen-
tal tests are always more expensive than in silico experiments) but 
is also in good agreement with the  3R’s bioethical principle  , since 
it helps replacing and reducing animal testing as much as possible. 

 The reader may choose between developing its own in-house 
in silico model and resorting to any of the (many) models reported 
previously (see, for example, the models reviewed in references 
[ 57 – 59 ]). Some model developers offer their  models   online or in 
software packages, either freely or commercially. See, for example, 
 Biozyne   (  http://pgp.biozyne.com/    , last assessed January 2016) 
and  Althotas Virtual Laboratory   (  http://pgp.althotas.com/    , last 
assessed January 2016) [ 60 ,  61 ]. Some models can be reproduced 
from literature reports provided that you can access the required 
software tools. If you decide to use models developed by someone 
else for your predictions, it might be a good idea to examine the 
original papers in which such models are described, in order to 
assess the suitability of the procedures that have been used for 
model building and possible limitations of the approach. Do not 
rely blindly in computational models whose details have not been 
disclosed. Note that very frequently reported models related to 
ABC transporters are based on unbalanced training sets in which 
substrates signifi cantly outnumber non-substrates, resulting in 
possible bias toward the prediction of the dominant category. On 
the other hand, many of the reported models have been derived 
from congeneric series of molecules, severely restricting their 
chemical space coverage. Finally, models to predict interaction 
with ABC transporters are seldom complemented by experimental 
validation of the results. As a general rule, when  using   models 
related to ABC transporters developed by other modelers, you 
should try posing the following questions: Have the models 
been derived from a balanced training set? Have the models been 
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inferred from a chemically diverse training set? Is it possible for you 
to estimate whether a predicted compound belongs to the applica-
bility domain of the model? Have the models been appropriately 
validated using at least external validation procedures? If your 
answer to any of this questions is no or if you do not know the 
answer, avoid using the correspondent model(s). As a fi nal advice 
on this matter, try to review the quality of the biological data 
used for training purposes. Section  3  will discuss some advice for 
in vitro permeability assays that could be used as reference. As dis-
cussed in the chapter by Talevi and Bruno-Blanch in this same 
volume, there are some robust modeling approaches (namely, clas-
sifi cation models and ensemble learning) that can help mitigating 
noise related to dubious or heterogeneous experimental data. 
Finally, note that accuracy metrics reported in the literature for a 
given model often correspond to a single score cutoff value. If you 
are able to build a receiving operating characteristic (ROC) curve, 
you may even optimize the score threshold value according to your 
own scenario, opting for a cutoff value that favors specifi city or 
sensitivity depending on your particular needs [ 62 ]. From the 
work by Truchon and Bayly, it is suggested to study the behavior 
of a given virtual screening/ranking method by seeding a relatively 
small number of known hits among a large number of decoys [ 63 ]. 
Through analytical work and proper statistical simulation methods, 
these authors demonstrated that the standard deviations in different 
metrics used to assess ranking methods tend to converge in such 
conditions, simultaneously removing a possible “ saturation effect  .” 
In brief, do not  excessively   rely in conclusions regarding ranking 
metrics when they have been drawn from a limited-size test sample; 
instead, conduct your own evaluation through a pilot screening 
campaign dispersing a small sample of known hits among a large 
number of decoys: you might fi nd the directory of useful decoys 
valuable for this purpose [ 64 ]. 

 If you choose to build your own model(s) to predict affi nity for 
ABC transporters, you must assume similar considerations.    The key 
point here is that, owing to the  polyspecifi city   that characterizes 
ABC transporters and the high interlab variability associated with 
experimental data, predicting whether a substance is or is not trans-
ported by a given member of the ABC superfamily is particularly 
challenging. Back in 2007, based on the high variability of  Pgp   
experimental affi nity data, Zhang and colleagues estimated the upper 
bound of accuracy for Pgp models in 85 % [ 65 ], which is quite low 
compared with the accuracy achieved in the frame of other modeling 
problems. With some exceptions that overcome that theoretic upper 
bound (see, for instance, [ 66 ]), most of the reported models on 
ABC transporters display an overall accuracy similar to 80 %. 
Typically, modeling efforts rely on biological data and chemical 
datasets compiled from literature: classifi cation models can be used 
to alleviate the noise associated with such heterogeneous experimen-
tal data and large interlaboratory variability [ 67 ]; as Polanski et al. 
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affi rm, extensive data independence implies qualitative rather than 
quantitative solutions [ 68 ]. 

 The intrinsic diffi culty of predicting affi nity for ABC transport-
ers has led many researches in the  fi eld   to contemplate more fl exi-
ble techniques such as nonlinear models [ 59 ] and more robust 
approximations such as ensemble learning/consensus QSAR or 
locally weighted methods [ 58 ,  69 – 75 ]. Also note that there is 
some evidence that ensemble learning could reduce the necessity 
of applicability domain estimation, assuring wider coverage of the 
chemical space [ 76 ]. Despite a very large number of models and 
algorithms for the computer-aided recognition of substrates for 
ABC transporters have been reported, very few have been applied 
in the specifi c fi eld of drug discovery for refractory epilepsy, includ-
ing the models by Di Ianni et al. [ 74 ] which have been used either 
alone or combined with docking protocols, as described by Palestro 
and Gavernet in this same volume. 

 Finally, when compiling training data, interspecies differences 
and other sources of variability (e.g., expression systems, genetic 
variants) must be considered.  

3     In Vitro Permeability Assay to Identify ABC Transporter Substrates 

 In vitro models for the prediction of drug transport across biologi-
cal barriers include cell cultures that reproduce physiological char-
acteristics of a variety of barriers, such as the intestine and the 
blood–brain barrier. As previously insinuated, one of the main 
limitations of such systems is the high variability in permeability 
estimations, which makes diffi cult the comparison and combina-
tion of data from different laboratories and demands careful valida-
tion and continuous suitability demonstration: proper 
standardization of preexperimental, experimental, and post- 
experimental factors helps in reducing intra- and interlaboratory 
variability [ 77 – 79 ]. In the conclusion of their recent and remark-
able study assessing the infl uence of a diversity of factors (mainly, 
days between seeding and experiment, passage number, coating, 
and data analysis approach) on variability and permeability, Oltra- 
Noguera and coworkers conclude that a similar study should be 
undertaken in each laboratory to evaluate the infl uence of protocol 
variables on the cell monolayer properties, in order to standardize 
the conditions and set acceptance criteria [ 77 ].  Caco-2, MDCK  , 
and MDCK  Pgp  -transfected clone (MDCK–MDR1) cell lines are 
the most frequently used to determine in vitro permeability values 
 and   characterize drug transport mechanisms. Among them, we are 
currently using  MDCK–MDR1 cells   to study if AED candidates 
are or are not Pgp substrates. MDCK–MDR1 constitute a fast 
maturation model; note that MDCK–MDR1 lines with low values 
of transepithelial resistance ( TEER)      have also been used as blood–
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brain barrier model [ 80 ,  81 ]. Back to the study of Oltra- Noguera, 
MDCK–MDR1 showed constant CV among passages, protocols, 
and experimental conditions, but permeability values were affected 
by all the studied conditions mentioned previously, indicating that 
for this cell line, standardization of experimental conditions is par-
ticularly critical to obtain comparable results between different 
laboratories [ 77 ]. 

 Since the more relevant transporters possibly contributing to 
drug-resistant epilepsy are preferentially expressed in the apical 
membrane of the cells, the effl ux (or transport) ratio can be gener-
ally used to defi ne whether a given drug is or is not a substrate 
from an ABC transporter. Briefl y, using a permeability chamber in 
which a donor and a receiver compartment are separated by the 
cell monolayer growing on a polycarbonate membrane, apparent 
permeability coeffi cients ( Papp  ) are calculated in both apical-to- 
basolateral  and   basolateral-to-apical directions; the effl ux ratio is 
defi ned  as   the apparent permeability obtained in the basolateral-to- 
apical direction divided by those obtained in the apical-to- 
basolateral direction. If the only drug transport mechanism is 
diffusion, then no signifi cant difference between both permeability 
coeffi cients is expected, and the effl ux ratio will be similar to 1; in 
contrast, the movement of a substrate for an effl ux transporter 
preferentially expressed in the apical membrane will be restricted in 
the apical-to-basolateral direction, and the effl ux ratio will tend to 
be larger than 1. Assuming sink conditions (negligible drug con-
centration in acceptor versus donor compartment, i.e., acceptor 
concentration <10 % of donor concentrations),  Fick’s fi rst law   may 
be used to compute the correspondent  Papp   as follows:

  

d

d
Papp Co

Q

t
S= ´ ´

   

where dQ/dt is the appearance rate of drug in the receiver side, 
calculated using linear regression of amounts in the receiver cham-
ber versus time,  S  is the surface area of the monolayer, and Co is 
the initial drug concentration in the donor compartment. Since 
after starting the experiment the concentration in the donor com-
partment is not really Co but constantly changes with time, the 
precedent equation can be corrected by replacing Co by Cd, the 
concentration in the donor compartment at each sample time 
(which can be simply calculated from the difference between the 
initial drug amount in the donor compartment and the drug 
amount in the receiver compartment at each sample time, assum-
ing biotransformation within the cells can be neglected) [ 82 ]. If 
the sink condition is not verifi ed,    one should resort to non-sink 
equations, which are valid both in sink and non-sink conditions 
[ 77 ]. Note that concentrations should be corrected to consider the 
dilution effect related to media replenishment. Ideally, the mass 
balance should be checked at the end of the experiment by deter-
mining the amount of drug in cell membranes and inside the cells, 
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though the percentage of compound retained in the cell compart-
ment is often negligible [ 77 ]. Note that a given cell line will express 
more than one drug transporter. Thus, the effl ux ratio should be 
repeated in the presence of a specifi c inhibitor of the transporter 
being studied. Provided that the test drug is actually a substrate of 
the (anti)targeted transporter, such experiment should remove the 
infl uence of the (anti)targeted transporter returning the effl ux 
ratio to around 1. 

 According to the results of Oltra-Noguera and collaborators, 
the best conditions to study compounds subjected  to   active effl ux 
include using an intermediate or late passage number, polycar-
bonate fi lter without collagen coating, and sink corrected equa-
tions [ 77 ]. Within our group the following experimental 
conditions are observed: MDCK II– MDR1   cells are grown in 
25 cm 2  culture fl asks using DMEM with 10 % fetal bovine serum, 
1 %  l -glutamine, 1 % nonessential amino acids, and penicillin and 
streptomycin at 37 °C in 5 % atmosphere. Cells are split twice a 
week at 70–80 % confl uence in a ratio of 1:20 or 1:30 using tryp-
sin–EDTA solution (0.25 %). All transport assays were done with 
cells from passages 19 to 43. Cells were kept at 37 °C in 5 % CO 2 . 
The cells are seeded in 6-well Costar Snapwell plates with polycar-
bonate membrane inserts at a density of 50,000 cells per insert 
(1.12 cm 2 ) and grown for 4 days in culture medium. The medium 
is replaced every day. The apical media volume is 0.5 ml, and the 
basal volume is 2 ml. Integrity of the cell monolayers is deter-
mined by measuring the  TEER   using an epithelial voltammeter 
(Millicell-ERS, Millipore Corporation); normal TEER in MDRK 
 and   MDCK II–MDR1 cells is about 190 Ω cm 2  [ 83 ]. In addition, 
the integrity is also checked using atenolol (which is transported 
by the paracellular pathway). The  Papp   of atenolol  across   MDCK 
II–MDR1 cell monolayers in these conditions is typically 
1–5 × 10 −7  cm/s. The expression of  Pgp   is checked by Western 
blot analysis and by transport assay with trimethoprim, a substrate 
for Pgp [ 84 ]. On the day of the experiment, culture medium is 
removed, and cells are washed three times with media transport 
(HBSS, Hanks’ balance salt solution, pH 7.4, Gibco-BRL). The 
fi lter inserts containing the cell monolayers are placed in an Ussing 
chamber and kept at 37 °C and under constant gassing with car-
bogen. Test compounds are added to the donor side (4 ml for the 
apical and basal chamber). At 20, 40, 60, 80, 100, and 120 min, 
samples (400 μl) are taken from the acceptor compartment fol-
lowed by the addition of 400 μl of transport media. For the inhi-
bition experiments, cell monolayers are incubated with amiodarone 
chlorhydrate (50 μM) [ 85 ] for 1 h in apical and basolateral com-
partments before adding the test compound. A schematic repre-
sentation of the device is shown in Fig.  1 .

   A critical point in transport assays is the AED concentrations 
used in these studies [ 48 ]; the role of drug transporters may be 
concealed by the contribution of  passive diffusion,   especially when 
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highly permeable compounds (which is the case for most AEDs) 
and/or weak substrates are assayed. This effect could be more 
pronounced at high concentrations, since the concentration gra-
dient is the driving force for passive diffusion. It is advised to test 
therapeutically relevant drug concentrations [ 48 ]. Note that free 
drug levels in plasma seldom exceed micromolar concentrations 
and brain levels are usually even smaller. Thus, the use of as low 
concentrations as possible is suggested. However, the lower limit 
of the possible concentration range to be used depends on the 
sensitivity of the analytical detection method used. HPLC MS/
MS methods usually fulfi ll the requirements. Naturally, the ana-
lytical methods should be properly validated. Pay close attention 
to the fact that some ABC transporter substrates such as  verapamil   
display a biphasic behavior depending on the concentration [ 48 , 
 86 ]; thus, using a concentration range covering from low nano-
molar to micromolar concentrations is highly preferred to using a 
single concentration, when possible. If due to sensitivity issues of 
the available analytical method the lowest concentrations of that 
range are precluded, try to use at least therapeutically relevant 
concentrations; the use of as low concentrations as possible could 
help reduce the impact of passive diffusion on the study results. 
Take into consideration that in general expression levels of the 
transporter at the monolayer will not represent local expression 
levels at epileptogenic regions in the brain and that ABC trans-
porters display stereospecifi city for some substrates. 

 Alternatively, using identical initial concentrations at both 
sides of the monolayer (apical and basolateral compartment) is an 
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  Fig. 1    Diffusion chamber used  in   MDCK II–MDR1 permeability studies       
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elegant solution to remove the passive diffusion component, 
increasing the assay sensitivity (i.e.,  CETA  ) [ 48 ]. In such case, only 
the net direction of the transport should be analyzed. In the 
absence of mediated transport, no net drug movement should be 
registered. In contrast, if the drug acts as a substrate for an effl ux 
transporter expressed at the apical membrane, a net movement in 
the basolateral- to-apical direction should take place.  

4    Ex Vivo Permeability Assay to Identify ABC Transporter Substrates: Evert Gut 
Sac Model 

 The in vitro everted gut sac model was fi rst introduced in 1954 
by Wilson and Wiseman [ 87 ]. Since then modifi cations and 
improvements have been made to the model  to   increase the via-
bility of tissue and to maintain intact mucosal epithelium that 
mimic the in vivo conditions [ 88 ,  89 ]. The everted sac model 
has been explored to carry out pharmacokinetic investigations of 
the impact of effl ux transport modulators on the absorption of 
drugs [ 90 – 94 ]. The main advantage of this technique with 
respect to in vitro assays is that frequently results from the 
everted intestinal sac model have been in agreement with in vivo 
fi ndings [ 92 ,  95 – 98 ]. On the other hand, the cell culture assays 
conducted in either human cancer lines expressing ABC tans-
porters or transfected cell lines with high density of transporter 
molecules, which is required for their function to be predomi-
nant over membrane permeation and passive diffusion processes, 
have high negative predictive value, but often give false positives 
[ 99 ]. Indeed, there are evidences that the absorption rate of test 
compounds is not always similar in the everted gut sac than in 
the Caco-2 monolayer [ 100 ]. For oral absorption studies, 
Caco-2 cell line experiments were approved by the Food and 
Drug Administration, but these cell lines are not always the right 
 substitute for the ex vivo everted gut sac model [ 101 ]. For that 
reason, new drug candidates screened for interactions in silico 
and in vitro culture assays during early stages of drug develop-
ment should be tested in a subsequent step by ex vivo assays such 
as everted gut sac, the isolated intestinal perfusion, or Ussing 
chamber system [ 102 ]. 

 The  advantages of this   everted gut sac model as an ex vivo tool 
to study the mechanisms and kinetics of drug absorption are a rela-
tively large surface area available for absorption and the presence of 
a mucus layer [ 103 ].  On   the other hand, the tissue viability is one 
of the main limiting parameters having a maximum of approxi-
mately 2 h [ 88 ]. 

 Different animals have been chosen for everted gut sac experi-
ments, but the everted rat intestinal sac is the most commonly used 
[ 87 ,  88 ,  90 ,  104 ]. The reproducibility of the rat everted gut sac 
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suggests that this ex vivo model is a useful tool for studying transport 
of substrates and modulators of ABC transporters [ 93 ]. 

   One of the keys for the success of the analysis of the participation 
of ABC transporters in drug absorption by the everted gut sac 
technique is to select the correct intestinal segment. A cellular and 
 subcellular   localization description of the most frequently studied 
ABC transporters in human and in rats is briefl y described below. 
For a full scan of the intestinal expression of  Pgp   (MDR1/ABCB1), 
 BCRP  , and MRP2 (ABCC2) in male and female rats, consult 
McLean et al. [ 105 ]. 

 The expression  of    Pgp   increases from proximal to distal por-
tions in the apical membrane of the intestinal crypts in human, 
resulting in the highest expression levels in the colon [ 106 ,  107 ]. 
In the same way, it shows an increase from proximal to distal 
regions in the rat [ 105 ]. 

 In the rat and human intestine,  MRP2/ABCC2   mRNA expres-
sion is highest in the apical membrane of  the   enterocytes in the 
duodenum and subsequently decreases in direction to the terminal 
ileum and colon where it is only minimal [ 103 ,  108 ]. Protein levels 
of MRP2 in rats decrease along the intestinal axis from proximal to 
distal parts [ 105 ]. 

 Transcription of  BCRP   in the human jejunum is higher than 
that of MDR1  and   comparable with that of MRP2 [ 109 ].  BCRP/
ABCG2   mRNA is also expressed with apical localization in the 
epithelium of the small intestine of the rat showing duodenum and 
jejunum levels similar to those found for MRP2 and then decreas-
ing slightly to the more distal portions [ 109 ]. In the large intes-
tine, a continuous decrease of the BCRP mRNA toward the distal 
portions is observed fi nding in the rectum a half of the levels found 
in the small intestine [ 110 ]. However, protein levels of  BCRP   
show an arcuate pattern with the highest expression toward the 
end of the small intestine in the rat [ 90 ,  105 ]. 

 On the other hand,  MRP3/ABCC3   localizes to the basolateral 
membrane of enterocytes in rats. It  is   expressed in low levels in the 
duodenum and jejunum but markedly increases in the ileum and 
colon [ 108 ]. 

 There are not  sex   differences in the mRNA and protein 
expression levels of ABC transporters in the entire intestine of 
the rat [ 105 ]. 

 As described above,  the   localization of ABC transporters not 
always matches thorough the intestine between rat and human 
beings. Moreover, differences exist between the mRNA expres-
sion and the subsequent translation to protein because of post-
transcriptional modifi cations. Furthermore, it is important to 
note that expression levels of transporters can be modifi ed under 
various physiopathological conditions, in the presence of poly-
morphisms, and by administration of drugs. For example, we 
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observed overexpression of  BCRP   in the ileum after chronic oral 
administration with the antiretroviral efavirenz that reduces its 
own intestinal penetration [ 90 ]. Yumoto et al. demonstrated that 
in situ intestinal absorption of methotrexate, a substrate of Mrp2, 
is decreased by oral treatment with ursodeoxycholic acid that 
causes Mrp2 upregulation [ 92 ]. Moreover, the metabolic syn-
drome generated by enhanced fructose intake in rats decreases 
the protein expression and activity of ileal  Pgp  , thus increasing 
the bioavailability of rhodamine [ 93 ]. Changes in expression 
level, subcellular localization, and functional properties can all be 
involved in interindividual differences in drug pharmacokinetics. 
For that reason, the expression levels of the ABC transporter of 
interest need to be checked in experimental models before carry-
ing out the everted gut sac  technique   to achieve optimal experi-
mental conditions and to avoid false results.  

   Under    anesthesia with urethane (1.2 g/kg body weight), rapidly 
remove the jejunum or duodenum or ileum of the intestine and 
wash each segment with an ice-cold oxygenated Krebs solution 
(pH 6.5) containing 7 g/l sodium chloride, 0.34 g/l potassium 
chloride, 1.8 g/l glucose, 0.251 g/l disodium hydrogen phos-
phate, 0.207 g/l sodium dihydrogen phosphate, and 46.8 mg/l 
magnesium chloride. Gently evert the washed intestine over a glass 
rod and divide into segments (5–6 cm each). Clamp one end of the 
everted intestine and tie with a silk braided suture and then place a 
short intravenous cannula at the other end and tie the intestine 
around it using a second braided silk suture making sure  it   does 
not break to hang it so that this end is available for the administra-
tion of fl uids. It is very important to prevent the  intestinal wall to 
enter the cannula being damaged because the fl uid inside the bag 
was lost by these sites giving erroneous results. Previously, enter a 
stainless thin wire in the cannula cap that acts as a hook at the other 
end so as to be able to hang the everted sac in the container where 
it will conduct the test. Hang the everted fi lled sac in the incuba-
tion tube containing drug in 5–10 ml oxygenated Krebs solution 
at 37 °C alone or in the presence of a fi xed dose of ABC inhibitors 
preventing the sac to touch the walls. Fill the sac with 600–800 μl 
Krebs solution containing  the   drug to be tested using a 1 ml 
syringe. Sampling could be performed at different intervals consid-
ering that the same amount of medium as the sample is taken must 
be replaced. Depending on the transport direction to be analyzed, 
e.g., serosal to mucosal or the opposite, drugs to be tested could 
be added in the incubation container or into the sac [ 90 ,  93 ,  103 ]. 

 There are several factors  that   need to be taken into account 
due to the fact that they impact on the outcome and conclusion of 
everted gut sac studies, e.g., animal factors (age, sex, species, diet, 
disease state, chronic treatment, and toxicity), intestinal segment 
(ileum, jejunum, duodenum, and colon), and experimental factors 
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(e.g., pH, aeration, temperature, concentration of substances). 
Those factors have been extensively revised by Alam et al. [ 111 ]. 

 Finally,  to   achieve sensitivity and specifi city, it is important to 
select the best quantifi cation method for each compound as spec-
trophotometry [ 93 ,  112 ], liquid chromatography [ 92 ,  93 ,  96 ], 
and radioactivity [ 106 ] and to perform the analysis in the presence 
of highly specifi c pairs of substrate inhibitors [ 112 ].   

5    Final Remarks 

 Despite the transporter hypothesis of refractory epilepsy has long 
been studied (with convincing preclinical evidence and encouraging 
yet limited clinical evidence), such hypothesis is still underexplored 
in the drug discovery fi eld to assist the search of new treatments for 
refractory epilepsy. Although a considerable number of computa-
tional models related to the early identifi cation of substrates for 
ABC transporters have indeed been developed, few of them have 
been applied specifi cally in the fi eld of AED discovery. 

 ABC transporter polyspecifi city and interlaboratory variability 
of experimental data on their substrates and non-substrates consti-
tute major challenges to the development of accurate computa-
tional models oriented to the prediction of affi nity for effl ux pumps. 
We have reviewed some general criteria to circumvent or at least 
minimize the impact of such limitations when building computa-
tional models for that purpose, prominently, the use of classifi ers 
 and   meta-classifi ers. Whenever applying external (i.e., non-in- 
house models), estimation of the model’s coverage/applicability 
domain is essential. 

 Regarding experimental substrate assessment, some relevant 
issues include measuring interaction with not one but a number of 
ABC transporters with (partially) overlapping substrate specifi city 
(which often act in a concerted manner and can be subjected to 
compensatory regulation) and testing a wide range of therapeuti-
cally relevant concentrations (from nM to μM) in order to discard 
possible biphasic responses. The use of small concentrations helps 
in minimizing the infl uence of passive diffusion on the study out-
come; alternatively, the  CETA   is a sensitive model to measure the 
affi nity for ABC transporters of highly permeable drugs and/or 
weak substrates. Experimental variables should be carefully study 
to enhance the reproducibility of the obtained results [ 113 ].     
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