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SUMMARY 

About 30 % of epileptic patients are non-responsive even to multidrug antiepileptic 

therapy. One of non-responsiveness in epilepsy hypothesis claims that non-

responsiveness occurs because of reduced access of antiepileptic drugs to their neu-

ronal targets, as a result of increased efflux or sequestration of antiepileptic drugs 

away from these targets. Transporters believed to be involved in non-responsiveness 

in epilepsy are mainly but not exclusively the members of the ABC superfamily in-

cluding P-gp (MDR1, ABCB1), MRP1 (ABCC1), MRP2 (ABCC2) and others. These 

proteins are normally found in a variety of locations, consistent in each case with their 

postulated roles in generating protective barriers such as the blood-brain barrier and 

the blood-cerebrospinal fluid barrier. There is emerging evidence that P-gp, MRP1 

and MRP2 are up-regulated in epileptogenic brain tissue. The risk of non-

responsiveness could be related also to the MDR1 or MRP2 gene polymorphisms. 

We hypothesised that changes in expression and function of multidrug transporters 

those involved in non-responsiveness of epilepsy might be detectable not only in the 

brain but also in other tissues such as peripheral blood lymphocytes. Therefore we 

evaluated the expression of MDR1, MRP1 and MRP2 and function of P-gp in lym-

phocytes in patients with epilepsy and healthy subjects. 

Three groups of epileptic patients and 15 healthy subjects as a control group were 

included in the study. Each patient group was defined as follows: 

Monotherapy – patients treated with carbamazepine monotherapy, without seizures - 

corresponded to group responders. 

Combined therapy – patients after monotherapy (two different medicines have been 

tried) and combined therapy (two trials of combined therapy), not free of seizures. 

Monotherapy and combined therapy groups each embraced 15 patients. 

Neurosurgery – patients who had undergone surgical treatment, after neurosurgery 

they were or were not additionally treated with carbamazepine; afterwards with or 

without seizures. This group comprised 24 patients. 

The patients after combined therapy and neurosurgery composed the group of non-

responders. 
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The mRNA expression of MRP1, MRP2 and MDR1 by means of quantitative real-

time PCR as well as MRP2 and P-gp protein content by Western blot in lymphocytes 

was measured. For P-gp functional analysis rhodamine efflux from lymphocytes and 

natural killer (NK) cells was performed. The influence of the polymorphisms C3435T, 

G2677T/A in the MDR1 gene and C24T, G1249A, C3972T in the MRP2 gene for the 

transporters expression, function and their association with non-responsive epilepsy 

phenotype was investigated. 

Our results showed that MRP1 expression in lymphocytes was significantly lower in 

epileptics than in healthy subjects. Non-responders had to a considerable extent 

lower MRP1 mRNA content in lymphocytes than responders. These results would 

contradict earlier established MRP1 expression changes in the brain from patients 

with non-responsive epilepsy. 

We did not find any difference in MRP2 expression between epileptics and healthy 

volunteers. MRP2 mRNA levels in lymphocytes were higher in non-responders than 

in responders. This data is in agreement with previously established MRP2 expres-

sion changes from epileptogenic brain tissue. However, at protein level epileptic pa-

tients had significantly lower MRP2 content in lymphocytes than healthy controls. 

MRP2 protein content did not differ in responders and non-responders. There was no 

reliable correlation between MRP2 mRNA expression and MRP2 protein content in 

lymphocytes. 

Similarly as MRP1 expression, epileptics had significantly lower MDR1 expression in 

lymphocytes than healthy individuals. MDR1 expression was decreasing according to 

the consumption of antiepileptic drugs and seizures frequency: patients after neuro-

surgery had significantly lower MDR1 expression than patients after combined ther-

apy and monotherapy. MDR1 expression was significantly lower in non-responders 

than in responders. At protein level epileptics had lower P-gp content than controls. 

Detected P-gp amount in lymphocytes did not differ between responders and non-

responders. 

Rhodamine efflux from lymphocytes and NK cells did not differ significantly between 

epileptics and healthy subjects, but it was higher in patients after neurosurgery than 

in patients after monotherapy. Rhodamine efflux from lymphocytes was similar in re-

sponders and non-responders. Rhodamine efflux from NK cells, which are known to 
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express the highest levels of P-gp, was significantly higher in non-responders than in 

responders. 

MDR1 mRNA expression did not correlate to protein content and rhodamine efflux of 

lymphocytes or NK cells from epileptic patients. However, we found a significant cor-

relation between MDR1 mRNA content and rhodamine efflux from NK cells obtained 

from healthy volunteers. 

In this study, we showed that MRP1 mRNA expression in lymphocytes was signifi-

cantly correlated to its expression in the brain. We detected also a significant co-

correlation between MRP1 expression in the hippocampus and MDR1 expression in 

lymphocytes. 

We found no evidence regarding the impact of the MDR1 polymorphisms on mRNA 

expression, P-gp content and rhodamine efflux from lymphocytes. Our data showed 

lack of evidence regarding the impact of the MRP2 polymorphisms on mRNA expres-

sion and protein content. We did not detect any association between MDR1 or MRP2 

polymorphisms and non-responsiveness in epilepsy or epilepsy in the main. 

In conclusion, our results suggest that lymphocytes are an appropriate surrogate for 

studies on changes of multidrug transporters expression in epilepsy. Peripheral blood 

lymphocytes as an easily accessible tissue might serve as a marker for responsive-

ness to antiepileptic drug therapy in epilepsy studies. 

 



1 INTRODUCTION 

 10 

1 INTRODUCTION 

Epilepsy is according to the International League Against Epilepsy (ILAE) and the 

International Bureau for Epilepsy a disorder of the brain that is characterized by an 

enduring predisposition to generate epileptic seizures and by the neurobiologic, cog-

nitive, psychological, and social consequences of this condition. An epileptic seizure 

is a transient occurrence of signs and/ or symptoms due to abnormal excessive or 

synchronous neuronal activity in the brain. The definition of epilepsy requires the oc-

currence of at least one epileptic seizure (Fisher et al., 2005). 

Epilepsy is the most common neurological disorder and is one of the world’s most 

prevalent non-communicable diseases (Scott et al., 2001). Around 1 % of the popula-

tion has epilepsy (Salmenpera et al., 2001). In developed countries, the incidence of 

epilepsy shows a characteristic age-dependence with the highest incidences at the 

extremes of life (Wilby et al., 2005; Wong, 2006). Based on the age-specific inci-

dence rates in European studies, the estimated number of new cases per year 

amongst children and adolescents is 130.000 (incidence rate 70 per 100.000), 

96.000 in adults 20-64 years (incidence rate 30 per 100.000) and 85.000 in the eld-

erly of 65 years and older (incidence rate 100 per 100.000) (Forsgren et al., 2005). 

The disease is associated with increased morbidity and mortality and accounts for 

much of the economic burden (Regesta et Tanganelli, 1999). The mortality rate in the 

group of epileptic patients is 2-3 times higher than in the general population 

(Tomson, 2000; Shackleton et al., 2002; Gaitatzis et Sander, 2004). Considering that 

epilepsy is one of the most common chronic neurologic disorders, therefore, it is a 

major public health problem particularly that forms that do not respond to antiepileptic 

drugs and any other kind of treatment (Schmidt et Loscher, 2005). In an Italian study 

done between 1996 and 1998 there was shown that the annual direct costs per child 

with epilepsy ranged from 844 € for patients in remission to 3.268 € for non-

responders to antiepileptic drugs. Numerous cost-of-illness studies in combined 

populations of adults and children showed that service use and costs increase with 

the more severe forms of epilepsy and seizure frequency, this being more marked in 

adults than in children (Beghi et al., 2005). 
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Aside from the deleterious effects on health, persistent epileptic seizures result in 

substantial psychosocial, behavioural and cognitive consequences and often impose 

a financial burden (Devinsky, 1999). Patients who responded to antiepileptic drug 

treatment exhibited lower mortality than people with poorly controlled seizures 

(Gaitatzis et Sander, 2004). 

The classification of epileptic seizures by the Commission on Classification and Ter-

minology of the ILAE (1981) is based on clinical events (seizure type) and character-

istics of the electroencephalogram. According to the classification, epileptic seizures 

are divided into focal (local, partial) and generalized seizures. Focal onset seizures 

arise from a focal or local cortical lesion and may lead to a loss of consciousness. 

Focal seizures are classified as simple when consciousness is retained and complex 

when consciousness is impaired. Simple focal seizures may progress to become 

complex. Both simple and complex focal seizures can further evolve into secondarily 

generalized seizures with characteristic tonic and clonic motor manifestations. Gen-

eralized seizures are those in which the first clinical changes indicate initial involve-

ment of both hemispheres. Generalized seizures are further divided into absence, 

myoclonic, clonic, tonic, tonic-clonic, and atonic seizures (Salmenpera, 2001; 

Schmidt et Elger, 2002). 

Focal seizures are the most common seizure type experienced. In the National Gen-

eral Practice Study of Epilepsy, 52 % of patients had focal seizures (with or without 

secondary generalisation), 39 % had generalised seizures and 9 % of seizures were 

unclassifiable (Sander et al., 1990; Wilby et al., 2005; Hauser et al., 1993). 

Both localization related (focal) and generalized epilepsies and syndromes are further 

divided according to the etiology into idiopathic, symptomatic and cryptogenic varie-

ties. Idiopathic epilepsies are not associated with brain lesions, neurologic abnormali-

ties other than seizures, or cognitive impairment and are presumed to have a genetic 

origin. In symptomatic epilepsies, seizures are considered to be the consequence of 

a known structural abnormality in the brain or other specific etiology. Cryptogenic epi-

lepsies are presumed to be due to an underlying abnormality but currently of un-

known etiology (Salmenpera, 2001; Kwan et Brodie, 2000). 

The objective of antiepileptic therapy is to reduce seizure frequency and, preferably, 

to keep the patient free of seizures. Antiepileptic drugs are the mainstay of treatment. 
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Drugs are administered as monotherapy or as adjunctive therapy (Wilby et al., 2005). 

Patients who failed successive subsequent monotherapies are classified as non-

responders and the options for antiepileptic therapy switch to adjunctive therapy 

(Wilby et al., 2005; Devinsky, 1999). 

Currently, about 16 antiepileptic drugs are available for the treatment of patients with 

epileptic seizures (Scott, 2005). Carbamazepine, valproate and phenytoin are the 

most commonly used first-generation (also called older) antiepileptic drugs (Hart et 

Shorvon, 1995; Wilby et al., 2005). Phenytoin is the most widely prescribed in the 

United States and carbamazepine worldwide the most commonly used antiepileptic 

drug for partial seizures. The class of the older antiepileptic drugs has in common 

several pharmacokinetic disadvantages (hepatic enzyme induction, metabolic con-

cerns) or produce adverse effects (Bergey, 2004). Thus, the nonlinear pharmacoki-

netics of phenytoin is perhaps the greatest disadvantage of this agent. Car-

bamazepine does not pose the problems associated with the nonlinear kinetics of 

phenytoin, but it is a hepatic enzyme inducer. 

Since 1989, several newer antiepileptic drugs have been licensed most of them for 

adjunctive therapy only. Newer antiepileptic drugs are promoted as being as effective 

as the older drugs but with fewer side-effects (Purcell, 2002; Wilby et al., 2005; 

Chadwick et al., 1996; Marson et Chadwick, 2001; Salmenpera, 2001; Bergey, 2004). 

Recently, it was shown that monotherapy with the older drugs is considerably less 

costly (Wilby et al., 2005). 

For some patients where antiepileptic treatment has proved particularly unsuccessful 

and problematic, epilepsy surgery is a treatment option (Engel, 1996); however it is 

only appropriate for a very specific group of patients (Wilby et al., 2005). Another 

useful adjuncts to manage seizures in epilepsy are the vagus-nerve stimulation and 

ketogenic diet (Sheth et al., 2005; Stafstrom, 2004; Devinsky, 1999). 

Some patients, however, do not become completely free of seizures even though 

they comply scrupulously with the prescribed regimen (Sackellares, 1996; Devinsky, 

1999). Despite the increasing number of available antiepileptic drugs, seizures per-

sist in approximately 20 % of patients with primary generalized epilepsy and 35 % of 

those with partial epilepsy (Sato et al., 1982; Cascino, 1990; Reutens et Berkovic, 

1995; Devinsky, 1999). 
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The underlying cause of epilepsy irresponsiveness is not completely understood. An 

important characteristic of non-responsive epilepsy is that these patients do not re-

spond to most, and often all, antiepileptic drugs. This points to the existence of non-

specific and, possibly, adaptive mechanisms to be reasons of the therapeutic failure 

(Sisodiya et al., 2002a; Weiss et al., 2003). Mechanisms leading to non-

responsiveness in epilepsy are most likely complex network phenomena (Weiss et 

al., 2003). Based on experimental and clinical studies, two major neurobiologic theo-

ries of irresponsiveness have been put forward: (a) reduced drug-target (e.g., GABA 

receptors) sensitivity in epileptogenic brain tissue and (b) removal of antiepileptic 

drugs from the epileptogenic tissue through excessive expression of multidrug trans-

porters such as the efflux carriers P-glycoprotein (P-gp) or multidrug resistance re-

lated proteins (MRP) (Marroni et al., 2003). Multidrug transporters are physiological 

part of the blood-brain barrier system that maintains a stable and normal extracellular 

milieu. Over-expression of efflux transporters may reduce the antiepileptic drug con-

centration in epileptogenic brain tissue, because this kind of active membranal trans-

port proteins restricts the entry of many amphiphilic molecules into the brain, includ-

ing many antiepileptic drugs (Pedley et Hirano, 2003). Meanwhile, there is ample evi-

dence that multidrug transporters are up-regulated in the tissue of the epileptic focus 

by the epileptic seizures themselves, by the ongoing antiepileptic drug treatment or a 

combination of both (Marroni et al., 2003). The recognition that they are increased in 

epileptogenic areas opened new avenues for fruitful and exciting areas of epilepsy 

research which may result in new strategies for therapeutic intervention (Pedley et 

Hirano, 2003). 
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2 OBJECTS 

Disorders of the central nervous system remain difficult to treat pharmacologically 

due to the poor permeability of drugs across the blood-brain barrier and the blood-

cerebrospinal fluid barrier (Lee et al., 2001). The intended pharmacological target of 

antiepileptic drugs in brain tissue is obviously located behind the blood-brain barrier. 

Therefore, the drugs must pass these barriers to be therapeutically active (Schmidt et 

Loscher, 2005). Once across these initial barriers, drug accumulation in the brain can 

be further restricted by a number of mechanisms including passive efflux, metabolic 

degradation, and active efflux transport including mechanisms dependent on mul-

tidrug transporters such as P-gp and MRPs. Although the mechanisms of drug trans-

fer in and out of the central nervous system have been fairly well characterized at the 

interfaces themselves, at the same time the role of the brain parenchyma in the dis-

position of drugs may be also important. Recent studies demonstrating the existence 

of both influx and efflux transporters within glial cells such as astrocytes and micro-

glia highlight the complexity of drug distribution within the central nervous system 

(Hong et al., 2000; Hong et al., 2001; Decleves et al., 2000; Dallas et al., 2003; Lee 

et al., 2001). 

The blood-brain barrier only allows entry of lipophilic compounds with low molecular 

weights by passive diffusion. However, many lipophilic drugs show negligible brain 

uptake. Some of them are substrates for drug efflux transporters such as P-gp, MRPs 

or organic anion transporting polypeptides (OATPs) that are expressed at brain capil-

lary endothelial cells and/or astrocytic end-feet and are key elements of the molecular 

machinery that confers the special permeability properties to the blood-brain barrier 

(Loscher et Potschka, 2005b). P-gp was the first of adenosine triphosphate (ATP)-

binding cassette (ABC) transporters to be described, followed by the MRPs and 

breast cancer-resistance protein (BCRP) (Begley, 2004; Schinkel et Jonker, 2003; 

Sun et al., 2003). All are expressed in the blood-brain barrier and blood-

cerebrospinal fluid barrier and combine to reduce the brain penetration of xenobiotics 

among them many drugs including antiepileptic drugs (Borst et al., 2000). Recently, it 

was shown that microglia also express multiple subfamilies of ABC transporters (i.e., 
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P-gp and MRP) and multiple members of these subfamilies (i.e., MRP1, MRP4, and 

MRP5) (Dallas et al., 2004). 

At the subcellular level, most of the published data demonstrates that P-gp, MRPs 

and BCRP are expressed at the apical side of brain capillary endothelial cells, which 

is the appropriate position for an efflux transporter to restrict brain uptake of drugs 

(Schinkel et Jonker, 2003; Sun et al., 2003; Demeule et al., 2002; Sugawara et al., 

1990; Jette et al., 1993; Beaulieu et al., 1997; Drion et al., 1997; Zhang et al., 2004; 

Miller et al., 2000; Dombrowski et al., 2001; Miller et al., 2002). This may create a 

major hurdle when it comes to the delivery of therapeutics to the brain, particularly 

when these efflux transporters are over-expressed, which may lead to the phenome-

non of „multidrug resistance“ known from cancer chemotherapy (Begley, 2004; 

Schmidt et Loscher, 2005; Sasongko et al., 2005). The expression and activity of 

multidrug transporters, and the selectivity and affinity of their substrates, critically de-

termine brain bioavailability of drugs essential for treating neurological diseases, in-

cluding epilepsy (Zhang et al., 2003). 

The multidrug-transporter hypothesis of epilepsy irresponsiveness, as it was men-

tioned earlier, claims that the drug action target is never reached because intrinsic or 

acquired over-expression of multidrug transporters at the blood-brain barrier restricts 

brain uptake of antiepileptic drugs (Loscher et Schmidt, 2004; Schmidt et Loscher, 

2005). Such increased expression of these transporters has been found in epilepto-

genic brain tissue from both patients with epilepsy and rodent models of epilepsy 

(Kwan et Brodie, 2005; Loscher et Potschka, 2002; Marroni et al., 2003; Sisodiya, 

2003; Loscher et Potschka, 2005a). The increased expression of drug transporters is 

most likely restricted to the epileptic focus or circuit (Sisodiya et al., 2003). This over-

expression of multidrug transporters in the brain has the functional capacity to lower 

brain drug concentrations to levels that are pharmacologically inactive (Rizzi et al., 

2002). It is not astonishing that various antiepileptic drugs, which have been made 

lipophilic to penetrate into the brain, seem to be substrates for multidrug efflux trans-

porters which have overlapping substrate specificity (Loscher et Potschka, 2005a; 

Schinkel et Jonker, 2003; Borst et al., 2000; Seelig et al., 2000; Schmidt et Loscher, 

2005). 
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Using a rat microdialysis model it was demonstrated that the first-line antiepileptics 

phenytoin, phenobarbital, carbamazepine, lamotrigine, and felbamate are substrates 

for either P-gp or MRPs or both (Loscher et Potschka, 2002). The novel leveti-

racetam seems not to be transported by P-gp or MRPs at the blood-brain barrier 

(Potschka et al., 2004a). However, for valproic acid, oxcarbazepine, zonisamide, 

ethosuximide, benzodiazepines, vigabatrin, tiagabine, and pregabalin, it is still not 

known whether they are substrates for multidrug transporters at all (Schmidt et Lo-

scher, 2005). Therefore, up-regulation of multidrug transporters in the blood-brain 

barrier can not be the only reason for non-responsiveness of epileptic seizures in 

many patients. 

A further open question is whether over-expression of P-gp and MRPs in epilepto-

genic brain tissue is intrinsic, i.e., related to the genetic (constitutive) background of 

the patient, or acquired, i.e., a consequence of uncontrolled epileptic seizures, of the 

chronic treatment with antiepileptic drugs or of combinations of these factors. 

The molecular mechanisms underlying the over-expression of multidrug transporters 

in epileptogenic brain tissue are not sufficiently known (Schmidt et Loscher, 2005). 

On the one hand, it was clearly shown in animal experiments, that multidrug transport 

proteins are up-regulated in the tissue which surrounds the site of the epileptic stimu-

lus (kainate administration, electric excitation). On the other hand, there is evidence 

that carbamazepine and phenobarbital, which are ligands of the nuclear pregnane X 

receptor (PXR) and constitutive androstane receptor (CAR), respectively, are induc-

ers of multidrug transport proteins (Kullak-Ublick et Becker, 2003; Geick et al., 2001; 

Lu et al., 2004; Goodwin et al., 1999; Luo et al., 2002; Goodwin et al., 2001). 

Whether these drugs are also inducers of multidrug transport proteins in the brain, 

could not convincingly be verified so far. Thus, long-term administration of phenobar-

bital, phenytoin, lamotrigine and topiramate in rats did not induce the expression of 

P-gp in the brain (Seegers et al., 2002a; Wang-Tilz et al., 2006). However, up-

regulation by antiepileptic drugs would concern multidrug transporters in the whole 

brain and in the cells of other tissues, including blood cells and not only the cells of 

the epileptic focus in the brain. 

Given the accumulating evidence indicating an over-expression of ABC transporters 

at the blood-brain barrier as a major pathomechanism of non-responsiveness in epi-
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lepsy, pharmacological modulation of these transporters could be a novel rational 

strategy to treat such patients (Loscher et Potschka, 2005a). 

Studies on the pharmacological meaning of multidrug transport proteins in the brain 

of man are limited by methodological and ethical problems. As long as we depend on 

brain tissue for examination of transporter mechanisms, by default, we are able to 

test the hypothesis only by carrying studies in experimental animals or by examina-

tion of resected brain samples taken from patients with non-responsive epilepsy un-

dergoing epilepsy surgery (Schmidt et Loscher, 2005). Another approach to get indi-

rectly information on expression and function of multidrug transporters in the blood-

brain barrier is studies with easily accessible peripheral blood mononuclear cells that 

might be a surrogate for the processes in the brain, at least for those changes which 

are caused by xenobiotic modulators of multidrug transporters. 

P-glycoprotein and MRPs (MRP1, MRP2) are known to be expressed in human lym-

phocytes (Neyfakh et al., 1989; Abbaszadegan et al., 1994; Meaden et al., 2002; 

Lohoff et al., 1998; Srinivas et al., 1998; Laupeze et al., 2001; Klimecki et al., 1994; 

Drach et al., 1992; Chaudhary et al., 1992; Coon et al., 1991; Robey et al., 1999). 

With regard to the common (general) expression mechanisms, it might be possible to 

conclude from changes in expression and function of these transporters in lympho-

cytes on similar changes occurring in the brain. In patients with chronic inflammatory 

bowel disease and rheumatoid arthritis could be already shown, that therapeutic ef-

fectiveness of glucocorticoids and the course of the diseases were related to the ex-

pression of P-gp in the lymphocytes in these patients (Farrell et al., 2000; Llorente et 

al., 2000; Diaz-Borjon et al., 2000; Jorgensen et Maillefert, 2000). The rationale be-

hind might be that proinflammatory cytokines were shown to regulate P-gp in-vitro 

(Fernandez et al., 2004; Bailly et al., 1995; Monville et al., 2002). 

In analogy, enzyme inducing antiepileptic drug may co-regulate multidrug transport 

protein in the brain and in lymphocytes. Under this precondition, the changes in lym-

phocytes may be predictive for the changes in the brain. Furthermore, treatment with 

a combination with inducing antiepileptic drugs should result in more distinct influ-

ence than monotherapy. The patients who underwent neurosurgery for excision of 

the epileptic focus should have the most expressed changes if drug induced up-

regulation of multidrug transport proteins is the rationale behind non-responsiveness 
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of their epileptic disorder. Therefore, the following studies were initiated to evaluate 

expression and function of some multidrug transport proteins in lymphocytes ob-

tained from epileptic patients and healthy subjects to compare the results with data 

from epileptic patients who underwent different treatment regimens as well as with 

data from patients with drug-responsive and non-responsive epilepsy. The research 

project was focused on the following detailed objectives: 

• Evaluation of mRNA expression and protein levels of P-gp, MRP1 and MRP2 

in lymphocytes of epileptic patients in dependence on the antiepileptic treat-

ment regimen and the responsiveness of the disease. 

• Evaluation the function of P-gp in lymphocytes and NK cells of epileptic pa-

tients in dependence on the antiepileptic treatment regimen and the respon-

siveness of the disease using the rhodamine efflux model. 

• Evaluation of possible correlations of mRNA expression and protein content of 

P-gp and MRP2 as well as correlations of mRNA expression of MDR1, MRP1 

and MRP2 in lymphocytes and brain tissue obtained from non-responsive pa-

tients who underwent neurosurgery. 

• Evaluation of the clinical importance of the polymorphisms of the MDR1 and 

MRP2 genes for expression of P-gp and MRP2 and P-gp function. 
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3 MATERIALS AND METHODS 

3.1 Study population 

Patients with focal epilepsy and healthy subjects as a control group were included in 

the study. The study was approved by the Ethics Committee of the Ernst Moritz Arndt 

University of Greifswald and conformed to the principles outlined in the Declaration of 

Helsinki. Written informed consent was obtained from each study participant. 

3.1.1 Control 

The control group comprised 15 healthy adults (10 females, age 23-55 years and 5 

males, age 32-58 years, Table 1) from the Department of Clinical Pharmacology of 

the Ernst Moritz Arndt University of Greifswald who had volunteered for the study. All 

controls were interviewed in order to exclude those with any neurological diseases. 

3.1.2 Patients 

54 (32 females, age 25-72 years and 22 males, age 18-61 years) patients with clini-

cally verified diagnosis of focal epilepsy were included in the study (Table 1). The 

patients were admitted to the Centre of Epilepsy of the Department of Neurology of 

the Ernst Moritz Arndt University of Greifswald. 

Patients who were classified as having drug responsive and drug non-responsive 

epilepsy entered the study. The patients were divided into groups according to the 

treatment regimen and response to therapy. Each group was defined as follows: 

Monotherapy – patients treated with carbamazepine monotherapy, without seizures. 

The patients received “standard” doses of carbamazepine; carbamazepine serum 

level was below 8 µg/ ml. This group corresponded to group responders. 15 patients 

were included in this group. 

Combined therapy – patients after monotherapy (two different medications have 

been tried) and combined therapy (two trials of combined therapy), not seizures free 

– patients with drug non-responsive epilepsy. This group embraced 15 patients. 
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Neurosurgery – patients who had undergone surgical treatment, after neurosurgery 

they were or were not additionally treated with carbamazepine (if with - car-

bamazepine serum level below 8 µg/ml); afterwards with or without seizures. This 

group comprised 24 patients. 

The patients after combined therapy and neurosurgery composed the group of non-

responders. 

Table 1: Demographic characteristics of the study population. 

Study population n Female Male Mean age (range) 

Controls 15 10 5 42.9 (23 – 58) 

Responders: 

Monotherapy 15 8 7 44.7 (25 – 65) 

Non-responders: 

Combined therapy 15 9 6 44.2 (34 – 61) 

Neurosurgery 24 15 9 43.0 (18 – 72) 

 

3.2 Genotyping 

Restriction fragment length polymorphism analysis after PCR amplification (PCR-

RFLP) is a method to identify known polymorphisms. The method is based on the 

following principle: polymorphisms can generate or remove recognition sites of re-

striction enzymes resulting in changes of fragment numbers and/or lengths of di-

gested DNAs. Restriction fragments are separated by agarose gel electrophoresis 

and the genotype can be determined from the specific band pattern (for example see 

Figure 1, showing the homozygous wild type, heterozygote and a homozygote variant 

of the MDR1 G2677T polymorphism). 
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Figure 1: Determination of the MDR1 G2677T genotype by means of PCR-RFLP method. After am-

plification, a PCR product (224 base pair) was digested with BanI. Restriction fragments 

were separated by 3 % agarose gel electrophoresis. G/G indicates the homozygous wild 

type, G/T the heterozygous type, T/T the homozygous variant type. M indicates a 100-bp 

ladder as DNA size standard. 

3.2.1 DNA isolation 

For genotyping, 2 ml of venous blood from each patient and healthy adult were col-

lected into EDTA vacutainers (BD Vacutainer™ systems, Belliver Industrial Estate, 

Plymouth, UK) and stored at -80 °C for later use. 

Genomic DNA was isolated from whole blood using a QIAamp® DNA Blood Mini Kit 

according to the manufacturer’s protocol (QIAGEN GmbH, Hilden, Germany). DNA 

concentration was determined by measuring the absorption at a wavelength of 

260 nm using a biophotometer (Eppendorf-Netheler-Hinz-GmbH, Hamburg, Ger-

many). The isolated DNA was stored at 2-8 °C for later use. 

3.2.2 Polymerase-Chain-Reaction-Restriction-Fragment-Length-

Polymorphism (PCR-RFLP) 

The SNPs (single nucleotide polymorphisms) in exon 21 (G2677T/A), exon 26 

(C3435T) of the MDR1 gene and in exon 10 (G1249A), exon 28 (C3972T) and 5’-

upstream region (C24T) of the MRP2 gene were detected using restriction fragment 

length polymorphism analysis after PCR amplification (PCR-RFLP). In Table 2, se-

quence of primers for PCR-RFLP, restriction enzymes used for digestion, fragment 
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length which was recognized by the primers and fragment length after restriction in 

dependence of genotype are shown. 

Table 2: Sequence of primers, restriction enzymes and fragments length of wild type and variant 

alleles which were used to identify polymorphisms. 

SNP Primer Primer sequence    (5´ - 3´) 
Restriction 

enzyme 

Fragment 

length (bp) 

Wild type 

Mutation 

MDR-9 TGC AGG CTA TAG GTT CCA GG Exon 21 

G2677A 
MDR-10 GTT TGA CTC ACC TTC CCA G 

BsrI 
220 

206     14 

MDR-9 TGC AGG CTA TAG GTT CCA GG Exon 21 

G2677T 
MDR-10a TTT AGT TTG ACT CAC CTT CCC G 

BanI 
198     26 

224 

MDR-11 TGT TTT CAG CTG CTT GAT GG 

M
D
R
1
 

Exon 26 

C3435T 
MDR-12 AAG GCA TGT ATG TTG GCC TC 

Sau3 AI 
158     39 

197 

MRP-10 AACTTGGCCAGGAAGGAGTACAAC Exon 10 

G1249A 
MRP-10R CTGGGTGACTTTTTCTTTACCTGAATG 

Acl I 
236     24 

260 

MRP-28 AACTTACTTCTCATCTTGTCTCCTTGC Exon 28 

C3972T 
MRP-28R CTCCACCTACCTTCTCCATGCTAG 

Bsr DI 
184 

156     28 

MRP-PRO ATG GTT GGG ATG AAA GG 

M
R
P
2
 

5’-upstream 

region 

C24T MRP-PROR2 GCT TTA GAC CAA TTG CAC ATC 

Bbs I 
188     113 

301 

 

3.2.3 PCR 

The amplification of corresponding DNA fragment was performed by PCR according 

to the protocol enclosed in appendix (Table A1 - A4) using the Thermocycler Ge-

neAmp® PCR System 9700 (Applied Biosystems GmbH, Weiterstadt, Germany) ac-

cording to the appropriate temperature condition shown in Table A5. 
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3.2.4 Restriction Fragment Length Polymorphism (RFLP) 

For restriction, 12.5 µl of the PCR product were mixed with 3 µl of restriction enzyme 

buffer and digested with 0.5 µl of the corresponding enzyme (Table 2). PCR products 

with restriction enzymes were incubated overnight at appropriate temperature shown 

in Table A6. 

3.2.5 Gel electrophoresis 

The PCR product and restriction analysis was performed by agarose gel electropho-

resis. For PCR product analysis, a 2 % agarose gel (3 g agarose, 150 ml 1× TBE 

buffer, 15 µl ethidium bromide) was used. After restriction, the produced fragments 

(Table 2) were separated using 3 % agarose gel (4.5 g agarose, 150 ml 1× TBE 

buffer, 15 µl ethidium bromide). Before starting electrophoresis, the probes (10 µl 

PCR products, 25 µl probe after digestion) were mixed with 10 µl of loading buffer 

(150 mM EDTA; 25 mM Tris-HCl pH 7.0; 25 % glycerol; 0.05 % bromphenolblue). As 

a marker, 10 µl of DNA size standard was used. The gel was run at 120 V for 30 - 60 

min. Separated DNA fragments were visualized with UV light using the Kodak Image 

Station 440 with photo printer and software Kodak 1D 3.5 (Biostep GmbH, Jahnsdorf, 

Germany). 

3.3 Isolation of peripheral blood lymphocytes 

For lymphocytes isolation, 28 ml of venous blood were obtained from each patient 

and healthy subject and drawn into heparinizied (100 IE heparin/ 7 ml blood) vacu-

tainer (BD Vacutainer™ systems, Belliver Industrial Estate, Plymouth, UK). Isolation 

of lymphocytes by Ficoll density gradient was performed immediately or up to 2 h 

after blood collection. Whole blood was diluted by addition of an equal volume of 

Dulbecco’s phosphate-buffered saline (PBS) (1:1, v/v). 3.5 ml of the diluted blood 

were carefully layered over 2 ml Lymphoprep™ in a 13 ml centrifuge tube (Sarstedt 

AG & Co, Nümbrecht, Germany) and centrifuged at 1.000 × g for 30 min at room 

temperature (approximately 20 °C) using a swing-out rotor. After centrifugation, the 

mononuclear cells formed a distinct band at the sample/ medium interface. The cells 

were removed from the interface using a pipette without removing the upper layer 

and diluted with PBS. The cells were washed with PBS twice by centrifugation for 10 
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min at 800 × g. After that, the cell number was counted using a CASY®1 Counter 

(CASY®1, Schärfe Systems, Freiburg, Germany). 

3.4 Measurement of mRNA expression of MDR1, MRP1 and MRP2 

3.4.1 RNA isolation 

For quantification of mRNA expression, lymphocytes were resuspended in 600 µl 

RLT buffer supplemented with β-mercaptoethanol (10 µl of β-mercaptoethanol per 1 

ml of RLT buffer) and stored at -80 °C for later use. 

Total RNA was isolated from frozen lymphocytes using an RNeasy® Mini Kit accord-

ing to the manufacture’s protocol (QIAGEN GmbH, Hilden, Germany). RNA concen-

tration was determined using a photometer. The RNA was stored until further analy-

sis at -80 °C. 

The integrity and size distribution of total RNA was checked by denaturing formalde-

hyde agarose gel electrophoresis and ethidium bromide staining. The respective ri-

bosomal bands should appear as sharp bands on the stained gel (Figure 2). If the 

ribosomal bands are not sharp, but appear as a smear of smaller sized RNAs, it is 

likely that the RNA sample underwent major degradation during preparation. 

 

 

Figure 2: Formaldehyde agarose gel of total RNA isolated from lymphocytes using RNeasy Mini Kit. 

3.4.2 Real-time PCR assay 

The mRNA expression levels of the multidrug transporters P-gp, MRP1, MRP2 were 

analyzed using TaqMan® technology based on a real-time quantitative PCR assay. 

28S 
 

 

18S 
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In a first step, the total RNA was transcribed to complement DNA (cDNA) by means 

of enzyme reverse transcriptase using a TaqMan® reverse transcription reagents kit 

with random hexamer primers (Applied Biosystems, Darmstadt, Germany). Reagents 

combination is given in Table 3. Incubation conditions for RNA reverse transcription 

reaction were following: 10 min incubation at 25 °C, 30 min reverse transcription at 

48 °C and 5 min enzyme inactivation at 95 °C. The cDNA was stored at -20 °C until 

later use. 

Table 3: Reagents for mRNA reverse transcription reaction. 

Reagents Volumes (µl) Final concentration 

RT-buffer (10×) 2.5 1× 

25 mM MgCl2 5.5 5.5 mM 

desoxyNTP-mix 5.0 500 µM 

Random hexamers 1.25 2.5 µM 

RNase inhibitor 0.5 0.4 U/µl 

Reverse transcriptase 0.625 1.25 U/µl 

RNA + RNase free H2O 9.6 20 ng/µl 

 

In a second step, the cDNA was quantified on an ABI PRISM 7700 SDS (Applied 

Biosystems GmbH, Weiterstadt, Germany). The principle of cDNA quantification is 

based on the use of fluorescent dye-labelled probes that are complementary to one 

of the strands of the amplicon. An oligonucleotide probe is constructed with a fluores-

cent reporter dye bound to the 5’ end and a quencher on the 3’ end. While the probe 

is intact, the proximity of the quencher greatly reduces the fluorescence emitted by 

the reporter dye by fluorescence resonance energy transfer (FRET) through space. 

Usually, the FRET pair is 6-carboxyfluorescein (FAM) as the fluorophore and 

tetramethylrhodamine (TAMRA) as a so-called quencher. If the target sequence is 

present, the probe anneals between primer sites and is cleaved by the 5’ nuclease 

activity of Taq polymerase during extension. The separation of the reporter dye from 

the quencher leads to increase of the reporter dye signal. The reporter dye molecules 

are cleaved from their respective probes with each cycle resulting in an increase in 

fluorescence intensity proportional to the amount of the produced amplicon. Quantita-

tive PCR software uses the exponential phase of PCR for quantification. 
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An endogenous control gene is used to standardize the amount of sample cDNA 

added to the reaction. It should be a constitutively expressed gene throughout the 

experiment that is used to normalize the results of a variable target gene and correct 

for sample-to-sample variations. In this study, 18S rRNA was used for normalization 

as endogenous control. To distinguish the internal control from the sample of interest, 

VIC was used as a fluorophor instead of FAM. 

This normalization method was then combined with the absolute standard curve 

method. The absolute standard curve method allows detection of the initial amount of 

mRNA from the Ct values (cycle number at which the signal is detected above the 

background and the amplification is in exponential phase) and requires a standard 

curve of known copy numbers. In this study, cloned and quantified standards for 

MDR1, MRP1 and MRP2 genes were used. Primers and fluorescence probes com-

plementary to MDR1, MRP1 and MRP2 genes were designed in the Institute of 

Pharmacology (University of Greifswald, Germany) and synthesized by TIB Molbiol 

(Berlin, Germany) (Table 4). Primers and fluorescence labelled probes complemen-

tary to 18S rRNA gene were designed and obtained from Applied Biosystems (Weit-

erstadt, Germany). 

Table 4: Sequence of primers and hybridization fluorogenic probes used for quantification of MDR1, 

MRP1 and MRP2 mRNAs expression levels. 

Gene 
Sequence of primers (5’→3’) 

forward/reverse 

Hybridization probes  

(FAM-5’, 3’-TAMRA) 

MDR1 
TTCGCAACCCCAAGATCCTC/ 

ACAATGGTGGTCCGACCTTT 
F-ATCCAGAGCCACCTGAACCACTGCT–T 

MRP1 
CGTCAGCGGTCCAGGG/ 

ACTATAGGAGGAGGAGCTGCTGAG 
F-CACTGTCCGTCACCAGCATGCCA–T 

MRP2 
CTGGGAACATGATTCGGAAGC/ 

GAGGATTTCCCAGAGCCGAC 
F-CAGTCCGAGATGTGAACCTGGACAT–T 

 

The cDNA samples were added to the reaction mix, containing the primers, probes 

and all the reagents required for the reaction (Table 5 and A7) and amplified using an 

ABI PRISM 7700 SDS by following conditions: incubation for 2 min at 50 °C and for 
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10 min at 95 °C, 40 cycles 15 s denaturation at 95 °C and 1 min annealing/extension 

at 60 °C. Results were analyzed with software supplied to the instruments. 

Table 5: Combination of TaqMan® PCR reagents, used for mRNA quantification. 

Reagents Volumes (µl) Final concentration 

Curry Master Mix (CMM) 10.0  

Forward primer  0.3 300 nM 

Reverse primer  0.3 300 nM 

Hybridization probe (FAM) 0.1 100 nM 

cDNA (5 ng/µl) 2.0  500 pg/µl 

Aqua bidest. 7.3  

Final volume 20.0  

18S rRNA   

Curry Master Mix (CMM) 10.0  

10× 18S rRNA primer/probe combination 2.0 1× 

cDNA 2.0  

Aqua bidest. 6.0  

Final volume 20.0  

 

3.5 Measurement of P-glycoprotein and MRP2 by Western Blot 

Western blot analysis allows detection of a definite protein in a mixture of any number 

of proteins while giving information about the size of the protein. Denaturized proteins 

are separated by size using sodium dodecyl sulfate polyacrylamide gel electrophore-

sis (SDS-PAGE). Then, proteins are transferred to nitrocellulose membrane and de-

tected immunologically using specific antibodies. As a result, the amount of protein in 

a given sample can be examined and protein levels between several groups can be 

compared. 

3.5.1 Preparation of samples containing a tagged protein 

For western blot analysis, lymphocytes were resuspended in 50 µl RIPA lysis buffer 

and stored at -80 °C for later use. 
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Lymphocytes frozen in RIPA lysis buffer were thawed fast and lysed keeping on ice 

(at 4 °C) for 20 min. Cell lysates were homogenized by sonication. Cell debris was 

removed by centrifugation for 10 min at 12 000 rpm, at 4 °C. 

Total protein concentration was measured using the bicinchoninic acid (BCA) method 

(Smith et al., 1985). 

3.5.2 Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) 

The probes using Laemmli-SDS-system were concentrated in 4.0 % stacking gel and 

then separated by size in 7.5 % separating gel. Chemical composition of both stack-

ing and separating gels is shown in Table A8. 

The samples for electrophoresis (at final protein concentration 30 µg/ ml) were 

heated for 30 min at 37 °C in 5 % β-mercaptoethanol reducing Laemmli sample 

buffer. The gel pockets were filled with the samples using a micro litre syringe. As a 

protein size standard, prestained SDS molecular weight (PSMW) marker was used. 

The marker was heated at 95 °C for 5 min. 

Electrophoresis was run at 200 V constant for 2 h. As electrophoresis buffer, PAGE-

running buffer was used. 

After SDS-PAGE, the separated proteins were electrically transferred by “wet” blot to 

a PROTRAN® nitrocellulose membrane (Schleicher & Schuell GmbH, Dessel, Ger-

many). The transfer was done at 500 mA for 2 h at cooling (4 °C). 

To evaluate the quality and efficiency of proteins transfer, the nitrocellulose mem-

brane was stained with Ponceau S (0.2 %) solution. After repeated rinsing with dis-

tilled water the dyes dissociated from proteins and the blots appeared colourless. 

3.5.3 Immunological detection 

Blocking of non-specific binding was achieved by placing the membrane in a dilute 

solution of protein (in case of P-glycoprotein detection, the membrane was placed in 

5 % BSA in TBST; in case of MRP2 detection in 5 % FCS in TBST) and by incubation 

overnight at 4 °C. For P-gp detection, the nitrocellulose membrane was incubated 

with monoclonal antibodies C219 at dilution 1:500 in TBST plus 1 % BSA overnight 
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lightly swirling at room temperature. For MRP2 detection, the nitrocellulose mem-

brane was incubated with monoclonal antibodies M2III-6 at dilution 1:50 in TBST plus 

1 % BSA overnight lightly swirling at room temperature. After incubation with primary 

antibodies, the membrane was properly washed with TBST buffer 4 times for 15 min 

to remove unbound primary antibody. Then, the membrane was exposed to horse-

radish peroxidase-conjugated goat anti-mouse IgG secondary antibodies at dilution 

1:1000 in TBST plus 1 % BSA. The membrane was properly washed again. Detec-

tion of tagged protein was performed with the ECL Plus Western Blotting Detection 

Reagents (Amersham Biosciences, Buckinghamshire, United Kingdom). For this pur-

pose, the membrane was incubated with detection reagents for 5 min at room tem-

perature and then placed in an X-ray film cassette and a sheet of a radiography film 

(AGFA, Mortsel, Belgium) was placed on the membrane. 

It was not possible to run all the samples at the same time therefore an internal stan-

dard (proteins extract from lymphocytes obtained from healthy subjects) as well as a 

positive control (human placenta) was used. The multidrug transport proteins level 

was evaluated also quantitatively. For quantitative estimation an optical density of 

band was evaluated using KODAK Image Quant TLV 2005 Software (GE Healthcare 

UK Ltd, England). Then optical density of every sample was calculated in relation to 

optical density of internal standard. 

3.6 P-glycoprotein functional analysis 

The use of rhodamine (R123) as a probe to evaluate P-gp activity is well established 

(Kessel et al., 1991; Fontaine et al., 1996; Bachmeier et Miller, 2005). Rhodamine 

efflux assay is designed to assess the functional activity of P-gp in living cells using 

fluorescent dye rhodamine transported by this pump. The assay is based on deter-

mining fluorescence intensities using a flow cytometer after in vitro incubation of the 

cell suspension with the rhodamine, in the presence or absence of P-gp inhibitor 

such as verapamil. This assay directly measures the relative levels of P-gp efflux ac-

tivity in living cells. 

The P-gp mediated rhodamine efflux in the lymphocytes and natural killer (NK) cells 

was determined as previously described by Beck et al. (Beck et al., 1998). 
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3.6.1 Lymphocytes incubation with fluorescent dye 

For functional analysis, lymphocytes were resuspended in 1.5 ml preservation (freez-

ing) medium (10 % DMSO/ 40 % RPMI/ 50 % FCS) and delivered into cryogenic vials 

(Nunc Brand Products, Roskilde, Denmark), placed in the freezing box (Nalge Nunc 

International, Rochester, USA) and stored at -80 °C in the freezer overnight. On the 

next day, vials were transferred into the liquid nitrogen chamber and stored until 

analysis. 

The lymphocytes frozen in preservation medium were thawed and washed with 30 ml 

of RPMI 1640 medium supplemented with 10 % fetal calf serum (RPMI 1640/ 10 % 

FCS). After washing, the cells were resuspended in 1 ml of RPMI 1640/ 10 % FCS 

with or without the P-gp inhibitor verapamil (final concentration 10 µmol/ l) to a final 

cell concentration 1×106 cells/ ml and were allowed to equilibrate in RPMI 1640/ 

10 % FCS in presence or absence of verapamil for 1 h at 37 °C and 5 % CO2 in 

HERAcell gas addition incubator (Kendro Laboratory Products GmbH, Hanau, Ger-

many). To allow rhodamine accumulation in the lymphocytes, the cells were loaded 

after 1 h recovering with 100 µl of rhodamine solution (8 µg/ ml) and incubated for 

another 1 h at 37 °C and 5 % CO2 in the presence or absence of verapamil. After-

wards, the suspension containing cells, rhodamine with or without verapamil was 

washed twice with RPMI 1640/ 10 % FCS ± verapamil to remove unbound fluoro-

chrome (extracellular rhodamine). With that, the cells were resuspended in 1 ml of 

RPMI 1640/ 10 % FCS ± verapamil and aliquoted at concentration 2×105 cells/ ml 

(200 µl of cell suspension). Then, the cells were incubated at 37 °C and 5 % CO2 for 

another 30, 60, 90 and 120 min in rhodamine free medium in the absence or pres-

ence of verapamil to allow rhodamine efflux. Immediately after washing (time point 0 

min) and after the efflux periods indicated (i.e. 30, 60, 90 and 120 min), the samples 

were stored on ice to stop rhodamine efflux, as P-gp is inactive at low temperature. 

For time course experiments, the earlier time points were kept on ice until all of the 

samples were collected. 

3.6.2 Labelling with antibodies 

After the efflux period, the cells were labelled with fluorochrom tricolour (TC) conju-

gated monoclonal antibodies (MoAb): TC-conjugated anti-CD 16 MoAb and TC-
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conjugated anti-CD 56 MoAb for detection of natural killer (NK) cells subpopulation, 

for negative control - TC-conjugated Mouse IgG1, for 15 min in the dark, as recom-

mended by the manufacturer. Such conjugated antibodies allow sufficient separation 

of the fluorescence signals, since TC emission does not interfere with the rhodamine 

emission spectrum. After staining, the cells were washed with PBS to remove un-

bound antibodies and then analyzed for fluorescence using a FACSCalibur flow cy-

tometer (Becton-Dickinson GmbH, Heidelberg, Germany) with a 488 nm argon-ion 

laser. 

3.6.3 Flow cytometry 

Fluorescence channel FC–1 (FL1-H, 530 nm) was used for evaluating the rhodamine 

signals and FC–3 (FL3-H, 670 nm) was used for TC signals. 

20 000 events were recorded for each sample. The mean channel fluorescence was 

measured for each sample at every time point of the assay: 0 min, 30 min, 60 min, 90 

min and 120 min. Two measurements were performed for each sample. 

The samples were gated (R1) on forward scatter, FSC (cell size) versus side scatter, 

SSC (cell granularity) to exclude non-lymphocyte population, clumps and debris (to 

include lymphocytes, Figure 3, panel A). For rhodamine efflux of lymphocytes evalua-

tion, rhodamine fluorescence was measured in lymphocytes (Figure 3, panel B). In 

order to measure rhodamine efflux of NK cells a second gate (R2) was set around 

the TC-CD56+ and TC-CD16+ NK cells (Figure 4, panel A). Rhodamine fluorescence 

was measured in NK cells (Figure 4, panel B). And then rhodamine fluorescence in 

R1 and R2 was analyzed accordingly with the influence of verapamil for the determi-

nation of P-gp activity. 

Data was expressed as mean rhodamine fluorescence in lymphocytes and CD56+, 

CD16+ NK cells. Mean rhodamine fluorescence after baseline dye uptake (time point 

0 min) was set as 100 %. Rhodamine fluorescence for each sample, exposed to dif-

ferent efflux periods (30 – 120 min), was then calculated as percentage of rhodamine 

retained in the cells in comparison with baseline uptake. 
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A) B) 

Figure 3: Dot plot of lymphocytes (red colour) population gated (R1) on forward scatter, FSC versus 

side scatter, SSC (A) and rhodamine fluorescence in lymphocytes, gated region R1 (B). 

A) B) 

Figure 4: Dot plot of lymphocytes (red colour) population with a second gate (R2) set around the TC-

CD56+ and TC-CD16+ NK cells (green colour) (A) and rhodamine fluorescence in NK cells, 

gated region R2 (B). 

3.7 Statistical analysis 

Results presented in this work were statistically evaluated using Microsoft® Excel 

2001, SPSS 12.0 and Origin 5.0 programs. 
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Expected genotype frequencies were calculated by the Hardy-Weinberg equation 

from the allele frequencies (A = allele) 

Frequency A1A1 A1A2 A2A2 

Genotype p2 2pq q2 

 

Observed and expected frequencies were compared using Chi2 (χ2) test. A 

p-value ≤ 0.05 was considered to be statistically significant. Statistical analysis of 

mRNA expression and protein content data was performed using non-parametric 

Mann-Whitney U-test and Kruskal-Wallis-test. Rhodamine fluorescence data was 

presented as mean ± standard deviation. AUC of rhodamine fluorescence was calcu-

lated using SAS 9.0 program and AUC trapezium rule: 

( )

( ) ( )
2

ttCC
AUC a1a1aa

1aa

−×+
= ++

+−  

where AUC – area under the curve, C – rhodamine fluorescence, t – time point 

Correlation between data estimated using Pearson’s correlation coefficients (2-side). 
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4 RESULTS 

4.1 MDR1 genotype and haplotype distribution 

The frequency of the MDR1 genotypes in patients with drug responsive and non-

responsive epilepsy was quite similar (Table 6). Non-responders to antiepileptic 

therapy had slightly higher frequency of the CC genotype at position 3435 of the 

MDR1 gene than responders. The frequency of the TT genotype was slightly lower in 

non-responders than in responders. Our results showed that the CC genotype was 

lower frequent in epileptic patients than in healthy controls. But all these differences 

among study population were not statistically significant. Therefore, the 

MDR1 G2677T/A genotype did not display significant differences among patients with 

epilepsy and healthy subjects (Table 6). 

Table 6: Frequency of the MDR1 C3435T and G2677T genotype in healthy controls, responders 

and non-responders to drug therapy; number (percent). 

    C3435T   G2677T/A 

Subjects n CC CT TT   GG GT GA TA TT 

6 4 5 8 4 3 
Controls 15 

(40.0) (26.7) (33.3) 
  
(53.3) (26.7) 

0 0 
(20.0) 

13 27 14 13 27 2 1 11 
Epileptics: 54 

(24.1) (50.0) (25.9) 
 
(24.1) (50.0) (3.7) (1.9) (20.4) 

3 6 6 4 7 4 
Responders 15 

(20.0) (40.0) (40.0) 
 
(26.7) (46.7) 

0 0 
(26.7) 

10 21 8 9 20 2 1 7 
Non-responders 39 

(25.6) (53.8) (20.5) 
 
(23.1) (51.3) (5.1) (2.6) (17.9) 

 

For further evaluation, we performed a frequency analysis of haplotype variants. 

There was no significant difference in the distribution of four MDR1 haplotypes in 

epileptic patients versus healthy volunteers (Table 7). Separate analysis of each 

haplotype variant compared to the wild type haplotype (3435C/ 2677G) revealed also 

no significant differences. Statistical analysis (χ2 test) verified homogenous 

distribution of the MDR1 haplotypes in patients with epilepsy and healthy controls 

(p=0.335). 
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Table 7: Frequency of the MDR1 C3435T and G2677T haplotypes among healthy controls, 

responders and non-responders to drug therapy. 

MDR1 Controls Epileptics: Responders Non-responders 

C3435T G2677T n = 30 n = 102* n = 30 n = 72 

C G 0.533 0.431 0.367 0.458 

C T 0 0.039 0.033 0.042 

T G 0.133 0.088 0.133 0.069 

T T 0.333 0.441 0.467 0.431 

*102 instead of 108 subjects; patients having GA, TA genotypes of the G2677T/A allele were not 

included into the haplotype analysis 

4.2 MRP2 genotype and haplotype distribution 

The frequency of the MRP2 genotypes in the promoter region C24T did not differ 

significantly among epileptic patients and controls (Table 8). There was also no 

significant difference in frequency of the MRP2 G1249A polymorphism (Table 8). 

Patients with epilepsy which was responsive to drug therapy had slightly higher 

frequency of the CC genotype at position 3972 in exon 28 of the MRP2 gene than 

patients with non-responsive epilepsy and healthy controls (Table 8). However, the 

differences were not statistically significant. We found no significant difference in hap-

lotype distribution among epileptics and controls (Table 9). Statistical analysis (χ2 

test) showed that the MRP2 haplotypes were homogenously distributed in patients 

with epilepsy and healthy subjects (p=0.187). 

Table 8: Frequency of the MRP2 C24T, G1249A and C3972T genotypes in healthy controls, 

responders and non-responders to drug therapy; number (percent). 

    C24T   G1249A   C3972T 

Subjects n CC CT TT   GG GA AA   CC CT TT 

10 4 1 8 7 8 6 1 
Controls 15 

(66.7) (26.7) (6.7) 
 
(53.3) (46.7) 

0  
(53.3) (40.0) (6.7) 

35 16 3 28 18 8 29 16 9 
Epileptics: 54 

(64.8) (29.6) (5.6) 
 
(51.9) (33.3) (14.8) 

 
(53.7) (29.6) (16.7) 

10 3 2 7 7 1 10 2 3 
Responders 15 

(66.7) (20.0) (13.3) 
 
(46.7) (46.7) (6.7) 

 
(66.7) (13.3) (20.0) 

25 13 1 21 11 7 19 14 6 
Non-responders 39 

(64.1) (33.3) (2.6) 
 
(53.8) (28.2) (17.9) 

 
(48.7) (35.9) (15.4) 
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Table 9: Frequency of the MRP2 C24T, G1249A and C3972T haplotypes among healthy controls, 

epileptic patients and the subgroups of responders and non-responders to drug therapy. 

MRP2 Controls Epileptics: Responders Non-responders 

C24T G1249A C3972T n = 30 n = 108 n = 30 n = 78 

C G C 0.500 0.380 0.400 0.372 

C G T 0 0.102 0.067 0.115 

C A C 0.233 0.296 0.300 0.295 

C A T 0 0.019 0 0.026 

T G C 0.067 0.009 0.033 0 

T G T 0.200 0.194 0.200 0.192 

T A C 0 0 0 0 

T A T 0 0 0 0 
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4.3 MRP1 expression in lymphocytes 

4.3.1 MRP1 expression in healthy controls and patients with epilepsy 

Patients with epilepsy had significantly lower expression of MRP1 than healthy con-

trols. Furthermore, patients after combined therapy and neurosurgery had signifi-

cantly lower MRP1 mRNA expression in lymphocytes than patients after monother-

apy (Figure 5, panel A). 

4.3.2 MRP1 expression in responders and non-responders to antiepileptic 

therapy 

Patients with non-responsive epilepsy had significantly lower expression of MRP1 in 

lymphocytes than patients with responsive epilepsy and healthy subjects (Figure 5, 

panel B). 
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Figure 5: MRP1 mRNA expression in lymphocytes obtained from healthy controls and three groups 

of epileptic patients (A) and from healthy controls, responders and non-responders to drug 

therapy (B). 
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4.4 MRP2 expression in lymphocytes 

4.4.1 MRP2 expression in healthy controls and patients with epilepsy 

MRP2 mRNA expression in lymphocytes from patients with epilepsy was not signifi-

cantly different from healthy subjects (Figure 6, panel A). MRP2 protein content, 

however, was significantly lower in epileptics (Figure 6, panel B). Between epileptic 

patients with diverse treatments, there was no significant difference. 
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Figure 6: MRP2 mRNA expression (A) and protein content (B) in lymphocytes obtained from healthy 

controls and three groups of epileptic patients; (au – arbitrary units). 

4.4.2 MRP2 expression in responders and non-responders to antiepileptic 

therapy 

Analysis of MRP2 mRNA expression in lymphocytes of patients with responsive and 

non-responsive epilepsy revealed that non-responders had significantly higher 

MRP2 mRNA content in lymphocytes than responders (Figure 7, panel A). At the pro-

tein level, there was no significant difference between responders and non-

responders (Figure 7, panel B). 
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Figure 7: MRP2 mRNA expression (A) and protein content (B) in lymphocytes obtained from healthy 

controls, responders and non-responders to drug therapy; (au – arbitrary units). 

4.4.3 Correlation between MRP2 mRNA expression and protein content 

There was a significant correlation between MRP2 mRNA and protein content in lym-

phocytes from healthy volunteers (Figure 8, panel A) but a negative significant corre-

lation in lymphocytes from epileptic patients after combined therapy (Figure 8, panel 

B). However, the coefficients of correlation were very low. 

MRP2 expression at mRNA and protein levels in lymphocytes from other epileptic 

patients did not correlate significantly (Table A9). 

A) 

 

B) 

 
Figure 8: Correlation between MRP2 mRNA expression and protein content in lymphocytes from 

healthy controls (A) and epileptic patients after combined therapy (B); (au – arbitrary units). 
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4.5 MDR1 expression and function of P-glycoprotein in lymphocytes 

4.5.1 MDR1 expression in healthy controls and patients with epilepsy 

As shown in Figure 9 (panel A), MDR1 mRNA expression in lymphocytes of patients 

with epilepsy was significantly lower than in healthy controls. Interestingly, the lowest 

expression was detected in patients who underwent neurosurgery. Further, patients 

with combined antiepileptic treatment had significantly lower expression than 

controls. 
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Figure 9: MDR1 mRNA expression (A) and protein content (B) in lymphocytes, obtained from 

healthy controls and three groups of epileptic patients; (au – arbitrary units). 

The P-gp levels were in tendency similar to mRNA expression: patients with epilepsy 

showed lower P-gp content (Figure 9, panel B). There was no significant difference 

among epileptic patients with different antiepileptic treatment regimens. 

4.5.2 P-glycoprotein function in healthy controls and patients with epilepsy 

Rhodamine efflux experiments revealed no significant difference in rhodamine fluo-

rescence of lymphocytes from healthy controls and epileptic patients (Figure 10, 

panel A). 

There was no difference in rhodamine efflux from natural killer (NK) cells of healthy 

volunteers and patients with epilepsy either (Figure 10, panel B). Epileptic patients 
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after monotherapy had significantly lower rhodamine efflux from NK cells than pa-

tients after neurosurgery. 
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Figure 10: Rhodamine (R123) fluorescence of lymphocytes (A) and NK cells (B) obtained from 

healthy controls and epileptic patients. *p<0.05 compared to control, °p<0.05 compared to 

neurosurgery, ¹p<0.05 compared to combined therapy. 

The area under the curve of rhodamine fluorescence of lymphocytes (AUC0-2h-L) and 

of NK cells (AUC0-2h-NK) and the rate constant for rhodamine elimination from lym-

phocytes (kel-L) and NK cells (kel–NK) was calculated. Our results showed that  

AUC0-2h–L value was higher in the control group than in patients with epilepsy (Table 

10, panel A), though the difference was not significant. kel 0-2h-L values did not differ 

significantly among the study population, however, kel 0-2h-L was lower in healthy vol-

unteers than in epileptic patients (Table 10, panel A). 

Table 10: Values of AUC of rhodamine fluorescence of lymphocytes (A) and NK cells (B) and rate 

constants (kel) for rhodamine elimination from lymphocytes (A) and NK cells (B) in healthy 

controls and three groups of epileptic patients; presented as mean ± standard deviation, 

*p<0.05 compared to control, monotherapy, combined therapy. 

A) Control Monotherapy Combined therapy Neurosurgery 

AUC0-2h–L 138.30 ± 10.33 136.56 ± 14.36 133.64 ± 8.44 131.87 ± 13.18 

kel 0-2h-L ×10
-2 0.51 ± 0.09 0.52 ± 0.17 0.54 ± 0.09 0.58 ± 0.16 

B) Control Monotherapy Combined therapy Neurosurgery 

AUC0-2h-NK 117.31 ± 16.67 131.88 ± 20.68 119.94 ± 21.58 116.60 ± 20. 78 

kel 0-2h-NK ×10
-2 0.7 ± 0.16 0.61 ± 0.25 0.68 ± 0.19 1.0* ± 0.39 
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AUC0-2h-NK values of healthy subjects and epileptics did not show any significant 

difference (Table 10, panel B). kel 0-2h-NK was significantly higher in the neurosurgery 

group than in control (p=0.013), monotherapy (p=0.002) and combined therapy 

(p=0.005) groups (Table 10, panel B). 

4.5.3 MDR1 expression in responders and non-responders to antiepileptic 

therapy 

Analysis of the MDR1 expression data in patients with responsive and non-

responsive epilepsy to drug treatment displayed that non-responders had significantly 

lower MDR1 mRNA content in lymphocytes than responders and controls (Figure 11, 

panel A). 
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Figure 11: MDR1 mRNA expression (A) and protein content (B) in lymphocytes obtained from healthy 

controls, responders and non-responders to drug therapy; (au – arbitrary units). 

P-gp content in lymphocytes did not differ significantly between responders and non-

responders. Patients with responsive epilepsy had significantly lower P-gp expres-

sion than healthy volunteers (Figure 11, panel B). 

4.5.4 P-glycoprotein function in responders and non-responders to antiepi-

leptic therapy 

There was no significant difference in rhodamine fluorescence of lymphocytes from 

patients with epilepsy responsive and non-responsive to therapy (Figure 12, panel A). 
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Figure 12: Rhodamine (R123) fluorescence of lymphocytes (A) and NK cells (B) obtained from 

healthy controls, responders and non-responders to drug therapy; *p<0.05 compared to 

non-responders. 

Rhodamine fluorescence of NK cells was significantly higher in patients with respon-

sive than in patients with non-responsive epilepsy (Figure 12, panel B). 

A comparison of AUC0-2h-L and kel 0-2h-L between patients with responsive and non-

responsive epilepsy showed no significant differences (Table 11, panel A), though 

the value of AUC0-2h-L was lower in non-responders than in responders. kel 0-2h-L was 

higher in patients with non-responsive than in patients with responsive epilepsy. 
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Table 11: Values of AUC of rhodamine fluorescence of lymphocytes (A) and NK cells (B) and rate 

constants (kel) for rhodamine elimination from lymphocytes (A) and NK cells (B) in healthy 

controls, responders and non-responders to drug therapy, presented as mean ± standard 

deviation, *p=0.015 compared to responders. 

A) Control Responders Non-responders 

AUC0-2h-L 138.30 ± 10.33 136.56 ± 14.36 132.55 ± 11.50 

kel 0-2h × 10
-2-L 0.51 ± 0.09 0.52 ± 0.17 0.57 ± 0.14 

B) Control Responders Non-responders 

AUC0-2h-NK 117.31 ± 16.67 131.88 ± 20.68 117.88 ± 20.88 

kel 0-2h × 10
-2-NK 0.7 ± 0.16 0.61 ± 0.25 0.88* ± 0.36 

 

AUC0-2h-NK value was higher in responders than in non-responders, but the differ-

ence was not significant (Table 11, panel B). kel 0-2h-NK value was significantly higher 

in patients with non-responsive than in patients with responsive epilepsy (Table 11, 

panel B). 

4.5.5 Correlation between MDR1 mRNA expression, P-glycoprotein content 

and P-glycoprotein function in lymphocytes 

Our results revealed no significant correlation between MDR1 expression at mRNA 

and protein levels (Table A10). 

In epileptic patients, we did not find any significant correlation between MDR1 mRNA 

expression and rhodamine fluorescence of lymphocytes or NK cells (Table A11). 

There was no significant correlation neither between AUC and MDR1 mRNA content 

in lymphocytes (Table A12) nor between kel and MDR1 expression (Table A13). 

In the control group, rhodamine fluorescence of NK cells correlated significantly to 

MDR1 expression in lymphocytes (Figure 13, panel A). It was detected also a signifi-

cant correlation between AUC0-2h-NK and MDR1 mRNA (Figure 13, panel B) and be-

tween kel-NK and MDR1 mRNA content in lymphocytes of healthy individuals (Figure 

13, panel C). 
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A) B) C) 

Figure 13: Correlations between MDR1 mRNA (relative to 18S rRNA×10-4) and rhodamine (R123) 

fluorescence of NK cells (A), AUC0-2h of rhodamine fluorescence of NK cells (B) and rate 

constant (kel×10
-2) for rhodamine elimination from NK cells (C) obtained from healthy indi-

viduals. 

There was no correlation between P-gp expression at protein level and rhodamine 

fluorescence of lymphocytes or NK cells (Table A14). P-gp content did not correlate 

to AUC and kel among study population (Table A15, A16). 

4.6 Correlation between expression of multidrug transporter proteins in 

lymphocytes and brain tissue 

It was hypothesized that mRNA expression of multidrug transporters in lymphocytes 

may reflect their expression in the brain tissue. From 15 patients of our group who 

underwent neurosurgery, brain tissue (cortex, hippocampus) was available. We cor-

related transporters expression in lymphocytes with their expression in brain to show 

whether the expression of multidrug transporters in lymphocytes is a surrogate of 

expression in brain. In Table 12, Pearson’s rank correlation coefficients are given. 
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Table 12: Pearson’s rank coefficients for correlation of the transporters mRNA expressions in brain 

tissue and in lymphocytes from 15 patients after neurosurgery. *p<0.05, **p<0.01. 

  Hippocampus (amygdala)  Cortex (gyrus temporalis) 

  MDR1 MRP1 MRP2  MDR1 MRP1 MRP2 

MDR1 0.417 0.694* -0.082  0.172 -0.127 0.003 

MRP1 0.255 0.640* 0.180  0.001 0.690** 0.128 

L
ym
p
h
o
cy
te
s 

MRP2 0.082 0.438 0.582*  -0.506 0.068 0.232 

 

There was a significant correlation between MRP1 mRNA expression in lymphocytes 

and in the brain tissue of both hippocampus (Figure 14, panel A) and cortex (Figure 

14, panel B). Also, MRP2 expression in the hippocampus was significantly correlated 

to MRP2 expression in lymphocytes (Figure 15). 

 

A) B) 

Figure 14: Correlations between MRP1 mRNA (relative to 18S rRNA×10-6) expression in lymphocytes 

and in the tissue of hippocampus (A) and cortex (B). 
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Figure 15: Correlation between MRP2 mRNA (relative to 18S rRNA×10-6) expression in lymphocytes 

and in the tissue of hippocampus. 

Interestingly, MRP1 expression in the hippocampus was significantly co-correlated to 

MDR1 expression in lymphocytes (Figure 16). 

 

 

Figure 16: Correlation between MRP1 mRNA (relative to 18S rRNA×10-6) expression in the hippo-

campus and MDR1 mRNA (relative to 18S rRNA×10-5) expression in lymphocytes. 

4.7 Impact of MDR1 polymorphisms on the MDR1 expression and function 

in lymphocytes 

No significant influence of the MDR1 gene polymorphisms on MDR1 expression at 

mRNA or protein levels in lymphocytes of epileptic patients was observed (Table 
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A17 - A20). Only for healthy controls was shown that subjects with the 11/11 haplo-

type of the MDR1 gene had significantly higher P-gp content than subjects having 

11/22 or 22/22 haplotype variants (Table A17). 

Analysis of rhodamine fluorescence of lymphocytes and NK cells in healthy subjects 

and epileptics with different MDR1 polymorphisms revealed no significant difference 

(Table A21 – A28). 

4.8 Impact of MRP2 polymorphisms on the MRP2 expression in lympho-

cytes 

MRP2 mRNA expression and MRP2 protein level were not significantly influenced by 

MRP2 polymorphisms neither in patients with epilepsy nor in healthy volunteers (Ta-

ble A29 – A32). 
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5 DISCUSSION 

Our study in healthy subjects and patients with epilepsy was initiated to show 

whether expression and function of some multidrug efflux transport proteins in lym-

phocytes may be a surrogate to predict their expression and function in human brain. 

Therefore, mRNA and protein content of P-gp, MRP1 and MRP2 as well as rhoda-

mine efflux (as surrogate for P-gp function) were measured in lymphocytes of healthy 

subjects and responders and non-responders to antiepileptic drug treatment. Fur-

thermore, expression of the multidrug transporters in lymphocytes was correlated 

with their expression in the tissue of the hippocampus and gyrus temporalis of pa-

tients who were subjected to the brain surgery because of drug non-responsive epi-

lepsy. The following major results were obtained: 

• Expression of P-gp and MRP1 in lymphocytes from epileptics was significantly 

lower than in lymphocytes obtained from healthy subjects. Non-responders to 

antiepileptic treatment (patients on combined antiepileptic drug treatment and 

patients after neurosurgery) showed the lowest levels, particularly of mRNAs. 

MRP2 expression in lymphocytes seems not to be influenced in epileptic pa-

tients. 

• The rhodamine efflux in lymphocytes of epileptic patients did not correlate to 

MDR1 expression. Furthermore, the efflux of the dye seems not to be signifi-

cantly influenced in patients with epilepsy independent on the responsiveness 

to treatment. However, in the subgroup of natural killer cells from healthy sub-

jects but not from patients with epilepsy, there was a significant correlation be-

tween MDR1 mRNA expression and P-gp function as shown for the AUC and 

elimination rate constant of rhodamine. Therefore, in patients with epilepsy, 

the rhodamine efflux model seems not to be a specific measure to conclude 

about P-gp function because the net dye loading of the cells must be influ-

enced by additional factors (transporters) other than P-gp. 

• The mRNA expression of MRP1 in lymphocytes was significantly correlated to 

the mRNA content in the brain, namely in the hippocampus and in the gyrus 

temporalis. From these results and considering the changes in MRP1 mRNA 
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expression of lymphocytes from healthy subjects and epileptic patients can be 

concluded, that MRP1 is lower expressed in the brain tissue which contains 

the epileptogenic focus than in healthy subjects. 

• The mRNA expression of MDR1 in lymphocytes significantly co-correlated to 

the mRNA expression of MRP1 in the brain. 

• MDR1 and MRP2 gene polymorphisms were without significant impact on ex-

pression and function of P-gp and MRP2 in healthy subjects and patients with 

epilepsy independent on responsiveness to treatment. 

In the following chapters, the major implications of the results are discussed in term 

of the objectives of the study. 

5.1 Multidrug transporters in the brain 

In addition to the physical barriers provided by the tight junctions along the blood-

brain barrier and the blood-cerebrospinal fluid barrier, the presence of drug metabo-

lizing enzymes and drug transport proteins in the central nervous system provides an 

additional barrier. Many drug carriers, among them members of the ABC transporter 

family that have been well characterized in peripheral tissues and that are known to 

be involved in the influx and efflux of drugs, have also been identified in the brain 

(Lee et al., 2001). 

ABC transporters are increasingly recognized to be important for drug disposition and 

response (Fromm, 2000; Lin, 2004; Litman et al., 2001; Schinkel et Jonker, 2003; 

Silverman, 1999). The phosphorylated glycoprotein P-gp (ABCB1, MDR1) was the 

first ABC transporter that was detected in endothelial cells of the human blood-brain 

barrier in 1989 (Cordon-Cardo et al., 1989; Thiebaut et al., 1989). In studies using 

mdr1a/b gene knockout mice was shown that P-gp deficient mice are viable, fertile, 

and healthy compared to wild type but exhibit significantly elevated levels of drugs 

that are P-gp substrates, particularly in the brain (Schinkel, 1997; Schinkel et al., 

1994; Loscher et Potschka, 2002). A second efflux transport protein subfamily in the 

brain is the MRP group (ABCC). The MRP family currently has 12 members and at 

least six MRPs (MRP1-6) have been reported to be expressed in the blood-brain bar-

rier of different species (Borst et al., 2000; Loscher et Potschka, 2005a). The best 
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characterized so far are MRP1 (ABCC1) and MRP2 (ABCC2) (O'Brien et Tew, 1996; 

Deeley et Cole, 1997). 

Under physiological conditions, P-gp and several MRPs in brain are predominantly 

expressed in capillary endothelial cells and to a much weaker extent in parenchymal 

and perivascular astrocytes (Golden et Pardridge, 1999). Some data suggests that 

the above mentioned multidrug transporters are also expressed and active in brain 

microglia (Lee et al., 2001; Hirrlinger et al., 2002; Borst et al., 2000). High levels of 

MRP1 have been detected in the chorioid plexus epithelial cells that form the blood-

cerebrospinal fluid barrier (Rao et al., 1999; Nishino et al., 1999). As shown in immu-

nohistochemistry studies and by luminal membrane isolation technique, P-gp and 

some MRPs (MRP2, MRP4) are generally expressed at the luminal (apical) mem-

brane of brain capillary endothelial cells (Figure 17) (Schinkel et Jonker, 2003; Sun et 

al., 2003; Demeule et al., 2002; Sugawara et al., 1990; Jette et al., 1993; Beaulieu et 

al., 1997; Drion et al., 1997; Loscher et Potschka, 2005a). 

 

Figure 17: Localization of selected drug efflux proteins on brain capillary endothelial cells that form 

the blood-brain barrier (adapted from Löscher et al., 2005) (Loscher et Potschka, 2005a). 

It must be noted that the existing data about MRP1 localization in brain is very dis-

crepant. So far, MRP1 has generally been considered to be expressed in the baso-

lateral membrane of polarized epithelial cells as shown in Figure 17 (Borst et al., 

1999). However, a recent study, using centrifugal separation of apical and baso-

lateral membranes of endothelial cells of brain micro-vessels with subsequent West-
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ern Blot analysis as well as confocal laser scanning microscopy demonstrated a pre-

dominantly apical localization of MRP1 in these cells (Zhang et al., 2004). 

It has been shown that the foregoing multidrug transporters function as efflux pumps 

and thereby determine greatly the permeability properties of the blood-brain barrier 

(Leonard et al., 2003). Thus, substrates of multidrug transporters entering the endo-

thelial cells from the blood are immediately pumped by efflux carriers back into the 

blood. As a consequence, the net penetration of substrate drugs and other substrate 

compounds from the blood into the brain tissue can be dramatically decreased 

(Schinkel, 1999). 

5.2 Multidrug transporters role in epilepsy 

As mentioned previously, transporters which work as efflux pumps can influence the 

absorption, distribution and excretion of substances. Consequently, the changes in 

transporters activity and their expression could influence the therapeutic effective-

ness and safety of many medicines. Accumulating evidence demonstrates that some 

members of the ABC transporter family (P-gp, MRPs) are over-expressed in epilep-

togenic brain tissue which were surgically resected from non-responders to antiepi-

leptic drugs (Kwan et Brodie, 2005; Loscher et Potschka, 2002; Marroni et al., 2003; 

Sisodiya, 2003; Loscher et Potschka, 2005a). Tishler et al. (Tishler et al., 1995) were 

the first who reported that brain expression of MDR1 is markedly increased in the 

majority of patients with non-responsive partial (mostly temporal lobe) epilepsy. 

In contrast to P-gp, data on the role of other ABC transporters in epilepsy is much 

more limited (Schinkel et Jonker, 2003; Sun et al., 2003). Still, there is evidence that 

MRP1 and MRP2 over-expression may contribute to non-responsiveness in epilepsy 

(Aronica et al., 2003; Aronica et al., 2004; Dombrowski et al., 2001; Sisodiya et al., 

2001; Sisodiya et al., 2002a; Sisodiya et al., 2006). It was proposed that over-

expressed multidrug transporters lower the extracellular concentration of antiepileptic 

drugs in the vicinity of the epileptogenic focus and thereby render the epilepsy non-

responsive to antiepileptic drugs (Sisodiya et al., 2002a; Rizzi et al., 2002). 

The over-expression of drug transporters in non-responders to antiepileptic drugs is 

most likely restricted to the epileptic focus or circuit. This is substantiated by a previ-

ous study of Sisodiya et al. in which over-expression of P-gp and MRP1 was found in 



5 DISCUSSION 

 53 

epileptogenic tissue but not in adjacent normal tissue of the same patients (Sisodiya 

et al., 2002b; Sisodiya, 2003). This would explain that non-responders exhibit the 

same central side effects of antiepileptic drugs as responders, but these patients lack 

the expected antiepileptic effect because uptake into the epileptogenic brain area is 

reduced by over-expression of multidrug transporters (Schmidt et Loscher, 2005). 

The mechanisms of up-regulation of multidrug transporters in epileptogenic area are 

still not well understood. Over-expression of P-gp has been observed in the region of 

experimentally induced seizure foci (Kwan et al., 2002; Seegers et al., 2002b; Volk et 

al., 2004) and in spatial association with a number of neuropathologies in surgically 

excised human epileptic brain tissue (Tishler et al., 1995; Dombrowski et al., 2001; 

Sisodiya et al., 2002a; Aronica et al., 2003; Sills et al., 2005). Seizures seem to in-

duce regionally restricted over-expression of multidrug transporters. This may be a 

second-line defence mechanism of the blood-brain barrier because of the transient 

blood-brain barrier opening during seizure and chronic dysregulation as indicated by 

endothelial cell alterations, abnormal tight junctions and thickening of the basal 

membrane in human epileptic tissue (Cornford et Oldendorf, 1986; Duncan et Todd, 

1991; Cornford, 1999). 

Up-regulation of multidrug transporters is transient, i.e., expression normalizes in the 

absence of seizures within days to weeks (Loscher et Potschka, 2005b). The tran-

sient over-expression of P-gp observed after different types of experimentally in-

duced seizures in rodents indicates that over-expression of P-gp and presumably 

also of other multidrug transporters may be acquired, i.e., over-expression occurs as 

a consequence of uncontrolled seizures (Schmidt et Loscher, 2005). Indeed, the 

number of seizures before onset of therapy and a high seizure frequency belong to 

the clinical factors that have been associated with non-responsiveness (Regesta et 

Tanganelli, 1999; Schmidt et Loscher, 2005; MacDonald et al., 2000). 

On the other hand, there is some evidence that antiepileptic drugs, which are known 

to be substrates for both P-gp and MRPs families, may induce multidrug transporters 

expression. Experiments in human cell lines revealed up-regulation of MRPs by 

drugs and toxins (Schrenk et al., 2001; Schuetz et al., 1996). Some studies showed 

that up-regulation of P-gp may be acquired after treatment with antiepileptic drugs. 

Phenobarbital and carbamazepine are known to be inducers of P-gp; carbamazepine 
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regulates particularly intestinal P-gp and MRP2. Giessmann et al. showed that duo-

denal mRNA expression of MDR1 and MRP2 was significantly induced after car-

bamazepine treatment (Giessmann et al., 2004). 

Many substances cause increased genes expression by activation of the orphan nu-

clear receptors. The constitutive androstane receptor (CAR) mediates the response 

to a narrow range of phenobarbital – like inducers. In contrast, the pregnane X recep-

tor (PXR), respond to many prescription drugs, environmental contaminants, steroids 

and toxic bile acids. 

The mechanism of gene transcription regulation via the nuclear receptors PXR, CAR 

was well established in CYP genes activation (Synold et al., 2001). PXR binds to the 

xenobiotic response element (ER6/DR3) in the CYP3A4 promoter as a heterodimer 

with the nucleic 9-cis retinoic acid receptor α (RXRα) and hereby increases CYP3A4 

gene expression (Lehmann et al., 1998). Induction of MDR1 and MRP2 genes occurs 

also through activation of the PXR (Geick et al., 2001; Kast et al., 2002). Using gene 

reporter assay, Luo et al. showed that phenytoin, phenobarbital and carbamazepine 

activate PXR in a dose-dependent manner and hereby increase PXR reporter gene 

activity (Luo et al., 2002). CAR acts differently than the more traditional receptors: 

CAR is constitutively active without ligand. Similarly to PXR, CAR requires the het-

erodimerization partner RXR to enable binding to DNA. CAR/RXR heterodimers bind 

to a conserved 51-base pair element called PBREM (phenobarbital-responsive en-

hancer module) in the 5'- flanking region of the CYP2B genes or to the ER6 element 

of the CYP3A4 gene and increase the genes expression (Honkakoski et al., 1998; 

Sueyoshi et al., 1999). 

In summary, the increase of expression of multidrug transporters in patients with non-

responsive epilepsy could be a consequence of the epilepsy itself, of uncontrolled 

seizures, of chronic treatment with antiepileptic drugs, or a combination of these fac-

tors. 

5.3 Lymphocytes as a study surrogate 

The information generated in above described studies is doubtlessly extremely valu-

able. With the view of that, there may be general mechanisms regulating expression 

of multidrug transporters, it would be reasonable to look for another, more easily ac-
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cessible human tissue for investigations of transporters in epilepsy. Data from such a 

tissue would probably enable prediction of the expression and function of transport 

proteins in the brain of responders and non-responders to antiepileptic drugs. The 

availability of an easily and quickly accessible tissue would provide an adequate con-

trol and also would allow repeating studies after several years having even the same 

control. 

So far, comparison with brain tissue from responders to antiepileptic drugs is not 

possible, as most subjects are not subjected to surgical treatment of their epilepsy 

(Sisodiya et al., 2002a). Completely normal (non post mortem) surgically resected 

human brain tissue is of course impossible to obtain for control (Sisodiya et al., 

2006). 

Epilepsy itself or antiepileptic drugs affect probably multidrug transporters expression 

not only in the brain but also in other tissues. Therefore, we chose the easily acces-

sible lymphocytes as a study surrogate to compare transporters expression in lym-

phocytes from epileptic patients and healthy individuals. 

5.3.1 Multidrug transporters in lymphocytes 

Lymphocytes represent a tissue which might be a surrogate for studying expression 

and function of multidrug transporters in other organs and tissues because they in-

herently express P-gp and MRPs (MRP1, MRP2) (Aggarwal et al., 1997; Neyfakh et 

al., 1989; Klimecki et al., 1994; Drach et al., 1992; Chaudhary et al., 1992; Coon et 

al., 1991; Robey et al., 1999; Abbaszadegan et al., 1994; Meaden et al., 2002; Lohoff 

et al., 1998; Srinivas et al., 1998; Laupeze et al., 2001). In other words, they express 

these multidrug transporters, which are known up to date to be up-regulated in pa-

tients with non-responsive epilepsy. 

Within lymphocytes populations, CD56+ cells express the highest levels of MDR1, 

following by CD8+, CD4+, CD19+ and CD14+ cells (Klimecki et al., 1994). Lympho-

cytes were also found to express high levels of MRP1 and to a considerably lesser 

extent MRP2 (Laupeze et al., 2001). P-pg, MRP1 and MRP2 are efflux carriers in 

lymphocytes (Figure 18). 
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Figure 18: Schematic representation of selected drug efflux proteins localization in lymphocyte. 

Lymphocytes are relatively easy to procure. The advantage of using lymphocytes 

instead of over-expressed cell-lines is that the lymphocytes are normal human tissue 

and the parameters obtained using such tissue are likely to be a better representa-

tion of systemic effects. Lymphocytes can be used to study both inducing and inhibi-

tory effects of drugs on multidrug transporters (Parasrampuria et al., 2001). It is 

known that some antiviral agents (saquinavir, nelfinavir, zidovudine) induce expres-

sion of P-gp, MRP1 in lymphocytes (Dupuis et al., 2003; Ford et al., 2003; Jorajuria 

et al., 2004). 

However, there are particular limitations associated with using lymphocytes as study 

subject. It was stated that the level of P-gp expression in lymphocytes is low. There-

fore, sensitive methods for quantification are required. Furthermore, it was found a 

significant inter-individual variability of lymphocytes P-gp expression. There was a 

four-fold inter-individual difference in MDR1 expression at the mRNA level, a three-

fold difference at the protein level and a four-fold variability in P-gp activity 

(Becquemont et al., 2000). Compared to over-expressed or transfected cell-lines, 

lymphocytes are fragile and difficult to handle. Because of the presence of several 

transporters in lymphocytes, it is difficult to assign the functional results to a particular 

transporter (Parasrampuria et al., 2001; Hoffman et Roepe, 1997). 

There is some evidence which suggests that lymphocytes can be used in studies on 

P-gp function (Parasrampuria et al., 2001). For functional analysis, living cells are 

needed. The functional activity of P-gp in lymphocytes can be investigated by meas-

uring rhodamine (R123) retention/ efflux in the presence of P-gp modulators. Rho-
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damine is a cationic, fluorescent dye that is readily taken up by cells and actively 

pumped out of the cells by P-gp (Shapiro et Ling, 1998). A suitable modulator of P-gp 

is verapamil (Becquemont et al., 2000; Chaudhary et al., 1992; Klimecki et al., 1994; 

Aszalos et al., 1999; Cano-Gauci et Riordan, 1987; Bates et al., 1996). It is supposed 

that in the presence of verapamil a greater amount of rhodamine remains after 

loading inside the cell (Aggarwal et al., 1997; Andreana et al., 1996; Drach et al., 

1996) which leads to a higher fluorescence level (Figure 19) (Parasrampuria et al., 

2001). 

 

Figure 19: Principle of the P-glycoprotein mediated rhodamine (R123) efflux assay. In presence of 

verapamil, rhodamine (R123) is more slowly exported out of the cells which results to in-

creased fluorescence levels. 

5.3.2 Variability of multidrug transporters in lymphocytes by drugs, genotype 

and disease 

Recently, a positive correlation between increased P-gp expression and activity in 

lymphocytes and response to anti-rheumatic therapy was established in rheumatic 

patients. A lower level of MDR1 expression and lower function of P-gp in lympho-

cytes was shown in patients responding to anti-rheumatic therapy than in not re-

sponding patients (Jorgensen et Maillefert, 2000; Llorente et al., 2000). Farrell et al. 

(Farrell et al., 2000) found significantly higher lymphocytic MDR1 expression among 

patients with inflammatory bowel disease who failed medical therapy. In the light of 
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these data it might be proposed that changes in transporters expression and activity 

in lymphocytes could reflect responsiveness to drug therapy. 

It was shown that MDR1 expression and function of P-gp in lymphocytes can be in-

fluenced by polymorphisms in the encoding gene MDR1. Subjects having CC geno-

type in position 3435 of the MDR1 gene had higher MDR1 mRNA expression and 

higher P-gp activity in natural killer (NK) cells than subjects with TT genotype (Hitzl et 

al., 2001). 

Diaz-Borjon et al. (Diaz-Borjon et al., 2000) demonstrated that P-gp activity in lym-

phocytes was higher in patients with lupus erythematosus than in healthy controls. 

They indicated that P-gp function, even at low level, may be (or tends to be) associ-

ated with the clinical activity of the disease (Diaz-Borjon et al., 2000). It was also 

suggested that P-gp over-activity in lymphocytes may be closely related to rheuma-

toid arthritis activity (Llorente et al., 2000). 

5.3.3 Expression of multidrug transporters in lymphocytes of epileptic pa-

tients 

In our study, we found that epileptic patients had significantly lower MRP1 and MDR1 

expression in lymphocytes than healthy individuals. The more severe the epilepsy of 

the patients was the lower MDR1 mRNA in lymphocytes was expressed. This was 

concluded from our observations that patients after neurosurgery and combined ther-

apy had significantly lower MDR1 expression than patients after monotherapy. Fur-

thermore, it must be noted that most patients after neurosurgery and combined ther-

apy had longer disease duration, higher seizures frequency and greater consumption 

of antiepileptic drugs than patients with monotherapy. MDR1 mRNA expression in 

patients under monotherapy with carbamazepine, who were free of seizures, was 

similar to healthy controls. 

We had expected that non-responders to antiepileptic drugs would have higher ex-

pression of multidrug transporters in lymphocytes than responders as it was demon-

strated in the brain. But contrary to our conception, non-responders in our study had 

significantly lower MRP1 and MDR1 content in lymphocytes than responders. Only 

MRP2 mRNA expression in lymphocytes tended to the previously established 

changes of MRP2 expression in the brain from non-responders. However, the protein 
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level of MRP2 was to a considerable extent lower in epileptics than in healthy volun-

teers and there was also no difference between responders and non-responders. 

Our results contradict earlier established information on changes of multidrug trans-

porters expression in the brain from patients with non-responsive epilepsy. Increased 

expression of multidrug transporters in the brain from non-responders to antiepileptic 

therapy was confirmed not only in epileptic patients but also in rat models of temporal 

lobe epilepsy such as the kindling, pilocarpine, and kainate model (Loscher et 

Potschka, 2005a; Potschka et al., 2004b; Volk et Loscher, 2005). Why the patients 

with higher frequency of seizures, with higher dosage and combination of 

antiepileptic drugs administered as well as with poor response had considerably 

lower MDR1 and MRP1 expression in lymphocytes than patients under monotherapy 

with carbamazepine and without seizures is not clear. Taking into account that some 

antiepileptic drugs induce expression of MDR1, MRP1 and MRP2, then the more an-

tiepileptic drugs epileptic patients take, the higher expression of multidrug transport-

ers should be detected. Furthermore, it was supposed that seizures can up-regulate 

the expression of multidrug transporters in the brain. In point of that view, in our 

study, patients after neurosurgery and combined therapy should have higher expres-

sion of these transporters in lymphocytes than epileptics after monotherapy. But we 

observed a quite different effect: patients after neurosurgery and combined therapy 

had lower MRP1 and MDR1 expression than patients after monotherapy. Our results 

suggest that antiepileptic drugs and seizures do not induce up-regulation of MDR1 

and MRP1, at least not in lymphocytes. 

It was demonstrated by other studies that P-gp is not inducible by rifampicin in hu-

man lymphocytes what confirms the assumption that P-gp inducibility seems to be 

restricted to some cell types and organs (Becquemont et al., 2000). A similar conclu-

sion was recently drawn by Starkel et al. (Starkel et al., 1999) who showed that 

CYP3A4 is not inducible in white blood cells after rifampicin treatment. The absence 

of inducibility of P-gp in peripheral mononuclear cells excludes the possibility of moni-

toring in blood samples the changes of P-gp expression which can occur in other or-

gans (Becquemont et al., 2000). As it was mentioned above, seizures induce over-

expression of multidrug transporters only about the epileptic focus (Sisodiya et al., 
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2002a), and not around the normal tissue. Therefore, it is unlikely that seizures can 

up-regulate multidrug transporters in lymphocytes. 

On the other hand, it was also demonstrated that long-term administration of antiepi-

leptic drugs themselves do not seem to induce expression of multidrug transporters 

in the brain of rats (Seegers et al., 2002a; Loscher et Potschka, 2005b). However, it 

must be also considered that PXR-induction in rats requires extremely high doses 

compared to the doses in man. Therefore, marked species differences cannot be ex-

cluded (Barwick et al., 1996; Cornwell, 1991; Kocarek et al., 1995; Lehmann et al., 

1998). 

5.3.4 Rhodamine efflux of lymphocytes and natural killer cells 

In our study, net rhodamine loading of the cells varied greatly between epileptics and 

healthy individuals. Such appearance suggests that rhodamine pass into the cells not 

only by simple diffusion but also some active transporters can be involved (Figure 

20). Parasrampuria et al (Parasrampuria et al., 2001) suggested also that the uptake 

of rhodamine may involve active or facilitated transport processes. As our results in-

dicated, maybe, expression of these yet unknown transporters is altered in patients 

with epilepsy. 

 

Figure 20: Representation of rhodamine (R123) uptake by diffusion and by presumptive active trans-

port. 
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Rhodamine efflux data with verapamil in our study could not be used for evaluation of 

P-gp function, because in some cases rhodamine fluorescence at baseline (time 

point 0 min) was higher in cells which were not treated with verapamil than in those 

which were treated. Possible explanation for such a phenomenon might be that rho-

damine is not only P-gp substrate. It was shown that rhodamine is effluxed by P-gp 

and to a lesser extent by MRP1, and thus could serve as a more broad indicator of 

total cellular efflux activity (Minderman et al., 1996). It was suggested that there is 

some other highly specific indometacin sensitive transporter which is also capable of 

transporting rhodamine (Parasrampuria et al., 2001; Hatse et al., 1998). This pump is 

not susceptible to verapamil and cyclosporine or MRP inhibitors but it is involved in 

the transport of rhodamine (Hatse et al., 1998). 

Furthermore, it was asserted that in experiments involving verapamil, there appears 

to be at least two different transporters that are involved in rhodamine efflux and that 

are inhibited by this compound (Parasrampuria et al., 2001). One of these was a 

high-affinity (P-gp) transporter which was saturated in the test inhibitor concentration 

range, and another low-affinity transporter which could not be saturated at concentra-

tions that could be tested (because of decreased cell viability at higher concentra-

tions) (Parasrampuria et al., 2001). 

This data indicates that rhodamine efflux is not a specific method to examine the ac-

tivity of P-gp in lymphocytes. Based on these findings it might be stated that we 

measured rhodamine efflux which did not represent the function only of P-gp. Our 

results revealed no difference in rhodamine efflux of lymphocytes and natural killer 

(NK) cells from epileptic patients and healthy volunteers. We did not detect any clear 

difference in rhodamine efflux of lymphocytes from patients with responsive and non-

responsive epilepsy. But rhodamine efflux of NK cells was higher in non-responders 

than in responders. 

In this study, we found no significant differences in rhodamine efflux from lympho-

cytes but we could detect some differences in rhodamine efflux from NK cells. Such a 

discrepancy might be explained by the fact that several lymphocyte lineages are 

known to express P-gp at different levels (Klimecki et al., 1995). NK cells compro-

mise only a small fraction of the overall lymphocyte population and the relative num-

bers of lymphocyte subtypes show considerable inter-individual variability (Hitzl et al., 
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2001). Since rhodamine fluorescence was measured in total lymphocyte population, 

differences in NK cells could be masked by other, quantitatively more important lym-

phocyte lineages. 

Our results revealed that patients (those after neurosurgery, non-responders to an-

tiepileptic drugs) having lower MDR1 expression at both mRNA and protein level had 

increased rhodamine efflux of NK cells and lymphocytes. Llorente et al., showed that 

some patients with rheumatoid arthritis had significant P-gp activity in lymphocytes 

despite low levels of MDR1 mRNA (Llorente et al., 2000). 

Based on the fact that there are at least two transporters involved in rhodamine ef-

flux, then it might be speculated that the other, still not exactly known transporter is 

up-regulated in epileptics but not in healthy individuals. Such up-regulation of this 

transporter might mask the real P-gp activity. 

MDR1 expression data did not correlate to rhodamine efflux from lymphocytes or NK 

cells of epileptic patients. However, the correlation between MDR1 mRNA expression 

in lymphocytes and rhodamine efflux of NK cells from healthy individuals was signifi-

cant. Maybe, because of the same reason, i.e. the existence of several transporters 

effluxing rhodamine as well as supposed transporters involved in rhodamine uptake 

and if their expression is different in epileptics than in healthy subjects, MDR1 ex-

pression and rhodamine efflux did not correlate in epileptic patients but only in 

healthy controls. 

5.4 Correlation between multidrug transporters expression in the brain and 

in lymphocytes 

In this study we revealed a significant correlation between the MRP1 mRNA content 

in lymphocytes and in the tissue of the gyrus temporalis and the hippocampus. 

Interestingly, our experiments indicated that some of the transporters seem to be co- 

regulated in the brain tissue and lymphocytes. We observed a significant co-

correlation between MDR1 mRNA expression in lymphocytes and MRP1 mRNA lev-

els in the hippocampus. 

From basis of our results, having the MRP1 and MDR1 expression data in lympho-

cytes, the changes of MRP1 expression occurring in the brain might be predicted. If 
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the expression of these transporters in lymphocytes is decreased, it might be as-

sumed that expression in the brain is also decreased but not increased compared to 

healthy subjects. The more especially as till now the findings from epileptic brain 

were not compared with such tissue from totally healthy individuals. On the other 

hand, maybe, processes occurring in animal brain tissue can not completely repre-

sent the same processes in human beings. 

5.5 Pharmacogenetics in epilepsy 

Pharmacogenetics has recently arrived in the epilepsy field, and a number of recent 

articles have described how genetic variants may (or may not) influence the drug 

treatment of seizure disorders (Ramachandran et Shorvon, 2003; Sills et al., 2005). 

It is possible that genetic variations in multidrug transporters and their regulators 

could play a role in non-responsive epilepsy (Kerb et al., 2001) by various mecha-

nisms including determination of the local expression of multidrug proteins regulating 

intestinal absorption (Fromm, 2000; Lazarowski et al., 1999) and brain levels of an-

tiepileptic drugs in predisposed subjects (Ramachandran et Shorvon, 2003). Poly-

morphic genetic background, e.g., polymorphisms, of transporters could explain why 

patients with the same seizures frequency and the same antiepileptic drugs exposure 

have different response to medical treatment (Mosyagin, 2005; Sills et al., 2005). 

More than 50 single nucleotide polymorphisms (SNPs) and insertion/deletion poly-

morphisms in the large MDR1 gene have been reported, and mutations at positions 

2677 and 3435 have been associated with alteration of P-gp expression and/ or func-

tion (Eichelbaum et al., 2004; Ishikawa et al., 2004). 

In this study, we investigated the involvement of gene polymorphisms C3435T and 

G2677T/A of the MDR1 gene; C24T, G1249A and C3972T of the MRP2 gene in drug 

responsiveness in epilepsy. 

Recently, the MDR1 C3435T polymorphism has been associated with drug non-

responsive epilepsy (Siddiqui et al., 2003; Zimprich et al., 2004). It was assumed that 

CC genotype could result in elevated P-gp expression at the blood-brain barrier caus-

ing non-responsiveness to antiepileptic treatment due to the initial findings on higher 
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P-gp protein expression in 3435 CC carriers as compared to TT (Hoffmeyer et al., 

2000). 

Our results showed that 3435 CC genotype frequencies in patients with responsive 

and non-responsive epilepsy were similar. Interestingly, 3435 CC genotype fre-

quency was higher in healthy controls than in epileptics. 

Sills et al. (Sills et al., 2005) found no significant association between the C3435T 

polymorphism and response to antiepileptic treatment, on the basis of either geno-

type or allele frequencies. In a recent study from Australia, there was detected no 

association of the CC genotype at the MDR1 C3435T polymorphism with drug non-

responsive epilepsy (Tan et al., 2004). A lower 3435 CC genotype frequency in non-

responders than in controls was shown in study of our colleagues from Greifswald 

(Mosyagin, 2005). 

As for the MDR1 gene, polymorphism at position C3435T was significantly linked with 

polymorphism G2677T in Caucasians (Cascorbi et al., 2001) as well as in healthy 

Japanese (Horinouchi et al., 2002) and American subjects (Kim et al., 2001). A vari-

ant G-allele at position 2677 tended to be accompanied by the C-allele at position 

3435, as compared with a variant T-allele. 

In this study we found no frequency difference for G2677T polymorphism between 

patients with drug responsive and non-responsive epilepsy and healthy controls. 

The correlation between the polymorphisms at position 2677 and 3435 strongly sug-

gests the importance of haplotype assignment for the MDR1 gene. We performed a 

haplotype analysis for the polymorphisms C3435T and G2677T and found also no 

difference in haplotype distribution between responders or non-responders and 

healthy controls. No significant difference in the MDR1 gene haplotype distribution 

between patients with non-responsive epilepsy and healthy individuals was found in 

the study from Greifswald (Mosyagin, 2005). 

We found no evidence regarding the impact of MDR1 polymorphisms on mRNA ex-

pression, P-gp content and rhodamine efflux from lymphocytes. However, several 

association studies showed a notable role of the MDR1 polymorphisms. It was dem-

onstrated a significant association between C3435T genotype and the functionality of 

P-gp, with elevated expression and activity in duodenum (Hoffmeyer et al., 2000), 
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natural killer cells (Hitzl et al., 2001), peripheral blood mononuclear cells (Fellay et 

al., 2002) of subjects homozygous for the C-variant allele. 

The impact of MRP2 polymorphisms on the protein expression and function as well 

as their association with human diseases is still poor investigated. In this study we 

found neither significant frequency differences for MRP2 gene C24T, G1249A and 

C3972T polymorphisms nor significant differences in haplotype distribution between 

responders, non-responders and healthy controls. In contrast to our results, Mo-

syagin found a significant elevated risk of non-responsiveness for patients carrying 

MRP2 24 TT or 24 CT genotypes (Mosyagin, 2005). He also revealed that the fre-

quency of genotypes 3972 CT and 3972 TT was significantly higher in non-

responders than in healthy controls. And like in our study, there was no association 

between MRP2 polymorphism G1249A and drug responsiveness in epilepsy 

(Mosyagin, 2005). 

Our data showed lack of evidence regarding the impact of MRP2 polymorphisms on 

mRNA expression and protein content. Moriya et al. found also no remarkable 

change in the levels of MRP2 mRNA expression in duodenal enterocytes depending 

on C24T polymorphism (Moriya et al., 2002). 

5.6 Conclusions 

From our results, we can not decide if the changes in multidrug transporters expres-

sion are determined by antiepileptic drug treatment, the severity of disease or combi-

nation of these, but maybe our findings might serve as a marker for responsiveness 

in epilepsy. As rhodamine efflux results suggest it is very likely that other transport-

ers, yet not well known, might also determine the response to antiepileptic therapy. 

Our results showing the strong correlation between MRP1 expression in lymphocytes 

and its expression in the brain as well as co-correlation between MDR1 expression in 

lymphocytes and MRP1 expression in hippocampus suggest that lymphocytes are 

appropriate surrogate for studies on expression of multidrug transporters in epilepsy. 

Peripheral blood lymphocytes as an easily accessible tissue might serve as a marker 

for responsiveness to antiepileptic therapy in epilepsy studies. To corroborate this 

consideration carefully planned prospective studies are necessary. 
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7 APPENDIX 

7.1 Chemicals, enzymes 

Substance Manufacturer 

  
CASY®ton (isotonic solution) CASY®1, Schärfe Systems, Reutlingen, 

Germany  

Dimethyl sulfoxide, DMSO SIGMA-Aldrich Chemie Gmbh, Steinheim, 

Germany  

Fetal Calf Serum, FCS BIOCHROM AG, Berlin, Germany 

Heparin-Natrium Braun 25000I.E./ 5 ml B. Braun Melsungen AG, Melsungen, 

Germany 

Lymphoprep™ AXIS-SHIELD PoC AS, Oslo, Norway 

PBS – Dulbecco w/o Ca2+, Mg2+ BIOCHROM AG, Berlin, Germany  

RPMI  medium 1640 BIOCHROM AG, Berlin, Germany 

Agarose (DNA) Merck KGaA, Darmstadt, Germany 

AclI New England BioLabs, Frankfurt am Main, 

Germany  

BanI New England BioLabs, Frankfurt am Main, 

Germany  

BbsI New England BioLabs, Frankfurt am Main, 

Germany  

100-bp ladder as DNA size standard  MBI Fermentas GmbH, St. Leon-Rot, 

Germany 

BsrI New England BioLabs, Frankfurt am Main, 

Germany  

BsrDI New England BioLabs, Frankfurt am Main, 

Germany  

dNTPs  Boehringer, Mannheim, Germany 

MboI New England BioLabs, Frankfurt am Main, 

Germany 

NEBBuffer (2-4) New England BioLabs, Frankfurt am Main, 

Germany 

Primer MDR-9, 10, 10Aneu, 11, 12 TIB MOLBIOL, Berlin, Germany  
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Substance Manufacturer 

  
Primer MRP – 10, 10R, 28, 28R, PRO, 

PROR2 

TIB MOLBIOL, Berlin, Germany 

Taq polymerase Invitrogen, Karlsruhe, Germany 

Agarose ultra pure (RNA) Ambion, Austin, USA 

Aqua ad iniectabilia B. Braun Melsungen AG, Melsungen, 

Germany 

Bromphenol blue (3’, 3’’, 5’, 5’’- 

Tetrabromophenolsulfonephthalein) 

sodium salt 

SIGMA-Aldrich Chemie Gmbh, Steinheim, 

Germany 

EDTA SIGMA-Aldrich Chemie Gmbh, Steinheim, 

Germany 

Endogenous Control Ribosomal RNA 

control 

Applied Biosystems, Weiterstadt, Germany 

Ethanol Carl Roth GmbH & Co, Karlsruhe, Ger-

many 

Ethidium bromide SIGMA-Aldrich Chemie Gmbh, Taufkir-

chen, Germany 

Formaldehid 37 % SIGMA-Aldrich Chemie Gmbh, Taufkir-

chen, Germany 

Formamid Carl Roth GmbH & Co, Karlsruhe, Ger-

many 

GeneAmp® dNTP Mix with dTTP Applied Biosystems, Warrington, UK 

Glycerol ApplieChem, Darmstadt, Germany 

2-Mercaptoethanol MERCK Schuchardt OHG, Hohenbrunn, 

Germany 

3-[N-morpholino]propanesulfonic acid 

(MOPS) 

SIGMA-Aldrich Chemie Gmbh, Taufkir-

chen, Germany 

Platinum® Taq DNA Polymerase Invitrogen™ life technologies, Carlsbad, 

USA 

Potassium Chloride, KCl SIGMA-Aldrich Chemie Gmbh, Taufkir-

chen, Germany 

Rox Reference Dye Invitrogen™, Karlsruhe, Germany 
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Substance Manufacturer 

  
Sodium acetate SIGMA-Aldrich Chemie Gmbh, Taufkir-

chen, Germany 

Tris–hydroxymethyl-aminomethane, 

Tris 

Carl Roth GmbH & Co, Karlsruhe, Ger-

many 

Ammonium Persulfate (Ammonium 

peroxydisulfate) APS 

SIGMA-Aldrich Chemie Gmbh, Steinheim, 

Germany 

Bicinchoninic Acid Solution (BCA) SIGMA-Aldrich Chemie Gmbh, Steinheim, 

Germany  

Blotting Grade Affinity Purified Goat 

Anti-Mouse IgG (H+L) Horseradish 

Peroxidase Conjugate 

Bio-Rad, Ontario, Canada 

Bovine serum albumin Fraction V,  

BSA 

PAA Laboratories GmbH, Pasching, Aus-

tria 

Complete Protease inhibitor cocktail 

tablets 

Roche Diagnostics GmbH, Mannheim, 

Germany 

Copper (II) sulfate Pentahydrate 4 % 

solution 

SIGMA-Aldrich Chemie Gmbh, Steinheim, 

Germany 

Deoxycholic acid Sodium salt Sigma-Aldrich Laborchemikalien GmbH, 

Seelze, Germany  

Glycin Carl Roth GmbH & Co, Karlsruhe, Ger-

many 

Isopropanol, 2-Propanol MERCK KGaA, Darmstadt, Germany 

Methanol J.T.Baker, Deventer, Holland 

Monoclonal antibody  to cMOAT 

[MRP2] (M2III-6 ) 

Alexis® Biochemicals, Gruenberg, Ger-

many 

Monoclonal Antibody to P-glycoprotein 

(C219) 

Alexis® Biochemicals, Gruenberg, Ger-

many 

Ponceau S Solution SIGMA-Aldrich Chemie Gmbh, Steinheim, 

Germany 

Rotiphorese® Gel 30, Acrylamid Carl Roth GmbH & Co, Karlsruhe, Ger-

many 

Sodium Chloride, NaCl Carl Roth GmbH & Co, Karlsruhe, Ger-

many 
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Substance Manufacturer 

  
Sodium dodecyl sulfat, SDS Carl Roth GmbH & Co, Karlsruhe, Ger-

many 

Standard prestained SDS molecular 

weight (PSMW) marker 

SIGMA-Aldrich Chemie Gmbh, Steinheim, 

Germany 

Tetramethylethylenediamid, TEMED Carl Roth GmbH & Co, Karlsruhe, Ger-

many 

Triton X-100 SERVA, Heidelberg, Germany 

Tween 20, Polyoxyethylenesorbitan 

monolaurate 

SIGMA-Aldrich Chemie Gmbh, Steinheim, 

Germany 

Urea Carl Roth GmbH & Co, Germany 

CD 16-TC, CD 56-TC CALTAG Laboratories, Burlingame, USA 

Mouse IgG1 isotype controls CALTAG Laboratories, Burlingame, USA 

PE-CY5 Tandem Reference Standard CALTAG Laboratories, Burlingame, USA 

Rhodamine 123 SIGMA-Aldrich Chemie Gmbh, Steinheim, 

Germany 

Rhodamine 123 Reference Standard CALTAG Laboratories, Burlingame, USA 

Sheath Fluid Dako Cytomation, Glostrup, Germany 

(±)-Verapamil hydrochloride SIGMA-Aldrich Chemie Gmbh, Steinheim, 

Germany 

 

7.2 Instruments, devices 

Instrument Manufacturer 

  
Bio-Rad Sub-Cell® Model 192 Biorad, München, Germany 

Bio-Rad Sub-Cell® Model 96 Biorad, München, Germany 

Criterion™ Cell with Power Pack 300 Biorad, München, Germany 

hp scanjet 3530c scanner Hewlett - Packard, Beijing, China 

Master cycler gradient, eppendorf Eppendorf-Netheler-Hinz-GmbH, Hamburg,  

Germany 

MicroWell Plate Nunclon™ Surface Nunc Brand Products, Roskilde, Denmark 

Mini Trans-Blot® Electrophoretic 

Transfer Cell 

Bio-Rad Laboratories, Segrate, Italy 
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Instrument Manufacturer 

  
Mini-Protean® 3 Cell  Bio-Rad Laboratories, Segrate, Italy  

Power Pac 1000 Bio-Rad Laboratories, Segrate, Italy 

Thermostat Multitemp III Amersham Biosciences, Freiburg, Germany 

UV-light-Kamera Kodak ds Image 

Station 440 CF 

Kodak, Stuttgart, Germany 

Wallac Victor2 1420 Multilable 

Counter 

PerkinElmer Life and Analytical Sciences, 

Wellesley, USA 

96-Well Optical Reaction Plate Applied Biosystems, Weiterstadt, Germany 

  
Centrifuges Manufacturer 

Biofuge fresco Heraeus Kendro Laboratory Products, Langensel-

bold, Germany 

5415R, eppendorf Eppendorf-Netheler-Hinz-GmbH, Hamburg,  

Germany 

5804R, eppendorf Eppendorf-Netheler-Hinz-GmbH, Hamburg,  

Germany 

Rotina 35R Hettich Zentrifugen, Tuttlingen, Germany 

Rotixa 120R Hettich Zentrifugen, Tuttlingen, Germany 

Rotixa 50RS Hettich Zentrifugen, Tuttlingen, Germany 

 

7.3 Solutions and buffers 

TBE buffer 

Substances Final concentration 

Tris-HCl 90 mM 

Boric acid 90 mM 

EDTA 2 mM 

pH 8.0 
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10× Formaldehyde Agarose (FA) Gel Buffer 

Substances Final concentration 

3-[N-morpholino]propanesulfonic acid (MOPS)  200 mM 

Sodium acetate 50 mM 

EDTA  10 mM 

pH to 7.0 with NaOH 

 

1× Formaldehyde Agarose (FA) Gel Running Buffer 

Substances Volumes (ml) 

10× FA Gel Buffer 100.0 

37 % formaldehyde 20.0 

RNase-free water 880.0 

 

5× RNA Loading Buffer 

Substances Volumes (µl) 

0.1 % bromophenol blue solution 64.0 

37 % formaldehyde 166.0 

Formamide 500.0 

10× FA gel buffer 100.0 

RNase-free water 166.0  

Ethidium bromide 9.96 

 

RIPA lysis buffer 

Reagents Final concentration 

Tris HCl  40 mM 

NaCl 150 mM 

Triton X-100 1.0 % 

Sodium desoxycholate 0.5 % 

SDS 10.0 % 

Protease inhibitor cocktail tablet – 
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10× PAGE Running buffer 

Reagents Quantity 

Tris-HCl 30.0 g 

Glycin 144.0 g 

SDS 10.0 g 

H2O ad 1000.0 ml 

 

1× PAGE Running buffer 

Reagents Volumes (ml) 

10× PAGE Running buffer 40.0 

Β-mercaptoethanol 0.4 

Aqua bidest. ad 400.0 

 

10× Towbin 

Reagents Quantity 

Tris-HCl 30.3 g 

Glycin 144.0 g 

H2O ad 1000.0 ml 

 

1× Towbin 

Reagents Volumes (ml) 

10× Towbin 300.0 

Methanol 600.0 

H2O ad 3000.0 
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4× Laemmli buffer 

Reagents Quantity Final concentration 

1M Tris, pH 6.8 3.125 ml 0.25 M 

SDS 1.0 g 8 % 

Glycerol 5.0 ml 40 % 

Bromphenol blue 0.005 g – 

Β-mercaptoethanol 2.5 ml 20 % 

H2O ad 12.5 ml – 

 

10× TBS 

Reagents Quantity 

Tris 24.2 g 

Sodium chloride, NaCl 84.8 g 

H2O ad 1000.0 ml 

pH 7.4 

 

1× TBST 

Reagents Volumes (ml) 

10× TBS 100.0 

Tween 20 0.5 

H2O ad 1000.0 
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7.4 Tables 

Table A1: PCR protocol for detection of C3435T, G2677T/A polymor-

phisms of the MDR1 gene. 

Reagents Volumes (µl) Final concentration 

(10×) Taq-buffer 2.5 1× 

dNTPs 2 mM 2.5 0.2 mM 

Forward primer  0.5 200 nM 

Reverse primer 0.5 200 nM 

MgCl2 2.0 2 mM 

Taq polymerase 0.1  

H2O 16.4  

DNA 0.5  

Final volume 25.0  

 

Table A2: PCR protocol for detection of C24T polymorphism of the MRP2 

gene. 

Reagents Volumes (µl) Final concentration 

(10×) Taq-buffer 2.5 1× 

dNTPs 10 mM 1.0 0.4 mM 

Forward primer 0.5 200 nM 

Reverse primer 0.5 200 nM 

MgCl2 1.25 2.5 mM 

Taq polymerase 0.15  

DMSO 1.0 1 % 

H2O 18.1  

DNA 1.0  

Final volume 25.0  
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Table A3:  PCR protocol for detection of G1249A polymorphism of the 

MRP2 gene. 

Reagents Volumes (µl) Final concentration 

(10×) Taq-buffer 2.5 1× 

dNTPs 10 mM 2.5 1 mM 

Forward primer 0.5 200 nM 

Reverse primer 0.5 200 nM 

MgCl2 1.25 2.5 mM 

Taq polymerase 0.15  

H2O 17.6  

DNA 1.0  

Final volume 25.0  

 

Table A4:  PCR protocol for detection of C3972T polymorphism of the 

MRP2 gene. 

Reagents Volumes (µl) Final concentration 

(10×) Taq-buffer 2.5 1× 

dNTPs 10 mM 1.0 0.4 mM 

Forward primer 0.5 200 nM 

Reverse primer 0.5 200 nM 

MgCl2 1.0 2.0 mM 

Taq polymerase 0.15  

DMSO 1.0 1 % 

H2O 18.35  

DNA 1.0  

Final volume 25.0  
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Table A5:  PCR temperature conditions. 

Gene 
Initial 

denaturation 

Number 

of cycles 

Denaturation Annealing Extension Terminal 

elongation 
MDR1 2 min, 94 °C 35 0.5 min, 94 °C 1 min, 60 °C 1 min, 72 °C 7 min, 72 °C 

MRP2:        

G1249A 2 min, 94 °C 35 0.5 min, 94 °C 0.5 min, 60 °C 0.5 min, 72 °C 7 min, 72 °C 

C3972T 5 min, 94 °C 35 0.5 min, 94 °C 0.5 min, 57 °C 0.5 min, 72 °C 7 min, 72 °C 

C24T 2 min, 94 °C 35 0.5 min, 94 °C 0.5 min, 55 °C 0.5 min, 72 °C 7 min, 72 °C 

 

Table A6:  Temperature regimen for incubation of PCR product with restric-

tion enzyme. 

Gene Temperature, °C 

MDR1:  

Exon 26 C3435T 37 

Exon 21 G2677A 65 

Exon 21 G2677T 37 

MRP2:  

Exon 10 G1249A 37 

Exon 28 C3972T 65 

5’-upstream region C24T 37 

 

Table A7:  CMM reagents combination. 

Reagents Volumes (µl) 

Aqua bidest. 595.75 

1M Tris-HCl 8,4 46.0 

2M KCl 57.5 

25 mM MgCl2 276.0 

Glycerol 92.0 

10 mM dNTP 46.0 

Rox Reference Dye 23.0 

Platinum Taq DNA Polymerase 8.0 

Final volume 1144.25 
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Table A8:  Composition of polyacrilamid gels used for Western blot and 

agarose gel used for RNA control. 

4 % Stacking gel 

Reagents Volumes (ml) 

H2O 6.1 

0.5 M Tris, pH 6.8 2.5 

10 % SDS 0.1 

30 % Acrylamid 1.3 

10 % APS (ammoniumpersulfate) 0.1 

TEMED 0.01 

  
7.5 % Separating gel 

Reagents Volumes (ml) 

H2O 4.85 

1.5 M Tris, pH 8.8 2.5 

10 % SDS 0.1 

30 % Acrylamid 2.5 

10 % APS (ammoniumpersulphate) 0.1 

TEMED 0.01 

  
1 % Formaldehyde Agarose (FA) gel 

Reagents Quantity 

Agarose 1.0 g 

10× FA gel buffer 10.0 ml 

37 % formaldehyde 5.0 ml 

RNase-free water ad 100.0 ml 

 

Table A9: Correlation between MRP2 mRNA expression and MRP2 protein content in lymphocytes 

from healthy controls and three groups of epileptic patients. Pearson’s correlation coeffi-

cients (2-side). 

 Study population  

 Control Monotherapy Comb. therapy Neurosurgery  

MRP2 mRNA MRP2 mRNA MRP2 mRNA MRP2 mRNA 

MRP2 0.514 

p=0.05 

-0.254 

p=0.380 

-0.515 

p=0.05 

-0.387 

p=0.061 

MRP2 
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Table A10: Correlation between MDR1 mRNA expression and MDR1 protein content in lymphocytes 

from healthy controls and three groups of epileptic patients. Pearson’s correlation coeffi-

cients (2-side). 

 Study population  

 Control Monotherapy Comb. therapy Neurosurgery  

MDR1 mRNA MDR1 mRNA MDR1 mRNA MDR1 mRNA 

P-gp 0.268 

p=0.335 

-0.125 

p=0.658 

0.031 

p=0.912 

-0.194 

p=0.375 

P-gp 

 

Table A11: Correlations between MDR1 mRNA expression and rhodamine fluorescence of lympho-

cytes (A) and natural killer (NK) cells (B) obtained from healthy controls and three groups 

of epileptic patients. Pearson’s correlation coefficients (2-side). 

A) Rhodamine fluorescence of lymphocytes  

 30 min 60 min 90 min 120 min  

Control -0.388 

p=0.152 

-0.401 

p=0.138 

-0.251 

p=0.366 

-0.364 

p=0,183 

Monotherapy -0.460 

p=0.085 

-0.366 

p=0.180 

-0.400 

p=0.140 

-0.384 

p=0.158 

Combined therapy -0.499 

p=0.058 

-0.377 

p=0.166 

-0.290 

p=0.294 

-296 

p=0.284 

Neurosurgery -0.255 

p=0.230 

-0.223 

p=0.295 

-0.169 

p=0.431 

-0.145 

p=0.499 

M
D
R
1
 m
R
N
A
 

B) Rhodamine fluorescence of NK cells  

 30 min 60 min 90 min 120 min  

Control -0.497 

p=0.060 

-0.571 

p=0.026 

-0.531 

p=0.042 

-0.569 

p=0.027 

Monotherapy -0.121 

p=0.668 

0.233 

p=0.404 

-0.304 

p=0.270 

-0.260 

p=0.350 

Combined therapy -0.085 

p=0.764 

-0.318 

p=0.248 

-0.522 

p=0.046 

-0.302 

p=0.274 

Neurosurgery -0.187 

p=0.383 

-0.093 

p=0.664 

-0.262 

p=0.217 

-0.160 

p=0.455 

M
D
R
1
 m
R
N
A
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Table A12: Correlation between MDR1 mRNA and AUC0-2h of rhodamine fluorescence of lymphocytes 

(A) and natural killer (NK) cells (B) obtained from healthy controls and three groups of epi-

leptic patients. Pearson’s correlation coefficients (2-side). 

A) Study population  

Control Monotherapy Comb. therapy Neurosurgery 

MDR1 mRNA MDR1 mRNA MDR1 mRNA MDR1 mRNA 

A
U
C
0
-2
h
-L
 

-0.359 

p=0.188 

-0.405 

p=0.134 

-0.369 

p=0.176 

-0.212 

p=0.320 

A
U
C
0
-2
h -L
 

B) Study population  

Control Monotherapy Comb. therapy Neurosurgery 

MDR1 mRNA MDR1 mRNA MDR1 mRNA MDR1 mRNA 

A
U
C
0
-2
h
-N
K
 

-0.578 

p=0.024 

-0.101 

p=0.719 

-0.340 

p=0.215 

-0.232 

p=0.276 

A
U
C
0
-2
h -N
K
 

 

Table A13: Correlation between MDR1 mRNA and rate constant (kel) for rhodamine elimination from 

lymphocytes (A) and natural killer (NK) cells (B) obtained from healthy controls and three 

groups of epileptic patients. Pearson’s correlation coefficients (2-side). 

A) Study population  

Control Monotherapy Comb. therapy Neurosurgery 

MDR1 mRNA MDR1 mRNA MDR1 mRNA MDR1 mRNA 

k e
l-L
 

0.313 

p=0.256 

0.381 

p=0.161 

0.250 

p=0.369 

0.124 

p=0.562 

k
e
l -L
 

B) Study population  

Control Monotherapy Comb. therapy Neurosurgery 

MDR1 mRNA MDR1 mRNA MDR1 mRNA MDR1 mRNA 

k e
l-N
K
 0.616 

p=0.014 

0.274 

p=0.324 

0.506 

p=0.054 

0.185 

p=0.386 

k
e
l -N
K
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Table A14: Correlations between P-glycoprotein content in lymphocytes and rhodamine fluorescence 

of lymphocytes (A) and natural killer (NK) cells (B) obtained from healthy controls and 

three groups of epileptic patients. Pearson’s correlation coefficients (2-side). 

A) Rhodamine fluorescence of lymphocytes  

 30 min 60 min 90 min 120 min  

Control 0.231 

p=0.407 

0.152 

p=0.588 

0.216 

p=0.440 

0.220 

p=0.431 

Monotherapy -0.351 

p=0.199 

-0.452 

p=0.091 

-0.436 

p=0.104 

-0.488 

p=0.065 

Combined therapy -0.158 

p=0.574 

-0.096 

p=0.732 

-0.131 

p=0.641 

-0.061 

p=0.828 

Neurosurgery 0.086 

p=0.697 

-0.213 

p=0.329 

-0.193 

p=0.379 

-0.267 

p=0.217 

P
-g
p
 co
n
te
n
t 

B) Rhodamine fluorescence of NK cells  

 30 min 60 min 90 min 120 min  

Control 0.133 

p=0.637 

-0.310 

p=0.261 

-0.257 

p=0.356 

0.053 

p=0.851 

Monotherapy -0.238 

p=0.393 

-0.037 

p=0.897 

0.085 

p=0.764 

0.191 

p=0.494 

Combined therapy 0.134 

p=0.635 

0.056 

p=0.843 

-0.105 

p=0.710 

0.074 

p=0.792 

Neurosurgery 0.232 

p=0.287 

0.394 

p=0.118 

0.118 

p=0.591 

-0.158 

p=0.470 

P
-g
p
 co
n
te
n
t 
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Table A15: Correlation between P-gp content and AUC0-2h of rhodamine fluorescence from lympho-

cytes (A) and natural killer (NK) cells (B) obtained from healthy controls and three groups 

of epileptic patients. Pearson’s correlation coefficients (2-side). 

A) Study population  

Control Monotherapy Comb. therapy Neurosurgery 

P-gp P-gp P-gp P-gp 

A
U
C
0
-2
h
-L
 

0.208 

p=0.457 

-0.438 

p=0.103 

-0.118 

p=0.675 

-0.151 

p=0.491 

A
U
C
0
-2
h -L
 

B) Study population 

Control Monotherapy Comb. therapy Neurosurgery 

P-gp P-gp P-gp P-gp 

A
U
C
0
-2
h
-N
K
 

-0.142 

p=0.615 

-0.051 

p=0.857 

0.036 

p=0.898 

0.264 

p=0.223 

A
U
C
0
-2
h -N
K
 

 

Table A16: Correlation between P-gp content and rate constant (kel) for rhodamine elimination from 

lymphocytes (A) and natural killer (NK) cells (B) obtained from healthy controls and three 

groups of epileptic patients. Pearson’s correlation coefficients (2-side). 

A) Study population  

Control Monotherapy Comb. therapy Neurosurgery 

P-gp P-gp P-gp P-gp 

k e
l-L
 -0.168 

p=0.549 

0.480 

p=0.070 

0.045 

p=0.874 

0.341 

p=0.112 

k
e
l -L 

B) Study population  

Control Monotherapy Comb. therapy Neurosurgery 

P-gp P-gp P-gp P-gp 

k e
l-N
K
 0.126 

p=0.653 

-0.271 

p=0.328 

0.069 

p=0.808 

0.099 

p=0.652 

k
e
l -N
K
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Table A17: Effect of the MDR1 C3435T, G2677T/A genotypes and of the MDR1 haplotypes on 

MDR1 mRNA expression and P-glycoprotein content in lymphocytes obtained from 

healthy controls; *p<0.05 compared to CT and TT; °p<0.05 compared to 11/22 and 22/22. 

  n MDR1 mRNA/18S rRNA × 10-4 P-gp 

CC 6 2.25 ± 1.21 1.45* ± 0.34 

CT 4 1.75 ± 0.44 0.64 ± 0.28 

C
3
4
3
5
T
 

TT 5 2.03 ± 1.37 0.89 ± 0.26 

GG 8 2.09 ± 1.07 1.23 ± 0.51 

GT 4 1.76 ± 0.44 0.85 ± 0.40 

G
2
6
7
7
T
 

TT 3 2.29 ± 1.87 0.83 ± 0.10 

11/11 6 2.25 ± 1.21 1.45° ± 0.34 

11/12 1 1.75 ± 0.0 0.47 ± 0.0 

11/22 3 1.75 ± 0.54 0.7 ± 0.32 

12/12 1 1.50 ± 0.0 0.65 ± 0.0 

22/12 1 1.81 ± 0.0 1.31 ± 0.0 

M
D
R
1
 h
a
p
lo
ty
p
e
 

22/22 3 2.29 ± 1.87 0.83 ± 0.10 

 

Table A18: Effect of the MDR1 C3435T, G2677T/A genotypes and of the MDR1 haplotype on 

MDR1 mRNA expression and P-glycoprotein content in lymphocytes obtained from epilep-

tic patients after monotherapy. 

  n MDR1 mRNA/18S rRNA × 10-4 P-gp 

CC 3 1.14 ± 0.17 0.66 ± 0.34 

CT 6 1.83 ± 1.07 0.71 ± 0.35 

C
3
4
3
5
T
 

TT 6 1.40 ± 0.25 0.39 ± 0.25 

GG 4 1.45 ± 0.63 0.54 ± 0.37 

GT 7 1.65 ± 0.95 0.69 ± 0.29 

G
2
6
7
7
T
 

TT 4 1.37 ± 0.32 0.39 ± 0.34 

11/11 3 1.14 ± 0.17 0.66 ± 0.34 

11/12 1 2.37 ± 0.0 0.18 ± 0.0 

11/22 4 1.92 ± 1.24 0.82 ± 0.31 

22/12 3 1.29 ± 0.3 0.51 ± 0.18 

22/21 1 0.92 ± 0.0 0.75 ± 0.0 

M
D
R
1
 h
a
p
lo
ty
p
e
 

22/22 3 1.51 ± 0.16 0.26 ± 0.28 
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Table A19: Effect of the MDR1 C3435T, G2677T/A genotypes and of the MDR1 haplotype on 

MDR1 mRNA expression and P-glycoprotein content in lymphocytes obtained from epilep-

tic patients after combined therapy. 

  n MDR1 mRNA/18S rRNA × 10-4 P-gp 

CC 4 1.48 ± 0.2 0.98 ± 0.35 

CT 7 1.23 ± 0.3 0.94 ± 0.82 

C
3
4
3
5
T
 

TT 4 1.15 ± 0.17 0.49 ± 0.26 

GG 2 1.38 ± 0.21 0.90 ± 0.54 

GT 6 1.22 ± 0.32 0.73 ± 0.67 

GA 2 1.58 ± 0.17 1.06 ± 0.20 

TA 1 1.25 ± 0.0 2.18 ± 0.0 G
2
6
7
7
T
/A
 

TT 4 1.15 ± 0.17 0.49 ± 0.26 

11/11 2 1.38 ± 0.21 0.90 ± 0.54 

11/22 6 1.22 ± 0.32 0.73 ± 0.66 

M
D
R
1
 h
a
p
-

lo
ty
p
e
 

22/22 4 1.15 ± 0.17 0.49 ± 0.26 

 

Table A20: Effect of the MDR1 C3435T, G2677T/A genotypes and of the MDR1 haplotype on 

MDR1 mRNA expression and P-glycoprotein content in lymphocytes obtained from epilep-

tic patients after neurosurgery, * p<0.05 compared to GG, TT; ° p<0.05 compared to 11/12 

and 22/21. 

  n MDR1 mRNA/18S rRNA × 10-4 P-gp 

CC 6 0.86 ± 0.30 1.15 ± 1.08 

CT 14 1.01 ± 0.25 0.82 ± 0.66 

C
3
4
3
5
T
 

TT 4 0.91 ± 0.2 0.16 ± 0.13 

GG 7 0.77 ± 0.23 1.01 ± 0.96 

GT 14 1.09* ± 0.2 0.60 ± 0.63 

G
2
6
7
7
T
 

TT 3 0.76 ± 0.67 0.9 ± 0.78 
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  n MDR1 mRNA/18S rRNA × 10-4 P-gp 

11/11 5 0.79 ± 0.28 1.29 ± 1.15 

11/12 2 0.71 ± 0.19 0.61 ± 0.75 

11/21 1 1.21 ± 0.0 0.46 ± 0.0 

11/22 10 1.11° ± 0.21 0.76 ± 0.7 

22/12 3 0.98 ± 0.17 0.18 ± 0.15 

22/21 2 0.79 ± 0.62 1.30 ± 0.49 M
D
R
1
 h
a
p
lo
ty
p
e
 

22/22 1 0.70 ± 0.0 0.09 ± 0.0 

 

Table A21: Effect of the MDR1 C3435T, G2677T/A genotypes and of the MDR1 haplotype on rhoda-

mine fluorescence of lymphocytes obtained from healthy controls. 

   Rhodamine fluorescence of lymphocytes 

  n 30 min 60 min 90 min 120 min 

CC 6 76.06 ± 5.39 65.70 ± 5.79 59.69 ± 6.37 54.2 ± 5.63 

CT 4 74.52 ± 7.6 64.17 ± 7.81 57.85 ± 6.28 53.11 ± 6.03 

C
3
4
3
5
T
 

TT 5 75.57 ± 5.74 65.68 ± 6.95 59.42 ± 7.37 52.77 ± 7.99 

GG 8 74.73 ± 5.35 64.38 ± 5.51 58.3 ± 5.96 53.14 ± 5.17 

GT 4 75.81 ± 7.75 65.26 ± 7.65 59.2 ± 5.87 53.8 ± 5.83 

G
2
6
7
7
T
 

TT 3 77.07 ± 5.61 67.78 ± 8.25 61.15 ± 9.40 53.72 ± 10.93 

11/11 6 76.06 ± 5.39 65.70 ± 5.79 59.69 ± 6.37 54.2 ± 5.63 

11/12 1 73.27 ± 0.0 61.72 ± 0.0 54.45 ± 0.0 50.79 ± 0.0 

11/22 3 74.93 ± 9.25 65.02 ± 9.35 58.99 ± 7.17 53.88 ± 7.14 

12/12 1 68.22 ± 0.0 59.09 ± 0.0 53.83 ± 0.0 49.14 ± 0.0 

22/12 1 78.42 ± 0.0 65.99 ± 0.0 59.83 ± 0.0 53.56 ± 0.0 

M
D
R
1
 h
a
p
lo
ty
p
e
 

22/22 3 77.07 ± 5.61 67.78 ± 8.25 61.15 ± 9.40 53.72 ± 10.93 
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Table A22: Effect of the MDR1 C3435T, G2677T/A genotypes and of the MDR1 haplotype on rhoda-

mine fluorescence of natural killer (NK) cells obtained from healthy controls. 

   Rhodamine fluorescence of NK cells 

  n 30 min 60 min 90 min 120 min 

CC 6 64.76 ± 10.03 47.61 ± 11.7 43.37 ± 11.41 41.41 ± 6.43 

CT 4 59.56 ± 9.45 48.8 ± 13.82 43.86 ± 11.15 39.89 ± 11.54 

C
3
4
3
5
T
 

TT 5 68.79 ± 8.61 58.45 ± 3.82 54.55 ± 8.13 45.25 ± 9.88 

GG 8 62.99 ± 9.16 48.77 ± 10.26 43.72 ± 9.74 40.36 ± 6.14 

GT 4 65.54 ± 12.95 51.56 ± 14.96 49.39 ± 15.15 46.32 ± 13.63 

G
2
6
7
7
T
 

TT 3 68.23 ± 7.15 58.90 ± 4.79 53.67 ± 7.01 42.03 ± 8.74 

11/11 6 64.76 ± 10.03 47.61 ± 11.7 43.37 ± 11.41 41.41 ± 6.43 

11/12 1 55.5 ± 0.0 49.05 ± 0.0 42.67 ± 0.0 33.3 ± 0.0 

11/22 3 60.91 ± 11.09 48.71 ± 16.93 44.25 ± 13.62 42.09 ± 13.07 

12/12 1 59.85 ± 0.0 55.43 ± 0.0 46.93 ± 0.0 41.13 ± 0.0 

22/12 1 79.43 ± 0.0 60.12 ± 0.0 64.82 ± 0.0 59.03 ± 0.0 

M
D
R
1
 h
a
p
lo
ty
p
e
 

22/22 3 68.23 ± 7.15 58.90 ± 4.79 53.67 ± 7.01 42.03 ± 8.74 

 

Table A23: Effect of the MDR1 C3435T, G2677T/A genotypes and of the MDR1 haplotype on rhoda-

mine fluorescence of lymphocytes obtained from epileptic patients after monotherapy; 

*p<0.05 compared to CC, °p<0.05 compared to TT; ¹p<0.05 compared to TT. 

   Rhodamine fluorescence of lymphocytes 

  n 30 min 60 min 90 min 120 min 

CC 3 76.87 ± 5.01 66.79 ± 5.96 61.7 ± 5.7 57.06 ± 5.35 

CT 6 69.68° ± 5.18 56.37°* ± 6.23 49.99°* ± 7.96 45.46°* ± 9.16 

C
3
4
3
5
T
 

TT 6 79.29 ± 3.1 69.79 ± 6.06 63.28 ± 7.44 59.40 ± 7.48 

GG 4 75.65 ± 4.77 65.34 ± 5.67 60.08 ± 5.67 55.6 ± 5.25 

GT 7 72.31 ± 7.29 59.53 ± 9.24 52.6¹ ± 10.39 48.38 ± 11.28 

G
2
6
7
7
T
 

TT 4 78.92 ± 2.77 69.82 ± 6.63 64.05 ± 6.81 59.83 ± 7.82 

11/11 3 76.87 ± 5.01 66.79 ± 5.96 61.7 ± 5.7 57.06 ± 5.35 

11/12 1 71.99 ± 0.0 60.99 ± 0.0 55.23 ± 0.0 51.22 ± 0.0 

11/22 4 67.31 ± 4.29 53.47 ± 5.49 46.82 ± 8.05 42.30 ± 9.99 

22/12 3 78.98 ± 3.88 67.60 ± 6.3 60.3 ± 8.45 56.47 ± 7.75 

22/21 1 76.83 ± 0.0 63.33 ± 0.0 57.43 ± 0.0 52.31 ± 0.0 

M
D
R
1
 h
a
p
lo
ty
p
e
 

22/22 3 79.61 ± 2.93 71.99 ± 6.15 66.26 ± 6.35 62.33 ± 7.35 
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Table A24: Effect of the MDR1 C3435T, G2677T/A genotypes and of the MDR1 haplotype on rhoda-

mine fluorescence of natural killer (NK) cells obtained from epileptic patients after mono-

therapy; °p<0.05 compared to TT. 

   Rhodamine fluorescence of NK cells 

  n 30 min 60 min 90 min 120 min 

CC 3 54.97 ± 14.85 50.12 ± 9.45 58.71 ± 14.33 49.97 ± 16.64 

CT 6 70.28 ± 15.6 62.33 ± 16.41 47.22° ± 7.29 41.83 ± 11.25 

C
3
4
3
5
T
 

TT 6 81.22 ± 12.69 69.23 ± 13.23 62.97 ± 12.83 51.76 ± 15.17 

GG 4 62.83 ± 19.85 52.07 ± 8.65 53.77 ± 15.31 49.35 ± 13.64 

GT 7 74.65 ± 15.74 69.82 ± 13.07 58.25 ± 13.58 48.88 ± 14.68 

G
2
6
7
7
T
 

TT 4 75.01 ± 16.01 60.66 ± 18.79 53.61 ± 11.37 42.96 ± 15.22 

11/11 3 54.97 ± 14.85 50.12 ± 9.45 58.70 ± 14.33 49.97 ± 16.64 

11/12 1 86.4 ± 0.0 57.94 ± 0.0 38.96 ± 0.0 47.5 ± 0.0 

11/22 4 67.04 ± 17.36 67.61 ± 17.65 48.96 ± 7.83 40.97 ± 14.05 

22/12 3 84.8 ± 4.58 72.77 ± 4.74 70.63 ± 7.65 59.44 ± 7.62 

22/21 1 67.13 ± 0.0 45.56 ± 0.0 48.54 ± 0.0 39.61 ± 0.0 

M
D
R
1
 h
a
p
lo
ty
p
e
 

22/22 3 77.64 ± 18.52 65.69 ± 19.44 55.30 ± 13.3 44.08 ± 18.44 

 

Table A25: Effect of the MDR1 C3435T, G2677T/A genotypes and of the MDR1 haplotype on rhoda-

mine fluorescence of lymphocytes obtained from epileptic patients after combined therapy. 

   Rhodamine fluorescence of lymphocytes 

  n 30 min 60 min 90 min 120 min 

CC 4 73.12 ± 2.24 62.32 ± 3.18 55.34 ± 3.59 52.4 ± 3.80 

CT 7 73.64 ± 4.75 61.72 ± 6.18 54.58 ± 6.05 49.89 ± 5.37 

C
3
4
3
5
T
 

TT 4 74.53 ± 3.03 63.62 ± 5.79 57.24 ± 8.00 52.69 ± 7.73 

GG 2 73.84 ± 3.60 61.94 ± 5.46 55.5 ± 5.37 51.15 ± 6.09 

GT 6 74.16 ± 4.98 62.25 ± 6.6 55.07 ± 6.47 50.08 ± 5.86 

GA 2 72.40 ± 0.11 62.7 ± 0.03 55.19 ± 3.14 53.64 ± 0.33 

TA 1 70.51 ± 0.0 58.54 ± 0.0 51.67 ± 0.0 48.77 ± 0.0 G
2
6
7
7
T
 

TT 4 74.53 ± 3.03 63.62 ± 5.79 57.24 ± 8.00 52.69 ± 7.73 

11/11 2 73.84 ± 3.60 61.94 ± 5.46 55.5 ± 5.37 51.15 ± 6.09 

11/22 6 74.16 ± 4.98 62.25 ± 6.6 55.07 ± 6.47 50.08 ± 5.86 

M
D
R
1
 h
a
p
lo
-

ty
p
e
 

22/22 4 74.53 ± 3.03 63.62 ± 5.79 57.24 ± 8.00 52.69 ± 7.73 
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Table A26: Effect of the MDR1 C3435T, G2677T/A genotypes and of the MDR1 haplotype on rhoda-

mine fluorescence of natural killer (NK) cells obtained from epileptic patients after com-

bined therapy. 

   Rhodamine fluorescence of NK cells 

  n 30 min 60 min 90 min 120 min 

CC 4 66.64 ± 6.77 52.28 ± 15.47 41.11 ± 13.31 46.43 ± 13.01 

CT 7 72.89 ± 10.25 58.32 ± 21.16 47.52 ± 13.71 45.10 ± 10.30 

C
3
4
3
5
T
 

TT 4 59.25 ± 14.64 48.99 ± 14.18 46.31 ± 12.96 44.04 ± 9.08 

GG 2 66.48 ± 9.31 47.35 ± 18.13 45.41 ± 16.33 42.91 ± 13.99 

GT 6 73.05 ± 11.22 59.51 ± 22.92 48.56 ± 14.72 46.96 ± 9.91 

GA 2 66.81 ± 7.13 57.21 ± 17.09 36.81 ± 13.82 49.94 ± 16.21 

TA 1 71.94 ± 0.0 51.17 ± 0.0 41.29 ± 0.0 33.93 ± 0.0 G
2
6
7
7
T
/A
 

TT 4 59.25 ± 14.64 48.99 ± 14.18 46.31 ± 12.96 44.04 ± 9.08 

11/11 2 66.48 ± 9.31 47.35 ± 18.13 45.41 ± 16.33 42.91 ± 13.99 

11/22 6 73.05 ± 11.22 59.51 ± 22.92 48.56 ± 14.72 46.96 ± 9.91 

M
D
R
1
 h
a
p
-

lo
ty
p
e
 

22/22 4 59.25 ± 14.64 48.99 ± 14.18 46.31 ± 12.96 44.04 ± 9.08 
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Table A27: Effect of the MDR1 C3435T, G2677T/A genotypes and of the MDR1 haplotype on rhoda-

mine fluorescence of lymphocytes obtained from epileptic patients after neurosurgery; 

*p<0.05 compared to CC; °p<0.05 compared to GG; ¹p<0.05 compared to 11/11. 

   Rhodamine fluorescence of lymphocytes 

  n 30 min 60 min 90 min 120 min 

CC 6 78.06 ± 4.61 66.18 ± 5.17 60.47 ± 8.38 54.46 ± 10.27 

CT 14 71.23* ± 6.63 59.05 ± 8.29 51.50* ± 8.99 46.95 ± 8.87 

C
3
4
3
5
T
 

TT 4 72.50 ± 6.53 62.41 ± 5.97 55.25 ± 6.76 51.97 ± 7.51 

GG 7 77.6 ± 5.86 66.67 ± 6.57 60.99 ± 8.41 55.71 ± 10.01 

GT 14 71.06° ± 6.17 58.84 ± 7.08 51.78° ± 7.26 46.99 ± 6.83 

G
2
6
7
7
T
 

TT 3 72.55 ± 5.75 61.00 ± 7.49 51.01 ± 11.54 48.00 ± 12.44 

11/11 5 78.26 ± 5.12 65.68 ± 5.62 60.01 ± 9.28 54.45 ± 11.48 

11/12 2 75.93 ± 11.31 69.14 ± 12.6 63.42 ± 11.58 58.87 ± 12.08 

11/21 1 77.03 ± 0.0 68.66 ± 0.0 62.79 ± 0.0 54.48 ± 0.0 

11/22 10 70.48¹ ± 6.28 57.48 ± 7.39 50.55¹ ± 7.60 45.74 ± 7.34 

22/12 3 70.99 ± 7.09 60.07 ± 4.54 52.22 ± 3.70 48.69 ± 4.48 

22/21 2 70.32 ± 6.01 56.78 ± 2.35 44.36 ± 0.89 41.1 ± 4.84 M
D
R
1
 h
a
p
lo
ty
p
e
 

22/22 1 77.03 ± 0.0 69.43 ± 0.0 64.32 ± 0.0 61.81 ± 0.0 
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Table A28: Effect of the MDR1 C3435T, G2677T/A genotypes and of the MDR1 haplotype on rhoda-

mine fluorescence of natural killer (NK) cells obtained from epileptic patients after neuro-

surgery; °p<0.05 compared to GG; ¹p<0.05 compared to 11/11; *p<0.05 compared to 

11/11. 

   Rhodamine fluorescence of NK cells 

  n 30 min 60 min 90 min 120 min 

CC 6 71.4 ± 17.31 53.48 ± 17.65 47.29 ± 17.04 33.68 ± 15.16 

CT 14 80.15 ± 18.57 52.27 ± 14.63 38.94 ± 13.15 32.03 ± 12.16 

C
3
4
3
5
T
 

TT 4 63.79 ± 14.11 42.43 ± 15.61 34.86 ± 15.57 37.54 ± 12.80 

GG 7 75.87 ± 6.44 58.82 ± 5.69 50.95 ± 7.92 38.33 ± 10.53 

GT 14 72.20 ± 22.1 45.46° ± 17.69 34.5° ± 14.97 30.61 ± 12.55 

G
2
6
7
7
T
 

TT 3 87.91 ± 11.83 58.07 ± 7.69 42.88 ± 10.58 34.59 ± 16.59 

11/11 5 78.05 ± 6.51 60.23 ± 6.92 53.64 ± 7.78 37.48 ± 13.37 

11/12 2 70.40 ± 6.07 55.31 ± 0.34 44.23 ± 8.42 40.44 ± 6.99 

11/21 1 38.12 ± 0.0 19.74 ± 0.0 15.54 ± 0.0 14.68 ± 0.0 

11/22 10 79.56 ± 20.54 50.77 ± 16.98 37.96¹ ± 14.91 31.51 ± 13.06 

22/12 3 59.04 ± 12.79 36.30* ± 11.84 29.27 ± 13.26 32.92 ± 10.85 

22/21 2 92.85 ± 11.56 56.7 ± 10.35 38.5 ± 10.43 26.18 ± 11.23 M
D
R
1
 h
a
p
lo
ty
p
e
 

22/22 1 78.03 ± 0.0 60.83 ± 0.0 51.64 ± 0.0 51.41 ± 0.0 

 

Table A29: Effect of the MRP2 C24T, G1249A, C3972T genotypes and of the MRP2 haplotype on 

MRP2 mRNA expression and MRP2 protein content in lymphocytes obtained from healthy 

controls. 

  n MRP2 mRNA/18S rRNA × 10-6 MRP2 

CC 8 6.16 ± 2.04 1.42 ± 0.72 

CT 6 5.18 ± 1.49 1.61 ± 1.80 

C
2
4
T
 

TT 1 6.11 ± 0.0 1.64 ± 0.0 

GG 8 5.35 ± 1.80 1.41 ± 0.77 

G
1
2
4
9
A
 

GA 7 6.25 ± 1.72 1.63 ± 1.61 

CC 8 5.81 ±  1.96 1.26 ± 0.73 

CT 6 5.58 ± 1.72 2.1 ± 2.1 

C
3
9
7
2
T
 

TT 1 6.11 ± 0.0 1.64 ± 0.0 
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*7/*7 5 5.50 ± 2.28 1.41 ± 0.92 

*7/*9 3 7.26 ± 1.128 1.44 ± 0.36 

*7/*12 2 4.57 ± 0.21 1.28 ± 0.85 

*9/*11 2 4.39 ± 0.57 0.63 ± 0.37 

*9/*12 2 6.59 ± 2.19 2.91 ± 3.13 

M
R
P
2
 h
a
p
lo
ty
p
e
 

*12/*12 1 6.11 ± 0.0 1.64 ± 0.0 

 

Table A30: Effect of the MRP2 C24T, G1249A, C3972T genotypes and of the MRP2 haplotype on 

MRP2 mRNA expression and MRP2 protein content in lymphocytes obtained from epilep-

tic patients after monotherapy; *p<0.05 compared to CT. 

  n MRP2 mRNA/18S rRNA × 10-6 MRP2 

CC 10 5.81 ± 3.21 0.37 ± 0.15 

CT 3 3.75 ± 2.23 0.57 ± 0.55 

C
2
4
T
 

TT 2 2.61 ± 1.47 0.33 ± 0.13 

GG 7 4.48 ± 2.09 0.32 ± 0.18 

GA 7 5.37 ± 4.04 0.49 ± 0.31 

G
1
2
4
9
A
 

AA 1 5.62 ± 0.0 – 

CC 10 5.62 ± 3.37 0.48* ± 0.28 

CT 2 3.44 ± 0.91 0.11 ± 0.08 

C
3
9
7
2
T
 

TT 3 3.84 ± 2.37 0.39 ± 0.14 

*7/*7 2 6.50 ± 1.57 0.42 ± 0.15 

*7/*8 1 4.08 ± 0.0 0.17 ± 0.0 

*7/*9 6 5.90 ± 4.148 0.38 ± 0.14 

*7/*12 1 2.8 ± 0.0 0.05 ± 0.0 

*8/*12 1 6.30 ± 0.0 0.51 ± 0.0 

*9/*11 1 2.16 ± 0.0 1.14 ± 0.0 

*9/*9 1 5.62 ± 0.0 – 

M
R
P
2
 h
a
p
lo
ty
p
e
 

*12/*12 2 2.61 ± 1.47 0.33 ± 0.13 
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Table A31: Effect of the MRP2 C24T, G1249A, C3972T genotypes and of the MRP2 haplotype on 

MRP2 mRNA expression and MRP2 protein content in lymphocytes obtained from epilep-

tic patients after combined therapy. 

  n MRP2 mRNA/18S rRNA × 10-6 MRP2 

CC 11 7.26 ± 3.43 0.86 ± 0.61 

CT 3 12.66 ± 4.83 0.38 ± 0.27 

C
2
4
T
 

TT 1 2.48 ± 0.0 0.79 ± 0.0 

GG 6 9.75 ± 5.66 0.67 ± 0.59 

GA 6 6.30 ± 2.96 0.98 ± 0.57 

G
1
2
4
9
A
 

AA 3 7.99 ± 3.62 0.51 ± 0.52 

CC 10 7.42 ± 3.57 0.91 ± 0.62 

CT 4 10.90 ± 5.28 0.37 ± 0.22 

C
3
9
7
2
T
 

TT 1 2.48 ± 0.0 0.79 ± 0.0 

*7/*7 3 9.48 ± 4.20 0.91 ± 0.77 

*7/*9 4 5.45 ± 2.82 1.22 ± 0.55 

*7/*12 2 13.8 ± 6.24 0.25 ± 0.20 

*8/*9 1 5.64 ± 0.0 0.35 ± 0.0 

*9/*9 3 7.99 ± 3.62 0.51 ± 0.52 

*9/*12 1 10.38 ± 0.0 0.64 ± 0.0 M
R
P
2
 h
a
p
lo
ty
p
e
 

*12/*12 1 2.48 ± 0.0 0.79 ± 0.0 
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Table A32: Effect of the MRP2 C24T, G1249A, C3972T genotypes and of the MRP2 haplotype on 

MRP2 mRNA expression and MRP2 protein content in lymphocytes obtained from epilep-

tic patients after neurosurgery; *p<0.05 compared to CC. 

  n MRP2 mRNA/18S rRNA × 10-6 MRP2 

CC 14 8.34 ± 4.31 0.43 ± 0.37 

C
2
4
T
 

CT 10 4.50 ± 2.54 0.62 ± 0.60 

GG 15 6.04 ± 3.9 0.55 ± 0.53 

GA 5 6.99 ± 5.28 0.38 ± 0.43 

G
1
2
4
9
A
 

AA 4 9.06 ± 3.28 0.52 ± 0.40 

CC 9 9.90 ± 4.42 0.43 ± 0.38 

CT 10 5.37 ± 2.78 0.35 ± 0.37 

C
3
9
7
2
T
 

TT 5 3.80 ± 1.42 0.98* ± 0.61 

*7/*7 4 9.7 ± 5.0 0.31 ± 0.22 

*7/*8 4 4.79 ± 2.07 0.44 ± 0.47 

*7/*9 2 11.31 ± 6.61 0.49 ± 0.63 

*7/*12 3 5.4 ± 4.64 0.38 ± 0.44 

*8/*12 4 4.13 ± 1.41 1.03 ± 0.69 

*9/*9 3 9.23 ± 3.99 0.54 ± 0.49 

*9/*10 1 8.53 ± 0.0 0.45 ± 0.0 

*9/*12 2 4.90 ± 1.33 0.08 ± 0.06 

M
R
P
2
 h
a
p
lo
ty
p
e
 

*10/*12 1 2.51 ± 0.0 0.76 ± 0.0 
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Table A33: Clinical data of patients who underwent monotherapy with car-

bamazepine; *- years, BMI – body mass index; sec. generalized 

– secondarily generalized. 

No. Sex Age* BMI Epilepsy, 

seizure type 

Disease 

duration* 

Medicines, 

dose, mg 

Treatment 

duration* 

1/04 M 29 20.7 Cryptogenic, focal com-

plex, grand mal 

24 Carbamazepine 

1600 

8 

1/05 M 46 30.9 Cryptogenic, focal com-

plex, grand mal 

6 Carbamazepine 

1200 

2 

1/06 F 63 25.3 Cryptogenic, focal com-

plex, grand mal 

1 Carbamazepine 

600 

1 

1/07 F 39 22.9 Cryptogenic, focal, grand 

mal 

29 Carbamazepine 

400 

25 

1/08 M 43 26.0 Cryptogenic, focal com-

plex 

28 Carbamazepine 

600 

22 

1/09 F 49 28.7 Cryptogenic, focal com-

plex, grand mal 

28 Carbamazepine 

600 

25 

1/10 F 34 26.3 Cryptogenic, focal simple, 

grand mal 

13 Carbamazepine 

800 

13 

1/11 M 44 29.0 Cryptogenic, focal, grand 

mal 

36 Carbamazepine 

800 

13 

1/12 F 27 22.6 Cryptogenic, focal simple, 

complex 

16 Carbamazepine 

800 

3 

1/13 M 45 27.2 Cryptogenic, focal, grand 

mal 

15 Carbamazepine 

1800 

15 

1/14 F 65 25.8 Cryptogenic, focal com-

plex, sec. generalised, 

grand mal 

7 Carbamazepine 

600 

7 

1/15 M 41 26.3 Cryptogenic, focal simple, 

complex, grand mal 

1 Carbamazepine 

1000 

1 

1/16 M 57 27.6 Cryptogenic, focal com-

plex, grand mal 

48 Carbamazepine 

600 

26 

1/17 F 64 28.6 Cryptogenic, focal com-

plex 

23 Carbamazepine 

600 

14 

1/18 F 25 27.5 Cryptogenic, focal com-

plex 

15 Carbamazepine 

600 

12 
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Table A34: Clinical data of patients who underwent combined therapy; 

*- years, BMI – body mass index. 

No. Sex Age* BMI Epilepsy, 

seizure type 

Disease 

duration* 

Medicines Dose, 

mg 

Treatment 

duration* 

2/01 M 42 30.9 31 Valproate 2000 10 

     Lamotrigine 200 9 

    

Cryptogenic, focal com-

plex, grand mal 

 Phenobarbital 100 10 

2/02 F 34 28.7 29 Carbamazepine 1000 5 

     Lamotrigine 300 5 

    

Cryptogenic, focal simple, 

complex, grand mal 

 Levetiracetam 2000 2 

2/03 M 47 27.8 37 Carbamazepine 2400 4 

     Levetiracetam 2000 1 

    

Cryptogenic, focal com-

plex, grand mal 

 Topiramate 175 4 

2/04 M 55 25.4 35 Carbamazepine 900 15 

    

Cryptogenic, focal com-

plex, grand mal  Gabapentine 1200 4 

2/05 M 47 28.7 29 Levetiracetam 2000 0.25 

    

Cryptogenic, focal com-

plex, grand mal  Gabapentine 2400 8 

2/06 F 49 28.1 43 Levetiracetam 1000 2 

    

Cryptogenic, focal com-

plex  Valproate 1200 5 

2/07 F 46 28.3 Focal, grand mal  36 Lamotrigine 250 4 

2/08 F 35 22.6 23 Sulthiame 400 3 

    

Cryptogenic, focal simple 

 Topiramate 100 0.5 

2/09 F 39 24.1 Cryptogenic, focal com-

plex, grand mal 

28 Topiramate 450 2 

2/10 F 38 22.3 Cryptogenic, focal, com-

plex, grand mal 

34 Lamotrigine 200 5 

2/11 F 34 17.6 24 Levetiracetam 3000 2 

     Valproate 3000 4 

    

Cryptogenic, focal com-

plex, grand mal 

 Carbamazepine 1200 4 

2/12 M 42 24.7 6 Carbamazepine 2100 6 

    

Cryptogenic, focal com-

plex, grand mal  Levetiracetam 2500 3 

2/13 M 61 26.4 Cryptogenic, focal com-

plex, grand mal 

22 Carbamazepine 1200 22 

2/14 F 50 21.5 Cryptogenic, focal com-

plex, grand mal 

33 Carbamazepine 1200 33 

2/15 F 44 41.4 Cryptogenic, focal simple, 

complex 

13 Carbamazepine 1800 13 
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Table A35: Clinical data of patients who underwent neurosurgery; 

*- years, BMI – body mass index, +- seizure absence in %/ years; 

sec. generalized – secondarily generalized. 

No. Sex Age* BMI Epilepsy, 

seizure type 

Disease 

duration* 

Medicines Dose, 

mg 

Treatment 

duration* 

Operation 

date 

Seizures 

absence
+
 

6/02 F 61 22.7 2 Valproate 1900 29 2003 100/0.5 

     Lamotrigine 75    

     Topiramate 100    

    

Symptomatic, focal 

complex, sec. gen-

eralised 

 Lorazepam 1.5    

6/03 F 40 21.8 Symptomatic, focal, 

Jackson’s seizures 

1 No medication  1 2002 100/2 

6/04 F 58 29.0 36 Levetiracetam 2000 36 2002 100/2 

     Valproate 1000    

     Carbamazepine 400    

    

Symptomatic, focal 

complex, sec. gen-

eralised, grand mal 

 Topiramate 200    

6/05 M 18 18.8 6 Topiramate 600 6 2002 >50/2 

     Levetiracetam 3000    

    

Symptomatic, focal 

simple, complex, 

grand mal  Phenobarbital 100    

6/06 M 21 36.4 19 Oxcarbazepine 1200 18 2004 – 

    

Symptomatic, focal 

simple, complex, 

sec. generalised, 

grand mal 

 Phenytoin 750    

6/07 M 52 27.4 Symptomatic, focal 

complex, sec. gen-

eralised 

46 Carbamazepine 1500 46 1998 100/6 

6/08 M 43 18.6 33 Primidone 625 33 2003 100/1 

    

Symptomatic, focal 

complex, sec. gen-

eralised, grand mal 

 Levetiracetam 250    

6/09 F 50 21.3 38 Carbamazepine 800 38 2001 >90/3 

    

Cryptogenic, focal 

complex, grand mal  Lamotrigine 200    

6/10 M 21 22.8 5 Lamotrigine 400 5 2003 100/1 

    

Cryptogenic, focal 

simple, complex  Topiramate 200    

6/11 M 61 29.8 Symptomatic, focal 

sec. generalised 

23 Carbamazepine 800 23 24.04.02 100/2 

6/12 F 45 20.2 4 Levetiracetam 1000 4 2002 100/2 

     Lamotrigine 100    

    

Symptomatic, focal 

simple, sec. gener-

alised  Valproate 1200    
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No. Sex Age* BMI Epilepsy, 

seizure type 

Disease 

duration* 

Medicines Dose, 

mg 

Treatment 

duration* 

Operation 

date 

Seizures 

absence
+
 

6/13 F 35 – 5 Carbamazepine 400 5 2002 100/2 

    

Cryptogenic, focal 

simple, complex, 

grand mal 

 Levetiracetam 1500    

6/14 M 36 21.9 Symptomatic, focal 

simple, complex, 

sec. generalised, 

grand mal 

29 Oxcarbazepine 600 29 2002 100/2 

6/15 F 42 27.7 40 Lamotrigine 400 39 2001 >50/3 

    

Symptomatic, focal 

 Valproate 900    

6/16 F 29 17.2 1 Lamotrigine 400 1 2002 0 

     Levetiracetam 2500    

    

Symptomatic, focal, 

grand mal 

 Topiramate 50    

6/17 F 72 24.1 32 Carbamazepine 800 31 2001 100/3 

    

Symptomatic, focal 

simple, complex, 

sec. generalised, 

grand mal 

 Levetiracetam 1500    

6/18 M 38 25.1 37 Topiramate 800 37 2003 >90/1 

    

Cryptogenic, focal 

complex, sec. gen-

eralised 

 Lamotrigine 250    

6/19 F 62 25.4 10 Valproate 1800 3 2003 100/1 

    

Symptomatic, focal 

simple, complex, 

sec. generalised 

 Lamotrigine 25    

6/20 F 44 22.9 25 Lamotrigine 600 25 2002 100/2 

    

Symptomatic, focal 

simple, complex, 

sec. generalised, 

grand mal 

 Levetiracetam 1000    

6/21 F 46 20.1 34 Gabapentine 400 34 2002 100/2 

     Barbexaclone 300    

    

Symptomatic, focal 

complex, sec. gen-

eralised, grand mal  Oxcarbazepine 2100    

6/22 F 29 – 24 Lamotrigine 162.5 24 2002 100/2 

    

Symptomatic, focal 

complex  Carbamazepine 1200    

6/23 F 42 29.7 14 Levetiracetam 350 14 2004 100/x 

    

Symptomatic, focal 

 Carbamazepine 1800    

6/24 M 46 23.7 18 Levetiracetam 2000 18 2004 – 

    

Symptomatic, focal 

complex, sec. gen-

eralised 

 Oxcarbazepine 1200    

6/25 F 42 25.9 Cryptogenic, focal 

complex, grand mal 

26 Phenytoin 250 19 2004 – 
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