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General Introduction

General Introduction
Epilepsy
Epilepsy has been described already 2500 years ago in one of the earliest medical
writings. The Greek physician Hippocrates (400 B.C.) wrote about epilepsy as a
“Sacred Disease”. Refuting the idea that epilepsy is a curse or a prophetic power,
Hippocrates proved the truth: It is a brain disorder. "It is thus with regard to the
disease called Sacred: it appears to me to be nowise more divine nor more sacred
than other diseases, but has a natural cause like other affections…".
The word epilepsy derives from the Greek verb epilambanein, meaning to
be seized, to be overwhelmed by surprise. According to the definition proposed by
the International League Against Epilepsy, epilepsy is a disorder of the brain
characterized by an enduring predisposition to generate epileptic seizures and by
the neurobiologic, cognitive, psychological, and social consequences of this
condition. The definition required the occurrence of a least two epileptic seizures
(Fisher et al., 2005). An epileptic seizure is a transient occurrence of signs and/or
symptoms due to abnormal excessive or synchronous neuronal activity in the brain.
Epilepsy occurs in about 0.8% of the human population and is the most common
acquired chronic neurological disorder (Hauser, 1997). It is not a homogeneous
disease entity, but a variety of disorders reflecting underlying brain dysfunctions
that result from many different causes.
Clinically, epilepsy is divided into idiopathic (primary, without a known
cause) and symptomatic (secondary) disorders (Engel, 2001). Idiopathic epilepsies
are presumed to be genetic, usually age-related and unassociated with other
neurological disturbances or structural pathology. When seizures arise from a
specific cerebral pathological substrate (e.g. traumatic scar, tumor, vascular
malformations) or when the initiating insult is known (e.g. a status epilepticus) the
epilepsy is called symptomatic. When the etiology of the epilepsy cannot be
determined with the current diagnostics and an idiopathic syndrome is not
suspected, the epilepsy is referred to as a “cryptogenic” or “probably symptomatic”
disorder. Further discrimination has been made on electroclinical features. In the
case of partial epilepsy, seizure onset is in one or more localized sites (foci) in the
brain, from where seizures can spread to involve the whole brain and become
secondary generalized. Generalized seizures are characterized by widespread
involvement of bilateral cortical regions, usually with impairment of consciousness
(Engel, 2001).
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Mesial temporal lobe epilepsy
Mesial temporal lobe epilepsy (MTLE) is the most common type of adult focal
epilepsy (Engel, 1996), which originates from the temporal lobe (hippocampus and
amygdala) and is often associated with hippocampal sclerosis. Hippocampal
sclerosis is the most common neuropathological finding in MTLE patients and
involves hippocampal cell loss in the CA1 and CA3 regions (Ammon’s horn
sclerosis) and the dentate hilus (endfolium sclerosis). The CA2 region is relatively
spared (Wieser, 2004).
Patients have increased incidence of family history of epilepsy, suggesting
a genetic predisposition and an increased incidence of complicated febrile seizures
and/or status epilepticus (Engel, 1996; Engel, 2001; Hauser, 1997; Wieser, 2004).
The operational definition of status epilepticus specifies a seizure that lasts for at
least 5 minutes, or a seizure that consists of two or more sequential seizures
without full recovery between seizures (Lowenstein et al., 1999). After the
initiating insult, it takes several years (silent period) before electrographical
abnormalities and recurrent seizures occur. Unprovoked seizures usually begin in
late childhood or early adolescence and are often difficult to treat with antiepileptic
drugs (Wieser, 2004).
Animal models
Animal models for MTLE are necessary to study pathological and
pathophysiological alterations during epileptogenesis that may lead to chronic
epilepsy. The characteristic hippocampal sclerosis that is often observed in MTLE
patients can be mimicked in rat models. The initial damage is induced by the
induction of a status epilepticus (SE) in these models. This can be done electrically,
by stimulation of temporal lobe structures (hippocampus or amygdala) or
chemically, by systemic administration of chemoconvulsants (e.g. kainate or
pilocarpine). After a latent period of a few days to several weeks, recurrent
spontaneous seizures occur. Importantly, the pattern of neuronal damage, gliosis
and axonal reorganization (mossy fiber sprouting) in these rat models is highly
similar to the pathology observed in epileptic humans. Moreover, there is also
evidence that some epileptic rats, like in a subsets of patients, do not properly
respond to antiepileptic drug treatment. For instance, it has been shown that a
subset of amygdala stimulated rats are resistant to phenytoin (Loscher and
Rundfeldt, 1991; Loscher et al., 1993).

12
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Pharmacoresistance
Medical care for epilepsy patients consists of pharmacotherapy with a wide range
of antiepileptic drugs (AEDs) in order to suppress seizures (until now, there is no
AED that can prevent epilepsy). Approximately 70% of all epilepsy patients
eventually become seizure free. However, a third of all epilepsy patients does not
become seizure free, despite treatment with two or more AEDs at a maximal
tolerated dose. This intractability is even higher (50-70%) in patients with temporal
lobe epilepsy (Brodie and Mohanraj, 2003; Kwan and Brodie, 2000; Schmidt and
Loscher, 2005). Resistance to pharmacological therapy (pharmacoresistance) is
therefore one of the major problems in the treatment of epilepsy, associated with
increased morbidity and mortality, and accounting for much of the economic
burden of epilepsy (Loscher and Schmidt, 2004; Regesta and Tanganelli, 1999).
Clinically, no single accepted definition of pharmacoresistance exists. Different
definitions may be appropriate, depending on the type of seizure, epilepsy
syndrome and the purpose for which the definition is used (Schmidt and Loscher,
2005). For temporal lobe epilepsy, the following operational definition is generally
used: a failure to control seizures over one year, despite the use of three or more
AEDs that are appropriate for that epilepsy type at maximum tolerated doses
(Kwan and Brodie, 2000; Sisodiya, 2003).
An alternative therapy for a subset of pharmacoresistant patients is highfrequency stimulation of the vagus nerve, which on average results in seizure
frequency reduction of 25-28%. For only a few, carefully selected refractory
patients surgical removal of the hippocampus or other temporal lobe regions is the
last possibility to get symptom relief. However, resection does not necessarily lead
to seizure freedom.
Mechanisms of pharmacoresistance
The causes of multidrug resistance are poorly understood. Since MTLE is a
multifactorial disease, a variety of factors will play a role (Loscher and Potschka,
2002). Genetic factors, e.g., polymorphisms, may be important and explain why
two patients with the same type of epilepsy or seizures may differ in their response
to AEDs. Disease-related factors such as the etiology of the seizures, progression
of epilepsy, alterations in drug targets, or alterations in drug uptake into the brain
may also be very important. Furthermore, drug related factors are most likely
involved in insufficient seizure control, including loss of anticonvulsant efficacy
during treatment (development of tolerance), or ineffective mechanisms of action
of currently available AEDs in patients with medically intractable epilepsy.
Currently two main hypotheses (which are also not mutually exclusive)
have been proposed to account for pharmacoresistance.
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1) The “target hypothesis” contends that target sites for AEDs (e.g. sodium,
calcium channels, and GABA receptors) are somehow altered in the epileptic brain
so that they are much less sensitive to the anticonvulsant effects of systemically
administered AEDs.
2) The “transport hypothesis” contends that AEDs do not reach their target sites in
the brain due to an overexpression of multidrug transporters at the blood-brain
barrier (BBB, figure 1).
Since refractory epilepsy patients are resistant to multiple AEDs with
different mechanisms of action, it has been suggested that adaptive mechanisms,
rather than epilepsy-induced alterations in specific drug targets play a major role in
pharmacoresistance. In this respect, changes in the properties of the BBB have
been proposed to be important.

Figure 1. Schematic representation of the blood-brain barrier in control (left) and in the epileptic brain
(right). The “transport” hypothesis contends that due to the overexpression of multidrug transporters
(blue) on endothelial cells in epileptic brain, less antiepileptic drug (green) can enter the brain and reach
its target on the neuron, resulting in ineffective treatment.

The blood-brain barrier
The BBB plays an important role in the homeostasis of the brain. It can provide the
brain with essential nutrients, since endothelial cells of the BBB contain numerous
membrane transporters involved in the influx/efflux of various essential substrates
such as electrolytes, nucleosides, amino acids and glucose (Kettenmann and
Ransom, 2005). The BBB can also act as a defence mechanism to protect the brain
against various harmful substances, since the endothelial cells are firmly connected
via tight junctions. Together with the basal membrane, pericytes and astrocytic
foot processes they form a physical barrier between blood and brain (Kettenmann
and Ransom, 2005). Generally, small, non-ionic, lipid-soluble molecules penetrate
14
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easily across the BBB whereas larger, water-soluble, and/or ionic molecules will
less likely exhibit passive diffusional processes. In addition to the passive barrier
mechanism, an active extrusion mechanism prevents accumulation of (lipophilic)
compounds into the brain. Multidrug efflux transporters, which are present on
luminal side of the endothelial cells (Allen and Schinkel, 2002; Cooray et al., 2002;
Huai-Yun et al., 1998; Miller et al., 2000; Zhang et al., 2004) can actively transport
a variety of compounds into the lumen of the blood vessel, and as a consequence,
the net penetration of substrates from the blood into the brain can be dramatically
decreased. In the absence of multidrug transporters the brain penetration of
substrate drugs can increase up to 10- to 100-fold (Lin, 2003). Since the brain is a
critical organ, and potentially very sensitive to all kinds of toxic and other
pharmacodynamics actions of exogenous compounds it is postulated that multidrug
transporters evolved in part to protect the brain from damaging effects of endoand xenobiotics. However, by doing so, multidrug transporters can also decrease
the efficacy of therapeutical agents (i.e. AEDs) that are supposed to reach their
targets in the brain.
Multidrug transporters - The ABC family
The first multidrug transporter was discovered in chemotherapy resistant cancer
cells and was identified by Juliano and Ling in 1976 (Juliano and Ling, 1976). This
protein was named P-glycoprotein (P-gp); P for permeability, since it was found
that this protein decreased the concentration of chemotherapeutic agents in cancer
cells. The name multidrug resistance (MDR) protein was also used, since many
chemotherapeutic agents were transported by P-gp and cells displayed crossresistance to many different cytotoxic drugs. P-gp belongs to a big family of
proteins that are active drug efflux transporters and require energy to pump
substrates against considerable concentration gradients. Since they have an ATP
Binding Cassette domain in common, they are also called “the ABC-family” (table
1). Multidrug transporters are primarily located in the plasma membrane and their
main role is to extrude lipophilic drugs and other xenobiotics to prevent the
accumulation of potentially toxic substances in the cell/organ. They are present
throughout the body in a variety of organs: brain, testis, placenta, liver, intestine
and kidney (Schinkel and Jonker, 2003) and can extrude a variety of structurally
diverse drugs, drug conjugates and metabolites (i.e. analgesics, anti-cancer drugs,
HIV protease inhibitors, steroid hormones, bile acid, thyroxin, bioactive amines),
(Lee et al., 2001; Sun et al., 2003). Since the multidrug efflux transporters are
present on the luminal side of endothelial cells in brain (Allen and Schinkel, 2002;
Cooray et al., 2002; Huai-Yun et al., 1998; Miller et al., 2000; Zhang et al., 2004)
they can actively transport potentially dangerous compounds for the brain directly
into the bloodstream. The exact mechanism of extrusion remains unresolved.
Substrates may bind to a cytoplasmic region of P-gp, resulting in an energy15
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dependent conformational change that shuttles the drug to the outside of the
plasma membrane. This “classical” model of a transporter resembles a typical
substrate-enzyme interaction. Another hypothesis is that intracellular substrates
first have to reach the inner hemi leaflet of the cell membrane, before being
“flipped” to the outer hemi leaflet (Johnstone et al., 2000) and being redirected
into the bloodstream.
Table 1. ABC drug efflux transporter family.
____________________________________________________________________________
Protein
Gene
Alternative name
Present in brain
____________________________________________________________________________
P-gp
ABCB1
MDR1, PGY1, gp170
+
MRP1
ABCC1
MRP
+
MRP2
ABCC2
cMOAT, cMRP
+
MRP3
ABCC3
MOAT-D, cMOAT-2
+
MRP4
ABCC4
MOAT-B
+
MRP5
ABCC5
MOAT-C, pABC11
+
MRP6
ABCC6
MOAT-E, MLP1, ARA
+
MRP7
ABCC10
?
MRP8
ABCC11
+
MRP9
ABCC12
?
BCRP
ABCG2
MXP, ABCP
+
____________________________________________________________________________

To date, P-gp is possibly the most studied drug efflux transporter. The
P-gp isoforms involved in multidrug resistance are encoded by the MDR1 gene in
humans and the mdr1a or mdr1b genes in rodents (Leveille-Webster and Arias,
1995). Mice with deletion of mdr1a or both mdr1a and mdr1b do not show obvious
physiological abnormalities but a marked increase in the brain uptake of various
lipophilic drugs, with consequent neurotoxicity (Schinkel et al., 1997; Schinkel et
al., 1996).
Since the discovery of P-gp, various other multidrug transporters were
found, including multidrug resistance proteins (MRPs) and breast cancer resistance
protein (BCRP). The MRP family currently has nine members (MRP1–9), which act
as organic anion transporters, but can also transport neutral organic drugs (Borst
et al., 2000). The first member, MRP1, was discovered in cancer cells in 1992 (Cole
et al., 1992). Studies using knockout mice or mutant rats demonstrate that MRPs
can also prevent the entry of drugs into the brain and play a role in drug transport
from the brain to the blood (Miller et al., 2000). MRP1 knockout mice have
increased sensitivity for various anti-cancer drugs (Allen et al., 2000; Lorico et al.,
1997; Wijnholds et al., 1997), while MRP2 deficient rats have higher brain levels of
phenytoin, compared to wild type rats after kindling (Potschka et al., 2003b). The
role of MRPs in BBB permeability has been demonstrated by experiments in which
inhibitors of MRPs, such as probenecid or MK-571, were shown to enhance drug
16
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penetration into the brain or to inhibit drug efflux from isolated brain endothelial
cells (Gutmann et al., 1999; Potschka et al., 2001; Potschka and Loscher, 2001b;
Sun et al., 2001).
BCRP was initially cloned in 1998 (Doyle et al., 1998). Because the gene
was isolated from a breast cancer cell line, it was called the BCRP gene, but it is
not specific for breast cancer cells. BCRP has been shown to be functional at the
mouse blood brain barrier, limiting the permeability of the brain to drugs
(Cisternino et al., 2004).
Vaults
Proteins involved in intracellular transport processes may also play a role in drug
distribution. A specific cell organelle, the vault was first discovered in 1986
(Kedersha and Rome, 1986). Vaults appear to have a transport function by acting
as carriers, although they do not belong to the ABC-family. They can mediate bidirectional nucleo-cytoplasmatic exchange as well as vesicular transport of
compounds, such as cytostatic drugs (Kitazono et al., 2001). Vaults are composed
of four distinct components: three high molecular proteins and several small
untranslated RNA molecules. The main component is the major vault protein
(MVP). Two additional proteins, vault poly(ADP-ribose)polymerase (VPARP) and
telomerase-associated protein 1 (TEP1) comprise the minor vault proteins (Scheffer
et al., 1995). The ovoid vault particles display highly regular dimensions and
possess a complex barrel-shaped morphology. The structures were named vaults,
since they resemble multiple arches reminiscent of the vaulted ceilings in
cathedrals. In P-gp negative drug resistant tumor cells, vaults are frequently
overexpressed (Berger et al., 2001; Kickhoefer et al., 1998; Schroeijers et al.,
2000), suggesting a role for MVP in drug resistance. Moreover, human leukemia
cells, which accumulate MVP during culturing, become multidrug resistant to
various cytostatic drugs after successive passages (Hu et al., 2002). Although
these data suggest that they play a role in pharmacoresistance in cancer, it is not
known whether they can contribute to pharmacoresistant epilepsy. However, they
may sequester AEDs and act as intracellular stores in brain, thereby reducing
extracellular availability of AEDs.
Evidence for transport hypothesis in epilepsy
The first evidence to support the hypothesis that multidrug transporters contribute
to pharmacoresistance has been derived from resected brain tissue of refractory
epilepsy patients in which MDR1 was overexpressed (Tishler et al., 1995). Other
studies confirmed this (table 2) and showed that other multidrug transporters were
also overexpressed in the epileptic human brain (Aronica et al., 2003a; Aronica et
al., 2004; Dombrowski et al., 2001; Sisodiya et al., 2002). Overexpression was also
17
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evident in animal models of epilepsy (Rizzi et al., 2002; Seegers et al., 2002;
Zhang et al., 1999).
Table 2. Overexpression of multidrug transporters in epilepsy.
____________________________________________________________________________
Protein
Human/animal
Reference
____________________________________________________________________________
P-gp
Human
(Aronica et al., 2003a; Aronica et al., 2004;
Dombrowski et al., 2001; Sisodiya et al., 1999;
Tishler et al., 1995)
Rat/mouse
(Rizzi et al., 2002; Seegers et al., 2002; Zhang et al.,
1999)
MRP1
Human
(Sisodiya et al., 2002; Sisodiya et al., 2001)
MRP2
Human
(Dombrowski et al., 2001)
MRP5
Human
(Aronica et al., 2003a; Aronica et al., 2004;
Dombrowski et al., 2001)
____________________________________________________________________________

Second, it was shown by various techniques (in vitro transport assays and
in vivo microdialysis in mutant rats or in control rats with specific transporter
inhibitors) that multidrug transporters transport a variety of AEDs including
carbamazepine (Potschka et al., 2001; Rizzi et al., 2002), phenytoin (Potschka and
Loscher, 2001a; Rizzi et al., 2002; Tishler et al., 1995), phenobarbital, lamotrigine
and felbamate (Potschka et al., 2002). Although this evidence suggests that
multidrug transporters play a role in pharmacoresistance, a definitive proof of the
functional involvement is still lacking.
Table 3. Active transport of antiepileptic drugs by multidrug transporters in brain.
____________________________________________________________________________
Drug
P-gp
MRPs
Others
Reference
____________________________________________________________________________
Phenytoin
+
+
?
(Potschka and Loscher, 2001a; Rizzi et al.,
2002)
Carbamazepine
+
+
?
(Potschka et al., 2001; Rizzi et al., 2002;
Sills et al., 2002)
Phenobarbital
+
?
(Potschka et al., 2002)
Felbamate
+
?
(Potschka et al., 2002; Potschka et al.,
2003a)
Lamotrigine
+
?
(Potschka et al., 2002; Potschka et al.,
2003a)
Gabapentin
+
?
+
(Luer et al., 1999; Sills et al., 2002)
Topirmate
+
?
?
(Sills et al., 2002)
Levetiracetam
?
(Potschka et al., 2004)
____________________________________________________________________________
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Aims and outline of the thesis
Mesial Temporal Lobe Epilepsy is a severe form of epilepsy in adults that often
cannot be treated adequately with antiepileptic drugs. Despite more than 20
approved antiepileptic drugs, about 30% of all epilepsy patients are refractory to
treatment (Loscher and Schmidt, 2004; Regesta and Tanganelli, 1999).
Circumstantial evidence suggests that overexpression of multidrug transporters at
the blood-brain barrier plays a role in pharmacoresistance. Overexpression of
multidrug transporters has been shown in resected hippocampi of refractory
epilepsy patients, but it is not known whether overexpression also occurs in other
brain regions and whether the overexpression is a result of uncontrolled seizures,
of the mechanisms underlying epilepsy, or of chronic administration of antiepileptic
drugs. It is also not known whether these transporters are overexpressed before
the onset of seizures (i.e. during epileptogenesis) or in the chronic epileptic phase.
Moreover, a definitive proof of the functional involvement of multidrug transporters
in pharmacoresistant epilepsy is still lacking. Therefore, the major aim of this thesis
is to investigate the role of the blood-brain barrier and multidrug transporters in
pharmacoresistant epilepsy. Insight into the mechanisms that are involved in
pharmacoresistance may ultimately lead to a suitable therapy for
pharmacoresistant epilepsy patients.
In order to study the role of the blood-brain barrier and multidrug
transporters in pharmacoresistance, the electrical status epilepticus rat model for
temporal lobe epilepsy is used. In the first part of the study (chapter 2, 3 and 4)
attention is focused on the localization and expression of various multidrug
transporters in the rat brain during epileptogenesis and chronic epilepsy. In the
second part (chapter 4, 5 and 6) the functional role of the multidrug transporters
MRP1, MRP2 and P-glycoprotein in drug distribution is studied by the application of
specific inhibitors in vivo, in combination with antiepileptic drug treatment. In
addition, it was determined whether P-glycoprotein inhibition could improve seizure
control in chronic epileptic rats (chapter 5). Chapter 7, 8 and 9 concern the role
of blood-brain disruption in P-glycoprotein overexpression and progression of
epilepsy. In the last part of the study alternative approaches to overcome
pharmacoresistance are described (chapter 9 and 10). These chapters report
respectively on the use anti-inflammatory drugs to reduce P-glycoprotein
expression and the use of the antiepileptic drug levetiracetam that has been
suggested to be no substrate of multidrug transporters. Finally, chapter 11 gives
a general discussion of the work presented in this thesis.
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Expression and distribution of P-glycoprotein

Abstract
There is recent evidence that increased expression of multidrug transporters, such
as P-glycoprotein (P-gp), may lead to reduced antiepileptic drug (AED)
concentrations in the brain, shortly after status epilepticus (SE), thereby
suggesting a possible mechanism for drug-resistance. To get insights on whether
increased P-gp expression is a consequence of the initial insult, or evolves more
gradually as a result of recurrent spontaneous seizures, we used a rat model of
temporal lobe epilepsy in which spontaneous seizures develop after an electrically
induced SE. We investigated the temporal and region specific expression of two
isoforms of the multidrug resistance gene (mdr1a and mdr1b, both encoding for Pgp) in two regions within the temporal lobe (the dentate gyrus and the
parahippocampal cortex). Using real-time PCR, we found that the mdr1b isoform
was increased in the temporal lobe, one week after SE; however this increase was
reversible in dentate gyrus while it persisted in the parahippocampal cortex of
chronic epileptic rats. Mdr1b upregulation was related to the occurrence of
spontaneous seizures, since this isoform was unchanged in rats that were
stimulated, but that did not develop SE (non-SE). The mdr1a isoform was
transiently upregulated in the dentate gyrus. P-gp immunostaining was enhanced
in endothelial and glia-like cells, 1 week after SE. In chronic epileptic rats, the
number of strongly P-gp positive glia-like cells was much lower than 1 week after
SE, and it was mainly present in the most ventral part of the temporal lobe. These
cells were in close apposition to strongly stained blood vessels. These findings
show that both mdr1a and mdr1b are induced by SE, although the increase in
mdr1b isoform was more persistent. More importantly, increased P-gp expression
is still present in chronic epileptic rats.
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Introduction
One third of patients with epilepsy suffers from intractable seizures, which cannot
be properly controlled with the current pharmacotherapy (Loscher and Schmidt,
2002). The causes of this multidrug resistance are not fully understood. Possible
explanations for this phenomenon are: 1) targets for antiepileptic drugs (AEDs) are
lost or altered (e.g. sodium channels or GABA receptors) and/or 2) inappropriate
penetration of AEDs into the brain, due to alterations in drug transporters at the
blood brain barrier (BBB). Drug efflux transporters such as P-glycoprotein (P-gp)
might be important in this respect. In rodents, P-gp is encoded by two different
isoforms of the mdr1 gene, mdr1a and mdr1b respectively. The mdr1a gene is
mainly found in endothelial cells, while the mdr1b isoform is also found in glial cells
(Demeule et al., 2001; Regina et al., 1998). P-gp can transport commonly used
AEDs like carbamazepine (Potschka et al., 2001), phenytoin (Potschka and Loscher,
2001a; Rizzi et al., 2002; Tishler et al., 1995), phenobarbital, lamotrigine and
felbamate (Potschka et al., 2002). Upregulation of this transporter has been shown
in epileptic patients (Aronica et al., 2003a; Aronica et al., 2004; Dombrowski et al.,
2001; Sisodiya et al., 2002; Tishler et al., 1995) and in animal models of epilepsy
(Rizzi et al., 2002; Seegers et al., 2002; Zhang et al., 1999). Increased expression
of P-gp at the luminal side of the endothelial cells of the BBB and in perivascular
astrocytes might prevent AEDs from reaching their neuronal targets, resulting in
ineffective treatment. In an attempt to get insights whether the increased
expression of P-gp is a consequence of the initial insult, or evolves more gradually
as a result of recurrent spontaneous seizures, we used a rat model of temporal
lobe epilepsy in which spontaneous seizures develop after an electrically induced
status epilepticus (SE) (Gorter et al., 2001). We also studied whether mdr1/P-gp
expression was related to seizure activity and the progression of epilepsy using
chronically EEG monitored rats.
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Materials and Methods
Experimental animals
Adult male Sprague Dawley rats (Harlan CPB laboratories, Zeist, The Netherlands)
weighing 350-550 gram were used in this study which were approved by the
University Animal Welfare committee. The rats were housed individually in a
controlled environment (21±1°C; humidity 60%; lights on 08:00 AM - 8:00 PM;
food and water available ad libitum). The EEG was measured 24 hours/day, until
sacrifice.
Electrode implantation, seizure induction and EEG monitoring
Rats were anesthetized with an intramuscular injection of ketamine (57 mg/kg;
Alfasan, Woerden, The Netherlands) and xylazine (9 mg/kg; Bayer AG, Leverkusen,
Germany), and placed in a stereotactic apparatus. In order to record hippocampal
EEG, a pair of insulated stainless steel electrodes (70 µm wire diameter, tips were
80 µm apart) were implanted into the left dentate gyrus under electrophysiological
control as previously described (Gorter et al., 2001). A pair of stimulation
electrodes was implanted in the angular bundle. Two weeks after recovery from
the operation, each rat was transferred to a recording cage (40x40x80 cm) and
connected to a recording and stimulation system (NeuroData Digital Stimulator,
Cygnus Technology Inc, USA) with a shielded multi-strand cable and electrical
swivel (Air Precision, Le Plessis Robinson, France). A week after habituation to the
new condition, rats underwent tetanic stimulation (50 Hz) of the hippocampus in
the form of a succession of trains of pulses every 13 seconds. Each train had a
duration of 10 seconds and consisted of biphasic pulses (pulse duration 0.5 ms,
maximal intensity 500 µA). Stimulation was stopped when the rats displayed
sustained forelimb clonus and salivation for minutes, which usually occurred within
1 hour. However, stimulation never lasted longer than 90 minutes. Behavior was
observed during electrical stimulation and several hours thereafter. Immediately
after termination of the stimulation, periodic epileptiform discharges (PEDs)
occurred at a frequency of 1-2 Hz and were accompanied by behavioral and EEG
seizures (status epilepticus). When the 1-2 Hz PEDs disappeared this was
considered as the end of the SE. Most of the animals were monitored continuously
until they were sacrificed (1 week, up to 9 months after SE) to determine whether,
when and how frequently spontaneous seizures occurred. Five rats that developed
chronic epilepsy and that exhibited an increasing number of seizures were
disconnected 1-2 months after SE and reconnected 2 weeks before sacrifice for
quantification of their daily seizures. Sham-operated control rats (n=10) were
handled and recorded identically, but did not receive electrical stimulation.
Differential EEG signals were amplified (10x) via a FET transistor that connected
25

Chapter 2___________________________________________________________
the headset to a differential amplifier (20x; CyberAmp, Axon Instruments,
Burlingame, CA, USA), filtered (1-60 Hz), and digitized by a computer. A seizure
detection program (Harmonie, Stellate Systems, Montreal, Canada) sampled the
incoming signal at a frequency of 200 Hz per channel. All EEG recordings were
visually monitored and screened for seizure activity on a daily basis until sacrifice.
Differential EEG recordings assures that EEG artifacts are minimized so that
seizures can be easily determined (see Gorter et al., 2002) EEG seizures were also
validated by combined EEG-video monitoring in each rat during 1 day in the
chronic epileptic phase.
Total RNA isolation and cDNA synthesis
For quantification of mdr1a and mdr1b RNA expression, real-time quantitative PCR
analysis was performed on the dentate gyrus and the parahippocampal cortex
(PHC, including entorhinal, and part of posterior piriform and perirhinal cortex).
The following groups of rats were studied: rats sacrificed 1 week after SE (n=5);
rats sacrificed 3-9 months after SE and showing frequent daily seizures with
progressive seizure evolution (p-SE rats; n=6) and rats that did not exhibit SE after
stimulation (non-SE; 3-9 months after stimulation; n=5). Five sham-operated
control rats were also included. The contralateral PHC and hippocampus were
dissected out and the hippocampus was sliced into smaller parts. The dentate
gyrus (DG) was cut out of the slice under a dissection microscope. All material was
frozen on dry ice and stored at -80°C until use. Total RNA was isolated using the
TRIzol® LS Reagent, following the manufacturer's instructions (Invitrogen - Life
Technologies, The Netherlands). The concentration and purity of RNA were
determined spectrophotometrically at 260/280 nm. Five micrograms of total RNA
were reverse-transcribed into cDNA using 125 pmol two-base anchored oligo dT
primers (5’ (dT)14-d(A/G/C)-d(A/G/C/T); Amersham Biosciences Europe,
Roosendaal, The Netherlands). The reverse transcription was performed in 50 µl
reactions. Five nmol oligo dT primers were annealed to 5 µg total RNA in a total
volume of 20 µl by incubation at 72°C for 10 min and cooled to 4°C. Reverse
transcription was performed by the addition of 25 µl RT-mix, containing: 50 mM
Tris-HCl, 75 mM KCl, 3 mM MgCl2, 20 mM DTT, 0.1 mM dNTPs (Pharmacia,
Germany), 60 U RNAse inhibitor (RocheApplied Science, Indianapolis, IN, USA),
400 U M-MLV reverse transcriptase (Invitrogen - Life Technologies, The
Netherlands). This mixture was incubated at 37°C for 60 min, heated to 95°C for
10 min and cooled to 4°C.
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Quantitative real-time RT-PCR analysis
Real-time monitoring of PCR reactions was performed using the LightCyclerTM
system (RocheApplied Science, Indianapolis, IN, USA). Two pairs of primers
specific for mdr1a, mdr1b or β-actin (Sigma-Genosys, The Netherlands) were
designed on intron/exon boundaries (table 1).

Table 1. Primer characteristics.
Gene

GenBank

Forward*

Reverse*

Amplicon

Sequence
forward

Sequence
reverse

Mdr1a

AF257746

2012-2036

2138-2120

141 bp

5’ GAT GGA
ATT GAT AAT
GTG GAC A 3’

5’ GTA CGT
CGT CAT CCA
GAG C 3’

Mdr1b

AY082609

1942-1966

2244-2267

326 bp

5’ GAA ATA
ATG CTT ATG
AAT CCC AAA
G 3’

5’ GGT TTC
ATG GTC
GTC GTC TCT
TGA 3’

β-actin

NM_031144

974-995

1093-1072

120 bp

5’ TGA AGA
TCA AGA TCA
TTG CTC C 3’

5’ ACT CAT
CGT ACT CCT
GCT TGC 3’

* Coordinates according to Genbank

For each PCR, a master mixture was prepared on ice, containing per sample: 1 µl
of cDNA, 1 µl of FastStart Reaction Mix SYBR Green I (RocheApplied Science,
Indianapolis, IN, USA), 0.5 µl of 10 µM primers and 1.6 µl of 25 mM MgCl2. The
final volume was adjusted with H2O to 10 µl. After the reaction mixture was loaded
into a glass capillary tube, the cycling conditions were carried out as follows:
mdr1a: initial denaturation at 95°C for 6 min, followed by 45 cycles of denaturation
at 95°C for 15 s, annealing at 59°C for 5 s and extension at 72°C for 10 s. mdr1b:
initial denaturation at 95°C for 6 min, followed by 45 cycles of denaturation at
95°C for 15 s, annealing at 55°C for 5 s and extension at 72°C for 20 s. β–actin:
initial denaturation at 95°C for 6 min, followed by 45 cycles of denaturation at
95°C for 15 s, annealing at 56°C for 5 s and extension at 72°C for 10 s. The
temperature transition rate was set at 20°C s-1. Fluorescent product was measured
by a single acquisition mode at 72°C after each cycle. Separate calibration
(standard) curves for mdr and β–actin (as reference) were constructed using serial
dilutions of total cDNA from a whole brain of a control rat. The standard curve
samples were included in each PCR. Standards for both mdr and β-actin RNAs were
defined to contain an arbitrary starting concentration, since no primary calibrators
exist. Hence, all calculated concentrations are relative to the concentration of the
standard. Negative controls for contamination by extraneous DNA (omission of
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reverse transcriptase) and RNA (replacement of RNA with water) were run with
each set of reactions. Both control measures did not show up before cycle 30-35.
The mdr products showed up between cycle 12-16. For distinguishing specific from
nonspecific products and primer dimers, a melting curve was obtained after
amplification by holding the temperature at 65°C for 15 s followed by a gradual
increase in temperature to 95°C at a rate of 0.1°C s-1, with the signal acquisition
mode set continuous. Product identity was confirmed by electrophoresis on a 12%
non-denaturating polyacrylamide gel, stained with ethidiumbromide afterwards.
The product size was verified using a 10 bp ladder (1 µg/µl, Invitrogen - Life
Technologies, The Netherlands). Quantification data was analyzed using the
LightCycler analysis software. Background fluorescence was removed by setting a
noise band. The log-linear portion of the standard’s amplification curve was
identified and the crossing point is the intersection of the best fit line through the
log-linear region and the noise band. Using calibration curves, the concentration of
a product was calculated. The amount of mdr was divided by amount of β-actin for
each sample and normalized to control values. Statistical analysis between groups
was performed using ANOVA followed by Dunnett’s test for multiple comparisons,
using SPSS software (SPSS Inc., for Windows, release 10). A correlation between
two ordinal variables were calculated using a Spearman rank correlation test
(p<0.05) using SPSS software.
Tissue preparation for immunocytochemistry
Rats were disconnected from the recording apparatus and deeply anesthetized with
pentobarbital (Nembutal, intraperitoneally, 60 mg/kg). The animals were perfused
through the ascending aorta with 300 ml of 0.37% Na2S solution and 300 ml 4%
paraformaldehyde and 0.2% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4.
The brains were post-fixed in situ overnight at 4°C, dissected, and cryoprotected in
30% phosphate-buffered sucrose solution, pH 7.4. After overnight incubation at
4°C, the brains were frozen in isopentane (-25°C) and stored at -80°C until
sectioning. Horizontal sections (40 µm) were cut on a sliding microtome and
collected in 0.1 M phosphate buffer for immunocytochemistry.
P-gp immunocytochemistry
Rats were sacrificed for immunocytochemistry at 1 week (n=5), or 4-9 months
(np-SE, n=5; p-SE, n=7; non-SE, n=6) after the induction of SE. Five control rats
were included as well. Sections were washed in 0.05 M phosphate buffered saline
(PBS), pH 7.4 and incubated for 30 minutes in 0.3% hydrogen peroxide in PBS to
inactivate endogenous peroxidase. Sections were then washed (2 x 10 minutes) in
0.05 M PBS, followed by washing (1 x 60 min) in PBS+0.4% Bovine Serum Albumin
(BSA). Sections were incubated with monoclonal mouse anti-C219 (1:100, Alexis
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Biochemicals, San Diego, USA), in PBS+0.4% BSA. This antibody does not
discriminate between the mdr1a and mdr1b gene products. Twenty-four hours
after the incubation with the primary antibody, the sections were washed in PBS (3
x 10 minutes) and then incubated for 1.5 hours in biotinylated sheep anti-mouse Ig
(Amersham Pharmacia Biotech, Roosendaal, The Netherlands), diluted 1:200 in
PBS. Sections were washed in PBS (3 x 10 minutes) and incubated for 30 min with
AB-mix (Vectastain ABC kit, Peroxidase Standard pk-4000, Vector Laboratories,
Burlingame, CA, USA) After washing (3x 10 min) in 0.05 M Tris-HCl, pH 7.9, the
sections were stained with 3,3’-diaminobenzidin tetrahydrochloride (30 mg DAB,
Sigma-Aldrich, Zwijndrecht, The Netherlands) and 750 µl 1% hydrogen peroxide in
a 100 ml solution of Tris-HCl. The staining reaction was followed under the
microscope and stopped by washing the sections in Tris-HCl. After mounting on
gelatin coated slides, the sections were air dried, dehydrated in alcohol and xylene
and coverslipped with Entellan (Merck, Darmstadt, Germany). Omission of the
primary antibody eliminated all specific immunoreactivity. Sections were
photographed using bright-field illumination on an Olympus-Vanox microscope,
equipped with a digital camera, and imported into Adobe Photoshop (version 7.0).
This program was used to optimize contrast and brightness, but not to enhance or
change the image content in any way.
Western Blot
P-gp levels were assessed in control, 1 week post-SE and long term post-SE rats
After decapitation, the ventral hippocampus and the parahippocampal cortex were
dissected out at 4°C and homogenized in 20 mM Tris-HCl buffer (pH = 7.4)
containing 1 mM EDTA, 5 mM EGTA, 1 mM Na-vanadate, 2 µg/µl aprotinin, 1 µg/µl
pepstatin, 2 µg/µl leupeptin (30 mg tissue/100 µl homogenization buffer). Total
proteins were measured using the Bio-Rad Protein Assay (Bio-Rad Labs, Munchen,
Germany). Total proteins (170 µg/lane) were separated using SDS-PAGE, 10%
acrylamide. Each sample was processed in duplicate. Proteins were transferred to
Hybond nitrocellulose membranes by electroblotting. The immunological
determination of the P-gp was obtained using the mouse monoclonal antibody
C219 (Alexis Biochemicals, 1:500) and the immunoreactivity was visualized with
enhanced chemoluminescent (ECL, Amersham, UK), using peroxidase-conjugated
goat anti-mouse IgG (1:2000; Sigma-Aldrich, St Louis, USA) as secondary antibody
(AIS image analyzer, Imaging Research Inc., Ontario, Canada). Values were
obtained from 2 post-SE and 1 control rats. Each brain sample was run in duplicate
and the corresponding values were averaged to take into account variability due to
protein loading. P-gp optical density values were normalized with the amount of βactin in each sample.
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Results
SE was successfully induced in 28 rats, while in 11 rats SE could not be evoked
after 90 minutes of electrical stimulation (non-SE rats). Non-SE rats had behavioral
and electrograpical seizures during stimulation, but no periodic epileptiform
discharges (PEDs, characteristic for SE) when stimulation was stopped. The other
rats had SE for at least 4 hours, up to 22 hours. As we described previously (Gorter
et al., 2001), the initial SE yielded rats that, exhibited either spontaneous seizures
without progression of seizure activity (np-SE rats; n=5) or rats that showed
progression of seizures (p-SE rats; n=13). The duration of the SE was significantly
longer in the p-SE rats (11.0±1.0 in p-SE vs 5.4±0.9 in np-SE). In the p-SE group
of rats a progressive increase in seizure frequency is observed during the first 9-10
weeks after the first recorded spontaneous seizure. On average p-SE rats exhibited
8 seizures/day during the week before sacrifice. In np-SE rats, seizure frequency
was low (1 seizure every 5 days) and did not increase over time.
Mdr1a and mdr1b mRNA expression
To investigate changes of mdr1 expression after SE, we quantified mRNA of mdr1a
and mdr1b in two limbic regions: the DG and PHC. One week after SE, mdr1a and
mdr1b RNA expression was increased significantly by 2-fold on average in DG, as
compared to controls, returning to control levels in chronic epileptic rats (figure 1A
and B). In the PHC, the mdr1a isoform did not change (figure 1C). Mdr1b
expression was dramatically upregulated by 13.2±5.0-fold (p<0.05, figure 1D) one
week after SE and by 3.4±0.9-fold; (p<0.05) in chronic epileptic SE rats.
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Figure 1. Transient increase of mdr1a RNA expression in the dentate gyrus one week after SE (A) but not
in the parahippocampal cortex (C). Mdr1b was transiently increased in the dentate gyrus (B) one week
after SE. In DG of chronic epileptic rats, this expression was similar as controls. In contrast, mdr1b in the
parahippocampal cortex was persistently increased in chronic epileptic rats that experienced SE (D).

Seizure activity and changes of mdr expression
We investigated whether the extent of changes in mdr1 mRNA expression as
assessed 1 week after SE was dependent on the duration of the acute SE (defined
as the presence of PEDs). No significant positive correlation between mdr1a or
mdr1b expression in DG or PHC and the duration of SE was found (figure 2A-C). As
shown in figure 2D, there was no positive correlation between mdr1b expression
and the number of life-time seizures in the PHC.
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Figure 2. Relationship between the duration of SE and mdr1a and mdr1b expression in the dentate gyrus
(DG; A and B) and parahippocampal cortex (PHC; C) 1 week after SE. Mdr1a or mdr1b expression is not
related to the SE duration. Panel D shows that the expression level of mdr1b in the parahippocampal
cortex (PHC) of chronic epileptic individual rats is not related to the number of life-time seizures.

P-gp expression
In control rats, P-gp immunoreactivity (IR) was rarely observed in parenchyma
throughout the brain (figure 3A). Blood vessels were lightly stained throughout the
brain, (figure 3B and C). Neurons were not immunoreactive.
One week after SE, an increase of P-gp IR was observed in parenchyma
of different regions within the (para)hippocampal cortex (figure 3D). In the
hippocampus, cells with glial morphology were immunoreactive, mainly in the hilar
region of the dentate gyrus and CA3 (figure 3E). Within the parahippocampal
cortex, the parasubiculum and layer II and III of entorhinal cortex showed
increased IR (figure 3F). Other brain regions showing increased IR were perirhinal
cortex, secondary somatosensory cortex, claustrum, septum, piriform cortex, and
amygdala. The distal part of the subiculum, the presubiculum and deep layers of
the entorhinal cortex did not show significant immunostaining in cells with glial
morphology. These were the regions showing minor cell loss after SE (Gorter et al.,
2003).
In the chronic epileptic phase, we distinguished rats with frequent daily
seizures and initial progression of seizure activity (p-SE rats) from rats having only
occasional seizures and no progression of seizures (np-SE rats).
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Figure 3. P-gp expression in control rats (A-C), in rats sacrificed 1 week after SE (D-F), and in p-SE rats
(G-I). Horizontal sections are shown. In control sections, low P-gp IR was observed both in blood vessels
of the dentate gyrus (B) and cortex (C). P-gp IR increased one week after SE predominantly in glia-like
cells in the dentate gyrus (E) and entorhinal cortex (F). In p-SE rats, increased P-gp IR was observed in
the entorhinal cortex and piriform cortex (H), mainly in glial cells around blood vessels (arrows in F at 1
week, and I in p-SE rat). In the piriform cortex a dense plexus of IR was present (H). Scale bar A, D, G,
H=500 µm; B, E=40 µm; F, I=20 µm. C=15 µm.

In p-SE rats, the most temporal part of the hippocampus showed some Pgp positive glial cells, while no staining was observed at more dorsal levels both in
the stimulated and contralateral hippocampus (figure 3G). P-gp immunoreactivity
was more prominent in glial cells within the piriform, perirhinal and entorhinal
cortices (figure 3H), particularly those glial cells in close apposition with blood
vessels (figure 3I). These changes were observed in both hemispheres. In np-SE
rats a dense P-gp positive plexus was present in the piriform cortex, but only at the
stimulated site. In the piriform cortex, increased P-gp expression was associated
with the extent of cell loss as assessed up to 9 months after SE (latest time point
that we investigated). Non-SE rats were comparable to control rats (not shown).
Additional quantification in two brain regions was performed using
Western blot. Figure 4 shows P-gp levels in the ventral hippocampus and the
parahippocampal cortex expressed as % of control values; an immunoblot for each
experimental condition is shown. P-gp levels are low in the control rat and strongly
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upregulated at 1 week after SE in either brain region. P-gp upregulation is still
present in the chronic epileptic phase.

Figure 4. Western blot of P-gp levels in the ventral hippocampus and the parahippocampal cortex of a
control, 1 week post SE and chronic epileptic rat; P-gp levels are expressed as % of control values. Mean +
SEM are based on duplicate measurements of 1 rat in each condition.
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Discussion
We investigated the mRNA expression of the two rodent isoforms of mdr1 gene,
(mdr1a and mdr1b) and the expression of the encoded protein P-gp during
epileptogenesis, using a rat model of temporal lobe epilepsy in which spontaneous
seizures evolve after a latent period following an electrically induced SE. The main
findings of our study are the following:
1) mdr1a mRNA, mdr1b mRNA and P-gp levels all increased within 1 week after
SE;
2) In chronic epileptic rats, mdr1b mRNA and P-gp levels were persistently
increased in the most ventral parts of the temporal pole (piriform, perirhinal and
entorhinal cortex), while mdr1a mRNA expression was comparable to control
levels;
3) Upregulation of P-gp was detected in glia-like cells that were located in close
apposition to blood vessels as well as in blood vessels;
4) In chronic epileptic rats, P-gp upregulation was dependent on the occurrence of
SE and it was more pronounced in rats with progressive evolution of seizures than
in rats without it.
These data extend our previous findings (Rizzi et al., 2002) on seizuredependent P-gp overexpression by providing information on the regional
localization of both mdr1 isoforms, their time-dependent changes after SE and the
cellular expression of P-gp during different phases of the epileptogenic process.
A significant increase of both mdr1a and mdr1b was observed in the
hippocampus and PHC of epileptic rats, 1 week after SE. While mdr1a
overexpression was transient, mdr1b mRNA levels were still upregulated in the PHC
of chronic epileptic rats although less dramatically than 1 week after SE. The
mechanism of induction of either mdr1 isoform is unknown. Interestingly
audiogenic seizures selectively induce the mdr1a isoform (Kwan et al., 2002). Since
audiogenic seizures are not associated with cell death, mdr1a isoform upregulation
can be attributed to increased neuronal activity that occurs in specific neuronal
pathways. Mdr1b isoform is dramatically upregulated in our model of temporal lobe
epilepsy, especially when seizure-induced neuronal cell damage is occurring
(Gorter et al., 2003), thus suggesting that induction of the mdr1b isoform is at
least in part related to cellular stress. Elevation of intracellular reactive oxygen
species (Ziemann et al., 1999) or changes in p53 expression, a universal sensor of
genotoxic stress (Zhou and Kuo, 1998) during and after SE, might lead to
increased mdr expression. Thus, the mdr1b gene promoter contains potential
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antioxidant responsive elements as well as functional p53 binding site (Zhou and
Kuo, 1998; Ziemann et al., 1999).
In addition to their action as drug efflux transporters, both isoforms
appear to have specific functions. In particular, mdr1a has been proposed to
regulate cell volume by influencing swelling activated chloride currents via a PKC
sensitive phosphorylation site on the P-gp protein (Bond et al., 1998). Mdr1b has
been suggested to play a role in apoptotic mechanisms (Lecureur et al., 2001).
However, this issue is still controversial since other studies suggest that expression
of mdr1 rather contributes to neuroprotection, since a link was shown between loss
of the proapoptotic protein p53, and expression of mdr1a/b (Bush and Li, 2002;
Marroni et al., 2003).
The specific localization of each mdr isoform in the normal brain is not
known exactly. Mdr1b was specifically detected in brain parenchyma (Regina et al.,
1998) and cultured astrocytes (Ballerini et al., 2002; Decleves et al., 2000),
whereas mdr1a appears to be preferentially expressed in endothelial cells
(Demeule et al., 2001). The pronounced upregulation of mdr1b 1 week after SE
coincides with increased P-gp expression in astrocytes thus suggesting that the
mdr1b isoform is specifically induced in astrocytes. Neuronal expression of P-gp
has been reported shortly after pilocarpine-induced SE, however we did not detect
neuronal expression of P-gp in this model of SE. This apparent discrepancy may
depend on tissue preparation for immunohistochemistry since it appears that
acetone fixation may better reveal neuronal staining (Volk et al., 2004a).
Our immunocytochemical studies indicated that P-gp is predominantly
upregulated in astrocytes after SE which appears to be in close apposition to blood
vessels. In the chronic epileptic phase the number of P-gp immunoreactive
astrocytes was more limited than shortly after SE, however some blood vessels
mainly located in the parahippocampal region and piriform cortex were also clearly
immunopositive. The presence of P-gp in both blood vessels and astrocytes has
been reported in the epileptic human brain (Aronica et al., 2003a; Aronica et al.,
2004; Sisodiya et al., 2002; Sisodiya and Thom, 2003; Tishler et al., 1995).
Overexpression of P-gp in glial endfeet onto blood vessels may represent a “second
barrier” to drug penetration into the brain, thus contributing to lower extracellular
AED at their neuronal targets (Sisodiya et al., 2002).
Our findings clearly show that SE associated neuronal damage can induce
P-gp in brain. This is compatible with a clinical study, showing that P-gp expression
was increased hours after fatal SE (Sisodiya and Thom, 2003) and with previous
studies showing increased expression of P-gp after SE induced by kainate
injections (Seegers et al., 2002; Zhang et al., 1999). In contrast to the transient
changes observed in the kainate model, we describe long-lasting changes of P-gp
expression in the temporal cortex, after electrically induced SE. This difference
might be due to the limited duration of seizures in the Seeger’s study as compared
to our SE model (Gorter et al., 2003). Finally, the lack of P-gp expression in np-SE
36

___

Expression and distribution of P-glycoprotein

suggest that this phenomenon is not only a consequence of the initial SE, but it is
also depends on the progression of epilepsy.
There are indications that overexpression of P-gp might lead to a lower
concentration of AEDs in the brain and thereby contribute to pharmacoresistance
(Potschka et al., 2001; Rizzi et al., 2002). Thus if P-gp overexpression is an
indicator of pharmacoresistance we predict that p-SE rats will exhibit increased
drug resistance while np-SE rats will be still responsive to AED. A better knowledge
of the functional role of P-gp and other related proteins in the development of
pharmacoresistance in the epileptic brain may ultimately lead to a better therapy
for drug refractory patients.
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Abstract
Since drug transporters might play a role in the development of multidrug
resistance (MDR), we investigated the expression of a vesicular drug transporter,
the major vault protein (MVP), in a rat model for temporal lobe epilepsy. Using
real-time PCR analysis and immunocytochemistry, we quantified MVP mRNA and
protein from the dentate gyrus (DG) and parahippocampal cortex (PHC), taken
from EEG monitored rats at 1 week after electrically induced status epilepticus (SE)
and at 5-9 months after SE, when rats exhibit spontaneous seizures. Within one
week after SE, MVP mRNA levels increased in both DG and PHC compared to
controls. In chronic epileptic rats, MVP mRNA was still significantly upregulated in
the PHC, whereas in the DG the expression returned to control levels. MVP protein
increased within one day after SE in reactive microglial cells within most limbic
regions; the hippocampus showed the highest expression at 1 week after SE. In
chronic epileptic rats, MVP protein expression was largely decreased in most brain
regions but it was still high, especially in the piriform cortex. The occurrence of SE
was a prerequisite for increased MVP expression, since no increase was found in
electrically stimulated rats that did not exhibit SE. MVP expression is upregulated in
chronic epileptic rats and may contribute to the development of
pharmacoresistance.
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Introduction
In one third of patients that suffer from epilepsy, antiepileptic drugs (AED) are
ineffective (Loscher and Schmidt, 2002). The causes and mechanisms underlying
this multidrug resistance are not fully understood, but might be due to alterations
of drug targets or to a decreased penetration of AED into the brain.
Overexpression of drug transporters MDR1/P-glycoprotein (P-gp) and MRP1 has
been shown in brain tissue from patients with refractory epilepsy (Aronica et al.,
2003a; Dombrowski et al., 2001; Sisodiya et al., 2002; Tishler et al., 1995), but
also in epileptic mice and rats (Rizzi et al., 2002; Seegers et al., 2002; Zhang et al.,
1999). There are recent indications that increased expression of multi-drug
transporters, such as P-gp, may lead to reduced drug concentrations in the brain,
shortly after status epilepticus (SE), thereby suggesting a possible mechanism for
drug-resistance (Rizzi et al., 2002). Other factors that may play a role in the
development of pharmacoresistance are intracellular transport processes. A specific
cell organelle, the vault, could be involved in this, although this is yet not clear.
Vaults are evolutionary highly conserved, large ribonucleoprotein particles (for
review see Suprenant, 2002). The particles represent multimeric RNA-protein
complexes with one predominant component, the major vault protein (MVP),
identical to lung resistance-related protein, (Scheffer et al., 1995). Vaults appear to
have a transport function by acting as carriers, mediating bi-directional nucleocytoplasmatic exchange as well as vesicular transport of compounds,
such as
cytostatic drugs (Kitazono et al., 2001). In P-gp negative drug resistant tumor
cells, vaults are frequently overexpressed. (Berger et al., 2001; Kickhoefer et al.,
1998; Schroeijers et al., 2000). Human leukemia cells, which accumulate MVP
during culturing, become multidrug resistant to various cytostatic drugs after
successive passages (Hu et al., 2002). In a recent study, the upregulation of
human MVP has been shown in the neuronal component of gangliogliomas and a
population of tumor glial cells of patients that underwent resection of
gangliogliomas for medically intractable epilepsy (Aronica et al., 2003b). In
patients with hippocampal sclerosis, MVP was found to be upregulated in specific
neurons and blood vessels of the dentate gyrus (Aronica et al., 2004; Aronica et
al., 2003b; Sisodiya et al., 2003). Since studies on human brain material are limited
to bioptic or post-mortem material, it is not known whether increased expression is
due to an initial insult, recurrent seizures or both. In order to investigate the spatial
and temporal expression of MVP in relation to the progression of epilepsy, we used
a rat model for temporal lobe epilepsy, in which spontaneous seizures develop
after electrically induced status epilepticus. We studied the relationship between
altered expression of MVP, seizure onset and severity of the chronic epileptic
condition using chronically EEG monitored epileptic rats.
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Materials and Methods
Experimental animals
Adult male Sprague Dawley rats (Harlan CPB laboratories, Zeist, The Netherlands)
weighing 350-550 gram were used in this study which was approved by the
University Animal Welfare committee. The rats were housed individually in a
controlled environment (21±1°C; humidity 60%; lights on 08:00 AM - 8:00 PM;
food and water available ad libitum). The EEG was measured 24 hours/day, until
sacrifice.
Electrode implantation, seizure induction and EEG monitoring
Rats were anesthetized with an intramuscular injection of ketamine (57 mg/kg;
Alfasan, Woerden, The Netherlands) and xylazine (9 mg/kg; Bayer AG, Leverkusen,
Germany), and placed in a stereotactic apparatus. In order to record hippocampal
EEG, a pair of insulated stainless steel electrodes (70 µm wire diameter, tips were
0.8 mm apart) were implanted into the left dentate gyrus under
electrophysiological control as previously described (Gorter et al., 2001). A pair of
stimulation electrodes was implanted in the angular bundle. Two weeks after
recovery from the operation, each rat was transferred to a recording cage
(40x40x80 cm) and connected to a recording and stimulation system (NeuroData
Digital Stimulator, Cygnus Technology Inc, Delaware Water Gap, PA, USA) with a
shielded multi-strand cable and electrical swivel (Air Precision, Le Plessis Robinson,
France). A week after habituation to the new condition, rats underwent tetanic
stimulation (50 Hz) of the hippocampus in the form of a succession of trains of
pulses every 13 seconds. Each train had a duration of 10 seconds and consisted of
biphasic pulses (pulse duration 0.5 ms, maximal intensity 500 µA). Stimulation was
stopped when the rats displayed sustained forelimb clonus and salivation for
minutes, which usually occurred within 1 hour. However, stimulation never lasted
longer than 90 minutes. Immediately after termination of the stimulation, periodic
epileptiform discharges (PEDs) occurred at a frequency of 1-2 Hz and were
accompanied by behavioral seizures (status epilepticus (SE)). The animals were
monitored continuously until they were sacrificed (1 day-9 months after SE
induction) to determine whether, when and how frequently spontaneous seizures
occurred. Sham-operated control rats (n=12) were handled and recorded
identically, but did not receive electrical stimulation. Differential EEG signals were
amplified (10x) via a FET transistor that connected the headset to a differential
amplifier (20x; CyberAmp, Axon Instruments, Burlingame, CA, USA), filtered (1-60
Hz), and digitized by a computer. A seizure detection program (Harmonie, Stellate
Systems, Montreal, Canada) sampled the incoming signal at a frequency of 200 Hz
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per channel. EEG recordings were visually monitored and screened for seizure
activity on a daily basis until sacrifice.
Total RNA isolation and cDNA synthesis
For quantification of MVP mRNA expression, real time quantitative PCR analysis
was performed on the dentate gyrus and parahippocampal cortex (PHC, including
entorhinal and part of posterior piriform and perirhinal cortex). Rats were sacrificed
at 1 week (n=5) and 4-9 months (pSE, n=8; non-SE, n=5) after the induction of
SE; 5 SHAM-operated control rats were included (see also table 1). The brain was
rapidly dissected and the PHC, located at the rear end of the cerebral hemisphere,
was removed by incision at the ventro-caudal part underneath the rhinal fissure.
The hippocampus was dissected and sliced into smaller parts. The dentate gyrus
was cut out of the slice under a dissection microscope. All material was frozen on
dry ice and stored at -80°C until use. Total RNA was isolated using the TRIzol® LS
Reagent, following the manufacturer's instructions (Invitrogen - Life Technologies,
Breda, The Netherlands). The concentration and purity of RNA were determined
spectrophotometrically at 260/280 nm. Five micrograms of total RNA were reversetranscribed into cDNA using 125 pmol two-base anchored oligo dT primers
(5’ (dT)14-d(A/G/C)-d(A/G/C/T); Amersham Biosciences Europe, Roosendaal, The
Netherlands). The reverse transcription was performed in 50 µl reactions. Five
nmol oligo dT primers were annealed to 5 µg total RNA in a total volume of 20 µl
by incubation at 72°C for 10 min and cooled to 4°C. Reverse transcription was
performed by the addition of 25 µl RT-mix, containing: 50 mM Tris-HCl, 75 mM
KCl, 3 mM MgCl2, 20 mM DTT, 0.1 mM dNTPs (Pharmacia, Germany), 60 U RNAse
inhibitor (RocheApplied Science, Indianapolis, IN, USA), 400 U M-MLV reverse
transcriptase (Invitrogen - Life Technologies, The Netherlands). This mixture was
incubated at 37°C for 60 min, heated to 95°C for 10 min and cooled to 4°C.
Quantitative real-time RT-PCR analysis
Real-time monitoring of PCR reactions was performed using the LightCyclerTM
system (RocheApplied Science, Indianapolis, IN, USA). Two pairs of primers
specific for MVP and ß-actin (Sigma-Genosys, Haverhill, UK) were designed on
intron/exon boundaries (table 2). For each PCR, a master mixture was prepared on
ice, containing per sample: 1 µl of cDNA, 1 µl of FastStart Reaction Mix SYBR
Green I (RocheApplied Science, Indianapolis, IN, USA), 0.5 µl of 10 µM primers
and 1.6 µl of 25 mM MgCl2. The final volume was adjusted with H2O to 10 µl. After
the reaction mixture was loaded into a glass capillary tube, the cycling conditions
for both MVP and ß-actin were carried out as follows: initial denaturation at 95°C
for 6 min, followed by 45 cycles of denaturation at 95°C for 15 s, annealing at
56°C for 5 s and extension at 72°C for 10 s. The temperature transition rate was
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set at 20°C s-1. Fluorescent product was measured by a single acquisition mode at
72°C after each cycle. Separate calibration (standard) curves for MVP and ß-actin
(as reference) were constructed using serial dilutions of total cDNA from a whole
brain of a control rat. The standard curve samples were included in each PCR.
Standards for both MVP and ß-actin RNAs were defined to contain an arbitrary
starting concentration, since no primary calibrators exist. Hence, all calculated
concentrations are relative to the concentration of the standard.
For distinguishing specific from nonspecific products and primer dimers, a
melting curve was obtained after amplification by holding the temperature at 65°C
for 15 s followed by a gradual increase in temperature to 95°C at a rate of 0.1°C
s-1, with the signal acquisition mode set continuous. Product identity was confirmed
by electrophoresis on a 12% non-denaturating polyacrylamide gel, stained with
ethidiumbromide afterwards. The product size was verified using a 10 bp ladder (1
µg/µl, Invitrogen - Life Technologies, The Netherlands).
Quantification data was analyzed using the LightCycler analysis software.
Background fluorescence was removed by setting a noise band. The log-linear
portion of the standard’s amplification curve was identified and the crossing point
is the intersection of the best fit line through the log-linear region and the noise
band. Using calibration curves, the concentration of a product was calculated. The
amount of MVP was divided by amount of ß-actin for each sample and normalized
to control values. Statistical analysis between groups was performed using ANOVA
followed by Dunnett’s test for multiple comparisons, using SPSS software (SPSS
Inc., for Windows, release 10). A correlation between two ordinal variables was
calculated using a Spearman rank correlation test (p<0.05) using SPSS software.
Immunohistochemistry
Rats were disconnected from the recording apparatus and deeply anesthetized with
pentobarbital (Nembutal, intraperitoneally, 60 mg/kg). The animals were perfused
through the ascending aorta with 300 ml of 0.37% Na2S solution and 300 ml 4%
paraformaldehyde and 0.2% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4.
The brains were post-fixed in situ overnight at 4°C, dissected, and cryoprotected in
30 % phosphate-buffered sucrose solution, pH 7.4. After overnight incubation at
4°C, the brains were frozen in isopentane (-25°C) and stored at -80°C until
sectioning. The brains were cut on a sliding microtome and 40 µm horizontal
sections were collected in 0.1 M phosphate buffer for immunocytochemistry. Rats
were sacrificed 1 day (n=5), 1 week (n=5), 4-6 weeks (n=5) or 4-9 months (npSE, n=5; p-SE, n=7; non-SE, n=6) after the stimulation, including 5 SHAMoperated control rats (see also table 1). Horizontal sections between 5100-5600
µm below cortex surface (midlevel) and 7600-8100 µm below cortex surface
(ventral level) of the brain (according to (Paxinos and Watson, 1998)) of control
and post-SE rats were stained with different immunocytochemical markers. For
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each animal, two sections were analyzed per level. Sections were washed in
0.05 M phosphate buffered saline (PBS), pH 7.4 and incubated for 30 minutes in
0.3% hydrogen peroxide in PBS to inactivate endogenous peroxidase. Sections
were then washed (2 x 10 minutes) in 0.05 M PBS, followed by washing (1 x 60
min) in PBS + 0.5% Triton X-100 + 0.4% Bovine Serum Albumin (BSA). Sections
were incubated with rabbit anti-MVP (1:100, a generous gift from dr. L.H. Rome,
described in (Chugani et al., 1991) in PBS + 0.1% Triton X-100 + 0.4% BSA at
4°C. Twenty-four hours after the incubation with the primary antibody, the
sections were washed in PBS (3 x 10 minutes) and then incubated for 1.5 hours in
biotinylated sheep anti-rabbit or anti-mouse Ig (Amersham Pharmacia Biotech,
Roosendaal, The Netherlands), diluted 1:200 in PBS + 0.1% Triton X-100 + 0.4%
BSA. Sections were washed in PBS (3 x 10 minutes) and incubated for 1.5 hours in
streptavidin-horseradish peroxidase (Zymed Laboratories, San Francisco, CA, USA),
diluted 1:200 in PBS + 0.1% Triton X-100 + 0.4% BSA. After washing in 0.05 M
Tris-HCl, pH 7.9, the sections were stained with 3,3’-diaminobenzidin
tetrahydrochloride (30 mg DAB, Sigma-Aldrich, Zwijndrecht, The Netherlands) and
750 µl 1% hydrogen peroxide in a 100 ml solution of Tris-HCl. The staining
reaction was followed under the microscope and stopped by washing the sections
in Tris-HCl. After mounting on gelatin coated slides, the sections were air dried,
dehydrated in alcohol and xylene and coverslipped with Entellan (Merck,
Darmstadt, Germany). Omission of primary antisera, pre-incubation with excess of
MVP protein and incubation with normal goat serum eliminated all specific
immunoreactivity. The intensity of MVP immunoreactive cells in microglia was
estimated semi-quantitatively in the hippocampus, parahippocampus and piriform
cortex. The immunoreactivity was classified as follows: (+)=weak, +=moderate,
++=strong. Frequency was classified as: 1=sparse, 2=high, 3=very high,
4=clusters formation. Sections were photographed using bright-field illumination
on an Olympus-Vanox microscope, equipped with a digital camera, and imported
into Adobe Photoshop (version 7.0). This program was used to optimize contrast
and brightness, but not to enhance or change the image content in any way.
Fluorescent immunocytochemistry
For double labeling of MVP with the markers OX-42 for microglia (mouse anti-rat
CD11b/c (OX-42), 1:100, PharMingen, San Diego, CA, USA), GFAP for glial cells
(mouse anti-GFAP, 1:500, Boehringer Mannheim, Mannheim, Germany), vimentin
for reactive astrocytes (mouse anti-V9, 1:25, DAKO, Glostrup, Denmark) and ED1
(mouse anti-ED1, MAB 1435, 1:100, Chemicon, Hampshire, UK) for macrophages,
a subset of free-floating sections was incubated with primary antibodies, followed
by washing. Hereafter the sections were incubated with Alexa Fluor 568, goat antirabbit IgG and Alexa Fluor 488, goat anti-mouse IgG Alexa (Molecular Probes,
Breda, The Netherlands; dilution 1:200). Following 3 additional washes in PBS,
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sections were mounted on slides and coverslipped with Vectashield. Images were
acquired using a confocal-laser scanning microscope (Zeiss LSM510) and processed
using LSM software (Zeiss) and Adobe Photoshop.
Western blot analysis
For quantification of MVP protein expression, a western blot was performed on the
parahippocampal cortex. Rats were sacrificed 1 week (n=2) or 8 months (n=2)
after the induction of status epilepticus. Two controls were also included (see also
table 1). The parahippocampal cortex was dissected and stored at -80°C until use.
Samples were homogenized in lysis buffer containing per 20 ml: 200 µl 1 M Tris pH
8.0; 1 ml 3 M NaCl; 2 ml 10% NP-40; 4 ml 50% glycerol; 800 µl Na-orthovanadate
(10 mg/ml); 200 µl 0.5 M EDTA pH 8.0; 400 µl Protease inhibitors; 200 µl 0.5 M
NaF; 11 ml H2O. Protein content was determined using bicinchoninic acid method
(Smith et al., 1985). Homogenate was diluted to a concentration of 3.3 mg
protein/ml in SDS/bromophenol blue loading buffer, and boiled for 5 min. After
protein isolation, 50 µg samples were separated by gel electrophoresis (10%
polyacrylamide mini-gels) and transferred to nitro-cellulose by electroblotting. The
blots were then processed for immunolabeling with MVP antibody. MVP optical
density values were normalized with the amount of β-actin in each sample. Blots
were washed in 50 mM Tris-HCl + 154 mM NaCl, pH 7.5 + 0,1% Tween 20 (TBST) and then incubated in TBS-T + 5 % non-fat dry milk) for 60 minutes. Hereafter
blots were incubated with rabbit anti-MVP (1:250) in TBS-T+ 5% non-fat milk.
After overnight incubation, blots were washed in TBS-T (3x10 min) and incubated
for 1 hour in anti rabbit-horseradish peroxidase (1:1000, Dako, Denmark). After
washing, enhanced chemiluminescence reagents were applied to the blots (ECL,
Amersham Pharmacia Biotech, Roosendaal, The Netherlands), which then were
exposed to an X-ray film (Fuji Safelight Super RX, glass no. 84). For quantification
of Western blots, the exposed X-ray films were digitized and the optical density of
each sample was measured using Scion Image (Scion Corporation, release beta 3b,
MD, USA) software. For each sample the background was subtracted.
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Table 1. Overview of the different groups of rats.
group

# of rats

survival time

measurement

control
1 week SE

5
5

4-9 months
1 week

q-PCR
q-PCR

p-SE

8

4-9 months

q-PCR

non-SE

5

4-9 months

q-PCR

control
1 day SE

5
5

4-9 months
1 day

immuno
immuno

1 week SE
4-6 weeks SE

5
5

1 week
4-6 weeks

immuno
immuno

np-SE

5

4-9 months

immuno

p-SE
non-SE

7
6

4-9 months
4-9 months

immuno
immuno

control

2

8 months

Western blot

1 week SE
p-SE

2
2

1 week
8 months

Western blot
Western blot

Table 2. Primer characteristics.
Gene

GenBank

Forward*

Reverse*

Amplicon

Sequence
forward

Sequence
reverse

MVP

NM_022715

501-518

648-631

148 bp

5' GAC CTG
GCA CCT ACA
TCC 3'

5’ CAC TCC
TCA CCT GTC
ACG 3’

ß-actin

NM_031144

974-995

1093-1072

120 bp

5' TGA AGA
TCA AGA TCA
TTG CTC C 3'

5’ ACT CAT
CGT ACT CCT
GCT TGC 3’

* Coordinates according to Genbank.
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Results
SE was successfully induced in 44 rats; in 11 rats electrical stimulation did not lead
to SE (non-SE rats). In rats that were sacrificed 4-9 months after SE, we
distinguished two groups of rats based on their registered EEG seizure activity: rats
with frequent daily seizures and a progressive seizure evolution after SE (p-SE rats;
n=17) and rats with occasional seizures (1-2 per week) without seizure progression
(np-SE rats; n=5). Since SE yields many more p-SE rats than np-SE rats, this latter
group was only included in the immunostaining experiment and not in the PCR
study described below. Non-SE rats (n=5 PCR; n=6 immunostaining) exhibited
behavioral and electrographic seizures during stimulation, but did not develop SE
and had only occasional spontaneous seizures later in life. Histologically, these rats
display minor cell loss in several parahippocampal regions (Aronica et al., 2003b;
Gorter et al., 2001).
MVP mRNA expression
In order to investigate how MVP expression changes after SE, we investigated
mRNA levels in two regions that are assumed to play a role in epileptogenesis in
temporal lobe epilepsy: the dentate gyrus and the parahippocampal cortex (PHC).
MVP mRNA expression was increased significantly, compared to controls, both in
DG (2.5X±0.6) and PHC (2.7X±0.3) 1 week after SE (figure 1). MVP mRNA
expression was still elevated in the PHC of chronic epileptic rats with frequent
seizures (2.4X±0.5), but not in non-SE rats that had only occasional seizures
(figure 1B). In the DG no significant increase was observed in chronic epileptic rats.

Figure 1. MVP mRNA (normalized to control values) in the dentate gyrus and parahippocampal cortex of
control rats, rats that were killed 1 week after SE induction (1 week); rats that were sacrificed 4-9 months
after SE induction with a progressive seizure evolution (p-SE) and rats that were electrically stimulated but
that did not exhibit SE (non-SE). In the dentate gyrus (A) a transient increase of MVP RNA expression was
observed. In the parahippocampal cortex (B) the increase was persistent, only in chronic epileptic rats with
progressive seizure activity.
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Seizure activity and changes of MVP expression
In order to correlate changes of MVP mRNA expression with the induced seizure
activity (the initial insult), the duration of the SE was plotted against MVP mRNA
(normalized to control values) for rats that were sacrificed at one week after SE
(figure 2A-B). All rats that had exhibited SE (>4 hrs), showed increased expression
but there was no linear relationship between the MVP expression and the duration
of SE. Chronic epileptic rats with frequent and daily seizures also showed increased
MVP mRNA expression, but only in the PHC and not in the DG. MVP mRNA
expression was correlated with the number of lifetime seizures in the PHC
(p<0.01), but not in the DG (figure 2C-D).

Figure 2. Duration of status epilepticus (SE) versus amount of MVP mRNA (normalized to control values)
in the dentate gyrus (A) and parahippocampal cortex (B) 1 week after SE. For both regions, MVP
expression is not related to the duration of SE. C, D: The life-time seizures versus MVP mRNA expression in
the dentate gyrus and parahippocampal cortex, respectively, of rats that were killed 4-9 months after SE
induction. MVP expression is related to the number of lifetime seizures in the parahippocampal cortex but
not in the dentate gyrus.
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MVP protein expression
To investigate whether the RNA increase is also translated into increased protein
expression, we performed immunocytochemistry on horizontal brain sections. In
control rats, we observed a low MVP immunoreactivity (IR) in parenchyma and
bloodvessels throughout all layers of the hippocampus (figure 3A and table 3) and
parahippocampal region (including presubiculum, parasubiculum and entorhinal
cortex). While staining in glial cells was highly reproducible, staining in blood
vessels was less consistent. In agreement with a previous study, control rats had
low-moderate MVP IR in cytoplasm of microglial cells (Chugani et al., 1991).
Remarkably, we also observed MVP IR in layer II neurons of the piriform cortex
(figure 4A and 5A).

Figure 3. Increase of MVP protein in cells with microglial morphology in the hippocampus, one week after
SE (C), compared to control (A). In chronic epileptic rats MVP expression returned to control levels (E).
Insets show higher magnification of MVP immunoreactive cells. OX-42 immunostaining, a microglia marker,
shows a similar pattern as MVP. Controls have weak OX-42 immunoreactivity (B); a strong increase can be
observed at one week after SE (D). At this timepoint the morphology of microglia also changed (inset in
D). OX42 expression returned to control levels in the hippocampus of most chronic epileptic rats (F). Scale
bar=500 µm.

51

Chapter 3 _____________________________________________________

Acute period. Within one day after SE, an increase of MVP IR was observed in all
rats (n=5) in microglia at different regions of the hippocampal formation, including
the molecular layers of the dentate gyrus, the hilus, stratum radiatium, pyramidale
and oriens of CA3 and CA1, part of the subiculum, the parasubiculum and
entorhinal cortex layer II and III (table 3). The distal part of the subiculum, the
presubiculum and deep layers of the entorhinal cortex showed no or only a slight
increase of IR. We also observed increased IR in microglia in other regions outside
the hippocampal formation (e.g. perirhinal cortex, amygdala, septum, piriform
cortex and thalamus).

Latent period. One week after SE, the intensity of MVP IR and the number of MVP
immunoreactive cells was increased in the parenchyma of the hippocampus in all
rats (n=5; figure 3C, table 3) compared to controls. The cellular staining changed
and clearly resembled the morphology and the pattern of reactive microglial cells
(figure 3D shows an OX-42 immunostaining, specific for microglial cells). Indeed,
double label immunostaining showed that MVP was present in cells that were also
immunoreactive for OX-42 and ED1 (figure 5G-I). All OX-42 cells were also positive
for MVP. There were no OX42 positive/MVP negative cells present. No colocalization was observed with GFAP or vimentin (data not shown).

Figure 4. MVP protein in layer II neurons of the piriform cortex in control rats (A). B) Neu-N staining of
the piriform cortex of a control rat; box indicates the part of the piriform cortex where the detailed images
(A, C and D) are taken. In chronic epileptics rats that were sacrificed 8 months after SE induction (a part
of) layer II neurons were lost; increased MVP immunoreactivity was present in microglia in layer III of both
np-SE (stimulated side) and p-SE rats (both sides) (arrows in C and D). Scale bar=130 µm.
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Early chronic epileptic phase. Four to six weeks after SE, intense MVP IR could still
be observed in individual cells at specific and various locations of the entorhinal
cortex (mainly layer II/III), hilus, CA3 (n=5, table 3) and CA1 (n=5). Outside the
hippocampal formation, the piriform cortex was the most conspicuous region with
high MVP expression in cells that were co-localized with OX-42. This region was
always extensively damaged after SE and therefore less layer II immunoreactive
neurons were observed compared to controls.

Figure 5. Confocal images of MVP expression. In controls MVP is expressed in piriform cortex layer II
neurons (A, B, C). After SE, MVP was also present in macrophages (1 week after SE; D, E, F) and in OX-42
positive microglia, up to 9 months after SE (G, H, I). Scale bar in A, D and E=20 µm.
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Late chronic epileptic phase. In order to relate protein expression to seizure
frequency in chronic epileptic rats, we investigated MVP staining in rats with
frequent daily seizures (p-SE rats) and rats with occasional seizures (np-SE rats).
Furthermore, we studied expression in non-SE rats. Within the hippocampus, MVP
IR was still increased (mainly CA3) compared to controls, in 3 out of 7 p-SE rats
and only in 1 out of 5 np-SE rat. In these rats the damage in that specific region
was more extensive than in the other chronic epileptic rats. Other regions were
similar to controls (e.g. dentate gyrus, figure 3E, table 3). In the piriform cortex,
the number of MVP IR neurons in layer II had decreased, due to extensive cell loss
in both np-SE and p-SE rats (figure 4C and D). In contrast, we observed increased
expression in deeper layers, both in p-SE and np-SE rats although to greater extent
in the former group (arrows in figure 4C and D). Double labeling, showed that MVP
was expressed in microglial cells that were OX-42 positive (figure 5G-I). Microglia
activation in chronic epileptic rats was mainly observed in the hippocampal
formation and piriform cortex. In p-SE rats, increased MVP IR was present
bilaterally in the piriform cortex, whereas this was unilateral in np-SE rats. MVP
expression in rats that had not experienced SE (non-SE rats) was comparable to
control rats.

Table 3. MVP IR in the hippocampal formation and piriform cortex after status
epilepticus.
control

1 day

1 week

4-6 weeks

np-SE

p-SE

non-SE

DG

(+)

2

++

3-4

++

3-4

+

2

(+)

2

(+)

2

(+)

2

CA3

(+)

2

++

3-4

++

3-4

++

2

+

2

+

2

(+)

2

CA1

(+)

2

++

3-4

++

3-4

++

2

(+)

2

(+)

2

(+)

2

Sub

(+)

2

+

2-3

+

2-3

+

2

(+)

2

(+)

2

(+)

2

PrS

(+)

2

(+)

2

(+)

2

+

2

(+)

2

(+)

2

(+)

2

PaS

(+)

2

++

3

++

3

++

2

(+)

2

(+)

2

(+)

2

EC II/III

(+)

2

++

3

++

3

++

2

(+)

2

(+)

2

(+)

2

EC V/VI

(+)

2

+

2

+

2

+

2

(+)

2

(+)

2

(+)

2

PC II/III

(+)

2

+

2

+

3

++

3

++

3

++

3

(+)

2

PC V/VI

(+)

2

+

2

+

3

++

3

(+)

2

(+)

2

(+)

2

Immunoreactivity was classified as follows: (+) =weak, + =moderate, ++=strong.
Frequency was classified as: 1=sparse, 2=high, 3=very high, 4=clusters formation.
DG=dentate gyrus,Sub=subiculum, PrS=presubiculum, PaS=parasubiculum, EC=entorhinal cortex,
PC=piriform cortex
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Western blot analysis
Additional quantification of MVP protein in the parahippocampal cortex was
performed using Western blot. Figure 6 shows the optical density of MVP levels as
percentage of control values; an immunoblot for each experimental condition is
shown. MVP levels are low in control rats and strongly upregulated 1 week after SE
(~3X compared to controls). MVP upregulation is still present in the chronic
epileptic phase (~2.5X).

Figure 6. Western blot of MVP levels in the parahippocampal cortex in controls, 1 week after status
epilepticus and in chronic epileptic rats (8 months after SE). MVP levels are expressed as % of control
values. MVP levels are low in control rats and strongly upregulated 1 week after SE. MVP upregulation is
still present in the chronic epileptic phase.
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Discussion
We investigated the spatial and temporal expression pattern of MVP during
epileptogenesis, in a rat model for temporal lobe epilepsy in which seizures evolve
after a latent period following an electrically induced SE. The main findings of our
study are: 1) MVP RNA and protein levels increased within one day and peaked at
one week after SE. 2) in chronic epileptic rats, MVP mRNA was still increased in
parahippocampal cortex, especially in the piriform cortex. 3) MVP mRNA
upregulation was related to the occurrence of SE and to the frequency of
spontaneous seizures. 4) MVP protein was abundantly present in both ramified
microglia (OX-42 positive) and amoeboid microglia (ED1 positive) throughout the
hippocampal formation early after SE. In chronic epileptic rats, MVP expression
decreased, but was still present in microglial cells within the piriform cortex. Below
we discuss these findings in more detail.
In the rat model, we found upregulation of MVP mRNA shortly after SE
and this persisted in epileptic rats. The functional role of overexpression of vaults is
still speculative, but a role in drug resistance has been proposed. Until now, several
studies have shown that MVP upregulation is an excellent marker and predictor of
resistance in both cancer cell lines and a broad variety of clinical tumors (Izquierdo
et al., 1996; Kickhoefer et al., 1998; Scheffer et al., 2000c; Schroeijers et al.,
2000; Siva et al., 2001). Moreover, it has been shown that cultured human
leukemia cells that upregulate the MVP mRNA level 1.5-fold within 1 cell passage,
can accumulate vault particles and become multidrug resistant by passage 25 and
thereafter, independent of contributions from other drug transporters like MDR1,
MRP1, MRP2 or BCRP (Hu et al., 2002). Treatment of a carcinoma cell line with
sodium butyrate induced vault expression and resulted in cells resistant to various
cytostatic drugs. Expression of MVP-specific ribozymes, which prevent MVP
synthesis, led to the reversion of this drug resistance (Kitazono et al., 2001;
Kitazono et al., 1999). Nevertheless, the way vaults contribute to
pharmacoresistance is not completely clear, since a direct involvement in the MVP
mouse knockout model could not be demonstrated (Mossink et al., 2002).
Likewise, transfection of MVP in a carcinoma cell line leads to increased numbers of
vault particles, but fails to confer drug resistance to various cytostatic drugs (Siva
et al., 2001). Thus, from these studies it was concluded that upregulation of vaults
can contribute but is not sufficient for multidrug resistance. However, whether MVP
also acts as carrier of AEDs remains to be established. In addition, other factors,
including multidrug transporters that are carriers for AEDS will be important as
well. Strikingly, P-gp and mdr1b RNA follow a similar pattern as MVP mRNA in the
PHC. In chronic epileptic rats, mdr1 increases 5.5 fold in this region (Rizzi et al.,
2002).
Since MVP is highly expressed in tissues that are chronically exposed to
elevated levels of xenobiotics, metabolic active tissue and macrophages (Izquierdo
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et al., 1996), MVP has also been implicated in the protection of cells after stress
responses (Scheffer et al., 2000c). Sequestering of xenobiotics by vaults, could
protect cells against toxic concentrations of those substances. Our results show
that upregulation of MVP was related to the occurrence of SE, which leads to cell
death in vulnerable brain regions (Gorter et al., 2003). The increased MVP
expression in the parahippocampal cortex during the chronic epileptic phase,
suggests that MVP expression is not only related to the extent of cellular death that
occurs in the aftermath of the SE (Gorter et al., 2003; Pitkanen et al., 2002), but
that it is also regulated by spontaneous seizure activity and accompanying cellular
stress. In our previous studies (Rizzi et al., 2002) we also observed regulation of
two different mdr1 isoforms by seizure activity.
In drug refractory patients an upregulation of various multidrug
transporters has been observed (Aronica et al., 2004). In order to understand
whether MVP and other drug transporters can play a role in pharmacoresistance
one should know whether upregulation also occurs in TLE patients who respond
well to antiepileptic drug treatment. Our data suggest that MDR proteins may
contribute to the development of pharmacoresistance but other etiologic factors
are certainly not excluded. One of these factors might be astrocytic loss of the
tumor suppressor gene p53. In the epileptic brain, loss of p53 was associated with
cell types that expressed abnormal levels of MDR proteins (Marroni et al., 2003).
Loss of p53 in glial cells may protect them from apoptosis and force them into a
permanently diseased state.
In the present study, we showed activation of MVP protein mainly in
reactive microglial cells. These cells are abundantly present in both hippocampal
and parahippocampal regions shortly after SE (Aronica et al., 2000). In chronic
epileptic rats with frequent seizures, overexpression of MVP positive microglia was
mainly restricted to the piriform cortex. In a previous study, we observed that in
the piriform cortex of chronic epileptic rats cells were positive for Fluoro-Jade, a
degeneration marker. No staining was present in the hippocampus at this timepoint
(Gorter et al., 2003). The ongoing degeneration or the presence of debris may
activate glial cells in the piriform cortex, which in turn express increased levels of
MDR proteins. This may explain the persistent overexpression of MVP in glial cells
within the piriform cortex vs the transient increase in the hippocampus. Since the
piriform cortex is considered to be highly epileptogenic (Demir et al., 1999; Ebert
et al., 2000) this is particularly interesting.
Since vaults might act as carrier of different drugs (Kitazono et al., 2001),
the upregulation of MVP in microglia may change the distribution volume of drugs
entering the brain (Cheng et al., 2000). When drugs are sequestered by microglia,
the extracellular concentration of drugs will be lowered, at least locally, which
could contribute to pharmacoresistance, if strategically placed brain areas are
involved. In TLE patients, MVP is overexpressed in astrocytes (Marroni et al.,
2003), and also in specific neurons (Aronica et al., 2004; Aronica et al., 2003b;
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Sisodiya et al., 2003). In rats however, we could not demonstrate upregulation of
MVP in neurons after SE. Interestingly, MVP expression was present in layer II
neurons of the normal piriform cortex of control rats but many of these cells
appeared not to be protected after SE by the MVP presence.
In conclusion, this study demonstrates that the expression pattern of MVP
is regulated by SE and later spontaneous seizure activity. Upregulation of MVP is
most evident shortly after SE in reactive microglial cells in regions that are involved
in limbic epilepsy, suggesting that MVP also plays a role in cellular protection
during a strong stress response. Whether MVP contributes to pharmacoresistance
still needs to be established.
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Abstract
Overexpression of multidrug transporters may play a role in the development of
pharmacoresistance by decreasing extracellular drug levels in the brain. However,
it is not known whether overexpression is due to an initial insult, or evolves more
gradually because of recurrent spontaneous seizures. In the present study, we
investigated the expression of different multidrug transporters during
epileptogenesis in the rat. In addition, we determined whether these transporters
affected phenytoin distribution in the brain. Expression of multidrug resistanceassociated proteins MRP1 and MRP2 and breast cancer resistance protein (BCRP)
was examined after electrically induced status epilepticus (SE) by
immunocytochemistry and western blot analysis. Brain/blood phenytoin levels were
determined by HPLC analysis in the presence and absence of the MRP inhibitor
probenecid. Shortly after SE, MRP1, MRP2 and BCRP were upregulated in
astrocytes within several limbic structures, including hippocampus. In chronic
epileptic rats, these proteins were overexpressed in the parahippocampal cortex,
specifically in blood vessels and astrocytes surrounding these vessels.
Overexpression was related to the occurrence of SE and mainly present in rats with
a high seizure frequency. Brain phenytoin levels were significantly lower in epileptic
rats compared to control rats, but pharmacological inhibition of MRPs increased the
phenytoin levels. Overexpression of MRP and BCRP was induced by SE as well as
recurrent seizures. Moreover, overexpression was associated with lower phenytoin
levels in the brain, which was reversed through inhibition of MRPs. These data
suggest that administration of antiepileptic drugs in combination with specific
inhibitors for multidrug transporters may be a promising therapeutic strategy in
pharmacoresistant patients.
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Introduction
Poor seizure control by anti epileptic drug (AED) treatment (pharmacoresistance) is
a critical problem in human epilepsy. One postulated mechanism of
pharmacoresistance includes involvement of drug efflux transporters of the ATP
binding cassette (ABC) family.
The drug transporters P-glycoprotein (P-gp or ABCB1), multidrug
resistance-associated proteins MRP1 (ABCC1) and MRP2 (ABCC2) and breast
cancer resistance protein (BCRP, or ABCG2) are present in brain endothelial cells,
mainly at the luminal side of blood vessels (Allen and Schinkel, 2002; Cooray et al.,
2002; Huai-Yun et al., 1998; Miller et al., 2000; Zhang et al., 2004). Multidrug
transporters might have a toxicological protective role due to their luminal
localization in endothelial cells (Allen and Schinkel, 2002; Cooray et al., 2002; HuaiYun et al., 1998; Miller et al., 2000; Zhang et al., 2004).
Studies using knockout mice or mutant rats demonstrate that drug
transporters can prevent the entry of drugs into the brain and play a role in drug
transport from the brain to the blood (Miller et al., 2000). MRP1 knockout mice
have increased sensitivity for various anti-cancer drugs (Allen et al., 2000; Lorico et
al., 1997; Wijnholds et al., 1997), while MRP2 deficient rats have higher brain
levels of phenytoin, compared to wild type rats after kindling (Potschka et al.,
2003b). BCRP has been shown to be functional at the mouse blood brain barrier,
limiting the permeability of the brain to drugs (Cisternino et al., 2004). MRPs
transport carbamazepine (Potschka et al., 2001) and valproate (Gibbs et al., 2004).
BCRP has some substrates in common with P-glycoprotein, although it is not
known whether it transports AEDs (Allen and Schinkel, 2002; Litman et al., 2000;
Schinkel and Jonker, 2003).
Overexpression of P-gp, MRP1 and MRP2 has been reported in human
epileptogenic brain tissue (Aronica et al., 2003a; Aronica et al., 2004; Marchi et al.,
2004; Sisodiya et al., 1999; Sisodiya et al., 2001; Tishler et al., 1995) as well as in
experimental models (Potschka et al., 2003b; Van Vliet et al., 2004b; Volk et al.,
2004a; Volk et al., 2004b). Elevated expression of BCRP has been detected in a
variety of human tumors (Diestra et al., 2002; Zhang et al., 2003a) and drug
resistant tumor cell lines (Han and Zhang, 2004; Scheffer et al., 2000b). Thus, the
overexpression of drug transporters, together with their luminal localization and
the ability to transport a variety of AEDs, might be responsible for an increased
efflux of drugs from the brain to the blood, leading to lower extracellular
concentrations of AEDs and ineffective treatment.
In order to understand whether increased multidrug transporter
expression is due to an initial insult or the subsequent epileptogenesis, we
examined the cellular distribution and expression of MRP1, MRP2 and BCRP in
relation to the progression of temporal lobe epilepsy that evolves after electrically
evoked status epilepticus (SE) in the rat. The expression of MRP1, MRP2 and BCRP
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was investigated at different phases during epileptogenesis, namely in the acute,
latent and chronic epileptic phase. In addition, we determined whether changes in
protein expression and inhibition of MRPs affected the distribution of the AED
phenytoin in chronic epileptic rats.
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Methods
Experimental animals
Adult male Sprague Dawley rats (Harlan CPB laboratories, Zeist, The Netherlands)
weighing 350-550 gram were used in this study which was approved by the
University Animal Welfare committee. The rats were housed individually in a
controlled environment (21±1°C; humidity 60%; lights on 08:00 AM - 8:00 PM;
food and water available ad libitum).
Electrode implantation
Rats were anesthetized with an intramuscular injection of ketamine (57 mg/kg;
Alfasan, Woerden, The Netherlands) and xylazine (9 mg/kg; Bayer AG, Leverkusen,
Germany), and placed in a stereotactic apparatus. In order to record hippocampal
EEG, a pair of insulated stainless steel electrodes (70 µm wire diameter, tips were
0.8 mm apart) were implanted into the left dentate gyrus under
electrophysiological control as previously described (Gorter et al., 2001). A pair of
stimulation electrodes was implanted in the angular bundle.
Status epilepticus induction
Two weeks after recovery from the operation, each rat was transferred to a
recording cage (40x40x80 cm) and connected to a recording and stimulation
system (NeuroData Digital Stimulator, Cygnus Technology Inc, Delaware Water
Gap, PA, USA) with a shielded multi-strand cable and electrical swivel (Air
Precision, Le Plessis Robinson, France). A week after habituation to the new
condition, rats underwent tetanic stimulation (50 Hz) of the hippocampus in the
form of a succession of trains of pulses every 13 seconds. Each train had a
duration of 10 seconds and consisted of biphasic pulses (pulse duration 0.5 ms,
maximal intensity 500 µA). Stimulation was stopped when the rats displayed
sustained forelimb clonus and salivation for minutes, which usually occurred within
1 hour. However, stimulation never lasted longer than 90 minutes. Behavior was
continuously monitored during electrical stimulation and several hours thereafter.
Immediately after termination of the stimulation, periodic epileptiform discharges
(PEDs) occurred at a frequency of 1-2 Hz in most rats and were accompanied by
behavioral generalized seizures and EEG seizures (status epilepticus (SE)). Rats
were injected intraperitoneally with pentobarbital (60 mg/kg; Nembutal, Sanofi
Santé, Maassluis, The Netherlands) 4 hours after termination of the tetanic stimuli
to avoid lethal SE. After injection, PEDs disappeared quickly but often reappeared
later during the night. The total PEDs duration was considered as the total SE
duration. Electrical stimulation did not lead to a SE in some rats (non-SE rats),
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although they experienced generalized seizures during stimulation. Sham-operated
control rats (n=15) were handled and recorded identically, but did not receive
electrical stimulation.
Video-EEG monitoring
Differential EEG signals were amplified (10x) via a FET transistor that connected
the headset to a differential amplifier (20x; CyberAmp, Axon Instruments,
Burlingame, CA, USA), filtered (1-60 Hz), and digitized by a computer. A seizure
detection program (Harmonie, Stellate Systems, Montreal, Canada) sampled the
incoming signal at a frequency of 200 Hz per channel. All rats were monitored
continuously from the SE induction onwards until the time of sacrifice (up to 9
months after SE induction) to determine whether, when and how frequently
spontaneous seizures occurred. EEG recordings were visually monitored and
screened for seizure activity on a daily basis until sacrifice. Differential EEG
recordings assures that EEG artifacts are minimized so that seizures can be easily
determined (see Gorter et al., 2002). EEG seizures were also validated by
combined video-EEG monitoring in the chronic epileptic phase. The time span
between the last spontaneous seizure and sacrifice ranged from a few days in rats
with infrequent seizures to a few hours in rat with frequent seizures.
Tissue preparation for immunohistochemistry
Rats were disconnected from the recording apparatus and deeply anesthetized with
pentobarbital (Nembutal, intraperitoneally, 60 mg/kg). The animals were perfused
through the ascending aorta with 300 ml of 0.37% Na2S solution and 300 ml 4%
paraformaldehyde and 0.2% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4.
The brains were post-fixed in situ overnight at 4 °C, dissected, and cryoprotected
in 30% phosphate-buffered sucrose solution, pH 7.4. After overnight incubation at
4°C, the brains were frozen in isopentane (-25°C) and stored at -80°C until
sectioning. Horizontal sections (40 µm) were cut using a sliding microtome.
Sections were collected in 0.1 M phosphate buffer and processed for
immunocytochemistry.
Immunocytochemistry
Rats were sacrificed for immunocytochemistry in the acute period (1 day after SE;
n=3), latent period (1 week after SE; n=5), or in the chronic period (4-9 months
after SE; non-progressive, n=5; progressive, n=5; non-SE, n=5). Horizontal
sections of control (n=5) and post-SE rats were stained with different
immunocytochemical markers. Sections were washed in 0.05 M phosphate buffered
saline (PBS), pH 7.4 and incubated for 30 minutes in 0.3% hydrogen peroxide in
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PBS to inactivate endogenous peroxidase. Sections were then washed (2x10
minutes) in 0.05 M PBS, followed by washing (1 x 60 min) in PBS+0.4% Bovine
Serum Albumin (BSA). Sections were incubated with monoclonal mouse anti-MRP1
(1:25, clone QCRL-2, IgG2b subtype, Kamiya Biomedical Company, Seattle, USA),
anti-MRP2 (1:25, m2III-6, IgG2a subtype) or anti-BCRP (1:50, bxp-21, IgG2a
subtype) in PBS+0.4% BSA. MRP2 and BCRP antibodies were a generous gift of
Dr. Scheffer. Specifications of these antibodies have been published previously
(Diestra et al., 2002; Scheffer et al., 2000a). Twenty-four hours after the
incubation with the primary antibody, the sections were washed in PBS (3x10
minutes) and then incubated for 1.5 hours in biotinylated sheep anti-mouse Ig
(Amersham Pharmacia Biotech, Roosendaal, The Netherlands), diluted 1:200 in
PBS. Sections were washed in PBS (3x10 minutes) and incubated for 60 min with
AB-mix (Vectastain ABC kit, Peroxidase Standard pk-4000, Vector Laboratories,
Burlingame, CA, USA). After washing (3x10 min) in 0.05 M Tris-HCl, pH 7.9, the
sections were stained with 3,3’-diaminobenzidin tetrahydrochloride (30 mg DAB,
Sigma-Aldrich, Zwijndrecht, The Netherlands) and 2.5 µl 30% hydrogen peroxide in
a 10 ml solution of Tris-HCl. The staining reaction was followed under the
microscope and stopped by washing the sections in Tris-HCl. After mounting on
gelatin-coated slides, the sections were air dried, dehydrated in alcohol and xylene
and coverslipped with Entellan (Merck, Darmstadt, Germany). Omission of primary
or secondary antisera and incubation with aspecific serum eliminated all specific
immunoreactivity. The intensity and the number of MRP1, MRP2 and BCRP
immunoreactive cells was estimated semi-quantitatively. The intensity of
immunoreactivity was classified as: (+)=weak, +=moderate, ++=strong. The
frequency of immunoreactive cells was classified as: 1=sparse, 2=moderate,
3=high, 4=very high. Sections were photographed using bright-field illumination
on an Olympus microscope, equipped with a digital camera (Olympus, DP11, Paes
Nederland, Zoeterwoude, The Netherlands), and imported into Adobe Photoshop
(version 7.0). This program was used to optimize contrast and brightness, but not
to enhance or change the image content in any way.
Fluorescent immunocytochemistry
To detect whether MRP1, MRP2 and BCRP were expressed in astrocytes, a double
labeling was performed with the astrocytic marker anti-Glial Fibrillary Acidic Protein
(rabbit anti-GFAP, 1:1000, DAKO, Glostrup, Denmark). To show labeling of blood
vessels, an endothelial cell marker, anti-Von Willebrand factor was used (rabbit
anti-VWF, 1:100, DAKO, Denmark). A subset of free-floating sections was
incubated with primary antibodies, as described above, followed by washing.
Hereafter, the sections were incubated with Alexa Fluor 568 (goat anti-rabbit IgG,
1:200, Molecular Probes) and Alexa Fluor 488 (goat anti-mouse IgG Alexa, 1:200,
Molecular Probes). Following three additional washes in PBS, sections were
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mounted on slides and coverslipped with Vectashield. Images were acquired using
a confocal-laser scanning microscope (Zeiss LSM510) and processed using Zeiss
software (Zeiss LSM Image browser) and Adobe Photoshop.
Western blot
To quantify MRP1, MRP2 and BCRP protein levels, Western blots were made using
tissue of the parahippocampal cortex. Rats were sacrificed in the latent period (1
week after SE; n=5), or in the chronic period (6-8 months after SE; progressive,
n=5). Five controls were also included. The parahippocampal cortex (which
included the entorhinal cortex and parts of the perirhinal and posterior piriform
cortex) was removed by incision at the ventro-caudal part underneath the rhinal
fissure until approximately 5 mm posterior to bregma and stored at -80°C until
use. Brain samples were homogenized in lysis buffer containing per 20 ml: 200 µl 1
M Tris pH 8.0; 1 ml 3 M NaCl; 2 ml 10% NP-40; 4 ml 50% glycerol; 800 µl Naorthovanadate (10 mg/ml); 200 µl 0.5 M EDTA pH 8.0; 400 µl Protease inhibitors;
200 µl 0.5 M NaF; 11 ml H2O. Protein content was determined using bicinchoninic
acid method (Smith et al., 1985). Homogenate was diluted to a concentration of
6.7 µg protein/µl in SDS/bromophenol blue loading buffer, and incubated for 5 min
at 100°C. Proteins (100 µg total protein per lane) were separated by sodium
docecylsulphate-polyacrylamide gel electrophoresis and transferred to nitrocellulose by electroblotting (BioRad, Transblot SD, Hercules, CA, USA). Blots were
washed in 50 mM Tris-HCl + 154 mM NaCl, pH 7.5 + 0.1% Tween 20 (TBS-T) and
then incubated in TBS-T + 5% non-fat dry milk for 60 minutes. Hereafter, blots
were incubated with primary antibodies (MRP1 and MRP2 1:200; BCRP 1:500; ßactin 1:10,000) in TBS-T+ 5% non-fat milk. After overnight incubation, blots were
washed in TBS-T (3x10 min) and incubated for 1 hour in secondary antibody
labeled with horseradish peroxidase (1:1000, Dako, Denmark). After washing,
enhanced chemiluminescence reagents were applied to the blots (ECL, Amersham
Pharmacia Biotech, Roosendaal, The Netherlands), which then were exposed to Xray film (Fuji Safelight Super RX, glass no. 84). For quantification of Western blots,
the exposed X-ray films were digitized and the optical density of each sample was
measured using Scion Image (Scion Corporation, release beta 3b, Frederick, MD,
USA) software. For each sample the background was subtracted and optical
density values were normalized with the amount of ß-actin in each sample.
Statistical analysis between groups was performed using ANOVA, followed by the
one-tailed Student’s t-test. Differences with p<0.05 were considered significant.

69

Chapter 4 _____________________________________________________
Drugs
Probenecid (Sigma-Aldrich, Zwijndrecht, The Netherlands), a MRP inhibitor, was
dissolved in distilled water alkalinized with NaOH and administered 15 min prior to
phenytoin at a dose that does not exert a significant effect on seizure threshold (50
mg/kg i.p.; 3 ml/kg; (Potschka et al., 2003b). Phenytoin sodium (5,5Diphenylhydantoin Sodium Salt, Katwijk Chemie, Katwijk, The Netherlands) was
dissolved in distilled water alkalinized with NaOH (50 mg/kg i.p.; 3 ml/kg).
Phenytoin analysis
To determine phenytoin (PHT) brain-to-plasma ratios, control (n=5) and chronic
epileptic rats (PHT treatment, n=5; PHT+probenecid treatment, n=4) were
decapitated 1 hour after PHT injection. Blood was collected from the trunk and
centrifuged at 3000 rpm for 10 minutes to obtain plasma. The brains were
removed and the parahippocampal cortex was dissected as described above.

Phenytoin detection in plasma:

50 µl of plasma was diluted with 50 µl blank
plasma and 400 µl of 2.5 µg/ml ethyl-tolylbarbituric acid (ETB, internal standard) in
40 mM phosphate buffer (pH 2.1). 200 µl of this mixture was added on SPE
extraction columns (Bakerbond C18, 50 mg), then columns were washed with 1 ml
of 10 mM K2HPO4 and 0.5 ml of 10 mM NaH2PO4. Elution was done with 100 µl
acetonitrile, the eluate was diluted with 1200 µl of 10 mM Na H2PO4 and 100 µl of
this mixture was injected into the chromatograph. The HPLC system consisted of a
P1000 solvent delivery system (Thermo Electron), an ASPEC XL automatic sample
injector (Gilson) and a FOCUS scanning UV detector (Thermo Electron) at a fixed
wavelength of 205 nm. Data processing was performed with Spectrasystem
PC1000 software (Thermo Separation Products). Separation was performed on a
home-made reversed phase analytical column (15 cmx0.46 cm) packed with
Spherisorb 3ODS2 (Waters) kept at room temperature. The mobile phase consisted
of a mixture of acetonitrile (16 vol%), methanol (23 vol%) and 10mM Na H2PO4 pH
4.5 (61%) and was delivered isocratically at a flow rate of 1.2 ml/min. ETB and
PHT retention times were 15.7 and 18.5 min, respectively. The extraction
recoveries were >95%. Within-day precision for PHT was 2.5 % for a 7.44 µg/ml
control sample (n=10) Limit of detection was 0.38 µg/ml (VC<10%) and the assay
was linear in the range to 48 µg/ml.

Phenytoin detection in brain: brain samples were homogenized in methanol/water
(60/40 v/v;10 mg tissue/100 µl) and centrifuged for 6 minutes at 3000 rpm. 50 µl
of the supernatant was diluted with 100 µl of an internal standard (1.4 µg/ml ETB
in water) and 75 µl of the mixture was injected into the chromatograph. The HPLC
system consisted of a P1000 solvent delivery system (Thermo Electron), a MIDAS
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automatic sample injector (Spark) and an UV 6000LP diode-array detector (Thermo
Electron) at a wavelength of 205 nm. Data processing was performed with
Spectrasystem PC1000 software (Thermo Separation Products). Separation was
performed on a home-made reversed phase analytical column (15 cmx0.46 cm)
packed with Alltima 3C18 (Alltech/Applied Science, Breda, The Netherlands) kept at
a constant temperature of 35ºC. The mobile phase consisted of a mixture of
acetonitrile (14 vol%), methanol (29 vol%) and 40 mM phosphate buffer pH 7.0
(57%) and was delivered isocratically at a flow rate of 1.0 ml/min. ETB and PHT
retention times were 11.2 and 13.8 min, respectively. The extraction recoveries
were >95%. Within-day precision for PHT was 3.1% and the assay was linear in
the range to at least 25 µg/ml.
Statistical analysis between groups was performed using ANOVA, followed
by a post-hoc Student’s t-test. Differences with p<0.05 were considered significant.
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Results
Spontaneous seizure activity in chronic epileptic rats
After induction of SE, EEG recordings were analyzed to identify the evolution of
spontaneous seizures. As described previously (Gorter et al., 2001), chronic
epileptic rats exhibited either a low frequency of spontaneous seizures (~1 seizure
every 5 days) without progression of seizure activity (non-progressive rats; n=5),
or had frequent seizures (~10 seizures/day during the week before sacrifice) and
initial seizure progression, during the first 9-10 weeks after the first recorded
spontaneous seizure (progressive rats; n=10). Rats that were stimulated but that
did not exhibit SE (non-SE rats) had occasional spontaneous seizures (<1/month).
Immunocytochemistry

Control rats
Weak MRP1, MRP2 and BCRP expression was detected, mainly in large diameter
blood vessels that were stained throughout the whole brain (table 1, 2 and 3). A
colocalization study showed that MRP1, MRP2 and BCRP were expressed in
endothelial cells, which were Von Willebrand factor-positive (figure 4A, D and G).
There was no expression in GFAP-positive cells (figure 4B, E and H).
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Figure 1. MRP1 expression in a control rat (A, E), in a rat that was sacrificed in the latent period (B, F)
and in chronic epileptic rats; rat with progressive seizure evolution (C, G), non-progressive rat (D, H). In
control rats, no detectable IR was observed in glia or neurons of the hippocampus (A, E). In the latent
period MRP1 overexpression was observed in astrocytes within the hippocampus (arrows in B), which
surrounded blood vessels (arrow in F). The inset in B shows a high power magnification of reactive
astrocytes that were present in the hilus. A detail of a hippocampal astrocyte surrounding a blood vessel is
shown in F. In chronic epileptic rats, a persistent upregulation was present in astrocytes within the
perirhinal cortex (arrows in C). This was evident in rats with a progressive type of epilepsy (C) but not in
non-progressive rats (D). Overexpression was found mainly in astrocytes that surrounded blood vessels. A
detail of an astrocyte surrounding a blood vessel in a progressive rat is shown in G. MRP expression in the
hippocampi of both progressive and non-progressive rats (H) were similar to control rats.
gcl=granule cell layer.
Scale bar A, B=300 µm; E, G=100 µm; C, D =1200 µm; F= 20 µm; H=1400 µm.
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Table 1. Changes of MRP1 immunoreactivity in the (para)hippocampal cortex
during epileptogenesis (acute, latent and chronic period).

control

acute

chronicnon-prog

latent

chronicprogressive

chronicnon-SE

DG

(+)

2

++

3-4

++

3-4

(+)

2

(+)

2

(+)

2

CA3

(+)

2

++

3-4

++

3-4

(+)

2

(+)

2

(+)

2

CA1

(+)

2

++

3-4

++

3-4

(+)

2

(+)

2

(+)

2

Sub

(+)

2

+

2-3

+

2-3

(+)

2

(+)

2

(+)

2

PrS

(+)

2

(+)

2

(+)

2

(+)

2

(+)

2

(+)

2

PaS

(+)

2

++

3-4

++

3

(+)

2

(+)

2

(+)

2

EC II/III

(+)

2

++

3-4

++

3-4

+

2-3

+

3

(+)

2

EC V/VI

(+)

2

+

2

+

2

(+)

2

(+)

2

(+)

2

PR II/III

(+)

2

++

3-4

++

3

(+)

2

++

4

(+)

2

PR V/VI

(+)

2

++

3-4

++

3

(+)

2

++

4

(+)

2

PC II/III

(+)

2

+

2

+

3

++

3

++

4

(+)

2

PC V/VI

(+)

2

+

2

+

3

(+)

2

(+)

2

(+)

2

Immunoreactivity was classified as: (+) =weak, + =moderate, ++=strong.
Frequency was classified as: 1=sparse, 2=moderate, 3= high, 4=very high.
DG=dentate gyrus,Sub=subiculum, PrS=presubiculum, PaS=parasubiculum, EC=entorhinal cortex,
PR=perirhinal cortex, PC=piriform cortex.

Acute and latent period
Increased expression of MRP1, MRP2 and BCRP was observed in GFAP positive
astrocytes in different regions of the (para)hippocampal cortex during the acute
and latent period (1 day and 1 week after SE). Overexpression was evident in the
dentate gyrus, particularly in astrocytes within the hilar region (figure 1B and F, 2B
and F, 3B and F), but also in CA3, CA1 and subiculum (table 1, 2 and 3). These
astrocytes were often located around blood vessels that had also increased
immunoreactivity (figure 1F, 2F). In parahippocampal areas, increased glial
immunoreactivity was restricted to entorhinal cortex layer II and III. In addition,
the piriform and perirhinal cortex had also increased glial immunoreactivity. In
contrast, no or just a few immunoreactive glial cells were observed in the
presubiculum and deep layers of the entorhinal cortex (table 1, 2 and 3).
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Figure 2. MRP2 expression in a control rat (A, E), in a rat sacrificed in the latent period (B, F) and in
chronic epileptic rats; progressive rat (C, G), non-progressive rat (D, H). In control rats, no detectable IR
was observed in glia or neurons of the hippocampus (A, E). During the latent period, MRP2 was
overexpressed in astrocytes within the hippocampus, mainly in the dentate gyrus (B) and CA3 (F). The
inset in B shows a high power magnification of reactive astrocytes that were present in the hilus. A detail
of the CA3 region with many reactive astrocytes is shown in F. Some of them were localized next to blood
vessels (arrowhead in F). In chronic epileptic rats, a persistent upregulation of MRP2 was present in
astrocytes within the perirhinal cortex of progressive rats, especially around blood vessels (arrow in G). In
the piriform cortex, (C) Bilateral MRP2 overexpression was observed mainly in cortex layer III. Nonprogressive rats also had increased IR of MRP2 in the piriform cortex (D), but only at the stimulated side of
the brain. The hippocampus of both progressive and non-progressive rats (H) had similar MRP2 expression
as controls.
gcl=granule cell layer, piri=piriform cortex.
Scale bar A, B=300 µm; E, G=100 µm; C, D =1200 µm; F= 20 µm; H=1400 µm.
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Table 2. Changes of MRP2 immunoreactivity in the (para)hippocampal cortex
during epileptogenesis (acute, latent and chronic period).

control

acute

chronicnon-prog

latent

chronicprogressive

chronicnon-SE

DG

(+)

2

++

3-4

++

3-4

(+)

2

(+)

2

(+)

2

CA3

(+)

2

++

3-4

++

3-4

(+)

2

(+)

2

(+)

2

CA1

(+)

2

++

3-4

++

3-4

(+)

2

(+)

2

(+)

2

Sub

(+)

2

+

2-3

+

2-3

(+)

2

(+)

2

(+)

2

PrS

(+)

2

(+)

2

(+)

2

(+)

2

(+)

2

(+)

2

PaS

(+)

2

++

3

++

3

(+)

2

(+)

2

(+)

2

EC II/III

(+)

2

++

3

++

3

+

2-3

+

3

(+)

2

EC V/VI

(+)

2

+

2

+

2

(+)

2

(+)

2

(+)

2

PR II/III

(+)

2

++

3-4

++

3

(+)

2

++

4

(+)

2

PR V/VI

(+)

2

++

3-4

++

3

(+)

2

++

4

(+)

2

PC II/III

(+)

2

+

2

+

3

++

3

++

4

(+)

2

PC V/VI

(+)

2

+

2

+

3

(+)

2

(+)

2

(+)

2

Immunoreactivity was classified as: (+) =weak, + =moderate, ++=strong.
Frequency was classified as: 1=sparse, 2=moderate, 3= high, 4=very high.
DG=dentate gyrus,Sub=subiculum, PrS=presubiculum, PaS=parasubiculum, EC=entorhinal cortex,
PR=perirhinal cortex, PC=piriform cortex.

Chronic period
MRP1, MRP2 and BCRP were each persistently increased to a similar extent in
specific brain regions of chronic epileptic rats (up to 9 months after SE). The
overexpression was associated with the progressive nature of epilepsy, since most
changes were not found in brains of rats without progressive seizure evolution.
Increased expression was observed bilaterally in GFAP-positive astrocytes (figure
4C, F and I) within the piriform cortex (figure 2C, 3C), perirhinal cortex (fig 1C)
and entorhinal cortex (table 1-3). In these regions, immunoreactive astrocytes
surrounded blood vessels, which were also immunoreactive (figure 1G, 2G and
3G). MRP1, MRP2 as well as BCRP colocalized with the Von Willebrand factor in
these vessels.
Less drastic changes were observed in non-progressive rats: in most brain
regions, the staining pattern was comparable to control rats (figure 1D, 1H, 2H,
3H, table 1, 2 and 3). However, an increased immunoreactivity was observed in
superficial layers of the piriform cortex (2D and 3D) and entorhinal cortex, but only
at the stimulated side of the brain.
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We did not observe increased staining in the hippocampus of chronic
epileptic rats, either progressive or non-progressive rats (figure 1H, 2H, 3H and
table 1-3).
Rats that did not exhibit SE during or after stimulation (non-SE rats) were
comparable to control rats (table 1, 2 and 3).

Figure 3. BCRP expression in a control rat (A, E), in a rat sacrificed in the latent period (B, F) and in
chronic epileptic rats; progressive rat (C, G), non-progressive rat (D, H). In control rats, no detectable IR
was observed in glia or neurons of the hippocampus (A, E). In the latent period, increased BCRP
expression was present in astrocytes within the dentate gyrus (arrows in B and F, a higher power
magnification of the dentate gyrus is shown in F). Some of the reactive astrocytes were localized next to
blood vessels (arrowhead in F). In chronic epileptic rats a persistent BCRP upregulation was present in
astrocytes especially around blood vessels within the perirhinal cortex of rat with progressive seizure
evolution (G). In the piriform cortex, (C) BCRP overexpression was observed mainly in cortex layer III. In
the piriform cortex of non-progressive rats an upregulation of BCRP was observed only at the stimulated
side of the brain (D). In contrast, no overexpression was observed in the hippocampus of both progressive
and non-progressive rats (H).
gcl=granule cell layer, piri=piriform cortex.
Scale bar A, B=300 µm; E, G=100 µm; C, D =1200 µm; F= 20 µm; H=1400 µm.
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Table 3. Changes of BCRP immunoreactivity in the (para) hippocampal cortex
during epileptogenesis (acute, latent and chronic period).

control

acute

chronicnon-prog

latent

chronicprogressive

chronicnon-SE

DG

(+)

2

++

3-4

++

3-4

(+)

2

(+)

2

(+)

2

CA3

(+)

2

++

3-4

++

3-4

(+)

2

(+)

2

(+)

2

CA1
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2

++

3-4

++

3-4

(+)

2

(+)

2

(+)

2

Sub

(+)

2

+

2-3

+

2-3

(+)

2

(+)

2

(+)

2

PrS

(+)

2

(+)

2

(+)

2

(+)

2

(+)

2

(+)

2

PaS

(+)

2

++

3

++

3

(+)

2

(+)

2

(+)

2

EC II/III

(+)

2

++

3

++

3

+

2-3

+

3

(+)

2

EC V/VI

(+)

2

+

2

+

2

(+)

2

(+)

2

(+)

2

PR II/III

(+)

2

++

3-4

++

3

(+)

2

++

4

(+)

2

PR V/VI

(+)

2

+

2

+

3

(+)

2

++

4

(+)

2

PC II/III

(+)

2

+

2

+

3

++

3

++

4

(+)

2

PC V/VI

(+)

2

+

2

+

3

(+)

2

(+)

2

(+)

2

Immunoreactivity was classified as: (+) =weak, + =moderate, ++=strong.
Frequency was classified as: 1=sparse, 2=moderate, 3= high, 4=very high.
DG=dentate gyrus,Sub=subiculum, PrS=presubiculum, PaS=parasubiculum, EC=entorhinal cortex,
PR=perirhinal cortex, PC=piriform cortex.
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Figure 4. Confocal images of MRP1 (A-C), MRP2 (D-F) and BCRP (G-I), showing the presence of drug
transporters in blood vessels (green), in which they colocalize with Von Willebrand Factor positive
endothelial cells (red; A, D, G). In controls, MRP1, MRP2 and BCRP (green) were not present in GFAP
positive astrocytes (red; B, E, H), whereas in chronic epileptic rats overexpression of these transporters
was observed in astrocytes (C, F, I) surrounding blood vessels. Scale bar=20 µm.
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Western blot
Western blots for MRP1, MRP2 and BCRP were performed using tissue of the
parahippocampal cortex (which includes the entorhinal cortex and parts of the
perirhinal and posterior piriform cortex). Figure 5 shows the optical density of
protein levels as percentage of control values; a representative immunoblot for
each experimental condition is also shown. MRP1, MRP2 and BCRP levels were low
in control rats and significantly increased in the latent period (MRP1 2.7x; MRP2
1.7x; BCRP 1.6x increase compared to controls). Increased expression was still
present in the chronic epileptic phase (MRP1 2.1x; MRP2 1.5 x; BCRP 1.4 x
increase compared to controls). BCRP was most abundant in both control and
epileptic rats, followed by MRP1 and MRP2 that were nearly equally abundant.
Phenytoin levels in chronic epileptic rats
To determine whether overexpression of multidrug transporters can influence
penetration of AEDs into the brain (parahippocampal cortex), PHT was i.p.
administered to chronic epileptic rats and control rats. One hour after injection, the
brain-to-plasma ratio of PHT was measured (figure 5D). The brain-to-plasma was
significantly decreased in chronic epileptic rats compared to control rats (Figure
5D; 20±6%; p<0.05). When the MRP inhibitor probenecid was co-administered,
the PHT brain-to-plasma ratio significantly increased (20±7%, p<0.05) compared
to rats that were treated with PHT only. The levels were comparable to PHT levels
in control rats (figure 5D).
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Figure 5. Western blot of MRP1 (A), MRP2 (B) and BCRP (C) protein levels in the parahippocampal cortex
of control rats (n=5), rats sacrificed in the latent period (n=5) and chronic epileptic rats (sacrificed 6-8
months after SE, n=5). Protein levels are expressed as percentage of control values (average+sem).
MRP1, MRP2 and BCRP levels were low in control rats and significantly increased in the latent period
(MRP1 2.7x; MRP2 1.7x; BCRP 1.6x increase compared to controls). Significant increased expression was
still present in the chronic epileptic phase (MRP1 2.1x; MRP2 1.5 x; BCRP 1.4 x increase compared to
controls).
(D) Phenytoin brain-to-plasma ratio (average+sem) in the parahippocampal cortex of control rats and
chronic epileptic rats treated with either phenytoin (PHT) or phenytoin and probenecid (PHT+PB). The
brain-to-plasma in chronic epileptic rats was significantly decreased compared to control rats (20±6%;
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p<0.05). When the MRP inhibitor probenecid was co-administered with PHT, the PHT brain-to-plasma ratio
significantly increased (20±7%, p<0.05) compared to rats that were treated with PHT only, and was
similar to control values.
* indicates significant difference compared to control values (Student’s t-test p<0.05).
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Discussion
Investigation of multidrug transporter expression MRP1, MRP2 and BCRP during
epileptogenesis indicated the following:
1) MRP1, MRP2 and BCRP protein were upregulated in astrocytes and blood
vessels during epileptogenesis within several limbic structures, including
hippocampus.
2) In chronic epileptic rats MRP1, MRP2 and BCRP protein expression was
restricted to the parahippocampal cortex (including piriform, perirhinal and
entorhinal cortex) and specifically increased in astrocytes that were in close
apposition to strongly stained blood vessels.
3) In chronic epileptic rats, upregulation of MRP1, MRP2 and BCRP protein was
present only in rats that experienced SE and was most evident in rats that had
developed a progressive form of epilepsy.
4) The phenytoin brain-to-plasma ratio decreased significantly in chronic epileptic
rats compared to control rats. Administration of the MRP inhibitor probenecid
reversed the phenytoin brain-to-plasma ratio to control levels.
In our study, overexpression of MRP1, MRP2 and BCRP protein was
evident in both astrocytes and blood vessels within 1 day after SE. This was
associated with the occurrence of SE, since rats that did not exhibit SE had
expression levels comparable to controls. Similarly, in epileptic human brain MRP1
and MRP2 are overexpressed in blood vessels and glial cells shortly after SE
(Sisodiya and Thom, 2003), whereas in normal human brain, MRP1, MRP2
(Aronica et al., 2003a; Aronica et al., 2004; Cooray et al., 2002; Sisodiya et al.,
1999; Sisodiya et al., 2001) and BCRP (Cooray et al., 2002; Eisenblatter et al.,
2003; Maliepaard et al., 2001; Zhang et al., 2003a) are exclusively expressed in
blood vessels. The fact that multidrug resistance proteins are upregulated shortly
after SE, when seizure activity provokes brain inflammation, cell death and gliosis
(Gorter et al., 2003), suggests that induction of these proteins is at least partly
related to cellular stress that occurs during SE and shortly thereafter. MRPs as well
as BCRP transporter proteins were primarily upregulated in reactive glial cells,
which also suggests that the increased MDR production is related to the
inflammatory response (e.g. production of cytokines and inflammatory proteins)
that occurs after SE (Aronica et al., 2000; De Simoni et al., 2000). A protective role
of MRPs has been proposed in oxidative stress, since enhanced levels of oxidized
glutathione can be controlled by MRPs (Konig et al., 1999). Moreover, MRPs might
play a role in the control of inflammatory responses, since MRP knockout mice
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have an impaired response to inflammatory stimuli (Ballerini et al., 2002; Cole and
Deeley, 1998; Leslie et al., 2001; Renes et al., 2000; Wijnholds et al., 1997).
Overexpression of MRP1, MRP2 and BCRP did not only appear to depend
on the extent of cellular death that occurs after SE (Gorter et al., 2003; Pitkanen et
al., 2002). Spontaneous seizure activity was also associated with a persistent
increased expression level, (although more restricted, compared to the acute and
latent period) in astrocytes and bloodvessels within the parahippocampus of
chronic epileptic rats, possibly through seizure-induced cellular stress. Similar to
our studies in which we characterized P-gp expression (mdr1a/b) in epileptic rats
(Rizzi et al., 2002; Van Vliet et al., 2004b), this was evident in rats with seizure
progression and not in rats that had only occasional seizures. Clinical data also
show overexpression of P-gp, MRP1 and MRP2 in astrocytes and blood vessels of
pharmacoresistant patients that had suffered from epilepsy for years (Aronica et
al., 2003a; Aronica et al., 2004; Dombrowski et al., 2001; Marchi et al., 2004;
Sisodiya et al., 1999; Sisodiya et al., 2001; Tishler et al., 1995). In contrast to
hippocampal expression in human, MRP1, MRP2 and BCRP in epileptic rats was
more restricted to the parahippocampal region. BCRP was not found to be
overexpressed in the human hippocampus of MTLE patients (Aronica et al., 2005;
Cooray et al., 2002).
In the present study, we show that an inhibitor of MRPs can increase the
phenytoin brain-to-plasma ratio in chronic epileptic rats, indicating that MRPs can
alter drug distribution in the brain. Increased drug penetration into the brain has
also been reported in MRP2 deficient rats and kindled rats after treatment with the
MRP inhibitor probenecid together with phenytoin (Potschka et al., 2003b) or
carbamazepine (Potschka et al., 2001). Since there are no specific inhibitors
available for BCRP, we could not provide functional data concerning this
transporter. Evidence for a functional role for BCRP as drug transporter has been
presented previously in a study in which BCRP limits the drug permeability into the
mouse brain (Cisternino et al., 2004). Since BCRP is more abundant than MRP1,
MRP2, or P-gp (Aronica et al., 2005; Cooray et al., 2002), it is not unlikely that
BCRP upregulation in a specific brain region can have effects on drug distribution in
the brain. This will be further investigated when more specific BCRP inhibitors are
available.
In conclusion, this study demonstrates that the expression pattern of
MRP1, MRP2 and BCRP protein in chronic epileptic rats is associated with the
occurrence of SE as well as spontaneous seizure activity and is most evident in rats
with frequent daily seizures. PHT brain-to-plasma ratio is significantly decreased in
chronic epileptic rats compared to control rats, indicating compromised drug access
in the epileptic brain. Since inhibition of MRPs can reverse these effects on drug
access, MRP inhibitors might be promising drugs in the pharmacological treatment
of refractory patients. Unraveling the role of multidrug transporters and other
related proteins in the development of pharmacoresistance may ultimately lead to
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a better therapy for refractory patients. This may include either application of AEDs
together with specific multidrug transporter inhibitors, or alternatively, the
development of AEDs that are not substrates for these transporters.
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Abstract
Overexpression of multidrug transporters such as P-glycoprotein (P-gp) may play a
significant role in pharmacoresistance, by preventing antiepileptic drugs (AEDs) to
reach their targets in the brain. Until now, many studies have described increased
P-gp expression in epileptic tissue, or have shown that several AEDs act as
substrates for P-gp. However, a definitive proof showing the functional
involvement of P-gp in pharmacoresistance is still lacking. Here we tested whether
P-gp contributes to pharmacoresistance to phenytoin (PHT) using a specific P-gp
inhibitor in a model of spontaneous seizures in rats. The effects of PHT on
spontaneous seizure activity were investigated in the electrical post-status
epilepticus rat model for temporal lobe epilepsy, before and after administration of
tariquidar (TQD), a selective inhibitor of P-gp. A 7-day treatment with therapeutic
doses of PHT suppressed spontaneous seizure activity in rats but only partially.
However, an almost complete control of seizures by PHT (93±7%) was obtained in
all rats when PHT was co-administered with TQD. This specific P-gp inhibitor was
effective in improving the anticonvulsive action of PHT during the first 3-4 days of
the treatment. Western blot analysis confirmed P-gp upregulation in epileptic
brains (140-200% of control levels), along with ~20% reduced PHT brain levels.
Inhibition of P-gp by TQD significantly increased PHT brain levels in chronic
epileptic rats. These findings show that TQD significantly improves the
anticonvulsive action of PHT, thus establishing a proof-of-concept that the
administration of AEDs in combination with P-gp inhibitors may be a promising
therapeutic strategy in pharmacoresistant patients.
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Introduction
Resistance to pharmacological therapy (pharmacoresistance) is one of the major
problems in the treatment of epilepsy (Loscher and Schmidt, 2004). Approximately
a third of all epilepsy patients does not become seizure free, despite treatment
with two or more antiepileptic drugs (AEDs) at a maximal tolerated dose. This
intractability is even higher (50-70%) in patients with temporal lobe epilepsy
(Brodie and Mohanraj, 2003; Kwan and Brodie, 2000; Schmidt and Loscher, 2005).
Although the causes and mechanisms underlying pharmacoresistance are not fully
understood, drug efflux transporters of the ATP binding cassette (ABC) family
(multidrug transporters) may play an important role. P-glycoprotein (P-gp or
ABCB1) is the most extensively studied multidrug transporter. This transporter may
have a toxicological protective role, since it is expressed in endothelial cells at the
luminal side of blood vessels (Miller et al., 2000) and transports a variety of
xenobiotics, including commonly used AEDs (Potschka et al., 2001; Potschka et al.,
2002; Potschka and Loscher, 2001a; Rizzi et al., 2002; Sills et al., 2002; Tishler et
al., 1995). In human drug-refractory epileptic brain tissue (Aronica et al., 2003a;
Aronica et al., 2004; Marchi et al., 2004; Sisodiya et al., 1999; Sisodiya et al.,
2002; Tishler et al., 1995) as well as in the epileptic rat brain (Van Vliet et al.,
2004b; Volk et al., 2004a; Volk et al., 2004b), P-gp is overexpressed in endothelial
cells, neurons and glial cells. P-gp overexpression, particularly in endothelial cells,
may lead to increased extrusion of drugs from the brain to the blood, preventing
the attainment of appropriate AED concentrations at therapeutic targets. A range
of compounds that interact with P-gp and block drug efflux, have been reported to
reverse the pharmacoresistance in cancer (Thomas and Coley, 2003). Recently, a
P-gp specific inhibitor has been developed (tariquidar, XR9576), which is one of the
most potent, selective and effective modulators of P-gp, compared to first or
second generation inhibitors. Tariquidar (TQD) has a long duration of action and
exhibits good oral bioavailability (Martin et al., 1999; Mistry et al., 2001). In vitro
and in vivo reversal of P-gp mediated multidrug resistance in cancer has been
observed when TQD was given together with various chemotherapeutic drugs in
mice (Mistry et al., 2001).
Although circumstantial evidence suggests that P-gp may play a role in
pharmacoresistance in epileptic patients, a definitive proof of its functional
involvement is still lacking. In the present study, using a rat model of temporal
lobe epilepsy, we present a proof of principle that inhibition of the multidrug
transporter P-gp significantly improves the anticonvulsive action of phenytoin
(PHT) on spontaneous seizures in rats which do not sufficiently respond to this
AED in spite of adequate serum concentrations.
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Materials and Methods
Experimental animals
Adult male Sprague Dawley rats (Harlan CPB laboratories, Zeist, The Netherlands)
weighing 500-700 grams were used in this study which was approved by the
University Animal Welfare committee. The rats were housed individually in a
controlled environment (21±1°C; humidity 60%; lights on 08:00 AM - 8:00 PM;
food and water available ad libitum).
Electrode implantation and seizure induction
A total number of 19 rats were anesthetized with an intramuscular injection of
ketamine (57 mg/kg; Alfasan, Woerden, The Netherlands) and xylazine (9 mg/kg;
Bayer AG, Leverkusen, Germany), and placed in a stereotactic apparatus. In order
to record hippocampal EEG, a pair of insulated stainless steel electrodes (70 µm
wire diameter, tips were 80 µm apart) were implanted into the left dentate gyrus
under electrophysiological control as previously described (Gorter et al., 2001). A
pair of stimulation electrodes was implanted in the angular bundle. Two weeks
after recovery from the operation, each rat was transferred to a recording cage
(40x40x80 cm) and connected to a recording and stimulation system (NeuroData
Digital Stimulator, Cygnus Technology Inc, USA) with a shielded multi-strand cable
and electrical swivel (Air Precision, Le Plessis Robinson, France). A week after
habituation to the new condition, rats underwent tetanic stimulation (50 Hz) of the
hippocampus in the form of a succession of trains of pulses every 13 seconds
(n=12). Each train had a duration of 10 seconds and consisted of biphasic pulses
(pulse duration 0.5 ms, maximal intensity 500 µA). Stimulation was stopped when
the rats displayed sustained forelimb clonus and salivation for minutes, which
usually occurred within 1 hour (average stimulation time 57±2 min, range 38-85
min). Behavior was observed during electrical stimulation and several hours
thereafter. Immediately after termination of the stimulation, periodic epileptiform
discharges (PEDs) occurred at a frequency of 1-2 Hz and were accompanied by
behavioral and EEG seizures (status epilepticus). The total PEDs duration was
considered as the total SE duration. Approximately 20% of the rats did not develop
SE (n=3), these rats were not included in this study.
Control rats (n=7) were implanted with electrodes and handled like experimental
rats but they were not stimulated. These rats were used in western blot studies
and for the associated brain-to-plasma concentration ratio measurements of PHT.
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EEG and video monitoring
To determine seizure frequency and duration, continuous EEG recordings (24
hours/day) were started in 9 rats 3 to 4 months after SE induction. As previously
described (Gorter et al., 2001; Van Vliet et al., 2004c), a stable baseline of seizure
frequency was reached in chronic epileptic rats at this time point, and no seizure
clusters occurred. Only rats that had frequent daily seizures (at least 4 seizures
from 09.00 a.m.-17.00 p.m.) with a stable frequency for at least one week, were
included in the study (n=6). Differential EEG signals were amplified (10x) via a FET
transistor that connected the headset to a differential amplifier (20x; CyberAmp,
Axon Instruments, Burlingame, CA, USA), filtered (1-60 Hz), and digitized by a
computer. A seizure detection program (Harmonie, Stellate Systems, Montreal,
Canada) sampled the incoming signal at a frequency of 200 Hz per channel. All
EEG recordings were visually monitored and screened for seizure activity on a daily
basis until sacrifice. Daily video monitoring was combined with EEG recording for 8
hours/day in each rat (from 09.00 a.m. -17.00 p.m.). Pre-drug, drug and post-drug
seizure parameters were recorded continuously, but were evaluated for 8
hours/day, since this was the therapeutic window of PHT.
Drugs
Phenytoin sodium (5,5-Diphenylhydantoin Sodium Salt, Katwijk Chemie, Katwijk,
The Netherlands, 50 and 75 mg/kg, i.p.) was dissolved in distilled water alkalinized
with NaOH. The administration volume was 3 ml/kg. Tariquidar (XR9576.14;
Xenova Limited, Slough, Berkshire, UK, 12 and 24 mg/kg, orally) was dissolved in
5% dextrose solution. The administration volume was 3 ml/kg.
Pharmacodynamics of phenytoin
To determine pharmacodynamics of PHT, a group of 6 out of 9 rats was
continuously video-EEG monitored for 24 hours/day until rats were sacrificed. Six
rats were chosen for this study since they exhibited frequent daily seizures with a
stable frequency (on average ~10 seizures/day). PHT treatment started 4-5
months after SE induction (figure 1). Data were collected before (pre-drug control
period) and during PHT ± TQD treatment in each individual rat and the values
were used to compare the means in the various treatment groups.
The schedule of treatments is depicted in figure 1. We adopted a PHT
treatment protocol which was previously found to provide therapeutic blood levels
of PHT (10-20 µg/ml) in rats for at least 8 hours after the last drug injection
(Rundfeldt and Loscher, 1993). After one week of baseline recording (pre-drug
control period), 75 mg/kg PHT was injected intraperitoneally (i.p.) at 09.00 a.m.
under isoflurane anaesthesia (4 vol%) followed by 50 mg/kg PHT i.p. on the
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following 6 days. Anaesthesia never lasted longer than 1-2 minutes and was
necessary to handle epileptic rats.
Higher dose of PHT per injection, more frequent injections or continuous
infusion of PHT were not used in this study since they resulted in higher PHT
plasma levels (>40 µg/ml) associated with toxic effects such as ataxia and sedation
(own observations, and (Rundfeldt and Loscher, 1993). The PHT treatment period
was followed by a 2 week post-drug control period in which no drug was injected.
Afterwards, rats were treated with both PHT (75 mg/kg i.p. under isoflurane
anaesthesia on the first day and 50 mg/kg i.p. on the following 6 days) and the Pgp specific inhibitor TQD (12 mg/kg p.o. each day using a gavage under isoflurane
anaesthesia, one hour prior to each PHT injection). The same treatment protocol,
but using a higher dose of TQD (24 mg/kg p.o.), was repeated after a 2 week drug
control period in which no drug was injected. PHT levels were determined on a
daily basis 1 hour and 8 hours after PHT injection.

Figure 1. Schematic representation of the treatment protocol.
Three-four months after the electrical induction of status epilepticus (SE), continuous video/EEG
monitoring was started. Rats were treated with phenytoin (PHT; 75 mg/kg first day, 50 mg/kg following
days) for one week, followed by PHT and TQD (specific P-gp inhibitor, 12 mg/kg and 24 mg/kg). “*” single
dose TQD administration (day 71) to exclude any seizure modifying effects of the drug. “+” single dose
injection of PHT (50 mg/kg; day 91) one hour before sacrifice in order to determine PHT levels in plasma
and brain. PHT levels were determined on daily basis 1 h and 8 h after PHT injection alone or after
PHT+TQD injection.

To determine whether isoflurane or TQD exerted any anticonvulsant
activity per se, an additional group of epileptic rats (n=3) with frequent daily
seizures, which never received any treatment, were shortly anaesthetized with
isoflurane on 3 consecutive days, which was followed 2 weeks later by TQD
treatment (24 mg/kg p.o. each day) for 3 days. A single administration of TQD (24
mg/kg, p.o.) alone, was also given to the experimental rats with chronic seizures
underlying the PHT protocol treatments, two weeks after the end of the last
PHT+TQD administration (see figure 1).
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Statistical analysis of the pharmacodynamic parameters of PHT and TQD
was performed using ANOVA followed by the paired two-tailed Student’s t-test.
Behavioural parameters were compared using the chi-square (χ2) test. Differences
with p<0.05 were considered significant.
Phenytoin analysis in blood
For PHT analysis during the pharmacodynamic experiments, whole blood was
taken from the tail vein 1 h and 8 h after PHT injection under isoflurane
anaesthesia and directly spotted on filter paper (Whatman 3). For measurements
of PHT brain-to-plasma ratio in rats at the end of the experimental protocol (figure
1), 50 mg/kg PHT was injected i.p. in chronic epileptic rats (n=6) and their agematched controls (n=7). One hour after injection the rats were decapitated and
their blood was collected from the trunk and centrifuged at 3000 rpm for 10
minutes to obtain plasma. To determine whether TQD increases PHT brain-toplasma ratio, an additional group of epileptic rats (n=4) with frequent daily
seizures which received no treatments before, underwent the following protocol:
TQD (12 mg/kg p.o.), followed the next day by TQD (12 mg/kg p.o.) given 4.5 hrs
prior to PHT (50 mg/kg i.p.). Rats were sacrificed one hour after PHT injection.

HPLC and UV detection. 50 µl of plasma was diluted with 50 µl blank plasma and
400 µl of 2.5 µg/ml ethyl-tolylbarbituric acid (ETB, internal standard) in 40 mM
phosphate buffer (pH 2.1). 200 µl of this mixture was added on SPE extraction
columns (Bakerbond C18, 50 mg), then columns were washed with 1 ml of 10 mM
K2HPO4 and 0.5 ml of 10 mM NaH2PO4. Elution was done with 100 µl acetonitrile,
the eluate was diluted with 1200 µl of 10 mM Na H2PO4 and 100 µl of this mixture
was injected into the chromatograph. The HPLC system consisted of a P1000
solvent delivery system (Thermo Electron), an ASPEC XL automatic sample injector
(Gilson) and a FOCUS scanning UV detector (Thermo Electron) at a fixed
wavelength of 205 nm. Data processing was performed with Spectrasystem
PC1000 software (Thermo Separation Products). Separation was performed on a
home-made reversed phase analytical column (15 cmx0.46 cm) packed with
Spherisorb 3ODS2 (Waters) kept at room temperature. The mobile phase consisted
of a mixture of acetonitrile (16 vol%), methanol (23 vol%) and 10mM Na H2PO4 pH
4.5 (61%) and was delivered isocratically at a flow rate of 1.2 ml/min. ETB and
PHT retention times were 15.7 and 18.5 min, respectively. The extraction
recoveries were >95%. Within-day precision for PHT was 2.5 % for a 7.44 µg/ml
control sample (n=10) Limit of detection was 0.38 µg/ml (VC<10%) and the assay
was linear in the range to 48 µg/ml.

Blood spot analysis. The dried blood spots (8 mm) were punched into a test tube
and shaken for 30 min with 300 µl of an acetonitrile/methanol (1:3;v:v) mixture
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containing 2.5 µg/ml ETB (internal standard). The extract was mixed with 700 µl
10 mM KH2PO4 and 200 µl of the solvent was directly injected into the
chromatograph. The HPLC system consisted of a P1000 solvent delivery system
(Thermo Electron), a MIDAS automatic sample injector (Spark) and an UV 6000LP
diode-array detector (Thermo Electron) at a wavelength of 205 nm. Data
processing was performed with Spectrasystem PC1000 software (Thermo
Separation Products). Separation was performed on a home-made reversed phase
analytical column (15 cmx0.46 cm) packed with Alltima 3C18 (Alltech/Applied
Science, Breda, The Netherlands) kept at a constant temperature of 35°C. The
mobile phase consisted of a mixture of acetonitrile (14 vol%), methanol (29 vol%)
and 40 mM phosphate buffer pH 7.0 (57%) and was delivered isocratically at a
flow rate of 1.0 ml/min. ETB and PHT retention times were 11.2 and 13.8 min,
respectively. The extraction recoveries were >95%. Within-day precision for PHT
was 3.1% for 10.8 µg/ml blood spot samples (n=20) and the assay was linear in
the range to at least 25 µg/ml.
Western blot analysis of P-gp and PHT brain levels in chronic epileptic
rats
At the end of the experimental protocol, as depicted in figure 1, chronic epileptic
rats (n=6) that received PHT only, together with chronic epileptic rats that received
PHT+TQD (TQD 12 mg/kg p.o., n=4) and their age-matched controls (n=7) were
decapitated 1 hour after PHT administration (50 mg/kg, i.p.). The ventral
hippocampus and the entorhinal cortex of chronic epileptic rats ipsilateral to the
stimulated site, and the corresponding areas of control rats, were dissected out
separately and used for PHT measurements while the contralateral homotypic
areas were used for western blot analysis.
PHT measurements. The ventral hippocampus and entorhinal cortex were
homogenized in methanol/water (60/40 v/v;10 mg tissue/100 µl) and centrifuged
for 6 minutes at 3000 rpm. 50 µl of the supernatant was diluted with 100 µl of an
internal standard (1.4 µg/ml ETB in water) and 75 µl of the mixture was injected
into the chromatograph. The HPLC conditions were the same as described above
for blood spot samples. Statistical analysis was performed using the one-tailed
Student’s t-test. Differences with p<0.05 were considered significant.
Western blot. The ventral hippocampus and entorhinal cortex were
homogenized in lysis buffer containing per 20 ml: 200 µl 1 M Tris pH 8.0; 1 ml 3 M
NaCl; 2 ml 10% NP-40; 4 ml 50% glycerol; 800 µl Na-orthovanadate (10 mg/ml);
200 µl 0.5 M EDTA pH 8.0; 400 µl protease inhibitors; 200 µl 0.5 M NaF; 11 ml
H2O. Fifty µg total protein per lane, as determined using bicinchoninic acid method
(Smith et al., 1985), was separated by Sodium Dodecyl Sulfate Polyacrylamide Gel
Electrophoresis (SDS-PAGE) on 7.5% acrylamide and transferred to nitro-cellulose
by electroblotting (BioRad, Transblot SD, Hercules, USA). Blots were incubated
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with primary antibodies (monoclonal mouse anti-C219, 1:500, Alexis Biochemicals,
San Diego, USA; monoclonal mouse anti-ß-actin, clone AC-15, Sigma, 1:50000)
and the secondary antibody, anti-mouse labeled with horseradish peroxidase
(1:2500, Dako, Denmark). Immunoreactivity was visualized with lumi-light plus
western blotting substrate (Roche Diagnostics, Mannheim, Germany) and the blots
were digitized using a Luminescent Image Analyzer, LAS-3000 (Fuji Film, Japan).
The optical density of each sample was measured using Scion Image (Scion
Corporation, release beta 3b, MD, USA) software. For each sample the background
was subtracted and optical density values were normalized with the amount of ßactin in each sample. Statistical analysis was performed using the one-tailed
Student’s t-test. Differences with p<0.05 were considered significant.
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Results
Spontaneous seizure activity in pre-drug control period
Video/EEG recordings were started 4-5 months after the induction of status
epilepticus (figure 1). The experiment was started when each individual rat showed
a stable daily seizure frequency for at least one week. During the week before the
PHT treatment, seizure frequency was on average 10.7±0.7 seizures/day (range
6.9±0.7 to 14.1±1.3 seizures/day (average±sem)). An example of an
electrographic spontaneous seizure is shown in figure 2B. Seizures lasted on
average 62±3 seconds (figure 3B). Simultaneous video recordings showed that
partial and generalized seizures were equally distributed in rats (figure 3C).

Figure 2. Electrographic recordings before and during phenytoin treatment.
(A) Seizure distribution during the day, before (grey line; n=6; one week average±sem) and during PHT
treatment (black line; n=6; one week average±sem) after single dose of phenytoin (injection at 09.00
a.m.). A reduction in the number of seizures was observed in the first 8-10 hours after PHT administration.
Thereafter, seizure frequency slowly increased due to declining PHT plasma levels. (B) Electrographic
seizure recorded before phenytoin treatment (behaviorally characterized as generalized seizure). (C)
Electrographic seizure recording during phenytoin treatment (behaviorally characterized as partial seizure).
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Spontaneous seizure activity during and after PHT treatment
One hour after the administration of PHT (75 mg/kg on the first day, 50 mg/kg on
the subsequent 6 days), average PHT plasma levels were 16.9±0.5 µg/ml
(calculated for each rat over 7 days of treatment). Eight hours after PHT
administration this level was reduced to 9.8±0.8 µg/ml which is still within the
therapeutic range (Rundfeldt and Loscher, 1993). On the first day of PHT
treatment, the frequency of seizures, during 8 hours after the initial dose of 75
mg/kg PHT, did not significantly change compared to the pre-treatment period
(figure 2A and 3A). After these 8 hours, the number of spontaneous seizures
increased again, along with declining PHT blood levels (below the therapeutic
range; data not shown). The average frequency of EEG spontaneous seizures
calculated during the 8 hour period (from 09.00 a.m.-17.00 p.m.) in chronic
epileptic rats over 7 days of PHT treatment was 2.7±0.9 seizures/ 8 hours (n=6)
as compared to the seizure frequency of 5.0±0.5 seizures/ 8 hours (paired twotailed Student’s t-test, p=0.0002) measured in the same rats during the pre-drug
control period (see above) (figure 3A). EEG seizures lasted on average 49±7
seconds, which was significantly shorter (Student t-test; p=0.001) compared to the
pre-drug control period (62±3 seconds; figure 3B). Video recordings showed that
the behavioral generalized/partial seizure ratio was decreased by PHT (figure 3C;
χ2; p=0.001). After PHT treatment was stopped, the number of seizures increased
during the first week (figure 3A) while they returned to pre-drug control values
within the second week. Seizure duration was similar to the pre-drug control period
after withdrawal of PHT (figure 3B).
Spontaneous seizure activity during PHT and TQD treatment
When chronic epileptic rats were treated with PHT+TQD, PHT plasma levels were
within the therapeutic range for 8 hours (µg/ml (n=6), PHT+TQD (12 mg/kg), 14.6
± 0.7 (1 h) and 9.7 ± 0.9 (8 h); PHT+TQD (24 mg/kg), 12.4 ± 0.7 (1 h) and 8.3 ±
0.8 (8 h).
When TQD (12 mg/kg) was given in combination with PHT, the frequency
of seizures decreased dramatically by 93±7% (paired Student’s t-test, p=0.001) on
the first day of treatment compared to pre-drug control values (figure 3A); 5 rats
were seizure free on this day. The protective effect of TQD was maintained for two
additional days. From the 4th day of treatment onwards the effect of TQD was no
longer present. Effective seizure control was achieved for 4 consecutive days using
24 mg/kg TQD in combination with PHT (figure 3A). The average seizure duration
and the generalized-to-partial seizure ratio measured during the combination of
drugs were significantly reduced during the entire treatment period, and these
were similar to those measured during PHT treatment alone (figure 3A).
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Although we did not quantify general behavior, daily observation of the animals did
not reveal any overt change of behavior (locomotion in the cage, food intake) or
adverse effects such as ataxia and sedation in rats treated with 12 or 24 mg/kg of
TQD compared to PHT treatment.
Similar to what was observed after PHT alone, a sudden increase in the
number of seizures was observed after withdrawal of PHT+TQD. However, the
seizure frequency returned to pre-drug control levels within 1 week (figure 3A).
After drug withdrawal the average seizure duration and the generalized-to-partial
seizure ratio was similar to the pre-treatment values (figure 3B and 3C).
To investigate whether TQD had any anticonvulsant activity by itself, the
drug was administered (24 mg/kg) without PHT, 3 weeks after the last combined
administration of PHT and TQD (figure 1). No changes in seizure frequency,
seizure duration or behaviour were observed in comparison with the pre-drug
control period (data not shown). To study the effect of prolonged treatment with
TQD only, an additional group of 3 chronic epileptic rats with a stable baseline of
spontaneous seizures was treated with TQD (24 mg/kg p.o. each day) for 3 days.
No changes in seizure frequency seizure duration or behavioural convulsions were
observed in comparison with the pre-drug control period. Short isoflurane
anaesthesia (without drug application) in epileptic rats (n=3) on 3 consecutive
days also did not have any effect on daily spontaneous seizure frequency (data not
shown). This shows that short anaesthesia did not influence seizure activity.
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Figure 3. Effects of phenytoin and tariquidar on seizure frequency, duration and behaviour.
(A) Average number of EEG seizures before, during and after PHT treatment (8 hours/day were analyzed,
since PHT levels were within the therapeutic range in this time window). During PHT treatment (days 8-14)
seizures were not reduced significantly until day 13 (p<0.05). When TQD was co-administered (12 mg/kg;
days 29-35) seizures were significantly reduced during the first 3 days of the treatment. When a higher
dose of TQD was applied (24 mg/kg) the seizures were significantly reduced for 4 days. *, significant
difference (Two tailed Paired Student’s t test, p<0.05) compared to the week before treatment.
(B) EEG seizure duration (average/day) was significantly reduced during PHT treatment either with or
without TQD compared to the pre-treatment period. *, significant difference (Two tailed Paired Student’s t
test, p<0.05) compared to the week before treatment.
(C) Proportion of partial and generalized seizures before, during and after PHT treatment. The ratio of
generalized-to-partial seizures was decreased during PHT treatment, both with and without TQD,
compared to the pre-treatment period. *, significant difference (χ2, p<0.05) compared to the week before
treatment.
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P-gp expression and PHT levels in epileptic rats
P-gp protein levels were quantified by western blots in the ventral hippocampus
and entorhinal cortex of chronic epileptic rats (n=6) that received PHT only at the
end of the experimental protocol (figure 1), together with chronic epileptic rats
that received PHT+TQD (n=4) and their age-matched control rats (n=7). Figure 4A
shows that P-gp levels of all chronic epileptic rats were significantly increased in
the ventral hippocampus by 1.5-2.0 fold and in the entorhinal cortex by 1.4 fold as
compared to controls. The brain-to-plasma ratio of PHT in chronic epileptic rats
that were treated with PHT only, was significantly decreased compared to control
rats in the entorhinal cortex (Figure 4B; 16±6%; p=0.03) and showed a tendency
to decrease in the ventral hippocampus (18±8%; p=0.06). In contrast, inhibition
of P-gp by TQD increased PHT brain-to-plasma ratio (entorhinal cortex 258±10%,
p<0.0001; hippocampus 151±10%, p<0.0001, compared to controls) without
changing PHT plasma levels (control 13.7±1.4 µg/ml, PHT 13.4±2.7 µg/ml,
PHT+TQD 11.0±2.0 µg/ml).

Figure 4. P-gp expression and phenytoin brain-to-plasma ratios.
(A) Optical density ratio (P-gp/β-actin, average+sem, normalized to control values) in the ventral
hippocampus and entorhinal cortex of control rats (n=7) and chronically epileptic rats that were treated
with PHT only (n=5) or with PHT+TQD (n=4). P-gp levels of all chronic epileptic rats were significantly
increased in the ventral hippocampus by 1.5-2.0 fold and in the entorhinal cortex by 1.4 fold as compared
to controls. A representative immunoblot is also shown, depicting P-gp and β-actin bands of the entorhinal
cortex of a control and a chronic epileptic rat.
(B) The brain-to-plasma ratio of PHT in chronic epileptic rats that were treated with PHT only was
significantly decreased compared to control rats in the entorhinal cortex (16±6%; p=0.03) and showed a
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tendency to decrease in the ventral hippocampus (18±8%; p=0.06). In contrast, blockade of P-gp by TQD
increased PHT brain-to-plasma ratio (entorhinal cortex 258±10%, p<0.0001; hippocampus 151±10%,
p<0.0001, compared to controls).
*, significant difference compared to control values (p<0.05, Student’s t-test).
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Discussion
The main finding of this study is that administration of TQD at a dose that inhibits
P-gp, significantly increased the anticonvulsive activity of PHT in a rat model of
spontaneous seizures that mimics human temporal lobe epilepsy.
In the majority of rats, seizure duration, seizure severity and to lesser
extent seizure frequency were decreased by PHT. The decreased number of
generalized versus partial seizures indicates a more limited seizure spread during
PHT treatment. However, complete suppression of spontaneous seizures was not
achieved, even when PHT was administered at its maximum tolerated dose.
Seizure frequency was not significantly changed, except for the last two days of
PHT treatment. This may be at least in part due to drug accumulation in the brain,
following repetitive daily administration. We can exclude that the dose of PHT was
too low during the first days of the treatment, since PHT plasma values were within
the considered therapeutic range of 10-20 µg/ml during the whole treatment
period. In contrast, an almost complete seizure control was instantaneously
obtained in all rats when the P-gp inhibitor TQD was co-administered with PHT.
In this study, we show that P-gp is overexpressed in the epileptic rat brain
in regions which are crucially involved in seizure generation and spread, and this
evidence is consistent with previous findings using this model and other models of
epilepsy (Rizzi et al., 2002; Van Vliet et al., 2004b; Volk et al., 2004b). P-gp
overexpression in the brain of chronic epileptic rats is likely mediated by seizure
activity since this phenomenon occurs only in rats that exhibited SE followed by
spontaneous seizures but not in rats that were stimulated but that did not exhibit
spontaneous seizures (Van Vliet et al., 2004b). P-gp expression is also upregulated
in chronic epileptic rats resistant to phenobarbital (Volk and Loscher, 2005) and in
kindled rats that are resistant to PHT (Potschka and Loscher, 2002).
The reduced brain-to-plasma ratio of PHT in tissue of chronic epileptic
rats where P-gp is overexpressed, together with the evidence that PHT acts as a
substrate of P-gp (Marchi et al., 2004; Potschka and Loscher, 2001a; Rizzi et al.,
2002; Sills et al., 2002), strongly suggests that less PHT enters the brain due to Pgp-mediated drug extrusion. The subtherapeutic drug levels in epileptogenic
regions may therefore explain the limited anticonvulsive activity of PHT on
spontaneous seizures in this model. When epileptic rats were treated with the P-gp
inhibitor TQD, PHT brain-to-plasma ratio increased, providing therapeutic PHT
levels and improved seizure control. The extra increase of PHT brain levels caused
by TQD (without change of PHT plasma levels), above those measured in control
rats may be ascribed to the contribution of a more permeable blood brain barrier
(BBB) after seizures (Ilbay et al., 2003; Lassmann et al., 1984; Ruth, 1984). We
can speculate that in the absence of TQD, PHT levels are affected in opposite
directions: (1) by the extent of P-gp expression (increased active extrusion, less
drug in the brain) and (2) the BBB damage induced by chronic seizures (increased
105

Chapter 5 _____________________________________________________
passive entry, more drug in the brain). However, when P-gp extrusion activity is
inhibited by TQD, the role of BBB leakage in drug entry becomes apparent. This
phenomenon has been recently described using a model of seizures in rats with
malformations of cortical development (Marchi et al., 2005a) and can also explain
the relative limited decrease in brain PHT levels measured in epileptic rats in spite
of a highly significant increase in the P-gp levels.
The present study suggests an important role for P-gp in the resistance to
PHT in epilepsy and establishes the proof-of-principle that specific inhibition of Pgp in vivo can significantly improve the anticonvulsive action of AEDs that act as
substrates of this transport protein (Potschka et al., 2001; Potschka et al., 2002;
Potschka and Loscher, 2001a; Rizzi et al., 2002; Sills et al., 2002; Tishler et al.,
1995). Enhancement of AED efficacy by inhibition of multidrug transporters has
been shown also in kindled rats (Potschka et al., 2003b) and after seizures induced
by intrahippocampal infusion of pilocarpine (Clinckers et al., 2005). However no
specific P-gp inhibitors were used in these studies and the effects of P-gp inhibition
on spontaneous seizure activity were not assessed.
Despite the significant improvement in seizure control during the first
days of the combined PHT and TQD treatment, tolerance to TQD seems to develop.
The mechanisms underlying the fading of the TQD effect are still unknown.
Enzyme induction of cytochrome P450 isozymes (e.g. CYP3A4) by PHT and/or TQD
can increase the rate of metabolism of PHT, with a consequent decrease of PHT
levels locally in the brain. Although PHT plasma levels did not change while
tolerance developed, brain levels of PHT might be changed due to local changes of
these enzymes. In addition, compensatory upregulation of other multidrug
transport proteins as a consequence of P-gp blockade could play a role in this
phenomenon. Further studies are neccessary to overcome this transient
effectiveness which limits the beneficial effects of this specific inhibitor.
To date, two clinical studies have addressed the functional involvement of
P-gp in pharmacoresistant epilepsy. In these studies, seizure control was improved
in 2 intractable patients when verapamil was added to AED therapy (Iannetti et al.,
2005; Summers et al., 2004). Although verapamil is a weak and non-specific
inhibitor of P-gp, this evidence suggests that the improvement of anticonvulsive
efficacy might be at least partly mediated by inhibition of P-gp.
A phase I trial with TQD in healthy volunteers showed inhibition of P-gp
without any adverse effects (Stewart et al., 2000). A phase II trial in which TQD
was added to chemotherapy in patients with resistant breast carcinoma showed
that TQD was able to stop disease progression in four out of seventeen patients
(Pusztai et al., 2005). It was not reported whether patients developed tolerance to
TQD. However, a study in non-small-cell lung cancer patients was discontinued due
to a higher proportion of adverse effects in the TQD group (Pusztai et al., 2005).
Thus the use of inhibitors may also imply a potential risk. Although we did not
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observe signs of toxicity when TQD was used in the rat, TQD can increase drug
concentration in peripheral organs which may lead to cytotoxicity.
Since pharmacoresistance is considered to be a multifactorial
phenomenon, other additional factors may also play a role in the mechanisms
underlying this condition. The response to AEDs may be genetically determined as
shown for PHT (Ebert and Loscher, 1999) and can also be influenced by functional
changes occurring in the brain during epileptogenesis (Loscher et al., 2000). In this
respect, changes in ion channel properties in epileptic tissue have been shown to
be related to a reduced response to AEDs (Remy et al., 2003; Vreugdenhil et al.,
1998), although pharmacoresistance can also occur without any ion channel
alterations (Jeub et al., 2002). Finally, the overexpression of other multidrug
transporters in epileptic tissue such as MRPs might also contribute to
pharmacoresistance (Aronica et al., 2003a; Aronica et al., 2004; Sisodiya et al.,
2002; Sisodiya et al., 2001; Van Vliet et al., 2005) as well as intracellular drug
sequestration mechanisms (i.e. major vault protein) (Van Vliet et al., 2004a).
Further insights into the role of these proteins in pharmacoresistance await the
development of selective antagonists of their transport function.
In conclusion, our results show that specific inhibition of the multidrug
transporter P-gp with TQD can transiently improve the anticonvulsive action of PHT
on spontaneously recurrent seizures in a rat model which is relevant for human
epilepsy. Assuming that the adverse effects of these types of drugs can be
resolved, inhibition of P-gp may be a useful therapeutical strategy to overcome
pharmacoresistance to AEDs.

107

Chapter 5 _____________________________________________________
Acknowledgements
We thank dr D. Norris (Xenova Limited, UK) for providing tariquidar, M.C. de Rijke
and W.E. Dieters (Epilepsy Institute of The Netherlands, Heemstede, The
Netherlands) for technical assistance on phenytoin analysis in plasma and brain
samples. We thank Prof. F.H. Lopes da Silva for critically reading the manuscript.
This work was supported by the Epilepsy Institute of The Netherlands (SEIN)Lopes da Silva fellowship (to EAvV) and by FIRB # RBNE01NR34_007 (to AV).

108

___________________

Inhibition of P-gp improves seizure control

109

6
Region-specific overexpression of P-glycoprotein at the bloodbrain barrier affects brain uptake of phenytoin in epileptic rats
E.A van Vliet, R. van Schaik, P.M. Edelbroek, R.A. Voskuyl, S. Redeker,
E. Aronica, W.J. Wadman and J.A. Gorter

Journal of pharmacology and experimental therapeutics 2007,322(1):141-7

Chapter 6___________________________________________________________

112

_____________________________________P-gp affects phenytoin brain levels
Abstract
Recent studies have suggested that overexpression of the multidrug transporter Pglycoprotein (P-gp) in the hippocampal region leads to decreased levels of
antiepileptic drugs (AEDs) and contributes to pharmacoresistance that occurs in a
subset of epileptic patients. Whether P-gp expression and function is affected in
other brain regions and in organs that are involved in drug metabolism is less
studied. Therefore we investigated P-gp expression in different brain regions and
liver of chronic epileptic rats, several months after electrically induced status
epilepticus (SE), using western blot analysis. P-gp function was determined by
measuring phenytoin (PHT) levels in these brain regions using high-performance
liquid chromatography, in the absence and presence of a P-gp specific inhibitor,
tariquidar (TQD). In addition, the pharmacokinetic profile of PHT was determined.
PHT concentration was reduced by 20-30% in brain regions that had P-gp
overexpression (temporal hippocampus and parahippocampal cortex) and not in
brain regions in which P-gp expression was not changed after SE. Inhibition of Pgp by TQD significantly increased the PHT concentration, specifically in regions that
showed P-gp overexpression. In spite of increased P-gp expression in the liver of
epileptic rats, pharmacokinetic analysis showed no significant change of PHT
clearance in control versus epileptic rats. These findings show that overexpression
of P-gp at the blood-brain barrier of specific limbic brain regions causes a decrease
of local PHT levels in the rat brain.
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Introduction
Resistance to medical therapy (pharmacoresistance) occurs in 30-50% of all
epilepsy patients and is one of the major problems in the treatment of epilepsy
(Loscher and Schmidt, 2004). Increasing evidence (Marchi et al., 2004; Rambeck
et al., 2006; Rizzi et al., 2002; Van Vliet et al., 2006) indicates that overexpression
of multidrug transporters in the epileptic brain may play an important role. These
transporters are not exclusively expressed in the brain, but also in organs that are
involved in drug excretion and adsorption (liver, kidney and intestine) and at
blood-tissue barriers (placenta, testis). They are thought to have a protective
function against toxic substances. In brain, most transporters are expressed in
endothelial cells at the luminal side of blood vessels (Miller et al., 2000) and
transport a variety of molecules, including commonly used antiepileptic drugs
(AEDs) (Clinckers et al., 2005; Potschka et al., 2001; Potschka et al., 2002;
Potschka et al., 2003b; Potschka and Loscher, 2001a; Rizzi et al., 2002; Sills et al.,
2002; Tishler et al., 1995). Overexpression of multidrug transporters at the bloodbrain barrier has been associated with decreased extracellular AED levels in the
brain of chronic epileptic rats (Van Vliet et al., 2006) as well as in humans (Marchi
et al., 2005a; Rambeck et al., 2006). Until now, most attention has been paid to
drug transporter expression and function in temporal lobe or hippocampus (Rizzi et
al., 2002; Van Vliet et al., 2004a; Van Vliet et al., 2004b; Van Vliet et al., 2005;
Volk and Loscher, 2005; Volk et al., 2004b). Whether P-gp expression and function
is affected in other brain regions and in organs that are involved in drug
metabolism is less known. In order to determine whether changes in
P-gp
expression affected local drug distribution in brain and/or pharmacokinetics, we
investigated P-gp expression in different brain regions and in the liver of chronic
epileptic rats and measured PHT levels in plasma and brain in a rat model for
temporal lobe epilepsy, several months after electrically induced status epilepticus
(SE). In addition, we determined the plasma pharmacokinetics of PHT in control
and chronic epileptic rats using non-linear mixed-effects analysis.
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Materials and Methods
Experimental animals
Adult male Sprague Dawley rats (Harlan CPB laboratories, Zeist, The Netherlands)
weighing 500-600 gram were used in this study which was approved by the
University Animal Welfare committee. The rats were housed individually in a
controlled environment (21±1°C; humidity 60%; lights on 08:00 AM - 8:00 PM;
food and water available ad libitum).
Electrode implantation and status epilepticus induction
Rats (n=42) were anesthetized with an intramuscular injection of ketamine (57
mg/kg; Alfasan, Woerden, The Netherlands) and xylazine (9 mg/kg; Bayer AG,
Leverkusen, Germany), and placed in a stereotactic frame. In order to record
hippocampal EEG, a pair of stainless steel electrodes (70 µm wire diameter, tips
0.8 mm apart) were implanted into the left dentate gyrus under
electrophysiological control, as previously described (Gorter et al., 2001). A pair of
stimulation electrodes was implanted in the angular bundle. Two weeks after
recovery from surgery, each rat was transferred to a recording cage (40x40x80
cm) and connected to a recording and stimulation system (NeuroData Digital
Stimulator, Cygnus Technology Inc, Delaware Water Gap, PA, USA) with a shielded
multi-strand cable and electrical swivel (Air Precision, Le Plessis Robinson, France).
One week later, rats underwent tetanic stimulation (50 Hz) of the hippocampus in
the form of a succession of trains of pulses every 13 seconds. Each train had a
duration of 10 seconds and consisted of biphasic pulses (pulse duration 0.5 ms,
maximal intensity 500 µA). Stimulation was stopped when the rats displayed
sustained forelimb clonus and salivation for minutes, which usually occurred within
1 hour (average stimulation time 63±5 min, range 24-90 min). Immediately after
termination of the stimulation, periodic epileptiform discharges (PEDs) occurred at
a frequency of 1-2 Hz and were accompanied by behavioral and EEG seizures
(status epilepticus) which lasted for several hours. Control rats (n=21) were
implanted with electrodes and handled like experimental rats but they were not
stimulated.
EEG monitoring
Continuous EEG recordings (24 hours/day) were started in the chronic seizure
period (three to four months after SE induction), to determine seizure frequency
and duration. Differential EEG signals were amplified (10x) via a field effect
transistor that connected the headset to a differential amplifier (20x; CyberAmp,
Axon Instruments, Burlingame, CA, USA), filtered (1-60 Hz), and digitized by a
115

Chapter 6___________________________________________________________
computer. A seizure detection program (Harmonie, Stellate Systems, Montreal,
Canada) sampled the incoming signal at a frequency of 200 Hz per channel. All
EEG recordings were visually monitored and screened for seizure activity on a daily
basis until the rats were killed.
Drugs
Phenytoin sodium (5,5-Diphenylhydantoin Sodium Salt, Katwijk Chemie, Katwijk,
The Netherlands) was dissolved in distilled water alkalinized with NaOH and
administered either as a 50 mg/kg i.p. dose (distribution experiment) or infused in
5 min as a 40 mg/kg i.v. dose (pharmacokinetic experiment). Tariquidar
(XR9576.14; Xenova Limited, Slough, Berkshire, UK,) was dissolved in 5% dextrose
solution and orally administered (12 mg/kg). The administration volume was 3
ml/kg. This dose was based on previous reports showing reversal of P-gp mediated
resistance in mice and rats (Mistry et al., 2001; Van Vliet et al., 2006)
Phenytoin distribution
Phenytoin brain-to-plasma ratios were measured in control and chronic epileptic
rats that received PHT only (50 mg/kg i.p.) and were killed 1 hour (control n=6,
chronic epilepsy n=6) or 2.5 hours (control n=5, chronic epilepsy n=5) after PHT
administration, when PHT plasma levels are considered to be within the
therapeutic range (10-20 µg/ml). We also included a group of chronic epileptic rats
that were pre-treated with TQD (12 mg/kg p.o.) 24 hours and 4.5 hours before
they received PHT (50 mg/kg i.p., n=4) and that were killed 1 hour after PHT was
administered. The following brain regions were dissected (ipsilateral to the
stimulated site): septal and temporal hippocampus, parahippocampal cortex (PHC;
which included the entorhinal cortex and parts of the perirhinal and posterior
piriform cortex), olfactory bulb and cerebellum. The PHC was removed by incision
at the ventro-caudal part underneath the rhinal fissure until approximately 5 mm
posterior to bregma. All material was frozen on dry ice and stored at -80°C until
use. Samples were weighed and homogenized in methanol/water (60/40;v/v) and
processed for HPLC as described previously (Van Vliet et al., 2006).
Phenytoin analysis in blood
Blood for PHT analysis was collected directly after decapitation (homogenate
experiment; see above) or taken from the femoral artery (pharmacokinetic
experiment, see below). Blood was centrifuged at 3000 rpm for 10 minutes to
obtain plasma and processed for HPLC as described previously (Van Vliet et al.,
2006). The extraction recoveries were >95%. Limit of detection was 0.38 µg/ml
(Variation Coefficient<10%) and the assay was calibrated in the range from 0.38
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to 48 µg/ml.
P-gp expression in brain and liver
Western blots were made to determine P-gp levels in the contralateral homotypic
areas as described for the homogenate experiment and also in the liver. The
various brain regions and liver were homogenized in lysis buffer containing per 20
ml: 200 µl 1 M Tris pH 8.0; 1 ml 3 M NaCl; 2 ml 10% NP-40; 4 ml 50% glycerol;
800 µl Na-orthovanadate (10 mg/ml); 200 µl 0.5 M EDTA pH 8.0; 400 µl protease
inhibitors; 200 µl 0.5 M NaF; 11.2 ml H2O. Fifty µg total protein per lane, as
determined using bicinchoninic acid method (Smith et al., 1985), was separated by
SDS-PAGE, (7.5% acrylamide) and transferred to nitro-cellulose by electroblotting
(BioRad, Transblot SD, Hercules, USA). Blots were incubated with primary
antibodies (monoclonal mouse anti-C219, 1:500, Alexis Biochemicals, San Diego,
CA, USA; monoclonal mouse anti-ß-actin, clone AC-15, 1:50000, Sigma-Aldrich, St.
Louis, MO, USA) and the secondary antibody, anti-mouse labeled with horseradish
peroxidase (1:2500, DakoCytomation Denmark A/S, Glostrup, Denmark).
Immunoreactivity was visualized with lumi-light plus western blotting substrate
(Roche Diagnostics, Mannheim, Germany) and the blots were digitized using a
Luminescent Image Analyzer, LAS-3000 (Fuji Film, Tokyo, Japan). The optical
density of each sample was measured using Scion Image (Scion Corporation,
release beta 3b, Frederick, MD, USA) software. For each sample the optical density
of the P-gp was calculated relative to the optical density of ß-actin. All data were
normalized to control values (control rats treated with PHT).
Statistical comparisons
All data are expressed as mean±standard error of the mean (sem). Statistical
comparisons were performed using two-way ANOVA followed by a Dunnett’s t-test.
P<0.05 was assumed to indicate a significant difference.
Pharmacokinetics of phenytoin
To determine PHT pharmacokinetics, additional groups of chronic epileptic rats
(n=6) and control rats (n=10) were cannulated under ketamin/xylazin anesthesia.
The cannulas were inserted into the right jugular vein for PHT administration and
into the right femoral artery for blood sampling. The arterial cannula consisted of
4.5 cm polyethylene tubing (Portex Limited, Hythe, United Kingdom; I.D. 0.28;
O.D. 0.61 mm) heat-sealed to 18 cm polyethylene tubing (Portex Limited; I.D.
0.58, O.D. 0.96 mm). The venous cannula consisted of 12 cm polyethylene tubing
(I.D. 0.58, O.D. 0.96 mm). The cannulas were subcutaneously tunneled to the
back of the neck. The cannulas were filled with 0.9% saline containing heparin (50
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IU/ml) in order to prevent blood clotting. One day after surgery, 40 mg/kg PHT
was infused intravenously (0.1 ml/min) during 5 minutes. Arterial bloodsamples
(100 µl per sample) were collected in heparinized tubes before and 5, 7.5, 10,
12.5, 15, 20, 30, 40, 60, 90, 120 and 180 minutes after PHT administration, to
determine PHT plasma concentrations. Blood was centrifuged at 3000 rpm for 10
minutes and plasma was separated for drug analysis.
The plasma concentration-time profile of PHT could be described with a twocompartment model (figure 1), containing a blood compartment connected to a
virtual tissue compartment. The model was designed and validated for adequate
description of the pharmacokinetic response in plasma without identifying the
anatomical equivalents of compartment 2 (Della Paschoa et al., 1998). A bolus
injection of PHT could be given to compartment 1 from where PHT was cleared
with first-order Michaelis-Menten kinetics. The following set of coupled differential
equations describe the time course of the PHT concentrations C1 and C2 in
compartments 1 and 2 as a function of injection, clearance and exchange:

dC1 R Vmax × C1
=
−
− k12 × C1 + k 21 × C 2
dt
V1 K m + C1
dC 2
= k12 × C1 − k 21 × C 2
dt
R is the amount of infused PHT/5 min into V1 (distribution volume). Vmax is the
maximum rate of PHT elimination and Km the Michaelis-Menten constant; based on
previous experiments Km was set to 5.9 µg/ml (Della Paschoa et al., 1998). The
forward and the backward transfer rate constant (k12 and k21) describe the
exchange of PHT between the compartments.
The parameters of the PHT kinetics were estimated using non-linear
mixed-effects modeling in NONMEM software (Version V, NONMEM Project Group,
University of California, San Fransisco, CA, USA). The population analysis approach,
which takes into consideration both intra-individual variability as well as interindividual variability (Sheiner and Grasela, 1991), was undertaken using the firstorder conditional estimation (FOCE) method with η-ε interaction (Wahlby et al.,
2001). Goodness-of-fit was analyzed using minimum objective function value (OFV)
and assessment of parameter correlation. Visual inspection concerned two types of
diagnostic plots. First, the data of individual observations versus individual or
population predictions should be randomly distributed around the line of identity.
Second, the weighted residuals versus time or population predictions should be
randomly distributed around zero. A reduction of >10 units in OFV was considered
as a significant improvement of the fit (likelihood ratio test, p< 0.001). A covariate
analysis was used to determine whether statistically significant differences in the
pharmacokinetic parameters between control and epileptic rats existed. Using the
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likelihood ratio test, the significance level was set at α=0.01, which corresponds to
a reduction of 6.6 units in OFV.

Figure 1. The pharmacokinetic model that describes the concentration versus time profile of phenytoin in
plasma after bolus injection.
This model comprises two compartments; a blood compartment (compartment 1) with PHT concentration
C1 and a lumped tissue compartment (compartment 2), with PHT concentration C2. Bolus injection in
compartment 1 is described by R as the total amount of PHT infused into volume V1 in 5 minutes.
Elimination of PHT occurs only from compartment 1 according to first order Michaelis-Menten kinetics with
a maximum rate of Vmax and a Michaelis-Menten constant Km set to 5.9 µg/ml (Della Paschoa et al., 1998).
The exchange between the compartments is described by the forward and backward rate constants k12
and k21.
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Results
Spontaneous seizure activity
All chronic epileptic rats had frequent daily seizures. The mean seizure frequency
was 15±5 seizures/day in the week before the rats were killed. The mean seizure
duration was 65±5 seconds.
P-gp expression
Western blots were made to quantify P-gp levels in specific brain regions of control
and chronic epileptic rats that received only PHT and also for chronic epileptic rats
that received PHT+TQD (figure 2). Table 1 shows that P-gp levels were
significantly increased in the temporal hippocampus and in the parahippocampal
cortex of all chronic epileptic rats as compared to control rats. Other brain regions
(septal hippocampus, olfactory bulb and cerebellum) in these epileptic rats were
similar to control values. Since P-gp is also expressed in liver and might affect the
pharmacokinetic profile of PHT in the blood compartment, P-gp expression was
also determined in this organ. P-gp expression was increased (2.1±0.7 times
control value) in the liver of chronic epileptic rats compared to controls.

Figure 2. Western blots of P-gp from various brain regions and liver. P-gp expression increased in the
temporal hippocampus, parahippocampal cortex and liver of chronic epileptic rats (epi), compared to
control rats (con). P-gp expression was not changed in the septal hippocampus, olfactory bulb and
cerebellum. PHT=phenytoin, TQD=tariquidar.
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Table 1. P-gp expression in brain determined by Western Blot.
Epilepsy (PHT)
n=6

Epilepsy (PHT+TQD)
n=4

0.97 ± 0.06

0.91 ± 0.07

temporal hippocampus

1.99 ± 0.33 *

1.64 ± 0.01 *

parahippocampal cortex

1.41 ± 0.09 *

1.45 ± 0.10 *

olfactory bulb

0.82 ± 0.04

0.86 ± 0.12

cerebellum

0.89 ± 0.02

0.98 ± 0.09

septal hippocampus

Table shows the normalized (control rats set to 1) mean ratio (±SEM) of the optical density of the P-gp
relative to ß-actin expression measured on the Western blot for chronic epileptic rats treated with
phenytoin (PHT) and chronic epileptic rats treated with phenytoin and tariquidar (PHT+TQD).
* indicates p<0.05 for the Dunnett post-hoc test that followed a significant two-way ANOVA.

Phenytoin levels in plasma and brain
To determine whether PHT distribution changed in various brain regions of chronic
epileptic rats, the brain-to-plasma ratio was measured in both control and chronic
epileptic rats that received PHT only and in rats that received PHT+TQD.
Interestingly, the brain-to-plasma ratio of PHT significantly decreased in chronic
epileptic rats, specifically in brain regions that had P-gp overexpression: the
temporal hippocampus and parahippocampal cortex (table 2 and 3). Since PHT
plasma levels were within the considered therapeutic range (10-20 µg/ml) and not
significantly different between the groups, this indicates that the level of PHT
present in these brain regions of epileptic rats was lower compared to control rats.
Inhibition of P-gp by TQD significantly increased PHT brain-to-plasma ratio,
particularly in regions that had P-gp overexpression (temporal hippocampus and
parahippocampal cortex, table 2). In regions that did not have P-gp overexpression
(septal hippocampus, olfactory bulb, cerebellum) the PHT brain-to-plasma ratio
was not different from control values. PHT plasma levels did not change in these
rats (11.0±2.0 µg/ml).
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Table 2. PHT brain/plasma ratio one hour after PHT injection determined by HPLC.
Control (PHT)

Epilepsy (PHT)

n=6

n=6

Epilepsy (PHT+TQD)
n=4

septal hippocampus

1.74 ± 0.11

1.53 ± 0.28

1.46 ± 0.33

temporal hippocampus

2.20 ± 0.16

1.72 ± 0.14 *

parahippocampal cortex

1.76 ± 0.09

1.49 ± 0.08 *

olfactory bulb

1.49 ± 0.14

1.37 ± 0.15

1.45 ± 0.14

cerebellum

1.60 ± 0.11

1.43 ± 0.08

1.57 ± 0.15

PHT plasma (µg/ml)

13.7 ± 1.4

13.4 ± 2.7

11.0 ± 2.0

5.51 ± 0.58

+

6.29 ± 0.60

+

Phenytoin brain/plasma ratio (mean±sem) in control rats (PHT), chronic epileptic rats (PHT) and chronic
epileptic rats treated with tariquidar (PHT+TQD) one hour after PHT bolus injection. Plasma levels are
given in the bottom row.
* and + indicate p<0.05 for the Dunnett post-hoc test for comparison between epilepsy (PHT) and control
(*) and between epilepsy (PHT+TQD) and epilepsy (PHT) and control (+), respectively, that followed a
significant two-way ANOVA.

Table 3. PHT brain/plasma ratio 2.5 hours after PHT injection determined by HPLC.
Control (PHT)

Epilepsy (PHT)

n=5

n=5

septal hippocampus

1.57 ± 0.12

1.24 ± 0.04

temporal hippocampus

1.89 ± 0.12

1.27 ± 0.08 *

parahippocampal cortex

1.77 ± 0.13

1.18 ± 0.05 *

olfactory bulb

1.28 ± 0.13

1.22 ± 0.04

cerebellum

1.36 ± 0.08

1.33 ± 0.10

PHT plasma (µg/ml)

10.5 ± 1.0

8.0 ± 1.6

Phenytoin brain/plasma ratio (mean±sem) in control and chronic epileptic rats 2.5 hours after PHT bolus
injection. Plasma levels are given in the bottom row.
* indicates p<0.05 for the Dunnett post-hoc test that followed a significant two-way ANOVA.

Phenytoin pharmacokinetics
To determine the pharmacokinetics of PHT in control and epileptic rats, a twocompartment model with first-order Michaelis-Menten elimination from the central
(blood) compartment was used as described in the methods section. Figure 3A
shows the observed data and the fit of an individual rat, and indicates that the
model adequately describes the PHT response after a bolus injection at time 0. The
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observed PHT concentrations as a function of time of all control and epileptic rats
are displayed in figure 3B. The population pharmacokinetics of control and epileptic
rats are shown as solid and dotted lines in 3B. Covariate analysis on population
data of control and epileptic rats did not detect a difference in any of the estimated
pharmacokinetic parameters (table 4), as evidenced by performing the likelihood
ratio test. This indicates that PHT plasma concentrations were comparable between
control and epileptic rats and that local P-gp expression changes (e.g. in brain or
liver) do not influence PHT kinetics.

Figure 3. Pharmacokinetic profile of phenytoin.
A) Observed data and fitted curve of an individual rat indicate that the two-compartment model (fig. 1)
sufficiently described changes of PHT concentration with time after 5 min i.v. infusion of 40 mg/kg PHT.
B) The concentration-time profiles for control and epileptic rats predicted by the population
pharmacokinetic estimates are shown as solid lines (controls: continuous line, circles, n=10 and chronic
epileptic rats: dotted line, triangles; n=6). Covariate analysis indicated that the plasma pharmacokinetics of
control and chronic epileptic rats were not significantly different (see table 4 for parameters of the fit).
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Table 4. Population parameter estimates of PHT pharmacokinetics.
Control
Parameter
V1

(ml)

Vmax (µg/min)

Chronic epilepsy

n=10

n=6

17.1±2.6

13.0±1.8

0.5±0.1

0.5±0.1

k12

(1/min)

0.47±0.10

0.59±0.05

k21

(1/min)

0.12±0.02

0.15±0.02

Parameter fits (mean±SEM) of the pharmacokinetic model of PHT plasma concentration after bolus
injection (fig. 1, for details see methods).
V1 is the distribution volume into which PHT was injected for 5 minutes. Vmax represents the maximum
elimination rate of PHT from V1; k12 and k21 are the forward and backward transfer rates between
compartments 1 and 2. The Michaelis-Menten constant (Km, fig. 1) was set to 5.9 µg/ml on basis of
previous experiments.
The estimated pharmacokinetic parameters between control and chronic epileptic rats using the likelihood
ratio test (see methods) were not different. The concentration-time curves after bolus injection that can be
constructed from these parameters are illustrated in fig 3B.
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Discussion
The most important finding of this study is that reduced PHT levels as observed in
the ventral hippocampus and parahippocampal cortex of chronic epileptic rats were
associated with local P-gp overexpression and could specifically be increased via Pgp inhibition. In brain regions that did not have P-gp overexpression, PHT levels
were not different and were not sensitive to TQD treatment. Despite P-gp
overexpression in the liver of epileptic rats, PHT pharmacokinetics in plasma did
not change.
P-gp expression was increased in the epileptic rat brain in ventral limbic
brain regions (temporal hippocampus, and parahippocampal cortex, including
entorhinal, perirhinal and piriform cortex). Increased expression of P-gp has been
described before in various epilepsy models (Potschka and Loscher, 2002; Rizzi et
al., 2002; Van Vliet et al., 2004b; Volk and Loscher, 2005; Volk et al., 2004b) as
well as in temporal lobe epilepsy patients (Aronica et al., 2004). We show in the
present study that the overexpression of P-gp is region specific and restricted to
the ventral hippocampus and parahippocampal cortex. P-gp expression did not
change in the septal hippocampus, olfactory bulb and cerebellum. Overexpression
of P-gp seems to be correlated with seizure activity, since the brain regions in
which we observed P-gp overexpression are involved in seizure generation and/or
seizure spread. This is similar to the observation by Kwan et al. who showed
increased expression of multidrug resistance genes in the regions involved in
audiogenic (induced) seizure activity (midbrain and cortex) in the genetically
epilepsy-prone rat (Kwan et al., 2002).
Changes in the permeability of the blood-brain barrier may also contribute
to P-gp overexpression. We recently showed that blood-brain barrier permeability
is increased during epileptogenesis and in chronic epilepsy when serum albumin
can enter specific limbic brain regions (Van Vliet et al., 2007). Increased P-gp
expression nicely overlapped those regions in which increased BBB permeability
was found in our previous study (Van Vliet et al., 2007). Overexpression of
multidrug transporters could therefore be induced by the passive influx of various
serum derived substances (e.g. albumin or other blood components) that occur as
a result of BBB dysfunction. Since these substances do not enter the brain under
normal circumstances, the upregulation of multidrug transporters may act as a
compensatory mechanism in order to protect the brain against these serum
derived proteins. As a consequence this might contribute to decreased PHT levels.
Overexpression of P-gp in liver may also be induced by serum components, the
expression of which might have changed in epileptic rats (Tang et al., 2001).
Moreover, changes in hormonal regulation associated with epilepsy (Hamed et al.,
2005; Morris and Vanderkolk, 2005) might also induce P-gp in liver as has been
shown in a hyperthyroid rat model (Nishio et al., 2005).

125

Chapter 6___________________________________________________________
The involvement of P-gp in AED distribution was shown by coadministration of PHT and the P-gp inhibitor TQD: P-gp inhibition significantly
increased PHT brain levels (even above control values) in regions with P-gp
overexpression. In other regions (with low P-gp expression) PHT levels remained
unchanged. The fact that PHT brain levels in epileptic rats increased even above
control values during TQD treatment may be due to increased PHT influx during Pgp inhibition, together with increased albumin entry as a result of BBB dysfunction
(Van Vliet et al., 2007). Since PHT also easily binds to albumin it can accumulate in
regions with a compromised BBB function.
P-gp expression is not increased in all epileptogenic regions: e.g. P-gp
expression in the septal hippocampus of chronic epileptic rats was similar to that in
control rats. This may explain why pharmacosentitive and pharmacoresistant
epilepsy patients exhibit similar side effects to AEDs, which is in accordance with
the observation that raising AED plasma levels will ultimately lead to cytotoxic
effects, most likely in regions that exhibit “normal” P-gp expression. In addition,
the lack of overexpression should be taken into account when strategies will be
used that aim at lowering the P-gp expression and/or reducing P-gp function, since
this will compromise its protective function.
TQD is one of the most potent, selective and effective modulators of P-gp
(Mistry et al., 2001) and in vitro and in vivo reversal of P-gp mediated multidrug
resistance in cancer has been observed when TQD was given together with various
chemotherapeutic drugs in mice (Mistry et al., 2001). Moreover, inhibition of P-gp
improved seizure control in phenytoin and phenobarbital treated chronic epileptic
rats (Brandt et al., 2006; Van Vliet et al., 2006). Therefore, the application of
multidrug transporter inhibitors in combination with AEDs could be a useful therapy
for pharmacoresistant patients. Until now, two clinical epilepsy case-studies
reported improvement of seizure control in 2 intractable patients when verapamil
(a weak and non-specific P-gp inhibitor, which also effects calcium channels) was
added to AED therapy (Iannetti et al., 2005; Summers et al., 2004). We need to
gain more insight into the risks and benefits of the use of multidrug transporters
inhibitors. The use of TQD may bear a potential risk, since harmful substances can
enter the brain when multidrug transporters are inhibited. Since P-gp is also
present in other organs inhibition of P-gp function could also lead to toxicity in
these organs. Recently, a study in non-small-cell lung cancer patients was
discontinued due to a higher proportion of adverse effects in the TQD group
(Pusztai et al., 2005).
Since overexpression of P-gp was evident in the liver of chronic epileptic
rats, one might expect differences in clearance of PHT. However, the
pharmacokinetic profile of PHT in plasma was not different between control and
chronic epileptic rats. Apparently the enhanced excretion from the liver by P-gp is
not sufficient to change the time-plasma concentration profile and does not
influence the PHT concentration in this pharmacokinetic experiment (~10 µg/ml;
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therapeutic range 10-20 µg/ml). Although we did not observe changes in kinetics
during the 3 hours that were studied after PHT administration, we cannot exclude
that P-gp overexpression in the liver results in a decreased PHT plasma level
during chronic treatment. However, in a previous study the PHT plasma levels
were not different in epileptic and control rats after 1 week of treatment with PHT
(Van Vliet et al., 2006). Therefore it is not surprising (given the difference in size of
the brain and liver), that overexpression of P-gp at the blood-brain barrier also
does not significantly affect the plasma pharmacokinetics of PHT.
The concentration profile of PHT in plasma is sufficiently described by the
2-compartment model, which has been extensively validated (Della Paschoa et al.,
1998). The main aim was to accurately evaluate PHT plasma levels, so that the
plasma/brain ratio could be interpreted. Since the virtual tissue compartment (2)
does not exclusively reflect the brain, the model can not be used to predict brain
levels of PHT. Instead of modeling the PHT brain levels, we measured PHT brain
levels at two different time-points after injection (1 and 2.5 hours) using HPLC.
This analysis revealed a significantly reduced brain/plasma ratio in chronic epileptic
rats at both time-points, specifically in regions that had P-gp overexpression. This
observation, in combination with the fact that absolute PHT plasma values and PHT
pharmacokinetics did not change in these rats and that P-gp inhibition increased
PHT levels, suggests that P-gp plays an important role in PHT distribution at the
level of the blood-brain barrier, as has been proposed previously in animal studies
(Potschka and Loscher, 2001a; Potschka and Loscher, 2001b; Rizzi et al., 2002) as
well as in humans (Marchi et al., 2005b; Rambeck et al., 2006).
In conclusion, the present study indicates that overexpression of P-gp at
the blood-brain barrier of specific limbic brain regions rather than pharmacokinetic
alterations in plasma, causes a decrease of local PHT levels in the rat brain.
Whether P-gp also plays a role in the distribution of other AEDs is presently under
investigation.

127

Chapter 6___________________________________________________________
Acknowledgements
The authors are thankful to M.C. de Rijke and W.E. Dieters (Epilepsy Institute of
The Netherlands, Heemstede, The Netherlands) for technical assistance on
phenytoin analysis in plasma and brain samples. We also acknowledge Prof. Dr. M.
Danhof, K.B. Postel-Westra and G. Santen (Leiden/Amsterdam Center for Drug
Research, Leiden, The Netherlands) for advice and technical assistance on
pharmacokinetic analysis. We thank Dr. J. Waterfall (Xenova Limited, UK) for
providing tariquidar.
Footnotes
E.A. van Vliet is supported by a “Lopes da Silva fellowship” from the Epilepsy
Institute of The Netherlands (SEIN). This work was also partly supported by
“Nationaal Epilepsie Fonds” grant NEF03-03 (JAG).

128

_____________________________________P-gp affects phenytoin brain levels

129

7
Blood-brain barrier leakage may lead to progression of
temporal lobe epilepsy
E.A van Vliet, S. da Costa Araújo, S. Redeker, R. van Schaik,
E. Aronica and J.A. Gorter

Brain 2007, 130(pt2):521-34

Chapter 7___________________________________________________________

132

_______Blood-brain barrier leakage during progression of epilepsy
Abstract
Leakage of the blood-brain barrier (BBB) is associated with various neurological
disorders, including temporal lobe epilepsy (TLE). However, it is not known
whether alterations of the BBB occur during epileptogenesis and whether this can
affect progression of epilepsy. We used both human and rat epileptic brain tissue
and determined BBB permeability using various tracers and albumin
immunocytochemistry. In addition, we studied the possible consequences of BBB
opening in the rat for the subsequent progression of TLE. Albumin extravasation in
human was prominent after SE in astrocytes and neurons, and also in
hippocampus of TLE patients. Similarly, albumin and tracers were found in
microglia, astrocytes and neurons of the rat. The BBB was permeable in rat limbic
brain regions shortly after status epilepticus (SE), but also in the latent and chronic
epileptic phase. BBB permeability was positively correlated to seizure frequency in
chronic epileptic rats. Artificial opening of the BBB by mannitol in the chronic
epileptic phase induced a persistent increase in the number of seizures in the
majority of rats. These findings indicate that BBB leakage occurs during
epileptogenesis and the chronic epileptic phase and suggest that this can
contribute to the progression of epilepsy.
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Introduction
Due to its unique structure, the blood-brain barrier (BBB) is capable of limiting the
penetration of a variety of substances from the blood into the brain. The BBB plays
an important role in the homeostasis and is generally seen as a defense
mechanism that protects the brain against various molecules that may enter the
BBB. The BBB is composed of endothelial cells which form a diffusion barrier, due
to the presence of tight junctions that firmly connect endothelial cells (Kettenmann
and Ransom, 2005). In addition to this, efflux transporters of the ATP binding
cassette family (e.g. P-glycoprotein and multidrug resistance-associated proteins),
located at the luminal side of endothelial cells, may restrict further entry of
substances into the brain. To provide the brain with essential nutrients and remove
excreted substances, endothelial cells contain also numerous membrane
transporters (for review see Lee et al., 2001) involved in the influx/efflux of
essential substrates such as glucose, amino acids, electrolytes and nucleosides or
removal of xenobiotics.
Due to the development of small molecular weight tracers that enter the
damaged blood-brain barrier (BBB), disruption was found to be associated with
various neurological disorders such as migraine (Dreier et al., 2005),
postconcussion syndrome (Korn et al., 2005), multiple sclerosis (Minagar and
Alexander, 2003) and epilepsy (Ballabh et al., 2004; Neuwelt, 2004; Roch et al.,
2002; Seiffert et al., 2004). BBB disruption has been shown both in human (Mihaly
and Bozoky, 1984) as well as in animal studies after acute seizures (Ilbay et al.,
2003; Lassmann et al., 1984; Leroy et al., 2003; Nitsch and Klatzo, 1983; Oztas et
al., 2003; Pont et al., 1995; Ruth, 1984; Saija et al., 1992; Zucker et al., 1983) and
has been associated with abnormal EEG patterns (Korn et al., 2005; Pavlovsky et
al., 2005; Tomkins et al., 2001). Moreover, Friedman and colleagues showed that
focal opening of the BBB by direct cortical application of albumin-containing
solution can lead to the generation of an epileptic focus in rats (Seiffert et al.,
2004). However, it is not known how the BBB integrity changes during
epileptogenesis and whether alterations in BBB permeability can contribute to
spontaneous seizure progression. To get more insight into the role of BBB
disruption in epileptogenesis and progression of epilepsy, we determined BBB
permeability in epileptic rats and humans and studied the possible consequences of
a compromised BBB for the subsequent seizure progression. Since previous studies
have shown that albumin can serve as an indicator of compromised BBB function in
a variety of pathophysiological conditions (Cornford and Hyman, 1999; Seiffert et
al., 2004), we used albumin and albumin-binding dyes to visualize BBB leakage.
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Materials and Methods
Albumin immunoreactivity in human brain
To determine BBB permeability in human epileptic brain, albumin extravasation
was studied by immunocytochemistry. Brain material was obtained from the files of
the departments of neuropathology of the Academic Medical Center (University of
Amsterdam). Patients underwent resection of the hippocampus (n=6) for medically
intractable epilepsy. To reduce metabolic injury, the fissural blood supply was kept
intact until removal of the hippocampus. The surgical material is directly fixated
after dissection and therefore in optimal condition. In addition, autopsy material
was used of 2 epilepsy patients that died during an acute status epilepticus (SE).
These patients had a long history of epilepsy (Table I) and died before
pharmacological treatment was started to stop the SE. Pathological examination
excluded encephalitis or meningitis. This material was compared to normalappearing hippocampi of 5 autopsy specimens from patients without history of
seizures or other neurological diseases. Tissue was obtained and used in a manner
compliant with the Declaration of Helsinki. Table 1 summarizes the clinical features
of all patients. Brain tissue was fixed in 10% buffered formalin, paraffin embedded,
sectioned at 6 µm and mounted on organosilane-coated slides (Sigma, St. Louis,
MO, USA). Two hippocampal sections of each patient were processed for
immunocytochemistry. Sections were deparaffinated in xylene, rinsed in ethanol
(100%, 95%, 70%) and incubated for 20 min. in 0.3% hydrogen peroxide diluted
in methanol. Slides were then washed with phosphate-buffered saline (PBS; 10
mM, pH 7.4) and incubated overnight in anti-albumin (rabbit anti-human albumin;
1:20.000; DakoCytomation, Glostrup, Denmark) at 4°C. Hereafter, sections were
washed in PBS and stained with a polymer based peroxidase immunocytochemistry
detection kit (PowerVision Peroxidase system, ImmunoVision, Brisbane, CA, USA).
After washing, sections were stained with 3,3’-diaminobenzidin tetrahydrochloride
(50 mg DAB, Sigma-Aldrich, Zwijndrecht, The Netherlands) and 5 µl 30% hydrogen
peroxide in a 10 ml solution of Tris-HCl. Sections were counterstained with
hematoxylin, dehydrated in alcohol and xylene and coverslipped. Sections
incubated without anti-albumin or with preimmune serum were essentially blank.

135

136
<5
> 20
10
10-30
10- 20
5-10
30
10-20

1/17/M
2/21/M
3/19/F
4/33/F
5/27/M
6/48/M
7/18/M*
8/23/M*

1
2
6
15
10
17
<1
9

6
19
13
18
17
31
18
14

CPS
PHT/CBZ/PB
CPS/SGS
PHT/CBZ/PB
CPS
CBZ/PB/VPA
CPS/SGS
CBZ/PB/VPA
CPS
CBZ/PB/VPA
CPS/SGS
PHT/CBZ/PB
CPS/SGS/SE CBZ/PB
CPS/SGS/SE CBZ/LEV

Age Onset(yr) Dur. Epilepsy(yr) Seizure type AEDs

6
1
1
2
3
1
-

*, Autopsy patients. CPS, complex partial seizures; SGS, secondary generalized seizures; SE, status epilepticus; AEDs, antiepileptic drugs; PHT, phenytoin;

PB, Phenobarbital; CBZ, carbamazepine; VPA, valproate; LEV, levetiracetam.

IA
IA
IA
IA
IA
IA
-

Follow-up (yr) Engel class

TLE, temporal lobe epilepsy; HS, hippocampal sclerosis; HMEG: hemimegalencephaly; W, Wyler grading system; ND, pathology not defined at autopsy;

TLE/HS (W3)
TLE/HS (W3)
TLE/HS (W3)
TLE/ HS (W3)
TLE/HS (W3)
TLE/HS (W3)
TLE/HMEG
Epilepsy/ND

Seiz Freq/months

Patient/age (yr)/sex Clin/Path diagnosis

Table 1. Summary of the clinical and neuropathological data of the patients with epilepsy.
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Experimental animals
To evaluate whether changes of BBB permeability occurred during epileptogenesis,
the status epilepticus (SE) rat model for temporal lobe epilepsy was used (Gorter
et al., 2001).
Adult male Sprague Dawley rats (Harlan CPB laboratories, Zeist, The
Netherlands) weighing 400-550 gram were housed individually in a controlled
environment (21±1°C; humidity 60%; lights on 08:00 AM - 8:00 PM; food and
water available ad libitum). The study was approved by the University Animal
Welfare committee.
Electrode implantation. Rats were anesthetized with ketamine (57 mg/kg;
Alfasan, Woerden, The Netherlands) and xylazine (9 mg/kg; Bayer AG, Leverkusen,
Germany) and placed in a stereotactic frame. In order to record hippocampal EEG,
a pair of insulated stainless steel electrodes (70 µm wire diameter, tips were 0.8
mm apart) were implanted into the left dentate gyrus under electrophysiological
control as previously described (Gorter et al., 2001). A pair of stimulation
electrodes was implanted in the angular bundle.
Status epilepticus induction. Two weeks after electrode implantation, each
rat was transferred to a recording cage (40x40x80 cm) and connected to a
recording and stimulation system (NeuroData Digital Stimulator, Cygnus
Technology Inc, Delaware Water Gap, NJ, USA) with a shielded multi-strand cable
and electrical swivel (Air Precision, Le Plessis Robinson, France). A week after
habituation to the new condition, rats underwent tetanic stimulation (50 Hz) of the
hippocampus in the form of a succession of trains of pulses every 13 seconds.
Each train had a duration of 10 seconds and consisted of biphasic pulses (pulse
duration 0.5 ms, maximal intensity 500 µA). Stimulation was stopped when the
rats displayed sustained forelimb clonus and salivation for minutes, which usually
occurred within 1 hour. However, stimulation never lasted longer than 90 minutes.
Behavior was continuously monitored during electrical stimulation and several
hours thereafter. Immediately after termination of the stimulation, periodic
epileptiform discharges (PEDs) occurred at a frequency of 1-2 Hz and were
accompanied by behavioral generalized seizures and EEG seizures (status
epilepticus (SE)). The total PEDs duration was considered as the total SE duration.
In 34 rats a SE was electrically evoked, which lasted for at least 3 hours, up to 13
hours. Electrode implanted control rats were handled and recorded identically, but
did not receive electrical stimulation.
EEG monitoring. Differential EEG signals were amplified (10x) via a FET
transistor that connected the headset of the rat to a differential amplifier (20x;
CyberAmp, Axon Instruments, Burlingame, CA, USA), filtered (1-60 Hz), and
digitized by a computer. A seizure detection program (Harmonie, Stellate Systems,
Montreal, Canada) sampled the incoming signal at a frequency of 200 Hz per
channel. All EEG recordings were visually screened and seizures were confirmed by
137

Chapter 7___________________________________________________________
trained human observers. All rats were monitored continuously from the SE
onwards, until the first spontaneous seizure appeared. Hereafter some rats were
disconnected from the set-up. All rats were connected again 4 months later and
continuous EEG recordings (24 hours/day) were started to determine seizure
frequency and duration. As previously described (Gorter et al., 2001; Van Vliet et
al., 2004c), a stable baseline of seizure frequency is normally reached in chronic
epileptic rats at this time-point, and no seizure clusters occur. Rats were monitored
for at least one week and experiments were not started before a stable baseline
was reached.
Albumin immunoreactivity in rat brain
Albumin extravasation in the rat was studied by fluorescent albumin
immunocytochemistry. A subset of free-floating sections that was used in Evans
Blue tracer experiments (see below) were washed (2x10 minutes) in 0.05 M PBS
and then incubated with anti-albumin (rabbit anti-albumin, 1:100,
DakoCytomation, Glostrup, Denmark). Twenty-four hours later, the sections were
washed in PBS (3x10 minutes) and incubated for 1.5 hours in anti-rabbit Alexa
Fluor 488 (1:200, Molecular Probes). Following three additional washes in PBS,
sections were mounted on slides (Superfrost Plus, Menzel, Braunschweig,
Germany) and coverslipped with mounting medium for fluorescence, containing
4’,6-diamidino-2-phenylindole, which labels cell nuclei (Vectashield with DAPI,
Vector Laboratories, Burlingame, CA, USA). Images were acquired using a
confocal-laser scanning microscope and Adobe Photoshop.
Quantification of blood-brain barrier permeability
Since the detection of extravasated albumin by immunocytochemistry is not an
accurate measurement to determine whether the BBB was permeable at a specific
time-point, additional experiments were performed in rats. In order to quantify
BBB permeability during epileptogenesis and relate changes in permeability directly
to seizure activity, rats were injected with 2 different fluorescent tracers that do
not enter the brain under normal circumstances (except for the circumventricular
organs). In addition, these tracers bind to albumin, so that a comparison could be
made with immunocytochemical data. Fluorescein (FSC) was used to quantify BBB
permeability microscopically, while Evans Blue (EB) was used in a limited number
of rats to detect BBB permeability macroscopically and to confirm the distribution
of BBB permeability microscopically as detected by FSC. These tracers were
intravenously administered via the tail vein (EB, 50 mg/kg i.v., Sigma-Aldrich,
Steinheim, Germany; FSC; 100 mg/kg i.v., Merck, Darmstadt, Germany) under
isoflurane anesthesia (4 vol%). EEG recordings were discontinued during
anesthesia, which never lasted longer than several minutes. Rats were injected in
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the acute seizure period (1 day after SE induction; EB n=2; FSC n=5; and 2 days
after SE; FSC n=4), in the latent period (1 week after SE; EB n=1; FSC n=5) and
in the chronic seizure period (4 months after SE; EB n=2; FSC n=7), when rats
display spontaneous seizures (average seizure frequency 0.3 seizures/hour). In
addition, electrode implanted control rats that were not stimulated were included
as well (EB n=2; FSC n=5). Rats were disconnected from the EEG recording set-up
2 hours after tracer injection and deeply anesthetized with pentobarbital
(Nembutal, intraperitoneally, 60 mg/kg). The animals were perfused through the
ascending aorta with 100 ml of physiological salt solution, followed by 300 ml 4%
paraformaldehyde/0.2% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4. The
brains were post-fixed in situ overnight at 4°C, dissected and cryoprotected in 30%
phosphate-buffered sucrose solution, pH 7.4. After overnight incubation at 4°C, the
brains were frozen in isopentane (-30°C) and stored at -80°C until sectioning.
Sagittal sections (40 µm) were cut using a sliding microtome. Sections were
collected in 0.1 M phosphate buffer and processed for immunocytochemistry.
Detection of Evans Blue and Fluorescein
To detect extravasation of the fluorescent albumin-binding dyes EB and FSC,
sagittal sections were mounted on slides (Superfrost Plus, Menzel, Braunschweig,
Germany) and coverslipped with mounting medium for fluorescence (Vectashield,
Vector Laboratories, Burlingame, CA, USA). Tracers were detected using a
confocal-laser scanning microscope (Zeiss LSM510) with appropriate filter settings
(EB excitation 546 nm, emission 611 nm; FSC excitation 488 nm, emission 520
nm). Images were made using Zeiss software (Zeiss LSM Image browser) and
Adobe Photoshop. A quantification of FSC sections was made for each rat using 3
different sections: 2.4, 3.4 and 4.6 mm lateral to bregma (Paxinos and Watson,
1998). Tracers were analyzed in limbic brain regions that are thought to be
involved in the generation and/or spread of seizure activity, and also in the
cerebellum. The following brain regions were analyzed: hippocampus (granule cell
layer), entorhinal cortex (layer II/III), anterior piriform cortex (layer II/III),
amygdala (basolateral amygdala nucleus), thalamus (ventral postero-medial/lateral
nucleus) and cerebellum. The confocal grid (271x271 µm, 15x15 squares) was
placed on the selected brain region and the number of squares that contained a
FSC signal was counted. The intensity of the FSC signal was evaluated using the
histogram function in Adobe Photoshop. The average signal intensity measured in
control rats (which was close to zero in all analyzed regions), was used for the
background correction. We constructed a “permeability index” (number of squares
that contained a FSC signal x FSC intensity) and all data were expressed as
mean+SEM. Statistical analysis on the permeability index was performed using
ANOVA, followed by the Student’s t-test. Differences with p<0.05 were considered
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significant. A correlation between two ordinal variables was calculated using a
Spearman’s rank correlation test (p<0.05).
Colocalization study
To confirm that EB and FSC bind to albumin and to determine whether EB and FSC
colocalized with specific cell types, double labeling was performed on a subset of
sections (at least 2 sections/rat, 2.4, 3.4 and 4.6 mm lateral to bregma) with antialbumin (rabbit anti-albumin, 1:100, DakoCytomation, Glostrup, Denmark), the
microglial marker anti-OX-42 (mouse anti-rat CD11b/c (OX-42), 1:100,
PharMingen, CA, USA), the astrocytic marker anti-Glial Fibrillary Acidic Protein
(mouse anti-GFAP, 1:1000, DakoCytomation, Glostrup, Denmark) and the neuronal
marker anti-NeuN (mouse anti-NeuN, 1:1000, Chemicon, UK). Free-floating
sections were washed (2x10 minutes) in 0.05 M PBS, followed by washing (1 x 60
min) in PBS+0.4% Bovine Serum Albumin (BSA). BSA was omitted in all solutions
for albumin staining. Sections were then incubated in primary antibodies. Twentyfour hours after the incubation with the primary antibody, the sections were
washed in PBS (3x10 minutes) and incubated for 1.5 hours in Alexa Fluor 568 (FSC
sections; goat anti-mouse IgG, 1:200, Molecular Probes) or Alexa Fluor 488 (EB
sections; goat anti-mouse IgG Alexa, 1:200, Molecular Probes). Following three
additional washes in PBS, sections were mounted on slides (Superfrost Plus,
Menzel, Braunschweig, Germany) and coverslipped with mounting medium for
fluorescence (Vectashield, Vector Laboratories, Burlingame, CA, USA). Images
were acquired using a confocal-laser scanning microscope and Adobe Photoshop.
Fluoro-Jade B staining
To evaluate whether tracer/albumin containing cells were degenerating cells, a
Fluoro-Jade B (FJB) staining was performed as described previously (Schmued and
Hopkins, 2000) on a subset of sections (at least 2 sections/rat, 2.4, 3.4 and 4.6
mm lateral to bregma) of rats that were injected with EB. Sections were mounted
on coated slides (Superfrost Plus, Menzel, Braunschweig, Germany) and dried
overnight at room temperature. They were immersed in absolute alcohol for 3 min.
followed by 70% ethanol for 1 min. and distilled water for 1 min. The slides were
transferred to 0.06% potassium permanganate for 15 min. After rinsing with
distilled water (1 min), the slides were transferred to a 0.001% polyanionic
fluorescein derivative solution (FJB, Histo-Chem Inc, Jefferson, AR, USA) made in
0.1% acetic acid. Slides were rinsed in water, dried, immersed in xylene and
coverslipped with mountant for histology (DPX, Sigma-Aldrich, Zwijndrecht, The
Netherlands). Images were acquired using a confocal-laser scanning microscope
and Adobe Photoshop.
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Artificial opening of the blood-brain barrier
To investigate whether alterations in BBB permeability could influence seizure
activity, the BBB was opened with mannitol (1.5 g/kg i.v., 25% solution, once daily
for 3 consecutive days) under isoflurane anesthesia (4 vol%) in both control rats
(n=5) and in chronic epileptic rats with a stable seizure frequency (n=8). EEG
recordings were discontinued during anesthesia, which never lasted longer than
several minutes. We confirmed that this protocol resulted in BBB extravasation of
fluorescein (data not shown) and that short isoflurane anesthesia combined with
physiological salt administration, does not influence daily seizure activity (Van Vliet
et al., 2006). Rats were under continuous EEG monitoring and the number of
seizures and the seizure duration were evaluated before, during and after mannitol
treatment. Statistical analysis was performed using the paired Student’s t-test.
Differences with p<0.05 were considered significant.
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Results
Albumin immunoreactivity in human and rat brain
Alterations in BBB permeability, resulting in albumin extravasation were detected
using immunocytochemistry. In the human hippocampus of autopsy controls
(n=5), no albumin extravasation was observed (figure 1A-B). In contrast, in
resected hippocampi of patients with temporal lobe epilepsy (n=6) strong albumin
immunoreactivity (IR) was present in parenchyma throughout the hippocampus,
next to blood vessels (figure 1E). Neurons and astrocytes located around these
vessels were also albumin positive (figure 1F). Most albumin extravasation was
observed in autopsy material of patients that had died during status epilepticus
(SE; n=2). Very strong albumin IR was seen around all blood vessels within the
hippocampus and cortex (figure 1C). In addition, many neurons and astrocytes
were also highly immunoreactive (figure 1D). No albumin extravasation was
observed in the cerebellum of these patients.
In control rats no albumin could be detected in limbic brain regions (e.g.
hippocampus, figure 2A). However, in the acute and latent phase (respectively 1-2
days and 1 week after SE) albumin extravasation was evident in the hippocampus
(figure 2B and 2C), entorhinal cortex, piriform cortex, thalamus, amygdala and
olfactory bulb. In chronic epileptic rats albumin was present, but not as widespread
as acutely after SE. Albumin was detected especially in the piriform cortex, but the
hippocampus (figure 2D), entorhinal cortex, thalamus and amygdala were also
immunoreactive for albumin.
Blood-brain barrier permeability during epileptogenesis in rats
To assess leakage of the BBB, rats were sacrificed in the acute seizure period (1-2
days after SE), in the latent period when no seizures were observed (1 week after
SE) and in the chronic epileptic period (4 months after SE), which is characterized
by recurrent spontaneous seizures. The tracers Evans Blue (EB) or Fluorescein
(FSC) were injected at these different time points.

Control rats
In control rats, no EB staining was observed macroscopically (figure 3A, D and G)
or microscopically (figure 4A) in the analyzed brain regions. The average FSC
signal intensity was close to zero in all analyzed regions (figure 6F). Since the BBB
is not permeable to FSC in control rats these data were used for the background
correction.
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Figure 1. Albumin immunocytochemistry in the human hippocampus.
In autopsy control tissue (A-B) no albumin staining is present. Most albumin extravasation was observed in
autopsy material of patients that died during status epilepticus. Very strong albumin IR was seen around
all blood vessels within the hippocampus and cortex (C-D). In addition, many neurons (arrowheads in D)
and astrocytes (arrows in D) were also highly immunoreactive. In resected hippocampi from temporal lobe
epilepsy patients strong albumin immunoreactivity (IR) was present in parenchyma throughout the
hippocampus, next to blood vessels (arrows in E). Neurons (arrowheads in F) and astrocytes (black arrows
in F) were also albumin positive. The white arrow in F shows a blood vessel with albumin extravasation.
Scale bar A,C and E = 800 µm, B,D and F = 75 µm.
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Figure 2. Albumin immunocytochemistry in the rat hippocampus.
In control rats (A) albumin could not be detected in the dentate gyrus of the hippocampus. Sections were
counterstained with DAPI (blue) to visualize cells. In the acute (B) and latent phase (C), albumin
extravasation was evident throughout the dentate gyrus (green). In chronic epileptic rats (D) albumin was
present in the dentate gyrus (arrowheads), but not as widespread as acutely after SE. Inset in D shows
high magnification of the hilus, containing albumin particles (green). Scale bar = 100 µm, gcl= granule cell
layer.

Acute phase
In the acute seizure phase (one day after SE), brains were edematous and EB
extravasation was observed macroscopically in the hippocampus, entorhinal cortex,
piriform cortex, thalamus, septum and olfactory bulb (figure 3B, E and H). In these
brain regions EB was abundantly present (figure 4B) in neurons, as shown by
colocalization with the neuronal marker NeuN (figure 4K). In addition, EB
colocalized with the microglial marker OX-42 (figure 4E) and astrocytic marker
GFAP (figure 4H), although these cells were less often observed compared to
neurons that contained EB. No EB staining was observed in the cerebellum.
Immunostainings with anti-albumin confirmed that EB containing cells also
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contained albumin (figure 5A-C). A large number of these cells colocalized with
FJB (figure 5D-F), indicating degeneration. However, some neurons contained EB,
but no FJB (arrowhead in 5F), which suggests that not all albumin containing cells
die.
A very large increase of FSC staining was detected in most limbic brain regions
(figure 6G). One day after SE, the FSC permeability index increased significantly
compared to controls in the parenchyma of the hippocampus, entorhinal cortex,
piriform cortex, thalamus and amygdala (figure 6A-E). Two days after SE, the BBB
was still permeable, however, when compared to one day SE, the FSC permeability
index decreased significantly 1.5-2 times in most analyzed regions (figure 6). The
cerebellum did not contain FSC.

Figure 3. Evans Blue (EB) extravasation during epileptogenesis.
In control rats, no EB staining was observed macroscopically (lateral view (A) ; midsagittal cut (D); ventral
view right half of the brain (G). In the acute seizure period, brains were edematous and EB extravasation
was observed in the hippocampus, entorhinal cortex, piriform cortex, thalamus, septum and olfactory bulb
(arrows in B, E and H). No EB staining was observed in the cerebellum. In chronic epileptic rats (C, F and
I) EB staining was similar to control rats. However, an increased EB staining was observed microscopically
(figure 4).
E= entorhinal cortex, O= olfactory bulb, S= septum, H=hippocampus, T= thalamus, P=piriform cortex.
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Figure 4. Evans Blue (EB) extravasation during epileptogenesis.
In control rats, no EB staining (red) was observed microscopically (A, D, G and J). In the acute seizure
period EB (red) was abundantly present (B). EB colocalized with the microglial marker OX-42 (E,
arrowhead shows activated microglia migrating towards EB particle) and astrocytic marker GFAP (H) and
the neuronal marker NeuN (K). In chronic epileptic rats increased EB staining was observed
microscopically, mainly in layer III of the piriform cortex (C). Inset shows high power magnification. EB
colocalized with reactive microglial cells (F) and astrocytes that surrounded blood vessels (I). Sparse
labeling was found in neurons (L). Scale bar A-C = 100 µm, inset in C = 18 µm, D-F = 20 µm, G-I = 25
µm, J-L = 20 µm.
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Latent phase
In the latent phase (one week after SE), EB extravasation was observed in the
same brain regions as described at 1 day after SE, however to a smaller extent
(data not shown). Similarly, the FSC permeability index decreased further (figure
6) and was 3-4 times less compared to 2 days after SE in most regions, except for
the entorhinal cortex in which the most intense FSC was observed (figure 6B).
Compared to control rats the FSC permeability index was still increased.

Chronic epileptic phase
In chronic epileptic rats (4 months after SE), EB staining was macroscopically
similar to control rats (figure 3C, F and I). However, microscopic examination also
revealed an increased EB staining, although to a much smaller extent than in the
acute seizure period. Immunostainings with anti-albumin showed that EB
colocalized with albumin in most cases (figure 5G-I). However, some EB particles
did not colocalize with albumin (arrowheads in 5I). EB particles were most
frequently seen in layer III of the piriform cortex (figure 4C), although the
hippocampus, entorhinal cortex, thalamus, and amygdala also contained some EB
particles. EB was mainly present in reactive microglial cells (figure 4F) and in
astrocytes that surrounded blood vessels (figure 4I). Sparse labeling was found in
neurons (figure 4L). No colocalization was found with FJB (figure 5 J-L). The
cerebellum did not contain EB.
The FSC permeability index was significantly increased compared to
control rats in the piriform cortex (figure 6C), hippocampus, entorhinal cortex,
thalamus and amygdala (figure 6A, B, D, E). FSC was found as “green particles”
with high fluorescence intensity close to cell nuclei. These particles were most
evident in rats with a high seizure frequency. Similarly as has been shown for EB in
figure 4A, FSC was mainly present in reactive microglial cells, located in layer III of
the piriform cortex (data not shown). FSC was also present in astrocytes and
neurons in this region, although less frequently compared to microglial
colocalization.
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Figure 5. Colocalization of Albumin, Fluoro-Jade B and Evans Blue. Immunostainings with anti-albumin
confirmed that EB containing cells also contained albumin, both in the acute period (1 day after SE; A-C)
as well as in chronic epileptic rats (4 months after SE; arrows in I). However, not all EB particles
colocalized with albumin in the chronic period (arrowheads in I). A large number of EB positive cells
colocalized with Fluoro-Jade B in the acute period (arrows in F), indicating degeneration. However, some
neurons contained EB, but no Fluoro-Jade B (arrowhead in F), which suggests that not all albumin
containing cells die. In chronic epileptic rats most EB were found in the piriform cortex (arrowheads in L).
These particles did not colocalize with Fluoro-Jade B (arrows in L). Scale bar = 20 µm.
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Figure 6. Permeability index of Fluorescein (FSC) during epileptogenesis in the hippocampus (A),
entorhinal cortex (B), piriform cortex (C), thalamus (D) and amygdala (E). In F and G typical examples of
FSC staining (green) in the hippocampus of a control and a rat sacrificed in the acute period. Sections
were counterstained with DAPI (blue) to visualize cells. While no FSC is present in the control, abundant
parenchymal FSC staining is present 1 day after SE. The permeability index is expressed as mean+SEM. In
the acute seizure period, a tremendous increase of the FSC permeability index was detected in all limbic
brain regions. In the latent period, the FSC permeability index decreased and was 3-4 times less compared
to 2 days after SE in most regions, except for the entorhinal cortex in which the most intense FSC was
observed (B). However, the FSC permeability index was still significantly increased compared to control
rats. In chronic epileptic rats the FSC permeability index was significantly increased in the piriform cortex
(C), but also in the hippocampus, entorhinal cortex, thalamus and amygdala (A, B, D, E). “*” indicates
significant difference compared to control values, ANOVA followed by the Student’s t-test (p<0.05). “+”
indicates significant difference compared to previous time-point (Student’s t-test, p<0.05).
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Seizure activity and changes of BBB permeability
FSC presence in the piriform cortex (which had the highest FSC permeability
index), was related with the seizure frequency (average number of seizures/hour
of every chronic epileptic rat during the week before sacrifice). Figure 7A shows
that a higher seizure frequency was related to a more permeable BBB (Spearman’s
rank, two tailed, p<0.01, r value 0.92). We further investigated the permeability of
BBB in relation to the occurrence of the last seizure. For each rat, the time
between the last seizure and sacrifice was calculated and compared with the
permeability to FSC in the piriform cortex. Figure 7B shows that the time span
between the last seizure and sacrifice was negatively correlated with BBB
permeability (Spearman’s rank, one tailed, p<0.05, r value -0.70). Out of the 7
rats, 3 rats experienced a seizure during the presence of the tracer (shaded area in
figure 7B). The other 4 rats experienced a seizure prior to tracer injection. In 2 of
these rats FSC was also present. In the other 2 in which the last seizure occurred
at least one day before sacrifice, no FSC signal was detected.

Figure 7. Relationship between seizure frequency and the FSC permeability index in the piriform cortex
(A). A higher seizure frequency was related to a more permeable BBB (Spearman’s rank, two tailed,
p<0.01, r value 0.92). In B the relationship between the occurrence of the last seizure and the FSC
permeability index in the piriform cortex. The time span between the last seizure and sacrifice was
negatively correlated with BBB permeability (Spearman’s rank, one tailed, p<0.05, r value -0.70). The
shaded area shows the presence of the tracer, which was injected 2 hours before sacrifice.
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To determine whether changes in BBB permeability can affect seizure
activity, additional experiments were performed. In order to artificially open the
BBB, both control and chronic epileptic rats were infused with mannitol. Epileptic
rats that had a relatively stable daily seizure frequency (on average 4.2±0.6
seizure/day, n=8) were selected and the effect on seizure frequency was
measured during and after mannitol treatment. Mannitol did not induce seizures in
control rats. In contrast, the seizure frequency was significantly enhanced during 3
day mannitol treatment in all chronic epileptic rats (compared to pre-treatment
values, paired student’s t-test, p<0.01; figure 8). The seizure frequency was still
significantly increased in all rats during 3 days after mannitol treatment was
stopped. After the first 3 days, 2 groups of rats could be distinguished on basis of
their seizure frequency. In the majority of rats (n=5) the seizure frequency
increased progressively over time (progressive; figure 8). In 3 out of 8 rats the
seizure frequency returned to pre-treatment values (non-progressive). Mannitol
treatment did not affect seizure duration (pre-treatment period, 60±5 sec;
mannitol treatment, 61±4 sec; after mannitol treatment was stopped, 58 ±3 sec).

Figure 8. Seizure frequency in chronic epileptic rats before, during and after mannitol treatment
(mean±sem of consecutive 3 day periods). The seizure frequency increased significantly in all chronic
epileptic rats during mannitol treatment (compared to pre-treatment values, paired Student’s t-test,
p<0.05). Hereafter, 2 groups of rats could be distinguished on the basis of their seizure frequency. In the
majority of rats (n=5) the seizure frequency increased progressively over time (progressive). In 3 out of 8
rats the seizure frequency returned to pre-treatment values (non-progressive).
“*” indicates significant difference compared to pretreatment values (paired Student’s t-test p<0.05).
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Discussion
The main new findings of our study are:
1) Opening of the BBB is occurring likely after a single seizure in the chronic

epileptic phase;
2) transient opening of the BBB by hyperosmotic treatment can aggravate epileptic
seizures, often in a persistent manner.
The BBB was disrupted in epileptic rats and humans, both shortly after SE as well
as in the chronic epileptic phase. In rats, we showed that the BBB is not only open
during a seizure but remains open for at least 1 hour hereafter. Nevertheless, rats
that just experienced a seizure had a more permeable BBB, indicating that the BBB
is even more open during a spontaneous seizure. Changes in BBB integrity may be
caused by increased local blood pressure that occurs during seizures (Nitsch and
Klatzo, 1983; Oztas and Kaya, 1991), free radical formation (Oztas et al., 2001),
inflammatory responses such as leukocyte recruitment, cytokine-, and interleukinproduction (Patel, 2004; Vezzani and Granata, 2005) and/or loss of tight junctions
molecules (Ballabh et al., 2004).
One of the consequences of increased BBB permeability is the
accumulation of serum proteins that enter the brain, which may contribute to
increased excitability. It has been shown recently that epileptiform activity can be
induced by direct cortical application of albumin-containing solution in rats,
suggesting that serum proteins play a role in the pathogenesis of focal epilepsies
(Seiffert et al., 2004). Interestingly, albumin was found specifically in regions with
more EEG spiking activity in human (Cornford et al., 1998) and induced calcium
waves in rat cortical astrocytes (Nadal et al., 1997). We showed a positive
correlation between BBB permeability and the occurrence of spontaneous seizures
in chronic epileptic rats. The increased BBB permeability was mainly observed in
the piriform cortex, which is considered to be highly epileptogenic (Demir et al.,
1999; Ebert et al., 2000; Loscher and Ebert, 1996). However, several other limbic
regions also showed BBB leakage, although to lesser extent. This positive
correlation and the finding that artificial opening of the BBB by mannitol increased
seizure frequency in chronic epileptic rats add up to the increasing evidence that
BBB leakage could contribute to the increased excitability or maintenance of the
epileptic condition. The fact that the rats do not experience seizures during the
latent period when the BBB leakage is manifold higher that during the chronic
epileptic phase might be due to other factors such as transient decreased
expression of genes related to synaptic transmission which has been observed
during the latent period (Gorter et al., 2006). Moreover, leakage of the BBB early
in the process of epileptogenesis may not directly cause seizure activity as
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suggested by the study of Seiffert et al, in which increased excitability was not
observed until 4-7 days after BBB disruption (Seiffert et al., 2004).
In contrast, acute opening of the BBB in chronic epileptic rats increased
the seizure frequency in all rats. In the majority of rats (62%) this led to a
permanent and progressive increase in the number of seizures later on.
Interestingly, one of the complications of BBB opening by mannitol in humans to
treat brain tumors is the occurrence of seizures in 4-50% of the patients (Neuwelt
et al., 1986; Neuwelt et al., 1983; Roman-Goldstein et al., 1994). In rats, increased
BBB opening did not necessarily lead to a persistent seizure progression, since in a
subset of rats (38%) the number of spontaneous seizures returned to pre-mannitol
treatment levels. The specific mechanisms that may induce increased excitability
after BBB disruption are not known, but it has been hypothesized that slow
processes regulated at the transcriptional–translational level (triggered by the
increased concentration of proteins in the brain extracellular fluid), activation of
astrocytes, impaired potassium buffering and the development of calcium waves in
astrocytes may be a few of the causes (Nadal et al., 1997; Seiffert et al., 2004).
Besides hyperexcitability, serum proteins may be involved in
neurodegeneration. Albumin was mainly found in neurons in epileptic tissue of
human as well as in the rat shortly after SE, when cell death occurs (Gorter et al.,
2003). Many cells colocalized with FJB, indicating that these cells were
degenerating cells. Similarly, neuronal accumulation of serum proteins after
intracerebral hemorrhage was associated with cytochrome c release, DNA
fragmentation, and cell death (Matz et al., 2001). Neuronal accumulation of
albumin has also been shown after induced seizures (Nitsch and Klatzo, 1983;
Sokrab et al., 1989) and ischemia (Loberg et al., 1994; Loberg et al., 1993).
In addition to the presence of albumin in neurons, astrocytes also
contained albumin, which is in agreement with previous rat (Lassmann et al.,
1984) and human studies (Mihaly and Bozoky, 1984). The role of albumin
containing astrocytes is unclear, but it has been hypothesized that astrocytes may
have a protective function by clearing extravasated albumin from the extracellular
space (Mihaly and Bozoky, 1984).
Albumin deposits were also found in microglial cells in the rat brain.
Shortly after SE, they were abundantly present in many limbic brain regions, while
in the chronic epileptic phase they were mainly restricted to layer II-III of the
piriform cortex. These cells are thought to be involved in trapping serum-derived
foreign substances that enter the brain (Xu and Ling, 1994); especially in regions
were BBB integrity is affected. Interestingly, in those limbic regions we previously
reported increased expression of ferritin, an iron-storage protein that may be
induced by local extravasation of blood and release of iron from hemoglobincontaining blood cells (Gorter et al., 2005).
In conclusion, this study shows dynamic changes of BBB permeability
during epileptogenesis. The long-lasting increased permeability of the BBB was
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present in various limbic regions and correlated to seizure activity suggesting that
it may contribute to increased excitability in the epileptogenic foci that can lead to
progression of epilepsy. Given that our study suggests that a compromised BBB
could contribute to seizure development and progression of epilepsy, the BBB may
represent an adequate target to intervene with epileptogenesis. In this respect,
agents that can alter BBB permeability are candidates for strategies in order to
control the progression of epilepsy.
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Reply to: complexities in the association of human blood-brain barrier
disruption with seizures: Importance of patient population and method
of disruption
E.A van Vliet and J.A. Gorter

We recently reported that epileptic seizures might be facilitated through the action
of blood-proteins that leak into the CNS during the chronic epileptic phase in rats
(Van Vliet et al., 2007). This was further supported by our mannitol experiments in
epileptic rats which showed increased seizure progression in a subgroup of rats.
Mannitol can be used to open the blood-brain barrier (BBB) by producing osmotic
shrinking of the endothelial cells and mechanical separation of the tight junctions
that form the BBB. Therefore mannitol can be used to deliver various drugs directly
to the brain. Previous studies by Neuwelt et al. (Neuwelt et al., 1986; Neuwelt et
al., 1983; Roman-Goldstein et al., 1994) pointed to the fact that seizures could be
one of the complicating factors when patients with brain tumors were treated with
mannitol. Since these patients were also treated with chemotherapeutic and
contrast agents, seizures might have occurred through the pro-epileptogenic action
of these agents. On the other hand, blood proteins that leak into the CNS might
also facilitate seizure activity especially when potentially epileptogenic tumors are
present. Many brain tumours are highly epileptogenic: epilepsy has been reported
in >80% of low grade gliomas (Vertosick et al., 1991), in 30-60% of high grade
gliomas (Scott and Gibberd, 1980), in 30% of meningiomas (Lieu and Howng,
2000) and in 20% of primary CNS lymphomas (Hochberg and Miller, 1988). Marchi
and colleagues recently reported that leakage of blood proteins into the CNS via
mannitol treatment might induce seizures. This treatment was performed in brain
tumour patients (with CNS lymphomas), but they substantiated their conclusion by
findings in two normal pigs in which seizures occurred after mannitol injection that
was accompanied by BBB leakage. It is tempting to speculate that these acute
seizures were caused by blood-borne substances that have entered the brain after
the BBB is compromised (Marchi et al., 2007). We need to be cautious however not
to overestimate the role of a leaking BBB in acute seizure activity. After all, (1) we
did not observe acute seizures after mannitol treatment in control rats and (2) an
epileptogenic focus only develops several days after cortical BBB disruption in
control rats (Ivens et al., 2007; Seiffert et al., 2004; Tomkins et al., 2007). Thus
the pro-epileptogenic action of mannitol in normal pig brain could reflect
methodological differences or species specificity. Moreover it is very likely that
other mechanisms play a role in the manifestion of the acute seizures vs. the
development of an epileptogenic focus or the increased excitability on an already
epileptogenic “background”.
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There are anecdotal data that suggest that mechanical BBB disruption by
electrode placement in the brain, decreases seizure activity, which would argue
against the pro-epileptogenic role of BBB leakage. The fact that these patients
receive AEDs and other perioperative drugs (such as corticosteroids) makes it
rather difficult to estimate the contribution of the BBB disruption itself. Controlled
animal studies might resolve this issue.
The evidence is accumulating that blood-borne substances contribute to
the maturation of an epileptogenic focus (Ivens et al., 2007; Seiffert et al., 2004;
Tomkins et al., 2007) and/or the worsening of the epileptic condition (Van Vliet et
al., 2007). Although it is not fully elucidated which factors contribute to increased
excitability, a recent study elegantly demonstrated that BBB opening resulted in
brain exposure to albumin, followed by downregulation of inward rectifying
potassium channels in astrocytes. This, in turn, led to reduced buffering of
extracellular potassium and facilitated N-methyl-D-aspartate receptor mediated
neuronal hyperexcitability and epileptiform activity (Ivens et al., 2007). Another
pro-epileptogenic factor may be local brain inflammation that occurs after the entry
of serum derived proteins. Inflammation is permanently increased in a chronic
epileptic rat model (Gorter et al., 2006) and inflammatory responses such as
leukocyte recruitment, cytokine-, and interleukin- production can be pro-convulsive
and sustain BBB leakage by disrupting tight junctions. Future studies should be
focused on whether restoration of BBB function (e.g. by inhibition of the
inflammatory process) will affect seizure susceptibility.
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Complexities in the association of human blood brain barrier disruption
with seizures: Importance of patient population and method of
disruption
T. Butler; Weill Medical College of Cornell University, New York, USA

In “Blood-brain barrier leakage may lead to progression of temporal lobe epilepsy”
(Van Vliet et al., 2007), the authors found that osmotic opening of the blood-brain
barrier (BBB) resulted in transient or permanent increased seizure frequency in
chronically epileptic rats. They relate these results to findings in humans that
osmotic BBB opening using mannitol induces seizures in patients with brain
tumours. However, the evidence that mannitol causes seizures in humans is based
primarily on studies of patients with brain tumors who do not have epilepsy
(Marchi et al., 2007). An alternate human parallel might be patients with chronic
epilepsy subjected to mechanical BBB opening. Transient mechanical BBB
disruption follows most neurosurgical procedures, and is commonly visualized on
MRI or CT as parenchymal, meningeal and/or other patterns of contrast
enhancement lasting hours to weeks (Knauth et al., 1999). Mechanical BBB
disruption occurs when patients with chronic, intractable epilepsy undergo
neurosurgical implantation of electrodes to localize their seizure onsets in
preparation for subsequent resective epilepsy surgery. In this situation, increased
seizure frequency is not typically noted (such an increase would actually be
clinically helpful, since it would allow seizures to be recorded and the epileptogenic
zone identified more rapidly.) Instead, there is anecdotal evidence that
implantation of intracranial electrodes may decrease seizure frequency, rarely
resulting in permanent cessation of seizures (Butler et al., 2003; Katariwala et al.,
2001). This suggests that the effect of BBB disruption on seizure frequency
depends importantly on other factors. One relevant factor may be increased
neuronal exposure to antiepileptic medication when mechanical BBB disruption
circumvents pathological, epilepsy-related upregulation of BBB-based drug
transporter mechanisms (Dombrowski et al., 2001). Other relevant factors may
include unintended disruption of epileptogenic networks during electrode
implantation, and/or use of perioperative corticosteroids. Additional work in animal
models could clarify these important issues.
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Abstract
There is evidence that P-glycoprotein (P-gp), a multidrug transporter that is
involved in pharmacoresistance to antiepileptic drugs, can be induced by cellular
stress. We investigated whether a compromised blood-brain barrier (BBB), which is
chronically disrupted in epileptic rats, could be responsible for P-gp overexpression.
Furthermore we tested whether this overexpression may be mediated by an
inflammatory process involving cyclooxygenase 2 (cox-2), by reducing P-gp
expression using an anti-inflammatory treatment.
The BBB in normal rats was opened using mannitol. P-gp and cox-2 expression was
assessed in the parahippocampal cortex (PHC) and cerebellum of control rats after
mannitol treatment and in chronic epileptic rats, using western blot. Moreover,
phenytoin (PHT) was administered and brain/blood ratios assessed after the
treatment, using HPLC. Prostaglandin synthesis was inhibited in vivo using the
specific cox-2 inhibitor, SC-58236 in chronic epileptic rats.
Mannitol treatment caused an increased P-gp expression throughout the brain.
Moreover, an increase of cox-2 was found, indicating an inflammatory response
likely caused by the leaky BBB. In epileptic rats BBB disruption and cox-2
overexpression were evident in the PHC and both were associated with increased
P-gp expression and decreased levels of PHT in the brain. Cox-2 inhibition,
however, did not reduce P-gp expression, or increase PHT brain levels.
These data indicate that a compromised BBB can contribute to P-gp
overexpression. Cox-2 inhibition did not affect P-gp expression or the brain levels
of PHT, although it effectively reduced PGE2 brain levels in chronic epileptic rats.
Apparently, inhibition of the enhanced P-gp expression is not mediated by an
inflammatory process involving cox-2 alone. Whether inhibition of other
inflammatory factors influences P-gp expression remains to be determined.
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Introduction
One of the major problems in the treatment of epilepsy is resistance to medical
therapy (pharmacoresistance), which occurs in 30-50% of all epilepsy patients
(Loscher and Schmidt, 2004). Various studies in epileptic patients and rodents
indicate that overexpression of the multidrug transporter P-glycoprotein (P-gp), the
product of the MDR1 gene, is involved in keeping brain levels of various
antiepileptic drugs low (Marchi et al., 2005b; Rambeck et al., 2006; Rizzi et al.,
2002; Van Vliet et al., 2006). Inhibition of P-gp increases phenytoin levels in brain
(Van Vliet et al., 2006) and improves seizure control in resistant rats (Brandt et al.,
2006; Van Vliet et al., 2006).
Which factors are responsible for the upregulation of P-gp in epileptic
tissue has not been fully elucidated. One possible mechanism is that this upregulation may be mediated by an inflammatory process induced by a breakdown
of the BBB. There is evidence for a disruption of the BBB in the epileptic brain, as
we recently demonstrated that serum derived proteins like albumin can enter the
epileptic brain (Van Vliet et al., 2007). The disruption of the BBB and subsequent
entrance of blood components could induce local brain inflammation and release of
pro-inflammatory mediators such as cytokines and prostaglandins. This probability
is reinforced by the demonstration that the immune and inflammation response are
prominent processes during epileptogenesis and in the chronic epileptic rat (Gorter
et al., 2006). Among these processes, prostaglandin synthesis is prominent, and
the expression of the enzyme cyclooxygenase-2 (cox-2), which catalyzes the first
step in the synthesis of prostanoids from arachidonic acid, was dramatically
increased. The fact that cox-2 causes upregulation of MDR1 in cultured cells (Patel
et al., 2002; Puhlmann et al., 2005) led us to investigate whether cox-2 inhibition
could be used to decrease P-gp expression and increase the levels of the
antiepileptic drug phenytoin in the rat brain, and the role of the BBB in P-gp
expression in chronic epileptic rats.
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Material and Methods
Experimental animals
Adult male Sprague Dawley rats (Harlan CPB laboratories, Zeist, The Netherlands)
weighing 500-600 gram were used in this study which was approved by the
University Animal Welfare committee. The rats were housed individually in a
controlled environment (21±1°C; humidity 60%; lights on 12 hours/day; food and
water available ad libitum).
Drugs
Phenytoin sodium (5,5-Diphenylhydantoin Sodium Salt, Katwijk Chemie, Katwijk,
The Netherlands, 50 mg/kg, i.p.) was dissolved in distilled water alkalinized with
NaOH. The administration volume was 3 ml/kg. The cox-2 inhibitor SC-58236
(Pfizer-kalamazoo, Michigan, USA, 10 mg/kg, p.o.) was suspended in 0.5%
methylcellulose and administered via a gastric tube.
Electrode implantation and status epilepticus induction
Rats were anesthetized with an intramuscular injection of ketamine (57 mg/kg;
Alfasan, Woerden, The Netherlands) and xylazine (9 mg/kg; Bayer AG, Leverkusen,
Germany), and placed in a stereotactic frame. A pair of stimulation electrodes was
implanted in the angular bundle. Two weeks after recovery from the operation,
each rat was transferred to a recording cage (40x40x80 cm) and connected to a
recording and stimulation system (NeuroData Digital Stimulator, Cygnus
Technology Inc, USA) with a shielded multi-strand cable and electrical swivel (Air
Precision, Le Plessis Robinson, France). Differential EEG signals were amplified
(10x) via a FET transistor that connected the headset to a differential amplifier
(20x; CyberAmp, Axon Instruments, Burlingame, CA, USA), filtered (1-60 Hz), and
digitized by a computer. EEG software (Harmonie, Stellate Systems, Montreal,
Canada) sampled the incoming signal at a frequency of 200 Hz per channel. A
week after habituation to the new condition, rats underwent tetanic stimulation (50
Hz) of the hippocampus in the form of a succession of trains of pulses every 13
seconds. Each train had a duration of 10 seconds and consisted of biphasic pulses
(pulse duration 0.5 ms, maximal intensity 500 µA). Stimulation was stopped when
the rats displayed sustained forelimb clonus and salivation for minutes, which
usually occurred within 1 hour (average stimulation time 52±6 min, range 21-90
min). However, stimulation never lasted longer than 90 minutes. Behavior was
observed during electrical stimulation and several hours thereafter. Immediately
after termination of the stimulation, periodic epileptiform discharges (PEDs)
occurred at a frequency of 1-2 Hz and were accompanied by behavioral and EEG
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seizures (status epilepticus) which lasted for several hours (on average 10.6±0.9
hours, range 4-12.5 hours). Control rats (n=15) were implanted with electrodes
and handled like experimental rats but they were not electrically stimulated.
Evolution of blood-brain barrier integrity
To determine BBB permeability, saline treated control rats (n=5), mannitol treated
control rats (n=5) and chronic epileptic rats (n=5; sacrificed 4 months after SE
induction) were injected via the tail vein with the tracer sodium fluorescein
(FSC;100 mg/kg i.v. in saline, Merck, Darmstadt, Germany) under short isoflurane
anesthesia (4 vol%). Rats were sacrificed 2 hours after FSC injection and deeply
anesthetized with pentobarbital (60 mg/kg i.p.). Rats were perfused through the
ascending aorta with 100 ml of physiological salt solution, followed by 300 ml 4%
paraformaldehyde/0.2% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4. The
brains were post-fixed in situ overnight at 4°C, dissected, and cryoprotected in
30% phosphate-buffered sucrose solution, pH 7.4. After overnight incubation at
4°C, the brains were frozen in isopentane (-25°C) and stored at -80°C until
sectioning. Sagittal sections (40 µm) were cut using a sliding microtome. Sections
were collected in 0.1 M phosphate buffer, mounted on slides and coverslipped with
Vectashield. FSC was detected using a confocal-laser scanning microscope (Zeiss
LSM510) with appropriate filter settings (excitation 488 nm, emission 520 nm).
Images were made using Zeiss software (Zeiss LSM Image browser) and Adobe
Photoshop. A quantification of FSC sections was made within the parahippocampal
cortex and cerebellum (see Van Vliet et al. 2007). The confocal grid (271x271 µm,
15x15 squares) was placed on the selected brain region and the number of
squares that contained a FSC signal was counted. The intensity of the FSC signal
was evaluated using the histogram function in Adobe Photoshop. The average
signal intensity measured in control rats (which was close to zero in all analyzed
regions), was used for the background correction. We constructed a “permeability
index” which is the number of squares that contained a FSC signal x FSC intensity.
P-glycoprotein and cyclooxygenase-2 expression
P-gp and cox-2 expression were determined by western blots that were made from
parahippocampal cortex (PHC), which is a part of the epileptogenic temporal lobe
(Tolner et al., 2005), and the cerebellum, which probably is not involved in the
epileptogenic circuitry. In addition, previous experiments showed that the highest
expression of P-gp is present in the PHC of chronic epileptic rats (Van Vliet et al.,
2004b).
Western blots were made for the following groups of rats:
a) 5 control and 4 chronic epileptic rats (4 months after SE induction).
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b)

5 control rats and 4 chronic epileptic that received mannitol (1.5 g/kg i.v.
via tail vein under isoflurane anaesthesia, 25% solution) to artificially
open the BBB. These rats were compared to 5 saline treated control rats.
c) 4 chronic epileptic rats that received the cox-2 inhibitor SC-58236 once
daily for two days (10 mg/kg p.o. in 0.5 % methylcellulose under
isoflurane anesthesia) which were killed 5 hours after the last
administration; 3 chronic epileptic rats that were treated once daily with
SC-58236 (10 mg/kg p.o.) for 5 consecutive days and were killed 5 hours
after the last administration.
After decapitation, the cerebellum was dissected and the PHC was removed by
incision at the ventro-caudal part underneath the rhinal fissure until approximately
5 mm posterior to bregma and stored at -80°C until use. Brain samples were
homogenized in lysis buffer containing per 20 ml: 200 µl 1 M Tris pH 8.0; 1 ml 3 M
NaCl; 2 ml 10% NP-40; 4 ml 50% glycerol; 800 µl Na-orthovanadate (10 mg/ml);
200 µl 0.5 M EDTA pH 8.0; 400 µl protease inhibitors; 200 µl 0.5 M NaF; 11 ml
H2O. Protein content was determined using bicinchoninic acid method (Smith et al.,
1985). Homogenate was diluted to a concentration of 6.7 µg protein/µl in
SDS/bromophenol blue loading buffer, and incubated for 5 min at 100°C. Proteins
(50 µg total protein per lane) were separated by sodium docecylsulphatepolyacrylamide gel electrophoresis and transferred to nitro-cellulose by
electroblotting (BioRad, Transblot SD, Hercules, CA, USA). Blots were washed in 50
mM Tris-HCl + 154 mM NaCl, pH 7.5 + 0.1% Tween 20 (TBS-T) and then
incubated in TBS-T + 5% non-fat dry milk for 60 minutes. Hereafter, blots were
incubated with primary antibodies (mouse anti-C219, 1:500, Alexis Biochemicals,
San Diego, USA; rabbit anti-cox-2, 1:1000, Cayman Chemical, Ann Arbor, USA;
monoclonal mouse anti ß-actin, clone AC-15, Sigma, 1:50000). After overnight
incubation, blots were washed in TBS-T (3x10 min) and incubated for 1 hour in
secondary antibody labeled with horseradish peroxidase (1:2500, DakoCytomation,
Glostrup, Denmark). After washing, lumi-light plus western blotting substrate
(Roche Diagnostics, Mannheim, Germany) was applied to the blots and the blots
were digitized using a Luminescent Image Analyzer, LAS-3000 (Fuji Film, Japan).
The optical density of each sample was measured using Scion Image (Scion
Corporation, release beta 3b, MD, USA) software. For each sample the optical
density value was normalized with the amount of ß-actin.
Phenytoin analysis
The PHT brain-to-plasma ratio was determined in control rats (n=5), chronic
epileptic rats (n=5) and chronic epileptic rats that received SC-58236 (for either 2
days (n=4) or 5 days (n=3)). All rats were decapitated one hour after PHT
injection (50 mg/kg i.p) and their blood was collected from the trunk and
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centrifuged at 3000 rpm for 10 minutes to obtain plasma. PHT was determined in
plasma and brain by HPLC as described previously (Van Vliet et al., 2006).
Prostaglandin analysis
In order to confirm that SC-58236 effectively inhibited cox-2, a prostaglandin E2
(PGE2) assay was performed. The temporal hippocampus of a subset of rats that
were treated with SC-58236 (control rats (n=2), chronic epileptic rats (n=2) and
chronic epileptic rats treated with SC-58236 for either 2 (n=2) or 5 days (n=2))
was dissected and homogenated by pottering in 0.1 M phosphate buffer, pH 7.4,
containing 1 mM EDTA and 10 µM indomethacin. Hereafter PGE2 was purified using
C-18 Solid Phase Extraction Cartridges (Cayman Chemical, Ann Arbor, USA) and
the amount of PGE2 in brain was determined by a competitive enzyme immunoassay, the PGE2 Express EIA kit (Cayman Chemical, Ann Arbor, USA), according to
the manufacturer’s instructions.
Statistical comparisons
All data are expressed as mean±sem. Statistical comparisons were performed
using ANOVA followed by a Dunnett’s t-test. P<0.05 was assumed to indicate a
significant difference.
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Results
Blood-brain barrier integrity
The tracer FSC was used to determine BBB integrity. In saline treated rats, no FSC
was found in the PHC (figure 1A) or cerebellum (figure 1D). In contrast, FSC was
detected in the PHC of chronic epileptic rats (figure 1C) and the permeability index
was significantly increased in this region (figure 2A), but not in the cerebellum
(figure 1F). In mannitol treated control rats, FSC was evident in all brain regions
including both PHC (figure 1B and 2A) and cerebellum (figure 1E and 2B),
indicating that mannitol administration resulted in general BBB disruption.

Figure 1. Fluorescein as marker for BBB leakage. Fluorescein (FSC) staining (green) in the
parahippocampal cortex (A-C) and cerebellum (D-F) of control rats (A, D), mannitol treated control rats (B,
E) and chronic epileptic rats (C, F).
Insets in A and D are sagittal sections stained with anti-NeuN and indicate the region that is shown for FSC
(red box). No FSC leakage was evident in control rats (A and D). However, when the BBB was artificially
opened with mannitol, FSC entered the brain of these rats (B and E). In chronic epileptic rats, FSC staining
was observed in the parahippocampal cortex (arrows in C) and not in the cerebellum (F), indicating region
specific BBB leakage.
Scale bar = 3 mm.
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Figure 2. Quantification of fluorescein leakage. Permeability index (mean+sem) of fluorescein (FSC)
in the parahippocampal cortex and cerebellum of control rats, mannitol treated rats and chronic epileptic
rats. While no FSC is present in control rats, abundant FSC staining is present in mannitol treated rats,
both in the parahippocampal cortex and cerebellum. In chronic epileptic rats the FSC permeability index
was significantly increased in the parahippocampal cortex, but not in the cerebellum.
“*” indicates significant difference compared to control values, ANOVA followed by Dunnett post-hoc test
(p<0.05).

P-glycoprotein and cyclooxygenase-2 expression
Western blot analysis showed that P-gp and cox-2 expression increased
significantly (p<0.05) both in the PHC and cerebellum of mannitol treated control
rats, compared to saline treated rats (figure 3A-D). In chronic epileptic rats, P-gp
and cox-2 expression increased significantly (p<0.05) in the PHC (figure 3A and
3C), but not in cerebellum (figure 3B and 3D). Opening of the BBB by mannitol in
epileptic rats significantly increased the expression of P-gp and cox-2 in both
regions.
Inhibition of cox-2 by SC-58236 (either 2 or 5 days treatment) did not
change either P-gp or cox-2 expression in any of the analyzed brain regions of
chronic epileptic rats (figure 4).
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Figure 3. Western blots. Optical density ratio (P-gp/β-actin and cox-2/β-actin, average+sem, normalized
to control values) in the parahippocampal cortex (A and C) and cerebellum (B and D) of control rats,
control rats treated with mannitol, chronic epileptic rats and chronic epileptic rats treated with mannitol. E
shows typical examples of cox-2 and β-actin expression.
Mannitol treatment significantly increased P-gp and cox-2 expression in both brain regions as compared to
controls. In chronic epileptic rats, P-gp and cox-2 were significantly increased compared to controls in the
parahippocampal cortex. In contrast, P-gp and cox-2 expression were similar to controls in the cerebellum
of these rats.
“*” indicates significant difference compared to control values, ANOVA followed by Dunnett post-hoc test
(p<0.05).
con= control, man=mannitol treated rats, epi=epileptic rats.
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Phenytoin levels in brain and plasma
The brain-to-plasma ratio of PHT was significantly decreased (p<0.05) in the PHC
of chronic epileptic rats (table 1; 1.44±0.07), compared to control rats
(1.72±0.09). No changes of brain-to-plasma ratio of PHT were observed in the
cerebellum (table 1). Since PHT plasma levels were not significantly different
between these groups (control 14.2±1.8 µg/ml, epilepsy 12.7±2.9 µg/ml), it can
be concluded that less PHT is present in the PHC of epileptic rats compared to
control rats. The PHT brain-to-plasma ratios of chronic epileptic rats that were
treated with PHT+SC-58236 were not different from chronic epileptic rats that
were treated with PHT only (table 1).

Table 1. PHT brain/plasma ratio one hour after PHT injection determined by HPLC.
Control
(PHT)
n=5

Epilepsy
(PHT)
n=5

Epilepsy
(PHT+SC 2 days)
n=4

Epilepsy
(PHT+SC 5 days)
n=3

PHC

1.72 ± 0.09

1.44 ± 0.07*

1.21 ± 0.02*

1.47 ± 0.10*

CER

1.58 ± 0.15

1.54 ± 0.18

1.70 ± 0.11

1.66 ± 0.15

plasma (µg/ml)

14.2 ± 1.8

12.7 ± 2.9

16.4 ± 1.7

14.6 ± 1.7

Phenytoin brain/plasma ratios (mean±sem) in control rats, chronic epileptic rats and chronic epileptic rats
treated with SC-58236 one hour after PHT injection. Plasma levels are given in the bottom row.
PHC=parahippocampal cortex, CER=cerebellum.
“*” indicates p<0.05 (ANOVA, followed by Dunnett post-hoc test) compared to controls.
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Figure 4. Optical density ratio (P-gp/β-actin and cox-2/β-actin, average+sem, normalized to control
values) in the parahippocampal cortex (A and C) and cerebellum (B and D) of control rats, chronic epileptic
rats and chronic epileptic rats treated with SC-58236 for either 2 days or 5 days.
In chronic epileptic rats, P-gp and cox-2 were significantly increased compared to controls in the
parahippocampal cortex. In contrast, P-gp and cox-2 expression in the cerebellum of these rats were
similar to controls. Treatment with SC-58236 for either 2 days or 5 days in chronic epileptic rats did not
alter P-gp or cox-2 expression.
“*” indicates significant difference compared to control values, ANOVA followed by Dunnett post-hoc test
(p<0.05).
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Prostaglandin levels in brain
PGE2 levels were ~6 times increased in the hippocampus of epileptic rats,
compared to control rats (figure 5). SC-58236 treatment reduced PGE2 in the
hippocampus of epileptic rats and the PGE2 levels were similar to control rats
(figure 5), indicating that SC-58236 treatment during 2 and 5 days effectively
inhibited cox-2.

Figure 5. PGE2 levels (pg/µg brain; mean+sem) in the hippocampus of control rats, chronic epileptic rats
and chronic epileptic rats treated with SC-58236 for either 2 days or 5 days. PGE2 levels were increased in
chronic epileptic rats, as compared to controls. Treatment with SC-58236 for either 2 days or 5 days in
chronic epileptic rats reduced PGE2 levels, indicating effective inhibition of cox-2.
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Discussion
We showed that mannitol-induced BBB disruption can increase P-gp expression in
control rats. In addition, opening of the BBB evoked an inflammatory response, as
indicated by overexpression of cox-2. In chronic epileptic rats BBB disruption and
cox-2 overexpression were evident in the parahippocampal cortex. Moreover, an
increased P-gp expression and decreased levels of PHT were observed in this
region. Inhibition of cox-2 by SC-58236, however, did not reduce P-gp expression,
or increase PHT brain levels. Although cox-2 inhibition prevented the increase in
MDR1 expression in vitro (Patel et al., 2002) we did not observe a reduction in Pgp expression in chronic epileptic rats. It is not likely that the lack of effect can be
contributed to the dose of SC-58236, since PGE2 was effectively reduced in chronic
epileptic rats. Apparently, inhibition of cox-2 alone is not enough to reduce P-gp
expression. Other inflammatory factors besides prostaglandins may still be present
and be able to induce P-gp.
Overexpression of P-gp has been shown in human drug-refractory
epileptic brain tissue (Aronica et al., 2003a; Aronica et al., 2004; Marchi et al.,
2004; Sisodiya et al., 1999; Sisodiya et al., 2002; Tishler et al., 1995) as well as in
the epileptic rat brain (Van Vliet et al., 2004b; Volk et al., 2004a; Volk et al.,
2004b). Although it has been proposed that cellular stress (e.g. hypoxia or
oxidative stress) and inflammatory mediators can regulate P-gp expression
(Comerford et al., 2002; Fernandez et al., 2004; Patel et al., 2002; Puhlmann et
al., 2005; Zhou and Kuo, 1998; Ziemann et al., 1999), it is not fully elucidated
which factors are responsible for the upregulation of P-gp in epileptic tissue. We
show in the present study that P-gp was overexpressed in the parahippocampal
cortex and not in the cerebellum. P-gp overexpression seems to be related with the
presence of epileptic activity, since the PHC is involved in seizure generation and/or
seizure spread (Tolner et al., 2005), while the cerebellum is not expected to be
involved in this type of epilepsy. Kwan et al. also reported increased expression of
multidrug resistance genes only in the regions involved in audiogenic (induced)
seizure activity (midbrain and cortex) of the genetically epilepsy-prone rat (Kwan et
al., 2002).
We recently demonstrated that BBB disruption in chronic epileptic rats
was associated with a locally increased P-gp expression (Van Vliet et al., 2007; van
Vliet et al., 2007). This could indicate that serum derived proteins or other blood
components cause local inflammation and cellular stress which leads to increased
P-gp expression. The hypothesis that BBB leakage causes inflammation and can
induce P-gp expression was further strengthened by the fact that artificial BBB
opening by mannitol increased P-gp and cox-2 expression, both in the PHC and
cerebellum. Upregulation of P-gp might be an attempt to counteract BBB leakage
and protect the brain against serum derived compounds that enter the brain during
BBB disruption.
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In addition to BBB disruption, we showed that increased P-gp expression
was associated with increased cox-2 expression. Although we did not investigate
whether cox-2 and P-gp are causally related in vivo, cox-2 induction of P-gp has
been demonstrated in several in vitro studies (Patel et al., 2002; Puhlmann et al.,
2005). We recently confirmed by micro-array analysis that many inflammatory
factors, including cox-2, were permanently changed in the electrical post-SE model,
specifically in epileptogenic brain regions such as hippocampus and PHC (Gorter et
al., 2006). Enhanced production of inflammatory factors in the brain results in a
number of changes, including the activation of the complement cascade (Aronica
et al., 2007), upregulation of adhesion molecules, production of interleukins,
activation of metalloproteinases and catabolism of arachidonic acid at the level of
the brain microvasculature (Vezzani and Granata, 2005). All these components
might affect BBB permeability and P-gp expression. Since the MDR1 promoter
contains putative binding sites for the inflammatory factors activator protein-1 (AP1) and nuclear factor-κB (NF-κB) (Bentires-Alj et al., 2003), P-gp may be induced
via these factors in order to protect the brain against harmful compounds that are
produced during inflammation or that enter the brain when the integrity of the BBB
is affected.
Upregulation of P-gp contributes to pharmacoresistance by locally
lowering AED levels (Friel et al., 1989; Marchi et al., 2005b; Van Vliet et al., 2005;
Van Vliet et al., 2006). This was confirmed in the present study, since we showed
that PHT levels decreased, specifically in the PHC in which P-gp was
overexpressed. Reducing P-gp expression may increase AED levels and prevent or
reverse pharmacoresistance, but this was not achieved by cox-2 inhibition using
SC-58236.
In conclusion, we showed that disruption of the BBB induced P-gp and
cox-2 expression. This was associated with decreased PHT levels in the temporal
lobe and may thereby contribute to pharmacoresistance. Cox-2 inhibition did not
reduce P-gp expression or increase brain levels of PHT. Whether other therapies
aimed at reducing inflammation and restoration of BBB function can affect P-gp
expression and reverse pharmacoresistance will be investigated further.

178

__________________ BBB disruption increases P-gp expression
Acknowledgements
We thank Pfizer for providing SC-58236, M.C. de Rijke and W.E. Dieters (Epilepsy
Institute of The Netherlands, Heemstede, The Netherlands) for technical assistance
on phenytoin analysis in plasma and brain samples. We thank prof. dr. F.H. Lopes
da Silva for critically reading the manuscript. This work was supported by the
Epilepsy Institute of The Netherlands (SEIN)-Lopes da Silva fellowship (to EAvV).

179

10
Development of tolerance to levetiracetam
in rats with chronic epilepsy
E.A van Vliet, R. van Schaik, P.M. Edelbroek, W.J. Wadman,
F.H. Lopes da Silva and J.A. Gorter

Submitted

Chapter 10 ____________________________________________________

182

__________________________Tolerance to levetiracetam
Abstract
Purpose: Pharmacoresistance is a major problem in the treatment of epilepsy. We
showed previously that pharmacoresistance, at least partially, is due to an
upregulation of the multidrug transporter (MDT) P-glycoprotein, since inhibition of
the latter improves seizure control in phenytoin treated epileptic rats (post status
epilepticus rat model for temporal lobe epilepsy). Since it has been suggested that
levetiracetam (LEV) is no substrate for MDTs, we tested whether LEV would
adequately control seizures in this rat model.
Methods: Chronic epileptic rats were treated repeatedly with LEV (2 week
interval; different dosages) via continuous infusion using osmotic minipumps, 5-6
months after electrically induced status epilepticus. The anticonvulsive effects were
determined by video-EEG monitoring and the concentration of LEV was measured
in plasma and brain homogenates using gas chromatography.
Results: LEV adequately entered the epileptic brain and dose-dependently
suppressed spontaneous seizures in chronic epileptic rats for 3-4 days. Hereafter,
seizure frequency increased, while LEV plasma levels did not change. Seizure
behavior was less severe throughout the whole treatment. LEV did not affect
seizure duration. After a withdrawal period of 2 weeks all rats initially responded
again to LEV.
Conclusions: The initial seizure control by LEV supports the observation that LEV
is not impeded by MDTs. However, the failure to control seizures for a longer
period of time indicates the development of tolerance to this drug. This poses
another problem in the treatment of this kind of epilepsy. Whether tolerance may
be prevented by intermittent administration of LEV should be further investigated.
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Introduction
Resistance to pharmacological therapy (pharmacoresistance) is one of the major
problems in the treatment of epilepsy (Loscher and Schmidt, 2004). Approximately
one third of all epilepsy patients does not become seizure free, despite treatment
with two or more antiepileptic drugs (AEDs) at a maximal tolerated dose. This
intractability is even higher (50-70%) in patients with temporal lobe epilepsy
(Brodie and Mohanraj, 2003; Kwan and Brodie, 2000; Schmidt and Loscher, 2005).
More recently, it has been proposed that AEDs fail to reach their target due to the
overexpression of multidrug transporters (transporter hypothesis). Recent
experiments using the electrical post-status epilepticus model, an experimental rat
model for temporal lobe epilepsy, showed that inhibition of the multidrug
transporter P-glycoprotein improves seizure control in phenytoin treated epileptic
rats. Interestingly, the relatively new AED Levetiracetam (LEV) has a novel
mechanism of action, unrelated to other AEDs (Lynch et al., 2004). Moreover, it
has been suggested that LEV is not a substrate of multidrug transporters in rats
(Potschka et al., 2004) as well as in human (Baltes et al., 2007). This would imply
that brain entrance of LEV will not be impeded by multidrug transporters (which
are overexpressed in epileptic tissue), and that adequate LEV brain levels can be
reached so that complete seizure control can be obtained without the necessity to
use multidrug transporter inhibitors. This hypothesis was tested in chronic epileptic
rats that exhibit frequent and daily seizures several months after an electrically
evoked status epilepticus, and that were shown previously to be pharmacoresistant
to phenythoin (Van Vliet et al., 2006).

184

__________________________Tolerance to levetiracetam
Materials and Methods
Experimental animals
Adult male Sprague Dawley rats (Harlan CPB laboratories, Zeist, The Netherlands)
weighing 500-700 grams were used in this study which was approved by the
University Animal Welfare committee. The rats were housed individually in a
controlled environment (21±1°C; humidity 60%; lights on 08:00 AM - 8:00 PM;
food and water available ad libitum).
Electrode implantation and seizure induction
Rats were anesthetized with an intramuscular injection of ketamine (57 mg/kg;
Alfasan, Woerden, The Netherlands) and xylazine (9 mg/kg; Bayer AG,
Leverkussen, Germany), and placed in a stereotactic apparatus. In order to record
hippocampal EEG, a pair of insulated stainless steel electrodes (70 µm wire
diameter, tips 800 µm apart) were implanted into the left dentate gyrus under
electrophysiological control as previously described (Gorter et al., 2001). A pair of
stimulation electrodes was implanted in the angular bundle. Two weeks after
recovery from the operation, each rat was transferred to a recording cage
(40x40x80 cm) and connected to a recording and stimulation system (NeuroData
Digital Stimulator, Cygnus Technology Inc, USA) with a shielded multi-strand cable
and electrical swivel (Air Precision, Le Plessis Robinson, France). A week after
habituation to the new condition, rats underwent tetanic stimulation (50 Hz) of the
hippocampus in the form of a succession of trains of pulses every 13 seconds
(n=12). Each train was of 10 seconds duration and consisted of biphasic pulses
(pulse duration 0.5 ms, maximal intensity 500 µA). Stimulation was stopped when
the rats displayed sustained forelimb clonus and salivation for several minutes,
which usually occurred within 1 hour (average stimulation time 59±6 min).
Behavior was observed during electrical stimulation and several hours thereafter.
Rats had on average 8±1 generalized seizures (stage 5 on Racine’s scale) during
stimulation. Immediately after termination of the stimulation, periodic epileptiform
discharges (PEDs) occurred at a frequency of 1-2 Hz which lasted on average
9.0±0.7 hours. PEDs were accompanied by behavioral and EEG seizures (status
epilepticus).
Control rats (n=6) were implanted with electrodes and handled like
experimental rats but they were not stimulated. These rats were used for the
associated brain-to-plasma concentration ratio measurements of levetiracetam.

185

Chapter 10 ____________________________________________________
EEG and video monitoring
To determine seizure frequency and duration, continuous EEG recordings (24
hours/day) were started 5-6 months after SE induction. As previously described
(Gorter et al., 2001; Van Vliet et al., 2004c), a stable baseline of seizure frequency
was reached in chronic epileptic rats at this time point, and seizure clusters did not
occur. Only rats that had frequent daily seizures (at least 6 seizures/day) with a
stable frequency for at least one week, were included in the study. EEG signals
were amplified (10x) via a field effect transistor that connected the headset to an
amplifier (20x; CyberAmp, Axon Instruments, Burlingame, CA, USA), band-pass
filtered (1-60 Hz), and digitized by a computer. A seizure detection program
(Harmonie, Stellate Systems, Montreal, Canada) sampled the incoming signal at a
frequency of 200 Hz per channel. All EEG recordings were visually monitored and
screened for seizure activity on a daily basis until sacrifice. Continuous EEG
recordings were combined with daily video monitoring. Video recordings were
made for 8 hours/day in each rat (from 09:00-17:00).
Drugs
Levetiracetam (UCB Pharma, Breda, The Netherlands) was dissolved in distilled
water and administered using osmotic minipumps or i.p., as described later.
Levetiracetam analysis in brain and plasma
For measurements of brain-to-plasma ratios, LEV (54 mg/kg) was injected i.p. in
chronic epileptic rats (n=5, 5-6 months after SE) that had recurrent spontaneous
seizures with a stable frequency (on average ~7 seizures/day) and their agematched controls (n=6). Rats were decapitated 2.5 hrs after injection and their
blood was collected from the trunk and centrifuged at 3000 rpm for 10 minutes to
obtain plasma. The brain-to-plasma ratios were also determined in chronic epileptic
rats that received LEV (283 mg/kg/day) for 3 days (n=4) via a subcutaneous
implanted osmotic minipump (Alzet type 2ML1, Charles River Nederland,
Maastricht, The Netherlands) and in rats that received LEV (283 mg/kg/day) for 7
days (n=4) via a minipump.
LEV in plasma: LEV was determined in plasma using gas-liquid chromatography
(GLC). For each sample one C18 SPE-column was inserted into the Baker-10
extraction system (J.T.Baker, Phillipsburg, New Jersey, USA), which was attached
to a vacuum source. The columns were conditioned with 2 ml methanol, followed
by 2 ml of water. As soon as the water passed, the vacuum was disconnected in
order to prevent the columns from drying out. An aliquot of 0.2 ml of rat or
calibration serum sample followed by 0.2 ml of internal standard working solution
was added to each column. Vacuum was applied to draw the samples slowly
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through the columns (approx. 15 sec). Both drug and internal standard were
retained on the columns. The column with the sample matrix was flushed with 0.75
ml of water and columns were dried by applying maximum vacuum for three more
minutes. For GLC analysis, the samples were eluted with 0.4 ml of methanol. After
evaporating to dryness using a vortex-evaporator (Büchler Instr., Dev. of Searle
Anal.Inc., Fort Lee, USA) with temperature set to 40°C, the residues were
reconstituted with 0.5 ml of acetone. A 1 µl aliquot was injected on to the GLC
system. GLC analysis was carried out on a GC8000 (Fisons, Interscience) equipped
with a model AS800 on-column injector, a FID detector and a 30 m x 0.53 mm.
DB-FFAP megabore column, film thickness 1 µm (J&W Scientific, Folsom, USA).
The following gas chromatographic parameters were used: carrier gas helium
(column head pressure 50 kPa); flame gases hydrogen (50 kPa) and air (50 kPa).
Detector temperature: 270°C. Oven temperature programmed from initial oven
temperature: 70°C (1 min), 70°-210°C (20°C/min), 210°C (held for 2 min), 210250°C (40°C/min), 250°C (held for 5 min). Retention times for LEV and G025 were
14.3 min and 12.8 min, respectively. Data processing was performed with
Spectrasystem PC1000 software (Thermo Separation Products). Extraction recovery
of LEV was 94±3% (mean±standard deviation). Precision and accuracy values for
the 16.0 µg/ml quality control sample were 2.4% and 101±5% (n=10). The limit
of quantification is 0.29 µg/ml (n=7).
LEV in brain: The (septal and temporal) hippocampus, the parahippocampal cortex
(which included the entorhinal cortex and parts of the perirhinal and posterior
piriform cortex), olfactory bulb and cerebellum were dissected, frozen on dry ice
and stored at -80°C until use. These brain regions were homogenized in
methanol/water (60/40 v/v; 10 mg tissue/100 µl) and centrifuged for 6 minutes at
3000 rpm. Hereafter, 100 µl supernatant was diluted with 50 µl of an internal
standard (10 µg/ml G025, α-methyl-5,5,-dimethyl-2-oxo-1-pyrrolidin acetamide) in
acetonitrile/methanol (1:3; v/v). After evaporating to dryness at 40°C using a
vortex evaporator, the residues were reconstituted with 0.5 ml of acetone
containing 1 vol% of formic acid. 1 µl was injected onto the Gas Chromatography
Mass Spectrometry (GCMS) system. GCMS analysis was carried out on a TRACE-MS
equipped with an AS2000 autosampler and controlled by Xcalibur software
(Interscience). Separation was achieved on a DB-FFAP column (30 m x 0.25 mm
ID x 0.25µm film thickness, J&W Scientific) after splitless injection and using
helium as carrier gas at a flow rate of 1.0 ml/min. Operating parameters were as
follows: injection temperature 275°C, detector interface temperature 270°C, initial
oven temperature 70°C, oven temperature programmed from 70°C to 210°C at
20°C/min, to 230°C at 5°C/min and to 250 °C at 20 °C/min (held for 7 min). The
ion source operated in EI-mode. Data acquisition was done in selected ion
monitoring (SIM) mode with selected ions: 126+140 m/z for LEV and its internal
standard G025. Integration and calculations were also performed by Xcalibur
software. The extraction recovery was >95%. Within day precision for LEV was
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2.8% for 10.4 µg/ml samples (n=20). The assay was linear until at least 1100
µg/ml.
Pharmacodynamics of levetiracetam
To determine pharmacodynamics of LEV, continuous video-EEG monitoring was
performed in 8 rats that had recurrent spontaneous seizures with a stable
frequency (on average ~10 seizures/day). LEV treatment started 5-6 months after
SE induction (figure 1). Data were collected before (pre-drug control period),
during LEV treatment and after LEV treatment was stopped in each individual rat.
The schedule of treatment is depicted in figure 1. After one week of baseline
recording (pre-drug control period), rats were subcutaneously implanted under
isoflurane anaesthesia (4 vol%) with SHAM minipumps (Alzet type 2ML1, Charles
River Nederland, Maastricht, The Netherlands) that did not contain LEV. After 1
week these pumps were removed and replaced by minipumps that were filled with
LEV according to the manufacturer’s instructions. Each pump contained 2 ml of
LEV solution and had a flow rate of ~10 µl/hour. LEV was administered repeatedly
for 1 week at various concentrations. The LEV concentration was chosen on the
basis of previous experiments in rats (data not shown) to give plasma levels within
or above the tentative target range (6-20 µg/ml) indicated for humans
(Johannessen et al., 2003). During the first week of LEV treatment each rat
received a daily dose of 564 mg LEV/kg. In addition, rats received one LEV
injection i.p. (200 mg/kg) directly after implantation of the pumps, which was
based on a previous study (Glien et al., 2002). The pumps were removed after 1
week and the flow rate of each pump was calculated. Hereafter LEV was given i.p.
for another 2 days (one single injection per day, 200 mg/kg). Next, SHAM
minipumps were implanted for another week, which was followed by a 2-week
wash-out period. LEV treatment was continued at different dosages (283, 91 and
30 mg/kg/day) for one week. One i.p. injection (respectively 30, 10, 3 mg/kg LEV)
was given directly after implantation of the pumps. Each treatment period was
followed by a 2 week wash-out period. The minipumps were removed after the last
treatment. Hereafter LEV was given for one more day, as one single i.p. injection,
200 mg/kg.
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Figure 1. Schematic representation of the treatment protocol.
Five to six months after the electrical induction of status epilepticus (SE), continuous video/EEG monitoring
was started. After one week of baseline recording, rats were subcutaneously implanted with SHAM
minipumps. Hereafter, LEV was repeatedly administered for 1 week via minipumps at various
concentrations (LEV1=564 mg/kg/day, LEV2=283 mg/kg/day, LEV3=91 mg/kg/day, LEV4=30 mg/kg/day).
Each treatment period was followed by a 2 week wash-out period. LEV treatment was continued (i.p.
injections 200 mg/kg) after removal of the minipumps containing the highest (LEV1) and lowest dose of
LEV (LEV4).

Levetiracetam analysis using the bloodspot method
To determine LEV plasma levels during treatment via osmotic minipumps, whole
blood was taken from the tail vein under isoflurane anaesthesia at 9.00 a.m. on
day 4 and day 7. Blood was directly spotted on filter paper (Whatman 3). For the
determination of LEV, the dried blood spots (8 mm) were punched into a test tube
and shaken for 30 min with 300 µl of an acetonitrile/methanol (1:3; v/v) mixture
containing 2 µg/ml G025 (internal standard). A 50 µl aliquot of the bloodspot
solution was diluted with 0.5 ml of acetone containing 1 vol% of formic acid. 1 µl
was injected onto the GCMS system. The GCMS conditions were the same as
described earlier for brain samples.
Statistical comparisons
All data are expressed as mean±standard error of the mean (sem). Statistical
comparisons were performed using ANOVA followed by a Dunnett’s t-test. P<0.05
was assumed to indicate a significant difference.
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Results
Levetiracetam brain/plasma ratio
Two and a half hours after a single i.p. injection of LEV, the brain-to-plasma ratio
of LEV was not different between chronic epileptic rats and control rats in any of
the 5 analyzed brain regions (table 1 and figure 2). Plasma values were also not
different between the two groups (table 1), indicating that at this time point LEV
had entered the brain of chronic epileptic rats at levels not different from those in
control rats.

Figure 2. Levetiracetam brain/plasma ratio
Two and a half hours after a single i.p. injection of LEV, the brain-to-plasma ratio of LEV was not different
between chronic epileptic rats (closed squares) and control rats (open circles) in any of the 5 analyzed
brain regions (see also table 1). Average±sem value for controls is shown in green, for chronic epileptic
rats in red. Plasma values were also not different between the two groups (table 1), indicating that LEV
entered the brain of chronic epileptic rats at levels similar to those in control rats.
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Table 1. LEV brain/plasma ratios determined by gas chromatography.

LEV brain/plasma ratio
control

chronic epilepsy

n=6

n=5

0.61±0.03

0.67±0.06

0.60±0.03

0.69±0.04

0.63±0.04

0.64±0.06

0.59±0.03

0.66±0.05

cerebellum

0.63±0.03

0.66±0.03

LEV plasma (µg/ml)

29±6

38±6

septal hippocampus
temporal hippocampus
parahippocampal cortex
olfactory bulb

LEV brain/plasma ratio (mean±sem) in various brain regions of control and chronic epileptic rats 2.5 hrs
after injection of LEV (54 mg/kg i.p). Plasma levels are given in the bottom row. The brain-to-plasma ratio
of LEV and the plasma values were not different between chronic epileptic rats and control rats in any of
the 5 analyzed brain regions (p>0.05).

Spontaneous seizure activity in pre-drug control period
The detailed experimental observations using video/EEG recordings were started
when each individual rat showed a stable daily seizure frequency for at least one
week, i.e. 5-6 months after the induction of status epilepticus (scheme in figure 1).
Figure 3A shows an example of an electrographic seizure recorded before LEV
treatment (behaviorally characterized as generalized seizure). On average, rats had
12.3±0.7 seizures/day (figure 4A). Seizures lasted 61±2 seconds (figure 4B).
Simultaneous video recordings showed that partial and generalized seizures were
almost equally distributed (40% vs 60%, figure 4C). Baseline EEG recordings were
recorded for one week and continued after implantation of a SHAM minipump.
Seizure frequency, duration and behavior did not change after implantation (figure
4 A-C).
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Figure 3. Electrographic recordings before and during levetiracetam treatment.
(A) Electrographic seizure recorded before LEV treatment (behaviorally characterized as generalized
seizure). (B) Electrographic seizure recorded on the 3rd day of LEV treatment (behaviorally characterized as
partial seizure). (C) Electrographic seizure recorded on the 7th day of LEV treatment (behaviorally
characterized as partial seizure).
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Figure 4. Effects of levetiracetam on seizure frequency, duration and behaviour.
(A) Average number of seizures/day in 8 chronic epileptic rats before, during and after LEV treatment. The
implantation of SHAM minipumps did not affect seizure frequency. During LEV administration via osmotic
minipumps (grey lines, LEV pump) at various concentrations (see figure 1) seizures were significantly
reduced for 3-4 days (p<0.05). The seizure frequency did not change when LEV was given as bolus i.p.
injection after the first treatment (LEV1; highest concentration of LEV in minipump). In contrast, i.p.
injection of LEV after the last treatment (LEV4; lowest concentration of LEV in minipumps) significantly
reduced the seizure frequency.
* indicates significant difference (two tailed paired t-test, p<0.05) compared to the week before treatment.
(B) EEG seizure duration (average/day) was not reduced during LEV treatment compared to the pretreatment period (n=8; two tailed paired t-test, p>0.05).
(C) Average number of generalized and partial seizures/day (8 hours) before, during and after LEV
treatment (n=8). The number of generalized seizures significantly decreased during LEV treatment,
compared to the pre-treatment period, while the number of partial seizures did not change.
* indicates significant difference (two tailed paired t-test, p<0.05) compared to the SHAM treatment.
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Levetiracetam administration via osmotic minipumps
LEV treatment via osmotic minipumps (564 mg/kg/day), caused an almost
complete seizure control during the first 4 days of the treatment. Hereafter, the
number of seizures gradually increased until pre-treatment values were reached on
day 5 (figure 4a; LEV1). Figure 2B shows examples of electrographic seizures
recorded during LEV treatment on day 3 and 7 (both were behaviorally
characterized as partial seizure). The plasma values of LEV remained constant
during treatment (day 4, 68±3 µg/ml; day 7, 61±4 µg/ml). The flow rate of each
pump was verified after removal and corresponded to the range given by the
manufacturer (~10 µl/hr), indicating that all minipumps functioned properly.
EEG seizures lasted on average 61±2 seconds, which was not different
from the SHAM period (59±2 seconds; figure 4B). Video recordings revealed that
the number of generalized seizures was significantly decreased during LEV
treatment, while the number of partial seizures was not different from SHAM
treatment (figure 4C; LEV1).
To investigate whether the increase in seizure frequency might be due to
a gradual decrease in flow rate of the minipump (the plasma levels of day 7 were
known several days later), LEV was administered i.p. (200 mg/kg) for 2 days more
after removal of the minipump. This did not significantly reduce the number of
seizures, (figure 4A-C; LEV1 i.p) while LEV plasma levels were relatively high
(52.7±4.0, 4 hours after i.p. injection). Hereafter a SHAM minipump was implanted
again in each rat. The number of seizures increased compared to pre-drug control
levels and LEV treatment, (figure 4A) but gradually returned to pre-drug control
values within a few days. Seizure duration and behavior were similar to the predrug control period after withdrawal of LEV (figure 4B and C). During the wash-out
period, all parameters were not different from pre-treatment values.
LEV treatment was repeated two weeks later, with minipumps that
released a lower daily dose of LEV (283 mg/kg) which resulted in lower plasma
concentrations (table 2) as expected, compared to the previous treatment. After
initial good seizure control, tolerance to LEV developed after 4 days (LEV2; figure
4A), as was observed with the previous dose (LEV1; figure 4A). Seizure duration
was not changed compared to pre-treatment values (figure 4B; LEV2). LEV
significantly reduced the number of generalized seizures (figure 4C); although
more generalized seizures occurred compared to the previous LEV treatment. The
number of partial seizures was not different from pre-treatment values. During the
wash-out period, seizure frequency, duration and behavior returned to baseline
levels within 1 week.
When LEV treatment was started again at lower dosages (91 and 30
mg/kg/day, with an interval of 2 weeks) LEV was again effective for 3-4 days
(figure 4A, LEV3 and 4), although the seizure frequency was significantly higher
during these days (ANOVA, followed by post-hoc Bonferroni, p<0.05), compared to
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previous LEV treatments (figure 4A; LEV1 and 2). This indicates a dose-dependent
effect of LEV during the first 4 days of the treatment. Hereafter, the seizure
frequency increased during all treatments, despite the fact that LEV plasma levels
remained stable throughout the treatment period (table 2). The minipumps were
removed and LEV was given next as an i.p. bolus injection (similar to after removal
of the minipumps that contained the highest concentration of LEV; LEV1). In
contrast to previous i.p. injections when LEV plasma values were much higher,
seizure frequency was significantly reduced by this i.p. injection (figure 4A; LEV4
i.p.). Thus the loss of efficacy could still be overcome by a high dose. A summary
of all LEV data is given in table 3.

Table 2. LEV plasma concentrations and osmotic minipumps flow rates.

Daily Levetiracetam dose (mg/kg)
564

283

91

30

LEV plasma day 4 (µg/ml)

68±3

33±3

18±1

8±1

LEV plasma day 7 (µg/ml)

61±4

32±2

18±1

9±1

Flow rate minipumps (µl/hr)

10.6±0.2

10.8±0.3

11.0±0.1

10.5±0.1

LEV plasma values (mean±sem) of chronic epileptic rats (n=8) during 1 week treatment via osmotic
minipumps. The flow rates for these pumps are given in the bottom row (mean±sem).

Table 3. Summary of levetiracetam effects.
Daily Levetiracetam dose (mg/kg)

seizure frequency

564

283

91

30

+

+

+

+

seizure duration

=

=

=

=

behavior

++

++

++

++

“=” not significantly changed compared to pre-treatment values. “+” significantly reduced during part of
the treatment compared to pre-treatment values. “++” significantly reduced during the complete
treatment period, compared to pre-treatment values.
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Levetiracetam brain levels during LEV treatment
The brain-to-plasma ratio of LEV was determined in the parahippocampal cortex of
chronic epileptic rats that were sacrificed at a time that they responded well to LEV
(day 3, non-tolerant group) and in rats that showed complete tolerance to the drug
(day 7, tolerant group). The brain-to-plasma ratio did not differ between these
groups (non-tolerant 0.35±0.06; tolerant 0.47±0.13). Since the plasma values
were also not different (non-tolerant 59±4 µg/ml; tolerant 51±5 µg/ml) this
indicates that the amount of LEV that entered the parahippocampal cortex was
similar in both groups and that LEV brain levels could not account for the
decreased efficacy.
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Discussion
The main findings of this study are the following: (1) brain LEV levels measured
after i.p administration in chronic epileptic rats were not different from those
measured in control rats; (2) LEV treatment led to an effective seizure control but
the efficacy was lost within a week, despite adequate LEV serum and brain levels;
(3) the loss of LEV efficacy was not due to reduced LEV brain levels and was not
permanent, since all rats responded again to LEV after a 2 week drug withdrawal.
This suggests that LEV adequately enters the brain and that adaptive changes
within the brain compartment; but not at the level of the blood-brain barrier, may
underlie the development of tolerance and its reversal.

LEV initially controls seizures
LEV completely controls seizures during the first 3 days of the treatment in all rats.
This implies that brain entrance of LEV is not impeded by multidrug transporters, in
contrast to phenytoin as we observed in our previous studies (van Vliet et al.,
2007; Van Vliet et al., 2006). This is supported by the observation that the
concentrations of LEV in various brain regions of chronic epileptic rats (6-8 months
after SE) were not different from those measured in control rats, even in brain
regions in which multidrug transporters are overexpressed (Van Vliet et al., 2005;
van Vliet et al., 2007). This is in line with a previous study in control rats (Potschka
et al., 2004) and humans (Baltes et al., 2007) and suggests that LEV is not a
substrate for multidrug transporters. However, our measurements were limited to
one time point in the chronic epileptic phase. More time points should be analyzed
to prove that LEV is not transported by multidrug transporters, which was beyond
the scope of this study.

Development of tolerance
Administration of LEV via continuous infusion led to an almost complete
suppression of seizures. However, complete seizure control was not achieved
throughout the entire treatment period and the seizure frequency gradually
returned to baseline levels after 4 days. When continuous LEV infusion was
stopped, a further increase in the number of seizures was observed, as a result of
withdrawal of LEV. This rebound effect was also observed for phenytoin in this
animal model (Van Vliet et al., 2006).
LEV was repeatedly administered for 1 week at various concentrations,
resulting in mean plasma levels in the rat between 8-68 µg/ml, which is within or
above the tentative target range of 10-20 µg/ml indicated for human (Johannessen
et al., 2003). Since LEV plasma levels were constant throughout each treatment
period and all minipumps were working properly, we can exclude any contribution
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of these factors to the loss of effect. More importantly we can also exclude that
alterations in brain levels of LEV would account for the development of tolerance,
since LEV brain levels were not different between rats that were killed 3 days after
the beginning of the treatment (when seizures were suppressed) and rats that
were killed 7 days after the start (when seizure were not suppressed anymore and
LEV had lost its effect). Rats that were only treated with the lowest LEV dose
showed a similar response compared to rats that received LEV treatments before
at higher dosages (data not shown). This indicates that the development of
tolerance is not due to the treatment schedule.
Since the precise mechanism of action of LEV is not known, we can only
speculate which mechanisms could be involved in the development of tolerance.
The prolonged exposure to LEV could cause alterations in the properties of the
synaptic vesicle protein 2A, which is the binding site for LEV (Lynch et al., 2004),
or other (still unknown) targets. Changes in the dynamic control of the neuronal
excitability and alterations in ion channel composition or expression may also be
relevant (Beck, 2007; van Welie et al., 2004).

Tolerance in animal studies
Although numerous studies describe tolerance to various AEDs in animal models of
epilepsy (for review see Loscher and Schmidt, 2006), studies describing tolerance
to LEV are scarce, since most studies report on the anticonvulsant effects of LEV
after single and acute administration. However, a few studies describe the effects
of prolonged LEV treatment. A reduction in the anticonvulsant efficacy of LEV has
been observed within 3-10 days in amygdala kindled rats (Loscher and Honack,
2000; Zhang et al., 2003b), but these animals did not have spontaneous seizures.
It was suggested that tolerance to LEV developed in a subset of pilocarpine treated
rats with recurrent spontaneous seizures (Glien et al., 2002). However, these rats
were only video-monitored for no more than 56 hours a week (minimum 12 hours)
and no continuous EEG recordings were made. The present study indicates that
LEV treated rats exhibit mainly partial (focal) seizures (stage 1-2 seizures on
Racine’s scale), which are subtle and difficult to detect with video-monitoring only.
Therefore it is not unlikely that focal seizures have not been detected in the study
of Glien et al. Our data demonstrate the importance of continuous video-EEG
monitoring. Moreover, stable and frequently occurring spontaneous seizures are
essential to detect significant effects of AEDs.

Tolerance in patient studies
Since LEV (Keppra) is mostly used as adjunctive therapy, studies that report loss of
effect of LEV in patients are scarce. Incidental evidence shows that tolerance to
LEV can occur in humans (Loscher and Schmidt, 2006; Meencke and Meinke-Jäggi,
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2004), even within a few days (Friedman and French, 2006). Loss of efficacy of
LEV as adjunctive therapy has been observed in 102/1325 patients (7.7%) during
6 months treatment (Ben-Menachem et al., 2003). However, a change of response
in opposite direction occurred in 97/1325 patients (7.3%) who were nonresponders during 3 months but became responders when they were observed
during 3-6 months. As the number of initial non-responders that became
responders is similar to that of initial responders that became non-responders, the
authors concluded that this is probably accounted for by spontaneous fluctuation in
seizure frequency (Ben-Menachem et al., 2003). Another add-on study reported
that LEV was withdrawn in 261/1422 patients (18.4%); no discrimination was
made between lack and loss of efficacy (Ben-Menachem, 2003). In subjects that
were on LEV monotherapy for at least 3 months, 3/49 patients (6.1 %) did not
properly respond to LEV, but again no discrimination between lack/loss of efficacy
was made (Krakow et al., 2001). French et al. reported that the mean proportion
of seizure-free days was higher in the first week of LEV treatment, in comparison
with subsequent weeks, suggesting tolerance. Although seizure frequency
increased to some extent, it was stable for each week over the 3-month period
assessed (French et al., 2005). Our data suggest that development to LEV might
be an underestimated problem also in patients. This may be due to the fact that
until now LEV has been used as an adjunctive therapy. Since more and more
patients receive LEV monotherapy nowadays, it is important to investigate, in more
detail, whether tolerance to LEV occurs in human patients.

Reversal of tolerance
All rats responded with complete seizure control to a renewed LEV administration
after a 2 week withdrawal period, showing that tolerance to LEV was reversible;
however tolerance developed again after a few days. This indicates that an
adaptive response was induced relatively fast. Reversal of tolerance to LEV was
also observed in amygdala-kindled rats (Zhang et al., 2003b). This indicates that
withdrawal of LEV for a short period of time can reverse tolerance. Interestingly, a
recent case report of a patient with generalized epilepsy showed that this patient
quickly developed tolerance to LEV therapy, but had significant and persistent
benefit from intermittent LEV therapy (Friedman and French, 2006). Whether this
approach is beneficial for other patients needs to be further investigated in a larger
group of patients.
In conclusion, our results show that LEV can enter the brain of chronic
epileptic rats and that continuous LEV treatment markedly reduced spontaneous
seizures in chronic epileptic rats, but this effect was lost after a few days. Thus
although this drug possibly circumvents the problem caused by increased multidrug
transporter expression in epileptic tissue, the development of tolerance poses
another serious problem to treat these epileptic patients. Although tolerance to LEV
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has not been frequently reported in human we think that this should be further
investigated in patients with LEV monotherapy. Intermittent administration of LEV
treatment indicated that tolerance to LEV was reversible. Whether intermittent
administration of LEV could be a useful approach for these patients needs to be
determined.
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Summary
Epilepsy is a common chronic neurological disease. In adults, temporal lobe
epilepsy is the most common type of epilepsy. Pharmacotherapy with various
antiepileptic drugs is often the first treatment in order to suppress seizure activity.
However, complete seizure control is not established in one third of all epilepsy
patients. For only a few, carefully selected refractory patients stimulation of the
vagus nerve or surgical removal of the hippocampus or other temporal lobe regions
is the last possibility to get symptom relief. However, resection does not
necessarily lead to seizure freedom. Since the underlying mechanisms of
pharmacoresistance are not precisely known, no other effective therapy is available
for these patients. It has been proposed that overexpression of multidrug
transporters (transporter proteins that are present in bloodvessels and are part of
the blood-brain barrier (BBB)) contributes to pharmacoresistant epilepsy. Under
normal circumstances, multidrug transporters protect the brain by limiting the
entry of serum derived compounds or transport them from the brain into the
bloodstream. Since multidrug transporters have affinity for most antiepileptic drugs
and are overexpressed in epileptogenic brain regions, brain access of antiepileptic
drugs can be limited. However, a definitive proof is still lacking. In this thesis, the
role of multidrug transporters in pharmacoresistance was investigated in a rat
model for temporal lobe epilepsy.
In chapters 2, 3 and 4 it was shown that the multidrug transporters
P-gp, MRP1, MRP2 and BCRP were overexpressed shortly after status epilepticus
and during epileptogenesis in various limbic brain regions. A similar overexpression
was observed for major vault protein (MVP), a structure that is involved in
intracellular transport. These changes were also evident in chronic epileptic rats,
specifically in the epileptogenic temporal lobe. Moreover, overexpression was
related to the occurrence of spontaneous seizures in these rats.
Immunocytochemistry revealed that the expression of MVP was mainly increased in
microglial cells, while the multidrug transporters were overexpressed in
bloodvessels and glial cells surrounding these vessels. Overexpression of these
proteins was associated with lower brain levels of the antiepileptic drug phenytoin
(PHT), suggesting that these proteins regulate drug levels in the brain. The
functional role of the transporters was also shown by pharmacological inhibition.
Co-administration of a specific inhibitor for P-gp (tariquidar, TQD) or MRP1/MRP2
(probenecid) increased PHT levels (chapter 4, 5 and 6), specifically in brain
regions in which increased expression of the transporters was observed. These
data suggest that administration of antiepileptic drugs in combination with specific
inhibitors for multidrug transporters can overcome pharmacoresistance. This was
tested in chronic epileptic rats in chapter 5. The effects of PHT on spontaneous
seizure activity were investigated, before and after administration of TQD. A 7-day
treatment with therapeutic doses of PHT did not lead to a complete seizure control.
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However, an almost complete control of seizures by PHT was obtained in all rats
when TQD was co-administered. Although the effects of TQD were transient, these
findings establish the proof-of-principle that P-gp is involved in the regulation of
local drug levels in the epileptic rat brain. The role of BBB alterations were further
studied in chapter 7, 8 and 9. Intraveneous injection of various BBB tracers in
combination with immunocytochemistry revealed that the integrity of the BBB was
permanently changed in limbic brain regions of epileptic rats and human.
Moreover, increased BBB permeability was associated with increased seizure
activity in chronic epileptic rats. In addition to this, western blot analysis
demonstrated that P-gp and the inflammatory mediator cox-2 were increased in
regions with BBB disruption. Artificial opening of the BBB using a hyperosmotic
mannitol solution also increased P-gp as well as cox-2 expression, although
throughout the whole brain. Furthermore, artificial opening of the BBB induced a
persistent increase in the number of seizures in the majority of rats. These findings
suggest that leakage of the BBB leads to local inflammation and cellular stress,
which coincides with increased P-gp expression. Moreover, this process seems to
contribute to the progression of epilepsy. In the last part of the thesis (chapter 9
and 10) two alternative approaches were used in chronic epileptic rats to reverse
or circumvent the problem of pharmacoresistance. First, PHT was administered in
combination with a selective cox-2 inhibitor to chronic epileptic rats. Since cox-2
(which is upregulated by seizure activity) can induce P-gp expression, it was
hypothesized that inhibition of cox-2 can decrease P-gp expression resulting in
improved penetration of PHT into the brain. Despite an effective cox-2 inhibtion, Pgp was still overexpressed and PHT brain levels remained significantly reduced in
the temporal lobe. Second, the antiepileptic drug levetiracetam (LEV), which is
supposed to be no substrate of the multidrug transporters, was administered to
chronic epileptic rats. As previously reported in control rats, LEV also adequately
entered the brain of chronic epileptic rats. LEV very effectively controlled the
seizure activity. However, the seizure suppressing effect gradually disappeared
during chronic LEV treatment. A 7-day treatment with various doses of LEV
suppressed spontaneous seizure activity for 3-4 days. Hereafter, the seizure
frequency increased to pre-treatment values.
Taken together, this thesis provides evidence that overexpression of
various multidrug transporters can contribute to pharmacoresistance in an animal
model for temporal lobe epilepsy by lowering antiepileptic drug levels in the brain.
Although seizure control and increased PHT brain levels could be achieved in
chronic epileptic rats by using an antiepileptic drug in combination with a specific
multidrug transporter inhibitor or by an antiepileptic drug that is no substrate for
these transporters, the effects of these therapeutic approaches were transient.
Once antiepileptic drug levels increase in brain, other mechanisms of
pharmacoresistance can come into play, such as changes of the properties of the
specific antiepileptic drug target.
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General discussion
Pharmacoresistant epilepsy is observed in 30% of all epilepsy patients (Brodie and
Mohanraj, 2003; Kwan and Brodie, 2000; Schmidt and Loscher, 2005). Despite
several newly developed antiepileptic drugs (AEDs), a number of patients remains
intractable and continues to have seizures. Considering the fact that epilepsy is one
of the most common neurological disorders, pharmacoresistance is a major health
issue. The consequences of uncontrolled seizures can be quite severe, since they
are associated with increased morbidity and mortality (Loscher and Schmidt, 2004;
Regesta and Tanganelli, 1999). Currently, two main hypotheses have been
proposed to account for pharmacoresistance.
1) The “target hypothesis” contends that target sites for AEDs (e.g. sodium,
calcium channels, GABA receptors) are altered in the epileptic brain so that they
are less sensitive to the anticonvulsant effects of systemically administered AEDs.
This may occur particularly when AEDs gradually fail.
2) The “transport hypothesis” contends that AEDs do not reach their target sites in
the brain due to an overexpression of multidrug transporters at the blood-brain
barrier (BBB).
These hypotheses are not mutually exclusive, but may coexist in the same patient.
Furthermore, a variety of other (currently unknown) factors may play a role, since
epilepsy is a multifactorial disease. The target hypothesis has been a main focus in
the last decade. Various studies support this hypothesis and show a reduced
sensitivity to AEDs of the voltage-gated Na+ channels and the GABAA receptors in
epileptic tissue from human and experimental animals (Jones et al., 2002; Remy et
al., 2003; Vreugdenhil et al., 1998; Vreugdenhil and Wadman, 1999). More
recently, the transporter hypothesis attracted a lot of attention. The first studies
supporting this hypothesis indicated that upregulation of various multidrug
transporters on the BBB was associated with pharmacoresistance in epileptic
patients (Aronica et al., 2003a; Aronica et al., 2004; Dombrowski et al., 2001;
Sisodiya et al., 2002; Tishler et al., 1995) and in animal models of epilepsy (Rizzi et
al., 2002; Seegers et al., 2002; Zhang et al., 1999). However, the specific
localization of these transporters throughout the brain, the time-course of
expression and the functional involvement in pharmacoresistant epilepsy are not
known. Moreover, the cause of overexpression of these transporters is not clear.
The major aim of this thesis is to investigate the role of the BBB and multidrug
transporters in pharmacoresistant epilepsy. In order to do so, a set of three criteria
was proposed that had to be fulfilled in order to accept the role of these alterations
in pharmacoresistance. These criteria are further discussed on the following pages.
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1. Overexpression of multidrug transporters must be detectable in
epileptogenic brain regions
In chapter 2-6 it is shown that P-gp, MRP1, MRP2, BCRP and MVP were
overexpressed in the epileptic rat brain. Numerous studies described and confirmed
upregulation of these proteins in epileptic tissue, both in human as well as in
epileptic mice or rats (Aronica et al., 2003a; Aronica et al., 2004; Aronica et al.,
2003b; Dombrowski et al., 2001; Marchi et al., 2004; Potschka et al., 2003b; Rizzi
et al., 2002; Seegers et al., 2002; Sisodiya et al., 1999; Sisodiya et al., 2002;
Sisodiya et al., 2001; Sisodiya et al., 2003; Tishler et al., 1995; Volk et al., 2004a;
Volk et al., 2004b; Zhang et al., 1999). However, most of these studies were
limited to one or two brain regions and did not give insight into the spatiotemporal
changes of expression. The data presented here extend these findings by providing
information on the regional localization of multidrug transporters (MDTs), the
cellular expression and their time-dependent changes during different phases of
epileptogenesis. We demonstrated that overexpression of MDTs is region specific
and found that most MDTs were consistently overexpressed in epileptogenic
ventral brain regions (piriform, perirhinal and entorhinal cortex), while
overexpression was not evident in brain regions that are not involved in seizure
generation or spread (e.g. the cerebellum). Moreover, upregulation of MDTs was
only found in rats that experienced status epilepticus and was most evident in rats
that had developed a progressive form of epilepsy. This might have important
implications for drug distribution. Based on these data we can assume that AEDs
are not equally distributed over the epileptic brain and that AED brain levels are
decreased, especially in epileptogenic brain regions.
Increased expression of P-gp, MRP1, MRP2 and BCRP was detected in
endothelial cells and astrocytes that were located in close apposition to blood
vessels. The overexpression of these drug efflux transporters on the endothelial
cells of the BBB will affect the extrusion of AEDs from the brain to the blood and
thereby lower the extracellular concentration of AEDs (figure 1). It is not known if
or how increased expression of multidrug transporters on astrocytes affects AED
distribution in the brain. Since phenytoin was extruded by P-gp from astrocytes of
epilepsy patients, it has been suggested that P-gp has a cytoprotective role,
extruding toxic xenobiotics from the intracellular compartment (Marchi et al.,
2004). Since most astrocytes are in close contact with blood vessels they may
transport AEDs via endothelial cells to the blood stream (figure 1). The perivascular
astrocytes may also form a second barrier to AED penetration in regions where the
integrity of the first barrier (the endothelial cells of the BBB) is affected (Sisodiya et
al., 2002).
As shown in a study where an alternative fixation protocol was used,
MDTs were also overexpressed in neurons (Volk et al., 2005; Volk et al., 2004a).
Increased P-gp expression in hippocampal neurons may affect the action of AEDs
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with intraneuronal targets, although this is not very likely, since most AEDs have
extraneuronal targets. The overexpression of neuronal P-gp could also be involved
in the survival of neurons, either by decreasing neuronal uptake of the neurotoxic
compounds that are abundantly present after SE or by prevention of apoptosis
which is involved in neuronal damage developing after a SE (Marroni et al., 2003).
MVP was abundantly present in microglial cells. Since it has been shown
that MVP can act as carrier and sequester a variety of drugs (Kitazono et al.,
2001), overexpression of MVP in microglia may therefore change the distribution of
AEDs in the brain and further decrease extracellular AED levels by sequestering
AEDs from the parenchyma (figure 1). Unfortunately there are no inhibitors of MVP
to test this hypothesis.

Figure 1. Schematic representation of the blood-brain barrier in control (left) and in the epileptic brain
(right) and the proposed role of multidrug transporters (blue) in the distribution of antiepileptic drugs
(green) in the brain. Multidrug transporters that are overexpressed in endothelial cells and perivascular
astrocytes in the epileptic brain transfer antiepileptic drugs back into the blood and can decrease the
extracellular concentration of antiepileptic drug. This will result in ineffective treatment since the target on
the neuron is not reached. In addition, the extracellular concentration of drugs may be further decreased
by vaults, which are overexpressed in microglial cells and can sequester drugs.

The expression of various MDTs during epileptogenesis was investigated
in chapter 2-6. P-gp, MRP1, MRP2, BCRP and MVP were overexpressed directly
after SE in the acute seizure period (one day after SE) with a peak in the latent
period (one week after SE). In chronic epileptic rats, the overexpression of MDTs
was most evident in rats with frequent seizures, specifically in brain regions that
were associated with seizure generation and spread. The response to AEDs was
determined in the chronic epileptic phase and revealed that most rats did not
properly respond to PHT and continue to have seizures despite high PHT plasma
values. This lack of response was already present on the first day of the treatment,
indicating that the pathological condition that leads to pharmacoresistance was
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present before the first treatment with AEDs. The fact that MDTs were
overexpressed immediately after SE, but also in the latent phase (prior to the first
seizure), fits with this and indicates that overexpression of MDTs can be the
molecular pathology that leads to pharmacoresistance as soon as the
pharmacological treatment is started.
2. Multidrug transporters must be able to regulate brain levels of
antiepileptic drugs
In order to play a role in regulating AED levels in brain and pharmacoresistance, a
prerequisite of MDTs is to transport a variety of AEDs. Various studies using rats
and mice showed that most AEDs are indeed transported by various MDTs (e.g.
carbamazepine (Potschka et al., 2001; Rizzi et al., 2002), phenytoin (Potschka and
Loscher, 2001a; Rizzi et al., 2002; Tishler et al., 1995), phenobarbital, lamotrigine
and felbamate (Potschka et al., 2002)). Overexpression of MDTs decreases AED
levels in brain, as has been suggested both for epileptic mice (Rizzi et al., 2002)
and humans (Rambeck et al., 2006).
In order to demonstrate the active involvement of MDTs in
pharmacoresistance, it is necessary to establish a link between MDT expression,
AED brain levels and the seizure suppressive effects of the AED. In this thesis the
evidence is provided for chronic epileptic rats (chapters 4, 5 and 6). First it was
demonstrated that phenytoin (PHT) brain levels were reduced in chronic epileptic
rats compared to control rats, but only in regions that had P-gp overexpression.
Second, the efficacy to PHT was determined in these rats (chapter 5). PHT
treatment did not result in complete seizure control, despite the fact that PHT
plasma levels were appropriate. Since PHT plasma pharmacokinetics were not
different between control and chronic epileptic rats, the effects of P-gp are very
likely to occur at the BBB and not due to altered absorption or excretion. These
observations are supported by a study that demonstrated a correlation between
the efficacy of phenobarbital and P-gp expression in rats with spontaneous
seizures. P-gp was overexpressed in limbic brain regions of phenobarbital treated
epileptic rats with drug-resistant spontaneous seizures compared to rats with drugresponsive seizures (Volk and Loscher, 2005). Furthermore, a clinical study in drug
resistant epilepsy patients described an inverse relation between the expression of
MDR1
and
the
active
oxcarbazepine
metabolite
10-hydroxy-10,11dihydrocarbazepine (Marchi et al., 2005b), again suggesting a role for MDTs in
pharmacoresistance.

210

_________________________________________Summary and general discussion
3. Inhibition of multidrug transporters should affect pharmacoresistance
In order to determine a role for MDTs in pharmacoresistrance, it should be
demonstrated that pharmacoresistance can be affected by inhibiting MDTs. The
first functional evidence is provided in this thesis (chapter 5 and 6). Inhibition of
P-gp by tariquidar (TQD) increased PHT brain levels, specifically in regions where
P-gp was overexpressed, and almost completely blocked spontaneous seizure
activity in PHT resistant rats (described in chapter 5 and 6), while PHT alone did
not render any animal seizure free. This was complemented by Western blot
analysis and drug concentration measurements that confirmed elevated expression
of P-gp as well as an increased brain penetration of PHT in the presence of TQD.
Similarly, MRP1/MRP2 were overexpressed in these rats and inhibition of
MRP1/MRP2 by probenecid increased PHT brain levels, indicating that not only Pgp but also MRPs may be involved in pharmacoresistance.
When considered together, the multiple findings of this study would
appear to offer confirmation of the MDT hypothesis in refractory epilepsy. This is
further strengthened by another study that appeared recently, in which
phenobarbital resistant rats were used. Similarly, pharmacoresistance was
counteracted by coadministration of phenobarbital and TQD in this model (Brandt
et al., 2006). A recent in vitro experiment is in line with these data. In this
experiment, BBB permeability to PHT was studied using a dynamic in vitro BBB
model, which was based on co-cultures human vascular endothelial cells from
"normal" and drug-resistant epileptic brain tissue with human brain astrocytes. BBB
permeability of PHT was reduced in epileptic tissue compared to control tissue,
while P-gp blockade with TQD increased PHT permeability 3.5-fold, but only in
cultures from drug-resistant tissue and not in control tissue (Cucullo et al., 2007).
The ultimate experiment is to show that pharmacoresistance can be
affected by inhibiting MDTs in humans. Until now, two clinical epilepsy case-studies
reported improvement of seizure control in 2 intractable patients when verapamil
was added to AED therapy (Iannetti et al., 2005; Summers et al., 2004). However,
verapamil is a weak and non-specific P-gp inhibitor, which also affects calcium
channels. New clinical trials using more specific MDT inhibitors are needed to
evaluate the effectiveness of this treatment regimen in human.
Alternative approaches to overcome pharmacoresistance
Since many AEDs are transported by MDTs (including carbamazepine (Potschka et
al., 2001; Rizzi et al., 2002), phenytoin (Potschka and Loscher, 2001a; Rizzi et al.,
2002; Tishler et al., 1995), phenobarbital, lamotrigine and felbamate (Potschka et
al., 2002)), pharmacological inhibition of MDTs may be a useful pharmacological
approach to overcome pharmacoresistance and increase AED levels in
epileptogenic brain regions. However, as shown in chapter 5, the seizure
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controlling effects of PHT with coadministration of TQD were considerable in the
rat, but the effects were not long lasting. Therefore two other approaches were
used in this thesis (chapter 9 and 10) in order to increase AED levels in the brain
and overcome pharmacoresistance.
In chapter 7 we show that serum derived proteins like albumin can enter
the epileptic brain due to BBB disruption, not only directly after SE and in the latent
phase, but also in the chronic epileptic phase, especially in regions in which MDTs
were overexpressed. In chapter 9 it is demonstrated that disruption of the BBB can
induce P-gp expression. Since MDTs exert a protective role, the upregulation of
P-gp may be an attempt to protect the brain against serum derived compounds
that enter the brain during BBB leakage. Since cox-2 is a pro-inflammatory
mediator that can contribute to BBB damage and also caused MDR1 upregulation
in cultured cells (Patel et al., 2002; Puhlmann et al., 2005) the first alternative
approach was the use of a specific cox-2 inhibitor in chronic epileptic rats. Despite
the effective inhibition of prostaglandin E2 in brain, as shown by an immuno assay,
the specific cox-2 inhibitor SC-58236 did not affect P-gp expression or PHT brain
levels in chronic epileptic rats. Apparently, cox-2 inhibition alone was not sufficient
to reduce P-gp expression. The specific mechanisms contributing to MDT
overexpression should be investigated in more detail, since this may open new
possibilities to overcome pharmacoresistance. In this respect the prevention of BBB
leakage in the epileptic brain may be an important focus, since opening of the BBB
increased the expression of P-gp. BBB leakage may be prevented more specifically
by strong anti-inflammatory or anti-oxidative agents, as has been used in multiple
sclerosis patients (Floris et al., 2004; Hendriks et al., 2004).
Levetiracetam (LEV) was used since this AED has been suggested not to
be transported by P-gp/MRP in control rats (Potschka et al., 2004). The data
presented in chapter 10 of this thesis support this and show that LEV adequately
enters the brain of epileptic rats. Although adequate serum and brain levels of LEV
were maintained, chronic LEV treatment provided only temporary seizure control,
indicating the development of pharmacoresistance. Interestingly, in chapter 5 we
showed that adequate brain and plasma levels of PHT were maintained, but only
when TQD was co-administered. In this case chronic PHT+TQD treatment provided
only temporary seizure control, similarly as was observed when LEV was given. A
reduction in response to a drug after repeated administrations is called tolerance
(Loscher and Schmidt, 2006). Depending on the drug and drug dosage, tolerance
can develop either gradually or rather quickly. With tolerance, a shift of the doseresponse curve to the right occurs, such that higher doses are required to achieve
the same effect. Thus, to counteract loss of efficacy, the dose has to be increased
(Loscher and Schmidt, 2006). When tolerance can not be overcome by dose
increments, the patient is considered drug resistant. Tolerance can be caused by
the induction of AED-metabolizing enzymes, as has been shown for most first
generation AEDs, including PHT (Loscher and Schmidt, 2006). However, PHT
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plasma values were maximal during the experiments described in this thesis and
increasing the dose resulted in toxicity. Furthermore, PHT and LEV plasma values
did not change during chronic treatment, indicating that AED-metabolizing
enzymes did not cause the loss of effect. It is more likely that AED targets changed
(e.g., by loss of target sensitivity) since this has been shown experimentally for all
AEDs that lose activity during prolonged treatment. (Loscher and Schmidt, 2006).
In addition to chemical inhibition of MDTs new strategies are being
developed to bypass the BBB and MDTs. One new approach is target drug delivery.
By using immunoliposome-based drug delivery systems AED brain levels can be
increased. Small vesicles that consist of one or more concentric lipid bilayers
enclosing one or more aqueous compartments are coupled to an antibody. Drugs
can be packed within the bilayer or in the aqueous compartment using
nanoparticles. The immunoliposomes can pass the BBB via endocytosis and can
mediate targeting to a specific tissue or organ (Fricker and Miller, 2004; Huwyler et
al., 2002; Huwyler et al., 1996). A broad spectrum of nanoparticles has been
investigated so far and has emerged as a promising tool for chemotherapytherapy
of brain cancer (Koo et al., 2006). However, this does not exclude that MDTs can
still decrease drug levels as soon as the drug is released in the brain.
Concluding remarks
We conclude that MDTs can play a significant role in mediating
pharmacoresistance. This is based on the following observations in a rat model for
temporal lobe epilepsy:
1)

Overexpression of MDTs was detectable in epileptogenic brain regions
during epileptogenesis and in the chronic epileptic phase, specifically in
regions with BBB damage

2)

Overexpression of MDTs decreased brain levels of PHT

3)

Inhibition of MDTs increased PHT brain levels and improved seizure
control

The MDT hypothesis is also supported by the fact that most intractable patients fail
to respond to the first AED and the response to AEDs does not improve during
treatment with a second or third AED (Brodie and Mohanraj, 2003; Kwan and
Brodie, 2000). Based on these data, the “de novo theory” claims that
pharmacoresistance has been fully developed before the first seizure or at least
before the first treatment with AEDs (Schmidt and Loscher, 2005). In this case, the
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MDT hypothesis can be explained by intrinsic (genetic) or disease factors that lead
to increased expression of MDTs.
Although the MDT hypothesis seems valid, the evidence to suggest that
the MDT hypothesis is applicable to human remains largely circumstantial and
awaits approval. It can also not be excusively used to explain all pharmacoresistant
cases, since a substantial proportion of patients may not become clearly intractable
for many years after onset (Berg et al., 2003). These patients initially respond to
AEDs, but delayed drug resistance occurs. At this stage, pharmacoresistance may
be either reversible (periods of remission follow periods of intractability) or
persistent. In the latter case, AED induced alterations or factors that are associated
with disease progression may play a role in pharmacoresistance, which may
include both changes in AED targets and MDTs. In the group that shows transient
reversal of drug resistance, most often in a “wax and wane” pattern with a
remitting-relapsing course (Schmidt and Loscher, 2005), the mechanisms
underlying pharmacoresistance can not be explained with the MDT hypothesis. In
these patients tolerance may have developed as a result of target changes after
prolonged exposure to a certain AED. Treatment with another AED may
temporarily suppress seizures, but the development of tolerance to the new AED
may result in increased seizure activity and intractability.
Summarized, this thesis provides evidence for the MDT hypothesis in an
animal model for temporal lobe epilepsy and shows that seizures can be controlled
by inhibition of MDTs or by the use of an AED that is not transported by MDTs.
However, tolerance can develop, indicating that in addition to overexpression of
MDTs other mechanisms of pharmacoresistance are relevant. Therefore future
research should not be limited to MDTs, but also include AED properties and their
targets.
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Nederlandse samenvatting
Epilepsie is een veel voorkomende chronische, neurologische aandoening. Bij
volwassenen is temporaalkwabepilepsie de meest voorkomende vorm van
epilepsie. Om epileptische aanvallen te onderdrukken wordt vaak een behandeling
gestart met anti-epileptica. Helaas is dit voor ongeveer éénderde van alle patiënten
niet toerijkend en bij deze patiënten zijn de aanvallen niet onder controle te krijgen
met de huidige farmaca (farmacoresistentie). Voor een klein deel van nauwkeurig
geselecteerde patiënten is hoog frequente stimulatie van de nervus vagus of het
chirurgisch verwijderen van de hippocampus of andere temporaalkwab gebieden
de laatste mogelijkheid om aanvallen weg te nemen. Deze resecties leiden echter
niet altijd tot volledige aanvalsreductie. Omdat de onderliggende oorzaak van
farmacoresistentie niet precies bekend is, is er momenteel geen andere effectieve
therapie voor deze patiënten. Recente studies suggereren dat overexpressie van
multidrug transporters (transporter eiwitten, die zich bevinden in de bloedvaten en
deel uitmaken van de bloed-hersenbarrière) kunnen bijdragen aan
farmacoresistente epilepsie. Onder normale condities beschermen de multidrug
transporters de hersenen door te voorkomen dat ongewenste stoffen vanuit het
bloed de hersenen binnendringen. Ook kunnen multidrug transporters deze stoffen
uit de hersenen verwijderen en naar de bloedbaan transporteren. Omdat multidrug
transporters ook affiniteit hebben voor diverse anti-epileptica en hun expressie is
toegenomen in epileptische hersengebieden, kunnen ze de hoeveelheid antiepileptica in deze gebieden te verlagen. Een sluitend bewijs hiervoor was echter
nog niet geleverd. In dit proefschrift is de rol van multidrug transporters in
farmacoresistente
epilepsie
onderzocht
in
een
rat
model
voor
temporaalkwabepilepsie.
In hoofdstuk 2, 3 en 4 is aangetoond dat de multidrug transporters
P-gp, MRP1, MRP2 en BCRP zijn toegenomen, kort na een status epilepticus en
tijdens de ontwikkeling van epilepsie in diverse limbische hersengebieden. De
expressie van het vault eiwit (major vault protein; MVP), een structuur die
betrokken is bij intracellulair transport, was eveneens toegenomen. Deze
veranderingen waren ook aanwezig bij ratten met chronische epilepsie, met name
in de epileptogene temporaalkwab. Bij deze ratten was de toename van
drugtransporters gerelateerd aan het optreden van spontane epileptische
aanvallen. Met behulp van immunocytochemie is aangetoond dat MVP voornamelijk
was toegenomen in microglia, terwijl de expressie van de multidrug transporters
was toegenomen in bloedvaten en gliacellen die om de vaten heen liggen. De
toename van de transporters was geassocieerd met een verlaagde
hersenconcentratie van het anti-epilepticum fenytoïne. Dit suggereert dat de
transporters de hoeveelheid anti-epileptica in de hersenen kunnen beïnvloeden. De
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functionele betekenis van de transporters werd verduidelijkt na farmacologische
remming. Na het toedienen van een specifieke remmer voor P-gp (tariquidar, TQD)
of MRP1/MRP2 (probenecid) nam de concentratie fenytoïne in de hersenen toe
(hoofdstuk 4, 5 en 6). Dit gebeurde alleen in hersengebieden waar de expressie
van drugtransporters tijdens de epilepsie was verhoogd. Deze data suggeren dat
het probleem van farmacoresistentie overwonnen zou kunnen worden door het
toedienen van anti-epileptica in combinatie met een specifieke remmer voor
multidrug transporters. Dit is getest in hoofdstuk 5 in ratten met chronische
epilepsie. Hier zijn de effecten van fenytoïne onderzocht op spontane aanvallen,
vóór en na het toedienen van TQD. Een 7-daagse behandeling met therapeutische
fenytoïne concentraties had deels effect, maar de aanvallen werden niet volledig
onderdrukt. Wanneer fenytoïne echter in combinatie met TQD werd gegeven,
bleken de aanvallen in alle ratten bijna volledig onderdrukt te worden. Ondanks het
feit dat deze effecten tijdelijk waren, tonen deze bevindingen aan dat P-gp
betrokken is bij de regulatie van de hoeveelheid anti-epileptica in de hersenen van
epileptische ratten. De rol van de bloed-hersenbarrière is verder bestudeerd in
hoofdstuk 7, 8 en 9. Intraveneuze injectie van verschillende bloedhersenbarrière tracers in combinatie met immunocytochemie liet zien dat de
doorlaatbaarheid van de bloed-hersenbarrière permanent was toegenomen in
epileptogene hersengebieden, zowel bij de rat als ook bij de mens. De toegenomen
doorlaarbaarheid was geassocieerd met een toename van de aanvalsfrequentie in
epileptische ratten. In hersengebieden waar lekkage van de bloed-hersenbarrière
werd geconstateerd, waren de eiwitten P-gp en de inflammatoire mediator cox-2
toegenomen. Het kunstmatig openen van de bloed-hersenbarrière met een
hyperosmotische mannitol-oplossing leidde ook tot zowel een P-gp als cox-2
toename, maar dan in het gehele brein. Het artificieël openen van de bloedhersenbarrière leidde tevens tot een blijvend verhoogde aanvalsfrequentie in de
meeste ratten. Deze bevindingen suggereren dat lekkage van de bloedhersenbarrière leidt tot lokale inflammatie en cellulaire stress, dat gepaard gaat
met een toename van de P-gp expressie. Bovendien lijkt dit proces bij te kunnen
dragen aan de progressie van epilepsie. In het laatste deel van dit proefschrift
(hoofdstuk 9 and 10) zijn twee alternatieve methoden gebruikt in ratten met
chronische epilepsie om het probleem van farmacoresistentie op te heffen of te
omzeilen. Allereerst is een selectieve cox-2 remmer gebruikt, in combinatie met
fenytoïne. Omdat cox-2 (dat verhoogd tot expressie komt na epileptische
aanvallen) de expressie van P-gp kan induceren, werd de hypothese getest of
inhibitie van cox-2 zou leiden tot een afname van P-gp. Dit zou dan als gevolg de
concentratie fenytoïne in de hersenen weer normaliseren. Ondanks het feit dat
cox-2 effectief werd geremd, was de expressie van P-gp niet veranderd en was
deze nog steeds verhoogd ten opzichte van controle ratten. De fenytoïne
concentraties in de hersenen van epileptische ratten waren eveneens onveranderd
en bleven significant verlaagd in de temporaalkwab. Als tweede therapie werd het
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anti-epilepticum levetiracetam (LEV) gebruikt, dat verondersteld wordt geen
substraat te zijn van multidrug transporters. Na LEV behandeling in ratten met
chronische epilepsie bleek dat de LEV concentraties in diverse hersengebieden niet
anders waren dan die in controle ratten. LEV onderdrukte de spontane aanvallen
zeer effectief, maar bij chronische behandeling trad tolerantie op en verdween het
onderdrukkend effect op de aanvallen geleidelijk. Tijdens de 7-daagse behandeling
waren de aanvallen gedurende 3-4 dagen onderdrukt, waarna de
aanvalsfrequentie toenam tot het niveau van voor de behandeling.
Samengevat levert dit proefschrift het bewijs dat de toename van
verschillende multidrug transporters in een diermodel voor temporaalkwabepilepsie
kan bijdragen tot farmacoresistentie door het verlagen van de concentratie antiepileptica in de hersensen. Het toedienen van een anti-epilepticum in combinatie
met een specifieke drugtransporter remmer of het gebruik van anti-epilepticum dat
geen substraat is voor de transporters leidde tot een bijna complete
aanvalsonderdrukking en een toename van de concentraties anti-epilepticum in de
hersenen. De effecten van deze behandelmethoden waren echter tijdelijk.
Wanneer de concentraties van het anti-epilepticum in de hersenen toenemen,
kunnen andere mechanismen (zoals veranderingen van de eigenschappen van de
bindingsplaats van het anti-epilepticum) een rol gaan spelen en eveneens
bijdragen aan farmacoresistentie.
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