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Combined effects of epileptic seizure and
phenobarbital induced overexpression of
P-glycoprotein in brain of chemically kindled rats
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Background and purpose: The multidrug resistance of epilepsy may result from the overexpression of P-glycoprotein, but the
mechanisms are unclear. We investigated whether the overexpression of P-glycoprotein in the brains of subjects with
pharmacoresistant epilepsy resulted from both drug effects and seizure activity.

Experimental approach: Kindled rats were developed by injecting a subconvulsive dose of pentylenetetrazole
(33 mg-kg~'-day, i.p.) for 28 days. Groups were then treated with an oral dose of phenobarbital (45 mg-kg'-day™") for 40
days. In accord with behavioural observations, P-glycoprotein activity in brain was assessed using brain-to-plasma concentra-
tion ratios of rhodamine 123. P-glycoprotein levels in the brain regions were further evaluated using RT-PCR and Western blot
analysis. The distribution of phenobarbital in the brain was assessed by measuring phenobarbital concentrations 1 h following
its oral administration.

Key results: The kindling significantly increased P-glycoprotein activity and expression. Good associations were found among
P-glycoprotein activity, expression and phenobarbital concentration in the hippocampus. Short-term treatment with phe-
nobarbital showed good anti-epileptic effect; the maximum effect occurred on day 14 when overexpression of P-glycoprotein
was reversed. Continuous treatment with phenobarbital had a gradually reduced anti-epileptic effect and on day 40,
phenobarbital exhibited no anti-epileptic effect; this was accompanied by both a re-enhancement of P-glycoprotein expression
and decreased phenobarbital concentration in the hippocampus. P-glycoprotein function and expression were also increased
in age-matched normal rats treated with phenobarbital.

Conclusions and implications: The overexpression of P-glycoprotein in the brain of subjects with pharmacoresistant epilepsy
is due to a combination of drug effects and epileptic seizures.
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Introduction

Epilepsy is one of the most frequent neurological disorders,
affecting approximately 1-2% of the world population
(Sander and Shorvon, 1987; Kosopoulos etal.,, 2002).
Accumulating evidence has shown that 20-30% of patients
suffering from epilepsy are pharmacoresistant (Cockerell
etal.,, 1995; Lazarowski etal., 1999; Regesta etal., 1999;
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Dombrowski et al., 2001; Sisodiya et al., 2002). These patients
do not respond a specific anti-epileptic drug (AED) are often
refractory to other AEDs, even though these drugs act by
different mechanisms (Loscher and Potschka, 2002). Despite
numerous studies the real pathological mechanism of this
drug resistance remains obscure (Wang et al., 2003; Bordet,
2004; Kwan and Brodie, 2004; Loscher and Schmidt, 2004;
Zimprich et al., 2004). Decreased accumulation of the AED in
the brain due to the overexpression of P-glycoprotein (P-GP)
at the blood-brain barrier (BBB) is considered to be a cause of
pharmacoresistant epilepsy. This hypothesis is supported by
data showing that P-GP is overexpressed in endothelial cells
of the brain microvessels of patients with pharmacoresistant
epilepsy (Dombrowski et al., 2001; Rogawski, 2002; Sisodiya
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et al., 2002) and in the brain of kindled rats (Rizzi et al., 2002;
Volk et al., 2004; 2005; Brandt et al., 2006; Liu et al., 2007).

However, it is still not clear whether the overexpression of
P-GP in the epileptogenic brain tissue of patients with
pharmacoresistant epilepsy is a consequence of epilepsy,
uncontrolled seizures, chronic treatment with AEDs, or
combinations of these factors. Several studies have demon-
strated that experimentally induced seizures may result in the
overexpression of P-GP in brain (Volk etal., 2004; 2005;
Brandt et al., 2006; Liu et al.,, 2007). Results showing that
AEDs, including phenobarbital (PB), carbamazepine, pheny-
toin, valproic acid and lamotrigine, increase P-GP expression
and function in human tumour cell lines and porcine brain
capillary endothelial cell lines are limited (Weiss et al., 2003;
Eyal et al., 2006). In previous studies we demonstrated that
chronic treatment with AEDs increased the expression of
P-GP in rat brain and rat brain microvascular endothelial cells
(Wen et al., 2008; Yang et al., 2008). Taken together, these
results may give a hypothesis that overexpression of P-GP in
the brains of patients with pharmacoresistant epilepsy may
initially, at an early stage, result from the epileptic seizure
and, at a later stage, be due to a combination of drug effects
and epileptic seizure.

PB is recommended by the World Health Organization as a
first-line approach for treating seizures in the developing
world, and remains a popular choice in many developed
countries (Brodie and Kwan, 2004). Several studies have
shown that the transport of PB at the BBB is mediated by P-GP
(Potschka et al., 2002; Yang et al., 2008). Hence, PB was used
as a model drug in this study. The aim of this study was to
verify our hypothesis using kindled rats induced by pentyle-
netetrazole (PTZ) as an animal model chronically treated with
PB. The function of P-GP was determined by measuring the
distribution of rhodamine 123 (Rho123). P-GP protein levels
and mRNA levels were measured by Western blot and RT-PCR
analysis respectively.

Methods

Animals

Male Sprague-Dawley rats, weighing 180-220 g, were pur-
chased from Sino-British Sippr/BK Laboratory Animal Ltd.
(Shanghai, China). The rats were housed under controlled
environmental conditions (temperature, 23 + 1°C; humidity,
55 = 5%) and kept under a 12 h light/dark cycle; commercial
food and water were freely available. The studies were
approved by the Animal Ethics Committee of China Pharma-
ceutical University, and every effort was made to minimize
stress to the animals.

Kindled model of epilepsy

Kindling was induced according to the method described
previously (Suzuki et al., 2001). A subconvulsive dose of PTZ
(33 mg-kg") was injected i.p. to rats at 09 h 00 min every day
for up to 28 days. The convulsive activity was monitored for
30 min following this dose of PTZ. The intensity of the seizure
response was scored according to the following scale (De Sarro
etal., 1999): 0, no response; 1, mouth and facial jerks; 2,
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nodding or myoclonic body jerks; 3, forelimb clonus; 4,
rearing, falling down, hindlimb clonus and forelimb tonus;
and 5, tonic extension of hindlimb, status epileptic and/or
death. The maximum response was recorded for each animal.
Incidence of seizure and latency of seizure were also recorded.
Only animals showing at least five consecutive stage 2 sei-
zures or three consecutive stage 4 or 5 seizures were consid-
ered to be kindled rats and included in the study.

Behavioural observation of kindled rats treated with PB

The kindled rats were randomly divided into two groups.
Group 1 served as the kindled control (PTZ-CT) and only
received the vehicle. Group 2 (PTZ-PB) were given PB
(45 mg-kg™!, p.o.) once a day for a given number of days. At
40 min after the oral dose, each rat received PTZ (33 mg-kg™',
i.p.). Seizure stage, seizure times and latency of seizure were
recorded according to the scale described above.

Another batch of experimental rats was used to determine
P-GP function and expression in the brain. The experimental
procedure used was the same as that described above. At the
same time, age-matched normal rats were also enrolled and
randomly divided into two groups, assigned to be groups 3
and 4. Group 3 (PB-CT) was given PB (45 mg-kg™', p.o.), once
a day for a given number of days and group 4 (CT) received
only the vehicle and served as an age-matched normal
control. At a designated time based on behavioural observa-
tions during the PB treatment, some of the experimental rats
were selected for assaying PB concentration, P-GP function
and expression in their brains. A schematic illustration of the
experimental design and the different groups is shown in
Figure 1.

Distribution of Rhol123 and PB in brain

To evaluate the P-GP function or PB distribution in brain, rats
immediately received Rho123 (0.2 mg-kg!, i.v.) following oral
administration of PB or vehicle. At 1 h after the injection of
Rho123, rats were killed under light ether anaesthesia, blood
was collected and plasma samples were obtained. The hippoc-
ampus and cerebral cortex were immediately removed and
weighed. The plasma and brain samples were stored at —80°C
for measuring PB and Rho123 concentration. The other brain
tissues were used for RT-PCR and Western blot analysis
respectively.

RT-PCR analysis

Total RNA was isolated from the hippocampus and cerebral
cortex utilizing Trizol reagent according to the manufacturer’s
instructions. The purity of the RNA isolated was determined
using UV absorption at 260 nm and 280 nm. The cDNA was
synthesized from 2 ug of total RNA using oligo(dT)15 and
M-MLV reverse transcriptase. PCR was performed on Gene
Amp PCR System 9600. Primers used for the amplification
of the cDNAs of interest were: for mdrla gene (351 bp),
forward 5-GACGGAATTGATAATGTGGACA-3" and reverse
5-AAGGATCAGGAACAATAAA-3’; for mdrlb gene(351 bp),
forward  5-GCCCATCCTGTTTGACTG-3" and  reverse
5’-CGCTTCCTGGACGACCTT-3; for glyceraldehydes
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Figure 1

phosphate dehydrogenase (GAPDH) (365 bp): forward 5’-GGT
GCTGAGTATGTCGTGGAG-3" and reverse S5-ATGCAGG
GATGATGTTCTGG-3" (Sheng-Xing Sci-Tech Co. Nanjing
China). After denaturation of the samples at 95°C for 5 min,
the amplification was obtained by 30 cycles of 94°C for 30 s,
60°C for 30 s and 72°C for 1 min each. A final extension step
at 72°C for 5 min was employed. PCR products were subjected
to electrophoresis on 2% agarose gel and visualized by
ethidium bromide staining. Densitometric quantification was
recorded using gel image analysis system 3.3 (Jiangsu Jeda
Science-Technology Co. Ltd, Nanjing, China). To normalize
the data, the ratio between the densitometric quantification
mdrla/mdrlb gene and GAPDH gene was calculated by using
the software Quantity One (Bio-Rad Laboratories, Richmond,
CA, USA).

Western blot
Western blot analysis was used for assessing P-glycoprotein
expression in rat brain according to a method described pre-

Schematic illustration of the experimental protocol and group distribution of the study. PB, phenobarbital.

viously (Liu et al., 2008). Briefly, the brain tissues were homo-
genated and lysed in lysis buffer containing 10 mM Tris-HCl
(pH 7.5), 1 mM EGTA, 1 mM MgCl,, 1 mM mercaptoethanol,
1% glycerol, protease inhibitor cocktail (1 mM dithiothreitol,
2 mM phenylmethylsulphonylfluoride. The lysate was incu-
bated on ice for 30 min and centrifuged at 13 000x g for
10 min at 4°C. The supernatant was obtained as membrane
fractions for Western blot. The protein concentration in the
solution was measured by the Bio-Rad Protein Assay. An
aliquot of tissue sample was diluted with an volume of 4 x
sodium dodecyl sulphate (SDS) sample buffer containing
0.1 M Tris-HCI (pH 6.8), 4% SDS, 200 mM DTT, 20% glycerol,
and 0.2% bromophenol blue. Proteins (25 ug per lane) were
separated by electrophoresis on 8% SDS-polyacrylamide gel.
After electrophoresis, the proteins were electrophoretically
transferred to a nitrocellulose membrane. The membrane was
blocked in PBS containing 0.1%Tween-20, PBST and 5% dried
skim milk for 60 min at room temperature and washed three
times for 15 min in PBST. Then the membrane was incubated
with the primary monoclonal antibody C219, diluted
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200-fold in PBST overnight at 4°C. After the membrane had
been washed with PBST, it was incubated in the appropriate
HRP-conjugated goat anti-mouse secondary antibody at room
temperature for another 1 h and washed again three times in
PBST. The transferred proteins were incubated with ECL sub-
strate solution for 5 min according to the manufacturer’s
instructions and visualized with autoradiography X-film. The
relative expressions were quantified densitometrically by
using the quantity one software (Bio-Rad Laboratories, Rich-
mond, CA, USA) and calculated according to the reference
bands of B-actin (Boshide Biotech Co., Wuhan, China).

Drug assay

The concentrations of Rho123 in plasma and brain were mea-
sured by HPLC (Liu et al., 2007). The recoveries were higher
than 85%; the linear ranges of Rho123 in plasma and brain
were 3.12-200 ng-mL™' and 0.32-10.4 ng-g' brain respec-
tively. The relative standard deviations of the intra-day and
inter-day concentrations in plasma and brain were both less
than 10%. The concentrations of PB in plasma and brain
tissues were also measured according to our previous method
(Liu et al., 2007). The lowest limits of quantification of PB in
plasma and brain were 1.56 ug-mL™" and 0.2 ug-g ' brain tissue
respectively. The recoveries were higher than 80%; the linear
ranges of PB in plasma and brain were 1.56-100 ug-mL™" and
0.2-62.5 pug-g' respectively. The relative standard deviations
of the intra-day and inter-day levels were less than 10%.

Data analysis

Results are expressed as mean *= SD. The overall differences
between groups were determined by one-way ANOVA. If analy-
sis was significant, the differences between groups were esti-
mated using Student-Newman-Keuls multiple comparison
post hoc test. A P-value of less than 0.05 indicated a significant
difference.

Materials
PTZ, Rho123 and the lysis buffer were purchased from Sigma
Chemical Co. (St. Louis, MO, USA). PB was purchased from

Seizure stage

o 4 8 12 16 20 24 28

Time (days)

New Asiatic Pharmaceutical Co., Ltd. (Shanghai, China). The
Bio-Rad Protein Assay was obtained from Bio-Rad Laboratories
(Richmond, CA, USA); ECL substrate solution from Cell Sig-
naling (USA); Trizol reagent from Invitrogen Co. (USA). All
other reagents were commercially available and were of ana-
lytical grade. PTZ was dissolved in physiological saline. PB was
suspended in solution of 0.25% carboxymethylcellulose
sodium (CMC-Na). Rhol123 was dissolved in 0.01 M
phosphate-buffered saline (PBS, pH 7.4) before use.

Results

Behavioural observations

The development of PTZ-induced kindling was observed
(Figure 2A). The animals treated with repeated subconvulsive
dose of PTZ (33 mg-kg'-day”, i.p.) for 28 injections went
gradually through the stages. Almost all rats became kindled
rats that showed at least five consecutive stage 2 seizures or
three consecutive stage 4 or 5 seizures. The kindled rats were
highly sensitive to sound. Even a mild applause could induce
a seizure in them. Only fully kindled rats were chosen for the
following experiments.

The anti-epileptic effects of PB on PTZ-kindled rats were
observed during PB treatment (Figure 2B). Severity, seizure
times and latency of seizure were used as indicies of seizures.
Significant inter-individual variations were observed for the
severity (seizure stage) and seizure times in the same group.
The index of seizure was defined as seizure stage multiplied
by seizure time. It was found that at an early stage, PB treat-
ment gradually decreased the index of seizure and prolonged
the latency of seizure. On day 14 of PB treatment, a maximal
anti-epileptic effect of PB was observed (P < 0.01 vs. PTZ-CT
group). The intensity of the seizure was decreased to O or 1.
However, continuous PB treatment had a gradually weak-
ened anti-epileptic effect. On day 40 of PB treatment, the
rats again showed at least five consecutive stage 2 seizures or
three consecutive stage 4 or 5 seizures, and the index of
seizure was similar to that of the PTZ-CT rats (P > 0.05 vs.
PTZ-CT group).

B =+—PTZCT
=0 —+—FPTL-FB

Setmure index

Time of PB treatment {days)

Figure 2 (A) Development of PTZ (33 mg-kg'-day”, i.p.)-induced seizure to the fully kindled state. Data are mean = SD (n = 10).
(B) Anti-epileptic activity of PB during PB treatment. PTZ was given to kindled rats 40 min after oral administration of PB (45 mg-kg™'-day™").
Seizure stage and times were observed. Seizure indexes of PTZ-kindled model group (PTZ-CT rats) and PB treatment group (PTZ-PB rats) are
presented. Index of seizure was defined as seizure stages x seizure times. Data are mean = SD (n=5). *P < 0.05, **P < 0.01 versus PTZ-CT rats

using Student’s t-test. PB, phenobarbital; PTZ, pentylenetetrazole.
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Accordingly, experimental rats before and on day 14 and 40
of PB treatment were selected for evaluating P-GP function
and expression in brain.

Function of P-GP in brain

Concentrations of Rhol23, a typical substrate of P-GP, in
plasma and brain tissues of experimental rats were measured
1 h after i.v. administration of Rho123 and the ratios of brain-
to-plasma were calculated for evaluating P-GP function in
brain. It was found that kindling did not affect Rho123 con-
centrations in plasma (Figure 3A), but significantly decreased
the concentrations of Rho123 in both the hippocampus and
cerebral cortex, resulting in a lower ratio of brain-to-plasma (P
< 0.01, Figure 3B,C). PB treatment slightly altered Rho123
concentration in plasma of treated rats. But 14 day PB treat-
ment significantly reversed the decreased Rho123 concentra-
tion in the hippocampus induced by kindling (2.45 =
0.69 ng-g* tissue in PTZ-PB rats vs. 1.60 = 0.29 ng-g™ tissue in
PTZ-CT rats, P < 0.01). However, continuous PB treatment
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further decreased the concentration of Rho 123 in the hip-
pocampus to that of PTZ-CT rats. In contrast, PB treatment
did not modify the Rho123 concentration in the cerebral
cortex of PTZ-kindled rats. In age-matched normal rats (PB-CT
rats), both 14 day and 40 day PB treatments significantly (P <
0.01) decreased the concentration of Rho123 in the hippoc-
ampus and cerebral cortex as compared with age-matched
control rats (CT), resulting in lower brain-to-plasma concen-
tration ratios (Figure 3B,C).

Distribution of PB in the brain

The PB levels in plasma and brain were simultaneously mea-
sured, 1 h after oral administration of PB on day 14 and day
40 of PB treatment respectively (Table 1). It was found that PB
concentration in hippocampus was lower than that in cortex,
which is in line with the Rho123 results. Compared with 14
day PB treatment, although 40 day PB treatment showed a
trend to increase plasma concentration of PB (P > 0.05), 40
day PB treatment significantly decreased PB concentrations in

0.18

acT

012

£

:

Ratio of hippocampus-to-plasma (mal.g -1)
=
g

day0 day 14
Time of PB treatment

Figure 3 Effects of kindling and PB treatment on Rho123 distribution in plasma (A), cerebral cortex (B) and hippocampus (C). The treated
kindled rats (PTZ-PB rats) and age-matched treated rats (PB-CT rats) were given PB (45 mg-kg'-day™', p.o.) for 14 or 40 consecutive days.
Age-matched control rats (CT rats) and untreated kindled rats (PTZ-CT rats) only received 0.25% CMC-Na. The concentrations of Rho123 in
plasma, cerebral cortex and hippocampus were measured 1 h after injection of Rho123 (0.2 mg-kg™, i.v.). Each value is presented as mean +
SD (n=8). *P<0.05, **P < 0.01 versus CT rats and ##P < 0.01 versus PTZ-CT rats using one-way ANOVA following by Student-Newman-Keuls
multiple comparison post hoc test. PB, phenobarbital; PTZ, pentylenetetrazole; Rho123, rhodamine 123.

British Journal of Pharmacology (2010) 159 1511-1522



Epilepsy and P-glycoprotein overexpression in brain

1516 X Jing et al

Table 1 Effects of kindling and PB treatment on distribution of PB in plasma, cerebral cortex and hippocampus

PTZ-PB PB-CT

14 day treatment 40 day treatment 14 day treatment 40 day treatment

Plasma, pg-mL™ 72.19£6.98 77.04+5.16 64.84+11.04 66.50 £ 16.52
Cortex, ug-g™' tissue 23.44+3.58 20.53+3.19 23.45+4.89 16.74 £ 5.00*
Cortex/plasma, mL-g™' 0.32+0.06 0.27 +0.04* 0.36 = 0.04 0.25 +0.04**
Hippocampus, pg-g™' tissue 52.26 £9.57 3593 £5.56* 32.06 =5.59 26.21 £5.12*
Hippocampus/plasma, mL-g™' 0.72*x0.11 0.47 =0.08** 0.50£0.06 0.39 £0.10*

The treated kindled rats (PTZ-PB rats) and age-matched treated rats (PB-CT rats) were orally given PB (45 mg-kg™'-day', i.g.) for consecutive 14 or 40 days. At 1 h
after PB administration (i.g.), PB concentrations in plasma, cerebral cortex, and hippocampus were measured. Each value is presented as mean = SD (n = 8).
*P < 0.05, **P < 0.01 versus the 14th day using Student’s t-test.

PB, phenobarbital; PTZ, pentylenetetrazole.
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Figure 4 Effects of kindling and PB treatment on protein levels of P-GP in hippocampus and cerebral cortex. The treated kindled rats (PTZ-PB
rats) and age-matched treated rats (PB-CT rats) were given PB (45 mg-kg™'-day™", p.o.) for 14 or 40 consecutive days. Age-matched control
rats (CT rats) and untreated kindled rats (PTZ-CT rats) only received 0.25% CMC-Na. Representative Western blot of P-GP in hippocampus (A)
and cortex (C) and ratio of relative staining intensity for P-GP in hippocampus (B) and cortex (D) are shown. Each band corresponding to
170 kDa was observed. Data are presented as mean = SD (n=4). *P < 0.05, **P < 0.01 versus CT rats and ##P < 0.05 versus PTZ-CT rats using
ANOVA statistics following by Student-Newman—Keuls multiple comparison post hoc test. P-GP, P-glycoprotein; PB, phenobarbital; PTZ,
pentylenetetrazole.

day 40

hippocampus (P < 0.01) and slightly decreased PB concentra-
tion in cerebral cortex (P> 0.05). In age-matched normal rats,
40 day PB treatment also decreased PB concentration in both
the hippocampus and cortex as compared with 14 day PB
treatment (P < 0.05).

P-GP expression in brain
Western blot was used to investigate further the levels of P-GP
in the brain regions of interest. The results revealed a band of
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170 kDa, corresponding to P-GP. It was found that kindling
induced by 28 injections of PTZ significantly (P < 0.01)
increased the levels of P-GP in the hippocampus and cerebral
cortex, to 147.2 = 23.9% and 144.1 = 6.07% of CT rats
respectively (Figure 4). This effect of PB on P-GP levels in the
brain was dependent on the region and time. In the hippoc-
ampus of PTZ-kindled rats, 14 day PB treatment reversed the
increase in P-GP levels induced by kindling, resulting in a
decrease of 28.3% compared with PTZ-CT rats. However, 40
day PB treatment further re-enhanced the P-GP level, which
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Figure 5 Effects of kindling and PB treatment on P-GP mdr1a/mdr1b mRNA levels in the hippocampus. The treated kindled rats (PTZ-PB rats)
and age-matched treated rats (PB-CT rats) were given PB (45 mg-kg™'-day™', p.o.) for 14 or 40 consecutive days. Age-matched control rats (CT
rats) and untreated kindled rats (PTZ-CT rats) only received 0.25% CMC-Na. Expression of P-GP mdrla (A) and mdr1b (C) mRNA in the
hippocampus and relative staining intensity for mdr1a (B) and mdr1b (D) mRNA in hippocampus are shown. Data are presented as mean
+ SD (n = 4). *P < 0.05, **P < 0.01 versus CT rats and #P < 0.05, ##P < 0.05 versus PTZ-CT rats using ANOVA statistics following

by Student-Newman-Keuls multiple comparison post hoc test. PTZ, pentylenetetrazole. P-GP, P-glycoprotein; PB, phenobarbital;

pentylenetetrazole.

was found to be similar to that of PTZ-CT rats (Figure 4B). In
the cerebral cortex, neither the 14 day or 40 day PB treatment
modified the increase in P-GP (Figure 4D). In age-matched
normal rats, both the 14 and 40 day PB treatments signifi-
cantly increased the levels of P-GP in the hippocampus and
cerebral cortex (Figure 4). The alterations of P-GP levels were
in line with the Rho 123 concentrations in the brain.

P-GP mRNA

In rodents, P-GP is encoded by two genes, mdrla and mdrlb,
so the expression of both genes was examined in this study
using RT-PCR analysis. It was found that the effect of PB
treatment on mdrla/1b was also dependent on time, region
and species; 28 injections of PTZ significantly increased the
levels of mdrla/1b mRNA in the hippocampus and cerebral
cortex (P <0.01, Figure 5). In the hippocampus of PTZ-kindled
rats, 14 day PB treatment restored the levels of mdrla/lb
mRNA to those of age-matched control rats (CT). However, 40
day PB treatment increased mdrla/1b mRNA levels again, to
even higher levels than those of PTZ-CT rats (Figure 5). In the
cortex of PTZ-kindled rats, 14 day PB treatment only partly
reversed the increase in mdrla/1b mRNA levels induced by
kindling. PB treatment for 40 days still decreased the levels of
mdrla mRNA, but increased mdr1b mRNA levels as compared
with that of PTZ-CT rats (Figure 6).

PTZ,

In age-matched normal rats, the effect of PB exposure on
the levels of mdrla/1b mRNA was also dependent on region
and time. Both the 14 and 40 day PB treatments increased
mdrla/1lb mRNA levels in cerebral cortex (PB-CT rats)
(Figure 6). Only the 40 day PB treatment induced higher
levels of mdrla/1b mRNA in the hippocampus (Figure 5).

Discussion and conclusions

It is generally assumed that seizures can increase the expres-
sion of efflux transporter genes and proteins, an assumption
supported by results from both clinical investigations and
animal models (Kwan et al., 2005; Loscher and Potschka,
2005a,b; Liu etal.,, 2007). Accumulating evidence demon-
strated that AEDs may increase P-GP expression and function
in brain (Weiss et al., 2003; Eyal et al., 2006; Wen et al., 2008;
Yang et al., 2008). Several reports have also shown that P-GP
inhibitors can enhance the anti-epileptic effect of PB (Brandt
et al., 2006; Liu et al., 2007), which indicates the important
role of P-GP in pharmacoresistant epilepsy. The present results
further supported this view. However, a recent report (Bank-
stahl and Loscher, 2008) has shown that during the early
phase (1.5-24 h) following kindling induced by pilocarpine or
electrical stimulation of the basolateral amygdale, the
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Figure 6 Effects of kindling and PB treatment on P-GP mdr1a/mdr1b mRNA levels in the cerebral cortex. The treated kindled rats (PTZ-PB rats)
and age-matched treated rats (PB-CT rats) were given PB (45 mg-kg™'-day™', p.o.) for 14 or 40 consecutive days. Age-matched control rats (CT
rats) and untreated kindled rats (PTZ-CT rats) only received 0.25% CMC-Na. Expression of P-GP mdrla (A) and mdr1b (C) mRNA in the
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PTZ, pentylenetetrazole.

expressions of P-GP in the brain of rats were not altered and
P-GP inhibitors did not enhance the anti-epileptic effect of an
AED, but significant increases in the expression of P-GP were
observed 48 h following kindling. These results indicate that
the increase in P-GP induced by kindling is time-dependent.
Therefore, our result was not contrast to Bankstahl’s report.
Animal models of epilepsy in the present study were induced
by repeated dose of PTZ for 28 days and PB was given at
40 min before PTZ administration. While in Bankstahl’s
study, kindled rats were induced by pilocarpine or electrical
stimulation of the basolateral amygdale, and AEDs were given
to rats at 10-90 min after onset of status epilepticus induced
by pilocarpine or 5-480 min after onset of status epilepticus
induced by electrical stimulation of the basolateral amygdale.

The present study focused on the hypothesis that overex-
pression of P-GP in the brain of subjects with pharmacoresis-
tant epilepsy results from the combined effects of epileptic
seizure and AED. At first, the anti-epileptic effect of PB
(Figure 2B) was observed using PTZ-kindled rats. It was found
that at an early stage of PB treatment, PB exhibited a good
anti-epileptic effect; the maximal effect occurred on day 14 of
PB treatment. However, continuous PB treatment exhibited a
gradually weakened anti-epileptic effect. On day 40 of PB
treatment, PB no longer exhibited an anti-epileptic effect,
which indicated the development of pharmacoresistant epi-
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lepsy. It has been reported that the anti-epileptic effect of PB
is related to its levels in the brain (Nagatomo et al., 1996). The
cerebral cortex and hippocampus, which have often been
implicated in pharmacoresistant types of epilepsy (Regesta
et al., 1999), were selected as brain regions for investigation in
the present study. One hour after the administration of PB, its
concentrations in plasma and these brain regions were mea-
sured. At this time point, PB treatment did not alter the
concentration of PB in plasma, but the 40 day PB treatment
significantly decreased the PB concentration in the hippoc-
ampus, which was in agreement with weakness of PB anti-
epileptic effect. These results suggest that the decrease level of
PB in the brain may be one of the reasons for its diminished
anti-epileptic effect. However, the finding that, in the hippoc-
ampus, the bioavailability of PB only decreased by 31% fol-
lowing 40 days of treatment cannot fully explain the present
finding; the almost complete disappearance of the anti-
epileptic effect of PB at this time point. Also, in our study the
measurement of PB concentration in the brain 1 h after its
administration does not reflect the overall concentration-
time course. Further studies are needed to determine the
overall concentration-time course of PB using new technol-
ogy, such as microdialysis or radioautography. In addition,
other factors may be involved in the development of phar-
macoresistant epilepsy. Intrinsic (genetic) and acquired



(disease-related) alterations to the structure and/or function-
ality of AED targets in epileptogenic brain regions may lead to
reduced drug effects (Schmidt and Loscher, 2009). It has been
shown that NKCC1 expression in the hippocampus of
patients with refractory epilepsy increased, impairing the
inhibitory capacity of GABA and resulting in hyperexcitabil-
ity (Sen et al., 2007). It has also been suggested that a dys-
functional adenosine Kkinase system is involved in
pharmacoresistant epilepsy (Boison, 2006), and this is sup-
ported by findings in experimental animals (Rebola et al.,
2003; 2005) and patients (Glass et al., 1996). A decrease in the
expression of GABA, receptors in the hippocampus of chronic
pharmacoresistant patients has also been observed (Wolf
etal., 1994) and animal experiments have shown that this
alteration of GABA, receptors is associated with resistance to
the anti-epileptic effects of PB (Volk etal., 2006). Taken
together, these results demonstrate that the development of
pharmacoresistant epilepsy is a complex process.

Several studies have shown that the transport of many
AEDs including PB across the BBB is mediated by P-GP
(Loscher and Potschka, 2005¢; Liu et al., 2007; Yang etal.,
2008). Our experiments were designed to investigate whether
the decrease in PB concentration in brain tissues results from
an increase in the expression and function of P-GP. P-GP
function and protein levels as well as mdrla/1b mRNA levels
in the specified brain regions were measured at three time
points, the day before PB treatment (kindling development),
day 14 of PB treatment (maximal anti-epileptic effect
observed) and day 40 of PB treatment (development of phar-
macoresistant epilepsy).

Rho123 has been extensively used as an index of P-GP
mediated transport in in vitro and in vivo studies (Kageyama
et al., 2006; Turncliff et al., 2006; Barta et al., 2008; Nishimura
et al., 2008; Pires et al., 2009; Tanaka et al., 2009) and was
selected as a marker for evaluating P-GP function in our
experiments. In addition to P-GP, other ABC efflux transport-
ers such as members of the multidrug resistance protein (MRP)
family and breast cancer resistance protein (BCRP) have been
shown to contribute to BBB function (Loscher and Potschka,
2005¢) and may be involved in the transport of Rho123.
However, other studies have indicated that MRP1 makes a
minimal contribution to Rho123 efflux (Dogan et al., 2004)
and Rho123 is not transported by BCRP (Alqawi et al., 2004);
there is no evidence that MRP2 and MRP4 are involved in the
transport of Rho123 across the BBB. In the present study,
compared with age-matched control rats, a lower concentra-
tion of Rho123 was found in the specified brain regions of
kindled rats following 28 injections of PTZ, and this was
associated with higher levels of P-GP protein and mdrla/1b
mRNA. Short-term exposure (14 day treatment) of PB reversed
the increase in P-GP activity (lower brain-to-plasma ratio of
Rho123), levels of P-GP protein and mdrla/1b mRNA induced
by kindling in the hippocampus; this was accompanied by an
alleviation of the symptoms of epilepsy. The finding that
short-term exposure of PB prevented the overexpression of
P-GP induced by kindling indicates that it is unlikely that
chronic PTZ has a toxic action. Hence, P-GP overexpression
induced during kindling is probably due to a direct effect of
the presence of convulsions but not to the action of PTZ. It is
reasonable therefore to deduce that at an early stage of epi-
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lepsy the transporter-modifying factor is a consequence of the
convulsive state itself, but long-term exposure (40 day PB
treatment) to PB may result in an increase in P-GP activity,
levels of P-GP protein and mdrla/1b mRNA levels again, and
this is accompanied by lower levels of PB and an attenuation
of the anti-epileptic effect of PB. These results further support
clinical findings demonstrating that an overexpression of
P-GP occurs in the brain of patients with pharmacoresistant
epilepsy (Lazarowski et al., 1999; Dombrowski et al., 2001;
Sisodiya et al., 2002). PB treatment also increased P-GP expres-
sion and function in age-matched normal rats, which shows
that the effects of PB have an important role in the develop-
ment of pharmacoresistant epilepsy. These results are in agree-
ment with those from our previous report (Wen et al., 2008).

Seegers et al. (2002) found that an 11 or 7 day exposure of
AEDs did not affect P-GP expression, but it is possible that this
exposure time is too short to compare to clinical practice. We
found that, after 40 days of PB treatment, the ratio of
hippocampus/plasma in the non-kindled, treated group was
higher than that in the kindled, treated group, which indi-
cates that P-GP function in the non-kindled, treated group
was weaker than that in the kindled, treated group. All these
results demonstrate that overexpression of P-GP in the brain
at an early stage, is caused by the epileptic seizure and at the
later stage results from a combination of the effects of the
seizures and the drug; the latter enhances the development of
pharmacoresistant epilepsy.

The present results also showed that concentrations of
Rho123, as well as mdrl mRNA in the brain were region-
dependent. In age-matched control rats, the concentrations of
Rho123 in the hippocampus were significantly higher than
those in the cerebral cortex, indicating that the expression of
P-GP in the cortex is higher than that in the hippocampus. The
higher level of mdrla mRNA in the cortex supports this specu-
lation. Kindling may increase the levels of P-GP protein and
mdrla/l1b mRNA in specific brain regions. The effect of PB
exposure on function and expression was dependent on treat-
ment time, region and species. In the hippocampus, a 14 day
PB treatment restored the levels of mdrla/1b mRNA induced
by kindling to levels of age-matched control rats. In contrast,
after a 40 day PB treatment the overexpression of mdrla/1b
mRNA induced by kindling was further enhanced. The higher
levels of mdrla/1b and P-GP protein were associated with an
increase in P-GP function (lower brain-to-plasma concentra-
tion ratio of Rho123). In the cortex, the 14 day PB treatment
only modified the levels of mdrla/1b mRNA and the 40 day PB
treatment still did not reverse the decrease in mdrla, but
increased the levels of mdr1b mRNA, as compared with PTZ-CT
rats. This alteration of mdrla/1b levels was not associated with
P-GP protein levels, or P-GP function. We also found that the
increase in mdrla/1b concentrations in the cortex induced by
kindling following 28 injections of PTZ was larger than that in
the hippocampus, but alterations in P-GP protein levels in the
cortex were similar to those in the hippocampus.

It was well known that under physiological conditions,
P-GP is predominantly expressed at capillary endothelial cells,
as well as at parenchymal and perivascular astrocytes at low
levels (Aquilante et al., 2000). In addition to these three cell
types, seizures also induce the expression of P-GP in neurones
(Volk etal., 2005). Using mdrla-knock-out mice, Schinkel
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et al. (1994) proposed that alterations in mdrlb mRNA might
compensate for changes in mdrla mRNA, but this would not
explain the present findings. In addition to their common
action as a drug efflux transporter, individual mdr1 isoforms
appear to have a specific function. Products of the mdrla have
been proposed to regulate cell volume by influencing
swelling-activated chloride currents via a protein kinase C
sensitive phosphorylation site on P-GP (Bond et al., 1998),
whereas mdrlb has been shown to be involved in apoptotic
mechanisms (Lecureur et al., 2001) and cellular stress (Zhou
and Kuo, 1998; Ziemann et al., 1999). However, these findings
are still controversial. Other studies have suggested that
expression of the mdrl contributes to neuroprotection
because a link was found between loss of proapoptotic protein
p53 and expression of mdrla/mdrlb (Bush and Li, 2002;
Marroni et al., 2003). The exact location of each mdr1 isoform
in the normal brain has not been fully elucidated, although
mdrla appears to be preferentially expressed in microvessel
endothelium in the brain (Demeule etal.,, 2001) and the
mdrlb is mainly expressed in the cerebral cells (astrocytes or
neurones) (Ballerin et al., 2002). Both kindling and long-term
PB treatment may simultaneously increase the expression of
these two genes, which indicates that overexpression of P-GP
in the brain results from the concurrent effects of mdrla and
mdrlb, with mdrla contributing more than mdr1b.

The RT-PCR results indicate that mdrla/mdrlb changes in
the hippocampus were highly correlated with the changes in
P-GP function and expression induced by epilepsy and PB. The
40 day PB treatment again decreased the hippocampus-to-
plasma concentration ratios of Rho123 and this was accompa-
nied by an increase in mdrla/mdrlb mRNA levels and a
decrease in PB concentrations in the hippocampus. In contrast,
mdrla/mdrlb changes in the cortex were less associated with
the changes in P-GP function and expression under the same
conditions, which indicates that lesions of the hippocampus
and the concentration of therapeutic drug in the hippocampus
is closely associated with epilepsy. The hippocampus,
amygdala, and parahippocampal region are components of the
mesial temporal lobe. The hippocampus is thought to be a key
structure for the facilitation of temporal lobe epilepsy, the most
prevalent of all epilepsies (Lowenstein, 1996; Wasterlain et al.,
1996; Ben-Ari and Cossart, 2000). The surgical removal of the
hippocampus and its surrounding structures has been found to
result in a decrease or complete cessation of seizures in human
patients, which validates the epileptogenicity of the hippoc-
ampus and its role in epileptogenesis (Falconer and Serafetin-
ides, 1963; Rasmussen, 1983; King et al., 1986; Clusmann et al.,
2002; Hardy et al., 2003; Wieser et al., 2003).

In conclusion, our data strongly suggest that the overex-
pression of P-GP during the development of pharmacoresis-
tant epilepsy is much more complex than previously thought
and that the role of the hippocampus in the development of
pharmacoresistant epilepsy is more important than that of
the cerebral cortex. Early PB treatment reversed the increase
in P-GP function and expression induced by kindling, but
long-term PB treatment enhanced its overexpression. All the
results indicate that the overexpression of P-GP in the brain is
induced by the epileptic seizures during the early stages and
by the combined effects of chronic drug treatment and epi-
lepsy at the later stages.
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