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Multidrug resistance-associated protein 1 decreases 
the concentrations of antiepileptic drugs in cortical 
extracellular fluid in amygdale kindling rats
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Aim: To investigate whether multidrug resistance-associated protein 1 (MRP1) was responsible for drug resistence in refractory epi-
lepsy in amygdale kindling rats.
Methods: Rat amygdale kindling was used as a model of refractory epilepsy.  The expression of MRP1 mRNA and protein in the brains 
was examined using RT-PCR and Western blot.  MRP1-positive cells in the cortex and hippocampus were studied with immunohis-
tochemical staining.  The rats were intraperitoneally injected with phenytoin (50 mg/kg) or carbamazepine (20 mg/kg), and their con-
centrations in the cortical extracellular fluid were measured using microdialysis and HPLC.  Probenecid, a MRP1 inhibitor (40 mmol/L, 
50 μL) was administered through an inflow tube into the cortex 30 min before injection of the antiepileptic drugs.
Results: The expression of MRP1 mRNA and protein was significantly up-regulated in the cortex and hippocampus in amygdale kindling 
rats compared with the control group.  Furthermore, the number of MRP1-positive cells in the cortex and hippocampus was also sig-
nificantly increased in amygdale kindling rats.  Microdialysis studies showed that the concentrations of phenytoin and carbamazepine 
in the cortical extracellular fluid were significantly decreased in amygdale kindling rats.  Pre-administration of probenecid could restore 
the concentrations back to their control levels.
Conclusion: Up-regulation of MRP1 is responsible for the resistance of brain cells to antiepileptic drugs in the amygdale kindling rats.
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Introduction
Refractory epilepsy is a common neurologic disease that 
accounts for approximately one-third of epileptic patients with 
resistance to single or multiple drugs used for antiepileptic 
treatment[1, 2].  Clinical studies have shown that if the first anti-
epileptic drug (AED) prescribed was ineffective, switching to 
another AED or to a combination of AEDs yielded similar neg-
ative results.  This outcome may suggest that there are non-
specific mechanisms that reduce the sensitivity and effective-
ness of AEDs in the brains of patients with refractory epilepsy, 
despite the various pharmacological mechanisms of action of 
AEDs.  Similar to the mechanism of chemotherapy drug resis-
tance, the development of refractory epilepsy may be caused 
by the increased expression of multidrug transporters, which 

subsequently leads to the decrease in the concentrations of a 
variety of AEDs in the cortical extracellular fluid of the brain.  

There are several well-known multidrug transporters, 
including P-glycoprotein (PGP) and multidrug resistance-
associated protein 1 (MRP1), in mammals.  MRP1 is the most 
widely researched multidrug transporters and plays an impor-
tant role in chemotherapy drug resistance[3, 4].  In this study, 
the expression of MRP1 in the brain cells of a refractory epi-
lepsy model was investigated.  The effect of the inhibition of 
MRP1 on the concentrations of two AEDs, phenytoin (PHT) 
and carbamazepine (CBZ), in the cortical extracellular fluid of 
the refractory epilepsy model was also evaluated. 

Materials and methods
Experimental animals
Eighty male Sprague-Dawley (SD) rats (weighing 250-300 g, 
6 weeks old) were purchased from Shanghai Animal Center, 
Shanghai Medical College of Fudan University (Shanghai, 
China) and housed in the animal facility for at least 5 d before 
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use.  All animal experiments were approved by the Ethics 
Committee of Animal Care of the Jinshan Hospital accord-
ing to the Guidelines for Animal Experiments of the Chinese 
Academy of Medical Sciences.  These animals were randomly 
divided into a normal control group and a group of amygdale 
kindling that developed refractory epilepsy (referred to as 
the epilepsy group) for the examination of MRP1 expression 
(16 rats each).  Subjects were separated into a PHT group and 
a CBZ group for the microdialysis experiment (24 rats each).  
The PHT and CBZ groups were further divided into three sub-
groups, eight rats in each sub-group: (1) control group: normal 
rats were intraperitoneally injected with AEDs (PHT 50 mg/kg 
or CBZ 20 mg/kg, Sigma, St Louis, MO, USA); (2) epilepsy 
group: epileptic rats were intraperitoneally injected with PHT 
or CBZ; and (3) probenecid group: epileptic rats were admin-
istered 50 µL probenecid (40 mmol/L, Sigma) at the flow rate 
of 2.5 µL/min through an inflow tube into the cortex 30 min 
before intraperitoneal injection with AEDs. 

Generation of the amygdale kindling model with refractory 
epilepsy
An amygdale kindling rat model resistant to AEDs was gen-
erated based on the well-established protocol[5].  The seizure 
severity was assessed in accordance with the standards of 
Racine[6] and classified into six stages.  A rat with at least three 
consecutive seizures at stage V was considered an elicited 
kindling animal.  After successful modeling, experimental 
animals received intraperitoneal injection of PHT or CBZ and 
were screened for drug resistance.  The model of refractory 
epilepsy was established by repeated drug administration and 
then selection based on the changes of after discharge thresh-
old (ADT).  Electrode-implanted rats were used as the control 
group. 

Immunohistochemical staining
Rat brains were sectioned (4 µm) and incubated with anti-
MRP1 primary antibody (Santa Cruz Technologies, Santa 
Cruz, CA, USA) overnight.  Sections were then incubated 
with a secondary antibody for 2 h.  After counterstaining with 
Haematoxylin solution, MRP1-positive cells were counted and 
photographed using a light microscope.

RNA extraction and RT-PCR
Total RNA from the brain tissue was extracted using Tri-
zol reagent (Invitrogen, New York, NY).  One microgram 
of total RNA was reverse-transcribed using a reverse tran-
scription kit (Invitrogen), and the specific gene of interest 
was then amplified using PCR.  The primer sequences were 
5’-CCATTCAGGCCGTGTAGAGT-3’ (forward) and 5’-TCAT-
GGTTCAGCTTGTCAGG-3’ (reverse) for MRP1 (404 bp) and 
5’-AACCCTAAGGCCAACCGTGAAAAG-3’ (forward) and 
5’-TCATGAGGTAGTCTGTCAGGT-3’ (reverse) for β-actin 
(241 bp).  RNA was first denatured at 95 °C for 2 min.  Then, 
PCR amplification was performed at 94 °C for 45 s, 54 °C for 
45 s, and 72 °C for 1 min for 30 cycles, with a final extension 
for 5 min at 72 °C.  The PCR products were then separated on 

a 1.5% agarose gel and analyzed using a gel imaging system 
(GeneGenius, Syngene Co, Ltd, Cambridge, UK).  

Western blotting
Total protein from brain tissue was extracted.  Equal amounts 
of protein samples were run on SDS-PAGE gels and trans-
ferred to PVDF membranes.  After blocking with 1% skim 
milk in TBS-T at room temperature for 1 hour, the membrane 
was probed with rabbit anti-rat primary antibody (MRP1 and 
β-actin, 1:500 dilution) at 4 °C overnight and subsequently 
incubated with horseradish peroxidase-conjugated goat anti-
rabbit secondary antibody (1:2000 dilution) at room tempera-
ture for 2 h.  Signals were detected using ECL-Plus (Santa 
Clara, CA, USA) and quantified using a Bio-Rad2000 gel imag-
ing system with QUANTITY ONE software (Bio-Rad Labora-
tories, Hercules, CA, USA).  

Microdialysis
Microdialysis, a minimally invasive sampling technique, is 
used to consecutively measure the concentration of a free, 
unbound analyte in the extracellular fluid of virtually any 
tissue[7].  First, a catheter was implanted.  A rat was anes-
thetized by intraperitoneal injection with 1% pentobarbital 
sodium (Sigma) at 40 mg/kg and the head was fixed in a 
stereotaxic apparatus (RWD Life Science Co, Ltd, Shenzhen, 
China).  A hole was drilled at the middle cortex of the frontal 
area, 1 mm away from the anterior fontanelle.  At a 30-degree 
angle from the vertical line, a catheter was inserted via the 
hole 3 mm into the cerebral cortex and then secured with 
dental cement.  The microdialysis experiment was performed 
at a week post-surgery.  After connecting the microdialysis 
device, the probe, along with the catheter, was inserted into 
the rat cerebral cortex.  The catheter probe, which was entirely 
immersed in the cortex, consisted of a shaft with a semiperme-
able fiber membrane at its tip.  Second, the recovery rate of the 
AEDs was calculated prior to each microdialysis experiment to 
determine the permeability of the drug through a semiperme-
able membrane.  The permeability of the membrane to a drug 
is specific to individual drug.  Briefly, the artificial cerebro-
spinal fluid with 20 µg/mL of PHT or CBZ was prepared and 
maintained at 37 °C.  The tip of the probe was immersed in 
the solution and the artificial cerebrospinal fluid was injected 
using a microperfusion pump (KD100, KD Scientific Inc, Holli-
ston, MA) through the inflow tube, probe, and outflow tube at 
a constant flow rate of 2.5 µL per min for 1 h.  Following three 
consecutive collections of 30 µL effluent each, the concentra-
tion of the effluent drug was measured.  The recovery rate was 
calculated by dividing the effluent drug concentration by the 
standard drug concentration.  Finally, for microdialysis sam-
pling, 25 µL of exchanged dialysate of effluent was collected 
at 15, 30, 45, 60, 90, 120, 150, and 180 min after intraperitoneal 
injection of 50 mg/kg PHT or 20 mg/kg CBZ.  Because the 
permeability of the semipermeable membrane was different 
for each drug, the actual drug concentration in the cortical 
extracellular fluid was normalized to the recovery rate: the 
drug concentration in the cortical extracellular fluid=the drug 
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concentration in dialysate/recovery rate. 

Measurement of drug concentration by high performance liquid 
chromatography (HPLC) 
In order to monitor the concentrations of drugs in the plasma, 
16 normal rats were divided into two PHT and CBZ groups.  
After intraperitoneal injection of PHT or CBZ, the concen-
trations of PHT and CBZ in the dialysate and serum were 
determined by HPLC (MODEL 510, Beijing Syltech Scientific 
Instrument Co, Ltd, Beijing, China).  A sample (20 µL) was 
prepared according to the manufacturer’s protocol.  The chro-
matographic conditions were as follows: column ODS C18 
(200 mm*4 mm, particle 10 µm, Lichrosorb RP); the mobile 
phase: methanol/water (55:45, v:v); flow rate: 1.3 mL per min; 
UV wavelength of detection: 210 nm; pressure of pump: 1500 
ps; paper running speed: 0.5 cm per min.  The minimum detec-
tion concentrations were 0.4 µg/mL for PHT and 0.3 µg/mL 
for CBZ.

Statistical analysis
All statistical analyses were carried out using SigmaStat 
(Chicago, IL, USA).  Comparisons between groups were per-
formed using either unpaired Student t-tests or a one-way 
ANOVA followed by a Tukey test.  Data are presented as the 
mean±SEM or SD where indicated.  Differences are considered 
significant at values of  P<0.05.

Results
MRP1 expression was up-regulated in the cortex and hippo-
campus of the epileptic brain
To investigate the expression of MRP1, we separated the cor-
tex and hippocampus from the rat brain. The expression of 
MRP1 mRNA in control and epileptic animals was detected 
by RT-PCR. We found that the expression of MRP1 mRNA 
was higher in epileptic brains than in normal brains (Figure 
1A).  Semi-quantitative analysis of the gel after densitometry 
showed that the expression of MRP1 mRNA was significantly 
increased in both the cortex and hippocampus of epileptic 
animals (Figure 1B; P<0.05 vs control, n=8).  However, there 
was no difference in the expression levels observed between 
the cortex and hippocampus, in either the control or epileptic 
groups. This result indicated that the increase in MRP1 mRNA 
was characteristic of epilepsy, regardless of its distribution in 
the brain.  

This increase was also observed at the protein level.  Using 
an antibody specific to MRP1, the expression of MRP1 pro-
tein was found to increase significantly in the epileptic brain 
(Figure 2A and 2B; P<0.05 vs control brain, n=8).  Next, we 
examined the expression of MRP1 protein in brain cells using 
immunohistochemistry. MRP1 immunoreactive particles were 
mainly distributed in the cell membrane, with only some 
found in the cytoplasm.  In electrode-implanted control brains, 
there was a small number of MRP1-positive cells in the cortex.  
These cells were identified as neurons and glial cells, as the 
neurons showed a pyramid-like shape, whereas the glial cells 
showed triangular, oval, or multilateral irregular shapes (Fig-

ure 3A and 3B).  In the epileptic brain, there was an increase 
in the number of immunoreactive cells in the cortex (Figure 
3C and 3D), but the distribution and morphology of MRP1-
positive cells were similar to those in the control brain.  After 
quantitative analysis, we found that the number of MRP1-
positive cells in the cortex was 2 times higher in the epileptic 
brain than that observed in the normal control brain (Figure 

Figure 2.  MRP1 protein expression in the brain. MRP1 protein was 
detected by Western blot.  Total protein was extracted from the cortex 
(C) and hippocampus (H) of control and epileptic animals.  (A) The total 
protein was separated on SDS-PAGE.  MRP1 and β-actin were detected 
using specific antibodies.  (B) Quantitative analysis of the gel after 
densitometry.  The expression of MRP1 was normalized to β-actin (n=8). 
bp<0.05 compared with the control group.

Figure 1.  MRP1 mRNA expression in the brain. MRP1 mRNA was detected 
by RT-PCR.  RNA was extracted from the cortex (C) and hippocampus (H) 
of control and epileptic animals.  (A) The PCR products were run on 1% 
agarose gel.  MRP1 (upper band, 404 bp) and β-actin (lower band, 241 bp) 
are shown.  (B) Semi-quantitative analysis of the gel after densitometry.  
The expression of MRP1 was normalized and represented as a ratio of 
MRP1/β-actin (n=8).  bp<0.05 compared with the control group. 
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3E).  In the hippocampus of the control brain, there were less 
MRP1-positive cells (Figure 4A and 4B).  However, there were 
more MRP1-positive cells in the hippocampus of the epileptic 
brain, including in the dentate gyrus, CA1, CA2, and CA3 
areas (Figure 4C and 4D).  Quantitative analysis showed that 
the number of MRP1-positive cells in the hippocampus of the 
epileptic brain was significantly higher than that in the control 
brains (Figure 4E, P<0.05).  

Inhibition of MRP1 increased the concentrations of antiepi-
leptic drugs in the cortical extracellular fluid
To examine the concentrations of antiepileptic drugs in the 
cortical extracellular fluid, we applied the amygdale kindling 
model, followed by microdialysis and HPLC analyses.  To 
normalize the permeability of the drug through the semiper-
meable membrane, we first determined the recovery rate of 
two antiepileptic drugs, PHT and CBZ.  We found that the 
recovery rate of PHT through the semipermeable membrane 
was 17.7%±3.7%, whereas the recovery rate of CBZ was 
14.2%±3.1%.

Because the serum concentration of a drug after admin-
istration is an indicator of drug stability, first we measured 
the serum concentration of PHT after intraperitoneal injec-
tion.  We found that the serum concentration of PHT quickly 
peaked 30 min after injection of 50 mg/kg PHT (Figure 5A).  
The range of the serum concentration of PHT at 15–180 min 
post-injection was 12.29-17.35 µg/mL.  Similarly to PHT, we 

measured the serum concentration of CBZ after intraperitoneal 
injection.  Administration of CBZ reached a maximum concen-

Figure 3.  MRP1 expression in the cortex of rat brain. MRP1-positive cells 
(brown staining) were detected by immunohistochemistry.  (A) Control 
group (×100); (B) Control group (enlarged from A); (C) Epilepsy group 
(×100); (D) Epilepsy group (enlarged from C).  Arrow indicates a positive 
cell. (E) Quantitative analysis of immunohistochemistry.  MRP1-positive 
cells were counted and represented as a percentage of total cells.  At 
least 3 slices from each brain were measured (n=8).  bp<0.05 compared 
with the control group.

Figure 4.  MRP1 expression in the hippocampus of rat brain. MRP1-
positive cells (brown staining) were detected by immunohistochemistry: 
(A) Control group (×100); (B) Control group (enlarged from A); (C) Epilepsy 
group (×100); (D) Epilepsy group (enlarged from C).  Arrow indicates a 
positive cell.  (E) Quantitative analysis of immunohistochemistry. MRP1-
positive cells were counted and represented as a percentage of total 
cells.  At least 3 slices from each brain were measured (n=8).  bp<0.05 
compared with the control group.

Figure 5. Serum concentrations of phenytoin and carbamazepine. The 
concentrations of AEDs after PHT and CBZ treatment were measured by 
HPLC.  Serum concentrations of PHT (A) and CBZ (B) were measured at the 
times indicated (post-injection).  The highest concentrations of PHT and 
CBZ were at 30 min and 15 min, respectively, after drug injection (n=8).
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tration (11.26±2.12 µg/mL) at 15 min, and gradually decreased 
thereafter (Figure 5B).  The range of CBZ between 15–180 min 
post-injection was 5.94–11.26 µg/mL.  Next, we determined 
the concentrations of PHT and CBZ in the cortical extracellular 
fluid after it passed through the blood-brain barrier.  In normal 
rats, both PHT and CBZ can quickly pass through the blood-
brain barrier into the brain tissue, as indicated by the fact that 
the drugs were detected in the cortical extracellular fluid 15 
min after administration.  The highest concentrations of PHT 
and CBZ in the cortical extracellular fluid were 1.24±0.23 µg/
mL at 60 min post-injection and 1.52±0.22 µg/mL at 90 min 
post-injection, respectively (Figure 6A and 6B).  Concentra-
tions of PHT and CBZ ranged from 0.59–1.24 µg/mL (PHT) 
and 0.71–1.52 µg/mL (CBZ) over the 15-180 min after injec-
tion.  The ratio for PHT concentration in the cortical extracel-
lular fluid to that in the serum was 3%–8%, whereas the ratio 
for CBZ was 6%–19%.  In epileptic rats, PHT in the cortical 
extracellular fluid was detectable at 15 min, peaked at 60 min, 
and gradually decreased thereafter.  By comparison, CBZ was 
also detectable at 15 min, but peaked at 90 min.  The trend of 
fluctuation in the cortical extracellular fluid of epileptic brains 
was similar to that of the normal control brains.  However, 
compared with normal controls, PHT and CBZ in the cortical 
extracellular fluid of epileptic animals were significantly lower 
at each time point.  Finally, we administered probenecid, an 
inhibitor of MRP1, and measured the PHT and CBZ concentra-
tions again.  The administration of probenecid did not change 
the trend of fluctuation of PHT and CBZ, but significantly 

increased the concentrations of PHT and CBZ in the cortical 
extracellular fluid of epileptic animals (Figure 6A and 6B).  
The concentrations of PHT and CBZ in epilepsy brains after 
probenecid treatment was similar to that in normal control, 
indicating that the inhibition of MRP1 can restore the accu-
mulation of AEDs in the cortical extracellular fluid of epileptic 
brains. 

Discussion
MRP1 is a glycoprotein known as ABCC1 and belongs to the 
ATP-binding protein superfamily[8].  This molecule has three 
membrane-spanning domains and two nucleotide-binding 
domains, which function as the ATP-dependent drug pump 
that effluxes drugs and organic anions across the plasma 
membrane[4, 9].  Recent studies show that MRP1 is encoded by 
a gene located in chromosome 16p13.1[10] and is involved in 
chemotherapy drug resistance[9].  The current study explored 
the role of MRP1 in mediating two AEDs, phenytoin and car-
bamazepine, in refractory epilepsy.

MRP1 is an important multidrug transporter in the 
brain[11, 12], despite the fact that it is mainly distributed in 
the choroid plexus and ependymal epithelial cells and is 
found in lower levels in neurons and glial cells in the normal 
brain[13, 14].  This trend is consistent with our observation that 
MRP1 mRNA and protein levels were low in the cortex and 
hippocampus of normal rats.  It has been shown that MRP1 
is involved in the blood-brain barrier (BBB) and blood-cere-
brospinal fluid barrier function[15], which prevent the influx of 
exogenous toxic substances into the brain tissue and remove 
excess brain metabolites to maintain a stable brain environ-
ment.  In the normal condition, these low levels of MPR1 are 
sufficient for brain homeostasis.

However, in pathological conditions of the brain, such 
as refractory epilepsy and glioma, the levels of MRP1 are 
high[14, 16].  Our study demonstrated that the expression of 
MRP1 in the refractory epileptic brain was up-regulated.  
Compared with electrode-implanted control rats, the number 
of MRP1-positive cells was significantly increased in the cortex 
and hippocampus, especially among neurons and glial cells, 
after amygdale kindling. This result suggests that repeated 
epileptic seizures may have induced an increase in MRP1 
expression.  MRP1 has been found in brain lesions of surgi-
cally treated patients with dysembryoplastic neuroepithelial 
tumors, focal cortical dysplasia, and hippocampal sclerosis[17].  
MRP1 has also been found to be expressed in astrocytes, a 
sub-type of glial cells, at lesion sites[18].  In addition, several 
studies have shown that chemical carcinogens and chemo-
therapeutic agents, such as cisplatin, barbiturates, as well 
as the antibiotic rifampicin can increase the expression of 
MRP1[19].  Our findings are in agreement with the recent data 
showing that the overexpression of MRP1 causes resistance to 
antiepileptic drugs[20, 21]. Overexpressing human MRP1 protein 
in neurons of a Drosophila genetic seizure model, bang sense-
less (bss) mutants, blocked the attenuation of seizure behavior 
by PHT administration.  Moreover, overexpression of MRP1 
in neurons increased the tolerance of bss flies to high doses of 

Figure 6. Concentrations of phenytoin and carbamazepine in the cortical 
extracellular fluid. The concentrations of AEDs were measured by HPLC.  
The concentrations of PHT (A) and CBZ (B) in the cortical extracellular 
fluid after intraperitoneal injection are shown (n=8). Control, electrode-
implanted control rat; Epilepsy, epileptic rat; Probenecid, epileptic rat with 
probenecid pre-treatment. 



478

www.nature.com/aps
Chen YH et al

Acta Pharmacologica Sinica

npg

PHT[20].  
MRP1 is not only located in the cell membrane but also 

present in the endoplasmic reticulum and Golgi apparatus, 
suggesting that in addition to its function as an efflux pump, 
MRP1 can also isolate drugs in cells and inhibit their ability 
to directly bind to their target, resulting in drug resistance.  
MRP1 is able to pump AEDs out of the brain tissue or cells, 
leading to a decrease in the concentrations of AEDs in the 
brain extracellular fluid, cytoplasm, and even organelles[13], 
which may account for multidrug resistance in refractory epi-
lepsy.  Our studies confirmed that the decrease of PHT and 
CBZ concentrations in the cortical extracellular fluid was asso-
ciated with the upregulation of MRP1 in the epileptic brain in 
vivo.  A recent in vitro study that used a concentration equilib-
rium transport assay showed that common AEDs, including 
PHT and CBZ, are not substrates for MRP1, MRP2 or MRP5 in 
MRP-transfected kidney cell lines[22].  However, the influence 
of high drug permeability is minimized by this assay.  Only in 
vivo techniques may ultimately prove whether AEDs are sub-
strates for human MRPs.  

The mechanism by which MRP1 is highly expressed in the 
epileptic brain is unclear.  It may be a mechanism similar to 
that of PGP in the epileptic brain, although MRP1 is only 15% 
homologous in amino acid sequence to PGP.  Their substrates 
are close and have a considerable overlap[23].  However, MRP1 
is less specific to the substrates.  Several studies confirmed 
that MRP1 is an ATP energy-dependent transmembrane pro-
tein with a glutathione (GSH)-S-conjugate operating pump 
that requires the participation of GSH to transport conjugated 
substrates[18, 24].  Mrp1(-/-) astrocytes have a 50% higher spe-
cific GSH content than wild-type or Mrp5(-/-) cells.  In wild-
type astrocytes, MRP1 can mediate 60% of the GSH export[18].  
MRPs contain two binding sites, one with low GSH affinity 
and another with high GSH affinity.  Therefore, there are two 
transport mechanisms.  Nonconjugated organic anions can 
directly be transported out of cells, whereas the transportation 
of cationic or neutral charge molecules requires GSH[25].

Probenecid has been considered to be an effective antagonist 
of MRP1.  A previous study showed that probenecid signifi-
cantly increased the concentration of sodium valproate in dog 
cerebrospinal fluid[26].  In the current study, PHT and CBZ 
were recognized by MRP1, and thus, the ability of the drugs 
to pass through the BBB was impaired.  By inhibiting MRP1 
with probenecid, we observed that the concentrations of PHT 
and CBZ were restored in the cortical extracellular fluid in rats 
with refractory epilepsy.  Probenecid can also inhibit the func-
tion of MRP2, another transporter of AEDs in the brain, found 
mainly in the luminal surface of brain capillary endothelium.  
The concentration of PHT in the brain of Mrp2-deficient rats 
was significantly higher than in the wild-type rats[27], indi-
cating that MRP2 substantially contributes to BBB function.  
MRP1 and MRP5 are expressed in normal human astrocytes 
and endothelial cells.  High levels of MRP1, moderate levels 
of MRP5, and low levels of MRP3 were found in tumor cells 
of malignant glioma patients, suggesting that MRP1 may be 
responsible for tumor cells’ resistance to chemotherapy in the 

brain[11].  MRP1 can cause resistance to arsenite, while MRP2 
can result in resistance to cisplatin[9].  MRP1, but not MRP5, 
mediates export of glutathione and glutathione disulfide in 
brain astrocytes[18].  Presently there is no report of the effect of 
MRP3 on PHT and CBZ.  The current study did not rule out 
the involvement of MRP2, MRP3, and MRP5.  Using specific 
inhibitors of MRPs or knocking-down individual MRPs may 
be applied in future experiments.  

In addition to PHT and CBZ, other xenobiotics and endo-
biotics may also be the substrates of MRP1[28].  Although 
changes in the properties of the targets of AEDs resulted in 
the decrease of its sensitivity, they do not explain the multi-
drug resistance.  The loss of the ability of AEDs to cross the 
BBB may be attributed to the overexpression of multi-drug 
transporters, such as MRP1, leading to the decrease of the 
drug concentrations in the cortical extracellular fluid and the 
impairment of the access of AEDs to their targets in the brain 
cells of epileptic patients.  

In conclusion, our data demonstrated that MRP1 was 
expressed in the normal rat brain but up-regulated in the epi-
leptic rat brain.  The increase of MRP1 reduced the concentra-
tions of AEDs, whereas the inhibition of MRP1 restored the 
concentrations of AEDs in the cortical extracellular fluid, sug-
gesting that MRP1 is a key transporter involved in the mecha-
nism underlying brain cell resistance to AEDs in refractory 
epilepsy. 
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