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P-Glycoprotein Contributes to Cell Membrane Depolarization of Hippocampus and
Neocortex in a Model of Repetitive Seizures Induced by Pentylenetetrazole in Rats
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Abstract: P-glycoprotein (P-gp) has been associated with pharmacoresistance and mechanisms regulating the membrane potential. How-
ever, at present it is unknown if P-gp overexpression in brain is associated with changes in membrane depolarization in refractory epi-
lepsy. Experiments were designed to evaluate the membrane depolarization and P-gp overexpression induced by repetitive pentilenetetra-
zole (PTZ)-induced-seizures. Wistar rats were daily treated with PTZ during 4 to 7 days (PTZ4 and PTZ7 groups), and the brain was used
to evaluate membrane potential by in vitro electrophysiological procedures and using bis-oxonol dye, bis-(1,3-dibutylbarbituric acid)
trimethine oxonol (DIBAC4(3)), a fluorescence dye voltage-sensitive to membrane potentials. Rats with repetitive PTZ-induced seizures
demonstrated lower phenytoin-induced anticonvulsant effects, increased number of DiBAC4(3) fluorescence cells and P-gp overexpres-
sion in hippocampus and neocortex, as well as augmentation of the induced fEPSP in CAL1 field. These changes were more evident in
PTZ7 group. Phenytoin or phenytoin plus nimodipine (a P-gp antagonist) avoided the enhanced fEPSP and decreased DiBAC4(3) fluo-
rescence in animals from PTZ4 group. However, in PTZ7 group these effects were evident only when phenytoin was combined with ni-
modipine. An additional flow cytometry study demonstrated increased intracellular accumulation of DiIBAC4(3) in K562 leukemic cells
that overexpress MDR-1 and COX-2 genes, and are refractory to specific cytotoxic agents. These results represent the first evidence sup-
porting the notion that brain P-gp overexpression contributes to a progressive seizure-related membranes depolarization in hippocampus
and neocortex. Further experiments should be carried out to confirm the role of P-gp on membrane depolarization and epileptogenesis

process.
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1. INTRODUCTION

Epilepsy is one of the most prevalent neurological disorders
affecting between 1% and 2% of the world population. It is charac-
terized by recurrent, spontaneous, and unpredictable seizures. At
cellular level, epilepsy is associated with altered intrinsic membrane
excitability and excessive synchronous neuronal activity [1], altera-
tions explained by augmented excitatory amino acid neurotransmis-
sion [2].

Approximately one third of patients with epilepsy do not have
satisfactory control of seizures with antiepileptic drugs (AEDs) and
it is suggested that drug resistant phenotype could be present at the
early stage of the disease [3]. Several experimental and clinical
reports indicate that pharmacoresistance in epilepsy is associated
with overexpression of brain P-glycoprotein (P-gp), the product of
MDR-1 gene [4,5]. P-gp is a membrane protein with transmem-
brane efflux activity responsible for transporting a wide variety of
unrelated drugs from cells [6]. Through glutamate/NMDA recep-
tor/cyclooxygenase-2 (COX-2) signaling, glutamate induces over-
expression of P-gp in brain [7]. Indeed, P-gp as well as COX-
2/prostaglandin E(2) pathway have been considered targets for
increasing clinical response to current epilepsy treatments [8].

It is reported that MDR-1 gene upregulation could be acquired
as a consequence of repetitive non-controlled seizures [9,10]. On
the other hand, P-gp upregulation has been associated with patho-
logical conditions such as inflammation tumors or hypoxia [11-13],
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supporting the idea that silent mechanisms could overexpress P-gp
in brain before epilepsy and refractoriness becomes clinically evi-
dent. Indeed, Chengyun et al. [ 14] found P-gp overexpression in
brain of patients with long-lasting refractory epilepsy associated
with different causes, such as trauma, vascular injuries, encephali-
tis, cortical dysplasia, cavernous angioma and Sturge-Weber dis-
ease. Interestingly, seizures are an important neurologic sequel of
brain hypoxia-ischemia [15], a condition associated with overex-
pression of P-gp [16,17].

On the other hand, a group of evidence indicates that P-gp can
also decrease plasma membrane potential of several cell types
[18,19] and modulates the swelling-activated CI” currents [20], both
physiologic disturbances observed during brain hypoxia [21] and
convulsive stress [22]. However, at present there are no studies
focused to determine if P-gp over-expression correlates with
changes in membrane potential in brain areas of subjects and/or
experimental models of pharmacoresistant epilepsy.

For the present study, we proposed that the progressive brain P-
gp overexpression associated with pharmacoresistance correlates
with lower membrane potential. Using rats, we investigated the
effects on membrane potential and pharmacosensitivity after repeti-
tive seizures induced by Pentylenetetrazol (PTZ).

In brain slides, the membrane depolarization associated with P-
gp expression was also investigated during the effects of phenytoin
(PHT), an anticonvulsivant substrate of P-gp [23], nimodipine
(NIMO), a P-gp blocker [24] and their combination (NIMO+PHT).

We also investigated if leukemic cells refractory to specific
cytotoxic agents (Imatinib-resistant-K562 or IR-K562 cells) and
overexpressing MDR-1 and COX-2 genes [25] show low mem-
brane potential and its modification after NIMO administration.

© 2013 Bentham Science Publishers
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2. METHODS
2.1. Animals

The experimental subjects were male Wistar rats, weighing
250-300 g at the beginning of the experiments. Animals were
housed individually under controlled environmental conditions
(22°C; 12; 12-h light-dark cycle; food and water ad libitum). Rats
received a daily administration of saline solution (1 ml/kg, i.p.) for
1 week for habituation to manipulation. Experimental procedures
were conducted according to the NIH guidelines for the Care and
Use of Laboratory Animals and the principles presented in the
Guidelines for the Use of Animals in Neuroscience Research by the
Society for Neuroscience and the CICUAL (Comite Institucional de
Cuidado y Uso de Animales de Experimentacion) from University
of Buenos Aires (Argentina) and Center for Research and Ad-
vanced Studies (Mexico). All efforts were made to reduce the suf-
fering by, and the number of animals used.

2.2. Pentylenetetrazol Induced Seizures and Effects of PHT In
vivo

Animals received a daily administration of saline (1 ml/kg, i.p.)
for 1 week in order to habituate to manipulation. Then, rats were
submitted to one of the following protocols:

a) PTZ7+PHT group (n=8). Animals were daily treated with
PTZ (45 mg/kg i.p.) during 7 days. Sixty minutes previous at the
moment of the seventh PTZ application, rats received PHT (50
mg/kg i.p., freshly dissolved in saline, pH 11.2, in a volume of 3
ml/kg)

b) PTZ7 group (n=16). Rats were manipulated as previously
described for PTZ7+PHT group, except that they received vehicle
instead of PHT administration.

c) PTZ4+PHT group (n=8). Rats were manipulated as de-
scribed above for the PTZ7+PHT group, except that PTZ was daily
applied during 4 days. Sixty minutes previous at the moment of the
fourth PTZ application, rats received PHT at the doses previously
indicated.

d) PTZ4 group (n=16). Rats were manipulated as previously
described for PTZ4+PHT group, except that they received vehicle
instead of PHT administration.

e) PTZ1+PHT group (n=8). Rats received daily saline solution
administration during seven days. Then, they received PHT at the
doses previously indicated and sixty minute later, PTZ was applied.

f) PTZ1 group (n=8). Rats were manipulated as previously
described for PTZ1+PHT group, except that they received vehicle
instead of PHT administration.

g) Control group (n=10). Control animals were manipulated as
described above for PTZ7 group but animals received daily vehicle
administration instead of PTZ.

Immediately after each PTZ or vehicle administration, animals
were located in individual cages during 30 min for behavioral
evaluation. Latency to seizure activity was determined. After ex-
periments, animals from PTZ4 and PTZ7 groups were used for
measuring membrane potential and evaluation of P-gp protein ex-
pression in hippocampus and neocortex (see below). These brain
areas were evaluated because they are involved in seizure activity
expression and propagation. In addition, neocortex shows signifi-
cant benzodiazepine receptor changes as consequence of repetitive
PTZ administration [26].

2.3. Evaluation of Membrane Potential In vitro

2.3.a. Hippocampal Slices Preparation

Immediately after the last PTZ administration and according to
procedures previously described [27], animals from PTZ4 (n=6)
and PTZ7 (n=6) groups were anesthetized and then perfused tran-
scardially with cold, Artificial Cerebral Spinal Fluid (CSF, pH 7.4)
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containing (in mM): 229 sucrose, 2.0 KCI, 10 dextrose, 26 Na-
HCO;, 1.2 Na,HP0,4-7H,0, and 1.5 MgCl,, bubbled with a mixture
0f 95%0,/ 5%CO,, (carbogen). Control tissue was obtained from a
control group of animals (n=5) manipulated as described above but
without seizure activity.

Hippocampal coronal slices, 450 um thick, were incubated for
60 min at room temperature in CSF containing (in mM): 125 NaCl,
2 KCl, 10 dextrose, 26 NaHCOs, 1.2 Na,HP0,4-7H,0, 3 MgCl,, and
3 CaCl,, bubbled with carbogen at pH 7.4. Slices were transferred
to a recording chamber maintained at 22+2°C and constantly per-
fused (2.5-3.0 ml/min) with CSF.

2.3.b. Measuring Membrane Potential by In vitro Electrophysi-
ological Techniques

To evoke CAl field excitatory postsynaptic potentials
(fEPSPs), stimulation pulses were applied with bipolar electrodes
placed in Collateral Shaffer fibers. fEPSPs were recorded in the
stratum pyramidale of CA1 using glass micropipettes (4—6 MQ)
filled with NaCl solution (0.5 M). Responses were displayed on an
oscilloscope as well as digitalized in a PC computer for storage and
off-line analysis (Lab View system, National Instruments, Austin
TX). Test stimuli (100 msec duration, 0.1 Hz) were administered at
a stimulation intensity (20 —70 pA) that elicited a fEPSP with an
amplitude that was 50% of maximum fEPSP amplitude. The identi-
fication of CA1 fEPSPs was based on the following criteria: (1)
negative (sink) waveform restricted to the s. lucidum; (2) medium
latency (10 msec); and (3) slow time course (average 7.5 msec).
CA1 fEPSPs were monitored for 60 min according with pilot ex-
periments in which we found that exposure to the vehicle solutions
and electrical stimulation for 120 min had no effect on baseline
fEPSPs (data no shown).

In vitro electrophysiology experiments were designed to inves-
tigate changes in fEPSP amplitude alone or in presence of PHT (5
uM), NIMO (5 pM) or PHT plus NIMO, of brain samples obtained
from animals of PTZ4 and PTZ7 groups (see above). Effects were
calculated as percentage of the average fEPSP amplitude recorded
during the baseline period (5-15 min). Drugs were dissolved as
stock solutions and working solutions were prepared fresh daily.

2.3.c. Imaging Membrane Potential Using DIBACA4(3)

The present experiment was designed to evaluate changes in
membrane potential using bis-oxonol dye, bis-(1,3-dibutylbarbituric
acid) trimethine oxonol (DiBAC4(3)), a fluorescence dye voltage-
sensitive to membrane potentials. The dye partition between the cell
membrane and the cytosol is a function of membrane potential.
Depolarization of the membrane leads to a sequestration of the dye
into cytosol and is associated with an increase in the fluorescence
intensity. In contrast, the dye concentrates in the cell membrane
during membrane hyperpolarization, leading to a decrease of cyto-
plasmic fluorescence intensity [28]. Due to these characteristics,
DiBAC4(3) represents a selective marker for plasma membrane
[29] and can reveal the depolarized condition of cells irrespective
the underlying mechanisms [30].

Immediately after the last PTZ administration, rats from PTZ4
(n=6) and PTZ7 (n=6) groups were sacrificed under light ether
anesthesia and brains were quickly removed. Coronal sections (80
um thick, containing both, hippocampus and neocortex) were ob-
tained.

Control tissue was acquired from a control group of animals
(n=6) manipulated as described above but without seizure activ-
ity. In the dark for at least 30 min at 37°C, sections were soaked in
the voltage-sensitive dye DiBAC4(3) (2 uM, Molecular Probes ®)
in slides alone or in presence of PHT (5 uM), NIMO (5 uM) or
PHT plus NIMO. Then, they were imaged with an Olympus
BX51W1 fluorescent microscope (excitation at 488 nm, emission at
530 nm). For fluorescent imaging and collection of the data, Image
Pro Plus 5.1 software was used for cell counting (40X).
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2.4. Evaluation of P-gp Expression

Brain tissue obtained from control group (n=6), PTZ4 (n=6)
and PTZ7 (n=6) groups was fixed with glutaraldehide (0.2%) and
paraformaldehide (4%) at 4°C during 2 days, and then cryopro-
tected in sacarose (30%). Frozen sections of 10 um were obtained
with a cryostat, and mounted on gelatin-coated slides, then washed
with PBS buffer containing 0.025% Triton X-100, for 15 minutes.
The blockage was made with normal horse serum (1: 200) in buffer
PBS during 1 h. Antibodies were dissolved in PBS containing 1%
v/v normal horse serum and 0.3% v/v Triton X-100, pH 7.4. The
slides were incubated for 48 h at 4°C with anti-P-gp primary anti-
body (C-494, Signet Laboratories, Dedham, MA) (1: 500) and then
incubated with the secondary antibody anti-mouse conjugated with
fluorescein isothiocyanate during 3 hours (Zymed Lab Inc., USA)
(1: 200). The contrast was made with propidium iodide (Sigma
Chemical, St. Louis, MO). Finally the sections were mounted with
Vectashield mounting medium (Vector lab. USA). Controls were
obtained by omitting the primary antibody. A microscope Olympus
BX-50 equipped with a digital cooled camera (Coolpix) was used to
analyze the pictures.

2.5. Flow Cytometry Measurements of Membrane Potential in
Cell Culture

As it was previously described, DiBAC4(3) is a fluorescence
dye voltage-sensitive to membrane potentials that may allow the
evaluation of changes in membrane potential. Increased fluores-
cence intensity results from depolarization of the membrane leading
to a sequestration of the dye into cytosol [28]. On the other hand, it
is known that multidrug resistance gene (MDR-1) that encodes the
drug efflux transporters such as P-gp, has been reported to be
highly expressed in brain of patients with pharmacoresistant epi-
lepsy [4,31].

A complementary flow cytometry study was focused to evalu-
ate DiBAC4(3) intracellular accumulation under basal conditions in
IR-K562 leukemic cells that overexpress MDR-1 and COX-2
genes. Flow cytometry assays were set up with 2.5 to 3.0 x 10°
cells/ml in buffer with DiBAC4(3) at 5 uM (Molecular Probes,
B438). The intracellular and extracellular dye concentrations were
allowed to equilibrate at 37°C/5% CO2 for 30 min. In order to de-
termine the role of P-gp expression in DIBAC4(3) fluorescence,
NIMO was added in the culture (35 pM), 30 min before Di-
BAC4(3) in an additional flow cytometry assay. In controls, the
assays were performed in the absence of DiBAC4(3). The excita-
tion and emission wavelengths were optimized prior to analysis and
set at 488 and 525 nm, respectively, with a 515 nm cutoff wave-
length. The fluorescent readings were stored in a computer using
SoftMax Pro Version 3.1.1 (Molecular Devices). The concentration
to produce 50% of maximal change (EC50) was calculated by using
Prism version 2.0 (GraphPad). The experiment was repeated three
times with a similar trend and results of representative experiments
are depicted in the results.

2.6. Statistical Analysis

Values were expressed as mean + S.E.M. The latencies to PTZ-
induced seizures were evaluated by an unpaired t-test. Analysis of
Variance (ANOVA) followed by a post hoc Dunnet test were ap-
plied to examine changes on fEPSP amplitude and number of cell
labeled with DiBAC4(3) dye. In all statistical comparisons, a p
value of less than 0.05 was considered statistically significant.

3. RESULTS

3.1. Pentylenetetrazol Induced Seizures and Effects on Mem-
brane Potential

3.1.1. Control Conditions

In all control animals without previous experience with seizure
activity (PTZ1), PTZ induced clonic seizures, with a latency of
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58+2.8 s. Animals pretreated with PHT (PTZ1+PHT group) dem-
onstrated a significant increase in the seizure latency (174%,
@p<0.001, Fig. 1). Concerning fEPSPs recordings in CA1 In brain
slices of control animals, orthodromic stimulation applied in Shaf-
fer collaterals induced a response of 0.26 + 0.012 mV. This re-
sponse was not modified throughout the 60 min of experimental
procedure (101 + 0.02% at the beginning versus 98 + 12% at the
end) (Fig. 2). Under control conditions, hippocampus and neocortex
showed immunoreactivity to P-gp exclusively located in capillary
endothelial cells (Fig. 1b). These brain areas also demonstrated low
DiBAC4(3) fluorescence, suggesting that the plasma membrane
potential was intact and the cells can exclude the dye (Fig. 3a and
Fig. 4).
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Fig. (1). a. Latencies to PTZ-induced seizure alone and after PHT admini-
stration. Values indicate the latency to seizure activity evaluated after a
single PTZ injection (PTZ-1), or following 4 (PTZ-4) or 7 administrations
(PTZ-7), alone or in animals treated with PHT before the last PTZ injection.
Notice that PHT augmented the latency PTZ-1 group (p<0.001), an effect
that was lower in PTZ-4 and no evident in PTZ-7 group.

b. Double immunostaining of CAl hippocampal sections of animals from
Control (upper panels), PTZ4 (middle panels) and PTZ7 (lower panels)
groups. Cell nuclei were stained in red with propidium iodide (left panels),
P-glycoprotein expression is shown in green (middle panels) and the merged
images are presented on the right panels. Scale bar, 30 um.

3.1.2. PTZ4 Group

Daily PTZ administration induced clonic seizures. As conse-
quence of the fourth PTZ administration, latency for clonic seizures
was similar to that showed by PTZ1 group, whereas PHT pretreat-
ment (PTZ4+PHT group) significantly delayed their appearance
(*p<0.05, Fig. 1). The initial fEPSP amplitude values obtained from
PTZ4 group (0.35 + 0.12 mV) during the in vitro electrophysiology
experiments were analogous to those recorded under control situa-
tion. Thereafter, a significant increase in the amplitude of the
fEPSP (42%, p<0.001) was detected at 30 min and re-
mained constant throughout the experimental procedure. This effect
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was avoided when slices were incubated with PHT or PHT plus
NIMO, whereas NIMO alone did not induce significant effects on
the progressive augmentation of the fEPSP (Fig. 2B). When com-
pared with control group, sections obtained from PTZ4 group dem-
onstrated intense P-gp staining located in microvessels (Fig. 1b), as
well as higher number of DiBAC4(3) fluorescence cells (p<0.001)
in hippocampus and neocortex (Fig. 3b and Fig. 4). This last effect
was avoided when slices were incubated with NIMO, PHT or
NIMO plus PHT (Fig. 4).
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Fig. (2). Evaluation of the synaptic response (A) based on the percentage of
change of the fEPSP amplitude in hippocampus of rats that received daily
Pentylenetetrazol (PTZ) administration during 4 (PTZ4, B) and 7 (PTZ7, C)
days. Notice the hyperexcitability in CAl field of both, PTZ4 and PTZ7
groups (PTZ). This effect was avoided in PTZ4 group when slices were
incubated in presence of phenytoin (PTZ+PHT) or phenytoin plus nimodip-
ine (PTZ+PHE+Nimo), but not with nimodipine alone (PTZ+Nimo). In
contrast, hyperexcitability of PTZ7 was blocked only when slices were
incubated in presence of phenytoin plus nimodipine (PTZ+PHT+Nimo).
The values represent the average = SEM.
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Fig. (3). Demonstration of membrane depolarization of CAl cells labeled
with DIBAC4(3). Hippocampal sections obtained from Control, PTZ4,
PTZ7, and loaded with fluorescent DiBAC4(3) alone (a, b and c, respec-
tively). Samples from PTZ7 were also loaded with PHT (d) or Nimodipine
plus PHT (e). Arrows indicate cells loaded with DIBAC4(3). Scale bars: 10
um (a, d and ) and 20 um (b, and c).
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3.1.3. PTZ7 Group

Daily PTZ administration during seven days induced clonic
seizures in all animals, and their expression was similar to that ob-
served following one (PTZ1) or four injections (PTZ4 group). The
clonic seizures produced after the seventh injection demonstrated
latencies similar to those recorded for the PTZ1 and PTZ4 groups.
PHT pretreatment (PTZ7+PHT group) did not modify the seizure
expression and latency (Fig. 1). The initial fEPSP amplitude values
obtained from PTZ7 group (0.35 + 0.12 mV) during the in vitro
electrophysiology experiments were analogous to those recorded
under control situation. Thereafter, there was a 136% increase of
the induced fEPSP in CA1 field at 60 min of the experimental pro-
cedure, an effect significantly higher when compared with both,
control and PTZ4 groups (p<0.001). Indeed, the augmentation of
fEPSP was only avoided when slices were incubated in PHT plus
NIMO, but not in PHT or NIMO alone (Fig. 2C). Brain sections
obtained from PTZ7 group demonstrated higher P-gp immunoreac-
tivity in capillary endothelium and surrounding cells, as well as
higher DiBAC4(3) fluorescence (Fig. 1b; Fig. 3c) as compared with
other groups cells. This increased DiBAC4(3) intensity of fluores-
cence was mildly modified by PHT (Fig. 3d) but clearly diminished
after the treatment with NIMO+PHT (Fig. 3e). An increased num-
ber of DiBAC4(3) positive cells (p<0.001) in hippocampus and
neocortex was observed (Fig. 4). Although a low number of Di-
BAC4(3) fluorescence cells was detected when tissue was incu-
bated with NIMO plus PHT, but not in presence of PHT or NIMO
alone, none drug treatment was able to completely restore the basal
conditions for DiBAC4(3) fluorescence, suggesting partial restitu-
tion of the membrane potential in slices from animals receiving
repetitive PTZ administration during 7 days (Fig. 4).

3.2. Membrane Depolarization in Cell Culture

Flow cytometry, which permits the simultaneous examination
of multiple cellular characteristics at the single cell level, was used
to determine the relationship between cellular depolarization and
cell size by examining DiBAC4(3) fluorescence and the forward
light scattering property of MDR-1 positive IR-K562 cells, respec-
tively. A population of IR-K562 cells with plasma membrane depo-
larization was detected, a situation not observed under control situa-
tion or in presence of NIMO (p<0.001). Data from DiBACA4(3)
fluorescence contour plot suggest that cellular depolarization occurs
in a homogeneous population of cells (Fig. 5).

4. DISCUSSION

The results obtained from the present study support the notion
that daily PTZ-induced seizures produces the progressive acquisi-
tion of pharmacoresistant phenotype, a situation associated with an
increased brain P-gp expression [32] and high membrane depolari-
zation in brain areas such as hippocampus and cortex. A similar
situation was previously detected after daily 3-mercaptopropionic
acid-induced seizures during 7 days, resulting in increased P-gp
expression in blood brain barrier, astrocytes and neurons as well as
loss of anticonvulsant effects of PHT and phenobarbital [31, 33,34].

In agreement with the results obtained, a greater membrane
depolarization is found in animals exposed to repetitive PTZ ad-
ministration during seven, but not four days, an effect associated
with P-gp overexpression and acquisition of pharmacoresistant
phenotype. This condition was associated with membrane depo-
lariztion according with the larger fEPSPs found during electro-
physiological experiments and high DiBAC4(3) fluorescence. The
hypothesis that the P-gp overexpression is involved in membrane
depolarization in pharmacoresistance was supported by the follow-
ing results: a) the high membrane depolarization found in animals
with pharmacoresistant phenotype and overexpressing P-gp (PTZ7)
was restored when PHT was combined with NIMO, a P-gp antago-
nist; b) the elevated plasma membrane potential revealed by high
DIBAC4(3) fluorescence in cells refractory to specific cytotoxic
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agents and overexpressing MDR-1 and COX-2 genes (IR-K562
leukemic cells) was avoided in presence of NIMO.

P-gp belongs to the ABC superfamily of ABC transporters en-
coded by different genes. In addition to the very popular drug pump
model, studies indicate that P-gp may mediate drug resistance
through channels function regulation [35]. Supporting this idea, it
has been described that MDR1 protein behaves as some type of CI’
transporter, stimulates CI" channel activity and may alter cell vol-
ume in several cell types [36]. Its overexpression leads to decreased
plasma membrane electrical potential by increasing CI" permeability
and thus decreasing the dominance of membrane potential by K*
conductance, and leads to altered pHi regulation by disrupting nor-
mal CI/ H" CO; exchange processes [18,19]. According to this in-

formation, the P-gp overexpression in hippocampus and neocortex
induced by repetitive seizures could contribute to crucial factors
detected in several types of epilepsy such as the intracellular acido-
sis associated with altered Na'/H" exchange [37], enhanced extrace-
lullar concentration of potassium [38], and particularly in the in-
creased membrane depolarization [39]. The P-gp-induced depolari-
zation associated with high glutamate and low GABA interictal
release in pharmacoresistant epilepsy [40] could be sufficient for
worsening the clinical seizures. We suggest that a variety of phe-
nomena reported on the MDR literature should be re-examined
using experimental models of pharmacoresistant epilepsy to deter-
mine whether they are unequivocally due to MDR protein func-
tional overexpression.
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Contradictory results have been described concerning pro- and
anticonvulsant effects of NIMO, a Ca®* channel antagonist of the
dihydropyridine type, as observed in both patients with epilepsy
and in experimental models [41-44]. Here, we demonstrated that
NIMO alone was able to reduce the membrane depolarization in
leukemic IR-K562 cells overexpressing P-gp. However, the recov-
ery of potential membrane of depolarized slides in hippocampus
and neocotex (in vitro experiments) was induced only when NIMO
was combined with PHT. Similar effects with complete control of
seizures and normalized flow of PHT in hippocampus were previ-
ously reported using 3-mercaptopropionic acid-induced seizures
[33]. These observations indicate that membrane depolarization as
well as pharmacoresistant phenotype are the result of several simul-
taneous factors where P-gp may play an important role.

Antiepileptic drug refractoriness has been explained by the
“drug transporter overexpression” and the “reduced drug-target
sensitivity” hypotheses [9]. On the other hand, it is so mentioned
that “seizures induce seizures” and “seizures without control induce
refractoriness”. In these contexts, brain overexpression of P-gp
inducing lower membrane potential could first help to develop the
seizures of different epileptic syndromes secondary to wide spec-
trum of etiologies, some of them initially without or with sporadic
seizures, and also contribute with a progressive increases of seizure
frequency and severity that later develops a epileptic refractory
phenotype, worsening the clinical features and prognostic of the
disease. This group of evidence supports that brain P-gp overex-
pression correlates with a progressive acquisition of refractoriness
and sustain a third theory to explain pharmacoresistant epilepsy
based on the inherent severity of epilepsy [45].

The challenge ahead is to define and understand the effects
associated with brain P-gp brain overexpression, both previously
and during epilepsy development. For example, it is known that
PTZ-induced chemical kindling is associated with a rise in gluta-
mate release which is apparent early in the epileptogenic process
[46]. It is possible that the high glutamate release induced by epi-
leptic seizures since the early stages of the epileptogenic process
induces a progressive over-expression of P-gp in brain through
glutamate/NMDA receptor/cyclooxygenase-2 (COX-2) signaling
[7]. On the other hand, COX-2 inhibition could represent a good
strategy to reduce or avoid the epileptic refractory phenotype
through downregulation MDR-1 expression [7,8,25].

Finally, it is also important to distinguish between the truly
drug-transporter properties of this protein leading to the pharma-
coresistant phenotype, from those related with plasmatic membrane
depolarization inducing pro-epileptic effects. Perhaps both features
of P-gp are simultaneously acting as left and right hands of the
same boxer fighting against cell death. Future therapeutic strategies
should include combined treatments of antiepileptic drugs with P-
gp inhibitors to restore the normal membrane potential and reduce
seizure activity [8,47].

HIGHLIGHTS

» We studied the membrane depolarization in rat brain slides after
PTZ-induced seizures

» Highlight a progressive P-gp overexpression associated with a
membrane depolarization

» Highlight the recovery of membrane potential after combined
PHT+NIMO administration

» We postulate a potential role for P-gp brain overexpression in
epileptogenesis
CONFLICT OF INTEREST

The authors confirm that this article content has no conflicts of
interest.

Auzmendi et al.

ACKNOWLEDGEMENTS

We thank Valeria Sismondi (Center of Molecular Diagnostic-
Bs.As), for her assistance to perform flow cytometry study, and Mr.
Hector Vazquez Espinosa for their excellent technical assistance.
This study was supported by the National Council for Sciences and
Technology of Mexico (grant 98386), Red GENIAR from Pro-
grama Iberoamericano de Ciencia y Tecnologia para el Desarrollo
(CYTED), CECYT-CONACYT ME-PA03-SV-027 and Instituto de
Cienciay Tecnologia del Distrito Federal (PFTUt-08027).

ABBREVIATIONS

P-gp = P-glycoprtein

MDR = Multidrug resistance

PTZ = Pentylenetetrazole

PHT = Phenytoin

NIMO = Nimodipine

DIBAC4(3) = Bis-oxonol dye, bis-(1,3-dibutylbarbituric
acid) trimethine-oxonol

fEPSPs = Field excitatory postsynaptic potentials
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