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Abstract

A cure for epilepsy is currently not available, and seizure genesis, seizure recurrence, and 

resistance to antiseizure drugs remain serious clinical problems. Studies show that the blood–brain 

barrier is altered in animal models of epilepsy and in epileptic patients. In this regard, seizures 

increase expression of blood–brain barrier efflux transporters such as P-glycoprotein (P-gp), which 

is thought to reduce brain uptake of antiseizure drugs, and thus, contribute to antiseizure drug 

resistance. The goal of the current study was to assess the viability of combining in vivo and ex 
vivo preparations of isolated brain capillaries from animal models of seizures and epilepsy as well 

as from patients with epilepsy to study P-gp at the blood–brain barrier. Exposing isolated rat brain 

capillaries to glutamate ex vivo upregulated P-gp expression to levels that were similar to those in 

capillaries isolated from rats that had status epilepticus or chronic epilepsy. Moreover, the fold-

increase in P-gp protein expression seen in animal models is consistent with the fold-increase in P-

gp observed in human brain capillaries isolated from patients with epilepsy compared to age-

matched control individuals. Overall, the in vivo/ex vivo approach presented here allows detailed 

analysis of the mechanisms underlying seizure-induced changes of P-gp expression and transport 
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activity at the blood–brain barrier. This approach can be extended to other blood–brain barrier 

proteins that might contribute to drug-resistant epilepsy or other CNS disorders as well.
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INTRODUCTION

Epilepsy is the most common neurological disorder that affects more than 65 million 

individuals worldwide.1,2 One major clinical problem in epilepsy therapy is drug resistance 

(refractory or intractable epilepsy), where patients do not, or only poorly, respond to 

treatment with antiseizure drugs (ASDs).3 The causes and mechanisms that contribute to 

ASD resistance are largely unknown and are an area of current research. The drug efflux 

transporter hypothesis is one of several hypotheses that has been postulated regarding the 

cause of ASD resistance.4–6

Drug efflux transporters at the blood–brain barrier determine brain penetration of many 

CNS-active drugs, including some ASDs.7,8 Consequently, increased blood–brain barrier 

efflux transporter expression and activity in conditions such as brain cancer, HIV 

encephalitis, and epilepsy limits drug brain uptake and thus decreases drug efficacy in these 

disorders.6 The major drug efflux transporter at the blood–brain barrier is P-glycoprotein (P-

gp, ABCB1), a 180 kDa membrane protein that functions as an ATP-driven efflux pump.9,10 

P-gp transports a wide spectrum of structurally diverse and unrelated hydrophobic and 

amphipathic compounds, and has been shown to handle ASDs such as phenytoin, 

phenobarbital, felbamate, lamotrigine, topiramate, and levetiracetam.11–18

Increased P-gp protein expression levels have been detected in epileptogenic tissue from 

patients diagnosed with refractory epilepsy as well as in several rodent models of epilepsy; 

this phenomenon has been linked to poor brain uptake of ASDs.6,19–31 The recent PET study 

by Feldmann et al.20 provided the strongest evidence thus far that P-gp is relevant in ASD-

resistant patients. This study included 14 patients with refractory temporal lobe epilepsy 

(TLE), eight patients with controlled TLE, and 13 healthy controls. Brain uptake of the P-gp 

substrate [11C]verapamil was reduced in patients with refractory TLE relative to healthy 

controls. This study is the first direct in vivo evidence of P-gp overactivity in patients with 
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refractory epilepsy. These findings were recently confirmed by Bauer et al.19 Based on these 

observations, it has been postulated that increased expression levels of blood–brain barrier 

efflux transporters contribute to ASD resistance in patients with epilepsy.19,21 Thus, 

upregulation of P-gp expression and activity levels at the blood–brain barrier by epileptic 

seizures may explain the most reliable predictor of ASD-resistant epilepsy: seizure 

frequency before onset of antiseizure pharmacotherapy.32–34

Previously, we used freshly isolated brain capillaries as an ex vivo model of the blood–brain 

barrier to study P-gp protein expression levels in whole cell preparations or brain capillary 

crude membrane preparations.32,35,36 We also used isolated brain capillaries to study P-gp 

transport activity by measuring accumulation of the fluorescent P-gp substrate NBD-

cyclosporin A (NBD-CSA) in the capillary lumen with confocal microscopy.32,37,38 In 

addition, we used isolated brain capillaries to identify the signaling pathways involved in 

upregulating P-gp at the blood–brain barrier by various stimuli, among them seizures and 

status epilepticus (SE).32,34,39 We found that seizure-induced release of glutamate signals 

through the N-methyl D-aspartate receptor (NMDAR), cyclooxygenase-2 (COX-2), 

prostanoid E receptor 1 (EP1), and the transcription factor NF-кB resulted in increased 

expression of P-gp in brain capillaries.32,34,39 However, the major limitation in these 

experiments was that seizure activity has to be artificially mimicked by exposing brain 

capillaries from naїve animals to glutamate.

In previous studies using these protocols, we and others demonstrated that SE increases P-gp 

protein expression levels in endothelial cells of brain slices.32,34,40 Such protein expression 

data, however, does not provide information on P-gp transport activity, which according to 

previous studies may be one of multiple factors that controls ASD brain uptake.41,42 While 

P-gp stored in intracellular vesicles of endothelial cells can be immunohistochemically 

detected in brain sections, only P-gp localized in the luminal plasma membrane of brain 

capillary endothelial cells actively contributes to transport. Thus, only functional P-gp 

contributes to ASD efflux, which affects ASD brain uptake, likely reducing ASD 

efficacy.6,41

In the present study, we dosed rats with the muscarinic receptor agonist pilocarpine to 

induce SE following different protocols (high dose pilocarpine model, fractionated 

pilocarpine dosing model). We isolated brain capillaries from these rats after acute SE and 

from chronic epileptic rats and found increased P-gp protein expression and transport 

activity levels that were independent of the rat model used. Exposing isolated brain 

capillaries to glutamate also increased P-gp protein expression and transport activity. The 

increase of P-gp protein expression across the different animal models is comparable to the 

increase observed in human brain capillaries isolated from individuals with epilepsy who 

experienced generalized seizures compared to brain capillaries isolated from seizure-free 

control individuals.

Our study demonstrates that a combined in vivo/ex vivo approach of isolating brain 

capillaries from animal models of seizures and epilepsy and using isolated brain capillaries 

from patients with epilepsy is a viable approach to study P-gp at the blood–brain barrier. 
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Importantly, this approach can be extended to other blood–brain barrier proteins that might 

contribute to ASD-resistant epilepsy or other CNS disorders as well.

MATERIALS AND METHODS

Chemicals

Pilocarpine, lithium chloride, methyl-scopolamine, and all other chemicals were purchased 

from Sigma (St. Louis, MO, USA). Diazepam was obtained from Hospira (Lake Forest, IL, 

USA). Mouse monoclonal C219 antibody against P-gp was obtained from Signet 

Laboratories (Dedham, MA, USA); Human P-gp protein fragment and mouse monoclonal β-

actin antibody was from Abcam (Cambridge, MA, USA). The β-actin antibody used for 

WES multiplex protein detection was purchased from Cell Signaling Technology (Danvers, 

MA, USA). The Wes Master Kit was from ProteinSimple (San Jose, CA, USA). [N-ε (4-

Nitrobenzofurazan-7-yl)-D-Lys8]-cyclosporin A (NBD-CSA) was custom-synthesized by R. 

Wenger (Basel, Switzerland;43). PSC833 was a gift from Novartis (Basel, Switzerland).

Human Brain Tissue Samples

Human brain tissue samples (inferior parietal lobule) were obtained from the UK-ADC 

tissue bank. Case inclusion criteria for this study were enrollment in the UK-ADC 

longitudinal autopsy cohort,44 short post-mortem interval (≤4 h), and a final consensus 

diagnosis of normal cognition determined by the UK-ADC neuropathologists, 

neuropsychologists, and neurologists. Cases were classified into two groups: (1) normal 

without seizures (n = 2) and (2) normal with seizures (n = 2). A classification of “normal” 

denotes a consensus diagnosis of normal cognition and CERAD rating of “criteria not 

met”.45 All brain tissue samples were from female individuals, whose average age at death 

was 84 ± 0 years (group 1, no seizures, post-mortem interval: 2.8 h ± 0.4 h) and 91.5 ± 0.7 

years (group 2, seizures, post-mortem interval: 4.0 h ± 1.4h).

Animals

All animal experiments were approved by the Institutional Animal Care and Use Committee 

and carried out in strict accordance with AAALAC regulations, the US Department of 

Agriculture Animal Welfare Act, and the Guide for the Care and Use of Laboratory Animals 

of the NIH. After arrival in the animal facility, female Wistar Unilever rats (180–200 g, 8–10 

weeks, Charles River Laboratories, Portage, MI, USA) were housed under controlled 

environmental conditions (22–24 °C, 40% relative humidity, 12 h dark/light cycle) with free 

access to tap water and standard Laboratory Rodent Diet 5001 (LabDiet, Richmond, IN, 

USA). Animals were allowed to adapt to the new environment for at least 1 week before 

experiments. All epileptic animals were monitored three times daily: once in the morning 

and once in the evening by laboratory staff, and once during the day by animal facility staff.

Epileptic animals that displayed symptoms that went beyond of exhibiting regular seizures 

were monitored more closely and obtained individualized care. Specifically, animals that lost 

weight were given Critical Care animal feed (Oxbow Animal Health, Murdock, NE, USA). 

Animals that did not recover and kept losing weight were euthanized by CO2 inhalation 

Hartz et al. Page 4

Mol Pharm. Author manuscript; available in PMC 2017 July 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



followed by decapitation. At the end of the experiments, all rats were euthanized by CO2 

inhalation followed by decapitation.

Induction of Status Epilepticus

Status epilepticus in female Wistar rats was chemically induced using the muscarinic 

receptor agonist pilocarpine following two protocols.

Protocol 1: High Dose Pilocarpine Status Epilepticus Protocol.46—All rats 

(control group n = 6; pilocarpine group n = 24) received methyl-scopolamine (1 mg/kg i.p.). 

Thirty minutes after methyl-scopolamine, control rats received saline and rats in the 

pilocarpine group received 340 mg/kg pilocarpine i.p. Within 20–60 min of pilocarpine 

dosing, 50% of animals (12 of 24 rats) experienced ongoing generalized convulsive seizures 

(status epilepticus, SE). SE was continuously monitored and terminated after 90 min with 

diazepam (10 mg/kg, i.p.); diazepam administration was repeated after 10 min if seizure 

activity continued. Of the 12 rats where pilocarpine dosing induced SE, three animals 

survived (75% mortality). Of the 12 rats where pilocarpine dosing did not induce SE, eight 

animals survived and were used as pilocarpine control animals. All three groups of rats 

(control rats (n = 6), rats that received pilocarpine but did not develop SE (n = 8), and rats 

with pilocarpine-induced SE (n = 3)) were euthanized 48 h after SE induction to isolate 

brain capillaries.

Protocol 2: Fractionated Pilocarpine Dose Status Epilepticus Protocol.47—
Fourteen hours prior to pilocarpine dosing, all rats (control group, n = 6; pilocarpine group, 

n = 24) were given lithium chloride (127 mg/kg) by i.p. injection; 30 min prior to 

pilocarpine dosing, all rats were given methyl-scopolamine (1 mg/kg) by i.p. injection. To 

induce SE, rats in the pilocarpine group (n = 24) received pilocarpine (10 mg/kg) by 

repeated i.p. injections every 30 min until the onset of ongoing generalized convulsive 

seizures (SE) that were comparable to those observed in the high-dose pilocarpine model. 

The maximum number of pilocarpine injections was limited to 12 per animal (maximum 

dose per animal: 120 mg/kg). Of the 24 rats that received fractionated pilocarpine dosing, 20 

rats developed SE. As under protocol 1, SE in rats was continuously monitored and 

terminated after 90 min by i.p. injection of diazepam (10 mg/kg). Of the 20 rats 

experiencing SE, 16 animals survived (20% mortality). Of the four rats where pilocarpine 

did not induce SE, all four animals survived and were used as pilocarpine control animals. 

All three groups of rats (control rats (n = 6), rats that received pilocarpine but did not 

develop SE (n = 4), and rats with pilocarpine-induced SE (n = 16)) were euthanized 48 h 

after SE induction followed by isolation of brain capillaries.

Chronic Epilepsy Model and Video-Monitoring

To generate rats with chronic epilepsy (recurrent, spontaneous seizures), animals underwent 

SE induction as described above under “Protocol 2: Fractionated Pilocarpine Dose Status 

Epilepticus Protocol”. Instead of euthanasia, rats that underwent SE induction were kept 

until spontaneous and recurrent generalized seizures (epilepsy) occurred about 3 months 

after SE. Spontaneous recurrent generalized seizures in rats were assessed by continuous 

(24/7) video-monitoring over a four-week period. Video data were collected using Bosch 
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WZ16N4080 compact integrated day-night cameras in infrared mode that were connected to 

an Exacq 1608-12-1000 16-camera DVR. Recorded video data were analyzed in a double-

blind fashion using ExacqVision Pro VMS Software v4 (Fishers, IN, USA) to determine 

seizure occurrence/frequency, duration, and severity. Seizure severity was graded with a 

class-ranking system developed by Racine (1972) based on the following types of behavior: 

either unilateral or bilateral forearm clonus (class 3), rearing (class 4), and rearing and loss 

of postural control (class 5). Only rats with spontaneous, recurrent seizures were used for the 

following studies.

Brain Capillary Isolation

Brain capillaries from rats and human brain tissue were isolated according to previously 

described protocols.36,38,48 Rats were euthanized by CO2 inhalation and decapitated; brains 

were immediately harvested and collected in ice-cold PBS buffer (2.7 mM KCl, 1.46 mM 

KH2PO4, 136.9 mM NaCl, 8.1 mM Na2HPO4, supplemented with 5 mM D-glucose and 1 

mM Na-pyruvate, pH 7.4). Brains were dissected by removing meninges, choroid plexus, 

and white matter, and homogenized in PBS. The brain homogenate was mixed with Ficoll 

(final concentration 15%) and centrifuged at 5800g for 20 min at 4 °C. The capillary pellet 

was resuspended in 1% BSA-PBS buffer and passed over a glass bead column (glass bead 

diameter 0.4–0.6 mm; Sartorius AG, Göttingen, Germany). Brain capillaries were agitated in 

1% BSA-PBS, and the brain capillary containing supernatant was collected, centrifuged, and 

washed with PBS. Freshly isolated brain capillaries were used for transport experiments and 

plasma membrane isolation followed by Western blotting and analysis with Wes.

Frozen human brain tissue was slowly thawed within 10 min and then cleaned from 

meninges prior to homogenization. All following steps were conducted according to the 

protocol for rat brain capillary isolations mentioned above.

P-gp Transport Activity

P-gp transport activity in isolated brain capillaries was assessed as described 

previously.36,38,48 Capillaries were incubated in confocal imaging chambers for 1 h at RT 

with 2 μM of the fluorescent P-gp substrate, NBD-cyclosporin A (NBD-CSA). For each 

treatment, confocal images of 10–15 capillaries were acquired using a Nikon C1 laser 

scanning confocal microscope unit (Nikon TE2000 inverted microscope, 40× oil immersion 

objective, numerical aperture = 1.3, 488 nm line of a Argon laser; Nikon Instruments Inc., 

Melville, NY, USA). Confocal images were analyzed by quantitating NBD-CSA 

fluorescence intensity in the capillary lumen using NIH ImageJ software, version 1.40g 

(NIH, Bethesda, MD, USA) as previously described.37 Specific luminal NBD-CSA 

fluorescence was calculated as the difference between total luminal fluorescence and 

fluorescence in the presence of the P-gp-specific inhibitor PSC833 as previously 

reported.37,38,49,50

Tissue Sampling, Capillary Membrane Isolation, and Western Blotting

To determine P-gp expression in the parahippocampal cortex and the hippocampus, we used 

two control animals, two animals that received pilocarpine but did not develop SE, and two 

animals that experienced SE. Animals were euthanized as described above. 
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Parahippocampal cortex and hippocampus tissue were harvested and immediately snap 

frozen in liquid nitrogen. Isolated brain capillaries were homogenized in mammalian tissue 

lysis buffer (Sigma, St. Louis, MO, USA) containing protease inhibitor cocktail (Roche, 

Mannheim, Germany). Homogenized brain capillary samples were centrifuged at 10,000g 

for 15 min at 4 °C, followed by a centrifugation of the denucleated supernatants at 100,000g 
for 90 min at 4 °C. Pellets (crude brain capillary plasma membranes) were resuspended and 

protein concentrations were determined using the Bradford assay. Western blots were 

performed using the NuPage electrophoresis and blotting system from Invitrogen (Carlsbad, 

CA, USA35). Blotting membranes were incubated overnight with antibody to P-gp (1:100, 1 

μg/mL) and β-actin (1:1000, 1 μg/mL), washed, and incubated with the corresponding 

horseradish peroxidase-conjugated ImmunoPure secondary antibody (1:15,000, Pierce, 

Rockford, IL, USA). Proteins were detected using SuperSignal West Pico 

Chemoluminescent substrate (Pierce, Rockford, IL, USA), and protein bands were 

visualized with a BioRad Gel Doc XRS imaging system (BioRad, Hercules, CA, USA).

Simple Western Assay

In addition to Western blotting, P-gp was analyzed and quantitated with a Simple Western 

assay using the Wes instrument (ProteinSimple, San Jose, CA, USA). The Simple Western 

assay is a capillary electrophoresis technique that automates protein loading, separation, 

immunoprobing, washing and detection, and allows absolute protein quantitation.1,51,52 For 

the assay, reagents of the Wes Master Kit (ProteinSimple, San Jose, CA) were used, and all 

steps of the assay were performed according to the manufacturer’s protocol. Samples were 

diluted with WES Master Kit sample buffer, mixed 1:4 with Wes fluorescent master mix to a 

final concentration of 0.005 μg/μL, and heated at 70 °C for 10 min. Samples, primary 

antibodies, Wes Master Kit blocking buffer, secondary antibody, washing buffer, and 

chemiluminescent substrate were dispensed in a microplate provided by the manufacturer. A 

Wes Master Kit capillary cartridge and the prepared microplate were placed into the Wes 

instrument, which processed all assay steps automatically using default settings. Briefly, 

capillaries were loaded with both stacking and separation matrices followed by sample 

loading. During capillary electrophoresis, proteins were separated by size and then 

immobilized to the capillary wall. P-gp and β-actin were identified with primary antibodies 

against P-gp (C219, Thermo-Scientific, 1:150) and β-actin (β-actin antibody, Cell Signaling 

Technology, 1:20), followed by immunodetection using Wes Master Kit horseradish 

peroxidase-conjugated antimouse secondary antibody and chemiluminescent substrate. 

Protein signal and molecular weight were automatically reported by the Compass software 

(version 2.6.5; ProteinSimple, San Jose, CA, USA). Using Compass software, 

electropherograms were generated for each capillary (treatment group) and each protein (P-

gp, β-actin) and the area under the curve, which represents the signal intensity of the 

chemiluminescent reaction and is proportional to the amount of target protein in a respective 

capillary, was analyzed for P-gp and β-actin.

Statistical Analysis

Data are presented as means ± SEM. One-way analysis of variance (ANOVA) or two-tailed 

unpaired Student’s t test was used to evaluate differences between controls and treated 

groups; differences were considered to be statistically significant at p < 0.05.

Hartz et al. Page 7

Mol Pharm. Author manuscript; available in PMC 2017 July 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



RESULTS

Glutamate Increases P-gp Expression and Activity in Isolated Rat Brain Capillaries

We exposed brain capillaries isolated from naïve rats to 50–100 μM glutamate for 30 min 

and measured P-gp protein expression and transport activity after 6 h. This protocol was 

designed to mimic conditions in vivo, where glutamate is released during seizures. In 

epileptic patients, glutamate levels in the brain after seizures are mostly in the lower 

micromolar range.53–55 However, glutamate concentrations of up to 75 μM have been 

measured in the epileptogenic hippocampus in patients.53,54 In preliminary experiments 

using isolated brain capillaries, we did not observe changes in P-gp protein expression and 

transport activity levels at glutamate concentrations below 25 μM. Therefore, we exposed 

isolated rat brain capillaries to 50 and 100 μM glutamate and used Western blotting to assess 

P-gp protein expression in isolated brain capillary membranes. We found a concentration-

dependent increase in P-gp expression levels with 50 and 100 μM glutamate compared to 

untreated control capillaries (Figure 1A; MW P-gp, 180 kDa; MW β-actin, 42 kDa). To 

determine P-gp transport activity we used a previously established assay32,37,38,49,50 and 

exposed isolated, intact brain capillaries to the fluorescent cyclosporin A derivative, NBD-

CSA, and monitored its accumulation in brain capillary lumens as a measure of P-gp 

transport activity. We observed a concentration-dependent increase in NBD-CSA 

accumulation in capillary lumens from capillaries exposed to glutamate compared to control 

capillaries (Figure 1B), indicating increased P-gp transport activity. Image analysis revealed 

that 50 μM glutamate increased P-gp expression levels by 78% (1.8-fold) and 100 μM 

glutamate increased P-gp expression levels by 178% (2.8-fold; Figure 1C). This observation 

is consistent with increased P-gp protein expression levels and our previously published 

data.32,34,39 To test if glutamate mediates the increase in P-gp expression and activity 

through a mechanism involving transcription and translation, we performed experiments 

with the transcription inhibitor actinomycin D and the translation inhibitor cycloheximide. 

Figure 1D,E show that both actinomycin D and cycloheximide prevented the glutamate-

mediated increase of P-gp protein expression and transport function. These data suggest that 

the glutamate-mediated increase of P-gp involves both transcription and translation.

Status Epilepticus Increases P-gp Expression and Activity in Rats

We assessed two protocols to chemically induce SE in rats with the muscarinic receptor 

agonist pilocarpine. Using a “high dose pilocarpine” protocol, female rats were given one 

dose of 340 mg/kg pilocarpine i.p. to induce status epilepticus (Figure 2A).46 Brain 

capillaries and brain capillary membranes were isolated 48 h after SE to determine P-gp 

protein expression and transport activity levels. Figure 2B,C show increased P-gp expression 

and transport activity levels in brain capillaries from SE rats compared to capillaries from 

control rats and rats that received pilocarpine but did not develop SE.

Using the fractionated lithium-pilocarpine protocol, rats were repeatedly administered a low 

pilocarpine dose (10 mg/kg, i.p.) until the onset of SE (Figure 3A).47 In this protocol, each 

animal received an individualized dose of pilocarpine until SE onset, which minimized the 

risk of overdosing with pilocarpine that could potentially result in adverse side effects and 

higher mortality (high dose model, 75% mortality rate; fractionated model, 20% mortality 
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rate). As in the high dose pilocarpine protocol, in the fractionated pilocarpine protocol brain 

capillaries were isolated 48 h after SE to determine P-gp expression and transport activity 

levels. SE induced by fractionated pilocarpine dosing also increased P-gp protein expression 

and transport activity levels in brain capillaries compared to brain capillaries from control 

rats and rats that did not develop SE (Figure 3B,C. Using Western blotting, we also 

demonstrated increased P-gp protein expression levels in whole tissue samples taken from 

the rat parahippocampal cortex (Figure 3D). To determine the duration of the SE effect on P-

gp expression and activity levels in brain capillaries, one group of rats was kept for 2 weeks 

after SE induction before brain tissue was harvested and brain capillaries were isolated. P-gp 

protein expression and activity in brain capillaries from these rats was back to control levels 

2 weeks after SE induction (Figure 3B,C). These findings are in agreement with our 

previous studies, where we demonstrated increased P-gp protein expression levels in 

sections of these brain regions using immunohistochemistry.32,34,39 Note that the slight 

increase in P-gp signal in the Western blots in Figures 2B and 3B for pilocarpine control 

rats, which experienced several seizures but not a full SE, suggests a dose response-like 

relation between seizures (glutamate release) and P-gp protein expression levels. Pilocarpine 

itself had no effect on P-gp protein expression or transport activity levels in isolated brain 

capillaries ex vivo (Figure 3E,F). Together, these data show that pilocarpine-induced 

seizures, but not pilocarpine itself, increased P-gp protein expression and transport activity 

levels in both brain capillary membranes and whole brain tissue. Further the data show that 

P-gp upregulation is independent of the pilocarpine SE induction protocol that was used.

Chronic Epilepsy Increases P-gp Expression and Activity in Rats

We used a rat chronic epilepsy model that has been described as an ASD-resistant epilepsy 

model and resembles human ASD-resistant complex focal epilepsy.56,57 To generate chronic 

epilepsy (CE) in rats, we induced SE as described above and shown in Figure 4A. Only 

animals experiencing SE with generalized seizures for 90 min were selected for the 

following procedures. Twelve weeks after SE, rats were continuously video-monitored 

(24/7) for 4 weeks to identify spontaneous recurrent seizures and confirm chronic epilepsy. 

Supporting Information shows a representative video of a rat experiencing a seizure. The 

recording is analyzed for seizure frequency, duration, and severity; seizure severity was 

categorized using the Racine Scale.58 Table 1 shows that CE rats had on average 51 ± 14.7 

seizures/week that lasted in average 24 ± 4.3 s and had an average seizure severity of 4.7 

± 0.14 (Racine scale, range: 1–5; 0, no seizures; 1, least severe seizures; 5, most severe 

seizures).58

Three months after confirming chronic epilepsy, CE rats were euthanized and brain 

capillaries were isolated. Protein expression levels of the efflux transporter P-gp were 

increased in capillaries from CE rats compared to capillaries from control rats (Figure 4B). 

Consistent with this finding, P-gp transport activity levels in brain capillaries from CE rats 

were 2.3-fold higher compared to control capillaries (126% higher than controls; Figure 4C). 

These data suggest that the mechanisms underlying the changes in P-gp protein expression 

and transport activity are not different between the acute SE models (Figures 2 and 3) and 

the CE model (Figure 4).
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P-gp Expression and Activity in Brain Capillaries in Animal Models and Human Epilepsy

In the present study, we used four different models: (1) ex vivo glutamate model, (2) high-

dose pilocarpine rat SE model, (3) fractionated pilocarpine rat SE model, and (4) rat chronic 

epilepsy model. In addition, we isolated brain capillaries from post-mortem brain samples of 

patients with epilepsy. To assess if upregulation of P-gp in isolated brain capillaries was 

comparable between the various models and human epilepsy, we analyzed P-gp protein 

expression with the Simple Western size-separation assay, a novel and unique capillary 

electrophoresis technique that automates protein loading, separation, immunoprobing, 

washing, and detection, and allows absolute protein quantitation.1,51,52

Figure 5A shows an image of a size-based WES assay for P-gp and β-actin that were 

detected in brain capillary membranes isolated from normal adult post-mortem brain tissue. 

Bands for P-gp were detected at 183.7 ± 0.6 kDa and bands for β-actin were detected at 49.3 

± 0.6 kDa. Figure 5B shows the corresponding electropherograms of lanes 1–3 for P-gp and 

β-actin; an overlay is shown in Figure 5C. Signal strength is represented as peak area and 

can be quantitated.

The variation coefficient (%CV) between peak areas for lanes 1–3 is less than 1% for P-gp 

and less than 8% for β-actin. This is lower than the published variation coefficient (10%) for 

size-based WES59 and indicates that peaks for P-gp and β-actin are reproducible and can be 

compared between lanes. These data also demonstrate that the WES assay allows us to 

detect and quantify P-gp and β-actin simultaneously in human brain capillary samples at the 

nanogram level.

Using a human P-gp protein fragment (amino acids: 1036–1280, Abcam, Cambridge, MA, 

USA) we generated a standard curve for each run by plotting protein content [ng] against 

chemiluminescence. Figures 5D shows the WES image, and Figure 5E shows the 

corresponding standard curve for P-gp.

Figure 5F shows representative WES images for P-gp and β-actin for all four different 

models used in this study. Consistent with the data obtained by Western blotting, P-gp is 

upregulated in capillaries treated with glutamate (2.3-fold) as well as in capillaries isolated 

from the epilepsy models (high dose pilocarpine SE model (1.7-fold), fractionated 

pilocarpine dose SE model (1.9-fold), CE model (1.7-fold)) and the human brain tissue from 

patients with epilepsy (1.7-fold). Thus, the fold-change of chemiluminescence for P-gp 

obtained with the WES system is consistent with the data obtained with our standard 

Western blot method (Figure 1A).

We also calculated the total P-gp protein amount based on the standard curve and 

normalized to β-actin (Table 2). P-gp protein expression levels were upregulated from 100 

± 2.5% in untreated control capillaries to 154 ± 2.1% in glutamate-treated capillaries, from 

100 ± 1% in control rats to 138 ± 9% in the high-dose pilocarpine rat SE model, from 100 

± 1% in control rats to 151 ± 13% in the fractionated pilocarpine dose rat SE model, and 

from 100 ± 14% to 140 ± 3.5% in the chronic epilepsy rat model. The fold-changes are 

summarized in Table 2.
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Importantly, the overall effect observed for P-gp in capillaries exposed to glutamate 

compared to the effect detected in capillaries isolated from SE and CE animals appears to be 

consistent. Moreover, we found that P-gp protein levels were upregulated from 100 ± 6% in 

capillaries isolated from seizure-free control individuals to 140 ± 12% in capillaries isolated 

from patients with epilepsy that experienced generalized seizures (Figure 5G). Please note 

that the fold-change for the total protein amount ranges from 1.4–1.6 in all four models 

(Table 2), which is slightly lower than the calculated fold-change of chemiluminescence for 

P-gp (1.7–2.3). This discrepancy is due to the exponential nature of the standard curve 

(Figure 5E).

Together, this is the first study to demonstrate that the increase in blood–brain barrier P-gp 

levels in multiple animal models of seizures/epilepsy is comparable to those at the blood— 

brain barrier of patients with epilepsy that experienced seizures.

DISCUSSION

In the present study we introduce a combined in vivo/ex vivo approach to assess P-gp 

protein expression and transport activity levels in models of seizures and epilepsy in the rat, 

as well as in brain capillaries from patients with epilepsy. Our data show that exposing brain 

capillaries to glutamate ex vivo and that acute seizures (SE) and chronic epilepsy 

(spontaneous recurrent seizures) in vivo upregulate both P-gp protein expression and 

transport activity. We demonstrate that glutamate increases P-gp protein expression and 

transport activity in a concentration-dependent manner, which is consistent with our 

previous findings and the current literature (Figure 1).32,34,39,60,61 A similar increase in P-gp 

expression and activity was found in brain capillaries isolated from rats 2 days after SE 

induction with pilocarpine (Figures 2 and 3). The magnitude of P-gp upregulation, both 

protein expression and transport activity levels, was independent of the protocol used to 

induce SE, in that high-dose pilocarpine administration vs fractionated pilocarpine 

administration resulted in a comparable effect. Further, isolated brain capillaries from CE 

animals showed increased P-gp levels comparable to levels we found in capillaries exposed 

to glutamate ex vivo and in capillaries isolated from the pilocarpine seizure models (Figure 

4). These data indicate that seizure activity, and not the mode of seizure induction, 

determines the effect on P-gp. This conclusion is also supported by the finding that 

pilocarpine by itself at a concentration of up to 100 μM does not affect P-gp expression and 

activity levels, ruling out that pilocarpine has a direct effect on P-gp upregulation (Figure 

3E,F). When comparing the increase of P-gp expression and transporter activity in 

capillaries isolated from SE and CE animals with the increase observed in isolated brain 

capillaries exposed to glutamate, the overall effect assessed with the WES system appears to 

be comparable and consistent (glutamate, 1.5-fold; SE (high dose), 1.4-fold; SE 

(fractionated dose), 1.5-fold; CE, 1.4-fold; Figure 5 and Table 2). This supports previous 

findings that the driving factor of P-gp upregulation is glutamate flooding of the 

extracellular space during seizure activity.32,60 Consistent with this are our data for the 

control, pilocarpine, and SE groups shown in Figure 3B,C that were generated from brain 

capillaries isolated 48h after SE (glutamate stimulus), where P-gp expression and activity 

are upregulated. However, in brain capillaries from animals that were euthanized 2 weeks 

after SE and did not experience seizures during this 2-week period (no glutamate stimulus), 
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P-gp expression and activity levels were back to control levels. In contrast, in the chronic 

epilepsy model where animals had spontaneous recurrent seizures (constant glutamate 

stimulus), P-gp expression and activity are upregulated compared to control animals (Figure 

4B,C). Together, these data support that glutamate released during seizures is responsible for 

P-gp upregulation.

Notably, the fold-change (1.4–1.5) observed in the animal models is also comparable to the 

fold-change found in brain capillaries isolated from patients with epilepsy vs seizure-free 

control individuals (1.4-fold change, Figure 5G). This indicates that the increase in P-gp 

protein expression levels at the blood— brain barrier in animal models is comparable to the 

increase in P-gp expression in brain capillaries from patients with epilepsy.

There are several aspects to note regarding the human brain samples used in this study. First, 

the short post-mortem interval (≤4 h) between death and brain collection indicates the high 

quality of the samples. Second, brain samples from patients with epilepsy and control 

individuals were matched for both age and brain region. Finally, published studies in this 

field used brain tissue resected from the seizure focus, i.e., tissue that was diseased.24,30,62,63 

These studies also lack a comparison with age-and brain region-matched post-mortem 

samples from control individuals. In contrast, the data from human samples presented here 

are based on a valid comparison between diseased and nondiseased control samples that also 

matched for age and brain region. Despite the high level of consistency among models used 

here, the study was limited by the number of available human brain samples (n = 2). Another 

limitation of the present study is the high age of the individuals brain tissue samples were 

collected from (control individuals, 84 ± 0 years; epilepsy patients, 91.5 ± 0.7 years). 

Further studies may be required to investigate the impact age has on seizure-induced P-gp 

upregulation.

One challenge of working with isolated brain capillaries is the small amount of tissue 

available because brain capillaries occupy only approximately 1% of the brain volume,64 

which results in only a small amount of protein that is available for analysis. This challenge 

can be overcome by using the WES system that allows detection of P-gp protein expression 

at the nanogram level. This new technique is of particular interest when working with human 

tissue where the availability of brain tissue is usually limited to small amounts. Using the 

WES system, we quantitated total P-gp protein amount in brain capillary membranes, 

something that cannot be easily accomplished by traditional Western blotting. The fold-

change of chemiluminescence for P-gp in the presented epilepsy models assessed by the 

WES system ranges from 1.7- to 2.3-fold, this number is comparable to the 2-fold increase 

of P-gp obtained by densitometric analysis of traditional Western blots that we previously 

published.32 However, the fold-change for the total protein amount of the same data 

determined with the WES system is 1.4–1.6 (Table 2), which is slightly lower. This 

discrepancy is due to the exponential nature of the standard curve.

Recently some of the mechanisms underlying seizure-induced P-gp upregulation have been 

identified, yet the dynamics and the exact time-course of transporter upregulation remains 

unknown. In this regard, expression of mdr1 mRNA after kainic acid-induced limbic 

seizures in hippocampi of mice has been measured by qPCR.65 Mdr1 mRNA expression was 
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increased by 85% 3–24 h after SE induction, and at 72 h, mdr1 mRNA expression was back 

to control levels. In another study, mdr1a and mdr1b mRNA expression was measured after 

pilocarpine-induced SE in rats.66 Unexpectedly, 6 and 24 h after SE onset, mdr1a/b mRNA 

was decreased in the hippocampus, amygdala, and piriform cortex, followed by 

normalization to control levels at approximately 24–48 h. Mdr1 mRNA levels were 

increased and peaked either 4 days after SE or continued to increase depending on the brain 

region.66 In the present study, we show that P-gp protein expression levels were increased 48 

h after SE induction and were back to control levels 2 weeks after SE induction. This 

observation is consistent with previous findings suggesting that seizure-induced transporter 

upregulation per se is transient in nature.66 However, in patients with refractory epilepsy 

who suffer from uncontrolled seizures, one would expect that frequently recurring seizures 

result in a state of continuously increased P-gp levels. Additional studies are needed to 

understand the time-dependent regulation of transporter mRNA, protein, and activity after 

seizures/SE in detail, particularly in brain tissue from patients with epilepsy.

Moreover, using immunohistochemistry, other groups found that other efflux transporters 

like BCRP, Mrp1, and Mrp2 are also overexpressed in brain capillaries shortly after SE, 

during the latent period, and in chronic epileptic rats,31 and experiments with P-gp and 

BCRP knockout mice suggest that BCRP contributes to ASDs efflux.22 Together, these data 

suggest that other transporters could potentially work in concert with P-gp in limiting brain 

uptake of ASDs.

Clearly, blood–brain barrier P-gp expression and transport activity in epilepsy are regulated 

by complex molecular mechanisms involving seizure-induced glutamate release and 

downstream inflammatory signaling resulting in transcription and translation of the 

transporter.8,32,60 One approach to discern the mechanism by which glutamate triggers P-gp 

upregulation is utilizing isolated brain capillaries ex vivo. The major disadvantage of this 

approach is the need to artificially mimic changes in the epileptic brain, i.e., increased 

glutamate levels associated with seizures. This was accomplished by exposing isolated brain 

capillaries to 100 μM glutamate for 30 min, conditions that likely do not represent seizure 

conditions in vivo. However, here we demonstrate that this limitation may be overcome by 

combining established in vivo animal seizure models followed by isolating brain capillaries 

from these models or from the epileptic human brain and analyzing capillaries ex vivo, thus 

creating a unique and powerful in vivo/ex vivo approach. There are additional advantages to 

this approach: First, glutamate can be used as a tool to mimic glutamate flooding in the brain 

parenchyma during seizures.32,34,39 Second, P-gp protein expression and transport activity 

levels can both be measured under controlled conditions at the same time.32,34,39 Lastly 

experiments with pharmacological inhibitors with transgenic and/or knockout mice and with 

isolated brain capillaries from human brain can be performed to unravel the signaling 

mechanism(s) involved in transporter regulation.32

Together optimized and validated preclinical tools that correctly predict and analyze 

pathophysiological changes at the blood–brain barrier are in demand.67 The results of the 

current study show that isolated brain capillaries can be used as such a tool and that isolating 

brain capillaries from animal models of disease and the human epileptic brain is a viable 

approach to studying blood–brain barrier function in CNS disorders. This approach can also 
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easily be extended to studying other blood— brain barrier proteins, including other drug 

efflux transporters,22,31 metabolizing enzymes,68–70 and tight junction proteins.71–73 In this 

regard, recent reports show that expression levels of metabolizing enzymes are also changed 

in epilepsy. For example, CYP2E1 is upregulated in microvessels after SE in brain slices 

from mice,68 UGT1A4 is upregulated in human brain endothelial cells isolated from 

temporal lobe resections from patients with epilepsy,69 and CYP3A4 is upregulated and 

colocalized with P-gp in endothelial cells isolated from resected brain tissue samples from 

patients with refractory epilepsy.70 Further, the approach presented here could also be used 

to study the underlying mechanism(s) of blood–brain barrier dysfunction, in particular 

barrier leakage, which is another important characteristic of epilepsy.71–73

CONCLUSIONS

We have developed a new approach to studying molecular mechanisms at the blood–brain 

barrier in epilepsy in detail by combining established acute seizure and chronic epilepsy 

animal models used in epilepsy research with the isolation of brain capillaries from these 

animal models as well as from post-mortem brain tissue of patients with epilepsy. This in 
vivo/ex vivo combination approach may better allow translating results to the in vivo 
situation and potentially to human pathophysiology.
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NBD-CSA [N-ε-(4-nitrobenzofurazan-7-yl)-D-cyclosporin A

SE status epilepticus

CE chronic epilepsy
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Figure 1. 
Glutamate upregulates P-glycoprotein in brain capillaries ex vivo. (A) Western blot showing 

that glutamate increases P-gp protein expression levels in crude membranes isolated from 

brain capillaries. β-Actin was used as protein loading control. Isolated brain capillaries were 

exposed to 50–100 μM glutamate for 30 min then incubated in glutamate-free medium for 5 

1/2 h followed by capillary membrane isolation. (B) Representative confocal microscopy 

images of isolated brain capillaries that were first exposed to 50–100 μM glutamate for 30 

min followed by 5 1/2 h in glutamate-free medium, and then exposed to the fluorescent P-gp 

substrate NBD-cyclosporin A (NBD-CSA; marker for P-gp transport activity). NBD-CSA 

fluorescence in the capillary lumen increases with increasing glutamate concentration, 

indicating an increase in P-gp transport activity. (C) Specific NBD-CSA fluorescence in the 
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capillary lumen increases with increasing glutamate concentration. Data were obtained 

through analysis of the confocal images in B. Specific NBD-CSA fluorescence is the 

difference between total luminal fluorescence and fluorescence in the presence of the 

specific P-gp inhibitor PSC833, thus representing specific P-gp transport activity. (D) 

Actinomycin D, a transcription inhibitor, and (E) cycloheximide, a translation inhibitor, 

block the effect of glutamate. Data are mean ± SEM (n =10–15 capillaries per treatment 

group from one brain capillary isolation; pooled tissue from 10 rats). Units are arbitrary 

fluorescence units (scale, 0–255). Statistical comparison (one-way ANOVA): **, 

significantly higher than controls, p < 0.01; ***, significantly higher than controls, p < 

0.001.
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Figure 2. 
Status epilepticus (high dose SE model) upregulates P-glycoprotein in brain capillaries in 
vivo. (A) High dose pilocarpine protocol to induce status epilepticus. (B) Western blot 

showing that P-gp protein expression levels are increased in brain capillary membranes of 

animals that received one high dose of pilocarpine to induce status epilepticus (SE) 

compared to control animals that did not receive pilocarpine. P-gp protein expression levels 

are also slightly increased in brain capillary membranes from rats that received pilocarpine 

but did not develop SE. This increase is likely due to the few seizures these animals 

experienced (not a full SE), suggesting a “dose response-like” relation between seizures 

(glutamate release) and P-gp protein expression levels. β-Actin was used as protein loading 

control. (C) P-gp transport activity determined as NBD-CSA fluorescence accumulation in 

brain capillary lumens is increased in capillaries from rats that developed SE. Data are mean 

± SEM (n =10–15 capillaries per treatment group; pooled tissue from all rats per group; 

control group n = 6 rats, pilocarpine group n = 8 rats, status epilepticus group n = 3 rats). 

Units are arbitrary fluorescence units (scale, 0–255). Statistical comparison (one-way 

ANOVA): ***, significantly higher than controls, p < 0.001.
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Figure 3. 
Status epilepticus (fractionated dose SE model) upregulates P-glycoprotein in brain 

capillaries in vivo. (A) Fractionated pilocarpine dose protocol to induce status epilepticus. 

(B) Western blot showing that P-gp protein expression levels are increased in brain 

capillaries from rats that experienced SE induced by fractionated pilocarpine dosing. The 

Western blot also shows that 2 weeks after SE induction this effect was reduced and P-gp 

expression levels were again at control levels. β-Actin was used as protein loading control. 

(C) P-gp transport activity determined as NBD-CSA fluorescence accumulation in brain 

capillary lumens is increased in capillaries from rats that developed SE, but this effect is 
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normalized 2 weeks after SE. (D) Western blot showing that P-gp protein expression levels 

are increased in the parahippocampal cortex (PHC) from rats that experienced SE induced 

by fractionated pilocarpine dosing. β-Actin was used as protein loading control. (E,F) 

Western blot and P-gp transport activity assay showing that pilocarpine does not affect P-gp 

protein expression and transport activity levels. Isolated brain capillaries were exposed to 

10–100 μM pilocarpine for 6 h. Data are mean ± SEM (n =10–15 capillaries per treatment 

group; pooled tissue from all rats per group; control group n = 6 rats, pilocarpine group n = 

4 rats, status epilepticus group n = 16 rats). Units are arbitrary fluorescence units (scale, 0–

255). Statistical comparison (one-way ANOVA): ***, significantly higher than controls, p < 

0.001.
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Figure 4. 
P-glycoprotein is upregulated in isolated brain capillaries from chronic epileptic rats. (A) 

Schematic showing the protocol to generate chronic epileptic rats using the fractionated 

pilocarpine dose approach. (B) Western blot and (C) transport activity assay showing that P-

gp protein expression and transport activity levels are increased in brain capillaries isolated 

from CE rats. Data are mean ± SEM (n = 10–15 capillaries per treatment group; pooled 

tissue from all rats per group; control group n = 10 rats, chronic epileptic group n = 5 rats). 

Units are arbitrary fluorescence units (scale, 0–255). Statistical comparison (one-way 

ANOVA): ***, significantly higher than controls, p < 0.001.
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Figure 5. 
P-gp expression and activity in brain capillaries in animal models and human epilepsy. (A) 

Wes images showing P-gp and β-actin protein expression in isolated human brain capillaries. 

(B) Electropherogram for each lane and C) overlay of lanes 1–3. (D) Concentration series 

and (E) standard curve for human P-gp protein fragment used for quantitative analyses. (F) 

Wes images showing upregulation of P-gp protein expression levels in all four models: (1) 

ex vivo glutamate model, (2) high-dose SE model, (3) fractionated SE model, and (4) CE 

model. (G) Increased P-gp protein expression in brain capillaries isolated post-mortem from 

brains of individuals that experienced generalized seizures compared to seizure-free control 

individuals. β-actin was used as protein loading control.
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Table 1

Seizure Frequency, Duration, and Severity of Chronic Epileptic Ratsa

seizures/week seizure duration (s) seizure severity (Racine scale 0–5)

control rats 0 0 0

chronic epileptic rats 51 ± 14.7 24 ± 4.3 4.7 ± 0.14

a
The table summarizes seizure frequency, duration, and severity (using the Racine scale58) of chronic epileptic rats over the course of 4 weeks 

based on video-analysis. Data are mean ± SEM (control group, n =10 rats; chronic epileptic group, n = 18 rats).
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