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ABSTRACT 45 

The blood-brain barrier is dysfunctional in epilepsy, thereby contributing to seizure 46 

genesis and resistance to anti-seizure drugs. Previously, several groups reported that seizures 47 

increase brain glutamate levels, which leads to barrier dysfunction. One critical component of 48 

barrier dysfunction is brain capillary leakage. Based on our preliminary data, we hypothesized 49 

that glutamate released during seizures mediates an increase in matrix-metalloproteinase (MMP) 50 

expression and activity levels, thereby contributing to barrier leakage. To test this hypothesis, we 51 

exposed isolated brain capillaries from male Sprague Dawley rats to glutamate ex vivo, and used 52 

an in vivo/ex vivo approach of isolated brain capillaries from female Wistar rats that experienced 53 

status epilepticus as an acute seizure model. We found that exposing isolated rat brain capillaries 54 

to glutamate increased MMP-2 and MMP-9 protein and activity levels, and decreased tight 55 

junction protein levels, which resulted in barrier leakage. We confirmed these findings in vivo in 56 

rats after status epilepticus and in brain capillaries from male mice lacking cytosolic 57 

phospholipase A2 (cPLA2). Together, our data support the hypothesis that glutamate released 58 

during seizures signals an increase in MMP-2 and MMP-9 protein expression and activity levels 59 

resulting in blood-brain barrier leakage. 60 

  61 
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SIGNIFICANCE STATEMENT 62 

The mechanism leading to seizure-mediated blood-brain barrier dysfunction in epilepsy is 63 

poorly understood. In the present study, we focused on defining this mechanism in the brain 64 

capillary endothelium. We demonstrate that seizures trigger a pathway that involves glutamate 65 

signaling through cPLA2 which increases MMP levels and decreases tight junction protein 66 

expression levels resulting in barrier leakage. These findings may provide potential therapeutic 67 

avenues within the blood-brain barrier to limit barrier dysfunction in epilepsy and decrease 68 

seizure burden. 69 

  70 
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INTRODUCTION 71 

With more than 70 million patients worldwide, epilepsy is one of the most common 72 

neurological disorders (Ngugi et al., 2010; WHO, 2017). About one-third of epilepsy patients 73 

suffer from refractory epilepsy and do not respond well to treatment with anti-seizure drugs 74 

(ASDs; (Kwan and Brodie, 2010). These patients experience uncontrolled seizures and co-75 

morbidities that severely impact their quality of life (Edefonti et al., 2011; Tang et al., 2017). 76 

Recent findings suggest that epilepsy etiology and pathology are not solely based on 77 

neuronal dysfunction. Altered immune response, glial dysfunction, persistent brain 78 

inflammation, and a dysfunctional blood-brain barrier also appear to play a role in epilepsy 79 

pathophysiology (Vezzani and Granata, 2005; Coulter and Eid, 2012; Heinemann et al., 2012; 80 

Sada et al., 2015). In the present study, we focus on barrier leakage, which is a key component of 81 

barrier dysfunction. Recently, several groups have shown that barrier leakage plays a role in 82 

epilepsy progression (Marchi et al., 2007b; Rigau et al., 2007; van Vliet et al., 2007; Tomkins et 83 

al., 2008; Kastanauskaite et al., 2009; Marchi et al., 2010; Alonso-Nanclares and DeFelipe, 84 

2014). For example, Marchi et al. (Marchi et al., 2009) and Salar et al. (Salar et al., 2014) 85 

showed that barrier leakage potentially contributes to ASD-resistance in refractory epilepsy. One 86 

explanation these authors provide is that serum proteins such as albumin enter the brain through 87 

a leaky barrier, then upon extravasation bind ASDs in the brain parenchyma, lowering brain 88 

concentration of free, unbound ASD, thereby limiting ASD brain levels and reducing ASD 89 

efficacy (Marchi et al., 2009; Salar et al., 2014). Moreover, multiple groups have demonstrated 90 

that barrier leakage is both a consequence and a trigger of seizures (Seiffert et al., 2004; Fabene 91 

et al., 2008; Marchi et al., 2011). This implies that a leaky barrier contributes to seizure genesis 92 

through a positive feedback loop, in which seizures drive barrier leakage leading to more 93 
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seizures, thereby promoting epilepsy progression. Thus, strategies to repair barrier dysfunction 94 

could be valuable add-on treatments to existing pharmacotherapy. However, the mechanism of 95 

seizure-induced barrier leakage is not fully understood and strategies to repair a leaky barrier are 96 

not available. 97 

The data we present here suggest that seizures increase matrix metalloproteinase (MMP) 98 

expression and activity levels in capillary endothelial cells of the blood-brain barrier. In the 99 

neurovasculature, MMPs likely affect barrier integrity by digesting and remodeling the 100 

extracellular matrix surrounding brain capillaries and by degrading tight junction proteins that 101 

seal the endothelium (Lischper et al., 2010; Feng et al., 2011). Based on our data and reports 102 

from others, we postulated that seizures cause MMP upregulation at the blood-brain barrier that 103 

leads to degradation of tight junctions and results in barrier leakage. 104 

We used pilocarpine to induce status epilepticus (SE) in rats and then isolated brain 105 

capillaries from these animals after acute SE. We found increased MMP-2 and MMP-9 activity 106 

levels, decreased tight junction expression levels, and barrier leakage in capillaries from rats 107 

after SE. Exposing rat brain capillaries to glutamate increased MMP-2 and MMP-9 protein and 108 

activity levels, decreased tight junction protein levels, and resulted in barrier leakage; blocking 109 

cytosolic phospholipase A2 (cPLA2) reversed these effects. We confirmed our findings using 110 

brain capillaries from cPLA2 knockout mice and by conducting in vivo experiments in a rat 111 

seizure model using a cPLA2 inhibitor. 112 

Together, our study suggests that glutamate released during seizures increases MMP-2 113 

and MMP-9 levels at the blood-brain barrier, which results in reduced levels of tight junction 114 

proteins and consequently barrier leakage. Our data imply that cPLA2 could be a target to repair 115 
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barrier dysfunction and improve the treatment of epilepsy and potentially other neurological 116 

disorders that are accompanied by blood-brain barrier leakage as well.  117 
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MATERIALS & METHODS 118 

Chemicals and Supplies 119 

Dulbecco’s phosphate-buffered saline (DPBS) was purchased from Fisher Scientific 120 

(Pittsburgh, PA, USA). Antibody against occludin (71-1500; RRID:AB_2533977) was obtained 121 

from Zymed Laboratories (San Francisco, CA, USA), antibody against claudin-5 (35-2500, 122 

RRID:AB_2533200) was from Life Technologies (Carlsbad, CA, USA), antibodies against 123 

MMP-2 (ab37150; RRID:AB_881512), MMP-9 (ab7299; RRID:AB_305831), ZO-1 (ab96587; 124 

RRID:AB_10680012), claudin-1 (ab56417, RRID:AB_941048) and β-actin (ab8226, 125 

RRID:AB_306371), as well as MMP-9 protein were purchased from Abcam (Cambridge, MA, 126 

USA). Rat and mouse MMP-2, rat MMP-9, and fluorogenic MMP substrate Mca-PLGL-Dpa-127 

AR-NH2 were from R&D Systems (Minneapolis, MN, USA). GM6001 was purchased from 128 

Tocris Bioscience (Bristol, UK). The cPLA2-inhibitor arachidonyl trifluoromethyl ketone (ATK) 129 

was from Cayman Chemical (Ann Arbor, MI, USA). L-glutamate, D-mannitol, pilocarpine, 130 

Texas Red® and all other chemicals and reagents were purchased from Sigma (St. Louis, MO, 131 

USA). The Phire™ Tissue Direct PCR Master Mix Kit and all other chemicals and supplies were 132 

purchased from Thermo Fisher Scientific (Waltham, MA, USA). 133 

 134 

Experimental Design and Statistical Analysis 135 

Sample sizes (e.g., animal numbers, number of brain capillaries to be analyzed) for 136 

individual experiments were based on power analyses of preliminary data and previously 137 

published data (Bauer et al., 2008; Pekcec et al., 2009; Zibell et al., 2009; Hartz et al., 2017) and 138 

are given in the figure legends. 139 
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Number of repetitions are stated in the results section and the figure legends. Female 140 

Wistar rats (RGD_2312511) were used for in vivo status epilepticus (SE) inductions. For ex vivo 141 

experiments utilizing isolated brain capillaries, male CD® IGS Sprague Dawley rats 142 

(RGD_734476) were used. For TR® leakage experiments, capillaries were isolated from male 143 

cPLA2 wild type and knockout mice (Bonventre et al., 1997). 144 

Statistical analyses focused on comparisons between experimental groups and did not 145 

include adjustment variables. Two-group experiments were analyzed with two-tailed unpaired 146 

Student’s t test while ANOVA was used for more than two groups. Results presented are mean ± 147 

SEM. Analyses were performed using Microsoft Excel™ and GraphPad Prism® (version 7.00; 148 

RRID:SCR_002798). Since animals in each experiment were independent, observed differences 149 

were considered to be statistically significant when P < 0.05 (i.e., there were no multiple 150 

comparisons based on data from the same animals). The Anderson-Darling test for normality was 151 

performed to confirm normal distribution of the data. For the statistical analysis of Western 152 

blotting data presented in Tables 1-6, the mean for each treatment was compared to control using 153 

Dunnett’s many-to-one t-test with statistical significance determined at the 0.05 level for each 154 

endpoint. 155 

 156 

Animals 157 

Animal protocols were approved by the University of Minnesota and University of 158 

Kentucky Institutional Animal Care and Use Committees (UMN IACUC #1012A93932, PI: 159 

Bauer; UK IACUC #2014-1234, PI: Bauer) and were in accordance with AAALAC regulations, 160 

the US Department of Agriculture Animal Welfare Act, and NIH animal guidelines. Rats: Male 161 

CD® IGS Sprague Dawley rats (275–300 g; RGD_734476) and female Wistar rats (180–215g; 162 
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RGD_2312511) were from Charles River Laboratories (Portage, MA, USA). Rats were housed 163 

under controlled conditions (23°C, 35% relative humidity, 12-hour dark/light cycle) with free 164 

access to tap water and standard rodent feed (Harlan Teklad Chow 2918; Harlan Laboratories 165 

Inc., Indianapolis, NJ, USA). Upon arrival in the animal facility, rats were given at least one 166 

week to acclimate to the new environment prior to experiments. Mice: Heterozygous cPLA2 167 

breeding pairs were a kind gift from Dr. Joseph V. Bonventre, Brigham and Women’s Hospital/ 168 

Harvard Medical School, Boston Ma (Bonventre et al., 1997). 169 

 170 

Genotyping of cPLA2 KO Mice 171 

Genotyping was carried out for cPLA2 wild type, heterozygous, and knock-out mice 172 

using ear punch samples. DNA was isolated using the Phire™ Tissue Direct PCR Master Mix kit 173 

(F170S, Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s 174 

protocol. 2 mm diameter ear punch samples were placed in a PCR tube containing 20 μL dilution 175 

buffer and 0.4 μL DNA release additive per sample. Samples were centrifuged, incubated at 176 

room temperature for 5 min, and incubated at 98°C for 2 min using a SimpliAmp thermal cycler 177 

(Thermo Fisher Scientific, Waltham, MA, USA). Isolated DNA was stored at -20°C until use. 178 

The PCR reaction was carried out using the Phire™ Tissue Direct PCR Master Mix (2X) 179 

with 3 specific primers: CGA CTC ATA CAG TGC CTT CAT CAC (CPLA604), GGG AAC 180 

TTC CTG ACT AGG GG (PGKNEO), TGT GTA CAA TCT TTG TGT TGT TTC A (CPLA 181 

3F) at a final concentration of 10 μM with 2.5 μl of isolated DNA. The PCR reaction was 182 

performed in a SimpliAmp thermal cycler (Thermo Fisher Scientific, Waltham, MA, USA); PCR 183 

conditions were set to an initial denaturation at 98°C for 5 min; 40 cycles of a three-step 184 

amplification including 98°C denaturation for 5 s, 62°C annealing for 5 s, and 72°C extension for 185 
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20 s; and a final extension at 72°C for 1 min. PCR products were resolved on E-Gel™ EX 4% 186 

agarose gels using an E-Gel™ Precast Agarose Electrophoresis System (Thermo Fisher 187 

Scientific, Waltham, MA, USA). Gels were imaged using a ChemiDoc™ XRS+ System with 188 

accompanying Image Lab™ v5.0 software (Bio-Rad, Irvine, CA, USA). Expected band sizes are: 189 

100 bp for the wild type band and 300 bp for the cPLA2 KO band; for heterozygous mice, both 190 

bands appeared in the agarose gel. 191 

 192 

Status Epilepticus Induction in Rats 193 

Female Wistar rats were handled at least 3 times prior to status epilepticus (SE) induction 194 

to minimize handling stress. 12-18 hours prior to pilocarpine dosing, all rats were given lithium 195 

chloride (127 mg/kg) by i.p. injection; 30 min prior to pilocarpine dosing, all rats were given 196 

methylscopolamine (1 mg/kg) by i.p. injection. To induce SE, rats in the pilocarpine group 197 

received pilocarpine (10-12 mg/kg) by repeated i.p. injections every 20-30 min until the onset of 198 

ongoing generalized convulsive seizures. The maximum dose of pilocarpine per animal was 199 

limited to 120 mg/kg. Behavioral seizures were scored based on Racine’s scale (Racine, 1972) 200 

and SE was defined by continuous tonic-clonic seizures or intermittent class 4 and 5 seizures 201 

without recovery of normal conscious behavior between seizures. Rats that received pilocarpine 202 

but did not enter SE served as pilocarpine control animals. SE was continuously monitored and 203 

terminated after 90 min by i.p. injections of diazepam (10 mg/kg every 20 min until cessation of 204 

seizures). Control rats received LiCl, methylscopolamine, normal saline, and diazepam but did 205 

not receive pilocarpine. Animals were euthanized 48 h after SE induction using CO2 and 206 

subsequent decapitation. 207 
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To test the effect of cPLA2 inhibition in vivo, rats were dosed with the selective cPLA2 208 

inhibitor arachidonyl trifluoromethyl ketone (ATK; 10 mg/kg, i.p.) every 12 h for 3½ days (total 209 

of 7 i.p. injections). After 3 ATK treatments, rats underwent seizure induction with pilocarpine; 210 

after SE induction animals received 4 more ATK treatments. 211 

 212 

Brain Capillary Isolation 213 

Brain capillaries from rat brain tissue were isolated as previously described (Bauer et al., 214 

2008; Hartz et al., 2017). Rats were euthanized by CO2 inhalation and decapitated. The skull was 215 

opened with bone pliers and brains were collected in ice-cold DPBS (2.7 mM KCl, 1.47 mM 216 

KH2PO4, 136.9 mM NaCl, 8.1 mM Na2HPO4, 0.9 mM CaCl2, 0.49 mM MgCl2, supplemented 217 

with 5 mM D-glucose and 1 mM sodium pyruvate, pH 7.4). Brains were dissected and cleaned 218 

by removing the brain stem, meninges, larger blood vessels, and white matter using forceps and 219 

stereo-microscopes. The remaining brain cortex tissue was minced and homogenized in DPBS 220 

with a Potter-Elvehjem homogenizer (clearance: 150-230 μm), followed by another 221 

homogenization using a Dounce homogenizer (clearance: 80-130 μm). The brain homogenate 222 

was mixed with Ficoll® (final concentration 15%) and the mixture was centrifuged at 5,800 g for 223 

15 min at 4°C. The pellet containing brain capillaries was resuspended in DPBS (with 1% BSA), 224 

the capillary suspension was filtered through a 300 μm mesh and passed over a glass bead 225 

column using DPBS (1% BSA). Capillaries adhering to the glass beads were washed off and 226 

collected by agitation in DPBS (1% BSA) followed by filtration through a 100 μm cell strainer 227 

(Falcon™; Corning, Tewksbury, MS). After centrifugation (1,500 g, 3 min, 4˚C), the capillary 228 

pellet was washed 3 times with DPBS (no BSA). Freshly isolated brain capillaries were exposed 229 

to 100 μM glutamate (with/without inhibitors) for 30 min, washed, and incubated in glutamate-230 
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free DPBS buffer for 5½ h. After a total of 6 h, capillaries were used for the endpoint 231 

measurements described below. 232 

 233 

Capillary Membrane Isolation 234 

Brain capillaries were lysed in CelLytic™ buffer (Sigma, St. Louis, MO) containing 235 

Complete™ protease inhibitor cocktail (Roche, Mannheim, Germany) using a Polytron 2500E 236 

homogenizer (Kinematica; Luzern, Switzerland). The cell lysate was first centrifuged at 10,000 g 237 

for 30 min, and the resulting supernatant was centrifuged at 100,000 g for 2 h. The final pellet 238 

(crude capillary membranes) was resuspended and brain capillary membranes were frozen at -239 

80°C until further use. 240 

 241 

Western Blotting 242 

Protein concentration of brain capillary membrane samples was determined using the 243 

Bradford protein assay. Normalized brain capillary membrane samples were separated and 244 

transferred using the NuPAGE® electrophoresis and blotting system (Invitrogen, Carlsbad, CA, 245 

USA). After protein transfer, the blotting membranes were incubated overnight with primary 246 

antibody (MMP-2: 1 μg/ml, ab37150; RRID:AB_881512, Abcam, Cambridge, MA; MMP-9: 1 247 

μg/ml, ab7299; RRID:AB_305831, Abcam, Cambridge, MA; occludin: 1 μg/ml, 71-1500; 248 

RRID:AB_2533977, Zymed Laboratories, San Francisco, CA; claudin-1: 1 μg/ml, ab56417, 249 

RRID:AB_941048, Abcam, Cambridge, MA; claudin-5: 1 μg/ml, 35-2500, RRID:AB_2533200, 250 

Invitrogen, Camarillo, CA, USA; ZO-1: 1 μg/ml, ab96587; RRID:AB_10680012, Zymed 251 

Laboratories, San Francisco, CA, USA; TIMP-1: 1 μg/ml, ab61224; RRID:AB_945838, Abcam, 252 

Cambridge, MA; TIMP-2: 1 μg/ml, ab38973; RRID:AB_778471, Abcam, Cambridge, MA; 253 
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TIMP-3: 1 μg/ml, ab39184, RRID:AB_2204971, Abcam, Cambridge, MA or β-actin: 1 μg/μl, 254 

ab8226, RRID:AB_306371, Abcam, Cambridge, MA, USA). After antibody incubation, the 255 

membrane was washed and incubated with the corresponding horseradish peroxidase-conjugated 256 

secondary antibody (1:10,000; Pierce, Rockford, IL, USA). Proteins were detected using 257 

SuperSignal® West Pico chemoluminescent substrate (Pierce, Rockford, IL, USA), and protein 258 

bands were visualized with a Gel Doc XRS imaging system (Bio-Rad Laboratories, Hercules, 259 

CA, USA) and analyzed with Image Lab™ (version 5.0) software. 260 

 261 

MMP-2 and MMP-9 ELISA 262 

Freshly isolated brain capillaries were lysed in CelLytic™ buffer (Sigma, St. Louis, MO) 263 

containing Complete™ protease inhibitor cocktail using a Polytron 2500E homogenizer 264 

(Kinematica; Luzern, Switzerland). Samples were centrifuged at 10,000 x g for 30 min and the 265 

resulting supernatants were collected. To quantitate MMP-2 and MMP-9, we used the Total 266 

MMP-2 Quantikine® ELISA Kit and the Total MMP-9 Quantikine® ELISA Kit according to the 267 

manufacturer’s instructions (R&D Systems, Minneapolis, MN). Briefly, samples were 268 

transferred into microplates coated with monoclonal antibody specific for MMP-2 or MMP-9, 269 

respectively, and incubated for 2h. Plates were washed 5 times and HRP-linked polyclonal 270 

antibody specific for MMP-2 or MMP-9 was added for 2h. After another 5 washes, substrate 271 

solution (tetramethylbenzidine) was added and a blue colored diimine developed proportionally 272 

to the amount of MMP bound to antibody in the plate. After 30 min, the color reaction was 273 

stopped by adding sulfuric acid, which turned the tetramethylbenzidine to yellow; color intensity 274 

was measured at 450 and 570 nm (to correct for optical imperfections in the microplate) using a 275 

Synergy™ H1 Hybrid Multi-Mode Reader (BioTek, Winooski, VT). The raw data were analyzed 276 
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and results were presented as total protein concentration in ng/ml. In preliminary experiments, 277 

MMP-2 levels in brain capillary samples were found to be near the detection limit (0.5 ng/ml), 278 

and therefore, samples and blanks were spiked with 4 ng/ml exogenous MMP-2 to raise levels to 279 

the linear range of the standard curve. After detection, the values for the spiked blanks were 280 

subtracted from the sample values to determine the actual MMP-2 concentration in the sample. 281 

 282 

Immunohistochemistry 283 

Brain capillaries were transferred to confocal imaging chambers with cover slip bottoms 284 

and allowed to attach for 15 min. Capillaries were fixed for 30 min with fixation solution (3% 285 

para-formaldehyde, 0.25% glutaraldehyde in PBS), permeabilized for 1 h with Surfact-Amps® 286 

X-100 (0.5% in PBS), and blocked for at least 2 h with 1% BSA (in PBS). Brain capillaries were 287 

then incubated overnight at 4°C with MMP-2 (ab37150; RRID:AB_881512) and MMP-9 288 

(ab7299; RRID:AB_305831) primary antibody (concentration: 1 μg/ml in 1% BSA). After 289 

washing with 1% BSA, capillaries were incubated with the corresponding Alexa Fluor® 488 290 

second antibody (diluted 1:1000 in 1% BSA) for 1 h at 37°C in the dark. Subsequently, cell 291 

nuclei were counterstained for 10 min with 4',6-diamidino-2-phenylindole (DAPI; 1 μg/ml in 1% 292 

BSA). Capillaries were examined with a Zeiss LSM 710 inverted confocal microscope that was 293 

equipped with a C-Apochromat 40x/1.2 W Corr objective and using the 488 nm line of an argon 294 

laser (Carl Zeiss Inc., Thornwood, NY, USA). 295 

 296 

Texas Red® Efflux Assay 297 

Texas Red® efflux assays using brain capillaries were performed as previously described 298 

(Hartz et al., 2012). Brain capillaries were transferred to glass coverslips and incubated for 1 h 299 
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with fluorescent 2 μM Texas Red® (sulforhodamine 101 acid chloride; 641 Da) to load capillary 300 

lumens. After washing with DPBS, the efflux of Texas Red® from the lumen of control and 301 

treated brain capillaries was monitored with confocal microscopy. Per group, n = 7-10 brain 302 

capillary images were taken with a Zeiss LSM 710 inverted confocal microscope (C-Apochromat 303 

40x/1.2 W Corr objective, 488 nm argon laser line; Carl Zeiss Inc., Thornwood, NY, USA) or a 304 

Leica TCS SP5 confocal microscope with a 63x 1.2 NA water immersion objective (Leica 305 

Instruments, Wetzlar, Germany). Luminal fluorescence intensity was quantitated using Zeiss 306 

ZEN 2012 Imaging software or Image J v.1.48v (Wayne Rasband, NIH, USA). First-order efflux 307 

rate constants were calculated using nonlinear regression (GraphPad Prism®, version 7.00; 308 

RRID:SCR_002798, GraphPad Software Inc., San Diego, CA, USA). 309 

 310 

Zymography 311 

Isolated brain capillaries were lysed as described above and protein concentration of 312 

capillary lysates was determined by the Bradford protein assay. Normalized capillary lysate 313 

samples were added to pre-washed sepharose beads (GE Healthcare, Uppsala, Sweden) on a spin 314 

column (Thermo Scientific, Rockford, IL, USA). Samples were incubated for 60 min at 4°C 315 

while rotating at 40 rpm, followed by a 30 min incubation at room temperature while rotating at 316 

20 rpm. Samples were centrifuged for 2 min at 500g; the supernatant was discarded. The beads 317 

were washed twice by gentle vortexing for 5 min with 500 μL PBS (Ca2+/Mg2+/0.05% Tween). 318 

After each washing step, the columns were centrifuged for 2 min at 500g; the supernatant was 319 

discarded. MMPs adhering to the sepharose beads were eluted by vortexing for 30 min with 40 320 

μL of a 1:1 mix of water and Novex® Tris-Glycine SDS Sample Buffer (LifeTechnologies, 321 

Carlsbad, CA, USA). Samples were centrifuged for 2 min at 1000 x g and the MMP-containing 322 
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supernatants were collected. Zymography was performed with the NuPAGE® electrophoresis 323 

system using Novex® Zymogram Gelatin Protein Gels (LifeTechnologies, Carlsbad, CA, USA) 324 

according to the manufacturer’s instructions. Recombinant rat MMP-2 and MMP-9 were used as 325 

standards (R&D Systems, Minneapolis, MN, USA). Gels were first incubated for 30 min at room 326 

temperature in Novex® Zymogram Renaturing Buffer, and then equilibrated for 30 min at room 327 

temperature in Novex® Zymogram Developing Buffer. After equilibration, fresh 1X Novex® 328 

Zymogram Developing Buffer was added and the gel was incubated at 37°C for 36-40 h. The gel 329 

was stained for 8 h using the Colloidal Blue Staining Kit (Invitrogen, Carlsbad, CA, USA) 330 

according to the manufacturer’s instructions. Afterwards, the gel was transferred into deionized 331 

water for overnight destaining. The gels were imaged with a Gel Doc™ XRS system (Bio-Rad 332 

Laboratories, Hercules, CA, USA) and MMP activity was analyzed using Image Lab™ (version 333 

5.0) software according to a procedure described by Hu and Beeton (Hu and Beeton, 2010). 334 

 335 

MMP Activity Measurements 336 

Total MMP activity in isolated rat brain capillaries was measured with a substrate activity 337 

assay using Mca-PLGL-Dpa-AR-NH2 fluorogenic MMP substrate (#ES001, R&D Systems, 338 

Minneapolis, MN, USA). Brain capillaries were lysed in CelLytic® M (Sigma, St. Louis, MO, 339 

USA) using a Polytron 2500E homogenizer (Kinematica; Luzern, Switzerland) and centrifuged 340 

at 30,000 rpm for 30 min; the resulting supernatant was collected for MMP activity 341 

measurements. After adding 10 μM Mca-PLGL-Dpa-AR-NH2, fluorescence was measured using 342 

a Synergy™ H1 Hybrid Multi-Mode Reader (BioTek, Winooski, VT, USA) at an excitation 343 

wavelength of 320 nm and an emission wavelength of 405 nm. These settings were consistent 344 

throughout all measurements done in this study. Blank values were subtracted from all raw 345 
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values and data were presented as relative fluorescence (relative fluorescence units, RFU) 346 

normalized to MMP activity in control samples. 347 

 348 

Blood Serum Isolation 349 

48 hours after SE, rats were euthanized by CO2 inhalation, the thoracic cavity was opened 350 

and blood was drawn via right ventricular heart puncture. Blood was collected in a 3.5 ml SST 351 

Vacutainer™ (Becton Dickinson, Franklin Lakes, NJ, USA); carefully inverted 5 times and 352 

incubated for 30 min at room temperature. The tubes were centrifuged at 1,300 x g for 10 min at 353 

4 C in a Marathon 3200R swing-head centrifuge (Fisher Scientific, Pittsburgh, PA, USA). 354 

Supernatant was collected, aliquoted and kept at -20 C until further use. 355 

 356 

S100β ELISA 357 

EMD Millipore’s S100β ELISA kit (#EZHS100B-33K; Merck Millipore, Billerica, MA, 358 

USA) was used to detect S100β in blood serum samples. ELISA reagents, standards and serum 359 

samples were prepared and plated as recommended by the manufacturer. Absorbance was 360 

measured at 450 nm and 590 nm using a Synergy™ H1 Hybrid Multi-Mode Reader (BioTek, 361 

Winooski, VT, USA). A standard curve was plotted using Gen5™ software (version 2.07; values 362 

at 450 nm were corrected by the absorbance at 590 nm; Four Parameter Logistic ELISA curve 363 

fitting was chosen) to determine the concentration of S100β in serum samples. 364 

  365 
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RESULTS 366 

MMP Expression and Activity in Isolated Rat Brain Capillaries 367 

First, we isolated rat brain capillaries and analyzed protein expression and functional 368 

activity of MMP-2 and MMP-9 at the blood-brain barrier. Figure 1A shows MMP-2 and MMP-9 369 

immunostaining in freshly isolated rat brain capillaries. MMP-2 was mainly localized at the 370 

abluminal membrane of rat brain capillaries (Fig. 1A, left image, arrow), whereas MMP-9 was 371 

mainly localized at the luminal membrane (Fig. 1A, middle image, arrow; Fig. 1A, right image: 372 

negative control (no primary antibody) is an overlay of the green, blue and transmitted light 373 

channels). Using Western blotting, we detected a band for MMP-2 at 72 kDa and a band for 374 

MMP-9 at 92 kDa in liver lysate, liver crude membrane fraction, brain lysate, choroid plexus 375 

lysate, and brain capillary lysate (Fig. 1B). In kidney brush border membranes, we detected a 376 

strong band for MMP-9, whereas no obvious band was visible for MMP-2. In another series of 377 

Western blots we compared the expression of MMP-2 and MMP-9 in brain capillary lysate and 378 

brain capillary membrane fraction (Fig. 1C). MMP-2 expression was enriched in brain capillary 379 

membranes compared to capillary lysate, whereas MMP-9 protein expression levels were higher 380 

in brain capillary lysate compared to capillary membranes. 381 

To determine MMP functional activity in rat brain capillaries, we used a fluorogenic 382 

MMP assay using the non-fluorescent MMP substrate Mca-PLGL-Dpa-AR-NH2. This peptide 383 

has a fluorescent 7-methoxycoumarin (Mca) moiety that is connected by a PLGL peptide 384 

sequence with a 2,4-dinitrophenyl (Dpa) moiety that quenches Mca fluorescence. MMP-385 

mediated cleavage of the PLGL sequence between the glycine and leucine releases Mca from the 386 

Dpa quencher resulting in fluorescence. Since the PLGL peptide is a substrate for multiple 387 

MMPs including MMP-1, -2, -7, -8, -9, -12, -13, -14, -15, and MMP-16, this assay determines 388 
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overall MMP functional activity. Using this assay, we detected fluorescence (21,357 ± 1,023 389 

AFU) representing MMP activity in isolated brain capillaries from control rats (Fig. 1D). Adding 390 

the broad-spectrum MMP inhibitor GM6001 reduced fluorescence significantly by 61% (8,324 ± 391 

105 AFU; t(2)=10.37, p=0.0092; unpaired t test; n=3 independent experiments) indicating that 392 

MMPs are responsible for the largest portion of the observed fluorescence. Together, these data 393 

demonstrate that both MMP-2 and MMP-9 are expressed in isolated brain capillaries from 394 

healthy rats. 395 

 396 

Epileptic Seizures mediate Barrier Leakage 397 

Next, we tested the effect seizures have on blood-brain barrier integrity. We isolated 398 

brain capillaries from rats 48 hours after pilocarpine-induced status epilepticus (SE) and 399 

analyzed protein expression levels of tight junction proteins as well as MMP-2 and MMP-9 by 400 

Western blotting (Fig. 2A). MMP-2 and MMP-9 protein expression levels were increased in 401 

brain capillaries from animals that experienced SE. Note that in the same samples, protein 402 

expression levels of the tight junction proteins ZO-1, occludin, claudin-1, and claudin-5 were 403 

decreased. Importantly, in brain capillaries from animals that received pilocarpine but did not 404 

experience SE, no such effects on tight junction and MMP protein expression levels were 405 

observed, indicating that seizures, not pilocarpine, mediated the observed changes in expression 406 

levels. Table 1 shows data from Western blot analyses; the Dunnett’s test showed that for each 407 

endpoint SE significantly (p < 0.05) differed from controls. 408 

Tissue inhibitors of metalloproteinases (TIMPs) are endogenous inhibitors of MMPs and 409 

belong to the family of protease inhibitors. We show that protein expression levels of TIMP-1 410 

and TIMP-2 are increased in isolated brain capillaries from SE animals, whereas TIMP-3 levels 411 
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remained unchanged (Fig. 2B). Table 2 summarizes data from Western blot analyses; the 412 

Dunnett’s test showed that TIMP-1 and TIMP-2 levels for SE are significantly (p < 0.05) 413 

different from controls. Consistent with increased MMP protein expression levels, gelatin 414 

zymography showed increased MMP-9 activity (92kDa) in brain capillaries from SE rats 415 

compared to control rats (Fig. 2C). We also determined MMP activity in lysate from brain 416 

capillaries isolated from rats after SE and observed an increase in fluorescence by 80% 417 

(t(2)=78.6, p=0.0002; ANOVA post-hoc test; n=2 independent experiments) compared to brain 418 

capillary lysate from control animals, indicating overall MMP activity was increased in SE rats 419 

(Fig. 2D). In brain capillary lysate from rats that received pilocarpine and experienced a few 420 

seizures (<10) but did not develop SE, fluorescence was elevated by about 20% (t(2)=19.0, 421 

p=0.0028; ANOVA post-hoc test) compared to controls (Fig. 2D). 422 

To determine if seizures affect blood-brain barrier integrity in isolated brain capillaries 423 

from male Sprague-Dawley rats after SE, we used a previously established dye leakage assay 424 

(Hartz et al., 2004; Hartz et al., 2012). In this assay, isolated brain capillaries are exposed to 425 

fluorescent Texas Red® (641 Da, 2 μM). Since Texas Red® is a substrate for the efflux 426 

transporter Mrp, it is actively transported into the capillary lumen, where it accumulates (Bauer 427 

et al., 2008). After 1h, when luminal Texas Red® fluorescence levels reached steady state, the 428 

dye is removed and Texas Red® leakage from capillary lumens is monitored over time by live 429 

cell imaging using confocal microscopy. Luminal Texas Red® fluorescence is quantified with 430 

image analysis software. First order Texas Red® leakage rate constants were calculated by 431 

nonlinear regression (GraphPad Prism®, version 7.00; RRID:SCR_002798, GraphPad Software 432 

Inc., San Diego, CA, USA). Using this assay, we demonstrate that the Texas Red® leakage rate 433 

constant from brain capillary lumens of SE rats (0.18 ± 0.05 min-1) was 18-fold higher compared 434 
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to the Texas Red® leakage rate constant from capillaries from control rats (0.01 ± 0.03 min-1, 435 

Fig. 2E). The leakage rate constant from capillaries of SE rats was 6-fold higher than in 436 

capillaries from rats that received pilocarpine and had some seizures but did not experience SE 437 

(0.03 ± 0.02 min-1; Fig. 2E). Note that the Texas Red® leakage rate constant from brain 438 

capillaries of SE rats (0.18 ± 0.05 min-1) was comparable to that from brain capillaries exposed 439 

to a hypertonic (100 mM) mannitol solution (0.14 ± 0.03 min-1), which was used as a positive 440 

control to osmotically open the barrier and increase Texas Red® leakage, i.e., increase capillary 441 

permeability (Hartz et al., 2004; Hartz et al., 2012). Further, in serum isolated from SE rats, we 442 

found significantly elevated levels of S100β, an astrocytic protein that is used as a marker for 443 

barrier leakage, compared to control animals (Fig. 2F; Control vs. SE: t(2)=3.79, p < 0.0012; 444 

Pilo vs. SE: t(2)=3.58, p < 0.002; ANOVA post-hoc tests; n=2 independent experiments). 445 

Together, these data suggest that seizure-induced increases in MMP-2 and MMP-9 446 

expression and activity levels result in decreased expression levels of tight junction proteins and 447 

blood-brain barrier leakage. 448 

 449 

Glutamate Triggers Barrier Leakage 450 

Glutamate is the most important excitatory neurotransmitter in the brain that is released 451 

in excessive amounts during seizures and has been shown to change blood-brain barrier 452 

properties (Ueda and Tsuru, 1995; Bauer et al., 2008; Pekcec et al., 2009; Zibell et al., 2009; 453 

Hartz et al., 2017). Here, we postulated that glutamate triggers barrier leakage. To test this 454 

hypothesis we utilized a protocol we previously established (Bauer et al., 2008) and exposed 455 

isolated rat brain capillaries to 50 and 100 μM glutamate, removed glutamate after 30 min, and 456 

incubated capillaries in glutamate-free buffer for additional 5½ h. After a total incubation time of 457 
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6 h, brain capillaries were analyzed. Similar to the effects observed in SE rats, we found 458 

decreased expression levels of the tight junction proteins ZO-1, occludin, and claudin-1 by 459 

Western blotting in isolated membranes of brain capillaries exposed to 100 μM glutamate; the 460 

effect of glutamate on claudin-5 expression levels was minimal (Fig. 3A). Moreover, 100 μM 461 

glutamate increased MMP-2 and MMP-9 protein levels in brain capillaries. In contrast, 50 μM 462 

glutamate had little to no effect on the expression levels of both tight junction proteins and 463 

MMPs. Table 3 summarizes data from Western blot analyses; the Dunnett’s test showed that for 464 

each endpoint treatment with 100 μM glutamate, protein expression levels of MMP-2, MMP-9, 465 

ZO-1, occludin, and claudins-1 and -5 were significantly (p < 0.05) different from controls. In 466 

contrast to MMPs, protein expression levels of TIMP-1, TIMP-2 and TIMP-3 remained 467 

unchanged in capillaries exposed to glutamate (Fig. 3B). This suggests that TIMPs may be 468 

regulated via a different pathway that does not involve glutamate signaling. To further quantitate 469 

the glutamate-mediated increase of MMP protein expression levels, we also determined MMP-2 470 

and MMP-9 protein levels by ELISA. Fig. 3C shows that MMP-2 protein levels in brain 471 

capillaries exposed to glutamate increased by 45% compared to control capillaries (control: 472 

0.105 ± 0.005 ng/ml, glutamate: 0.152 ± 0.005 ng/ml; n=3 independent experiments, t(4)=6.65, 473 

p=0.0027; unpaired t test). Fig. 3D shows that MMP-9 protein levels increased by 115% 474 

(control: 0.202 ± 0.04 ng/ml, glutamate: 0.434 ± 0.03 ng/ml; n=3 independent experiments, 475 

t(4)=4.63, p=0.0098; unpaired t test). Further, we determined Texas Red® leakage and found that 476 

brain capillaries exposed to glutamate had an increased Texas Red® leakage rate constant 477 

compared to untreated control capillaries (Fig. 3E). Texas Red® leakage rate constants were 0.1 478 

± 0.04 min-1 for untreated control capillaries, 0.2 ± 0.02 minutes-1 for capillaries exposed to 479 

glutamate, and 0.3 ± 0.08 min-1 for capillaries exposed to high osmotic mannitol (positive control 480 
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for barrier opening). Thus, exposing brain capillaries to glutamate increased Texas Red® leakage 481 

constant rates by 2-fold compared to Texas Red® leakage constant rates from untreated control 482 

capillaries. Together, these findings demonstrate that glutamate mediates similar effects on tight 483 

junction and MMP protein expression levels and capillary permeability in isolated brain 484 

capillaries to those effects observed in brain capillaries isolated from SE rats. This suggests that 485 

the effects seizures have on brain capillaries are mediated by glutamate that is released during 486 

seizures. 487 

 488 

Glutamate Increases MMP Activity 489 

We determined MMP activity in brain capillaries exposed to glutamate using gelatin 490 

zymography and the MMP activity assay described above. Figure 4A shows a representative 491 

zymogram with strong bands at 92 kDa representing MMP-9. The zymogram shows that 492 

exposing isolated rat brain capillaries to glutamate increased MMP-9 activity compared to 493 

untreated control capillaries. MMP-9 standard protein (positive control) is shown in the left lane. 494 

Figure 4B shows the results from optical density measurements of zymograms from 4 495 

independent experiments. These data demonstrate that glutamate increased MMP-9 activity (1.81 496 

± 0.28-fold (t(6)=5.77, p=0.0012; unpaired t test) compared to untreated control capillaries. For 497 

MMP-2 we observed faint bands in the zymogram (data not shown). When we determined MMP 498 

activity, we found that exposing brain capillaries to glutamate significantly (p < 0.05) increased 499 

total MMP activity levels by 38% compared to control capillaries (control: 18,107 ± 616 AFU, 500 

glutamate: 25,041 ± 1,917 AFU; n = 3 independent experiments; t(4)=3.44, p=0.026, unpaired t 501 

test; Fig. 4C). Recombinant MMP-2 and MMP-9 (6.25 ng each) were used as standard controls 502 

(MMP-2: 20,944 ± 1,220 AFU; MMP-9: 16,509 ± 538 AFU). Thus, the results from these 503 
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experiments demonstrate that exposing isolated rat brain capillaries to glutamate increases MMP 504 

activity. 505 

 506 

MMP Inhibition Prevents Glutamate-Mediated Blood-Brain Barrier Leakage 507 

To further clarify the role of MMPs in glutamate-mediated barrier leakage, we exposed 508 

isolated rat brain capillaries to glutamate with and without the broad-spectrum MMP inhibitor 509 

GM6001. We found that glutamate-mediated increase in MMP activity was fully blocked by 510 

GM6001 (control: 10.7 ± 0.6 AFU; glutamate: 16.8 ± 0.8 AFU; glutamate + GM6001: 11.3 ± 0.2 511 

AFU; glutamate + GM6001 vs. control: t(2)=0.69, p=0.56; glutamate + GM6001 vs. glutamate: 512 

t(2)=4.83, p=0.04, ANOVA post-hoc tests; n=3 independent experiments; Fig. 5A). Importantly, 513 

GM6001 also fully blocked glutamate-mediated brain capillary leakage as determined by the 514 

Texas Red® assay (Fig. 5B). Thus, GM6001 prevented barrier leakage, suggesting that MMP 515 

inhibition can maintain barrier function. These data indicate that MMPs are involved in 516 

glutamate-mediated barrier leakage. 517 

 518 

Glutamate Mediates Barrier Leakage by Signaling Through cPLA2 519 

In the following experiments, we identified signaling steps underlying glutamate-520 

mediated MMP up-regulation and barrier leakage. We and other groups have previously shown 521 

that the NMDA receptor (NMDAR) is expressed in brain capillaries and that glutamate signals 522 

through NMDAR, which triggers changes at the blood-brain barrier (Zhu and Liu, 2004; 523 

Bankstahl et al., 2008; Bauer et al., 2008). In the present study we exposed isolated rat brain 524 

capillaries to glutamate with or without the NMDAR antagonist MK801. Blocking the NMDA 525 

receptor with MK801 abolished the glutamate-mediated increase in MMP-2 and MMP-9 protein 526 
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expression levels as demonstrated by Western blotting (Fig. 6A; for Western blot analyses see 527 

Table 4). MK801 also prevented the glutamate-mediated increase in the Texas Red® leakage rate 528 

constant (Fig. 6B; control: 0.2 ± 0.09 min-1; glutamate: 0.6 ± 0.13 min-1; glutamate and MK801: 529 

0.2 ± 0.08 min-1; mannitol (positive control): 0.7 ± 0.17 min-1). These data suggest that glutamate 530 

causes barrier leakage by signaling through the NMDA receptor. 531 

In the next set of experiments, we exposed isolated rat brain capillaries to glutamate with 532 

or without arachidonyl trifluoromethyl ketone (ATK), a selective inhibitor of cytosolic 533 

phospholipase A2 (cPLA2). ATK blocked the glutamate-mediated increase in MMP-2 and MMP-534 

9 protein expression levels as demonstrated by Western blotting (Fig. 6C; for Western blot 535 

analyses see Table 5). Inhibiting cPLA2 with ATK also prevented the glutamate-mediated 536 

increase in MMP activity levels (Fig. 6D; ATK vs. control: t(2)=3.08, p=0.091; ANOVA post-537 

hoc test). Consistent with this, ATK attenuated the glutamate-mediated increase in Texas Red® 538 

leakage (Fig. 6E; control: 0.1 ± 0.01 min-1; glutamate: 0.4 ± 0.05 min-1; glutamate and ATK: 0.2 539 

± 0.04 min-1; mannitol (positive control): 0.5 ± 0.04 min-1). Thus, inhibiting cPLA2 blocked the 540 

glutamate-mediated increase in MMP protein and activity levels, thereby preventing capillary 541 

leakage. We repeated this experiment with capillaries isolated from wild type and cPLA2 KO 542 

mice. As before, we observed leakage in capillaries isolated from wild type mice that were 543 

exposed to glutamate (Fig. 6F); this effect was abolished by cPLA2 inhibition with ATK. In 544 

contrast, exposing isolated brain capillaries from cPLA2 KO mice to glutamate did not result in 545 

detectable Texas Red® leakage compared to control capillaries (Fig. 6G). This indicates that 546 

glutamate triggers capillary leakage by signaling through cPLA2.  547 
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Together, these data show that inhibiting cPLA2 or genetically knocking out cPLA2 548 

abolishes glutamate-induced barrier leakage, which, in turn, suggests that cPLA2 is responsible 549 

for glutamate-mediated upregulation of MMPs and capillary leakage. 550 

 551 

Inhibiting cPLA2 In Vivo Prevents SE-Induced Barrier Leakage 552 

To confirm that cPLA2 signaling is involved in SE-induced barrier leakage, we conducted 553 

an in vivo study utilizing the specific cPLA2 inhibitor ATK. Rats were dosed with ATK (10 554 

mg/kg, i.p.) every 12 h for 3½ days (total of 7 i.p. injections); control rats received vehicle 555 

injections. After 4 ATK treatments, rats underwent seizure induction with pilocarpine; after SE 556 

induction animals received 3 more treatments with ATK. Forty-eight hours after SE induction, 557 

brain capillaries were isolated from control rats (n=6), pilocarpine control rats (n=4), SE rats 558 

(n=6), and ATK-treated SE rats (n=6). As before, we detected increased MMP-2 and MMP-9 559 

protein expression levels and decreased tight junction protein expression levels in brain 560 

capillaries isolated from rats after SE (Fig. 7A; for Western blot analyses see Table 6). 561 

However, in animals treated with ATK, MMP and tight junction protein levels were comparable 562 

to those in capillaries from control animals and animals that received pilocarpine but did not 563 

develop SE. Data from analyzed Western blots (Table 2) show that MMP-2, MMP-9, and 564 

claudin-5 protein expression levels in brain capillaries from SE animals were significantly 565 

different (p < 0.05; Dunnett’s test) from those of the control group. Only MMP-2 protein 566 

expression levels in brain capillaries from ATK-treated SE rats differed from control rats. Protein 567 

expression levels in brain capillaries from rats that received pilocarpine but did not experience 568 

SE did not differ from protein levels in capillaries from control rats for any of the endpoints. 569 

Consistent with this, ATK also blocked SE-mediated capillary leakage as measured by the Texas 570 
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Red® leakage assay (control: 0.03 ± 0.02 min-1; pilocarpine: 0.03 ± 0.05 min-1; SE: 0.10 ± 0.02 571 

min-1; SE + ATK: 0.03 ± 0.01 min-1; mannitol (positive control): 0.21 ± 0.04 min-1, Fig. 7B). 572 

Thus, dosing rats with ATK to inhibit cPLA2 blocks the SE-mediated increase in MMP protein 573 

levels, the decrease in tight junction protein levels, and prevents barrier leakage. 574 

Together, our observations indicate that cPLA2 inhibition in vivo prevents seizure-575 

induced up-regulation of MMP2 and MMP-9, decreased TJ protein levels and barrier leakage in 576 

rats that experienced SE. Thus, cPLA2 appears to be involved in mediating seizure-induced 577 

barrier dysfunction. 578 

  579 
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DISCUSSION 580 

In the present study we show that MMP-2 and MMP-9 are expressed and functionally 581 

active in isolated rat brain capillaries (Fig. 1). We also demonstrate that seizures result in 582 

increased MMP-2 and MMP-9 protein and activity levels, reduced expression levels of the tight 583 

junction proteins ZO-1, occludin, claudin-1, and claudin-5, elevated S100β serum levels, and in 584 

capillary leakage (Fig. 2). We found increased expression levels of TIMP-1 in capillaries 585 

isolated from rats that experienced seizures (Fig. 2B), which is similar to the finding that TIMP-586 

1 is up-regulated in neurons and astrocytes in rats after kainic acid-induced seizures (Rivera et 587 

al., 1997). However, TIMP-1, 2 and 3 protein expression levels did not change in capillaries 588 

exposed to glutamate suggesting that TIMPs may be regulated via a different pathway that does 589 

not involve glutamate signaling (Fig. 3B). We further demonstrate that glutamate signals through 590 

the NMDAR, which triggers increases in MMP expression and capillary leakage (Figs. 6A-B). 591 

We also show that glutamate signals through cPLA2 to trigger increases in MMP expression and 592 

activity levels, decreases in tight junction protein levels, and capillary leakage ex vivo (Figs. 3-593 

6). We confirmed these findings in vivo by utilizing the potent and selective cPLA2 inhibitor 594 

ATK in a rat seizure model. We show that ATK treatment blocks seizure-induced increases in 595 

MMP expression levels and decreases in tight junction protein levels, and prevents capillary 596 

leakage (Fig. 7). Based on these data we propose that seizure-induced release of glutamate leads 597 

to activation of cPLA2, which, in turn, increases MMP expression and activity levels. MMPs 598 

then decrease tight junction protein expression resulting in barrier leakage (Fig. 8). Together, our 599 

data suggest that cPLA2 could be a potential pharmaceutical target to normalize barrier function 600 

and improve treatment of epilepsy. In the following sections we discuss several points of the 601 

present study in more detail. 602 
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Recent studies have shown that the blood-brain barrier is severely altered in epilepsy and 603 

that barrier dysfunction affects neuronal function and leads to seizures (Marchi et al., 2007b; 604 

Marchi et al., 2007a; Rigau et al., 2007; van Vliet et al., 2007; Tomkins et al., 2008; 605 

Kastanauskaite et al., 2009; Alonso-Nanclares and DeFelipe, 2014). One critical element of 606 

barrier dysfunction is barrier leakage, which was observed in animal seizure and epilepsy models 607 

as well as in epilepsy patients (Nitsch and Klatzo, 1983; Mihaly and Bozoky, 1984; Cornford 608 

and Oldendorf, 1986; Horowitz et al., 1992; Padou et al., 1995). Our data from the present study 609 

are consistent with these observations. Several studies showed that blood-brain barrier leakage in 610 

epilepsy was restricted to anatomically specific brain regions and that these brain regions are 611 

often implicated in the development and propagation of seizures (Nitsch and Klatzo, 1983; 612 

Cornford et al., 1998). This suggests a connection between barrier leakage and seizures. Indeed, 613 

recent studies provide additional evidence for the hypothesis that a leaky barrier contributes to 614 

seizure genesis through a pernicious feedback loop, in which seizures drive barrier leakage, 615 

leading to more seizures, thereby promoting epilepsy progression (Seiffert et al., 2004; Marchi et 616 

al., 2007b; van Vliet et al., 2007; Fabene et al., 2008; Marchi et al., 2010; Marchi et al., 2011). 617 

The exact mechanism by which barrier leakage develops in epilepsy is unknown. Rapid 618 

increases in vascular permeability following seizures have been reported by Uva et al. (2008) 619 

and Vazana et al. (2016). In the present study we focus on seizure-induced effects on barrier 620 

function that are mediated MMPs. The extracellular matrix together with tight junction proteins 621 

seal the endothelial cells, and thus, are critical components for proper barrier function. 622 

Previously, it has been shown that MMPs cleave the extracellular matrix and degrade tight 623 

junction proteins thereby contributing to barrier leakage (Lischper et al., 2010; 624 

Thanabalasundaram et al., 2010). Based on these data, we hypothesized that MMPs may be key 625 
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players responsible for barrier leakage in epilepsy. In this regard, we show that MMP-2 and 626 

MMP-9 are expressed in different rat tissues, including isolated brain capillaries. These data are 627 

consistent with previous reports (Zeisberg et al., 2002; Nico et al., 2006; Zeni et al., 2007; 628 

Thanabalasundaram et al., 2010; Hartz et al., 2012; Kurzepa et al., 2014). To test if MMPs are 629 

functionally active in isolated brain capillaries we used gelatin zymography. While we detected 630 

strong bands for MMP-9 activity, band intensity for MMP-2 activity was low and could not be 631 

clearly visualized. We therefore developed a MMP assay based on the digestion of the 632 

fluorogenic MMP substrate PLGL. Because PLGL is a substrate for various MMPs, the data 633 

obtained from this assay reflect overall MMP activity in brain capillary samples. Note that the 634 

only MMPs known to be expressed in the brain capillary endothelium are MMP-2, MMP-9, and 635 

MMP-14 (or MT1-MMP; which is known to activate MMP-2). Based on preliminary data (not 636 

shown) from our group, MMP-14 protein is expressed at relatively low levels compared to 637 

MMP-2 and MMP-9. Therefore, we conclude that the assay we used here mainly determines 638 

MMP-2 and MMP-9 activity in isolated brain capillaries. Based on our preliminary data with 639 

brain lysate (not shown), we found no increase in MMP activity in brain tissue from SE animals 640 

compared to control animals. This indicates that the observed increase of MMP activity after 641 

seizures appears to be specific to brain capillaries. 642 

The data from rats that experienced a status epilepticus also suggest that seizures lead to 643 

increased MMP levels which in turn leads to decreased tight junction protein levels, thereby 644 

causing barrier leakage within 48 h after SE. This is consistent with findings from human studies 645 

showing increased blood-brain barrier permeability shortly after seizure onset (Clarke and 646 

Gabrielsen, 1989; Marchi et al., 2007a; Rigau et al., 2007; van Vliet et al., 2007; Tomkins et al., 647 

2008). Preclinical studies with patients evaluated for acute stroke suggest a significant 648 
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relationship between MMP-9 and barrier leakage in humans (Barr et al., 2010). Utilizing a 649 

mouse model of cortical spreading depression, Gursoy-Ozdemir et al. (2004) showed that 650 

increased MMP-9 activity causes barrier leakage which was confirmed in MMP-9 KO mice. Le 651 

and Friedman (2012) recently reported that proMMP-7 protein levels were elevated in culture 652 

medium from brain slices exposed to kainic acid for 24h. They also observed that MMP-7 653 

protein and activity levels were decreased and TIMP-1 protein expression levels were increased 654 

in hippocampal sections after kainic acid-induced seizures. In contrast, we found that MMP-2 655 

and MMP-9 as well as TIMP-1 and TIMP-2 were elevated in isolated brain capillaries 48h after 656 

SE induction with pilocarpine (Fig. 2) suggesting that the observed increase in TIMP levels was 657 

not sufficient to block MMP activity in capillaries. Le and Friedman also demonstrated that 658 

exogenously supplied MMP-7 to hippocampal slices in combination with kainic acid displayed a 659 

neuroprotective effect, which highlights the ambivalent role MMPs play in epilepsy. 660 

A critical discovery was made in 1975 when Nemeroff and Crisley found that i.p. 661 

injections of monosodium L-glutamate (4.0 g/kg) induce seizures in rats and lead to increased 662 

blood-brain barrier permeability to plasma proteins (Nemeroff and Crisley, 1975). In 1995, Ueda 663 

and Tsuru reported that glutamate is excessively released during seizures (Ueda and Tsuru, 664 

1995); this finding was confirmed by other groups (Ronne-Engstrom et al., 1992; During and 665 

Spencer, 1993; Wilson et al., 1996). We previously reported that glutamate released by seizures 666 

acts as an initial trigger of a signaling cascade in brain capillary endothelial cells that drives up-667 

regulation of the drug efflux transporter P-glycoprotein. In this regard, we demonstrated that 668 

glutamate signaling is mediated through the NMDA receptor, cyclooxygenase (COX)-2, and the 669 

prostaglandin E2 receptor EP1 (Bauer et al., 2008; Pekcec et al., 2009; Zibell et al., 2009). Here, 670 

we demonstrate in brain capillaries that glutamate also acts as an initial trigger of a signaling 671 
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cascade that results in elevated MMP-2 and MMP-9 protein and activity levels, decreased 672 

expression levels of the TJ proteins occludin, claudin-1, claudin-5 and ZO-1, and consequently 673 

barrier leakage. Together, these data confirm our previously published reports and provide 674 

additional and novel insights into the underlying mechanism through which glutamate triggers 675 

barrier leakage. 676 

The neurotransmitter glutamate exerts its effects by activating glutamate receptors. We 677 

and others previously showed that the glutamate receptor NMDAR is expressed in brain 678 

capillary endothelial cells (Bauer et al., 2008; Betzen et al., 2009) and that it mediates seizure- 679 

and glutamate-induced increases in P-gp protein expression and transport activity levels (Zhu 680 

and Liu, 2004; Bankstahl et al., 2008; Bauer et al., 2008). We show that the NMDAR is also 681 

involved in glutamate-induced increases in MMP-2 and MMP-9 protein expression levels and in 682 

glutamate-induced brain capillary leakage (Figs. 6A-B). This is consistent with a previous report 683 

showing that NMDAR is critical for glutamate-induced decreases of occludin protein expression 684 

levels leading to decreased endothelial integrity in brain microvascular endothelial cells (Andras 685 

et al., 2007). Vazana et al. (2016) found that seizure-induced glutamate release in rats leads to 686 

vascular permeability through activation of the NMDA receptor. Betzen et al. (2009) 687 

demonstrated in cell culture experiments in vitro that oxidative stress up-regulates NMDA 688 

receptor protein expression and activity levels which leads to glutamate-induced barrier leakage 689 

in the mouse brain capillary bEND3 cell line. In contrast, Sharp et al. (2005) showed that human 690 

cerebral endothelial cells respond to glutamate by generating oxidative stress via activation of 691 

the NMDA receptor. Together, these data suggest a key role for the NMDAR in glutamate-692 

mediated barrier dysfunction.  693 
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Glutamate has also been shown to activate calcium-dependent cytosolic phospholipase A2 694 

(cPLA2) to trigger downstream signaling events (Six and Dennis, 2000; Shen et al., 2007; Shelat 695 

et al., 2008). Here we demonstrate that cPLA2 inhibition fully abolished all observed glutamate 696 

effects, and thus, prevented the increase in MMP expression and activity levels, the decrease in 697 

tight junction protein levels, and capillary leakage. Further, we show that the cPLA2 inhibitor 698 

ATK prevents seizure-induced barrier leakage and normalizes MMP levels as well as ZO-1, 699 

occludin, claudin-1, and claudin-5 protein levels. Based on these findings, we conclude that 700 

seizure-induced glutamate release results in cPLA2 activation which leads to barrier leakage. Our 701 

data imply that arachidonic acid, a second messenger and key inflammatory intermediate 702 

generated by cPLA2, is involved in this signaling pathway. After its release, arachidonic acid is 703 

converted by cyclooxygenase-2 into prostaglandins or by 5-lipoxygenase into leukotrienes 704 

(Samuelsson et al., 1978; Goetzl et al., 1980; Sirois et al., 1980). 705 

Together, our data suggest that cPLA2 inhibition has the potential to prevent blood-brain 706 

barrier leakage and that cPLA2 could be an additional therapeutic target in the treatment of 707 

epilepsy and help reduce seizure burden. However, this needs further confirmation and should be 708 

considered carefully. Since cPLA2 signaling is a component of the brain’s inflammatory 709 

response, targeting cPLA2 could have a range of consequences, expected and beneficial as well 710 

as unintended and detrimental. For example, given that cPLA2 is part of the COX-2 pathway, 711 

inhibiting cPLA2 is likely to cause side effects similar to those observed for NSAIDs. Further, 712 

while the majority of studies utilizing COX-2 inhibitors showed a neuroprotective effect in 713 

animal seizure and epilepsy models, some studies showed that COX-2 inhibition resulted in an 714 

increased seizure burden, neuronal loss, and death (Baik et al., 1999; Desjardins et al., 2003; 715 

Takemiya et al., 2006; Holtman et al., 2010; Polascheck et al., 2010). 716 
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In conclusion, in the present study we use a combined ex vivo/in vivo approach and 717 

demonstrate at the blood-brain barrier that seizures increase MMP-2 and MMP-9 levels, 718 

resulting in reduced levels of tight junction proteins and subsequently barrier leakage. We also 719 

show that glutamate signals through cPLA2 to trigger these changes ex vivo and in vivo. Thus, we 720 

propose cPLA2 as a potential pharmaceutical target to repair barrier dysfunction and improve 721 

epilepsy treatment. Additional studies are needed to gain more detailed insight into the 722 

mechanism responsible for barrier leakage in epilepsy and to test if cPLA2 has potential as a 723 

therapeutic target for epilepsy treatment and other neurological disorders with underlying barrier 724 

dysfunction.  725 
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Tables 927 

Table 1: Western blot analysis of MMP and tight junction protein expression levels in 928 

brain capillaries isolated from rats after status epilepticus (Figure 2A). Data were 929 

normalized to β-actin levels; values are given as %control ± SD (n=3). * indicates statistical 930 

significance determined at the 0.05 level for each endpoint compared to control using Dunnett’s 931 

many-to-one t-test. 932 

Protein Control Pilo SE 
MMP-2 100 ± 5.1 95 ± 6.2 132 ± 5.2* 
MMP-9 100 ± 5.1 93 ± 5.2 125 ± 7.5* 
ZO-1 100 ± 13 83 ± 11.7 29 ± 3.9* 
Occludin 100 ± 2 108 ± 2 43 ± 0.6* 
Claudin-1 100 ± 5.5 77 ± 10.9 52 ± 6.6* 
Claudin-5 100 ± 3.9 94 ± 3.5 73 ± 2.6* 
 933 

Table 2: Western blot analysis of TIMP protein expression levels in brain capillaries 934 

isolated from rats after status epilepticus (Figure 2B). Data were normalized to β-actin levels; 935 

values are given as %control ± SD (n=3). * indicates statistical significance determined at the 936 

0.05 level for each endpoint compared to control using Dunnett’s many-to-one t-test. 937 

Protein Control Pilo SE 
TIMP-1 100 ± 15.8 121.2 ± 17.8 235.6 ± 23* 
TIMP-2 100 ± 9.8 107.1 ± 10.9 148.4 ± 16.4* 
TIMP-3 100 ± 14.3 109.7 ± 15.9 115.0 ± 17.8 
 938 

 939 

Table 3: Western blot analysis of MMP and tight junction protein expression levels in 940 

brain capillaries exposed to glutamate (Figure 3A). Data were normalized to β-actin levels; 941 

values are given as %control ± SD (n=3). * indicates statistical significance determined at the 942 

0.05 level for each endpoint compared to control using Dunnett’s many-to-one t-test. 943 
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Protein Control 50 μM Glutamate 100 μM Glutamate 
MMP-2 100 ± 11.2 91.1 ± 9.7 191.2 ± 8.4* 
MMP-9 100 ± 2.0 102.4 ± 2.1 169.2 ± 3.6* 
ZO-1 100 ± 6.4 92.8 ± 6.4 42.3 ± 3.3* 
Occludin 100 ± 0.9 102.8 ± 1.0 86.4 ± 0.8* 
Claudin-1 100 ± 2.3 100.5 ± 5.2 59.8 ± 2.5* 
Claudin-5 100 ± 15.6 92.4 ± 17.1 83.9 ± 2.9* 
 944 

Table 4: Western blot analysis of MMP protein expression levels in brain capillaries 945 

exposed to glutamate (Figure 6A). Data were normalized to β-actin levels; values are given as 946 

%control ± SD (n=3). * indicates statistical significance determined at the 0.05 level for each 947 

endpoint compared to control using Dunnett’s many-to-one t-test. 948 

Protein Control 100 μM Glutamate + MK801 
MMP-2 100 ± 8.2 190.8 ± 6.1* 129.8 ± 6.6 
MMP-9 100 ± 4.2 183.4 ± 5.3* 123.0 ± 5.8 
 949 

Table 5: Western blot analysis of MMP protein expression levels in brain capillaries 950 

exposed to glutamate (Figure 6C). Data were normalized to β-actin levels; values are given as 951 

%control ± SD (n=3). * indicates statistical significance determined at the 0.05 level for each 952 

endpoint compared to control using Dunnett’s many-to-one t-test. 953 

Protein Control 100 μM Glutamate + ATK 
MMP-2 100 ± 3.3 174.4 ± 8.0* 109.5 ± 5.2 
MMP-9 100 ± 2.8 174.1 ± 3.2* 108.3 ± 2.6 
 954 

Table 6: Western blot analysis of MMP and tight junction protein expression levels in 955 

brain capillaries isolated from rats after status epilepticus that were treated with/without 956 

the cPLA2 inhibitor ATK (Figure 7A). Data were normalized to β-actin levels; values are 957 

given as %control ± SD (n=3). * indicates statistical significance determined at the 0.05 level for 958 

each endpoint compared to control using Dunnett’s many-to-one t-test. 959 
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Protein Control Pilo SE SE+ATK 
MMP-2 100 ± 2.9 102.6 ± 2.9 145.2 ± 3.4* 111.3 ± 2.8 
MMP-9 100 ± 3.9 106.2 ± 3.5 139.6 ± 9.2* 99.2 ± 4.3 
ZO-1 100 ± 11.6 115.7 ± 16.4 53.4 ± 8.4* 101.8 ± 15.7 
Occludin 100 ± 16.9 96.1 ± 19.1 41.2 ± 5* 89 ± 23.6 
Claudin-1 100 ± 15.3 95.3 ± 16.6 49 ± 3.7* 105.5 ± 18.4 
Claudin-5 100 ± 15.6 92.4 ± 17.1 44.9 ± 3.8* 110.7 ± 19 
 960 

  961 
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FIGURE LEGENDS 962 

Figure 1. Expression and activity of MMP-2 and MMP-9 in isolated brain capillaries. A) 963 

Representative immunostaining for MMP-2 (left), MMP-9 (middle) and the negative control 964 

(right; overlay of green, blue and transmitted light channels) in isolated rat brain capillaries. 965 

MMPs are shown in green; nuclei were counterstained with DAPI (blue). B) Western blot 966 

showing MMP-2 and MMP-9 in liver lysate, liver crude membrane fraction (MF), kidney brush 967 

border membrane (BBM), brain lysate and choroid plexus (CP) lysate. C) Western blot showing 968 

MMP-2 and MMP-9 in brain capillary (Cap) lysate and brain capillary crude membrane fraction 969 

(Cap MF). D) Total MMP enzyme activity in brain capillaries was measured using the 970 

fluorogenic substrate Mca-PLGL-Dpa-AR-NH2. MMP activity was assessed in brain capillary 971 

lysate with/without MMP inhibitor (GM6001). MMP activity is given as absolute fluorescence 972 

units (AFU); data are mean ± SEM (n = 3 independent experiments; pooled tissue from n = 10 973 

rats per experiment). Statistical comparison: **, significantly lower than control, t(2)=10.37, 974 

p=0.0092; unpaired t test. 975 

 976 

Figure 2. Status epilepticus increases MMP levels, decreases levels of tight junction 977 

proteins and causes barrier leakage in brain capillaries. A) Western blot showing MMP-2, 978 

MMP-9, ZO-1, occludin, claudin-1, and claudin-5 in isolated brain capillaries from rats after a 979 

status epilepticus induced with pilocarpine (SE), rats that received pilocarpine but did not 980 

develop a status epilepticus (Pilo), and untreated control rats (Ctrl). β-Actin was used as protein 981 

loading control. B) Western blot showing TIMP-1, 2 and 3 protein expression in isolated brain 982 

capillaries from control, pilocarpine and SE rats. C) Representative MMP-9 gelatin zymogram of 983 

brain capillary lysates from rats after SE and from control rats. On the left are positive controls 984 
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from recombinant expressed MMP-2 and MMP-9. D) Total MMP enzyme activity in brain 985 

capillaries isolated from control rats, rats that received pilocarpine but did not develop a status 986 

epilepticus (Pilo) and rats after a status epilepticus was measured using the fluorogenic substrate 987 

Mca-PLGL-Dpa-AR-NH2. Statistical comparison: ***, SE significantly higher than control, 1.8-988 

fold (t(2)=78.6, p=0.0002; ANOVA post-hoc test; Pilo significantly higher than control, 1.2-fold 989 

(t(2)=19.0, p=0.0028; ANOVA post-hoc test; n=2 independent experiments. E) Texas Red® (TR) 990 

leakage from capillaries of rats after a status epilepticus induced by pilocarpine (SE), rats that 991 

received pilocarpine but did not develop a status epilepticus (Pilo) and untreated control rats 992 

with/without high osmotic mannitol used as positive control for barrier opening. Data are mean ± 993 

SEM for n = 7 capillaries per time point from one brain capillary isolation with n = 10 rats. 994 

Shown are arbitrary fluorescence units (0–255). First-order efflux rates were calculated using 995 

nonlinear regression. F) S100β levels in serum samples from control rats, rats that received 996 

pilocarpine but did not develop a status epilepticus (Pilo) and rats after a status epilepticus was 997 

determined by ELISA. Statistical comparison: **, Control vs. SE: t(2)=3.79, p > 0.0012; Pilo vs. 998 

SE: t(2)=3.58, p > 0.002; ANOVA post-hoc tests; n=2 independent experiments. 999 

 1000 

Figure 3. Glutamate increases MMP-2 and MMP-9 levels, decreases tight junction protein 1001 

levels and causes barrier leakage in isolated brain capillaries. A) Western blot showing 1002 

MMP-2, MMP-9, ZO-1, occludin, claudin-1 and claudin-5 in isolated rat brain capillaries 1003 

exposed to 0, 50, or 100 μM glutamate (Glu); β-actin was used as protein loading control. B) 1004 

Western blot showing TIMP-1, 2 and 3 protein expression in isolated brain capillaries from 1005 

control, pilocarpine and SE rats. C) MMP-2 protein levels in rat brain capillary lysate determined 1006 

by ELISA from control capillaries and capillaries exposed to 100 μM glutamate. Data are mean 1007 
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± SEM (n = 3 independent experiments; pooled tissue of n = 10 rats per experiment; Statistical 1008 

comparison: **, t(4)=6.65, p=0.0027; unpaired t test). D) MMP-9 protein levels in rat brain 1009 

capillary lysate determined by ELISA from control capillaries and capillaries exposed to 100 μM 1010 

glutamate. Data are mean ± SEM (n = 3 independent experiments; pooled tissue of n = 10 rats 1011 

per experiment; Statistical comparison: **, t(4)=4.63, p=0.0098; unpaired t test). E) Texas Red® 1012 

leakage from rat brain capillaries exposed to 100 μM glutamate; high osmotic mannitol was used 1013 

as positive control for barrier opening. Data are arbitrary fluorescence units (0–255) and 1014 

presented as mean ± SEM for n = 7 brain capillaries per time point from one brain capillary 1015 

isolation with n = 10 rats. 1016 

 1017 

Figure 4. Glutamate increases MMP activity in isolated brain capillaries. A) Representative 1018 

MMP-9 gelatin zymogram of lysate from brain capillaries exposed to 100 μM glutamate. 1019 

Recombinant MMP-9 (positive control) is on the left. B) Densitometric analysis of n = 4 gelatin 1020 

zymograms. Data are mean ± SEM (n = 4 independent experiments) and show the fold change 1021 

over controls (1.81 ± 0.28-fold (t(6)=5.77, p=0.0012; unpaired t test) for MMP-9 activity in 1022 

lysate from rat brain capillaries exposed to 100 μM glutamate. C) Total MMP enzyme activity in 1023 

brain capillaries was measured using the fluorogenic substrate Mca-PLGL-Dpa-AR-NH2. MMP 1024 

activity was measured in lysate from isolated brain capillaries exposed to 100 μM glutamate; 1025 

recombinant rat MMP-2 and rat MMP-9 were used as positive controls. MMP activity is given as 1026 

absolute fluorescence units (AFU); data are mean ± SEM (n = 3 independent experiments); 1027 

Statistical comparison:*, significantly lower than control, t(4)=3.44, p=0.026, unpaired t test. 1028 

 1029 
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Figure 5. Effect of inhibiting MMPs on glutamate-mediated barrier leakage. A) Total MMP 1030 

enzyme activity in brain capillaries was assessed by using the fluorogenic substrate Mca-PLGL-1031 

Dpa-AR-NH2. MMP activity was measured in lysate from isolated brain capillaries exposed to 1032 

100 μM glutamate with or without the MMP inhibitor GM6001. MMP activity is given as 1033 

absolute fluorescence units (AFU); data are mean ± SEM (n = 3 independent experiments; 1034 

pooled tissue of 10 rats per experiment). Statistical comparison: *; control: 10.7 ± 0.6 AFU; 1035 

glutamate: 16.8 ± 0.8 AFU; glutamate + GM6001: 11.3 ± 0.2 AFU; glutamate + GM6001 vs. 1036 

control: t(2)=0.69, p=0.56; glutamate + GM6001 vs. glutamate: t(2)=4.83, p=0.04, ANOVA 1037 

post-hoc tests. B) Texas Red® leakage was measured in capillaries exposed to 100 μM glutamate 1038 

with or without the MMP inhibitor GM6001. 1039 

 1040 

Figure 6. Effect of inhibiting cPLA2 on glutamate-mediated MMP-2 and MMP-9 induction 1041 

and barrier leakage. A) Western blots showing MMP-2 and MMP-9 protein expression in 1042 

isolated rat brain capillaries exposed to 100 μM glutamate with or without the NMDA receptor 1043 

antagonist MK801. β-Actin was used as protein loading control. B) Texas Red® leakage assay 1044 

showing glutamate-mediated barrier leakage with or without the NMDA receptor antagonist 1045 

MK801. C) Western blots showing MMP-2 and MMP-9 protein expression levels in isolated rat 1046 

brain capillaries exposed to 100 μM glutamate with or without the cPLA2 inhibitor ATK. β-Actin 1047 

was used as protein loading control. D) MMP activity assessed in isolated capillaries exposed to 1048 

100 μM glutamate with or without ATK (ATK vs. control: t(2)=3.08, p=0.091; ANOVA post-1049 

hoc test). E) Texas Red® leakage assay showing glutamate-mediated barrier leakage with or 1050 

without ATK (cPLA2 inhibitor). Texas Red® leakage assay in capillaries from F) wild type and 1051 

G) cPLA2 KO mice that were exposed to 100 μM glutamate with or without the cPLA2 inhibitor 1052 
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ATK. Data are arbitrary fluorescence units (0–255) and presented as mean ± SEM for n = 7 brain 1053 

capillaries per time point from one capillary isolation with n = 10 rats or n = 30 mice 1054 

respectively. 1055 

 1056 

Figure 7. Inhibition of cPLA2 in vivo in SE rats A) Western blot showing MMP-2, MMP-9, 1057 

ZO-1, occludin, claudin-1, and claudin-5 in brain capillaries isolated from control rats (Ctrl) and 1058 

from rats that experienced pilocarpine-induced status epilepticus (SE), that received pilocarpine 1059 

but did not develop status epilepticus (Pilo), and that experienced status epilepticus and received 1060 

the cPLA2 inhibitor ATK (SE + ATK). B) Texas Red® leakage in brain capillaries from control 1061 

rats (n=6), pilocarpine control rats (n=4), SE control rats (n=6) and ATK-treated SE rats (n=6). 1062 

High osmotic mannitol was used as positive marker for capillary leakage. Data are arbitrary 1063 

fluorescence units (0–255) and are presented as mean ± SEM for n = 7 brain capillaries per time 1064 

point from pooled tissue per group. 1065 

 1066 

Figure 8. Proposed Signaling Pathway 1067 


















