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Abstract	A growing body of evidence demonstrates the involvement of plasminogen 

activators (PAs) in a number of physiologic and pathologic events in the central nervous 

system. Induction of both tissue plasminogen activator (tPA) and urokinase plasminogen 

activator (uPA) has been observed in different experimental models of epilepsy and tPA 

has been implicated in the mechanisms underlying seizure activity. We investigated the ex-

pression and the cellular distribution of tPA and uPA in several epileptogenic pathologies, 

including hippocampal sclerosis (HS), and developmental glioneuronal lesions, such as focal 

cortical dysplasia (FCD), cortical tubers in patients with the tuberous sclerosis complex (TSC) 

and in gangliogliomas (GG), using immuno-cytochemical, western blot and real-time quan-

titative PCR analysis. TPA and uPA immunostaining showed increased expression within the 

epileptogenic lesions compared to control specimens in both glial and neuronal cells (hip-

pocampal neurons in HS and dysplastic neurons in FCD, TSC and GG specimens). Confocal 

laser scanning microscopy confirmed expression of both proteins in astrocytes and micro-

glia, as well as in microvascular endothelium. Immunoblot demonstrated also up-regulation 

of the uPA receptor (uPAR). Increased expression of tPA, uPA, uPAR and tissue PA inhibitor 

type mRNA levels was also detected by PCR analysis in different epileptogenic pathologies. 

Our data support the role of PA system components in different human focal epileptogenic 

pathologies, which may critically influence neuronal activity,  inflammatory response, as 

well as contributing to the complex remodeling of the neuronal networks occurring in epi-

leptogenic lesions.

 

Introduction	
The plasminogen (fibrinolytic) system comprises the inactive proenzyme, plasminogen, that 

can be converted to the active enzyme plasmin by two serine proteases, the tissue-type 

plasminogen activator (tPA) and the urokinase-type plasminogen activator (uPA) (Collen, 

1999). TPA and uPA elicit various cellular responses, involving the activation of distinct sign-

aling pathways. While several of these pathways have been described (Maupas-Schwalm et 

al., 2004; Benarroch, 2007), their interactions and the link to specific biological responses 

are only partly understood. Attention has been recently focused on the role of uPA receptor 

(uPAR) indicating that it may act as signaling receptor, also independently of uPA-mediated 

proteolysis (for review see Smith and Marshall, 2010). In the central nervous system (CNS), 

increasing evidence suggests a crucial role of the plasminogen system in a broad range of 

physiological and pathological processes ranging from neuronal development, cell migra-

tion and invasion, cell growth and apoptosis, immune responses, inflammation, angiogen-

esis and regulation of synaptic remodeling and neuronal plasticity (Seeds et al., 1999, Tsirka, 

2002, Powell et al., 2003, Alfano et al., 2005, Benarroch, 2007). 
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TPA is  widely expressed by many types of neurons in the human CNS, including the neo-

cortical and hippocampal pyramidal neurons (Teesalu et al., 2004). Activation of the plasmi-

nogen system, involving neurons, reactive glial cells and vascular endothelium, as source of 

plasminogen activators, has been reported in different neurological disorders such as stroke 

and other forms of acute brain injury, as well as in patients with inflammatory disorders 

(Gveric et al., 2001, Teesalu et al., 2002, Benarroch, 2007). A complex deregulation of the 

plasminogen system may also been involved in neurodegenerative disorders, such as Alzhei-

mer’s disease (Tucker et al., 2002, Fabbro and Seeds, 2009).

Several experimental findings identified a role for tPA in the mechanisms underlying seizure 

activity (Tsirka et al., 1995, Pawlak and Strickland, 2002, Benarroch, 2007). Interestingly, in-

duction of plasminogen activators (PAs) has been observed in different experimental models 

of epilepsy (Lukasiuk et al., 2003, Gorter et al., 2006, Lahtinen et al., 2006) and gene expres-

sion profile analysis of gangliogliomas (GG)  revealed that both tPA and uPA represent one 

of the most upregulated genes in these epileptogenic lesions (Aronica et al., 2008).  In rat 

hippocampus, tPA and uPA were both activated at one day after induction of status epilepti-

cus and were still elevated during epileptogenesis (Gorter et al., 2006, Lahtinen et al., 2006, 

Gorter et al., 2007). Expression of tPA mRNA was still increased in the chronic phase in the 

CA3 region (Gorter et al., 2007).  Recently, the cellular distribution of uPA and uPA receptor 

(uPAR) has been characterized in rat hippocampus during epileptogenesis (Lahtinen et al., 

2006).  However, whether the up-regulation of plasminogen activator proteins persists in 

the chronic phase in epileptic human brain is unclear. Moreover, a detailed analysis of tPA 

and uPA cellular expression in human epileptogenic pathologies is still lacking. Because of 

the functional redundancy among PAs (Carmeliet and Collen, 1995), characterization of the 

expression in human tissue is important for the correct interpretation of the experimental 

observations. 

In the present study we examined the tPA and uPA tissue distribution evaluating their 

degree of expression and defining their cellular origin in common causes of human focal 

chronic refractory epilepsy.

Materials	and	Methods
Subjects
The human cases included in this study were obtained from the files of the departments of 

neuropathology of the Academic Medical Center (AMC, University of Amsterdam), the VU 

University Medical Center (VUMC) in Amsterdam, the University Medical Center in Utrecht 

(UMC) and the Neuromed Neurosurgery Center for Epilepsy, Pozzilli-Isernia, Italy. We exam-

ined a total of 35 surgical specimens, 6 hippocampal sclerosis (HS), 5 hippocampal surgical 
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specimens of patients without HS (non-HS; with a focal lesion not involving the hippocam-

pus proper), 6 focal cortical dysplasia (FCD) type IIB, 6 cortical tubers from patients with 

Tuberous Sclerosis Complex (TSC), 6 ganglioglioma (GG). Informed consent was obtained for 

the use of brain tissue and for access to medical records for research purposes. Tissue was 

obtained and used in a manner compliant with the Declaration of Helsinki. The clinical char-

acteristics derived from the patient’s medical records are summarized in Table	1.	Patients 

underwent therapeutic surgical resection for refractory epilepsy and had predominantly 

medically intractable complex partial seizures.

The HS specimens include 4 cases of classical HS (grade 3, (Wyler et al., 1992), MTS type 

1a (Blumcke et al., 2007)) and 2 cases of severe HS (grade IV;(Wyler et al., 1992) MTS type 

1b (Blumcke et al., 2007)). For the FCD we followed the classification system proposed by 

Palmini et al. for grading the degree of FCD (Palmini et al., 2004). All patients with cortical 

tubers fulfilled the diagnostic criteria for TSC (Gomez et al., 1999). For the GG we used the 

revised WHO classification of tumors of the central nervous system (Louis et al., 2007). The 

patients undergoing epilepsy surgery predominantly had medically intractable complex par-

tial seizures. In 6 patients (2 FCD, 2 GG and 2 TSC) a significant amount of perilesional tissue 

(normal-appearing cortex/white matter adjacent to the lesion) was resected as well. In addi-

tion, normal-appearing control cortex/white matter was obtained at autopsy from 6 young 

adult control patients (male/female: 3/3; mean age 31; range 14-35), without a history of 

seizures or other neurological diseases. 

Table	1.  Summary of clinical details of cases studied according to pathology
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Human	tissue	preparation	and	immunocytochemistry
Formalin fixed, paraffin-embedded tissue was sectioned at 6 µm and mounted on organosi-

lane-coated slides (SIGMA, St. Louis, MO). Specimens were processed for haematoxylin/

eosin and Nissl, as well as for immunocytochemical reactions.  

Glial fibrillary acidic protein (GFAP; polyclonal rabbit, DAKO, Glostrup, Denmark; 1:4000), 

vimentin (mouse clone V9, DAKO; 1:400), neuronal nuclear protein (NeuN; mouse clone 

MAB377, IgG1; Chemicon, Temecula, CA, USA; 1:1000), neurofilament (NF, SMI311; Stern-

berger Monoclonals, Lutherville, MD; 1:1000), microtubule-associated protein (MAP2; 

mouse clone HM2; Sigma 1:100), (HLA)-DP, DQ, DR (mouse clone CR3/43; DAKO, Glostrup, 

Denmark, 1:400), CD68 (mouse clone PG-M1, DAKO; 1:200) and CD31 (mouse JC/70A; 

1:100), were used in the routine immunocytochemical analysis of epilepsy specimens. 

For the detection of tPA we use rabbit anti-human tPA (Santa Cruz Bio., CA, USA; 1:50) and a 

rabbit anti-human tPA [kindly provided by Dr. Lijnen, Center for Molecular and Vascular Biol-

ogy, Leuven, Belgium; 1:100; (Lijnen et al., 1988)]. For the detection of uPA we used a mouse 

anti-human uPA (American Diagnostica Inc., Greenwich, CT, USA; 1:50) and a rabbit anti-

human uPA (provided by Dr. Lijnen H.R; 1:500; (Lijnen et al., 1988)). Specificity of the stain-

ing was further confirmed by omission of the primary antibody or by its replacement with 

equivalent amounts of isotype-matched non-immune IgG or serum. Immunocytochemistry 

was carried out on paraffin-embedded tissue as previously described (Aronica et al., 2001b). 

Single-label immunocytochemistry was performed with Powervision (Immunologic, Duiven, 

The Netherlands). 3,3-Diaminobenzidine was used as chromogen. Sections were counter-

stained with haematoxylin. 

For double-labeling studies, sections, after incubation with primary antibodies, were incu-

bated for 2h at RT with Alexa Fluor® 568 and Alexa Fluor® 488 (anti-rabbit IgG or anti-mouse 

IgG; 1:200; Molecular probes, Eugene, USA).  Sections were then analyzed by means of a 

laser scanning confocal microscope (Bio-Rad, Hercules, CA, USA; MRC1024) equipped with 

an argon-ion laser.

Evaluation	of	immunostaining	
All labeled tissue sections were evaluated with respect to the presence or absence of vari-

ous histopathological parameters and specific immunoreactivity (IR) for the different mark-

ers. The intensity of tPA and uPA staining was evaluated using a scale of 0-3 (0: no; 1: weak; 

2:  moderate; 3: strong staining). All areas of the specimen were examined and the score 

represents the predominant cell staining intensity found in each case for the different cell 

types (neurons, astrocytes, microglial cells and balloon cells). The frequency of tPA and uPA 

positive cells [(1) rare; (2) sparse; (3), high] was also evaluated to give information about 
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the relative number of positive cells within the specimen. As proposed before (Vandeputte 

et al., 2002, Ravizza et al., 2006), the product of these two values (intensity and frequency 

scores) was taken to give the overall score (total score) shown in Fig. 5 and Fig. 6.

For statistical analysis of the data, SPSS for Windows was used. Data were analyzed with 

the nonparametric Kruskal-Wallis test, followed by a Mann-Whitney test to assess the dif-

ference between groups. Correlation between immunostainings (total score) and different 

clinical variables (duration of epilepsy, seizure frequency, age at surgery, age at seizure on-

set, epilepsy outcome) were assessed using the Spearman’s rank correlation test. The value 

of p < 0.05 was defined statistically significant.

Western	blot	analysis

For immunoblot analysis, freshly frozen histologically normal hippocampus (n=5), and HS 

(n=6) specimens, samples were homogenized in lysis buffer containing 10 mM Tris (pH 8.0), 

150 mM NaCl, 10% glycerol, 1% NP-40, Na-orthevanadate (10.4 mg/ml), 5 mM EDTA (pH 

8.0), 5 mM NaF and protease inhibitor cocktail (Boehringer Mannheim, Germany). Protein 

content was determined using the bicinchoninic acid method (Smith et al., 1985). For elec-

trophoresis, equal amounts of proteins (30 μg/lane) were separated by sodium dodecylsul-

fate-polyacrylamide gel electrophoretic (SDS-PAGE) analysis. Separated proteins were trans-

ferred to nitrocellulose paper for 1 h and 30 min, using a semi-dry electroblotting system 

(BioRad, Transblot SD, Hercules, CA, USA). Blots were incubated over night in TTBS (20 mM 

Tris , 150 mM NaCl, 0.1 % Tween, pH 7.5) /5% non fat dry milk, containing the primary an-

tibody (tPA, rabbit anti-human, 1:1000, provided by Dr. Lijnen H.R; uPA mouse anti-human, 

1:500, American Diagnostica Inc; uPA receptor (uPAR), 1:5000, American Diagnostica Inc., 

using  for uPAR non-reducing conditions). After several washes in TTBS, the membranes 

were incubated in TTBS / 5% non fat dry milk / 1% BSA, containing the goat anti-rabbit 

coupled to horse radish peroxidase (1:2500; Dako, Denmark) for 1 h. After washes in TTBS, 

immunoreactivity was visualized using Lumi–light PLUS western blotting substrate (Roche 

Diagnostics, Mannheim, Germany) and digitized using a Luminescent Image Analyzer (LAS-

3000, Fuji Film, Japan). Expression of β-actin (monoclonal mouse, Sigma, St. Louis, MO, 

1:50.000) was used as reference protein. For statistical analysis of data, SPSS for Windows 

was used and data were compared using a student's t-test; p < 0.05 was taken as level of 

significance. 

RNA	isolation	and	real-time	quantitative	PCR	analysis	(RT-PCR)
For RNA isolation, frozen material was homogenized in Trizol LS Reagent (Invitrogen, Carls-

bad, CA). After addition of 200 µg glycogen and 200 µl chloroform, the aqueous phase was 
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isolated using Phase Lock tubes (Eppendorf, Hamburg, Germany). The concentration and 

purity of RNA were determined spectrophotometrically at 260/280 nm using a nanodrop 

spectrophotometer (Ocean Optics, Dunedin, FL, USA). Five micrograms of total RNA were 

reverse-transcribed into cDNA using oligo dT primers as described previously [3] using the 

Universal ProbeLibrary of Roche (https://www.roche-applied-science.com) on de basis of 

the reported cDNA sequences. 

The following primers were used: TATA-binding protein (TBP; forward: caggagccaagagtgaa-

gaac; reverse: aggaaataactctggctcataactact), TPA (forward: cgggtggaatattgctggt; reverse: cc-

cgttgaaacaccttgg); uPAR (forward: acaccaccaaatgcaacga; reverse: ccccttgcagctgtaacac) and 

the plasminogen activator inhibitor type-1 (PAI1; forward: tccagcagctgaattcctg; reverse: 

gctggagacatctgcatcct). For the PCR, a master mixture was prepared on ice, containing per 

sample: 1 µl of cDNA, 1 µl of FastStart Reaction Mix SYBR Green (RocheApplied Science, 

Indianapolis, IN, USA), 0.5 µl of 10 µM primers and 1.6 µl of 25 mM MgCl2. The final volume 

was adjusted with H2O to 10 µl. Samples were run in duplicate. After the reaction mixture 

was loaded into a glass capillary tube, the cycling conditions were carried out as follows: 

initial denaturation at 95°C for 6 min, followed by 45 cycles of denaturation at 95°C for 15 s, 

annealing at 60°C for 6 s and extension at 72°C for 8-12 s. The temperature transition rate 

was set at 20°C/s. Fluorescent product was measured by a single acquisition mode at 72°C 

after each cycle. Separate calibration (standard) curves for the different primers were con-

structed using serial dilutions of cDNA from rat/ human hippocampus. The standard curve 

samples were included in each run. Standards were defined to contain an arbitrary starting 

concentration, since no primary calibrators exist. Hence, all calculated concentrations are 

relative to the concentration of the standard. For distinguishing specific from nonspecific 

products and primer dimers, a melting curve was obtained after amplification by holding the 

temperature at 65°C for 15 s followed by a gradual increase in temperature to 95°C at a rate 

of 0.1°C/s, with the signal acquisition mode set continuous. Fluorescent product was meas-

ured by a single acquisition mode at 72°C after each cycle. For distinguishing specific from 

non-specific products and primer dimers, a melting curve was obtained after amplification 

by holding the temperature at 65°C for 15 s followed by a gradual increase in temperature 

to 95°C at a rate of 2.5°C s-1, with the signal acquisition mode set continuous. Quantification 

of data was performed described previously (Aronica et al., 2008), using the computer pro-

gram LinRegPCR in which linear regression on the Log (fluorescence) per cycle number data 

is applied to determine the amplification efficiency per sample (Ramakers et al., 2003). The 

starting concentration of each specific product was divided by the amount of the reference 

gene TBP.
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Statistical	analysis
Statistical analyses were performed with SPSS for Windows (SPSS 11.5, SPSS Inc., Chicago, IL, 

USA) using two-tailed Student's t-test; to assess differences between more than two groups 

ANOVA and a non-parametric Kruskal–Wallis test followed by Mann–Whitney U-test. P<0.05 

was considered significant.

Results
TPA,	uPA	and	uPAR	protein	expression	
Western Blot analysis was performed to quantify the total amount of tPA, uPA and uPAR in 

total homogenates of HS specimens, compared to non-epileptic hippocampal tissue. The 

level of the tPA, uPA and uPAR protein expression was also analyzed in GG and FCD speci-

men and compared to non-epileptic control cortex. The uPAR antibody used for Western 

Blot analysis did not work on paraffin-embedded tissue, therefore immunocytochemistry 

analysis of uPAR could not be performed. 

Western blot analysis performed with tPA and uPA demonstrated a prominent band with 

a molecular weight of approximately 68 and 55 kDa, respectively in all tissue homogenate 

samples (Fig. 1A, B, D, E). Increased expression of both tPA and uPA was observed in HS, GG 

and FCD compared to control samples (Fig. 1A, B, D, E). Increased expression in the same 

pathologies compared to controls was also detected for uPAR (55 kDa, Fig. 1C, F). TPA, uPA 

and uPAR antibodies labeled additional bands of higher molecular weight (tPA and uPAR, 

>200 kDa; uPA, approximately at 140 kDa) which corresponds to SDS-resistant complexes 

(Fig. 1A–C, panel c).

TPA	IR	in	control	hippocampus	and	in	hippocampal	sclerosis
To evaluate the changes in expression and the cellular localization of tPA in the hippocam-

pus of patients with temporal lobe epilepsy (TLE), immunocytochemical analysis was per-

formed in surgical specimens of patients with HS and in surgical and autopsy specimens of 

histologically normal hippocampus. Two different anti-human tPA antibodies were used (see 

material and methods), with similar results; Fig. 2 shows the immunostaining performed 

with anti-uPA polyclonal antibody (Lijnen et al., 1988). 

In agreement with previous observations in human tissue (Teesalu et al., 2004) in histo-

logically normal hippocampus (autopsy and non-sclerotic hippocampus, non-HS) tPA IR was 

mainly observed in neuronal cells, including pyramidal neurons of the different CA sub-

fields, granule cells of the dentate gyrus (DG) and hilar neurons (Fig. 2 A, D, J). As previ-

ously reported, neurons displayed a punctate cytoplasmic pattern of staining (Teesalu et al., 

2004). Resting glial cells did not show detectable tPA IR and low expression was observed in 
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endothelial cells of control hippocampal blood vessels (Fig. 2 and Fig. 6 A and B). 

In specimens from patients with HS increased expression of tPA was observed within the 

different hippocampal sub-fields (Fig. 2 B-C, E-F, H-I, K-L). Strong tPA IR was detected in 

pyramidal neurons of CA1 and CA3 (Fig. 2 B-C, E-F), as well as in and in the granule cells 

of the dentate gyrus (Fig. 2 H-I). In regions of prominent gliosis, reactive glial cells showed 

strong tPA IR (Fig. 2 B-C, E-F, H-I, K-L; Fig. 6 A). In addition, increased expression of tPA IR was 

detected in the large majority of blood vessels within the hippocampus (Fig. 2 B-C, E-F, H-I, 

K-L and Fig. 6 B).

Figure	1.			Western	blot	analysis	of	tPA,	uPA	and	uPAR	(A–C): Representative immunoblots (a) and 
densitometric analysis (b) of total homogenates from control autopsy hippocampus (Ctr), and hip-
pocampal sclerosis (HS) specimens. (D–F): Representative immunoblots (a) and densitometric analysis 
(b) of total homogenates from control autopsy cortex (Ctr), ganglioglioma (GG) and focal cortical dys-
plasia (FCD). Additional higher molecular weight bands detected with tPA, uPA and uPAR antibodies 
are shown in total homogenates of HS (tPA and uPAR, >200 kDa; uPA, 140 kDa; A–C, panel c). Densi-
tometric analysis: values (optical density units, O.D.) are mean±SEM five controls (autopsy cortex and 
hippocampus) and six HS, six GG, five FCD relative to the optical density of β-actin; * P<0.05.
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Figure	2.	Distribution	of	tPA	immunoreactivity	in	the	hippocampus	of	control	and	TLE	patients	with	
hippocampal	sclerosis. Sections are counterstained with Hematoxylin. (A, D, G, J): Control autopsy 
hippocampus, showing neuronal immunoreactivity (IR) in the pyramidal neurons of CA3 (A), CA1 (D), 
granule cell layer and hilus of the dentate gyrus (DG, (G); hilus, (J)). (B, C), (E, F), (H, I), (K, L): Hip-
pocampal sclerosis (HS), showing increased expression within the different hippocampal sub-regions 
(CA3, (B, C); CA1, (E, F); DG, (H, I), hilus, (K, L)). Expression is observed in both pyramidal neurons and 
granule cells of the DG, as well as in reactive glial cels (arrow-heads in C, F, I, L) and in blood vessels 
(arrows in C, F, K and L). Insert a in (H) shows immunoreactivity in the DG obtained with mouse anti-
human tPA; insert b in (H) shows absence of immunoreactivity after preadsorption with tPA. Insert in 
(B) shows co-localization (yellow) of tPA (red) with NeuN (green) in a pyramidal neuron. Insert (a) in 
(K) shows co-localization (yellow) of tPA (red) with GFAP (green) in reactive astrocytes; Insert (b) in (K) 
shows co-localization (yellow) of tPA (red) with HLA-DR (green) in cells of the microglia/macrophage 
lineage; Insert (c) in (K) shows co-localization (yellow) of tPA (red) with CD31 (green) in microvascular 
endothelium. Scale bar in (B). (A, B), (D, E), (G, H) and (J, K): 200 μm. (C, F, I, L): 60 μm. Granule cells 
layer (gcl); dentate gyrus (DG). For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.
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Double labelling experiments (performed with glial, neuronal and endothelial markers) con-

firmed the tPA expression in neurons (insert in Fig. 2 B), GFAP-positive reactive astrocytes, 

HLA-DR-positive cells of the microglia/macrophage lineage and in endothelial cells (inserts 

in Fig. 2 K). 

The percentage of glial cells positive for tPA and co-expressing GFAP was quantified in CA1, 

CA3 and hilar region in five HS specimens (84±5, CA1; 86±6, CA3; 97±3, hilus); the percent-

age of neuronal cells positive for tPA and co-expressing NeuN was quantified in CA1 and CA3 

(98±3, CA1; 97±4, CA3).

TPA	IR	in	control	cortex	and	focal	developmental	lesions
To evaluate the occurrence of changes in expression and cellular localization of tPA in fo-

cal malformations of cortical development (MCD), we studied tPA expression patterns in 

surgical specimens of patients with FCD (type IIB), cortical tubers (TSC), GG and in surgical 

and autopsy specimens of histologically normal cortex. Fig. 3 shows the immunostaining 

Fig.	3.	Evaluation	of	tPA	and	uPA	immunoreactivity	(IR)	in	control	hippocampus	and	in	hippocampal	
sclerosis. Distribution of tPA and uPA IR scores (total score; see for details Methods section) in dif-
ferent cell types of normal control autopsy hippocampus (Ctr), control surgical hippocampus (non-
hippocampal sclerosis, non-HS) and hippocampal sclerosis (HS). (A, B): tPA; (C, D): uPA; (A) and (C): 
astrocytes and microglia. (B) and (D): neurons and blood vessels.
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performed with anti-uPA polyclonal antibody (Lijnen et al., 1988).

Low tPA staining was observed within the normal cortex (Fig. 3A-B). The staining was local-

ized in pyramidal neurons; resting glial cells did not show tPA IR and low expression was ob-

served in blood vessels (and Fig. 7 A-B). Histologically normal perilesional cortex displayed a 

pattern of IR similar to that observed in control autopsy cortex. 

In FCD and TSC cases (Fig. 3 C-E, FCD; Fig. 3 F, TSC), intense tPA IR was observed throughout 

the dysplastic cortex. Staining was detected in dysplastic neurons, balloon and giant cells, 

reactive glial cells and in blood vessels (Fig. 3 C-F and Fig. 7 A-B). Both the neuronal and glial 

components, as well as the blood vessels of GG displayed tPA IR (Fig. 3 G and Fig. 7 A-B).  

Double labelling experiments (performed with glial, neuronal and endothelial markers in 

FCD, TSC and GG) confirmed the tPA expression in neurons, GFAP-positive cells, in endothe-

lial cells (inserts in Fig. 3), as well as in HLA-DR-positive cells of the microglia/macrophage 

lineage (not shown). The percentage of glial cells positive for tPA and co-expressing GFAP 

(89±5) and neuronal cells co-expressing NeuN (96±4) was quantified in five FCD specimens.

UPA	IR	in	control	hippocampus	and	in	hippocampal	sclerosis
To evaluate the changes in expression and the cellular localization of uPA in the hippocam-

pus of patients with temporal lobe epilepsy (TLE), immunocytochemical analysis was per-

formed in surgical specimens of patients with HS and in surgical and autopsy specimens of 

histologically normal hippocampus. Two different anti-human tPA antibodies were used (see 

material and methods), with similar results; Fig. 4 shows the immunostaining performed 

with anti-uPA polyclonal antibody (Lijnen et al., 1988). 

In agreement with previous observations in control rat hippocampus (Lahtinen et al., 2006), 

low uPA IR was detected in histologically normal human hippocampus (autopsy and non-

sclerotic hippocampus, non-HS). The intensity of staining was light in CA1-3 pyramidal cells, 

as well as in granule cells of the DG and hilar neurons (Fig. 4A, D, G, J). Resting glial cells did 

not show detectable uPA IR and low expression was observed occasionally in endothelial 

cells (Fig. 4 and Fig. 6 C and D). 

In specimens from patients with HS increased expression of uPA was observed within the 

different hippocampal sub-fields (Fig. 4 B-C, E-F, H-I, K-L). Strong uPA IR was detected in 

pyramidal neurons of CA1 and CA3 (Fig. 4 B-C, E-F), as well as in the granule cells of the 

dentate gyrus (Fig. 4 H-I). In regions of prominent gliosis, reactive glial cells showed strong 

uPA IR (Fig. 4 L; Fig. 6 C). In addition, increased expression of uPA IR was detected in the large 

majority of blood vessels within the hippocampus (Fig. 4 K and Fig. 6 D).

Double labelling experiments (performed with glial, neuronal and endothelial markers) con-

firmed the uPA expression in neurons, GFAP-positive reactive astrocytes, HLA-DR-positive 
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Figure	4.	Distribution	of	tPA	immunoreactivity	in	control-cortex	and	malformations	of	cortical	de-
velopment. Sections are counterstained with Hematoxylin. Panels (A, B): tPA immunoreactivity (IR) 
in control autopsy cortex (A) and white matter (B) showing low expression in pyramidal neurons (A, 
insert in A) and in blood vessels (arrow in B), but no detectable glial labeling. Panels (C–E): tPA IR in 
focal cortical dysplasia (FCD) showing strong IR within the dysplastic cortex. High magnification photo-
graphs (D and E) show expression in dysplastic neurons (arrow-head in D) and in blood vessels (arrows 
in D), as well as in balloon cells (arrows in E). Insert in (D): co-localization (yellow) of tPA (red) with 
CD31 (green) in microvascular endothelium. Panel (F): tPA IR in cortical tuber of Tuberous Sclerosis 
Complex (TSC) showing strong expression within the dysplastic cortex. Insert (a) in (F): expression in a 
giant cell; insert (b) in (F): expression in dysplastic neurons (arrow-head) and in blood vessels (arrow). 
Insert (c) in (F): co-localization (yellow) of tPA (red) with NeuN (green) in a dysplastic neuron. Insert (d) 
in (F): co-localization (yellow) of tPA (red) with GFAP (green) in a reactive astrocyte. Panel (G): tPA IR 
in ganglioglioma (GG) showing expression in dysplastic neurons (insert a), blood vessels (arrows and 
insert b). Insert (c): co-localization (yellow) of tPA (red) with GFAP (green) in tumor astrocytes. Scale 
bar in B. (A, C, F): 400 μm. (B, E): 80 μm. (D): 30 μm; (G): 100 μm. For interpretation of the references 
to color in this figure legend, the reader is referred to the Web version of this article.
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cells of the microglia/macrophage lineage and in endothelial cells (inserts in Fig. 4 K). The 

percentage of glial cells positive for uPA and co-expressing GFAP was quantified in CA1, CA3 

and hilar region in five HS specimens (74±2, CA1; 73±5, CA3; 79±4, hilus); the percentage 

of neuronal cells positive for uPA and co-expressing NeuN was quantified in CA1 and CA3 

(97±3, CA1; 98±2, CA3).

uPA	IR	in	control	cortex	and	focal	developmental	lesions
To evaluate the occurrence of changes in expression and cellular localization of uPA in focal 

malformations of cortical development, we studied uPA expression patterns in surgical spec-

imens of patients with FCD (type IIB), cortical tubers (TSC), GG and in surgical and autopsy 

specimens of histologically normal cortex. Fig. 5 shows the immunostaining performed with 

anti-uPA polyclonal antibody (Lijnen et al., 1988).

Fig.	5.	Evaluation	of	tPA	and	uPA	immunoreactivity	(IR)	in	FCD,	TSC	and	GG.	Distribution of tPA and 
uPA IR scores (total score; see for details Methods section) in different cell types of normal control 
autopsy cortex (Ctx), focal cortical dysplasia (FCD), cortical tubers in patiens with Tubero Sclerosis 
Complex (TSC) and in gangliogliomas (GG). (A, B): tPA; (C, D): uPA; (A) and (C): astrocytes and microglia. 
(B) and (D): neurons, blood vessels and balloon/giant cells (BCs/GCs).
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Figure	6.	Distribution	of	uPA	immunoreactivity	in	the	hippocampus	of	control	and	TLE	patients	with	
hippocampal	sclerosis. Sections are counterstained with Hematoxylin. (A, D, G, J): Control autopsy 
hippocampus, showing weak neuronal immunoreactivity (IR) in the pyramidal neurons of CA3 (A), CA1 
(D), granule cell layer and hilus of the dentate gyrus (DG, (G); hilus, (J)). Insert in (D): high magnification 
showing weak neuronal and endothelial IR in CA1. (B, C), (E, F), (H, I), (K, L): Hippocampal sclerosis (HS), 
showing increased expression within the different hippocampal sub-regions (CA3, (B, C); CA1, (E, F); 
DG, (H, I); hilus, (K, L)). Arrows in (K) show IR in blood vessels; high magnification in (L) shows expres-
sion in perivascular glial cells (arrows). Insert (a) in (H) shows immunoreactivity in the DG obtained 
with mouse anti-human uPA; insert (b) in (H) shows absence of immunoreactivity after preadsorption 
with uPA. Inserts in (B) and (E): co-localization (yellow) of uPA (red) with NeuN (green) in a pyramidal 
neurons. Insert (a) in (K) shows co-localization (yellow) of uPA (red) with GFAP (green) in a reactive 
astrocyte; Insert (b) in (K) shows co-localization (yellow) of uPA (red) with HLA-DR (green) in cells of the 
microglia/macrophage lineage; Insert (c) in (K) shows co-localization (yellow) of uPA (red) with CD31 
(green) in microvascular endothelium. Scale bar in B. (A, B), (D, E), (G, H) and (J, K): 200 μm. (C, F, I): 
120 μm. (L): 60 μm. Granule cell layer (gcl); dentate gyrus (DG). For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.
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Figure	 	 7.	 	Distribution	of	 uPA	 immunoreactivity	 in	 control-cortex	 and	malformations	of	 cortical	
development. Sections are counterstained with Hematoxylin. Panels (A, B): uPA immunoreactivity (IR) 
in control autopsy cortex (A) and white matter (B) showing low expression in pyramidal neurons (A, 
insert in A) and no detectable expression in blood vessels (arrow in B) or in glial cells. Panels (C–E): uPA 
IR in focal cortical dysplasia (FCD) showing strong IR within the dysplastic cortex. High magnification 
photographs (D and E) show expression in dysplastic neurons (D) and in balloon cells (E). Insert (a) 
in (C): co-localization (yellow) of uPA (red) with NeuN (green) in a dysplastic neuron. Insert (b) in (C): 
co-localization (yellow) of uPA (red) with GFAP (green) in reactive astrocytes. Insert (c) in (C): co-local-
ization (yellow) of uPA (red) with HLA-DR (green) in cells of the microglia/macrophage lineage. Panel 
(F): uPA IR in cortical tuber of Tuberous Sclerosis Complex (TSC) showing strong expression within the 
dysplastic cortex in dysplastic neurons (arrow-head) and in blood vessels (arrows). Insert (a) shows 
expression in giant cells. Insert (b) in (F): co-localization (yellow) of uPA (red) with CD31 (green) in 
microvascular endothelium. Panel (G): uPA IR in ganglioglioma (GG) showing expression in dysplastic 
neurons (arrow-heads), blood vessels (arrows) and in tumor astrocytes (insert). Scale bar in (B). (A, C): 
400 μm. (B): 80 μm. (D, E): 30 μm; (F, G): 100 μm. For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.
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Very low uPA staining was observed within the normal cortex (Fig. 5A-B). Occasionally scat-

tered lightly labeled neurons were detected, but resting glial cells and blood vessels did not 

display detectable uPA IR (Fig. 5A-B and Fig. 7 C-D). Histologically normal perilesional cortex 

displayed a pattern of IR similar to that observed in control autopsy cortex. 

In FCD and TSC cases (Fig. 5 C-E, FCD; Fig. 5 F, TSC), intense uPA IR was observed throughout 

the dysplastic cortex. Staining was detected in dysplastic neurons, balloon and giant cells, 

reactive glial cells and in blood vessels (Fig. 5 C-F and Fig. 7 C-D). Both the neuronal and 

glial components, as well as the blood vessels of GG displayed uPA IR (Fig. 5 G and Fig. 7 

C-D).  Double labelling experiments (performed with glial, neuronal and endothelial mark-

ers in FCD, TSC and GG) confirmed the uPA expression in neurons and GFAP-positive cells, 

in endothelial cells, as well as in HLA-DR-positive cells of the microglia/macrophage lineage 

and (inserts in Fig. 5). The percentage of glial cells positive for uPA and co-expressing GFAP 

(77±6) and neuronal cells co-expressing NeuN (82±4) was quantified in five FCD specimens.

Quantitative	analysis	of		tPA,	uPA,	uPAR	and	PAI	1	mRNA	expression	
Real-time quantitative PCR analysis was used to evaluate the level of tPA, uPA, uPAR and 

PAI1 in specimens of patients with HS, GG and FCD. The expression of tPA mRNA was signifi-

cantly up-regulated in GG (Fig. 8 A), whereas uPA, uPAR and PAI1 were up-regulated in all 

the three pathologies analysed (HS, GG and FCD; Fig. 8 B-D). 

Figure	8.	RT-PCR	of	tPA,	uPA	uPAR	and	plasminogen	activator	inhibitor	type	1	(PAI1)	in	epileptogenic	
pathologies. Expression levels were determined in duplicate, corrected for the expression levels of 
TBP and normalized to control expression levels. Expression levels in hippocampal sclerosis (HS; n=6) 
were compared to levels in autopsy control hippocampal specimens (n=5); expression levels in gangli-
oglioma (GG; n=6) and focal cortical dysplasia (FCD; n=6) were compared to levels in autopsy control 
cortical specimens (n=5) (A): tPA mRNA levels were significantly increased in GG specimens. uPA (B), 
uPAR (C) and PAI1 (D) mRNA levels were significantly increased in HS, FCD and GG. The error bars rep-
resent SEM; statistical significance: * P<0.05 compared with control.
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Discussion
Data obtained in different experimental models suggest a critical role for the plasminogen 

system in the development of spontaneous seizures leading to a chronic epileptic condition 

(Pawlak and Strickland, 2002, Lukasiuk et al., 2003, Gorter et al., 2006, Lahtinen et al., 2006). 

Several mechanisms are possibly involved, including a direct regulation of neuronal excit-

ability (Tsirka et al., 1995, Benarroch, 2007). In addition, PAs may act in concert contributing 

to the disturbance of the blood-brain barrier (BBB) and inflammation (Lo et al., 2002, Del 

Rosso et al., 2008), which both represent critical components of the pathological changes 

underlying chronic refractory epilepsy (Vezzani and Granata, 2005, Oby and Janigro, 2006).

The present study was designed to test the hypothesis that increased expression of tPA and 

uPA can be detected in common causes of human focal chronic refractory epilepsy. There-

fore, specimens of hippocampal sclerosis and MCD obtained from patients undergoing epi-

lepsy surgery for chronic epilepsy were examined with western blot analysis and with immu-

nocytochemistry. We further assessed the cellular distribution of tPA and uPA proteins, to 

define the source and potential pharmacological targets of   modulation of the plasminogen 

system in these epileptogenic human pathologies.

According to previous observations in control rat and human hippocampus, among the two 

plasminogen activators, the tPA protein is highly enriched in human CNS, particularly in the 

hippocampus (Teesalu et al., 2004, Lahtinen et al., 2006) The expression of tPA (and to a 

lesser extent of uPA) in control tissue was mainly present in neuronal cells and, occasionally, 

in endothelial cells, whereas the resting glia did not express detectable levels of both pro-

teins. This observation is in agreement with the neuronal distribution of tPA and uPA mRNA 

(Dent et al., 1993, Masos and Miskin, 1996, Teesalu et al., 2004). This cellular distribution 

supports the role of PAs in the regulation of synaptic activity under physiological conditions 

also in human brain (Tsirka, 2002, Benarroch, 2007).   

Hippocampal	sclerosis	and	plasminogen	activators
HS, also known as Ammon’s horn sclerosis, is the most common neuropathological find-

ing in patients undergoing surgery for medically intractable TLE and is histopathologically 

characterized by selective neuronal cell loss and gliosis in CA1 and endfolium (Wieser and 

Epilepsy, 2004). Material obtained from patients undergoing surgery for TLE with HS rep-

resents the end-stage of a long and complex process which can be in part reproduced in 

animal models (for review see (Loscher, 2002). The present study shows increased expres-

sion of both tPA, uPA and uPAR proteins in HS humans specimens, confirming the prominent 

and persistent activation of the plasminogen system reported in the animal models of TLE 

(Lukasiuk et al., 2003, Gorter et al., 2006, Lahtinen et al., 2006). The hippocampal up-regu-
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lation of the cell surface receptor of uPA (uPAR) observed with western analysis, could not 

be further evaluated at the cellular level, since the antibodies tested were not suitable for 

immunocytochemistry on paraffin-embedded specimens. Increased expression of both uPA 

and uPAR mRNA was, however, detected by RT-PCR analysis. However, a recent report in the 

post-status epilepticus (SE) model of TLE shows both astroglial and neuronal expression in 

the rat hippocampus, suggesting the critical role of uPA/uPAR pathway in epileptogenic tis-

sue remodeling (Lahtinen et al., 2009, 2010).

Although both uPA mRNA and uPA protein are up-regulated in epileptogenic tissue, the dif-

ferent expression levels observed could reflect differences in sensitivity between the two 

methods or be related to post-transcriptional regulation. For instance, a recent study shows 

weak or no significant correlations between uPA mRNA and protein in breast cancer sam-

ples, suggesting posttranscriptional regulation (Biermann et al., 2008). A more recent study 

confirmed this possibility, demonstrating a microRNA mediated post-transcriptional regula-

tion of uPA through miR-193b (acting as a negative regulator for uPA at the post-transcrip-

tional level; (Li et al., 2009)).

Analysis of the cellular distribution was performed for tPA and uPA and shows prominent ex-

pression of both proteins in neuronal cells within the different hippocampal subfields. This 

is consistent with previous experimental observations demonstrating that limbic seizures 

trigger neuronal expression of tPA and uPA (Tsirka et al., 1995, Lahtinen et al., 2006). The 

presence of a prominent pool of PAs in neurons implies its acute release under pathological 

conditions associated with increased neuronal activity. Accordingly, a rapid release has been 

demonstrated for both tPA and uPA and may critically contribute to increase the amount 

of PAs in neuronal tissue (Pittman et al., 1989, Gualandris et al., 1996). One crucial mecha-

nism by which tPA can increase neuronal excitability consists of its ability to enhance NMDA 

receptor signaling by cleavage of NMDA receptor subunit 1, which constitutes a direct sub-

strate of tPA, (Tsirka et al., 1995, Benarroch, 2007). Neuronal PA expression was observed 

within the different hippocampal sub-fields, including the granule cells of the dentate gyrus. 

Interestingly, PAs have been shown to modulate neurite outgrowth and to be involved in the 

reorganization of granule cell axons (mossy fiber sprouting) which is a prominent feature in 

human TLE (Pittman et al., 1989, Wu et al., 2000, Tsirka, 2002). 

In addition to neurons, tPA and uPA were expressed in reactive glial cells, including both as-

trocytes and activated microglial cells. Regulation of PAs expression has been shown in vitro 

by different molecules that stimulate glial cell activation/proliferation and are produced 

within injured human brain tissue (Rogister et al., 1988, Tranque et al., 1992, Faber-Elman 

et al., 1995, Falcone et al., 1995, Gravanis and Tsirka, 2005, Nakajima et al., 2005). Our data 

provide the first evidence that astrocytic and microglial expression of PA proteins is present 
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within the sclerotic hippocampus in human TLE.  This observation indicates that glial cells 

within the epileptogenic tissue may represent an important source of PAs. Furthermore, 

glial PAs may also contribute the activation of glial cells (Gravanis and Tsirka, 2005). tPA has 

been proposed as key regulator of microglia at the site of injury, promoting additional tis-

sue damage (Siao et al., 2003, Gravanis and Tsirka, 2005). In contrast, astrocytes have been 

suggested to be involved in the neutralization of tPA toxicity, through the uptake of the tPA/ 

PAI1 complex via an endocytic tPA receptor, the lipoprotein receptor-related protein (LRP) 

(Fernandez-Monreal et al., 2004). Increased expression of PAI1 mRNA has been observed in 

both experimental and human TLE ((Gorter et al., 2006) and present results). Whether the 

tPA expression in astrocytes indicates sequestration in the form of an inactive complex with 

PAI1 in vivo remains to be explored. 

Expression of PAs was also increased in blood vessels within the sclerotic hippocampus, 

indicating that the vascular endothelium represents an additional source of endogenous 

PAs within the human epileptogenic tissue. Exposure of endothelial cells to angiogenic and/

or pro-inflammatory mediators differentially regulates the PA expression in vitro (Gerrit-

sen et al., 1993, Niedbala, 1993, Mandriota et al., 1995, Larsson et al., 2008). Recently, an 

increase in uPA and uPAR expressing blood vessels has been reported in rat hippocampus 

after SE induction (Lahtinen et al., 2006, Lahtinen et al., 2009, in press). The plasminogen 

system has been shown to play a critical role in angiogenesis (Pepper et al., 1996, Brodsky 

et al., 2001, Rakic et al., 2003) , as well as in the regulation of the BBB permeability (Yepes 

et al., 2003). Interestingly, alterations of the BBB permeability and angiogenesis have been 

recently observed in both human and experimental TLE with a positive correlation between 

the increased vascular permeability and the occurrence of spontaneous seizures in chronic 

epileptic rats (Rigau et al., 2007, van Vliet et al., 2007, Ravizza et al., 2008). In addition, 

release of PAs by brain endothelial cells has been suggested to critically regulate monocyte 

diapedesis through the BBB (Reijerkerk et al., 2008). Thus PAs could indirectly play a pro-

epileptogenic role and contribute to the persistent inflammatory reactions observed in hu-

man and experimental TLE (Fabene et al., 2008, Ravizza et al., 2008, Vezzani et al., 2008).

Developmental	lesions	and	plasminogen	activators
Focal developmental lesions, including FCD, TSC cortical tubers and glioneuronal tumors 

(i.e. gangliogliomas) represent another frequent finding in patients with medically intrac-

table TLE (Blumcke et al., 2002, Thom, 2004). These lesions share a number of clinical and 

pathological features and  have been recently included among the malformations of cortical 

development (MCD) characterized by active proliferation and abnormal cell types (Barko-

vich et al., 2005).
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Our large-scale gene expression profile analysis recently demonstrated that both tPA and 

uPA are strongly up-regulated within GG (Aronica et al., 2008). Increased expression was 

also observed for annexin II, a membrane protein which has been identified as binding part-

ner of tPA, possibly involved in the tPA-dependent microglial activation (Siao and Tsirka, 

2002).

In the present study we confirmed the activation of the plasminogen system in GG, show-

ing increased expression of both tPA and uPA proteins and mRNAs.  Increased tPA and uPA 

protein expression was also detected in FCD. RT-PCR analysis showed up-regulation of uPA 

and uPAR in both GG and FCD specimens. Similarly to HS specimens, PA IR was observed in 

both neuronal and glial cells of MCD cases.  Dysplastic neurons in FCD and TSC specimens, as 

well as neuronal cells of GG specimens displayed strong uPA and tPA expression, indicating 

that neurons are a major source of PAs also in developmental lesions. The presence of tPA 

within these highly epileptogenic lesions may exacerbate neuronal excitability, increasing 

NMDA receptor signaling. Interestingly, both dysplastic neurons and neuronal cells in GG 

specimens contain high levels of NMDAR subunit proteins (Ying et al., 1999, Aronica et al., 

2001a, c). The prominent neuronal expression of PAs in MCD is also interesting considering 

the increasing evidence that indicates a crucial role for the plasminogen system during brain 

development ( [Zhang et al., 2005] and [Royer-Zemmour et al., 2008]). Results obtained us-

ing mice lacking the tPA gene indicate a role for tPA in facilitating neuronal migration (Seeds 

et al., 1999), whereas selective alteration of the distribution of cortical interneurons have 

been reported in mice lacking the uPAR ( [Powell et al., 2003] and [Eagleson et al., 2005]). 

Thus, the induction of PA proteins, producing changes in extracellular matrix and activation 

of matrix metalloproteinases ( [Irigoyen et al., 1999] and [Dityatev and Fellin, 2008]) could 

contribute to the abnormal morphology of dysplastic cells and their abnormal positioning 

within the dysplastic cortex. Moreover, increasing evidence indicates a critical role for uPAR 

signaling, independently of uPA-mediated proteolysis (Smith and Marshall, 2010). Recently 

new uPA ligands have been detected, such as the SRPX2 (Sushi-Repeat Protein, X-linked 2). 

Interestingly, a mutation in SRPX2 is associated with Rolandic epilepsy and bilateral perisylvi-

an polymicrogyria and leads to a gain of affinity of SRPX2 with uPAR (Royer-Zemmour et al., 

2008). In addition, considerable evidence indicates that integrins, a major family of extra-

cellular matrix (ECM) receptors (such as β1 and β3 integrins) represent the most important 

transmembrane receptors associated with uPAR signalling (reviewed in (Smith and Marshall, 

2010)). Several genes associated with cell adhesion, including integrins, are up-regulated in 

cortical tubers (Boer et al., 2009).

Expression of tPA and uPA was also observed in balloon cells in FCD and giant cells in TSC 

specimens. The presence of PAs in balloon/giant cells may reflect the immature phenotype 
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of these cells ( [Cepeda et al., 2003], [Alonso-Nanclares et al., 2005], [Cepeda et al., 2005] 

and [Kalderon et al., 1990]). Furthermore, analysis of tPA and uPA cellular distribution in 

MCD demonstrated both astroglial and microglial cells IR, supporting the contribution of 

these cells to the amount of PAs that is present in these lesions, as well as the potential role 

of PAs in glial activation (Gravanis and Tsirka, 2005). The large majority of reactive astrocytes 

in FCD and TSC, as well as tumor astrocytes in GG, expressed tPA and uPA. Expression of PAs 

was also increased in blood vessels within the different developmental lesions studied. In-

terestingly, alterations of the BBB permeability and prominent inflammatory reactions have 

also been observed in focal MCD ( [Aronica et al., 2005], [Aronica et al., 2007], [Boer et al., 

2006], [Boer et al., 2008] and [Ravizza et al., 2006]).

Concerning the expression patterns of PAs in glial tumors, increased levels of uPA have been 

observed in high-grade gliomas, whereas the data on the expression of tPA are still contro-

versial (for review see; Levicar et al., 2003). In particular attention has been focused on their 

role in tumor invasion and angiogenesis in high grade tumors ( [Yamamoto et al., 1994] and 

[Levicar et al., 2003]). Our observations indicate that induction of the plasminogen system 

may also occur in low-grade glioneuronal tumors, such as GG. Although a rapid induction of 

PAs can be triggered in experimental epilepsy models ( [Lukasiuk et al., 2003], [Gorter et al., 

2006] and [Lahtinen et al., 2006]), seizures alone cannot account for the increased PA ex-

pression in these developmental lesions since the analysis of the histologically normal per-

ilesional cortex showed a pattern of neuronal IR similar to that observed in control cortex. 

However, recent evidence suggests that molecular and functional alterations in the perile-

sional region, may also contribute to the epileptogenicity of focal MCD (Wong, 2008). Thus, 

evaluation of a larger number of samples, including also areas of electrocortico-graphically 

defined perilesional epileptogenic regions, is required to exclude a possible occurrence of 

perilesional tPA and uPA changes.
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