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Abstract	
Recent evidence in experimental models of seizures and in temporal lobe epilepsy support 

an important role of high-mobility group box 1 and toll-like receptor 4 signalling in the mech-

anisms of hyperexcitability leading to the development and perpetuation of seizures. In this 

study, we investigated the expression and cellular distribution of toll-like receptors 2 and 

4, and of the receptor for advanced glycation end products, and their endogenous ligand 

high-mobility group box 1, in epilepsy associated with focal malformations of cortical devel-

opment. Immunohistochemistry showed increased expression of toll-like receptors 2 and 4 

and receptor for advanced glycation end products in reactive glial cells in focal cortical dys-

plasia, cortical tubers from patients with the tuberous sclerosis complex and in ganglioglio-

mas. Toll-like receptor 2 was predominantly detected in cells of the microglia/macrophage 

lineage and in balloon cells in focal cortical dysplasia, and giant cells in tuberous sclerosis 

complex. The toll-like receptor 4 and receptor for advanced glycation end products were 

expressed in astrocytes, as well as in dysplastic neurons. Real-time quantitative polymerase 

chain reaction confirmed the increased receptors messenger RNA level in all pathological 

series. These receptors were not detected in control cortex specimens. In control cortex, 

high-mobility group box 1 was ubiquitously detected in nuclei of glial and neuronal cells. In 

pathological specimens, protein staining was instead detected in the cytoplasm of reactive 

astrocytes or in tumour astrocytes, as well as in activated microglia, predictive of its release 

from glial cells. In vitro experiments in human astrocyte cultures showed that nuclear to 

cytoplasmic translocation of high-mobility group box 1 was induced by interleukin-1β. Our 

findings provide novel evidence of intrinsic activation of these pro-inflammatory signalling 

pathways in focal malformations of cortical development, which could contribute to the 

high epileptogenicity of these developmental lesions.
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Introduction
Increasing evidence indicates that activation of inflammatory processes in the brain is a com-

mon feature of various epileptic disorders. Activation of cells of the microglia/macrophage 

lineage and astrocytes, associated with concomitant induction of various inflammatory 

pathways, and expression of inflammatory mediators in neurons, have been observed in 

epileptic human tissue, including focal malformations of cortical development (MCD), which 

represent a major cause of paediatric epilepsy (Aronica et al., 2005a, 2007; Boer et al., 2006, 

2008; Ravizza and Vezzani, 2006; Ravizza et al., 2006, 2008; Iyer et al., 2010a). Similar to the 

human condition, a prominent and long-lasting increase in inflammatory mediators has also 

been described in epileptogenic areas in different experimental models of seizures and epi-

lepsy (Vezzani and Granata, 2005; Aronica and Gorter, 2007; Vezzani et al., 2008).

Experimental studies provide evidence that induction of specific pro-inflammatory path-

ways in forebrain mediates proconvulsant effects, and their pharmacological modulation 

represents a potential strategy to reduce seizure activity [reviewed in Vezzani et al. (2008, 

2010)]. Particular attention has recently focused on the role of toll-like receptor (TLR) signal-

ling pathways in epilepsy (Rodgers et al., 2009; Maroso et al., 2010; Riazi et al., 2010). TLRs 

play a key role in pathogen recognition (Kawai and Akira, 2007) as they bind various mole-

cules of microbial origin, called pathogen-associated molecular patterns, and trigger inflam-

mation by inducing the transcription of genes encoding cytokines, including interleukin-1β 

(IL-1β). Increasing evidence indicates that, in the absence of pathogens, TLR signalling can 

be activated by molecules released by injured tissue, namely damage-associated molecular 

patterns, which include high-mobility group box 1 (HMGB1) (Bianchi and Manfredi, 2009). 

This is almost an ubiquitous chromatin component that is passively released by necrotic 

cells, retained by cells undergoing apoptosis and actively secreted by cells following im-

mune challenges or various kind of biological stress (Muller et al., 2004). Nuclear HMGB1 

regulates transcription of different set of genes, including proinflammatory genes (Pedrazzi 

et al., 2007; Mouri et al., 2008; Bianchi and Manfredi, 2009); secreted HMGB1 can bind the 

receptor for advanced glycation end products (RAGE) (Scaffidi et al., 2002) and TLR2 and 

TLR4 (Park et al., 2004).

Increased expression of genes and proteins involved in the TLR pathways has been detected 

in epileptogenic focal lesions, such as focal cortical dysplasia, gangliogliomas and cortical 

tubers of patients with tuberous sclerosis complex (Aronica et al., 2008; Boer et al., 2009). 

More recent studies in animal models of acute and chronic seizures have demonstrated that 

HMGB1, via activation of TLR4, plays a role in generating and perpetuating seizures (Maroso 

et al., 2010). The same work reported evidence of activation of HMGB1–TLR4 axis in human 

temporal lobe epilepsy. HMGB1 proconvulsant effects are mediated by a neuronal signal-
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ling involving tyrosine phosphorylation of the NR2B regulatory subunit of the N-Methyl-d-

aspartic acid receptor complex that controls Ca2+ influx (Maroso et al., 2010). The role of 

HMGB1 binding to RAGE in seizures has not yet been addressed.

The present study was designed to test the hypothesis that activation of HMGB1–TLR4 axis, 

originally described in temporal lobe epilepsy (Maroso et al., 2010), also occurs in focal 

epileptogenic developmental lesions, and may additionally involve TLR2 and RAGE, possibly 

representing a common mechanism of epileptogenesis. A detailed analysis of the cellular 

expression of HMGB1 and its cognate receptors allowed us to identify both the cellular 

source of HMGB1 and its targets in epileptogenic tissue.

Material	and	Methods	
Subjects
A total of 18 surgical specimens were examined: six focal cortical dysplasia type IIB, six 

cortical tubers from patients with tuberous sclerosis complex and six gangliogliomas. The 

cases included in this study were obtained from the departments of Neuropathology of the 

Academic Medical Centre (University of Amsterdam) in Amsterdam, the University Medical 

Centre in Utrecht and the Netherlands. The clinical characteristics derived from the patient’s 

medical records are summarized in Table 1. Patients underwent therapeutic surgical resec-

tion for refractory epilepsy and had, predominantly, medically intractable complex partial 

seizures. All of the patients included in our series did not have apparent seizure activity 

in the 24 h before surgery. Patients who underwent implantation of strip and/or grid elec-

trodes for chronic subdural invasive monitoring before resection were excluded from the 

study. For the grading of the degree of focal cortical dysplasia specimens, we followed the 

classification system proposed by Palmini et al. (2004). All patients with cortical tubers ful-

filled the diagnostic criteria for tuberous sclerosis complex (Gomez et al., 1999). For the 

gangliogliomas, we used the revised WHO classification of tumours of the CNS (Louis et 

al., 2007). In five patients (one focal cortical dysplasia, one tuberous sclerosis complex and 

three gangliogliomas), a significant amount of perilesional tissue (normal-appearing cortex/

white matter adjacent to the lesion) was resected. Peritumoural tissue (cortex/white matter 

Table	1.		Summary	of	clinical	details	of	cases	studied	according	to	pathology
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adjacent to the lesion with reactive changes, such as astrogliosis and microglia activation, 

but not tumour cells) of three patients with brain tumours (two astrocytomas and one lym-

phoma), but without refractory epilepsy, was also analysed. We also included brain tissue 

from an autopsy case of tuberous sclerosis complex (34th gestational week, obtained from 

medically induced abortion with appropriate maternal consent for brain autopsy; kindly 

provided by Dr M. Sinico, Service d’anatomie pathologique, CHI de Créteil, Creteil, France). 

In addition, normal-appearing control cortex/white matter was obtained at autopsy from six 

young adult control patients (male/female 3/3; mean age 30.8; range 14–35 years), without 

a history of seizures or other neurological diseases. All autopsies were performed within 

12 h after death. Informed consent was obtained for the use of brain tissue. Tissue was ob-

tained and used in a manner compliant with the Declaration of Helsinki.

Real-time	quantitative	PCR	analysis
Real-time quantitative polymerase chain reaction analysis was performed using RNA pre-

pared from freshly frozen histologically normal human cortex (n = 5; autopsy specimens) 

and specimens of patients with MCD (focal cortical dysplasia, tuberous sclerosis complex 

and gangliogliomas; n = 5 in each series). All the specimens used for the polymerase chain 

reaction analysis were carefully inspected by microscopy prior to messenger RNA extraction 

using both histological and immunocytochemical stainings [haematoxylin and eosin, luxol-

PAS, glial fibrillary acidic protein (GFAP), neuronal nuclear protein (NeuN)] to confirm that 

the lesion was present in the sample and attention was taken to provide for RNA isolation 

equal grey/white matter tissue components. The concentration and purity of RNA (isolated 

with the TRIzol® LS Reagent) were determined spectrophotometrically at 260/280 nm with 

a nanodrop spectrophotometer (Ocean Optics, Dunedin, FL, USA). Five micrograms of total 

RNA were reverse-transcribed into complementary DNA with oligo dT primers. The reverse 

transcription was performed in 50 µl reactions. Oligo dT primers (5 nmol) were annealed to 

5 µg total RNA in a total volume of 25 µl by incubation at 72°C for 10 min and cooled to 4°C. 

Reverse transcription was performed by the addition of 25 µl RT-mix, containing: First Strand 

Buffer (Invitrogen-Life Technologies), 2 mM dNTPs (Pharmacia, Germany), 30 U RNase inhib-

itor (Roche Applied Science, Indianapolis, IN, USA) and 400 U M-MLV reverse transcriptase 

(Invitrogen—Life Technologies, The Netherlands). The total reaction mix (50 µl) was incu-

bated at 37°C for 60 min, heated to 95°C for 10 min and stored at −20°C until use.

Polymerase chain reaction primers (Eurogentec, Belgium) were designed with the Univer-

sal ProbeLibrary from Roche (https://www.roche-applied-science.com) on the basis of the 

reported complementary DNA sequences. The following primers were used: TLR2 (forward: 

tgatgctgccattctcattc; reverse: cgcagctctcagatttaccc), TLR4 (forward: aatcccctgaggcatttagg; 
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reverse: aaactctggatggggtttcc), RAGE (forward: aggaccagggaacctacagc; reverse: cctgatcctc-

ccacagagc), HMGB1 (forward: aagcacccagatgcttcagt; reverse: tccgcttttgccatatcttc), TATA box-

binding protein (foward: caggagccaagagtgaagaac; reverse: aggaaataactctggctcataactact) 

and hypoxanthine phosphoribosyl transferase (forward: tggcgtcgtcgtgattagtgatg; reverse: 

tgtaatccagcaggtcagca). For each polymerase chain reaction, a mastermix was prepared 

on ice, containing per sample: 1 µl complementary DNA, 2.5 µl of FastStart Reaction Mix 

SYBR Green I (Roche Applied Science, Indianapolis, IN, USA), 0.4 µM of both reverse and 

forward primers. The final volume was adjusted to 5 µl with H2O (polymerase chain reaction 

grade). The LightCycler® 480 Real-Time PCR System (Roche Applied Science) was used with a 

384-multiwell plate format. The cycling conditions were carried out as follows: initial dena-

turation at 95°C for 5 min, followed by 45 cycles of denaturation at 95°C for 15 s, annealing 

at 55–60°C for 5 s and extension at 72°C for 10 s. Fluorescent product was measured by a sin-

gle 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, with the signal acquisition mode set to continuous. Quantification of data 

was performed using the computer programme LinRegPCR in which linear regression on 

the Log(fluorescence) per cycle number data was applied to determine the amplification 

efficiency per sample (Ramakers et al., 2003). The mean efficiency per primer set and the 

individual cycle threshold (Ct) values were then used to estimate the starting concentration 

per sample (Karlen et al., 2007). The concentration of each specific product was divided by 

the concentration of reference genes (TATA box-binding protein and hypoxanthine phospho-

ribosyl transferase) and this ratio was compared between patient and control groups.

Tissue	preparation	for	in	situ	hybridization	and	immunocytochemistry	
The tissue was fixed in 10 % buffered formalin (J.T. Baker, Deventer, The Netherlands) (au-

topsy tissue, for 2 weeks; surgical specimens, for 24 hours). In all cases a representative 

formalin-fixed, paraffin-embedded tissue block was studied, selecting large resection speci-

mens containing normal cortex adjacent to abnormal cortex for comparison, as an internal 

control. Paraffin-embedded tissue was sectioned at 6 µm, and mounted on pre-coated glass 

slides (StarFrost, Waldemar Knittel Glasbearbeitungs GmbH, Braunschweig, Germany) and 

two slices in each paraffin block were used for in situ hybridization and immunocytochemi-

cal staining as described below.

In	situ	hybridization
In situ hybridization for  human TLR2 and TLR4  was performed using a 5’ fluorescein labeled 
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19mer antisense oligonucleotide containing Locked Nucleic  Acid  and 2’OME RNA moieties 

(TLR2: 5’FAM-1TmAm GlCm UmCl TmGmUl AmGm AlTmCmUlGmAmAlG; TLR4: 5’FAM-lTm 

Um ClTm Um UlAm Cm UlAm GmClTm CmAlTmUmClC; capitals indicate LNA, lower case 

indicates 2’OME RNA). The oligo’s were synthesized by Ribotask ApS, Odense, Denmark.  

The hybridizations were done at 59 0C on 6 µm sections of paraffin embedded materials de-

scribed previously.(Budde et al., 2008). The hybridization signal was detected using a rabbit 

polyclonal anti-fluorescein/oregon green antibody (A21253, Molecular probes, Invitrogen) 

and a horse radish peroxidase (HRP) labeled goat anti rabbit polyclonal antibody (P0448 

Dako, Glostrup, Denmark) as secondary antibody.  Signal was detected with chromogen 

3-amino-9-ethyl carbazole (AEC, Sigma, St. Louis, USA). 

Immunocytochemistry
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 TLR4 we used a rabbit polyclonal antibody (Santa Cruz, Santa Cruz, 

CA, USA, sc10741; 1:20;(Maroso et al., 2010)), for TLR2 a polyclonal goat (R & D sys-

tems, Abingdon UK; 1:100), for RAGE goat anti-RAGE antibody (1:200, AGE 001; Biologo, 

Kronshagen, Germany), and for HMGB1 rabbit polyclonal antibody (Pharmigen, San Diego, 

CA, USA; 1:100;(Maroso et al., 2010); Abcam Cambridge, UK,) and HMGB1 monoclonal 

mouse (1:100; HMGBiotech srl, kindly provided by Dr. M.E. Bianchi, department of Genet-

ics and Cell Biology, San Raffaele University, Italy). Immunocytochemistry was carried out 

on paraffin-embedded tissue as previously described (Aronica et al., 2001a). Single-label 

immunocytochemistry was developed using the   Powervision kit (Immunologic, Duiven, 

The Netherlands). 3,3-Diaminobenzidine (Sigma, St. Louis, USA) was used as chromogen. 

Sections were counterstained with haematoxylin. To detect differences in labeling related to 

technical variables such as tissue fixation, we also tested the antibodies in specimens of se-

lected regions (temporal cortex/ hippocampus) collected at autopsy and immediately fixed 

in formalin for 24 hours (same fixation time used for the surgical specimens). No differences 

in the immunoreactivity pattern were observed. To evaluate the specificity of the staining 

the following control experiments were performed on paraffin-embedded specimens: (1) 

omission of the primary antibody; (2) substitution of the primary antibody with a rabbit 
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pre-immune or non-immune IgG or a monoclonal mouse IgG of irrelevant specificity; and 

(3) preadsorption of polyclonal antibodies using an excess of antigen, or using the specific 

immunogen peptide for the anti-human TLR4. These control experiments resulted in the 

absence of staining Paraffin-embedded human specimens of multiple sclerosis were used as 

positive controls for immunocytochemical staining.

For double-labelling studies, sections, after incubation with primary antibodies, were in-

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

anti-mouse IgG; 1:200; Molecular probes, Eugene, USA).  Sections were analyzed by means 

of a laser scanning confocal microscope Leica SP2 (Leica Microsystems, Wetzlar, Germany) 

equipped with an argon-ion laser.

Evaluation	of	immunostaining	
All labelled tissue sections were evaluated by two independent observers blind to the iden-

tity of the specimens, for the presence or absence of various histopathological parameters 

and specific immunoreactivity for the different markers, resulting in an average x% concord-

ance between respective results. Two representative sections per case were stained and 

assessed with the TLR, RAGE and HMGB1 antibodies. The intensity of TLR4, TLR2 and RAGE 

immunoreactive staining was evaluated as previously described (Iyer et al., 2010b; Ravizza 

et al., 2006) using a using a semi-quantitative scale  ranging from 0 to 3 (0: -, no; 1: ±,  weak; 

2: +, moderate; 3: ++, strong immunoreactivity). All areas of the specimen were examined 

and the score represents the predominant cell staining intensity found in each case. The 

approximate proportion of cells showing TLR and RAGE immunoreactivity [(1) single to 10 

%; (2) 11-50 %; (3) > 50 %] was also scored to give information about the relative number 

(‘frequency’ score) of positive cells within the MCD specimens.  As proposed before (Aronica 

et al., 2005a; Iyer et al., 2010b), the product of these two values (intensity and frequency 

scores) was taken to give the overall score (immunoreactivity total score), shown in Fig.  3 

and Fig 5 (I-J). Neuronal cell bodies were differentiated from glia and glia-neuronal balloon 

cells and giant cells based on morphology. Balloon/giant cells have eccentric nuclei, bal-

looned cytoplasm and did not exhibit clear axonal or dendritic processes. 

In the FCD and TSC cases, quantitative analysis was carried out for the numbers of TLR2, 

TLR4 and RAGE immunoreactive balloon/giant cells cells, as previously described (Martin-

ian et al., 2009). An identical region in the white matter, beneath the region of dysplasia 

or tuber, was outlined at low magnification (x 2.5 objective) on adjacent sections stained 

with the different anti- antibodies. One section was randomly selected and the mean area 

for quantitative analysis was 5.95 mm2. All balloon cells within this region were counted 

systematically at high magnification (x 40 objective) as positive immunoreactivity (including 
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strong or intermediate intensity of labeling) or negative.	The percentage of labeled balloon 

cells (or giant cells) was calculated based on the total number of balloon cells (or giant cells). 

Quantitative analysis was also performed for HMGB1 and the numbers of positive cells 

were quantified as previously described (Maroso et al., 2010). Briefly, two representative 

adjacent non-overlapping fields of the pathological tissue (FCD, TSC, GG and control cortex) 

were captured (magnification 40x; total area of each field: 171,600 μm2) and digitized using 

a laser scanning confocal microscope (Bio-Rad, Hercules, CA, USA; MRC1024). We counted 

the total number of GFAP- and HLA-DR (human leukocyte antigen system- DP, DQ, DR) - posi-

tive cells, and those showing nuclear or extra-nuclear HMGB1 staining. We counted only ac-

tivated HLA-DR cells expressing HMGB1 since the morphology of resting or weakly activated 

microglia (small cell bodies with extensive ramifications) did not allow an accurate counting.

Cell cultures
For cell culture experiments (astrocytes-enriched human cultures), fetal brain tissue (22–23 

weeks of gestation) was obtained from spontaneous or medically induced abortions with 

appropriate maternal written consent for brain autopsy. Resected tissue samples were col-

lected in Dulbecco’s modified Eagle’s medium (DMEM)/HAM F10 (1:1) medium (Gibco, 

Grand Island, NJ). Cell isolation was performed as previously described (Aronica et al., 2003; 

Aronica et al., 2005c). Briefly, after removal of meninges and blood vessels, tissue was disso-

ciated by incubation at 37 0C for 20 min in a Hank’s balanced salt solution containing 2.5 mg/

ml trypsin (Sigma, St. Louis, MO, USA) and 0.1 mg/ml bovine pancreatic Dnase I (Boehringer 

Mannheim, Germany). Tissue was triturated and washed with DMEM/HAM F10 medium, 

supplemented with 50 units/ml penicillin and 50 µg/ml streptomycin and 10% fetal calf 

serum (FCS). Cell suspension (containing ~ 0.5 g wet weight tissue/10 ml culture medium) 

was passed through a 70µm cell sieve (Becton Dickinson, USA) and plated into poly-L-lysine 

(PLL; 15 µg/ml, Sigma) pre-coated 25 cm2 flasks (Falcon, Lincoln Park, NJ) and maintained in 

a 5% CO2 incubator at 370C. After 48 h the culture medium was replaced by fresh medium 

and cultures were subsequently fed twice a week. Cultures reached confluence after 2-3 

weeks. Secondary astrocyte cultures were established by trypsinizing confluent cultures and 

sub-plating onto PLL-precoated 25 cm2 flasks (2 X 104 cell/ml; for western blot analysis or for 

the generation of serial passages) and simultaneously into PLL- precoated 12 mm coverslips 

(Sigma) in 24-well plates (Falcon; 2 X 104 cell/well; for immunocytochemistry). More than 

98% of the cells in primary culture, as well as in the successive 12 passages were strongly 

immunoreactive for the astrocytic marker GFAP. In the present study astrocytes were used 

for immunocytochemical analyses at passage 3-4. Human recombinant (r)IL-1 β (Peprotech, 

NJ, USA; 10 ng/ml) was applied and maintained in the medium for 24 h before harvesting 
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them for immunocytochemistry. As previously shown (Aronica et al., 2005c), the viability of 

human astrocytes in culture was not influenced by the treatments. 

The astrocytoma cell line U373 was obtained from the American Type Culture Collection 

(Rockville, MD, USA); cells were cultured in (DMEM)/HAM F10 (1:1) supplemented with 

50 units/ml penicillin, 50 µg /ml streptomycin and 10 % FCS. IL-1 β (10 ng/ml) was applied 

and maintained in the serum free medium for 24 h before harvesting them for western blot 

analysis.

Preparation	of	Cellular	Extracts	and	western	blot	analysis
Twenty-four hours after IL-1β (10 ng/ml) treatment, medium was collected and glial cells 

were washed twice with cold phosphate buffered saline. Nuclear and cytoplasmic extracts 

were prepared as previously described (Hayakawa et al., 2010). Briefly, samples were ho-

mogenized in lysis buffer containing 10 mM Tris (pH 8.0), 150 mM NaCl, 10% glycerol, 1% 

NP-40, Na-orthovanadate (10.4 mg/ml), 5 mM EDTA (pH 8.0), 5 mM NaF and protease in-

hibitor cocktail (Boehringer Mannheim, Germany) by incubating on ice for 15 min. The ho-

mogenates were centrifuged at 13 000 rpm for 15 min and the supernatant was treated as 

the cytoplasmic/membrane fraction and the pellet was used as the nuclear fraction. Protein 

content was determined by the bicinchoninic acid method (Smith et al., 1985). Western 

blot analysis was performed, as previously described (Aronica et al., 2005b). For electro-

phoresis, equal amounts of proteins (50 μg/lane) were separated by sodium dodecyl sul-

phate–polyacrylamide gel electrophoretic analysis. Separated proteins were transferred to 

nitrocellulose paper for 15–30 min at 10 V, using a semi-dry electroblotting system (BioRad, 

Transblot SD, Hercules, CA, USA). Blots were incubated overnight in Tris buffered saline with 

Tween (TBST; 20 mM Tris, 150 mM NaCl, 0.1% Tween, pH 7.5)/5% non-fat dry milk, contain-

ing the primary antibody (HMGB1 rabbit polyclonal antibody, 1:1000). After several washes 

in TBST, the membranes were incubated in TBST/5% non-fat dry milk/1% bovine serum albu-

min, containing the goat anti-rabbit coupled to horseradish peroxidase (1:2500; Dako, Den-

mark) for 1 h. After washes in TBST, immunoreactivity was visualized with ECL PLUS western 

blotting detection reagent (GE Healthcare Europe, Diegen, Belgium). Expression of β-actin 

(monoclonal mouse, Sigma, St Louis, MO, 1:50.000) was used as loading control.

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 and 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.
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Results
TLR2
mRNA expression. TLR2 mRNA expression was studied using qPCR in MCD: an average 3- to 

4-fold increase in mRNA expression was observed in FCD, TSC and GG as compared to con-

trol cortex (p<0.05, vs autopsy specimens; Fig. 1 A). In situ hybridization was additionally 

performed to study the cellular distribution of TLR2 mRNA in FCD cases, which confirmed 

the protein expression pattern (see below). TLR2 mRNA was detected in balloon cells and in 

glial cells of FCD specimens (Fig. 1 C), but was not detected in neurons or in resting glial cells 

in control cortex (both autopsy material and the perilesional surgical cortex; not shown). 

Immunoreactivity. In human control cortical autopsy specimens, as well as in the normal-

appearing cortex adjacent to the lesions (not shown), TLR2 immunoreactivity was not de-

tected either in neurons or in glial cells in both cortex and white matter throughout all corti-

cal layers (Fig.2 A,B; Fig. 3 A,C). 

In FCD, TSC and GG the dysplastic neuronal cells were not labeled with TLR2 (Fig.2 C, H, inset 

b in J and Fig. 3 A). In contrast, 54.16 ± 11% of balloon cells in FCD and 51.3 ± 14% of giant 

cells in TSC showed TLR2 staining (Fig. 2 D-G, H-I; see immunoreactive score (I.S.) in Fig. 3 

B). TLR2 immunoreactivity was also observed in cells exhibiting glial morphology (Fig. 2 C, 

D, J; Fig. 3 C). 

Double labeling demonstrated TLR2 expression in cells of the microglial/macrophages line-

age in all series (HLA-DR positive cells; Fig. 2 K-N), but not in neuronal cells (NeuN positive 

cells; not shown). Reactive astrocytes and endothelial cells within the dysplastic cortex only 

occasionally displayed TLR2 immunoreactivity (not shown). 

TLR4 
mRNA expression. An average 4-fold increase in TLR4 messenger RNA expression was ob-

served by quantitative polymerase chain reaction in focal cortical dysplasia, tuberous scle-

rosis complex and gangliogliomas as compared with control cortex (P < 0.05 versus autopsy 

specimens; Fig. 1B). In situ hybridization analysis was additionally performed to study the 

cellular distribution of TLR4 messenger RNA in focal cortical dysplasia cases, which con-

firmed the protein expression pattern (see below). In focal cortical dysplasia, TLR4 messen-

ger RNA was detected in neurons and in glial cells (Fig. 1D) but not in neurons or in resting 

glial cells in control cortex (both autopsy material and the perilesional surgical cortex; data 

not shown).

Immunoreactivity. In human control cortical autopsy specimens, TLR4 immunoreactivity 

was not detected in neurons throughout all cortical layers (Fig. 4A); only in one case, faint 

immunoreactivity was observed in few pyramidal neurons. Glial staining was not observed 
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in both cortex and white matter (Fig. 4B and D). In focal cortical dysplasia, tuberous sclerosis 

complex and gangliogliomas, strong TLR4 expression was observed in a large number of 

dysplastic neuronal cells (62.8 ± 5.5 in focal cortical dysplasia, 61.7 ± 16 in tuberous sclerosis 

complex and 57.8 ± 18 in gangliogliomas; Figs 4C, F, H and 3A). In contrast, only 1.6 ± 0.9% 

of balloon cells in focal cortical dysplasia and 1.3 ± 0.5% of giant cells in tuberous sclerosis 

complex showed TLR4 staining (Figs 4D–I and 3B). TLR4 immunoreactivity was also detected 

in cells exhibiting glial morphology (Figs 4E, H and 3D). Double labelling demonstrated TLR4 

expression in neuronal cells and in GFAP-positive astrocytes (Fig. 4I–K). Activated microglial 

cells within the dysplastic cortex were occasionally TLR4-positive [Fig. 4K (inset a)]. As com-

pared with the staining in normal brain, peritumoural tissue, with evidence of astrogliosis 

Figure	1.		TLR2	and	TLR4	and	RAGE	messenger	RNA	expression	in	control	and	focal	malformations	
of	 cortical	 development.	 Real-time	 polymerase	 chain	 reaction.	 (A,	 B	 and	 E) Expression levels 
were determined in duplicate, corrected for the expression levels of TATA box-binding protein and 
hypoxanthine phosphoribosyl transferase. Expression levels in control cortex (n = 5), focal cortical 
dysplasia (FCD, n = 5), cortical tubers of tuberous sclerosis complex (TSC, n = 5) and ganglioglioma (GG, 
n = 5). TLR2 (A), TLR4 (B) and RAGE (E) messenger RNA levels were significantly increased in epilepsy 
specimens as compared with controls. There were no significant differences in TLR2 and TLR4 between 
focal cortical dysplasia, tuberous sclerosis complex and gangliogliomas. The error bars represent SEM; 
*P < 0.05. In situ hybridization analysis of TLR2 (C) and TLR4 (D) expression. (C) Expression is observed 
in cells with glial morphology (arrows) and balloon cells (inset). (D) Expression is observed in neurons 
(arrows) and glial cells (arrow-head and inset). Sections are counterstained with haematoxylin. Scale 
bar: C = 40 µm; D = 80 µm.
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and microglia activation, from patients without history of epilepsy, showed low or undetect-

able immunoreactivity for both TLR2 and TLR4 (Fig. 7A–C). As compared with the staining 

in normal brain, peritumoural tissue, with evidence of astrogliosis and microglia activation, 

from patients without history of epilepsy, showed low or undetectable immunoreactivity 

for both TLR2 and TLR4 (Fig. 7A–E). HMGB1 immunoreactivity was similar to control cortex, 

showing only detectable nuclear staining (Fig. 7E, inset).

RAGE
mRNA expression. An average 2- to 3-fold increase in RAGE messenger RNA expression was 

found using quantitative polymerase chain reaction in focal cortical dysplasia, tuberous scle-

rosis complex and gangliogliomas as compared with control cortex (P < 0.05 versus autopsy 

specimens, Fig. 1E). 

Immunoreactivity. In human control cortical autopsy specimens, variable RAGE immuno-

reactivity was detected in neurons throughout all cortical layers (Fig. 5A, arrows and inset 

a; inset b shows absence of neuronal immunoreactivity after pre-absorption); only low or 

undetectable staining was observed in glial cells (Fig. 5B and J). In focal cortical dysplasia, 

tuberous sclerosis complex and gangliogliomas RAGE immunostaining was observed in a 

large number of dysplastic neuronal cells (74.6 ± 6.3 in focal cortical dysplasia, 73.4 ± 13 in 

tuberous sclerosis complex and 77.9 ± 16 in gangliogliomas) (Fig. 5C, E, G and I); 67.12 ± 13% 

of balloon cells in focal cortical dysplasia and 61.7 ± 9% of giant cells in tuberous sclerosis 

complex showed RAGE staining. RAGE immunoreactivity was also detected in cells exhibit-

ing glial morphology (Fig. 5C–H and J) phenotypically identified by double labelling as GFAP-

positive cells (Fig. 5H) and activated microglial cells (Fig. 5H, inset).

Figure	2.	Distribution	of	TLR2	immunoreactivity	in	control	cortex	and	focal	malformations	of	cortical	
development. (A and B) Representative photomicrographs of immunohistochemical staining for TLR2 
in the control cortex (A, Ctx) and white matter (B, Wm) showing undetectable expression in neurons 
and in glial cells. (C–G) Representative photomicrographs of immunohistochemical staining for TLR2 
in focal cortical dysplasia (FCD) specimens. (C) Positive glial cells (with the morphology of microglial 
cells; arrows) within the dysplastic cortex; arrowhead in C indicates a TLR2-negative dysmorphic 
neuron; insets show high magnification of positive cells around a blood vessel (a) and in the vicinity 
of a dysmorphic neuron (b, arrowhead). (D) Positive glial cells within the white matter (arrows; high 
magnification in inset); arrowheads indicate positive balloon cells. (E–G) Strong TLR2 immunoreactivity 
in balloon cells (arrows in E, high magnification in F and G). (H–J) Representative photomicrographs of 
TLR2 immunoreactivity in cortical tubers of tuberous sclerosis complex (TSC) showing positive giant 
cells (asterisks in H, arrows in I), glial cells (arrow in H) and a negative dysmorphic neuron (arrowhead 
in H). (J) TLR2 immunoreactivity in ganglioglioma (GG) showing different positive glial cells (arrows 
and inset a); inset b shows a negative dysplastic neuron (arrowhead). Sections were counterstained 
with haematoxylin. (K–N) Focal cortical dysplasia. (K) HLA-DR (green) positive microglial cells; (L) TLR2 
(red) expression in a balloon cell (arrowhead) and microglial cells (arrows); (M) merged image showing 
colocalization in microglial cells (yellow; nucleus, blue, DAPI). (N) Merged image showing colocalization 
of TLR2 (red) with (HLA-DR, green) in cells of the microglia/macrophage lineage in ganglioglioma. Scale 
bar: A and B: 80 µm; C, D, H–N: 40 µm; E: 160 µm; F and G: 20 µm.
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HMGB1	
mRNA expression. No statistically significant differences were detected using quantitative 

polymerase chain reaction in focal cortical dysplasia, tuberous sclerosis complex as com-

pared with control cortex (P > 0.05 versus autopsy specimens, not shown). Immunoreactiv-

ity. n human control cortical autopsy specimens, HMGB1 immunoreactivity was detected in 

nuclei of both neurons (Fig. 6A; arrows) and glial cells (Fig. 6A; arrowheads). In focal cortical 

dysplasia, tuberous sclerosis complex and gangliogliomas, neuronal cells, balloon and giant 

cells displayed exclusively nuclear HMGB1 staining, whereas cytoplasmic staining was sub-

stantially increased in glial cells (Fig. 6C–K; see quantification in Q and R). Double labelling 

confirmed the HMGB1 expression in neuronal cells, and in both astrocytes and activated 

microglial cells (Fig. 6L–P).

No significant correlation was found between the increased cytoplasmic HMGB1 staining in 

glia or TLR2, TLR4 and RAGE staining in tissue specimens, and the seizure frequency before 

surgery, or postoperative seizure outcome (data not shown). The pattern of immunoreactiv-

ity observed for HMGB1, TLR2 and TLR4, and RAGE in control autopsy specimens was similar 

to that observed in normal appearing cortex adjacent to the lesions (data not shown).

Figure	3.	 	 Semiquantitative	evaluation	of	TLR2	and	TLR4	 immunoreactivity	 in	 control	 cortex	and	
focal	malformations	of	cortical	development.	Plots show the cellular distribution of TLR2 and TLR4 
in controls, focal cortical dysplasia (FCD), cortical tubers of tuberous sclerosis complex (TSC) and 
ganglioglioma (GG). (A) Neurons; (B) balloon/giant cells; (C and D) glial cells. The immunoreactive score 
represents the total score, which was taken as the product of the intensity score and the frequency 
score (for details refer to the ‘Materials and methods’ section).
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Figure	4. Distribution of TLR4 immunoreactivity in control cortex and focal malformations of cortical 
development. (A and B) Representative photomicrographs of immunohistochemical staining for TLR4 
in the control cortex (A, Ctx) and white matter (B, Wm) showing undetectable expression in large 
majority of neurons (arrows) and in glial cells (arrowheads). (C–G) Representative photomicrographs 
of immunohistochemical staining for TLR4 in focal cortical dysplasia (FCD) specimens. (C) Positive 
neuronal cells within the dysplastic cortex; inset: a positive dysmorphic neuron (arrow; arrowhead, 
positive glial cell). (D) Balloon cells (arrows) with faint TLR4 immunoreactivity; faint immunoreactivity 
is occasionally detected in a few balloon cells (inset). (E) A negative balloon cell (arrow), surrounded by 
positive glial cells (arrowheads). (F and G) Representative photomicrographs of TLR4 immunoreactivity 
in cortical tubers of tuberous sclerosis complex with neuronal (arrows in F) and glial immunoreactivity 
(inset in F), whereas the large majority of giant cells are negative (arrow in G). (H) TLR4 immunoreactivity 
in ganglioglioma (GG) showing different positive glial [arrowheads and neuronal cells (inset)]. Sections 
were counterstained with haematoxylin. (I–K) GFAP (I, green), TLR4 (J, red) and merged image (K) 
showing colocalization in focal cortical dysplasia. (K) Merged images showing TLR4 positive cells (red) 
in focal cortical dysplasia, but lack of colocalization with HLA-DR (green); occasionally expression is 
observed in HLA-DR positive cells (inset a); inset b shows colocalization with the neuronal marker 
NeuN. Scale bar: A, B and D: 80 µm; C: 160 µm; E: 20 µm; F–H, K–L: 40 µm. 
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As compared with the staining in normal brain, peritumoural tissue with evidence of as-

trogliosis and microglia activation from patients without history of epilepsy showed low 

or undetectable immunoreactivity for both TLR2 and TLR4; the HMGB1 immunoreactivity 

was similar to control cortex, showing only detectable nuclear staining (Fig. 7A–E). A pat-

tern of immunoreactivity similar to control was also observed for RAGE (data not shown). 

In contrast, increased expression of TLR2, TLR4 and HMGB1 was observed within the tuber, 

compared with non-tuberal cortex, in a case of tuberous sclerosis complex (34th gestational 

week, before the development of seizures; Fig. 7F–J).

Cell cultures
Astrocyte-enriched human cell cultures and glioma cells were exposed to IL-1β to study 

whether this cytokine, which is prominently expressed in MCD (Ravizza et al., 2006; Aronica 

et al., 2008; Boer et al., 2008), affects the cellular localization of HMGB1, as suggested by 

previous evidence in rat astrocytes (Hayakawa et al., 2010) (Fig. 7). In unchallenged astro-

cytes, HMGB1 was localized only in the nuclei (Fig. 8A and C), whereas after IL-1β exposure, 

HMGB1 signal was also localized in the cytoplasm (Fig. 7B and E), indicating nuclear to cy-

toplasmic translocation, as detected in surgical specimens, and predictive of its subsequent 

release (Muller et al., 2004; Hayakawa et al., 2010). Western blot analysis demonstrated 

that IL-1β increased the expression of HMGB1 in the cytoplasmic fraction of glial cells and 

showed that the response to this cytokine involved an active release of HMGB1 into the 

culture media (Fig. 8E).  

Figure 5. Distribution of RAGE immunoreactivity in control cortex and focal malformations of 
cortical development. (A and B) Representative photomicrographs of immunohistochemical staining 
of RAGE in the control cortex (A, Ctx) and white matter (B, Wm) showing moderate expression in 
some pyramidal neurons (arrows; inset in A; inset b shows absence of neuronal immunoreactivity 
after pre-absorption) and low or undetectable expression in glial cells (arrows in B and inset). 
(C and D) Representative photomicrographs of immunohistochemical staining for RAGE in focal 
cortical dysplasia (FCD) specimens. (C) A positive dysmorphic neuron (arrow) and positive glial cells 
(arrowheads). (D) Balloon cells (arrows) with RAGE immunoreactivity; (E) neuronal (arrows) and 
glial immunoreactivity (arrowheads and inset) within the dysplastic cortex; (E and F) Representative 
photomicrographs of RAGE immunoreactivity in cortical tubers of tuberous sclerosis complex (TSC). 
(F) RAGE immunoreactivity within the white matter with positive balloon cells (arrows and inset); 
arrowheads indicate positive blood vessels. (G) RAGE immunoreactivity in ganglioglioma (GG) showing 
different positive neuronal cells (arrows); arrowheads indicate positive blood vessels. Inset (a) in G 
shows a positive astrocyte; inset (b) in G shows colocalization with GFAP (merged image). (H) Merged 
images showing colocalization of RAGE (red) with (GFAP, green) in both reactive astrocytes and balloon 
cells in focal cortical dysplasia; inset in H shows colocalization with HLA-DR. Sections (single labelling) 
were counterstained with haematoxylin; DAPI stains the nucleus in the confocal images. (I and J) 
Plots depicting the cellular distribution of RAGE in controls, focal cortical dysplasia, cortical tubers of 
tuberous sclerosis complex and ganglioglioma (GG) in neurons and balloon/giant cells (BCs/GCs; I) and 
in glial cells (J). The immunoreactivity score represents the total score, which was taken as the product 
of the intensity score and the frequency score (for details refer to the Materials and methods section). 
Scale bar: A, B and G: 80 µm; C, D and H: 40 µm; E: 70 µm; F: 160 µm.
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Figure	 6.	 High-mobility	 group	 box	 1	 (HMGB1)	 immunoreactivity	 in	 control	 cortex	 and	 focal	
malformations	 of	 cortical	 development. (A and B) Representative photomicrographs of 
immunohistochemical staining for HMGB1 in the control cortex (A, Ctx) and white matter (B, Wm) 
showing nuclear immunoreactivity in pyramidal neurons (arrows and inset in A) and in glial cells 
(arrowheads in A and B; inset in B). (C–F) Representative photomicrographs of immunohistochemical 
staining of HMGB1 in focal cortical dysplasia (FCD) specimens. (C and D) Nuclear expression is observed 
in both neuronal and glial cells. Insets (a and b) in C show high magnifications of dysmorphic neurons 
with nuclear immunoreactivity; arrows in C (inset a) and in D show glial cells with both nuclear and 
cytoplasmic staining. (D) High magnification of an immunoreactive glial cells and glial processes. 
(E) Nuclear immunoreactivity in a balloon cell. (F) Nuclear and cytoplasmic staining in perivascular 
glial cells (arrows). (G–J) Representative photomicrographs of HMGB1 immunoreactivity in cortical 
tubers of tuberous sclerosis complex (TSC). (G) Dysmorphic neurons with nuclear immunoreactivity 
(arrows) and glial cells with both nuclear and cytoplasmic staining (arrowheads). (H and I) HMGB1 
immunoreactive glial cells and processes (arrowheads) within the white matter, with occasionally few 
negative dysmorphic neurons (arrow in H). (J) Giant cell showing only nuclear staining. (K) HMGB1 
immunoreactivity in ganglioglioma (GG) showing neurons with nuclear immunoreactivity (arrows) and 
glial cells with both nuclear and cytoplasmic staining (arrowheads). Inset (a) shows glial cells with 
prominent cytoplasmic immunoreactivity; inset (b) shows high magnification of a positive neuron and 
a glial cell with immunoreactive processes. Sections were counterstained with haematoxylin. (L–N) 
Merged images showing colocalization of HMGB1 (red) with NeuN (green; L), GFAP (green; M), HLA-
DR (green; N) in focal cortical dysplasia. (O and P) Merged images showing colocalization of HMGB1 
(red) with GFAP (green; O), and HLA-DR (green; P) in gangliogliomas. (Q and R) Quantification bar chart 
of HMGB1-positive cells (astrocytes in Q and microglia/macrophages in R) in control, focal cortical 
dysplasia, tuberous sclerosis complex and gangliogliomas specimens. Extranuclear staining: *P < 0.05 
versus control, one-way ANOVA followed by Tukey’s test. nd = not detectable. Scale bar: A, B and K: 
160 µm; C, E, H, I, L, N and P: 80 µm; G and J: 20 µm; D, F, M and O: 40 µm.

Figure	8.	Relocation	of	nuclear	HMGB1	in	human	astrocytes	and	glioma	cells	induced	by	IL-1β. (A 
and B) Confocal laser scanning microscopic images showing merged signal of HMGB1 (red) and DAPI 
(blue) in cultured human astrocytes and glioma cells (C and D) untreated (A and C) and treated (B 
and D) for 24 h with 10 ng/ml IL-1β. (A and C) HMGB1 was located only in the nuclei of glial cells. (B 
and D) After exposure to IL-1β, HMGB1 signal was observed also in the cytoplasm. (E) Western blot 
analysis in glioma cells showed that the expression levels of HMGB1 were increased in the cytosolic 
fraction 24 h after IL-1β stimulation (evidence of translocation) and increased HMGB1 level was also 
detected in culture medium (evidence of active release). Scale bar: A, D and F: 15 µm; B: 20 µm. 
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Discussion
Recent data obtained in different experimental models of acute and chronic seizures, identi-

fied the crucial role played by the activation of HMGB1–TLR4 signalling in the hippocampus 

in the generation and recurrence of seizures (Maroso et al., 2010). This evidence is corrobo-

rated by findings of increased levels of HMGB1 and TLR4 in surgical specimens from patients 

with temporal lobe epilepsy and hippocampal sclerosis, supporting the involvement of the 

HMGB1–TLR4 axis in human epilepsy (Maroso et al., 2010).

In the present study, we demonstrate the intralesional overexpression and cellular distribu-

tion of HMGB1 and its cognate receptors TLR2, TLR4 and RAGE in focal cortical dysplasia, 

tuberous sclerosis complex and ganglioglioma specimens from patients with medically in-

tractable epilepsy. These findings provide evidence of a chronic inflammatory state involving 

these novel pathways in human epileptic developmental lesions.

Differential	cellular	distribution	of	TLRs	and	RAGE	in	MCD
TLR2 and TLR4. These receptors play a critical role in determining the pathological outcomes 

in several neurological disorders, including autoimmune diseases, neurodegeneration, trau-

ma, stroke and more recently, epilepsy (Bsibsi et al., 2002; Aravalli et al., 2007; Crack and 

Bray, 2007; Andersson et al., 2008; Drexler and Foxwell, 2010; Maroso et al., 2010).

In the present study, we provide the first evidence of cell-specific upregulation of both mes-

senger RNA and protein levels of TLR2 and TLR4 in different MCD. In histologically normal 

cortex (autopsy and surgical tissue samples), both receptors could be detected by real time-

polymerase chain reaction while messenger RNAs and respective proteins were below de-

tection levels in neuronal and resting glial cells as assessed by in situ hybridization and im-

munohistochemistry. In agreement, the expression of TLR2 and TLR4 messenger RNA has 

been shown to be generally low in brain, as compared with other tissues (Nishimura and 

Naito, 2005).

Immunocytochemical analysis showed a differential cellular distribution of TLR2 and TLR4; 

TLR2 protein was consistently and predominantly expressed in activated microglia within 

Figure	7.	 TLRs	 and	HMGB1	 in	brain	 tumour	or	prenatal	 tuberous	 sclerosis	 cases	without	history	
of	 chronic	 seizures. (A–E) Peritumoural cortex. (A and B) Representative photomicrographs of 
immunohistochemical staining for glial fibrillary acidic protein (A) and HLA-DR (B) showing astrogliosis 
(A) and activation of microglia (B). (C–E) Representative photomicrographs of immunohistochemical 
staining of TLR2 (C), TLR4 (D) showing the low or undetectable immunoreactivity in reactive glial cells 
(arrows in insets). (E) HMGB1 immunoreactivity was similar to control cortex, showing only detectable 
nuclear staining (inset in E). (F–J) Representative photomicrographs of TLR2 (F and G), TLR4 (H and I) 
and HMGB1 in a cortical tuber of tuberous sclerosis complex (TSC) at 34 weeks of gestation (before 
the development of seizures). (F) TLR2 positivity only in the tuber; high magnification of TLR2 positive 
giant cells is shown in G. (H and I) TLR4 immunoreactivity within the tuber in both giant cells (arrows 
in I) and reactive glia (arrow heads in I). (J) HMGB1 immunoreactive glial cells and processes (arrows) 
within the tuber. Scale bar: A–E: 300 µm; F–H: 250 µm; G: 160 µm; I–J: 40 µm.
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the different epileptogenic lesions, in agreement with previous studies in microglial cell cul-

tures [for review see Kielian (2006)]. Notably, TLR2 has been suggested to play a role in me-

diating microglia activation (Babcock et al., 2006; Kielian, 2006; Aravalli et al., 2007; Mallard 

et al., 2009). Moreover this receptor is involved in the induction of inflammatory pathways 

(O’Neill et al., 2009) and thus it may contribute to the increase in inflammatory mediators 

in microglia previously described in epileptogenic human tissue (Aronica et al., 2005a, 2007; 

Boer et al., 2006, 2008; Ravizza et al., 2006, 2008).

In contrast to its commonly recognized microglial expression, the expression of TLR2 in as-

trocytes is more controversial [for review see Kielian (2006)]. Accordingly, we have been 

able to detect sporadic expression of TLR2 in reactive astrocytes, which were abundantly 

present in the epileptic lesions examined. However, we report expression of TLR2 in balloon 

and giant cells, but not in dysplastic neurons, in higher proportion as compared with TLR4. 

Since balloon and giant cells represent a significant source of proinflammatory molecules 

(Ravizza et al., 2006; Boer et al., 2008), the evaluation of the TLR2 function in these cell 

types deserves further investigation, with a recently described culture system (Yasin et al., 

2010).

TLR4, differently from TLR2, showed a prominent expression in both reactive astrocytes 

and neuronal cells. Studies examining TLR4 expression in astrocytes in vitro have produced 

conflicting results [reviewed in Crack and Bray (2007)]; in some studies astroglial expression 

of TLR4 could not be demonstrated (Farina et al., 2005; Kielian, 2006) whereas other studies 

have shown a constitutive expression of TLR4 in astrocytes and its upregulation following 

cell activation (Bsibsi et al., 2002; Bowman et al., 2003; Carpentier et al., 2005). These dis-

crepancies may reflect differences in cell source and culture conditions (Kielian, 2006); alter-

natively, lack of TLR4 induction may be ascribed to insufficient release of pro-inflammatory 

cytokines (such as IL-1β) or damage-associated molecular patterns (such as HMGB1) by the 

injured/activated cells in some of these studies. Accordingly, TLR4 expression in astrocytes 

has been observed in experimental models of seizures associated with release of IL-1β and 

HMGB1 by neurons and astrocytes (Maroso et al., 2010).

TLR4 expression in dysplastic neuronal cells may critically affect neural homeostasis [for 

reviews see Crack and Bray (2007); Mallard et al. (2009)]. The activation of this receptor 

may indirectly enhance neuronal Ca2+ influx through the phosphorylation of NMDA-NR2B 

receptors, supporting neuronal hyperexcitability (Maroso et al., 2010), and thus playing a 

role in the epileptogenicity of focal MCD. Notably, dysplastic neurons in focal cortical dyspla-

sia and gangliogliomas specimens express high levels of NR1 and NR2A/B subunit proteins 

(Ying et al., 1999; Aronica et al., 2001b, c), and NR2A/B distribution correlates with in situ 

epileptogenicity in patients with focal cortical dysplasia (Najm et al., 2000; Moddel et al., 
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2005). Although a rapid induction of TLR4 has been shown in different experimental models 

of lesional and non-lesional seizures (Maroso et al., 2010), seizures alone may not account 

for changes in its neuronal and glial expression in MCD since perilesional tissue, although 

exposed to seizures, did not show significant upregulation of TLR4. Therefore, the lesion per 

se, or the concomitant presence of the lesion and the epileptic activity, is likely to play a role 

in modulating the TLR system in these developmental disorders.

Receptor	for	advanced	glycation	end	products
In human control brain, RAGE expression has been found in neurons and glial cells, and 

its expression is increased in activated astrocytes and microglial cells in tissue of patients 

with neurodegenerative disorders, such as Alzheimer's and Huntington’s disease (Lue et al., 

2005; Ma and Nicholson, 2004; Sasaki et al., 2001). 

In our study, prominent RAGE expression was observed in both glial and neuronal cells in 

different MCD. RAGE was consistently expressed in activated astrocytes and microglial cells, 

as well as in dysplastic neurons and balloon /giant cells in FCD and TSC. 

RAGE is a receptor that binds different molecules, including HMGB1 and members of the 

S100 protein family (Sims et al., 2010). Interestingly, overexpression of both HMGB1 and 

S100B has been observed in human TLE, and our study showed changes in HMGB1 in MCD 

(see below) (Griffin et al., 1995; Maroso et al., 2010). While HMGB1-TLR4 interaction has 

been studied in experimental model of seizures, the role of the HMGB1-RAGE axis, and pos-

sibly S100 ligands, in epilepsy awaits further investigation (Dyck et al., 2002; Sakatani et al., 

2007; Sakatani et al., 2008; Sims et al., 2010). 

Cellular	distribution	of	HMGB1	in	control	cortex	and	MCD
HMGB1 is a nearly ubiquitous structural nonhistone chromatin protein involved in the regu-

lation of transcription of a set of inflammatory genes (Bianchi and Manfredi, 2007; Mouri 

et al., 2008; Pedrazzi et al., 2007). However, HMGB1 can be released from cells upon its 

cytoplasmatic translocation under immune/inflammatory challenges or injurious conditions 

(Bianchi and Manfredi, 2009; Czura et al., 2001). Extracelullar HMGB1 acts as a “danger 

signal” to orchestrate an homeostatic defensive response in challenged tissues; however, its 

pro-inflammatory properties, acquired upon its cellular release and consequent TLR/RAGE 

stimulation, appear to contribute to the pathogenesis of various inflammatory and CNS dis-

eases (Bianchi, 2009; Bianchi and Manfredi, 2007; Hreggvidsdottir et al., 2009).

In histologically normal temporal cortex (autopsy and surgical tissue samples), HMGB1 is 

expressed in nuclei of neuronal and glial cells.  Accordingly, a similar pattern of expression 

has been reported in human control hippocampus (Maroso et al., 2010). 
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In MCD, HMGB1 remained predominantly nuclear in dysplastic neurons and balloon/giant 

cells, suggesting that it may contribute to regulate inflammatory gene transcription in these 

cells (Bianchi and Manfredi, 2009; Mouri et al., 2008; Pedrazzi et al., 2007; Ravizza et al., 

2006). Differently, we observed a cytoplasmic translocation of HMGB1 in reactive astrocytes 

in FCD and TSC, in tumor astrocytes in GG and in activated microglia in all MCD cases. A 

cytoplasmic translocation in activated glia has been recently reported also in experimental 

models of seizures and in hippocampal tissue from TLE patients (Maroso et al., 2010). These 

findings indicate that glial cells are a major source of extracellular HMGB1 in epileptic pa-

thologies. 

We show that IL-1b induces the relocation of nuclear HMGB1 to the cytoplasm and re-

lease in human cultured astroglial cells, as previously reported in rat cultured astrocytes 

(Hayakawa et al., 2010). Since IL-1b is up-regulated in epileptogenic tissue from MCD and 

TLE (Vezzani et al., 2008), this pro-inflammatory cytokine may play a pivotal role in induc-

ing HMGB1 release from glia in human epilepsy. Since microglia and astrocytes have been 

shown to respond to HMGB1 stimulation with production of several inflammatory media-

tors (Andersson et al., 2008; Kim et al., 2006; Pedrazzi et al., 2007), these cells are likely 

to provide a positive feedback loop that amplifies the inflammatory response in epilepsy-

associated MCD.

HMGB1 has been suggested to promote stem cell migration and differentiation (Chavakis et 

al., 2007; Huttunen et al., 2002; Palumbo et al., 2004), raising the possibility that HMGB1 

release within the epileptogenic lesions interferes with neuronal migration and differentia-

tion during brain development (Flores-Sarnat et al., 2003; Lamparello et al., 2007; Yasin et 

al., 2010).

Although the activation of HMGB1–TLR/RAGE pathways has been shown in several neuro-

logical disorders associated with gliosis (Bsibsi et al., 2002; Aravalli et al., 2007; Crack and 

Bray, 2007; Andersson et al., 2008; Drexler and Foxwell, 2010), this phenomenon is not sim-

ply the result of glial activation, since non-epileptic perilesional tissue with reactive gliosis 

show immunoreactivity patterns similar to control tissue. Seizures alone may not be the 

only determinants of the observed effects since perilesional tissue with normal morphology, 

but probably exposed to similar seizure activity, did not show detectable changes in TLR/

HMGB1 expression as compared with control tissue. Moreover, prenatal TLRs and HMGB1 

expression was found in giant cells within the tuber in tuberous sclerosis complex. It is likely, 

therefore, that the induction of these signalling pathways is intrinsic to the developmental 

lesion per se, and the concomitant occurrence of seizures could contribute to perpetuate 

this activation. Interestingly, the mTOR (mammalian target of rapamycin) pathway is con-

comitantly activated in these lesions (Iyer et al., 2010b), and this signalling plays a role both 
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in regulating cell growth and size, as well as in activating immune/inflammatory responses 

(Lim et al., 2003; Schmitz et al., 2008; Weichhart and Saemann, 2009).

This study, together with our former functional and pharmacological evidence obtained in 

experimental models of temporal lobe epilepsy (Maroso et al., 2010), supports the role of 

HMGB1–TLR/RAGE pathways in the mechanisms underlying the intrinsic high epileptogenic-

ity of focal developmental glioneuronal lesions. In the absence of genuine models of MCD 

(Wong, 2009), we believe that the HMGB1-mediated proconvulsant mechanism recently 

described in temporal lobe epilepsy models, and concordant with data in temporal lobe epi-

lepsy human tissue, would reasonably support that the same mechanism is likely to be op-

erative in MCD epileptogenic areas. Thus, pharmacological modulation of the HMGB1–TLR/

RAGE axis with receptor antagonists or inactivating antibodies (Yang et al., 2002; Hennessy 

et al., 2010) may represent a potential novel antiepileptic strategy in MCD. The evidence 

we provide here using human epileptogenic surgical tissue offers instrumental information 

to guide future studies into the possibility of interfering with inflammatory mechanisms in 

humans to prevent or alleviate seizures associated with developmental lesions [ClinicalTri-

als.gov Study of VX-765 in Subjects with Treatment-resistant Partial Epilepsy [online], http://

clinicaltrials.gov/ct2/show/NCT01048255 (2010)].
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