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ABBREVIATIONS

4E-BP1  eukaryotic initiation factor 4E binding protein 1
AED  antiepileptic drug
AMOG  adhesion molecule on glia (Na+/K+-ATPase β2)
BBB  blood-brain barrier
CCT  cation-Cl--cotransporter
CD  cluster differentiation
CNS  central nervous system
CPS  complex partial seizures
CSF  cerebral spinal fluid
DCX  doublecortin
DNT  dysembryoplastic neuroepithelial tumor
EcoG  electrocorticography
eIF4  eukaryotic initiation factor 4
ERM  ezrin/radixin/moesin proteins
FCD  focal cortical dysplasia
FRAX  fragile X syndrome
GABA  γ-amino-butyric acid
GE  ganglionic eminences
GFAP  glial fibrillary acidic protein
GG  ganglioglioma
GNT  glioneuronal tumor
GO  gene ontology
GTCS  generalized tonic-clonic seizures
GTP/GDP guanosine tri/diphosphate
GW  gestational weeks
HE  hematoxylin eosin
HLA  human leukocyte antigen
HMEG  hemimegalencephaly
HS  hippocampal sclerosis
iGluR  ionotropic glutamate receptor
IL  interleukin
ILAE  International League Against Epilepsy 
IR  immunoreactivity
KCC2  K+-CL--cotransporter
LI  labeling index
MAP  microtubule associated protein
MCD  malformation of cortical development 
mGluR  metabotropic glutamate receptor
MHC  major histocompatibility complex
MRI  magnetic resonance imaging
mTOR  mammalian target of rapamycin
NeuN  neuronal nuclear antigen
NF  neurofilament
NKCC1  Na+-K+-2Cl--cotransporter



p70S6k  ribosomal protein S6 kinase
PBS  phosphate-buffered saline
PDK1  phosphoinositide-dependent protein kinase 1
Pi3K  phosphatidylinositol-3 kinase
Rheb  RAS homoloque enriched in brain
RIN  RNA integrity number
RT-PCR  real-time polymerase chain reaction
S6  ribosomal S6 protein
SAGE  serial analysis of gene expression
SEGA  subependymal giant cell astrocytoma (synonym SGCT)
SEN  subependymal nodule
SGCT  subependymal giant cell tumor (synonym SEGA)
SGS  secondary generalized seizures
SVZ  subventricular zone
TNF  tumor necrosis factor
TLE  temporal lobe epilepsy
TS  tonic seizures
TSC1  hamartin
TSC2  tuberin
TSC  tuberous sclerosis complex
VEGF  vascular endothelial growth factor
VZ  ventricular zone





9

General introduction 

1

General introduction

11



10

Molecular alterations in epilepsy-associated malformations of cortical development

1



11

General introduction 

1
GENERAL INTRODUCTION

EPILEPSY

Epilepsy is a common neurological disorder which has already been described in the second 
millennium BC [1]. At that time there was little or no understanding of brain function and 
epilepsy was attributed to supernatural forces. The Greek physician Hippocrates (460-370 
BC) was the first to reject those forces as cause of illness and early Greek medical writings 
in line with his teachings were collected in the Hippocratic corpus [2]. One of the writings, 
entitled ‘On the Sacred Disease’, contains the first description of epilepsy as a brain disorder 
with a natural cause. Nevertheless, in the following century’s epilepsy was still believed to 
be caused by supernatural forces and was used as one of the hallmarks to identify witches 
in the late Middle Ages. Even today, patients and their families still suffer from stigma and 
discrimination in many parts of the world [3].

Epilepsy affects approximately 1% of the human population worldwide, with an incidence 
of 40-70/100 000/year in the developed countries [3, 4]. Epilepsy is characterized by the 
recurrence of unprovoked seizures in which a seizure is defined by the International 
League Against Epilepsy (ILAE) as ‘a transient occurrence of signs and/or symptoms due 
to abnormal excessive or synchronous neuronal activity in the brain’ [5]. Seizures may lead 
to disturbance of sensation and emotion, consciousness impairment and uncontrolled 
repetitive movements dependent on seizure type [6, 7]. The several different seizure types 
can be divided into focal and generalized seizures, in which focal seizures involve a localized 
part of the brain and generalized seizures involve both hemispheres [5].Epilepsy should not 
be considered as a single disorder, but rather as a group of syndromes, all involving abnormal 
electrical activity in the brain, with a variety of underlying causes. Epilepsy syndromes can 
be classified as idiopathic or symptomatic epilepsies [5]. Idiopathic epilepsies arise in the 
absence of structural abnormalities or an external cause and are in general thought to have 
a genetic origin. Symptomatic epilepsies have a known origin, which can be a structural 
brain lesion, such as a tumor or traumatic scar, an infection or febrile seizures during 
childhood. The underlying cause has not been determined in all syndromes and syndromes 
with no idiopathic origin and a presumed symptomatic origin were previously referred to 
as ‘cryptogenic’. However, the definition of cryptogenic is indistinct and should therefore be 
avoided [5]. As an alternative the term ‘probably symptomatic’ can be used.

In many patients diagnosed with epilepsy, seizures respond well to one or more of the 
available antiepileptic drugs (AEDs), nevertheless, a substantial proportion of patients (~ 
30%) develop pharmacoresistant epilepsy despite optimized medical treatment [8]. This 
medically intractable form of epilepsy is more often associated with symptomatic epilepsies 
compared to other epilepsy syndromes [8] and drug refractoriness is a serious clinical 
problem which has devastating consequences on the patient’s quality of life. In a limited 
number of patients, focal brain lesions can be treated surgically to improve seizure control 
[9-11].



12

Molecular alterations in epilepsy-associated malformations of cortical development

1
MALFORMATIONS OF CORTICAL DEVELOPMENT (MCDs)

Malformations of cortical development (MCDs) are a recognized cause of symptomatic 
intractable epilepsy in children and young adults. The growing understanding and use of 
neuroimaging, histological and genetic techniques over the past decades has revealed a 
large group of various MCDs [12]. This includes on one hand disorders affecting the cortical 
development of the whole brain accompanied with severe neurological problems and on 
the other hand mild forms of focal abnormalities which can be clinically silent. Barkovich 
and his colleagues has proposed and improved in following years a classification scheme 
which is based on the first stage of cortical development which is affected [13]. The different 
partly overlapping stages of the complicated development of the human cerebral cortex 
are: neural proliferation, migration and differentiation/cortical organization. Therefore the 
malformations are classified as proliferation, migration or organization disorders. Focal 
MCDs due to early defects in neural proliferation includes focal cortical dysplasia with 
balloon cells (FCD type IIB), tuberous sclerosis complex (TSC), hemimegalencephaly (HMEG) 
and glioneuronal tumors (ganglioglioma (GG) and dysembryoplastic neuroepithelial tumor 
(DNT)). 

Histological characteristics of focal MCDs
Focal cortical dysplasia (FCD)
Focal cortical dysplasia (FCD) was first described by Taylor et al. in 1971 [14] and comprises a 
broad range of abnormalities in the cortical mantle with or without abnormal cell types such 
as cytomegalic (also called giant or hypertrophic) neurons, dysmorphic (synonymous with 
dysplastic) neurons and balloon cells [15, 16]. Focal cortical dysplasia (FCD) is most frequently 
encountered in pediatric epilepsy surgery programs [17] and according to the commonly 
used classification of Palmini [15] two types of FCD can be distinguished; type I and type II 
FCD. Type I FCD refers to architectural disturbances of the cortical lamination without (FCD 
type IA) or with (FCD type IB) cytoarchitectural abnormalities such as cytomegalic neurons 
(Table 1; [15]).
 
Table 1. Definitions of FCD with cytoarchitectural abnormalities
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FCD type I can be represented as an isolated lesion, though mild re-organization of the 
cortical layers is often associated with other primary lesions including hippocampal sclerosis, 
tumors or vascular lesions. In these cases, FCD likely reflects the ongoing plasticity and/or 
response to injury of the maturing as well as adult cortex [18-20]. 
Type II FCD, also known as ‘Taylor-type’ FCD, is subdivided in type IIA and IIB, in which FCD 
type IIA (FCDIIA) is represented by loss of cortical lamination accompanied by cytomegalic 
neurons and dysmorphic neurons (Table 1). FCD type IIB (FCDIIB) is characterized by cortical 
dislamination (Fig. 1A) and the presence of cytomegalic neurons, dysmorphic neurons and 
balloon cells (Fig. 1B; Table 1). Balloon cells express immature cell markers as nestin and 
vimentin (insert b in Fig. 1B). In addition to the presence of abnormal cell types, increased 
proliferation of glial cells (gliosis) is a characteristic hallmark of FCD. 

Tuberous Sclerosis Complex (TSC)
Tuberous sclerosis complex (TSC) is caused by germ line mutations in either the TSC1 or 
TSC2 gene [21, 22] and is characterized by the development of hamartomas in various organs 
including the heart, the kidney and the brain. Three major brain lesions have been identified 
in TSC: cortical tubers, subependymal nodules (SENs) and subependymal giant cell tumors 
(SGCTs, synonymous with subependymal giant cell astrocytomas (SEGA)) [23, 24]. At brain 
autopsy, cortical tubers can be recognized by the blurred boundary between the grey 
and white matter and they are firm to palpation. Cortical tubers are focal malformations 
which vary in size, may contain calcifications, and multiple tubers can be present in one 
individual. They are identified as high-signal lesions on magnetic resonance imaging (MRI) 
T2 sequences [24] and post-mortem MRI (Fig. 1C) combined with histological examination 
revealed areas of reduced myelin density (Fig. 1D). Microscopically, cortical tubers look 
similar to FCDIIB with disordered cortical lamination and the presence of abnormal cell 
types including dysmorphic neurons and giant cells, resembling the balloon cells in FCD type 
IIB (Fig. 1E). Similar to FCDIIB, gliosis is often observed in cortical tubers [23, 24]. Despite the 
neuropathological similarities between FCDIIB and TSC, these disorders are distinct entities 
as FCDIIB patients lack additional cerebral or extracerebral manifestations. 

Hemimegalencephaly (HMEG)
Hemimegalencephaly is a rare and severe brain malformation characterized by diffuse and 
unilateral enlargement of one cerebral hemisphere (Fig. 1F; [25]). HMEG has been described 
as an isolated malformation or in association with various neurocutaneous syndromes, 
including the linear naevus sebaceous syndrome, TSC and proteus syndrome [25-27]. 
Increased cortical thickness accompanied by blurring of the cortex-white matter junction 
is characteristic for HMEG [28]. Similar to TSC and FCDIIB, the different cortical layers are 
disorganized and dysmorphic neurons and balloon cells are observed (Fig. 1G). In contrast 
to dysmorphic neurons, balloon cells are not specific for HMEG and they are present in less 
than half of the patients [28]. Excessive neuronal cells are observed in the molecular layer 
and in the white matter [27, 28]. 

Ganglioglioma (GG)
The developmental tumor ganglioglioma (GG) is the most frequently encountered tumor 
type in young patients with focal intractable epilepsy and is rare in adults [29]. GG are often 
located in the temporal lobe as well circumscribed lesions. Histologically, GG consists of a 
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mixture of dysplastic neurons and neoplastic glial cells (Fig. 2A-B). The dysplastic neurons 
lack uniform orientation and are abnormal in shape and size. The glial cells represent the 
proliferative cell population; however, the proliferation marker Ki67 is only expressed in 
about 1% of the cells [29, 30]. Another characteristic hallmark for GG is the expression of the 
stem cell epitope CD34 (Fig. 2C) in 70 to 80% of the patients in the neuronal component of 
the tumor, as a microglial or astroglial nature has been excluded for CD34 expressing cells 
[29, 31, 32]. CD34 is normally not expressed in the mature brain and expression of CD34 
distinguishes GG from other low grade tumors such as the dysembryoplastic neuroepithelial 
tumor (DNT). Additional features frequently encountered in GG include calcifications and 
lymphoid infiltrates [29]. 

Dysembryoplastic neuroepithelial tumor (DNT)
Another glioneuronal tumor highly associated with intractable epilepsy is the 
dysembryoplastic neuroepithelial tumor (DNT). DNTs are histologically recognized by their 
complex nodular appearance (Fig. 2D), which might arise at the junction between the grey 
and white matter and, similar to GG, are frequently observed in the temporal lobe. The 
tumors are predominantly composed of oligodendroglial-like cells mixed with ‘floating’ 
neurons, the so-called simple variant of DNT (Fig. 2E; [33-35]). In the complex variant, glial 
nodules and/or foci of cortical dysplasia are associated with the characteristic glioneuronal 
element of DNT (Fig. 2F; [35]). The floating neurons present in DNT may show various 
cytological abnormalities, though they do not resemble dysplastic neurons as observed in 
other MCDs. 

Figure 1. Histological characteristics of 
FCDIIB, TSC and HMEG 
Panels A-B: FCDIIB. A: Neun staining 
showing cortical dislamination. B: 
Hematoxylin/Eosin (HE) staining 
showing a dysmorphic neuron with 
Nissl-like cytoplasm (arrow) and a high 
neurofilament content (insert a), balloon 
cells (black arrowheads) with vimentin 
expression (insert b) and reactive 
astrocytes (white arrowheads). Panels C-E: 
TSC. C: T2-weighted spin-echo MR image, 
showing a subcortical hyperintense tuber 
(arrow). D: Luxol-PAS-staining showing 
reduced myelin density at the location of 
the cortical tuber. E: HE staining showing 
large dysmorphic neurons with Nissl-
like cytoplasm (arrows), calcification 
(arrowheads) and a giant cell in insert. 
Panels F-G: HMEG; HE staining. F: Coronal 
section showing severe hypertrophy of the 
left hemisphere with lateral ventricular 
dilatation and a thickened cortex. G: Cortex 
showing severe cortical disorganization 
with loss of lamination and dysmorphic 
neurons (insert). Scale bar in G: A: 200 µm; 
B and E: 40 µm; C-D: 0.8 cm; F: 1 cm; G: 
90 µm.
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PATHOGENESIS OF FOCAL MCDs

Abnormal cell types in focal MCDs retain an immature phenotype
In normal human brain development, the majority of neural precursor cells are born in the 
ventricular (VZ) and subventricular (SVZ) zones and migrate radially to the cortical surface 
[36]. The earliest migrating cells form the preplate, which is split by the formation of the 
cortical plate by subsequent migrating cells into the marginal zone and the subplate. 

Figure 3. Cortical development in humans
(A) Schematic representation of normal cortical development in humans at different gestational weeks (GW). (B) 
Hematoxylin/Eosin (HE) and Nissl stains. Explanation in text; VZ, ventricular zone; PP, preplate; MZ, marginal zone; 
CP, cortical plate; SP, subplate; IZ, intermediate zone; SVZ, subventricular zone; I to VI, six-layered cortex, WM, 
white matter.

Figure 2. Histological characteristics of 
GG and DNT
Panels A-C: GG. A: Hematoxylin/Eosin 
(HE) staining showing the mixture of 
dysplastic neurons lacking uniform 
orientation (arrows) and glial cells. B: 
GFAP immunoreactivity (IR) showing the 
neoplastic astroglial tumor component. 
C: CD34 IR in GG. Panels D-F: DNT: D: HE 
staining at low magnification showing 
the nodular appearance of DNT. E: HE 
staining showing ‘floating’ neurons 
between oligodendroglial-like cells. Insert 
in E: NeuN staining detects the neuronal 
component of the tumor. F. Neun staining 
showing adjacent cortical dislamination. 
Scale bar in F. A, B, E, F: 40 µm; C: 80 µm; 
D: 400 µm. 
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The marginal zone becomes the molecular layer (or layer I) and the subplate disappears 
several weeks before birth. The cortical neuronal layers II to VI develop from the cortical 
plate in an ‘inside-out’ mode, meaning that the first arriving neurons form the deeper layers 
(V/VI) and the later born neurons migrate through these neurons to form the superficial 
cortical layers (II/III) (Fig. 3; [37]). Radial migration is supported by radial glial cells which are, 
in addition to scaffolds for migration, identified as neural stem cells as they can differentiate 
into either neurons, astrocytes or oligodendrocytes [38, 39]. In addition to radial migration of 
projection neurons and interneurons born in the VZ of the dorsal forebrain, a subpopulation 
of interneurons are born in the ganglionic eminences (GE) of the ventral forebrain and 
migrate tangentially first, followed by radial migration to their final position [40]. 

The expression of CD34, CD133, MAP1B, nestin, vimentin, CRMP4, GFAPδ and DCX [41-48] in 
dysmorphic neurons and balloon cells or giant cells in either FCDIIB, TSC or HMEG support 
the hypothesis that these cells fail to mature properly. However, also more mature markers 
like GFAP, NeuN, MAP2, internexin and neurofilament proteins [42-44, 49] are observed, 
reflecting a heterogenous cell population. Filament proteins (vimentin, nestin, GFAPδ and 
neurofilaments) and microtubule associated proteins (MAPs) are critically involved in stable 
formation of the cytoskeleton and cell division, initiation of cell migration (i.e attachment to 
radial glia) and the establishment of synaptic connectivity. Therefore aberrant expression of 
these proteins likely contributes to the observed cytological abnormalities and appropriate 
cortical lamination in these focal MCDs. The expression of immature markers is less 
extensively studied in the glioneuronal tumors (GG and DNT); nevertheless, neuronal 
expression of the stem cell marker nestin, normally not expressed in the mature brain, has 
been reported in both GG and DNT [50-52]. 

Pi3k-mTOR signaling as pathological candidate pathway
Of the MCDs classified as proliferation disorders with the presence of abnormal cell types 
described above, causative genes have only been identified for the tuberous sclerosis 
complex (TSC), namely TSC1 and TSC2 [21, 22]. Mutations in either the TSC1 or TSC2 gene are 
detected in over 80% of the individuals diagnosed with TSC [53]. The gene products, TSC1 
(hamartin) and TSC2 (tuberin), act together by formation of heterodimers and antagonizes 
the phosphatidylinositol-3 kinase - mammalian target of rapamycin (Pi3K-mTOR) signaling 
pathway which regulates cell growth and proliferation (Fig. 4; reviewed in [54, 55]). Briefly, 
the TSC1-TSC2 complex can be inactivated either by phosphorylation of TSC2 by the critical 
mediator Akt [56] or by impaired protein function as a result of gene mutations in TSC1 or 
TSC2. TSC2 mediates the transition of active (GTP-bound) Rheb into inactive (GDP-bound) 
Rheb and loss of function of the TSC1-TSC2 complex results in activated Rheb and thereby 
the activation of mTOR [57]. Activation of mTOR increases cell size and proliferation by 
phosphorylation of the ribosomal protein S6 kinase (p70S6K) and the eukaryotic initiation 
factor 4E binding protein 1 (4E-BP1) (Fig. 4; [54, 55]). Overall, dysfunction of either TSC1 
or TSC2 activates downstream mTOR signaling [58], which likely explains the abnormal 
enlargement of dysmorphic neurons and giant cells in cortical tubers. 

Given the neuropathological similarities between focal MCDs, both TSC1 and TSC2 have 
been screened for mutations in FCDIIB and GG. Sequence alterations were observed in TSC1 
in FCDIIB and TSC2 alterations in GG and in a distinct type of FCDIIB with mineralization,  
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however, true ‘loss of function’ mutations were not reported [59-61]. Nevertheless, activated 
mediators downstream of mTOR are expressed in dysmorphic neurons and balloon cells 
in FCDIIB as well as in the dysplastic neuronal component of GG [52, 62, 63]. Activated 
mediators upstream of mTOR are also detected in FCDIIB [64, 65], suggesting differences 
in the regulation of the signaling mechanisms. Interactions between components of the 
Pi3K-mTOR pathway and ERM (ezrin/radixin/moesin) proteins [66], indicates that activation 
of Pi3K-mTOR signaling might also be involved in the aberrant positioning of the dysplastic 
cells in FCDIIB, TSC and GG [65-67]. 

EPILEPTOGENESIS OF FOCAL MCDs

Epileptogenesis is the complex process by which a normal brain develops epilepsy and 
comprises the period between the initial event (e.g. infection or trauma) and the first 
seizure. Several focal MCDs share neuropathological, molecular and clinical features, which 
suggest that they might also have common mechanisms of epileptogenesis. Initial studies 
on epileptogenesis focused comprehensively on neuronal properties, though astrocytes 
have been increasingly recognized as critical modulators during epileptogenesis [68, 69]. 
Astrocytes control the extracellular neurotransmitter and potassium levels, which may 
prevent excessive neuronal excitation [70, 71]. Dysmorphic neurons and balloon or giant 
cells were thought to be additional cell types critically involved in the epileptogenesis in 
focal MCDs. Nevertheless, electrophysiological studies suggested that balloon and/or giant 
cells are incapable to generate action potentials [72]. Dysmorphic neurons show signs of 
hyperexcitability and may contribute to the epileptogenesis [72, 73]. However, there is no 
evidence that dysmorphic neurons are the primary generators of epileptiform activity. 

Figure 4. Schematic representation 
of the Pi3K-mTOR signaling pathway
Ligand binding to insulin or growth factor 
receptors triggers sequentially activation 
of phosphatidylinositol-3 kinase (Pi3K), 
phosphoinositide-dependent protein 
kinase 1 (PDK1), and Akt. Akt inactivates 
the tumor suppressor tuberin (TSC2) by 
phosphorylation resulting in the indirect 
activation of the mammalian target of 
rapamycin (mTOR) via lack of transition 
of active GTP-Rheb to inactive GDP-Rheb 
(Rheb; RAS homoloque enriched in brain). 
Downstream phosphorylation of the 
eukaryotic initiation factor 4E binding 
protein 1 (4E-BP1) by mTOR releases the 
eukaryotic initiation factor 4E (eIF4E) 
which interacts with phosphorylated 
eIF4G to activate cap-dependent mRNA 
translation. mTOR phosphorylates the 
ribosomal protein S6 kinase (p70S6K) 
and its downstream effector ribosomal 
protein S6 which increases ribosome 
biogenesis. (→ activation; ┴ inhibition)
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An important, but incompletely resolved, question is where the seizures associated with 
the focal MCDs originate. The circumscribed nature of the focal lesions might suggest that 
seizures originate in the lesions themselves, which is supported by the beneficial effects of 
surgical resection in the majority of patients [9, 74]. However, evidence suggests that the 
neuronal networks in the surrounding ‘perilesional’ zones or even throughout the brain 
distant from the lesion are involved in the initiation and particularly propagation of seizures 
[75-77], likely to be involved in the minority of patients who are not seizure free after 
surgical resection. Otherwise, low resolution of radiographic and electroencephalographic 
measurements leading to incomplete resection of the lesion may also account for the 
continuation of seizures. Nevertheless, several studies, including animal models of focal 
epilepsy, suggest that seizures may originate outside the focal malformations (reviewed in 
[78]). Therefore, extensive radiographic and electroencephalographic presurgical evaluation 
is necessary to improve seizure outcome after surgery. 

The immune system and epileptogenesis
The brain has long been considered as an ‘immune privileged’ site as the blood brain barrier 
(BBB) limits the access of systemic immune cells into the brain. Nevertheless, inflammatory 
reactions do occur in the brain and are, in addition to infections, associated with various 
central nervous system (CNS) disorders including stroke, neurodegenerative (e.g. Alzheimer) 
and autoimmune (e.g. multiple sclerosis) disorders [79, 80]. Major players in inflammatory 
reactions in the brain are the resident cells, especially microglia and astrocytes. These cells 
produce inflammatory mediators when they are triggered by for example injured or dead 
cells, toxic CNS-proteins (e.g. β-amyloid) or bacteria or viruses [80]. Both beneficial (e.g. 
production of neurotrophic factors) and destructive (e.g. neuronal damage or death) effects 
have been reported for immune and inflammatory reactions in the CNS and the final effect 
depends on the microenvironment, exposure time and mediators produced [79, 81-83].

Increasing evidence obtained from various experimental models of epilepsy indicates that 
immune and inflammatory reactions are activated by seizures, demonstrated by the rapid 
production of inflammatory mediators like interleukin (IL)-1β, tumor necrosis factor (TNF)-α 
and IL-6 (reviewed in [82, 84, 85]). Of these cytokines, the effects and role in the CNS are 
most extensively studied for IL-1β. Seizure initiation and propagation is critically regulated 
by the excitatory neurotransmitters glutamate and its inhibitory counterpart GABA (see 
below) and IL-1β modulates the function of both glutamate and GABA receptors [86-90]. 
Excessive production of IL-1β after seizures is generally considered to increase the risk of 
excitotoxicity and neuronal excitability. The majority of additional studies in experimental 
models of seizures suggest that IL-1β is involved in seizure generation as pre-application 
of this cytokine induces and prolongs seizures [91-93], application of the natural occurring 
antagonist of the signaling receptor of IL-1β, IL-1Ra, has anticonvulsant effects [92, 94-96] 
and inactivation of caspase-1, an enzyme critically involved in the production of active IL-1β, 
results in a reduction of seizures and a delay of seizure onset [97].

In humans, the role of immune and inflammatory reactions in epileptogenesis is still under 
investigation. Increased cytokine expression levels in either serum or cerebral spinal fluid 
(CSF) in epileptic disorders have been reported [98-103], although stable cytokine levels have 
been reported as well [98, 104]. Increased expression of both mRNAs and proteins associated 
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with inflammation in brain tissue from patients surgically treated for drug-resistant epilepsies 
[105-107] provide more compelling evidence that immune and inflammatory reactions 
do occur in the human epileptic brain. Moreover, activated microglia (the major cytokine 
producers in the CNS) are prominently present in GG, DNT and FCDIIB, and the density of 
activated microglia correlates with both the duration of epilepsy and the seizure frequency 
in these patients [108, 109]. 

GABA and glutamate receptors and epileptogenesis
The main excitatory neurotransmitter in the CNS is the amino acid L-glutamate, while 
γ-amino-butyric acid (GABA) is known as the main inhibitory neurotransmitter. Glutamate 
acts via activation of either ionotropic receptors (iGluRs; ligand gated ion channels; NMDA, 
AMPA or kainate receptors) or metabotropic receptors (mGluRs; G-coupled receptors; 
mGluR1-8), while GABA activates either GABAA receptors (chloride transporters) or GABAB 
receptors (G-coupled receptors) [71, 110].

The expression and cellular distribution of several glutamate and GABA receptors subunits 
have been investigated in the previously mentioned focal MCDs. Lower mRNA expression 
levels of specific GABAA receptor subunits are detected in the dysmorphic neurons in FCDIIB 
[111], while, using both immunocytochemical and single-cell mRNA analysis, increased 
expression levels have been reported for several glutamate receptor subunits [111-113]. 
Comparable altered expression of both GABA and glutamate receptors, suggestive toward 
a more excitable state, has been reported in dysmorphic neurons and giant cells in cortical 
tubers of TSC and dysmorphic neurons in hemimegalencephaly [27, 114]. Increased expression 
of specific glutamate receptor subunits is also demonstrated in the neuronal component of 
both GG and DNT [52, 115]. Since the electrophysiological data suggest that balloon and/
or giant cells are inexcitable, the functional consequence of the changed expression levels 
in these cells is questionable. Nevertheless, the changed expression in neurons most likely 
promotes hyperexcitability since the normal balance between inhibition and excitation will 
be disturbed.

Besides molecular alterations at the cellular level, disruption of the normal cortical 
organization and circuitry might critically contribute to the epileptogenesis as well. The 
electrophysiological balance between excitation and inhibition in the neuronal circuitry is 
critically controlled by GABAergic interneurons as they regulate the degree of glutamatergic 
excitation and impaired GABAergic function is associated with the development of epilepsy 
[116]. Disruption of GABAergic interneuron development results in impaired inhibitory 
control and has been implicated in the development of epilepsy and several behavior 
disorders, including autism [117]. An impaired GABAergic function is suggested in focal 
MCDs given that GABAergic interneurons are aberrantly organized or reduced in number 
in FCDIIB [118-120] and in TSC [121] and low numbers of inhibitory interneurons of different 
subtypes are present in GG and DNT [122, 123]. Changes in protein expression suggestive for 
a disturbed balance in excitatory and inhibitory transmission have also been observed in the 
perilesional cortex [123, 124]. Electrophysiological studies in FCD strengthen the hypothesis 
of an impaired GABAergic function by demonstrating physiological evidence of decreased 
GABA-mediated synaptic inhibition [125]. 
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AIM AND OUTLINE OF THIS THESIS

Focal MCDs due to early defects in neural proliferation are a recognized cause of medically 
intractable epilepsy in children and young adults. The present treatment options include 
polytherapy with various antiepileptic drugs (AEDs) or surgical resection; however, seizure 
control is improved in a limited number of patients. To develop novel, more effective 
treatment strategies, a better understanding of the underlying molecular alterations involved 
in both the pathogenesis and epileptogenesis of these developmental disorders is needed. 
Therefore the major aim of this thesis is to identify genes, proteins or signaling pathways 
that are critically involved in the development of these focal MCDs and their epileptogenicity. 
Chapter 2 deals with the questions whether the Pi3K-mTOR signaling pathway is activated in 
the glioneuronal tumors (GG and DNT) and to what extent this expression pattern resembles 
other MCDs. Using serial analysis of gene expression (SAGE), the gene expression profile 
of focal cortical dysplasia (FCDIIA) have been studied (Supplement – Chapter 1) and one 
interesting gene higher expressed in FCDIIA is VEGFB. To further investigate the relevance 
of this finding, the expression of VEGF proteins and their signaling receptors is evaluated in 
FCDIIB (chapter 3). The suggested link between the immune system and epileptogenesis is 
explored in several focal MCDs, with the focus on IL-1β and related proteins in FCDIIB, GG 
and DNT in chapter 4. The expression of markers of both innate and adaptive immunity 
is studied in TSC in chapter 5. Genes related to the immune and inflammatory response 
are prominently higher expressed in GG and TSC specimens demonstrated with microarray 
analysis. An overview of the differentially expressed genes and processes identified with 
these microarray analyses is presented in chapter 6 for GG and in chapter 7 for TSC. The 
main inhibitory neurotransmitter GABA has an excitatory role during development which 
is controlled by cation-chloride cotransporters (CCTs, NKCC1 and KCC2). Deregulated 
expression of these CCTs was observed in GG (chapter 6) and their expression pattern in 
different MCDs, including FCDIIB, HMEG and GG, is presented in chapter 8.In order to further 
reveal possible epileptogenic mechanism in TSC, the expression pattern of metabotropic 
glutamate receptors is studied and described in chapter 9. Finally, the molecular alterations 
detected in the different focal MCDs are discussed in chapter 10.
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ABSTRACT

Gangliogliomas (GGs) and dysembryoplastic neuroepithelial tumors (DNTs) represent the 
most frequent type of neoplasms in pediatric medically intractable epilepsy. Several data 
suggest a pathogenetic relationship between GGs and other glioneuronal malformations of 
cortical development (MCDs), including activation of the Pi3K-mTOR signaling pathway. To 
further reveal these pathogenetic similarities, we investigated immunocytochemically the 
expression of phosphorylated (p)-PDK1, p-AKT, p-mTOR, p-4E-BP1, p-eIF4G, p-p70S6K and 
p-S6, the effector proteins ERM (ezrin/radixin/moesin) and the pathway regulator AMOG 
(adhesion molecule on glia) in both GGs and DNTs. Components of the Pi3K-mTOR signaling 
pathway were observed in a higher percentage of neuronal cells in GGs compared to control 
cortex. In DNTs, the expression of these components was low and comparable with the 
expression in control samples. Strong immunoreactivity for ERM was observed in GGs, but 
not in DNTs. Additionally, AMOG was strongly expressed within GGs (but not in DNTs) in 
CD34-positive precursor cells. These findings support the previously suggested pathogenic 
relationship between GGs and MCDs concerning activation of the Pi3K-mTOR signaling 
pathway and suggest a different pathogenetic origin for DNTs. The strong expression 
of AMOG within the precursor cells of GGs may represent an additional marker for the 
diagnostic evaluation of these glioneuronal lesions.

INTRODUCTION

Gangliogliomas (GGs) and dysembryoplastic neuroepithelial tumors (DNTs) are well-
recognized low-grade glioneuronal tumors (GNTs) associated with pediatric intractable 
epilepsy [29, 126]. For both tumors, epilepsy surgery provides the best chance for curing 
epilepsy and preventing malignant transformation [74, 127-129]. GGs consist of a mixture of 
dysplastic neurons and neoplastic astroglial cells, whereas DNTs contain a complex mixture 
of neuronal cells and oligodendroglia-like elements [29, 130, 131]. These characteristic 
histopathological features, together with the coexistence with cortical dysplasia, their focal 
nature and the expression of stem cell markers (such as CD34) suggest a developmental 
origin of these lesions [130, 132-135]. Accordingly, GNTs have been included among the 
malformations of cortical development (MCDs) in the group of disorders characterized by 
increased proliferation and the presence of abnormal cell types along with focal cortical 
dysplasia (FCD) and brain lesions of tuberous sclerosis complex (TSC) [13].
The malformative nature of GNTs is also supported by the detection of molecular alterations 
common to other developmental glioneuronal lesions [136]. Gene expression studies 
in GG show differential expression of genes essential for neuronal cell cycle regulation 
and for brain development [137, 138]. In particular, recent studies suggest a role for the 
phosphatidylinositol-3 kinase - mammalian target of rapamycin (Pi3K-mTOR) signaling 
pathway (Fig. 1) in the molecular pathogenesis of glioneuronal lesions [64, 65, 136]. Increased 
Pi3K-mTOR signaling results in abnormal cell growth and proliferation via activation of both 
the eukaryotic initiation factor 4E-binding protein 1 (4E-BP1) and ribosomal protein S6 
kinase (p70S6K) [54, 139]. Furthermore, studies in mutant mice with loss of TSC1 expression 
in cortical neurons emphasize a critical role of Pi3K-mTOR signaling in neuronal function 
and development [140]. Recently, the adhesion molecule AMOG (adhesion molecule on 
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glia; also known as Na+/K+-ATPase β2) has been shown to increase cell size via activation of 
mTOR by phosphorylation of the upstream protein Akt (Fig. 1, [141]). The phosphorylation 
of Akt and the subsequent downstream signaling occurs independently of Pi3K, indicating 
AMOG as a novel and additional activator of mTOR signaling. 
Ezrin, radixin and moesin (ERM) are actin-binding proteins, involved in cell adhesion and 
cell growth control [142], which interact with the Pi3K-mTOR signaling component hamartin 
(TSC1) (Fig. 1, [143]). Increased and aberrant expression of ERM has already been observed 
in glioneuronal lesions including GG, FCD and TSC [65-67], suggesting activation of the Pi3K-
mTOR signaling pathway in these lesions.

Figure 1. Schematic representation of 
the Pi3K-mTOR signaling pathway
Ligand binding to insulin receptors 
or growth factor receptors trigger 
phosphatidylinositol-3 kinase 
(Pi3K), which in turn activates the 
phosphoinositide-dependent protein 
kinase 1 (PDK1) by phosphorylation. 
Akt is phosphorylated and activated 
by phosphorylated (p)-PDK1 or by the 
adhesion molecule on glia (AMOG) 
independently of PDK1 and Pi3K. P-Akt 
inactivates the tumor suppressor 
tuberin (TSC2) by phosphorylation 
which results in the indirect activation 
of the mammalian target of rapamycin 
(mTOR). Downstream phosphorylation 
of the eukaryotic initiation factor 4E 
binding protein 1 (4E-BP1) releases the 
eukaryotic initiation factor 4E (eIF4E). 
eIF4E interacts with p-eIF4G to activate 
cap-dependent mRNA translation which 
enhances cell size and cell proliferation. 

Cell size and proliferation is also regulated by phosphorylation of the ribosomal protein S6 kinase (p70S6K) and its 
downstream effector ribosomal protein S6. The ERM proteins (ezrin, radixin and moesin) interact with hamartin 
(TSC1) and regulate cell adhesion and migration. Components of the pathway examined in this study are shaded 
in grey. 

Although several studies support a role for the Pi3K-mTOR signaling in the development of 
MCDs, differences in regulation of this pathway in TSC and FCD has been described [58, 63, 
64]. In addition to ERM expression in GG, only the expression of the downstream effectors 
phosphorylated (p)-p70S6K and p-ribosomal S6 protein has been described in GG [52]. It 
is still unclear which components of the Pi3K-mTOR pathway are activated in GG and DNT, 
the origin of the signal responsible for the phosphorylation of S6, and to what extent this 
expression pattern resembles other MCDs. Therefore, we investigated the expression of 
different components of the Pi3K-mTOR signaling pathway in both GG and DNT, as well as 
the effector proteins ERM and the pathway activator AMOG. 
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MATERIALS AND METHODS

Subjects
The GNT specimens included in this study were all obtained from the databases of the 
Departments of Neuropathology of the Academic Medical Center (University of Amsterdam) 
in Amsterdam and the University Medical Center in Utrecht. We examined a total of 18 
temporal lobe specimens (9 GGs and 9 DNTs) removed from patients undergoing resection 
of GNT for medically intractable epilepsy. 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. We reviewed all cases and the 
diagnosis of GG or DNT was confirmed according to the revised WHO classification of tumors 
of the nervous system [131]. 
The clinical features of the included patients, such as age at surgery, duration of epilepsy and 
seizure type, are summarized in Table 1. The predominant type of seizure pattern was that of 
complex partial seizures, which were resistant to maximal doses of antiepileptic drugs (AEDs). 
The patients underwent presurgical evaluation [144] and we classified the postoperative 
seizure outcome according to Engel [145]. Patients who were free of habitual preoperative 
seizures were classified as class I, and patients in class II were almost seizure free or had rare 
or nocturnal seizures only. Follow-up period ranged from 3 to 12 years.
Control cortex/white matter from the temporal region was obtained at autopsy from 6 adult 
control patients (male/female: 5/1; mean age: 53.5 years; range: 31-70 year) without history 
of neurological diseases. All autopsies were performed within 12 hours after death. We also 
selected five GNT cases (3 GG and 2 DNT) that contained sufficient amount of peritumoral 
tissue (normal-appearing cortex/white matter adjacent to the tumor) for comparison with the 
autopsy specimens. This material represents good disease control tissue, since it is exposed 
to the same seizure activity, drugs, fixation time, and age and gender are the same.

Tissue preparation
Formalin-fixed, paraffin-embedded tissue was sectioned at 6 µm and mounted on 
organosilane-coated slides (Sigma, St. Louis, MO, USA). Representative sections of all 
specimens were processed for hematoxylin eosin stains as well as for immunocytochemical 
markers as described below.

Immunocytochemical analysis
To document the presence of a heterogeneous population of cells, we used antibodies directed 
against glial fibrillary acidic protein (GFAP; polyclonal rabbit, DAKO, Glostrup, Denmark; 
1:4000), vimentin (mouse clone V9, DAKO; 1:1000), neuronal nuclear protein (NeuN; mouse 
clone MAB377, Chemicon, Temecula, CA, USA; 1:2000), microtubule-associated protein 
(MAP2; mouse clone HM2, Sigma, St. Louis, MO, USA; 1:1000, polyclonal rabbit, Chemicon; 
1:500), synaptophysin (mouse clone Sy38, DAKO; 1: 200), CD34 (QBEnd10; mouse IgG1,  
Immunotech, Marseille, Cedex, France; 1:600), and human leukocyte antigen (HLA)-DP, -DQ, 
-DR (CR3/43; monoclonal mouse, DAKO; 1:400) in the routine immunocytochemical analysis 
of GNT specimens. Components of the Pi3K-mTOR signaling pathway were detected with 
the following antibodies; phosphorylated (p)-PDK1 (phosphoinositide-dependent protein 
kinase 1, Ser241; polyclonal rabbit; 1:70), p-AKT (Ser473; monoclonal rabbit; 1:20), p-mTOR 
(mammalian target of rapamycin, Ser2448; polyclonal rabbit; 1:20), p-4E-BP1 (eukaryotic 
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initiation factor 4E binding protein 1, Thr37/46; monoclonal rabbit; 1:50), p-eIF4G (eukaryotic 
initiation factor 4G, Ser1108; polyclonal rabbit; 1:50), p-p70S6K (p70S6kinase, Thr389; 
monoclonal mouse; 1:50, Thr229; polyclonal rabbit, Acris Antibodies, Hiddenhausen, 
Germany; 1:200) and p-S6 (ribosomal protein S6, Ser235/236; monoclonal rabbit; 1:50), all 
from Cell Signaling Technology, Beverly, MA, USA, unless otherwise indicated. Additionally, 
we stained sections with an ezrin/radixin/moesin antibody (ERM; polyclonal rabbit; Cell 
Signaling Technology; 1:50) and an adhesion molecule on glia (AMOG) antibody (Na+,K+ 
ATPase β2; monoclonal mouse, BD Transduction Laboratories, USA; 1:100).     

Table 1. Summary of clinical features of patients with GNTs (n=18)

GG, ganglioglioma; DNT, dysembryoplastic neuroepithelial tumor; CPS, complex partial seizures; SGS, secondary 
generalized seizures 

Paraffin-embedded sections were deparaffinized, re-hydrated, and incubated for 20 min 
in 0.3% H2O2 diluted in methanol to quench the endogenous peroxidase activity. Antigen 
retrieval was performed by incubation for 10 min at 121 °C in citrate buffer (0.01 M, pH 6.0), 
sections were washed with phosphate-buffered saline (PBS), and incubated for 30 min in 
10% normal goat serum (Harlan Sera-Lab, Loughborough, Leicestershire, UK). We incubated 
the sections with the primary antibodies overnight at 4 °C. Hereafter, sections were washed 
in PBS and we used the ready-for-use Powervision peroxidase system (Immunologic, Duiven, 
The Netherlands) or a biotin-labeled secondary antibody followed by the HRP-labeled 
StreptABComplex (DAKO). 3,3’-Diaminobenzidine (DAB; Sigma or PowerDAB; Immunologic) 
was used as chromogen. Sections were counterstained with hematoxylin, dehydrated and 
coverslipped. Sections incubated without the primary antibody were essentially blank.
To study co-localization of the expression of AMOG and CD34, we stained serial sections 
with AMOG (monoclonal mouse) and CD34 (monoclonal mouse) as described above 
and we double labeled sections with both antibodies. Therefore we first developed the 
AMOG (first primary antibody) staining with the previously described method, followed by 
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incubation at 121 °C in citrate buffer (0.01 M, pH 6.0) for 10 min to remove the AMOG 
antibody. Again the sections were blocked with 10% normal goat serum (Harlan Sera-Lab, 
UK) and incubated for 1 hour at room temperature with CD34 (second primary antibody). 
We visualized the CD34 antibody with a biotin-labeled secondary antibody (DAKO), followed 
by the AP-labeled StreptABComplex (DAKO) and liquid permanent red (DAKO) as chromogen 
[146]. Sections incubated with the first primary antibody and sections that were developed 
after citrate treatment were essentially blank. In further double-labeling experiments we 
combined AMOG (monoclonal mouse) with MAP2, GFAP and p-S6 (all rabbit antibodies). 
After incubation overnight at 4 °C, sections were incubated for 2h at room temperature with 
Alexa Fluor® 568-conjugated anti-rabbit IgG and Alexa Fluor® 488 anti-mouse IgG (1:100, 
Molecular Probes, The Netherlands). Sections were analyzed by means of a laser scanning 
confocal microscope (Leica TCS Sp2, Wetzlar, Germany) equipped with an argon-ion laser.

Evaluation of immunoreactivity
All labeled sections were analyzed and for the components of the Pi3K-mTOR signaling 
pathway we calculated the labeling index (LI) for neuronal cells. Neuronal cell bodies were 
differentiated from glia on the basis of morphology and only neurons in which the nucleolus 
could be clearly identified were included. The LI was defined as the ratio of immunolabeled 
cells related to the entire neuronal cell population [64]. We calculated the LI within a total 
microscopic area of 858.050 µm2 (by examining non-overlapping 0.0655 mm X 0.0655 mm 
fields, using a square grid inserted into the high-power eyepiece of an Olympus microscope). 
The LI for a specific antibody was expressed as a percentage for all GG or DNT specimens 
(Table 2). The staining pattern for CD34 and AMOG in GG sections was classified using the 
three different immunoreactivity patterns (solitary, clustered/busy and diffuse) previously 
described by Blümcke et al [31].

RESULTS

Case material and histological features 
The patients included in this study (9 GGs and 9 DNTs; Table 1) had all a history of chronic 
pharmacoresistant epilepsy. Postoperatively, 16 patients (89%) were completely seizure 
free. The remaining 2 cases (both GG) were almost seizure free or had rare or nocturnal 
seizures only (Engel’s class II). The surgically removed GGs were composed of dysplastic 
neuronal cells lacking uniform orientation (Fig. 2A-B) surrounded by neoplastic astrocytes 
(Fig. 2C). Expression of the precursor cell marker CD34 was observed in all GG specimens of 
our series (Fig. 2D). The surgically removed DNTs were composed of a mixture of neuronal 
cells, few astrocytes and a prominent population of oligodendroglia-like cells (Fig. 2E-F). 
Isolated DNT (without associated cortical dysplasia) were all negative for CD34.

Pi3K-mTOR signaling in normal cortex and glioneuronal tumors
The following components of the Pi3K-mTOR signaling pathway were examined 
immunocytochemically in GNTs, peritumoral cortex and histologically normal cortex obtained 
at autopsy: phosphorylated (p)-PDK1, p-AKT, p-mTOR, p-4E-BP1, p-eIF4G, p-p70S6K (both 
Thr389 and Thr229) and p-S6. 
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Figure 2. Histopathological features of 
glioneuronal tumors
Panels A-D: Representative 
photomicrographs of ganglioglioma (GG). 
A: Hematoxylin/Eosin (HE) staining of GG 
showing the mixture of neuronal cells, 
lacking uniform orientation (arrows) and 
glial cells. B: NeuN staining detects the 
neuronal component (nuclear staining) of 
GG. C: GFAP immunoreactivity showing 
the astroglial tumor component. Panel D: 
prominent CD34 (precursor cell marker) 
immunoreactivity within GG. Panels 
E-F: representative photomicrographs 
of dysembryoplastic neuroepithelial 
tumor (DNT). E: HE staining of DNT 
showing a typical heterogeneous cellular 
composition, with ‘floating’ neurons 
(arrows) surrounded by a prominent 
population of oligodendroglia-like cells. 
F: NeuN staining detects the neuronal 
component of DNT. Insert in F: GFAP 
detects few astrocytes between the 
GFAP-negative oligodendroglia-like cells. 
Scale bar in A: A-C, E, F: 40 µm; D: 80 µm.

Figure 3. P-PDK1, p-AKT and p-mTOR 
immunoreactivity in normal cortex and 
glioneuronal tumors
Panels A, E and I: in histologically normal 
cortex (CTX) significant expression of 
phosphorylated (p)-PDK1 (A), p-AKT (E) 
and p-mTOR (I) is not observed. Panels B, 
F and J: dysembryoplastic neuroepithelial 
tumor (DNT) specimens showing no 
significant expression of phosphorylated 
(p)-PDK1 (B), p-AKT (F) and p-mTOR 
(J). Arrows indicate negative dysplastic 
neurons within DNT. Panels C-D, G-H, K-L: 
ganglioglioma (GG) specimens showing 
consistent expression of phosphorylated 
(p)-PDK1 (C-D), p-AKT (G-H) and p-mTOR 
(K-L). Arrows indicate the positive 
dysplastic cells within the tumors. Scale 
bar in L: A, C, E, G, I, K: 80 µm; B, D, F, H, 
J, L: 40 µm.
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Figure 4. P-4E-BP1, p-eIF4G, p-p70S6K 
and p-S6 immunoreactivity in normal 
cortex and glioneuronal tumors
Panels A, D, G and K: histologically 
normal cortex (CTX) with no significant 
expression of phosphorylated (p)-4E-BP1 
(A), p-eIF4G (D), p-p70S6K (G) and p-S6 
(K). Panels B, E, H, L: in dysembryoplastic 
neuroepithelial tumors (DNT) significant 
expression of p-4E-BP1 (B), p-eIF4G (E), 
p-p70S6K (H) and p-S6 (L) is not observed 
(arrows indicate negative dysplastic 
neurons). Sporadically, p-S6 positive 
neurons are observed in DNT (insert in L) 
as well as in histologically normal cortex 
(data not shown). Panel C: representative 
ganglioglioma (GG) specimen showing 
expression of p-4E-BP1 in dysplastic 
neurons (arrow and insert). Panel F: 
p-eIF4G immunoreactivity in GG (arrows 
indicate positive dysplastic cells). Panels 
I and J: GG specimens showing p-p70S6K 
immunoreactivity for both p-p70S6K-
Thr389 (I) and -Thr229 (J) in dysplastic 
cells. Panels M and N: GG specimens 
showing consistent expression of p-S6 
(arrows indicate positive cells with 
different morphology). Scale bar in N: 
A-G, J-M: 80 µm; H: 60 µm; I, N: 30 µm.

Figure 5. Ezrin, radixin and moesin (ERM) 
immunoreactivity in normal cortex and 
glioneuronal tumors
Panel A: in histologically normal cortex 
(CTX) ERM immunoreactivity (IR) is 
restricted to endothelial cells (arrow). 
Panel B: dysembryoplastic neuroepithelial 
tumor (DNT) showing endothelial 
ERM IR (arrow) and ERM expression 
is not observed in dysplastic neurons 
(arrowheads). Panels C-D: dysplastic cells 
in ganglioglioma (GG, arrows) show ERM 
IR. Scale bar in D: A-C: 40 µm; D: 25 µm.
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In control post-mortem cortex as well as in the surgically removed histologically normal 
cortex (peritumoral cortex) weak immunoreactivity (IR) for p-PDK1 was detected in the 
cytoplasm of few neuronal cells (Fig. 3A). Labeling indexes (LIs) for these areas were 9 ± 5% 
and 11 ± 7% respectively (Table 2). In DNT, the neuronal expression of p-PDK1 was low and 
comparable to control cortex (Fig. 3B, Table 2). In GG, neuronal cells were immunoreactive 
for p-PDK1 with a LI of 27 ± 5. (Fig. 3C-D, Table 2).

We did not observe significant expression of p-Akt in both post-mortem control and 
peritumoral cortex (Fig. 3E, Table 2). In DNT, p-Akt neuronal IR was minimal and comparable 
to control cortex (Fig. 3F, Table 2). In contrast, 58 ± 7% of neuronal cells in GG expressed p-Akt 
in the cytoplasm (Fig. 3G-H, Table 2). In histologically normal cortex (both post-mortem and 
peritumoral areas) IR for p-mTOR was observed in few neuronal cells (Fig. 3I, Table 2). In 
DNT, we observed p-mTOR expression in hardly any neuronal cells (LI; 1 ± 2%, Fig 3J). A large 
majority of neuronal cells in GG displayed p-mTOR expression (Fig. 3K-L, Table 2). 
Significant p-4E-BP1 expression was not observed in both post-mortem and peritumoral 
cortex (Fig. 4A, Table 2). Neuronal expression of p-4E-BP1 in DNT was similar to the neuronal 
expression in control material (Fig. 4B, Table 2). In GG, 17 ± 6 % of the dysplastic neuronal 
cells were immunoreactive for p-4E-BP1 (Fig. 4C, Table 2). 
In both post-mortem and peritumoral cortex, neuronal cells displayed a minimal expression 
of p-eiF4G (Fig. 4D, Table 2). In DNT, we observed a minimal neuronal expression (LI; 1 
± 0.1%; Fig. 4E, Table 2). Increased expression of p-eiF4G was observed in the neuronal 
component of GG (Fig. 4F, Table 2).
In histologically normal cortex, cytoplasmic IR for both p-p70S6K (Thr389 and Thr229) 
and its downstream effector p-S6 was not detected (Fig. 4G, K, Table 2). In DNT, neuronal 
expression of p-p70S6K was minimal (Fig. 4H, Table 2) and few neurons were p-S6 positive in 
DNT (Fig. 4L, Table 2). In GG, we observed similar neuronal expression levels for p-p70S6K-
Thr389 and -Thr229 with LIs of 28 ± 5% and 25 ± 3% respectively (Fig. 4I-J, Table 2). All 
sections showed non-specific nuclear staining for p-p70S6-Thr389 as previously reported by 
others [58, 64]. P-S6 IR was present in the neuronal component of GG with a LI of 33 ± 7% 
(Fig. 4M-N, Table 2).

Table 2. Protein expression in neuronal component of GG and DNT

Data represent percentages of cells immunoreactive (cytoplasmic staining) for the different antibodies (Ab). Data 
are expressed as mean ± SEM. PT, peritumoral; DNT, dysembryoplastic neuroepithelial tumor; GG, ganglioglioma.
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Resting glial cells in the control post-mortem cortex as well as in the surgically removed 
normal cortex (peritumoral cortex) were negative for the studied components of the 
Pi3K-mTOR signaling pathway. We could not detect a specific and consistent expression 
of phosphorylated proteins in the neoplastic glial component of the GG specimens. The 
population of oligodendroglia-like cells in DNT did not show immunoreactivity for any of the 
phosphorylated proteins studied. 

ERM immunoreactivity in normal cortex and glioneuronal tumors
In histologically normal cortex (both post-mortem and peritumoral areas), immunoreactivity 
(IR) for the ERM proteins was detected in endothelial cells (Fig. 5A). We did not observe 
significant expression in neuronal cells (Table 2) or in resting glial cells. In DNT, we observed 
weak IR for ERM in endothelial cells (Fig. 5B). Minimal IR was observed in neuronal cells 
(Table 2) and oligodendroglia-like cells were negative. Within GG, high expression of ERM 
proteins was observed in the dysplastic neuronal cells with a granular cytoplasmic staining 
pattern (Fig. 5C-D and Table 2). The neoplastic glial component of the GG specimens did not 
show consistent ERM IR.

AMOG immunoreactivity in normal cortex and glioneuronal tumors
In histologically normal cortex (both post-mortem and peritumoral areas) a diffuse and 
moderate immunoreactivity (IR) for AMOG was detected (Fig. 6A). Neuronal cells were 
negative for AMOG. In the white matter of control material, AMOG expression was 
restricted to astrocytes, especially in perivascular astrocytes (Fig. 6B). In DNT, few astrocytes 
expressed AMOG (Fig. 6C), whereas neuronal cells and oligodendroglia-like cells were 
AMOG negative. In GG, we observed intense AMOG IR in the tumor area (Fig. 6D). AMOG 
was expressed in the cytoplasm and processes and three different IR patterns of AMOG 
positive cells were observed. In 78% of the specimens (7 out 9), large areas of homogenous 
AMOG IR were present, classified as a ‘diffuse’ staining pattern (Fig. 6E). Single cells or cell 
processes were difficult to detect in these areas. The second staining pattern encountered 
in the GG specimens was clustering of AMOG immunoreactive cells (Fig. 6F). This ´clustered-
bushy´ immunoreactive pattern was detected in 8 out of 9 cases. Third, ‘solitary’ AMOG 
immunoreactive cells with intense ramification of processes were observed in 67% of the GG 
specimens (Fig. 6G). In 5 out of 9 GG specimens all three different AMOG IR patterns were 
observed. The remaining 4 cases had the following staining patterns; only ‘diffuse’ IR; only 
‘clustered’ IR, ‘solitary’ IR combined with ‘clustered’ positive cells or ‘diffuse’ IR combined 
with ‘clustered’ positive cells. The observed IR pattern of AMOG positive cells was similar to 
staining patterns observed for CD34 (marker of precursor cells) and double labeling studies 
confirmed CD34 and AMOG expression in the same cells (insert in Fig. 6G and staining of serial 
sections in Fig. 6H and 6I). Fluorescent double-labeling experiments revealed that AMOG was 
not expressed in astrocytes (GFAP-positive cells; Fig. 6J-L). We observed co-localization of 
AMOG with the neuronal marker MAP2 (data not shown) and with p-S6 in dysplastic cells in 
GG (Fig. 6M-O). 
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DISCUSSION

Previous studies have shown activation of components of the Pi3K-mTOR signaling 
pathway in both FCD and TSC [58, 62-65]. In the present study we demonstrate that several 
components of this signaling pathway, including the downstream effector proteins ERM, are 
activated in GG, which support the previously suggested pathogenetic relationship between 
GG and FCD and TSC. Activated components of this signaling pathway were not detected in 
DNTs. Additionally, we demonstrate and describe the cellular expression pattern of AMOG, 
a recently identified activator of the Pi3K-mTOR signaling pathway.

Figure 6. AMOG immunoreactivity 
patterns in normal cortex and 
glioneuronal tumors
Panels A and B: AMOG immunoreactivity 
(IR) in histologically normal brain. A 
diffuse moderate staining is observed 
in cerebral cortex (CTX; A), while in the 
white matter (WM; B) AMOG is detected 
in perivascular astrocytes. Panel C: AMOG 
IR in few astrocytes in a dysembryoplastic 
neuroepithelial tumor (DNT).
Panels D-H: AMOG IR in ganglioglioma 
(GG). D: strong and diffuse AMOG 
IR within GG with multiple cell 
clusters. E: higher magnification of 
a region with diffuse AMOG IR. F: 
AMOG-immunoreactive cell cluster 
(clustered-bushy pattern). G: solitary 
immunoreactivity pattern of AMOG, 
co-localization of AMOG (brown) 
with CD34 (pink) is shown in insert. H 
and I: sequential sections show cells 
immunoreactive for AMOG (H; arrows) 
as well as CD34 (I, arrows). Panels J-L: 
double-labeling of AMOG (green, J) 
with GFAP (red, K) shows absence of 
co-localization (merged image; L). Panels 
M-O: double-labeling of AMOG (green, 
M) with p-S6 (red, N) show co-localization 
(merged image; O) in dysplastic cells. 
Scale bar in O: A, D: 200 µm; B: 60 µm; 
C: 40 µm; E: 80 µm; F-G; 30 µm; H-I: 100 
µm; J-L: 30 µm, M-O: 20 µm. 
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Pi3K-mTOR signaling in GG
Akt is a critical mediator in the Pi3K-mTOR pathway and its kinase activity is dependent on 
phosphorylation via p-PDK1 (reviewed in [147, 148]). Both p-PDK1 and p-Akt are observed 
in dysplastic neuronal cells in GG and were previously observed in the dysplastic cells in 
FCD and to a lesser extent in giant cells in TSC [64]. Downstream phosphorylation of tuberin 
(TSC2) by p-Akt inactivates the hamartin/tuberin (TSC1/TSC2) complex [56], which leads to 
hyperactivation of mTOR and the associated kinase signaling cascades (reviewed in [54, 139]). 
Aside from inactivation by phosphorylation, the TSC1/TSC2 complex can also be inactivated 
by mutations in either TSC1 or TSC2, the causative genes in TSC [21, 22]. Interestingly, an 
anaplastic ganglioglioma was observed in an animal model of TSC with genetic alterations 
in TSC2 [149]. Mutational analysis of TSC1 and TSC2 in GG revealed abundant sequence 
alterations in the TSC2 gene, including a somatic mutation in the neoplastic glial element 
which was not present in the neuronal component of GG [60]. Nevertheless, as mutational 
analysis was not performed in the GG specimens examined in this study, we cannot exclude 
a contribution of genetic alterations in either TSC1 or TSC2 resulting in the observed mTOR 
phosphorylation.

TSC1 interacts with the ERM proteins (ezrin/radixin/moesin)[143] which are expressed in 
proliferating and migrating cells in the developing human cerebral cortex [66]. They regulate 
key aspects of growth cone formation in neuronal cells and affect neuronal motility and 
morphology [150]. In adulthood, ERM proteins are predominantly located in astrocytes [151], 
suggesting that the observed neuronal ERM expression in GG represents immature cells 
which fail to migrate and proliferate properly. In several MCDs, including FCD, GG and TSC, 
aberrant expression of ERM proteins has already been described in dysplastic neurons and 
balloon/giant cells [65-67]. The aberrant expression of ERM proteins might contribute to the 
abnormal morphology of dysplastic cells and their abnormal positioning in these MCDs. 
Activation (phosphorylation) of mTOR results in the activation of two downstream 
substrates; 4E-BP1 and p70S6K [54, 139]. Phosphorylation of the eukaryotic initiation factor 
4E-BP1 by mTOR results in the dissociation of the translation initiation factor eIF4E, which 
in turn associates with eIF4G, activating cap-dependent mRNA translation (Fig. 1, [139]). We 
demonstrate expression of both p-4E-BP1 and p-eIF4G in the dysplastic neuronal component 
of GG. Expression of p-eIF4G was previously reported in the dysplastic cells of both FCD 
and TSC [58, 62]. The second way via which mTOR increases cell size and proliferation is 
phosphorylation of p70S6K at Thr389 and the activation of the downstream protein S6 [54, 
139]. Both proteins were expressed in the neuronal component of GG, which was previously 
reported by Samadani et al. [52] In addition to phosphorylation at Thr389, phoshporylation 
at Thr229 by p-PDK1 is also critically involved in the kinase activity of p70S6K [152] and we 
demonstrate that both sites are phosphorylated in the neuronal cells of GG. Comparison 
with other MCDs reveals that p70S6K is predominantly phosphorylated at Thr229 in balloon 
cells in FCD, whereas both sites are phosphorylated in giant cells in TSC [64]. The presence 
of several activated components of the Pi3K-mTOR signaling pathway strongly suggest that 
these components are functionally active, however we have to keep in mind that kinase 
activity is not represented by immunoreactivity. 

Although TSC is a genetic disease and FCD and GG comprises sporadic cases, a pathogenetic 
relationship is supported by the finding that the downstream effectors of the Pi3K-mTOR 
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signaling pathway, ERM, p-eI4FG and p-S6 are observed in the dysplastic cell types in these 
MCDs. However, the underlying activation and regulation of the Pi3K-mTOR signaling 
remains unclear. Differences in the secretion of growth factors and other neurotrophic 
factors in the microenvironment in these lesions has been previously suggested by others 
as a possible mechanism [56, 64]. One example is represented by the vascular endothelial 
growth factor (VEGF); production of VEGF is mTOR dependent and is induced in mice with 
a TSC1 mutation as well as in TSC1-null and TSC2-null fibroblast cell lines [153]. Additionally, 
other pathways such as the ERK1/2-, the LKB1-AMPK- and the WNT- signaling pathway are 
known to regulate the TSC1/TSC2 complex [154-157] and are possibly differentially involved 
in the different MCDs. 

MCDs are highly associated with intractable epilepsy and we cannot exclude that the 
activation of the Pi3K-mTOR signaling pathway in these lesions may result from seizure 
activity or invasive presurgical monitoring. Increased expression of p70S6K and pS6 has been 
recently reported in neocortical tissue removed following depth electrode implantation in 
adult epilepsy invasive monitoring surgeries [158]. However, the patients included in this 
study did not undergo invasive monitoring and since significant differences in the expression 
of components of the Pi3K-mTOR signaling pathway were not observed in normal cortex 
adjacent to the lesion compared to control tissue from patients without a history of 
seizures, it’s unlikely that seizures alone trigger Pi3K-mTOR activation. In addition, increased 
expression of components of this signaling pathway was not detected in patients with DNTs, 
which did not differ in age of seizure onset, duration of seizures or seizure monitoring used 
prior to surgery from the GG patients. 

An intriguing question for the future is to further elucidate the mechanisms that regulate 
the Pi3K-mTOR signaling to explain the observed differences in activation of this pathway in 
the different MCDs.
 
AMOG expression patterns 
The identification of AMOG (adhesion molecule on glia) as an activator of the Pi3K-
mTOR signaling [141], prompted us to investigate its expression pattern in GNTs. AMOG 
activates Akt independently of Pi3K and PDK1, although the exact molecular mechanism 
that facilitates this activation remains unknown [141]. In the examined DNTs, we observed 
AMOG immunoreactivity in astrocytes which was comparable with the expression pattern 
in control material [159, 160]. Strong AMOG immunoreactivity patterns were present in GG, 
which resemble the expression patterns of CD34, a marker for glioneuronal precursor cells 
[31, 134]. CD34 is abundantly expressed in clusters in GG and in dysplastic cells in FCD and 
TSC [31, 41, 134]. Aside from expression in the low-grade GG, CD34 expression is observed 
in other tumors of the nervous system [41] with lower expression levels in tumors of higher 
malignancy. In some GG cases, CD34 immunoreactivity has been detected in association with 
tumor cell processes in patients with an adverse clinical course [129]. However, malignant 
progression to a glioblastoma multiforme usually is associated with loss of GG features, 
including loss of CD34 immunolabeling [129]. The same inverse relationship between 
expression level and malignancy is observed for AMOG in human glioma ([161], unpublished 
observations). 
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Double-labeling showed that cells immunoreactive for AMOG also showed IR for CD34, 
MAP2 and not with the astrocytic marker GFAP in the examined GG specimens. AMOG is 
expressed in the same cell type that express CD34 and therefore AMOG may represent a 
novel marker to identify glioneuronal precursor cells. Interesting to note is that DNTs are in 
general CD34-negative [134], which is in line with our results of normal AMOG expression 
pattern in DNTs. Genomic alterations studied in a large series of GGs by chromosomal and 
array-based comparative genomic hybridization reveal a distinct genomic profile compared 
to other low-grade primary brain tumors [162]. Furthermore, gene expression profiling 
differentiates GGs from DNTs [138]. All together these observations suggest a different 
pathogenetic origin for DNTs.
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ABSTRACT

Members of the vascular endothelial growth factor (VEGF) family are key signaling 
proteins in the induction and regulation of angiogenesis, both during development and in 
pathological conditions. However, signaling mediated through VEGF family proteins and their 
receptors has been recently shown to have direct trophic effects on neurons and glial cells. 
In the present study, we investigated immunocytochemically the expression and cellular 
distribution of VEGFA, VEGFB and their associated receptors (VEGFR-1 and VEGFR-2) in focal 
cortical dysplasia (FCD) type IIB from patients with medically intractable epilepsy. 
Histologically normal temporal cortex and perilesional regions displayed neuronal 
immunoreactivity (IR) for VEGFA, VEGFB, and VEGF receptors (VEGFR-1 and VEGFR-2), mainly 
in pyramidal neurons. Weak IR was observed in blood vessels and there was no notable 
glial IR within the grey and white matter. In all FCD specimens, VEGFA, VEGFB and both 
VEGF receptors were highly expressed in dysplastic neurons. IR in astroglial and balloon cells 
was observed for VEGFA and its receptors. VEGFR-1 displayed strong endothelial staining in 
FCD. Double-labeling showed also expression of VEGFA, VEGFB and VEGFR-1 in cells of the 
microglia/macrophage lineage. The neuronal expression of both VEGFA and VEGFB, together 
with their specific receptors in FCD, suggests autocrine/paracrine effects on dysplastic 
neurons. These autocrine/paracrine effects could play a role in the development of FCD, 
preventing the death of abnormal neuronal cells. In addition, the expression of VEGFA and 
its receptors in glial cells within the dysplastic cortex indicates that VEGF-mediated signaling 
could contribute to astroglial activation and associated inflammatory reactions. 

INTRODUCTION

The vascular endothelial growth factor (VEGF) family includes seven members which are 
structurally homologous, but display molecular and functional diversity [163, 164]. VEGFA, 
the most well known member of the VEGF family, is a crucial regulator of angiogenesis 
and vascular permeability in both physiological and pathological conditions, such as tumor 
growth, chronic inflammation and ischemia [165-167]. In addition to the unquestioned role in 
angiogenesis, it has recently been shown that VEGFA has direct trophic effects on neuronal 
and glial cells in the central nervous system [166, 168-170]. VEGFB is most closely related to 
VEGFA [164, 171]; however, the biological function of VEGFB is less well characterized than 
the function of VEGFA. VEGFB is expressed early during development and appears to have 
prominent expression in the central nervous system [172, 173]. Additionally, VEGFB has been 
shown to function as angiogenic and neuroprotective protein [174-176] and recent evidence 
suggests a role for VEGFB in neurogenesis [177, 178].
The diverse functions of VEGF proteins can be explained by their differential binding to 
signaling VEGF receptors (VEGFRs; VEGFR-1 (Flt-1), VEGFR-2 (Flk1/KDR), and VEGFR-3 (Flt-
4) [164, 179]). VEGFA binds to VEGFR-1 and VEGFR-2, whereas VEGFB binds specifically 
to VEGFR-1 and not to VEGFR-2 [164]. The VEGF-signaling pathway, involving both 
neuronal and glial cells, has been implicated in several neurological disorders, including 
neurodegeneration, stroke, and cerebral and spinal trauma [166]. In addition, expression 
of VEGFA is upregulated in neuronal and glial cells after epileptic seizures in rats [180], 
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suggesting a role for VEGFA in seizure disorders. A recent study points to a neuroprotective 
role for VEGFA following status epilepticus [181]. The relevance of these findings in animal 
models to human epileptic disorders is uncertain. Using serial analysis of gene expression 
(SAGE), we recently identified the VEGFB gene to be upregulated in human tissue from a 
patient with focal cortical dysplasia (FCD) and intractable epilepsy compared to control 
cortex (Boer et al., unpublished observations). Upregulation of VEGFA and its receptor has 
also been recently shown in the hippocampus of cases of human temporal lobe epilepsy 
(TLE) [182]. However, the distribution of VEGFA, VEGFB and VEGFRs in epilepsy-associated 
human malformations of cortical development has not yet been defined. 
In the present study, we investigated the expression of both VEGFA and VEGFB and their 
receptors (VEGFR-1 and VEGFR-2) in patients with FCD, which is a developmental disorder 
known to be a major cause of intractable epilepsy [69]. We report the specific cellular 
distribution, including both the neuronal and glial components of the dysplastic cortex, and 
we discuss the potential role of VEGFA, VEGFB and their receptors in the histogenesis and 
epileptogenesis of this developmental lesion.

MATERIALS AND METHODS

Subjects
The cases included in this study were obtained from the databases of the Departments of 
Neuropathology of the Academic Medical Center (University of Amsterdam) in Amsterdam 
and the University Medical Center in Utrecht. We examined surgically resected tissue from 
9 patients undergoing epilepsy surgery for focal cortical dysplasia. 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 classification system proposed by Palmini et al. [15] was used for grading the degree of 
FCD and only patients with FCD type IIB located in the temporal lobe were included. The 
clinical characteristics derived from the patient’s medical records are summarized in Table 1. 
The predominant type of seizure pattern was that of complex partial seizures, which were 
resistant to maximal doses of antiepileptic drugs (AEDs; carbamazepine, valproic acid, 
phenytoin, levetiracetam, oxcarbazepine and clonazepam). Information concerning the exact 
time of last seizure occurrence prior to surgical resection was not available. However, all the 
patients included in our series did not have seizure activity in the last 24 h before surgery. 
The patients underwent presurgical evaluation [144]. Intraoperative ECoG was performed 
routinely in all operations for tailoring of surgery and we classified the postoperative seizure 
outcome according to Engel [145]. Follow-up period ranged from 1 to 9 years.
Normal-appearing control cortex/white matter from the temporal region was obtained at 
autopsy from 5 adult control patients (male/female: 2/3; mean age 42: range 17-55) without 
history of neurological diseases. All autopsies were performed within 12 h after death (post 
mortem delay: 11, 11.5, 9, 8.5, 6 h). The cause of death was represented by acute myocardial 
infarction. In addition, 4 of the 9 FCD cases contained sufficient amount of perilesional zone 
(normal-appearing cortex/white matter adjacent to the lesion) for comparison with the 
autopsy specimens. This material represents good disease control tissue, since it is exposed 
to the same seizure activity, drugs, fixation time, and age and gender are the same.
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Table 1. Summary of clinical findings of patients with focal cortical dysplasia

FCD, focal cortical dysplasia; CPS, complex partial seizures; SGS, secondary generalized seizures

Tissue preparation
Tissue was fixed in 10% buffered formalin and embedded in paraffin. Two representative 
paraffin blocks per case (containing the complete lesion or the largest part of the lesion 
resected at surgery) were sectioned, stained and assessed. Paraffin-embedded tissue was 
sectioned at 6 µm, mounted on organosilane-coated slides (SIGMA, St. Louis, MO) and used 
for histological and immunocytochemical reactions as described below. Frozen tissue from 
control cortex and FCD tissue, stored at - 80 0C, was used for western blot analysis. 

Antibody characterization 
To document the presence of a heterogeneous population of cells, we used the following 
antibodies: glial fibrillary acidic protein (GFAP; polyclonal rabbit, DAKO, Glostrup, Denmark; 
1:4000; monoclonal mouse, DAKO; 1:50), vimentin (mouse clone V9, DAKO; 1:1000), 
microtubule-associated protein (MAP2; polyclonal rabbit, Chemicon; 1:500), neuronal 
nuclear protein (NeuN; mouse clone MAB377, Chemicon, Temecula, CA, USA; 1:2000), non- 
phosphorylated neurofilament (SMI311; monoclonal mouse, Sternberger monoclonals, 
Lutherville, MD; 1:1000), human leukocyte antigen (HLA)-DP, -DQ, -DR (CR3/43; monoclonal 
mouse, DAKO; 1:400), CD68 (mouse clone PG-M1, DAKO; 1:200) and CD31 (mouse clone 
JC70A, DAKO; 1:100). For the detection of VEGFA, VEGFB and their receptors the following 
antibodies (Abs) were used: VEGFA (G153-694, monoclonal mouse; recognizing VEGF 165 
and 189 [183], Pharmingen, CA, USA; 1:100), VEGFA (A-20, SC-152, polyclonal rabbit; raised 
against the N-terminus of VEGFA, recognizing VEGF 121, 165 and 189, Santa Cruz Bio., CA, 
USA; 1:100), VEGFB (H-70, SC-13083, polyclonal rabbit; raised against amino acids 1-70 of 
human VEGFB, Santa Cruz Bio.; 1:20), Flt-1 (VEGFR-1; C-17, SC-316, polyclonal rabbit, Santa 
Cruz Bio.; 1:100), Flk-1 (VEGFR-2; A-3, SC-6251, monoclonal mouse; Santa Cruz Bio.; 1:100). 
To allow comparative analysis, we used on frozen specimens of normal cortex (n=3) and 
FCD tissue (n=2) two additional antibodies which were not suitable for staining paraffin-
embedded, formalin-fixed tissue: VEGFR-1 (clone Flt-19, 1:400; developed against the 
recombinant human extracellular domain of VEGFR-1) and VEGFR-2 (clone KDR-1, 1:400; 
developed against the recombinant human extracellular domain of VEGFR-2), kindly provided 
by Dr. H. A. Weich, (National Research Center for Biotechnology, Braunschweig, Germany) 
and previously characterized on human tissues [184-186]. Similar immunoreactivity patterns 
were observed on paraffin-embedded and frozen tissue.
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The specificity of the antibodies used for immunocytochemistry on paraffin-embedded, 
formalin-fixed tissue (VEGFA, VEGFB, VEGFR-1 VEGFR-2; Santa Cruz Bio.) was further tested 
performing western blot analysis of total homogenates of human control cortex. We also 
include one FCD case of which sufficient frozen material for blot analysis was available (Fig. 
1). VEGFR-1 and VEGFR-2 receptor proteins were detectable as a band of approximately 
180 and 200 kDa, respectively. VEGFB was detectable as a band of approximately 40 kDa 
and VEGFA labeled a prominent band at approximately 48 kDa and a light band at 21 
kDa, as recently reported in human brain tissue (control hippocampus and FCD; [182]). All 
immunoreactive bands disappeared after preadsorption with the corresponding peptide.

For immunoblot analysis, human normal cortex (n=3) and FCD (n=1) samples were 
homogenized in lysis buffer containing 10 mM Tris (pH 8.0), 150 mM NaCl, 10% glycerol, 1% 
NP-40, 0.4 mg/ml Na-orthevanadate, 5 mM EDTA (pH 8.0), 5 mM NaF and protease inhibitors 
(cocktail tablets; Roche Diagnostics, Mannheim, Germany). Protein content was determined 
using the bicinchoninic acid method [187]. Non-reducing conditions were used to improve 
the detection of the VEGFA antibody, as previously reported [188]. For electrophoresis, equal 
amounts of protein (30 μg/lane) were separated by sodium dodecylsulfate-polyacrylamide 
gel electrophoretic (SDS-PAGE) analysis in 7.5-12.5% gels. Separated proteins were 
transferred to nitrocellulose paper by electroblotting for 1 h and 30 min (BioRad, Transblot 
SD, Hercules, CA, USA). After blocking for 1 h in TBST (20 mM Tris, 150 mM NaCl, 1% Tween, 
pH 7.5) /5% non-fat dry milk, blots were incubated overnight with the primary Abs (VEGFA, 
VEGFR-1 and VEGFR-2, 1:1000; VEGFB, 1:200). After several washes in TBST, the membranes 
were incubated in TBST/5% non-fat dry milk containing a goat anti-rabbit or anti-mouse Ab 
coupled to horseradish peroxidase (1:2500; DAKO, Denmark) for 1 h. After washes in TBST, 
immunoreactivity was visualized using an enhanced chemiluminescence kit (Amersham, 
Buckinghamshire, UK). Expression of β-actin (monoclonal mouse, Sigma, St. Louis, MO, 
1:50.000) was used as reference protein. Since the limited availability of frozen material 
from FCD cases, a complete analysis with statistical comparison between control and FCD 
by immunoblot could not be performed.

Figure 1. Representative immunoblot of VEGFA, 
VEGFB, VEGFR-1 and VEGFR-2 in total homogenates 
from control cortex and FCD tissue. Expression of 
β-actin (as reference protein) is shown in the same 
protein extracts. 
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Immunocytochemistry
Sections were deparaffinized, re-hydrated, and incubated for 20 min in 0.3% H2O2 diluted in 
methanol to quench the endogenous peroxidase activity. Antigen retrieval was performed 
by incubation for 10 min at 121 °C in citrate buffer (0.01 M, pH 6.0), sections were washed 
with phosphate-buffered saline (PBS), and incubated for 30 min in 10% normal goat serum 
(Harlan Sera-Lab, Loughborough, Leicestershire, UK). We incubated the sections with the 
primary antibodies overnight at 4 °C. Hereafter, sections were washed in PBS and we used the 
ready-for-use Powervision peroxidase system (Immunologic, Duiven, The Netherlands) and 
3,3’-diaminobenzidine as chromogen to develop the staining. Sections were counterstained 
with hematoxylin, dehydrated and coverslipped. Sections incubated without the primary 
antibody and excess of the antigenic peptide were essentially blank.
For double-labeling studies, after incubation overnight at 4 °C with the primary antibodies, 
sections were incubated for 2 h with Alexa Fluor® 568-conjugated anti-rabbit IgG and Alexa 
Fluor® 488 anti-mouse IgG (1:1000, Molecular Probes, The Netherlands). The VEGFR-2 
antibody (monoclonal mouse) could only be combined with MAP2 and GFAP (polyclonal 
rabbit). Sections were analyzed by means of a laser scanning confocal microscope (Bio-Rad, 
Hercules, CA, USA; MRC1024) equipped with an argon-ion laser.

Evaluation of immunostaining
Semi-quantitative evaluation of immunoreactivity 
As previously reported [189, 190], a semi-quantitative analysis was done using an Olympus 
microscope examining in each section high-power non overlapping fields (0.0655 mm X 
0.0655 mm width; each corresponding to 4.290 µm2), defined in the center of the lesion 
using a square grid inserted into the eyepiece. A total microscopical area of 858.050 µm2 
was assessed per case. Neuronal cell bodies were differentiated from glia and glioneuronal 
balloon cells on the basis of morphology. Balloon cells have eccentric nuclei and ballooned 
opalescent eosinophilic cytoplasm. The staining intensity was evaluated using a semi-
quantitative three-point scale where immunoreactivity was defined as: -, absent (0); 
+, moderate (1); ++, strong staining (2); intensity score; (Table 2). This score represents 
the predominant cell staining intensity found in each section for the different cell types 
(neurons, astrocytes, microglial cells and balloon cells) as averaged from the selected fields 
(as previously described [189, 190]). 

Frequency of cell staining
In each slice, we assessed the number of neurons and astrocytes labeled by a specific Ab on 
the total number of each cell type within the lesion using an ocular grid [113]. This frequency 
score was assigned using 3 distinct categories: (1) < 10%, rare; (2) 11-30% sparse; (3) > 30% 
high. The product of the intensity and the frequency scores was taken to give the total 
immunoreactivity score, as previously reported [190, 191]. For statistical analysis of data, 
SPSS for Windows was used. Data were compared using a non-parametric Kruskal-Wallis 
test followed by a Mann-Whitney test to assess the difference between groups. P < 0.05 was 
taken as level of significance. 
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RESULTS

Human material and histological features 
All 9 patients had chronic pharmacoresistant epilepsy and were all seizure free postoperatively 
(Engel’s class I; Table 1). The FCD cases included in this study have all the histopathological 
features of severe (type IIB) FCD, according to the classification of Palmini et al. [15]. The 
resected specimens consisted of disorganized neocortex containing immature neurons, 
giant neurons, dysmorphic neurons and balloon cells. Neurons and balloon cells were 
also observed in the subcortical white matter and there was a prominent population of 
reactive astrocytes. Cells of the microglia/macrophage lineage were also observed within 
the dysplastic cortex, suggesting activation of inflammatory processes in FCD [109].

Expression of VEGF and VEGFRs in normal temporal cortex and FCD
Cellular distribution of VEGFA 
VEGFA staining was observed within the histologically normal cortex (Fig. 2A-B). The staining 
was strongest in pyramidal neurons, which displayed somatic staining and staining of the 
apical dendrites (Fig. 2B). Neuropil staining was weak and resting glial cells did not show 
VEGFA immunoreactivity (IR). Weak staining was observed in endothelial cells. Autopsy 
material and the perilesional cortex showed similar IR. 

FCD, focal cortical dysplasia; immunoreactivity: -, not present; + moderate; ++ strong.

In the majority of FCD cases (7 out of 9), strong VEGFA IR was observed in dysplastic 
neurons located throughout the dysplastic cortex (Fig. 2C-E; Table 2; Fig. 6). Strong staining 
was also detected in balloon cells, reactive astrocytes and in perivascular astrocytic end-
feet (Fig. 2F-I; Table 2; Fig. 6). Endothelial IR was weak. Double-labeling experiments 
confirmed expression in reactive astrocytes, neurons and in CD68+ macrophages (Fig. 2P). 
Imunocytochemistry using two different antibodies to VEGFA (Pharmingen and Santa Cruz 
Bio.) demonstrated similar patterns.

Cellular distribution of VEGFB 
Histologically normal cortex displayed only weak VEGFB IR (Fig. 3A). Both autopsy and 
surgical specimens showed light staining in pyramidal neurons and in endothelial cells. Glial 
cells did not show VEGFB IR. 

Table 2. VEGFA, VEGFB, VEGFR-1, and VEGFR-2 distribution in different cell types in cases of FCD
               (% of cases with immunoreactive cells)
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Figure 2. VEGFA immunoreactivity in 
focal cortical dysplasia type IIB
Panel A: VEGFA immunoreactivity (IR) 
within the histologically normal adult 
cortex. Panel B: high magnification 
showing somatic staining in pyramidal 
neurons (insert: vascular staining). 
Panel C: VEGFA in focal cortical 
dysplasia (FCDIIB) showing strong IR 
within the dysplastic cortex. Panel D: 
high magnification showing VEGFA 
IR in dysplastic neurons (arrows). A 
binucleated VEGFA positive dysplastic 
neuron is shown in panel E. Panel F: 
VEGFA IR within the subcortical dysplastic 
region. Panel G: VEGFA expression in a 
balloon cell. Panels H-I: VEGFA expression 
in reactive astrocytes (arrows in I indicate 
perivascular astrocytic end-feet). Panels 
J-L: double-labeling of GFAP (green, J) 
with VEGFA (red, K) shows co-localization 
(yellow; L) in astrocytes. Panels M-O: 
double-labeling of non-phosphorylated 
neurofilament (SMI311; NF, green, M) 
with VEGFA (red, N) shows co-localization 
(yellow; O) in dysplastic neurons. Panel 
P:  merged image showing co-localization 
of CD68 (green) with VEGFA (red) in 
macrophages. Scale bar in A; A, C and F: 
400 µm; B and D: 120 µm; E, G-I: 35 µm; 
J-O: 40 µm; P: 18 µm.

In FCD specimens moderate to strong VEGFB IR was observed within the dysplastic cortex 
(Fig. 3B; Table 2; Fig. 6) with strong VEGFB IR in dysplastic neurons (Fig. 3C). In the majority 
of cases (7 out of 9), balloon cells and reactive astrocytes did not express VEGFB (Fig. 
3D; Table 2; Fig. 6). Double-labeling experiments confirmed the absence of VEGFB IR in 
GFAP- positive cells (astrocytes), whereas co-localization was found with neurofilament in 
dysplastic neurons (Fig. 3H-J). VEGFB IR was also observed in CD68+ macrophages (Fig. 3K).

Cellular distribution of VEGFR-1
Histologically normal cortex (autopsy and surgical specimens) displayed only weak VEGFR-1 
IR, which was restricted to pyramidal neurons (Fig. 4A). IR in blood vessels was weak (Fig. 
4B). Glial cells did not show VEGFR-1 IR. 
In FCD specimens, moderate to strong VEGFR-1 staining was observed within the dysplastic 
cortex (Fig. 4C-G; Table 2; Fig. 6). VEGFR-1 IR was observed in different cell types, including 
dysplastic neurons, astrocytes and endothelial cells. Double-labeling experiments confirmed 
the co-localization of VEGFR-1 IR with neuronal (insert in Fig. 4C), endothelial (insert in Fig. 
4D) and glial (Fig. 4H-J) markers. Additionally, expression of VEGFR-1 was observed in CD68+ 
macrophages (Fig. 4K-M).
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Figure 3. VEGFB immunoreactivity in 
focal cortical dysplasia type IIB
Panel A: Histologically normal adult 
cortex showing neuronal distribution 
of VEGFB with weak immunoreactivity 
(IR) in pyramidal cell neurons (high 
magnification of a pyramidal neuron is 
shown in insert a); weak staining was 
also observed in blood vessels (insert b) 
Panel B: VEGFB in focal cortical dysplasia 
(FCDIIB) showing strong IR within the 
dysplastic cortex. Panel C: strong VEGFB 
IR in dysplastic neurons of different size 
and shape (arrows), whereas glial cells 
were negative (arrowheads). Panel D: 
undetectable VEGFB IR in balloon cells 
(arrows). Panels E-G show absence of co-
localization between GFAP (green, E) with 
VEGFB (red, F) in astrocytes (G, merged 
image). Panels H-J: double-labeling of 
non-phosphorylated neurofilament 
(SMI311; NF, green, H) with VEGFB (red, 
I) shows co-localization (yellow; J) in a 
dysplastic neuron. Panel K: merged image 
showing co-localization of CD68 (CD68; 
green) with VEGFB (red) in macrophages. 
Scale bar in A; A and B: 200 µm; C-J: 40 
µm; K: 18 µm.

Cellular distribution of VEGFR-2
VEGFR-2 staining was observed within the histologically normal cortex (autopsy and 
perilesional zone) in pyramidal neurons (Fig. 5A). IR in blood vessels was weak (Fig. 5B). 
Glial cells did not show VEGFB IR. 
In the large majority of FCD cases, VEGFR-2 was strongly expressed in dysplastic neurons (Fig. 
5C and E, Table 2; Fig. 6). VEGFR-2 IR was also detected in balloon cells, but only 3 out of 9 
cases displayed strong staining for VEGFR-2 (Fig. 5F and Table 2). Endothelial expression was 
weak. In many FCD cases (5 out of 9) expression of VEGFR-2 was undetectable in reactive 
astrocytes (Table 2; Fig. 6). Double-labeling experiments confirmed the co-localization of 
VEGFR-2 IR with neuronal markers (neurofilament or MAP2, Fig. 5E, G-I) within the dysplastic 
cortex.



47

VEGF and its receptors in FCDIIB

3

Figure 4. VEGFR-1 immunoreactivity in 
focal cortical dysplasia type IIB
Panels A-B: Histologically normal adult 
cortex (A) and white matter (B) showing 
weak immunoreactivity (IR) in neurons 
(A) and blood vessels (B; arrow-heads). 
Panels C-D: VEGFR-1 in focal cortical 
dysplasia (FCDIIB) showing strong IR in 
dysplastic neurons (arrows in C) and 
in blood vessels (arrows in D). Insert 
in C shows co-localization between 
non-phosphorylated neurofilament 
(SMI311; NF, green) with VEGFR-1 
(red) in a dysplastic neuron. Insert in 
D shows co-localization between CD31 
(endothelial marker; green) with VEGFR-1 
(red) in blood vessels. Panels E-G show 
strong IR in balloon cells of different 
size (arrows) and glial cells (arrowheads 
in E). Panels H-J show co-localization 
between GFAP (green, H) with VEGFR-1 
(red, I) in astrocytes (J, merged image). 
Panels K-M show co-localization of CD68 
(CD68; green, K) with VEGFR-1 (red, L) in 
macrophages (M, merged image). Scale 
bar in A; A-D and H-M: 40 µm; E-G: 35 
µm.

Figure 5. VEGFR-2 immunoreactivity in 
focal cortical dysplasia type IIB
Panels A-B: Histologically normal adult 
cortex (A) and white matter (B) showing 
moderate immunoreactivity (IR) in 
pyramidal cells (A); in the white matter 
endothelial IR was weak and glial IR was 
undetectable (B). Panels C-D: VEGFR-2 in 
focal cortical dysplasia (FCDIIB) showing 
strong IR in dysplastic neurons (arrows in 
c), but weak IR in blood vessels (arrow-
heads in D). Panels E-F show strong IR 
in a dysplastic neuron (arrow in E) and 
in a balloon cell (arrow in F), but weak 
IR in glial cells (arrowheads in E and F). 
Insert in E shows co-localization between 
non-phosphorylated neuro-filament 
(SMI311; NF, green) with VEGFR-2 (red) 
in a dysplastic neuron. Panels G-I show 
co-localization between MAP-2 (green, G) 
with VEGFR-2 (red, H) in balloon cells (I, 
merged image). Scale bar in A; A-D and 
G-I: 40 µm; E-F: 35 µm.
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Figure. 6. Distribution of immunoreactivity scores (total score; see details in materials and methods section) in 
neurons and astrocytes of control, perilesional and FCDIIB specimens
A, E: VEGFA; B, F: VEGFB; C, G: VEGFR-1; D, H: VEGFR-2. A-D: neurons; E-H: astrocytes. IR scores of VEGFs and 
VEGFRs in neurons of FCDIIB were greater than IR scores of control and perilesional cortex; IR scores of VEGFA and 
VEGFRs in astrocytes of FCDIIB were greater than IR scores of control and perilesional cortex (p < 0.05). There were 
no significant differences IR scores of VEGFs and VEGFRs between control and perilesional cortex.

DISCUSSION

In addition to their role in angiogenesis, VEGF proteins and their receptors have been 
implicated in several neurological disorders, including epilepsy [180, 182, 192]. In the present 
study, we demonstrate a prominent expression of VEGFA, VEGFB and their signaling receptors 
in FCDIIB, a malformation of cortical development associated with intractable epilepsy. This 
is particularly interesting in view of the recently proposed role of VEGFs and their signaling 
pathways during development and in epilepsy-associated pathologies [178, 180, 193-195]. 

Expression of VEGFA and VEGFB in normal temporal cortex 
In histologically normal temporal cortex, both autopsy and perilesional zone, we have shown 
weak expression of both VEGFA and VEGFB in cortical neurons. Expression of VEGFA and 
VEGFB, including both mRNA and protein, has been demonstrated in neurons in adult rodent 
brain [196-199]. In human adult brain, only few studies have described neuronal expression 
of VEGFA in control tissue [188, 200], which was similar to our observed staining pattern 
in the control temporal specimens. To our knowledge, previous studies of VEGFB protein 
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expression in human control cortex have not been described. However, VEGFB mRNA was 
detected in human hippocampal cortex [201] and VEGFB mRNA and protein expression has 
been described in adult rodent brain [173, 198]. In control rat brain, VEGFB was constitutively 
expressed in endothelial cells [198]. In our study, we observed only weak endothelial VEGFB 
immunoreactivity (IR) in blood vessels. In agreement with previous studies [173, 188, 200], IR 
for both VEGFs was not observed in glial cells within control specimens. 

Differential cellular distribution of VEGFA and VEGFB in FCD
In the present study, we provide evidence for a consistent expression of both VEGFA and 
VEGFB within the dysplastic cortex of patients with FCD. Both VEGFs are highly expressed 
in dysplastic neurons; however, only the VEGFA protein is prominently expressed in 
reactive astrocytes. Expression of VEGFA in astrocytes has been shown in several other 
pathologies associated with reactive gliosis, such as ischemic stroke, traumatic brain injury, 
neurodegenerative disorders, and the hippocampus following entorhinal deafferentation 
[188, 200, 202-204]. In addition, we previously reported upregulation of both neuronal 
and glial VEGFA expression in patients with hemimegalencephaly, an epilepsy-associated 
malformation of cortical development [27]. In the present study, we also observed expression 
of VEGFA in balloon cells, which are characteristic cell types of severe FCD [15]. Whether 
these cells are glial or neuronal in nature is still controversial [205]. 
Induction of both neuronal and astroglial VEGFA expression has been shown in different 
experimental models of seizures and human temporal lobe epilepsy (TLE) [180, 182, 192]. 
Rigau et al. [182] showed increased levels of VEGFA in the hippocampus of several cases of TLE, 
including two cases of focal dysplasia. All TLE cases showed VEGFA expression in pyramidal 
neurons and granule cells of the hippocampus [182]. However, immunocytochemical analysis 
of the temporal cortex and the FCD cases was not performed.

The molecular mechanism underlying the induction of VEGFA expression after seizures 
remains unclear. One possible mechanism, which has been proposed to explain the 
association between seizure activity and the induction of VEGFA expression, is represented 
by the stabilization of the hypoxia inducible factor-1α (HIF-1α). HIF-1α is a transcription 
factor which upregulates VEGFA transcription under hypoxic conditions [206-208]. Hypoxia 
may occur during seizures, representing an important trigger in the induction of VEGFA 
expression, particularly in case of long lasting seizures, such as in status epilepticus models. 
However, VEGFA expression is already induced after acute seizures [192] and the mechanisms 
that regulate VEGFA expression are complex. Several transcription factors, including AP-1, 
HIF-1α and NF-κB, have been identified to regulate VEGFA expression [209] and recently it 
has been shown that also inflammatory cytokines, such as interleukin-1β (IL-1β), activate 
HIF1α and VEGFA gene expression in primary human astrocytes [210]. Interestingly, increased 
expression of proinflammatory cytokines and related molecules has been reported in both 
animal models and human epilepsy-associated pathologies, including FCD [82, 94, 189, 
190]. In addition, VEGFA has been demonstrated to be a key mediator of the inflammatory 
process [211, 212]. Thus, we might speculate that the prominent expression of VEGFA within 
the dysplastic cortex could be a critical component of the complex cascade of events leading 
to a chronic inflammatory state and the sustained seizure activity [82, 195]. With respect 
to inflammation, inflammatory cells, such as macrophages, can release various angiogenic 
cytokines including VEGFs [213]. Accordingly, we observed expression of both VEGFA and 
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VEGFB in macrophages (CD68-positive cells), as previously shown in animal models of brain 
ischemia [198, 214, 215]. 
VEGFA effects can also compromise the integrity of the blood-brain barrier (BBB; [216]). 
Interestingly, alterations of the BBB permeability have been recently observed in both human 
and experimental TLE with positive correlation between the increased vascular permeability 
and the occurrence of spontaneous seizures in chronic epileptic rats [182, 217, 218]. In 
contrast, several studies highlight a dichotomous function of VEGFA, demonstrating also a 
neuroprotective role [180, 219]. Administration of VEGFA and neuronal expression of VEGFA 
have been shown to stimulate neurogenesis in vitro and in vivo [220, 221]. In addition, it has 
been suggested that the neuroprotective effects of VEGFA are mediated by the neuronal 
VEGFR-2 and the subsequent activation of the Pi3K/Akt survival pathway [222, 223]. 
VEGFB expression is not induced by hypoxia or several transcription factors known to 
regulate VEGFA expression [224], as the promoter region of VEGFB lacks HIF-1 and AP-1 
sites [225, 226]. The regulation of the expression of VEGFB remains unknown. Since all cases 
examined were associated with epilepsy, we cannot exclude that chronic seizure activity 
could also contribute to the VEGFB expression in FCD specimens. Alternatively, since VEGFB 
expression has been shown to be prominent during early brain development [173] the 
strong neuronal expression of VEGFB could represent an intrinsic and immature feature of 
the dysplastic neuronal cells which could contribute to their survival. Recent studies using 
VEGFB knock-out mice demonstrate a neurotrophic and neuroprotective activity of VEGFB, 
exerting a direct action on neurons, and promoting neurogenesis [176, 178].  
This is an observational study and we were, therefore, not able to investigate the spatio-
temporal regulation of the VEGF system. Further research in animal models of cortical 
dysplasia is clearly needed to elucidate the role of VEGFs and their signaling pathways in the 
histogenesis or epileptogenesis of developmental disorders. 

Expression of VEGF receptors in normal temporal cortex 
In histologically normal temporal cortex (autopsy and perilesional zone) VEGFR-1 and 
VEGFR-2 showed a similar pattern of expression, with weak to moderate immunostaining in 
pyramidal neurons. Neuronal expression of VEGFRs mRNA and protein has been reported in 
adult human and rodent brain, with strong expression in the hippocampus [188, 200, 204, 215]. 
In agreement with these studies, we did not detect glial VEGFR expression in histologically 
normal cortex and only weak VEGFR expression was observed in endothelial cells.

Differential cellular distribution of VEGFR-1 and VEGFR-2 in FCD
Consistent expression of both VEGFR-1 and VEGFR-2 was detected within the dysplastic 
cortex of patients with FCD. Both receptors were upregulated in dysplastic neurons. Increased 
expression of the VEGFRs and in particular VEGFR-1 was observed in reactive astrocytes. 
Upregulation of VEGFRs in neurons and reactive astrocytes has been shown in several 
other pathological conditions including ischemia, neurodegenerative diseases and trauma 
[188, 196, 204, 215, 227, 228]. Recently, increased expression of VEGFR-2 has been shown in 
several cases of TLE, including two cases of cortical dysplasia [182]. Immunocytochemical 
analysis demonstrated only expression in endothelial cells, whereas neuronal VEGFR-2 IR 
was not detected in either control hippocampus or TLE specimens [182]. Differences in the 
phenotypes of cells expressing VEGFRs has been observed in several other studies [188, 214, 
229]. These discrepancies may be caused by differences in experimental methods, tissue 
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processing or the use of different antibodies that recognize different epitopes. Our results 
support the neuronal expression of VEGFR-2 recently reported in human brain [188]. The 
similar expression pattern of VEGFA and VEGFR-2, with prominent neuronal IR, suggests 
autocrine/paracrine effects on dysplastic neurons, supporting the hypothesis of a mechanism 
to protect abnormal neurons from cell death associated with seizures. Autocrine and/or 
paracrine effects of VEGFA are supported by the observation that administration of VEGFA 
has been shown to induce mRNA and protein expression of both receptors in adult rat brain 
[230, 231]. A protective mechanism of VEGFA has been further elucidated in epileptic rats, 
showing that VEGFA may reduce spontaneous discharges in epileptic rats [232]. Therefore 
upregulation of VEGFA could represent an endogenous compensatory mechanism to reduce 
excitability and to prevent cell loss after severe seizures. Accordingly, infusion of VEGFA into 
the hippocampus has been shown to protect against neuronal cell loss after pilocarpine-
induced status epilepticus [181].
In the present study, we also provide evidence for the expression of VEGFR-1 in activated 
cells of the microglia/macrophage lineage, which have been shown to be present in FCD 
specimens [109]. This is in agreement with previous in vitro and in vivo studies [215, 233] 
showing VEGFR-1 expression in activated microglial cells. These observations suggest that 
the microglia/macrophage lineage is also target for VEGF, which may affect chemotaxis and 
proliferation of these cells, contributing to the inflammatory state in the epileptic brain.
There is substantial information about the function and the signaling through VEGFR-2; in 
contrast, signaling through VEGFR-1 remains poorly understood and has been matter of 
discussion. A decoy role has been proposed for VEGFR-1, but more recently functional 
signaling via VEGFR-1 has been reported (for reviews see [222, 226]). These observations 
may give rise to new therapeutic strategies focusing on VEGFR-1 specific ligands, such as 
VEGFB [226].

CONCLUSIONS

Our observed cellular distribution of VEGFA, VEGFB and their signaling receptors indicate 
that different cellular components of FCD are involved in VEGF-signaling. In this context, 
future studies, using both in vivo and in vitro models, will be important to achieve a 
better understanding of the role of the VEGF-mediated pathways in the histogenesis and 
epileptogenisis of developmental lesions associated with intractable chronic epilepsy. 
Presently, signaling via VEGF receptors is not targeted by existing therapies in epileptic 
patients, but it can be potentially useful in view of its involvement in the regulation of 
neurogenesis, inflammation and BBB integrity. However, an effective therapeutic intervention 
based on modulation of the VEGF system has to take in consideration the specific role of 
VEGFA and VEGFB and the multiple effects (protective and/or detrimental) reported for 
VEGFA.  
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ABSTRACT

Focal cortical dysplasia (FCD) and glioneuronal tumors (GNTs) are recognized causes of 
chronic intractable epilepsy. The cellular mechanism(s) underlying their epileptogenicity 
remains largely unknown. Compelling evidence in experimental models of seizures indicates 
an important role of interleukin (IL)-1β in the mechanisms of hyperexcitability leading to 
the occurrence of seizures. We investigated immunocytochemically the brain expression 
and cellular distribution pattern of IL-1β, IL-1 receptor (IL-1R) types I and II, and IL-1R 
antagonist (IL-1Ra) in FCD and GNT specimens, and we correlate these parameters with the 
clinical history of epilepsy in patients with medically intractable seizures. In normal control 
cortex, and in perilesional regions with histologically normal cortex, IL-1β, IL-1Rs and IL-1Ra 
expression was undetectable. In all FCD and GNT specimens, IL-1β and its signaling receptor 
IL-1RI were highly expressed by more than 30% of neurons and glia, whereas the decoy 
receptor IL-1RII and IL-1Ra were expressed to a lesser extent by ~10% and 20% of cells, 
respectively. These findings show a high expression of IL-1β and its functional receptor (IL-
1RI) in FCD and GNT specimens together with a relative paucity of mechanisms (IL-1RII and 
IL-1Ra) apt to inactivate IL-1β actions. Moreover, the number of IL-1β- and IL-1RI-positive 
neurons was positively correlated with the frequency of seizures, whereas the number of 
IL-1Ra-positive neurons and astroglial cells was negatively correlated with the duration of 
epilepsy prior to surgery. The expression of IL-1β family members in these developmental 
lesions may contribute to their intrinsic and high epileptogenicity, thus possibly representing 
a novel target for antiepileptic strategies.

INTRODUCTION

Malformative and neoplastic glioneuronal lesions are a major cause of pediatric epilepsy 
[29, 69, 205, 234]. Although focal cortical dysplasia (FCD) and glioneuronal tumors (GNTs) 
are two distinct neuropathological entities, both are characterized by the presence of 
dysplastic neurons, activated or tumor (GNT) glial cells and phenotypically undefined 
glioneuronal elements [69]. A recent classification scheme for malformations of cortical 
development includes FCD and GNT among the disorders of proliferation (with abnormal 
cell types) together with the tuberous sclerosis complex and hemimegalencephaly [13]. 
Moreover, recent evidence indicates that epilepsy-associated glioneuronal lesions share 
common pathogenetic mechanisms [67]. Several reports suggest that both types of lesion 
(FCD and GNT) are intrinsically epileptogenic [29, 71, 235-238]; however the underlying 
cellular mechanism(s) remains largely unknown. In this respect, an important role in 
hyperexcitability has been attributed to the neuronal component of these lesions, consisting 
of highly differentiated cells containing, e.g., neuropeptides, neurotrophins, gap-junctions 
and receptors for different neurotransmitters [29, 69, 71, 111, 113, 239, 240]. Neuron-glia 
interactions may also play a critical role in the generation of seizures. Accordingly, several 
studies demonstrate alterations of functional properties of glial cells, involving plasma 
membrane channels and receptors that might be involved in epileptogenesis (for review, see 
[68]). A novel hypothesis is that the presence of activated astrocytes and microglia in FCD 
and GNT may be related to the epileptogenicity of these lesions through the production of 
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inflammatory cytokines. Thus, an increasing number of observations in experimental models 
of seizures support the role of inflammatory molecules in ictogenesis and epileptogenesis 
(reviewed in [82, 84, 95, 241]). Particular attention has been focused on the role of the 
interleukin (IL)-1β activated pathways in ictogenesis. Intracerebral application of IL-1β in 
rodents prolongs seizure activity [93]. Accordingly, intracerebral application of the naturally 
occurring antagonist of the IL-1 receptor (IL-1Ra) mediates powerful anticonvulsant effects 
[94, 96, 241]. The threshold for induction of febrile seizures in immature rodents is decreased 
by IL-1β, whereas it is increased by IL-1Ra and in IL-1 receptor type 1 (IL-1RI)-deficient mice 
[91, 92]. Inhibition of the production of the biologically active form of IL-1β using blockers 
of interleukin-converting enzyme, also named caspase-1, significantly reduces seizures in 
rodents [97]. These observations strongly support a proconvulsant role of IL-1β produced 
in the brain in pathological conditions, such as during seizures or as a consequence of 
underlying inflammatory processes [92-94, 96, 242-245].
Studies in human tissue from epileptic patients, although still limited, support the 
experimental findings obtained in rodents. In particular, increased levels of proinflammatory 
molecules have been found in the cerebral spinal fluid and serum from epileptic patients 
[101-103]. Moreover, increased expression of inflammatory genes and related proteins has 
been observed in the brain tissue of patients with tuberous sclerosis complex and Rasmussen 
encephalitis, two neurological conditions associated with epilepsy [107, 246]. It has also 
been shown that the density of activated microglia (one major source of cytokines in the 
brain) in GNTs and FCD correlates with both the duration of epilepsy and the frequency of 
seizures [108, 109]. Finally, genetic studies reported a polymorphism in the promoter region 
of the IL-1β gene, which is associated with therapy-resistant temporal lobe epilepsy and 
febrile seizures [247-249]. In the present histological study, we demonstrate the intralesional 
expression and cellular distribution of IL-1β, IL-1 receptors and IL-1Ra in FCD and GNT 
specimens from patients with medically intractable epilepsy, thus providing direct evidence 
of a chronic inflammatory state in epileptogenic brain lesions. The presence of IL-1β-, IL-
1RI- and IL-1Ra-positive cells is associated with the clinical course of epilepsy in patients. 
This study, together with functional and pharmacological evidence in experimental models, 
supports the role of the IL-1β system in the mechanisms underlying the intrinsic and high 
epileptogenicity of malformative and neoplastic glioneuronal lesions.

MATERIALS AND METHODS

Subjects
The cases included in this study were obtained from the files of the Departments of 
Neuropathology of the Academic Medical Center (University of Amsterdam) and the 
University Medical Center in Utrecht. We examined a total of 27 specimens removed 
from patients undergoing surgery for severe FCD (n=9), or GNTs (ganglioglioma, GG; n=9 
and dysembryoplastic neuroepithelial tumor, DNT; n=9). 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. Two 
neuropathologists reviewed all cases independently and confirmed the diagnosis of FCD 
or GNT according to the revised WHO classification of tumors of the nervous system [250]. 
For grading the degree of FCD, we followed the classification system proposed by Palmini et 
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al. [15]. Normal-appearing control cortex/white matter from frontal, temporal and occipital 
regions was obtained at autopsy from 6 individuals (male/female: 3/3; mean age 27, 
range 4-55) without history of seizures or other neurological diseases. All autopsies were 
performed within 12 hours after death. We also selected 6 cases (3 FCD and 3 GG) that 
contained sufficient amount of perilesional zone (normal-appearing cortex/white matter 
adjacent to the lesion), for comparison with the autopsy specimens. Normal tissue adjacent 
to the lesional zone represents good disease control tissue because it is exposed to the same 
seizure activity, drugs, fixation time, and age and gender are the same. Table 1 summarizes 
the clinical features (derived from the patient medical records) with particular attention 
to the characteristics of seizures (type and frequency of seizures, age at seizure onset and 
postoperative seizure outcome). The predominant type of seizure pattern was that of 
complex partial seizures, which were resistant to maximal tolerated doses of antiepileptic 
drugs. Information concerning the exact time of last seizure occurrence prior to surgical 
resection was not available. However, all the patients included in our series did not have 
seizure activity in the last 24 h before surgery.

Table 1. Summary of clinical features of epilepsy patients

CPS, complex partial seizures; SGS, secondary generalized seizures; GTR, gross-total resection; MSR, mesial 
structures resection; PR, partial resection; HS, hippocampal sclerosis.

All patients underwent presurgical evaluation [144]. In all patients, the lesion was localized by 
brain MRI; electroencephalographic recordings were performed to detect the epileptogenic 
area. All lesions were surgically treated and complete removal was accomplished in 25 
patients (92.6%). The extent of resection was determined by reviewing the operative report 
and postoperative MRI investigations. We classified the postoperative seizure outcome 
according to Engel [145]. Class I consisted of patients who remained completely seizure free 
and class II includes patients who are almost seizure free or have rare or nocturnal seizures 
only. Follow-up period ranged from 1 to 15 years.

Tissue and slices preparation
Tissue was fixed in 10% buffered formalin (autopsy tissue for two weeks; surgical specimens 
for 12-24 hours). Two representative paraffin blocks per case (containing the complete lesion 
or the largest part of the lesion resected at surgery) were sectioned, stained and assessed. 
Formalin fixed, paraffin-embedded tissue was sectioned at 6 µm and two slices of each 
paraffin block were used for staining with each antibody (Ab) using adjacent serial sections. 
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All slices were counterstained with hematoxylin. Two additional slices of each paraffin block 
were used for Nissl staining. Double-immunostaining experiments were carried out using 
two slices per paraffin block for co-localization of each inflammatory protein with glial or 
neuronal markers. Histological and immunocytochemical reactions were done as described 
below using slices mounted on organosilane-coated slides (SIGMA, St. Louis, MO, USA). 

Antibody characterization and 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), microtubule-associated protein 
(MAP2; mouse clone HM2, IgG1, SIGMA; 1:100 and polyclonal rabbit, Chemicon; 1:1000), 
synaptophysin (polyclonal rabbit, DAKO; 1: 200), CD34 (QBEnd10; mouse IgG1, Immunotech, 
Marseille, Cedex, France; 1:600), HLA-DR (mouse clone Tal1b5, SIGMA; 1:100) and CD68 
(mouse clone PG-M1, DAKO; 1:200) were used in the routine immunocytochemical analysis 
of FCD, GG and DNT specimens to document the presence of a heterogeneous population of 
cells. For the detection of the IL-1β family members the following antibodies (Abs) were used: 
anti-human IL-1β, goat polyclonal Ab (1:70; sc-1250, Santa Cruz Bio., CA, USA); anti-human 
IL-1RI, goat polyclonal Ab (1:50; R&D Systems, Abingdon, UK); anti-human IL-1RII, goat 
polyclonal Ab (1:10; R&D Systems, Abingdon, UK) and anti-human IL-1Ra, goat polyclonal 
Ab (1:10; R&D Systems, Abingdon, UK). The specificity of these antibodies was tested by 
pre-incubating the antibodies with a 100-fold excess of the antigenic peptides (Santa Cruz 
Bio. and R&D Systems). Paraffin-embedded human specimens of prostate carcinoma [251], 
endometrium [252], gliomas [253, 254] and multiple sclerosis [255] were used as positive 
controls for immunocytochemical staining.
Immunocytochemistry was carried out as previously described [113, 256]. Both autopsy and 
surgical specimens were placed into sodium citrate buffer (0.01 M, pH 6.0) and heated in 
a microwave oven (650 W for 10 minutes). Then sections were incubated for 1 h at room 
temperature (RT) followed by incubation at 4°C overnight with primary antibodies (IL-1β, 
IL-1RI, IL-1RII and IL-1Ra). Single-label immunocytochemistry was performed using the 
avidin-biotin peroxidase method and 3,3’-diaminobenzidine (DAB) as chromogen. Sections 
were counterstained with hematoxylin. Sections incubated without the primary Ab, with 
pre-immune sera or with the Ab pre-incubated with the antigenic peptide were essentially 
blank. For double-labeling studies, sections, after incubation with primary antibodies GFAP, 
vimentin, Tal1b5, or NeuN, combined with IL-1β, IL-1RI, IL-1RII and IL-1Ra, were incubated 
for 2 h at RT with Texas Red- or FITC-conjugated anti-goat, anti-mouse or anti-rabbit IgG 
(1:100; DAKO or Jackson Immuno Research, 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 and cell counting 
The evaluation of specific immunostaining, the presence or absence of various 
histopathological parameters and cell counting were performed by two independent 
observers blind to the identification codes of the samples. The overall concordance was > 90% 
and the overall kappa value ranged from 0.87 to 0.98. In case of disagreement, independent 
reevaluation was performed by both observers to define the final score. To minimize staining 
variability due to procedural parameters (tissue fixation and preservation), we selected 6 
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cases (see above) in which the lesion and the perilesional zone were represented in the 
same paraffin block. In GNT cases, the perilesional zone did not include the infiltration zone 
of the tumor. In GG, to distinguish neoplastic from normal brain tissue we used specific 
immunocytochemical staining, such as CD34 staining, which is highly expressed in GG and is 
an helpful diagnostic tool [29, 31]. 

Semi-quantitative evaluation of immunoreactivity
This analysis was done in the different types of pathology using an Olympus Vanox 
microscope and examining in each slice 100 high-power non-overlapping fields (of 0.0655 
mm X 0.0655 mm width; each corresponding to 4.290 µm2) defined in the center of the 
lesion using a square grid inserted into the eyepiece. A total microscopical area of 858.050 
µm2 was assessed per case (200 high-power fields). Neuronal cell bodies were differentiated 
from glia and glioneuronal balloon cells on the basis of morphology. Only neurons in which 
the nucleolus could be clearly identified were included. Balloon cells have eccentric nuclei 
and ballooned opalescent eosinophilic cytoplasm. The intensity of IL-1β, IL-1RI, IL-1RII and 
IL-1Ra staining in each cell type was evaluated using a semi-quantitative scale ranging from 
0 to 3 (intensity score; 0: -, no; 1: +/-, weak; 2: +, moderate; 3: ++, strong staining). This score 
represents the predominant cell staining intensity found in each slice for the different cell 
types (neurons, astrocytes, microglial cells and balloon cells) as averaged from the selected 
fields (see above). 

Frequency of cell staining
In each slice, we assessed the number of neurons, glial or balloon cells labeled by a specific 
Ab on the total number of each cell type within the lesion using an ocular grid, as previously 
described [113]. This semi-quantitative frequency score was assigned using 3 distinct 
categories: (1) < 10%, rare; (2) 11-50% sparse; (3) > 50% high. The product of the intensity 
and the frequency scores was taken to give the total immunoreactivity score, as previously 
reported [191, 257]. 

Cell counting
A quantitative approach was used to examine the correlation between the number of cells 
expressing the inflammatory markers within the lesion and the clinical features of the 
corresponding patients. The number of positive cell types (neurons, astrocytes, microglia and 
balloon cells) were quantified as previously described [107, 108]. Three representative digital 
photos per slice (10 x magnification) were obtained from FCD, GNT and control cortex using 
an Olympus Vanox microscope equipped with a DP-10 digital camera (Olympus, Japan). Each 
of the three images spanned a 0.5 mm2 region in the center of the lesion and was collected 
using image acquisition and analysis software (Phase 3 Image System integrated with Image 
Pro Plus; Media Cybernetics, Silver Spring, MD). The operator outlined all individual cell 
types within the captured image and an automated cell count was generated. Data obtained 
in each of the three 0.5 mm2 regions per slice were averaged, thus providing a single value 
for each slice. Values of two slices in each of the two paraffin blocks per case were averaged 
and this value was used for statistical analysis of data. For statistical analysis of data, SPSS for 
Windows was used. Data were analyzed with non-parametric Kruskal-Wallis test, followed 
by a Mann-Whitney test to assess the difference between groups. Correlation between the 
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number of immunopositive cells and different clinical variables (duration of epilepsy, seizure 
frequency, age at surgery, age at seizure onset, epilepsy outcome) was assessed using the 
Spearman’s rank correlation test. The value of p < 0.05 was defined statistically significant.

RESULTS

Case material and histological features 
The clinical features of the cases included in this study are summarized in Table 1. All 
patients had a history of chronic pharmacoresistant epilepsy. Postoperatively, 23 patients 
(85%) were completely seizure free. In this study, we excluded patients with mild degree 
of cortical dysplasia and no detectable lesion on MRI, which could represent a non-specific 
pathological change associated with long-term seizure activity. The FCD cases included in 
this study had all the previously described histopathological features of severe (type IIB) 
FCD, including laminar disorganization, neuronal heterotopia and presence of immature 
neurons, giant neurons, dysmorphic neurons and balloon cells [15]. GGs were composed 
histologically of a mixture of atypical neuronal cells and neoplastic astrocytes and showed 
a broad spectrum of histopathological features [29]. The neuronal component, variable in 
amount, was represented by cells with lack of uniform orientation, abnormal shape and 
often vesicular nuclei and prominent nucleoli. The glial component of GG consisted mainly 
of fibrillary astrocytes with different degree of cellularity and strong immunoreactivity for 
GFAP. DNTs showed a complex nodular or multinodular intracortical architecture with a 
typical heterogeneous cellular composition. They contained a complex mixture of neuronal 
cells (often floating in a pale, eosinophilic matrix), astrocytes and a prominent population of 
oligodendroglia-like cells [258]. Association with cortical dysplasia was found in 4 GNT cases 
(1 GG and 3 DNT; [259, 260]). 

Expression of various members of the IL-1β family in normal human brain and 
perilesional areas
Neuronal labeling in normal control cortex was not found by immunocytochemistry utilizing 
specific antibodies against IL-1β, IL-1RI, IL-1RII and IL-1Ra in agreement with previous 
studies (Fig. 1A, B, G, H; Fig. 3A, B, I, J; Fig. 4) [94, 243, 253, 261, 262]. Resting glial cells in both 
white and gray matter were also negative for the different antibodies (Fig. 1A, B, G, H; Fig. 
3A, B, I, J; Fig. 4). In one autopsy case only, weak IL-1β immunoreactivity (IR) was observed 
in scattered glial and neuronal cells (Fig. 4A and B). There were no differences between 
histological normal cortex of surgical specimens (n=6) and control autopsy cortex (n=6), as 
well as between autopsy (or surgical specimens) at different ages. Perilesional histologically 
normal cortex (n=6), did not show detectable staining for IL-1β, IL-1RII, IL-1Ra (data not 
shown) and IL-1RI (Fig. 2L). However, glial and neuronal IL-1β and IL-1RI IR was observed 
in GNT cases (3 complex form of DNT) with diffuse perilesional reactive gliosis (Fig. 2I and 
K), and in GNT cases (1 GG and 3 complex form of DNT) in which the tumor was bordered 
by dysplastic cortex (Fig. 2H). As a note of caution, the absence of IR may only indicate 
that protein expression is below immunocytochemical detection. Thus, we cannot exclude 
that these proteins are present, although at low levels, in neurons and/or glia as suggested 
also by the very low expression of genes coding for IL-1 family members (for review see 
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[263]). The specificity of the immunolabeling in FCD and GNT specimens is supported by 
the selective intralesional overexpression of IR signals, meaning that no detectable IR for 
the different IL-1β system proteins was observed in the same specimen within perilesional 
histologically normal cortex. 

IL-1β  system in FCD
IR for all components of the IL-1β system was encountered in all specimens examined in 
either neuronal or glial elements. The majority of cases displayed moderate to strong IL-1β 
(Fig. 1C-F) and IL-1R1 (Fig. 1I-J) IR, whereas weak to moderate IL-1RII (Fig. 3C-E) and IL-
1Ra (Fig. 3K-L) IR was observed. Both membranous and cytoplasmic IL-1RI IR was detected 
in neuronal and glial cells, including both astrocytes and microglia. Noteworthy, both the 
intensity and the frequency of the neuronal and glial staining of IL-1RII and IL-1Ra were less 
than those of IL-1β  and IL-1RI IR. Fig. 4 shows the immunoreactivity score in the different cell 
types (neurons, astrocytes, microglial cells and balloon cells). Double-labeling experiments 
confirmed that IL-1β, IL-1RI, IL-1RII and IL-1Ra were expressed in neurons (NeuN-positive 
cells; IL-1β: Fig. 1D; IL-1RI: Fig. 1J; IL-1Ra: Fig. 3L; IL-1RII: data not shown), in astrocytes 
(vimentin-positive cells; IL-1β: Fig. 1C insert b; IL-1Rs and IL-1Ra: data not shown), in 
microglia (HLA-DR-positive cells; IL-1β: Fig. 1E; IL-1Rs and IL-1Ra: data not shown) and in 
balloon cells (vimentin-positive cells; IL-1β: Fig. 1F; IL-1RI: Fig. 1I; GFAP-positive cells; IL-1RII: 
Fig. 3D insert a; IL-1Ra: Fig. 3K). 

Neuronal expression of IL-1β system in FCD
IL-1β. Moderate to strong staining (intensity scores 2-3; arrows in Fig. 1C-E) was observed in 
> 50% of dysplastic neurons in 7 out of 9 cases; in the remaining 2 cases, moderate IL-1β IR 
(intensity score 2) was found in 11-50% of dysplastic neurons. 
IL-1RI. Moderate to strong IL-1RI IR (intensity scores 2-3; Fig. 1J) was detected in 11-50% of 
neuronal cells in 4 out of 9 cases. In the remaining cases, weak IL-1RI IR (intensity score 1) 
was found in 11-50% (3 cases) and < 10% (2 cases) of neuronal cells. 
IL-1RII. Weak IL-1RII IR (intensity score 1; arrow in Fig. 3E) was detected in < 10% of neuronal 
cells in 7 out of 9 cases. The remaining cases did not show detectable IL-1RII IR.
IL-1Ra. Weak IL-1Ra IR (intensity score 1) was detected in < 10% of neuronal cells in 2 out of 
9 cases. Moderate to strong IL-1Ra IR (intensity scores 2-3; arrows in Fig. 3L) was detected in 
11-50% (3 cases) and in 10% of neuronal cells (3 cases), whereas strong IL-1Ra IR (intensity 
score 3) was observed in > 50% of neuronal cells in one case only.

Glial expression of IL-1β system in FCD
Astrocytes
IL-1β. Strong IL-1β staining (intensity score 3; arrowheads in Fig. 1C and insert a in Fig. 1C) 
was detected in > 50% of reactive astrocytes in 7 out of 9 cases. In the remaining cases, 
moderate IR (intensity score 2) was found in > 50% of astrocytes.
IL-1RI. Moderate IL-1RI IR (intensity score 2) was detected in 11-50% of reactive astrocytes 
in 4 out of 9 cases. Weak IL-1RI IR (intensity score 1; arrow in Fig. 1I) was found in > 50% (3 
cases) and in < 10% of astrocytes in the remaining 2 cases.
IL-1RII. Weak to moderate IL-1RII IR (intensity scores 1-2; insert in Fig. 3E) was detected in   
< 10% of astroglial cells in 9 out of 9 cases.
IL-1Ra. Weak to moderate IL-1Ra IR (intensity scores 1-2) was detected in < 10% of astroglial 
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cells in 4 out of 9 cases. Moderate IR (intensity score 2) was found in 11-50% of astrocytes 
in the remaining 5 cases.

Figure 1. Cell-type distribution of 
IL-1β and IL-1RI immunoreactivity 
(IR) in FCD
Panels A-F: representative 
photomicrographs of 
immunocytochemical staining 
for IL-1β. Panels A-B: IL-1β in 
control brain. No neuronal 
or glial labeling is observed 
in control normal cortex (A) 
and white matter (B). Panels 
C-F: IL-1β in FCD. Panel C: 
strong IL-1β IR is observed 
in large dysplastic neurons 
(single arrow), glial cells (single 
arrowheads) and in balloon cells 
(double arrowheads) within the 
dysplastic cortex (FCDIIB). Inserts 
in panel C show IL-1β IR in a 
bizarre multinucleated astroglial 
cell (a), and the co-localization 
of IL-1β (red) with vimentin 
(VIM; green) in astroglial cells 
(b). Panel D: IL-1β IR in dysplastic 
neurons of different size and 
morphology (arrows) and in 
cells with microglial morphology 
(arrowhead). Insert in panel 
D: merged image showing 

co-localization of IL-1β (red) with NeuN (green) in a dysplastic neuron. Panel E: IL-1β staining in microglial cells 
(arrowheads), clustered around an IL-1β positive neuron (single arrow). Insert in panel E: co-localization of IL-1β 
(red) with HLA-DR (HLA; green) in a microglial cell. Panel F: high magnification of a strongly IL-1β immunostained 
balloon cell. Insert in panel F: merged image showing co-localization of IL-1β (red) with vimentin (VIM; green) in a 
balloon cell. Panels G-J: representative photomicrographs of immunocytochemical staining for IL-1RI. Panels G-H: 
IL-1RI in control brain. No neuronal or glial labeling is observed in control normal cortex (G) and white matter (H). 
Panels I-J: IL-1RI in FCDIIB. Panel I: IL-1RI IR in a glial cell (arrow) and in a balloon cell (asterisk). Insert in panel I: 
merged image showing co-localization of IL-1RI (red) with vimentin (green) in a balloon cell. Panel J: IL1RI IR in a 
dysplastic neuron with membrane associate staining. Insert in J: merged image showing co-localization of IL-1RI 
(red) with NeuN (green) in dysplastic neurons. Sections are counterstained with hematoxylin. Scale bar in A; A-E, 
G-H: 50 µm; F-I: 30 µm; J: 25 µm.

Microglia
IL-1β. Activated microglial cells showed moderate to strong IL-1β staining (intensity scores 
2-3; arrowheads in Fig. 1E) in 7 out of 9 cases (> 50% positive microglial cells in 2 cases; 
11-50% in 5 cases). In the remaining 2 cases, activated microglial cells (> 50% and 11-50% 
respectively) showed weak IL-1β staining (intensity score 1). 
IL-1RI. Weak to moderate IL-1RI IR (intensity scores 1-2) was detected in 11-50% of activated 
microglial cells in 5 out of 9 cases. Detectable microglial IL-1RI IR was not found in the 
remaining 4 cases.
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Figure 2. Cell-type distribution of IL-1β  
and IL-1RI immunoreactivity (IR) in GNT
Panels A-C: representative 
photomicrographs of immunocytochemical 
staining for IL-1β in GG. Panels A-B show 
strong IL-1β IR in neurons of different size 
and shape (arrows in panel A), including 
multinucleated cells (arrow in panel 
B). IL-1β IR is also observed in the glial 
component of the tumor (arrowheads 
in panel A). Insert in panel A: merged 
image showing co-localization of IL-1β 
(red) with vimentin (VIM; green) in 
a tumor astrocyte. Insert in panel B: 
merged image showing co-localization 
of IL-1β (red) with NeuN (green). 
Panel C: IL-1β IR in cells with microglial 
morphology (arrows) surrounding a 
neuron (arrowhead). Insert in panel C: 
merged image showing co-localization 
of IL-1β (red) with HLA-DR (green) in 
a perineuronal microglial cell. Panels 
D-F: IL-1RI in GG. Panel D: strong IL-
1RI IR in neurons (arrows) and tumor 
astrocytes (arrowheads). Panel E: IL-1RI 
IR in multinucleated astroglial cells 
(arrows). Insert in panel E: merged 
image showing co-localization of IL-1RI 
(red) with vimentin (VIM; green) in a 
tumor astrocyte. Panel F: IL-1RI IR in a 
binucleated neuron with membranous 
and cytoplasmic staining (arrows). Insert 
in panel F: merged image showing co-
localization of IL-1RI (red) with NeuN 

(green). Panel G: IL-1β in DNT, showing strong IL-1β IR in the neuronal component of the tumor (arrow; floating 
neuron) and in few cells with astroglial morphology (arrowheads). No notable IR was found in oligodendroglia-
like cells (insert in panel G). Panels H-I: perilesional dysplastic cortex adjacent to DNT, showing neuronal (H) and 
astroglial (I) IL-1β immunostaining, as depicted by arrows. Panel J: IL-1RI in DNT, showing strong IL-1RI IR in the 
neuronal component of the tumor (arrow) and in few cells with astroglial morphology (arrowheads). Panels K-L: 
perilesional zone adjacent to DNT. Panel K shows IL-1RI IR in perilesional reactive astrocytes. Panel L: histological 
normal zone without detectable IL-1RI IR. Sections are counterstained with hematoxylin. Scale bar in C; A-C, G, J, 
K: 40 µm; D: 60 µm; E, H, I: 30 µm; F: 25 µm; L: 65 µm.

IL-1RII. Weak to moderate IL-1RII IR (intensity scores 1-2) was detected in < 10% of activated 
microglial cells in 6 out of 9 cases. Weak IL-1RII IR (intensity score 1) was detected in                     
> 50% of activated microglial cells in 1 case. Detectable microglial IL-1RII IR was not found 
in the remaining 2 cases. 
IL-1Ra. Weak to moderate IL-1Ra IR (intensity scores 1-2) was detected in < 10% of activated 
microglial cells in 3 out of 9 cases. Detectable microglia staining was not found in the 
remaining cases.
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Balloon cells
IL-1β. Strong staining (intensity score 3) (double arrowheads in Fig. 1C, and arrow in Fig. 1F) 
was observed in > 50% of balloon cells in 6 out of 9 cases, whereas in the remaining 3 cases 
> 50% of balloon cells showed moderate IR (intensity score 2).
IL-1RI. Moderate to strong IL-1RI staining (intensity scores 2-3) was found in 11-50% of 
balloon cells in 7 out of 9 cases. In the remaining 2 cases < 10% of balloon cells showed 
weak IL-1RI IR (intensity score 1; asterisk in Fig. 1I). 
IL-1RII. 1-10% of balloon cells showed IL-1RII IR in 6 out of 9 cases and 11-50% in the remaining 
3 cases. Strong IL1-RII IR (intensity score 3; Fig. 3D) was observed in 2 out of 9 cases, while 
the remaining cases displayed weak to moderate IR (intensity scores 1-2; Fig. 3C).
IL-1Ra. 11-50% of balloon cells were immunopositive for IL1Ra in 6 out of 9 cases and 1-10% 
in the remaining 3 cases. Strong IL-1Ra IR (intensity score 3) was observed in 2 out of 9 cases, 
whereas the remaining cases displayed weak to moderate IR (intensity score 1-2; Fig. 3K).

IL-1β system in GG
IL-1β, IL-1RI and IL1Ra IR was encountered in all specimens examined in either neuronal 
or glial elements, whereas IL-1RII IR was observed in 89% of the cases. The majority of 
cases displayed moderate to strong IL-1β (Fig. 2A-C) and IL-1RI (Fig. 2D-F) IR, whereas weak 
to moderate IL-1RII (Fig. 3F) and IL-1Ra (Fig. 3M) IR was observed. Both membranous and 
cytoplasmic IL-1RI IR was detected in neuronal and glial cells, including both astrocytes 
and microglia. Noteworthy, both the intensity and the frequency of the neuronal and glial 
staining of IL-1RII and IL-1Ra were less than those of IL-1β and IL-1RI IR. Fig. 4 shows the 
immunoreactivity score in the different cell types (neurons, astrocytes and microglial cells). 
IL-1β IR was occasionally observed in the endothelial cells of blood vessels (data not shown). 
Double-labeling experiments confirmed that IL-1β, IL-1RI, IL-1RII and IL-1Ra were expressed 
in neurons (NeuN-positive cells; IL-1β: Fig, 2B; IL-1RI: Fig. 2F; IL-1RII: Fig. 3F insert b; IL-1Ra: 
data not shown), in astrocytes (vimentin-positive cells; IL-1β: Fig. 2A; IL-1RI: Fig. 2E; IL-1RII 
and IL-1Ra: data not shown) and in microglia (HLA-DR-positive cells; IL-1β: Fig. 2C; IL-1Rs 
and IL-1Ra: data not shown). 

Neuronal expression of IL-1β system in GG
IL-1β. Strong IL-1β IR (intensity score 3) (arrows in Fig. 2A, B) was detected in > 50% of 
neuronal components in 8 out of 9 cases. In the remaining case, moderate IL-1β IR (intensity 
score 2) was found in > 50% of neurons.
IL-1RI. Moderate to strong IL-1RI IR (intensity scores 2-3; arrows in Fig. 2D, F) was detected 
in neuronal cells in 8 out of 9 cases (> 50% of neurons in 2 cases; 11-50% of neurons in 6 
cases). In the remaining case, weak IL-1RI IR (intensity score 1) was observed in 11-50% of 
neurons. 
IL-1RII. Weak to moderate IL-1RII IR (intensity scores 1-2; Fig. 3F insert a) was detected in 
< 10% of neuronal cells in 5 out of 9 cases. Detectable neuronal IL-1RII IR was not found in 
3 out of 9 cases, whereas the remaining case displayed moderate IR (score 2) in 11-50% of 
neurons. 
IL-1Ra. Weak IL-1Ra IR (intensity score 1; arrows in Fig. 3M and insert a) was observed in 2 
out of 9 cases (< 10% and 11-50% of neuronal cells respectively). Moderate to strong IL-1Ra 
IR (intensity scores 2-3) was observed in 11-50% of neuronal cells in 6 out of 9 cases. Strong 
IL-1Ra IR was observed in > 50% of neuronal cells in the remaining case.
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Figure 3. Cell-type distribution of IL-1RII 
and IL-1Ra immunoreactivity (IR) in FCD 
and GNT
Representative photomicrographs of 
immunocytochemical staining for IL-1RII 
and IL-1Ra. Panels A-B: IL-1RII in control 
brain. No neuronal or glial labeling is 
observed in control normal cortex (A) 
and white matter (B). Panels C-E: IL-1RII 
in FCDIIB. Panels C-D show IL-1RII IR 
in balloon cells with membranous and 
cytoplasmic staining. Inserts in panel D: 
(a) merged image showing co-localization 
of IL-1RII (red) with GFAP (green) in 
a balloon cell; (b) IL-1RII IR (red) in a 
balloon cell surrounded by HLA-DR 
positive (green), but IL-1RII negative, 
microglial cells. Panel E: weak IL-1RII IR 
in a dysplastic neuron (arrow). Insert in 
panel E: IL-1RII IR in an astrocyte. Panel 
F: IL-1RII in GG, showing weak IR. Inserts 
in panel F: (a) IL-1RII IR is observed in 
few neuronal cells; (b) co-localization 
of IL-1RII (red) with NeuN (green); (c) 
IL-1RII IR in an astrocyte; (d) IL-1RII IR in 
microglia. Panel G: IL-1RII in DNT, showing 
weak staining in a neuronal cell (arrow), 
but not in glial cells. Panel H: strong 
IL-1RII IR in an anaplastic astrocytoma 
(arrows; positive control). Panels I-J: IL-
1Ra in control brain. No neuronal or glial 
labeling is observed in control normal 
cortex (I) and white matter (J). Panels K-L: 
IL-1Ra in FCDIIB. Panel K shows IL-1Ra IR 
in a balloon cell. Insert in panel

K: merged image showing co-localization of IL-1Ra (red) with GFAP (green) in a balloon cell. Panel L: IL-1Ra in 
dysplastic neurons (arrows). Insert in panel L: merged image showing co-localization of IL-1Ra (red) with NeuN 
(green). Panel M: IL-1Ra in GG, showing weak IR in neurons (arrows). Inserts in panel M: (a) high magnification of 
an IL-1Ra positive neuron; (b) IL-1Ra IR in an astrocyte; (c) IL-1Ra IR in microglia. Panel N: IL-1Ra in DNT, showing 
weak staining in a neuronal cell (arrow). Panel O: strong IL-1Ra IR in an anaplastic astrocytoma (arrows; positive 
control). Sections are counterstained with hematoxylin. Scale bar in A; A-B, H-J: 65 µm; C, K: 25 µm; D-E, G-H, L-O: 
30 µm; F, M: 50 µm.

Glial expression of IL-1β system in GG
Astrocytes
IL-1β. Strong IL-1β staining (intensity score 3; arrowheads in Fig. 2A) was detected in > 50% 
of reactive astrocytes in 8 out of 9 cases. In the remaining case, moderate IR (intensity score 
2) was found in > 50% of astrocytes.
IL-1RI. Moderate to strong IL-1RI IR (intensity scores 2-3; arrowheads in Fig. 2D and arrows 
in Fig. 2E) was detected in tumor astrocytes in 6 out of 9 cases (> 50% positive astroglial cells 
in 3 cases; 11-50% in 3 cases). In the remaining 3 cases, weak IL-1RI IR (intensity score 1) was 
found in 11-50% of astrocytes.
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IL-1RII. Weak to moderate IL-1RII IR (intensity scores 1-2; Fig. 3F insert c) was detected in 
< 10% of astroglial cells in 7 out of 9 cases. Detectable astroglial IL-1RII IR was not found in 
1 case, whereas the remaining case displayed moderate IR (intensity score 2) in 11-50% of 
tumor astrocytes. 
IL-1Ra. Weak to moderate IL-1Ra IR (intensity scores 1-2; Fig. 3M insert b) was detected 
in < 10% of astroglial cells in 2 out of 9 cases. Moderate IR (intensity score 2) was found in 
11-50% of astrocytes in 4 out of 9 cases. Moderate to strong IR (intensity scores 2-3) was 
detected in > 50% of tumor astrocytes in the 3 remaining cases.

Microglia
IL-1β. Activated microglial cells showed moderate to strong IL-1β staining (intensity scores 
2-3; arrows in Fig. 2C) in 8 out of 9 cases (> 50% positive microglial cells in 2 cases; 11-50% 
in 6 cases). In the remaining case, activated microglial cells (11-50%) showed weak IL-1β 
staining (intensity score 1).
IL-1RI. Moderate IL-1RI IR (intensity score 2) was detected in 11-50% of activated microglial 
cells in 2 out of 9 cases. Weak IL-1RI IR (intensity score 1) was detected in 5 out of 9 cases in 
> 50% in 1 case and < 10% of activated microglial cells in 4 cases out of 9 cases, respectively. 
Detectable IL-1RI IR was not found in microglia in the remaining 2 cases.
IL-1RII. Weak to moderate IL-1RII IR (intensity scores 1-2; Fig. 3F insert d) was detected in 
< 10% of activated microglial cells in 3 out of 9 cases. Detectable microglial IL-1RII IR was 
not found in 5 cases. Weak IL-1RII IR (intensity score 1) was detected in > 50% of activated 
microglial cells in the remaining case. 
IL-1Ra. Weak to moderate IL-1Ra IR (intensity scores 1-2; Fig. 3M insert c) was detected in 
< 10% of activated microglial cells in 7 out of 9 cases. Weak to moderate IL-1Ra IR (intensity 
scores 1-2) was detected in > 50% of activated microglial cells in the remaining 2 cases. 

IL-1β system in DNT
IL-1β, IL-1RI and IL1Ra IR was encountered in all specimens examined in either neuronal 
or glial elements, whereas IL-1RII IR was observed in 89% of the cases. The majority of 
cases displayed moderate to strong IL-1β (Fig. 2G) and IL-1R1 (Fig. 2J) IR, whereas weak 
to moderate IL-1RII (Fig. 3G) and IL-1Ra (Fig. 3N) IR was observed. Both membranous and 
cytoplasmic IL-1RI IR was detected in neuronal and glial cells, including both astrocytes 
and microglia. Noteworthy, both the intensity and the frequency of the neuronal and glial 
staining of IL-1RII and IL-1Ra were less than those of IL-1β and IL-1RI IR. Fig. 4 shows the 
immunoreactivity score in the different cell types (neurons, astrocytes and microglial cells). 
IL-1β IR was occasionally observed in the endothelial cells of blood vessels (data not shown). 
Double-labeling experiments confirmed that IL-1β, IL-1RI, IL-1RII and IL-1Ra were expressed 
in neurons (data not shown), in astrocytes (data not shown) and in microglia (data not 
shown). 

Neuronal expression of IL-1β system in DNT
IL-1β. Strong IL-1β IR (intensity score 3) (arrow in Fig. 2G) was detected in > 50% of neuronal 
components in 7 out of 9 cases. In the remaining 2 cases moderate IL-1β IR (intensity score 
2) was found in > 50% of neurons.
IL-1RI. Moderate to strong IL-1RI IR (intensity scores 2-3; arrow in Fig. 2J) was detected 
in neuronal cells in 8 out of 9 cases (> 50% positive neuronal cells in 4 cases; 11-50% in 4 
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cases). In the remaining case, weak IL-1RI IR (intensity score 1) was observed in < 10% of 
neurons.
IL-1RII. Weak to moderate IL-1RII IR (intensity scores 1-2; arrow in Fig. 3G) was detected 
in < 10% of neuronal cells in 8 out of 9 cases. Detectable IL-1RII IR was not found in the 
remaining case.
IL-1Ra. Weak IL-1Ra IR (intensity score 1; arrow in Fig. 3N) was observed in < 10% of neuronal 
cells in 5 out of 9 cases. Moderate to strong IL-1Ra IR (intensity scores 2-3) was observed in  
< 10% of neuronal cells in 3 out of 9 cases and in 11-50% in the remaining case. 

Glial expression of IL-1β system in DNT
Astrocytes
IL-1β. Strong IL-1β staining (intensity score 3; arrowheads in Fig. 2G) was detected in > 50% 
of reactive astrocytes in 6 out of 9 cases. In the remaining 3 cases, moderate IR (intensity 
score 2) was found in 11-50% of astrocytes.
IL-1RI. Moderate to strong IL-1RI IR (intensity scores 2-3; arrowheads in Fig. 2J) was detected 
in 11 to > 50% of reactive astrocytes in 4 out of 9 cases (> 50% positive astroglial cells in 3 
cases; 11-50% in 1 case). In the remaining cases, weak IL-1RI IR (intensity score 1) was found 
in > 50% (1 case), 11-50% (1 case) and < 10% (3 cases) of astrocytes.
IL-1RII. Weak to moderate IL-1RII IR (intensity scores 1-2) was detected in < 10% of astroglial 
cells in 5 out of 9 cases. Detectable astroglial IL-1RII IR was not found in the remaining 4 
cases.
IL-1Ra. Weak IL-1Ra IR (intensity score 1) was detected in < 10% of astroglial cells in 3 out 
of 9 cases. Moderate IR (intensity score 2) was found in 11-50% of astrocytes in 1 case, 
whereas the remaining 5 cases did not show detectable astroglial staining. 

Microglia
IL-1β. Activated microglial cells showed moderate to strong IL-1β staining (intensity scores 
2-3) in 8 out of 9 cases (> 50% positive microglial cells in 5 cases; 11-50% in 3 cases). In 
the remaining case, activated microglial cells (< 10%) showed weak IL-1β staining (intensity 
score 1). 
IL-1RI. Weak to moderate IL-1RI IR (intensity scores 1-2) was detected in < 10% (3 cases) and 
in 11-50% (2 cases) of activated microglial cells. Strong IL-1RI IR (intensity score 3) was found 
in > 50% (1 case) and < 10% (1 case) of activated microglial cells. Detectable microglial IL-1RI 
IR was not found in the remaining 2 cases.
IL-1RII. Weak IL-1RII IR (intensity score 1) was detected in < 10% of activated microglial cells 
in 1 out of 9 cases. Detectable microglial IL-1RII IR was not found in the remaining 8 cases. 
IL-1Ra. Weak IL-1Ra IR (intensity score 1) was detected in < 10% of activated microglial cells 
in 3 out of 9 cases. Detectable microglia staining was not found in the remaining 6 cases.

Oligodendroglia
Detectable IR for the different IL-1β family members analyzed was not observed in the 
oligodendroglial component of DNT (IL-1β: insert in Fig. 2G; IL-1RI: Fig. 2J; IL-1RII: Fig. 3G; 
IL-1Ra: Fig. 3N). 
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Figure 4. Semi-quantitative evaluation of IL-1β, IL-1RI, IL-1RII and IL-1Ra immunoreactivity in FCD and GNT 
Distribution of immunoreactivity scores (total score; see details in materials and methods section) in different cell 
types of normal control cortex, FCD, GG and DNT specimens. A-B: IL-1β; C-D: IL-1RI; E-F: IL-1RII; G-H: IL-1Ra. A, C, E 
and G: neurons and balloon cells; B, D, F and H: astrocytes and microglia.

IL-1β family members and clinical features of FCD and GNT
We examined the correlation between the number of IL-1β, IL-1RI, IL-1RII and IL-1Ra 
immunopositive neuronal and astroglial cells within the different types of lesion and 
various clinical variables, such as age at surgery, age at seizure onset, duration of epilepsy, 
preoperative seizure frequency and seizure outcome after surgery. The percentage of IL-1β, 
IL-1RI, IL-1RII and IL-1Ra immunopositive neuronal and astroglial cells in FCD, GG and DNT 
specimens is reported in Table 2. The number of IL-1β- and IL-1RI-positive neuronal cells in 
FCD, GG and DNT, was positively correlated with the frequency of seizures prior to surgical 
resection (Fig 5A-C; Spearman rank correlation coefficient: IL-1β: FCD, r = 0.740, p < 0.05; 
GG, r = 0.966, p < 0.01; DNT, r = 0.815, p < 0.01; IL-1RI: FCD, r = 0.840, p < 0.01; GG, r = 
0.899, p < 0.01; DNT, r = 0.837, p < 0.01). Significant correlation was not found between the 
number of IL-1β- and IL-1RI-positive astrocytes and the frequency of seizures or between 
the number of IL-1β- and IL-1RI-positive astrocytes and neuronal cells and the duration 
of epilepsy (data not shown). The number of IL-1Ra-positive neurons and astrocytes was 
negatively correlated with the duration of epilepsy in both FCD and GG cases (Fig 5D-E; 
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Spearman rank correlation coefficient: IL-1Ra FCD: astrocytes r = -0.912, p < 0.01; neurons r 
= - 0.837, p < 0.01; IL-1Ra GG: astrocytes r = - 0.867, p < 0.01; neurons r = -0.733, p < 0.05). 
For the DNT specimens, there was a tendency for the IL-1Ra IR to be negatively correlated to 
the duration of epilepsy (IL-1Ra astrocytes r = -0.340, p > 0.05; neurons r = -0.293; p > 0.05). 
The number of IL-1β-, IL-1RI-, IL-1RII- and IL-1Ra-positive microglial and balloon cells did not 
correlate with the frequency of seizures or the duration of epilepsy. Significant correlation 
was not found between the number of IL-1β, IL-1RI, IL-1RII and IL-1Ra neuronal and glial 
positive cells and other clinical variables such as age at surgery, age at seizure onset or 
seizure outcome after surgery.

Table 2. Percentage of IL-1β, IL-1RI, IL-1RII and IL-1Ra immunopositive neuronal and astroglial cells in FCD, GG  
               and DNT specimens

Focal cortical dysplasia (FCD), ganglioglioma (GG) and dysembryoplastic neuroepithelial tumor (DNT). Data are 
expressed as mean ± SEM.

Figure 5. Correlation between the number of IL-1β-, IL-1RI- and IL-1Ra-positive cells and clinical variables 
Panels A-C: Scatter plots showing the significant positive correlation between the density of IL-1β- and IL-1RI-
immunopositive neurons and seizure frequency (seizures per month) in FCD (A), GG (B) and DNT (C). Spearman 
rank correlation coefficient: IL-1β: FCD, r = 0.740, p < 0.05; GG, r = 0.966, p < 0.01; DNT, r = 0.815, p < 0.01; IL-1RI: 
FCD, r = 0.840, p < 0.01; GG, r = 0.899, p < 0.01; DNT, r = 0.837, p < 0.01. Panels D-E: Scatter plots showing the 
significant negative correlation between the density of IL-1Ra immunoreactive neuronal and astroglial cells and the 
duration of epilepsy (years) in FCD (D) and GG (E). Spearman rank correlation coefficient: IL-1Ra: FCD: astrocytes r = 
-0.912, p < 0.01; neurons r = -0.837, p < 0.01; GG: astrocytes r = -0.867, p < 0.01; neurons r = -0.733, p < 0.05.
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DISCUSSION

Focal cortical dysplasia and glioneuronal tumors are major causes of medically intractable 
epilepsy in young patients; however, the cellular mechanisms underlying the intrinsic and 
high epileptogenicity of these lesions remain to be fully investigated. It has been postulated 
that IL-1β-mediated signaling is involved in the pathogenesis of seizures, possibly playing 
a critical role in epileptogenesis (reviewed in [82, 241]). In the present study, we show that 
IL-1β, IL-1Ra and IL-1β receptors are expressed in lesional tissue of FCD and GNT specimens, 
but not in histologically normal control tissue. The number and type of cells expressing IL-
1β, IL-1RI and IL-1Ra correlate with the patient’s clinical course. The cell-specific distribution 
of these molecules in relation with the epileptogenicity of these developmental lesions is 
discussed below.

IL-1β family members in neuronal cells of FCD and GNT specimens
Recent findings indicate that neuronal cells represent a source of brain IL-1β in pathological 
conditions including epilepsy [94, 255, 264, 265]. In our study, both IL-1β and IL-1RI proteins 
were detected in the neuronal component of all FCD and GNT specimens, including 
dysmorphic neurons in FCD and large atypical neurons in GNT. 
The strong neuronal expression of IL-1β and IL-1RI proteins may be intrinsic to these 
developmental lesions or induced by seizures, or both. A clue for the interpretation of these 
findings is provided by studies in experimental models. In particular, IL-1β IR was described in 
surviving pyramidal and hilar neurons in the sclerotic hippocampus of chronic epileptic rats. 
Moreover, neuronal expression of IL-1RI is induced by status epilepticus in the hippocampus 
where ongoing cell degeneration occurs [94, 266]. It is likely therefore that the persistent 
neuronal up-regulation of IL-1β and its signaling receptor in human epileptic tissue is intrinsic 
to the developmental lesion per se or is related to the concomitant occurrence of seizures 
and the neuropathology. Seizures alone are unlikely to be responsible for the observed 
effects because perilesional tissue with normal morphology, but exposed to seizures, did 
not express IL-1β or its receptor. The autocrine or paracrine activation of neuronal IL-1RI by 
IL-1β released by neurons (and/or glial cells, see later) may contribute to the recurrence of 
seizure activity in these patients. Thus, experimental evidence indicates that an increase in 
brain IL-1β results in proconvulsant effects [93, 94, 96, 97]. Accordingly, the density of IL-1β 
and IL-1RI-positive neurons in human specimens is positively correlated with the frequency 
of seizures prior to surgery. 
An important observation is that the aberrant neurons expressing IL-1β and its signaling 
receptor do not to express markers of apoptosis [108, 109], although this cytokine was shown 
to promote neuronal cell death in pathological conditions such as ischemia/hypoglycemia, 
stroke and excitotoxicity [83, 267]. This phenomenon should be considered in light of the 
neurotrophic effects of IL-1β, which depend both on its concentration and the length of 
time the tissue is exposed to this cytokine [267-269]. These neurotrophic effects are likely 
to be mediated via the production of nerve growth factors [270, 271] and different types 
of neurotrophin receptors are highly expressed within the neuronal components of both 
FCD and GNT specimens [240, 256]. Thus, the IL-1β system could influence, early during 
development, the fate and survival of the abnormal (hyperexcitable) neurons in these 
developmental lesions. These neurons may then provide a persistent source of cytokine in 
the affected tissue, thus contributing to decrease the excitability threshold. 
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Although IL-1β function is directly mediated by the IL-1RI, two members of this system, IL-
1RII and IL-1Ra, play a crucial role in modulating the IL-1β signaling pathway. IL-1RII, lacking 
the intracellular receptor domain, acts as ‘decoy’ receptor by binding IL-1β and preventing 
its interaction with IL-1RI [272, 273]. IL-1RII IR in the dysplastic cortex of FCD and in GNT 
specimens was detected in ~10% of the neurons. No correlation was found with clinical 
variables, such as the frequency or the duration of seizures. IL-1RII mRNA is induced by 
kainate seizures in rat neurons only transiently and is not detected in brain of chronically 
epileptic rats [84].
We observed an enhanced neuronal expression of IL-1Ra, a competitive antagonist of IL-1β 
at IL-1RI [274] in FCD and GNT specimens; however, both the intensity of neuronal staining 
and the number of positively-stained neurons were less than detected for IL-1β. Accordingly, 
studies in rodents showed that IL-1Ra is induced transiently in neurons by seizures and brain 
damage and to a lower extent than IL-1β [83, 94]. The effects of IL-1β are rapidly inhibited by 
relatively high amounts of IL-1Ra which is typically produced 100-1000 times in excess to IL-
1β during peripheral inflammatory reactions [274]. Thus, the relatively scarce expression of 
IL-1Ra and IL-1RII, as compared to IL-1β and IL-1RI, in neurons in the lesional areas suggests 
that pivotal mechanisms apt to rapidly terminate the actions of IL-1β are defective in these 
brain specimens. Because of the transient characteristics of IL-1RII and IL-1Ra induction 
in experimental models of seizures and brain damage, it is possible that the time period 
between the last seizure and the tissue preparation had influenced the level of expression of 
these proteins. These findings indicate that efficient mechanisms to control IL-1β signaling 
in lesional tissue are lacking and this may contribute to epileptogenicity. In this context, it 
is interesting to note that the number of IL-1Ra positive neurons was negatively correlated 
with the duration of epilepsy in these patients.

IL-1β family members in glial cells of FCD and GNT specimens
Glial cells represent the main source of brain IL-1β production in several pathological 
conditions including epilepsy (reviewed in [82-84, 275]). Both activated astrocytes and 
microglia are highly represented within developmental lesions associated with epilepsy [107-
109]. In the present study, we show that both reactive astrocytes in FCD and tumor astrocytes 
in GNT, as well as microglial cells, express high levels of IL-1β and IL-1RI. Accordingly, high 
expression of IL-1β was previously detected in glial tumors, such as glioblastoma, anaplastic 
and pilocytic astrocytomas [253, 254]. The presence of both IL-1β and IL-1RI in glial cells, 
similarly to what observed in neurons, suggests that IL-1β may subserve both autocrine and 
paracrine-like actions in lesional tissue. In contrast, IL-1RII and IL-1Ra IR in the dysplastic 
cortex of FCD and in GNT specimens was detected in less than 30% of the glial cells. 
Interestingly, the number of IL-1Ra positive astrocytes, as observed also in neurons, was 
negatively correlated with the duration of epilepsy. As discussed previously for the neuronal 
expression of this cytokine and its receptors, IL-1β expression in glia in these developmental 
lesions is not associated with neurotoxic effects. The astroglial expression of IL-1β in FCD and 
GNT specimens suggests that this cytokine could regulate the proliferation of both reactive 
and tumor astrocytes [276, 277] by autocrine or paracrine loops. Microglial and astrocytic 
production of IL-1β may be involved also in enhancing neuronal excitability via cytokine-
mediated inhibition of glutamate re-uptake by astrocytes leading to increased extracellular 
glutamate concentrations [278]. Neuronal production of IL-1β can contribute to this effect. 
In addition, IL-1β has been shown to synergize with the metabotropic glutamate receptor 
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subtype 3 in the induction of IL-6 release by activated glial cells [279, 280]. This interaction 
may contribute to the complexity of the chronic inflammatory state in these epileptogenic 
brain lesions.
Although a rapid IL-1β and IL-1RI expression is induced by seizures in microglia and 
astrocytes in experimental models [93, 94, 96, 243, 266], seizures alone cannot account for 
changes in glial expression in these developmental lesions because perilesional tissue was 
exposed to seizures but devoid of detectable immunostaining. Therefore, as previously 
discussed for neurons, the lesion per se or the concomitant presence of the lesion and the 
epileptic activity, are likely to play a role in establishing a chronic inflammatory state in these 
neuropathologies.

IL-1β family members in balloon cells
Much attention has been focused on giant balloon cells for their role in the epileptogenicity 
of lesions, such as severe FCD (type IIB) [72, 281, 282]. Whether these cells are glial or neuronal 
is controversial [205, 283, 284]. We report that balloon cells express IL-1β, suggesting that 
they represent an additional source of persistent IL-1β production within the dysplastic 
cortex. They appear to be also a target of this cytokine because they express IL-1RI. IL-
1RII and IL-1Ra are also expressed in balloon cells although to a lower extent, as previously 
observed in all other cellular components. Balloon cells containing mGluRs [113] may also be 
involved in the functional interactions between IL-1β and the metabotropic glutamatergic 
system [280, 285]. 

IL-1β and seizures: mechanisms of action
One crucial mechanism by which IL-1β can increase neuronal excitability likely consists of its 
ability to enhance glutamate-mediated actions on neurons. This effect can be accomplished 
at least by two routes; 1: enhancement of extracellular glutamate concentrations; 2: 
increased function of the N-methyl-D-asparte (NMDA) receptors. In particular, IL-1β has 
been shown to inhibit glutamate re-uptake in cultures of rat and human astrocytes [278, 
286]. Additionally, IL-1β activates inducible nitric oxide (NO) synthase, leading to production 
of NO and subsequent increase in glutamate release [287, 288]. Molecular and functional 
interactions between IL-1β and NMDA receptors have been recently described. First, the 
proconvulsant activity of IL-1β in rodents is blocked by a selective competitive antagonist of 
NMDA receptors [93]. Second, IL-1β acting on IL-1RI, enhances NMDA receptor function in 
hippocampal neurons via phosphorylation of the NR2B subunit which regulates calcium influx 
[87]. This effect of IL-1β was associated with an exacerbation of NMDA-induced increase in 
intracellular calcium and increased NMDA-dependent neuronal cell loss. Interestingly, both 
dysplastic neurons and neuronal cells in GNT specimens contain high levels of NMDAR1 and 
NMDAR2A/B subunit proteins [115, 289, 290], and NMDAR2A/B distribution correlates with 
in situ epileptogenicity in patients with FCD [291, 292]. In addition to the permissive role 
on glutamatergic transmission, IL-1β has been reported also to inhibit GABA-mediated Cl- 
fluxes possibly reducing inhibitory transmission [88, 293]. 
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CONCLUDING REMARKS

Glial overexpression of different proinflammatory cytokines, including IL-1β, has also 
been described in tissue of non-epileptic patients with multiple sclerosis (MS) or with 
neurodegenerative disorders, such as spinocerebellar ataxia type 3 (SCA3), Parkinson’s 
disease (PD) and Alzheimer’s disease (AD) [255, 261, 294-296]. In these pathologies the 
activation of the inflammatory pathways appears to be especially involved in the development 
of neuronal degeneration [296]. The majority of these patients, despite the activation of 
the IL-1β system in CNS, do not develop seizures. The demyelinating lesions, however, are 
mainly localized in the deep (periventricular) white matter. Interestingly, in MS patients who 
developed seizures, a causal relationship has been suggested between the extent of cortical 
inflammation and the occurrence of epilepsy [297]. As for neurodegenerative disorders, they 
represent an increasingly recognized cause of epilepsy. Ten to 22% of AD patients and up 
to 84% of demented individuals with Down Syndrome develop seizures [298, 299]. Recent 
studies suggest that seizure activity in these patients is the result of the damage of selective 
cortical circuits. In particular, the degeneration of septal neurons may contribute to the 
hyperexcitability observed in AD patients [300]. Thus, the role played by IL-1β in distinct 
neuropathologies and the final outcome of brain inflammation likely depends on the specific 
brain areas and neuronal circuitry involved. 
In summary, our clinical findings demonstrate that chronic inflammation, as exemplified by 
measuring various members of the IL-1β family in lesional and perilesional areas, indeed 
occurs in human epileptic tissue from FCD and GNT. Because IL-1β is a cytokine endowed 
of proconvulsant and ictogenic properties, the chronic expression of IL-1β signaling in 
aberrant neurons, glia and glio-neuronal entities, such as balloon cells, may contribute 
to increased network excitability in these developmental lesions. In particular, our data 
indicate that chronic inflammatory reactions are intrinsic to lesional tissue and sustained by 
aberrant cells. The recurrence of seizures in lesional tissue likely contributes to perpetuate 
inflammation. It is worth noting that IL-1Ra and the decoy receptor IL-1RII are expressed 
within the lesions to a lower extent than IL-1β and its signaling receptor, thus implying that 
the actions of IL-1β in brain are not under an effective inhibitory control, differently from 
what happens during inflammatory reactions in the periphery [274]. The up-regulation of 
IL-1β signaling in these neuropathologies related to epilepsy has important mechanistic and 
therapeutic implications because it highlights potential new mechanisms of epileptogenesis 
and seizure recurrence and permits to identify novel putative targets for anticonvulsant and 
antiepileptogenic intervention. 
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ABSTRACT

Cortical tubers and subependymal giant cell tumors (SGCTs) are two major cerebral lesions 
associated with tuberous sclerosis complex (TSC). In the present study we investigated 
immunocytochemically the inflammatory cell components and the induction of two major 
pro-inflammatory pathways (the interleukin (IL)-1β and complement pathways) in tubers 
and SGCTs resected from TSC patients. All lesions were characterized by the prominent 
presence of microglial cells expressing class II-antigens (HLA-DR) and, to a lesser extent, the 
presence of CD68-positive macrophages. We also observed perivascular and parenchymal 
T-lymphocytes (CD3+) with a predominance of CD8+ T-cytotoxic/suppressor lymphoid cells. 
Activated microglia and reactive astrocytes expressed IL-1β and its signaling receptor IL-1RI, 
as well as components of the complement cascade, such as C1q, C3c and C3d. Albumin 
extravasation, with uptake in astrocytes, was observed in both tubers and SGCTs, suggesting 
that alterations in blood-brain barrier permeability are associated with inflammation in 
TSC-associated lesions. Our findings demonstrate a persistent and complex activation of 
inflammatory pathways in cortical tubers and SGCTs. 

INTRODUCTION

Tuberous sclerosis complex (TSC) is an autosomal dominant, multisystem disorder resulting 
from a mutation in the TSC1 or TSC2 gene [21, 22]. Hamartin and tuberin, the TSC1 and 
TSC2 gene products, form a protein complex that inhibits signal transduction through the 
mammalian target of rapamycin (mTOR). mTOR is an important protein kinase involved in 
cell growth, proliferation, motility and survival. Although TSC affects different organ systems, 
disability in TSC patients results most often from cerebral involvement, giving rise to 
neurological and psychiatric manifestations including epilepsy, mental retardation and autism 
[301, 302]. The characteristic brain lesions of TSC are cortical tubers, subependymal nodules, 
and subependymal giant cell tumors (SGCTs) [23, 24]. Cortical tubers, which often represent 
the cause of epilepsy in TSC patients, are neuropathologically characterized by disordered 
cortical lamination, astrogliosis, dysplastic neurons and the presence of cytomegalic cells 
(giant cells; for review see [53, 303]). Abnormal giant cells with an immature, neuroglial 
phenotype are also a feature of SGCTs, which are low-grade, slow-growing tumors that arise 
from the periventricular region and can cause obstructive hydrocephalus [304]. Previous 
studies have focused on the roles and neurochemical features of dysplastic neurons and giant 
cells within TSC cerebral lesions [114, 305, 306]. Recently, activation of cells of the microglia/
macrophage lineage and induction of inflammatory pathways have been described in tissue 
from epileptic patients, including individuals with malformations of cortical development 
[82, 108, 109, 189, 190]. In addition, activation of inflammatory pathways in cortical tubers 
has been suggested by the presence of macrophages and alterations in the expression of 
tumor necrosis factor-α, nuclear factor kappa B and cell adhesion molecules in these lesions 
[107].  In the present study, we investigated the inflammatory cell components of human 
cortical tubers and SGCTs in detail, with markers of both innate and adaptive immunity. 
We also analyzed the intralesional expression and cellular distribution of components of 
IL-1β signaling and the complement cascade, as well as the permeability of the blood-brain 
barrier (BBB).
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MATERIALS AND METHODS

Subjects
The patients included in this study were obtained from the databases of the Departments of 
Neuropathology of the Academic Medical Center (University of Amsterdam) in Amsterdam, 
the University Medical Center in Utrecht (UMCU) and the Free University Medical Center 
(VUMC) in Amsterdam. We examined a total of 15 specimens, 9 cortical tubers and 6 SGCTs, 
resected from patients undergoing epilepsy surgery or surgery for obstructive hydrocephalus. 
One tuber specimen was obtained post-mortem (age 32 years; male). 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. For 
the SGCTs we used the revised WHO classification of tumors of the nervous system [131]. All 
patients fulfilled the diagnostic criteria for TSC [307]. Information concerning which of the 
two genes is mutated is reported in Table 1. In 4 patients, a significant amount of perituberal 
tissue (normal-appearing cortex/white matter adjacent to the lesion) was resected as well. 
In addition, normal-appearing control cortex/white matter was obtained at autopsy from 
one TSC patient. This material represents good control tissue, since it is exposed to the same 
seizure activity, drugs and fixation protocol, and age and gender are the same. 
Normal-appearing control cortex/white matter from the temporal region was obtained 
at autopsy from 5 young adult control patients (male/female: 3/2; mean age 29; range 
14-35), without a history of seizures or other neurological diseases. All autopsies were 
performed within 12 h after death. We also included control material from patients with age 
< 10 years (1, 3 and 8 years). The clinical characteristics derived from the patient’s medical 
records are summarized in Table 1. Seizures (present in 14 out 15 patients) were resistant 
to maximal tolerated doses of antiepileptic drugs (AEDs; carbamazepine, valproic acid, 
phenytoin, levetiracetam, oxcarbazepine, clobazam, vigabatrin, lamotrigine, gabapentin 
and clonazepam). Fourteen patients underwent presurgical evaluation [144]. We classified 
the postoperative seizure outcome according to Engel [145]. Class I consists of patients who 
remain completely seizure-free and class II includes patients who are almost seizure free 
or have rare or nocturnal seizures only. Class IV includes patients who have no worthwile  
improvement postoperatively. Follow-up period ranged from 1 to 6 years.

Table 1 Summary of clinical characteristics of TSC patients

CPS, complex partial seizures; GTCS, generalized tonic-clonic seizures; TS, tonic seizures; MS, multiple seizures; LV, 
lateral ventricle.
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Tissue preparation
Tissue was fixed in 10% buffered formalin and embedded in paraffin. To avoid differences 
in labeling related to technical variables such as tissue fixation, we used the same fixation 
protocol for both autopsy and surgical material; small samples of selected regions (temporal 
cortex/hippocampus) were collected at autopsy and immediately fixed in formalin for 24 
hours (same fixation time used for the surgical specimens). Paraffin-embedded tissue was 
sectioned at 6 µm, mounted on organosilane-coated slides (SIGMA, St. Louis, MO) and used 
for histological and immunocytochemical reactions as described below. 

Antibody characterization 
Antibodies specific for glial fibrillary acidic protein (GFAP; polyclonal rabbit, DAKO, Glostrup, 
Denmark; 1:4000), vimentin (mouse clone V9; DAKO; 1:1000), neuronal nuclear protein 
(NeuN; mouse clone MAB377; Chemicon, Temecula, CA, USA; 1:2000), synaptophysin 
(mouse clone Sy38; DAKO; 1:200), neurofilament (SMI311; Sternberger Monoclonals, 
Lutherville, MD; 1:1000), phospho-S6 ribosomal protein (Ser235/236, pS6; rabbit polyclonal, 
Cell Signaling Technology, Beverly, MA, USA; 1:50) and cleaved caspase-3 (rabbit polyclonal, 
Cell Signaling Technology; 1:100) were used in the routine immunocytochemical analysis 
of TSC  specimens to document the presence of a heterogeneous population of cells, the 
activation of the mTOR pathway [63] and the activation of the cell death cascade. For the 
detection of the inflammatory cells we used the following antibodies (Abs): anti-human 
leukocyte antigen (HLA)-DP, -DQ, -DR (mouse clone CR3/43; DAKO; 1:400), anti-HLA-DR 
(mouse clone Tal1b5; SIGMA; 1:100), anti-CD68 (mouse monoclonal, clone PG-M1; DAKO; 
1:200; monocytes, macrophages, microglia), anti-CD3 (mouse monoclonal, clone F7.2.38; 
DAKO; 1:200; T-lymphocytes), anti-CD4 (mouse monoclonal, clone 4B12; Neomarkers; 
1:100; helper/inducer T-lymphocyte subset), anti-CD8 (mouse monoclonal, clone C8/144B; 
DAKO; 1:100; cytotoxic/suppressor T-lymphocyte subset), anti-CD20 (mouse monoclonal, 
clone L26; DAKO; 1:400; B-lymphocytes), anti-CD15 (mouse monoclonal, clone MMA; 
Neomarkers; 1:100; granulocytes). For the detection of the IL-1β signaling components, the 
following Abs were used: anti-human IL-1β (goat polyclonal, sc-1250, Santa Cruz Bio., CA, 
USA; 1:70), anti-human IL-1RI (goat polyclonal, R&D Systems, Abingdon UK; 1:50; [190]). For 
the detection of the complement system components the following antibodies were used: 
anti-C1q, anti-C3c and anti-C3d (rabbit polyclonal, DAKO; C1q, 1:100; C3c, C3d, 1:200 [189]). 
To determine BBB permeability we used anti-albumin (rabbit polyclonal, DAKO; 1:20.000).

Immunocytochemistry
Immunocytochemistry was carried out as previously described [113, 256]. Single-label 
immunocytochemistry was performed with the avidin-biotin peroxidase method for the 
polyclonal goat antibodies and Powervision (Immunologic, Duiven, The Netherlands) 
for the monoclonal mouse and polyclonal rabbit antibodies. 3,3’-Diaminobenzidine was 
used as chromogen. Sections were counterstained with hematoxylin. Sections incubated 
without the primary Ab or with the primary Ab and an excess of the antigenic peptide were 
essentially blank. For double-labeling studies, sections were incubated with the primary 
antibodies (anti-HLA-DR, -C1q, -C3c, -C3d, -IL-1β, -IL-1RI or -albumin combined with anti-
pS6, -NeuN, -GFAP, -vimentin, -caspase3 or -HLA-DP, -DQ, -DR) for 2 h at room temperature 
with Alexa Fluor® 568-conjugated anti-rabbit, anti-goat or anti-mouse IgG and Alexa Fluor® 
488 anti-mouse or anti-rabbit (1:100, Molecular Probes, The Netherlands). Sections were 



80

Molecular alterations in epilepsy-associated malformations of cortical development

5

then analyzed by means of a laser scanning confocal microscope (Bio-Rad, Hercules, CA, 
USA; MRC1024) equipped with an argon-ion laser.
Labeled tissue sections were examined with respect to the presence or absence of various 
histopathological parameters and specific immunoreactivity (IR) for the different markers. 
Neuronal cell bodies were differentiated from glia and glioneuronal giant cells on the basis of 
morphology. Only neurons in which the nucleolus could be clearly identified were included. 
Giant cells have eccentric nuclei and ballooned opalescent eosinophilic cytoplasm. Reactive 
astrocytes were detected according to their morphology and the upregulation of GFAP and 
vimentin. The frequency of HLA-DR-, CD68-, CD3-, CD8-, CD4-, CD15-, and CD20-positive 
cells was evaluated as (1) rare, (2) sparse, (3) high and (4) very high, to give information 
about the relative number of inflammatory cells within the dysplastic area (Table 2). As 
previously reported [189, 190], the intensity of immunoreactive staining was evaluated using 
a semi-quantitative three-point scale where immunoreactivity was defined as: -, absent; 
+, moderate; ++, strong staining (Table 3). Quantitative analysis was also performed. The 
numbers of HLA-DR-positive microglia/macrophages and CD3-positive T-lymphocytes were 
quantified as previously described [107, 108]. Statistical analysis was performed with SPSS for 
Windows. Data were analyzed with the Kruskal-Wallis test, followed by a Mann-Whitney test 
to assess the difference between groups. Correlations between immunostaining (number of 
HLA-DR-positive microglial cells) and different clinical variables (duration of epilepsy, seizure 
frequency, age at surgery, age at seizure onset, seizure outcome) were assessed with the 
Spearman’s rank correlation test. The value of p < 0.05 was defined statistically significant.

RESULTS

Case material and histological features 
The clinical characteristics of the patients are summarized in Table 1. All the 9 tubers 
displayed similar histopathological features with astrogliosis, loss of lamination, giant 
cells with pale eosinophilic cytoplasm and dysplastic neurons (Fig. 1A-C). The SGCTs were 
composed of large, plump glial cells with a broad spectrum of histopathological features, 
including cells resembling gemistocytic astrocytes, multi-nucleated cells, elongated cells 
and in 4 out of 6 SGCTs, giant cells (Fig. 6A). Calcifications and signs of previous intratumoral 
hemorrhage were also observed. Cells showing strong staining for phosphorylated S6 (pS6) 
ribosomal protein and therefore activation of the mTOR signal transduction pathway were 
identified within all tubers, in both cortex and subcortical white matter. Dysplastic neurons, 
giant cells and some dysplastic astrocytes (expressing immature glial markers); but nor 
reactive astrocytes or normal appearing neurons showed expression of pS6. Similar pS6 
immunoreactivity (IR) patterns were observed in the different tuber specimens included in 
this study. We did not observed correlations between the expression intensity or number 
of pS6 positive cells and mutations in either TSC1 or TSC2. Tumor cells within all the SGCT 
samples showed robust pS6 staining. 
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Distribution of cellular components of innate immunity in cortical tubers 
Cortical tubers showed prominent expression of the astroglial marker GFAP in cells with 
the morphology of reactive astrocytes, as well as in a subpopulation of giant cells (Fig. 
1D-F). Cells of the microglia/macrophage cell system, showing strong IR for the major 
histocompatibility complex (MHC) class II-antigens (HLA-DR), were identified in all tubers 
examined (Table 2; Fig. 1G-K). In the majority of tubers we observed a diffuse distribution of 
HLA-DR IR throughout the dysplastic region, with a relatively high number of positive cells 
(Fig. 1G). Cells strongly positive for HLA-DR and with the morphology of activated microglial 
cells (showing short stout processes) were often clustered around dysplastic neurons (Fig. 
1H), around blood vessels (Fig. 1I) and around giant cells with a balloon-like appearance 
(Fig. 1J-K). 

Table 2. Immunocytochemical profile of inflammatory cells in cortical tubers and SGCTs
              (% of cases with immunoreactive cells)

Immunopositive cells: 0 (absent); 1+ (rare); 2+ (sparse); 3+ (high); 4+ (very high). 

Double-labeling experiments confirmed HLA-DR positive cells within the tubers around 
cells expressing pS6 (used as a marker of mTOR activation; Fig. 2). Some cells surrounded 
by microglia showed expression of the apoptotic marker caspase-3 (Fig. 2G-I). Caspase-3 
expression was also observed in some microglia (colocalization with HLA-DR; Fig. 2G-I).
CD68 IR was increased in tuber specimens compared to control cortex (Table 2; Fig. 3A). 
CD68-positive cells (with macrophage-like morphology) were less frequently encountered 
than HLA-DR-positive cells and were located around dysplastic cells and blood vessels (Fig. 
3B-C). Whether the macrophages represent transformed microglia or infiltrated monocyte-
derived cells cannot be established by immunocytochemistry [308]. Neither HLA-DR, nor 
CD68-positive reaction products were detected in astroglial cells, dysplastic neurons or 
giant cells (Fig. 1, 2 and 3). CD15-positive cells were observed in only 1 tuber (Table 2). As 
previously reported [107-109], we observed only scattered HLA-DR- and CD68-positive cells 
in control autopsy tissue (data not shown). Similarly, histologically normal perituberal cortex 
displayed only a few HLA-DR- and CD68-positive cells and the IR was often restricted to the 
perivascular space (Fig. 1L). The number of HLA-DR immunoreactive cells in cortical tubers 
and control specimens was quantified and the mean number of positive cells across three 
distinct 1 mm2 areas was found to be significantly higher in tuber specimens than in control 
tissue (p < 0.05; Fig. 4A). Differences between control (autopsy) and perituberal specimens 
were not observed. The number of HLA-DR-positive cells in cortical tubers was positively 
correlated with the frequency of seizures prior to surgical resection (Spearman rank 
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correlation coefficient: r = 0.809, p < 0.01). No significant correlation was found between 
the number of HLA-DR-positive cells and other clinical variables such as age at surgery, age 
at seizure onset, duration of epilepsy, the AED regimens, seizure outcome after surgery and 
mutations in either TSC1 or TSC2.

Figure 1. Histopathological 
features of cortical tubers: 
distribution of cell-specific glial 
markers
A-C: Hematoxylin/Eosin 
(HE) staining showing a low 
magnification view of the 
dysplastic cortex (A), dysmorphic 
neurons with Nissl-like 
cytoplasm (B), and giant cells 
with pale eosinophilic cytoplasm 
and balloon-like appearance 
(C). D-F: GFAP staining showing 
a low magnification view of the 
dysplastic cortex with strong 
GFAP IR (D), the presence of 
large reactive GFAP-positive 
astrocytes (arrows) among 
dysplastic neurons and around 
blood vessels (E), and GFAP-
positive (arrow) and negative 
(arrow-head) giant cells within 
the white matter (F). G-L: HLA-
DR staining in cortical tuber 
(G-K) and perituberal cortex 
(L). G: low magnification view 
of the dysplastic cortex with 
strong HLA-DR IR. H-K: HLA-DR-
positive cells (arrows) localized 
around dysplastic neurons 
(asterisk in H), blood vessels 
(I), giant cells (asterisk in J and 
K) within the white matter. L: 
low magnification view of the 
perituberal cortex with low HLA-
DR IR; the IR was restricted to 
the perivascular space, showing 
few positive perivascular 

macrophages and microglial processes (arrows and arrowhead, insert in L). Sections (D-L) are counterstained with 
hematoxylin. Scale bar in A: A, D, G, L: 400 µm; B, C, H, J, K: 40 µm. E, F, I: 45 µm.

Distribution of cellular components of adaptive immunity in cortical tubers 
Lymphocytes were detected in cortical tubers, with parenchymal and perivascular distribution 
involving both grey and white matter (Fig. 3D-F; Table 2). The lymphocyte population 
was represented by a T-lymphocyte infiltrate (as shown by immunocytochemical analysis 
performed with anti-CD3 antibody) and was predominantly composed of CD8-positive cells 
(Fig. 3D-F; Table 2). Infrequent CD4-positive cells were observed, B-lymphocytes were not 
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detected (CD20; Table 2). The number of CD3 immunoreactive cells in cortical tubers and 
control specimens was quantified and the mean number of positive cells across three distinct 
1 mm2 areas was found to be significantly higher in tuber specimens than in control tissue (p 
< 0.05; Fig. 4B). Differences between control (autopsy) and perituberal specimens were not 
observed. No significant correlation was found between the number of CD3-positive cells 
and different clinical variables.

Figure 2. Distribution of 
microglial cells and phospho-S6 
(pS6) positive cells in human 
cortical tubers
Confocal images. A-C: low 
magnification view of the 
dysplastic cortex with prominent 
HLA-DR IR (A) and several pS6-
positive cells (B; C, merged 
image). D-F: High magnification 
showing HLA-DR-positive 
microglial cells (D) surrounding 
cytomegalic pS6-positive cells 
(E; F, merged image). G-I: 
HLA-DR-positive microglial 
cells surrounding a caspase-3 
(casp-3)-positive cell (arrow in 
I, merged image). Caspase-3 
expression was occasionally 
also co-localized with HLA-DR in 
microglial cells (arrow-head in I). 
Scale bar in A: A-C: 133 µm; D-F: 
45 µm; G-I: 80 µm.

Figure 3. Distribution of CD68-
positive cells and T-lymphocytes 
in human cortical tubers 
A-C: CD68 staining. A: low 
magnification view of the 
dysplastic cortex with strong 
CD68 immunoreactivity. B-C: 
CD68 immunoreactivity (arrows) 
surrounding a dysplastic neuron 
(B; asterisk) and around blood 
vessels (C). D-E: CD3 staining. 
D: low magnification view of 
the dysplastic cortex with focal 
CD3 immunoreactivity (arrow 
and insert). E: CD3-positive 
T-lymphocytes (arrows) around 
blood vessels and surrounding 
a giant cell (asterisk). F: 
CD8-positive T-lymphocytes 
(arrows) within the tuber tissue, 

surrounding dysplastic neurons (arrow-heads). Scale bar in A: A and D: 400 µm; B, C, E and F: 40 µm.
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Figure 4. Evaluation of cells of the microglia/macrophage lineage and T-lymphocytes in TSC cerebral lesions 
(A): graph showing HLA-DR cell counting in control cortex, cortical tubers and SGCTs. (B): graph showing CD3 cell 
counting in control cortex, cortical tubers and SGCTs (* p < 0.05).

Complement expression in cortical tubers: C1q, C3c, C3d immunoreactivity
In agreement with our previous report [189], both neurons and resting glial cells in control 
autopsy (as well as in surgical perituberal specimens) did not express detectable levels of 
any of the three complement components examined. In contrast, moderate to strong C1q, 
C3c and C3d IR was detected within all the tubers examined (Table 3). Expression of all three 
complement components was observed in astrocytes, cells of the microglia/macrophage 
lineage, neurons and giant cells (Table 3; Fig. 5A-E).

Table 3. Cell-type distribution of IL-1β, IL-1RI and complement components in cortical tubers and SGCTs   
               (% of cases with immunoreactive cells)

Staining: -, absent; +, moderate; ++, strong staining

Components of IL-1β signaling in cortical tubers: IL-1β and IL-1RI immunoreactivity
In agreement with previous reports [190, 261, 262], both neurons and resting glial cells in 
control autopsy (as well as in surgical perituberal specimens) did not express detectable 
levels of IL-1β or its functional receptor IL-1RI. Moderate to strong IL-1β and IL-1RI 
immunoreactivity was detected in all tubers (Table 3). Expression of both IL-1β and its 
receptor was observed in astrocytes, cells of the microglia/macrophage lineage, neurons 
and giant cells, which showed particularly prominent staining (Table 3; Fig. 5F-K). 

Distribution of cellular components of the innate and adaptive immune system in 

SGCT
Innate immunity
Cells of the microglia/macrophage cell system, showing strong IR for HLA-DR and CD68 were 
immunocytochemically identified in all SGCT specimens (Table 2). Cells strongly positive 
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for HLA-DR and with the morphology of activated microglial cells or macrophages were 
clustered around the tumor cells and around blood vessels (Fig. 6B-C). CD15-positive cells 
were observed in 2 cases, associated with focal intratumoral hemorrhage (Table 2). The 
number of HLA-DR immunoreactive cells in SGCTs and in control specimens was quantified. 
The mean number of positive cells across three distinct 1 mm2 areas was significantly higher 
in SGCT specimens than in control tissue (p < 0.05; Fig. 4A). No significant correlation was 
found between the number of HLA-DR-positive cells and different clinical variables.

Adaptive immunity
Lymphocytes were detected within the SGCT specimens and were represented by a 
T-lymphocyte infiltrate (as shown by immunocytochemical analysis performed with the 
anti-CD3 antibody), predominantly composed of CD8-positive cells (Table 2; Fig. 6D-E). 
Infrequent CD4-positive cells were observed, but B-lymphocytes were not detected (CD20; 
Table 2). The number of CD3 immunoreactive cells in SGCTs and control specimens was 
quantified and the mean number of positive cells across three distinct 1 mm2 areas was 
found to be significantly higher in SGCT specimens than in control tissue (p < 0.05; Fig. 4B). 
No significant correlation was found between the number of CD3-positive cells and clinical 
variables.

Complement expression in SGCT
Prominent expression of C1q, C3c and C3d was detected within all SGCTs (Table 3). Expression 
of all three complement components was observed in cells of the microglia/macrophage 
lineage and in tumor cells (Fig. 6F-H).

Components of IL-1β signaling in SGCT
Prominent IL-1β and IL-1RI IR was detected within the tumor in all the specimens examined 
(Table 3). Expression of both IL-1β and its receptor was observed in cells of the microglia/
macrophage lineage and tumor cells (Table 3; Fig. 6I-J). 

Albumin immunoreactivity in cortical tubers and SGCT
Alterations in BBB permeability were detected using albumin immunocytochemistry. 
As previously reported [217], albumin extravasation was not observed in control autopsy 
cortical specimens, as well as in control hippocampal surgical specimens (data not shown). 
In contrast, in cortical tubers and SGCT specimens, albumin IR was often observed next to 
blood vessels (Fig. 7). Glial cells located around these vessels (and tumor cells in SGCT) were 
also albumin positive (Fig. 7B). Double-labeling confirmed albumin localization in astrocytes 
(vimentin and GFAP-positive cells). Colocalization with neuronal markers was not observed 
(data not shown).

DISCUSSION

Recent observations indicate that activation of inflammatory processes is a common feature 
of various epileptic disorders with different etiologies, but without a primary inflammatory 
pathogenesis [82]. Inflammatory components, suggesting a prominent and persistent 
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activation of the innate immune response, have been described in both experimental and 
human temporal lobe epilepsy associated with hippocampal sclerosis [93, 189, 218, 279, 
309-311]. Activation of inflammatory pathways, such as the IL-1β system, has been shown 
to have important functional consequences on neuronal excitability and cell survival. IL-
1β decreases the threshold for induction of febrile seizures in immature rodents [91, 92], 
prolongs seizure activity in experimental models [93, 95, 97] and contributes to excitotoxic 
neuronal cell death [83, 267]. In addition, pro-inflammatory pathways, involving cells of the 
microglia/macrophage lineage, and, in particular, the activation of IL-1β signaling, have 
been observed in malformations of cortical development such as focal cortical dysplasia 
(FCD) and glioneuronal tumors (GNT) that are associated with chronic intractable epilepsy 
[108, 109, 190]. 

Figure 5. Distribution of components 
of the complement cascade and IL-1β 
signaling in human cortical tubers
A-C: C1q immunoreactivity (IR). A: low 
magnification view of the dysplastic 
cortex with C1q IR. B and C: C1q IR in 
neurons (arrows in B), giant and glial 
cells (arrow and arrowheads in C) within 
the cortical tuber. D: C3c IR in neurons 
(arrow), giant cells (insert) and glial cells 
(arrowheads). E: C3d IR in giant cells 
(arrows) within the subcortical white 
matter. Insert a in E: merged image, 
showing expression of C3d in HLA-DR 
(HLA)-positive cells; insert b in E: merged 
image, showing expression of C3d in 
GFAP-positive cells. F-H: IL-1β IR. F: low 
magnification view of the dysplastic 
cortex with IL-1β IR. G: high magnification 
of cortex with prominent IL-1β IR. 
Insert a in G: merged image, showing 
expression of IL-1β in GFAP-positive cells. 
Insert b in G: merged image, showing 
expression of IL-1β in HLA-DR (HLA)-
positive cells. H: strong IL-1β IR in giant 
and glial cells (arrow and arrowhead) 
within the subcortical white matter. I-K: 
IL-1RI IR. I: low magnification view of the 
dysplastic cortex with IL-1RI IR. J: high 
magnification of cortex with prominent 
IL-1RI IR in both neurons (arrow) and glial 
cells (arrowheads). Insert a in J: merged 
image, showing expression of IL-1RI IR in 
HLA-DR (HLA)-positive cells. Insert b in 
J: merged image, showing expression of 
IL-1RI in a NeuN-positive neuron. Insert c 

in J: merged image, showing expression of IL-1RI in a GFAP-positive cell. K: strong IL-1RI IR in a giant cell (arrow) 
within the subcortical white matter. Scale bar in K: A: 400 µm; B, E, G, J: 80 µm; C: 90 µm; F and I: 350 µm; D, H, K: 
40 µm.
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Figure 6. Distribution of components of 
inflammatory pathways in SGCT
A: Hematoxylin/Eosin (HE) staining of 
a SGCT. B: HLA-DR staining showing 
prominent IR within the tumor; insert 
in B shows HLA-DR-positive cells around 
a negative tumor cell. C: CD68 staining 
showing prominent IR within the tumor; 
insert in C shows CD68-positive cells 
around negative tumor cells. D and E: 
CD3- and CD8-positive T-lymphocytes 
within the tumor. F-H: strong C1q, C3c 
and C3d IR in SGCT. I and J: IL-1β and 
IL-1RI IR in tumor cells; insert in J shows a 
tumor cell with strong IL-1RI membrane 
staining. Scale bar in A: A - C: 160 µm; D-J: 
80 µm.

Figure 7. Albumin immunoreactivity in 
cortical tubers and SGCT
A and B: Albumin IR around blood 
vessels and in perivascular glial cells 
within cortical tubers. Insert in A shows 
high magnification of a blood vessel 
surrounded by albumin IR. C: strong 
and diffuse albumin IR in SGCT. D: 
confocal images showing colocalization 
of albumin (Alb; red) with vimentin (Vim; 
green; arrows) and GFAP (insert in D) in 
perivascular and parenchymal astrocytes. 
Scale bar in A: A-D: 50 µm. Insert in D: 
30 µm.
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Innate immunity in cortical tubers and SGCT
Microglial cells are the key components of the innate immune response (for review see 
[80]). In the present study, we demonstrate that both cortical tubers and SGCT specimens 
show a large number of activated microglial cells, expressing MHC class II-antigens (HLA-DP, 
-DQ, -DR). The immunophenotype of microglial cells, with prominent HLA-DR-positive cells, 
including a subpopulation of CD68-positive macrophages, is in line with previous studies in 
FCD and low-grade glial tumors, including GNT [108, 109, 308, 312]. Similarly to FCD and GNT, 
the HLA-DR positive activated microglial cells in cortical tubers and SGCTs were distributed 
throughout the dysplastic and tumor area, and were not exclusively restricted to the 
perivascular compartments. In particular, as previously shown for CD68-immunoreactive 
macrophages in tubers [107], the HLA-DR positive microglial cells were localized around cells 
(giant cells, dysplastic neurons and tumor cells) displaying mTOR activation, as indicated 
by the high levels of pS6 expression. Interestingly, the mTOR pathway not only plays a role 
in regulating cell growth and size (reviewed in [313, 314]), but also regulates the induction 
of inflammatory mediators [315-317]. Thus, the cellular components of the TSC-associated 
lesions could also potentially contribute to the inflammatory response, as a result of TSC1 
or TSC2 inactivation followed by deregulation of mTOR signaling. Accordingly, activated 
microglial cells and macrophages were predominantly observed within the dysplastic cortex 
and within the tumor. The possibility to examine the perituberal cortex confirmed the 
localization of the inflammatory process within the pathological brain regions. It is clear that 
various potential other mechanisms may underlie the presence of inflammatory cells in the 
TSC-associated lesions and further investigation is required to ascertain the involvement of 
the mTOR pathway in the regulation of the immune responses occurring in TSC lesions. 
Since cortical tubers are highly epileptogenic, it is possible that chronic seizure activity 
triggers the microglial cell activation observed within the dysplastic cortex. Several 
studies in experimental models of seizures indicate the occurrence of an inflammatory 
response in brain areas involved in the epileptic activity (reviewed in [82]). In addition, the 
epileptogenicity of cortical tubers, as measured by seizure frequency, correlates with the 
prominent presence of microglial cells within the tuber, as previously shown for FCD and 
GNT [108, 109]. Comparison with nonepileptogenic tubers could not be performed. In vivo 
measurements of activated microglia, using brain imaging techniques, may represent an 
interesting approach to study the distribution of inflammatory processes and their clinical 
significance in a larger number of TSC patients [318]. Furthermore, since recently influence 
of AEDs (such as carbamazepine and valproic acid) on the production of cytokines has been 
reported [319], a careful evaluation, in a larger group of epileptic patients, of a possible 
correlation between deregulation of the inflammatory response and the type, the dose or 
the level of AEDs is required.
The expression of apoptotic markers within the cortical tubers (present results and [107]), 
together with the prominent activation of cells of the microglia/macrophage lineage suggests 
a role for these cells and their associated inflammatory pathways in tuber pathogenesis. 
Whether the presence of a prominent population of inflammatory cells may contribute to the 
pathological process in TSC, including the development of cerebral calcifications, deserves 
further investigation. In addition, immunological dysfunctions and microglial activation 
occurring early during development have been implicated in several developmental brain 
disorders, including the diseases process in autism which is common in TSC patients (for 
reviews see [320, 321]).
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Adaptive immune system in cortical tubers and SGCT
The adaptive immune response represents a specialized component of the immune system 
(for review see [80]). In the present study, we demonstrate the existence, in both cortical tubers 
and SGCTs, of mechanisms of adaptive immunity, mediated by T-lymphocytes. Lymphocytes, 
stained with markers of T-cell differentiation were observed in the perivascular zone, but 
also in the adjacent parenchyma, with involvement of both grey and white matter in cortical 
tubers. The presence of T-lymphocytes has been previously reported in a large series of SGCTs 
[322]. We investigated the nature of the lymphoid population and showed that the large 
majority of lymphocytes displayed a T-cytotoxic/suppressor immunophenotype, as indicated 
by CD8 immunoreactivity. A predominant cellular response mediated by cytotoxic T cells has 
also been observed in Rasmussen enchephalitis [323] and in low grade astrocytomas [312], 
including GNT (unpublished data). Interestingly, both these conditions are associated with 
intractable epilepsy. The factors that trigger these T-lymphocyte infiltrations are not known. 
However, alterations in BBB permeability, resulting from seizure activity and/or induction of 
inflammatory mediators by activated glial cells, may facilitate the entry of these components 
of the adaptive immune system. 

Activation of the complement cascade in cortical tubers and SGCT
The present study demonstrates prominent activation of the complement cascade in cortical 
tubers and SGCTs. Complement components C1q, C3c and C3d were observed within both 
lesions, with expression in tumor cells in SGCTs and in both glial (astrocytes and microglia) 
and neuronal cells in tubers. Components of the complement cascade are known to critically 
regulate the inflammatory response in different pathological conditions [79, 324, 325]. The 
presence of biologically active fragments of C3 (C3c and C3d) within the TSC-associated 
lesions indicates that the activation of the complement cascade has reached a point which 
may support a sustained inflammatory process. Products of C3 have been shown to regulate 
cytokine synthesis by monocytes (for review see [79]), indicating the existence of a reinforcing 
feedback mechanism between the complement cascade and the proinflammatory cytokine 
system, which is critical for the propagation of the inflammatory response. Interestingly, 
a persistent activation of the complement cascade has been reported recently in both 
experimental and human temporal lobe epilepsy [189] and in GNT (unpublished results). 
In addition, sequential infusion of components of the complement cascade into the 
hippocampus of rats has been shown to induce both behavioral and electrographic seizures 
[325]. Activation of the complement system may represent a common mechanism for 
initiating a sustained inflammatory process in chronic epileptic pathologies and therefore 
the complement system may provide an interesting target to control inflammation and 
eventually modify seizure progression in TSC and other diseases. Thus, evaluation of the role 
of complement activation in epilepsy might be worthwhile and requires careful preclinical 
functional and pharmacological studies.

Activation of IL-1β signaling in cortical tubers and SGCT
The complexity of the inflammatory pathways activated in TSC-associated brain lesions 
is indicated by the observed induction of IL-1β signaling. We showed that IL-1β and its 
functional receptor, IL-1RI, are expressed in cortical tubers and SGCTs. IL-1β and IL-1RI were 
detected in tumor cells in SGCTs and in both glial (astrocytes and microglia) and neuronal 
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cells in tubers. Induction of IL-1β signaling, with a similar cellular distribution, has been 
reported recently in other malformations of cortical development [27, 190]. The presence 
of both IL-1β and IL-1R1 in glial and neuronal cells, suggests that IL-1β may exert both 
autocrine and paracrine-like actions. Although the components of IL-1β signaling are known 
to be rapidly up-regulated following seizures [82], seizures alone cannot account for these 
changes in glial and neuronal expression of IL-1β signaling components, since perilesional 
tissue, also exposed to seizure activity, was devoid of detectable immunoreactivity. 
Therefore, as previously discussed for the activation of microglia, the cellular components 
of the TSC-associated lesions and the associated epileptic activity together could play a role 
in establishing a chronic inflammatory state.  

Alterations in BBB permeability
The prominent activation of inflammatory pathways, such as the complement cascade and 
IL-1β signaling, may have important consequences on the permeability function of the BBB 
[82, 326]. Alterations in BBB permeability have been demonstrated recently in both human 
and experimental temporal lobe epilepsy, with the accumulation of serum proteins within 
the parenchyma and a positive correlation between BBB permeability and the occurrence of 
spontaneous seizures in chronic epileptic rats [182, 217, 218]. Serum proteins, such as albumin, 
may critically contribute to neuronal hyperexcitability, playing a role in the pathogenesis of 
focal epilepsy [327]. We report focal changes in BBB permeability in both cortical tubers 
and SGCTs, as demonstrated by perivascular parenchymal leakage of serum albumin, with 
uptake into astrocytes. Interestingly, albumin uptake into astrocytes has been shown to 
affect K+-homeostasis, facilitating neuronal hyperexcitability and epileptiform activity [328].

CONCLUSIONS

Our results confirm and expand previous findings that indicate the occurrence of a complex 
and sustained inflammatory reaction in tubers and SGCTs of patients with TSC. The prominent 
inflammatory changes observed in these lesions include both the innate and the adaptive 
immune response and involve the activation of both the complement cascade and IL-1β 
signaling. Understanding the components and mediators of the inflammatory response in 
TSC-associated cerebral lesions may have great importance for the development of new 
therapeutic strategies. 
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ABSTRACT

Ganglioglioma (GG) constitutes the most frequent tumor entity in young patients 
undergoing surgery for intractable epilepsy. The histological composition of GG, with the 
presence of dysplastic neurons, corroborates their maldevelopmental origin. However, 
their histogenesis, the pathogenetic relationship with other developmental lesions, and 
the molecular alterations underlying the epileptogenicity of these tumors remain largely 
unknown. We performed gene expression analysis using the Affymetrix Gene Chip System 
(U133 plus 2.0array). We used GenMAPP and the Gene Ontology (GO) database to identify 
global trends in gene expression data. Our analysis has identified various interesting genes 
and processes that are differentially expressed in GG compared with normal tissue. The 
immune and inflammatory responses were the most prominent processes expressed in 
GG. Several genes involved in the complement pathway displayed high level of expression 
compared with control expression levels. Higher expression was also observed for genes 
involved in cell adhesion, extracellular matrix and proliferation processes. We observed 
differential expression of genes as cyclin D1 and cyclin-dependent kinases, essential for 
neuronal cell cycle regulation and differentiation. Synaptic transmission, including GABA 
receptor signaling was an underexpressed process compared with control tissue. These 
data provide some suggestions for the molecular pathogenesis of GG. Furthermore, they 
indicate possible targets that may be investigated in order to dissect the mechanisms of 
epileptogenesis and possibly counteract the epileptogenic process in these developmental 
lesions.

INTRODUCTION

Ganglioglioma (GG) is a well-recognized cause of intractable epilepsy in young patients and 
is characterized histologically by a mixture of dysplastic neurons and glial cell elements [29]. 
The neoplastic component of the tumor is represented by the astroglial elements. Mitotic 
activity is rare and the majority of cases show a low expression of proliferation markers within 
the astroglial component [29, 74, 115]. Perivascular lymphocytic infiltration is common and 
characteristic of this tumor. Furthermore, we recently reported the presence of an abundant 
population of activated microglial cells in GG associated with chronic epileptic activity [108]. 
The presence of a dysplastic neuronal component, together with the expression of stem cell 
markers (such as CD34 and nestin), suggests a developmental pathogenesis for GG. GG has 
been recently included among the malformations of cortical development (MCDs) in the 
group of disorders characterized by active proliferation and abnormal cell types, together 
with dysembryoplastic neuroepithelial tumors, focal cortical dysplasia, hemimegalencephaly 
and tuberous sclerosis complex-associated cerebral lesions [13]. The possible origin of GG 
tumor from a dysplastic precursor lesion is also supported by the reported association with 
cortical dysplasia [29, 135] and the detection of molecular alterations common to other 
developmental glioneuronal lesions [52, 60, 136]. In addition, recent studies suggest a role 
for the insulin- and reelin-transduction pathways in the molecular pathogenesis of GG (for 
review see [136]). The cellular mechanism(s) underlying the epileptogenicity of GG remain 
largely unknown. The intrinsic and high epileptogenicity of GG is clearly supported by 
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electrocorticography, surgical and immunocytochemical results, indicating the presence of 
a hyperexcitable neuronal component [135, 256], for review see [69]. Several studies suggest 
a role for developmental alterations of the balance between excitation and inhibition in the 
pathogenesis of epileptic focal discharges in patients with GG [74, 115, 329]. In addition, recent 
evidence includes the inflammatory response as a contributing factor in the epileptogenicity 
of this developmental lesion [108, 190].
Until recently, the molecular research related to MCDs has focused primarily on a number 
of selected genes [330, 331]. A candidate gene expression analysis has been performed on 
a selected set of genes to study differential cellular gene expression in GG compared with 
adjacent cortex [52]. In the present study, we performed a large-scale gene expression 
analysis using the Affymetrix Gene Chip System and we analyzed the data according to the 
well-defined biological processes based on Gene Ontology (GO) categories [332]. Validation 
of microarray results was performed by RT-PCR and immunocytochemistry. The major aim 
of this work was to provide a global view of differential gene expression between control 
and GG tissue, generating data that can be used as basis for further studies on GG. The 
identification of specific biological processes and biochemical pathways in GG could provide 
new insights into pathogenesis and epileptogenesis of GG and be crucial for the development 
of lesion-specific therapeutic strategies. 

MATERIALS AND METHODS

In order to make a sensible comparison between control tissue and surgical tissue from 
patients, we needed material from controls with the shortest post-mortem interval 
possible. For obvious reasons this material is rarely available and therefore we could only 
use three control specimens. Control temporal lobe cortical specimens were obtained at 
autopsy from male patients (38, 44 and 48 years of age) without history of seizures or other 
neurological diseases. The cause of death was represented by acute myocardial infarction. 
Brain abnormalities were not observed at autopsy and the cortex was histologically normal. 
Attention was taken to provide for RNA isolation equal grey/white matter tissue components. 
Autopsy was performed within 6 h after death. Tissue was snap-frozen and stored at -80 °C 
until use. The tissue quality was evaluated according to several recently suggested tissue 
quality markers, including the RNA integrity number (RIN) [333]. We only included samples 
with RIN > 7 (RIN: 7.53 ± 0.2).
GG surgical specimens used for the microarray analysis were obtained from four male patients 
(age: 24, 29, 33 and 48; RIN: 7.55 ± 0.3). All four tumors were located in the temporal lobe 
and care was taken to provide only the neoplastic tissue for RNA isolation, avoiding non-
lesional brain tissue. All cases were reviewed independently by two neuropathologists and 
the diagnosis was confirmed according to the revised WHO classification of tumors of the 
nervous system [131]. Seizures in GG patients were represented by complex partial seizures 
and were resistant to maximal tolerated doses of antiepileptic drugs (AEDs; carbamazepine 
and valproate; duration of epilepsy before surgery > 10 years). All patients underwent 
presurgical evaluation [144] and in all patients the lesion was localized by brain MRI. Although 
we cannot exclude that the drug treatment may affect gene expression, GG specimens from 
patients without treatment with AEDs were not available and the peritumoral cortex of GG 
patients does not represent an adequate control, since the status of the latter is uncertain 
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and changes in the GABAergic network have been recently reported in this tissue [123]. 
Postoperatively, all four patients were completely seizure free [145]. The mean duration 
of epilepsy before surgery was 13 years (range 9-16). After surgical removal, samples were 
snap-frozen and stored at -80 °C until use. 
To validate the microarray results we used PCR and immunocytochemistry. We included 
samples from additional control autopsy specimens and from surgical epileptic GG 
specimens. Furthermore, we also used histologically normal temporal neocortex from 
patients undergoing extensive surgical resection of the mesial structures for the treatment 
of medically intractable complex partial epilepsy for PCR to control for a possible effect of 
recurrent seizures or antiepileptic drugs on the expression of genes selected for validation. 
The cases included in this study were obtained from the Departments of neuropathology of 
the Academic Medical Center (University of Amsterdam, The Netherlands); the University 
Medical Center in Utrecht, The Netherlands; the Radboud University Nijmegen Medical 
Centre, The Netherlands; the University Hospital in Groningen, The Netherlands and the 
Bonn University Medical Center in Germany. 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 features of the 
cases included in this study are summarized in Table 1.

Table 1. Summary of clinical data

CPS, complex partial seizures; SGS, secondary generalized seizures; a: microarray samples; b: PCR samples; c: 
samples used for immunocytochemistry.

RNA isolation and Affymetrix Genechip processing 
After pottering the selected brain material in glass tubes, total RNA was isolated using TRIzol 
LS Reagent (Invitrogen - Life Technologies, The Netherlands) with Phase Lock Gel-Heavy 
tubes (Eppendorf), following the manufacturer’s instructions. RNA integrity was determined 
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using a nanodrop spectrophotometer (Ocean Optics Inc.) and labeled with the GeneChip 
Expression 3’ amplification one cycle target labeling system. Each RNA sample (10 µg; 3 
controls and 4 GG) was hybridized to the Affymetrix Gene Chip System (U133 plus 2.0array). 
After 16 h of hybridization, the GeneChips were washed and stained on a fluidics station 
(Affymetrix) and scanned in a confocal scanner (Affymetrix GeneArray Scanner) according 
to the Affymetrix GeneChip Expression Analysis Manual. The U133 plus 2.0 array (Affymetrix 
Inc.) comprises more than 54,000 probe sets and 38,500 well-characterized human genes. 
The expression levels and present/absent calls were calculated for all probe sets with 
the Affy package from Bioconductor in the R program for statistical computing, using the 
MAS5 algorithm [334]. All probes set scaling was used to normalize overall intensities of the 
different arrays.

Microarray data analysis
Data transformation (log2 conversion), selection and statistical analyses were performed 
with either Excel (Microsoft v.9.0) or MATLAB 7.5. All statistical tests were performed on the 
log transformed intensities, using a combination of Excel and SigmaStat (SPSS, v2). The first 
step in the analysis for the study reported here was to determine which genes to consider 
‘present’ or ‘absent’. The Affymetrix analysis provides a p-value for the presence of each 
gene on each chip. A gene was considered present when p < 0.05 held for all samples in 
one group, or no more than 1 sample had a p > 0.07 or no more than 2 samples had 0.05 < 
p < 0.07. When a gene was present in one group, but not in the other group, we included 
this gene in the comparison. In this way we do not ignore ‘inducible’ or strongly repressed 
genes. We also excluded outliers based on the expression intensity within a group (defined 
as a data point more than twice the standard deviations away from the mean); such 
values were extremely rare and did not affect the outcome of the analysis reported here. 
Comparisons were made between control and GG samples, requiring at least p < 0.05 and 
2 fold change for a significant difference (Student’s t-test). Fold changes in gene expression 
were calculated by dividing the mean intensity signal from GG samples by the mean intensity 
signal from the control samples. Since array analysis deals with large numbers of multiple 
comparisons, we also calculated the false discovery rate (FDR as the ratio ‘expected false 
positives’ / ‘observed positives’); for an in depth discussion, see [335]. There is no absolute 
level that the FDR should obey; it depends on the subjective balance between missing genes 
that changed versus accepting genes that did not really change. With the aim of obtaining 
a global impression of the ‘present’ genes changed in this process, an unsupervised 
hierarchical clustering analysis was performed and scatter plots were constructed using 
Spotfire Decision Site for Functional Genomics program, MATLAB 7.5 and Kaleidograph 
4.0. The dataset consisting of the significantly altered genes was entered into GenMAPP 
(Gene Map Annotator and Pathway Profiler) a computer program that is designed for 
viewing and analyzing genome-scale data on MAPPs representing biological pathways and 
any other grouping of genes. Details can be found at www.genmapp.org. The MAPPFinder 
is an accessory program that works with GenMAPP and uses the annotations from the GO 
Consortium to identify global biological trends in gene expression data. MAPPFinder relates 
microarray data meeting a user-defined criterion for a ‘significant’ gene expression change 
to each term in the GO hierarchy, and calculates the percentage of genes changed within 
each GO biological process, cellular component, and molecular function term. MAPPFinder 
then calculates the total number of genes changed within a ‘parent GO term’ and all of its 
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‘children’ (local MAPPs), and a statistical score (Z-score), giving a comprehensive picture of 
the gene expression changes associated with a particular GO term [336]. The tables that 
are provided as supplementary data were constructed using R and statistical packages 
obtained at www.bioconductor.org. (Annotation data for Affymetrix Human Expression Set: 
hgu133a2(cdf); GO, which is a data package containing annotation data for GO and GOstats 
which are tools for manipulating GO and microarrays).

Real-time quantitative PCR analysis
In order to validate the microarray data, real-time quantitative PCR analysis was performed 
using RNA obtained from control cortex (autopsy, n= 3 and surgical specimens, n=3) and GG 
surgical specimens (n=5). The concentration and purity of RNA (isolated using the TRIzol® 
LS Reagent) were determined spectrophotometrically at 260/280 nm. Five micrograms of 
total RNA were reverse-transcribed into cDNA using 125 pmol two-base anchored oligo dT 
primers (5’(dT)14-d(A/G/C)-d(A/G/C/T); Amersham Biosciences Europe, Roosendaal, the 
Netherlands). The reverse transcription was performed in 50 µl reactions. Five nanomoles 
of oligo dT primers were annealed to 5 µg total RNA in a total volume of 20 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 inhibitor (Roche Applied Science, Indianapolis, IN, USA) 
and 400 U M-MLV reverse transcriptase (Invitrogen - Life Technologies). The total reaction 
mix (50 µl) was incubated at 37 °C for 60 min, heated to 95 °C for 10 min and stored at         
-20 °C until use. PCR primers (Sigma-Aldrich, Zwijndrecht, the Netherlands) were designed 
using the Universal ProbeLibrary of Roche (https://www.roche-applied-science.com) on the 
basis of the reported cDNA sequences and are listed in Table 2. For each PCR, a mastermix 
was prepared on ice, containing per sample: 1 µl cDNA, 0.5 µl of FastStart Reaction Mix SYBR 
Green I (RocheApplied Science, Indianapolis, IN, USA), 0.5 µM of both reverse and forward 
primers and 4 mM MgCl2. The final volume was adjusted to 5 µl with H2O (PCR grade). 

Table 2. List of primers used for RT-PCR

TBP, TATA-binding protein; GABAAR5, gamma-aminobutyric acid (GABA) A receptor, subunit alpha 5; CDK5, cyclin-
dependent kinase 5; KCC2, K+-Cl–-cotransporter; AQP4, aquaporin-4; VCAM-1, vascular cell adhesion molecule 1; 
ECM-2, extracellular matrix protein 2; A2M, alpha-2-macroglobulin; Anxa4, annexin A4; CP, ceruloplasmin; C1qA, 
complement component 1, q subcomponent, A chain; C3, complement component 3; RefSeq, reference sequence; 
Tm, annealing temperature primers, Tm A, melting temperature amplicon.

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 
denaturation at 95 °C for 6 min, followed by 40 cycles of denaturation at 95°C for 15 s, 
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annealing at 55-60°C for 5 s (see Table 2) and extension at 72°C for 6-10 s. Fluorescent product 
was measured 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 using the computer program LinRegPCR 
in which linear regression on the Log (fluorescence) per cycle number data is applied to 
determine the amplification efficiency per sample [337]. The mean efficiency per primer 
set and the individual Ct values were then used to estimate the starting concentration per 
sample [338]. The starting concentration of each specific product was divided by the starting 
concentration of human TATA-binding protein (TBP) for each sample to correct for sampling 
error. The resulting relative concentration was normalized with respect to control samples. 
Data were analyzed with Student’s t test and a value of p < 0.05 was considered statistically 
significant.

Tissue preparation and immunocytochemistry
Formalin fixed, paraffin-embedded tissue was sectioned at 6 µm and mounted on organosilane-
coated slides (SIGMA, St. Louis, MO, USA). Representative sections of all specimens were 
processed for hematoxylin eosin and Nissl stainings, as well as for immunocytochemical 
reactions. Glial fibrillary acidic protein (GFAP; polyclonal rabbit, DAKO, Denmark; 1:4000), 
vimentin (mouse clone V9, DAKO, Denmark; 1:1000), neuronal nuclear protein (NeuN; 
mouse clone MAB377, Chemicon, Temecula, CA; 1:1000), microtubule-associated protein 
(MAP2; polyclonal rabbit, SIGMA; 1:2000), synaptophysin (polyclonal rabbit, DAKO; 1:200) 
and CD34 (mouse clone QBEnd10; Immunotech, Marseille, Cedex, France, 1:600), were 
used in the routine immunocytochemical analysis of GG specimens. For the validation of 
microarray data we used the following antibodies (Abs): HLA-DR (mouse clone Tal1b5, 
SIGMA; 1:200), CD3 (mouse monoclonal, clone F7.2.38; DAKO; 1:200; T-lymphocytes), 
CD4 (mouse monoclonal, clone 4B12; Neomarkers; 1:100; helper/inducer T-lymphocyte 
subset), CD8 (mouse monoclonal, clone C8/144B; DAKO; 1:100; cytotoxic/suppressor 
T-lymphocyte subset), C1q, C3c, C3d (polyclonal rabbit; DAKO; C1q, 1:100; C3c, C3d, 1:200), 
IL-1β (polyclonal goat; sc-1250, Santa Cruz Bio., CA, USA; 1:70), CD44 (monoclonal mouse, 
Hermes3; 1:2000; kindly provided by Dr. S. T. Pals, Department of Pathology, AMC, University 
of Amsterdam), Aquaporin4 (polyclonal rabbit, AB3068, Chemicon, Temecula, CA; 1:50), 
ferritin (polyclonal rabbit, DAKO; 1:600), NKCC1 (polyclonal rabbit, Chemicon, Temecula, CA; 
1:30), KCC2 (polyclonal rabbit, Upstate Biotechnology, Lake Placid, NY, USA; 1:200), Cyclin 
D1 (monoclonal rabbit, clone SP4, Lab Vision Corporation, Fremont, CA, USA; 1:100) and 
CDK5 (monoclonal mouse; Chemicon; 1:50). Immunocytochemistry was carried out on 
paraffin-embedded tissue as previously described [256]. Single-label immunocytochemistry 
was performed using avidin-biotin peroxidase method for the polyclonal goat antibodies 
and Powervision (Immunologic, Duiven, The Netherlands) for the monoclonal mouse and 
polyclonal rabbit antibodies. As chromogen, 3,3’-diaminobenzidine was used. Sections 
incubated without the primary Ab, or with preimmune sera were essentially blank. For 
double-labeling, sections were incubated for 2 h at RT with Alexa Fluor® 568 and Alexa 
Fluor® 488 (anti-rabbit IgG, anti-mouse IgG, or anti-goat IgG; 1:200; Molecular probes, 
The Netherlands). Sections were then analyzed by means of a laser scanning confocal 
microscope (Bio-Rad, Hercules, CA, USA; MRC1024) equipped with an argon-ion laser. As 
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previously reported [189, 190], the staining intensity was evaluated using a semi-quantitative 
three-point scale where immunoreactivity (IR) was defined as: -, absent; +, moderate; ++, 
strong staining (intensity score). The frequency of cells of the microglia/macrophage lineage, 
(1) rare; (2) sparse; (3), high, was also evaluated to provide information about the relative 
number of these cells (frequency score). The relative frequency of IL-1β, C1q, C3d, CD44, 
AQP4, Cyclin D1, NKCC1, CDK5-positive cells was calculated using an Olympus microscope 
and examining in each slice 200 high-power non-overlapping fields (of 0.0655 mm X 0.0655 
mm width; each corresponding to 4.290 µm2) defined in the center of the lesion using a 
square grid inserted into the eyepiece. The labeling index (LI; number of labeled cells per 
total number of cells) was assigned using 3 distinct categories: (1) < 10%, low; (2) 11-50% 
moderate; (3) > 50% high. Neuronal cell bodies were differentiated from glial cells on the 
basis of morphology. Only neurons in which the nucleolus could be clearly identified were 
included. Sections stained with NeuN, GFAP and vimentin adjacent to those used for the 
reported stainings were also studied. To quantify alterations in KCC2 IR, which displays 
prominent neuropil staining, we performed optical density (OD) measurements in 6 GG and 
6 control specimens (as previously described [123]). The absolute pixel staining density of 
neuropil and the background from fields lacking immunoreactive profiles was determined. 
A mean optical density value for GG was calculated, expressed as a ratio (ODR) of the mean 
optical density of the background and compared with control brain tissue (one-way analysis 

of variance and Fisher’s post hoc test; p < 0.05).

RESULTS

Data analysis – general features
Using the MAS 5.0 algorithm and the criteria mentioned above, we found that 24,054 probe 
sets (out of 54,614 = 44%) reached the ‘present criterion’ on the array. Using a criterion of 
p < 0.05 and at least 2 fold change, 4547 genes were overexpressed and 3670 genes were 
underexpressed resulting in a FDR (expected false positives/ observed positives) of 13%. 
At p < 0.01 and at least 2 fold change, 2874 genes were overexpressed and 3255 were 
underexpressed, resulting in a FDR of 3.9%.

Figure 1. (A) Hierarchical clustering of 
the dataset showed statistical difference 
between GG and controls. To appreciate 
the variance within each group, a 
hierarchical clustering of a subgroup of 
genes was performed (immune response 
related according to GO; p < 0.01). Each 
column represents expression on one 
specific array (C = control; T = GG tumor); 
each row indicates expression level of a 
gene; blue represents low expression; 
white: medium expression; red: high 
expression; deeper shade indicates larger 
difference. The dendrogram shows that 
the clustering (eucledian distances) 

clearly separates controls (C1-C3) from ganglioglioma tissue (T4-T7; cophenet factor = 0.97). (B) Scatter diagram: 
Red dots represent the population of significantly over- and underexpressed genes in GG samples. Blue dots 
represent genes that belong to the immune response (only genes with at least 2 fold change are shown).
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In the former case the FDR indicates that we accept that any single positive result has a 13% 
chance of being a false positive; in the latter case this is reduced to 3.9 %. First we performed 
a hierarchical clustering on the complete set of data of present genes. The analysis showed a 
clear separation of the controls and GG specimens (cophenet factor=0.99), which indicates 
that GG specimens have their own characteristic genetic profile. This also reflects the 
peculiar cellular composition of GG, consisting of a mixture of dysplastic neurons and glial 
cell elements. Fig. 1A shows that a clear separation of the two groups was still maintained 
(cophenet factor =0.97), when a clustering was performed on a subset of genes that belonged 
to the immune response, a process that was significantly overexpressed in GG (see below). 
The scatter diagram shows the population of significantly over- or underexpressed genes 
compared with control tissue (2 fold difference at different p values; Fig. 1B; red dots) and 
the population that belongs to the immune response according to GO (blue dots).

Gene expression profiles
In order to go beyond the identification of series of individual genes that showed a changed 
expression associated with GG, we determined groups of functionally related genes, based 
on the GO system. Three main classes of processes were distinguished according to the 
ordering of this ontology system: (1) biological processes, (2) molecular functions and (3) 
cellular components [336]. In the following text classified GO terms will be indicated in 
italics. In this analysis we used GenMAPP and the associated MAPPFinder software (www. 
genmapp.org). Considering that we deal here with processes or functions which consist 
of combined sets of genes, we did not want to use a strict gene selection criterion and 
admitted any individual gene as long as its expression was at least changed 2 fold and p 
< 0.05. The Z-scores of the corresponding set of genes were calculated. Tables 3 and 4 
show the significant GO terms with a Z-score > 1.96 (which corresponds to a p-value of 
0.05) according to the lists of ontology classes (processes, functions and components); to 
limit the number of GO terms we added the criterion that a class should comprise more 
than 5 genes to be considered for further analysis. In Table 3 we present those that were 
overexpressed in comparison with controls; 4547 probes met the criteria of overexpressed 
in GG. Out of this collection of probes, 1706 genes were linked to a GO term. In Table 4 
we present those that were underexpressed in comparison with controls; 3670 probes met 
the criteria for underexpression in GG. Out of this collection of probes, 1483 genes were 
linked to a GO term. We should remember that the same gene may belong to different GO 
processes. The main characteristic of GG was that a large series of identified overexpressed 
biological processes appeared to be related to the immune response. In contrast, processes 
associated with synaptic transmission, synaptic plasticity, calcium ion homeostasis and ion 
transport were underexpressed. Many overexpressed processes are localized to cellular 
component: extracellular region, membrane or extracellular matrix, MHC class I complex 
and cytoskeleton while underexpressed processes belong mainly to the cellular components: 
synapse, membrane and ion channels.

Genes associated with immune response
We identified many genes that were involved in the immune response in GG specimens. 
The significantly differential gene expression is displayed in Table S1 (Supplement –Chapter 
6). Genes with higher levels of expression in GG were: class II histocompatibility antigens 
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and several interleukins, such as IL-1β, IL-15, IL-16, IL-18 and IL receptors (for IL-6 and IL-
1β). Higher expression was also detected for the TGFβ signaling pathway (TGFβ-induced 
and TGFβR2 and TGFβR3), the Toll-like receptor pathway and the T-cell receptor signaling 
pathway. 

Table 3. Probes (4547) with increased expression in GG (1706 GO-related terms)
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Using ‘GenMAPP’ we obtained the significant GO terms according to a Z-score > 1.96 (which corresponds to a 
p-value of 0.05) according to the lists of ontology classes (processes, functions and components) in GG. The total 
number of genes with higher expression in GG compared with control is indicated at the top (4547); the number 
of GO-related terms is in between brackets. In the first column the GO identity is shown; in the 2nd column the GO 
term; in the 3rd column the number of genes that had increased expression (‘local term’); in the 4th column the 
percentage of the genes in the specific GO term that showed increased expression and the 5th column indicates 
the Z-score.

Inflammation, complement and coagulation pathways
The complement pathway and the coagulation cascade were processes that were significantly 
more prominent in GG. Fig. 2 shows a schematic overview of both processes, generated by 
GenMAPP [336]. Genes with a significant 2 fold expression difference and p < 0.05 were coded 
in red (up) or dark blue (down). Only genes were shown that were present in the process 
and that were no ESTs (expressed sequence tags). Each gene is indicated in abbreviation and 
the full name plus associated GO-term can be found in Table S1 (Supplement – Chapter 6).
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The complement cascade 
The classical as well as the alternative pathways were overexpressed in GG compared to 
control. The fold changes (relative to control expression) of the most conspicuous genes 
of the complement cascade are displayed next to each box in Fig. 2. C1qa (complement 
component 1, q subcomponent, A chain), C1qb, C1qc, C1r, C1s, C3, C4a and C7 showed more 
prominent expression in GG specimens than in control specimens. Expression of SerpinG1, 
a C1 inhibitor, and CD59 an inhibitor at the level of the membrane attack complex [339, 
340], was also higher, but to a lesser extent compared to C1q genes (Table S1; Supplement 
– Chapter 6).

Figure 2. The complement pathway and the coagulation cascade: schematic overview, generated by GenMAPP
Red indicates significant increased expression; blue, significant decreased expression (p < 0.05; > 2 fold). The 
number next to each gene indicates the fold change in GG compared with control.

The coagulation cascade
Expression of several components of the coagulation cascade was increased in GG specimens 
(i.e. coagulation factor III (F3), F13A1 and thrombomodulin, THBD). Tissue and urokinase 
plasminogen activators and the urokinase-type plasminogen activator receptor (PLAU, PLAT 
and PLAUR), which facilitate anticoagulant activity [341], were also increased together with 
some serine protease inhibitors (SerpinA5 and SerpinA1; Fig. 2, Table S1, Supplement – 
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Chapter 6). Members of the annexin family (lipocortin; Anxa1, Anxa2 and Anxa4), which 
are also known to play a role in the inflammatory response and regulation of coagulation 
[342, 343], showed high expression in GG. We also observed higher levels of expression of 
several genes involved in the I-κB kinase/ NFκB (nuclear factor-κB) cascade, including genes 
encoding toll-like receptors (TLR1-5, 8) and members of the tumor necrosis factor ligand 
superfamily (TNFSF10, TNFSF8, TNFSF13B; Table S1, Supplement – Chapter 6). Several genes 
involved in iron ion homeostasis showed the highest increased expression in GG (Table S1, 
Supplement – Chapter 6). This was observed for lactotransferrin (LTF; 226 fold increase), 
ceruloplasmin (CP; ferroxidase; 49 fold increase), ferritin (light polypeptide; 8 fold increase), 
HAMP (hepcidin antimicrobial peptide; 4 fold increase) and hemochromatosis gene (HFE; 3 
fold increase).

Table 4. Probes (3670) with decreased expression in GG (1483 GO-related terms)
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Using ‘GenMAPP’ we obtained the significant GO terms according to a Z-score > 1.96 (which corresponds to a 
p-value of 0.05) according to the lists of ontology classes (processes, functions and components) in GG. The total 
number of genes with lower expression in GG compared to control is indicated at the top (3670); the number of 
GO-related terms is in between brackets. In the first column the GO identity is shown; in the 2nd column the GO 
term; in the 3rd column the number of genes that had decreased expression (‘local term’); in the 4th column the 
percentage of the genes in the specific GO term that showed decreased expression and the 5th column indicates 
the Z-score.
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Genes associated with extracellular matrix and cell adhesion 
Several genes involved in extracellular matrix and in cell adhesion were significantly 
activated in GG. An overview of the genes involved in this process is presented in Table 
S2 (Supplement – Chapter 6). Increased expression was observed for laminins, collagens 
(Col8A1, Col15A1), thrombospondins (THMB1, 2, 4), chondroitin sulfate proteoglycan 2 
(CSPG2), several CD antigens, of which CD9 and the hyaluronate receptor CD44 were 20 
and 25 fold increased; several chemokines (CCL2, 4, 5), members of the family of tissue 
inhibitors of metalloproteinase, such as TIMP1 and 4, and various integrins. Many of these 
proteins are expressed in glial cells. GFAP and vimentin, the intermediate filaments present 
in astrocytes, showed more than 5 fold higher expression compared to control expression, 
which confirms the presence of reactive astrocytes in GG. 

Genes associated with development, cell cycle and Wnt signaling pathway
Considering the fact that GG are developmental lesions, it is not surprising that this process 
was differentially expressed in GG compared to controls (Table 3, Z-score = 4.37). The majority 
of genes related to development were overexpressed. However, still a considerable number 
of genes also showed underexpression, so development was also present as underexpressed 
process (Table 4, Z-score=3.12). An overview of the fold differences (> 2 fold change) are 
shown in Table S3 (Supplement - Chapter 6). Interestingly, the growth factor BDNF, which 
had a low expression level in control as well as in GG tissue, was not significantly differentially 
expressed in GG compared with controls. Possibly, the expression level of the gene encoding 
BDNF in our tissue samples is too low to be able to detect a significant difference, in contrast 
to what has been previously shown for the protein at the cellular level within the neuronal 
component of GG [256]. 
Attention has been focused on the analysis of genes associated with cell cycle and 
development. As mentioned above, recently, GG has been included in the group of 
developmental disorders characterized by abnormal cell proliferation [13]. In addition, 
recent studies have demonstrated that there is altered Wnt-1/β-catenin signaling in MCD 
[331], and altered expression of proteins which critically regulate the cell cycle [146, 344]. 
Between the genes involved in the regulation of cell cycle, we observed higher expression 
of cyclin D1 and D2 (9 and 3 fold increase) and cyclin-dependent kinase 4 and 6 (CDK4 and 
CDK6; 3 and 7 fold increase) in GG compared with controls, whereas the expression of CDK5 
and CDK5 regulatory subunit 1 (p35) was lower (10 and 7 fold decreased). Cyclin-dependent 
kinase inhibitors (CDKN), such as CDKN1A (8 fold increase), CDKN2A and CDKN2B (31 fold 
increase) and CDKN2C (3 fold increase) showed higher expression in GG than in control. In 
addition, we observed a concomitant increased expression of ATM, TP53 and MDM2 genes. 
Altered expression was also observed for apolipoprotein D (APOD) with 6 fold increase 
and for Bcl-2, with 2.5 fold increase. The mitotic regulator WEE1 was among the most 
overexpressed genes (58 fold). The Wnt signaling pathway, which critically controls cell fate 
and cell cycle [345], was also deregulated in GG, with increased expression of Wnt ligands 
(LRP6), Frizzled receptors (FZD6, FZD7) and lymphoid enhancer binding factor 1 (LEF; nuclear 
mediator of Wnt signaling 1) and decreased expression of dishevelled, dsh homolog 1 (DVL1; 
Table S3, Supplement - Chapter 6).
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Genes associated with angiogenesis
Angiogenesis was a prominently overexpressed process (Z-score = 3.81, Table 3). Periostin 
(POSTN) was among the most overexpressed genes compared to controls (61 fold increase). 
This protein is known to increase cellular survival and is involved in tumor angiogenesis [346, 
347]. A map produced by GenMAPP including the genes involved in angiogenesis is shown in 
Fig. 3. Fibroblast growth factors (FGF1 and 2), which can induce angiogenesis, both showed 
> 5 fold increased expression in GG compared to control. We also observed increased 
expression of other angiogenic factors, such as angiopoietin 1 (ANGPT1), angiopoietin 2 
(ANGPT2) and angiogenin (4 fold increase). Regulators of angiogenesis such as neuropilin-1 
and 2 (NRP1, NRP2) and B-cell translocation gene 1 (BTG1) [348, 349] showed also increased 
expression (Table S4, Supplement - Chapter 6).

Figure 3. Genes involved in the 
angiogenesis pathway generated by 
GenMAPP 
Red indicates increased expression; blue, 
significant decreased expression (p < 
0.05; > 2 fold). The number next to each 
gene indicates the fold change in GG 
compared to control.

Genes associated with ionic channels
Synaptic transmission was the most prominent underexpressed process (Z-score = 7.50; 
Table 4). Voltage-gated ion channel activity (including the voltage-gated potassium and 
calcium channel complex) was reduced compared with control cortex (Table 4 and Table 
S5, Supplement - Chapter 6). Most, but not all potassium channel genes that were present 
on the array showed decreased expression compared to control tissue. The voltage-gated 
calcium channel complex was also an underexpressed component (Table 4). Several voltage 
gated calcium channels were underexpressed such as CACNB1, CACNB2, CACNB3, CACNB4, 
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CACNG2 and CACNG3 (Table S5, Supplement - Chapter 6). Decreased expression was also 
observed for the sodium channel subunits Scn2B, Scn3B and Scn4B, whereas expression of 
Scn7A and Scn9a was increased. 

GABA signaling
Synaptic transmission consists of genes that encode pre- and postsynaptic proteins. As 
shown in Table 4, gamma-aminobutyric acid (GABA) A receptor (GABAAR) activity was 
identified as a significantly decreased molecular function. In particular, we observed a 
downregulation of several GABAA receptor subunits, including α1, α5, β1, β3 and δ subunit. 
The tubulin-associated protein gephyrin (which is involved in postsynaptic clustering of 
GABAAR [350]) showed also decreased expression (2 fold). In addition, we also observed a 
1.3 fold increase of the sodium-potassium chloride co-transporter (NKCC1) expression and 
a reduced expression of the potassium-chloride co-transporter KCC2, which both contribute 
to a strongly increased NKCC1/KCC2 ratio in GG, known to modulate the GABA receptor 
mediated response [351-353]. The GABA receptor modulator, diazepam binding inhibitor 
(DBI; [354]) showed significant higher expression in GG compared with controls. The fold 
changes are displayed in Table 5.

Table 5. Fold change in GG over controls of genes involved in GABA signaling

Replication of gene expression profile by RT-PCR
Validation of differentially expressed genes according to the microarray results was performed 
by RT-PCR. The expression changes of 11 selected genes analyzed by RT-PCR confirmed the 
microarray analysis. We selected genes that were changed at least 3 fold on the array and 
which belong to processes that appeared to be prominently regulated in GG versus control 
tissue. Complement factors (C1qa, C3), alpha-2–macroglobulin (A2M), annexin A4 (ANXA4) 
and ceruloplasmin (CP) are genes involved in the immune response (Table S1, Supplement 
- Chapter 6). Vascular cell adhesion molecule-1 (VCAM-1) and extracellular matrix protein 
(ECM-2), are both involved in cell adhesion (Table S2, Supplement - Chapter 6). GABA A 
receptor, subunit alpha 5 (GABAAR5) and the potassium-chloride co-transporter (KCC2) are 
involved in GABA signaling (Table 5). Aquaporin-4 (AQP4) is involved in water homeostasis 
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in astroglial cells and ion homeostasis [355]. Cyclin-dependent kinase 5 (CDK5) is involved in 
cell cycle. We demonstrated a significantly lower level of expression of GABAAR5, CDK5 and 
KCC2 in GG samples compared with control tissue, whereas the other selected genes (C1qa, 
C3, A2M, ANXA4, CP, VCAM-1, ECM-2 and AQP4) showed higher expression in GG samples. 
Similar results were obtained using as controls either autopsy specimens (Fig. 4; PCR1) or 
histologically normal cortex from patients undergoing extensive surgical resection of the 
mesial structures (Fig. 4; PCR2). 

Figure 4. Validation of microarray data with RT-PCR 
The differential expression of 11 genes observed in the microarray analysis was confirmed with RT-PCR. The 
amount of each specific product was divided by the amount of human TATA-binding protein (TBP) for each sample 
and normalized to control (autopsy: PCR1 and surgical tissue: PCR2) values. White bars represent the control values 
(n=3 autopsy and n=3 surgical specimens), while dark bars represent mRNA expression in GG samples (n=4, PCR1 
and n=5, PCR2). 

Localization of protein encoded by differentially expressed genes by 
immunocytochemistry
Localization of several proteins encoded by differentially expressed genes was investigated 
using immunocytochemistry in GG specimens (Fig. 5 and 6). We selected targets which 
belong to processes prominently regulated in GG versus control tissue. In accordance with the 
microarray results, all GG specimens examined contained a high number of HLA-DR-positive 
microglia/macrophages (Fig. 5A; frequency score 3). As previously reported [107-109], we 
observed only rare HLA-DR-positive cells in control autopsy specimens or on sections of grey 
and white matter remote from the tumor (data not shown; frequency score 1).
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Figure 5. HLA-DR, CD3, CD8, IL-1β, 
C1q, C3d, ferritin, CD44 and AQP4 
immunoreactivity (IR) in GG
Panel A: HLA-DR staining in GG. Inserts 
in A show HLA-DR-positive cells localized 
around blood vessels (a) and dysplastic 
neurons (b). Panel B: CD3-positive 
T-lymphocytes around a blood vessel. 
Panel C: CD8-positive T-lymphocytes 
within the tumor. Panel D: strong IL-1β 
IR in GG, showing expression in both 
neurons (arrow) and glial cells (arrow-
heads). Panels E and F: C1q and C3d IR 
in GG, showing expression in neurons 
(arrows) and glial cells (inserts). Insert in 
F: merged image, showing co-localization 
of C3d (red) with NeuN (green). Panels 
G-I: showing co-localization of GFAP 
(green; I) with C3d (red; H), merged 
image in I. Panels J-L: showing co-
localization of HLA-DR (HLA, green; J) 
with C3d (red; K), merged image in L. 
Panel M: Ferritin IR in GG showing strong 
expression in glial cells. Panel N: CD44 IR 
in GG showing strong and diffuse staining 
within the tumor. Panel O: AQP4 IR in GG 
showing prominent and diffuse staining 
within the tumor. In autopsy control 
tissue, CD44 and AQP4 IR was restricted 
to processes of astrocytes close to blood 
vessels (inserts in N and O). Sections are 

counterstained with hematoxylin. Scale bar in O; A, G-L: 80 µm; B, C, D: 35 µm; E and F: 50 µm; M-O: 40 µm. 

The induction of lymphocyte-mediated pathways is supported by the presence of an 
abundant lymphocyte population within the tumor (Fig. 5B-C). The lymphocyte population 
was represented by a T-lymphocyte infiltrate (CD3 antibody; Fig. 5B; frequency score 3 in 
12 out of 14 cases; in the remaining case, the frequency score was 2). The T-lymphocyte 
infiltrate was predominantly composed of CD8-positive cells (Fig. 5C). Only occasionally, 
rare positive perivascular T-lymphocytes were observed in control specimens (data not 
shown; frequency score 1). IL-1β immunoreactivity (IR) was encountered within the glial 
and neuronal components in all the GG specimens examined (Fig. 5D; intensity score strong 
(++) in 12 out of 14 GG; intensity score moderate (+) in the remaining cases; neuronal and 
glial labeling index (LI): 3 in 14 out of 14 GG). In the majority of cases (12 out of 14 GG), 
components of the complement cascade showed strong expression within the tumor (Fig. 5E-
F; glial LI: 3 in 11 out of 14 GG and 2 in the remaining cases; neuronal LI: 2 in 12 out 14 cases; 
in the remaining cases the LI was 3 and 1). As previously reported [189, 190], both neurons 
and resting glial cells in control specimens did not express detectable levels of IL-1β or any 
of the complement components examined (data not shown). Double-labeling confirmed 
C3d expression in astrocytes (GFAP-positive cells, Fig. 5G-I) and in cells of the microglial/
macrophage lineage (HLA-DR-positive cells, Fig. 5J-L). Ferritin immunocytochemistry 
showed strong expression in the astroglial component of the tumor (Fig. 5M; LI: 3 in 14 out 
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of 14 GG). As previously reported [356], only weak ferritin IR was observed in few resting 
glial cells in control specimens (data not shown). Strong and diffuse IR was also observed 
for CD44 (Fig. 5N) and AQP4 (Fig. 5O; LI: 3 in 14 out 14 GG). In autopsy control tissue, CD44 
and AQP4 IR was restricted to processes of astrocytes close to blood vessels (inserts in Fig. 
5N and O; LI: 1).

Figure 6. NKCC1, KCC2, cyclin D1 and 
CDK5 immunoreactivity (IR) in GG
Panel A: Histologically normal adult 
cortex, showing neuronal distribution of 
NKCC1 with weak IR. Panel B: GG showing 
strong NKCC1 IR. Panel C: histologically 
normal cortex, showing diffuse and strong 
neuropil KCC2 IR. Panel D: GG with weak 
neuropil KCC2 staining. Panels E-G: Cyclin 
D1 in GG. E: Low magnification showing 
IR within the tumor (arrows). F: and G: 
High magnifications, showing nuclear 
staining (arrows; including multinucleated 
glial cells in G). Insert in G: merged 
image, showing co-localization of Cyclin 
D1 (red) with GFAP (green). Panels H- J: 
CDK5 in cortex (H-I) and GG (J). H and 
I: CDK5 cytoplasmic IR is observed in 
pyramidal neurons within control cortex 
(H, autopsy tissue; I, surgical resected 
tissue). J: GG showing low IR with faint 
or no-cytoplasmic (arrow) neuronal 
staining. Sections are counterstained with 
hematoxylin. Scale bar in A: A-E: 160 µm; 
F and G: 35 µm; H-J: 40 µm.

We confirmed the differential regulation of chloride transporters NKCC1 and KCC2 (Fig. 6A-
D). Low NKCC1 neuronal expression was found in normal control adult cortex (Fig. 6A; [329]). 
In contrast, strong NKCC1 IR was encountered in all the GG specimens examined (Fig. 6B; LI: 
3 in 14 out of 14 GG). Strong KCC2 neuronal expression, with prominent neuropil staining 
was found in normal control adult cortex (Fig. 6C; [329]). Reduced neuropil KCC2 staining 
was observed in GG specimens (n=6; 9 ± 1.8 (mean ODR ± SEM), Fig. 6D) as compared with 
control cortex (n=6; 31.6 ± 2.4; p < 0.05). Cyclin D1 expression was observed within the 
astroglial component of GG (Fig. 6E-G; LI: 2 in 10 out 14 GG; LI: 1 in the remaining cases). As 
previously reported [146] detectable Cyclin D1 IR was not observed in control tissue. CDK5 
displayed reduced expression in GG compared with control cortex (Fig. 6H-J; LI: 3 in control 
tissue; LI: 1 in 9 out 14 GG; LI: 2 in the remaining cases). 
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DISCUSSION

This microarray analysis provided novel information regarding the gene expression profile of 
human GG. Differential expression (versus control temporal cortex tissue) of gene families 
that may contribute to the pathogenesis of this highly epileptogenic glioneuronal lesion was 
identified. A number of microarray results were confirmed using RT-PCR analysis. Moreover 
the immunostaining also provided information concerning the cellular localization of 
some of the proteins involved. These results, however, do not yet allow drawing precise 
conclusions regarding the specificity of the changes in gene expression encountered in this 
study with respect to the epileptogenicity of the GG. Nonetheless, it is interesting to discuss 
the changes that were put in evidence in the present microarray analysis according to two 
categories of results: (1) the findings that correspond to changes in gene expression that 
were reported also in other experimental or human studies of epileptogenic tissue [329]; (2) 
the findings that are specific of the present study on GG.

Findings that correspond to changes in gene expression reported also in other 
experimental or human studies of epileptogenic tissue 
The immune and inflammatory responses are prominent processes in GG
Within these processes, the production of interleukins and the high expression of genes 
that play a role in the complement cascade were particularly consistent in GG. Genes 
encoding several interleukins, such as IL-1β, IL-15, IL-16 and IL-18, showed increased 
expression compared with controls. The increased production of IL-1β is supported by the 
observed expression of IL-1β protein within the neuronal and glial components of different 
malformations of cortical development (MCDs), including GG (present results and [190]). 
The higher expression level of IL-1β together with its functional receptor (IL-1RI) suggests 
the existence of a functional IL-1β-signaling pathway within the complex functional network 
of GG, which could contribute to the epileptogenicity of these lesions. Accordingly, several 
observations strongly support the proconvulsant and ictogenic properties of this cytokine 
(reviewed in [82, 241]). We also observed induction of both the interleukin 6 receptor (IL-
6R) and IL-6 signal transducer (gp130). Upregulation of gp130 has been observed in rat 
brain after kainic acid-induced seizures [357, 358], suggesting a seizure related regulation of 
IL-6, which could in turn contribute to the persistence of seizure activity [359]. Within the 
immune response, the TGFβ- mediated pathway was also highly represented in GG. TGFβ is 
a multifunctional cytokine which, through its specific receptors (TGFβR1 and TGFβR2), not 
only interferes with the immune responses, but also stimulates neurogenesis [360, 361]. 
An involvement of TGFβR-mediated pathways has been recently suggested in neocortical 
epileptogenesis [328]. In a recent  study, using cDNA arrays, comprising 1176 human cDNAs, 
Kim and colleagues reported an upregulation of 3 genes, including TGFβ1 [362]. 
A critical component of the immune response is the activation of the complement 
pathway, which has been shown to be associated with exacerbation and progression of 
brain injury in different pathological conditions, including epilepsy [324, 325]. Components 
of the complement cascade are known to mediate inflammation by recruiting immune 
cells, activating astroglial cells, enhancing production of pro-inflammatory cytokines and 
increasing vascular permeability (for review see [79]). Recently, we reported a persistent 
activation of the complement cascade in both experimental as well as human temporal lobe 
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epilepsy associated with hippocampal sclerosis [189]. The present data in GG indicate that 
the activation of the complement system may represent a common mechanism supporting 
a sustained inflammatory state in different types of focal chronic epilepsy. The complement 
system is a possible interesting target to modify seizure progression, as suggested by the 
experimental studies in rat showing the epileptogenic properties of complement components 
[325]. The prominent increased expression of the immune response with activation of the 
complement cascade and the production of pro-inflammatory cytokines reported here, may 
be related to alterations of the blood-brain barrier (BBB), which have been observed after 
experimental and clinical status epilepticus [217]. BBB breakdown is further indicated by 
significant activation of coagulation factor genes and increased presence of plasminogen 
activators. In GG, expression of PLAT and PLAU, two serine proteases, was increased. 
Induction of plasminogen activators has been observed in different experimental models 
of epilepsy [363, 364] and PLAT has been implicated in the mechanisms underlying seizure 
activity [365, 366].
The increased expression of the NFκB cascade and Toll-like receptor pathway observed in GG, 
supports also a role for these signaling pathways in the regulation of the glial response and 
neuroinflammation. There is growing interest for the signaling through Toll-like receptors 
in different types of brain pathologies, suggesting that these receptors could represent 
novel and interesting targets to modulate the inflammatory response [245, 320, 367]. The 
prominent inflammatory changes observed in GG include both the innate and the adaptive 
immune response, with presence of perivascular T-lymphocyte infiltration within the tumor 
and prominent presence of the T-cell receptor signaling pathway. 

Astroglial cells and ion homeostasis
Astrocytes are a major component of GG. Several recent lines of evidence support the 
role of astrocytes in epileptogenesis (for review see [368]). A large number of the glial 
genes that show prominent increased expression in GG compared with control tissue are 
genes linked to the immune and inflammatory response (see above). Other genes that are 
expressed in glial cells and altered in pathological conditions associated with epilepsy are 
related to water and ion homeostasis [368]. In GG the observed underexpression of ion 
transport via the low expression of several sodium, potassium and calcium channel genes 
and glial redistribution of water channels (AQP4) involved in water homeostasis [369], 
point to a disturbed ion homeostasis and transport that could lead to increased excitability. 
Accordingly, downregulation of different glial inwardly rectifying K+ channels, together with 
altered expression of AQP4 has been reported in different pathological conditions associated 
with epilepsy (for review see [368]).

Astroglial cells and iron ion homeostasis
Disruption of iron metabolism has been postulated to play a role in neuronal cell damage 
and epileptogenesis (for review see [370-372]). Ferritin is the main player in the sequestration 
of iron [373] and overexpression of either ferritin-H or ferritin-L reduced the accumulation 
of reactive oxygen species in response to oxidative stress [374]. In addition to the increased 
expression of ferritin in GG, other genes related to the ‘iron ion homeostasis pathway’ 
(such as lactotransferrin, ceruloplasmin, HAMP and hemochromatosis gene) also showed 
increased expression in GG compared with control tissue. Upregulation of components of 
the ‘iron ion homeostasis pathway’, including ferritin, has also been observed in human and 
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experimental mesial temporal lobe epilepsy (MTLE) [356, 364, 375, 376]. These observations 
point to the “iron ion homeostasis pathway” as common process activated in different 
epileptogenic disorders. 

GABA signaling
There is ample evidence from human epileptogenic tissue and different experimental models 
of seizures that indicate that alterations of the GABAergic networks critically contribute to 
epileptogenesis (for review see [377]). Compared with control, we observed underexpression 
of several GABA A receptor (GABAAR) subunits including the α1, α5, β1, β3 and δ subunit. 
Reduced expression of the α1 subunit has been reported in the neuronal component of 
GG [52]. Persistent downregulation of the α5 subunit has been reported in experimental 
models of seizures [364, 378]. GABAAR subunit α5 has also been reported between the 
most consistent downregulated gene in a number of studies performed on human tissue 
from patients with TLE [356, 369, 379]. Both α5 and δ GABAAR subunits are critical players in 
the control of tonic inhibition [378, 380-382]. Impairment of GABAergic tonic inhibition can 
lead to deregulation of the dynamics of neuronal networks supporting the generation of 
epileptiform oscillations. The observed expression changes of chloride co-transporters in 
GG would also promote depolarizing actions of GABA upon receptor activation [351].

Changes in gene expression specific to GG
Overexpression of genes involved in the regulation of cell adhesion, and angiogenesis
GG are well differentiated and slowly growing tumors, representing a separate entity from 
the astrocytomas that diffusely invade the brain parenchyma. The overexpression of genes 
encoding proteins that regulate the interactions with the surrounding microenviroment may 
explain the indolent behavior of these tumors. Accordingly, increased expression of genes 
contributing to the extracellular matrix (ECM; e.g. collagens, THBS4) and genes involved in 
the suppression of migration (e.g. TIMP, resulting in inhibition of protease pathway) has 
been reported in pilocytic astrocytomas, which are noninfiltrative well-circumscribed grade 
I astroglial tumors [383, 384]. Interestingly, the presence of ECM proteins (such as collagen 
IV and laminins) supporting the ECM reinforcement in the GG microenviroment, has been 
shown to be positively correlated with the duration of symptoms and the perivascular 
inflammation within the tumor [385]. In addition, increased expression of members of 
the family of tissue inhibitors of metalloproteinase has been reported in astrocytes of 
tuberous sclerosis complex knockout mouse and in reactive astrocytes after kainate and 
electrically induced seizures [364, 386, 387]. Recently, cell adhesion molecules have been 
shown to influence intracellular signal transduction cascades critical for cell growth and 
proliferation [141]. Microarray analysis of GG specimens indicated high expression of several 
factors involved in the regulation of angiogenesis, such as periostin, angiopoietins and 
angiogenin. Angiogenic factors have been shown to be involved in both developmental and 
pathological angiogenesis and critically regulate blood-brain barrier (BBB) development 
and maintenance [388, 389]. In addition, recently, attention has been focused on the role of 
pathological vascularization and production of angiogenic factors in epileptogenesis [182]. 
Increased expression of vascular endothelial growth factor (VEGF) has been reported within 
the hippocampus in rodent models of epilepsy [180], and increased expression of VEGF, 
angiopoetin-1 and angiogenin has been observed in hemimegalencephaly [27, 390]. 
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Cell cycle and cell signaling
Several cell cycle regulator genes were differentially expressed in GG. In particular, we 
report a prominent expression of cyclin D and cyclin-dependent kinases. Cyclin D1 protein is 
expressed in the glial component of GG. Accordingly, cyclin D1 expression has been reported 
in reactive astrocytes and astroglial tumors [391, 392]. The enhanced expression of cyclin 
D1 may reflect deregulation of the Wnt-1/β-catenin cascade. Several genes which belong 
to the Wnt signaling pathway were differentially expressed in GG. We observed increased 
expression of both canonical Wnt ligands and Frizzled receptors, suggesting that the 
canonical Wnt/β-catenin signaling is activated in GG. Another important regulator of the 
cell cycle is CDK5, which is also a key component of the reelin signal transduction cascade, 
exerting a central regulatory role in neural migration and differentiation [393, 394]. In GG 
specimens, the expression of CDK5 and its regulatory-protein p35 was lower than in control 
tissue. This observation is in agreement with the reduced CDK5 and p35 mRNA expression 
previously reported in GG series, without however, detection of mutations in these genes 
[136, 395]. The reduced expression of CDK5 was confirmed at the protein level, supporting 
the role of developmentally regulated genes involved in the reelin-signal cascade in GG.

CONCLUSIONS

This microarray investigation yielded a large number of genes related to important 
biological processes and functions, the expression of which was significantly changed within 
GG. Inflammation and immune response appear to be the most prominent overexpressed 
processes. Synaptic transmission was among the most significantly underexpressed processes 
including GABAA receptor as significant underexpressed molecular function. These are all 
suggested to play a prominent role in epileptogenicity. Some suggestions for the possible 
functional consequences of these changes are discussed. Furthermore a few suggestions 
regarding possible targets that may be explored in order to counteract the epileptogenic 
process, or may be novel targets for antiepileptic drugs are put forward.
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ABSTRACT

Cortical tubers in patients with tuberous sclerosis complex (TSC) are associated with cognitive 
disability and intractable epilepsy. While these developmental malformations are believed to 
result from the effects of TSC1 or TSC2 gene mutations, the molecular mechanisms leading 
to tuber formation during brain development as well as the onset of seizures remain largely 
unknown. We used the Affymetrix Gene Chip platform as a genome wide strategy to define 
the gene expression profile of cortical tubers resected during epilepsy surgery compared 
with histologically normal perituberal tissue (adjacent to the cortical tuber) from the same 
patients or autopsy control tissue. We identified 2501 genes, classified according to the 
Gene Ontology (GO) system, that were differentially expressed in cortical tubers compared 
with autopsy control brain tissue. Expression of genes associated with cell adhesion e.g., 
VCAM, integrins and CD44, or with the inflammatory response, including complement 
factors, serpinA3, CCL2 and several cytokines, was increased in cortical tubers compared 
with control material. In contrast, genes related to synaptic transmission e.g., the glial 
glutamate transporter GLT-1, and voltage-gated channel activity, exhibited lower expression 
in tubers. Gene expression in perituberal cortex was distinct from autopsy control cortex 
suggesting that even in the absence of tissue pathology the transcriptome is altered in TSC. 
These data provide the first genome wide investigation of altered gene expression in tubers. 
Changes in gene expression yield insights into new candidate genes that may contribute to 
tuber formation or seizure onset which may represent new targets for potential therapeutic 
development. 

INTRODUCTION

Tuberous sclerosis complex (TSC) is an autosomal dominant disorder resulting from 
mutations in either the TSC1 (encoding TSC1) or TSC2 (TSC2) gene [21, 22]. In addition to 
autism and cognitive disabilities, epilepsy is the most common neurological symptom of 
TSC and is present in 70-80% of individuals with TSC (reviewed in [53]). The neurological 
features of TSC are highly associated with cortical tubers, which are developmental cortical 
malformations histologically characterized by disordered cortical lamination, astrogliosis, 
dysplastic neurons and the presence of so-called ‘giant cells’ [23]. Epilepsy is in most cases 
difficult to manage with antiepileptic drugs and often requires surgical resection of one or 
more tubers [396]. The formation of cortical tubers during brain development has been 
intensively studied and is likely linked to activation of the phosphatidylinositol-3 kinase - 
mammalian target of rapamycin (Pi3K-mTOR) signaling pathway [397] in the setting of TSC1 
or TSC2 mutations. The Pi3K-mTOR signaling pathway is critically involved in cell growth and 
proliferation. Activated downstream mediators of Pi3K-mTOR, including phosphorylated 
(p) ribosomal protein S6, p-4E-BP1, and p-eIF4G [58], likely explains cytomegaly in tubers. 
Additionally, via interaction with ezrin-radixin-moesin (ERM), regulatory proteins of 
neuronal migration [66], TSC proteins might also be involved in the aberrant positioning of 
neurons in tubers. Epileptogenesis in cortical tubers remains poorly understood. Altered 
expression of specific GABAA receptor subunits and glutamate receptors [114, 398, 399] may 
contribute to hyperexcitability and seizure generation in cortical tubers. Altered expression 
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of proinflammatory cytokines and components of both innate and adaptive immune system 
has been identified in tuber specimens, suggesting a possible role for the inflammatory 
response in generating seizures [400] as postulated for other epilepsy subtypes. Previous 
gene array studies in tuber specimens focused either on specific cell types (nestin-
immunoreactive cells; [43]) or on targeted selected cDNA sequences [114, 306], but did not 
approach the entire transcriptome. Thus, we analyzed transcriptional changes across the 
genome using oligonucleotide arrays in tuber homogenates from genotyped TSC patients. 
Gene sets were classified using the Gene Ontology (GO) terms [401] to understand the 
biological meaning of changes in gene expression levels. The major aim of our study was to 
identify differentially regulated genes and pathways that add to our understanding of the 
formation of cortical tubers and the underlying epileptogenic mechanisms.

MATERIALS AND METHODS

Human specimens
For the microarray analysis, cortical tuber specimens were obtained during epilepsy surgery 
from 4 TSC patients with intractable epilepsy fulfilling the diagnostic criteria for TSC [307]. 
A TSC1 mutation was defined in two cases and a TSC2 mutation in the other two cases 
(Table 1; samples cortical tuber (CT)1-CT4). In 2 patients, a significant amount of perituberal 
tissue (PT; non-lesional tissue adjacent to the cortical tuber; Table 1) was resected as well. 
Perituberal tissue provides an important reference tissue, since it is exposed to the same 
antiepileptic medications as tubers, and age and gender are the same. 

Table 1. Summary of clinical characteristics of human specimens

Specimens used for a: microarray analysis, b: real-time PCR and c: immunocytochemistry. CT, cortical tuber; 
PT, perituberal; AC, autopsy control; CPS, complex partial seizures; GTCS, generalized tonic-clonic seizures; MS, 
multiple seizures.
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Histologically normal cortex obtained at autopsy from four controls without a history of 
seizures or other neurological diseases was also analyzed (Table 1; samples AC1-AC4; cause 
of death was acute cardiorespiratory failure for each). For the validation of the microarray 
results we included additionally 6 surgically resected cortical tuber specimens (CT5-
CT10) and 6 autopsy control specimens (AC5-AC10; Table 1). Representative examples of 
cortical tuber, perituberal and control cortical specimens are shown in Fig. 1. Tissue was 
obtained from the Department of Neuropathology of the Academic Medical Center (AMC), 
University of Amsterdam, Amsterdam, The Netherlands, the Department of Pathology of 
the University Medical Center (UMCU), Utrecht, The Netherlands, and the PENN Epilepsy 
Center, Department of Neurology of the University of Pennsylvania Medical Center, USA. 
Informed consent was obtained for the use of brain tissue and for access to medical records 
for research purposes. All samples were obtained and used in a manner compliant with the 
Declaration of Helsinki and the University of Pennsylvania Institutional Review Board and 
Committee on Human Research.

RNA isolation and Affymetrix GeneChip processing
Equal amounts of gray and white matter from tissue specimens was used for RNA isolation. 
The sample quality was evaluated according to several recently suggested tissue quality 
markers, including the RNA integrity number (RIN) [333]. We only included samples with 
RIN > 6.6. (TSC: mean 7.3, range 6.6-7.9; perituberal: 6.9 and 7.3; autopsy control: mean: 
8.0, range 7.0-8.6). Brain tissue was homogenized and total RNA was isolated using TRIzol 
LS Reagent (Invitrogen–Life Technologies, The Netherlands). The RNA concentration was 
measured on a nanodrop ND-100 (NanoDrop Technologies Inc., Wilmington, DE,USA) and 
RNA integrity was checked on an Agilent 2100 BioAnalyzer (Agilent Technologies, Palo 
Alto, CA, USA). Total RNA was labeled with the GeneChip Expression 3′ amplification one-
cycle target labeling system. Each labeled sample (10 μg) was hybridized to an Affymetrix 
GeneChip (U133 plus 2.0 array) for 16 h. After hybridization, the GeneChips were washed 
and stained on a fluidics station (Affymetrix) and scanned in a confocal scanner (Affymetrix 
GeneArray Scanner) according to the Affymetrix GeneChip Expression Analysis Manual. 
The U133 plus 2.0 array (Affymetrix) comprises over 54,000 probe sets and 38,500 well-
characterized human genes. The expression levels and present/absent calls were calculated 
for all probe sets with the Affy package from Bioconductor in the R program for statistical 
computing, using the MAS5 algorithm [334]. 

Microarray data and statistical analysis
Data transformation (log2 conversion), selection and statistical analyses were performed 
with either Excel (Microsoft v.9.0) or MATLAB 7.5. All statistical tests were performed on 
the log-transformed intensities, using a combination of Excel and SigmaStat (SPSS, v2). The 
microarray data were normalized using RMA (Robust Multi-Array Average) analysis. The 
Affymetrix analysis (MAS 5.0) provides a p-value for the presence of each gene on each chip, 
and genes that were considered absent were eliminated. A gene was considered present 
when p < 0.05 held for all samples in one group (cortical tuber or autopsy control) or no more 
than 1 sample had a p > 0.07 or no more than 2 samples had 0.05 < p < 0.07. In the perituberal 
group the gene was considered present when p < 0.05 held for both samples or only 1 sample 
had 0.05 < p < 0.07. Genes present in one group but not in another group were included in 
the further analysis. In this way, inducible or strongly repressed genes were not overlooked. 
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We linked the different genes to Gene Ontology (GO) terms with R and statistical packages 
obtained at www.bioconductor.org. (Annotation data for Affymetrix Human Expression Set: 
hgu133a2(cdf); GO, which is a data package containing annotation data for GO; and GOstats 
which are tools for manipulating GO and microarray data). Fold changes in gene expression 
were calculated by dividing the mean signal intensity from the 4 cortical tuber samples by 
the mean signal intensity from the 4 autopsy control samples. Perituberal material was only 
available from 2 patients and for these 2 patients we calculated the fold changes in gene 
expression by dividing the mean signal intensity from the cortical tuber specimens by the 
mean signal intensity from the perituberal regions of the same patients. In addition, we 
compared the mean signal intensity from the TSC2 mutated cortical tuber specimens with 
the signal intensity from the TSC1 mutated cortical tuber specimens. Fold changes in gene 
expression required at least p < 0.01 and a 2 fold change to be considered as statistically 
significant (Student’s t-test). 
To obtain a global impression of the significantly altered genes, an unsupervised hierarchical 
clustering analysis was performed and scatter plots were constructed using Spotfire® Decision 
Site for Functional Genomics program, MATLAB 7.5 and Kaleidograph 4.0. All significantly 
altered genes were entered in DAVID (Database for Annotation, Visualization and Integrated 
Discovery) which provides several tools to help interpret the biological meaning of genome-
scale datasets (http://david.abcc.ncifcrf.gov/). With the Functional Annotation tool all 
genes were classified, using the GO system, as biological process, molecular function and/or 
cellular component [401]. In addition, DAVID provides an overview of pathways containing 
the differentially expressed genes, including the number of differentially expressed genes per 
pathway and p-value representing gene enrichment. This gene enrichment score determines 
whether the selected genes are associated with a signaling pathway specifically or by random 
chance. A p < 0.05 is in general used to represent strong enrichment. Microarray results for 
selected genes were validated with quantitative real-time PCR and immunocytochemistry 
(see Supplement - Chapter 7).

Figure 1. Histopathological features of 
TSC-cortical tubers 
A-B: Hematoxylin/Eosin (HE) staining; 
representative photomicrographs of 
cortical tubers (TSC) showing an area 
of cortical dislamination, containing 
different cell types, such as dysplastic 
neurons (arrows in B), reactive astrocytes 
(arrowheads in B) and giant cells 
(asterisks in B). C-E: NeuN staining 
showing the disorganization of the 
neuronal component within the cortical 
tuber (C) compared with perituberal (D) 
and control (E) cortical specimens. Scale 
bar in A: A, C-E: 250 µm; B, 27 µm. 



123

Gene expression in TSC-cortical tubers

7

RESULTS

Of the 54,675 probe sets, 29,132 (53%) were assigned as ‘present’ on the array. There were 
2501 differentially regulated genes of which 1147 had an increased expression level and 
1354 had a decreased expression level in tubers compared with autopsy controls (p-value 
< 0.01 and a minimal of 2 fold change). Hierarchical clustering on this gene set revealed a 
differential expression profile for the cortical tuber specimens compared with the control 
specimens (Fig. 2A). Gene expression profiles in the tuber specimens clustered together 
according to genotype (TSC1 or TSC2) (CT2 and CT3 carry a TSC1 mutation and the other two 
specimens (CT1 and CT4) a TSC2 mutation; Fig. 2A; Table 1). Furthermore, the dendrogram 
(Fig. 2A) showed a difference in the profiles of the two perituberal specimens, with one 
specimen (PT2) clustering with the autopsy control specimens while the other perituberal 
specimen (PT1) had a distinct genetic profile. Therefore the perituberal specimens were 
considered separately from the autopsy control group. 

Figure 2. Gene expression profiles
(A) Hierarchical clustering of the gene 
expression profiles demonstrates a 
significant difference between the cortical 
tuber (CT1-CT4) specimens and the 
perituberal (PT) specimens and autopsy 
controls (AC). Each column represents 
the gene expression profile on one 
specific array with each row representing 
the expression level of a specific gene. 
The expression levels are depicted 
in three colors; blue: low expression, 
white: medium expression and red: high 
expression; deeper shade indicates larger 
difference. The clustering separates 
the four TSC specimens (CT1-CT4) from 
perituberal (PT) and autopsy control (AC) 
specimens. Additionally, the clustering 
shows that both perituberal specimens 
(PT1 and PT2) have both a distinct genetic 
profile. (B) Scatter plot showing equally 
distributed gene expression levels (2log) 
in the cortical tuber specimens (TSC) 
compared with the autopsy control 
specimens. Red dots represent the 
significantly changed genes with at least 
a 2-fold change in gene expression and a 
p-value < 0.01. Blue dots represent the 

genes that do not fulfill this criterion. (C, D). Scatter diagrams of the fold change as a function of the p-value in 
both the cortical tuber specimens (CT) compared with the autopsy controls (C) and the perituberal specimens 
compared with the autopsy control specimens (D). The pink dots represent the genes associated with both cell 
adhesion and the immune/inflammatory response.

Altered gene expression was defined in three comparison groups: tubers versus autopsy 
control tissue, tubers versus perituberal tissue from the same patients, and tubers removed 
from patients with TSC1 versus TSC2 genotypes. All microarray data is available at the GEO 
website (http://www.ncbi.nlm.gov/geo; GSE16969). There was an equal distribution of 
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genes with significantly changed expression in tubers compared with autopsy control tissue 
(Fig.2B). Altered expression of many more genes (black and pink dots) are depicted in the 
comparison of the cortical tubers to the autopsy control specimens (Fig. 2C) than in the 
perituberal specimens compared with the autopsy controls (Fig. 2D). 

Gene ontology, pathway, and expression analysis
Cortical tuber specimens (TSC) versus autopsy control specimens
First, we selected the ‘present’ genes with at least a 4 fold change in expression level, 
classified them according to their p-value and selected the top 100 significant hits. These 
100 genes were classified according to their biological process consistent with the GO 
system (Table 2). For example, a considerable and disproportionate number of genes related 
to cell adhesion and the immune/inflammatory response were altered in tubers compared 
with autopsy control specimens (depicted as pink dots in Fig. 2C-D). Next, we used DAVID 
to determine groups of functionally related genes, again based on the GO system (p-value         
< 0.01 and at least a 2 fold change in gene expression level). Of the 1147 genes with a higher 
expression level, 886 corresponding DAVID IDs were recognized and of the 1354 genes with a 
lower expression level, 1151 DAVID IDs were recognized. One DAVID gene ID represents one 
unique gene cluster belonging to one single gene entry. The genes were classified in three 
different groups based on GO terms (individual genes can belong to different GO terms): (1) 
biological process, (2) molecular function, and (3) cellular component. Significantly changed 
GO terms (p < 0.01) relating to genes with increased expression levels are presented in Table 
S2 (Supplement - Chapter 7), with a decreased expression in Table S3 (Supplement - Chapter 
7), and summarized as follows:
1) Biological process: Genes with higher expression levels were associated with immune/
inflammatory response (e.g. complement activation, innate and adaptive immune response 
and regulation of immune response), cell adhesion, development and cell death (e.g. 
regulation of apoptosis). Lower expressed genes were associated with ubiquitination (e.g. 
ubiquitin cycle and protein ubiquitination), synaptic plasticity and glutamate transport. 
2) Molecular function: genes associated with MHC class II receptor activity were higher 
expressed and genes associated with voltage-gated channel activity and ubiquitin-protein 
ligase activity were lower expressed. 
3) Cellular component: higher expressed genes were associated with cytoskeleton, 
extracellular matrix and plasma membrane, while the GO terms intracellular, synapse and 
organelle were linked to genes with a lower expression level.
In addition, genes were analyzed according to cell signaling pathways (BioCarta database) 
and 17 signaling pathways with strong gene enrichment (score < 0.05; Table 3) were found.

Table 2. The 100 most significantly differentially expressed genes between cortical tubers (TSC) and autopsy 
controls with at least a 4 fold change in expression level
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Table 3. Differentially regulated signaling pathways in cortical tuber specimens compared with autopsy controls

Using DAVID we determined which signaling pathways (BioCarta database) were differentially regulated using 
the dataset of significantly changed genes (p < 0.01; > 2 fold change) in cortical tuber specimens compared with 
autopsy controls. The 1st column shows the signaling pathway, the 2nd column shows the number of significantly 
changed genes per pathway and the last column shows the enrichment score (ES; p-value).
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Immune and inflammatory response
Increased expression of immune system genes (68 genes) and inflammatory response genes 
(33 genes) was observed in tubers compared with control tissue, of which 19 genes were 
associated with both processes (Table 4 and Table S2). Genes with a higher expression level 
encoded complement components, chemokines, and major histocompatibility complex 
(MHC) elements. Altered complement components, including the complement inhibitors 
serpinG1, clusterin and complement factor I (CFI) supported the finding that the complement 
pathway was differentially regulated (Table 3). Expression of SerpinA3 and lactotransferrin 
(LTF) was highly increased, 163 fold and 128 fold respectively. 

Table 4. Significantly differentially expressed genes (p < 0.01) linked to inflammatory response and immune 
system process in cortical tuber specimens compared with autopsy controls 
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Genes associated with both inflammatory response and immune system process are indicated in bold

The increased expression levels of SerpinA3 and CCL2 were confirmed with quantitative 
real-time PCR in the cortical tuber specimens compared with autopsy control specimens 
(Fig. 3A; p < 0.05). CCL2 and SerpinA3 proteins were detected immunocytochemically in all 
cortical tuber specimens tested (Fig. 4A-F). Both dysplastic neurons and giant cells strongly 
expressed CCL2 (Fig. 4C-D), while moderate neuronal immunoreactivity was detected 
in histologically normal cortex (Fig. 4A). Strong expression of SerpinA3 within the lesion 
was observed in giant cells, as well as in reactive glial cells and other inflammatory cells 
(microglia/macrophages) surrounding blood vessels (Fig. 4F). 

Cell adhesion
All individual genes associated with cell adhesion were extracted from the DAVID analysis 
and are presented in Table 5 (total 58 genes; Table S2). Increased expression levels were 
observed for laminins, integrins, collagens and several CD antigens of which CD44 was 
increased 94 fold in the tuber specimens. A significant increase in expression level was also 
observed for the adhesion molecules ezrin and moesin, which interact with TSC1 (hamartin) 
in the mTOR signaling pathway [143]. In addition to the individual genes associated with 
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cell adhesion, we identified the integrin signaling pathway as differentially regulated in the 
cortical tuber specimens (Table 3; gene enrichment score 0.014). The increased expression 
levels of ECM2, VCAM1, CX3CR1, and Integrin β4 in tubers were confirmed with quantitative 
real-time PCR (p < 0.05; Fig. 3A). By immunocytochemistry, we observed robust expression 
of integrin β1 in giant cells in tubers (Fig. 4H-J). Low expression levels of integrin β1 were 
observed in the dysplastic neurons (arrows in Fig. 4H and I).

Figure 3. Validation of gene expression data with quantitative real-time PCR
Increased expression levels of SerpinA3, CCL2, CX3CR1, ECM2, VCAM1 and Integrin β4 were confirmed with 
quantitative real-time PCR (A), while lower expression levels were observed for GAD67, GLT1, GABRA5 and Kir3.1 
(B). Expression levels in cortical tuber specimens (n=6) were compared with levels in autopsy control specimens 
(n=7). Expression levels were corrected for the expression levels of TBP and normalized to control expression levels. 
The error bars represent SEM and * represents a p-value < 0.05 (Student’s t-test).

Table 5. Significantly differentially expressed genes (p < 0.01) linked to cell adhesion in cortical tuber specimens 
compared with autopsy controls 
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The GO term developmental process, encompassing other GO terms like nervous system 
development, neurogenesis and neuron differentiation, was most highly represented in 
the tuber specimens compared with the autopsy control specimens (Table S2). Increased 
expression levels were detected for doublecortin and cam kinase like 1 (DCAMKL1), 
critically involved in migration during development [402] and filamin A, GPR56 and pax6 
in which mutations have been identified in other cortical malformations associated with 
impaired neuronal migration and organization [12]. Other highly expressed genes related 
to development included spondin2, meteorin, annexinA2, and AHNAK nucleoprotein. Lower 
expression levels (Table S3) were observed for the neuronal adhesion molecules NCAM1 
and NCAM2 and for the transcription factors Neurod1 and TBR1 [403] in the cortical tuber 
specimens compared with autopsy controls.

Apoptosis
Increased expression levels for genes defined by GO terms associated with apoptosis were 
detected in tubers versus control specimens (Table S2), including the initiator of apoptosis 
caspase 8 and the effector caspases 6 and 7. The TNFR1 (tumor necrosis factor receptor 
1) and FAS signaling pathway, both associated with the induction of apoptosis and the 
regulation of the inflammatory responses [404], were differentially expressed in the cortical 
tuber specimens (Table 3). Other genes with increased expression were the annexins A1, A4 
and A5. 
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Figure 4. CCL2, SerpinA3 and Integrin β1 
immunoreactivity in cortical tubers (TSC)
A-D: CCL2 immunoreactivity (IR). A: 
moderate neuronal IR is observed in 
histologically normal cortex (CTX; insert), 
without detectable glial staining. B: strong 
IR is observed in cortical tubers (TSC). 
CCL2 IR is detected in dysplastic neurons 
of different size and shape (arrows in C), 
in reactive glial cells (arrow-head in C) and 
in giant cells (arrows in D). E-F: SerpinA3 
IR in CTX (E) and TSC (F). E: SerpinA3 IR is 
not detected in histologically normal cortex 
and white matter (Wm, insert). F: strong 
SerpinA3 IR is observed in the cortical 
tuber, with prominent expression in giant 
cells (arrows in F, insert a, insert c; positive 
giant cell in Wm) as well as in reactive 
glial cells (insert b: arrowheads indicate 
reactive astrocytes surrounding a negative 
dysplastic neuron) and inflammatory cells 
(microglia/macrophages) surrounding 
blood vessels (arrowheads in insert a and 
insert a’). G-J: Integrin β1 IR in CTX (G) and 
TSC (H-J). G: integrin β1 is only detected 
in endothelial cells in histologically normal 

cortex (arrows and insert). H: strong integrin β1 IR is detected in TSC; IR is mainly observed in giant cells (arrows 
in H, I and J), while dysplastic neurons have low or undetectable IR (arrowheads in H and I). Scale bar in J: A and 
G: 200 µm, B, E, F, H: 150 µm; C, I, J and inserts in F: 40 µm; D: 80 µm.  

Ion channels and synaptic transmission
Of the genes with a lower expression level in cortical tuber specimens compared with 
autopsy control specimens, 41 were linked to the biological process synaptic transmission 
and 32 to the molecular function gated channel activity (Table S3; individual genes in Table 6). 
Lower expression levels were observed for several GABAA receptor subunits (α2, α5, β3 and 
γ2) but also for several glutamate receptors (mGluR7, mGluR8, NMDAR2A (GRIN2A), GluR6 
(GRIK2) and GluR4 (GRIA4)). Of particular interest was the prominent lower expression level 
of the glial glutamate transporter SLC1A2 (GLT1 or EAAT2). Several ion channel genes were 
lower expressed in the cortical tuber specimens compared with autopsy controls, particularly 
potassium channels. Significant lower expression levels for GLT1 (SLC1A2) and Kir3.1 (KCNJ3) 
were detected with quantitative real-time PCR, and a strong tendency towards reduced 
expression was detected for GAD67 and GABRA5 in the comparison to autopsy control 
specimens (Fig. 3B).

Ubiquitination 
The most significantly changed biological process associated with genes with lower expression 
levels in the cortical tuber specimens compared with the autopsy control specimens was 
ubiquitin cycle, including protein ubiquitination. Ubiquitination labels proteins for degradation 
and is involved in almost all cellular processes including apoptosis, immune response and 
inflammation [405]. We observed significant lower expression levels of genes encoding 
ubiquitin protein ligase E3A and SUMO2 and several ubiquitin-conjugating enzymes.  
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Table 6. Significantly differentially expressed genes (p < 0.01) linked to synaptic transmission and gated channel 
activity in cortical tuber specimens compared with autopsy controls
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Genes associated with both synaptic transmission and gated channel activity are indicated in bold.

mTOR signaling pathway
The TSC1 and TSC2 proteins are pivotal modulators of the mTOR (mammalian target of 
rampamycin) signaling pathway. We identified this signaling pathway to be differentially 
expressed in the cortical tuber specimens with a gene enrichment score of 0.0291 (Table 3). 
Seven of the eight differentially expressed genes had a lower expression level in the cortical 
tuber specimens compared with the autopsy controls (Pi3K, PDK1, PDK2, RHEB, FKBP12, 
PP2A, eIF4E). One gene, MNK1, had a 2.06 fold increased expression level. Prominent 
differences (> 2 fold) were not observed in the expression levels of the individual TSC genes 
in the cortical tuber specimens compared with the autopsy specimens. Any functional 
consequences at the protein level in the regulation of the Pi3K-mTOR signaling cascade 
cannot be measured by this microarray analysis as the signaling proteins are activated by 
phosphorylation and not directly by differences in expression levels.

Cortical tuber specimens (TSC) versus perituberal specimens
Perituberal specimens were available from two TSC patients, one with a TSC1 mutation and 
one with a TSC2 mutation and thus, meaningful statistical comparisons to gene expression in 
tubers or autopsy control tissue is limited. We identified 72 genes with a higher expression 
level in the cortical tuber specimens and 41 genes with a lower expression level (p-value < 0.01; 
minimal 2 fold change) compared with the perituberal specimens. The GO terms associated 
with these differentially expressed genes were similar, though not identical to differences 
between tubers and autopsy control tissue. Significantly changed genes (p < 0.01) related to 
GO terms in tubers compared with perituberal specimens are shown in Table S4 and Table 
S5 (Supplement - Chapter 7). The majority of biological processes associated with the genes 
with a higher expression level in the cortical tuber specimens were related to the immune 
response (e.g. antigen processing and adaptive immune response), cell motility, and cell 
adhesion. MHC class II receptor activity and the MHC protein complex were also identified 
as over expressed GO terms (molecular function and cellular component respectively). GO 
terms associated with genes with a lower expression in the cortical tuber specimens were 
related to synaptic transmission and transporter activity (e.g. ion transmembrane transporter 
activity). GO terms linked to development, apoptosis, and ubiquitination were not identified 
as distinct between tuber and perituberal specimens (Tables S4 and S5). In comparison with 
the autopsy control specimens, increased expression was observed for cell adhesion genes 
(e.g. VCAM1, tenascin C and selectin E; Fig. 2D), several chemokines (CXCL2, CXCL14, CCL2, 



134

Molecular alterations in epilepsy-associated malformations of cortical development

7

-3, -4 and -8; Fig. 2D) and developmental genes in the perituberal specimens. Nevertheless, 
these processes were prominently higher expressed in the cortical tuber specimens.

TSC2 versus TSC1 mutated cortical tuber specimens 
Hierarchical clustering (Fig. 2A) revealed a distinction between gene expression in the 
specimens harbouring a TSC1 versus a TSC2 mutation. There were 271 differentially expressed 
genes of which 222 had a higher expression level and 49 genes had a lower expression level 
in the TSC2 associated tubers compared with the TSC1 associated specimens. The GO terms 
associated with these differentially expressed genes are presented in Table S6 and Table S7 
(Supplement - Chapter 7). The majority of terms linked to genes with a higher expression 
level in TSC2 associated tubers were associated with development (e.g. nervous system 
development, neuron development, and developmental process). Other GO terms were cell 
adhesion, channel activity, GABA receptor activity, and synapse. None of the genes related 
to cell adhesion or immune/inflammatory response observed in cortical tuber specimens 
compared with control specimens were found in the comparison of TSC2 mutated to TSC1 
mutated cortical tuber specimens. Interestingly, of all genes differentially expressed in the 
comparison of TSC2 associated tubers with TSC1 associated tubers only 9% (n=25) were 
differentially expressed in the tuber specimens compared with autopsy controls, indicating a 
genotype specific expression profile. Very few and rather unspecific GO terms were found for 
the genes with a lower expression level in the TSC2 associated cortical tuber specimens. 

DISCUSSION

Gene array analysis has been widely used to investigate differences in gene expression 
in human brain tissue resected during epilepsy surgery [43, 137, 344, 362, 406-409]. We 
report the first genome wide microarray analysis comparing gene expression in cortical 
tubers with perituberal tissue from the same patients or with autopsy control specimens. 
The most important finding was significantly increased expression of numerous genes 
relating to inflammatory/immune responses and cell adhesion and diminished expression 
of neurotransmitter uptake site and receptor genes and voltage-gated ion channel genes. 
Much of our data provide new insights into molecular mechanisms that may contribute to 
tuber formation and potentially, to the genesis of seizures in TSC. In addition, some of our 
results in human tissue corroborate data obtained from existing animal models of TSC.

We acknowledge several limitations to the interpretation of our results. First, our sample 
size was small. However, the tissue specimens were well matched and both TSC1 and TSC2 
genotypes were analyzed. Second, changes in mRNA expression do not necessarily imply 
similar changes in protein levels. However, select differentially regulated genes and pathways 
were confirmed with quantitative real-time PCR and immunocytochemistry suggesting that 
our mRNA expression changes were consistent across samples and may indeed reflect 
changes in protein expression. Finally, our analysis included only two perituberal specimens, 
however frozen perituberal tissue is difficult to obtain and thus we were fortunate to obtain 
these samples. Conceptually, differences in gene expression provide an insight onto the 
regional variability of mRNA levels in tubers versus the surrounding brain in TSC and could 
be further explored in a separate analysis.
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Immune and inflammatory molecules in cortical tubers 
Enhanced expression of numerous genes associated with the immune and inflammatory 
response was observed, supporting previous observations in TSC [107, 400]. The activation 
of inflammatory molecules is extensively described in both experimental models of epilepsy 
and human epilepsy tissue (reviewed in [79, 82, 364, 410]), including epilepsy-associated 
malformations of cortical development [108, 109, 137, 190], suggesting a pathogenic role for 
inflammation in human epilepsy. Enhanced expression of genes encoding proinflammatory 
proteins in TSC may reflect a direct effect of altered mTOR pathway signaling in TSC [315, 
411]. Indeed, altered expression of inflammatory genes was more prominent in tubers 
where the mTOR cascade is highly activated, than in the perituberal regions where there is 
minimal change on mTOR activity. For example, the cytokine CCL2, also known as monocyte 
chemoattractant protein (MCP)-1 is directly dependent on TSC2 levels in vitro and is highly 
expressed in fibroblasts taken from TSC patients and in TSC2 null fibroblasts derived from the 
Eker rat model of TSC [412]. CCL2 is critically involved in the regulation of brain inflammation 
by activating microglial cells, the production of proinflammatory cytokines [413] and 
increasing blood-brain barrier (BBB) permeability [414]. CCL2 protein was prominently 
expressed in glial cells, dysplastic neurons and giant cells in our tuber specimens. 
The inflammatory mediators produced in the epileptic brain, including cytokines, e.g. IL-1β, 
and complement factors can induce BBB permeability [415]. The exact mechanisms how 
cytokines increases the BBB permeability needs to be elucidated, however, one mechanism 
is the increased production of selectins, adhesion molecules, cytokines and their receptors 
on the brain endothelium [82, 416]. This results in the leukocyte recruitment from the 
blood stream enhancing the inflammatory response. Accordingly, the increased expression 
levels of cell adhesion and inflammatory molecules detected in the present study and [107] 
suggest a possible modulation of the BBB integrity in TSC, which is supported by our previous 
observation of extravasation of albumin accompanied by an increase in the number of 
lymphocytes in TSC [400]. Accumulation of lymphocytes is not detected in both human and 
experimental temporal lobe epilepsy associated with hippocampal sclerosis [218], despite 
evidence of BBB leakage and the production of proinflammatory cytokines. Given the fact 
the Pi3K-mTOR signaling pathway has been implicated in the regulation of the innate and 
adaptive immune response [417], we might speculate that aberrant mTOR signaling in TSC 
contribute to the observed lymphocyte infiltrations. Changes in the BBB integrity have been 
shown to induce seizure progression in epileptic rats [182, 217, 418]. 

Cell adhesion
Numerous cell adhesion genes exhibited enhanced expression in tubers, including the 
integrins and their ligands tenascin C, VCAM1 and laminins [419]. Altered expression of 
cell adhesion molecules in TSC during brain development could be linked to the marked 
disorganization of cortical lamination characteristic of tubers. An example is given by integrin 
β1 which is critically involved in proper layering of the developing cortex by establishing 
adhesive contacts between the glial endfeet of the radial glial cells and the basement 
membrane. Loss of integrin β1 results in excessive neuronal migration and a disorganized 
marginal zone [420, 421]. The significance of higher expression levels of integrin β1 are 
not known but abnormal layering of the cerebral cortex in the cortical tubers might be a 
consequence. Integrin β1 was mainly observed in giant cells, and given the fact that integrin 
β1 is expressed in neural stem cells [422], this supports the previously suggested hypothesis 
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that giant cells in TSC (or so-called balloon cells in focal cortical dysplasia) retain an immature 
and possibly stem cell-related phenotype [45, 46]. Increased CD44, supporting previous 
observations [423], might play a crucial role in enhancing inflammation in the cortical tubers 
by increasing the BBB permeability [416]. 

Apoptosis
Various apoptotic genes and two cell death signaling pathways (TNFR1 and FAS (CD95) 
signaling) were differentially expressed in the cortical tuber specimens compared with the 
autopsy controls. Expression of several apoptotic markers, including caspase 3, 8 and FAS, 
has been reported previously in cortical tuber specimens [107, 400]. The activation of cell 
death programs may relate to aberrant mTOR signaling in tubers and is supported by prior 
studies demonstrating TUNEL positive cells in human tuber specimens [107]. 

Synaptic transmission and ion transport in cortical tubers
Alterations in glutamatergic and GABAergic synaptic transmission is critically involved in the 
initiation of epileptiform activity [377, 424]. A pivotal finding was the reduced expression 
of the glial glutamate transporter (GLT-1 or EAAT2) in tubers which is in line with the 
reported reduced expression of the glutamate transporters GLT-1 and GLAST in the TSC1GFAP 

conditional knock-out mice [425, 426]. These knock-out mice show no focal abnormalities 
resembling cortical tubers [78, 427], however, their phenotype includes progressive epilepsy 
and astrogliosis. These observations support a link between altered TSC1 or TSC2 function, 
reduced GLT-1 expression and seizures, representing a possible therapeutic target. 
Reduced expression levels of GABAA receptor subunits α1 and α2 are reported for dysplastic 
neurons and giant cells in cortical tubers [114]. In the present study, we observed lower 
expression levels for the GABAA receptor subunits α2, α5, β3 and γ2. Lower expression levels 
are reported for various GABAA receptor subunits, especially GABAAα5 in both experimental 
and human epilepsy [123, 364, 369, 378], emphasizing the important role of GABAergic 
inhibition in preventing hyperexcitability and epileptogenesis. 
A fascinating finding was the reduced expression of several ion channels, especially potassium 
channels. Buffering of the extracellular K+ levels, mainly by glial cells, is in addition to the 
regulation of glutamate levels important to prevent excessive neuronal excitation [70, 428]. 
Reduced potassium current is measured in the TSC1GFAP CKO mice, indicating that loss of 
function of TSC1 modulates K+ buffering of glial cells [429]. Impaired function of various 
potassium channels have been associated with epilepsy in both humans and animal models 
of epilepsy (reviewed in [430, 431]).

Genotype and perituberal tissue
Differences in expression levels of TSC1 and TSC2 were not detected. However, the 
hierarchical clustering revealed a distinct genetic profile related to a mutation in either 
of the two genes, which was supported by the observation that the majority (> 90%) of 
differentially expressed genes in TSC2 associated tubers compared with the TSC1 associated 
tubers were not differentially expressed in tubers compared with autopsy controls. In 
addition to processes regulated by both proteins, as for example the activation of the 
Pi3K-mTOR signaling, growing evidence indicates individual functions for both proteins as 
well (reviewed in [432]). These genotype specific expression profiles might contribute to 
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the observed clinical differences related to either of the two genes, with a more severe 
disease in TSC2 mutated patients [433, 434]. Prominently changed genes associated with 
immune/inflammatory response and cell adhesion observed in tubers compared with 
autopsy controls were not differentially expressed in the TSC2 mutated tubers compared 
with the TSC1 mutated ones, indicating that these processes are altered independently of 
the mutation and generally associated with TSC. Moreover, this suggests that in addition to 
altered mTOR signaling, other genes or mechanisms, e.g. seizures, regulate the expression 
levels of these genes. 

Perituberal tissue provides a disease control for specific patient characteristics such as age, 
gender, seizure activity and use of antiepileptic drugs. Only 113 genes were differentially 
expressed in perituberal tissue compared with 2501 genes that were differentially expressed 
in tubers compared with control tissue. At this point it is impossible to dissect to what extent 
the observed differences in gene expression in the perituberal regions contribute to the 
global changes in brain function or epileptogenesis in TSC, however, the higher expression 
levels of cytokines, cell adhesion molecules and developmental genes in perituberal tissue 
is likely to be relevant. The role of the perituberal regions in epileptogenesis is still debated 
[78, 435] and network abnormalities or molecular or cellular defects in the perituberal 
regions might induce seizure activity.

CONCLUSIONS

In this study we demonstrate that cell adhesion and inflammatory genes are most highly 
expressed, while genes related to synaptic transmission exhibited reduced expression in 
tubers. Furthermore, we demonstrate that various genes and processes were differentially 
expressed in the perituberal regions, indicating that the area of functional abnormality 
is more extensive and perituberal cortex might be critical in seizure generation. Better 
understanding of the underlying mechanism in cortical tubers is crucial for the development 
of novel treatment strategies.
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ABSTRACT

Malformations of cortical development are recognized causes of chronic medically intractable 
epilepsy. An increasing number of observations suggests an important role for cation-chloride 
co-transporters (CCTs) in controlling neuronal function. Deregulation of their expression may 
contribute to the mechanisms of hyperexcitability that lead to seizures. In the present study, 
the expression and cell-specific distribution of the Na+-K+-2Cl--cotransporter (NKCC1) and the 
K+-Cl--cotransporter (KCC2) were studied immunocytochemically in different developmental 
lesions, including focal cortical dysplasia (FCD) type IIB (n=9), hemimegalencephaly (HMEG, 
n=6) and ganglioglioma (GG, n=9) from patients with medically intractable epilepsy and 
in age-matched controls. In normal control adult cortex, NKCC1 displayed low neuronal 
and glial expression levels. In contrast, KCC2 showed strong and diffuse neuropil staining. 
Notable glial immunoreactivity (IR) was not found for KCC2. NKCC1 was highly expressed 
in the majority of FCD, HMEG and GG specimens. NKCC1 IR was observed in neurons of 
different size, including large dysplastic neurons, in balloon cells (in FCD and HMEG cases) 
and in glial cells with astrocytic morphology. The immunoreactivity pattern of KCC2 in FCD, 
HMEG and GG specimens was characterized by less neuropil staining and more intrasomatic 
IR compared with control. KCC2 IR was observed in neurons of different size, including 
large dysplastic neurons, but not in balloon cells or in glial cells with astrocytic morphology. 
Double-labeling experiments confirmed the differential cellular distribution of the two 
CCTs and their expression in GABAA receptor (α1 subunit)-positive dysplastic neurons. The 
cellular distribution of these CCTs, with high expression of NKCC1 in dysplastic neurons and 
altered subcellular distribution of KCC2, resembles that of immature cortex and suggests 
a possible contribution of CCTs to the high epileptogenicity of malformations of cortical 
development. 

INTRODUCTION

Malformations of cortical development (MCDs) are recognized causes of medically intractable 
epilepsy [29, 69, 205, 234]. A recent classification scheme of MCDs includes focal cortical 
dysplasia (FCD; with balloon cells; type IIB), glioneuronal tumors (such as ganglioglioma, 
GG) and hemimegalencephaly (HMEG) among the disorders of proliferation (with abnormal 
cell types) [13]. Accordingly, recent studies suggest that these MCDs share common 
pathogenetic mechanisms [67, 331]. Several studies, based on electrocorticographical, 
immunocytochemical and electrophysiological observations support the intrinsic 
epileptogenicity of these MCDs [29, 71, 235-238]. In the attempt to detect the still unclear 
underlying cellular mechanism(s) of epileptic activity in MCDs, attention has been focused 
on the alterations of the balance between excitation and inhibition and particularly on 
the local pathways of excitatory amino acid synaptic transmission (for reviews see [205, 
377]). Recent evidence in human epileptogenic tissue indicates that human dysplastic tissue 
may retain immature properties, displaying mechanisms of seizure generation similar to 
that observed during development in the immature brain (for reviews see [377, 436]). 
Accordingly, electrophysiological studies performed in brain slices from FCD tissue show 
immature GABA receptor-mediated responses. GABA receptor-mediated synchronization 



142

Molecular alterations in epilepsy-associated malformations of cortical development

8

appears to be involved in the mechanism leading to in vitro ictal activity in human FCD and 
this hypothesis is also supported by pharmacological manipulations of GABA type A receptors 
[377, 436, 437]. The paradoxical excitatory action of GABA observed in the immature brain 
[438, 439] depends on the relatively high intracellular chloride ion content, which is critically 
regulated by the cation-Cl cotransporters (CCTs; [352, 353]. Interestingly, in both rodent and 
human brain the CCTs (Na+-K+-2Cl--cotransporter, NKCC1, and K+-Cl--cotransporter, KCC2) are 
developmentally regulated [440-442]. In particular, the strong expression of NKCC1 early 
during development is considered to sustain the excitatory action of GABA and facilitate 
seizures in the immature brain [442]. Deregulation of CCT levels with upregulation of NKCC1 
has been recently reported in brain specimens from temporal lobe epilepsy (TLE) patients 
[443]. The present histological study analyzed the expression of both NKCC1 and KCC2 in a 
large series of developmental lesions, including FCD (type IIB), GG and HMEG from patients 
with medically intractable epilepsy. We report the specific cellular distribution of the two 
CCTs in both neuronal and glial components of these developmental lesions and discuss the 
potential role of CCTs in the epileptogenesis of MCDs. 

MATERIALS AND METHODS

Subjects
The cases included in this study were obtained from the files of the Departments of 
Neuropathology of the Academic Medical Center (University of Amsterdam) and the 
University Medical Center in Utrecht. We examined a total of 24 specimens removed from 
patients undergoing surgery for severe FCD (type IIB; n= 9), HMEG (n=6) and GG (n=9). 
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. Two neuropathologists reviewed all cases independently. For the GG, 
we used the revised WHO classification of tumors of the nervous system [250]. For the FCD 
,we followed the classification system proposed by Palmini et al. for grading the degree of 
FCD [15]. Normal-appearing control cortex/white matter from temporal region was obtained 
at autopsy from 6 adult control patients (male/female: 3/3; mean age 31; range 17-41) 
without history of seizures or other neurological diseases. All autopsies were performed 
within 10 h after death. We also included control material from patients with age < 10 years 
(1 month, 2 months, 3 months, 6 months, 2 years and 8 years). We also selected 3 cases 
(GG) that contained sufficient amount of perilesional zone (normal-appearing cortex/white 
matter adjacent to the lesion), for comparison with the autopsy specimens. This material 
represents good disease control tissue, since it is exposed to the same seizure activity, 
drugs, fixation time, and age and gender are the same. The clinical features (derived from 
the patient’s medical records) are summarized in Table 1. Seizures were resistant to maximal 
tolerated doses of antiepileptic drugs. All patients underwent presurgical evaluation [144]. 
In all patients the lesion was localized by brain MRI; electroencephalographic recordings 
were performed to detect the epileptogenic area. We classified the postoperative seizure 
outcome according to Engel [145]. Class I consisted of patients who remained completely 
seizure-free and class II includes patients who are almost seizure free or have rare or 
nocturnal seizures only. Follow-up period ranged from 1 to 15 years.
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Table 1. Summary of clinical features of MCD patients

Age of FCD and GG patients in years; HMEG in months, CPS, complex partial seizures; SGS, secondary generalized 
seizures; IF, infantile spasm; CH, cerebral hemisphere; R/L, right/left.

Tissue preparation
Tissue was fixed in 10% buffered formalin and embedded in paraffin. To avoid differences 
in labeling related to technical variables such as tissue fixation, we used the same fixation 
protocol for both autopsy and surgical material; small samples of selected cortical regions 
(temporal cortex) were collected at autopsy and immediately fixed in formalin for 24 h (same 
fixation time used for the surgical specimens). Paraffin-embedded tissue was sectioned at 
6 µm, mounted on organosilane-coated slides (SIGMA, St. Louis, MO, USA) and used for 
immunocytochemical reactions as described below. Frozen tissue from control cortex, FCD 
and GG (stored at -800C) was used for western blot analysis. 

Antibody characterization 
Glial fibrillary acidic protein (GFAP; polyclonal rabbit, DAKO, Glostrup, Denmark; 1:4000), 
vimentin (mouse clone V9; DAKO; 1:1000), neuronal nuclear protein (NeuN; mouse clone 
MAB377, Chemicon, Temecula, CA, USA; 1:2000), synaptophysin (mouse clone Sy38; DAKO; 
1:200), CD34 (mouse clone QBEnd10; Immunotech, Marseille, Cedex, France; 1:600), human 
leukocyte antigen (HLA)-DP, -DQ, -DR (mouse clone CR3/43; DAKO; 1:400), and HLA-DR 
(mouse clone Tal1b5; Sigma; 1:100) were used in the routine immunocytochemical analysis 
of FCD, GG and HMEG specimens to document the presence of a heterogeneous population 
of cells. For the detection of the CCTs the following antibodies (Abs) were used: NKCC1 
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rabbit polyclonal Ab raised against a 22 amino acid peptide sequence near the C-terminus of 
NKCC1 ([444]; Chemicon; 1:30); KCC2 rabbit polyclonal Ab raised against the N-terminal fusion 
protein (residues 932-1043) of KCC2 (Upstate Biotechnology, Lake Placid, NY, USA; 1:200). By 
western blot analysis NKCC1 protein was detectable as a single band of approximately 170 kDa, 
whereas KCC2 labeled a band at approximately 140 kDa corresponding to the glycosylated 
form of KCC2 and an upper band above 200 kDa corresponding to an aggregate form of the 
protein [445, 446]. The specificity of these Abs against CCTs was tested by preincubating each 
Ab with 100-fold excess of the corresponding antigenic peptide (22 amino acid peptide from 
NKCC1, C-terminus and a 18 amino acid peptide of KCC2, N-terminal). All immunoreactive 
bands disappeared after preadsorption with the corresponding peptide (Fig. 1). 

Figure 1. Expression in total 
homogenates from control (CTX), FCD 
and GG specimens
Expression of β-actin (as reference 
protein) is shown in the same protein 
extracts. Immunoreactive bands for 
NKCC1 and KCC2 in control cortex (1), FCD 
(2) and GG (3) were completely abolished 
by preadsorption of the antibody with 
the corresponding peptide.

For immunoblot analysis, human normal cortex, FCD and GG samples were homogenized 
in lysis buffer containing 10 mM Tris (pH 8.0), 150 mM NaCl, 10% glycerol, 1% NP-40, 0.4 
mg/ml Na-orthevanadate, 5 mM EDTA (pH 8.0), 5 mM NaF and protease inhibitors (cocktail 
tablets, Roche Diagnostics, Mannheim, Germany). Protein content was determined using the 
bicinchoninic acid method [187]. For electrophoresis, equal amounts of protein (50 μg/lane) 
were separated by sodium dodecylsulfate-polyacrylamide gel electrophoretic (SDS-PAGE) 
analysis. Separated proteins were transferred to nitrocellulose paper by electroblotting for  
1 h and 30 min (BioRad, Transblot SD, Hercules, CA, USA). After blocking for 1 h in TBST 
(20 mM Tris, 150 mM NaCl, 1 % Tween, pH 7.5)/5% non-fat dry milk, blots were incubated 
overnight in TBST/5% non-fat dry milk containing the primary antibody (anti-NKCC1 1:300 or 
anti-KCC2, 1:2000). After several washes in TBST, the membranes were incubated in TBST/5% 
non-fat dry milk, containing a goat anti-rabbit Ab coupled to horseradish peroxidase (1:2500; 
DAKO) for 1 h. After washes in TBST, immunoreactivity was visualized using lumi–light PLUS 
western blotting substrate (Roche Diagnostics, Mannheim, Germany). Expression of β-actin 
(monoclonal mouse, Sigma; 1:50.000) was used as reference protein.
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Immunocytochemistry
Immunocytochemistry was carried out as previously described [113, 256]. Both autopsy and 
surgical specimens were placed into sodium citrate buffer (0.01 M, pH 6.0) and heated in 
a microwave oven (650 W for 10 min). Single-label immunocytochemistry was performed 
using the ready-for-use Powervision peroxidase system (Immunologic, Duiven, The 
Netherlands) and 3,3’-diaminobenzidine as chromogen. Sections were counterstained with 
hematoxylin. Sections incubated without the primary Ab or with excess of the antigenic 
peptide were essentially blank. For double-labeling studies, sections, after incubation with 
the primary antibodies NKCC1 or KCC2 combined with NeuN, vimentin or anti-GABAAR α1 
subunit (mouse clone BD24; Chemicon; 1: 50), were incubated for 2 h at RT with Alexa Fluor® 
568-conjugated anti-rabbit IgG and Alexa Fluor® 488 anti-mouse IgG (1:100, Molecular 
Probes, The Netherlands). Sections were then analyzed by means of a laser scanning 
confocal microscope (Bio-Rad, Hercules, CA, USA; MRC1024) equipped with an argon-ion 
laser. Labeled tissue sections were examined by two observers with respect to the presence 
or absence of specific immunoreactivity (IR) for the different markers. Two representative 
paraffin sections per case were immunoperoxidase-stained for NKCC1 and KCC2 and 
assessed by two investigators independently; a consensus score was obtained. As previously 
reported [113] we rated the degree of CCT staining on a semi-quantitative three-point scale 
where IR was defined as: -, not present; +, weak; ++ strong (Table 2). Neuronal cell bodies 
were differentiated from glia and glioneuronal balloon cells on the basis of morphology. 
Only neurons in which the nucleolus could be clearly identified were included. Balloon cells 
have eccentric nuclei and ballooned opalescent eosinophilic cytoplasm. Reactive astrocytes 
were detected on the basis of the morphology and the upregulation of GFAP and vimentin. 
Sections stained with NeuN, GFAP and vimentin adjacent to those used for the CCT staining 
were also studied. 

RESULTS

Human material and histological features 
The clinical features of the cases included in this study are summarized in Table 1. All 
patients had a history of chronic pharmacoresistant epilepsy. The FCD cases included 
in this study have all the histopathological features of severe (type IIB) FCD, including 
laminar disorganization, neuronal heterotopia and presence of immature neurons, giant 
neurons, dysmorphic neurons and balloon cells [15]. GG were composed histologically of a 
mixture of atypical neuronal cells and neoplastic astrocytes and showed a broad spectrum 
of histopathological features [29]. The neuronal component, variable in amount, was 
represented by cells with abnormal orientation and shape, vesicular nuclei and prominent 
nucleoli. The glial component of GG consisted mainly of fibrillary astrocytes with strong 
immunoreactivity (IR) for GFAP. The GGs included in this study were not associated with 
cortical dysplasia. The HMEG specimens included in our study are all from non-syndromic 
HMEG cases (Table 1). Microscopically, the cortical pathological findings comprised cortical 
dislamination, presence of large dysmorphic neurons and balloon cells. Neurons were also 
heterotopically located in the subcortical regions. These features were previously reported 
in both syndromic and non-syndromic HMEG cases [28, 447, 448].
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Expression of NKCC1 in normal human brain and perilesional areas
Low NKCC1 neuronal expression was found in normal control adult cortex (Fig. 2A). The 
expression pattern was similar during childhood (age < 10 years), but the intensity of 
neuronal staining (cortical pyramidal neurons) was higher in control cortex of patients with 
age < 1 year, in agreement with previous observations ([442, 449]; Fig. 2B-C). The majority of 
the resting glial cells did not show detectable levels of NKCC1 IR (Fig. 2D), except in 3 cases in 
which a weak IR was observed in a few astrocytes within the subcortical white matter (Table 
2). Histologically normal peritumoral cortex (of GG patients) displayed a pattern of IR similar 
to that observed in control adult cortex, with weak or undetectable NKCC1 IR (Fig. 3G). The 
specificity of the immunolabeling is supported by the specific band detected by western 
blot analysis of human adult control cortex (30 years; Fig. 1; [442]).

Figure 2. Cell-type distribution of NKCC1 
IR in focal cortical dysplasia type IIB
Panel A: Histologically normal adult 
cortex (CTX; 30 year old patient) showing 
neuronal distribution of NKCC1 with weak 
IR (high magnification of a pyramidal 
neuron is shown in the insert). Panel B: 
low expression of NKCC1 is observed in 
cortical pyramidal neurons of a 2 year 
old child. Panel C: strong NKCC1 IR is 
observed in cortical pyramidal neurons 
of a 2 month old child. Panel D: normal 
subcortical white matter (Wm) of an adult 
patient, showing no detectable NKCC1 
glial labeling. Panels E-I: NKCC1 in FCD 
(type IIB). Panel E: dysplastic cortex (low 
magnification) with disorganized radial 
and laminar organization and strong 
NKCC1 staining. Panels F-G: NKCC1 IR 
in balloon cells localized in the cortex, 
as well as in the white matter (arrows). 
Inserts in F: expression of NKCC1 (a, 
red) with vimentin (b, VIM; green) in a 
group of balloon cells (c, merged image). 
Panels H-I: NKCC1 IR within the neuronal 
component of the dysplastic cortex. 
Note strong IR in dysplastic neurons 
of different size and shape (arrows) 
and weak IR in few astroglial cells 
(arrowheads in I). Inserts in H: merged 
image, showing expression of NKCC1 (red) 
with NeuN (green) in a dysplastic neuron. 
Inserts in I: co-localization (yellow; arrow) 

of NKCC1 (red) with GABAAR (α1 subunit; green); the arrowhead indicates a NKCC1-positive cell without GABAAR 
(α1 subunit) expression. Single-labeled sections are counterstained with hematoxylin. Scale bar in A: A: 250, µm; 
B-C: 50 µm; D: 100 µm; E: 400 µm; F-I: 40 µm.
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Expression of NKCC1 in MCDs
NKCC1 labeling was highly represented in surgical specimens from patients with different 
MCD. NKCC1 IR was encountered in both the neuronal and the glial components of FCD, 
HMEG and GG tissue specimens (Table 2; Figs. 2 and 3). On western blot, homogenates 
from adult FCD and GG cases (25 years, GG and 24 years, FCD) displayed a denser band 
than that observed in control adult cortex (Fig. 1). 

NKCC1 in FCD
NKCC1 IR was encountered in all the FCD specimens examined in both neuronal and non-
neuronal cells (Table 2; Fig. 2). The neuronal NKCC1 IR pattern (with labeling of cell bodies 
and processes) was similar to control cortex, with enrichment in the population of dysplastic 
neurons (Fig. 2H, I). Among all specimens analyzed, 78% of cases displayed strong neuronal 
NKCC1 IR (Table 2). Double-labeling experiments confirmed expression in neurons (NeuN-
positive cells; Fig. 2H) and in cells containing GABAA receptor subunit α1 (Fig. 2I, insert). In 
all the FCD cases moderate to strong NKCC1 IR was detected in balloon cells, localized within 
the dysplastic area in both cortex and with matter regions (Table 2 and Fig. 2F, G). Double-
labeling experiments confirmed NKCC1 expression in vimentin-positive balloon cells (Fig. 
2F, insert). Expression of NKCC1 was also detected in glial cells. Astrocytes immunoreactive 
for NKCC1 were observed in all FCD cases (Table 2). Three cases showed strong staining in 
astrocytes and the remaining 6 cases displayed weak astroglial NKCC1 IR (Table 2; Fig. 2I). 
Double-labeling experiments confirmed expression in reactive astrocytes (vimentin-positive 
cells; data not shown).

Figure 3. Cell-type distribution of NKCC1 
IR in HMEG and GG
Panels A-D: NKCC1 IR in the cortex of 
HMEG specimens. Panel A: dysplastic 
HMEG cortex (low magnification) with 
strong neuronal NKCC1 staining. Panels 
B-C: NKCC1 IR within the neuronal 
component of the dysplastic cortex 
in neurons of different size and shape 
(arrows). Inserts in B: expression of 
NKCC1 (red) with NeuN (green) in a 
dysplastic neuron. Panel D: NKCC1 IR 
in a balloon cell localized in the white 
matter (arrow). Panels E-G: NKCC1 IR in 
GG. Note IR within neuronal (arrows in 
E-F) and glial (arrowheads) cells. Insert in 
E: merged image, showing expression of 
NKCC1 (red) with vimentin (VIM; green) 
in a tumor astrocyte. Insert in F: merged 
image, showing co-localization (yellow; 
arrow) of NKCC1 (red) with GABAAR (α1 
subunit; green); the arrowhead indicates 
a GABAAR-positive cell without NKCC1 
expression. Panel G: merged image, 
showing almost undetectable expression 
of NKCC1 (red) in neuronal cells (NeuN–

positive cells; green) within the peritumoral cortex. Single-labeled sections are counterstained with hematoxylin. 
Scale bar in A: A: 250 µm; B-D, F-G: 40 µm; E: 100 µm. 
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NKCC1 in HMEG
NKCC1 IR was encountered in all the HMEG specimens examined in both neuronal and non-
neuronal cells (Table 2; Fig. 3A-D). The neuronal NKCC1 IR pattern was similar to that observed 
in FCD specimens, with strong labeling of cell bodies and processes in all the 6 specimens 
included in this study (Fig. 3A-C). Double-labeling experiments confirmed expression in 
neurons (NeuN-positive cells; Fig. 3B, inserts) and in cells containing the GABAA receptor 
subunit α1 (not shown). In 4 out 6 HMEG cases with age < 1 year (2, 3, 6, 7 months), both 
the pattern and intensity of the staining was similar to the age-matched controls. However, 
in the 2 HMEG patients with age > 1 year (2 years and 8 years) the expression of NKCC1 in 
neurons was higher than that observed in the age-matched control cortex (Fig. 3A-B, 2 year 
old HMEG case).  In all the 5 HMEG cases containing balloon cells moderate to strong NKCC1 
IR was observed in this cell type (Table 2; Fig. 2D). Expression of NKCC1 was also detected 
in glial cells. Astrocytes immunoreactive for NKCC1 were observed in 5 out 6 HMEG cases 
(Table 2).

Table 2. NKCC1 and KCC2 distribution in different cellular types in cases of FCD, HMEG and DNT
                (% of cases with immunoreactive cells)

Control: adult control (mean age 31); FCD, focal cortical dysplasia; HMEG, hemimegalencephaly; GG, ganglioglioma; 
NKCC1 and KCC2 staining; -, no; +, weak; ++, strong staining. * neuropil, ** few astrocytes within the subcortical 
white matter, ***somatic staining.

NKCC1 in GG
NKCC1 IR was encountered in all the GG specimens examined in both neuronal and non-
neuronal cells (Table 2; Fig. 3E-F). The neuronal NKCC1 IR pattern (with labeling of cell bodies 
and processes) was similar to that observed in dysplastic neurons in both FCD and HMEG 
specimens, with strong IR detected in 8 out of 9 specimens (Fig. 3E-F; Table 2). Double-
labeling experiments confirmed expression in cells containing GABAA receptor subunit 
α1 (Fig. 3F, insert). Expression of NKCC1 was also detected in glial cells. Tumor astrocytes 
immunoreactive for NKCC1 were observed in all GG cases (Table 2). 78 % of cases displayed 
strong astroglial NKCC1 IR (Table 2; Fig. 3E). Double-labeling experiments confirmed 
expression in astrocytes (vimentin-positive cells; Fig. 3E, insert).

Expression of KCC2 in normal human brain and perilesional areas
Strong KCC2 neuronal expression, with prominent neuropil staining, was found in normal 
control adult cortex (Fig. 4A-B). The expression pattern was similar during childhood (age 
< 10 years), but the intensity of cortical neuropil staining was lower in control cortex of 
patients with age < 1, in agreement with previous observations ([442, 449]; Fig. 4C-D). 
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Before 1 year of age the neuropil staining was low or not detected (Fig. 4D) and an intrasomatic 
IR was observed in several neurons (data not shown). Resting glial cells, in both white and 
gray matter, did not express KCC2 (Fig. 4E). Histologically normal peritumoral cortex (of GG 
patients) displayed a pattern of IR similar to that observed in control adult cortex, with 
strong neuropil staining (Fig. 5G). The specificity of the immunolabeling is supported by the 
specific band detected by western blot analysis of human adult control cortex (30 years; Fig. 
1; [442]). 

Expression of KCC2 in MCDs
KCC2 labeling was represented within the neuronal component of surgical specimens from 
patients with different MCDs (Table 2; Figs. 4 and 5). On western blot, homogenates from 
adult FCD and GG cases (24 years, FCD and 25 years, GG), displayed lighter bands compared 
with that observed in control adult cortex (Fig. 1).

KCC2 in FCD
KCC2 IR was encountered in neuronal cells, in all the FCD specimens examined (Table 2; 
Fig. 4). The neuronal KCC2 IR pattern was different to that observed in control cortex. The 
neuropil staining was decreased, whereas the intensity of staining of the cell bodies was 
increased within the population of dysplastic neurons (Fig. 4F-J). Among all specimens 
analyzed, 67 % of cases displayed strong neuronal somatic KCC2 IR (Table 2). Double-labeling 
experiments confirmed expression in neurons (NeuN-positive cells; Fig. 4K-L) and in cells 
containing the GABAA receptor subunit α1 (Fig. 4M). KCC2 IR was observed also in small-
sized neurons within the dysplastic cortex (Fig. 4I, L). Expression of KCC2 was not detected 
in glial or balloon cells (Fig. 4G). Double-labeling experiments confirmed absence of KCC2 IR 
in vimentin positive glial cells (Fig. 4N).

KCC2 in HMEG
KCC2 IR was encountered in neuronal cells, in all the HMEG specimens examined (Table 2; 
Fig. 5A-C). The neuronal KCC2 IR pattern is similar to that observed in FCD specimens, with 
reduction of the neuropil staining and increase of the somatic staining in dysplastic neurons 
(Fig. 5A-C). Strong labeling of cell bodies was observed in 5 out of 6 specimens included in 
the study (Table 2; Fig. 5B). KCC2 IR was observed also in small-sized neurons within the 
dysplastic cortex (Fig. 5C). Double-labeling experiments confirmed expression in neurons 
(NeuN-positive cells; Fig. 5B, insert) and in cells containing the GABAA receptor subunit α1 
(not shown). In 4 out of 6 HMEG cases with age < 1 year (2, 3, 6, 7 months), both the pattern 
and intensity of the staining was similar to the age-matched controls. However, in the 2 
HMEG patients with age > 1 year (2 and 8 years) the expression of KCC2 in neuropil was 
lower than that observed in the age-matched control cortex (Fig. 5A-C; 2 year old HMEG 
case). KCC2 was not detected in glial or balloon cells (Table 2). 
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Figure 4. Cell-type distribution of KCC2 IR 
in FCD type IIB
Panels A and B: histologically normal 
cortex (CTX; 30 year) showing diffuse and 
strong neuropil KCC2 IR. Panel C: strong 
KCC2 IR in the cortex of a 2 year old child. 
Panel D: undetectable KCC2 IR in a large 
number of neurons within the cortex 
of a 2 month old child. Panel E: normal 
subcortical white matter (Wm) of an adult 
patient, showing absence of detectable 
KCC2 glial labeling. Panels F-N: KCC2 in 
FCD (type IIB). Panel F: dysplastic cortex 
(low magnification) with disorganized 
radial and laminar organization and 
strong KCC2 intrasomatic IR and reduced 
neuropil staining. Panels G-J: KCC2 IR 
in dysplastic neurons of different size 
and shape (arrows), including small 
size neurons (arrows in I). Balloon cells 
(arrowheads in G) did not display KCC2 
IR. Panels K-N: merged images of double-
labeling with NeuN, GABAAR (α1 subunit) 
and vimentin. Panels K-L: co-localization 
(yellow) of KCC2 (red) with NeuN (green) 
in neurons of different size and shape. 
Panel M: co-localization (yellow) of KCC2 
(red) with GABAAR (α1 subunit; green). 
Panel N: no co-localization of KCC2 (red) 
with vimentn (VIM; green). Single-labeled 

sections are counterstained with hematoxylin. Scale bar in A: A and F: 400 µm; B: 60 µm; C-E, G-N: 40 µm.

Figure 5. Cell-type distribution of KCC2 IR 
in HMEG and GG
Panel A: dysplastic HMEG cortex (low 
magnification) with weak neuropil KCC2 
staining. Panels B-C: KCC2 intrasomatic 
staining within the neuronal component 
of the dysplastic cortex (in neurons 
of different size and shape; arrows). 
Insert in B: merged image showing 
expression of KCC2 (red) in NeuN-positive 
(green) dysplastic neurons. D: GG (low 
magnification) with weak neuropil KCC2 
staining. Insert in D shows that there is 
no colocalization of KCC2 with vimentin-
positive astrocytes (arrowheads). Panel E: 
high magnification showing intrasomatic 
staining within the neuronal component 

of the tumor. Insert in E: merged image showing expression of KCC2 (red) with NeuN (green). Panel F: merged 
image showing co-localization (yellow; arrow) of KCC2 (red) with GABAAR (α1 subunit; green); the arrowhead 
indicates a KCC2-positive cell without GABAAR IR; the double arrowhead indicates a GABAA receptor (α1 subunit)-
positive cell without KCC2 expression. Panel G: merged image, showing strong neuropil KCC2 IR expression within 
the peritumoral cortex. Single-labeled sections are counterstained with hematoxylin. Scale bar in A:. A and D: 400 
µm; B-C and E-G: 40 µm.
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KCC2 in GG
KCC2 IR was encountered in 6 out of 9 GG specimens examined in neuronal cells (Table 2; 
Fig. 5D-F). The neuronal KCC2 IR pattern with labeling of cell bodies and reduced neuropil 
staining was similar to that observed within the dysplastic cortex of both FCD and HMEG 
specimens (Fig. 5D-E; Table 2). Double-labeling experiments confirmed expression in neurons 
(NeuN-positive cells; Fig. 5E, insert) and in cells containing the GABAA receptor subunit α1 
(Fig. 5F). Expression of KCC2 was not detected in glial cells. Double-labeling experiments 
confirmed absence of KCC2 IR in vimentin-positive tumor astrocytes (Fig. 5D, insert).

DISCUSSION

MCDs are important causes of pediatric medically intractable epilepsy. Recently, particular 
attention has been focused on the possible role of CCTs in ictogenesis [442, 443, 450, 451]. 
In the present study, we show an abnormal expression of both NKCC1 and KCC2 in MCDs 
that could contribute to increased network excitability in these developmental lesions. 
The cell-specific distribution of the two CCTs and the significance of these findings for the 
epileptogenicity of different MCDs are discussed below.

CCTs and neuronal cells of MCD specimens
Recent observations, in both rodent and human brain, indicate that NKCC1 and KCC2 are 
expressed in neuronal cells and that their expression is developmentally regulated with 
opposite patterns [442, 449, 452-454]. In human cortex, high NKCC1 and low KCC2 neuronal 
expression is observed before the end of the first year of life [442, 449]. In our study we 
could confirm this developmental pattern of expression in the temporal cortex for both 
CCTs. In addition, we show high neuronal expression of NKCC1 in specimens of patients with 
different MCDs. Strong IR for NKCC1 is observed in dysplastic neurons of FCD and HMEG 
specimens, as well as in the aberrant neuronal component of GG. The persistence of high 
neuronal levels of NKCC1 in MCDs from patients with age > 1 year supports the hypothesis of 
delayed cortical maturation in the pathogenesis of MCDs, containing abnormal and immature 
neuronal cells (for reviews see [13, 436]). Increased levels of NKCC1 mRNA are also observed 
in the subiculum of temporal lobe epilepsy (TLE) patients and in experimental TLE models 
[443, 455]. Since all cases examined were associated with epilepsy, we cannot exclude that 
chronic seizure activity could contribute to the strong NKCC1 expression observed in the 
neuronal component of MCD specimens. However, upregulation of neuronal NKCC1 was not 
observed in the perilesional area of GG specimens. Thus, the strong neuronal expression of 
NKCC1 may represent an intrinsic and immature feature of MCDs associated with intractable 
epilepsy. NKCC1 is known to facilitate the accumulation of Cl- in neuronal cells, producing a 
GABA receptor-mediated excitatory response, which is characteristic of the immature brain 
[352, 353, 438, 439]. Immature GABA receptor-mediated responses have been detected 
in specimens of FCD patients [377, 436, 437]. Moreover, it has been recently shown that 
NKCC1 facilitate seizures in the developing brain [442]. Thus, the high expression of NKCC1 in 
neuronal cells (including GABAA receptor (α1 subunit)-positive dysplastic neurons) observed 
in MCD specimens may support the involvement of this CCT in the epileptogenicity of these 
lesions. Future studies focusing on the co-localization of CCTs with other GABAA receptor 
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subunits, may shed light on the functional interaction between GABAA receptor and CCTs in 
both physiological and pathological conditions. 
We also report changes in the neuronal expression pattern of KCC2 in MCDs. In FCD, 
HMEG and GG specimens of adult epileptic patients, we observed a reduction of the KCC2 
neuropil staining. However, dysplastic neurons displayed strong KCC2 IR with a predominant 
intrasomatic staining. This pattern of IR may reflect the persistence in MCDs of a feature 
of the immature brain. Accordingly, low neuropil staining for KCC2 was observed before 
the first year of life. Strong neuropil staining has been reported in adult rat hippocampus 
as a result of the developmental increased expression of this CCT in principal neurons. In 
these cells KCC2 appears to be primarily located in dendritic spine heads, and at a much 
lower level on the somata and dendritic shafts [456]. However, further ultrastructural and 
functional studies are required to better investigate this abnormal subcellular expression 
and to detect whether altered distribution of KCC2 may affect GABA receptor-mediated 
responses in epilepsy-associated developmental lesions. 

CCTs and glial cells of MCD specimens
Expression of NKCC1, but not of KCC2, has also been reported in glial cells [457, 458]. In 
the present study, we show that both reactive astrocytes in FCD and HMEG and tumor 
astrocytes in GG express NKCC1. Astrocytes are highly represented within developmental 
lesions associated with epilepsy and several studies support the role of astroglial cells in 
the hyperexcitability leading to epilepsy (for review see. [459]). In astrocytes, in addition 
to its role in the regulation of intracellular Cl- levels, NKCC1 may also contribute to K+ 

clearance and maintenance of intracellular Na+ levels [458, 460]. Recent studies suggest 
that NKCC1 activation may lead to astrocyte swelling and glutamate release in pathological 
conditions associated with gliosis (for review see [460]). Thus, the upregulation of NKCC1 in 
the astroglial component of MCDs could represent an additional mechanism underlying the 
epileptogenicity of these lesions.

CCTs and balloon cells of MCD specimens
Balloon cells represent an important cellular component of severe FCD (type IIB) and HMEG 
[13, 15, 448]. Their nature (glial or neuronal) and their role in the epileptogenicity of MCDs 
is controversial [72, 205, 281, 282]. We report that balloon cells express NKCC1, but not the 
neuronal-specific CCT, KCC2. Recent studies support the idea that balloon cells represent 
the result of a failure of differentiation of radial glia [72, 461]. Thus, the presence of NKCC1 
in balloon cells reflects the known expression of this CCT in both glial, as well as neuronal 
cells. 
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CONCLUSION

Our observations indicate an abnormal expression of CCTs in MCDs associated with 
intractable epilepsy. The expression patterns of NKCC1 and KCC2 resemble the expression 
patterns that are observed in the immature brain and support the hypothesis of a failure 
of developmental maturation in the pathogenesis of different MCDs (FCD, HMEG and GG). 
Whether the reported deregulation of CCTs may actively contribute to the epileptogenicity 
of MCDs, via modulation of GABA receptor-mediated responses, cannot be concluded from 
this immunocytochemical study. Studies of pharmacological modulation of CCTs, performed 
in surgical resected tissue will be essential to test this hypothesis and to better understand 
the role of CCTs in epilepsy-associated pathologies. 
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ABSTRACT

Tuberous sclerosis complex (TSC) is an autosomal dominant disorder associated with cortical 
malformations (cortical tubers) and the development of glial tumors (subependymal giant-
cell tumors, SGCTs). Expression of metabotropic glutamate receptor (mGluR) subtypes is 
developmentally regulated and several studies suggest an involvement of mGluR-mediated 
glutamate signaling in the regulation of proliferation and survival of neural stem-progenitor 
cells, as well as in the control of tumor growth. In the present study, we have investigated the 
expression and cell-specific distribution of group I (mGluR1, mGluR5), group II (mGluR2/3) 
and group III (mGluR4 and mGluR8) mGluR subtypes in cortical tubers and in SGCTs, using 
immunocytochemistry. Strong group I mGluRs immunoreactivity (IR) was observed in the 
large majority of TSC specimens in dysplastic neurons and in giant cells within cortical tubers, 
as well as in tumor cells within SGCTs. In particular, mGluR5 appeared to be most frequently 
expressed, whereas mGluR1α was detected in a subpopulation of neurons and giant cells. 
Cells expressing mGluR1α and mGluR5 demonstrate IR for phosphorylated ribosomal S6 
protein (PS6), which is a marker of the mammalian target of rapamycin (mTOR) pathway 
activation. Group II and particularly group III mGluRs IR was less frequently observed than 
group I mGluRs IR in dysplastic neurons and giant cells of tubers and tumor cells of SGCTs. 
Reactive astrocytes were mainly stained with mGluR5 and mGluR2/3. These findings expand 
our knowledge concerning the cellular phenotype in cortical tubers and in SGCTs and 
highlight the role of group I mGluRs as important mediators of glutamate signaling in TSC 
brain lesions. Individual mGluR subtypes may represent potential pharmacological targets 
for the treatment of the neurological manifestations associated with TSC brain lesions.

INTRODUCTION

Tuberous sclerosis complex (TSC) is an autosomal dominant, multisystem disorder caused 
by a mutation of one of the tumor suppression genes, TSC1 or TSC2 [21, 22]. Central nervous 
system (CNS) involvement is common in TSC and includes three major lesions: cortical 
tubers, subependymal nodules and subependymal giant cell tumors (SGCTs) [23, 24]. The 
neurological manifestations of TSC are the most disabling and include: developmental delay, 
neurobehavioral dysfunctions (such as autism) and severe epilepsy [301, 302]. Epilepsy occurs 
in up to 80% of TSC patients and is often poorly controlled by antiepileptic drugs (AEDs). In 
selected patients, resection of the epileptogenic zone, which is mainly represented by cortical 
tubers, is performed [396, 462]. The cellular mechanism(s) underlying the epileptogenicity of 
cortical tubers remains largely unknown. Several mechanisms are possibly involved. Recent 
studies support the role of developmental alterations of the balance between excitation and 
inhibition in the pathogenesis of focal discharges in cortical tubers (for review see [139]). 
Selective alterations in ionotropic glutamate and GABA receptor subunit mRNA expression 
have been observed in the different cellular components of cortical tubers [114]. Abnormal 
glutamate homeostasis, altered synaptic excitation and increased AMPA-receptor-mediated 
currents, which would favor seizure generation, have been described in mouse models 
of TSC [426, 463, 464]. Metabotropic glutamate receptors (mGluRs) are a family of eight 
G-protein-linked receptors that regulate a variety of intracellular signaling systems [465]. 
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They have been subdivided into three main groups on the basis of their sequence homology, 
second messenger systems and pharmacology. Group I includes mGluR1 and mGluR5, which 
are coupled to phosphoinositide hydrolysis and generally mediate postsynaptic excitatory 
effects in neurons. Group II (mGluR2 and mGluR3) as well as group III (mGluR4, -6, -7, 
-8) mGluRs are negatively coupled to adenylyl cyclase and generally mediate presynaptic 
inhibitory effects on synaptic transmission and neurotransmitter release [466]. Both         
group I (mGluR5) and II (mGluR3) subtypes are expressed in human astrocytes and these 
glial mGluR subtypes may play a role in regulating the extracellular levels of glutamate [467]. 
Several studies suggest that mGluR subtypes are significant molecular targets for treatment 
of epilepsy [466, 468]. In particular, activation of group II and III mGluRs has been shown to 
have anticonvulsant effects, as opposed to the convulsant action of group I mGluRs reported 
in a variety of experimental models [468]. Group I mGluRs have been shown to regulate 
proliferation, differentiation, and survival of neural stem-progenitor cells, suggesting a role 
for these receptors in brain development and developmental disorders (for review see 
[469]). Recently, activation of the mammalian target of rapamycin (mTOR) pathway has been 
reported after stimulation of group I mGluRs, suggesting a link between mGluR activation 
and the major pathway disrupted in TSC [470-472].
In the present study, immunocytochemistry with antibodies (Abs) specific for mGluR1α, 
mGluR2/3, mGluR4, mGluR5 and mGluR8 was performed in surgical specimens of cortical 
tubers and SGCTs from TSC patients. Our major aim was to contribute to the definition of 
the cellular distribution of mGluRs within the two major TSC brain lesions and provide better 
insights into the mechanisms underlying the heterogeneous neurological manifestations 
observed in TSC patients.

MATERIALS AND METHODS

Subjects
We examined a total of 13 surgical specimens, 8 cortical tubers (male/female: 3/5; mean age 
at surgery: 13.8 years, range: 1–35) and 5 SGCTs (male/female: 3/2; mean age at surgery: 
12 years, range: 1–23) from patients undergoing epilepsy surgery or surgery for obstructive 
hydrocephalus and one autopsy cortical tuber specimen (age 32 years; male). Patient data 
was obtained from the databases of the Departments of Neuropathology of the Academic 
Medical Center (University of Amsterdam) in Amsterdam, The Netherlands, the University 
Medical Center in Utrecht, The Netherlands and the Free University Medical Center in 
Amsterdam, The Netherlands. 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. All patients fulfilled the diagnostic 
criteria for TSC [307]. For the SGCTs we used the revised WHO classification of tumors of 
the CNS [131]. TSC1 mutations were detected in 5 patients (4 cortical tubers and 1 SGCT) 
and TSC2 mutations in 9 patients (5 cortical tubers and 4 SGCTs). The patients with cortical 
tubers whom underwent epilepsy surgery had, predominantly, medically intractable complex 
partial seizures. In 5 patients a significant amount of perituberal tissue (normal-appearing 
cortex/white matter adjacent to the lesion) was resected as well. In addition, normal-
appearing control cortex/white matter was obtained at autopsy from one TSC patient. This 
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material represents good control tissue, since it is exposed to the same seizure activity, 
drugs and fixation protocol, and age and gender are the same. Normal-appearing control 
cortex/white matter from the temporal region was obtained at autopsy from 5 young adult 
control patients (male/female: 3/2; mean age 29; range 14-35), without a history of seizures 
or other neurological diseases. All autopsies were performed within 12 h after death. We 
also included control material from 9 and 10 gestational weeks (GW) human brain. 

Tissue preparation
Tissue was fixed in 10% buffered formalin and embedded in paraffin. Paraffin-embedded 
tissue was sectioned at 6 µm, mounted on organosilane-coated slides (SIGMA, St. Louis, 
MO, USA) and used for immunocytochemical stainings as described below. 

Antibody characterization 
Antibodies specific for glial fibrillary acidic protein (GFAP; polyclonal rabbit, DAKO, Glostrup, 
Denmark; 1:4000; monoclonal mouse; DAKO; 1:50), vimentin (mouse clone V9; DAKO; 
1:1000), neuronal nuclear protein (NeuN; mouse clone MAB377; Chemicon, Temecula, 
CA, USA; 1:2000), synaptophysin (mouse clone Sy38; DAKO; 1:200), neurofilament (NF, 
SMI311; Sternberger Monoclonals, Lutherville, MD, USA; 1:1000), microtubule-associated 
protein (MAP2; mouse clone HM2; SIGMA; 1:100), human leukocyte antigen (HLA)-DP, -DQ, 
-DR (mouse clone CR3/43; DAKO; 1:100), CD68 (mouse monoclonal, clone PG-M1; DAKO; 
1:200) and phospho-S6 ribosomal protein (Ser235/236, PS6; rabbit polyclonal, Cell Signaling 
Technology, Beverly, MA, USA; 1:50) were used in the routine immunocytochemical analysis 
of TSC specimens to document the presence of a heterogeneous population of cells and 
the activation of the mTOR pathway [63]. For the detection of group I mGluRs, we used 
antibodies specific for the mGluR subtypes 1α (polyclonal rabbit; Chemicon; 1:100) and 5 
(polyclonal rabbit; Upstate Biotechnology, Lake Placid, NY, USA; 1:100). For the detection 
of group II mGluRs we used the mGluR2/3 antibody (polyclonal rabbit; Chemicon; 1:50); 
it recognizes both mGluR2 and mGluR3. For the detection of group III mGluRs, we used 
antibodies specific for mGluR4 (polyclonal rabbit; Upstate Biotechnology, 1:70) [473, 474] 
and mGluR8 (polyclonal guinea pig, 1:50; a generous gift from Dr. R. Shigemoto [475]). 
Characterization of these Abs in human brain tissue has been documented previously [113, 
115, 191, 476, 477]. Since the availability of frozen material from cortical tubers and SGCTs 
and age- matched controls is very limited, immunoblot with complete statistical comparison 
between controls and TSC lesions could not be performed.

Immunocytochemistry
Immunocytochemistry was carried out as previously described [113, 256]. Single-label 
immunocytochemistry was performed with the Powervision peroxidase system (Immunologic, 
Duiven, The Netherlands) for the monoclonal mouse and polyclonal rabbit antibodies and 
with a biotin-labeled goat anti-guinea pig antibody (Chemicon, 1:100) for the mGluR8 
antibody. 3,3’-Diaminobenzidine was used as chromogen. Sections were counterstained 
with hematoxylin. For double-labeling studies, sections, after incubation with the primary 
Abs (mGluR1α, mGluR2/3, mGluR5, mGluR4 or mGluR8 combined with GFAP, vimentin, NF 
or MAP2), were incubated for 2h at room temperature with Alexa Fluor® 568-conjugated 
anti-rabbit or anti-guinea pig IgG and Alexa Fluor® 488 anti-mouse IgG (1:100, Molecular 
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Probes, The Netherlands). Sections were then analyzed by means of a laser scanning confocal 
microscope (Bio-Rad, Hercules, CA, USA; MRC1024) equipped with an argon-ion laser. For 
double-labeling studies with PS6 and mGluR1α (or mGluR5) Abs (all polyclonal rabbit) the 
first primary antibody (mGluR1α or mGluR5) was visualized with 3,3’-diaminobenzidine and 
thereafter removed by incubation for 10 min at 121 °C in sodium citrate buffer (0.01 M, pH 
6.0). Sections were then pre-incubated with 10% normal goat serum and incubated for 1 h 
at room temperature with the second primary antibody (PS6). Sections were incubated with 
biotin-labeled goat anti-rabbit antibody (DAKO, 1:100), followed by Alkaline Phosphatase 
(AP)-labeled strep-AB-complex (DAKO). PS6 labeling was visualized with liquid permanent 
red as chromogen (DAKO) [146]. Sections were counterstained with hematoxylin. Sections 
incubated without the primary Abs or with the primary Abs and then heated for 10 min 
were essentially blank.
Labeled tissue sections were examined with respect to the presence or absence of specific 
IR for the different markers. Neuronal cell bodies were differentiated from glia and 
glioneuronal giant cells on the basis of morphology. Only neurons in which the nucleolus 
could be clearly identified were included. Giant cells have eccentric nuclei and ballooned 
opalescent eosinophilic cytoplasm. Reactive astrocytes were detected according to their 
morphology and the upregulation of GFAP and vimentin. As previously reported [113, 
191] the intensity of mGluR immunoreactive staining was evaluated using a three-point 
scale in which immunoreactivity was defined as -, absent; +, moderate; ++, strong. The 
relative frequency of mGluR positive cells was calculated using an Olympus microscope and 
examining high-power non-overlapping fields in each slice (of 0.0655 mm X 0.0655 mm 
width; each corresponding to 4.290 µm2) defined in the center of the lesion using a square 
grid inserted into the eyepiece. A total microscopical area of 858.050 µm2 was assessed per 
case. This semi-quantitative frequency score was assigned using 3 distinct categories; (1) 
< 10%, rare; (2) 11-50% moderate; (3) > 50 % high, to give information about the relative 
number of mGluR positive astrocytes, dysplastic neurons, giant cells in cortical tubers and 
tumor cells in SGCTs. Quantification of the number of astrocytes (GFAP-positive cells) was 
performed as previously described [107, 108]. Neuronal cortical density was calculated as 
previously reported by Thom et al., [478] using NeuN as neuronal marker. The labeling index 
(LI) was defined as the ratio of immunolabeled cells related to the neuronal or glial cell 
population [64]. The LI for a specific antibody was expressed as a percentage for all cortical 
tuber specimens (Table 2). For statistical analysis of data, SPSS for Windows was used. Data 
were compared using a non-parametric Kruskal-Wallis test followed by a Mann-Whitney 
test to assess the difference between groups. P < 0.05 was taken as level of significance. To 
analyze the percentage of double-labeled cells positive for the group I mGluRs (mGluR1α 
and mGluR5) and PS6, digital photomicrographs were obtained through contiguous regions 
of the cortical tuber samples. Images of 8 representative fields per section (magnification 
20x) were collected (Leica DM5000B). Images were analyzed with a Nuance VIS-FL 
Multispectral Imaging System (Cambridge Research Instrumentation; Woburn, MA). Spectra 
were acquired from 460 to 660 nm at 10-nm intervals and Nuance software version 2.4 was 
used for analysis [479]. The total number of cells stained with the group I mGluRs or PS6 
as well as the number of cells double labeled with group I mGluRs and PS6 were counted 
visually and the percentages of cells which were positive for PS6 as well as for the group I 
mGluRs were calculated.
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RESULTS

Case material and histological features 
The histopathological features of the cortical tuber samples included loss of lamination, 
giant cells, dysplastic neurons and astrogliosis [23, 24]. The SGCTs were composed mainly 
of large, plump glial cells. A large spectrum of astroglial phenotypes was detected, including 
cells resembling gemistocytic astrocytes, multinucleated cells, elongated cells and giant 
cells. Calcifications and signs of previous intratumoral hemorrhage were also observed. 
In agreement with previous studies [58, 63, 64] a strong and consistent expression of PS6 
(indicating the activation of the mTOR signal transduction pathway) was observed within 
all tubers and SGCT samples. We did not observe a correlation between the expression 
intensity or number of PS6 positive cells and mutations in either TSC1 or TSC2. 
Mean neuronal densities on NeuN stained sections were 15.6 x 103/mm2 (SD: 6.4) in the 
cortical tuber (n=9) compared to 44.6 x 103/mm2 (SD: 14.5) in the adjacent cortex (n=5) and 
51.3 x 103/mm2 (SD: 18.1) in the normal autopsy cortex (n= 5). The density was significantly 
lower in the tuber compared to control specimens (p < 0.05). The mean number of GFAP-
positive astroglial cells was found to be significantly higher in tuber specimens than in 
control tissue (48 x 103/mm2 SD: 12.3, in the cortical tuber compared to 18 x 103/mm2 SD: 
9.3 in the adjacent cortex and 15.1 x 103/mm2 SD: 8.2 in the normal autopsy cortex (p< 0.05). 
Significant differences in neuronal or glial content were not observed between the adjacent 
histologically normal surgical cortex and the normal autopsy cortex.

MGluR expression in cortical tubers and SGCTs
Expression of group I, II and III mGluR subtypes was observed in both cortical tubers and 
SGCT specimens of TSC patients (Figs. 1-5). We observed differences in the expression level, 
as well as in the cell-specific distribution of the different subtypes (mGluR1α, mGluR5, 
mGluR2/3, mGluR4 and mGluR8) within TSC brain lesions (Tables 1 and 2).

Group I mGluRs
mGluR1α. In agreement with previous observations [113, 115, 191, 480] mGluR1α 
immunoreactivity (IR) was mainly seen in neurons with a somatodentritic distribution in 
human control autopsy specimens, as well as in the normal-appearing cortex adjacent to the 
tuber (Fig. 1A). mGluR1α IR was not detectable in resting glial cells in both control cortex and 
white matter (Table 2). In the large majority of TSC cases, strong mGluR1α IR was observed 
within the gray and white matter dysplastic areas of cortical tubers (Fig. 1B-C; Table 1). The 
staining was localized in both dysplastic neurons and giant cells, with a frequency score 
usually ranging from 11% to 50% (Fig. 1D-G; Table 1). In the majority of cases mGluR1α IR was 
not observed in astrocytes (Table 1 and 2). However, the percentage of total neurons with 
strong IR for mGluR1α was not significantly different compared with control cortex (autopsy 
and perituberal cortex; Table 2). Double-labeling experiments confirmed the co-localization 
of mGluR1α IR with neuronal markers within cortical tubers (Fig. 1M-N). mGluR1α expression 
was consistently high in cells expressing high levels of PS6 (Fig. 3A). The percentage of cells 
immunoreactive for PS6 and co-expressing mGluR1α was quantified in TSC specimens (Table 
3). mGluR1α expression was encountered in all the SGCT specimens examined, with strong IR 
in 4 out 5 cases and a frequency score usually ranging from 11% to 50% (Fig. 1H-J; Table 1).
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Figure 1. Cell-type distribution of 
mGluR1α IR in TSC cerebral lesions 
(cortical tubers and SGCT)
Panel A: Histologically normal perituberal 
cortex showing neuronal expression of 
mGluR1α. Panels B-C: mGluR1α IR is 
observed within the gray (B) and white 
matter (C) dysplastic areas of cortical 
tubers. Panel D: high magnification 
photograph of strongly stained giant cells 
within the white matter. Panels E-G: high 
magnification photographs of mGluR1α 
positive cells within the dysplastic cortex, 
including a dysplastic neuron (E) and 
giant cells (F-G) of different size and 
morphology. Panels H-J: mGluR1α IR in 
SGCTs showing focal areas of strongly 
stained cells including abnormal giant 
cells. Panels K-L: merged images showing 
absence of co-localization between 
mGluR1α and GFAP in an astrocyte (K) 
and in a giant cell (L). Panels M-N: merged 
images, showing co-localization between 
mGluR1α and neuronal markers in giant 
cells (MAP2; M) and dysplastic neurons 
(NF; neurofilament SMI311; N). Scale bar 
in A: A and D: 50 µm; B and C: 400 µm; 
E-G, I-J, K-N: 30 µm. H: 120 µm.

Table 1. Cell-type distribution of group I, II and III mGluRs in cortical tubers and SGCTs
                (% of cases with immunoreactive cells)

Staining: -, absent; +, moderate; ++, strong staining; (a) rare; (b) moderate; (c) high frequency

mGluR5. In agreement with previous observations [113, 115, 191, 480] in human control 
autopsy specimens, as well as in the normal-appearing cortex adjacent to the tuber, mGluR5 
IR showed mainly neuronal labeling within the cytoplasm and at the neuronal membrane; 
neuropil staining was also observed (Fig. 2A). Control specimens (autopsy and perituberal 
cortex) contained weak mGluR5-positive in few astroglial cells (Table 2; [113, 191]). In the 
large majority of TSC cases strong mGluR5 IR was observed within the cortical tubers (Fig. 
2B-C; Table 1). The staining was localized in dysplastic neurons, giant cells and astrocytes 
with usually high frequency (> 50% positive cells; Fig. 2B-F; Table 1). 
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Figure 2. Cell-type distribution of 
mGluR5 IR in TSC cerebral lesions 
(cortical tubers and SGCTs)
Panel A: Histologically normal perituberal 
cortex showing neuronal expression 
of mGluR5. Panel B: strong mGluR5 IR 
within the dysplastic cortex of cortical 
tubers. Panels C-D: high magnification 
photographs showing both neuronal 
(arrows) and glial (arrowheads) mGluR5 
IR. Panels E-F: strong mGluR5 IR in giant 
cells of different size and morphology. 
Panels G-H: strong and diffuse mGluR5 IR 
in SGCTs. Panel I: merged image, showing 
co-localization between mGluR5 (red) and 
GFAP (green) in astrocytes. Panels J-K: 
merged images, showing co-localization 
between mGluR5 and neuronal markers 
in a giant cell (MAP2; J) and a dysplastic 
neuron (NF; neurofilament SMI311; K). 
Panels L-M: mGluR5 (L) and mGluR1α 
(M) in the developing ventricular and 
subventricular zones (VZ; SVZ; GW 10). 
Scale bar in A: A, C: 50 µm; B: 120 µm; 
D-F and H-K: 30 µm; G: 100 µm; L and M: 
60 µm.

The percentage of neurons and astrocytes with strong IR for mGluR5 was higher in the tuber 
compared with the control cortex (autopsy and perituberal cortex; Table 2). Double-labeling 
experiments confirmed the co-localization of mGluR5 IR with astroglial and neuronal 
markers within cortical tubers (Fig. 2I-K). mGluR5 expression was consistently high in cells 
expressing high levels of PS6 (Fig. 3B). The percentage of cells immunoreactive for PS6 and 
co-expressing mGluR5 was quantified in TSC specimens (Table 3). Strong mGluR5 expression 
was encountered in all the SGCT specimens examined, with a high frequency score (Fig. 2G-
H; Table 1). IR for both group I mGluR subtypes was not observed in cells of the microglia/
macrophage lineage (data not shown). mGluR5 (but not mGluR1α) was strongly expressed 
in the ventricular and subventricular zones (VZ; SVZ) in developing human brain from the 
earliest stages tested (GW9, data not shown and GW10, Fig. 2L-M).
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Table 2. MGluR expression in neuronal and glial cells

Data represent percentages of cells with strong immunoreactivity for the different antibodies. Data are expressed 
as mean ± SEM; nd: not detected.

Table 3. PS6-positive cells expressing group I mGluRs in cortical tubers

Data are expressed as mean ± SEM.

Group II mGluRs
mGluR2/3. The polyclonal antibody mGluR2/3 recognizes both subtypes of group II mGluRs. 
In agreement with previous observations [113, 115, 191, 480, 481] in human control autopsy 
specimens, as well as in the normal-appearing cortex adjacent to the tuber, mGluR2/3 IR was 
demonstrated in neuropil as well as in neuronal cell bodies and associated processes (Fig. 
4A). Control specimens (autopsy and perituberal cortex) contained weak mGluR2/3 positive 
astroglial cells (Table 2, [113, 191]). mGluR2/3 IR in the cortical tubers was observed less 
frequently than group I mGluRs and usually appeared in less than 10% of the neuronal cells 
(Fig. 4B-C; Table 1). mGluR2/3 labeling was mainly observed in the glial component of the 
cortical tuber (Fig. 4D). mGluR2/3 was also expressed in a population of giant cells, displaying 
moderate to strong IR (Fig. 4C,E,F; Table 1; frequency score < 10% in 4 out of 9 cases; 11- 
50% in the remaining cases). The percentage of astrocytes positive for mGluR2/3 was higher 
in the cortical tuber compared with control cortex (autopsy and perituberal cortex; Table 2). 
In contrast, the percentage of neurons with strong IR for mGluR2/3 was lower within the 
tuber, compared with control specimens. (Table 2). Double-labeling experiments confirmed 
the co-localization of mGluR2/3 IR with astroglial markers in both astrocytes (Fig. 4I-K) and 
giant cells (data not shown). Moderate to strong mGluR2/3 expression was encountered in 
all the SGCT specimens examined, with a frequency score usually ranging between 11-50% 
(Fig. 4G-H; Table 1). IR for mGluR2/3 was not observed in cells of the microglia/macrophage 
lineage (data not shown).

Group III mGluRs
In agreement with previous reports in human control specimens [477, 481, 482], normal-
appearing cortex adjacent to the tuber displayed neuronal mGluR4 and mGluR8 IR, but glial 
expression was not observed (Fig. 5A-H; Table 2). mGluR4 and mGluR8 IR was observed 
within the cortical tubers, but less frequently than group I mGluRs (Fig. 5 and Table 1). In 
5 out of 9 cases, moderate to strong mGluR4 staining was observed in dysplastic neurons, 
with a frequency score usually ranging from 11% to 50% (Fig. 5E; Table 1). The large majority 
of cases showed weak or virtually absent staining in giant cells (Fig. 5B-C; Table 1). Weak to 
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moderate mGluR4 IR was detected in astrocytes in 6 out of 9 cases (Fig. 5F; Table 1). mGluR8 
IR appeared in less than 10% of the neuronal cells in 5 out of 9 cases (Table 1; Fig. 5I). Weak 
mGluR8 IR was detected in giant cells in a few cases (Fig. 5J; Table 1). In only one case 
moderate mGluR8 IR was observed in a few astrocytes (Table 1). The percentage of neurons 
with strong IR for mGluR4 and mGluR8 was lower in the tuber compared with control cortex 
(autopsy and perituberal cortex; Table 2). Double-labeling experiments confirmed the co-
localization of mGluR4 and mGluR8 IR with neuronal markers (Fig. 5E and I) and of mGluR4 
with astroglial markers (Fig. 5F). Weak to moderate mGluR4 staining was encountered in 3 
out of 5 SGCT specimens (Fig. 5G; Table 1). Focal areas of weakly mGluR8 stained cells were 
observed in one case, whereas the large majority of tumor cells were not immunoreactive 
for mGluR8 (Fig.5 K-L; Table 1). IR for mGluR4 and mGluR8 subtypes was not observed in 
cells of the microglia/macrophage lineage, whereas only few mGluR8 positive macrophages 
were detected (data not shown).

DISCUSSION

It has been suggested that the epileptogenicity of cortical tubers is associated with increased 
excitability within the dysplastic cortex that may result from abnormal glutamatergic 
transmission, involving ionotropic glutamate receptors [483] (for review see [139]). The 
present study provides information about the metabotropic glutamatergic transmission 
in cortical tubers. In particular, we provide evidence for a prominent expression of                       
group I mGluR subtypes within the cellular components of cortical tubers and SGCTs. The 
cell-specific distribution of mGluRs in relation with the epileptogenicity of cortical tubers, as 
well as the cell lineage and phenotype of TSC lesions, is discussed below.

MGluR expression in TSC brain lesions: prominent expression of group I subtypes
We demonstrate that group I mGluR subtypes (mGluR1α and mGluR5) are highly expressed 
within cortical tubers in both dysplastic neurons and giant cells. Although strong IR for 
both receptor subtypes was detected in these cell types, mGluR5 was observed in a higher 
proportion of cells compared to mGluR1α. The prominent neuronal expression of group I 
mGluRs in cortical tubers is in line with our previous observations, showing strong expression 
of these subtypes (in particular of mGluR5) in the neuronal dysplastic component of other 
MCDs, such as FCD type IIB, HMEG and GNTs, associated with intractable epilepsy [27, 
113, 115]. These observations suggest that group I mGluRs represent a common feature of 
epileptogenic developmental lesions, sharing a similar neuronal phenotype. Neuronal group 
I mGluR subtypes are involved in activity-dependent forms of synaptic plasticity in both 
adult and developing brain [484, 485]. However, the individual group I mGluR subtypes have 
different cellular distribution and are differentially regulated during development [486, 487]. 
We observed strong expression of mGluR5 in the VZ and SVZ of developing human brain. 
Interestingly, recent studies have also shown mGluR5 expression in the embryonic rodent 
brain, in zones of active neurogenesis [488, 489]. Thus, the strong neuronal expression of 
mGluR5 could represent an intrinsic and immature feature of the dysplastic neuronal cells. 
In addition, the giant cells which are known to express marker proteins of the adult SVZ [46], 
display high levels of mGluR5.  
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Figure 3. Group I mGluR expression in 
PS6-positive cells in cortical tubers
Panel A: mGluR1α (dark brown) is 
expressed in PS6-positive cells (pink/red) 
within cortical tubers (arrows; purple). 
Not all the PS6-positive cells express also 
mGluR1α (arrowheads). Insert in A shows 
a high magnification of a dysplastic cell 
co-expressing mGluR1α and PS6. Panel B: 
mGluR5 (dark brown) is expressed in PS6-
positive cells (pink/red) within cortical 
tubers (arrows; purple). Inserts in B show 
expression of mGluR5 in PS6-positive 
giant cells (a) and dysplastic neurons (b). 
Scale bar in A: A and B: 60 µm.

Figure 4. Cell-type distribution of 
mGluR2/3 IR in TSC cerebral lesions 
(cortical tubers and SGCT)
Panel A: Histologically normal perituberal 
cortex showing neuronal expression 
of mGluR2/3. Panels B-F: mGluR2/3 IR 
within the dysplastic cortex of cortical 
tubers. Panels B-C show absence of IR in 
dysplastic neurons (arrows). mGluR2/3 
IR is observed in astroglial cells (Panel 
D; arrows) and in sparse giant cells 
(arrowheads in C, E and F). Panels G-H: 
mGluR2/3 IR in SGCTs showing focal 
areas of weakly stained cells including 
abnormal giant cells. Panels I-K: double 
labeling of mGluR2/3 (red, I) with GFAP 
(green, I) shows co-localization (yellow; 
K) in astrocytes. Scale bar in A: A-C, H, I-K: 
40 µm; D-F: 30 µm; G: 120 µm.
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Figure 5. Cell-type distribution of 
mGluR4 and mGluR8 IR in TSC cerebral 
lesions (cortical tubers and SGCTs)
Panel A: Histologically normal perituberal 
cortex showing neuronal expression 
of mGluR4. Panels B-F: mGluR4 IR in 
cortical tubers showing weak or virtually 
absent staining in giant cells (B-C), 
variable IR in dysplastic neurons (D-E) 
and astrocytes (F). Insert in E shows 
co-localization of mGluR4 with MAP2 in 
a dysplastic neuron. Insert in F shows 
co-localization of mGluR4 with GFAP in 
astrocytes. Panel G: mGluR4 IR in SGCT 
showing focal areas of weakly stained 
cells. Panel H: histologically normal 
perituberal cortex showing neuronal 
expression of mGluR8. Panels I-J: mGluR8 
IR within cortical tubers showing staining 
in a neuron (arrowhead in I; insert in I 
shows co-localization of mGluR8 with NF 
(SMI311) in a dysplastic neuron), whereas 
IR in giant cells (arrows in I and J) was 
weak or virtually absent. Panels K-L: 
mGluR8 IR in SGCTs showing focal areas 
of weakly stained cells (K), whereas the 
large majority of tumor cells were not 
immunoreactive (L). Scale bar in A: A-C, E, 
F, H-K: 40 µm; D, L: 30 µm; G, 50 µm. 

Although both group I mGluRs share the same canonical transduction mechanism, only the 
activation of mGluR5 has been shown to generate oscillatory intracellular calcium responses 
[490], which are typically associated with regulation of cell proliferation and growth [491]. 
Interestingly, it has been recently shown that group I mGluRs activate two major pathways 
involved in the regulation of cell proliferation and survival, the mitogen-activated protein 
kinase (MEK)/extracellular signal-regulated kinase (ERK) and the phosphatidylinositol-3 
kinase - mammalian target of rapamycin (Pi3K-mTOR) signaling pathways [470, 471, 492]. 
The Pi3K-mTOR pathway critically regulates cell growth and size (for review see [331, 493]) 
and constitutive activation of this cascade in TSC may account for the cytomegaly observed 
in TSC lesions. Activation of group I mGluRs could represent an additional mechanism leading 
to p70S6 kinase activation [471] and subsequent phosphorylation of ribosomal protein 
S6, a downstream target of the Pi3K-mTOR pathway, which is expressed in giant cells and 
dysplastic neurons. Accordingly, we show that the PS6 positive cells within cortical tubers 
also expressed group I mGluRs, in particular mGluR5. mGluR5 has been shown to actively 
and reciprocally interact with the NMDA receptor [494] and this interaction may play a 
critical role in the induction process of activity-dependent forms of synaptic plasticity under 
both physiological as well as pathological conditions. A growing number of studies suggest 
that an exaggerated response to activation of mGluR5 may underlie synaptic dysfunction 
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in Fragile X syndrome (FRAX), a known inherited form of mental retardation with seizures 
[469, 495, 496]. Group I mGluR antagonists (in particular antagonists of mGluR5) have been 
shown to improve the exploratory behavior and to reduce the susceptibility to audiogenic 
seizure in a mouse model of FRAX [497]. In addition, drugs that block the activity of group I 
mGluRs are anticonvulsive in a large variety of animal models of epilepsy, including animals 
with complex partial seizures [468]. The expression of group I mGluRs together with the 
relatively low expression of group II and III mGluRs in dysplastic neurons could represent 
a critical factor in the epileptogenicity of cortical tubers. Further research in brain tissue 
of animal models of cortical dysplasia is needed to elucidate the role of mGluRs and their 
signaling pathways in the histogenesis and epileptogenesis of developmental disorders. 
Whether the strong neuronal expression of group I mGluRs in cortical tubers is constitutive 
or induced, is still unclear. Epileptic activity has been shown to regulate the expression of 
neuronal mGluR subtypes [468, 498-500]. However, significant differences in the expression 
of neuronal group I mGluRs were not observed in normal cortex adjacent to the dysplastic 
region compared with control tissue from patients without a history of seizures ([27, 113, 
115], present results). Glial cells are an important component in cortical tubers [23, 24]. 
Although mGluRs are classically considered neuronal receptors, a growing body of evidence 
indicates that they critically regulate the function of glial cells, increasing the complexity of 
mGluR physiology [459, 501]. In particular, mGluR3 and mGluR5 are the two predominant 
mGluR subtypes expressed in human astrocytes in vivo as well as in vitro [467]. In agreement 
with our previous observations in other MCDs, such as FCD type IIB, GNTs and HMEG [27, 
113, 115] reactive astrocytes within cortical tubers expressed high levels of both mGluR5 
and mGluR2/3. These glial mGluRs have been shown to regulate different cell functions, 
including glial cell proliferation [502], production and release of different growth factors and 
cytokines [280, 503, 504] and dynamic control of brain microcirculation [505]. In addition, 
activation of group I and II mGluRs has been shown to modulate the expression of both glial 
and neuronal glutamate transporter proteins [467, 506]. Therefore, additional studies are 
required to understand the potential role of glial mGluRs in the epileptogenicity of cortical 
tubers. Expression of group III subtypes (mGluR4 and mGluR8) has been found in human 
reactive glial cells under different pathological conditions [477, 481]. Whether this reflects 
different physiological functions for mGluR subtypes or reflects the presence of distinct 
subsets of astrocytes in TSC lesions needs further exploration.
SGCTs exhibited consistent IR for both group I and II mGluRs. In particular, as shown for 
cortical tubers, we observed consistent expression of mGluR5. The demonstration in both 
tubers and SGCTs of mGluR5 IR, indicate a similar phenotype, supporting the hypothesis 
that these two types of brain lesions associated with TSC may derive from a common 
progenitor cell. The presence of mGluR2/3 IR in SGCTs is not surprising considering the 
astroglial phenotype of the tumor cells. Expression of the group II mGluRs (in particular 
mGluR3) is a common feature of both low and high grade astrocytomas [507]. Interestingly, 
recent evidence [507-509] indicates that activation of group II mGluRs sustains glioma cell 
proliferation and that group II antagonists may represent new potential therapeutic drugs in 
the experimental treatment of gliomas.



169

mGluRs in tuberous sclerosis complex

9

CONCLUSION

In conclusion, these findings expand our knowledge concerning the cellular phenotype in 
cortical tubers and in SGCTs and highlight the role of group I mGluRs as important mediators 
of glutamate signaling in TSC brain lesions. Individual mGluR subtypes may represent 
potential pharmacological targets for the treatment of the neurological manifestations 
associated with TSC brain lesions.
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GENERAL DISCUSSION

Focal malformations of cortical development (MCDs) are highly associated with medically 
pharmacoresistant epilepsy [69, 78, 205], which has deleterious effects on the central nervous 
system, especially in the case of a developing child, and has a significant emotional and 
psychological impact on the child and family. Despite the development of new antiepileptic 
drugs (AEDs) and polytherapy programs, a substantial number of patients continues to 
have seizures and focal MCDs are frequently encountered in the epilepsy surgery programs 
[9-11, 396, 510]. The access to this surgically removed epileptogenic tissue combined with 
gene expression profiling and immunocytochemical techniques provides the opportunity to 
study the underlying molecular alterations as described in this thesis. Here, the observed 
pathogenetic and epileptogenetic alterations and their clinical relevance will be discussed.

PI3K-MTOR SIGNALING IN FOCAL MCDS

The phosphatidylinositol-3 kinase - mammalian target of rapamycin (Pi3K-mTOR) signaling 
pathway is a potential candidate pathway in the molecular pathogenesis of focal MCDs. The 
hyperactivation of mTOR and its downstream proteins, including the ribosomal S6 protein, 
has been described in the cortical tubers in patients with the tuberous sclerosis complex 
(TSC) and in focal cortical dysplasia (FCD type IIB), which likely explains the abnormal 
enlargement of the dysmorphic neurons and giant/balloon cells [58, 62, 63]. In chapter 2, 
we demonstrated that activated components of this signaling pathway are present in the 
neuronal component of ganglioglioma (GG) and not in dysembryoplastic neuroepithelial 
tumor (DNT), which emphasizes the suggested pathogenetic relationship of GG with FCDIIB 
and TSC. Nevertheless, this signaling pathway is differentially regulated in the different 
malformations (chapter 2; [64, 65]) and a remaining question is: what are the underlying 
regulatory mechanisms? As stated in chapter 2, variations in the secretion of growth factors 
and/or other neurotrophic factors in the microenvironment [56] or different regulation of 
signaling pathways associated with the TSC1-TSC2 complex [154, 155, 157] in the different 
MCDs provide possible explanations. The robust expression of AMOG in GG (chapter 2), 
which activates mTOR and S6 independently of Pi3K and the TSC1-TSC2 complex [141], 
represents an additional mechanism of activation. Moreover, mTOR signaling can also be 
activated via stimulation of the group I metabotropic glutamate receptors (mGluRs; [470, 
471]), which are prominently expressed in the neuronal component of TSC (chapter 9 of this 
thesis), FCDIIB [113] and GG [115]. Despite these associations with the Pi3K-mTOR signaling 
pathway, the different regulatory mechanisms in the different MCDs are still incompletely 
resolved. Another question is whether modulation of this signaling pathway represents 
a potential target for treatment therapies in patients with focal MCDs. Aberrant mTOR 
signaling is involved in many processes, including tumor growth and innate and adaptive 
immune responses, and mTOR inhibitors, as for example rapamycin, has been used as 
effective immunosuppressants and anticancer agents [511, 512]. Rapamycin, also known 
as sirolimus, is a macrolide antibiotic that was discovered as a product of the bacterium 
Streptomyces hygroscopicus in the early 1970s from a soil sample obtained at Easter Island 
[513]. The Polynesian name of Easter Island, ‘Rapa Nui’, explains its name and rapamycin was 
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initially identified as potential antifungal agent. However, due to its immunosuppressive and 
anti-proliferative properties, rapamycin was abandoned as antifungal agent and developed 
as anticancer agent [514]. Despite its relatively high molecular weight, rapamycin can cross 
the BBB due to a high lipophilic index [515], which is important for systemic administration 
in the treatment of brain tumors or epilepsy. Moreover, leakage of the BBB under epileptic 
conditions facilitates the entry of large molecules into the brain. In TSC patients, rapamycin 
has been shown to reduce the volume of TSC-associated renal angiomyolipomas [516, 517] 
and subependymal giant cell tumors (SGCTs or SEGA; [518]). Nevertheless, compared to 
these hamartomas, cortical tubers are considered as non-neoplastic lesions with structural 
abnormalities arising during fetal development and might, therefore, need in utero 
approaches to prevent their development. Despite the fact that mTOR inhibitors are unlikely 
to fully reverse cortical tuber formation, they might suppress seizures or even prevent 
the development of epilepsy as demonstrated in a mouse model of TSC [519] or cortical 
dysplasia [520]. Similar results are recently reported in the kainate model of epilepsy, in 
which epileptogenesis is triggered by a status epilepticus induced with the chemoconvulsant 
kainate [521], indicating a general role of mTOR signaling in epileptogenesis. The mechanism 
of seizure control induced by mTOR inhibition is unknown, but given the fact that mTOR 
is also known to mediate both the innate and adaptive immune response [315, 411, 417], 
mTOR inhibition could possibly prevent chronic inflammation in the epileptic brain and 
thereby suppressing seizures. These findings indicate potential clinical applications of mTOR 
inhibitors for patients with MCDs, which is supported by the recent observed reduction 
in seizure frequency in a young girl with TSC treated with rapamycin [522]. Nevertheless, 
the activation of components downstream of mTOR by PDK1 in GG and FCDIIB (chapter 
2; [64, 65]), and the unknown involvement of possible other signaling pathways makes it 
speculative to what extent mTOR inhibitors are effective in these lesions. Given the fact that 
mTOR signaling is also involved in synaptic transmission [523] and plasticity [524], cognitive 
side effects can be expected; though significant deterioration of memory and executive skills 
was not reported in an interim-report after one year of treatment with rapamycin [517]. 
Thus, promising results are reported for the use of mTOR inhibitors to suppress seizures; 
however, further research to elucidate both the short- and long-term consequences of 
mTOR inhibition is clearly required. 

IMMUNE AND INFLAMMATORY REACTIONS IN FOCAL MCDS

The original consideration of the brain as an ‘immune privileged’ site has changed and it has 
become clear that the resident cells of the brain, especially microglia and astrocytes, produce 
inflammatory mediators which are involved in many CNS disorders including epilepsy [79, 
80, 82, 410]. Cytokine production is rapidly induced by seizures and observations in various 
animal models of epilepsy demonstrated that inflammatory reactions contribute to seizure 
generation (Fig. 1, [82, 410]). Cytokines have also been shown to modulate blood-brain 
barrier (BBB) integrity [83, 415] which contributes to seizure generation by extravasation of 
serum albumin promoting chronic neuronal hyperexcitability [327, 328] or by facilitating the 
entry of leukocytes enhancing the inflammatory response [81]. Noteworthy, BBB leakage 
positively correlates with the frequency of spontaneous seizures in animal models of 
epilepsy [182, 217].
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Figure 1. Schematic representation of hypothetical mechanisms of inflammatory mediators (VEGF, complement 
factors, cytokines, adhesion molecules; ) in the generation of epileptic seizures. Explanation in text; BBB, blood-
brain barrier.

Evidence for immune and inflammatory reactions in focal MCDs is provided in several 
chapters in this thesis (chapter 3-7). The growth factor VEGF, prominently expressed in 
FCDIIB (chapter 3), is recently described as an inflammatory mediator and may increase 
the BBB permeability [182, 195, 211, 216]. The exact mechanisms of modulation of the 
BBB permeability by inflammatory mediators is not fully elucidated, however, increased 
production of selectins, adhesion molecules and cytokine receptors contribute to this 
phenomenon [82, 416]. Increased expression of inflammatory mediators and cell adhesion 
molecules was detected with microarray analysis in GG and TSC (chapter 6 and 7), and 
we demonstrated leukocyte infiltration and albumin extravasation in TSC (chapter 5), all 
supporting a sustained inflammatory response. Furthermore, the decoy receptor IL-1RII 
and the naturally occurring antagonist of IL-1β, IL-1Ra, are relatively low expressed in 
MCDs (chapter 4), suggesting that the brain lacks an efficient mechanism to terminate the 
inflammatory effects of IL-1β. Activated microglia are prominently present in focal MCDs 
[108, 109], which is supported and extended by our findings in chapters 5-7. The density of 
activated microglia correlates with both the duration of epilepsy and the seizure frequency 
of these patients [108, 109] demonstrating their role in epileptogenetic mechanisms. The 
role of activated microglia in the development of behavioral and/or cognitive dysfunctions 
[320], awaits further investigation.
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Despite evidence of activation of immune and inflammatory reactions in focal MCDs, the 
development of therapies is complicated since, in addition to the direct detrimental effects, 
inflammatory mediators have beneficial neuroprotective effects in the long-term repair and 
recovery [79, 180, 219, 270, 271]. Possible treatment strategies might include administration 
of inhibitors of the produced inflammatory mediators presented in this thesis, such as IL-1Ra 
and complement inhibitors [79]. Promising opportunities are given by IL-1Ra, since IL-1Ra is 
well tolerated in humans [525] and beneficial effects of IL-1Ra have been demonstrated in 
acute brain disorders such as stroke [79, 526]. Caution is needed by the use of complement 
inhibitors in the developing brain as the complement factors C1q and C3 have also non-
immune functions and are critically involved in synapse elimination during development 
[527]. Failure of synapse elimination during development results in enhanced excitatory 
synaptic connectivity which generates spontaneous seizures in C1q knock-out mice [528] 
indicating that C1q is necessary to stabilize the synaptic network. It has been suggested 
that this mechanism of synapse elimination is reactivated by reactive astrocytes in brain 
injury [527] and possibly also in focal epilepsies as reactive astrocytes and C1q and C3 were 
observed in temporal lobe epilepsy associated with hippocampal sclerosis [189] and focal 
MCDs (chapters 5-7). Synapse elimination may play a role in synaptic loss and establishment 
of an aberrant network contributing to epileptogenesis, indicating that in the mature brain 
complement inhibitors can have beneficial effects. Disruption of the leukocyte-endothelial 
interactions at the BBB represents an additional therapeutic target with promising results in 
an animal model of epilepsy [418]. Nevertheless, the dual or multiple effects of inflammatory 
mediators and their non-immune functions in the CNS have to be explored carefully and 
taken into account before successful antiepileptic therapeutic strategies can be developed. 

GABA AND GLUTAMATE SIGNALING IN MCDS

Both the neurotransmitters GABA and glutamate regulate neuronal excitability and various 
antiepileptic drugs (AEDs) are based on either enhancing inhibitory GABAergic effects or 
reducing excitatory glutamatergic effects [529]. During development, however, GABA has an 
excitatory effect. Activation of GABAA receptors in immature neurons triggers depolarization 
of the cell membrane due to a high intracellular chloride (Cl-) content [438, 530]. GABAergic 
actions become inhibitory by lowering the intracellular chloride content via increased K+-Cl-

-cotransporter (KCC2) and decreased Na+-K+-2Cl--cotransporter (NKCC1) expression during 
the first year of life [442, 449]. Focal MCDs show an immature expression pattern of NKCC1 
and KCC2 (chapter 8), suggesting that GABA agonists triggers depolarization and cannot 
reduce seizures. Functional effects cannot be concluded from this immunocytochemical 
study, however, an NKCC1 inhibitor, like the diuretic bumetanide, may have more potential 
therapeutic effects in focal MCDs than GABA agonists. Accordingly, blocking NKCC1 with 
bumetanide has been proposed as anticonvulsant strategy to treat neonatal seizures [530], 
though some caution is needed as diverse effects of bumatenide on epileptic activity has 
been reported in different experimental models of epilepsy [531, 532].
Neuronal group I metabotropic glutamate receptors (mGluR1 and -5) generally mediate 
postsynaptic excitation, while group II (mGluR2 and -3) and III (mGluR4, -6, -7, and -8) 
receptors have presynaptic inhibitory effects [465, 466]. Therefore, the prominent neuronal 
expression of group I metabotropic glutamate receptors in focal MCDs (chapter 9, [27, 113, 



177

General discussion

10

115]) together with the relatively low expression of group II and III mGluRs represent a 
critical factor in the epileptogenicity of these lesions. Several studies indicate a role for these 
receptors in epileptogenesis and suggest that mGluR subtypes are significant molecular 
targets for treatment of epilepsy [466, 468]. In particular activation of group II and III mGluR 
has been shown to have anticonvulsant effects, as opposed to the convulsant action of group 
I mGuRs reported in a variety of experimental models [468]. In addition to epileptogenesis, 
group I mGluRs also mediate several processes in brain development (synaptogenesis, 
and proliferation, differentiation and survival of neural precursors) and aberrant signaling 
via particularly mGluR5 have been implicated in neurodevelopmental disorders [469]. An 
example is given by the Fragile X syndrome (FRAX) in which enhanced mGluR5 signaling 
induces synaptic dysfunction which account for the diverse neurological and psychiatric 
symptoms (including mental retardation, autism and seizures; [533]). Negative modulators 
of mGluR5 have been shown to reverse multiple phenotypes in both mouse and drosophila 
models of FRAX [497, 534] and has already resulted in the first clinical trial with the mGluR5 
antagonist fenobam in 12 FRAX patients [535]. A single dose of fenobam had promising 
results with no significant adverse effects, which set the stage for more extensive clinical 
trials and further research to therapeutic implications of group I mGluR antagonists. 
To summarize, focal MCDs caused by abnormal proliferation of neural precursor cells share 
similar molecular alterations potentially contributing to their epileptogenesis (Fig. 2). 
Additionally, alterations at the circuit level in the focal lesion themselves, the surrounding 
perilesional regions or even throughout the whole brain can contribute to initiation and 
propagation of seizures associated with focal MCD.

Figure 2. Alterations at both the cellular/molecular level and the circuit level in the focal lesion, the perilesional 
region and the global network throughout the brain potentially contribute to their associated epileptic activity.
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CONCLUSIONS AND FURTHER PERSPECTIVES

Studying the molecular alterations in focal MCDs has revealed novel insights in both 
the pathogenetic and epileptogenetic mechanisms in these developmental lesions 
associated with intractable epilepsy. A better understanding of these mechanisms 
is critical in the development of more effective treatment strategies; nevertheless, 
functional studies in either in vivo or in vitro models are clearly necessary to support 
our findings and to further elucidate the clinical relevance of these findings. 
The surgical specimens used in our experiments are generally obtained at advanced 
or even final stages of the development of epilepsy and for obvious reasons the 
preceding period cannot be studied in human material. Though, the understanding 
of these mechanisms involved in the development of chronic epilepsy have high 
priority, as early intervention prevents further progression of epilepsy and may 
prevent surgery. The currently available animal models of epilepsy contribute 
significantly to our understanding of cortical development and epileptogenesis 
[536-538]. None of them fully reproduce the characteristic features of focal MCDs 
and the development of animal models that do reproduce the human pathology 
and epileptogenicity will help to further elucidate critical mechanism in focal MCDs 
and possibly link in vitro observations to therapeutic implications. In addition to 
studying the molecular alterations involved in the pathogenesis and epileptogenesis 
of focal MCDs, it is also worthwhile to use or improve current imaging techniques to 
recognize early circuitry alterations associated with epileptogenesis. 
In the epilepsy surgery programs, the removed tissue is in general sequentially fixed 
in formalin, embedded in paraffin and used for histological and immunocytochemical 
reactions to set the diagnosis. Unfortunately, this fixed material is unsuitable for 
electrophysiological or gene expression studies, as fresh or freshly frozen material 
is needed. Nevertheless, the removed material is very valuable and can be used 
to study the pathogenetic and epileptogenetic mechanisms with various research 
techniques (Fig. 3). Therefore, improved communication and collaboration between 
different clinical disciplines and basic researchers will provide novel opportunities 
to shed new light on developmental disorders associated with epilepsy, improving 
their clinical/pathological classification and, more important, recognizing new 
potential therapeutic options.
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Figure 3. Workflow to study underlying pathogenetic and epileptogenic mechanisms in focal MCDs.
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SUMMARY

Epilepsy is a common chronic neurological disorder which affects approximately 1% of 
the human population worldwide. Malformations of cortical development (MCDs) are a 
recognized cause of symptomatic epilepsy in children and young adults. Despite the fact 
that polytherapy and surgical resection improves seizure control in a limited number of 
patients, epilepsy associated with focal MCDs is particularly difficult to manage. Chronic 
epilepsy has deleterious effects on the central nervous system, especially in the case of a 
developing child, and has a significant emotional and psychological impact on the child and 
family. To develop novel, more effective treatment strategies, a better understanding of 
the underlying mechanisms involved in both the pathogenesis and epileptogenesis of these 
developmental disorders is needed. The availability of clinically and histopathologically well-
characterized human tissue specimens obtained at surgery or autopsy offers the opportunity 
to study a variety of focal MCDs, using both immunocytochemical and molecular biological 
techniques as described in this thesis.

The studied subgroup of MCDs are classified as proliferation disorders with abnormal cell 
types including the cortical tubers of the tuberous sclerosis complex (TSC), focal cortical 
dysplasia with balloon cells (FCD type IIB), hemimegalencephaly (HMEG) and glioneuronal 
tumors (ganglioglioma (GG) and dysembryoplastic neuroepithelial tumor (DNT)). These 
focal glioneuronal lesions share histological similarities such as cortical dislamination and 
aberrantly shaped neuronal and glial cells, which might suggest common pathogenetic and 
epileptogenetic mechanisms as well (chapter 1). Of these focal malformations, functional 
gene mutations have only been reported for TSC, which is an autosomal dominant 
disorder resulting from mutations in either the TSC1 or TSC2 gene. The gene products TSC1 
(hamartin) and TSC2 (tuberin) form a complex that inhibits the phosphatidylinositol-3 kinase 
- mammalian target of rapamycin (Pi3K-mTOR) signaling pathway, thereby regulating cell 
size and proliferation. Loss of function of this TSC1-TSC2 complex hyperactivates mTOR and 
downstream signaling (e.g. phosphorylation of the ribosomal S6 protein), likely contributing 
to the abnormal enlargement of cells. Activated pathway components downstream of mTOR 
are also expressed in FCDIIB and HMEG and in chapter 2 several activated components of 
the Pi3K-mTOR signaling pathway were detected in GG, which were absent in DNT. These 
observations support a pathogenetic relationship of TSC, FCDIIB and GG, though, the Pi3K-
mTOR signaling pathway is differentially regulated in the different malformations.

Epileptogenesis, the process by which a normal brain develops epilepsy, is poorly understood 
in focal MCDs. Increasing evidence obtained from various experimental models of epilepsy 
indicates that immune and inflammatory reactions are activated by seizures and that 
the produced inflammatory mediators contribute to seizure generation. In chapter 3 an 
increased expression of the vascular endothelial growth factor (VEGF) proteins and their 
signaling receptors was demonstrated in FCDIIB. VEGF has direct trophic effects on neurons 
and has also been identified as inflammatory mediator in the brain. In chapter 4, increased 
expression of the cytokine interleukin (IL)-1β and its signaling receptor IL-1R1 was observed 
in FCDIIB, GG and DNT. IL-1β signaling is modulated by the ‘decoy’ receptor IL-1RII, lacking an 
intracellular receptor domain, and the competitive antagonist of IL-1β at the IL-1RI receptor, 
IL-1Ra. The expression of IL-1RII and IL-1Ra was relatively scarce compared to the expression 
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levels of IL-1β and IL-1RI, suggesting that pivotal mechanisms apt to rapidly terminate 
inflammatory actions of IL-1β are lacking in these lesions. Further evidence of activation of 
immune and inflammatory reactions in focal MCDs is given in chapter 5, in which increased 
expression of markers of both the innate and adaptive immune response was observed 
in cortical tubers and subependymal giant cell tumors (SGCTs) in TSC patients. Activated 
microglia (the major cytokine producers in the CNS) were prominently present in TSC, 
which is in line with previous observations in FCDIIB, GG and DNT. The density of activated 
microglia correlates with the seizure frequency, demonstrating their role in epileptogenetic 
mechanisms. Inflammatory mediators, including complement factors, VEGF and IL-1β can 
increase the blood-brain barrier permeability which contributes to seizure generation 
by extravasation of serum albumin, promoting chronic neuronal hyperexcitability, or by 
facilitating the entry of leukocytes enhancing the inflammatory response (chapter 5).

Gene expression profiling was performed in GG (chapter 6) and TSC cortical tuber specimens 
(chapter 7) to identify differentially regulated processes in these focal lesions. The immune 
and inflammatory responses were most prominently expressed in GG (chapter 6), with 
high expression levels of genes associated with the complement pathway compared to 
autopsy controls. Increased expression was also observed for genes involved in cell 
adhesion and proliferation processes. Reduced expression levels compared to autopsy 
controls were observed for genes associated with synaptic transmission, including GABA 
receptor signaling. In cortical tubers (chapter 7), comparable processes were differentially 
regulated with increased expression levels of genes associated with cell adhesion and the 
inflammatory response compared to autopsy controls. Reduced expression was observed for 
genes associated with synaptic transmission. Studying the expression profile in perituberal 
regions in TSC revealed a distinct genetic profile, suggesting that even in the absence of 
tissue pathology the transcriptome is altered in TSC. Changes in gene expression yielded 
insights into new candidate genes that may contribute to the pathogenesis or seizure onset 
in these lesions. 

A general mechanism contributing to epileptogenesis is the disturbance of the balance 
between neuronal excitation and inhibition, mediated by the excitatory neurotransmitter 
glutamate and the inhibitory neurotransmitter GABA (γ-amino-butyric acid). In the 
immature brain GABA has excitatory effects due to the high intracellular neuronal chloride 
content established by the chloride transporters NKCC1 (Na+-K+-2Cl--cotransporter) and 
KCC2 (K+-Cl--cotransporter). Studying the expression patterns of these chloride transporters 
in FCDIIB, HMEG and GG (chapter 8) revealed high expression of NKCC1 combined with 
a relatively low expression of KCC2 resembling the expression patterns in the immature 
brain. These findings support the general concept that focal MCDs may retain an immature, 
hyperexcitable developmental state.

In chapter 9, the expression and cell-specific distribution of metabotropic glutamate 
receptors (mGluRs) was investigated in both cortical tubers and SGCTs from TSC patients. 
The observed prominent neuronal expression of group I mGluRs (mGluR1 and mGluR5) is in 
line with previous observations in other focal MCDs, supporting the hypothesis that these 
lesions share common cellular phenotypes and possible epileptogenetic mechanisms. Group 
I mGluRs mediate excitation, whereas group II (mGluR2 and -3) and III (mGluR4, -6, -7, and 
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-8), relatively low expressed in TSC compared to the group I mGluRs, has inhibitory effects. 
The disturbed expression of metabotropic glutamate receptors in TSC likely contributes to 
seizure generation in these lesions. 

Taken together, studying the molecular alterations in focal MCDs has revealed novel insights 
in both the pathogenetic and epileptogenetic mechanisms in these developmental lesions 
associated with intractable epilepsy. A better understanding of these mechanisms is critical 
in the development of more effective treatment strategies; nevertheless, functional studies 
in either in vivo or in vitro models are clearly necessary to support our findings and to further 
elucidate the clinical relevance of these findings. 
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SAMENVATTING

Epilepsie is een chronische neurologische aandoening, die ongeveer 1% van de 
wereldbevolking treft. Corticale glioneuronale ontwikkelingsstoornissen zijn een bekende 
oorzaak van symptomatische epilepsie bij kinderen en jong volwassen. Ondanks het feit dat 
behandeling met meerdere anti-epileptica en het verwijderen van het epileptisch actieve 
gebied het aantal aanvallen verminderd in een selectieve groep patiënten, is de epilepsie 
geassocieerd met deze ontwikkelingsstoornissen zeer moeilijk te behandelen. Chronische 
epilepsie heeft schadelijke gevolgen voor het centrale zenuwstelsel, vooral in het geval van 
een kind in ontwikkeling, en heeft een aanzienlijke emotionele en psychologische impact 
op het kind en de familie. Om nieuwe, effectievere behandelingsstrategieën te kunnen 
ontwikkelen is meer kennis van de onderliggende mechanismen, die betrokken zijn bij zowel 
de pathogenese als de epileptogenese van deze ontwikkelingsstoornissen, van groot belang. 
Klinisch en histopathologisch goed gekarakteriseerd materiaal, verkregen bij een chirurgische 
ingreep of bij sectie na overlijden, biedt de mogelijkheid om deze ontwikkelingsstoornissen 
te onderzoeken met bijvoorbeeld immuunhistochemie en andere moleculair biologische 
technieken zoals beschreven in dit proefschrift. 

De bestudeerde corticale glioneuronale ontwikkelingsstoornissen zijn geclassificeerd 
als proliferatiestoornissen met abnormale celtypen en bestaan uit corticale tubers in 
tubereuze sclerose complex (TSC), focale corticale dysplasie met ‘balloncellen’ (FCD type 
IIB), hemimegalencefalie (HMEG) en glioneuronale tumoren (ganglioglioma (GG) en de 
dysembryoplastische neuroepitheliale tumor (DNT)). Deze lokale glioneuronale afwijkingen 
hebben verschillenden histologische kenmerken gemeen, zoals dislaminatie van de cortex en 
de aanwezigheid van abnormaal gevormde neuronale en gliale cellen, en hebben daardoor 
mogelijk ook overeenkomsten in de pathogenese en epileptogenese (hoofdstuk 1). TSC, 
een autosomaal dominant erfelijke aandoening veroorzaakt door een mutatie in het TSC1 
of het TSC2 gen, is van deze groep ontwikkelingsstoornissen de enige waarvoor functionele 
genmutaties gevonden zijn. De genproducten TSC1 (hamartine) en TSC2 (tuberine) vormen 
een eiwitcomplex dat de phosphatidylinositol-3 kinase - mammalian target of rapamycin 
(Pi3K-mTOR) signaleringsroute remt, waardoor celgrootte en proliferatie gereguleerd 
wordt. In het geval dat dit eiwitcomplex zijn functie verliest, zoals in patiënten met TSC, 
wordt mTOR overmatig geactiveerd. Dit leidt tot activatie van andere eiwitten (bijvoorbeeld 
fosforylatie van het ribosomale S6 eiwit), wat waarschijnlijk bijdraagt aan de waargenomen 
abnormale celvergroting. Eiwitten geactiveerd door mTOR komen ook tot expressie in FCDIIB 
en HMEG. In hoofdstuk 2 werd duidelijk dat verschillende geactiveerde eiwitten van de 
Pi3K-mTOR signaleringsroute ook aanwezig zijn in GG, maar niet in DNT. Deze bevindingen 
benadrukken een pathogenetische relatie tussen TSC, FCDIIB en GG; echter de Pi3K-mTOR 
signaleringsroute wordt anders gereguleerd in de verschillende ontwikkelingsstoornissen. 

De epileptogenese van glioneuronale ontwikkelingsstoornissen, het proces waarbij de 
anders normale hersenen epilepsie ontwikkelen, is grotendeels onbekend. In toenemende 
mate is in verschillende experimentele modellen van epilepsie bewezen dat immuun- en 
ontstekingsreacties geactiveerd worden door epileptische aanvallen en dat de geproduceerde 
ontstekingmoleculen een bijdrage leveren aan het ontstaan van aanvallen. In hoofdstuk 
3 werd een verhoogde expressie van de vasculaire endotheliale groeifactoren (VEGFs) en 
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de bijbehorende signaleringsreceptoren aangetoond in FCDIIB. VEGF beschermt neuronen 
tegen geprogrammeerde celdood en is ook geïdentificeerd als ontstekingsmolecuul in de 
hersenen. In hoofdstuk 4 werd een verhoogde expressie van de cytokine interleukine (IL)-
1β en de bijbehorende signaleringsreceptor, IL-1RI, gevonden in FCDIIB, GG en DNT. IL-1β 
signalering wordt gereguleerd door de ‘afleiding’ receptor IL-1RII, die een intracellulair 
signaleringsdomein mist, en IL-1Ra, de antagonist van IL-1β die ook aan de receptor IL-1RI 
kan binden. De expressie van IL-1RII en IL-1Ra was in vergelijking met de expressie van IL-1β 
en IL-1RI vrij sporadisch, wat de suggestie wekt dat de mechanismen die normaal gesproken 
de acties van IL-1β remmen ontbreken in deze ontwikkelingsstoornissen. 

Meer bewijs voor de activatie van immuun- en ontstekingsreacties staat beschreven 
in hoofdstuk 5, waarin een verhoogde expressie van zowel eiwitten behorende bij de 
aangeboren, niet-specifieke immuunreactie als de specifieke immuunreactie aangetoond 
werd in corticale tubers en subependymale reuscelastrocytomen in patiënten met TSC. 
Geactiveerde microglia (de belangrijkste cytokinebronnen in het centrale zenuwstelsel) 
waren prominent aanwezig in TSC, wat overeenkomt met eerdere bevindingen in FCDIIB, GG 
en DNT. De dichtheid van de geactiveerde microglia correleert met de aanvalsfrequentie, 
wat hun rol in epilepsie aantoont. Ontstekingsmoleculen, zoals complement factoren, 
VEGF en IL-1β, kunnen de doorlaatbaarheid van de bloed-hersenbarrière vergroten. Dit kan 
bijdragen aan de ontwikkeling van epileptische aanvallen door ten eerste de extravasatie 
van het serumeiwit albumine, wat neuronale hyperexcitabiliteit stimuleert, en ten tweede 
door het makkelijker binnendringen van leukocyten, die de ontstekingsreactie versterken 
(hoofdstuk 5).

Het genexpressieprofiel van GG (hoofdstuk 6) en corticale tubers van TSC (hoofdstuk 7) werd 
in kaart gebracht om processen die anders gereguleerd worden te kunnen identificeren. Het 
meest opvallend in GG (hoofdstuk 6) was de, in vergelijking met controlemateriaal verkregen 
bij sectie, verhoogde expressie van genen gerelateerd aan immuun- en ontstekingsreacties, 
met hoge expressie van de complementfactoren. Verhoogde expressie werd ook waargenomen 
voor genen geassocieerd met celadhesie- en proliferatieprocessen. Een verlaagde expressie 
werd waargenomen voor genen geassocieerd met synaptische transmissie, zoals GABA 
receptor signalering. In de corticale tubers (hoofdstuk 7) werden vergelijkbare processen 
anders gereguleerd met een verhoogde expressie van genen geassocieerd met celadhesie 
en ontstekingsreacties; weer in vergelijking met controlemateriaal verkregen bij sectie. 
Verlaagde expressie werd waargenomen voor genen geassocieerd met synaptische 
transmissie. Het perituberale weefsel liet een eigen genexpressieprofiel zien (anders dan de 
corticale tubers of het controlemateriaal) wat suggereert dat het transcriptoom veranderd is 
in TSC zelfs in afwezigheid van pathologische veranderingen. Veranderingen in genexpressie 
geven nieuwe suggesties voor genen die mogelijk betrokken zijn bij de pathogenese of het 
ontstaan van aanvallen in deze ontwikkelingsstoornissen.

Algemeen genomen geldt dat een verstoorde balans tussen neuronale excitatie en 
inhibitie, gereguleerd door de excitatoire neurotransmitter glutamaat en de inhibitoire 
neurotransmitter GABA (γ-amino-butyric acid), bijdraagt aan de ontwikkeling van epilepsie. 
Door de hoge neuronale intracellulaire chlorideconcentratie tijdens de ontwikkeling van 
de hersenen, die gereguleerd wordt door de chloridetransporters NKCC1 (Na+-K+-2Cl--



188

                                   
cotransporter) en KCC2 (K+-Cl--cotransporter), heeft GABA echter een excitatoir effect. 
In hoofdstuk 8 werd het expressieprofiel van deze chloridetransporters onderzocht in 
FCDIIB, HMEG en GG. De waargenomen hoge expressie van NKCC1 gecombineerd met 
de relatief lage expressie van KCC2 komt overeen met het expressieprofiel van hersenen 
in ontwikkeling. Deze observaties versterken de hypothese dat de lokale glioneuronale 
ontwikkelingsstoornissen een hyperexcitabele conditie, overeenkomend met de situatie 
vroeg tijdens ontwikkeling, behouden.

In hoofdstuk 9 werd de expressie en celspecifieke verdeling van de metabotrope 
glutamaatreceptoren (mGluRs) onderzocht in zowel de corticale tubers als de subependymale 
reuscelastrocytomen in patiënten met TSC. De waargenomen sterke neuronale expressie van 
de groep I mGluRs (mGluR1 en mGluR5) komt overeen met eerdere bevindingen in andere 
glioneuronale ontwikkelingsstoornissen. Dit versterkt de hypothese dat deze aandoeningen 
vergelijkbare cellulaire fenotypes hebben en daardoor mogelijk ook overeenkomsten 
vertonen in de ontwikkeling van epilepsie. Groep I mGluRs reguleren excitatie, terwijl groep 
II (mGluR2 en -3) en III (mGluR4, -6, -7, -8), die in vergelijking met de groep I mGluRs relatief 
laag tot expressie kwamen in TSC, inhibitoire effecten hebben. De verstoorde expressie van 
mGluRs in TSC dragen zeer waarschijnlijk bij aan de ontwikkeling van epilepsie. 

Samenvattend heeft het bestuderen van de moleculaire veranderingen in deze lokale 
glioneuronale ontwikkelingsstoornissen, zoals beschreven in dit proefschrift, tot 
nieuwe inzichten geleid in zowel de pathogenese als de epileptogenese van deze 
ontwikkelingsstoornissen geassocieerd met epilepsie. Het begrijpen van deze mechanismen 
is van cruciaal belang om effectievere behandelingsstrategieën te kunnen ontwikkelen. 
Desondanks zijn er op dit moment eerst functionele studies in in vivo en in vitro modellen 
nodig om onze bevindingen te onderbouwen en om de klinische relevantie in kaart te 
brengen.
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Supplement – Chapter 1

Serial analysis of gene expression (SAGE) is a technique that allows the quantitative and 
simultaneous analysis of a large number of transcripts, enabling a global view on the gene 
expression profile (Fig. 1; [1]). The SAGE technique is based on two major principles. First, 
short DNA sequences, 10-17 basepairs in length called “tags”, are sufficient to identify 
individual transcripts derived from transcribed genes. Second, ligating the tags together, 
called “concatenation”, enables efficient sequencing of the tags. In this way thousands of 
such SAGE tags can be generated. Two other major advantages of SAGE are: 1) sequence-
dependent in gene identification; 2) an open system-based gene screening procedure, 
capable to identify both known and novel gene transcripts. Since its introduction in 1995, 
a number of SAGE-related articles have been published which have demonstrated the 
enormous potential of SAGE to detect changes in expression levels of large numbers of 
genes simultaneously under different biological contexts (for reviews see [2-5]).

Figure 1. Basic principles of Serial Analysis of 
Gene Expression (SAGE)
1. cDNA synthesis, immobilized to  
streptavidin beads
2. Restrict cDNA with anchoring enzyme (AE) 
leaving a GTAC sequence that is ligated to either 
linker A or B.
3. Restriction with tagging enzyme (TE) generating 
tags (10 or 17 bp) that are ligated together to form 
ditags.
4. PCR amplification and restriction with AE again.
5. Linking of ditags (concatenation) producing a 
long string of tags that is cloned in bacteria.
6. Sequencing and quantification of tags reveals 
the gene expression profile.
Adapted from [6].
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Supplement – Chapter 7

Validation of the microarray results
Quantitative real-time PCR
Five micrograms of total RNA were reverse-transcribed into cDNA using 125 pmol/l 2-base 
anchored oligo dT primers (5′(dT)14-d(A/G/C)-d(A/G/C/T); Amersham Biosciences Europe, 
The Netherlands). Reverse transcription was performed in 50 μl. Five nanomoles of oligo dT 
primers were annealed to 5 μg total RNA (20 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 inhibitor (Roche Applied Science, Indianapolis, IN, USA) and 400 U M-MLV reverse 
transcriptase (Invitrogen–Life Technologies). The total reaction mix (50 μl) was incubated at 
37 °C for 60 min, heated to 95 °C for 10 min and stored at −20 °C until use. Primers (Eurogentec, 
The Netherlands) for quantitative real-time PCR were designed based on the reported cDNA 
sequences using the Universal ProbeLibrary of Roche (https://www.roche-applied-science.
com) and are listed in Table 1. For each PCR, a master mix was prepared on ice, containing: 
1 μl cDNA, 2.5 μl of SYBR Green reaction mix (LightCycler® 480 SYBR Green I Master; Roche 
Applied Science), 2 µl H2O (PCR grade) and 0.5 μM of both reverse and forward primers 
per sample. The LightCycler® 480 Real-Time PCR System (Roche Applied Science) was used 
with a 384-mulitwell plate format with the following cycling conditions: initial denaturation 
at 95 °C for 5 min, 40 cycles of denaturation at 95 °C for 15 s, annealing at 58–60 °C for 5 s 
(see Table S-I) and extension at 72 °C for 10 s. Fluorescent product was measured in single 
acquisition mode at 72 °C at the end of 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. 

Table SI. List of primers used for quantitative real-time PCR

Quantification was performed using the computer program LinRegPCR in which linear 
regression on the Log (fluorescence) per cycle number data was used to determine the 
amplification efficiency per sample [1]. The mean efficiency per primer set and the individual 
Ct values were then used to estimate the starting concentration per sample [2]. The starting 
concentration of each specific product was divided by the starting concentration of human 
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TATA-binding protein (TBP) for each sample to correct for sampling error. The resulting 
relative concentrations were normalized with respect to control samples. Data were 
analyzed with Graphpad Prism and a value of p < 0.05 was considered statistically significant 
(Student’s t-test).

Tissue preparation and immunocytochemistry
Formalin fixed, paraffin embedded tissue was sectioned at 6 µm, mounted on organosilane-
coated slides (SIGMA, St. Louis, MO) and used for hematoxylin eosin (HE) staining, Luxol-
PAS staining and immunocytochemical reactions. To document the cellular composition 
of the tissue samples we used antibodies specific for glial fibrillary acidic protein (GFAP; 
polyclonal rabbit, DAKO, Glostrup, Denmark; 1:4000), vimentin (mouse clone V9, DAKO; 
1:1000), neuronal nuclear protein (NeuN; mouse clone MAB377, Chemicon, Temecula, 
CA, USA; 1:2000), non- phosphorylated neurofilament (NF; SMI311; Sternberger 
monoclonals, Lutherville, MD; 1:1000) and human leukocyte antigen (HLA)-DP, -DQ, -DR 
(mouse clone Cr3/43; DAKO; 1:400). To investigate the activation of mTOR-signaling we 
used a phospho-S6 ribosomal protein antibody [3] (Ser235/236; pS6; polyclonal rabbit, 
Cell Signaling Technology, Beverly, MA, USA; 1:50). For validation of the microarray results 
we used the following antibodies: MCP-1 (MCP-1/CCL2; monoclonal mouse, R&D Systems, 
Minneapolis, MN, USA; 1:10), Integrin β1 (mouse clone 4B7R, Abcam; 1:20) and SerpinA3 
(α-1-Anti-Chymo-Trypsin (ACT); polyclonal rabbit; DAKO, 1:20,000). Paraffin-embedded 
sections were deparaffinized, re-hydrated, and incubated for 20 min in 0.3% H2O2 diluted 
in methanol to quench endogenous peroxidase activity. Antigen retrieval was performed 
by incubation for 10 min at 121 °C in citrate buffer (0.01 M, pH 6.0) for MCP-1 or Tris-EDTA 
(pH 9.0) for SerpinA3 or in 0.25% pepsin in 0.01 M HCl for 10 min at 37 °C for Integrin 
β1. Sections were washed with phosphate-buffered saline (PBS), and blocked for 30 min in 
10% normal goat serum (Harlan Sera-Lab, Loughborough, Leicestershire, UK) for SerpinA3 
or 5 min in UltraV Block (LabVision, Fremont, CA, USA) for MCP-1 and Integrin β1. Sections 
were incubated with primary antibodies overnight at 4 °C. After washes in PBS, we used the 
ready-for-use Powervision peroxidase system (Immunologic, Duiven, The Netherlands) or a 
biotin-labeled secondary antibody followed by the HRP-labeled StreptAB-Complex (DAKO). 
3,3’-Diaminobenzidine (DAB; Sigma or PowerDAB; Immunologic) was used as chromogen. 
Sections were counterstained with hematoxylin, dehydrated and coverslipped. Sections 
incubated without the primary antibody were blank.
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