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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 



95

Gene expression in gangliogliomas

6

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 



111

Gene expression in gangliogliomas

6

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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