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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. 
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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, 
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-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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