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Abstract 12 

Background: 13 

Gene expression in the context of epilepsy syndromes has been studied in a variety of 14 

animal epilepsy models and in human patient samples. Joint analyses of this diverse 15 

range of data and the integration of transcriptomics with genetic data may identify 16 

genes involved across syndromes. These shared genes and processes present the 17 

opportunity to classify a core set of molecular pathways relevant to epileptogenesis. 18 

Methods: 19 

Here we performed a comparative analyses of organismal models covering major 20 

induction mechanisms, sequencing technologies and animal systems to identify genes 21 

common to the two principal syndrome categories of generalized and focal epilepsies, 22 

which represent distinct pathophysiological mechanisms of seizure initiation and 23 

development. We integrated the differentially expressed genes with genome-wide 24 

association studies to identify representative models, deregulated genes across 25 

epilepsy models and associations with other diseases. 26 

Results: 27 

Models for generalised epilepsies show fewer genes are differentially expressed than 28 

those for focal epilepsies. We found no overlap across all models but a group of 25 29 

genes were detected across all focal models. Of these LRRC8B encodes a 30 

gliotransmitter previously not implicated in epileptogenesis. Integration with human 31 

genetic data highlights two models to be particularly representative for genetic 32 
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generalised epilepsy. We also demonstrate the previously recognized relation with 1 

cancers across the majority of the focal models in contrast to the generalised models. 2 

Conclusions: 3 

We suggest LRRC8B as a new gene involved in the epileptogenesis of focal seizures. Our 4 

analyses highlights pathways of particular relevance in the molecular biology of 5 

epilepsy and underscores the need for further development of generalised models. 6 

Keywords: 7 

Focal epilepsy, generalised epilepsy, exploratory analysis, omics data integration, gene 8 

level analysis, epileptogenesis. 9 

Background 10 

Epilepsy is a group of chronic neurological conditions characterized by spontaneous 11 

seizures that affect millions of people [1]. The primary classification of seizures 12 

distinguishes focal seizures that have a local region of origin, from generalised seizures 13 

that emerge from the cortex as a whole. The diagnosis of a particular epileptic 14 

syndrome relies on the specific seizure semiology, epileptic discharges in the 15 

electroencephalogram (EEG) and imaging using MRI[2], with focal and generalised 16 

onset being used as the primary distinction of syndromes. 17 

Many generalised and some focal epilepsy types are known to be inherited and many 18 

genes harboring causal variants have been identified [3]. The number of genes 19 

associated with epilepsy ranges between 84 and 977, depending on the stringency of 20 

the association and definition of epilepsy[4]. 21 

Genome-wide association studies (GWAS) have also identified epilepsy-specific genes 22 

[5] and their responses to several antiepileptic drugs[6]. The mere relation of a gene and 23 

a trait through genetics is insufficient to establish the implication of the gene in the 24 

disease development. Therefore, current GWAS evaluate their results using 25 

transcriptomics data as well as other functional information[7]. 26 

The study of rare variants through sequencing allows for the identification of the origin 27 

of a mutation [8–11]. For some genes, e.g. the sodium channel 1A (SCN1A), its role in 28 

Dravet syndrome (an epileptic encephalopathy) has been well established [12] through 29 

CRISPR/Cas9 mutagenesis; for most genes however, we do not have a good 30 

understanding of why a particular genetic variant results in seizures. Larger studies on 31 

rare variants were able to implicate only particular groups of genes such as those in the 32 

GABAA receptors pathways [13, 14] or those identified through transcriptomics studies 33 

[15]. 34 
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The relationship between gene and environment over time leading to the establishment 1 

of the condition of chronic seizures in the brain is collectively called epileptogenesis. 2 

Such process poses as an intervention target to block seizure onset. For most genes or 3 

conditions however, we do not have a deep understanding of the these processes [16, 4 

17] but transcriptomics rise as a key tool for epileptogenesis’ research. 5 

Research investigating epileptogenesis in primary human brain tissue is naturally 6 

limited and dependent on availability of materials after surgery on people with 7 

treatment-resistant focal epilepsy [18] or postmortem tissue[19]. Thus, genome-wide 8 

RNA expression on animal models are a current standard to study epileptogenesis and 9 

many models have been established over time [20–23]. 10 

Transcriptomics studies for various models have been conducted individually but a 11 

comprehensive study combining the different animal models and technologies is yet to 12 

be carried out. Integration of data sets from different epilepsy backgrounds highlights in 13 

particular the genes common to all models across the phenotypic spectrum. Using 14 

information from a combination of animal models and genetic data may lead to the 15 

identification of genes that are deregulated in more than one epilepsy forms. 16 

 

Figure 1: Study design. Datasets were collected from various animals models and 
transcriptomic technologies. Normalization of raw data were performed according to 
each models instructions and differential expression was calculated by a uniform 
method. GWAS data was integrated with orthology mapped DEGs to identify the gene-
sets. Fuzzy clustering of the significant gene-sets was performed to identify modules 
from the protein-protein interaction networks. 
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In the present study, we compare epileptogenesis data sets from animal models and 1 

transcriptomic studies to assess their commonalities and identify genes from the 2 

intersection. We complement the transcriptomics results with GWAS data to 3 

characterize epilepsy-associated gene sets and further examined whether different 4 

parts of the brain are more susceptible to epileptogenic processes [24, 25] (see 5 

Figure 1). For simplicity, we refer hereafter to the transcriptomics data sets as models 6 

and to protein and RNA products of genes as genes. 7 

We compare the enrichment of Gene Ontology and Disease Ontology terms in the 8 

models to characterize them. Multidimensional scaling allows us to interpret the 9 

similarity of the models with respect to key influences such as syndrome type, 10 

induction method and animal model. 11 

Methods 12 

Transcriptomic and genetic models 13 

We surveyed the literature for transcriptomic studies of epileptogenesis from the Gene 14 

Expression Omnibus (GEO) with the keywords “epileptogenesis”, “transcriptomics”, 15 

“RNA-seq” and “sc-RNA-seq” since “year 2017”. Some data were requested and 16 

received from external authors [12, 18, 26, 27]. 17 

For the genetic data, summary statistics were obtained from the latest GWAS release 18 

[28] and the two major phenotype categories “genetic generalised epilepsy” and “focal 19 

epilepsy” [28] were considered for subsequent analysis. 20 

Multidimensional scaling 21 

We projected the high dimensional space spanned by the genes in the expression 22 

matrix into low dimensional space for visualizing the similarities of the models with 23 

multidimensional scaling (MDS). We calculated the similarity by euclidean distance of 24 

the genes by their fold-changes between seizure vs. control samples for each model, 25 

applying the cmdscale function in the stats package in R version 4.5.1 [29]. 26 

The models were grouped by seizure type, mechanism, model species and sequencing 27 

technologies. 28 

Correlation analyses 29 

Since the fold changes were not assumed to follow a normal distribution as they are 30 

from different technologies and models, pairwise correlations of gene expression 31 

changes were calculated using the non-parametric Spearman’s rank correlation 32 

function corr in R using the log2-fold changes in the genes. 33 
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Differential expression analyses and orthology mapping 1 

We received RNA-seq and scRNA-seq count data, as well as CEL files for microarray 2 

analyses. DEGs were identified using packages Limma[30] for microarrays and 3 

DESeq2[31] for RNA-Sequencing and single-cell RNA-Sequencing, respectively. Conos 4 

[32], a wrapper of DESeq2, was used to process the TLE-EX and TLE-IN samples as 5 

described in the original publication[18]. 6 

We computed differentially expressed genes (DEG) separately for each model and 7 

compared the models on the level of DEGs as this allowed the inclusion of models for 8 

which no raw data could be obtained. 9 

For sc-RNA-seq models, differential expression analysis contrasted cases and controls 10 

in bulk rather than by cell type to make sc-RNA-seq and RNA-seq results directly 11 

comparable, as cell type markers description are not available for bulk RNA-seq. The p-12 

values were adjusted using multiple testing correction by Benjamini and Hochberg and 13 

a threshold of 0.05 was considered as the false discovery rate (FDR) cutoff universally. 14 

Genes were considered as differentially expressed based on their adjusted p-value 15 

cutoff. 16 

PILO, KAI and SSSE models were processed for days 1, 3 and 10 post-induction 17 

separately (Table 1) and the combined unique number of genes has been reported for 18 

each dataset. For the PILO model, we followed the primary authors and removed 19 

samples that were identified as outliers by principal component analysis (PCA) [33]. 20 

Similarly, the samples from the SCN1A model [12] samples for days 4 and 7 post-21 

fertilization were processed separately and the total DEG count for both days were 22 

analyzed jointly. 23 

For the TLE-EX and TLE-IN models, DEGs were calculated on cases vs. controls of each 24 

dataset separately. Apart from this, TLE-EX and TLE-IN were treated as separate models 25 

throughout this study as they have different neuronal subtypes. Additionally, for TBI-CX 26 

and TBI-TH models, the DEG intersection is represented as a single dataset called TBI. 27 

Otherwise, these two subtypes are analyzed as separate models in this work. 28 

Genes from animal species were mapped to the human gene set with orthology 29 

information from the ENSEMBL database version(1.8) [34]. 30 

Enrichment analyses 31 

Disease ontology 32 

Disease Ontology (DO) terms associated most strongly with DEGs were calculated with 33 

the DOSE package [35]. 34 
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Gene ontology 1 

The GO terms were calculated on the basis of their DEGs for the BP (Biological 2 

Processes) component using the enrichGO function from the clusterProfiler [36] 3 

package in R. 4 

GWAS Integration 5 

MAGMA [25] version 1.10 was used to calculate significant gene-sets from the gene 6 

expression and GWAS summary statistics by testing the joint association of genes 7 

present against the association of genes absent in the gene set [25]. Common single 8 

nucleotide polymorphisms (SNPs) identified by the GWAS categories FE and GE 9 

respectively were mapped to the reference genome (GRCh37, annotation release 105) 10 

and annotated with the information of SNP locations to their corresponding gene 11 

locations. Next, a SNP-wise mean test was performed along with BED file information 12 

from the european subset of 1000 Genomes project (phase 3) used as a reference panel 13 

to estimate linkage disequilibrium (LD) between SNPs [38]. The test utilized SNP 14 

locations given by chromosome start and stop positions, number of SNPs on gene, 15 

measure of gene association ZSTAT and gene p-values. 16 

Tissue-level RNA expression 17 

Tissue and transcript-level expression for the Leucine-Rich Repeat Containing 8 18 

(LRRC8) gene family members (LRRC8A, LRRC8B, LRRC8C, LRRC8D, LRRC8E) were 19 

obtained from the Human Protein Atlas (HPA), version 24.0 Ensemble v109 20 

(v24.proteinatlas.org). Specifically, we accessed the RNA consensus data, which 21 

represents the maximum transcript expression levels for each gene across 50 different 22 

human healthy tissues[39] as million transcripts per total annotated transcripts (nTPM). 23 

To determine the cell-type specific expression of LRRC8B, we interrogated the Single 24 

Cell Type section of HPA, which provides gene expression values for 81 common human 25 

cell types as measured by scRNA-seq on healthy tissue of 31 different tissue types [39].  26 

Single cell-type expression clustering was investigated via the expression cluster 27 

functionality of HPA. This analysis identifies genes with similar expression patterns 28 

across bulk tissues and scRNA-seq data [40]. We specifically focused on genes 29 

coexpressed with LRRC8B to identify potential functional relationships. The result of the 30 

cluster analysis is presented as a UMAP based on gene expression, where each cluster 31 

has been summarized as colored areas containing most of the cluster genes (see Figure 32 

S3). 33 
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Results 1 

Data models inclusion 2 

In our study we included transcriptomics data from 15 models. We aimed for 3 

heterogeneity in the models’ induction (induced or genetic), transcriptomics system 4 

(microarray, bulk RNA-sequencing (RNA-seq), single cell or single nucleus RNA-5 

sequencing, and biological sources (mice, rats, zebrafish models as well as primary 6 

human tissue). The final models were chosen such that a variety of epilepsy models 7 

was covered (see Table 1). We excluded data without an analysis manuscript 8 

accompanying the data. 9 

Within the models we selected the experimental conditions that captured the seizure 10 

onset best. The SCN8A pre-seizure low threshold spike (LTS) models was excluded from 11 

analysis as no seizures were observed in the animals [27]. The dataset GABRG2_KO was 12 

dropped from differential expression and GWAS integration as no DEGs were found after 13 

FDR correction. We processed the models and mapped all genes to the human 14 

orthologs as described above (see Table 2). 15 

Multidimensional scaling analyses 16 

To identify the factors that influence the similarity of the expression sets we reduced the 17 

dimensionality of the data with MDS. 18 
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Figure 2: Multi dimensional scaling based on fold changes. Models are labeled 
according to Table 1 and colored accoring to seizure categories (A), seizure induction 
mechanisms (genetic or induced (B), sequencing technologies (C) and according to 
species (D). 

The primary distinctive feature of seizures is the the seizure type, focal and generalised 1 

sets with the exception of SCN8A_KI (focal) and SCN1B_DEL (generalised), both mouse 2 

models. (Figure 2 A and B). This difference can be attributed to the method of seizure 3 

induction, as SCN8A_KI and SCN1B_DEL are both genetic models while PTZ, another 4 

mouse, generalised, induced is retained closer to the other generalised, induced 5 

models. The models cluster by species with the notable exception of rats, as the 6 

difference in sequencing technologies and induction and seizure type are strong drivers 7 

of differentiation. The sequencing technologies place sc-RNA-seq and bulk RNA-seq in 8 

one cluster and the microarray models in another (Figure 2 C and D). 9 



 9 

Pairwise correlation of models 1 

We computed the pairwise correlation of all models to find further similarities. We 2 

found that models from the same laboratories with similar seizure generation patterns, 3 

such as TBI_TH and TBI_CX, showed positive correlations (𝜌 >= 0.6), as well as PILO, KAI 4 

and SSSE which also share in common microarray sequencing and species. TLE_EX and 5 

TLE_IN exhibited a high correlation (𝜌 = 0.76) sharing both species and sequencing 6 

technology (Figure 3). No other significant correlations were observed among the 7 

remaining models with respect to species, sequencing technologies, or laboratories, 8 

including between GABRA1_KO and GABRG2_KO. 9 

 

Figure 3: Pairwise correlations of the models. models labels according to Table 1. 

Differential expression analysis 10 

The total number of DEGs identified by model ranges from 16 to 8085 (Table 3), 11 

excluding GABRG2_KO as it did not include any DEGs. 12 

As no DEG was found across all models, we investigated intersections between the 13 

models’ major characteristics such as seizure type and seizure induction. We found no 14 

gene in common to all generalised seizure models either (Figure 4 A); interestingly, only 15 
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two genes were found in common between seizure induction type (induced or genetic) 1 

for generalised models (S100A16 and RPL29). When comparing all focal models, we 2 

found just TGFBR1, PLXDC2 and KCNA2 intersecting all data sets (Figure 4 C). After 3 

merging the two most disjoint sc-RNA-seq data sets into TBI (from TBI_CX and TBI_TH) 4 

and TLE_HUMAN (from TLE_EX and TLE_IN) we found 25 genes that are intersecting 5 

(Figure 4 B). 6 

 

Figure 4: DEGs intersection for focal and generalised epilepsy models. Models are 
labeled according to Table 1. A: DEG intersections considering all generalised 
models.B: DEG intersections of the focal models with merged subtypes from the 
same seizure mechanism. Red bar shows the common intersection among all the 
models. C: DEG intersections for all the focal models. 

All genes except for LRRC8B were previously implicated in epilepsy and other 7 

neurological diseases (Table 7) [41–43]. Interestingly, the only two genes in common for 8 
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both induced and genetic origin in generalised models, S100A16 and RPL29, are related 1 

to tumor cell proliferation and invasion [44] and regulation of translation efficiency [45], 2 

respectively. 3 

The average number of DEGs in the focal models is substantially higher than in the 4 

generalised models. Following the Wilcoxon test (p <3.11e-04) suggesting that there are 5 

significant differences between the groups (Figure 5). 6 

 

Figure 5: Wilcoxon test for comparison of focal and generalised models. 

Enrichment analyses 7 

Disease ontology 8 

To identify associated diseases beyond epilepsy for the models we performed a disease 9 

enrichment analysis (see Figure 6). 10 
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Figure 6: Disease ontology (DO, Panel A) and Gene ontology (GO, Panel B) Ontology 
terms enrichiched in DEGs by epilepsy model. The top 30 terms with the lowest p-
values are depicted. 

Epilepsy syndrome and Developmental disorders were found to be the most significant 1 

terms and are enriched in most focal models while being completely absent in 2 

generalised epilepsy. 3 

The generalised models except for PTZ were associated with anemic disorders like 4 

anemia, aplastic anemia and Diamond-blackfan anemia (Figure 6) unlike focal models. 5 

While terms like intellectual disability and developmental disorder of mental health are 6 

more closely related to the definition of generalised epilepsy [46], they were detected 7 

only in the GABRA1_KO model. 8 

Gene ontology analyses 9 

GO analysis using the BP component showed that the generalised models SCN1A and 10 

GABRA1_KO were enriched in almost all the top terms including translation and 11 

ribosome biogenesis processes (almost the sole representatives), as well as 12 

Neurogenesis and Synaptic Processes (Figure 6). The potassium ion transport, 13 

exocytosis and cell junction assembly were exclusively targeted by most of the focal 14 

models only. The SCN1A model was involved in the formation of cytoplasmic translation 15 

initiation complex term solely. Key features of epilepsies relating to neurogenesis, 16 

dendrite development, nervous system development, axonogenesis etc. were enriched 17 

in many focal models and only in the GABRA1_KO model for the generalised sets. 18 
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GWAS integration 1 

We compared the DEGs with genetic data from the most current encompassing 2 

epilepsy GWAS [28] study using MAGMA [25]. 3 

GABRA1_KO (MAGMA p-value = 0.003) and AGGEN (MAGMA p-value = 0.004) (Table 4), 4 

as well as TBI_TH (MAGMA p-value = 0.03) (Table 5) datasets showed significant 5 

differential expression during the analysis using MAGMA for the generalised and focal 6 

models, respectively. 7 

Expression patterns of LRRC8 family members across human tissues 8 

The consensus transcript expression data from the Human Protein Atlas (v24) shows 9 

distinct expression patterns for the five members of the LRRC8 gene family across 10 

human tissues (see Figure S2). 11 

Broad expression of LRRC8A and LRRC8D 12 

LRRC8A, encoding the essential subunit for Volume-Regulated Anion Channels 13 

(VRACs), exhibited the highest and broadest expression among the family members. 14 

High nTPM values were observed in numerous tissues and, notably, across all analyzed 15 

brain regions (Figure S2, yellow bars). Brain tissues such as the cerebellum, cerebral 16 

cortex, midbrain, hypothalamus, hippocampal formation, amigdala and basal ganglia 17 

showed particularly high LRRC8A expression. LRRC8D also displayed relatively broad 18 

expression, albeit generally at lower levels than LRRC8A. Moderate LRRC8D expression 19 

was also detected in some tissues and prominently in spinal cord, cortex and midbrain. 20 

LRRC8B is broadly expressed in the brain 21 

In contrast to LRRC8A and LRRC8D gene expression, LRRC8B had overall lower 22 

expression levels. Notably, LRRC8B exhibited tissue-enhanced expression in the brain, 23 

with mRNA levels at least four-fold higher than the average across all other tissues 24 

(Figure S2, yellow bars). Within the brain, LRRC8B showed relatively low regional 25 

specificity. Outside the central nervous system, notable expression was also seen in the 26 

testis and adrenal gland. The relatively specific expression pattern of LRRC8B within the 27 

brain, particularly in regions like the cerebral cortex (21.7 nTPM), spinal cord (11.8 nTPM) 28 

and hippocampus (10.4 nTPM) which are often implicated in seizure generation, 29 

highlights its potential specific role in neuronal function and pathophysiology, distinct 30 

from the more ubiquitous LRRC8A. 31 

LRRC8C and LRRC8E generally exhibited low to very low expression across most tissues 32 

analyzed (Figure S2). LRRC8C showed some detectable expression in smooth muscle, 33 

adipose tissue, and low levels in brain regions and lymphoid tissues. LRRC8E 34 

expression was minimal across almost all tissues, with only trace levels detected in 35 

cerebral cortex. LRRC8B mRNA was higly detected in both excitatory (171.6 nTPM) and 36 

inhibitory neurons (188.9 nTPM), as well as in oligodendrocytes (131 nTPM). 37 
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LRRC8B co-expresses with genes involved in synaptic function 1 

Single-cell type clustering analysis revealed that LRRC8B gene expression clusters with 2 

genes known to be involved in neuronal synaptic function (Figure S3). Among the genes 3 

with similar expression patterns were GABBR2 (Gamma-aminobutyric acid type B 4 

receptor subunit 2) and ADAM22 (A Disintegrin and Metalloproteinase 22), both of 5 

which have been previously implicated in epilepsy [19, 47]. 6 

Discussion 7 

Our goal was to provide context for the transcriptomics models. A key questions was to 8 

identify DEG common to many models as potential targets of intervention. The number 9 

of differentially expressed genes varied significantly with the sc-RNA-seq methods 10 

yielding many more genes than other methods. 11 

This might be a limitation of our naive treatment of single cell technologies as bulk 12 

sequencing but a large number of genes is also seen in the primary analysis of the data 13 

[18]. Some models yielded few DEGs (like WISTAR) and GABRG2_KO did not yield any, 14 

again in line with the primary analysis [9]. The disparity is supported by the varying 15 

numbers of animals or tissues employed in the individual study (see Table 1). 16 

AGGEN, GABRA1_KO and TBI_TH were identified as representative gene-sets for 17 

genomics studies on the basis of their significant p-value < 0.05 for focal and 18 

generalised models respectively. 19 

No common DEG is found across all models, which would not be too surprising giving 20 

that many genes are known to influence epileptogenesis but no single genes had been 21 

previously highlighted as universal. 22 

The 25 genes we found across the focal models are a substantial contribution to a core 23 

set of genes involved in focal epilepsies. Outstanding is the gliotranmitter gene LRRC8B 24 

which had not been previously associated with epilepsy[48]. 25 

Genes like TGFBR1, PLXDC2 and KCNA2 related to temporal lobe epilepsy and 26 

encephalopathy [8, 49, 50] arise in all the focal models. 27 

LRRC8B (Leucine Rich Repeat Containing 8 VRAC Subunit B) is a protein coding gene 28 

from the LRRC8 family required to maintain constant cell volume in response to extra-29 

cellular and intra-cellular osmotic changes [51]. Primarily involved in the brain-synaptic 30 

functions, this gene is expressed in neurons and oligodendrocytes [52]. LRRC8A, an 31 

important paralog of this gene, is the obligatory pore-forming subunit of the volume-32 

regulated anion channel (VRAC) and its function requires heteromeric assembly with at 33 

least one other LRRC8 family member (LRRC8B-E); The specific subunit composition 34 

dictates channel characteristics, including ion selectivity and conductance [53, 54]. 35 
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LRCC8A is heavily involved in the central nervous system (CNS) and with rat epilepsy 1 

models [55, 56] 2 

LRRC8B is among the 25 DEG found across all the focal models. Evidence from the 3 

Human Protein Atlas and GTEx demonstrate broad brain expression, and single-cell 4 

RNA-seq data further highlight its presence in excitatory and inhibitory neurons, as well 5 

as oligodendrocytes. The role of LRRC8B containing VRAC, described as gliotransmitter, 6 

in cellular processes is multifaceted. Beyond its primary function in cell volume 7 

regulation by conducting chloride and organic osmolytes, it also conducts iodide better 8 

than chloride [51]. Furthermore, LRRC8B has been shown to participate in intracellular 9 

Ca2+ homeostasis by acting as a leak channel in the endoplasmic reticulum [57]. 10 

Critically, LRRC8 channels, including those containing LRRC8B, are capable of 11 

transporting neurotransmitters, including glutamate and aspartate. While LRRC8B or 12 

LRRC8C disruption did not decrease transport rates of all substrates, their inclusion 13 

into LRRC8 heteromers influenced the substrate preference of VRAC [53]. This suggests 14 

a complex, composition-dependent role for VRACs, and potentially LRRC8B-containing 15 

channels, in modulating extracellular glutamate levels. Given that glutamate 16 

excitotoxicity is a key factor in seizure generation and neuronal damage in epilepsy, the 17 

potential contribution of LRRC8B to glutamate release, either directly via VRAC or 18 

indirectly through its influence on ER calcium, warrants careful consideration. 19 

Furthermore, LRRC8B’s expression profile clusters with genes involved in neuronal 20 

synaptic function, including GABBR2 and ADAM22, both of which have established links 21 

to epilepsy [19, 47]. LRR proteins, are known to play vital roles in synapse formation, 22 

differentiation, and synaptic plasticity [58]. This association confirm a potential indirect 23 

role for LRRC8B in synaptic processes relevant to epileptogenesis. Blood-brain barrier 24 

(BBB) dysfunction is also implicated in epileptogenesis, and could be a factor to 25 

consider [59]. Although the direct involvement of LRRC8B in epilepsy remains to be fully 26 

elucidated, its multifaceted roles in cell volume regulation, glutamate transport, 27 

calcium homeostasis, and synaptic function, combined with its expression pattern in 28 

relevant cell types, suggest that it represents a novel point of interest in understanding 29 

the pathophysiology of focal epilepsy. 30 

There is no common gene among the generalised models and can be attributed to the 31 

difference in seizure generation of the models. The 81 intersecting genes between 32 

GABRA1_KO and SCN1A models points to similarities between both models such as 33 

knock-out and zebrafish species which may influence the number of genes. Albeit 34 

finding 2 common genes when comparing the epilepsy induction type, only 3 (PTZ, 35 

GABRA1_KO and SCN1A) out of the 6 generalised models provided these genes. 36 

Similarity and correlations among models from different backgrounds 37 

Through MDS we demonstrated that models with similar seizure categories i.e focal and 38 

generalised had higher similarity based on DEGs. 39 
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Exceptionally SCN8A_KI has 4656 intersecting DEGs and was closer to the generalised 1 

models. Its differential expression changes must be investigated further to consider the 2 

similarity with generalised models. 3 

For most of the models the Spearman’s correlations are as expected i.e higher for 4 

models coming from the same laboratory or study and lower if they are from contrasting 5 

experiments.  6 

Similarly, mild negative correlation (𝜌 = -0.19) is observed amongst GABRA1_KO and 7 

SCN1A, both being genetic generalised zebrafish larvae models. 8 

However, considering the correlation strength of the DEGs of the models only,  there is 9 

perfect negative correlation (𝜌 = -1) between SCN1A and AGGEN, although both are 10 

generalised models (See Figure S1). 11 

Relation of focal epilepsy and glioma 12 

The GO term epilepsy syndrome and brain disease have been identified by most of the 13 

focal epilepsy models which agrees with the definition of focal seizures [60]. The term 14 

focal epilepsy itself was identified by TLE_IN and TBI_CX (adjusted p-value < 0.0005).  15 

Among the top DO terms, focal epilepsy models are mostly related to cancer terms like 16 

neuroblastoma,glioma, connective tissue cancer. (see Table S1). 17 

The relationship of focal epilepsy to brain tumors has been researched extensively in 18 

the last decade [61–63] and brain tumors are the second most common cause of focal 19 

intractable epilepsy in epilepsy surgery series, with the greatest proportion related to 20 

dysembryoplastic neuroepithelial tumors and gangliogliomas [64].  21 

Moreover, gene LRRC8B as a common gene among all the focal models indicates that 22 

this interconnection of seizure phenotypes with brain tumors should be followed more 23 

closely in future studies. 24 

Concordance between gene expression and genetic studies 25 

For GE and FE, we evaluated the enrichment of every gene-set with the corresponding 26 

epilepsy type. We found that GE risk variants are significantly associated with 27 

GABRA1_KO (p-value = 0.0038) and AGGEN(p-value = 0.0042) and crucially, no focal 28 

epilepsy gene sets were significantly differentiated. Hence, many genes representing 29 

these sets are both differentially expressed and genetically associated with epilepsy 30 

phenotypes. 31 

A further clustering of these sets may highlight pathways and hubs for epileptogenesis.  32 

Comparing heterogenous epilepsy models at the transcriptomics level requires to use 33 

pragmatic solutions. For the DEG analysis, only the p-value cutoff has been considered 34 

for filtering the DEGs and not the log fold changes. A log fold change filtering cutoff 35 
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would mean that most models would not have contributed any DEG. However, 1 

orthology mapping is likely to obscure some details but any solution other than using 2 

the standard dataset from ENSEMBL is unlikely to be managable or result in a 3 

substantial increase in numbers. For sc-RNA-seq studies, sample information might 4 

have been lost as the DEGs were calculated similar to bulk sequencing to maintain 5 

dataset DEG uniformity rather than cell-type marker analysis. 6 

Conclusions 7 

Generalised and focal epilepsies are characterized distinctly by the ILAE based on 8 

seizure types but have not yet been compared directly in terms of their transcriptomics 9 

and genetic constituency. 10 

Different brain tissues can be accounted for these seizure types and a deeper 11 

understanding of the genes involved in each of these epilepsy types may help to target 12 

these genes for future validation and recovery for patients. We compared these two 13 

epilepsy types from evidences on their gene expression and genetic data thereby 14 

providing insights to the key genes involved. 15 

Integration of gene expression and GWAS studies highlights the genes which have both 16 

genetic attribute to them and additionally get differentially expressed w.r.t controls. 17 

Consequently, enrichment analysis of these gene-sets reveals the chief pathways and 18 

genes associated with a particular kind of epilepsy. 19 

As the data selected for the present study come from different animal models, it 20 

provides an overview for the focal and generalised seizures. To further extend this, in-21 

depth analysis of multiple studies from the same sequencing technology should be 22 

carried out. 23 

Data and materials 24 

Code availability: The workflow using targets pipeline manager in R is openly available 25 

under [https://git-r3lab.uni.lu/mechepi/geneintegration_magma]. The public datasets 26 

can be downloaded from their respective repositories given in the code. The data 27 

sources can also be found here https://sreyoshi.shinyapps.io/shiny/. 28 

Abbreviations 29 

ILAE: International League Against Epilepsy; GO: Gene ontology; DO: Disease ontology; 30 

FDR: False discovery rate; FC: Fold change; TLE: Temporal lobe epilepsy; TBI: Traumatic 31 

brain injury; KO: Knock out; KI: Knock in; DEG: Differentially expressed gene; GWAS: 32 

genome wide association studies; w.r.t: with respect to. nTPM: transcripts per million 33 
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Tables 1 

Table 1: Compendium of gene expression models processed for this study. Model 
GABRG2_KO was excluded from gene-level analysis as it showed no DEGs (See 
Methods). 

Mod
el 

 Species Cases:
Control

s 

Short description Seizur
es 

KAI [33] Rattus 
norvegicus 

12:36 Kainaic acid 
model from days 
1,3 and 10 after 

SE 

Focal 

PILO [33] Rattus 
norvegicus 

12:36 Pilocarpine 
induced model 

from days 1,3 and 
10 after SE 

Focal 

SCN
8A_K

I 

[27] Mus 
musculus 

03:06 Knock-in model 
after 14 weeks 
when seizures 
were observed 

Focal 

SSSE [33] Rattus 
norvegicus 

05:15 Self sustained 
status epilepticus 
from days 1,3 and 

10 after SE 

Focal 

TBI_
CX 

[65] Rattus 
norvegicus 

05:05 TBI model from 
the cortex after 3 
months of injury 

Focal 

TBI_T
H 

[65] Rattus 
norvegicus 

05:05 TBI model from 
the ipsilateral 

thalamus after 3 
months of injury 

Focal 

TLE_
EX 

[18] Homo sapiens 10:09 TLE surgery from 
the hippocampus 

Focal 

TLE_I
N 

[18] Homo sapiens 10:09 TLE surgery from 
the hippocampus 

Focal 
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AGG
EN 

[66] Rattus 
norvegicus 

04:07 Audiogenic 
epilepsy (AE) 

strains from the 
superior and 

inferior colliculi 

Gener
alised 

GAB
RA1_

KO 

[26] Danio rerio 02:02 Knock-out of 
larvae from 5days 
post fertilization 

Gener
alised 

GAB
RG2
_KO 

[12] Danio rerio 03:03 Knock-out of 
larvae after 5 days 

post fertilization 

Gener
alised 

PTZ [67] Mus 
musculus 

46:36 PTZ induced 
model from the 
dentate gyrus 

Gener
alised 

SCN
1A 

[12] Danio rerio 16:15 Knock-in model of 
larvae after 5 and 

8 days post 
fertilization 

Gener
alised 

SCN
1B_D

EL 

[68] Mus 
musculus 

02:06 Deletion of 1b 
non-coding 

interval of Scn1a 

Gener
alised 

WIST
AR 

[69] Rattus 
norvegicus 

02:02 Seizures following 
acoustic 

stimulation. Only 
DE data were 
available for 

analysis. 

Gener
alised 

 

  1 

Table 2: Gene counts before and after orthology mapping 

Model Original Mapped Reduction % 

PILO 15577 12946 16.89 

KAI 15577 12946 16.89 

SSSE 15577 12946 16.89 
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TLE_EX 17625 17625 0.00 

TLE_IN 14869 14869 0.00 

SCN8A_KI 17877 15601 12.73 

GABRA1_KO 9798 7977 18.59 

GABRG2_KO 25290 13987 44.69 

SCN1A 1873 881 52.96 

PTZ 14536 11434 21.34 

TBI_CX 15571 13927 10.56 

TBI_TH 14462 13101 9.41 

AGGEN 16281 14993 7.91 

SCN1B_DEL 15426 14507 5.96 

WISTAR 22398 14573 34.94 

 

  1 

Table 3: Differentially expressed gene counts before and after orthology mapping 

Model Original Mapped Reduction % 

PILO 4277 3703 13.42 

KAI 3681 3184 13.50 

SSSE 747 648 13.25 

TLE_EX 8085 8085 0.00 

TLE_IN 3588 3588 0.00 

SCN8A_KI 4902 4656 5.02 

GABRA1_KO 470 396 15.74 

SCN1A 687 425 38.14 

PTZ 35 16 54.29 

TBI_CX 4303 4048 5.93 

TBI_TH 1728 1636 5.32 

AGGEN 177 158 10.73 
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SCN1B_DEL 32 33 -3.12 

WISTAR 16 12 25.00 

 

  1 

Table 4: MAGMA enrichment P-values for generalised models reveals GABRA1-KO and 
AGGEN are significant. 

Model Magma-P 

AGGEN 0.004226 

GABRA1_K
O 

0.003788 

PTZ 0.926720 

SCN1A 0.435920 

SCN1B_DE
L 

0.882070 

WISTAR 0.311720 

 

  2 

Table 5: MAGMA enrichment p-values for focal models showing SCN8A_KI and TBI_TH 
as significant. 

Model Magma-P 

KAI 0.320290 

PILO 0.307990 

SCN8A_KI 0.067946 

SSSE 0.684810 

TBI_CX 0.559890 

TBI_TH 0.034528 

TLE_EX 0.805360 

TLE_IN 0.581980 

 

  3 
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Table 6: Significant genes after multiple testing correction (P < 0.05) from the 
generalised epilepsy models. 

SET GENE NSNPS ZSTAT P p_adjust 

AGGEN LSMEM2 3 4.953 1.114e-07 5.335e-05 

AGGEN LCN2 4 2.617 1.757e-03 4.949e-02 

AGGEN NFE2 10 3.125 2.884e-04 1.256e-02 

AGGEN PER1 9 4.003 7.751e-06 6.188e-04 

AGGEN VAMP2 2 3.687 3.471e-05 1.722e-03 

AGGEN SLC4A1 3 3.766 2.617e-05 1.567e-03 

GABRA1_K
O 

RPL5 7 3.045 3.836e-04 1.413e-02 

GABRA1_K
O 

CSPG5 11 3.672 3.594e-05 1.722e-03 

GABRA1_K
O 

CACNA2D
2 

184 4.021 6.559e-06 6.188e-04 

GABRA1_K
O 

PCDH7 795 4.203 7.801e-07 1.246e-04 

GABRA1_K
O 

RPL34 12 3.754 2.214e-05 1.515e-03 

GABRA1_K
O 

HDAC9 1,240 2.314 1.721e-03 4.949e-02 

GABRA1_K
O 

ZMIZ2 18 4.014 6.212e-06 6.188e-04 

GABRA1_K
O 

MAGI2 3,469 2.395 8.906e-04 3.047e-02 

GABRA1_K
O 

KDM2B 18 2.610 1.541e-03 4.922e-02 

GABRA1_K
O 

NOVA1 126 3.054 3.178e-04 1.269e-02 

GABRA1_K
O 

CTC1 40 4.629 3.155e-07 7.556e-05 
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Table 7: Common differentially expressed genes among focal epilepsy models. 

Gene 
symbol 

Description Disease context References 

EGFR Epidermal growth 
factor receptor 

Treatment resistant 
epilepsies 

[70] 

CA10 Capric acid 10 Anticonvulusant 
properties adds to 

clinincal efficacy of 
refactory epilepsy 

[71] 

IGFBP5 Insulin like growth 
factor binding protein 

5 

Mesial temporal lobe 
epilepsy 

[72] 

SEMA3E Semaphorin 3E Involved in 
hippocampal 

formation 

[73] 

ACVR1
C 

Activin A receptor type 
1C 

Deletion observed in 
epilepsy patients 

[74] 

SORCS
1 

Sortilin related VPS10 
domain containing 

receptor 1 

Temporal lobe 
epilepsy 

[75] 

TGFBR1 TGF-beta receptor 
type-1 

Temporal lobe 
epilepsy 

[49] 

CBFB Core-binding factor 
subunit beta 

Transcription 
regulation in dentate 

gyrus 

[76] 

DNM3 Dynamin-3 Epileptic 
encephalopathy 

[41] 

PTGS2 Prostaglandin-
Endoperoxide 

synthase 2 

Downregulated in 
epilepsy patients 

following treatment 

[77] 

SLC2A1
3 

Solute carrier family 2 
member 13 

Involved in intellectual 
disability 

[78] 
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FAT1 FAT atypical cadherin 
1 

Involved in induced 
epilepsy seizure 

models 

[79] 

WIPF1 WAS/WASL interacting 
protein family member 

1 

Negative correlation of 
methylation and 

expression level in TLE 
patients 

[80] 

RGS8 Regulator of G protein 
signalling 8 

Dysregulation in 
Parkinson’s disease 

patients 

[81] 

SLIT2 Slit guidance ligand 2 Temporal lobe 
epilepsy 

[42] 

RYR2 Ryanodine receptor 2 Mutation leads to 
genetic generalized 

epilepsy 

[82] 

CYP4F2 Cytochrome P450 
family 4 subfamily F 

member 2 

Biomarker for central 
nervous system 

disorders 

[83] 

PLXDC2 Plexin domain-
containing protein 2 

Mesial temporal lobe 
epilepsy 

[50] 

ART3 ADP-
Ribosyltransferase 3 

Expressed in heart and 
skeletal muscles 

[84] 

MYLK Myosin light chain 
kinase 

De-novo mutation 
leads to intellectual 

development disorder 

[85] 

CABYR Calcium binding 
tyrosine 

phosphorylation 
regulated 

Reproductive health 
biomarker 

[86] 

KCNA2 Potassium voltage-
gated channel 

subfamily A member 2 

Early onset epileptic 
encephalopathy 

[8] 

SLC35E
3 

Solute carrier family 
35 member E3 

Glioblastoma 
multiforme 

tumors(GBMs) 

[87] 
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LRRC8B Volume-regulated 
anion channel subunit 

gliotransmission [48] 

ZFHX3 Zinc finger homeobox 
3 

Neurodevelopment 
and epileptic 

encephalopathy 

[88] 
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Figure S1: Correlation plot on DEGs 
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Figure S2: Tissue-specific mRNA expression profiles of LRRC8 gene family members 
(LRRC8A-E). Data represents consensus normalized expression (nTPM) derived from 
HPA, GTEx datasets, obtained from the Human Protein Atlas (v24). Bars represent 
nTPM values for each gene in the indicated tissue. Tissues are listed on the y-axis, and 
individual LRRC8 genes are shown in separate columns. Colors indicate the organ 
system category as defined by the HPA legend. 
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Figure S3: Single-cell type clustering reveals LRRC8B significantly enriched for 
Synaptic functions. The RNA data was used to cluster genes according to their 
expression across single cell types. The clustering of 19203 genes expressed in single 
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cell types resulted in 80 expression clusters, which have been manually annotated to 
describe common features in terms of function and specificity. The result of the 
cluster analysis is presented as a UMAP based on gene expression, where each 
cluster has been summarized as colored areas containing most of the cluster genes. 
The picture shows the Synaptic function cluster where LRRC8B gene is significantly 
enriched (left) jointly with the table listing the 15 most similar genes in terms of 
expression profile (right). 
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