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ARTICLE INFO ABSTRACT
Keywords: Purpose: Despite growing evidence that neuroinflammation and pro-inflammatory cytokines are involved in the
Gene expression pathogenesis of seizures and epilepsy, this knowledge has not been incorporated in the proposed mechanism of

Inflammation markers
Lamotrigine
Neuroinflammation

action of any of the current antiseizure medications (ASMs). Here, we tested the hypothesis by assessing
inflammation markers in larval zebrafish (Danio rerio) exposed to lamotrigine (LTG).

Methods: In order to establish the most appropriate LTG concentrations for the transcriptome analysis (RNAseq),
we initially assessed for teratogenic (spinal cord deformation, heart oedema, failed inflation of the swim bladder)
and behavioural effects (distance moved, time spent active, and average swimming speed during a light/dark
test) in zebrafish larvae exposed to 0, 50, 100, 300, 500, 750, and 1000 pM LTG continuously between 5 and 120
h post fertilisation. Subsequently, we repeated the experiment with 0, 50, 100, or 300 uM LTG for transcriptomic
analyses. Two databases (Kyoto Encyclopedia of Genes and Genomes; Gene Ontology) were used to interpret
changes in gene expression between groups.

Results: Major teratogenic effects were observed at concentrations of > 500 pM LTG, whereas behavioural
changes were observed at > 300 uM LTG. Transcriptome analysis revealed a non-linear response to LTG. From
the suite of differentially expressed genes (DEG), 85% (n = 80 DEGs) were upregulated following exposure to 50
pM LTG, whereas 58% (n = 12 DEGs) and 91% (n = 210 DEGs) were downregulated in response to 100 and 300
pM LTG. The metabolic pathways affected following exposure to 50 and 300 pM LTG were associated with re-
sponses to inflammation and pathogens as well development and regulation of the immune system in both
groups. Notable genes within the lists of DEGs included component complement 3 (C3.a), which was significantly
upregulated in response to 50 pM LTG, whereas interleukin 1p (IL-1p) was significantly downregulated in the
300 pM LTG group. The lowest exposure of 50 pM LTG is regarded as clinically relevant to therapeutic exposure.
Conclusion: We demonstrated that LTG had an impact on the immune system, with a non-monotonic response
curve. This dose-dependent relation could indicate that LTG can affect inflammatory responses and also at
clinically relevant concentration. Further studies are needed to establish this method as a tool for screening the
effects of ASMs on the immune system.

Abbreviations: ASM, antiseizure medication; DEG, differentially expressed genes; DE, differential expression; DMSO, dimethyl sulfoxide; GO, Gene ontology;
KEGG, Kyoto Encyclopedia of Genes and Genomes.
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1. Introduction

Over the past two decades neuroinflammation has been considered
an important pathophysiological process involved in the development of
epilepsy (van Vliet et al., 2018; Vezzani et al., 2019). The interleukin-1
receptor type 1 (IL-1R1) and toll-like receptor (TLR) pathways are
frequently described as pivotal factors in seizure onset, recurrence, and
epileptogenesis (Aronica and Crino, 2011; van Vliet et al., 2018; Vezzani
and Granata, 2005). Interleukin-1 (IL-1p), which is normally barely
detected in healthy brains, is rapidly and persistently increased in the
rodent hippocampus after induced status epilepticus (SE) (De Simoni
et al., 2000). Immunohistochemical studies have also shown that IL-1f is
produced in microglia and astrocytes during the chronic phase of
spontaneous seizures in brain areas involved in seizure generation
(Ravizza et al., 2008; van Vliet et al., 2018). Injection of IL-1p before
kainic acid (KA) application in the rodent brains results in a
pro-convulsant effect mediated by IL-1R1, whereas the intracerebral
administration of the interleukin-1 receptor antagonist (IL-1Ra) leads to
strong anticonvulsant effects (van Vliet et al., 2018; Vezzani et al., 1999,
2000). These findings have revealed an important role of IL-1p in icto-
genesis. Furthermore, high mobility group box 1 (HMGBL1), a protein
that regulates gene transcription and activates TLR4, is rapidly and
persistently induced in neurons and astrocytes in epilepsy (van Vliet
et al., 2018). Studies on gene expression have also revealed activation of
TLR4 and IL-1R1 signalling in human epilepsy (Aronica and Gorter,
2007).

Despite the growing evidence of neuroinflammation being an
important contributor in epileptogenesis, little is known about whether
this mechanism of action is regulated by current treatment options in
epilepsy. Common pharmacological targets of antiseizure medications
(ASM) are neuronal cells and ion channels (Brodie et al., 2011). For
instance, lamotrigine (LTG) is frequently used to treat many types of
epileptic seizures and for the treatment of other conditions such a bi-
polar disorder, migraine, and neuropathic pain, and to is known to
inhibit neuronal voltage-gated sodium channels (VGSC) (Smith et al.,
2007; Spina and Perugi, 2004). Further, in vitro studies revealed that
LTG also reduces the level of IL-1p in the serum of healthy study par-
ticipants (Himmerich et al., 2013). Uludag et al. found elevated serum
levels of IL-1p in patients with temporal lobe epilepsy, although results
were not correlated to the use of ASM (Uludag et al., 2015). However, in
vivo concentrations of IL-1f in epilepsy patients using LTG have not
been systematically investigated as research into the cytokine levels of
ASMs in patients with epilepsy is challenging. There are some case re-
ports and studies indicating that LTG affects the immune system in
humans (Godhwani and Bahna, 2016; Svalheim et al., 2013). These
findings suggest that our current knowledge of the mechanisms of action
responsible for the broader range of therapeutic effects of ASM may be
incomplete.

An improvement in our understanding of mechanisms involved in
epileptogenesis could help create new therapies leading to seizures ar-
rest, altering epilepsy progression, and preventing epilepsy in patients at
risk. For this reason, animal models are an important prerequisite
(Loscher, 2002). Rodent models have been widely used in epilepsy
research, but have some obvious limitations for large-scale screening.
The zebrafish (Danio rerio) has recently become an important model
organism for the study of vertebrate development and pre-clinical
screening in pharmaceutic research. The small size, ability to produce
hundreds of offspring from a single spawning, transparent embryos and
larvae, affordable maintenance, complex vertebrate system, including a
similar genome (70-80% homology with human genome (Dooley and
Zon, 2000)) and brain structure as mammals, making them ideal for
compound screening and translational studies (Barbazuk et al., 2000;
Chakraborty et al., 2009; Gerlai, 2003; Howe et al., 2013). Taking ad-
vantages of these features and adapting electroencephalogram (EEG)
recordings and registration of changes in gene expression related to
epileptic seizure, has established zebrafish as an important model
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organism in epilepsy research (Baraban et al., 2005; Griffin et al., 2016;
Hortopan et al., 2010; Stewart and Kalueff, 2012). As zebrafish larvae
are legally considered an in vitro model prior to first feeding (i.e. 5 days
post fertilisation), their use is encouraged within the 3 R framework, to
replace, reduce, and refine animal experiments. To this end, Baraban
et al. revealed that chemically-induced seizures in zebrafish larvae
demonstrated behavioural, electrographic, and molecular changes
comparable to those in the rodent seizure model (Baraban et al., 2005).
Therefore, although larvae have a reduced behavioural repertoire
compared to adults, they are a viable model to study epilepsy which is
aligned within the framework to reduce animal experimentation.

Due to knowledge gaps in the mode of action of current epilepsy
treatments and the difficulties in studying the multiple mechanisms of
action of ASMs, our aim was to evaluate the zebrafish model as a new
alternative in studying the effects of ASMs on the immune system. To
this end, we initially assessed the teratogenic and behavioural response
to zebrafish larvae exposed to a large range of LTG concentrations, one
of the most commonly used ASMs. Following this, we used three non-
lethal/teratogenic concentrations for transcriptome analysis to test our
hypothesis that LTG will have an effect on the immune system.

2. Materials and methods
2.1. Chemicals

Dimethyl sulfoxide (DMSO) (purity, >99.7%, CAS number 67-68-5)
and LTG (purity, >98%, CAS number 84057-84-1) were purchased from
Sigma-Aldrich. All stock solutions of lamotrigine were prepared in
DMSO on the day of testing.

2.2. Fish husbandry

The study was conducted at The Norwegian University of Life Sci-
ences (NMBU), Oslo, Norway. The research was performed according to
the regulations approved by the unit’s animal ethics committee (Insti-
tutional Animal Care and Use Committee/IACUC) following Norwegian
laws and regulations controlling experiments and procedures on live
animals in Norway. AB wild-type zebrafish were maintained at 28 + 1 °C
under a 14:10 light/-dark photoperiod. Animal care was carried out in
accordance with the local protocols. To generate embryos, adults were
placed in spawning tanks in the afternoon and spawning took place the
next morning when the lights were turned on (08:00). The embryos were
collected after one hour and maintained in sterile embryo media (60 pg/
mL Instant Ocean® sea salts) until the time of exposure.

2.3. Preparation of solutions

For behavioural experiments, six concentrations of LTG in 1% DMSO
were used. The concentrations of LTG were chosen based on previous
studies investigating the efficacy as well neurotoxic, sedative and tera-
togenic potential of ASM (Berghmans et al., 2007; Lee et al., 2013). LTG
solutions were prepared by diluting the stock solution of 100 mM LTG in
sterile embryo media to 1000 pM LTG in 1% DMSO, and further diluting
this stock solution with 1% DMSO to 750 pM, 500 pM, 300 pM, 100 pM,
and 50 pM LTG (exposers will be referred to as LTG 1000, LTG 750, LTG
500, LTG 300, LTG 100, LTG 50). Originally, 1% DMSO was used to
ensure the highest concentration of LTG (1000 pM) was in solution,
which could not be achieved with 0.1% DMSO. For the transcriptome
analysis, we prepared a stock solution of 300 mM LTG in 0.1% DMSO
which was further diluted with 0.1% DMSO to LTG 300, LTG 100, LTG
50. We chose to use 0.1% DMSO for RNA-sequencing and transcriptome
analysis as it was sufficient to ensure 300 mM LTG was in solution, it is
commonly used in zebrafish studies (Parsons et al., 2019), and it is
known to not effect larval behaviour (Christou et al., 2020). To be sure
that we achieved the desired concentrations, the concentration of stock
solution was determined.
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The analytical procedure for the analysis of LTG concentrations were
handled as routine measurements using validated methods for serum
concentration measurements at the Section for Clinical Pharmacology,
The National Center for Epilepsy, Oslo University Hospital. The
analytical method was high-performance liquid chromatography with
ultraviolet (UV) detection on an Agilent 1200 HPLC system 3. The col-
umn was a C18-synergi 4 u Hydro-RP 80 A 250 x 3.0 mm. The mobile
phase consisted of methanol/acetonitrile, and citalopram was used as
internal standard. Limits of quantification were 2.0-75 pmol/L with an
analytical coefficient of variation (CV) < 10%. The method underwent
regular quality control including internal controls and external LGC
standards for evaluation. The method was based on Contin et al. (2010).

2.4. Exposures for behavioural tests

Fertilized embryos were transferred into clear polystyrene 96-well
plates (Nunc™ MicroWell™) with one embryo per well and continu-
ously exposed under static conditions from 5 h post fertilisation (hpf)
until the time of testing at 116-120 hpf in 300 pL of media. Embryos
were exposed to one of six LTG concentrations (LTG 1000, LTG 750, LTG
500, LTG 300, LTG 100, LTG 50) or the control (1% DMSO). All groups
were spread equally on each row and column to avoid position-bias
during testing. Each well plate included 12 embryos per media and
was repeated in four independent experiments.

2.5. Exposures for transcriptome analysis

Based on behavioural tests we choose three concentrations of LTG
(LTG 50, LTG 100, LTG 300) to work with during transcriptome analysis.
Fertilized embryos were placed in six well plates (Falcon® 6-well) with
either one concentration of LTG or the control (0.1% DMSO). In each
well, 15 embryos were immersed in 3 mL of media and exposed from 5
hpf until 120 hpf. Six replicates of 12 non-deformed embryos were
collected, snap-frozen in liquid nitrogen, and stored at — 80 °C until
further analysis.

2.6. Behavioural test

Analysis were performed in a ViewPoint® Zebrabox and its tracking
software (ViewPoint Life Sciences, Lyon, France). The Zebrabox consists
of an arena in which light, temperature, and sound can all be manipu-
lated, and digital video captured, so as to analyse the movement of up to
96 larvae simultaneously. It is frequently used in toxicology/pharma-
cology research (Christou et al., 2020). Behavioural assays consisted of
maintaining larvae in a light dark cycle (10 min light followed by 10 min
in dark) after a 10 min acclimation period in the light as commonly used
in our lab (Christou et al., 2020) and others (Orellana-Paucar et al.,
2012). All tests were registered between 9:00-13:00 in 116-120 hpf
zebrafish larvae. The cumulative distance moved and the time spent
active were simultaneously measured in all larvae on a given well-plate.
Subsequently, swimming speed was calculated by dividing the distance
moved by the time spent active.

2.7. RNA extraction and purification

Each of the 16 samples (containing 12 pooled larvae) were
completely homogenized by using 21-gauge needles (HSW HENKE-
JECT®, Germany). RNA was purified using the NucleoSpin® RNA
extraction kit (Macherey-Nagel, Germany). Total RNA was extracted
from samples following the manufacturer’s instructions. Each sample
was eluted in 50 pL RNase-free water and stored at — 80 °C until further
analysis. A Nanodrop-1000 Spectrophotometer (NanoDrop Technolo-
gies, DE, USA) was used to assess RNA purity. RNA integrity number
(RIN) was determined using an Agilent 2100 Bioanalyzer, with a RNA
Nano LabChip Kit (Agilent Technologies, Ca, USA). All samples had
acceptable quality (RIN scores >9.0) and were subsequently utilized for
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further sequencing analysis.
2.8. Transcriptome sequencing

Extracted RNA was sent to Novagene Co., Ltd for sequencing. Li-
braries were prepared using a custom pipeline including the following
steps: RNA purity was initially tested using a Nanodrop 8000 (Thermo
Scientific, Wilmington, USA) and samples were run on Agarose Gel
Electrophoresis to test for degradation and contamination, whereupon a
final purity test was completed on an Agilent 2100 Bioanalyzer. Samples
that passed these quality control steps underwent mRNA enrichment
using oligo(dT) beads. The enriched mRNA was randomly fragmented
using fragmentation buffer and then cDNA first-strand was synthesised
by reverse transcriptase with random hexamers. Second-strand synthesis
was by Escherichia coli polymerase I nick-translation with dNTPs and
RNase H. The final cDNA library was completed using terminal repair,
adapter ligation, size selection, PCR enrichment and A-tailing. Sample
libraries underwent a final quality control check before being sequenced
on an Illumina NovaSeq 6000, producing 150 base pair, paired-end
reads.

2.9. Sequence quality control, genome alignment and gene expression
quantification

Quality control of the sequences was completed at Novagene Co.,
Ltd, using the Bcl2fastq 2.0 (Illumina) tool, which included demulti-
plexing, conversion from BCL to fastq format, adapter removal and
quality filtration of reads < Q30 and 1 or more base mismatches. When
the sequences were downloaded from Novogene, a confirmatory
assessment of sequence quality and adapter contamination was
completed using Fastqc v0.11.8 (Andrews, 2010).

Sequences were aligned to the zebrafish NCBI reference genome
(ftp://ftp.ncbi.nlm.nih.gov/genomes/all/) using HISAT2 v2.1.0 (Kim
et al., 2015) with default parameters. Gene expression was quantified
using feature Counts v1.6.0 (Liao et al., 2014), being the number of
sequences that aligned to exons within a gene region, where exon and
gene regions was defined by the GRCz11 General Feature Format (GFF)
annotation file.

Quality filtered sequence files (fastq format) were uploaded to
Sequence Read Archive (https://www.ncbi.nlm.nih.gov/sra). The proj-
ect accession number is BioProject ID PRJNA704066.

2.9.1. Differential gene expression and metabolic pathway analysis

All downstream analysis was completed in R version 3.6.2 (R
Development Core Team, (http://cran.rproject.org). Prior to differential
expression (DE) analysis, samples were examined for batch effects and
outliers using base R tools to generate density plots, PCA plots, pairwise
sample comparisons and hierarchical clustering. For DE analysis the
DESeq2 package (Love et al., 2014) was used to compare each of the
three LTG treatment groups (LTG 50-300) to the controls. The control
groups were the baseline group in all comparisons, therefore genes with
positive log fold change represent upregulation following LTG exposure
and negative log fold change representing downregulation. For each
gene, DESeq2 estimates fold change and expression strength between
experimental treatments using a negative binomial generalized linear
model. Significant differences in gene expression between treatments
are estimated by a Wald test and the p values are then adjusted for false
discovery rates (FDR) using Benjamini-Hochberg (Benjamini and
Hochberg, 1995). We considered genes to be significantly differentially
expressed if they had an adjusted p-value of < 0.05 and a log2 fold
change of + 1.

The list of DE genes was used to assess over or under-representation
in Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways and
Gene Ontology (GO) terms. The ClusterProfiler package v3.6.0 (Yu et al.,
2012) was used to perform this enrichment analysis, which performs a
hypergeometric test to estimate overrepresentation of differentially
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expressed genes (DEG) per pathway. Significantly enriched pathways
were those with FDR adjusted (again, using Benjamini-Hochberg)
p-values of less than 0.05.

Additional assessment of functional molecular categories, including
protein domains, was completed using the Database for Annotation,
Visualization and Integrated Discovery (DAVID, http://david.abcc.ncifc
rf.gov). Protein domain databases examined by DAVID included
INTERPRO (https://www.ebi.ac.uk/interpro/), PFAM (http://pfam.xfa
m.org) and SMART (http://smart.embl-heidelberg.de/). Enrichment of
individual categories was quantified using a modified Fisher Exact p-
value, generating an Expression Analysis Systematic Explorer (EASE)
score, based on the recommended a significance threshold of 0.1 (Huang
da et al., 2009). Functional relationships between categories were esti-
mated using a Kappa statistics score that measured the co-association of
DE genes between annotation groups, which were then clustered using
fuzzy heuristic clustering, generating an enrichment score (Huang et al.,
2007). Significantly clustered groups were based on an enrichment score
of > 2.

2.10. Analysis of behavioural data

Behavioural data was analysed in R version 3.2.3 (R Development
Core Team, http://cran.rproject.org/). All dead and deformed larvae
were discounted for behavioural analyses. For all test compounds, only
motility during the dark phase was analysed as movement was minimal
during the light periods. We used linear mixed effect (LME) models
within the “nlme” package of R to assess behaviour. The dependent
variable was either the cumulative time spent active (seconds), the cu-
mulative distance travelled (mm), or average swimming speed (calcu-
lated as the cumulated distance travelled/cumulated time spent active),
with concentration as a categorical independent variable, and replicate
as a random effect. Only those larvae that moved more than one body
length (4 mm) during the test period were included in the analysis. The
Ismeans package was used for post-hoc analyses for significant main
model effects. For all models, examination of the residual plots verified
that no systematic patterns occurred in the errors (e.g. g—q plots). Sig-
nificance was assigned at p = < 0.05.

3. Results

3.1. Teratogenic and behavioural result of larvae exposure to LTG and
compound analysis

All larvae exposed to 1000 pM LTG died. The same results were
observed in 3 of the 4 replicates for larvae immersed in 750 pM LTG.
Larvae exposed to 500 pM LTG had varying prevalence of deformation
(6,4% spinal cord deformation, 3,2% heart oedema, 9.7% swimming
bladder) and mortality (16,7-100%). There was no significant differ-
ence in mortality or the prevalence of deformation at < 300 pM
compared to controls (Fig. 1).

There were no significant behavioural differences between controls
and LTG 50 and LTG 100, whereas LTG 300 and LTG 500 resulted in a
significant decrease in the total time spent active and the total distance
moved compared to controls (Fig. 2).

Compound analysis showed accordance between the calculated LTG
concentrations and the final exposure concentrations measured in the
solutions. For the calculated concentrations used in transcriptome
analysis 50, 100, and 300, the corresponding mean concentrations in the
medium were 56.4, 114.2, and 336.6 pM (with Range [53.1-60] puM,
[105.5-119.0] pM, [317.3-359.0] pM).

3.2. Sequencing analysis
FastQC analysis showed high quality of sequences with Phred score

between 34 and 36.5 over all reads. The total number of reads per
sample varied from 20.5 million to 27.4 million, with an average of 24.7
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Fig. 1. Results of teratogenic effect due to exposure to different lamotrigine
concentrations. The horizontal axis displays lamotrigine concentration, while
the vertical axis represents the percentage of healthy zebrafish larvae. Results
are based on 4 independent exposers with 12 zebrafish larvae in each
tested compound.

million reads. Most reads aligned to the zebrafish reference genome,
with an average alignment rate of 89.4% for all samples. Of the reads
that aligned to the reference genome, about 55.4% were assigned to
defined gene regions, based on RefSeq genome annotation definitions.

3.2.1. RNA seq expression results and pathways analysis

DESeq2 analysis revealed 80 significantly DEG for LTG 50 (12
downregulated, 15%), 12 DEG for LTG 100 (7 downregulated, 58%),
and 210 for LTG 300 (191 downregulated, 91%) (Fig. 3).

KEGG analysis revealed several significantly enriched pathways in
LTG 300, primarily receptor signalling pathways (C-type lectin receptor
signalling pathway, NOD-like receptor signalling pathway, Toll-like re-
ceptor signalling pathway and RIG-I-like receptor signalling pathway).
IL-1p was downregulated in three of those pathways (Fig.A1:A3). GO
analysis for biological function detected numerous processes associated
with response to pathogens, the inflammatory response, as well devel-
opment and regulation of immune system (Fig. 4). For LTG 100, KEGG
results revealed 3 significantly enriched pathways. None of those
pathways were directly associated with the immune response. Further,
the gene count involved was low. KEGG analysis in LTG 50 showed
significantly enriched pathways involved in neuroactive receptor-ligand
interactions. In this treatment, complement component 3a (C3.a) was
significantly upregulated. Studies of GO terms revealed multiple path-
ways associated with regulation of the immune response (Fig. 4).

DAVID analysis identified 44 enriched protein domains in LTG50
(Table.A4 in appendices), 4 domains in LTG300 (Table.A6 in appen-
dices) and 0 domains in LTG50. These clustered into 4 significantly
enriched clusters for LTG50 (Table.A5 in appendices) and 2 clusters for
LTG300 (Table.A7 in appendices). For LTG50 the most significant pro-
tein domains, and the most highly enriched cluster (enrichment score
8.43) were dominated by alpha 2 macroglobulins (A2M). Also signifi-
cantly enriched domains and clusters for LTG50 were peptidases/tryp-
sins (effect size (e.s.) 7.84), serine protease inhibitor (e.s. 3.86) and
fibrinogens (e.s. 2.01). The 2 enriched LTG300 clusters were nidogen (e.
s. 3.22) and basic leucine zipper domains (e.s. 2.83).

4. Discussion

The main aim of the study was to assess the effect of LTG on the gene
expression of inflammation markers in the larval zebrafish model. We
found some support for our hypothesis that LTG effects the immune
system, as we found a general pattern of upregulation of inflammation
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Fig. 2. Larval behaviour following exposure to lamotrigine. (A) Cumulative
distance moved, (B) cumulative time spent active, and (C) the mean swimming
speed. Results based on 4 independent exposures with 12 zebrafish larvae in
each of the tested compound. Data are means + the 95% confidence interval.
The statistics are from linear mixed effect models. An asterisk (***) indicates a
significant effect compared to the control (least square means, p < 0.001).

markers in zebrafish exposed to LTG 50, whereas downregulation of
inflammation markers occurred for LTG 300. Our results are discussed in
relation to possible novel mechanisms of action for LTG.

The main finding in our study is that LTG influences gene expression
of inflammation markers in zebrafish larvae. However, the response is
not linear as 85% of the DEG were upregulated following treatment with
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LTG 50, whereas 91% were downregulated with LTG 300. This type of
response can be described as a non-monotonic dose response, whereby
the response curve has a change in sign (i.e. from positive to negative or
vice versa) over the range of doses tested (Conolly and Lutz, 2004; Kohn
and Melnick, 2002). This dose-related response was more prominent
when investigating differences within the LTG group. Fig. 5 shows lower
gene expression of component complement 3 (C3) group with increased
LTG concentration. However, the results for LTG 300 were not signifi-
cantly different from the control group. Non-monotonic dose responses
may explain why an increasing dose of some ASMs can lead to the
exacerbation of seizures. This effect was also described in patients using
LTG (Bauer, 1996; Guerrini et al., 1998). The possible mechanisms
include an increased vulnerability to other medications or neurotoxins,
an altered receptor-response to drugs, or possibly an incipient toxic ef-
fect at the highest dose (Bauer, 1996; Conolly and Lutz, 2004).

Component complement 3 (C3) was upregulated in the majority of
the GO biological function terms assigned to diverse immunological
processes in LTG 50. C3.a is a protein generated from complement
pathway activation and has an important function in pathogenic infec-
tion. It affects T cell activation and survival (Strainic et al., 2008) as well
as stimulating chemotaxis and macrophage activation and has a
dichotomous action (Mathern and Heeger, 2015). During the acute
phase of inflammation, it has an anti-inflammatory effect, in contrast, in
chronic inflammation it acts as a proinflammatory molecule. C3.a may
also enhance or decrease production of cytokines from peripheral blood
mononuclear cells, among them IL-1f (Coulthard and Woodruff, 2015),
and is reported to be one of the inflammatory compounds which alter
blood-brain barrier permeability (Oby and Janigro, 2006). C3 has pre-
viously been linked to epilepsy, with it being significantly higher in
untreated patients compared to heathy controls (Basaran et al., 1994),
whereas others have found an increased expression of complements,
among them C3, after SE in rodents and humans with temporal lobe
epilepsy (Aronica et al., 2007; Schartz et al., 2018). These data indicate
that complement activation could contribute to a sustained inflamma-
tory response, which could imply that LTG 50 by increasing expression
of C3.a could have an impact on epileptogenesis. The majority of DEGs
from the LTG 300 were downregulated. All the significantly enriched
KEGG pathways are involved in immunological responses to pathogens
or stimulate inflammation (Chen et al., 2016; Geijtenbeek and Gring-
huis, 2009). Of particular interest is the impact of LTG 300 on the
TLR-signalling pathway. Previous studies have shown the expression
level of TLR4 mRNA is positively correlated with the number of seizures
in patients with epilepsy (Aronica and Gorter, 2007; Pernhorst et al.,
2013). An in vitro study on blood from healthy patients reported a
reduced level of IL-1p after treatment with LTG (Himmerich et al.,
2013). The TLR- and IL-1R-signalling pathways are both activated by
IL-1p and are central in epileptogenesis. Experimental studies using
anti-inflammatory molecules acting as antagonists to IL-1R and the TLR
pathway observed a 70-90% reduction in the frequency of spontaneous
seizures in chronic epilepsy (lori et al., 2017). Based on our results, we
could hypothesize that the downregulation of the IL-1p and
TLR-signalling pathway by LTG 300 could have an anti-inflammatory
effect and consequently have an impact on epileptogenesis. Further
studies could then determine whether LTG does result in reduced pro-
tein levels of IL-1p in zebrafish. If so, one could then assess whether
treatment with a high-dose of LTG could be preferred in patients at risk
of developing epilepsy after a stroke or brain injury.

Protein domain analysis revealed significantly enriched A2M in
LTG50. This protein is a major component of the innate immune system
that increases during the early stages of inflammation. A2M has been
associated with Alzheimer disease, febrile seizures, and acute dissemi-
nated encephalomyelitis (Suzuki et al., 2019; Varma et al., 2017).
However, A2Ms involvement in epilepsy has not been previously
described. Other enriched protein domain clusters provide further sup-
port for LTGs role in inflammation. Peptidase S1 (encoded by cathepsin
G) plays a role in remodelling connective tissue at inflammation sites in
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myeloid leukaemia patients (Alatrash et al., 2017). Serine protease in-
hibitors (SERPIN) are involved in wide range of processes - coagulation,
inflammation, digestion and are also present in CNS. The aberrant ac-
tivity of these molecules has been described in Alzheimer’s disease,
Parkinson’s disease, traumatic brain injury, and stroke (Almonte and
Sweatt, 2011). SERPIN have been causatively linked to epilepsy (Roussel
et al., 2016). The majority of (above-described) protein domain
enrichment occurred at LTG50, suggesting that an inflammation
response occurs also at therapeutic concentrations of LTG.

The mechanistic actions by which LTG regulates the immune system
are unknown. LTG likely acts by inhibiting sodium currents by selec-
tively binding to inactive sodium channels. Other VGSC blocking ASMs

like phenytoin and carbamazepine are well known to modulate immu-
noglobulin levels (Yamamoto et al., 2010). In line with that, clinical
studies have shown that LTG induce hypogammaglobulinemia (Sval-
heim et al., 2013) and causes adverse uncontrolled immune reaction
hemophagocytic lymphohistiocytosis (Kim et al., 2019). Previously, it
has been reported that sodium channels play a role in the release of
inflammatory cytokines from microglia stimulated with LPS (Hossain
et al., 2013). It has also been demonstrated that treatment with the
VGSC blockers phenytoin and carbamazepine ameliorates the inflam-
matory response and has protective effects on central nervous system
axons, thus may act as a neuroprotectant in experimental autoimmune
encephalitis, a model of MS (Black et al., 2007; Black and Waxman,
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2008; Craner et al., 2005). It is therefore tempting to suggest that LTG
may have acted on immune gene expression via its role as an VGSC
blocker, although more studies have to be done to support this
assumption.

The concentrations of LTG used for the transcriptome analysis were
based on results from our preliminary toxicology and behavioural
experiment. The lowest exposure is regarded as comparable to exposure
of LTG during therapeutic exposure. Similar to other studies, we did not
find any indications of a teratogenic effect in larvae expose to LTG at
concentrations of < 300 pM. Furthermore, LTG was found to increase
the prevalence of deformities and mortalities at > 500 pM as previously
observed (Berghmans et al., 2007; Lee et al., 2013). However, LTG 300
had a significant effect on basal locomotor activity that was unexpected,
since it was previously reported to have no sedative effect at 30-300 pM
in a similar behavioural test in larval zebrafish (Berghmans et al., 2007).
Nevertheless, although not significant, there was a trend for reduced
movement in larvae exposed to increasing concentrations of LTG in the
study of Berghmans et al. (Berghmans et al., 2007). As the LTG 300
group was essentially the highest dose that did not cause a teratogenic
effect, it is unclear whether this behavioural effect is due to general
toxicity or a specific mode of action related to LTG. However, the im-
mune system is known to play a significant role in behaviour and a
large-scale  screen in  larval  zebrafish  concluded that
immune-suppressants reduce activity during light/dark tests due to their
role in setting normal activity levels (Rihel et al., 2010). As the LTG 300
treatment led to downregulation of immune pathways, this treatment
could be considered to have an immune suppressive effect that may then
explain the reduction in general activity.

Several study limitations are acknowledged. In the current study we
used four biological replicates per LTG treatment group, which was
sufficient to detect large expression differences between treatments for
the individual genes. However, a larger number of biological replicates
would have enabled a finer resolution of DEGs, resulting in more
detected DEGs and subsequently an improved identification of signifi-
cantly enriched KEGG pathways and GO terms (due to enrichment being
based on the proportion of detected DE genes to the total number of
genes in a pathway/term). It is also important to mention that not all
genes are expressed at the early stage of development. Finally, it should
be noted that there is still a gap between preclinical findings and
possible clinical implications when it comes to treatment of patient,
which should be cautiously interpreted.

5. Conclusion

Our study aimed to determine whether LTG impacts on the immune
system in a vertebrate model used extensively in biomedical research.
We have demonstrated that LTG has an impact on the immune system
following sub-lethal exposure, with a non-monotonic dose response
curve. LTG could affect inflammatory responses and reduce

Epilepsy Research 178 (2021) 106823

epileptogenesis also at clinically relevant concentrations. Further
studies should focus on investigating changes in genes expression and
levels of inflammatory markers in zebrafish treated with LTG and other
ASMs before and after epileptic seizures to help close the knowledge gap
between preclinical findings and possible clinical implications in
patients.
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