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Charité—Universitätsmedizin Berlin, Berlin, Germany

5	 Charité Pediatric Head and Neck Center, Charité—
Universitätsmedizin Berlin, Augustenburger Platz 1,  
13353 Berlin, Germany

Abstract
Objective  To investigate the anti-inflammatory properties of anti-seizure medications (ASMs) administered to patients with 
drug-resistant epilepsy (DRE) and the role of sodium channels in microglial activation.
Material  Primary microglia monocultures from mice brains.
Treatment  Microglia were activated with 10 μg/mL lipopolysaccharide (LPS) or polyinosinic:polycytidylic acid (poly I:C) 
and pre- (45 min ASM then 2 h ASM plus stimulus) or post- (2 h stimulus then 24 h only ASM) treated with ASMs. Microglia 
were treated with cannabidiol (10 μM), stiripentol (250 μM), fenfluramine (50 μM), phenytoin (8 and 40 μM), cenobamate 
(300 and 900 μM), or the small molecule sodium channel blocker GS967 (10 and 30 μM). The sodium channel modulators 
tetrodotoxin (1 μM), µ-conotoxin KIIIA (1 μM), and β-pompilidotoxin (0.5 μM) were also applied.
Methods  Microglia activation was quantified through measurements of Ptgs2 (Cox2), Tnf-α, and Ifn-β induction by RT-
qPCR and of cell morphology by immunocytochemistry. Expression of sodium channels in microglia was studied using 
PCR, RT-qPCR, immunohisto- and immunocytochemistry. Mann Whitney test and the Kruskal–Wallis test with Dunn’s 
multiple comparisons post-test were used.
Results  ASMs have a differential effect on microglial activation. Uniquely, cenobamate inhibited the induction of Ifn-β and 
made the cells less amoeboid. The voltage gated sodium channel Nav1.2 is expressed by microglial cells and its expression 
levels change with microglial inflammatory response. Toxins that block sodium channels modulated microglial activation.
Conclusions  ASMs, applied to patients with DRE, have a differential ability to reduce microglial activation and pro-inflam-
matory microglial morphology in vitro. Moreover, sodium channel blockage modulates inflammation through microglia 
activation. Taken together these results suggest, that further investigation of patient’s immune response to ASMs could be 
important.
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Introduction

Epilepsy is one of the most common neurologic diseases 
world-wide [1]. Although there are now more than 30 anti-
seizure medications (ASMs) available, around one third 
of epilepsy patients suffer from drug-resistant epilepsy 
(DRE), defined as two suitable ASMs not resulting in sei-
zure freedom [2, 3]. The primary mechanism of most ASMs 
is through influencing neuronal excitability by increasing 
inhibitory and decreasing excitatory transmission [4]. How-
ever, considering the high number of patients with DRE, it 
is important to address additional mechanisms in epilepsy 
that could contribute to drug resistance.

One such mechanism is neuroinflammation that plays an 
important role in altering neuronal excitability and could be 
a factor contributing to DRE [5]. It is well established that 
seizure activity can result in inflammation, however recent 
evidence also points to inflammation playing a role in the 
process of epileptogenesis [6, 7]. In support of this, elevated 
levels of inflammatory cytokines have been observed in sur-
gically resected epileptic foci from animal models and DRE 
patients, and neuroinflammation results in increased seizure 
susceptibility [5]. In line with the evidence that inflamma-
tion plays a role in DRE, steroids are often used to treat 
intractable epilepsies with positive outcomes in some cases 
[8–11].

Microglia are the resident immune cells of the brain that 
respond within minutes to acute neuronal hyperactivity in 
animal models of seizure induction [12]. These responses 
include morphological changes as well as release of pro-
inflammatory cytokines that can directly affect neuronal 
excitability [13]. Significant microglial activation has been 
identified in resected brain tissue of children with intrac-
table childhood epilepsy [14]. Microglial activation can 
also precede seizure onset, suggesting that they could play 
a causal role in disease pathogenesis [15]. In support of this 
microglia have been shown to affect neuronal excitability 
[16].

To investigate whether ASMs can differentially reduce 
inflammation, we chose to test ASMs, some of which have 
been associated with an anti-inflammatory effect and/or 
approved for treatment of Dravet syndrome (DS) and are 
often used to treat patients with DRE. These are cannabi-
diol, stiripentol, fenfluramine, phenytoin, cenobamate, and 
the experimental small molecule sodium channel blocker 
GS967. Cannabidiol, that has known anti-inflammatory 
properties, is approved for the treatment of the highly DREs 
Dravet syndrome (DS), Lennox Gastaut syndrome (LGS), 
and tuberous sclerosis complex (TSC) [17, 18]. Fenflura-
mine, approved for the treatment of LGS and DS, was shown 
recently to result in reduced microglial activation [19, 20]. 
Stiripentol is approved for treatment of DS and used as an 

add-on therapy in patients with drug-resistant focal epilepsy 
[21]. Phenytoin, applied in the treatment of status epilepti-
cus and for long-term treatment in DRE, has been shown to 
reduce microglial activation [22, 23]. The new drug ceno-
bamate is approved as adjunctive treatment in adults with 
focal-onset epilepsy and we have further shown an effect in 
individuals with DS [24]. GS967 was shown to be highly 
effective in reducing seizure frequency in a mouse model 
of DS [25].

Taken together, we hypothesized that these ASMs may 
reduce inflammation, resulting in a lowered threshold for 
seizures. Here, we test this hypothesis by studying the effect 
of these ASMs directly on microglial activation in vitro. 
This is important because this points to reduction of microg-
lial activation as a new target for the treatment of DRE and 
may influence the choice of a specific ASM.

Material and methods

Isolation and culture of primary microglia

Mice pups were acquired from the Charité Experimental 
Medicine Research Facility (FEM). P0-P4 pups of both 
sexes from either C57BL/6 J or C57BL/6N strain were used. 
The protocol modified from the reference is given in the sup-
plementary information [26]. 12 days after seeding of mixed 
cultures in in Dulbecco's Modified Eagle Medium (DMEM) 
with 10% fetal bovine serum (FBS) and 1% penicillin–strep-
tomycin (Pen/Strep) (DMEM-C), microglia were separated 
from astrocytes by shaking cell culture flasks for 25 min at 
250 rpm. The supernatant was collected, cells pelleted and 
resuspended in DMEM-C. Cells were counted and seeded 
into 24 well plates at the required number (for RT-qPCR: 
150.000 cells per well of a 24-well plate, for immunocyto-
chemistry 30.000 cells per coverslip, coated with poly-D-
lysine (PDL)). After 24 h, the medium was replaced with 
Macrophage-SFM (serum free medium) containing 1% Pen/
Strep, and the cells were stimulated 2–4 days after seeding. 
The microglia monoculture was stained for other cell types 
to assess purity. Glial fibrillary acidic protein (GFAP) was 
used for astrocytes, myelin basic protein (MBP) and neural/
glial antigen 2 (NG2) for oligodendrocyte cell lineage, and 
class III β-tubulin (TUJ1) for neuronal presence. By these 
criteria we had a microglia purity of over 98% (see supple-
mentary Fig. 1).

Stimulation of microglial cultures

To investigate the effects of the drugs on inflammatory pro-
cesses, we triggered inflammation by stimulating the cells 
with lipopolysaccharide (LPS (E. coli serotype O111:B4)) 
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at 10  μg/mL, as a model for bacterial infection, or with 
polyinosinic: polycytidylic acid (poly I:C) at 10 μg/mL, as a 
model of viral infection. Two paradigms were used: (i) pro-
phylactic paradigm: In the first paradigm, microglia were 
exposed to either the drug or vehicle control for 45  min 
before adding the stimulus. Cells were incubated for 6 h, 
after which medium was removed or collected and stored 
at − 70 ℃ for cytokine assay. The plate with the cells was 
stored at − 70 ℃ until analyzed for prostaglandin-endo-
peroxide synthase 2 (Ptgs2 or Cox2) and tumor necrosis 
factor-α (Tnf-α) or interferon-β (Ifn-β) levels. (ii) Thera-
peutic paradigm: In the second paradigm, microglia were 
stimulated for 2 h, after which the wells were rinsed once 
in Macrophage-SFM and then incubated with either drug 
or vehicle control for 24 h, after which the plates were pro-
cessed for cytokines as mentioned previously (graphic of 
experimental paradigm is provided in supplementary infor-
mation). Cells on coverslips, for immunocytochemistry, 
were fixed with 4% paraformaldehyde (PFA) in phosphate 
buffered saline (PBS) (15 min at room temperature), washed 
three times with cold PBS and then stored in PBS at 4 ℃, 
until staining. The drug concentrations finally tested are 
the result of preliminary experiments in which a range of 
concentrations were tested for effect. Stock concentrations, 
solvent information, and preliminary concentration range 
tested can be found in the supplementary tables.

RNA extraction, cDNA synthesis and quantitative 
real-time PCR

The NucleoSpin RNA XS Kit (Macherey–Nagel, Düren, 
Germany) was used for RNA extraction and the RNA was 
reverse transcribed into cDNA, using the cDNA Synthesis 
Kit (Bio-Rad, Hercules, USA), all according to manufactur-
er’s protocol. For RT-qPCR, the iTaq™ Universal SYBR® 
Green Supermix (Bio-Rad) with specific primers were used. 
Primer sequences and references for them are given in 
supplementary tables [27, 28]. Ptgs2 and Tnf-α levels were 
determined after LPS stimulation and Ifn-β after poly I:C 
stimulation. Rpl13a expression was determined as a refer-
ence gene for normalisation of mRNA expression.

Detection of Scn isoforms

1 µL of cDNA was used as template in a 20 µL PCR reac-
tion. PCR products along with 100 bp ladder (Thermo fisher) 
were run on the 2% agarose gel, prepared in 1 × TBE (Tris/
Borate/EDTA) buffer. Primer sequences used are given in 
supplementary tables.

Immunocytochemistry

Briefly after fixation cells were permeabilised for 15  min 
in 0.1% Triton + 3% bovine serum albumin (BSA) in PBS, 
blocked for one hour with 10% donkey serum and 3% BSA 
in PBS. The cells were incubated for 2 h at room temperature 
(RT) with primary antibody in 1:2 diluted blocking solution. 
The cells were washed 3 times with PBS for 10 min each, 
then incubated for 1.5 h at RT, in 1:2 diluted blocking solu-
tion, with secondary antibody. The cells were washed 3 × for 
10 min each with PBS and then incubated for 15 min at RT 
with DAPI, washed twice for 10 min with PBS and briefly 
rinsed with water and mounted in Fluoromount. Antibodies 
used and their dilutions are specified in the supplementary 
tables.

Immunohistochemistry

Brains were removed from P14 and P56 mice and fixed in 
4% PFA at 4 ℃ overnight and transferred to 30% sucrose 
solution. O.C.T. (Optimal cutting temperature compound) 
was used to embed brains. 12 µm brain slices were sectioned 
and blocked with 10% donkey serum/0.1% Triton X-100 in 
PBS at RT for 1 h in a humid box. Sections were incubated 
with primary antibodies at 4 ℃ overnight, washed 3 × for 
10  min with PBS and incubated with secondary antibody 
at RT for 2 h. The slides were washed three times with PBS 
and mounted with Fluoromount. Antibodies used and their 
dilutions are specified in the supplementary tables.

Morphological analysis

Pictures were taken using an Olympus BX50 microscope, 
coupled with an HBO® Mercury short arc lamp (Osram 
HBO® 103 W/2) and a MagnaFire camera with MagnaFire 
software 2.1. Analysis was done using Fiji (ImageJ) version 
2.16.0.

Analysis by cytokine assay

Release of selected cytokines and chemokines into the 
medium was analysed using the Proteome Profiler Mouse 
Cytokine Array Kit, Panel A from R&D Systems™ (Min-
neapolis, MN, USA). Prior to analysis, the medium was 
centrifuged at 1000 rcf for 5 min at 4 ℃. The analysis was 
performed according to the manufacturer's protocol. Imag-
ing was done using Azure 600 Imaging System (Biozym®, 
Hessisch Oldendorf, Germany) and the analysis was done 
using the QuickSpots program version 25.6.0.3.
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readout, cannabidiol had no effect on reducing Ifn-β levels 
(Fig. 1C).

We then examined the effect of fenfluramine, that has 
been shown in vivo to reduce the amount of activated 
microglia [20]. We initially tested concentrations ranging 
from 0.1–100  µM and found that the variability was the 
least at 50 µM. Therefore, this concentration was used for 
further testing. Fenfluramine was not effective in suppress-
ing inflammation when applied prophylactically directly on 
microglia (Fig. 1D–F), suggesting that reduction in microg-
lia activation seen in vivo, was potentially a consequence of 
seizure reduction [20]. For stiripentol, we tested concentra-
tions between 10 and 250 µM and used 250 µM, based on 
initial results. We showed that, as with fenfluramine, stirip-
entol also does not have any effect on microglial activation 
(Fig. 1G–I).

Effect of sodium channel blockers on inflammation 
markers in microglia

We examined the effect of the sodium channel blockers 
phenytoin, cenobamate, and GS967, that have been shown 
to reduce seizure frequency in animal models and patients 
with the DRE Dravet syndrome [24, 25, 31]. Phenytoin was 
able to suppress the induction of Ptgs2 but not Tnf-α fol-
lowing LPS stimulation (Fig. 2A and B), and it had a sig-
nificant effect on the upregulation of Ifn-β, when microglia 
were stimulated with poly I:C (Fig. 2C). Cenobamate did 
not have a significant effect on Ptgs2 or Tnf-α levels when 
stimulated with LPS (Fig. 2D and E), but had a significant 
effect on reducing Ifn-β when microglia were stimulated 
with poly I:C (Fig. 2F). Thus, unlike cannabidiol or phenyt-
oin, cenobamate had a reducing effect on the innate immune 
interferon response of microglia, as shown by the decrease 
in Ifn-β (Fig. 2F). In contrast to cenobamate but similar to 
cannabidiol, GS967 was able to suppress the pro-inflamma-
tory effect of LPS stimulated microglia (Fig. 2G and H) but 
not to microglia stimulated with poly I:C (Fig. 2I). Taken 
together, sodium channel blockers also affect the interferon 
pathway (Fig. 2C and F) unlike the anti-inflammatory effect 
of cannabidiol (Fig. 1C).

Effect of ASMs on cyto- and chemokines in microglia

To validate the RT-qPCR readout, we used the mouse cyto-
kine array to measure the amount of cytokines secreted into 
the medium. For that, we used the medium from wells that 
showed a significant inflammatory reduction in the prophy-
lactic paradigm. We found that, in line with the RT-qPCR 
result, cannabidiol results in a greater reduction in TNF-α 
levels than GS967 and this trend was also seen for IL-6 

Graphics

Graphics were built using GraphPad Prism version 10.2.3 
and Adobe Illustrator version 29.4.

Statistics

The RT-qPCR and morphology experiments were per-
formed with a minimum of three biological replicates 
with duplicate or triplicate wells for each biological rep-
licate. For statistics each biological replicate was counted 
as a separate n. RT-qPCR was performed in duplicate from 
each well and Rpl13a was used as control for quantifica-
tion normalization. Analyses were performed with the Ste-
pOne software V2.3 (Thermo Fisher Scientific, Waltham, 
MA, USA) and a relative quantification approach was used, 
according to the 2-ddCT method [29]. For the histograms 
the average 2-ddCT value for each well was plotted. For 
morphological analysis at least 5–10 random fields per cov-
erslip were analysed for a total of > 100 cells per coverslip. 
This was done for three biological replicates. The average 
area and circularity of the cells in each field was measured 
and plotted. When comparing across two groups the non-
parametric Mann Whitney test was used. When comparing 
across more than two groups the Kruskal–Wallis test was 
used with Dunn's multiple comparisons post-test. P values 
are reported and the histograms represent mean ± standard 
error of the mean (S.E.M). Biological triplicates (n = 3) were 
used for the analysis of the cytokine assay. The mean value 
of the measured pixel density in the medication groups was 
compared with that of the respective vehicle control group. 
The pixel density of the vehicle control was normalized as 
1 and the values of the medication were normalized accord-
ingly. For statistical analysis, an unpaired t-test with Holm-
Šídák correction was used to adjust for multiple testing.

Results

Effect of ASMs on inflammation markers in microglia

As a positive reference for the suitability of our assay, we 
first tested whether cannabidiol could reduce microglial 
activation induced by LPS [17]. As a readout, the effect of 
the drug was assessed on Ptgs2 and Tnf-α levels, whose lev-
els have been studied in the context of epilepsy [30]. Can-
nabidiol reduced the level of Ptgs2 and Tnf-α when given 
before LPS stimulation of microglia (Fig. 1A and B). We 
also used poly I:C, that induces the interferon pathway, as 
a second activation stimulus. Using the levels of Ifn-β as a 
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suppress inflammation when given after the onset of inflam-
mation (Fig. 4A). This was also the case for GS967 (Fig. 4B) 
but not for phenytoin (Fig. 4C). Also, when prestimulated 
with poly I:C neither cenobamate nor phenytoin had any 
effect on Ifn-β levels (Fig. 4F–H). Intriguingly, in contrast 
to the prophylactic administration, stiripentol showed a sig-
nificant anti-inflammatory effect (Fig. 4D), while fenflura-
mine led to an increase in Ptgs2 levels (Fig. 4E).

Effect of anti-seizure medication on microglial 
morphology

Microglial morphology is dynamic and can reflect func-
tional changes, such that a larger cell body and more circular 

(Fig. 3A and B). Cannabidiol further had an effect on vari-
ous chemokines (Fig. 3A). We then performed the cytokine 
array for cenobamate, stimulating the cells with poly I:C. 
We showed that like GS967, cenobamate reduced the level 
of the chemokines CXCL1 but also reduced the levels of 
CCL5 and CXCL10 like cannabidiol (Fig.  3D). Interest-
ingly, the sodium channel blocker phenytoin had no effect.

Effect of ASMs on microglial activation in a 
therapeutic paradigm

We next tested the ability of the ASMs to reduce inflamma-
tion in already activated microglia (therapeutic paradigm). 
We showed that cannabidiol was also able to effectively 

Fig. 1  Effect of ASMs on inflammation markers in microglia. Effect of 
CBD (A-C), FFA (D-F) and STP (G-I) on the mRNA levels of Ptgs2, 
Tnf-α or Ifn-β on microglial cells stimulated with LPS or poly I:C. 
Levels of Ptgs2 (A, D and G), Tnf-α (B, E and H) and Ifn-β (C, F and 
I) normalized to vehicle control in microglia pretreated with the drug 

for 45 min, followed by LPS (10 μg/mL) (A, B, D, E, G and H) or poly 
I:C (10 μg/mL) (C, F and I) for 6 h. Data are expressed as mean ± SEM 
(n = 3) *p < 0.05. CBD cannabidiol, DMSO dimethyl sulfoxide, FFA 
fenfluramine, STP stiripentol
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Fig. 2  Effect of sodium channel blockers on inflammation markers in 
microglia. Effect of PHT (A-C), CNB (D-F) and GS967 (G-L) on the 
mRNA levels for Ptgs2, Tnf-α or Ifn-β on microglial cells stimulated 
with LPS or poly I:C. Levels of Ptgs2 (A, D, G, J) and Tnf-α (B, E, 
H, K) and Ifn-β (C, F, I, L) normalized to vehicle control in microglia 

pretreated with drug for 45 min, followed by LPS (10 μg/mL) (A, B, 
D, E, G, H, J, K) or poly I:C (10 μg/mL) (C, F, I, L) for 6 h. Data are 
expressed as mean ± SEM (n = 3) *p < 0.05; **p < 0.01. CNB cenobam-
ate, DMSO dimethyl sulfoxide, PHT phenytoin
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Effect of anti-seizure medication on cytokine profile

Having seen the effect of stiripentol on microglial morphol-
ogy (Fig. 5N–P) and suppression of inflammation (Fig. 4D), 
we looked at whether this was reflected in changes in the 
cytokine profile at this later time point. We showed that sti-
ripentol had an effect on reducing several pro-inflammatory 
cytokines and chemokines (Fig. 6).

Effect of voltage-gated sodium channel modulators 
on microglial activation

Mutations in sodium channels result in some of the most 
severe forms of epilesy and almost always they tend to be 
drug resistant with inflammation playing a critical role [34]. 
Therefore we wanted to test the role of sodium channels in 
microglia activation. Previously it was shown that tetrodo-
toxin could modulate the activity of voltage-gated sodium 

morphology indicates an amoeboid state, that performs a 
phagocytoc function [32]. Using the therapeutic paradigm, 
in which microglia were treated with ASMs after the onset 
of inflammation, we quantified the changes in microglial 
morphology due to the drug. We first showed that cannabi-
diol had a significant effect on reducing both cell area and 
circularity (Fig.  5E–G) making them closer to the resting 
state [33]. The difference we found between fenfluramine 
and stiripentol, in their ability to reduce existing inflamma-
tion (Fig. 4D and E), was also evident in their effect on the 
morphology of microglia (Fig. 5K–P). While stiripentol had 
a significant effect on microglial morphology (Fig. 5K–M), 
fenfluramine had no effect (Fig. 5N–P). In terms of sodium 
channel blockers, both cenobamate and GS967 reduced the 
circularity, a measure of the amoeboid shape of microglia 
(Fig.  5H–J, Q–S). Phenytoin, however, did not have any 
effect on microglia morphology (Fig. 5T–W).

Fig. 3  Effect of sodium channel blockers on cyto- and chemokines in 
microglia. Effect of CBD (A), GS967 (B), PHT (C) and CNB (D) on 
the release of selected cyto- and chemokines on microglial cells, pre-
treated with the drug for 45 min, followed by LPS (10 μg/mL) (A, B 
and C) or poly I:C (10 μg/mL) (D) for 6 h. Cyto- and chemokine levels 

are expressed relative to their respective vehicle controls, which were 
normalized to a value of 1. (n = 3) (Exemplary pictures of the mem-
branes can be found in supplementary Fig. 2). CBD cannabidiol, CNB 
cenobamate, PHT phenytoin
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10 and 30 µM and CNB 900 µM at 6 and 24 h and show sig-
nificant Spearman’s correlation coefficient between levels 
of Ptgs2 and Scn8a (Fig. 7B). Since Nav1.6 was detected 
at low levels in control conditions, we confirmed Nav1.6 
expression in microglial culture in conditions where they 
were stimulated with LPS (1 µg/ml) for 24 h (Fig. 7C).

Next we used primers to differentiate between the Scn8a 
isoforms to study which isoform is expressed in microglial 
cells. We found that microglia did not express the full-length 
mRNA that codes for the full-length protein, that forms the 
functional channel. However the delta 18 and the poison 
exon transcript of Scn8a could be detected (Fig. 7D2) [39, 
40]. We did not detect Scn1a in microglia using primers that 
detected all isoforms of the Scn1a mRNA (Fig. 7D1) [41]. 

channels (VGSCs) on microglia [35, 36]. Since we saw an 
effect of sodium channel blockers on microglial activation, 
we tested whether tetrodotoxin was also able to modulate 
activation under similar conditions. In addition, we also 
used β-pompilidotoxin to enhance the activity of VGSCs 
[37]. In accordance with previous results, tetrodotoxin was 
able to reduce Tnf-α levels (Fig. 7A1). However, application 
of β-pompilidotoxin resulted in no increase in Tnf-α levels 
over LPS alone (Fig. 7A2).

As to the identity of the VGSCs, previous work has impli-
cated the role of Nav1.6 in microglial activation [22, 35, 38]. 
Therefore, we tested whether the reduction in the mRNA 
levels of Ptgs2 was correlated with a reduction in Scn8a 
mRNA. For this, we took the drug conditions of GS967 at 

Fig.  4  Effect of ASMs on inflammation markers on preactivated 
microglia. Effect of CBD (A), GS967 (B), PHT (C and H), STP (D), 
FFA (E) and CNB (F and G) on the mRNA levels of Ptgs2 (A-E) on 
microglial cells pre-stimulated with LPS (10 μg/mL) for 2 h and Ifn-β 
mRNA levels (F–H) after pretreatment with poly I:C (10 μg/mL) for 

2 h. RT-qPCR analysis was performed 24 h after change to only drug. 
Data are expressed as mean ± SEM (n = 3) *p < 0.05; **p < 0.01. CBD 
cannabidiol, CNB cenobamate, DMSO dimethyl sulfoxide, FFA fenflu-
ramine, PHT phenytoin, STP stiripentol
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act on microglia, and has an anti-inflammatory effect, 
whether administered prophylactically or after activation of 
microglia [17]. However, cannabidiol had no effect on the 
induction of Ifn-β. The sodium channel blockers GS967 and 
cenobamate both had an effect on microglial inflammation, 
although their effects were different. While GS967 reduced 
the levels of Tnf-α and IL-6 cenobamate had an effect on 
Ifn-β and CXCL10. Both sodium channel blockers reduced 
the levels of CXCL1 which may be of significance since the 
CXCL1-CXCR1/2 signaling has been shown to play a role 
in seizures [45]. Interestingly, phenytoin had no effect. Of 
the substances we tested, the ASM cenobamate, at a con-
centration previously shown to inhibit sodium currents, was 
the only one that significantly reduced Ifn-β, an important 
component of the innate immune response of microglia 
[46]. This pathway can also be activated by damage to cells 
caused by seizures and could therefore constitute a target 
that may be important to address [27, 47]. 

Cytokine assays showed that cenobamate behaved simi-
larly to cannabidiol by reducing the levels of Ccl5 and 
Cxcl10, both of which have been known to be mediators 
of inflammation in epilepsy [48]. One of our most strik-
ing findings is the anti-inflammatory effect of stiripentol, 
that has not been reported so far. In addition, we also ana-
lyzed the morphology of microglia since a larger cell area, 
that is more circular, indicates an amoeboid morphology 
that is phagocytotic [32]. Intriguingly, we found that both 
cenobamate and GS967 reduced circularity. Stiripentol and 
fenfluramine, however, had different effects on microglial 
morphology, which was also observed in their differential 
effect on microglial activation. 

Since our results showed that sodium channel blockers 
could modulate inflammation and previous work had impli-
cated the presence of Nav1.6 in microglia, we first looked 
at whether inflammation could regulate Nav1.6 expression 
[49]. Although we detected Nav1.6 by immunocytochem-
istry and saw a positive correlation with inflammation at 
the level of the Scn8a transcript, upon further analysis, we 
showed that microglia do not express the full length Scn8a 
transcript. Therefore, the observed role of Nav1.6 in neuro-
inflammation may either be an indirect effect on microglial 
activation or due to other functions that these isoforms may 
have that are not yet understood [50]. 

We confirmed that tetrodotoxin, a blocker of VGSCs led 
to a decrease in microglial activation, suggesting that there 
may be other VGSCs on microglia. Upon further analysis of 
VGSCs expression in microglia, we showed that Nav1.2 is 
expressed in microglia in vivo during development. Abnor-
mal microglia function during development was shown in 
Scn2a deficient mice in addition to an activated microglial 
morphology in the adults [51]. To assess the contribution 

To test whether other sodium channels, that are linked 
to DRE, are present on microglia, we performed RT-qPCR 
for Scn2a and Scn3a. We detected Scn2a transcripts by RT-
qPCR (Fig. 7E) and expression by immunohistochemistry 
(Fig. 7F). We also detected Scn3a mRNA at very low levels 
compared to Scn2a (Fig. 7E). Further we show, by immu-
nocytochemistry, that microglia in culture express Nav1.2 
(Fig.  7G). In vivo, we found that a subset of microglia 
express Nav1.2 at P14 but not in mature adult microglia at 
P56 (Fig. 7F). We showed that Nav1.2 may modulate inflam-
mation in microglia by showing that inflammation reduces 
Scn2a mRNA (Fig.  7H) and conversely blocking Nav1.2 
results in increased inflammation (Fig. 7I and J). For this, 
we used two different Nav1.2 blockers µ-conotoxin KIIIA 
and phrixotoxin-3 [37, 42] that have previously been used at 
these concentrations to block Nav1.2 activity.

Discussion

Management of DRE is an unsolved clinical problem. This 
is especially pertinent when it comes to childhood epilepsy, 
since repeated seizures can result in developmental slowing 
and/or regression. There has been a lot of interest recently 
on the role of neuroinflammation in DRE. One compound 
known to have anti-inflammatory properties, cannabidiol, 
is an ASM approved for the treatment of DRE subtypes. 
Therefore, in this paper we address the question of whether 
other ASMs, that have shown benefit in patients with DRE, 
also exhibit anti-inflammatory properties, as this may stim-
ulate investigation into patient's immune response to ASMs.

To study the direct effect of ASMs on neuroinflammation 
and not reduced inflammation as a consequence of reduced 
seizure activity, we exposed pure primary microglia in 
culture to different ASMs. The concentrations used in our 
experiment was chosen based on preliminary testing. We 
used, as our primary readout, the well-established PTGS2 
pathway, that is involved in both generation of seizures and 
progression of epilepsy [43]. We used the endotoxin LPS, 
which mimics a bacterial infection, as a stimulus. LPS is 
the ligand for the TLR4 (Toll-like receptor 4) that promotes 
nuclear factor'kappa-light-chain-enhancer' of activated 
B-cells (NF-κb) signalling and production of PTGS2 and 
TNF-α. We also used a dsRNA viral mimic that binds to 
TLR3 and stimulates the production of type I interferon by 
a MyD88 (Myeloid differentiation primary response 88) 
independent, IRFs (interferon regulatory factors) dependent 
pathway. These two pathways can be differentially modu-
lated by phytocannabinoids [44]. 

We first showed that cannabidiol, at concentrations pre-
viously shown to reduce inflammation, can indeed directly 
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was modulated by neuroinflammation. In contrast to tetro-
dotoxin, when we used toxins at the concentrations where 
previous studies had shown that it blocked Nav1.2 currents, 
[37, 42] we surprisingly saw an increase in inflammation. 
Interestingly, this agrees with the observation that in Nav1.2 
knockout animals, compared to control animals, the microg-
lia seem to be more activated [51]. The significance of the 
expression of VGSCs in microglia is not well understood. 
Although our results suggest that Nav1.2 supresses microg-
lial inflammation, how Nav1.2 regulates this remains to be 
investigated. Elucidating the role of Nav1.2 in microglia 
may be important since it has been observed that not only 
gain-of-function but also loss-of-function of Scn2a results 
in disease pathology [52].

In conclusion, this study highlights the importance of 
studying the direct effect of ASMs on microglia, since the 
effect on microglial activation could play an important role 
in addressing new ways of overcoming DRE. In addition, 
this would also, in the future, allow one to assess the sta-
tus of on-going inflammation in DRE patients and predict 
which drug would have the most effect.

of developmental Nav1.2 expression in microglia to this 
phenotype, a microglia-specific conditional knockout of 
Scn2a would be required. In vitro, the expression of Scn2a 

Fig. 5  Effect of ASMs on microglia morphology. Quantitation of area 
(A left) and circularity (A right) and representative field for CTL (B) 
LPS (C) poly I:C (D) after cells were stimulated with either LPS or 
poly I:C. Quantiation of area (E left) and circularity (E right) and rep-
resentative field for vehicle (F) and CBD (G). Quantiation of area (H 
left) and circularity (H right) and representative field for vehicle (I) 
and CNB (J). Quantiation of area (K left) and circularity (K right) 
and representative field for vehicle (L) and FFA (M). Quantiation of 
area (N left) and circularity (N right) and representative field for vehi-
cle (O) and STP (P). Quantiation of area (Q left) and circularity (Q 
right) and representative field for vehicle (R), GS967 (S). Quantiation 
of area (T left) and circularity (T right) and representative field for 
vehicle (U), 8 µM PHT (V) and 40 µM PHT (W). Treatment initiated 
2 h after microglial activation. All except for CNB were activated with 
LPS 10 µg/mL. For CNB activation was by poly I:C 10 µg/mL. Cells 
were fixiated with PFA 24  h after treatment. Immunocytochemistry 
for IBA1 (red), nuclei DAPI (blue). Merged images shown. Graphs 
represent mean ± S.E.M. ***p < 0.001; ****p < 0.0001. CBD cannabi-
diol, CNB cenobamate, CTL control, DMSO dimethyl sulfoxide, FFA 
fenfluramine, LPS lipopolysaccharide, PHT Phenytoin, PIC poly I: 
C polyinosinic:polycytidylic acid, STP stiripentol, IBA1 ionized cal-
cium-binding adapter molecule 1

Fig. 6  Effect of stiripentol on cyto- and chemokines in microglia. Effect 
of STP on the release of selected cyto- and chemokines on microglial 
cells pre-stimulated with LPS (10 μg/mL) for 2 h followed with only 

STP for 24 h. Cyto- and chemokine levels are expressed relative to 
their respective vehicle controles, which were normalized to a value of 
1. (n = 3) STP stiripentol
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Fig. 7  Sodium channel modulator effect on microglia. A Effect of TTX 
(A1) and β-PMTX (A2) on the mRNA levels of Tnf-α on microglial 
cells stimulated with LPS. Levels of Tnf-α normalized to LPS treated 
microglia, microglia were pretreated with toxin for 45  min, followed 
by LPS (10 µg/mL) for 6 h. Data are expressed as mean ± SEM (n = 3) 
*p < 0.05. B Spearman Rho between Scn8a and Ptgs2 mRNA levels (B). 
C expression of Nav1.6 in activated microglia, LPS (1 µg/mL) treated 
for 24  h (C). Immunocytochemistry for IBA1 (green), Nav1.6 (red), 
nuclei DAPI (blue). D Brain (control) and microglia untreated (-LPS) 
or treated (+ LPS (1 µg/mL)) for 24 h. 564 bp = Scn1a transcript with 
poison exon and 498 bp without inclusion of the poison exon (D1). Brain 
(control) and microglia untreated (-LPS) or treated (+ LPS (1 µg/ml)) for 
24 h. 364 bp = Scn8a full length transcript, 309 bp = Scn8a transcript with 
poison exon, 241 bp = Scn8a transcript that skips exon (D2). E Compari-
son of Scn2a and Scn3a mRNA levels in microglia (E). F Expression of 
Nav1.2 in mouse in vivo in microglia (F), P14 (F1–F3), P56 (F4–F6). G 
Expression of Nav1.2 in vitro in microglia (G). F and G Immunohisto- 
and immunocytochemistry for IBA1 (red), Nav1.2 (green), nuclei DAPI 
(blue). HScn2a mRNA levels after 24 h of activation by LPS (1 µg/mL) 
(H). I and J Microglia pretreated with either µ-Cono (I) or Phrixo-3 (J) 
for 45 min followed by LPS (10 μg/mL) for 6 h. Data are expressed as 
mean ± SEM (n = 3) *p < 0.05; **p < 0.01. CTL control, LPS lipopoly-
saccharide, µ-Cono µ-conotoxin KIIIA, Phrixo-3 phrixotoxin-3, TTX 
tetrodotoxin, β-PMTXβ-pompilidotoxin, IBA1 ionized calcium-binding 
adapter molecule 1
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