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Abstract

Due to the role of astrocytes and microglia in the pathophysiology of epilepsy and limited studies of antiseizure medica-
tion (ASM) effects on glial cells, we studied tiagabine (TGB) and zonisamide (ZNS) in an astrocyte-microglia co-culture
model of inflammation. Different concentrations of ZNS (10, 20, 40, 100 pg/ml) or TGB (1, 10, 20, 50 pug/ml) were added
to primary rat astrocytes co-cultures with 5-10% (M5, physiological conditions) or 30-40% (M30, pathological inflamma-
tory conditions) microglia for 24 h, aiming to study glial viability, microglial activation, connexin 43 (Cx43) expression
and gap-junctional coupling. ZNS led to the reduction of glial viability by only 100 pug/ml under physiological conditions.
By contrast, TGB revealed toxic effects with a significant, concentration-dependent reduction of glial viability under physi-
ological and pathological conditions. After the incubation of M30 co-cultures with 20 pg/ml TGB, the microglial activation
was significantly decreased and resting microglia slightly increased, suggesting possible anti-inflammatory features of TGB
under inflammatory conditions. Otherwise, ZNS caused no significant changes of microglial phenotypes. The gap-junctional
coupling was significantly decreased after the incubation of M5 co-cultures with 20 and 50 pg/ml TGB, which can be related
to its anti-epileptic activity under noninflammatory conditions. A significant decrease of Cx43 expression and cell—cell
coupling was found after the incubation of M30 co-cultures with 10 ug/ml ZNS, suggesting additional anti-seizure effects of
ZNS with the disruption of glial gap-junctional communication under inflammatory conditions. TGB and ZNS differentially
regulated the glial properties. Developing novel ASMs targeting glial cells may have future potential as an “add-on” therapy
to classical ASMs targeting neurons.
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Introduction

Epilepsy is associated with the predisposition to generate
recurrent epileptic seizures due to abnormal excessive or
synchronous neuronal excitation in the brain, resulting in
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2001; Thijs et al. 2019). More than 50 to 70 million people
worldwide are affected by epilepsy (Fiest et al. 2017; Ngugi
et al. 2011; Thijs et al. 2019). Treatment with antiseizure
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and drug resistance is required (Loscher et al. 2020; Perucca
et al. 2007). Glia and inflammation can contribute to seizure
generation in many ways (Devinsky et al. 2013; Eyo et al.
2017; Patel et al. 2019). On the one hand, epileptic seizures
lead to the activation of different inflammatory cascades,
including the activation of astrocytes and microglia (Vezzani
et al. 2011; Vezzani and Granata 2005). On the other hand,
autoimmune inflammation, for example, antibody-associated
autoimmune encephalitis, leads to epileptic seizures (Dal-
mau and Graus 2018; Geis et al. 2019). Astrocytes, the main
glia cell population in the central nervous system, support
brain homeostasis, stabilize neuronal networks and form
part of the blood-brain barrier in the healthy (Dermietzel
et al. 1991; Giaume et al. 1991, 2010; Siracusa et al. 2019).
Astrocytic networks are connected by the gap junctional
protein connexin 43 (Cx43), which can contribute to epi-
leptogenesis and further support the role of glial cells in the
generation of seizures (Giaume et al. 2010; Mylvaganam
et al. 2010, 2014). Gap junctions (GJs) contribute to direct
cell-to-cell communication and intercellular exchange (Der-
mietzel et al. 1991; Giaume et al. 1991, 2010). In addition to
enhanced gap junctional communication between neurons,
astrocytic gap junctional communication was also related to
seizure activity (Mylvaganam et al. 2014). Microglia react
to pathological conditions with proliferation and cytokine
release, for example, the morphological and molecular
activation of microglia in epilepsy has been observed (Eyo
et al. 2017). Amounts of microglia can increase from 5-20%
of the glial cell population in the healthy brain up to 30%
or more under inflammatory conditions, accompanied by
morphological changes from a resting ramified (RRT) to
a rounded phagocytic type (RPT) (Faustmann et al. 2003).
Previous studies showed that microglia may influence neu-
ronal activity in epilepsy and astrocyte-mediated excitation
(Eyo et al. 2017; Pascual et al. 2012; Patel et al. 2019; Vez-
zani et al. 2011, 2013). The role of inflammation in epilepsy
is strongly discussed and also underlines an important role
of microglia in this context (Aronica et al. 2017; Pascual
et al. 2012; Vezzani et al. 2011, 2013; Vezzani and Granata
2005). An important step in this direction is the development
of an astrocyte-microglia co-culture model by Faustmann
et al. (2003), which is suitable for studying pharmacologi-
cal effects under physiological and pathological inflamma-
tory conditions involving glial cells (Faustmann et al. 2003;
Ismail et al. 2021a). Effects of ASMs, such as lacosamide,
lamotrigine, topiramate, levetiracetam, brivaracetam, val-
proic acid, gabapentin, phenytoin and carbamazepine, on
glial cells have been investigated to date in terms of inflam-
mation, mimicking conditions under severe diseases of the
central nervous system, such as epilepsy (Corvace et al.
2022; Dambach et al. 2014; Faustmann et al. 2022; Haghikia
et al. 2008; Ismail et al. 2022; Ismail et al. 2021a; Ismail and
Faustmann 2021; Stienen et al. 2011).
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Tiagabine (TGB) (R-N-(4,4-di(3-methylthien-2-yl)-but-
3-enyl-nipecotic acid hydrochloride) is a new-generation
ASM approved by the European Medicines Agency and the
United States Food and Drug Administration as adjunctive
therapy for use in adults and children 12 years and older with
refractory partial seizures. Tiagabine is a potent inhibitor
of presynaptic y-aminobutyric acid uptake in neuronal and
glial cells due to the inhibition of the y-aminobutyric acid
transporter 1 (GAT-1) (Angehagen et al. 2003; Brodie 1995;
Fraser et al. 1999a; Leach et al. 1996; Suzdak and Jansen
1995). As has been shown previously, TGB at the usual
recommended doses did not induce DNA fragmentation in
cortical rat astrocytes or exert toxic effects, but DNA dam-
age was observed at very high concentrations (Cardile et al.
2000, 2001). In addition, protective effects of TGB against
oxidative stress on astrocytes were described (Cardile et al.
2000). Moreover, TGB attenuated microglial activation and
protected dopaminergic neurons against neurotoxins in this
way (Liu et al. 2015).

Zonisamide (ZNS) (1,2-benzisoxazole-3-methaesulfona-
mide) is a new-generation ASM approved by the European
Medicines Agency and the Food and Drug Administration
for the monotherapy of partial seizures in adults and adjunc-
tive therapy of partial seizures in adults and children older
than 6 years. Mechanisms of action of ZNS include altera-
tion of the fast inactivation threshold of voltage-dependent
sodium channels, leading to a reduction of high-frequency
repetitive firing of action potentials, inhibition of low-thresh-
old T-type calcium channels in neurons, a weak inhibition
of carbonic anhydrase and additional effects on dopamine,
serotonin and acetylcholine metabolism (Biton 2007; Walker
and Patsalos 1995). It has been shown that ZNS increased
glutathione in astrocytes, leading to neuroprotection against
oxidative stress (Asanuma et al. 2010). In addition, increased
expression of astrocyte-mediated neurotrophic and anti-
oxidative factors induced by ZNS was related to neuropro-
tection (Choudhury et al. 2012). The ZNS showed effects
on gliotransmitter release via the modulation of astroglial
hemichannel function, such as decreased Cx43 expression
and inhibited Cx43 hemichannel activity (Fukuyama et al.
2020). Moreover, ZNS decreased Ibal-positive microglia
in the spinal cord in a mouse model of neuropathic pain
and reduced amoeboid-shaped activated microglia in BV2
microglial cell lines, suggesting effects against neuropathic
pain by the inhibition of microglial activation (Koshimizu
et al. 2020).

The increasing evidence confirming the role of astro-
cytes and microglia in the pathophysiology of epilepsy
and limited studies of ASM effects on glial cells under-
line TGB and ZNS as interesting targets to study in our
astrocyte-microglia co-culture model. Therefore, we aimed
to investigate effects of TGB and ZNS on glial viability,
microglial phenotypes, expression of GJ protein Cx43 and
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intercellular communication under physiological and patho-
logical inflammatory conditions of the astrocyte-microglia
co-culture model of inflammation.

Material and methods
Cell culture

Faustmann et al. (2003) developed a protocol for the prepa-
ration of primary astrocyte-microglia co-cultures. The so-
called “M5” astrocyte-microglia co-cultures are consistent
with physiological conditions in the brain and contain an
average of 5-10% microglia with a predominantly rest-
ing, inactivated phenotype, whereas the “M30” co-cultures
contain an average of 30-40% microglia with a predomi-
nantly activated phenotype and correspond to pathological,
inflammatory conditions. Previously, the pro-inflammatory
cytokine tumor necrosis factor (TNF)-a in our astrocyte-
microglia co-culture model was increased after 2 and 24 h
of stimulation with gram-negative-derived lipopolysaccha-
ride together with an increase of the activated phenotype of
microglia from 24.69% in the control to 40.54% after 2 h
and 72% after 24 h, confirming that the amount of increased
and activated microglia correlates with the concentration of
TNF-a. Interestingly, this effect could be reversed by a co-
incubation with anti-inflammatory dexamethasone, demon-
strating the proof of principle of our inflammatory M30 co-
culture (Hinkerohe et al. 2010). In summary, these findings
confirm the M30 model as an inflammatory condition. The
co-culture model was also used previously in other pharma-
cological studies (Corvace et al. 2022, 2023; Dambach et al.
2014; Faustmann et al. 2022; Ismail et al. 2022; Ismail et al.
2021a). According to current animal protection regulations
in Germany (Animal Welfare Act) and within the European
Union, the removal of organs or cells from vertebrates for
scientific purposes is not considered an animal experiment
if the animals have not been subject to surgical interven-
tions or invasive treatments prior to sacrifice. Thus, eutha-
nization of postnatal rats intended for the removal of brain
tissue in this study does not need approval or permission
from local or governmental authorities. An ethics approval
is deemed unnecessary according to the relevant German
(Animal Welfare Act) and European (Directive 2010/63/EU)
legislation. All experimental protocols used in the research
project to generate primary cell cultures were carried out
in compliance with the regulations of the Animal Welfare
Act and animal protection regulations applicable within the
European Union.

The cerebral hemispheres were obtained from postnatal
Wistar rats (PO-P2) after decapitation without sedation in
compliance with the German Animal Protection Act. After
removal of the meninges and the choroid plexus, collection

of brain tissue in ice-cold phosphate buffered saline (PBS)
(preparation of 1X from 10X stock solution, consisting of
1.38 M NaCl, 27 mM KCl, 81 mM Na,HPO,, 14.7 mM
KH,PO,) (J.T. Baker, Deventer, the Netherlands) and then
treatment with 0.1% trypsin solution (30 min at 37 °C) was
performed. The next steps included: 1) centrifugation at
500 % g for 12 min at room temperature; 2) resuspension of
the pellet in 5 ml of DNase I solution (Serva Electropho-
resis, Heidelberg, Germany) (100 ul/ml with Dulbecco’s
minimal essential medium: DMEM, Invitrogen, Karlsruhe,
Germany) and incubation for 5 min at room temperature;
3) filling up with wash medium, consisting of DMEM,
10% fetal calf serum (Biochrom AG, Berlin, Germany),
1% penicillin/streptomycin solution (PAA Laboratories,
Linz, Austria), to a total volume of 20 ml and re-centrifu-
gation (5 min at 200 X g); 4) resuspension of pellet in 2 ml
DMEM per brain and filtration through a nylon filter with
a pore size of 60 um; 5) seeding in cell culture flasks (2—4
brains per flask) and incubation at 5% CO, and 37 °C in
astrocyte culture medium, consisting of DMEM, 10% fetal
calf serum, 1% nonessential amino acids, 1% glutamine,
1% penicillin/streptomycin solution (PAA Laboratories,
Linz, Austria); 6) washing of adherent cells the next day
and adding a new cell medium; 7) passage and preparation
of the cells for further experiments after reaching 100%
confluence on about days 5-7, and finally, 8) both M5 and
M30 co-culture conditions could be distinguished based on
the microglia percentage, which was determined depend-
ing on the extent of shaking.

Treatment of cultures

Considering previous study findings with ZNS and TGB,
both M5 and M30 co-cultures were incubated with differ-
ent concentrations of either ZNS (10, 20, 40 or 100 pg/
ml) (Sigma-Aldrich, Taufkirchen, Germany) or TGB (1,
10, 20 or 50 pg/ml) (Sigma-Aldrich, Schnelldorf, Ger-
many) (Adkins and Noble 1998; Asanuma et al. 2010;
Biton 2007; Cardile et al. 2000, 2001; Fraser et al. 1999b;
Masuda et al. 1979; Pavone and Cardile 2003; Perucca
1999; Perucca and Bialer 1996; Walker and Patsalos 1995;
Wang et al. 2004). The appropriate concentration (drugs
dissolved in distilled H,O according to the manufactur-
er’s instructions) for incubation was added directly to the
medium of each cell culture and incubated for 24 h in 5%
CO, at 37 °C. The high concentrations (100 pug/ml ZNS;
20 and 50 pg/ml TGB) were used to reveal toxic effects
(Cardile et al. 2001; Masuda et al. 1979). Co-cultures
untreated with any substance/vehicle were called control
1 and those incubated with the vehicle distilled H,O (5 or
20 pl per ml cell culture medium) were called control 2.
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MTT assay

An MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide) (Roche applied sciences, Penzberg,
Germany) was performed to study the TGB and ZNS effects
in terms of proliferation, toxicity and viability on our co-
cultures. Cells were seeded at a density of 20,000 cells per
well on a 96-well plate and incubated at confluence with
TGB and ZNS at the concentrations mentioned previously.
According to the protocol, firstly, 10 pl MTT reagent was
added to each well for 4 h at 37 °C and 5% CO,, and a sub-
sequent incubation with 100 ul of solubilization solution per
well was performed overnight (Corvace et al. 2022, 2023;
Faustmann et al. 2022; Ismail et al. 2022). The next day, the
Bio-Rad microplate reader (Miinchen, Germany) was used
to measure the absorbance at a wavelength of 550 nm.

Immunocytochemistry

Immunocytochemistry was performed to study the effects
of both drugs on microglial phenotypes and Cx43 signaling.
The ED1 antibody acted as the strongest microglial marker in
experiments performed by Faustmann et al. (2003). The ED1
staining led to the classification of all microglial phenotypes
as resting RRT, intermediate and activated RPT phenotypes
(Fig. 1 a-c). Typical features of RRT microglial phenotype
are small cell bodies with a small cytoplasmic rim and thin
branching processes longer than the diameter of the cell body
(Fig. 1 a). The intermediate phenotype is characterized by a
few vesicles and vacuoles in the cytoplasmic rim with some
thick pseudopodia longer than the diameter of the cell body
(Fig. 1 b). The activated RPT microglial phenotype is distin-
guished by a large cellular diameter with several cytoplasmic

Fig. 1 Microglial morphology by immunocytochemistry in an astro-
cyte-microglia co-culture model of inflammation after treatment with
tiagabine (TGB) and zonisamide (ZNS). The monoclonal antibody
ED1 (red) led to the classification of all microglial phenotypes as
resting ramified (RRT), intermediate and activated rounded phago-
cytic (RPT) phenotypes (white arrows) at a magnification of 600 X (a-
¢). The RRT microglial phenotype is characterized by small cell bod-
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vacuoles and rare short processes (Fig. 1 ¢). The immunocy-
tochemical protocol of this study was used in previous phar-
macological studies (Corvace et al. 2022, 2023; Faustmann
et al. 2022; Ismail et al. 2022). In preparation for immuno-
cytochemistry, the 24 well-plates were filled with cover slips
coated with poly-L-lysine. Cells were then seeded at a density
of 70,000 cells per well and incubated at 37 °C and 5% CO,.
Upon reaching at least 80% confluence, cells were incubated
with the concentrations of TGB or ZNS mentioned previously
for 24 h. Following this, cover slips were washed with PBS
and fixed with ice-cooled ethanol (100%) for 10 min. The cells
were washed again three times with PBS and blocked with
PBS-blocking solution, consisting of 1% bovine serum albu-
min and 10% horse serum (PAA Laboratories, Linz, Austria),
for 1 h. The primary antibody (mouse) anti-ED1 (anti-CD68)
(1:250) (Bio-Rad Laboratories, Feldkirchen, Germany) and
the primary antibody (rabbit) anti-Cx43 (1:1000) (Invitrogen,
Karlsruhe, Germany) were prepared in PBS-blocking solu-
tion (PAA Laboratories, Linz, Austria). Following this, 25 pl
of antibody solution were added per coverslip and incubated
overnight at 4 °C. After washing the wells three times with
PBS and 1% bovine serum albumin, the secondary antibod-
ies Alexa fluor® 568 (mouse) (1:500) and Alexa fluor® 488
(rabbit) (1:500) (Invitrogen, Karlsruhe, Germany) dissolved
in PBS-blocking solution were also added to the cover slips
(25 pl per well) and incubated for 1 h. The well plate was
then washed three times with PBS for 10 min each time. In
the last step, the cover slips were incubated with the nuclear
dye DAPI (4',6-diamidine-2-phenylindole) (1:1000) (Inv-
itrogen, Karlsruhe, Germany) for the quantification of the
cell numbers. ED1-stained microglia were compared with
the total number of DAPI-labeled cells to assess the micro-
glia-astrocytes ratio. The microglia phenotypes and Cx43

ies with a small cytoplasmic rim and thin branching processes longer
than the diameter of the cell body (a). Typical features of the inter-
mediate phenotype are a few vesicles and vacuoles in the cytoplasmic
rim with some thick pseudopodia longer than the diameter of the cell
body (b). The activated RPT microglial phenotype is characterized by
a large cellular diameter with several cytoplasmic vacuoles and rare
short processes (c¢). A bar indicates 20 um
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expression were evaluated in a minimum of three different
visual fields on each cover slip at a primary magnification of
600 x using a Zeiss Axiovert 100 M laser scanning confocal
microscope (Carl Zeiss, Jena, Germany). The ImageJ software
program (Rasband, W.S. Image]J. National Institutes of Health,
Bethesda, Maryland, USA) allowed us to analyze the immu-
nocytochemical Cx43 signal per cell.

Scrape loading and dye transfer

The method of scrape loading dye transfer was performed to
study the gap-junctional coupling and the effect of drugs on
it (El-Fouly et al. 1987). Cells were incubated on cover slips
at a density of 70,000 cells per well, similar to the immuno-
cytochemistry described, and incubated with the drugs and
concentrations mentioned previously for 24 h when at least
80% confluency was reached. The next steps included: 1)
washing with PBS for 2 X 1 min and adding 400 pl of 0.05%
(w/v) Lucifer Yellow CH solution (in PBS) (Thermo Fisher
Scientific, Dreieich, Germany) per well; 2) an incision on
the confluent cell surface as straight as possible from left
to right with an injection cannula (0.45 X 12 mm); 3) incu-
bation with Lucifer Yellow CH solution for 2 min (37 °C)
under exclusion of light; 4) washing again with PBS; and
5) a direct evaluation using the Zeiss Axiovert 100 M laser
scanning confocal microscope (Carl Zeiss, Jena, Germany)
at 10 X magnification (wavelength of 488 nm). The distribu-
tion of Lucifer Yellow (LY) in the entire area was reported
in % using the ImagelJ software program (Rasband, W.S.
ImagelJ. National Institutes of Health, Bethesda, Maryland,
USA).

Data analyses and statistics

Microsoft Excel 365 and GraphPad Prism 7.0 for Windows
(GraphPad Software, San Diego, USA) were performed for
statistical analyses. D’Agostino-Pearson omnibus tests were
performed to analyze the normality of the data distribution.
Parametric tests were performed in the case of normality.
Comparisons between more than two groups with normal
distribution were evaluated using one-way analysis of vari-
ance (one-way ANOVA) followed by a Kruskal-Wallis
test or Bonferroni post hoc comparison test. The signifi-
cance was defined as p <0.05. The results were shown as
mean =+ standard error of the mean.

Results

Effects of TGB and ZNS on glial cell viability

Co-cultures (physiological M5 and pathological M30) were
incubated with 1, 10, 20 and 50 pg/ml of TGB and 10, 20, 40

and 100 pg/ml of ZNS for 24 h. A significant concentration-
dependent decrease of glial cell viability was detected after
incubation with 10, 20 and 50 pg/ml TGB of M5 (Fig. 2
a) and M30 (Fig. 2 b) co-cultures compared to both con-
trols (untreated cells as control 1 and cells incubated with
distilled H20 as control 2). Compared to incubation with
1 pg/ml TGB, treatment with higher concentrations of TGB
(10, 20 and 50 pg/ml) led to a significant reduction of glial
viability in M5 co-cultures. Incubation of M30 co-cultures
with 20 and 50 pg/ml TGB reduced the glial cell viability
significantly compared to incubation with 1 pug/ml TGB.
After incubation of M5 co-cultures with 100 ug/ml ZNS,
the glial cell viability was significantly decreased compared
to both controls (Fig. 2 ¢) and incubation with 10 pg/ml.
However, the incubation of pathological M30 co-cultures
with different concentrations of ZNS revealed no significant
changes (Fig. 2 d).

Effects of TGB and ZNS on microglial activation
under physiological and pathological conditions

After adding 50 pg/ml of TGB to physiological M5 co-
cultures for 24 h, the amount of the resting RRT of micro-
glia was significantly decreased compared to both controls
(untreated cells as control 1 and cells incubated with distilled
H,O0 as control 2) with a parallel slight, but not significant,
increased activated microglia (Fig. 3 a). After incubation
of pathological M30 co-cultures with 20 pg/ml TGB, the
amount of the activated RPT of microglia was significantly
decreased and, additionally, the amount of resting micro-
glia was slightly, but not significantly, increased (Fig. 3 a).
Under all other conditions, the microglial phenotypes were
not affected by TGB.

Incubation of physiological M5 and pathological M30
co-cultures with different concentrations of ZNS resulted in
no significant changes compared to both controls (Fig. 3 b).

The total amount of glial and microglial cells was not
significantly changed after incubation with different con-
centrations of TGB or ZNS (data not shown).

Modulation of Cx43 expression after incubation
with TGB and ZNS in physiological and pathological
astrocyte-microglia co-cultures

The detection of Cx43 expression by immunocytochemis-
try resulted in no significant changes after the incubation
with 1, 10, 20 and 50 pg/ml TGB for 24 h in physiological
MS5 co-cultures (detection of Cx43 signal/cell), but in a sig-
nificant reduction after the incubation with 10 pg/ml TGB
in pathological M30 co-cultures compared to both controls
(untreated cells as control 1 and cells incubated with dis-
tilled H,O as control 2) (Fig. 4 a, b).
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Fig.2 Glial viability detected by MTT assay in physiological M5 (a,
¢) and pathological M30 (b, d) astrocyte-microglia co-cultures after
concentration-dependent incubation with either zonisamide (ZNS)
(10, 20, 40 or 100 pg/ml) or tiagabine (TGB) (1, 10, 20 or 50 pg/ml)
for 24 h. The glial viability was significantly decreased after incu-
bation with 10, 20 and 50 pg/ml TGB of M5 (10 pg/ml p<0.05: *;
20 pg/ml p<0.001: ***; 50 ug/ml p<0.0001: ****) (n=16) (a) and
M30 (n=16) (10 pg/ml p<0.01: **; 20 and 50 pg/ml p<0.0001:
*#%%) (b) co-cultures compared to both controls. Higher concentra-
tions of TGB in M5 co-cultures caused a significant reduction of
glial viability compared to 1 pug/ml TGB (10 pg/ml p<0.001: *¥*;
20 and 50 pg/ml p<0.0001: ****) Amounts of 20 (p<0.001) and
50 (p<0.0001: ****) pug/ml TGB in M30 co-cultures also signifi-

No significant changes were detected after the incuba-
tion of physiological M5 co-cultures with 10, 20, 40 and
100 pg/ml ZNS for 24 h (detection of Cx43 signal/cell), but
a significant reduction of Cx43 expression was found after
the incubation of M30 co-cultures with 10, 20 and 40 pg/ml
ZNS compared to both controls (untreated cells as control 1
and cells incubated with distilled H,O as control 2) (Fig. 4
c,d).

Effects of TGB and ZNS on glial cell-cell
communication

Physiological M5 and pathological M30 co-cultures were
incubated with 1, 10, 20 and 50 pg/ml TGB or 10, 20,
40 and 100 pg/ml ZNS for 24 h and the gap-junctional
cell-cell communication was detected by the percentage
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cantly reduced the glial cell viability compared to 1 ug/ml TGB. The
glial cell viability was significantly decreased after incubation with
100 pg/ml ZNS of M5 (n=38) co-cultures compared to both controls
(p<0.001: ***) (¢) and to 10 pg/ml (p <0.05: *). Different concentra-
tions of ZNS in pathological M30 co-cultures caused no significant
changes (n=238) (d). Comparisons between the groups were performed
using the D’Agostino-Pearson normality test and one-way analysis
of variance (one-way ANOVA) followed by a Kruskal-Wallis test.
Differences were considered significant at p<0.05: *, p<0.01: **,
p<0.001: *** p<0.0001: **** Control 1: untreated cells with any
substance/vehicle; Control 2: cells incubated with the vehicle distilled
H,O (5 or 20 pl per ml cell culture medium)

of cells stained with LY, corresponding to a distribution
of LY in the entire area in %. Cell-cell communication
was significantly reduced after the incubation of M5 co-
cultures with 20 and 50 ug/ml TGB compared to control 1
(untreated cells). Interestingly, control 2 (cells incubated
with distilled H,O) revealed a slight significant reduction
of LY-stained cells compared to control 1 (Fig. 5 a, e).
After the incubation of M30 co-cultures with different
concentrations of TGB, no significant changes in cell-cell
communication were found (Fig. 5 b).

The incubation of M5 co-cultures with 10 and 100 pg/
ml ZNS led to a significant increase of LY-stained cells
compared to both controls (Fig. 5 c, e). A significant
decrease of LY-stained cells was found after incubation
with 10 pg/ml ZNS of M30 co-cultures compared to both
controls (Fig. 5 d).
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Fig.3 Microglial phenotypes identified by immunocytochemistry
as resting ramified type (RRT) and rounded phagocytic type (RPT)
in physiological M5 and pathological M30 co-cultures after con-
centration-dependent incubation with either zonisamide (ZNS) (10,
20, 40 or 100 pg/ml) (b) or tiagabine (TGB) (1, 10, 20 or 50 pg/
ml) (a) for 24 h. The incubation with 50 ug/ml of TGB in M5 co-
culture significantly reduced the amount of resting RRT microglia
compared to both controls (p<0.01: **) (n=29) (a). The incuba-
tion with 20 pg/ml TGB in M30 co-cultures significantly reduced the
amount of activated RPT microglia (F=4.43; p<0.01: **) (n=26)

Figure 6 shows a summary of the most important findings
after the incubation of astrocyte-microglia co-cultures with
TGB or ZNS.

Discussion

In this study, TGB and ZNS differentially regulated the glial
properties in the astrocyte-microglia co-culture model of
inflammation.

It is well-known that TGB acts as a potent inhibitor of
y-aminobutyric acid uptake in neuronal and glial cells,
including astrocytes (Angehagen et al. 2003; Brodie 1995;
Fraser et al. 1999a; Leach et al. 1996; Suzdak and Jansen
1995). However, only a few studies are available regarding
the additional effects of TGB on astrocytes and microglia.
A previous study showed that high concentrations of TGB
(50 and 100 pg/ml) significantly reduced the glial viability
and increased the lactic dehydrogenase-release in primary
cultures of rat astrocytes using MTT assay and spectropho-
tometry for lactic dehydrogenase-release analyses in the
culture medium (Pavone and Cardile 2003). By contrast,

(a). The incubation of M5 (n=9) and M30 (n=30) co-cultures with
different concentrations of ZNS (F=0.4288) caused no significant
changes compared to both controls (b). Comparisons between the
groups were performed using the D’Agostino-Pearson normality test
and one-way ANOVA followed by a Bonferroni post hoc comparison
test or Kruskal-Wallis test. Differences were considered significant
at p<0.01: **. Control 1: untreated cells with any substance/vehicle;
Control 2: cells incubated with the vehicle distilled H,O (5 or 20 pl
per ml cell culture medium)

treatment with TGB at low doses (1 and 10 pg/ml) did not
affect the metabolic activities or exhibit cytotoxic effects
on astrocytes (Pavone and Cardile 2003). Therapeutic TGB
concentrations (1 and 10 pg/ml based on in vitro study find-
ings) did not change the metabolic activities of astrocytes
significantly or cause DNA damage (Cardile et al. 2000).
Only high concentrations of TGB (20 and 50 pg/ml) led to
DNA damage in rat astrocytes in vitro (Cardile et al. 2001).
Our findings confirm previous data, showing reduced glial
cell viability after a concentration-dependent incubation of
physiological M5 and pathological M30 co-cultures with 10,
20 and 50 pg/ml TGB.

The TGB inhibited microglial activation and revealed
neuroprotective effects in a previous study using a mouse
model of Parkinson’s disease (Liu et al. 2015). Further stud-
ies aiming at pro- or anti-inflammatory features of TGB are
missing. The role of microglia and inflammation in epi-
lepto- and ictogenesis has been demonstrated previously
(Devinsky et al. 2013; Eyo et al. 2017; Vezzani et al. 2011,
2013; Vezzani and Granata 2005). Evidence from human
and experimental studies showed microglial activation in
epileptic tissue (Devinsky et al. 2013; Eyo et al. 2017). Both
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Fig. 4 Immunocytochemical staining of connexin 43 (Cx43) after
the concentration-dependent incubation with either zonisamide
(ZNS) (10, 20, 40 or 100 pg/ml) (c, d) or tiagabine (TGB) (1, 10,
20 or 50 pg/ml) (a, b) for 24 h in physiological M5 and pathologi-
cal M30 astrocyte-microglia co-cultures. The Cx43 expression was
not affected after the incubation with 1, 10, 20 and 50 pg/ml TGB
for 24 h in M5 co-cultures (detection of Cx43 signal/cell) (n=10),
but a significant (p<0.05: *) (n=12) reduction was detected after
the incubation with 10 pg/ml TGB in M30 co-cultures compared to
both controls (a, b). The incubation of M5 co-cultures with 10, 20, 40
and 100 pg/ml ZNS caused no significant changes in the Cx43 signal/
cell (F=2.496; n=9). However, the Cx43 was significantly reduced
after incubation with 10 pg/ml (F=4.187; p<0.05: *) (n=29), 20 ug/
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ml (p<0.01: **) (n=31) and 40 ug/ml (p<0.05: *) (n=26) ZNS in
M30 co-cultures compared to both controls (¢, d). The panel e shows
an example of Cx43 staining of control 1 compared to the incuba-
tion with 40 pg/ml ZNS and control 1 compared to the incubation
with 100 pg/ml TGB of the pathological M30 co-culture (cell nuclei
stained with DAPI: blue; Cx43 signal: green). Comparisons between
the groups were performed using the D’Agostino-Pearson normality
test and one-way ANOVA followed by a Bonferroni post hoc com-
parison test or Kruskal-Wallis test. Differences were considered sig-
nificant at p<0.05: *, p<0.01: **. Control 1: untreated cells with any
substance/vehicle; Control 2: cells incubated with the vehicle distilled
H,O (5 or 20 pl per ml cell culture medium)



Naunyn-Schmiedeberg's Archives of Pharmacology (2023) 396:3253-3267

3261

molecular and morphological activation of microglia have
been described in epilepsy. The morphological activation
includes, for example, an increase of microglial number, and
shortening and thickening of their processes with an enlarge-
ment of their cell bodies (Eyo et al. 2017). The molecular
activation also encompasses upregulation of the fractalkine
receptor, selectively expressed on microglia in the central
nervous system, and microglial cytokine expression, includ-
ing transforming growth factor (TGF)-p, interleukin (IL)-1p
and TNF-q, in addition to the classical activations markers,
such as Iba-1, CD68 or CD11b (Eyo et al. 2017). Therefore,
we studied the effects of TGB on microglia in our co-culture
model. After the treatment of physiological M5 co-cultures
with 50 pg/ml TGB, the amount of resting microglia was
significantly decreased with a parallel slight, but not sig-
nificant increase of activated microglia. After the incubation
of pathological M30 co-cultures with 20 pg/ml TGB, the
microglial activation was significantly decreased and, addi-
tionally, the amount of resting microglia was slightly, but
not significantly increased. These findings suggest that TGB
may exert anti-inflammatory features under pathological
conditions. Interestingly, the opposite effect was observed
in our physiological co-cultures. These novel insights are
important, because microglial cells have come into focus for
anti-epileptic therapy in recent years. The membrane recep-
tor Csf1R, which is expressed by microglia, was identified as
an anti-epileptic drug target (Srivastava et al. 2018). Further
research in this direction is necessary in the future.

There is strong evidence that increased GJ coupling
and increased Cx43 expression are associated with epi-
leptic activity (Gajda et al. 2003; Mylvaganam et al. 2010,
2014; Szente et al. 2002). An increased Cx43 expression
was detected in human tissue from patients with epilepsy
(Collignon et al. 2006; Naus et al. 1991). Astroglial Cx43
expression detected by immunocytochemistry was not
affected after a concentration-dependent incubation of physi-
ological M5 co-cultures with TGB, but a slight, significant
reduction was observed after the incubation of pathological
M30 co-cultures with 10 ug/ml TGB compared to controls.
Because the effect was observed by only one concentration,
the relevance of these minimal changes should be viewed
with caution. The gap-junctional coupling was significantly
reduced after the incubation of M5 co-cultures with high,
overdose concentrations of TGB (20 and 50 pg/ml) com-
pared to untreated controls, but this effect was not observed
in M30 co-cultures. The reduced GJ coupling by TGB could
be related to its anti-epileptic activity. Interestingly, this was
the case under noninflammatory conditions but not under
inflammatory conditions.

Zonisamide, a new-generation ASM, revealed neuropro-
tective effects against oxidative stress in astrocytes (Asa-
numa et al. 2010). In another study, ZNS led to neuroprotec-
tion in two animal models of Parkinson’s disease, through

increasing the expression of astrocyte-mediated neurotrophic
and anti-oxidative factors (Choudhury et al. 2012). Studies
regarding ZNS effects on glial viability have not been avail-
able until now. The high, overdose concentration (100 pg/
ml) of ZNS in our astrocyte-microglia co-culture model of
inflammation reduced the glial viability only under physi-
ological conditions. The incubation of pathological M30
co-cultures with different concentrations of ZNS revealed
no significant changes. The regulatory mechanisms involved
in pathological co-cultures are not known. Taken together,
ZNS showed no toxic effects under therapeutic concentra-
tions in our study.

There is only a single study showing that ZNS inhibited
microglial activation in the spinal cord in a mouse model of
neuropathic pain and reduced amoeboid-shaped activated
microglia in BV2 microglial cell lines (Koshimizu et al.
2020). Other findings regarding ZNS effects on microglia
are not available. In contrast to previous data on the inhibi-
tion of microglial activation, the incubation of our physi-
ological M5 and pathological M30 co-cultures with different
concentrations of ZNS resulted in no significant changes of
microglial phenotypes. The different results are perhaps due
to different study designs, for example, microglia monocul-
tures versus co-cultures. The astrocyte-microglia co-culture
model provides a good basis for further investigations of
cellular interactions.

Based on previous findings from epileptic animal models
and human epilepsy studies, it is known that connexin-based
GJs and hemichannels are related to epilepsy (Mylvaganam
etal. 2010, 2014; Samoilova et al. 2003; Szente et al. 2002).
However, there has only been one previous study investigat-
ing the ZNS effects on Cx43 expression. Subchronic ZNS
administration decreased the Cx43 expression and acute/
subchronic administration inhibited the Cx43 hemichannel
activity in the astroglial plasma membrane using primary
cultured astrocytes, modulating the astroglial release of
L-glutamate and adenosine triphosphate (Fukuyama et al.
2020). No significant changes of Cx43 expression were
detected after the incubation of physiological M5 co-cultures
with different concentrations of ZNS, but a significant reduc-
tion was found after incubation of M30 co-cultures with 10,
20 and 40 pg/ml ZNS. The incubation of M5 co-cultures
with 10 and 100 pg/ml ZNS led to a significant increase
of gap junctional communication, but the consequence of
these changes remains unclear. A significant decrease of
coupled cells was found after incubation with 10 pg/ml ZNS
of M30 co-cultures consistent with decreased Cx43 expres-
sion. Taken together, ZNS may exert additional anti-seizure
effects with a reduction of astrocytic Cx43 expression and
disruption of gap-junctional coupling under inflammatory
conditions.

Evidence based on specimens from patients with phar-
macoresistant temporal lobe epilepsy and epilepsy models
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suggests that astrocytes in hippocampal sclerotic areas show
a decreased expression of inwardly rectifying K* (Kir) chan-
nels, particularly Kir4.1, leading to a decrease in spatial K*
buffering and an increase in neuronal excitation, contribut-
ing to seizure generation and epilepsy (Gabriel et al. 1998;
Kovacs et al. 2012; Steinhduser et al. 2012; Wallraff et al.
2006). Moreover, in a blood-brain barrier breakdown and
albumin-induced models of epileptogenesis, a change in
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the astrocytic gene expression was detected, followed by a
K* accumulation, leading to a frequency- and N-methyl-D-
aspartate -dependent synaptic facilitation with seizure-like
activity (David et al. 2009). These findings highlight the
role of astrocytic dysfunction early during epileptogenesis,
contributing to excitatory-inhibitory imbalance, neuronal
hyperexcitability and seizure generation (David et al. 2009;
Friedman and Heinemann 2012; Kovacs et al. 2012). Based
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«Fig.5 Gap-junctional cell-cell communication detected by the per-
centage of cells stained with Lucifer Yellow (LY), corresponding to
a distribution of LY in the entire area in %, using the scrape loading
method in physiological M5 and pathological M30 astrocyte-micro-
glia co-cultures after the incubation with different concentrations of
zonisamide (ZNS) (10, 20, 40 or 100 pg/ml) (c, d) or tiagabine (TGB)
(1, 10, 20 or 50 pg/ml) (a, b) for 24 h. The incubation with 20 pg/ml
(p<0.0001: ****) (n=77) and 50 pg/ml (p <0.0001: ****) (n=>54)
TGB in M5 co-cultures significantly reduced the cell-cell communi-
cation compared to control 1 (untreated cells) (a). Interestingly, con-
trol 2 (cells incubated with distilled H,O) led to a slightly significant
(p<0.05: *) (n=54) reduction of LY-stained cells compared to con-
trol 1. The incubation with 10 and 100 ug/ml ZNS in M5 co-cultures
significantly increased the LY-stained cells (p<0.05: *; p<0.01:
**) (n=32, n=22, respectively) compared to both controls (c). The
incubation with different concentrations of TGB in M30 co-cultures
caused no significant changes in cell-cell communication (b), but
incubation with 10 ug/ml ZNS resulted in a significant decrease of
LY-stained cells compared to both controls (n=22) (d). The panel e
shows examples of fluorescence micrographs (LY-marked cells) of
control 1 compared to the incubation with 50 pg/ml TGB, and control
1 compared to the incubation with 100 pg/ml ZNS of the physiologi-
cal M5 co-culture. Comparisons between the groups were performed
using the D’Agostino-Pearson normality test and one-way ANOVA
followed by a Kruskal-Wallis test. Differences were considered sig-
nificant at p<0.05: *, p<0.01: ** p<0.0001: **** Control 1:
untreated cells with any substance/vehicle; Control 2: cells incubated
with the vehicle distilled H,O (5 or 20 pl per ml cell culture medium)

on experimental studies, the maturation of glial and nervous
tissue was discussed to be relevant in terms of epileptogen-
esis. In a hippocampal model of astroglial uncoupling, for
example, no change in the axonal fiber volley amplitude and
amplitude of K* transients after high-frequency stimulation
was found in slices from young rats (3—5-week-old animals)
in contrast to slices from adult rats (8—10-week-old animals)
accompanied by increased amplitudes, indicating that the K*
channel expression and Na/K-ATPase expression probably
still needs to mature (Breithausen et al. 2020). Interestingly,
samples of young postnatal rats (PO-P2) included in our
experiments can also be talked of as having an immature
status of K* channels similar to samples of patients with
temporal lobe epilepsy, where channels showed a decreased
expression. This is underlined by our previously reported
findings that, for example, the membrane resting potential
of our M5 co-culture was lower than the usual membrane
resting potential (median -59.00 mV, range -29.00 mV to
-77.80 mV) and median -16.30 mV (range -1.80 mV to
66.10 mV) in M30 co-culture, indicating a possible imma-
ture situation of K* channels and alteration of spatial K*
buffering (Hinkerohe et al. 2005). In summary, our co-cul-
ture model is comparable to cell lines from patients with epi-
lepsy, and the inflammatory M30 co-culture is a particularly
useful model with features of epileptogenic tissue. Follow-
ing this, it is suitable for studying effects of ASMs (Corvace
et al. 2022; Dambach et al. 2014; Faustmann et al. 2022;
Ismail et al. 2022; Ismail et al. 2021a).

Another point that needs to be addressed is that the TGB
concentrations (1, 10, 20 or 50 pg/ml) used in our study
were selected according to previous in vitro study findings
(Cardile et al. 2000, 2001; Pavone and Cardile 2003) and
are a magnitude higher than therapeutic plasma levels in
humans, which have been reported to range between 1-234
and 43-552 ng/ml depending on the clinical studies, at doses
of 30 to 56 mg or <64 mg per day (Adkins and Noble 1998;
Leppik et al. 1999). Accordingly, based on our results, the
human concentrations are not expected to have toxic effects
on glia. On the other hand, ZNS (10, 20, 40 or 100 pg/ml)
was tested at clinically relevant concentrations. The thera-
peutic range of plasma levels in humans for ZNS has been
reported to be between 10 and 40 pg/ml (Perucca and Bialer
1996; Walker and Patsalos 1995). Consequently, the effects
of ZNS in our study have higher clinical relevance.

Limitations of our study include missing investigations
on inflammatory cytokines, such as TNF-a, IL-1p or IL-6,
after incubation with TGB or ZNS. Additional studies of
further microglial activation markers and signaling path-
ways after treatment with both drugs are also useful. An
MTT assay was performed to detect the glial cell viability
after the concentration-dependent incubation with the drugs.
However, an additional cell membrane integrity assay for
estimating the number of nonviable cells may be useful to
provide additional evidence of cytotoxicity. Moreover, the
phosphorylation status of Cx43, which is involved in the
regulation of Cx43 structure and function, was not identi-
fied. In this study, we analyzed the immunocytochemical
Cx43 signal per cell using the ImageJ software program.
In previous studies, different methods of Cx43 evaluation
were applied, such as western blot analysis or visual detec-
tion of Cx43 positivity by immunofluorescence microscopy
using a rank scale in %, leading to partly divergent results
(Faustmann et al. 2003; Ismail et al. 2021b). Future studies
confirming the results in animal models are necessary. In
addition, the gap-junctional cell-cell communication in this
study was detected by the percentage of LY staining using
the scrape loading method. The LY is applied as a marker
for intercellular communication activity through GJs by a
scrape-loading assay (including Cx43 and Cx30), but also
for the establishment of proper tight junctions and neuronal
morphology. Additional studies with other approaches to
study the functional coupling of astrocytes are necessary to
deepen our knowledge in this research field. Many different
techniques are available, including recording the astrocytes
membrane potential, electrophysiological methods, such as
patch-clamp (commonly used for detection of gap-junctional
cell—cell coupling), fluorophores, for example, Alexa fluor
dyes for tracing coupled cells, genetic approaches, such as
the gap-FRAP technique (fluorescence recovery after pho-
tobleaching), and techniques for the measurement of Ca>*
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Fig.6 A summary of the most important findings after the incubation
of astrocyte-microglia co-cultures (M5/M30) with zonisamide (ZNS)
or tiagabine (TGB). The ZNS reduced the glial viability only by a
high concentration under physiological conditions. By contrast, TGB
led to toxic effects with a significant, concentration-dependent reduc-
tion of glial viability under physiological and pathological conditions.
Under inflammatory conditions, TGB decreased the microglial acti-
vation significantly, suggesting possible anti-inflammatory features.

fluctuations and Ca2t waves (Dong et al. 2018; Khakh and
McCarthy 2015; Stephan et al. 2021).

Conclusions

We have selected TGB and ZNS to study in our astrocyte-
microglia co-culture model because of the increasing evi-
dence confirming the involvement of astrocytes and micro-
glia in epilepsy and limited studies of ASM effects on glial
cells. Tiagabine revealed toxic effects with a concentration-
dependent reduction of glial cell viability both under physi-
ological and pathological conditions. In contrast to TGB,
glial cell viability was affected by ZNS only by an overdose
concentration (100 pg/ml) under physiological conditions.
Zonisamide did not show any toxic effects under therapeutic
concentrations in our study. After the incubation of patho-
logical M30 co-cultures with high concentration of TGB,
the microglial activation was significantly decreased and,
additionally, the amount of resting microglia was slightly,
but not significantly increased. These findings suggest that
TGB may exert anti-inflammatory features under patho-
logical conditions. Interestingly, the opposite effect was
observed in our physiological co-cultures, with a decrease
of resting microglia after treatment with increasing con-
centrations of TGB. Otherwise, the incubation of our
physiological M5 and pathological M30 co-cultures with
different concentrations of ZNS did not result in any signifi-
cant changes of microglial phenotypes. The gap-junctional
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The ZNS caused no significant changes of microglial phenotypes.
The gap-junctional intercellular communication (GJIC) was signifi-
cantly decreased after the incubation of M5 co-cultures with TGB,
which can be related to its anti-epileptic activity under noninflamma-
tory conditions. A significant decrease of connexin 43 (Cx43) expres-
sion and GJIC was detected after the incubation of M30 co-cultures
with ZNS, suggesting additional anti-seizure effects of ZNS under
inflammatory conditions

coupling was significantly decreased after the incubation of
MS5 co-cultures with high, overdose concentrations of TGB
(20 and 50 pg/ml) compared to untreated controls, but this
effect was not observed in M30 co-cultures. The reduced
GJ coupling by TGB could be related to its anti-epileptic
activity under noninflammatory conditions. A significant
decrease of coupled cells was found after the incubation
of M30 co-cultures with 10 pg/ml ZNS, consistent with
decreased Cx43 expression. Taken together, ZNS may exert
additional anti-seizure effects with a reduction of astrocytic
Cx43 expression and disruption of glial gap-junctional cou-
pling under inflammatory conditions.

Developing novel ASMs targeting glial cells, such as
astrocytes and microglia, can have future potential as
“add-on” therapy in addition to classical ASMs targeting
neuronal cells.
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