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Abstract

Temporal lobe epilepsy (TLE) represents a devastating neurological condition, in which approximately 4/5 of patients remain refractory
for anti-convulsive drugs. Epilepsy surgery biopsies often reveal the damage pattern of “hippocampal sclerosis” (HS) characterized not
only by neuronal loss but also pronounced astrogliosis and inflammatory changes. Since TLE shares distinct pathogenetic aspects with
multiple sclerosis (MS), we have here scrutinized therapeutic effects in experimental TLE of the immunmodulator fingolimod, which is
established in MS therapy. Fingolimod targets sphingosine-phosphate receptors (S1PRs). mRNAs of fingolimod target SIPRs were
augmented in two experimental post status epilepticus (SE) TLE mouse models (suprahippocampal kainate/pilocarpine). SE frequently
induces chronic recurrent seizures after an extended latency referred to as epileptogenesis. Transient fingolimod treatment of mice
during epileptogenesis after suprahippocampal kainate-induced SE revealed substantial reduction of chronic seizure activity despite
lacking acute attenuation of SE itself. Intriguingly, fingolimod exerted robust anti-convulsive activity in kainate-induced SE mice
treated in the chronic TLE stage and had neuroprotective and anti-gliotic effects and reduced cytotoxic T cell infiltrates. Finally, the
expression profile of fingolimod target-S1PRs in human hippocampal biopsy tissue of pharmacoresistant TLE patients undergoing
epilepsy surgery for seizure relief suggests repurposing of fingolimod as novel therapeutic perspective in focal epilepsies.
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Introduction syndrome with focal seizure onset is temporal lobe epilepsy
(TLE), which is pharmacoresistant even in 80% of the patients
Pharmacoresistance to anti-epileptic drugs occurs in about [3]. In biopsies of chronic pharmacoresistant TLE patients,
30% of epilepsy patients [1, 2]. The most frequent epilepsy  that underwent epilepsy surgery for seizure control, major
neuropathological changes are segmental neuronal cell loss
and extensive astrogliosis summarized under the term Zippo-
Electronic. supplementary material The online VF:rsion of this article campal sclerosis (HS). Reactive astrocytes and activated mi-
(https://doi.org/10.1007/s12035-018-1181-y) contains supplementary . . . .
material, which is available to authorized users. croglia are prominent in HS and strongly signal to neurons [4,
5] by release of cytokines including TNF-alpha and IL-18 as
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development of drug-resistant epilepsy. “Epileptogenesis” re-
fers to the development of an epileptic condition after a tran-
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Sphingolipids represent a class of biologically active lipids
that have key roles particularly in inflammation. They signal
through specific G-protein coupled receptors, i.e.,
sphingosine- 1-phosphate receptors (S1PRs) 1-5. Recent data
demonstrated SIPRs 1 and 3 to be strongly expressed by
astrocytes, which may thereby represent cell targets of the
anti-inflammatory effects of fingolimod in multiple sclerosis
(MS). However, multiple effects of fingolimod have been
claimed, including arresting of lymphocyte egress from sec-
ondary lymphoid tissues, reduced neuroinflammation, attenu-
ated microgliosis, increased oligodendrocyte differentiation,
and potentially neuroprotection [9].

Here, we have scrutinized the use of fingolimod in exper-
imental TLE. Fingolimod indeed exerted both, robust anti-
epileptogenic, disease-modifying and anti-convulsive effects
in experimental TLE mouse models. The expression signature
of S1PRs in human TLE tissue further suggests the potential
to translate this therapy approach into the clinical context.

Material and Methods
Animals

Male C57Bl6/N-mice (Charles River, Sulzfeld, Germany; 55—
63 days old, weight 20-24 g) were used for all analyses. All
efforts were made to minimize pain and suffering and to re-
duce the number of animals used, according to the ARRIVE
guidelines. Mice were housed under a 12-h light—dark-cycle
(light cycle 7 am/7 pm), in a temperature (22 +2 °C) and
humidity (55 +10%) controlled environment with food/
water ad libitum and nesting material (nestlets, Ancare,
USA). Animals were allowed at least 1 week of acclimatiza-
tion to the animal facility before surgery and singly housed
after surgery. All procedures were planned and performed in
accordance with the guidelines of the University of Bonn
Medical Centre Animal-Care-Committee as well as the guide-
lines approved by the European Directive (2010/63/EU) on
the protection of animals used for experimental purposes.

Induction of SE by Suprahippocampal Kainate Acid
Application

To induce SE by kainate acid (KA), we applied
suprahippocampal (-2AP -1.4ML -1.1DV, [10]) 70 nl KA
(20 mM, Tocris) over 2 min directed above the left hippocam-
pal CA1 region [11] using a micropump (WPI) containing a
Nanofil syringe (WPI). After injection, the syringe was left for
5 min to avoid any reflux. Control injections were performed
with the same volume of 0.9% NaCl. The incidence of induc-
ing SE was 100% without any mortality.
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Telemetric EEG/Video Monitoring and Seizure
Classification

The electrographic features of fingolimod treated vs. control
animals following KA-SE were analyzed with a telemetric
EEG/video monitoring system (TL11M2-EET, DSI).
Implantation procedure and postoperative treatment were pre-
viously described in detail [12—14]. Briefly, narcotized
[16 mg/kg xylazine (Xylariem, ecuphar, Belgium) and
100 mg/kg ketamine, i.p. (Ketamin 10%, WDT, Germany)]
mice were implanted with depth EEG electrodes directly after
KA injection (described above) with subcutaneous transmitter
placement on the right abdominal side. Depth electrodes were
positioned in hippocampal CA1 (-2AP, 1.4ML, 1,3DV [10]).
Correct position of the electrodes was histologically con-
trolled in every animal after the study. Stainless screws in
contact with the cerebellar cortex of the simple lobe at the
midline (-6AP, OML, 0DV) were used to fix the reference
electrodes. All implanted mice received analgesic treatment
before and once per day for 3 days post operation (5 mg/kg
ketoprofen, s.c.; Gabrilen, mibe, Germany).

EEG recording was started continuously (24/7) directly
after the operation for 60 days for studying the chronic effect
of fingolimod treatment and for 28 days for studying the effect
on epileptogenesis. The sampling rate was 1 kHz. Although
the minimum life time of the batteries of the transmitter type
TL11M2-EET (DSI) is 1.5 month the durability is much lon-
ger. To evaluate long-term frequency dynamics, we performed
a spectral EEG analysis using fast Fourier transform algorithm
(FFT) analyzed in 1 s sliding windows with 0.3 s overlap. To
produce final time-frequency representation for the respective
recording period, this spectral information was analyzed with
the Elpho-EEG software (Gnatkovsky, www.elpho.it) and
integrated in 1 h time frames.

We have analyzed this model using an identical analysis
paradigm as we have applied before in order to characterize
epileptic activity and duration of SE in the pilocarpine SE
model [1, 2]. Kainate-induced SE was characterized by an
increased EEG activity in all frequency bands similar to
pilocarpine-induced SE [12] with significant increase in all
power bands. To define severity and duration of kainate-
induced SE we analyzed frequency changes in delta (0—
3.99 Hz), and gamma (30-40 Hz) frequency power.
Duration of SE was quantified by using a threshold which
was calculated by using the mean of the frequency power
during 14 days (days 4-18 after SE). SE duration was defined
as the time during which band power was above this thresh-
old. SE severity was defined by calculating the cumulative
power of each frequency band during SE [12].

Seizures were analyzed within the EEG recordings using
the NeuroScore v3.2 (DSI) software with the following pa-
rameters: threshold value 1005000 uV, spike duration 5—
70 ms, spike interval 0.005—1 s, minimum train duration of
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5 s, and minimum number of spikes per event of 10. The
output of all animals was checked manually for false positive
events (e.g., artifacts) and all false-positive events were delet-
ed from the output files.

From concurrent video recordings, all spontaneous seizures
during the recording time were analyzed using previously de-
scribed classifications used in the pilocarpine model [15]: sei-
zures were identified by clear epileptiform EEG signals (> 2x
baseline peak to peak amplitude) corresponding to an evident
behavior in the video: stage III were short seizures with repet-
itive tonic-clonic forelimb movement and stage VI severe sei-
zures with rearing without falling and stage V severe seizures
with rearing and falling/loss of righting ability. Seizures are
clearly distinguishable from baseline EEG activity, due to
their prolonged (> 12 s) large amplitude signal (for example,
see Fig. 5¢). Electrographic seizures < 12 s without an evident
behavior were not included in this analysis. Information about
animal movement activity was obtained from the same im-
planted transmitters.

SE induced by suprahippocampal KA injection differs
from electrophysiological and semiological aspects to SE in-
duced by pilocarpine. Nevertheless, electrophysiological pa-
rameters including frequency spectra and cumulative band
power increase were similar and were analyzed in the same
fashion as for pilocarpine-induced SE. Semiologically, KA-
SE differs from SE induced by pilocarpine as KA-SE appears
non-convulsive and the behavior turns faster back to normal
animal behavior whereas the EEG still showed strong pathol-
ogy pattern including high-frequency spiking and seizure-like
events.

Fingolimod Treatment in Mice

To characterize the potential effect of fingolimod treatment in
the context in the context of seizure emergence after SE, we
used two separate study designs to separate a disease-modify-
ing, anti-epileptogenic from an anti-convulsive effect. Firstly,
we studied the effect of fingolimod treatment in the stage of
spontaneous chronic recurrent seizure (study design Fig. la;
treatment day 47-60, n =7 per group; test of anti-convulsive
effect). Secondly, we scrutinized the effect of fingolimod treat-
ment starting 1 h after SE induction for 2 weeks. After this 2-
week treatment period, fingolimod administration was
discontinued and animals were monitored for another 2 weeks
(study design, Fig. 6a; treatment days 1—14, untreated n =13,
treated n=9; test of disease-modifying, anti-epileptogenic
effect).

For all mice (sham-injected and fingolimod treatment
group) the analgetic and narcotic treatment schemes were
identical. For the analysis of the treatment during the stage
of chronic recurrent seizures only, basal EEG was recorded
for 46 days after SE induction. Fingolimod treatment started
at day 47 post-SE with a dosage of 2 mg/kg i.p. of

fingolimod (Sigma, Germany) for 1 week (days 47—53 after
SE) and continued with 6 mg/kg i.p. fingolimod for another
week (days 54—60 after SE). The first dosage (2 mg/kg
fingolimod) was adapted from rat studies [16, 17]. The sec-
ond dosage (6 mg/kg) was calculated to be the human equiv-
alent dose (HED) [18]. This calculation converts the dosage
from human MS treatment by using the body surface area
into animal dosages.

To study the impact of early intervention with fingolimod,
mice received a dosage of 6 mg/kg i.p. per day over 2 weeks
starting directly 1 h after KA injection. After discontinuing of
the fingolimod treatment in weeks 3 and 4, animals were still
video-EEG monitored to identify a potential disease-
modifying effect (study design, see Fig. 6a). The induction
of SE with respect to analgetic and narcotic treatment was
completely the same in all animals under study despite of
NaCl injection instead of fingolimod (sham-injected and treat-
ment group).

Induction of SE by Systemic Pilocarpine Application

Sustained status epilepticus (SE) was induced by adminis-
tration of pilocarpine using previously described injection
protocols [14, 15]. Briefly, 20 min after subcutaneous injec-
tion of a low dose of scopolamine methyl nitrate (1 mg/kg;
Sigma, Germany), mice were treated with subcutaneous pi-
locarpine hydrochloride (335 mg/kg; Sigma, Germany).
SE-experienced mice received 40 min after SE onset 4 mg/
kg s.c. diazepam (ratiopharm, Germany). Sham-control an-
imals were treated identically, but received saline instead of
pilocarpine. After SE, all animals were fed with soaked ro-
dent food and 5% glucose solution. Of pilocarpine-injected
animals, only those that developed SE (SE-experienced)
were further used for mRNA/protein analyses. This SE
model was used for mRNA and protein expression analysis
to underline the changes found in the kainic acid-induced
SE model.

mRNA Isolation and Real-Time RT-PCR Quantification

mRNA from different microdissected hippocampal regions
(DG, CA1, CA3) at different time points after induced SE
was isolated using the Dynabeads mRNA Direct™ Micro
Kit (Invitrogen) according to the manufacturer’s protocol.
cDNA was synthesized by reverse transcription using the
RevertAid™ Premium First-Strand cDNA Synthesis Kit
(Fermentas) following the manufacturer’s protocol. SIPR
subunit transcript quantification was performed by real-
time RT-PCR. Relative quantification of the starting
mRNA copy numbers was carried out according to the
AAC, method. The signal threshold was set within the ex-
ponential phase of the reaction for determination of the
threshold cycle (C;). PCR samples contained 2x Maxima
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SYBR Green qPCR Master Mix (Fermentas), 5 pM each
oligonucleotide primer (Suppl. Table 1), and 1.25 pl syn-
thesized cDNA in a 6.25 pul volume. Quantitative PCR was
performed in an ABI Prism 7900HT (Applied Biosystems,
Foster City, CA, USA) with conditions as follows: 2 min at
50 °C, 10 min at 95 °C, then 40 cycles of 15 s at 95 °C and
1 min at 59 °C.

S1PR3 Protein Expression Analyses After
Pilocarpine-Induced SE

For S1PR3 expression studies, mice were decapitated at sev-
eral time points after SE under deep isoflurane anesthesia
(Forene®, Abbott, Germany). Twenty-micrometer-thick
slices were cut with a vibratome (microm HM650V,
ThermoScientific) stored in 4% PFA. Slices were first washed
in 1 ml PBS and blocked for 30 min with Bordey buffer (0.1%
Triton X-100, 0.1% Tween 20, 2% BSA in TBS, pH 7.4) at
RT. First antibodies (S1PR3, GFAP, Iba-1; for additional in-
formation, see Suppl. Table 2) were diluted in the Bordey
buffer and incubated over night at 4 °C on a shaking platform.
Prior to incubation with respective secondary antibodies, the
slices were washed with 1 ml PBS-T (PBS containing 0.3%
Triton X-100). The secondary antibodies and DAPI (1:100)
were added for 2 h at RT on a shaking platform. Unspecific
binding was removed by washing the slices three times for
5 min in 1 ml PBS-T before mounting with Vectashield (vec-
tor Laboratories, GB).

Histopathological and Immunohistochemical
Analyses After KA-Induced SE

Mice were decapitated under deep isoflurane anesthesia
(Forene®, Abbott, Germany), and brains were quickly re-
moved, fixed in 4% PFA overnight, and embedded in paraffin.
Neuropathological studies after KA-induced SE of animals
with and without fingolimod treatment were done in coronary
hippocampal paraffin sections (4 um) used for both
hematoxylin-eosin (H&E) staining and immunohistochemis-
try. Standard protocols were used for immunofluorescent
stainings against the following proteins (for additional
information, see Suppl. Table 2): SIPR3, GFAP (glial fibril-
lary protein; reactive astrogliosis), MAP2 (microtubule-asso-
ciated protein2; neuronal cytoskeleton), NeuN (neurofila-
ment; neuronal somata), Iba-1 (ionized calcium binding adap-
tor molecule 1; activated microglia), CD45 (leukocyte com-
mon antigene), and CD8 (CD8+ cytotoxic T cells).

Briefly, paraffin sections were de-paraffinized in xylene
two times for 10 min followed by decreasing alcohol series
(100-50%) for 2 min at each concentration. Slides were then
rinsed for 2 min in distilled water. After washing, slides were
subjected to a citric acid antigen retrieval procedure, followed
by two washing steps in PBS (5 min). Subsequently, brain
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sections were rinsed for 2 h at 37 °C in PBS blocking buffer
[(10% normal goat serum (NGS), 1% fetal calf serum (FCS)]
to inhibit non-specific antibody binding. To identify specific
brain cells, slides were incubated with primary antibodies over
night at room temperature. After washing for two times in
PBS slides were incubated with respective secondary antibody
and DAPI counterstain 1:100 (Life technologies, Germany) in
blocking buffer. After washing, slides were mounted with
Mowiol 4-88 (Roth, Germany).

All non-fluorescent digital images were captured with
Nikon DS-Vil (Nikon, Germany). Fluorescent images were
done with a confocal microscope (Nikon, Eclipse Ti).
Appropriate placement of the electrodes in CA1 hippocampal
area was assessed in all mice in both hemispheres.

Neuronal cell counts within dorsal CA1 and CA3 pyrami-
dal layer was determined in both hemispheres by counting
between — 1.6 and — 1.9 mm posterior to Bregma at least
0.3 mm far from electrode placement using a quantification
method based on stereological principles. Neurons were eval-
uated from three sections (200 pm separation distance) per
animal with a size > 10 um in which the entire outline of the
cell was apparent at 400x magnification and averaged into
single values for each animal by an investigator blinded to
the experimental group. Final cell counts were expressed in
NeuN-positive neurons per 1000 um?. Analyzed slices had no
signs of reactive astrogliosis caused by electrodes within the
counted region. NeuN-positive cells were manually counted
and marked by using the cell counter plugin and the analyzed
area was determined (ImageJ). Final cell counts for CD8+
cells were equivalently counted per 20,000 um? in both hemi-
spheres. As the samples used here underwent identical meth-
odological procedures, the impact of variability in tissue qual-
ity for neuronal cell counts should be minimized and affect in
a similar way control and experimental model sections.

GFAP and Iba-1 staining served as qualitative assessment
of gliosis as described for human TLE [19]. This staining was
rated in severity from 0 to 4 (0 = no reactive gliosis, 4 = strong
gliosis) of three independent investigators blinded to the
groups [14]. Iba-1 and CD45-staining was quantified in an
equivalent manner.

Human TLE Patients and mRNA Expression Analyses

Gene expression analysis was carried out in patients who
underwent surgical treatment in the Epilepsy Surgery
Program at the University of Bonn Medical Center due to
pharmacoresistant TLE. We compared human hippocampal
biopsy tissue from patients with hippocampal sclerosis (7 =
79) and patients with lesion-associated (low-grade neoplasms
or dysplasia; n = 36) chronic TLE. In all patients, pre-surgical
evaluation using a combination of non-invasive and invasive
procedures revealed that seizures originated in the mesial tem-
poral lobe [20]. All procedures were conducted in accordance
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with the Declaration of Helsinki and approved by the Ethics
Committee of the University Bonn, Medical Center. Informed
written consent was obtained from all patients. Clinical char-
acteristics of the patients were published before [21]. mRNA
analysis for SIPR1-5 and (3-actin was carried out analogous
to a procedure described elsewhere in detail [22]. Briefly,
RNA from surgical biopsies (750 ng cRNA) was used for
hybridization on Human HT-12 v3 Expression BeadChips
with Illumina Direct Hybridization Assay Kit (Illumina, San
Diego, CA) according to standard procedures. We extracted
data for SIPR1-5 and (3-actin analyzed by Illumina’s
GenomeStudio Gene Expression Module and normalized
using the [llumina BeadStudio software suite by quantile nor-
malization with background subtraction.

Statistical Analysis

Statistical analyses were performed with the GraphPad Prism
6.05 software (GraphPad Software). The two-way ANOVA
followed by Sidak’s post hoc test was used for statistical as-
sessment of phenotypic differences between groups. Group
comparisons were carried out using the Mann-Whitney U test.
Ordinal data was analyzed using x” test. Values were consid-
ered significantly at p < 0.05. Results were expressed as mean
+ SEM. Ranking results were expressed as median =+ inter-
quartile range. All animal experiments were conducted in a
randomized and blinded fashion.

Results

Fingolimod Strongly Reduces Seizure Severity
and Frequency in Experimental Chronic TLE

Chronic TLE development is recapitulated in mice by induc-
tion of SE using systemic or local application of excitotoxic
compounds, i.e., kainic acid or pilocarpine. To analyze the
impact of fingolimod treatment in an established post-SE
TLE mouse model, we induced SE by unilateral injection of
kainate (KA) in a suprahippocampal localization above the
left CA1 region [11]. This model reliably induces chronic
seizures originating from the hippocampus and reflects key
histopathological HS changes including segmental neuronal
cell loss and reactive astrogliosis but lacks the immediate cy-
totoxic effects on hippocampal neurons that are present when
injecting kainic acid into the hippocampal formation immedi-
ately and avoids traumatic CA1 damage [11, 23]. We contin-
uously (24/7) recorded video-EEG for an extended time span
of 2 months (n =7 per group). Fingolimod was administered
transiently only in the chronic recurrent seizure period (days
47-60 after SE). All mice developed spontaneous chronic
seizures in an identical fashion before they were randomly
separated into fingolimod-treated versus control groups.

Seizure frequency and severity were quantified in all animals
(study design, Fig. la). Seizure frequency was strongly de-
creased in fingolimod-treated animals (orange bars) compared
to non-treated mice (gray bars) after SE-induced TLE (Fig.
1b) when treated with a dosage of 2 mg/kg (days 47-53;
Fig. 1b, leftmost) or 6 mg/kg (days 54-60; Fig. 1b, rightmost).
Furthermore, comparing seizure frequency of the same ani-
mals before (days 5—47; Fig. 1d, e, red bars) and after (days
54-60; Fig. 1d, e, black bars), the onset of pharmacotreatment
revealed a substantial reduction under 6 mg/kg fingolimod
application (Fig. 1d) as well as less severe seizures (Fig. 1e)
in respective mice. No side effects such as weight loss or other
behavioral changes were noticed under chronic fingolimod
treatment and all mice in the study survived.

Representative cumulative power of different frequency
bands (0-50 Hz) is represented in 1-h bins of one treated SE
animal (Fig. 1¢). Sequences of light and dark vertical columns
indicate the cycles of circadian 24 h EEG power density. SE is
characterized by an increase of beta-gamma activity (days 0—
2) seen as a lightning at the beginning of the spectrogram (Fig.
Ic), which was absent in the sham-injected non-SE animal.
Seizure frequency of the representative SE animal is shown in
blue bars above the spectrogram with a latency of 10 days and
a slight increase of seizure frequency over time, which is ev-
idenced by an increase in all analyzed frequencies and char-
acterized by a lightning in the spectrogram (days 40 to 49).
This increased lightening in the spectrogram was absent in all
analyzed sham-injected fingolimod-treated control animals.
Under fingolimod treatment, the EEG shows a strong decrease
in all frequency bands reflected by a darkening in the color
scheme of the spectrogram illustrating a deactivation starting
around day 49 after SE.

We next correlated the spectrogram changes with the
movement/activity of the respective animal (Fig. Ic, lower
traces). Movement activity of the SE mice showed a transient
increase during/after SE induction (days 1-7), followed by a
decrease for several days (days 8—18 after SE), afterwards
resulting in a relatively stable correlation between circadian
changes and movement/activity in the later chronic phase
(from day 19 after SE) characterized by the occurrence of
spontaneous chronic recurrent seizures. In the sham-injected
non-SE animal, the activity appeared more stable over the
entire recording time.

Distinct mRNA Augmentation of S1PR Subunits
in Experimental Chronic TLE

To identify the underlying mechanisms of this strong anti-
epileptic effect in vivo, we studied the mRNA expression of
the fingolimod target molecules S1PRsl, 3, 4, and 5 in brain
tissue samples after pilocarpine- and KA-induced SE. In naive
control CA1, we found the expression levels of SIPR2 and 4
mRNA to be of very low abundance (Suppl. Fig. 1A). We
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Fig. 1 Fingolimod strongly reduces seizures in chronic epilepsy. a
Experimental protocol for studying anti-convulsive effects of fingolimod
in kainate-induced TLE in the phase of spontaneous chronic recurrent
seizures. Day 0: SE induction and electrode implantation. Fingolimod
treatment starts at day 47 after SE (days 47-53) with 2 mg/kg fingolimod
for 1 week and is continued with 6 mg/kg fingolimod for another week
(days 54 to 60). b Fingolimod treatment strongly reduces seizure frequen-
cy in chronic TLE comparing fingolimod-treated and sham-treated ani-
mals at days 47-60 after SE (n =7 per group). Two-way ANOVA: group:
#H%p <0.0001, F(1/24) =35.13; Sidak’s post hoc: 2 mg/kg fingolimod
treatment *p =0.02, 6 mg/kg fingolimod treatment ****p <0.0001. ¢
Representative power frequency analysis of continuous EEG recording
of 60 days (24/7) of a treated SE animal. Time-frequency spectrogram
shows normalized cumulative power in “1-h bins.” Sequences of light
and dark vertical columns indicate the cycles of circadian 24 h EEG

further concentrated on the expression levels of the receptor
subtypes SIPR1 and 3 after SE, since SIPR2 is not targeted
by fingolimod [24] and S1PR4 as well as S1PRS did not
reveal any relevant significant changes in mRNA expression
after pilocarpine SE induction (Suppl. Fig. 1B, C).

Real-time quantification was performed starting from dif-
ferent microdissected hippocampal regions (CA1, CA3, and
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seizure stage

power density. Movement activity counts (AU) of the same animal is
illustrated in the row under the spectrogram. SE is induced at the begin-
ning of the spectrogram and visible in the activated frequencies mainly
between 0 and 30 Hz, which was absent in sham-injected non-SE ani-
mals. Seizure frequency of the respective animal is presented in blue bars
above the spectrogram. Increase of seizure frequency is strongly correlat-
ed with an increase in activity in all analyzed frequency bands visualized
in a robust brightening. Low-dose as well as high-dose treatment of
fingolimod results in permanent power decrease in the spectrogram (days
49-60 after SE). d The frequency of spontaneous recurrent seizures is
significantly reduced by 6 mg/kg fingolimod treatment compared to the
period before treatment in the same animals (z = 7; Mann-Whitney test
*p=0.0121). e Under fingolimod treatment in the phase of spontaneous
chronic recurrent seizures, seizure severity is significantly reduced (n =7,
chi-square test ****p < (0.0001). Error bars indicate mean = SEM

dentate gyrus (DQ)) in the stage of chronic recurrent epileptic
seizures (28 days after SE induction by KA or pilocarpine). In
order to verify that the expression changes have a general
impact in epileptogenesis/epilepsy, we analyzed the expres-
sion pattern in these two post-SE models (KA and pilocar-
pine). SIPR1 showed a very prominent mRNA augmentation
in CA3 after induction of SE by KA (Fig. 2a) as well as in
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Fig. 2 Hippocampal mRNA abundance of specific SIPRs in
experimental and human chronic TLE. Quantitative determination of
SI1PR1 and SIPR3 mRNA of mice after kainate-induced (a, b) and
pilocarpine-induced (¢, d) SE in different hippocampal subfields com-
pared to sham-injected controls normalized to (3-actin. SIPR1 mRNA
level is increased in the stage of chronic recurrent seizures a after
kainate-induced SE in CA3 (n > 10; Mann-Whitney test *p =0.016) and
decreased in DG (Mann-Whitney test: DG **p = 0.0059) whereas CA1 is
unaffected. b SIPR3 is significantly increase in all hippocampal subfields
(n >10; Mann-Whitney test: CA1, CA3 ***%p <0.0001, DG ***p =
0.0005). After pilocarpine-induced SE, SIPR1 (¢) mRNA is augmented
in hippocampal CA3 region (n>5; Mann-Whitney test *p = 0.0022) and

CA3 in the pilocarpine model (Fig. 2¢), whereas it was signif-
icantly downregulated in DG after KA-SE (Fig. 2a). SIPR3
was significantly increased after KA-induced SE in all ana-
lyzed hippocampal regions (Fig. 2b). After pilocarpine-
induced SE, the augmented expression was recapitulated for
the CA3 and DG subfields (Fig. 2d). These data suggest a high
abundance of SIPR mRNA in hippocampi of both post-SE
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not affected in CA1 and DG whereas d S1PR3 is abundantin CA3 (n > 5;
Mann-Whitney test **p =0.0043) and DG (Mann-Whitney test *p =
0.016) and not significantly changed in CAl. e, f Quantitative determi-
nation of SIPR1 and SIPR3 mRNA in human TLE. e SIPR1 (HS: n=
79; control: n=36; Mann-Whitney test ****p <0.0001) as well as f
S1PR3 are significantly more abundantly expressed in hippocampal tis-
sue of TLE patients with HS versus hippocampi from control patients
with lesion-associated TLE, in which seizures are explained by lesions
such as low-grade neoplasms and/or focal dysplasia in the immediate
vicinity or even including the hippocampal formation (HS: n=79; con-
trol: n=36; Mann-Whitney test ****p =0.0001, with (3-actin as refer-
ence gene). Error bars indicate mean + SEM

TLE mouse models, putatively reflecting susceptibility for
fingolimod.

Interestingly, the increased expression levels of SIPR1 and
3 mRNAs in CA3 are correlated to the severity of HS-related
neuropathological alterations. Mice, which developed moder-
ate granule cell dispersion in the dentate gyrus and a slight
neuronal cell loss representing a mild type of HS do not
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exhibit an augmented expression of SIPR1 and 3. In contrast,
animals with a strong phenotype depicted in complete granule
cell dispersion as well as a severe neuronal cell loss within the
hippocampus show a strong expression of SIPR1 (Suppl.
Fig. 2A) and 3 mRNAs (Suppl. Fig. 2B).

Increased S1PR1 and S1PR3 Expression Correlate
in Human HS

To assess the potential role of SIPRs in human TLE, we ana-
lyzed hippocampal S1PR1 and S1PR3 expression levels in
pharmacoresistant TLE patients with HS compared to patients
with “lesion-associated” TLE (dysplasia, low-grade tumors).
The latter are generally regarded as “epileptic controls” for the
HS pathology pattern in TLE, since “lesion-associated” patients
generally lack initial brain insults inducing epileptogenesis.
Interestingly, also in human hippocampal tissue of patients with
pharmacoresistant chronic TLE and HS compared to “lesion-
associated” cases, we observed a highly abundant expression of
S1PR1 and SIPR3 mRNA using 3-actin as a reference gene
(Fig. 2e, f), which strongly reflects the expression signature of
the TLE mouse models described above.

Fingolimod Treatment Substantially Attenuates
Reactive Astrogliosis, Neuronal Loss, and Immune Cell
Infiltrates After SE

To assess the impact of fingolimod treatment in the stage of
chronic recurrent seizures on cellular and structural dynamics
in hippocampi after SE induction by excitotoxic compounds,
we carried out neuropathological analyses of brains in the
stage of chronic epilepsy and compared fingolimod-treated
(n=8) with sham-treated mice (n=38) developing chronic
TLE after KA-induced SE (study design, Fig. 1a).
Fingolimod-treated animals exhibited significantly less se-
vere neuronal cell loss in CA3 in the injected left hippocam-
pus (representative staining to be found in Fig. 3a, b, left
panels; Fig. 3d) but not in CA1 (Fig. 3¢), whereas the contra-
lateral site was unaffected by fingolimod treatment. These
findings may suggest neuronal degeneration to occur still in
the later, chronic stage of the model. Interestingly, reactive
astrogliosis was also less severe in animals treated with
fingolimod in the ipsilateral as well as in the contralateral
hippocampus (representative staining in Fig. 4a, d; Fig. 4c,
d). Additionally, a certain variability in the cellular density
was observed, even though no quantitatively significant
changes regarding the presence and distribution of activated
microglia were present (ipsilateral: median + interquartile
range: untreated 1.83 £1, treated 1.83+£0.71, Mann-
Whitney test p =0.92; contralateral: untreated 1.33+1.75,
treated 1.83 & 1.75, Mann-Whitney test p = 0.85; representa-
tive Iba-1staining Fig. 3a, b, lower panels). We next analyzed
the presence of CD45-positive elements. These analyses
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revealed reduced CD45-infiltrates in both, ipsi- and contralat-
eral hippocampi of mice after SE, when they received
fingolimod (representative immunohistochemistry Fig. 5a).
The quantification of CD45-positive cells revealed a decrease
in immunoreactivity in the fingolimod treated animals (ipsi-
lateral: Fingo— mean 3+£0.7 SD, Fingo+ mean 1.88 +0.84,
Mann-Whitney test *p =0.032; contralateral: Fingo— mean
2.38 +0.74 SD, Fingo+ mean 1.5 +=0.93, Mann-Whitney test
*p=0.046). The incidence of cytotoxic T cells was verified
with a CD8-positive immunohistochemistry showing also a
reduced amount of CD8-positive T lymphocytes in
fingolimod-treated animals (representative
immunohistochemistry Fig. 5b, quantification Fig. 5c).

When we compared the KA-injected versus the contralat-
eral hemisphere with respect to reactive astrogliosis (Fig. 4c,
d) and neuronal damage (Fig. 3c, d), both aspects were signif-
icantly more pronounced within the KA-injected (left) hippo-
campus than in the contralateral (right) hippocampus.
Concerning microglia activation, no significant differences
were found between both hemispheres (ipsilateral: Mann-
Whitney test p = 0.15; contralateral: Mann-Whitney test p =
0.4; representative Iba-1 staining Fig. 3a, b).

Overall, the histopathological analyses indicate that
fingolimod treatment robustly attenuates segmental neuronal
cell loss, reactive astrogliosis, and immune cell infiltrates
when the drug is administered in mice during the stage of late
chronic epileptic seizures.

Fingolimod Exerts Disease-Modifying Effects in Mice
Subjected to SE

We next aimed to test the effect of fingolimod on epilepto-
genic cascades by treating animals early after SE onset. The
experimental dissection of SE-modifying versus anti-
epileptogenic effects of pharmacological compounds repre-
sents a matter of ongoing debates. However, starting drug
treatment only after SE is terminated represents a very arti-
ficial regimen in any clinical setting (untreated n =13,
fingolimod treated n=9). Here, our aim was to reflect the
expectable clinical drug treatment scenario in a most realis-
tic fashion in the present preclinical context. Therefore, re-
spective animals were left in SE for 1 h before we started
treatment with fingolimod in a subset of animals for 2 weeks
and were compared to sham-injected SE animals (study de-
sign, see Fig. 6a). The SE induction protocol including an-
algesic and anesthetic treatment was completely identical in
both groups (sham injected and fingolimod treated). As may
be expected, the initial acute phase of SE was neither in
electroencephalographical nor in semiological terms differ-
ent between the individual groups of animals under study
(gamma; Suppl. Fig. 3A-D). Intriguingly, the following ter-
mination phase of the SE was associated with synchronous
slow-wave high-amplitude activity which was extended in
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Fig. 3 Chronic fingolimod a SE
treatment exerts neuroprotective ipsilateral
effects. Representative
immunohistochemistry of
ipsilateral (a) and contralateral (b)
hippocampi of untreated (leftmost
panel) and fingolimod-treated
mice (middle panel) compared to
treated non-SE control mice
(rightmost panel, n =8 for all
groups). a NeuN immunohisto-
chemistry reveals the robust
granule cell dispersion develop-
ing after SE in ipsilateral dentate
gyrus, b which is absent in the
contralateral side whereas the
level of activated microglia is un- lbal
affected (lower panels).
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treated animals. This period of SE revealed pathological
changes of the EEG but did not have corresponding abnor-
malities in the animal behavior. The associated delta EEG
spectral pattern increase and duration was significantly in-
creased in fingolimod-treated animals (delta; Suppl.
Fig. 3A-D). This terminal phase of SE was not correlated
with any seizure like behavior and the animal behaved
normally.
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In the present animal model, seizures appeared at an early
time point after SE induction (2.9 £0.47 SEM days). The
fingolimod-treated group did not show significant changes
with respect to the seizure free interval (4.5 + 1.4; Mann-
Whitney U test p =0.29). A significant reduction of the sei-
zure frequency commenced immediately in the first 2 weeks
after SE (untreated n =13, fingolimod-treated n=9; Fig.
6b). Even after discontinuing the fingolimod administration
in weeks 3 and 4, animals exhibited significant fewer
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Fig. 4 Attenuated reactive a SE non-SE
astrogliosis after fingolimod ipsilateral Fingo + Fingo +

treatment in chronic TLE. a, b
Representative hippocampal
immunohistochemistry of the

injected ipsilateral and

contralateral side with antibodies
targeting GFAP as well as MAP2

of untreated and treated SE

animals and treated non-SE ani-

mals as control. The ipsilateral (c)

as well as the contralateral hippo-

campi (d) of treated mice (n=7)

show a reduced reactive

astrogliosis compared to untreat-

ed animals (n = 8). The staining

was rated in relative extent of
astrogliosis from 0 to 4 (0 =no

reactive gliosis, 4 = strong

gliosis). Mann-Whitney test: ipsi-

lateral *p = 0.026, contralateral b
*p =0.024. Error bars indicate SE
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seizures (Fig. 6b). Fingolimod-treated mice exhibited sig-
nificantly shorter stage V seizures compared to sham-
injected control animals (representative seizures of an un-
treated (Fig. 6¢) and fingolimod-treated mouse (Fig. 6d)).
This was present during early treatment (weeks 1 and 2, Fig.
6¢e) as well as after discontinuing fingolimod treatment in
weeks 3 and 4 (Fig. 6f). Fingolimod had no effect on seizure
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severity. Under fingolimod treatment during weeks 1 and 2
after SE induction seizure severity was unaffected (chi-
square test p =0.64). Additionally, in weeks 3 and 4 after
SE when fingolimod treatment was stopped, no differences
were found between the treated or untreated group with
respect to seizure severity (chi-square test p = 0.86). Mice
did not exhibit any remarkable side effects, weight loss, or
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Fig. 5 Reduced cytotoxic T cell
infiltrates after fingolimod
treatment in chronic TLE. a
Representative
immunohistochemistry of
hippocampi of the injected
ipsilateral side with antibodies
against CD45 (red) and GFAP
(green) of untreated and
fingolimod-treated SE animals as
well as fingolimod-treated non-
SE animals as control. DAPI was
used as a counterstain. b
Representative staining of CD8+
cytotoxic T cells (red) confirmed
the finding and shows a reduction
in the treated group. The ipsilat-
eral (¢) as well as the contralateral
hippocampi (d) of treated mice
(n=28) show a reduced presence
of CD8" cells compared to un-
treated animals (n = 8). Mann-
Whitney test: ipsilateral **¥p =
0.00022, contralateral **%p =
0.0009

CD8+

CD8+

behavioral changes and all animals survived the fingolimod
treatment. The ictal and interictal activity attenuating effects
after SE were also reflected by the gamma band power
(representative gamma power activity of two animals
shown in Fig. 6g). Fingolimod-treated mice exhibited a sig-
nificant reduction of gamma band power in the ipsilateral
(Fig. 6h) as well as in the contralateral side (Fig. 61), which
was most prominent contralaterally during weeks 3 and 4
after SE. However, early fingolimod treatment did not sig-
nificantly attenuate neuronal damage, microglia, astroglia,
and CD45- or CD8-positive immune cell activation, neither
directly after treatment (14 days) nor after 28 days (Suppl.
Fig. 4).
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Abundant STPR3 mRNA and Protein Subunits After
KA- and Pilocarpine-Induced SE

We further tested mRNA expression patterns of SIPR1 and
S1PR3 at different time points after KA- and pilocarpine-
induced SE. SIPR1 showed a transiently lower expression
in both SE models compared to controls in CA1, which was
most prevalent until 72 h after SE (Fig. 7a, c). A strong in-
crease at 10 days after SE was present in CA1 (Fig. 7c).
Expression patterns in CA3 and DG were similar to CA1 after
pilocarpine-induced SE (Suppl. Fig. 5A, C).

In contrast, we observed a particularly strong but transient-
ly abundant expression augmentation of SIPR3 in both SE
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models in CAl (Fig. 7b, d) with a peak at 36 h after SE on a
similar level in all hippocampal subfields (Suppl. Fig. 5C, E)
and a peak at 24 h after KA-induced SE in CA1 (Fig. 7b).

Cellular Confinement of STPR3 Expression Response
to Astrocytes After SE

In order to further analyze the expression intensity and lo-
calization of SIPR3 on the protein level in epileptic hippo-
campi, we performed co-immunohistochemistry by using
antibodies binding glial fibrillary acidic protein (GFAP) in
order to label astrocytes, Iba-1 correspondingly for microg-
lia, NeuN to label neurons and DAPI as a counterstaining at
different time points after pilocarpine-induced SE (2, 4, and
7 days). So far, no antibody was available to us to reliably
bind and detect SIPR1 protein in paraffin-embedded or
fixed free floating tissue why we focused on the expression
pattern of S1PR3 in this study. Thereby, we observed a
strong abundance of S1PR3 after SE also on the protein
level in individual hippocampal regions largely reflecting
the corresponding mRNA dynamics with the strongest ex-
pression at day 4 after SE in all hippocampal subfields (Fig.
7e). With respect to time-dependent changes of the cellular
distribution of SIPR3 in CAl, at 2 days after SE, the ex-
pression of SIPR3 was mainly detected in neuronal nuclei
and started to be expressed also in astrocytes and neuronal
somata (see white arrowheads in Suppl. Fig. 7).
Furthermore, at 4 days after SE, a stronger protein signal
of S1PR3 was present in astrocytes (see white arrows in
Suppl. Fig. 7) and neurons but not in microglia (Suppl.
Fig. 6). The cellular expression pattern showed a protein
increase in the neuronal somata at day 4 after SE (see the
insert in Suppl. Fig. 6 with DAPI co-staining). Interestingly,
at 7 days after SE, the expression was still present in the
astrocytes and neurons but at lower levels than after 4 days
(Suppl. Fig. 7). Overall, a strong increase of GFAP expres-
sion was observed in the time period early after SE.
Representative control hippocampal tissue without SE
showed a very sparse expression of SIPR3 in neuronal nu-
clei whereas significant astrocytic expression was not de-
tected (Suppl. Fig. 7, upper panels). We observed similar
expression patterns of SIPR3 in CA3 (Suppl. Fig. 8) and
DG (Suppl. Fig. 9), also with the most abundant levels at
4 days after SE.

Discussion

Knowledge on the potential of fingolimod in epileptic dis-
ease conditions had been limited so far. A recent study
claimed fingolimod to exert myelin repair as major aspect
in mice in a “PTZ kindling” model [25]. Given the gener-
ally focal nature of kindling [26], the relevance of the
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Fig. 6 Fingolimod has an anti-epileptogenic, disease-modifying effect. a P>
Experimental protocol for studying anti-epileptogenic and disease-
modifying effects of fingolimod in kainate-induced TLE. Day 0: SE in-
duction and electrode implantation. After 1 h of full-blown SE fingolimod
treatment starts for 2 weeks and is discontinued after 2 weeks of high-
dose treatment while animals are still under EEG recording. b Fingolimod
treatment strongly reduces seizure frequency in TLE (untreated: n=13
mice, treated n=9 mice). Two-way ANOVA: Interaction: n.s., F(1/
100) =2.39; week: n.s., F(1/100) =0.98; treatment: ****p <0.0001,
F(1/100)=27.01; Sidak’s post hoc: week 1/2 *p=0.012, week 3/4
*##4%p) <0.0001. ¢, d Representative EEG of spontaneous seizures of an
untreated (¢) and treated (d) animal of the contra- and ipsilateral CA1
area. e Under fingolimod treatment (week 1/2), seizure duration is signif-
icantly reduced comparing treated and untreated animals (two-way
ANOVA treatment: F(1, 309)=6.772, **p =0.0097) (untreated: n =13,
treated 7 =9). Whereas stage 5 seizures are significantly shorter in the
fingolimod-treated group IV (p=0.043) stage IV seizures are not (p =
0.28). f Treatment affects also seizure duration when fingolimod treat-
ment was discontinued during week 3/4 (two-way ANOVA: F(1,401) =
8.597, *p =0.0036). Seizures stage V are significantly shorter in the treat-
ment group (**p =0.0054) whereas those of stage VI are not different
with respect to the duration (p =0.4593)). g Representative contralateral
gamma band activity over the whole analyzed period of 4 weeks of two
representative mice. Green vertical lines represent the activity of a treated
and black of an untreated animal. Already under high-dose fingolimod
treatment (weeks 1 and 2) a lower activity is present, which appears more
pronounced after discontinuing the treatment in week 3/4 after SE. Error
bars indicate mean + SEM. h, i Quantitative analysis of gamma band
activity of the ipsilateral (h) and contralateral (i) EEG recording (untreat-
ed: n=11, treated n=7). Treatment strongly affects the gamma band
activity (two-way ANOVA®: ipsilateral **p = 0.002, contralateral ***p =
0.001) with a significant reduction contralateral in weeks 3 and 4 (con-
tralateral, week 3 *p=0.027, week 4 *p=0.015). Error bars indicate
median + min to max

applied model for focal epilepsy induced by a single tran-
sient brain insult remains unresolved. Furthermore, myelin
damage does not represent a major pathology aspect of
TLE [27]. Our present data suggest several substantial
effects of fingolimod in experimental TLE. In this preclin-
ical setting, the mode of action of fingolimod had disease-
modifying, chronically anti-convulsive, anti-inflammato-
ry/anti-gliotic and neuroprotective aspects but lacked an
ameliorating effect on SE.

Improving therapy options in chronic TLE is a major
challenge. In a translational perspective, fingolimod target
molecules are strongly augmented in expression in human
TLE-HS hippocampi, which also maintain substantial
astrogliosis and microglia activation, whereas the neurode-
generation is apparently more active at earlier stages of the
disease process [28]. The mode of action of fingolimod on a
molecular level has been described as binding to S1PRs. As
we demonstrate clearly in hippocampal tissue of two SE-
induced TLE-models as well as in human biopsy tissue sam-
ples of patients with pharmacoresistant TLE, distinct
S1P1Rs namely SIP1R1 and S1P1R3 are rather selectively
augmented in expression. The multiple modes of action of
fingolimod on a cellular level have been suggested, partly
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due to the fact that SIP1Rs are expressed by many cell types
[29]. The mode of action with respect to cells, which has
been mostly focused on due to its role in the context of
inflammatory demyelinating disorders of the brain, was
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sequestration of lymphocytes in secondary lymphoid or-
gans by downregulation of respective S1P1 receptors [29].
Other modes of action have been suggested as neuroprotec-
tive and anti-astrogliotic [30-32]. Our present data clearly
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demonstrate that treatment of fingolimod in chronically ep-
ileptic mice after kainic acid-induced SE ameliorates key
features of chronic TLE by reducing seizure activity and
attenuation of astrogliosis and the presence of leucocytes.
With respect to a potential anti-epileptogenic effect of
fingolimod, data from rats subjected to pilocarpine-induced
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SE suggested chronically seizure-attenuating effects [16].
Fingolimod had also anti-epileptogenic effects in a non-SE
absence epilepsy model [17]. The respective study demon-
strates an anti-epileptogenic effect of fingolimod in a kainic
acid-induced post-SE model. However, the drug administra-
tion regime may not strongly resemble a realistic clinical
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<« Fig. 7 Expression analysis of SIPR1 and SIPR3 early after kainate-/
pilocarpine-induced SE. a—d mRNA expression levels of SIPR1 and
S1PR3 after kainate-induced (n > 6) and pilocarpine-induced (n>5) SE
in hippocampal CAL1. SE strongly affects SIPR1 mRNA levels (two-way
ANOVA kainate ****p <0.0001, F(1,60)=10.09; pilocarpine ****p <
0.0001, F(3,33)=41.61) as well as SIPR3 (two-way ANOVA kainate
*EE%p <0.0001, F(1,59)=136.7; pilocarpine ****p <0.0001,
F(3,33)=21.41). a SIPR1 shows a significant reduction of mRNA levels
24 and 72 h after kainate-induced SE (Sidak’s post hoc: 24 h **p =
0.0012, 72 h *p=0.019). b SIPR3 mRNA is strongly increased early
after SE (Sidak’s post hoc: 24 h ***%*¥p < 0.0001, 72 h ****p <0.0001). ¢
Also after pilocarpine-induced SE, we see an early reduction 12 h
(***p=0.0007), 36 h (***p=0.0004), and 72 h (**p =0.026) after SE
and an augmentation of mRNA 10 days after (****p <0.0001). d In
pilocarpine-treated animals, SIPR3 was transiently increased 36 h
(***%p <0.0001) and 72 h (***p=0.0005) after SE. e Representative
immunohistochemistry of SIPR3 protein 4 days after SE shows a strong
upregulation in co-localization with astrocytes (GFAP, white arrows in-
dicate astrocytic co-localization). Error bars indicate mean + SEM

scenario, in which most commonly drug administration is
started not immediately at the beginning but at more advanced
stages of SE. Our present data recapitulates this in a very close
fashion. Intriguingly, our data do not show a beneficial effect
of fingolimod in the SE phase. In contrast, epileptic EEG
characteristics but not the behavioral SE itself were even ag-
gravated under fingolimod treatment in the late SE stage. This
aspect is of particular importance. It rules out that the anti-
epileptogenic effects of fingolimod that we observe with re-
spect to chronic recurrent seizure activity in respective ani-
mals is not due to attenuating effects in the SE stage.

What may be key clinical limitations of fingolimod treat-
ment of patients after potentially epileptogenic brain insults?
A severe side effect of fingolimod treatment at the start of
administration is given by bradycardia in a subset of patients
[33]. This aspect should, however, be manageable by starting
fingolimod treatment in an intensive care unit (ICU) as rou-
tinely done with MS patients. Our data strongly supports to
potential of fingolimod to develop as intriguing disease-mod-
ifying, anti-convulsive, and neuroprotective therapy alterna-
tive in “pharmacoresistant” TLE patients.
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