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Abstract

Objective: Given its key homeostatic role affecting mitochondria, ionotropic and
metabotropic receptors, and voltage-gated ion channels, sigma-1 receptor (SiglR)
represents an interesting target for epilepsy management. Antiseizure effects of
the positive allosteric modulator E1R have already been reported in acute seizure
models. Although modulation of serotonergic neurotransmission is considered
the main mechanism of action of fenfluramine, its interaction with SiglR may be
of additional relevance.

Methods: To further explore the potential of SiglR as a target, we assessed the
efficacy and tolerability of E1R and fenfluramine in two chronic mouse mod-
els, including an amygdala kindling paradigm and the intrahippocampal kainate
model. The relative contribution of the interaction with Sigl R was analyzed using
combination experiments with the SiglR antagonist NE-100.

Results: Whereas E1R exerted pronounced dose-dependent antiseizure effects
at well-tolerated doses in fully kindled mice, only limited effects were observed
in response to fenfluramine, without a clear dose dependency. In the intrahip-
pocampal kainate model, E1R failed to influence electrographic seizure activity.
In contrast, fenfluramine significantly reduced the frequency of electrographic
seizure events and their cumulative duration. Pretreatment with NE-100 reduced
the effects of E1R and fenfluramine in the kindling model. Surprisingly, pre-
exposure to NE-100 in the intrahippocampal kainate model rather enhanced and
prolonged fenfluramine's antiseizure effects.

Significance: In conclusion, the kindling data further support SiglR as an
interesting target for novel antiseizure medications. However, it is necessary
to further explore the preclinical profile of E1R in chronic epilepsy models
with spontaneous seizures. Despite the rather limited effects in the kindling
paradigm, the findings from the intrahippocampal kainate model suggest
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fenfluramine.
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1 | INTRODUCTION

Antiseizure medications (ASMs) are the first-line thera-
peutic option for the treatment of epilepsies. Although
many different ASMs are available, seizure control can-
not be achieved in up to 30% of patients.! Moreover, most
of the available ASMs have no impact on the pathophysi-
ological mechanisms of epilepsies.

Preclinically, rational polytherapy with different
ASMs targeting multiple relevant mechanisms of ac-
tion can exert disease-modifying effects.>* Another ap-
proach is to modulate only a single target that interacts
with multiple homeostatic pathways. The sigma-1 re-
ceptor (SiglR) could represent such a target structure.
SiglR is a chaperone protein that is activated by cellular
stress, modulates various pathological processes, and
maintains or restores cellular homeostasis.>® Findings
from animal models of different neurological disorders
provide evidence that positive pharmacological modu-
lation of SiglR function has beneficial, neuroprotective
effects.”°

So far, little is known about the effects of SiglR mod-
ulation in epileptology. Available data are mostly limited
to findings from acute seizure models.""”'*> Whereas SiglR
agonists have no relevant effects on acute seizures in these
models, methyl phenylpiracetam (E1R), a newly designed
positive allosteric modulator of SiglR, exerts relevant an-
tiseizure effects.”® These effects are completely blocked
when E1R is coadministered with NE-100, a SiglR antag-
onist that shows proconvulsant effects at higher doses."
However, acute seizure models hardly reflect the complex-
ity of the epileptic brain, and their predictive validity is
limited."*" In addition to its antiseizure properties, SiglR
targeting may also mediate disease-modifying effects by
interacting with relevant targets involved in the patho-
physiological mechanisms of epilepsies.'®™

Interestingly, a SiglR-modulating effect has been re-
ported for fenfluramine, a drug recently licensed as an
add-on treatment option for patients with Dravet and
Lennox-Gastaut syndrome.**** Although a positive mod-
ulation of serotonergic neurotransmission appears to be
the main mechanism for fenfluramine’s antiseizure effects,
an additional modulation of SiglR is discussed.'®**>*
However, the relative contribution of fenfluramine's
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« E1R exerts dose-dependent antiseizure effects
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target for epilepsy management.

« The preclinical data suggest that fenfluramine
may have a broad-spectrum potential in

epilepsy.

interaction with SiglR to its antiseizure effects remains
unknown.

In this study, we evaluated the antiseizure effects of
pharmacological SiglR modulation in two chronic epi-
lepsy mouse models of temporal lobe epilepsy. Moreover,
we aimed to determine the relative contribution of the
SiglR interaction to the effects of fenfluramine in the
same mouse models.

2 | MATERIALS AND METHODS

2.1 | Animals

Female HsdWin:NMRI mice (n=46, 24-32g, 10weeks
old, Inotiv [formerly Envigo]) were used for the amyg-
dala kindling model, and male C57BL/6J mice (n=18,
20-25g, 8weeks old, Janvier) were used for the intrahip-
pocampal kainate (IHK) model. Male C57BL/6J mice
(n=20, 24-33g, 10-21weeks old, Janvier) and female
HsdWin:NMRI mice (n=20, 27-38g, 17-20weeks old,
Inotiv [formerly Envigo]) were used for the analysis of
serum and brain concentrations of fenfluramine and nor-
fenfluramine. All animals were housed under standard-
ized conditions (22+2°C, 55+10% humidity, and 12-h
dark-light cycle) with ad libitum access to food and tap
water (detailed information about the animal welfare prin-
ciples can be found in the Supplementary Information).
All experiments were conducted in line with the German
Animal Welfare Act and EU Directive 2010/63/EU. Data
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2 | Epilepsia

are reported according to the Animal Research: Reporting
of In Vivo Experiments guidelines 2.0 and the Basel dec-
laration. All studies were approved by the government of
Upper Bavaria (license number ROB-55.2-2532.Vet_02-
20-99). A list of the compounds used in these experiments
can be found in the Supplementary Information.

2.2 | Amygdala kindling model

2.2.1 | Surgery and electrode implantation

Following a habituation period of at least 1 week, ani-
mals underwent a craniotomy to implant a stimulation
and recording electrode in the right amygdala. Animals
received analgesia before and after the surgical proce-
dure (Supplementary Information). Anesthesia was in-
duced with 4% isoflurane (Isofluran CP, CP-Pharma
Handelsgesellschaft) in 100% oxygen (Linde, Gases
Division) and maintained with 2% isoflurane. A bipolar
Teflon-isolated stainless-steel electrode was placed in
the right amygdala (anteroposterior: —1.0, lateral: +3.2,
dorsoventral: —5.2; coordinates relative to bregma in mil-
limeters) for the electroencephalographic (EEG) record-
ings and electrical stimulation. The electrode and screws
(Schrauben-Preisinger, DIN 84 V2A M1,6X3) were fixed
with dental acrylic cement (Paladur powder, Kulzer).

2.2.2 | Amygdala kindling

The initial afterdischarge threshold (ADT) was deter-
mined 2weeks after surgery. Animals were then stimu-
lated once per day from Monday to Friday with the
same electrical pulse of 700 or 840pA (Supplementary
Information). Seizure parameters at threshold stimulation
were documented, including seizure severity (SS; based
on a modified Racine scalezs), motor seizure duration
(SD), and electrographic afterdischarge durations 1 and
2 (ADD1 and ADD2***"; Supplementary Information).
ADD?2 is hereafter referred to as the total afterdischarge
duration (ADDT). Animals were considered “fully kin-
dled” if they exhibited 10 generalized seizures (Racine IV
or V) in response to stimulation. Because the kindled state
is often less stable in mice as compared to rats, it was not
a prerequisite for a “fully kindled” state that all of these
generalized seizures occurred consecutively.

The postkindling ADT was then determined. If ani-
mals did not present a generalized motor seizure at the
postkindling ADT (ADT =generalized seizure threshold
[GST]), stimulation was continued until generalized sei-
zure activity was induced. This current intensity is defined
as GST. As soon as the repeatedly determined ADTs did

not differ by more than +20% (three-step range) and the
animals reliably exhibited generalized seizure activity at
the ADT determination, the ADT was considered stable,
and alternating vehicle-drug experiments were initiated.

223 | Vehicle-drug experiments

Treatment of animals alternated between the vehicle
(saline) and the test compounds, with at least 1 day be-
tween the vehicle and compound experiments. A washout
period of at least 96h was applied between two consecu-
tive drug experiments. On each experimental day, ADT/
GST and associated seizure parameters (SS, SD, ADDI,
and ADDT) were assessed following a gradually increas-
ing stimulation procedure with a 20% increase in current
intensity with an initial current below the threshold value
identified as stable. This procedure was followed to mini-
mize the duration of the experiments.

Drugs were injected with the following pretreatment
times: 80min (NE-100), 60min (E1R), and 30, 60, 120,
and 240min (fenfluramine). To confirm the relevance of
the compound's interaction with SiglR for the observed
effects and to determine the relative contribution of the
compound's interaction with SiglR to the effects, combi-
nations of the SiglR ligands (E1R or fenfluramine) and
the antagonist NE-100 were assessed.

Data were collected from two different animal groups
(group 1: E1R, NE-100, and E1R/NE-100 in combination,
and fenfluramine 10mg/kg with a pretreatment time of
30min; group 2: fenfluramine and fenfluramine/NE-100
in combination; Supplementary Information).

2.2.4 | Assessment of tolerability and motor
side effects

Before starting the vehicle-drug experiments, the toler-
ability of 25, 35, and 45mg/kg NE-100 and 45 mg/kg fen-
fluramine was tested in two fully kindled animals. We
expected a good tolerability of E1R based on the com-
munication with our collaborators at the Laboratory
of Pharmaceutical Pharmacology, Latvian Institute of
Organic Synthesis (LIOS), Riga, Latvia, and a respective
published reference by Zvejniece and colleagues.”® In this
study, the effects of different doses of E1R on locomotion
(open field test), coordination (rotarod and chimney test),
and muscular strength (traction tests) were investigated
in mice.

To analyze the effects of the test substances on motor
coordination, rotarod performance was assessed for all ve-
hicle and drug experiments at three different time points:
directly before vehicle/drug injection (t,), after half of the
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pretreatment period (t;), and directly before ADT evalua-
tion (t,). Animals were also carefully observed for signs of
other adverse effects at these time points (Supplementary
Information).

2.3 | IHK model
2.3.1 | Surgery, electrode implantation, and
intrahippocampal injection of kainate

Followinghabituation, mice underwentsurgery with a tele-
metric transmitter (ETA F10; Data Sciences International)
and electrode implantation. Animals received analgesia
before and after the surgery (Supplementary Information).
Mice were anesthetized with chloral hydrate (500 mg/kgip
dissolved in saline; Merck) based on studies reporting ef-
fects of inhalation anesthesia on the induction of status
epilepticus (SE) in this model.” SE was induced following
the protocol by Buchecker et al.*® The assessment of SE is
described in the Supplementary Information.

2.3.2 | Vehicle-drug experiments

Five weeks post-SE, consistent spontaneous recurrent
electrographic seizure activity was confirmed and alternat-
ing vehicle-drug experiments were conducted. Animals
received either the vehicle (saline or aqua ad iniectabilia)
or the test compounds alternately, with an interval of 1 or
2days between the vehicle and drug experiments. There
was a washout period of at least 96h between two con-
secutive drug experiments. On each experimental day,
EEG seizure activity was recorded, starting with a 2-h ref-
erence baseline recording before vehicle or drug injection
and lasting at least 5 h after administration of vehicle or
drug injection. The analysis of EEG data is described in
the Supplementary Information.

2.4 | Tissue preparation and
analysisofserumandbrainconcentrationsof
fenfluramine and norfenfluramine

Information about the analysis of drug exposure in plasma
and brain is provided in the Supplementary Information.

2.5 | Statistics

Power analysis resulted in a calculated sample size of 11
mice per group (GPower 3.1, Heinrich Heine Dusseldorf
University,”! Supplementary Information). This number

Epilepsia**

wasnotachieved due toanimal loss during the experiments
in the IHK model (see the Supplementary Information and
Figure S1). The order of animals for procedures was ran-
domized as described in the Supplementary Information.
Due to the experimental design, blinding was not feasi-
ble and therefore not performed. Data were tested for
normality, and the appropriate statistical hypothesis test
was used (Supplementary Information). The median ef-
fective dose (EDs,) was calculated based on least-squares
linear regression analysis in Excel version 16.0 (Microsoft
Corporation). Data are presented as mean +SEM. Prism
(GraphPad Software, v9.4.1) and R (v4.2.2)** were used for
all statistical tests and plots. A p-value < .05 was consid-
ered statistically significant. In addition to the hypothesis-
testing statistical analysis, we provide the effect sizes for
all experimental comparisons; these results can be found
in Tables S4-S7.

3 | RESULTS

3.1 | Effects of E1R in fully kindled mice
The choice of pretreatment times and dose range for E1R
was based on extensive experimental experience and pre-
viously published data.'*'” Intraperitoneal administra-
tion of E1R 60min prior to ADT determination resulted
in dose-dependent increases in thresholds (ps,=.0056,
P75=.0016, p,y,=.0007; Figure 1A). Whereas 25mg/kg
E1R did not exert relevant effects, increases observed
in response to 50, 75, and 100mg/kg E1R reached 44%,
75%, and 116%, respectively. The increase in thresholds
was associated with a reduction of seizure severity at
threshold stimulation (ps,=.0033, p;5=.0038, p;oo=.0462;
Figure 1B). Moreover, the duration of behavioral seizure
activity (50 and 75mg/kg E1R) and the duration of after-
discharges (50mg/kg E1R) were shortened as a conse-
quence of exposure to E1R (ps,=.0069, p,s=.0041, and
Pso=.0115, respectively; Figures 1C,D and S2A).

Based on these experimental data, we calculated the
median dose increasing the ADT by 50% (ED-s,; equa-
tion y=175.45x — 246.02; Figure 1E). The respective EDs,
amounted to 48.66 mg/kg.

Whenever ADT was not associated with generalized
seizure activity, stimulations were continued with incre-
mental increases until a generalized seizure (score IV or
V) was elicited. In response to 50, 75, and 100 mg/kg E1R,
we observed significant increases in GST, reaching a max-
imum of 238% following the highest dose (p;y,=.0007;
Figure 1F). The seizure and afterdischarge duration re-
corded at GST remained unaffected, except for a significant
reduction in seizure duration following administration of
75mg/kg E1R (p,5=.0131, Figures 1G,H and S2B). The
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FIGURE 1 (A-D)Effect of E1R on the afterdischarge threshold (ADT) and associated seizure parameters in fully kindled mice. EIR
increased the ADT in a dose-dependent manner (A). The increase in thresholds was associated with a reduction of seizure severity (B). E1IR

at 50 and 75mg/kg shortened the duration of behavioral seizure activity (C) and total afterdischarge (D). The median dose that increased the
ADT by 50% (ED5,) amounted to 48.66 mg/kg (E). (F-H) Effects of E1R on the generalized seizure threshold (GST) and associated seizure
parameters in fully kindled mice. E1R increased the GST in a dose-dependent manner (F). E1R at 75mg/kg shortened the duration of
behavioral seizure activity (G) but not of the total afterdischarge duration (H), recorded at GST. The ED5, for GST amounted to 35.25mg/kg
(I). All data are presented as mean +SEM. *p <.05. Animal numbers in panels A-D and F-H were n=14-16. Statistical test used was paired

Student t-test. Outliers: One data point was excluded from all doses in panels A and F. One data point was excluded from the dose 25mg/kg
in panels B-D, G, and H, respectively. Please note differences in the scaling of the y-axes in the different figures.

calculated median effective dose for a 50% increase in GST
amounted to 35.25mg/kg (equation: y=365.08x — 514.82;
Figure 1I).

All mice were intensely monitored following adminis-
tration of E1R. All doses were well tolerated, with no evi-
dence of relevant adverse effects. In addition, all animals
successfully completed the rotarod test 30 min and 58 min
after E1R injection, arguing against a relevant impact of
E1R on motor coordination (Table S1).

3.2 | Effects of fenfluramine in fully
kindled mice

Considering the variety of pretreatment times and times
of maximum effects reported for fenfluramine in differ-
ent mouse studies,'’ we decided to complete a thorough
efficacy and tolerability analysis evaluating different com-
binations of pretreatment times and doses (Table S2).

Dose-limiting adverse effects were observed in a pilot
study with 30 and 45 mg/kg fenfluramine (for details see
Supplementary Information). Moreover, proconvulsant
effects were observed 30min following administration
of 10mg/kg fenfluramine in kindled mice (Figures 2A-C
and S3).

Based on these pilot data and the overall aim to de-
termine a dose-response curve, we further assessed
the effects of fenfluramine with a pretreatment time of
120min and doses ranging .03-10mg/kg (Figures 2D-F,
S4, and S5, Table S2). Only minor effects were observed,
with slight ADT and GST increases in response to .1 and
1mg/kg (p,=.0481, p,=.00039 in Figure 2D; p,=.0244,
p1=.0265 in Figure S3D). Moreover, a slight increase in
GST was evident 120min following administration of
10mg/kg (p,o=.0432; Figure S3D). An influence on sei-
zure parameters at threshold stimulation was only ob-
served following .03 mg/kg fenfluramine, with a longer
duration of behavioral seizure activity (p ,;=.0268).
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FIGURE 2 (A-C) Effects of fenfluramine (FEN) on afterdischarge threshold (ADT) and associated seizure parameters at a pretreatment
time of 30 min in fully kindled mice. FEN at 10mg/kg reduced the ADT (A) and prolonged the duration of behavioral seizure activity (B)
and the total afterdischarge (C). (D-F) Effect of FEN on ADT and associated seizure parameters at a pretreatment time of 120 min in fully
kindled mice. FEN at .1 and 1 mg/kg increased the ADT (D), with no effects on behavioral seizure activity (E) or the total afterdischarge
duration (F). All data are presented as mean + SEM. *p <.05. Animal numbers in panels A-C were n=15 and in D-F were n=12-14.
Statistical test used was paired Student t-test. Outliers: Two data points were excluded from the dose .03 mg/kg in panel D. Please note

differences in the scaling of the y-axes in the different figures.

Considering doses up to 10 mg/kg, the majority of ani-
mals successfully completed the rotarod tests at both time
points following fenfluramine administration (Table S1).

3.3 | Impact of sigma-1 antagonism on
effects of E1R and fenfluramine in fully
kindled mice

In a pilot experiment, we excluded any relevant direct ef-
fects of the sigma-1 antagonist NE-100 in fully kindled
mice (Figure S6). Pretreatment with 25, 35, or 45mg/kg
NE-100 diminished the response of kindled mice to E1R,
with a significant increase in GST (p,5=.05, p;5=.002,
P4s=-.01; Figure 3A,B).

Considering that the most prominent antagonistic
effect became evident in response to 35mg/kg NE-100,
this dose was selected for subsequent combination exper-
iments with fenfluramine. Pre-exposure to NE-100 abol-
ished the effect of 1 mg/kg fenfluramine on ADT and GST
(Papr=-0025, psgr=-0038; Figure 3C,D).

3.4 | Effects of E1R and fenfluramine
in the THK model

Both doses of the positive control compound diazepam
significantly reduced the frequency of high-voltage

sharp waves (HVSWs; Figure 4A) and hippocampal par-
oxysmal discharges (HPDs; Figure 4B), as well as cumu-
lative and mean seizure durations (Supplemental file
and Figure S7).

In apparent contrast to diazepam, E1R exposure within
the range of 25-100mg/kg did not result in any relevant
effects on electrographic seizure activity (Figures 4C,D
and S8).

Five different doses of fenfluramine were tested in the
IHK model. Fenfluramine did not affect the frequency
or cumulative duration of HVSWs or HPDs or the mean
seizure duration at doses ranging from .03 to 1mg/kg
(Figures 5A,B and S9). However, fenfluramine at 10mg/
kg reduced HVSW frequency but not the cumulative
duration of HVSWs during the first 2 h after its admin-
istration (Figures 5A and S9A). In contrast, there was
no significant impact of fenfluramine on frequency of
HPDs (Figure 5B). The total reduction of electrographic
seizure activity during the first 2 h following administra-
tion reached a mean of 81% (p=.0004) as compared to the
baseline (Figure 5C).

3.5 | Impact of sigma-1 antagonism on
effects of fenfluramine in the IHK model

Administration of 35mg/kg NE-100 remained without ef-
fects on seizure frequencies, cumulative seizure duration,
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FIGURE 3 (A, B) Impact of sigma-1 receptor (SiglR) antagonism on effects of E1R in fully kindled mice. NE-100 alone had no relevant
direct effects on thresholds, seizure spread, or termination. Pretreatment with NE-100 diminished the response of kindled mice to 50 mg/kg

E1R treatment on generalized seizure thresholds (B). (C, D) Impact of SiglR antagonism on effects of fenfluramine (FEN) in fully kindled

mice. Pre-exposure to NE-100 partially abolished the effect of 1 mg/kg FEN on afterdischarge thresholds (ADTs; C) and on generalized
seizure thresholds (GSTs; D). The delta change represents the differences in the thresholds between vehicle and E1R/FEN treatment.
All data are presented as mean + SEM. *p <.05 versus E1R (A and B) or versus FEN (C and D). Animal numbers in panels A and B were

n=15and in panels C and D were n=13-15. Statistical tests used were one-way analysis of variance, followed by Tukey honest significant
difference test (A and B, E1R vs. all NE-100+E1R) and paired Student ¢-test (C and D, FEN vs. FEN+NE-100).

or mean duration of electrographic seizures in the THK
model (Figure S10).

Surprisingly, pretreatment of animals with NE-100
20min prior to injection of fenfluramine resulted in a
more pronounced and longer lasting reduction of elec-
trographic seizure activity (Figures 5D-F and S11). In an
additional control experiment, we administered NE-100
40min after fenfluramine (matching the pretreatment
time from the kindling experiments). In this experiment,
we observed no impact on fenfluramine effects except
for an impact on the duration of the antiseizure effect
(Figure S12). Overall, the duration of seizure reduction in
the combination experiments was prolonged to 130 min
after the administration of fenfluramine.

4 | DISCUSSION

The kindling paradigm is a chronic model with an excel-
lent predictive validity and translation of preclinical find-
ings to clinical efficacy in the management of focal onset
seizures.'***** The vast majority of approved ASMs show
efficacy in electrical kindling paradigms with stimulation
via depth electrodes.>**® Thus, the dose-dependent effects

of EIR in this paradigm suggest a relevant antiseizure
effect, with an increase in seizure thresholds reflecting
an anti-ictogenic effect. In addition, the data point to a
relevant influence on spread and termination of seizure
activity. These findings are in line with earlier reports
describing an antiseizure effect of E1IR in acute models
with induction of seizure activity by pentylenetetrazol
(PTZ) or bicuculline.'® The confirmation of an antiseizure
effect in a chronic electrical kindling paradigm is of par-
ticular relevance considering that acute models do not re-
capitulate the complex alterations in the epileptic brain,
which can influence drug responsiveness. In this context,
it also needs to be considered that the predictive validity
of the PTZ model has been questioned considering false
positives and negatives that have not translated into clini-
cal efficacy against myoclonic and absence seizures.'**’
Moreover, both models are biased by the GABAergic
mechanisms of the chemoconvulsant, which may result
in the selection of drug candidates with a specific mecha-
nism of action.

An assessment of drug candidates should consider ef-
ficacy in relation to tolerability.*>** Although most ASMs
influence kindled seizures, it is well known that rela-
tively high doses are often required in electrical kindling
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FIGURE 4 (A, B) Example illustration of high-voltage sharp waves (HVSWs; A) and hippocampal paroxysmal discharges (HPDs; B).
(C, D) Effects of E1R in the intrahippocampal kainate model. Exposure to E1R in the range of 25-100 mg/kg did not result in any relevant
effects on HVSWs (C) or HPDs (D). The animals were injected at time point 0. The graphs illustrate the total number of HVSWs or HPDs
during 30-min time windows, with the data points summarizing the data from the preceding 30 min. All data are presented as mean + SEM.

Animal numbers in panels C and D were n=11. Statistical tests used were Friedman test followed by pairwise comparisons using the paired

Wilcoxon test and Bonferroni correction.

paradigms, often approaching median toxic dose levels
with motor adverse effects.>> In apparent contrast, EIR
exposure was well tolerated, without evidence of relevant
motor adverse effects in the dose range tested.

Surprisingly, fenfluramine exerted only limited effects,
with increases in ADT, reaching a maximum of 31% and
lacking a clear dose dependency (Figure 2D). Based on
our pilot study, we can rather exclude that the failure to
show more pronounced effects is due to a suboptimal pre-
treatment time. In this context, it is of interest that the
concentration analysis in serum and plasma points to a
Tmax between 30 and 60min. However, the proconvul-
sant effects 30min following administration of 10 mg/kg
fenfluramine argued against an intensified testing at this
earlier time point. Moreover, we observed dose-limiting
adverse effects at higher doses, so it was impossible to fur-
ther increase the dose.

The mouse IHK model is a chronic paradigm with in-
duction of a SE triggering epileptogenesis and manifes-
tation of a chronic epileptic state.’*® The model has been
suggested as a model of drug-refractory epilepsy, based
on the observation that many available ASMs fail to exert
efficacy at well-tolerated doses.'*'>*° It should be taken
into account that the model seems to have some selectivity
toward drugs that enhance GABAergic signaling.* In this
context, it is of particular interest that fenfluramine, which
does not directly affect GABAergic signaling, decreased

the number and the cumulative duration of electrographic
seizure events at the highest dose tested (10 mg/kg).

In apparent contrast to fenfluramine, E1R did not
exert antiseizure effects in the IHK model. Considering
the broad dose range that we tested, these data strongly
argue against a relevant impact of positive allosteric SiglR
modulation in this model of drug-refractory epilepsy.
However, it should be taken into account that the choice
of the mouse strain, the type of electroencephalographic
seizure events, and the exact HVSW definition can influ-
ence pharmacoresponsivenes.s.4 In this context, it is im-
portant to note that our E1R data support an impact on
neither HVSWs nor HPDs.

Comparison of E1R and fenfluramine data from the
chronic models with repeated induction of focal onset
seizures versus spontaneous recurrence of focal seizures
provides the first evidence for a different spectrum of pre-
clinical efficacy. Interestingly, the models seem to distin-
guish between both compounds. Earlier findings from the
IHK model already demonstrated that ASMs that exert rel-
evant antiseizure effects in a kindling paradigm can fail in
this chronic model with frequent electrographic seizures.*

The failure to demonstrate antiseizure effects in the
IHK model might argue against SiglR-positive allosteric
modulation as a mechanism of interest for management
of multidrug-refractory epilepsy. For interpretation of the
efficacy in the kindling paradigm, it should be considered

85U017 SUOWILIOD SAITEa.D) 3|cedldde ayy Aq peuseob afe sa[oile YO 8Sn JO Sa|nJ Jo} Akeq1T8ulJUO AB|IA UO (SUORIPUOD-PUE-SWLY WO A3 1M ARe.d 1 [euluo//SdhL) SUORIPUOD Pue Swie 1 8y 88S " [7202/TT/6T] Uo AriqiTauluo A8|iM ‘Z€08T Ide/TTTT OT/I0p/LI0o" A8 |1 AReIq 1 jeul|uo//sdny Wouy pepeo|umoqd ‘g ‘v20z ‘L9TT8ZST



PEREZ-PEREZ ET AL.

*» | Epilepsia

— Vehicle
- 0.03 mg/kg
— 0.1 mg/kg
A) ®) FEN {— 0.3 mg/ke ©) B Vehicle
g 40 ) 8 — 1mg/kg T 100 B FeN
2 30 ;5 — 10 mg/kg ©Z 5
= - w s *
s o4 s8 o©
5 2 % @
2 £ S % -
S 2 M~ 2 g 50
2 z F T © 32
. g -100
SEOD O S P PP SO0 LSS P& PP SO 003 01 03 1 10
Minutes pre / post-injection Minutes pre / post-injection me/ke
= \/ehicle = :::Ide
(D) (E) — FEN (10 mg/kg) (F) -
8 X -
2 2 —— NE-100 (35 mg/kg) £ 100 B NEe-100
o
230 Z6 —— NE-100 + FEN § so [ NE-100 + FEN
z 5 i
S 20 | 54 DE 0
- £ g
E 10 g, © g %
2 z K]
0 / o o 100
SEF 0P S PP SO0 SED P S PP S0 0S [
Minutes pre / post-injection Minutes pre / post-injection mg/kg

FIGURE 5 (A-C) Effects of fenfluramine (FEN) in the intrahippocampal kainate model. FEN at 10 mg/kg reduced the frequency

of high-voltage sharp waves (HVSWs; A) but not of the hippocampal paroxysmal discharges (HPDs; B). This effect was evident when
comparing the percentage of change in the electroencephalographic (EEG) seizure frequency (HVSWs + HPDs) between 2h before and after
the administration of the drug/vehicle (C). (D-F) Impact of sigma-1 receptor (SiglR) antagonism on effects of FEN in the intrahippocampal
kainate model. Administration of 35mg/kg NE-100 remained without effects on HVSW (A) or HPD (B) frequencies. Pretreatment of mice
with NE-100 20 min prior to injection of FEN resulted in a longer lasting reduction in HVSWs and a reduction in the percentage of change in
the EEG seizure frequency (C). The animals were injected at time point 0. The arrow indicates the time point of the second injection in the
NE-100+FEN and vehicle groups (D and E). The percentage of change presented in C and F was calculated from the EEG seizure frequency
(HPDs + HVSWs) of the first 2 h after drug/vehicle administration compared to the 2 h before drug/vehicle administration. All data are
presented as mean + SEM. *p <.05 versus vehicle. Animal numbers in panels A-C were n=38-9 and in panels D-F were n=8-11. Statistical
tests used were Friedman test followed by pairwise comparisons using the paired Wilcoxon test with Bonferroni correction (A, B, D, and E)
and Kruskal-Wallis test followed by Dunn test (C and F). Please note that the estimated sample size was not achieved for these experiments,

and the calculated effect sizes (with 95% confidence intervals) can be found in Tables S5-S7.

that the kindling paradigm has an excellent predictive va-
lidity for efficacy against focal onset seizures in patients
with epilepsy, as confirmed by a retrospective comparison
of clinical data with preclinical data. To our knowledge,
the kindling paradigm has been the only model to accu-
rately predict the efficacy of levetiracetam in human epi-
lepsy. In addition, cenobamate, a recently approved ASM,
also showed antiseizure effects in this paradigm, confirm-
ing the excellent predictive validity of the kindling model
even with more recently approved ASMs. >+

On the other hand, it must also be considered that the
different face validity of the models can have implications
for the actual predictive validity, in particular concerning
an efficacy in common drug-refractory epilepsies. In this
context, it needs to be taken into account that we used a
standard kindling approach and not one of the variants
that have been suggested as tools to select drug candidates
for drug-refractory epilepsy, for example, preselected ASM

nonresponders or lamotrigine-exposed kindled rats or
mice.'>*

In contrast to the amygdala kindling paradigm, the IHK
model is characterized by frequent spontaneous EEG sei-
zure events, thus better recapitulating the main hallmark
of chronic epilepsy.*’ Moreover, the IHK model has been
suggested as a model of drug-refractory epilepsy based on
the observation that many ASMs fail to prevent seizures
in this paradigm at well-tolerated doses.** As mentioned
above, the failure of E1R to prevent electrographic seizure
events in this model may thus argue against the value
of SiglR as a target for drug-refractory epilepsies, but it
should also be borne in mind that robust retrospective
confirmation of the predictive validity of the IHK model
for drug-refractory epilepsy is still awaited. Therefore, it
may still be of interest to further investigate the efficacy
pattern of E1R in follow-up studies in other chronic mod-
els that recapitulate features of drug-refractory epilepsy.
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Considering that E1R is a selective positive allosteric
modulator of SiglR, the contrasting findings with E1R
and fenfluramine in the chronic models already suggest
that an interaction with SiglR does not play a major role
for the efficacy of fenfluramine in the IHK model. A rel-
evant contribution of an interaction with SiglR for fen-
fluramine’s antiseizure effects has been initially suggested
by findings in a Dravet zebrafish model.** In a follow-up
study, Martin et al.’® demonstrated that fenfluramine can
positively modulate SiglR in a binding immunoglobulin
protein/SiglR dissociation assay. The authors suggested
that fenfluramine might rather potentiate the response
to SiglR agonists."” Although the exact mechanism and
mode of action for fenfluramine remains unknown, there
is cumulating evidence that fenfluramine positively mod-
ulates SiglR.‘”’42 Furthermore, there is evidence that most
of the positive Sigl R modulators (including fenfluramine)
may show a biphasic effect depending on the concentra-
tion.**** Taken together, different mechanisms and modes
of action for E1R and fenfluramine must be considered
when interpreting the different efficacy profiles found in
these models. Thus, it might be of future interest to as-
sess combinations of fenfluramine with a SiglR agonist in
chronic epilepsy models.

On the other hand, it might also be that the interaction
with SiglR plays a larger role in models of Dravet syn-
drome. This is a hypothesis that requires further testing
in Dravet mouse models. Taken together, our data provide
evidence that the response to fenfluramine might be pre-
dominantly related to an alternative mechanism of ac-
tion, for example, the positive modulation of serotonergic
neurotransmission with effects on extracellular serotonin
concentrations and at different serotonergic receptors
and/or dose-dependent biphasic effects on SiglR.?>***17#
However, in this study, we have only shown that the ef-
fect of fenfluramine is not mediated via SiglR. Therefore,
further experiments with serotonergic antagonists or mea-
surements of serotonin levels in murine brains in the IHK
model are needed to clarify the involvement of the proba-
ble main mechanism of action, the positive modulation of
serotonergic neurotransmission.

The combination experiments with the SiglR antago-
nist NE-100 indicate that a modulation of Sig1R by fenflu-
ramine might only play a role in the kindling paradigm.
However, the data from the combination experiment re-
quire cautious interpretation, as the antiseizure effects
of fenfluramine were not very pronounced in the kin-
dling paradigm. Moreover, NE-100 is not the most potent
SiglR antagonist, and it can induce generalized seizures
(75mg/kg) and sensitize to pentylenetetrazole-induced
seizures (25 mg/kg), which limits its use at higher doses."’
Therefore, future studies with another, more potent SiglR
antagonist may be of interest to further investigate the
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contribution of SiglR to the effects of fenfluramine. On
the other hand, NE-100 at lower doses (1 and 5mg/kg) has
been shown to efficaciously block the SiglR-mediated ef-
fects of fenfluramine and other SiglR agonists in in vivo
models of amnesia, supporting our choice of this SiglR
antagonist.lg’45

Considering cellular expression levels of SiglR, it
should be considered that the different effects in the tested
models may also be related to a differential expression
level of SiglR in brain regions with neuronal cell stress
and damage. To our knowledge, there is a lack of respec-
tive information on differential expression patterns in
the hippocampus of animals during the chronic phase of
the IHK model or in the amygdala of kindled mice. In a
very comprehensive and elaborate study, including unbi-
ased stereological cell counting, we are currently investi-
gating the expression patterns of SiglR in different brain
regions involved in epileptogenesis and epilepsy in both
models. The knowledge gained from this study could pro-
vide another explanation for the different activity of these
compounds.

That modulators of GABAergic neurotransmission
tend to have a better efficacy in the THK model* would
be in line with a predominant relevance of the impact of
fenfluramine on serotonergic neurotransmission for its ef-
fects in this paradigm. In a simplified model, it has been
suggested that the impact of fenfluramine on serotonin sig-
naling mediates an enhancement of inhibitory GABAergic
signaling, whereas the interaction with SiglR proteins
may rather limit glutamatergic neurotransmission.'’

Fenfluramine has been approved as an adjunctive
therapy for two developmental and epileptic enceph-
alopathies, Dravet and Lennox-Gastaut syndromes.
Considering the interest in expanding indications from
rare indications with orphan drug designation to a
broad application in common drug-refractory epilepsy
with different etiologies, it is of particular relevance to
check available preclinical data for evidence of a broad-
spectrum potential. Preclinical data for fenfluramine
tend to be difficult to interpret because of contrasting
findings, and as stated above, evidence exists that T,,,,
in the brain and optimal pretreatment times may vary
depending on the mouse strain, further animal charac-
teristics, and the seizure or epilepsy model used. Beyond
efficacy testing in Dravet models, preclinical assessment
so far comprised an analysis in different acute seizure
assays. Whereas Silenieks et al.* reported a lack of sig-
nificant effects in the maximum electroshock seizure
(MES) test, the maximum electroshock seizure thresh-
old test, and the 6-Hz (32 and 44 mA) test, Martin et al.l’
described relevant antiseizure effects in the MES and
the 6-Hz 44-mA tests. Moreover, testing in a model of
audiogenic seizures revealed antiseizure effects.*’” The
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fact that chronic models better recapitulate epilepsy-
associated alterations, and therefore are characterized
by a higher target validity,'> underscores the relevance
of data from kindling and post-SE models. Our findings
from both models suggest that it is worthwhile to fur-
ther explore a broad-spectrum potential of fenfluramine
and that it might be possible to further expand the clini-
cal indications in the long run.

In conclusion, our findings reveal a different preclinical
efficacy profile of the SiglR positive allosteric modulator
E1R and the ASM fenfluramine. The kindling data further
support SiglR as an interesting target for novel ASMs.
However, considering the failure in the IHK model, it is
necessary to further explore the preclinical profile of E1R
in chronic epilepsy models, including studies that we have
planned to explore a potential disease-modifying effect.

Despite the rather limited effects in the kindling para-
digm, the findings from the IHK model suggest that it may
be of interest to further assess a possible broad-spectrum
potential of fenfluramine.
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