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1 | INTRODUCTION

| Lieven Lagae’

Abstract

Despite the availability of over 30 antiseizure medications (ASMs), there isno “one
size fits it all,” so there is a continuing search for novel ASMs. There are divergent
data demonstrating that modulation of distinct serotonin (5-hydroxytryptamine,
5-HT) receptors subtypes could be beneficial in the treatment of epilepsy and
its comorbidities, whereas only a few ASM, such as fenfluramine (FA), act via
5-HT. There are 14 different 5-HT receptor subtypes, and most epilepsy studies
focus on one or a few of these subtypes, using different animal models and differ-
ent ligands. We reviewed the available evidence of each 5-HT receptor subtype
using MEDLINE up to July 2021. Our search included medical subject head-
ing (MeSH) and free terms of each “5-HT subtype” separately and its relation
to “epilepsy or seizures.” Most research underlines the antiseizure activity of
5-HT A 1p2aac,3 agonism and 5-HTg antagonism. Consistently, FA, which has
recently been approved for the treatment of seizures in Dravet syndrome, is an
agonist of 5-HTyp 4 ¢ receptors. Even though each study focused on a distinct
seizure/epilepsy type and generalization of different findings could lead to false
interpretations, we believe that the available preclinical and clinical studies em-
phasize the role of serotonergic modulation, especially stimulation, as a promis-
ing avenue in epilepsy treatment.
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of neuronal inhibition and/or a decrease of neuronal
excitation.!

Epilepsy is a prevalent neurological disease, affecting up
to 70 million people worldwide. The ultimate goal for pa-
tients with epilepsy (PWE) is to achieve complete seizure
control without drug-induced adverse events and preserve
the quality of life. The mainstay of epilepsy treatment is
controlling seizures by antiseizure medications (ASMs;
previously referred to as anti-epileptic drugs, AEDs) that
can act through different pathways, that is, an increase

The first-generation ASMs mainly act by blocking
sodium channels or stimulating the neurotransmission
by y-aminobutyric acid (GABA),> while second- and
third-generation ASMs have distinct molecular targets.’
Moreover, the pharmacokinetic profile of the newer
ASMs has improved, which led to more predictable dose-
response effects, fewer side effects, and fewer/no drug-
drug interactions.* Nonetheless, more than 30% of the

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. Epilepsia Open published by Wiley Periodicals LLC on behalf of International League Against Epilepsy.

Epilepsia Open. 2022;7:231-246.

wileyonlinelibrary.com/journal/epi4 231


www.wileyonlinelibrary.com/journal/epi4
https://orcid.org/0000-0002-5319-6495
mailto:﻿
https://orcid.org/0000-0002-7118-0139
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:lieven.lagae@uzleuven.be

= | Epilepsia Open®

SOURBRON AND LAGAE

PWE seizures cannot be controlled with the currently
available ASMs.’

In general, ASM discovery and development are en-
couraged for orphan diseases (ie affecting <5/10 000 peo-
ple in the general population), such as Dravet syndrome
(DS).%” This strategy has led to the discovery of fenflur-
amine (FA), a serotonergic drug, that successfully reduces
seizures in DS patients.® This serotonergic drug is also
under evaluation for other severe epilepsy syndromes,
such as Lennox-Gastaut and Sunflower syndrome.”™!
Since preliminary data with this serotonergic drug are
promising, it is expected that serotonergic modulation is
a promising target to stop (drug-resistant) seizures. Even
though FA is believed to affect non-serotonergic pathways
as well, such as sigma-1 (o1) receptors,u"14 the exact anti-
epileptic mechanisms are still elusive and it seems likely
that serotonin is involved based on preclinical data.'*>™"”

With this in mind, other studies have underlined that
serotonergic receptors seem to be an interesting target
for future ASMs.>'®!? In addition, ample preclinical and
clinical evidence is available to suggest the importance of
serotonergic neurotransmission in epilepsy, depression,
headache, and sudden unexplained death in epilepsy pa-
tients (SUDEP).'®**"* Most compelling evidence of the 14
different serotonin receptors and its role in epilepsy have
been reviewed by Gharedaghi and colleagues in 2014."8

Therefore, we aimed to update this review with the
available research of the last 7 years and provide a com-
prehensive overview of the modulation of each serotonin
receptor in the pathology/treatment of epilepsy.

2 | MATERIALS AND METHODS

We reviewed the existing literature by means of MEDLINE
(using PubMed) up to July 2021, following the PRISMA
guidelines (Table S1). The following search with medi-
cal subject heading (MeSH) and free terms was used:
(CCCCC((5-HT1A receptor) OR (5-HT1A receptor[MeSH
Terms])) AND ((((epilepsy) OR (epilepsy[MeSH Terms]))
OR (seizures)) OR (seizures[MeSH Terms]))) OR (((5-
HTI1B receptor[MeSH Terms]) OR (5-HT1B receptor))
AND ((((epilepsy) OR (epilepsy[MeSH Terms])) OR (sei-
zures)) OR (seizures[MeSH Terms])))) OR (((5-HT1D
receptor) OR (5-HT1D receptor[MeSH Terms])) AND
((((epilepsy) OR (epilepsy[MeSH Terms])) OR (sei-
zures)) OR (seizures]MeSH Terms])))) OR (((5-HT1E
receptor) OR (5-HT1E receptor[MeSH Terms])) AND
((((epilepsy) OR (epilepsy[MeSH Terms])) OR (sei-
zures)) OR (seizures[MeSH Terms])))) OR (((5-HT1F
receptor) OR (5-HT1F receptor[MeSH Terms])) AND
((((epilepsy) OR (epilepsy[MeSH Terms])) OR (sei-
zures)) OR (seizures[MeSH Terms])))) OR (((5-HT2A

Key points

« Over 30 antiseizure medications (ASMs) are
available, yet one-third of epilepsy patients do
not achieve appropriate seizure control.

« Hence, there is an unmet need for ASMs with
innovative mechanisms of action, such as sero-
tonergic (5-HT) modulation.

« Until now only one ASM acts via 5-HT, that is,
fenfluramine (FA), whichlikelyisa 5-HTp 54 »c
agonist and approved for Dravet syndrome.

 Interestingly, numerous studies show that
5-HT A 1poancs agonists and 5-HT, antago-
nists are promising candidates for epilepsy
treatment.

« Although generalizing these studies could lead
to false interpretations, 5-HT modulation with-
holds a novel avenue in epilepsy treatment.

receptor) OR (5-HT2A receptor[MeSH Terms])) AND
((((epilepsy) OR (epilepsy[MeSH Terms])) OR (seizures))
OR (seizures[MeSH Terms])))) OR (((5-HT2B recep-
tor) OR (5-HT2B receptor[MeSH Terms])) AND ((((epi-
lepsy) OR (epilepsy[MeSH Terms])) OR (seizures)) OR
(seizures|MeSH Terms])))) OR (((5-HT3 receptor) OR
(5-HT3 receptor[MeSH Terms])) AND ((((epilepsy) OR
(epilepsy[MeSHTerms]))OR(seizures)) OR(seizures| MeSH
Terms])))) OR(((5-HT4receptor) OR (5-HT4receptor| MeSH
Terms])) AND ((((epilepsy) OR (epilepsy[MeSH Terms]))
OR (seizures)) OR (seizures[MeSH Terms])))) OR (((5-
HT5 receptor) OR (5-HT5 receptor[MeSH Terms]))
AND ((((epilepsy) OR (epilepsy[MeSH Terms])) OR
(seizures)) OR (seizures[MeSH Terms])))) OR (((5-HT6
receptor) OR (5-HT6 receptor[MeSH Terms])) AND
((((epilepsy) OR (epilepsy[MeSH Terms])) OR (sei-
zures)) OR (seizures]MeSH Terms])))) OR (((5-HT7
receptor) OR (5-HT7 receptor[MeSH Terms])) AND ((((ep-
ilepsy) OR (epilepsy[MeSH Terms])) OR (seizures)) OR
(seizures[MeSH Terms)))).

A review of the full text of the obtained articles was
performed to exclude articles: (1) without the notion of the
role of the 5-hydroxytryptamine (5-HT) receptor subtype
in epilepsy and/or seizures and (2) studies that consisted
of insufficient data to evaluate one or more 5-HT receptor
subtypes in epilepsy and/or seizures. Outcomes of interest
were no, proconvulsive or anticonvulsive effects of modu-
lating a distinct 5-HT receptor subtype. In addition, other
neurological features by stimulating or blocking the 5-HT
receptor subtypes were documented.
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Our search has led to 229 publications during the last
20 years, of which 93 elaborated on the effects of distinct
5-HT ligands and epilepsy/seizure treatment. Due to sub-
sequent analyses of these publications' references, 81
other valuable articles were identified. Finally, this led to
the inclusion of 174 articles about 5-HT and seven arti-
cles about epilepsy and ASM (n = 181 total) (Figure SI:
Citation flowchart of search strategy).”

3 | RESULTS

3.1 | 5-HT receptors and epilepsy

Our search has led to 229 publications during the last
twenty years, of which 93 elaborated on the effects of dis-
tinct 5-HT ligands and epilepsy/seizure treatment. Due to
subsequent analyses of these publications' references, 61
other valuable articles were identified. Finally, this led to
the inclusion of 154 articles about 5-HT and seven articles
about epilepsy and ASM (n = 161 total).

Current research highlights the potential of modulat-
ing serotonergic transmission and targeting distinct se-
rotonin (5-HT) receptors in the treatment of epilepsy.2**
Consistently, 5-HT is involved in different types of ep-
ilepsy, both in a preclinical and clinical setting.*’ This
monoaminergic neurotransmitter, 5-HT, affects numerous
processes in the human body. During the late 1940s, 5-HT
was discovered in the blood causing vasoconstriction of
blood vessels.>® Soon thereafter, its presence was con-
firmed also in blood vessel walls, blood platelets, enter-
ochromaffin cells, the lungs, and the heart. Even though
the majority of 5-HT is present in the gastrointestinal tract
(90%, enterochromaffin cells), it is a key player in main-
taining normal brain physiology. Hence, it is not surpris-
ing that defects in serotonergic transmission have been
related to numerous neurological diseases, such as epi-
lepsy and depression.?%*3

5-HT-related research has exploded since the discovery
in 1940-1950 resulting in successful approaches to char-
acterize the different 5-HT receptor subtypes. Already
by 1980; 5-HT j;., 5-HT,, and 5-HT; were characterized.
However, the classification has changed in the following
years due to better insights into molecular biology and sec-
ondary pathways. For example, 5-HT, . receptors are now
referred to as 5-HT, sine they have 78% sequence homol-
ogy with 5-HT, receptors. This receptor subtype is coupled
to a phosphoinositol (PI) pathway, like the other two 5-
HT, receptors (5-HT,, and 5-HT,). Nowadays, receptor
classification is based on similarities regarding structural
(nucleotide and amino acid components), transduction
(secondary pathways), and ligand-binding profiles (drug-
related). Overall, 14 5-HT receptor subtypes have been

identified and are currently categorized into seven families
(5-HT,-5-HT,).* All 5-HT receptor subtypes are G-protein
coupled receptors (GPCR), except the 5-HT; subtype. This
latter receptor is a ligand-gated sodium-potassium chan-
nel, which causes depolarization of the cell membrane,
that is, an excitatory effect. The other receptors are GPCR,
that is, seven-transmembrane receptors that activate in-
tracellular second messenger cascades. Members of the
5-HT, family (5-HT;4 151p151r) and 5-HTs decrease ad-
enylyl cyclase (AC) and subsequently cyclic adenosine
monophosphate (cCAMP) in the cell, causing inhibitory
effects. The 5-HT, family (5-HT,, ,5,c) increases intra-
cellular concentrations of inositol triphosphate (IP3) and
diacylglycerol (DAG) by phospholipase C (PLC) activa-
tion, inducing excitation. The following subtype receptors
increase AC: 5-HT,, 5-HT,, and 5-HT,, and thus causing
excitation as well.*® There is evidence that targeting dif-
ferent 5-HT receptors and/or affecting 5-HT metabolism
and transport could be efficacious in the treatment of ep-
ilepsy and its comorbidities (eg, depression),2!31:333738
In 2014, Gharedaghi and colleagues showed that stimu-
lating 5-HT,, 5-HT,, or 5-HT; receptor subtypes produce
anticonvulsive effects. Regarding inhibition of the 5-HT,-,
5-HT-, or 5-HT, receptors, the debate is still ongoing and
more data are needed regarding the pro- or anticonvulsive
effects of the 5-HT receptor.'®***! In addition, various
studies have used different compounds that are not al-
ways highly selective, different animal models, adminis-
tration routes, and doses.'®*° Moreover, controversial and
sometimes contradictory findings were published. Thus,
all these data should be interpreted with caution and re-
quire further research to determine which specific 5-HT
ligand(s) could be effective in treating a certain form of ep-
ilepsy/epilepsy syndrome or other (neurological) diseases
(Table 1).

3.1.1 | 5-HT,;, receptors

5-HT, , receptors are the most widely studied receptors in
the 5-HT research. Structurally, they differ significantly
from the other 5-HT receptors and show similarities to
adrenergic receptors that potentially explain the high af-
finity of several adrenergic agents (eg, propranolol) to 5-
HT, 4 receptors.

Agonists of the 5-HT, , receptor carry potential anxio-
lytic, antidepressant, anti-epileptic, cognition-enhancing,
and neuroprotective effects.*™* Currently, several 5-
HT, , agonists are used in the clinic for the treatment of
anxiety and depression, such as tandospirone and buspi-
rone.** Moreover, several researchers suggest the involve-
ment in addiction, alcoholism, behavior, impulsivity, and
in the different phases of sleep.”®*



SOURBRON AND LAGAE

‘Asdarida aqof [erodwd) ‘1L {(dAans) siuaned Asdaqids ur yjeap paureidxaun uappns (101ABYQ JAIS[NAUWO02-AISSISAO ‘DO OWOIPUAS [9M0q S[qRILLIL ‘ST :SUOTIBIAIQQY
*S9IpMIS [eITUI[I(21d) 9591} JO SIOUIDJAI Y} [[E 10J 1X3) 99§ 2dAiqns 101doda1 s11y) Jo uonempou [esrdojodeurreyd Jo $)09JJ0 UTBIIIUN SAJBIIPUL ((,) :2ION

Epilepsia Open®

234

Open Access

871 — Asdarids ‘uorssaadap ‘uoniudo) — poouwu ‘Asdarids ‘uoniugoo ‘romaeyeg L

121 (¢) A1L Asdoride ‘uorssaxdsp ‘uonruso) — uoissaxdag 9

0zt — — — uonrugo) S

LIT Asdaids ‘Korxuy xnyjaI ‘sq] ‘uonednsuo) daans ‘Asdaqids uorssaadap ‘vonmudo) v

s1soyoAsd ured ‘oureidrux
LT ‘FunTwIoA ‘easneN ‘uorssardap ‘uonmudod ‘Kexuy — daans ‘Asdeqidg ¢
€8 — — Asdorids ‘eaddy Ksdayids (eouasqe) ‘9neddy 014
uonoIppe
6  uoisudiadAy Areuowng  Snip ‘eruaiydoziyds ‘AII0Ixojorpie) — — qc
dAdns ‘desrs ‘uonen3arowIay)

0L dogs ‘sIsoyoAsd — uonrugo) Asdarids aouasqe oy ‘@inaddy A4

89 — — — QureISIN AT

9 — — — — dT

TLT'6S — — aureIiy Ksdaride ‘uorssardaqg ar

LTSS — — — daars ‘Ky1anoe 10J0UI000] ‘UOISSAIFTY qr

doagrs “‘Ayiarsinduur ‘Asdoqide

TLISY uorssaxda uonrudoo ‘Asdoyrde aouasqy uorssaxdap ‘Aorxue ‘(i) 1L ‘uorssaxdap ‘Guiaerd ‘Korxue ‘uoIssaIify VI

(S)adudIdyax [esrur) [edTuIoaIg [esrur) A LI RERE | 103da0ax 1H-S
urejN

uoniqryuy uone[nung

Aq s21n3€3J YI[eay J0/pue SaseasIp ([edrdoroinau) yo yudurdsoxduuy

renuajod Teorurpo/resruroaid 1oy pue uonempowr 103dadar (L H-S) UIU0j0IdS

I 4TdV.L



SOURBRON AND LAGAE

Epilepsia Open® 25

Regarding epilepsy, some evidence shows that inhibi-
tion of the 5-HT,, receptor is anticonvulsive in animal
models of the absence epilepsy. For example, several 5-
HT, , antagonists reduced spike-wave discharges in Wistar
Albino Glaxo/Rijswijk (WAG/Rij) rats and in Groggy
(GRY) rats, two validated genetic strains of the absence
epilepsy.*!

In contrast, pharmacological 5-HT, , stimulation could
be involved in the anti-epileptic mechanism of several
known and novel compounds, such as 8-OH-DPAT,*
pyrrolidin-2-one derivatives,*’ cannabidiol (CBD),** and
curcumin.’® Also, endogenous substances, such as hor-
mones, can interact with 5-HT,, receptors as suggested
by the cross-talk between estrogenic and serotonergic
(5-HT,, and 5-HT;) pathways.”" Finally, it could increase
the seizure threshold in other seizure types as reviewed
by Gharedaghi and colleagues.'® In addition, 5-HT, , acti-
vation can be involved in non-pharmacological therapies,
such as the preclinically used low-frequency stimulation
(LFS) and nervus vagus stimulation (VNS) in the clinical
setting. LFS showed inhibitory activity against seizures in
amygdala-kindled rats and was counteracted by a selec-
tive 5-HT, , antagonist.”®> VNS can enhance tonic forebrain
activation of postsynaptically located 5-HT,, receptors,>
although its role in epilepsy has not been clarified. 5-HT 5
receptors can play a role in status epilepticus,,* in epilep-
togenesis,” and in patients with temporal lobe epilepsy
(TLE) having decreased 5-HT,, receptor availability.*"*®
5-HT,, gene polymorphisms can also contribute to the
psychiatric comorbidities in TLE patients, indicating a po-
tential role of this receptor subtype in TLE.”’

Thus, current data suggest a beneficial role of 5-HT,,
stimulation in most preclinical epilepsy models (except
the absence epilepsy) and patients with TLE. Moreover,
anxiety-reducing effects have been reported in a patient
with Angelman syndrome (AS) by buspirone.*?

3.1.2 | 5-HT,and 5-HT,p receptors

Most of the 5-HT, receptors are located postsynaptically,
although some of them are presynaptically where they are
involved in the 5-HT release. Similarities to 5-HT,, recep-
tors for both location and structure have impeded examin-
ing the functional role of 5-HT, receptors and showing
overlap with 5-HT,, receptors. Recent studies with newer
5-HT, ligands, showing high selectivity to 5-HT,y re-
ceptors compared to 5-HT,; receptors, suggest a role
in behavior, locomotor activity, and sleep regulation.58
Consistently, 5-HT,y receptor KO mice show aggressive
behavior and locomotor impairments. Of interest, these
KO mice did not show an epileptic phenotype and several
5-HT, ligands did not affect seizure activity in animal

models. Overall, no straightforward data demonstrate an
anticonvulsant role of 5-HT, agonists in epilepsy.*®

5-HT,p receptors show a wide distribution throughout
the CNS and preclinical research suggests a role in anx-
iety, depression, and brain disorders (like migraine and
Huntington's disease).***® Whereas 5-HT,,, agonists are
potentially antidepressants more research is needed to de-
termine whether agonists or antagonists could be effica-
cious in other brain disorders.*®

Only a few studies are in favor of 5-HT,y,p agonism
for potential epilepsy treatment. Several studies using the
drug-resistant DS zebrafish model showed that 5-HT;, ag-
onists significantly reduced seizures.'>**! Interestingly,
triptans that are already on the market for the treatment
of migraine, showed locomotor reducing activity in two
zebrafish models of chemically induced seizures® and a
chemically induced seizure mouse model (pentylenetetra-
zol, PTZ).®! Last but not least, one of the 5-HT,, agonists
used in the zebrafish model and another triptan (zolmi-
triptan) were also effective in a mice model of DS and even
significantly improved survival of these mice.®® The afore-
mentioned data underline the possibility of ameliorating
drug-resistant seizures and increasing survival in DS by
5-HT,, agonism. Overall, further research is needed to
investigate the potential role of 5-HT,y,, agonism in the
treatment of epilepsy and potential some of its comorbid-
ities such as migraine.

3.1.3 | 5-HT;g and 5-HT, receptors
As members of the 5-HT, family, these receptors are nega-
tively coupled to AC, although the coupling to AC can be
achieved by distinct pathways for the 5-HT,; receptor, de-
termined by the density and cellular environment of the
receptors. Structurally, the 5-HT,  receptor is most closely
related to the 5-HT,y receptor with nearly 60% amino acid
homology. In addition, there are several similar pharma-
cological characteristics.*** Thus, one could expect com-
parable physiological effects and clinical significance for
these two receptor subtypes. Consistently, 5-HT,y; and
5-HT,y agonists have been suggested in the treatment of
memory impairments,®>® though only 5-HT,y agonists
are under clinical evaluation for treating migraine.®’~*
5-HT,p receptors are highly present in the olfactory
bulb glomeruli (Table S2), the molecular layer of the den-
tate gyrus (DG), and the adventitial layer of cerebral arter-
ies. These receptors have a more dominant expression in
neurons, compared to glia cells. Agonists of 5-HT, recep-
tors inhibit AC activity in the DG, thereby modulating hip-
pocampal activity, which makes these agonists a potential
drug for the treatment of TLE since hyperactivity in the
hippocampus has been linked to TLE.®
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5-HT, receptors show a similar expression profile as
5-HT,y receptors. Stimulation of this receptor subtype is
assumed to inhibit impulses of the trigeminal nerves, hy-
perpolarizing nerve terminals. Therefore, 5-HT, ; agonists,
the “Ditans,” are currently being investigated for migraine
treatment.®®® Nonetheless, we cannot confirm that this
receptor subtype would modulate seizures based on the
current knowledge.

3.1.4 | 5-HT, receptors

A lot has changed since the initial identification of 5-HT,
receptors. The primarily CNS-located 5-HT, receptors
were later renamed to 5-HT,, receptors, together with the
discovery of the 5-HT,j receptors that are predominantly
distributed in the peripheral system. In addition, the 5-
HT, . receptors were called 5-HT, receptors due to simi-
larities in structure and secondary pathways, for example,
PLC activation.*® In the past decades, numerous selective
agents have been developed that are able to discriminate
between these three subpopulations, resultantly making
it possible to examine their distinct clinical significance.”
In vitro data show that augmented serotonin increases
cortical excitation through activation of 5-HT, and 5-HT,
receptors,”’ suggesting that antagonism of these receptors
would induce anti-epileptic effects. Clinical data under-
line the potential of 5-HT, and 5-HT; antagonism, by mir-
tazapine, in the treatment of sleep disturbances in patients
with AS.”* As delineated below, subtypes of the 5-HT, re-
ceptors (5-HT,,, -,p, and -,¢) can play a crucial role in cur-
rent and future epilepsy treatment.

In essence, compelling preclinical and clinical evidence
indicates that 5-HT,,,c stimulation leads to antiseizure
activity and could ameliorate epilepsy-related comorbid-
ities, for example, depression and SUDEP. In clear con-
trast, only one zebrafish research group suggested the
anticonvulsive role of 5-HT,y stimulation.” In addition,
the prominent expression of this receptor subtype in the
heart’* and related cardiotoxic effects”>””® underscore that
the 5-HT, subtype is not an interesting target for epilepsy
treatment.”"”

3.1.5 | 5-HT,, receptors and 5-
HT, receptors

These receptors are present in the brain and the high-
est densities are found in the neocortex. As described for
the 5-HT,p receptor, two pathways can be activated de-
pending on the location and cellular environment of the
5-HT,, receptor.’® These distinct pathways can explain

the hallucinogenic properties of some 5-HT,, agonists
(mainly activating arachidonic acid pathways, eg, LSD)
and the absence of hallucinations by other 5-HT,, ago-
nists (mainly affecting phosphoinositide signaling, eg,
lisuride).**®" Structurally, the 5-HT,, receptor is very
closely related to the 5-HT, receptor with almost 80% ho-
mology in the transmembrane (TM) portions, possibly ex-
plaining some binding overlap of ligands for both receptor
subtypes. As a consequence, many clinical effects can in-
volve both 5-HT,, and 5-HT, receptors; such as appetite
control, thermoregulation, locomotor activity, and sleep.
In addition, several researchers suggested these receptors
to be promising targets for antidepressants, antipsychot-
ics, and definitely antiepileptic drugs.**>®"%8284 A review
by Guiard and Di Giovanni thoroughly describes the con-
troversial role of 5-HT,, receptors in epilepsy wherein
proconvulsant properties are likely to be attributed to the
use of high doses of 5-HT,, ligands and/or off-target ef-
fects by modulating other receptors. Of interest, FA is not
only increasing 5-HT in the synaptic cleft (indirect) but
also directly targeting 5-HT,, (and 5-HT,) receptors.”®

Regarding the absence epilepsy, stimulation of the 5-
HT,, and/or 5-HT, receptor could be beneficial since it
inhibits the rhythmic thalamic burst firings which are likely
to be the electrical burst origin of the absence epilepsy.
Consistently, several 5-HT,, agonists show promise in treat-
ing atypical the absence seizures and 5-HT,, antagonists
increase the severity of seizures®® and diminished the
anti-epileptic effect of FA in several preclinical models.'>*°

Furthermore, the 5-HT, , receptor regulates mood* and
modulates CO,-induced arousal and stimulation of this
receptor subtype can rescue animals from SUDEP.*%¢#7
These findings underline that 5-HT,, agonists can de-
crease epilepsy and ameliorate its comorbidities such as
depression and SUDEP.

The 5-HT, receptor is likely to be involved in the ep-
ileptiform activity as well since 5-HT,- KO mice display
an epileptic phenotype and 5-HT,- antagonists worsen
the seizure phenotype®® and can counteract the anti-
epileptiform activity of FA."* Additionally, 5-HT,- ago-
nists are anticonvulsive in models of atypical absences,*
acute seizure models,>% drug-resistant seizures in the
zebrafish model of DS,'>?® and have been used in human
studies to treat drug-resistant epilepsy.”””" Nonetheless,
there are few studies that demonstrate no antiseizure
effects by 5-HT,, and/or 5-HT,. agonism.'® Moreover,
overstimulation of these receptors can be proconvulsive’
and 5-HT,, antagonism showed antiseizure effects in one
rodent epilepsy model.” In addition, 5-HT,, antagonism
had a positive effect on short-term memory, which possi-
bly expands the role of modulating this receptor subtype
in other diseases, beyond epilepsy.'®
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3.1.6 | 5-HT,g receptors

Even as 5-HT,p receptors exhibit almost 70% homology
to the other two 5-HT, receptor subtypes, their expres-
sion profile is nearly absent in the brain and appears to be
mainly involved in vasoconstrictive effects in the vascular
and cardiac system.”*”>”” Hence, it is not surprising that
only scanty data are available regarding the role of 5-HT,p
receptors in neurological disorders.

Recent rodent data indicate that 5-HT, antagonists
hold promise for treating schizophrenia and drug addic-
tion, due to the interaction of 5-HT,; and dopamine.”
Additionally, three studies suggest the role of 5-HT,5 in
epilepsy treatment. First, in a PTZ-kindling rat model
of chronic epilepsy increased immunoreactivity of the
5-HT,y receptor was found in the cortex and medulla,
while it was decreased in the hippocampus. However,
further behavioral/functional studies are necessary to
elucidate the meaning of this immunoreactivity alter-
ation.” Second, the novel ASM, CBD, reduced seizures
in pilocarpine-induced SE in rats that was attributed to
both CB, and 5-HT, receptors,’® although 5-HT,; recep-
tors are probably not involved in CBD's mechanism of ac-
tion as shown by Dos Santos et al*® and Pelz et al”’ Third,
Baraban et al showed that 5-HT,; agonists can reduce
seizures in the zebrafish DS model. Nonetheless, numer-
ous other researchers did not observe any seizure reduc-
tion by 5-HT,; modulation in different animal models
of epilepsy.'®?038489.90.98-106 por example, Sourbron
et al did not demonstrate any beneficial effect of sev-
eral 5-HT,5 agonists in the aforementioned zebrafish DS
model'**® and 5-HT,; antagonism was not able to coun-
teract the anti-epileptiform activities of the serotonergic
drug, FA, in this DS model.'® Therefore, FA is unlikely to
be anti-epileptic through 5-HT,; agonism. Nevertheless,
the N-dealkylated metabolite of FA, norfenfluramine
(NORFA), displays higher affinity and activity at the 5-
HT,; and 5-HT, receptors. This activation of 5-HT,y
receptors is associated with cardiac valve hypertrophy,
and the drug-induced valvulopathy has resulted in the
withdrawal of FA from the market in the 1990s.'”” Even
though drug-induced valvulopathy could lead to pulmo-
nary hypertension (PH), clinical trials with lower dose
FA monitor cardiac side effects and until now its safety
has been guaranteed.'® In contrast, 5-HT,; antagonists
are a potential novel therapeutic target for treating PH,
for example, terguride, a potent 5-HT,; antagonist, is
being investigated as a PH treatment.'"

3.1.7 | 5-HT; receptors

5-HT; receptors are expressed in the peripheral nervous
system but also in the CNS. From a clinical perspective,

5-HT, antagonists have shown efficacy in treating nausea
and vomiting, if induced by chemotherapy or radiation
but not if it is triggered by motion sickness or apomor-
phine.36 Moreover, clinical data demonstrate its use in
migraine treatment and preclinical studies showed a po-
tential of 5-HT, ligands in anxiety, cognition, depression,
dementia, memory enhancement, and psychosis. The ef-
fect on seizures is in ongoing debate and some authors
suggest that this receptor is not involved. Most preclini-
cal data are in favor of 5-HT; stimulation to suppress
seizures'®'’; for example, 5-HT; antagonists increase
the frequency of hippocampal theta bursts, which is re-
lated to generalized tonic-clonic seizures and eliminated
the anticonvulsive properties of 5-HT, agonists.'*"''? In
addition, 5-HT; agonism blocked seizure-induced res-
piratory arrest in a mouse model of SUDEP'® and al-
leviated acute seizure activity'®®> and in PTZ-kindling
in mice.'® Even as the 5-HT; receptor is an excitatory
receptor it is mainly located on inhibitory interneurons
(in cortex and hippocampus) leading to hyperpolarisa-
tion and thus less excitation in the brain, comparable
to the 5-HT,, ¢ receptors.”’ Nevertheless, it can cause
NO production by activation of neuronal nitrite oxide
synthase, which is potentially proconvulsive in several
seizure models."'* This could explain that the 5-HT; an-
tagonism decreases seizures in PTZ-kindled mice'** and
that ondansetron, a 5-HT; antagonist is anticonvulsant
in the MES test.!®%2 Lamotrigine, an ASM already avail-
able on the market, acts on sodium and calcium chan-
nels but also inhibits 5-HT;-activated currents.'*> Until
now, it is unknown if this latter pathway is involved in
its anti-epileptic activity.

Altogether, most data attribute an anticonvulsive
role to 5-HTj; stimulation, especially in models for gen-
eralized seizures, for example, acute PTZ and PTZ kin-
dling murine models.*'*®* Recent data even show that
the anticonvulsant effect of various SSRIs involves 5-
HT, stimulation.""* In conclusion, 5-HT, agonists could
be interesting in ASM development although side effects
can be anticipated due to stimulation of the chemore-
ceptor trigger zone that can cause bradycardia, nausea,
and vomiting.*!

3.1.8 | 5-HT, receptors

5-HT, receptors have an extended tissue distribution and
play arole in the slow excitatory responses to 5-HT in neu-
rons. Structurally, there is some overlap between 5-HT,
and 5-HT; ligands. Currently, research is focused on both
central and peripheral effects of 5-HT, ligands in diseases,
such as addiction, anxiety, cognition, irritable bowel syn-
drome, and gastroesophageal reflux.’*''®''” Available
data are very limited in the epilepsy field, although the
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majority is in favor of 5-HT, antagonists as potential an-
ticonvulsant treatment. These compounds nullified epi-
leptiform spikes, induced by 5-HT, agonists, and reduced
forelimb clonus in amygdala-kindled rats.'® In contrast,
5-HT, stimulation increases GABA inhibitory currents
in the hippocampal dentate gyrus of guinea pigs,'*® 5-
HT, KO mice experience more aggravated PTZ-induced
seizures, compared to WT mice,'* and recent data show
that FA prevented SUDEP and reduced seizures by 5-
HT, receptor stimulation, although 5-HT, and 5-HT, re-
ceptors could be involved as well.'® In conclusion, data
are contradictory and future preclinical studies should
elaborate on the exact role of 5-HT, receptors in different
seizure models.

3.1.9 | 5-HTreceptors

5-HT, receptors are structurally unrelated to other 5-HT
receptor subtypes, however, they share some pharma-
cological properties with 5-HT,, receptors. Not much is
known about the clinical significance but based on their
localization (cortex, astrocytes); suggestions have been
made regarding anxiety, brain development, cognition,
depression, feeding, and locomotor activity.'?® It is cur-
rently not known if these receptors are involved in epilep-
togenesis and/or epilepsy.'*!

3.1.10 | 5-HTreceptors

The clinical significance of the 5-HT receptors subtype
is currently unknown but it appears to be involved in
several neuropsychiatric processes (depression, psy-
chosis, and obsessive-compulsive behavior) and recent
evidence underlined a procognitive role of both 5-HT,
agonists and antagonists.'*' Even though data regarding
the role of this receptor subtype in epilepsy are very lim-
ited, the beneficial effects of highly selective 5-HT, an-
tagonists are relatively more robust in animal models of
seizures'**'** and mossy fiber sprouting,'® in contrast
to 5-HT, agonists. Spontaneous seizures in the post-SE

pilocarpine rat model were reduced after treatment with
a highly selective 5-HT, antagonist. In addition, 5-HT,
receptor expression was upregulated in the hippocam-
pus and neocortex of these post-SE rats.*"'°>!% In line
with these findings, clinical data of patients with drug-
resistant TLE show an upregulation of this receptor as
well.'% Thus, current data favor a proconvulsive role of
the 5-HT receptor.

3.1.11 | 5-HT, receptors

Due to the wide distribution of 5-HT, receptors in
the CNS, it is not surprising that it can be involved in
several neurological processes and pathophysiology.
Structurally, there is less than 50% TM sequence ho-
mology between this and the other 5-HT receptor sub-
types. This receptor affects cognitive processes, mood,
circadian rhythm, and the relaxation of coronary arter-
ies. Consequently, 5-HT, ligands could be effective in
treating memory impairments, behavioral dysfunction,
sleep disorders of circadian nature, and coronary heart
disease.'?”!*® Regarding epilepsy, most researchers are
in favor of a proconvulsive role of the 5-HT, receptor.
For example, numerous 5-HT, antagonists were proven
to be anticonvulsant in different animal models of sei-
zures like the pilocarpine rat model of TLE, WAG/R]j
rats, and the DBA/2 J mice model of the absence epi-
lepsy.'®'* This latter finding could be attributed to the
fact that the thalamus, considered to be the origin of
electrical discharges in the absence epilepsy is enriched
with 5-HT, binding sites. However, 5-HT, agonism de-
creased seizures in mice picrotoxin-induced seizure'*
and partially rescued the brain anomalies and epileptic
phenotype in Cdkl5 KO mice."*! In addition, 5-HT, KO
mice have decreased seizure thresholds for electrical and
chemical-induced seizures.'*?

Overall, several experimental data are in favor of a pro-
convulsive role of the 5-HT; receptor, in line with patient
data with drug-resistant TLE that have an upregulated ex-
pression of 5-HT, receptors in the neocortex,'*® although
the exact role is not uniform."**
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3.2 | 5-HT system and epilepsy,
comorbidities and mortality

Involvement of the 5-HT system in epilepsy, comorbidi-
ties, and mortality has been suggested by several research-
ers?-21:22:23:2627.3038.134 (pigyre 1) and until now FA is
potentially the only ASM modulating the 5-HT system
(Figure 2). The importance of shared risk factors and espe-
cially genetics appear to be key players."** Some even hy-
pothesize that the cause could directly be related to 5-HT
system impairments. For instance, a patient with a de novo
mutation in the sodium voltage-gated channel alpha subu-
nit (SCN2A) had drug-resistant epilepsy that responded to
treatment with the 5-HT precursor, 5- hydroxytryptophan
(5-HTP)."** In addition, decreased hippocampal 5-HT lev-
els were observed in patients with TLE."*® Preclinical evi-
dence is even more prominent showing, for example, that
5-HTP was anticonvulsant in drosophila with an SCN1A
mutation.'®” In addition, a zebrafish model of DS (scnla
mutation) demonstrated a lower 5-HT brain content that
could be related to the scnla mutation.*

For numerous epilepsy-associated problems, the 5-HT
system seems to be involved and reduced 5-HT trans-
mission seems to negatively impact several epilepsy co-
morbidities, such as motor functions,’*® behavior,'*’
depression, migraine, and cognitive impairments.
Regarding depression, a plethora of evidence underlines

140

4 GABAergic dendritic
“& arborization

Presynaptic neuron

)lSERT

@)
© S-HTt‘,-‘
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FIGURE 2

the antidepressant activity of 5-HT and effective depres-
sion therapy with SSRIs.*® Interestingly, a relation be-
tween epilepsy and depression was linked to 5-HT, AMLMZ
and 5-HT,,** receptors.

With regards to migraine, experimental and patient
evidence exists regarding the efficacy of agonists for the
5-HT,3, 5-HT;p, and 5-HT;p receptors. More recent yet lim-
ited data demonstrate anti-migraine activities for 5-HT,p
and 5-HT, antagonists in animal models of migraine.'*
The link between 5-HT and cognition has been exten-
sively studied and 5-HT , 5-HT,3, 5-HT,4, 5-HT,¢, 5-HT;,
5-HT,, 5-HT,, and 5-HT, ligands show preclinical and
clinical efficacy in treating cognitive defects. Nevertheless,
these data are limited and focus on the older population
and patients with AD and schizophrenia. Moreover, con-
troversial findings impede making a general conclusion
toward the potential of certain 5-HT agonists or antago-
nists in treating cognitive defects.'**

SUDEP applies to death in PWE that is not related
to known causes like injury and drowning. Studies
imply that the overall risk for SUDEP is greater than
0.1% in the general epilepsy population although esti-
mates vary significantly.'*> Moreover, SUDEP is one of
the most severe consequences for patients with drug-
resistant epilepsy and SUDEP appears to be the major
cause of death in patients with drug-resistant DS.'*®'*’
Currently, the exact mechanisms SUDEP are unknown
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Serotonergic mechanisms of action of fenfluramine: (1) increase of GABAergic dendritic arborization via 5-HT and

GABAergic activity'®®; (2) decrease of serotonin reuptake by inhibition of SERT'®’; (3) increase of fusion and release of synaptic vesicles'”’;

(4) the two previous modulatory lead to an increase of 5-HT in the synaptic cleft and thereby stimulation of 5-HT receptor subtypes; and

(5) fenfluramine directly stimulates at least five serotonin (5-HT) receptor subtypes (5-HTp 4 5 4.7) (zebrafish and mice data),

1317 thereby

increasing gamma-aminobutyric acid inhibitory input and decreasing glutaminergic excitatory output. Regarding the sigma receptor

modulation, we refer to Martin et al 2020."* 5-HT = serotonin; GABA = gamma aminobutyric acid; GLUT = glutamine; SERT = serotonin

transporter
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and the majority of research points out that SUDEP can
be the result of respiratory dysfunction that is immedi-
ately followed by a seizure.'*®*° Several experimental
studies suggest the importance of 5-HT in SUDEP. For
example, 5-HT,- KO mice have spontaneous seizures
and earlier mortality due to respiratory arrest, compared
to WT mice.?® In addition LmxIb KO, mice lacking the
development of serotonergic neurons, have a relatively
higher seizure threshold and higher chance to die from
respiratory failure that was prevented by stimulating 5-
HT,, receptors.”’ Moreover, human studies have shown
that many PWE can have hypoxia after a seizure,'®
which can be reduced by taking SSRIs, increasing 5-HT
in the synaptic cleft.'*! The overall importance of 5-HT
in SUDEP can be related to the 5-HT-dependent regula-
tion of breathing and sleep arousal to keep normal blood
CO, and pH values."” Recently, Cross and colleagues
showed that the all-cause and SUDEP mortality rates
during FA treatment of patients with DS significantly
decreased (1.7/1000 person-years), compared to litera-
ture reports (9.3-15.8/1000 person-years).'>

3.3 | 5-HT system and cardiovascular
side effects

Serotonergic drugs that directly or indirectly lead to 5-
HT,y receptor activation are indeed associated with car-
diac valve hypertrophy. Stimulation of 5-HT,j receptors,
which are GPCR (Table S2), leads to activation of PLC
that subsequently activates protein kinase C (PKC). PKC
mobilizes intracellular calcium and DAG. Via other, yet
to be explored, pathways this GPCR can also induce Src
phosphorylation and activation of extracellular regulated
kinases (ERK1/2). Moreover, phosphorylated Src modu-
lates the transforming growth factor § (TGF-f) recep-
tor, enhancing the 5-HT,g-stimulated mitogenesis that
involves the phosphorylation of retinoblastoma protein
(Rb-P). Moreover, the PKC and ERK1/2 similarly modu-
late Rb-P leading to excessive mitogenesis, thereby caus-
ing overgrowth valvulopathy and valvular dysfunction.
Hence, drugs that stimulate the 5-HT,j receptor could in-
duce cardiac valvulopathies.”®3%153

Fenfluramine was initially used as an anti-obesity
drug but was withdrawn from the market due to drug-
induced valvulopathy that was related to abuse, use of
other amphetamine-like drugs and/or high doses.”” Even
though several preclinical data show that 5-HT,; stim-
ulation is not mandatory for a seizure reduction by FA,
FA can increase 5-HT and thereby indirectly stimulate
5-HT,y receptors. Fortunately, much lower dosages are
used in the clinic and clinical trials nowadays'**"*” and
after more than 3 years of treatment with low-dose FA,

no cardiotoxic events have been observed.'® These data,
together with the durability and magnitude of FA's reduc-
tion of drug-resistant seizures,"> strongly suggest that sig-
nificant benefits of FA could outweigh potential cardiac
risks. Regarding other, possibly serotonergic side effects,
clinical trials mainly report decreased appetite (potential
role of 5-HT,.) and somnolence (S-HT?).“"O‘162

4 | CONCLUSION

Antiseizure medication development has been focusing on
neurotransmitters and ion channels involved in excitatory
and inhibitory neurotransmission.’®® In the last decade,
research implies that the complex variety of pathways in-
volved in epilepsy, such as serotonergic (5-HT) transmis-
sion, are neglected by this simplistic view. Nonetheless,
the exact role of each serotonin (5-HT) receptor subtype
remains elusive, in part due to contradictory findings.'***

Our review underlines that most evidence is in favor
of 5-HT 5 1p 24 2c 3 agonism and 5-HT, antagonism to treat
epilepsy. Even though the role of the other receptor sub-
types is unclear, one should be cautious to generalize these
findings and discrepancies might arise due to a number of
factors, for example, the difference in animal seizure mod-
els and the difference of compounds and their doses.'®%*

Interestingly, serotonergic ASMs are currently under
development for rare, severe epilepsy syndromes and
one of them, FA, showed promising results by numerous
clinical studies.”'"'%'6>17 Eyen as FA likely displays
(part of its) anti-epileptic activity via sigmal (ol) recep-
tors,' % other zebrafish and mice studies have shown that
FA-induced 5-HT;p,4 5c agonism plays a crucial role in
its antiseizure activity'>'> and even 5-HT,, agonism has
been suggested by one study.'” Serotonergic agonism of
5-HT,, »c 4 receptors can also ameliorate epilepsy-related
mortality (SUDEP).'6%

In conclusion, the available research strongly suggests
that serotonergic modulation, especially stimulation,
should be a novel avenue for future ASMs to treat epilepsy
and its comorbidities.
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