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The diverse role of the raphe 5-HTergic systems in epilepsy

He-ming Cheng’, Chen-shu Gao', Qiu-wen Lou', Zhong Chen'? and Yi Wang'

The raphe nuclei comprise nearly all of 5-hydroxytryptaminergic (5-HTergic) neurons in the brain and are widely acknowledged to
participate in the modulation of neural excitability. “Excitability-inhibition imbalance” results in a variety of brain disorders,
including epilepsy. Epilepsy is a common neurological disorder characterized by hypersynchronous epileptic seizures
accompanied by many psychological, social, cognitive consequences. Current antiepileptic drugs and other therapeutics are not
ideal to control epilepsy and its comorbidities. Cumulative evidence suggests that the raphe nuclei and 5-HTergic system play an
important role in epilepsy and epilepsy-associated comorbidities. Seizure activities propagate to the raphe nuclei and induce
various alterations in different subregions of the raphe nuclei at the cellular and molecular levels. Intervention of the activity of
raphe nuclei and raphe 5-HTergic system with pharmacological or genetic approaches, deep brain stimulation or optogenetics
produces indeed diverse and even contradictory effects on seizure and epilepsy-associated comorbidities in different epilepsy
models. Nevertheless, there are still many open questions left, especially regarding to the relationship between 5-HTergic neural
circuit and epilepsy. Understanding of 5-HTergic network in a circuit- and molecule-specific way may not only be therapeutically
relevant for increasing the drug specificity and precise treatment in epilepsy, but also provide critical hints for other brain
disorders with abnormal neural excitability. In this review we focus on the roles of the raphe 5-HTergic system in epilepsy and
epilepsy-associated comorbidities. Besides, further perspectives about the complexity and diversity of the raphe nuclei in epilepsy
are also addressed.
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INTRODUCTION

Epilepsy is one of the most common serious neurological
disorders afflicting nearly 1% of people worldwide. It is caused
by aberrant synchronized firing of neuronal populations
primarily due to an “excitation-inhibition imbalance” in both
cellular and circuit level [1]. Epilepsy is now recognized as a
brain disorder not only by an enduring predisposition to
generate epileptic seizures, but also by the psychological, social,
and cognitive consequences. Notably, mood disorders such as
depression and anxiety are the most frequent psychiatric
comorbidities in patients with epilepsy [2]. Unfortunately,
currently no available antiepileptic drugs (AEDs) or other
therapeutic interventions are able to control epilepsy and its
comorbidities. Numerous researches have shown that the raphe
nuclei 5-hydroxytryptamine (5-HT)ergic system plays an impor-
tant role not only in many physiological functions such as mood
regulation, but also in epileptic seizures, which make it an
attractive target from the perspective view of therapeutic
significance. In this review, we will focus on role of the raphe
5-HTergic system in epilepsy and epilepsy-associated comorbid-
ities. Besides, further perspectives about the complexity and
diversity of the raphe nuclei in epilepsy are proposed at the end
of the review.

CHARACTERISTICS OF THE RAPHE 5-HTERGIC SYSTEM AND ITS
ROLE IN NEURAL EXCITABILITY

The raphe nuclei are positioned midline in the brainstem along the
rostro-caudal extension (Fig. 1a). The raphe nuclei are categorized,
on the ground of their distributions and major projections, in one of
two clusters: the rostral group which includes the dorsal raphe
nucleus (DR), the median raphe nucleus (MR), and the caudal linear
nucleus (CLi), and the caudal group which is divided into the raphe
magnus (RMg), the nucleus raphe pallidus (RPa) and the nucleus
raphe obscurus (ROb) [3]. The rostral group (also called the midbrain
raphe) develops from mesopontine and mainly projects to the
forebrain, while the caudal group (also called the medullary raphe)
develops from medullary primordia and mainly projects to the
caudal brainstem and the spinal cord. The midbrain raphe especially
the DR and MR are functionally associated with sensory processing,
cognition, emotional states, circadian rhythms, food intake, and
reproduction [4, 5]. They have dense interconnections to the limbic
system and may contribute to the generation and propagation of
seizure in temporal lobe epilepsy (TLE) as well as the comorbidity of
epilepsy [6, 71. The medullary raphe participates in the regulation of
autonomic and somatomotor responsiveness, particularly in respira-
tory control and pain control [8, 9]. They are considered to play a
critical role in sudden unexpected death in epilepsy (SUDEP).
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Fig. 1 The raphe 5-HTergic systems. a Subregions of the raphe nuclei. The midbrain raphe includes the dorsal raphe nucleus (DR), the

median raphe nucleus (MR) and the caudal linear nucleus (CLi). The medullary raphe includes the raphe magnus (RMg), the nucleus raphe
pallidus (RPa), and the nucleus raphe obscurus (ROb). b Type and percentage of the MR neurons. VGLUTS3, vesicular glutamate transporter 3.
VGAT, vesicular GABA transporter. ¢ The synthesis, release, reuptake, and degradation process of 5-HT and the signaling pathway of 5-HT
receptors. BBB, blood-brain barrier. DAG, diacylglycerol. DDC, aromatic L-amino-acid decarboxylase. IP, inositol phosphates. MAOA and MOAB,
metabolic enzymes monoamine oxidase A and B. PKC, protein kinase C. PKA, protein kinase A. SERT, 5-HT reuptake transporter. TPH2,
tryptophan 5-hydroxylase 2. VMAT2, vesicular monoamine transporter 2.

The neuronal constituents of the raphe nuclei are heteroge-
neous: apart from large amounts of 5-HTergic neurons, they also
contain glutamatergic neurons, GABAergic (gamma-aminobutyric
acid) neurons, dopaminergic neurons and diverse peptidergic
neurons (Fig. 1b) [10]. In the central nervous system, nearly all of
the 5-HTergic neurons are distributed in the raphe nuclei, which
release 5-HT as their main neurotransmitter and are implicated in
many physiological functions (Fig. 1c). In this process, tryptophan
is firstly transported across the blood-brain barrier (BBB) by the
large neutral amino acid transporter and converted into 5-HT
through a biosynthesis pathway including the enzymes trypto-
phan 5-hydroxylase 2 (TPH2) and aromatic L-amino-acid decar-
boxylase (DDC). Then, 5-HT is packaged into the vesicles by
vesicular monoamine transporter 2 and released to specific
postsynaptic targets or broadly to distant targets via volume
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transmission. Extracellular 5-HT can be transported across the
plasma membrane by the 5-HT reuptake transporter (SERT) and
broken down by the metabolic enzyme monoamine oxidase A
and B.

The functions of 5-HT are mediated by at least 14 classes of
receptors which are currently divided into seven families (5-HT; to
5-HT;) according to their structural, functional, and pharmacolo-
gical characteristics (Fig. 1c) [11]. 5-HT; and 5-HTs receptors
families negatively coupled to adenylate cyclase via G-protein ai
subunit (Gi/G,), thereby inhibiting the conversion of ATP to cAMP.
Contrary to it, 5-HT,, 5-HT¢ and 5-HT; receptors families stimulate
adenylate cyclase through the G-protein as subunit (Gy). Then,
cAMP acts an intracellular second messenger that interacts with
many targets including cyclic nucleotide-gated ion channels and
the phosphorylation of protein kinase A, contributing to the
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regulation of gene expression in many biological responses. In
addition, 5-HT,, autoreceptor uses GPy subunit to directly activate
Kir3 K" channels (GIRK) and inhibit (N and P/Q-type) Ca**
channels, which lead to the inhibition of serotoninergic perikarya.
Conversely, 5-HT;, autoreceptor makes an inhibition on seroto-
ninergic terminals by potentiating Ca>™ dependent K channels.
5-HT,,_. receptors families recruit phospholipase C via the
G-protein ag/; subunit (G4/Gsq), resulting in the formation of
diacylglycerol and inositol phosphates, which then activate
protein kinase C and elevate intracellular calcium. 5-HT5 receptor
is a serotonin-gated cation channel, and its activation can cause
membrane depolarization.

Different 5-HT receptors are distributed diversely in the brain
and play important but diverse roles in the balance of neural
excitability. The 5-HT,, receptor is expressed in the most 5-HTergic
neurons of the raphe nuclei acting as a presynaptic inhibitory
autoreceptor. It is also distributed postsynaptically in the forebrain
including in cholinergic neurons of the septum and glutamatergic
neurons in the hippocampus and neocortex. The 5-HT3 receptor is
densely expressed in the brainstem and spinal cord, as well as
has lower expressions in the cortex and limbic regions. Activation
of the raphe neurons produced a rapid activation of dorsal CA1
interneurons via 5-HTs receptor and AMPA/NMDA receptors, and
also induced slow hyperpolarization of pyramidal neurons via
5-HT,, receptor [12]. Besides, optogenetic activation of serotoni-
nergic fibers in the CAT1 elicited long-lasting potentiation of the
CA3-CA1 synaptic transmission, which was blocked by 5-HT,
receptor antagonist [13]. However, in the prefrontal cortex, 5-HT,
receptor agonist preferentially inhibited GABAergic interneurons,
and thereby increased the firing rate of pyramidal neuron [14]. In
subthalamic nucleus, 5-HT application principally increased
neuronal firing rate through 5-HT,. and 5-HT, receptors, and
inhibited a minor of neurons by 5-HT,, receptors [15]. Further-
more, 5-HT receptors are engaged in modulating various
neurochemical transmission, e.g., glutamate, GABA, dopamine,
acetylcholine, and norepinephrine. For example, 5-HT,, receptor
activation induced increase in firing frequency of ventral
tegmental area dopamine neurons, and thereby elicited dopa-
mine release in the prefrontal cortex [16]. Apart from 14
complicated receptors, a large number of studies have shown
that the 5-HT neurons are diverse in anatomy, morphology,
hodology, developmental lineage, gene expression, and electro-
physiology [17]. It suggests that the raphe 5-HTergic system is
composed of different subsystems which may be functionally
heterogeneous. Abnormal neural excitability in the brain could
lead to many common and severe brain disorders, among which
epilepsy is one typical disorder traditionally considered to be
caused by hyper-excitation. In the following part, we summary
diverse roles of the raphe 5-HTergic system in epilepsy, which also
have critical hints for studying its role in other diseases like
depression, anxiety, and schizophrenia.

WHAT HAPPENED TO THE RAPHE NUCLEI IN EPILEPSY?
Vulnerability of the raphe nuclei in epilepsy

The raphe nuclei show vulnerability in epilepsy. Pentylenetetrazol
(PTZ)-induced status epilepticus (SE) significantly increased the
BBB permeability in rats at postnatal age 10 or 21 days [18]. The
highest increasement of permeability happened in the raphe
nuclei, the interpeduncular nucleus, and the trigeminal nerve
tractus. In addition, volume loss was reported in patients with TLE
in the mesencephalon encompassing the raphe nuclei [19]. In
patients with TLE, the connectivities of ascending reticular
activating system including connections from the DR and the
MR to the limbic structures, thalamus, and certain neocortical
areas were significantly lower than those in healthy controls [20].
These results all indicate vulnerability of the raphe nuclei and their
diminished connections with other structures in epilepsy.
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Neuronal activities of the raphe nuclei in epilepsy

The most direct evidence which proves the participation of the
raphe nuclei in epilepsy is the seizure-induced change of neuronal
activities in the raphe nuclei during epileptogenesis (Table 1).
Researchers performed multi-unit and single-unit recordings in
the medullary raphe and midbrain raphe in an established
hippocampal seizure model in rats [21]. Multi-unit recording
demonstrated that population firing of the neurons in the
medullary raphe and midbrain raphe was markedly decreased
during ictal and post-ictal period. Single-unit recording of the
identified 5-HTergic neurons in the medullary raphe showed
consistent decreased firing rate, but the firing of the midbrain
raphe 5-HTergic neurons was complex including both increase
and decrease. In rat amygdala rapid kindling model, the number
of Fos-immunoreactive neurons in the RMg was also reduced after
kindling [22]. It is believed that the decreased brainstem raphe
neuronal activities may be associated with the simultaneously
impaired cardiorespiratory function. However, the midbrain raphe
may play a different role. In an experimental absence epilepsy, the
spike and wave discharges (SWDs), which may be associated with
the impairment of consciousness, propagated to the DR with a
short delay as well as the firing rate of the DR neurons evidently
increased throughout the whole paroxysm and returned to
baseline levels afterwards [23]. Same situation occurred in mice
hippocampal kindling seizures, in which the calcium activities of
the DR 5-HTergic neurons were significantly increased [24]. In a
word, most seizure activities can quickly spread to the raphe
nuclei, but the neural activities of the raphe nuclei are interfered
diversely in different types of epilepsy. Research on the neuronal
activities of the midbrain raphe, specially the MR, in TLE is very
limited, but the mixed activities of them are very interesting and
worthy of future research.

Epilepsy related alterations of the raphe 5-HTergic system

The 5-HTergic system is easily to be affected by epilepsy. The
number of 5-HTergic neurons are also altered diversely in different
subregions of the raphe (Table 1). In pilocarpine model of TLE, the
number of tryptophan hydroxylase (TPH) positive neurons
significantly decreased both in the DR and MR in rats 28 days
after SE [25]. In kainic acid (KA) model of epilepsy, 5-HT-
immunoreactive neurons were only reduced (approximately
35%) in the interfascicular part of the DR (DRI) but not in the
other subregions of the raphe nuclei in rats 3 months after SE [26].
Similar results were discovered in another research with the same
model, four months after SE, epileptic rats had approximately 30%
less 5-HT-stained cells in the DRI, but had twice as many 5-HT-
stained cells in the MR as the control rats [27]. In another study of
pilocarpine model, the number of MR neurons which project to
the CA3 increased 60 days after SE [28]. In summary, the number
of 5-HTergic neurons in the DR was consistently decreased in
different models of epilepsy and mostly happened in the DRI,
while the number of MR 5-HTergic neurons was altered differently
which may be associated with the different time point after SE, but
the underlying mechanism of the increased number of 5-HT"
neurons in the MR has remained to be known.

The synthesis, release and transport of 5-HT are also influenced
by epilepsy. For example, TPH-immunoreactivity in the medullary
raphe was reduced in infantile spasm cases of perinatal hypoxic
ischemic encephalopathy [29]. But the endogenous 5-HT level is
altered differently in the acute and chronic stages of chronic
epilepsy model. 5-HT level was dramatically increased in the
hippocampus within the 30 min following pilocarpine induced SE,
but reversed to basal level by 4 days after SE and continued to
drop to 48% at 7 days and 28% of the basal level 14 days after SE
[25]. Meanwhile, matched with the change curve of 5-HT levels,
its main metabolite 5-hydroxyindoleacetic acid (5-HIAA) strikingly
increased 2 days after SE, then gradually declined to levels below
baseline. During the chronic period that 3 months after
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Table 1. Alterations of the raphe 5-HTergic systems in epilepsy.
Regions Animals Epilepsy model Time Alterations Ref
Medullary raphe Sprague- Hippocampal stimulus-induced Ictal and post-ictal period Population firing| [21]
Dawley rats seizures (deeply anesthetized) Identified 5-HT neurons firing|
Midbrain raphe Population firing|,
Identified 5-HT neurons firing?& |
RMg Wistar rats Amygdala rapid kindling model 10 days after kindled Fos* neurons] [22]
DR WAG/Rij rats Experimental absence epilepsy During spontaneous SWDs Firing? [23]
(neurolept-analgesized)
DR Pet-cre mice Hippocampal kindling seizures Generalized seizure Calcium activities? [24]
DR & MR Sprague- Pilocarpine model 28 days after SE Number of TPH* neurons] [25]
Dawley rats
DRI Wistar rats KA model 3 months after SE Number of 5-HT" neurons|(35%) [26]
DRI Wistar rats KA model 4 months after SE Number of 5-HT" neurons|(30%) [27]
MR Number of 5-HT" neuronst(200%)
MR Swiss mice Pilocarpine model 2 months after SE Number of CA3-projecting [28]
neurons 7
Medullary raphe - HIE/IS patients - TPH-immunoreactivity | [29]
Hippocampus Sprague- Pilocarpine model 30 min following SE 5-HT level 1 [25]
Dawley rats 2 days after SE 5-HIAAT
4 days after SE 5-HT level reversed to base
7-14 days after SE 5-HT level |
Hippocampus Wistar rats Pilocarpine model 3 months after SE 5-HT concentration and turn over [30]
1
Midbrain raphe Scnla™~ mouse  Scnla™~ mouse model of Age before seizures appear 5-HT level | [31]
Dravet syndrome
DR GEPR-9 rats Genetically epilepsy-prone rats 70 days of age SERT expression | [32]
DR Sprague- Pilocarpine model 4 weeks after SE SERT expression — [33]
Hippocampus Dawley rats SERT expression |
Raphe - TLE patients - 5-HT,, receptors antagonist [34]
volume of distribution |
Raphe - TLE patients - 5-HT,, receptors binding [35, 36]
Limbic system potential |
Raphe - JME patients - 5-HT,, receptors binding [37]
potential |

pilocarpine induced SE, 5-HT concentrations and turnover and
5-HT release in response to raphe stimulation were also
decreased in the hippocampus in rats [30]. In Scnla™~ mouse
model of dravet syndrome, the endogenous 5-HT level in the
midbrain raphe modestly decreased at an age before seizures
appear, but back to normal as adults [31]. The SERT expression in
the raphe is also altered diversely in different types of epilepsy. In
seizure-naive genetically epilepsy-prone (GEPR) rats, SERT expres-
sion in the raphe was reduced [32]. But in pilocarpine model of
epilepsy, SERT expression was not altered in the raphe but only
decreased in the hippocampus 4 weeks following SE in rats [33].
Meanwhile, four months after KA-induced SE, the areal density of
the SERT-stained small-sized varicosities was decreased in the
dentate gyrus (DG), infralimbic cortex (IL), and medial septum
(MS), while that of the large-sized varicosities was increased in
epileptic rats [27]. In general, the synthesis, release, and transport
of 5-HT were attenuated in most epilepsy models, but altered
differently in particular epilepsy period and particular brain
regions.

In 5-HT receptor level, positron emission tomography (PET)
imaging using the radioligand ['®FIFCWAY, a 5-HT;, receptor
antagonist, shows lower ['®FIFCWAY volume of distribution in the
raphe nuclei of TLE patients, which suggested reduced 5-HT1a
receptor binding. Lower ['®F]FCWAY volume of distribution was
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also found ipsilateral than contralateral to the epileptic focus in
inferior medial and lateral temporal regions of patients [34]. In
addition, reduced 5-HT,, receptors binding potential was dis-
covered in the raphe nuclei, the epileptogenic hippocampus,
amygdala and ipsilateral limbic cortex in TLE patients [35, 36].
Similarly, in juvenile myoclonic epilepsy which was classified as
primarily generalized epilepsy, the binding potential of 5-HT,,
receptors was reduced in the raphe nuclei, the dorsolateral
prefrontal cortex and hippocampus [37]. However, in the
supragranular layers of middle temporal gyrus, 5-HT;, receptors
were up-regulated in patients with pharmacoresistant focal TLE
and their density correlated negatively with seizure frequency
which might act as a compensatory mechanism through inhibiting
glutamatergic neurotransmission [38]. Similarly, in amygdala-
kindled rats, 5-HT,, receptor binding and mRNA expression were
significantly increased in the dentate gyrus [39]. In addition to 5-
HT,, receptors, 5-HT, receptors and 5-HT, receptors were also
implicated in epilepsy [40]. In the cerebral cortex, 5-HT,. receptor
mRNA and binding potential were increased in epileptic rats of
pilocarpine model [41]. In the hippocampus, 5-HT; mRNA was
significantly decreased in mice 40 min after the application of PTZ
[42]. But in temporal neocortex of intractable epilepsy patients
and epileptic rats of chronic pilocarpine model, 5-HT, receptors
expression was higher than in controls [43].

Acta Pharmacologica Sinica (2022) 43:2777 - 2788
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Table 2. Nonspecific interventions of the raphe nuclei in epilepsy.
Regions Animals Epilepsy model Interventions Results Ref
Midbrain raphe Wistar rats Repeated electrical stimulation of the dorsal Electrolytic lesion Epileptiform activity 1 [54]
hippocampus
Olfactory bulb  Rats Olfactory bulb kindling Transplant fetal raphe cells Afterdischarge threshold 1 [56]
Third ventricle GEPR-3s rats Genetically epilepsy-prone rats Transplant fetal raphe cells Seizure severity | [57]
Raphe Male Wistar rats - Electrical stimulation csD) [64]
MR Albino rats Metrazol model DBS Convulsions | [65]
Amygdala kindling model
MR Cats Local applied sodium penicillin in hippocampus DBS hippocampal spike [66]
frequency |
Muscimol Reverse the effect of DBS
RMg Long-Evans rats PTZ model Progesterone P(4) Myoclonic seizures [70]
3alpha,5alpha-THP incidence |

In general, the serotoninergic system is affected by epilepsy
which gives rise to multifarious changes in the raphe serotoni-
nergic system.

HOW DO THE RAPHE NUCLEI PARTICIPATE IN EPILEPSY?
Genetic factors

Early in 1995, it was found that mutant mice lacking 5-HT,.
receptor were prone to sudden death from seizure in Metrazol-
induced epilepsy model [44]. Further researches discovered that
lacking of 5-HT,. receptor resulted in the mice being extremely
susceptible to audiogenic seizures in adulthood [45] and showing
global increases in seizure susceptibility in olfactory bulb kindling
model, corneal kindling model and flurothyl model of epilepsy
[46]. Similarly, 5-HT;, receptor and 5-HT; receptor deficient mice
displayed generalized lower seizure threshold and higher lethality
in various models of epilepsy [47, 48]. In addition, C allele of
5-HT1A C-1019G polymorphism acts as an independent risk factor
for anxiety disorders in patients with TLE [49]. Lmx1b77° mice,
with genetically deleted nearly all the central 5-HTergic neurons,
had a lower seizure threshold and increased mortality in maximal
electroshock seizure and pilocarpine induced seizures, which can
be partly rescued by pretreatment with 5-HT,, receptor agonist
[50]. And male mice that lacking serotonin transporter were less
vulnerable to PTZ-induced seizures than control mice, but this
phenomenon did not exist in female SERT”~ mice [51]. In patients
with TLE, polymorphisms of SERT gene, with 10-repear allele of 5-
HTTVNTR, are associated with TLE susceptibility [52]. Mutations in
SCNTA gene encoding the Nav1.1 sodium channel induced several
models of epilepsy. In Scn1a™~ mouse model of dravet syndrome,
the response to 5-HT,, receptors agonist was reduced before the
age of seizure, but it became hypersensitive to both 5-HT,, and
5-HT,,,2c receptors agonists after the age of seizure development
[31]. And systemic injection of 5-HT4 but not 5-HT,,/,. receptor
agonist significantly ameliorated hyperthermia-induced seizure
[53]. These studies all suggest that the 5-HTergic system is closely
involved in the pathogenesis of epilepsy.

Lesion and transplant modulation

Early studies took neurochemical or electrolytic lesions to
investigate the role of the raphe nuclei in epilepsy (Table 2).
Electrolytic lesion of the midbrain raphe and system injections of
p-chlorophenylalanine (pCPA), a 5-HT synthesis inhibitor, in rats
enhanced the epileptiform activity in epilepsy induced by repeated
electrical stimulation of the dorsal hippocampus [54]. Meanwhile,
systemic injection of 5-hydroxytryptophan (5-HTP), which induced
an increase of 5-HT synthesis and release, significantly reduced the
epileptic susceptibility. Specific neurotoxins such as 5,6 or 57
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dihydroxytryptamine (DHT) was used to destroy serotoninergic
neurons. In pilocarpine model of epilepsy, a major number of 5,7-
DHT pre-treated rats progressed to motor limbic seizures evolving
to SE than the control rats, and the frequency of seizures
significantly increased after the treatment of 5,7-DHT in the MR in
the chronic period [55]. Either specific lesions of the midbrain raphe
with DHT or specific lesions of serotoninergic terminals in the
epileptic focus facilitated olfactory bulb kindling in rats [56].
Contrarily, transplantation of fetal raphe cells into the olfactory
bulb of adult rats before kindling increased the afterdischarge
threshold. Same results were got in genetically epilepsy-prone rats
(GEPR-3s) that microinjection of 5,7-DHT into the lateral ventricle
increased seizure severity and subsequent reduced seizure severity
as a result of transplantation of fetal raphe cells [57, 58]. In
conclusion, electrolytic lesion of the raphe nuclei or chemical lesion
of the 5-HTergic system significantly elevated the severity of
epilepsy, indicating that the intrinsic 5-HTergic system may function
as a protective mechanism.

Brain stimulation modulation

Vagal nerve stimulation (VNS) has been approved by the Food and
Drug Administration for treatment of refractory epilepsy and
refractory depression. But the mechanisms that VNS produces its
beneficial clinical effects are still unknown. Several studies found
that chronic VNS has effects on the central 5-HTergic activity. In
conscious rats, VNS with clinical parameters (one burst of 20 Hz,
250 us pulse width, 0.25 mA stimulation for 30's every 5 min) for
3 weeks significantly increased DeltaFosB and c-Fos staining in the
DR, whereas acute VNS for 2 h had no effect [59]. Electrophysio-
logical recordings showed that chronic VNS with the parameter
(0.25 mA, 20 Hz, 500 ps, 30 s ON/5 min OFF) produced an optimal
activation of 5-HT neurons in the DR [60]. In addition, less
stimulation (30-s stimulation every 10 or 15 min) is sufficient to
achieve the same VNS efficacy on 5-HT neuronal firing [61]. In
conclusion, chronic VNS activated the raphe 5-HT neurons.
Furthermore, long-term VNS also produced tonic activation of
postsynaptic 5-HT;, receptors in the hippocampus and increased
extracellular 5-HT levels in the dorsal raphe [62, 63]. It indicates
that the therapeutic effect of the VNS may be partly mediated by
modulating the brain 5-HTergic system.

Deep brain stimulation (DBS) has becoming an alternative and
effective therapy for chronic brain disease, such as refractory
epilepsy and major depressive disorder (MDD). Electrical stimula-
tion of the raphe nuclei promotes the release of 5-HT in the brain,
while central serotonergic activity is associated with cortical and
subcortical neural excitability. Electrical stimulation of the raphe
nuclei for 20min (1200 square-wave pulses, 100 mA, 1ms
duration, and 1 Hz) or subcutaneous injection of SSRI decreased
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Table 3. Epileptogenic cerebral electrical activity and serotonin levels.
Regions Animals Epilepsy model Interventions Results Ref
System injections Wistar rats Repeated electrical stimulation of pCPA Epileptiform activity? [54]
the dorsal hippocampus 5-HTP Epileptic susceptibility]
Midbrain raphe Rats Olfactory bulb kindling DHT Kindling ratet [56]
Olfactory bulb DHT Initial development of kindling?t
MR Wistar Rats Pilocarpine model DHT SE ratet, Chronic seizure frequencyt [55]
Lateral ventricle GEPR-3s rats Genetically epilepsy-prone rats DHT Seizure severity 1 [58]
Subcutaneous Wistar rats - SSRI CSD propagation] [64]
injection
Diet Low TPH CSD propagation?t
Dentate gyrus Wistar rats Pilocarpine model 5-HT Granular cell hyperpolarization; input [40]
resistance]
5-HT,.R Reverse the effect of 5-HT
antagonist
Subiculum Wistar rats Lowering of Mg?" 5-HT Predominately epileptiform activity| [71]
High concentration—epileptiform activity?
Subiculum Rats Pilocarpine model 5-HT,(R activation Bursting activity of principal cells|, [72]
epileptiform discharges|
EC Wistar rats Lowering of Mg?" FFA Epileptiform activity| [73]
5-HT;,R Reversed the effect of FFA
antagonist
EC Sprague Lowering of Mg?" 5-HT Seizure activity] [74]
Dawley rats 5-HT;.R Reduced the effect of 5-HT
antagonist
5-HT,.R Reduced the effect of 5-HT
antagonist
Frontal cortex Wistar rats Lowering of Mg>* 5-HT Synchronous discharges?t [75]
5-HT,.R Blocked the effect of 5-HT: Synchronous
antagonist discharges|
5-HT,./2cR agonist Spontaneous discharges frequency?t
5-HT4R agonist Spontaneous discharges frequency?
5-HT,,R agonist ~ Spontaneous discharges rate|
5-HT,,R agonist  Spontaneous discharges rate|
5-HTsR agonist ineffective

cortical spreading depression (CSD) and increased duration of the
negative DC-shift of CSD, whereas low-tryptophan diet signifi-
cantly accelerated CSD propagation and shortened DC-shift of
CSD in male Wistar rats [64]. These results indicated that central
serotonergic activity negatively modulated CSD propagation in
the rat cortex. Raphe stimulation has also been proved to inhibit
epilepsy in experimental models. Pre-stimulation of the MR for 1 h
(8-10 pulse/s, 1 ms duration, 0.2-0.24 mA) and maintenance for 5
min after seizure induction significantly inhibited convulsions in
Metrazol model and amygdala kindling model of epilepsy as
compared to those stimulation of non-raphe areas of the midbrain
in rats [65]. In epilepsy induced by locally applied sodium
penicillin in hippocampus, stimulation of the MR (0.5-0.1ms
duration, 5-30Hz, 0.1-0.7mA, 5-30s train duration) also
decreased hippocampal spike frequency in cats [66]. Intra-MR
muscimol, a GABA receptor agonist, enhanced hippocampal-
based epilepsy. After muscimol, MR stimulation at the same
threshold parameters failed to affect hippocampal activity. They
also found a disinhibitory habenlo-raphe-hippocampal circuit in
epilepsy [67]. In a word, current studies show that DBS of the
raphe nuclei generally has anti-epileptic effects, but the optimal
parameter of DBS is unknown and to what degree the 5-HTergic
system is involved still needs more investigations. Besides, these
above non-specific modulations, including lesion and DBS
approaches, may also affect other neural systems.

SPRINGER NATURE

Pharmacological modulation

A number of pharmacological studies investigated the role of
5-HTergic system in clinical epilepsy and experimental model of
epilepsy [68, 69]. Most of the them found that enhancing the level
of 5-HT in the brain had an anti-seizure effect, but exceptions that
had no effect or proconvulsant effect in some cases were not
uncommon (Table 3). These results suggest that the central
5-HTergic system is complicated and more specific researches
about functions of 5-HTergic neurons need to be done. However,
region-specific studies about functions of 5-HTergic neurons in
different subregions of the raphe nuclei are limited. Only one study
found that implants RMg with Progesretone P(4) or its metabolite in
female Long-Evans rats significantly reduced the incidence of
myoclonic seizures and EEG activity after PTZ administration in rats,
but the participation of 5-HTergic system in this function is
unknown [70]. Limbic systems like the hippocampus and entorhinal
cortex (EC) receive a high density of fibers originating from the
raphe nuclei. Serotonin (100 uM) application induced 5-HT;,-
receptor-mediated hyperpolarization and decrease of input resis-
tance of granular neurons in the dentate gyrus both in control and
pilocarpine-treated Wistar rats [40]. Application of 5-HT in the brain
slice of female Wistar rats has predominately inhibitory effects on
epileptiform activity in the subiculum induced by lowering of Mg**,
but in some cases also has disinhibitory effect at higher
concentrations [71]. Electrophysiological results showed that
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5-HT,. receptors reduced bursting activity of principal cells of the
subiculum by inhibiting a T-type Ca>™ channels mediated low-
threshold calcium current. Activation of this pathway decreased
bursting activity and the occurrence of epileptiform discharges in
slices from the hippocampus of pilocarpine treated chronic epileptic
rats [72]. In the EC, application of fenfluramine (FFA), a 5-HT-
releasing drug, reversibly blocked epileptiform activity in an in vitro
model of epilepsy in Wistar rats [73]. Coapplication of the 5-HT;,
receptor antagonist WAY-100635 prevented the FFA-induced
anticonvulsive effect. Further studies found that focal application
of 5-HT increased the frequency and amplitude of spontaneous
inhibitory postsynaptic current (sIPSC) of principal neurons in the EC
via activation of 5-HT,, receptor [74]. It can also generate
membrane depolarization and increase the action potential
frequency of GABAergic interneurons in the EC, which can be
reversed by inhibiting TASK-3 K* channel or 5-HT,, receptor
antagonist. While, in frontal cortex, 5-HT produces multiple effects
on epileptiform activity in rat cortical slices via activation of different
5-HT receptor subtypes. The excitatory action of 5-HT is predomi-
nately mediated by 5-HT, receptors and the inhibitory effects can
be attributed to the activation of 5-HT,, and 5-HT;}, receptors [75].
In conclusion, application of 5-HT in the limbic system regulates the
balance of excitation and inhibition that has a mainly anticonvulsive
but also proconvulsive function, which may be mediated by
different 5-HT receptors in different downstream circuits.

Optogenetic modulation

Optogenetics enables optical control of membrane potential
through transducing microbial opsin genes to get modulation of
specific neural populations or circuits in freely moving animals. It
takes the advantages of high temporal versatility and cellular
specificity. As we mentioned above, the raphe nuclei contain
various types of neurons, and studies with method of lesion or
electrostimulation interventions are unable to selectively mod-
ulate the 5-HTergic systems in specific subregions of the raphe
nuclei, which can be solved by optogenetics but relevant
optogenetic studies are very limited. In a DBA/T mouse model
and PTZ model, photostimulation of DR 5-HTergic neurons in
DBA/1 TPH2-ChR2 mice suppressed tonic seizures in most mice,
but had no effect on clonic seizures [76]. However, in another
mouse hippocampal kindling model of our research which was
considered as a type of clonic seizures of TLE, we found that
activities of DR 5-HTergic neurons were markedly increased during
hippocampal seizures, and time-aligned inhibition of hyperactivity
of DR 5-HTergic neurons with method of either optogenetic
inhibition of DR 5-HTergic neurons or 1-Hz DR DBS significantly
retarded the acquisition of kindling seizures [24]. These researches
indicated that DR 5-HTergic neurons may play different roles in
different types of epilepsy and functions of other subregions of
the raphe nuclei remain to be investigated.

THE RAPHE NUCLEI IN COMORBIDITIES OF EPILEPSY

The raphe nuclei in epilepsy associated depression

Mood disorder and major depression are frequently comorbid
with epilepsy (Table 4). In patients with idiopathic generalized
epilepsy with tonic-clonic seizures (IGE-TCS) and depression,
patients with hypoechogenic brainstem raphe had significantly
higher score of Chinese version Neurological Disorders Depression
Inventory for Epilepsy (C-NDDI-E) and Beck Depression Inventory-II
(BDI-II), and most patients with IGE-TCS and depression exhibited
hypoechogenic brainstem raphe, but few patients with IGE-TCS
without depression exhibited hypoechogenic brainstem raphe
[77]. Furthermore, epileptic patients with hypoechogenicity in the
brainstem raphe had higher epileptic discharge index during sleep
period but not during awake period, indicating the modulation of
the brainstem raphe in epileptic discharge during the sleep cycle
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[78]. In TLE patients, the BDI score positively correlated with the
binding potential of ['®FIMPPF, a 5-HT,, antagonist, in the raphe
nuclei and in the insula contralateral to seizure onset, whereas
somatic symptoms positively correlated with the ['®FIMPPF
binding potential in the ipsilateral hippocampus and bilateral left
mid-cingulate gyrus and the inferior dorsolateral frontal cortex
[79]. In most animal models of epilepsy, especially in chronic
models like pilocarpine model and KA model, epileptic animals
exhibited increase in immobility time under conditions of forced
swim test which was indicative of despair-like state, and loss of
taste preference in saccharin solution consumption test which
pointed to the symptomatic equivalence of anhedonia [26, 30].
Fast scan cyclic voltammetry (FSCV) of serotonergic raphe nucleus
(RN)-prefrontal cortex (PFC) pathways and dopaminergic ventral
tegmental area (VTA)-nucleus accumbens (NAcc) pathways
showed that animals with preexisting deviations in RN-PFC
invariably developed despair two months after pilocarpine SE
and rats with deviations in VTA-NAcc developed anhedonia [80]. It
is suggested that epilepsy triggers decompensations in the
already vulnerable depression-relevant neuronal circuits, which
culminate in depression.

Pharmacological studies partly reveal the mechanism of
depression associated with epilepsy. Intra-raphe injection of
M40, a galanin receptor type 1 (GalR1)/type 2 (GalR2) antagonist,
improved depressive-like behavior in epileptic “depressed” rats,
while intra-raphe administration of M871, a preferential GalR2
antagonist, exacerbated depressive-like behavior [81]. In post-SE
rats, depression-like impairments also included the hyperactivity
of the hypothalamo-pituitary-adrenocortical axis; the diminished
raphe-hippocampus 5-HTergic system; and the upregulation of
presynaptic 5-HT,, receptors [82]. Pharmacological activation of
postsynaptic 5-HT,;, receptors in the hippocampus improved
depressive deficits in epileptic rats. However, administration of
fluoxetine (20 mg-kg ' -d~" for 10 days) significantly shortened
immobility time under condition of forced swim test in naive
animals, but did not improve performance in post-SE rats [30]. The
drug-resistant depression-like behavior suggested that depression
in epilepsy may have distinct underlying mechanisms. Two-week
long bilateral intrahippocampal infusion of human recombinant
Interleukin-1 receptor antagonist (IL-1ra) improved all of the
depressive impairments, without modifying spontaneous seizure
frequency and without affecting normal parameters in naive rats
[83]. Combined administration of fluoxetine and IL-1ra completely
abolished all hallmarks of epilepsy-associated depressive abnorm-
alities, which implicated that the resistance to SSRI was partly
driven by the interleukin-1f signaling [84]. Besides, coadministra-
tion of fluoxetine and reboxetine, a norepinephrine reuptake
inhibitor (NERI), fully reversed depressive-like behavior in epilepsy
[85]. In conclusion, the mechanism underlying the depression in
epilepsy may be associated not only with dysregulation of the
raphe 5-HTergic systems, but also with alteration of hippocampal
5-HTergic signaling and interleukin-1B signaling and central
norepinephrinergic systems.

The raphe nuclei in SUDEP

Sudden unexpected death in epilepsy often happened immedi-
ately after a tonic-clonic seizure with potential mechanisms of
seizure-induced respiratory depression, cardiac arrhythmia, cere-
bral depression, and autonomic dysfunction [86] (Table 4). In
SUDEP cases, volume loss of the brain was very serious [19]. In
particular, volume loss in the raphe nuclei was highly correlated
with the time between last MRl and SUDEP which means that
brainstem atrophy which expands into the raphe can increase the
risk for SUDEP [87]. In the medullary raphe of SUDEP patients,
there was significantly less c-fos expression than in non-epilepsy
controls [88]. Besides, TPH and SERT expression in the raphe were
reduced in cases of SUDEP [89]. Moreover, Cx43 glia, which is
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considered essential for normal respiratory regulation, was
reduced in the MR in SUDEP cases [90]. These clinical researches
all indicates the participation of the raphe nuclei and their
5-HTergic system in SUDEP. What about the animal model of
SUDEP? For example, amygdala kindling seizure can result in
respiratory physiology impairment in rats [22]. Optogenetic
activation of DR 5-HTergic neurons reduced the duration of
post-ictal generalized EEG suppression following seizures in
kindled Pet1-Cre mice, thus reducing the risk of SUDEP [91]. But
the classic animal model of SUDEP is the DBA mouse model, a
model that acoustically evoked generalized seizures leads to
seizure-induced respiratory arrest (S-IRA) and results in SUDEP
unless resuscitation is rapidly instituted. Manganese-enhanced
magnetic resonance imaging (MEMRI) data in male DBA/1 mouse
brain showed significantly increased activity in the RMg, RPa and
CLi but not in the DR, the MR and the ROb immediately after
acoustically-induced S-IRA [92]. The increased activities at certain
raphe nuclei were supposed to be compensatory mechanisms for
apnea but were not sufficient to prevent death. In the brainstem
tissue of DBA/2 mice, 5-HT,. 5-HTs;, and 5-HT,; receptors
expressions were significantly diminished, while the 5-HTy,
receptors expression was significantly elevated [93]. Photostimula-
tion of DR 5-HTergic neurons in DBA/1 TPH2-ChR2 mice
significantly reduced the incidence of S-IRA, and the S-IRA-
suppressing effect of photostimulation was increased by 5-HTP
and was reversed by specific 5-HT; receptor antagonist [76]. In
general, it seems that the medullary raphe has a close relationship
with SUDEP, but the midbrain raphe may also play a role in it.
However, their cellular and circuit mechanisms underlying SUDEP
are worth for further research.

The raphe nuclei in other comorbidities of epilepsy

The raphe nuclei are reported to be associated with many other
brain dysfunctions in epilepsy such as pain, attention deficit/
hyperactivity (ADHD), impulsive-like behavior, autism like behavior,
cognition and memory deficit and sleep deficit [85, 94, 95]. Among
them, studies about the raphe nuclei in pain and epilepsy are the
most (Table 4). Noxious stimulation suppressed epileptic seizures in
humans and epileptiform activities in experimental animal models.
Intravenous injection of 8-hydroxydipropylaminotetralin (DPAT),
imipramine, and fluoxetine, drugs known to depress dorsal raphe
unit activity, prevented suppression of focal epileptiform activity
induced by noxious stimulation in penicillin model of epilepsy in SD
rats [96]. Quipazine, an agonist at 5-HT receptors, in part restored
the suppression that had been blocked by DPAT or imipramine.
Several serotonin antagonists effective at 5-HT; and 5-HT, receptors
blocked this suppression. Furthermore, pressure ejection in the
vicinity of the DR with 5-HT, DPAT, fluoxetine and baclofen
prevented cortical desynchronization as well as the suppression of
focal epileptiform activity in the same model of epilepsy [97].
Moreover, the DR is also implicated in the postictal antinociception.
Neurochemical lesion of the DR induced a significant decrease of
the postictal analgesia and pre-treatment of the DR with atropine or
mecamylamine decreased the postictal antinociceptive phenom-
enon in PTZ model in male Wistar rats [98, 99]. Additional evidence
demonstrated the recruitment of 5-HTi,/1p, 5-HT5./2¢ 5-HTe, and
5-HT; receptors of the DR [100, 101], in addition to 5-HT, receptor of
the RMg [102], in the postictal antinociception. In conclusion, the DR
may underlie the clinical effectiveness of noxious stimuli in
suppressing epileptic seizures and the postictal antinociceptive
process.

FURTHER PERSPECTIVES ON THE RAPHE NUCLEI IN EPILEPSY
In summary, the raphe nuclei and 5-HTergic system indeed are
closely implicated in epilepsy and associated comorbidities. But
there are still many questions remain to be answered.
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How does the seizure propagate to the raphe nuclei?

Neuronal firing, immediate-early genes expression and MRI
activities indicate that the raphe nuclei participate in the epilepsy
network directly. But the seizure pathway propagating from the
seizure focus to the raphe nuclei is still unknown. Retrograde viral
tracing found that the DR and the MR 5-HT neurons receive dense
projections from the somatomotor cortex, amygdala and relatively
sparse projections from the thalamus, hypothalamus, midbrain
reticular nucleus [6]. Early studies also found that large numbers of
neurons in the frontal cortex, dorsomedial nucleus of the
hypothalamus, zona incerta, periaqueductal gray and deep layers
of the superior colliculus project to the RMg [103]. It is very likely
that seizure propagate from these nuclei to the raphe nuclei but
the direct evidence is lacking. Further studies could use circuit-
specific-labeled virus combined with calcium imaging and
optogenetic regulation to investigate the precise circuit basis
from seizure focus to the raphe nuclei.

What are the roles of different subregions of the raphe nuclei in
different types of epilepsy?

The raphe nuclei are comprised of the rostral group and the
caudal group. The rostral group including the DR and the MR and
their forebrain projections are implicated in various models of
epilepsy. Intervention studies revealed that these two subregions
are particularly implicated in the frequency and duration of the
epileptiform activities. Meanwhile, the caudal group also named
the medullary raphe are generally regarded to have a function in
the SUDEP. Most studies found alterations of the medullary raphe
in SUDEP but direct interventional evidence is still lacking. Instead,
optogenetic activation of the DR 5-HT neurons significantly
alleviated the S-IRA in DBA/1 mouse model of SUDEP. How do
the DR participate in respiratory control? Anterograde tracing
found that the 5-HT neurons in the DR and the MR have dense
projections to the medulla, which may in part explain the role of
DR in SUDEP. Since the MR also has dense projections to the
medulla, does the MR also have a role in the SUDEP? These
questions suggest that more investigations of the exact role of
different subregions of the raphe nuclei in different types of
epilepsy should be undertaken in the future.

What are the downstream circuits underlying the divergent

roles of the raphe nuclei in epilepsy and neural excitability?

Intervention studies found that lesion or pharmacological inhibi-
tion of the raphe 5-HTergic systems significantly elevate the
severity of seizure, while pharmacological or optogenetic activa-
tion of the raphe 5-HTergic systems remarkably inhibit epilepti-
form activity. But what downstream that the raphe 5-HTergic
system modulation influences seizure activity is still largely
unknown. System applications of SSRIs have inconsistent effects
on different models of epilepsy. However, electrophysiological
studies in vitro partly demonstrated that serotonin application in
the frontal cortex and limbic systems including the hippocampus
and the EC predominately inhibits the epileptiform activity
associated with 5-HT,,, 5-HT;y,, 5-HT,,, 5-HT,. and 5-HT; receptors.
In addition, systemic application of fluoxetine also had no effect
on depression in epilepsy, but activation of postsynaptic 5-HT;,
receptors in the hippocampus partly alleviated the depression-like
behavior in epilepsy. These results indicated that the 5-HTergic
system is complicated and different downstream organizations of
the raphe 5-HTergic systems may play different roles through
various receptors. Besides, even being the same receptor, it may
have opposite function in local neural excitability. For example,
activation of 5-HT;, receptor induced hyperpolarization of
pyramidal neurons in the dorsal CA1, but increased pyramidal
neurons firing in the prefrontal cortex by preferentially inhibiting
GABAergic interneurons. Let alone there are 14 kinds of 5-HT
receptors with diverse functions in the downstream neural
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excitability. Therefore, circuit level modulation of the raphe
5-HTergic system should be undertaken in epilepsy and comor-
bidities by the means of circuit-specific optogenetic and
chemogenetic strategies combined with transgenic mice. Further-
more, single cell RNA sequence could help to find circuit-specific
molecules which are beneficial for the development for targeting
drugs in the future. And clarification of diversities of the raphe
5-HTergic systems, like functions of these circuit-specific mole-
cules and functions of specific 5-HT receptors in specific brain
regions, would accelerate the development of 5-HTergic drugs
that provide therapeutic help for not only the epilepsy but also
many other brain disorders associated with abnormal neural
excitability.
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