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ABSTRACT

A patient with epilepsy was shown to have neurobiological, psychological, cognitive, and
social issues as a result of recurring seizures, which is regarded as a chronic brain disease.
However, despite numerous drug treatments, approximately, 30%-40% of all patients are
resistant to antiepileptic drugs. Therefore, newer therapeutic modalities are introduced into
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Basic and Clinical

* Epilepsy is a chronic neurological disease followed by cognitive impairment and social problems.

* 30% of patients with epilepsy are drug resistant.

* Neurostimulation concluded vagus nerve stimulation, trigeminal nerve stimulation, responsive focused stimulation

and deep brain stimulation.

* Deep brain stimulation is one of the newest ways to treat drug-resistant epilepsy.

Plain Language Summary

Neurostimulation is a new approach with many advantages for drug-resistant epileptic patients. It typically involves
low-frequency stimulation and high-frequency stimulation, and apply through vagus nerve stimulation, trigeminal
nerve stimulation, responsive focused stimulation and deep brain stimulation. The effect of electrical high and low-fre-
quency stimulation on neuronal excitability and seizure occurrence has been demonstrated in experimental models, but
the precise mechanism has not been well-known. The protective effect of neurostimulation seems mediated through

desynchronization of neural activity.

1. Introduction

ne of the most common neurological dis-

eases is epilepsy, with abnormal electrical

activity causing recurrent unprovoked sei-

zures (Sirven, 2015). Effective drug treat-

ment results in seizure freedom in about
70% of epileptic patients, although 30% of individuals
are resistant to anti-epileptic drug therapy (Neligan et
al., 2011). It is essential to identify patients with drug-
resistant epilepsy to maximize drug therapy and start
the evaluation process to see if they are candidates for
surgery or other non-pharmacological alternatives. The
International League Against Epilepsy (ILAE) describes
drug-resistant epilepsy as “failure of adequate trials of
two tolerated, appropriately chosen and used antiepi-
leptic drug schedules (whether as monotherapies or in
combination) to achieve sustained seizure freedom” (P.
Kwan et al., 2010). Seizure freedom is declared when
a patient has been seizure-free for more than a year or
has alternate seizures that are separated by a period three
times longer than the largest interval between seizures
before treatment, whichever is longer. Over 25% of
epileptic patients show signs of drug-resistant epilepsy.
(Westover et al., 2012). Poor control of their epileptic
seizures increased their risks of early death, trauma, and
psychosocial disorders while decreasing their quality of
life. Drug-resistant epilepsy may exhibit brief remissions
(4% of adult cases annually, with a higher rate in chil-
dren), although epileptic seizures are frequently seen.
(Devinsky et al., 2018). The first step in preparing for

a preoperative evaluation and setting up potential treat-
ment options in specialized units or centers is to identify
patients with drug-resistant epilepsy. Furthermore, it is
never a good idea to surgically eliminate the epilepto-
genic region. Hence, it is necessary to consider new and
different treatments for drug-resistant patients.

2. Pharmacological Treatment for Epilepsy

Seizures are based on an imbalance between stimula-
tion and inhibition. lon transporters, pumps, and chan-
nels at the cellular level regulate the influx and outflow
of positively or negatively charged ions into and out of
neurons, respectively. In turn, factors, such as voltage
or ligands binding directly to or via G protein receptors
control these pumps and ion channels. (Bean, 2007; Das-
cal, 2001; Kandel et al., 2000)

Na’, K*, Ca*, and Cl, channels, the targets of many
currently available antiepileptic medications, are the
key channels in these processes ([automated external
defibrillators] AEDs). The excitatory and inhibitory
neurotransmitters, in particular glutamate and Gamma-
aminobutyric acid (GABA), are another area of attention
for AEDs. (Kandel et al., 2000). Other active neurotrans-
mitters that modulate brain activity include mono-
amines such as serotonin (5-HT), dopamine (DA), and
noradrenaline (NA), which may influence the initiation
and progression of seizure activity. (Giorgi et al., 2004;
Stefulj et al., 2010). However, primarily targeted by any
current AED is not observed.
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In 1857, Dr. Edward Sieveking introduced potassium
bromide as the first antiepileptic drug (Clouston, 1868).
With the discovery of the antiepileptic properties of phe-
nobarbital, a new era has begun for the drug therapy of
epilepsy (Hauptmann, 1912). In 1938, following the dis-
covery of more effective drugs than phenobarbital, Tracy
Putnam et al. introduced phenytoin, which is still used
as a treatment for seizures (Merritt & Putnam, 1938).
Sodium valproate (VPA) and lamotrigine were estab-
lished in 1960 (Glauser et al., 2010). Carbamazepine
was discovered in the same decade (Meunier, 1963).
Sternbach was able to synthesize benzodiazepines in the
1960s (Browne & Penry, 1973). Following this, Henry
Gastaut showed the anticonvulsant effects of diazepam
(Gastaut,et al., 1965), and with the development of drugs
in this category including clonazepam and clobazam,
these drugs became the most effective medications in
seizure therapy (Aghdash , 2021; Silva et al., 2006).

The National Institute of Neurological Disorders and
Stroke (NINDS) in the United States launched a pro-
gram for anticonvulsant medications in 1975, ushering
in a new era of medicinal treatment for seizures. Anti-
convulsant drugs are divided into four subgroups based
on their possible mechanism of action. The first group
affecting sodium channels and reducing the channel ac-
tivity includes carbamazepine, phenytoin, eslicarbaze-
pine, and rufinamide (Rogawski & Loscher, 2004). The
second group includes the agents that block calcium
channels, such as ethosuximide, gabapentin, and prega-
balin (Meldrum & Rogawski, 2007). The third category
consists of drugs that increase GABA activity, includ-
ing barbiturates, and benzodiazepines (Sills & Brodie,
2002). The fourth class includes several broad-spectrum
AEDs that have several mechanisms of action in a wide
range of seizures (Kawn & Brodie, 2006). For example,
felbamate affects the glutamate receptors, and levetirace-
tam binds to the synaptic vesicle protein 2A (Meldrum
& Rogawski, 2007). But as mentioned, approximately
one-third of patients have shown resistance to the cur-
rent drugs, therefore new medical strategies have been
sought for these patients.

3. Neurostimulation and Brain Stimulation
History

The history of brain stimulation therapy began in 1936
when Wilder Penfield first used stimulation to treat epi-
lepsy (Penfield, 1936). After that, neurostimulation was
used to control seizures in epileptic patients by the Coo-
per group in 1974 for the first time. Although cerebellar
stimulation reduced seizures in 56% of patients (Coop-
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eret al., 1974), other controlled clinical trials showed no
advantages (Van Buren et al., 1978; Wright et al., 1984)
and the technique was greatly left. But Cooper and his
group continued to apply deep brain stimulation (DBS)
in seizure patients and finally, they reported that anterior
nucleus of the thalamus (ANT) stimulation could sup-
press abnormal neural discharge within the limbic sys-
tem. They stimulated ANT bilaterally in six patients with
drug-resistant complex partial seizures, which reported
significant clinical control of the seizures in four of these
patients (Cooper et al., 1980). After that ANT stimula-
tion was used in some clinical research (Hodaie et al.,
2002; Kerrigan et al., 2004; Lee et al., 2006a, 2006b;
Lim et al., 2007; Lim et al., 2007). In 1948, the first sil-
ver electrode was placed into the caudate nucleus of a
depressed Parkinson woman and was connected to an
implanted induction coil (Pool, 1954).

Pool et al. reported that her mood and appetite improved
eight weeks after electrode implantation. The invention
of the stereotactic devices led to less invasive and accu-
rate neurosurgery by Spiegel and Wycis in 1947 (Spiegel
et al., 1947). The discovery of the levodopa impacts on
movement disorders treatment diminished the stereotac-
tic surgery in 1960 for almost two decades (Cotzias et
al., 1967). Identification of levodopa side effects, such as
dyskinesia as well as resistance to it (Fox et al.), in 1987,
led to the re-use of thalamic stimulation by Benabid as a
renaissance of brain stimulation to treat movement disor-
ders (Benabid et al., 1987). Different brain regions have
been targeted with DBS in preclinical (Wyckhuys et al.,
2009) and clinical trials (Sprengers et al., 2017) result-
ing in variable results. Moreover, many clinical studies
including multicenter, double-blind, randomized bilateral
stimulation of the anterior nucleus of the thalamus for epi-
lepsy (SANTE) experiment of ANT-DBS in epilepsy also
confirm the efficacy (Fisher et al., 2010; Perez- Malagon
& Lopez-Gonzalez, 2021). In 2018, the U.S. Food and
Drug Administration (FDA) approved the application
of DBS in epileptic patients older than 18 years with fo-
cal and drug-resistant seizures (Fisher et al., 2010). The
results of these studies leading to ANT-DBS have been
approved (Conformité Européene) for epilepsy therapy
in Europe since 2010. Numerous studies have concluded
that hippocampus DBS is a promising treatment option
for people with drug-resistant epilepsy as a result of these
cases. (Sprengers et al., 2017; Vetkas et al., 2022).

In addition, the crucial areas of the brain undergoing
electrotherapy in humans and animals to control seizures
are the anterior and central-middle nuclei of the thala-
mus, hippocampus, caudal nucleus, substantia nigra,
locus coeruleus nucleus, cerebellum, thalamic nuclei
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and epileptic foci of the cerebral cortex (Theodore &
Fisher, 2004; Vetkas et al., 2022). According to previous
research, an epileptiform discharge, including epileptic
seizures, can be eliminated by electrical stimulation of
hippocampal slices both in vitro and in patients with
temporal lobe epilepsy. Additionally, Lesser et al. report-
ed that in individuals with clinical seizures, neocortical
electrical stimulation inhibited evoked after-discharges.
(Boon et al., 2007; Velasco et al., 2000). Therefore, ap-
plying deep electrical stimulation to control seizures is
delivered in two approaches, direct stimulation of the
epileptic center, and (a) stimulation of brain areas that
impact the excitability of the cerebral cortex and are in-
volved in the spread of seizures. Electrical stimulation is
available in a variety of forms, including DBS, VNS, tri-
geminal nerve stimulation, and stimulation of peripheral
nerves. One of the initial methods employed by the FDA
was VNS. (Lanska, 2002).

Vagus nerve stimulation (VNS)

One of the essential components of the autonomic
nervous system, the vagus nerve regulates the endo-
crine-immune nerve axis and metabolic homeostasis to
maintain homeostasis through its afferent and efferent
pathways. (Ruffoli et al., 2011). However, the key func-
tion of the vagus nerve is to mediate and convey sen-
sory information from throughout the body to the brain.
(Zagon, 2001). The right and left vagus nerves exit the
brainstem and traverse the upper chest to the diaphragm
and abdominal cavity through the neck. The sensory af-
ferent fibers leave the brainstem in the nucleus tractus
solitarius, where they convey fibers directly or indirectly
to the different regions of the brain, including the orbi-
tofrontal cortex, dorsal raphe nuclei, locus coeruleus,
amygdala, hypothalamus, and thalamus. (Krahl, 2012).

Any kind of vagal stimulation technique is called VNS.
The ability of carotid artery compression and manual
massage to prevent seizures was first discovered in the
1880s. Vagal activation was the cause of this outcome.
(Lanska, 2002). In the 1930s and 1940s, vagal stimula-
tion was used to study how VNS affected the brain sys-
tem. Studies in cats and monkeys have shown that VNS
affects brain function. Additionally, research in dogs
showed that VNS had anticonvulsant effects on dogs
that had experimentally produced seizures. (Zabara,
1992). The VNS was approved in 1997 by the FDA as
a treatment strategy for refractory partial-onset seizures
(Schachter & Saper, 1998). The success of this approach
in treating epileptic patients was proven by data gath-
ered during the first ten years of VNS application in
drug-resistant patients. After receiving VNS treatment
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for two to three years, almost 40% of patients demon-
strated a 50% reduction in seizures. (Bonaz et al., 2013).
The frequency of vagal nerve stimulation was a crucial
factor that was considered by researchers in the early
years. According to Ben Menachem et al., stimulation
of the vagus nerve at low frequencies reduced seizure
frequency by 6%, while stimulation at high frequencies
reduced seizure frequency by 25%. (Ben-Menachem &
Manon-Espaillat, 1994). Since a reduction in seizure fre-
quency of at least 50% compared to the typical patient
is typically considered when VNS is recognized as an
effective treatment. (Englot et al., 2011a).

According to a research conducted in 1998 by Hand-
forth et al., patients who received high-frequency VNS
experienced a 28% reduction in seizure frequency, while
those who received sham stimulation had a 15% reduc-
tion (Handforth et al., 1998). Amar et al implanted VNS
in 17 patients to further demonstrate the impact of VNS.
The findings showed that 57% of patients had achieved
respondent status. (Amar et al., 1998). In the earlier de-
cades, the short-term effects of vagal stimulation on sei-
zures were sought; however, long-term studies on vagal
stimulation have shown that a gradual increase in vagal
stimulation appears following an increase in implanta-
tion time (Englot et al., 2011a; Englot et al., 2011b; En-
glot, etal., 2016). Table 1 presents a summary of studies
on vagal stimulation.

The closed-loop system in VNS has received more
attention in recent years. The heart rate is more notice-
able during vagal stimulation. AutoStim, a closed-loop
feature on more recent responsive VNS (rVNS) devices,
can identify ictal tachycardia. Then, using this quick in-
crease in heart rate as a substitute indicator, clinicians
may identify seizures and administer more predeter-
mined stimulations. (Boon et al., 2015;Fisher et al.,
2016). Despite the limitation of studies in this area, 36%
to 71% of patients have reported decreases in seizure fre-
quency. (Datta et al., 2020; Hamilton et al., 2018; Raben-
stein et al., 2019; Ryvlin et al., 2021).

Trigeminal nerve stimulation

The trigeminal nerve is the largest cranial nerve with
three main branches and significant connections to the
brainstem and other brain regions including the nucleus
tractus solitarius (NTS), locus coeruleus, and reticular
formation, which are crucial for preventing seizures.
(Caous et al., 2001; Krout et al., 2002; Reeves, 2007).
An especially prominent non-invasive treatment for drug-
resistant epilepsy is external trigeminal nerve stimulation.
Numerous investigations demonstrated that the trigemi-
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nal nerve and its components have anticonvulsant effects
in animals with epilepsy. (Hoskin et al., 2001; Krout et al.,
2002; Walker et al., 1999). Trigeminal nerve stimulation
has been shown to have antiepileptic benefits on individu-
als or animals, and the frequency of stimulation affects its
success. (DeGiorgio et al., 2011; Fanselow et al., 2000).

In 2001, a pilot study began on seven people with
seizures. Preliminary findings in the first three months
after implantation of the trigeminal nerve stimulation
showed a 66% reduction in seizure frequency. Addi-
tionally, the mean seizure frequency decreased by 59%
twelve months after implantation (DeGiorgio et al.,
2009; DeGiorgio et al., 2006). Other studies in humans
also confirmed that trigeminal nerve stimulation reduces
seizure frequency. In the first phase, 13 people showed
that 42% of responders to these stimuli in the first 6 and
12 months. In the second phase, in 50 patients, the aver-
age responders reached 40.5% in 18 months after im-
plantation (DeGiorgio et al., 2013; Pop et al., 2011). In
2015, Jason Soss et al. evoked the trigeminal nerve of 35
people with seizures as follows, the 30s on, 30s off, pulse
duration of 250 s, and frequency of 120 Hz. Their results
showed that the average frequency of seizures decreased
significantly to 34.8% during one year after nerve stimu-
lation (Soss et al., 2015). See Table 2 for more studies on
trigeminal nerve stimulation and seizure treatment.

4. Responsive Focused Stimulation

In 2013, responsive neurostimulation (RNS) was ap-
proved as a therapeutic method for drug-resistant focal
epilepsy in the United States. In this method, the elec-
trodes are implanted in the center of the seizure and the
programmed stimuli are applied by the physician (Heck
et al., 2014). Consequently, responsive neurostimula-
tion suppresses the subsequent seizures (Lesser et al.,
1984). RNS also delivers electrical stimulation supported
by identified patterns which can reduce subsequent dis-
charges and prevent seizures (Motamedi et al., 2002a). Re-
sponsive neurostimulation is considered in patients with a
known seizure focus who are not surgical candidates. In
patients with multiple foci such as bipolar epilepsy, the
RNS is implanted and scheduled for electrical stimulation.

The first clinical trial for RNS was a controlled trial
that lasted twelve weeks in 191 adult patients. The out-
comes demonstrated a considerable decrease in seizure
frequency in the treatment group (37.9% decreases as
opposed to 17.3% in the control group). Initial response
rates were 29% in the treatment group and 27% in the
control group (defined as 50% or fewer seizures). (M.
J. Morrell, 2011). Another research of 111 patients with
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temporal lobe epilepsy revealed 66.5% fewer seizures
during a six-year follow-up period, 45% of patients had
been seizure-free for at least three months, and 29% of
the patients’ seizures were spaced more than six months
apart. (Geller et al., 2017). Jobst et al. administered the
RNS system to 126 patients with neocortical epilepsy,
and the results showed that the mean seizures attenuated
to 51-70%. A total of 26% of this group has been seizure
free for 6 months or more. These favorable long-term
outcomes indicate that RNS results improve over time
(Jobst et al., 2017).

The diagnosis of seizures before they happen has re-
ceived more attention in recent years. The so-called
closed-loop excitation device, responsive or adaptive
Deep brain stimulation (DBS), depends on functional
brain feedback such an aberrant non-electrographic dis-
charges. The excitation settings may be changed using
these closed-loop methods. DBS research has recently
concentrated on how to read brain activity and use it as
feedback to regulate therapeutic stimulation. (Chang et
al., 2013; Morrell, 2006). Various studies seek to find the
best algorithm (Salam, Sawan, & Nguyen, 2010; Zare et
al., 2020)

5. Deep Brain Stimulation (DBS)

DBS has been successful in treating neurodegenerative
illnesses, such as tremors, dystonia, obsessive-compul-
sive disorder, chronic pain, Tourette’s syndrome, head-
ache, eating disorders, depression, and epilepsy. It was
authorized to control specific epileptic seizure types. The
FDA has also certified and approved the deep stimula-
tion of the lateral nucleus of the thalamus, hippocampus,
and cortical regions in some epileptic situations. (Theo-
dore & Fisher, 2004).

Based on the frequency range, deep brain stimuli are
defined in terms of use as high-frequency stimuli (50
to 200 Hz), and low-frequency stimuli (1-7 Hz). Data
revealed that high-frequency stimulation (HFS) led to
a reduction in seizure incidence and interictal spikes in
epileptic patients (Laxpati, et al., 2014).

High-frequency stimulation (HFS)

To treat neurodegenerative diseases, high-frequency
electrical stimulation of the deep brain network has been
established. For instance, administering HFS to the sub-
thalamic nucleus in Parkinson’s disease or the thalamus
in tremors has been shown to have a local inhibitory ef-
fect that reduces symptoms. (Milosevic et al., 2018).
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Table 1. Evidence of VNS efficacy in epilepsy treatment

Basic and Clinical

Mean Seizure

Stud n Seizure Type Notes Follow U R
v yp P Reduction, %
Ben—Menachemlgglranon—Espa|I|at, 114 Partial High vs low stim 3m 25 (high) vs 6 (low)
Handforth et al., 1998 196 Partial High vs low stim 3m 28 (high) vs 15 (low)
Amar et al., 1998 17 Partial High vs low stim 3m 71 (high) vs 6 (low)
Parker et al.,, 1999 15 Mixed Cltteleg iy 1y 17
encephalopathy
Labar et al., 1999 24 Generalized 3m 46
Ben-Manachem et al., 1999 64 Mixed 3-64 m NR
DeGiorgio et al., 2000 195 Mixed 12m 45
Scherrmann et al., 2001 28 Mixed 2 Stim. paradigms NR 30 (overall)
Westerveld & Spencer, 2003 29 Partial 1-2y 53
Vonck et al., 2004 118 Mixed 6 m< 55
DeGiorgio et al., 2005 61 Partial 3 Stim. paradigms 3m 26 (overall)
Majoie et al., 2005 19 Mixed Cliltelizi osfis 2y 206
encephalopathy
Huf et al., 2005 40 NR Low 1Q adults 2y 26
Kang et al., 2006 16 Mixed Children 1y< 50
Ardesch et al., 2007 19 Partial 2y< 25 (at2y)
Elliott et al., 2011 65 NR Adult and children 10y< 76.3 and 80
Klinkenberg et al., 2012 41 Mixed High vs low stim 3m 16 (high) vs 21 (low)
Ryvlin et al., 2014 112 Partial 2y 23 (atly)
Boon et al., 2015 31 Mixed AutoStim trial ly NR
Fisher et al., 2016 20 Mixed AutoStim trial 1y 47.3
Pakdaman et al., 2016 44 Partial S5y 67
Liu et al.,, 2018 63 NR DUFESEET 1y 53.97
epilepsy
Lennox—Generalized
. Gastaut Syndrome LGS=41.7
Marti et al, 2020 46 (LGS). 5y GGE=64.7
Epilepsy (GGE)
1y 55
Muthiah et al., 2020 99 NR Children 2y 60
4y 52
89 Resistant-drug 1y 25.8
Russo et al., 2021 Children
Epilepsy S5y 315

Abbreviations: GGE: Genetic generalized epilepsy; LGS: Lennox-gastaut syndrome; M: Months; NR: Not reported.
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Rats’ spontaneous absence seizures were prevented
when rats were given HFS (130 Hz) in a bilateral sub-
thalamic nucleus injection. Additionally, bilateral sub-
thalamic nuclei excitotoxic injuries partially reduced
absence seizures. As a result, because the basal ganglia
system is involved in controlling generalized seizures,
HFS was developed to be utilized in the treatment of spe-
cific types of seizures. (Vercueil et al., 1998). According
to Hamani et al., status epilepticus and pilocarpine-in-
duced seizures may be prevented by bilaterally admin-
istering HFS of the anterior thalamic nucleus (the thala-
mus plays a critical role in the secondary generalization
of seizures). (Hamani et al., 2004). In addition, giving
patients with inoperable temporal lobe epilepsy high-
frequency responsive stimulation to the epileptogenic
zone or the anterior nucleus of the thalamus reduced
spontaneous seizures. (Osorio et al., 2005). After that, in
response to the afterdischarges, brief pulse stimulation
bursts were used to terminate or abbreviate them. (Mota-
medi et al., 2002b) and seizures were suppressed by re-
sponsive cortical stimulation in patients (Kossoff et al.,
2004). When used on anticipated spontaneous episodes
in the status epilepticus rat model, high-frequency hip-
pocampus stimulation increased seizure-free periods and
decreased seizure occurrence during the preictal interval.
(Nair et al., 20006).

Application of HFS (130 Hz) and (100 Hz) in the hip-
pocampus of moderately epileptic rats evoked afterdis-
charge properties and blocked the axonal conduction,
respectively, resulting in suppression of seizure activity
(Chiang, , 2013; Wyckhuys et al., 2007). Also, HFS ap-
plying to the thalami reticular nucleus significantly in-
creased latency for tonic-clonic generalized seizure and
status epilepticus (Pantoja-Jiménez et al., 2014).

High-frequency stimulation (HFS) mechanism

Based on the studies, HFS is useful in seizure treat-
ment. Nevertheless, the mechanism of seizure improve-
ment has not been fully determined. DBS, especially
high-frequency hippocampal stimulation, led to seizure
control in patients (Velasco et al., 2000; Vonck et al.,
2004) and animal models (Cuellar-Herrera et al., 2006;
Staba et al., 2002). The association between HFS perfor-
mance and desynchronized neural activity, which may
have therapeutic consequences, is the logical explana-
tion for the phenomenon. (Boon et al., 2007).

Enhancing GABAergic neurotransmission in the ven-
tral hippocampus via HFS has been shown to improve
the effectiveness of low-dose antiepileptic drugs in
lithium-pilocarpine-induced status epilepticus. (Cuellar-
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Herrera et al., 2006). These findings revealed that HFS
enhances GABAergic neurotransmission (Cuellar-Her-
rera et al., 2006).

GABA and glutamate extracellular concentration fluc-
tuations during seizures can be attributed to a deficiency
in the amino acid transporters caused by epilepsy. (Ra-
khade & Loeb, 2008). Typically, astrocytes play a fun-
damental part in clearing the synapses of neurotransmit-
ters. As a result, astrocytes may help control glutamate
and GABA concentrations during interictal discharges.
Through a Ca?-dependent mechanism, astrocytes in
epileptic tissue increase extrasynaptic glutamate and
reduce glutamate uptake, often resulting in transporter-
mediated GABA release. (Héja et al., 2009). Therefore,
drug-resistant epilepsy may modify processes involved
in the efflux of GABA and glutamate from synapses to
the blood. (Terasaki & Hosoya, 1999). Findings demon-
strated that applying HFS in the ventral hippocampus
decreased seizure susceptibility by increasing extracel-
lular GABA following the ictal episode. (Luna-Munguia
etal., 2011). Accordingly, the HFS effect is strongly im-
pacted by GABA release and GABA receptor activation.
(Wang et al., 2016).

Delivering HFS is thought to have inactivated presyn-
aptic GABA transporters, which inhibited GABA reup-
take and elevated GABA levels in the synaptic cleft. (Li,
Qadri, & Moser, 2004).

Findings indicated that subthalamic nucleus HFS
initially increased postsynaptic glutamate receptors,
including ionotropic a-amino-3-hydroxy-5-methyl-4-
isoxazole propionic acid (AMPA) receptors, ionotropic
kainate receptors, ionotropic NMDA receptors, and
metabotropic glutamate receptors activation. AMPA/kai-
nate receptor activation quickly opens Na* channels and
causes 5-enolpyruvylshikimate-3-phosphate (EPSPs) to
occur. However, a prolonged increase of glutamate con-
centration following subthalamic nucleus HFS caused
immediate desensitization of AMPA/kainate receptors
and eventually desensitize local AMPA/kainate recep-
tors (Lee et al., 2006a). Subthalamic nucleus HFS also
led to a blockade of voltage-gated Ca?* channels, persis-
tent Na* channels, and transient depression of T- and L-
type Ca*" channels (Beurrier et al., 2001).

Studies showed that HFS can alter synaptic responses
by affecting the inhibitory postsynaptic currents (IPSC)
and excitatory postsynaptic currents (EPSC). Applying
HFS to inhibitory interneurons in CAl hippocampal
slices through depolarization of interneuron and GABA
release led to IPSP elicitation (Jackson et al., 1999).
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Table 2. Evidence of trigeminal nerve stimulation efficacy in epilepsy treatment

Mean Seizure

Study Subject Model Follow Up Parameter Stim Reduction, %
Long-Evans Square current pulses (du-
Fanselow et al., 2000 hooded rats Pentylenetetrazole ration of 500 psec, current 3 78
(n=8) (PTZ) to 11 mA, Frequency 1 to
- 333 Hz)
frequency
Sorasue-Dawle (240 Hz), intensity (10 mA),
Wang et al., 2016 prag rats Y Pilocarpine duty cycle (1 min on: 4 min NR
off),
and pulse width (0.5 ms)
. Mean seizure
Sprague-Dawley  Pentylenetetrazole ~{3-hour session; 30 frequency decrease
Mercante et al., 2017 92 on, 5 min off; 30 Hz; 500 .
rats (n=40) (PTZ) . compared with
ps; 2mA)
control
Current (device setting=0 to 39
DeGiorgio et al., 2003 Human (n=2) Generalized 1,<8 mA) 76
current to 8 to 25 mA
Biphasic square wave pulse
Partial or general- (120 Hz, 250 ps, <30 s on
DeGiorgio et al., 2006 Human (n=5) org 3-6m and 30 s off, current O to 57
ized
100
mA)
P Biphasic square wave pulse
DeGiorgio etal., 2009  Human (n=5) Complex-partial/ 1y (120 Hz, 250 s, <30s on 50
generalized
and 30 s off)
. Safety of
Pop et al., 2011 Human (n=14) Complex-partlal/ external NR NR
generalized
TNS
Frequency=120 Hz and
pulse duration
, 250 ms. Active
DeGiorgioetal, 2013  Human(n=50)  Complex partial or 6m ol ST e 405
tonic-clonic frequency 2 Hz, duty cycle 2
sonand
90 s off, and pulse duration
50 ms
Complex partial
and/or (30's on, 30 s off, pulse
Soss et al., 2015 Human (n=50)  secondarily general- ly duration of 250 s, frequency 50
ized tonic-clonic of 120 Hz
seizures
Bipolar (intensity <10 mA,
Gil-Lopez et al., 2020 Human (n=50)  Focal to generalized 6-12 m frequency 120 Hz, pulse 50

duration 250 s, and duty
cycle 30 s on and 30 s off)

High-frequency electrical stimulation through 5-enol-
pyruvylshikimate-3-phosphate  (EPSPs)  depression
reduced the excitability of neurons responsible for the
antiepileptic effect. The antiepileptic function of HFS is
mediated mostly through the short-term synaptic depres-
sion of excitatory neurotransmission (Schiller & Bankir-
er, 2007). Depletion of synaptic vesicles from the pool
appears to be the most significant process relating to syn-
aptic depression. (Zucker & Regehr, 2002). Presynaptic
metabotropic glutamate receptors activation, AMPA
receptors desensitization, presynaptic voltage-gated cal-
cium channels inactivation, and saturation of glutamate

receptors are pre- and postsynaptic feasible mechanisms
contributing to synaptic depression (Schneggenburger et
al., 2002; von Gersdorff & Borst, 2002). High-frequency
electrical stimulation has also been demonstrated to re-
duce the excitability of neurons by deactivating voltage-
gated sodium channels. (Beurrier et al., 2001).

In summary, the possible mechanisms involving the
HFS action on the epileptic activity included HFS in-
creases the extracellular potassium concentration and
results in neuronal depolarization blockade (Bikson et
al., 2001; Lian et al., 2003). Elevated potassium concen-
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tration gradually inactivates Na" channels and leads to
the inhibition of action potentials initiation (Traub et al.,
1991). Also, the lasting period of after-hyperpolariza-
tion decreases the excitability of axons. This hyperpo-
larization is produced by increased activity of the Na'/
K*-pump following HFS application in the hippocampus
(Feng et al., 2014; Lu & Gean, 1998), in addition to in-
creased release or activation of inhibitory neurotransmit-
ters, such as GABA (Windels et al., 2000). Furthermore,
desynchronization of the network has a negative impact
on the synchronization and spread of paroxysmal activity.
(Mirski & Fisher, 1994; Velasco et al., 1987).

Despite the favorable and anticonvulsant effects of
HFS in epileptic patients, it also has adverse effects
(Feddersen et al., 2007; Lado, 2006). Repeated applica-
tion of HFS neutralizes its anticonvulsant effect and can
even cause seizures. In addition, laboratory and clini-
cal studies demonstrated prolonged HFS administra-
tion causes tissue damage and subsequent dysfunction
of the stimulated area. Numerous studies have demon-
strated that low-frequency electrical stimulation (LFS)
can significantly reduce neuronal activity. Following the
administration of LFS, no tissue damage has been docu-
mented thus far.

Low-frequency stimulation (LFS)

In 1980, Gaito reported that the application of LFS (1-3
Hz) before or after kindling stimuli induces strong and
sustained inhibition of seizure activity in the amygdala
kindling model and these effects last for about one month
(Gaito, 1980). In 2005, Goodman et al. demonstrated the
reduced incidence of seizures in kindled animals follow-
ing applying LHS (1Hz) during the amygdala kindling
process. They suggested LFS as a suitable treatment
method to prevent seizures in epileptic patients (Good-
man et al., 2005). The anticonvulsant effects of applying
LFS in epileptic patients have also been shown. Lim et
al. found a decrement in seizures occurrence following
hippocampal stimulation by LFS (5 Hz, 90 ps) (Lim et
al., 2010).

The anticonvulsant effect of LFS has been observed
in different seizure animal models and various areas of
the brain. For example, 1 Hz stimulation of the hippo-
campus or perforated pathway during 2 hours attenu-
ated seizures; however, it did not affect the spontaneous
seizure rate (Bragin et al., 2002). After electrotherapy of
the caudate nucleus with 4 to 6 Hz, the reduction of in-
terictal spikes and cessation of focal seizures occurred.
Improving effects in the lithium-pilocarpine model in-
dicated following subiculum electrical stimulation with
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1 Hz frequency, 0.1 ms pulse duration, and 300 pA in-
tensity (Zhong et al., 2012). Inhibition of epileptiform
activity (high K*, Low Mg*" models) reported following
Schaefer collateral electrical stimulation with a frequen-
cy lower than 5 Hz (Ghasemi et al., 2018a; Ghasemi et
al., 2019; Ghasemi et al., 2018b). Besides, a decrement
in the occurrence and duration of seizures was demon-
strated following LFS (1-3 Hz) delivery to the dorsal
hippocampus in the genetic model of epilepsy and bi-
laterally to the thalamus in the pilocarpine model (Kile
etal., 2010).

LFS mechanism

Evidence showed that LFS is effective in controlling
seizures and improving the associated cognitive impair-
ments. However, the mechanisms involved in these ef-
fects have not been fully identified. Applying low-fre-
quency stimulation appears to result in reduced neuronal
spike firing, synaptic activity alteration, and changes at
the molecular levels.

LFS can alter synaptic potentiation, synaptic strength
affected by synapses activity. Synaptic activity in-
creases strongly following the occurrence of a seizure,
consequently, leading to increased synaptic strength, a
phenomenon similar to long-term potentiation. By con-
sidering the similarities between LFS anticonvulsant ef-
fects and LFS-induced long-term depression (LTD), it
has been hypothesized that one of the most important
mechanisms involved in LFS anticonvulsant effects
may be LTD-like or depotentiation. After determining
the LFS anticonvulsant effect in 1950, for the first time,
the hypothesis of similarity between LFS performance
and depotentiation was proposed and the phenomenon
of quenching was introduced. According to the defini-
tion of quenching, it is a physiological manipulation that
has no significant effect on behavior but has a long-term
inhibitory effect on seizure severity and epileptogenesis.
Meanwhile applying LFS increases the after-discharge
threshold, which can be sustained for several weeks. The
depotentiation effect of LFS has been demonstrated in
the hippocampus of consciousness and anesthetized ani-
mals and also in brain slices (Weiss et al., 2012).

LFS modifies the neuronal function to induce LTD or
depotentiation by altering the permeability of the neuro-
nal membrane to calcium ions through NMDA receptors
or voltage-gated calcium channels in postsynaptic neu-
rons (Pi & Lisman, 2008). LFS by activating the CaM-
KII enzyme and calcineurin causes dephosphorylation
of the AMPA receptor GluR1 subunit, which leads to
synaptic activity reduction via reducing the permeability
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or downregulation of these receptors. However, the pro-
cess of depotentiation heavily depends on the activation
of the NMDA receptor and the metabotropic receptor
(mGluR5) (Lee et al., 2000).

On the other hand, the anticonvulsant effects of LFS
are mediated by known neuromodulators, such as ad-
enosine (Fujii et al., 2000) and endocannabinoids (Zhu-
Ge et al., 2007). In this regard, research has demon-
strated that the anticonvulsant effects of LFS in kindled
animals required the activity of adenosine A1 receptors
and that LFS impact on seizures was suppressed by Al
receptors antagonist. (Mohammad-Zadeh et al., 2009).
In addition, after LFS is applied to the CA1 region of
the hippocampus, adenosine receptor expression rises.
Adenosine inhibits epileptogenesis and seizure-induced
potentiation in the kindling seizure model. (Jahanshahi
et al., 2009). It has been demonstrated that some of the
anticonvulsant functions of LFS involve endocanbionide
receptors; hence administering CB1 antagonists reduced
the inhibitory effects of LFS on seizures (Mardani et al.,
2018). Another investigation showed the significance of
dopamine D2-like receptors in the anticonvulsant effects
of LFS. (Sadeghian et al., 2020). Gall and Gal3 recep-
tors have also been shown to contribute to the anticon-
vulsant effects of LFS. (Sadegh et al., 2007).

It is noteworthy that factors involved in the LFS per-
formance act through Gi protein and reduce cAMP
(Mohammad-Zadeh et al., 2009). Besides, it has been
discovered that LFS impacts gene expression of regula-
tor G protein signaling (RGS). LFS decrease and increase
gene expression of RGS4, RGS10, and RGS2 respective-
ly (RGS4 and RGS10 decrease the Gi activity whereas
RGS2 decreases the Gs activity) (Namvar et al., 2017).

Accordingly, ERK signaling also mediates the LFS an-
ticonvulsant effect. Given the wide range of the Gi and
ERK signaling pathways functions and the role of many
other signaling pathways in controlling them, it can be
argued that actions to produce LFS anticonvulsant ef-
fects include a wide range of signaling molecules that
require extensive research (Mardani et al., 2018).

In addition to the aforementioned actions, LFS can al-
ter synaptic responses by affecting the inhibitory post-
synaptic currents (IPSC) and excitatory postsynaptic
currents (EPSC). It was demonstrated that applying
LFS in kindled rats increased the GABAergic currents
(Asgari et al., 2016). Furthermore, LFS application in-
creased the interaction between GABA receptors and
phenobarbital so that even ineffective doses of pheno-
barbital could significantly increase the GABAergic

Basic and Clinical

currents (Asgari et al., 2016). Decreased glutamatergic
currents have also been observed in CA1 region of the
hippocampus following LFS application (Yang et al.,
2005). Applying LFS in kindled rats reduced neuronal
hyperexcitability. Electrophysiological properties as-
sessment showed that applying LFS in epileptic animals
attenuated the seizure-inducing neuronal hyperexcitabil-
ity in CA1 pyramidal neurons. In this circumstance, the
threshold of action potential firing was increased and the
frequency of action potential occurrence was decreased
following depolarized current application (Ghotbedin et
al., 2013). Recently, in vitro studies revealed that group 1
metabotropic glutamate receptors and alpha-adrenergic
receptors mediate the inhibitory effect of LFS applying
on epileptiform activity in CA1 rat hippocampal slices
(Ahmadirad et al., 2021; Ghasemi et al., 2021; Rezaei
et al., 2021) LFS applying improved synaptic plasticity
impairment following epileptiform activity, this effect
mediated by alphal adrenergic receptor (Ahmadirad et
al., 2019). Considering the role of different ion channels
in action potential occurrence, it seems that LFS applica-
tion has anticonvulsant effects by changing the activity
of different types of ion channels, including GABA re-
ceptors and ionotropic glutamatergic receptors.

5. Conclusion

For drug-resistant epilepsy, neurostimulation is an ef-
fective treatment option, with improvements over time
and few major complications. Long-term follow-up re-
search on RNS and DBS is promising, while VNS data
are limited. ANT DBS is more effective for focal sei-
zures and hippocampal DBS is more effective for tem-
poral lobe seizures. Successful ANT DBS in patients
with epilepsy increases connectivity in the default mode
network, increasing the threshold for seizure propaga-
tion. In addition, increased hippocampal GABA con-
centration may suppress seizures through an inhibitory
effect on the hippocampus. These findings will be con-
firmed by future studies. The electrode position, stimula-
tion parameters, epilepsy type, and stimulation duration
all affect the clinical result of DBS for epilepsy. DBS for
epilepsy may result in better results and fewer abrupt,
unexpected deaths due to recent developments in ana-
tomical targeting, functional neuroimaging, responsive
neurostimulation, and sensing of local field potentials.
DBS for epilepsy still needs to be thoroughly assessed in
confirmatory pilot studies and pivotal randomized con-
trolled trials before it can be made available to a larger
patient population. Determining the ideal targets and
stimulation parameters is still important. DBS may be
useful for patients who are not good candidates for epi-
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lepsy surgery. VNS has been demonstrated to be some-
what safe, similar to new AEDs, and effective to treat
epilepsy. There is a consensus regarding efficacy that
one-third of patients experience a significant improve-
ment in seizure control with a reduction of seizure fre-
quency of at least 50%, one-third of patients experience a
significant reduction of seizure frequency between 30%
and 50%, and one-third experience little or no effect. It
has been observed that the efficacy of VNS treatment
is improved with prolonged treatment, up to 18 months
postoperatively, unlike treatment with AEDs. Identifying
the best responders and finding optimal stimulation pa-
rameters will become easier after further analysis of larg-
er patient groups and understanding the mode of action.

The mechanisms behind the antiepileptic impact of
stimulation are still unknown, despite the growing inter-
est in the possible utility of electrical stimulation to treat
a variety of neurological illnesses, including intractable
epilepsy. Reduced excitability of neurons, enhanced in-
hibitory neurotransmission, and depression of excitatory
neurotransmission are the three main putative processes
that have been proposed.
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