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ABSTRACT

Vagus nerve stimulation (VNS) is an effective adjunctive treatment for patients with drug-
resistance epilepsy. Short and long-term VNS studies demonstrate a seizure-suppressing
effect, with a more efficacy in long-term treatment. Precise mechanisms of VNS in attenuating
seizure are not fully understood. Clarification of VNS mechanisms of action may improve
its clinical efficacy, as it may provide strategies for the development of new therapeutic
candidates for patients with refractory epilepsy. It also might be beneficial for identification of
optimal stimulation parameters. In this review article, we present some possible mechanisms

involved in anti-epileptic effects of VNS.
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Introduction

Epilepsy is a common neurological disorder
and affects about 50 million people worldwide
[1]. Most of the patients with epilepsy are
successfully controlled with antiepileptic drugs
(AEDs), however, approximately 20-40% of
patients are refractory to the available AEDs [2].
Vagus nerve stimulation (VNS) is an alternative
and promising neurosurgical method for treating
patients with refractory epilepsy [3-6]. VNS is a
low-risk surgery that involves the placement of a
bipolar electrode that is wrapped around the left
cervical vagus nerve, with chronic intermittent
electrical stimulation of the vagus nerve provided
by a remarkably small pulse generator. This pulse
generator is implanted subcutaneously in the
upper chest and is connected to the electrode.
VNS in patients usually is applied at frequency
of 20-30 Hz and a stimulation cycle with 30
seconds on, and 5 minutes off. In rats, VNS is
applied at frequency of nearly 10-20 Hz, with
duration of 0.5-1 ms; and stimulus intensity of
0.2-0.5 mA/mm?2 of nerve cross-section. Clinical

studies demonstrate more than 50% reduction
in seizure frequency in the first year of VNS
treatment in 20-40% of patients [7,8]. There are
many reports on safety and effectiveness of VNS
therapy for children and adults with refractory
epilepsy [9-14], but the precise mechanism of
action of VNS in suppressing epileptic seizures
has not been fully elucidated. The purpose of this
review is to focus on the potential mechanisms
which may underlie anti-epileptic effect of VNS.

Anti-epileptic effects of VNS

Anticonvulsant effects of VNS have been
shown both in human and in experimental
models with partial-onset seizures. It reduces
or abolishes complex partial seizures in several
animal models of epilepsy [15-18]. In penicillin-
induced focal interictal spikes, 20 s of VNS
reduced the frequency of interictal spike activity
by 33% [19]. In children [20] and adult
patients with epilepsy [21,22], chronic VNS
treatment also decrease interictal epileptiform
discharges. In addition to partial seizures, VNS
has anticonvulsant effects on generalized seizures
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of induced by pentylenetetrazol (PTZ) [23-
27], mercaptopropionic acid (3-MPA) [28,29],
maximal electroshock [29,30] and strychnine

[31,32].

VNS treatment in the majority of cases is
associated with a clear improvement in seizure
activity. Nevertheless, it does not alter or even
increases seizure activity in other cases. For
example, VNS diminished seizures induced by
kainic acid as well as by strychnine and penicillin
[16-18] in a number of animals whereas increased
seizures in other ones [16,17]. In canine PTZ
model of seizure, 1 hour of VNS did not affect
seizure threshold [33], while threshold for focal
motor seizures in the cortical stimulation model
significantly increased following 1 h of VNS [34].
Absence seizures induced by PTZ reduced by
VNS whereas absence seizures in genetic absence
epilepsy rats from strasbourg (GAERS) did not
affect by VNS [4,35,36] and even prolonged the
duration of the abnormal EEG pattern at the
first day of stimulation. VNS also is ineffective
in nearly one-third of patients with epilepsy
[6,9,37,38]. This variability of the response to
VNS have been suggested to be due to difference
in vagus nerve activation, genetic variability in
the number of noradrenergic neurons which may
be associated with an alteration in NE released
levels and synaptic efficacy within noradrenergic
neuronal networks [39]. It also might be due
to a difference in stimulation parameters.
For instance, VNS application with stimulus
intensities of that activate mainly myelinated
vagal fibers (A and B fibers) has been found
to reduce the excitability of more number of
cortical neurons than the intensities that recruit
nonmyelinated fibers (C fibers) [40]. Stimulus
intensity also seems to be an effective feature
in NE release (an critical neurotransmitter
mediated in therapeutic effects of VNS) from
Locus coeruleus (LC) neurons, since stimulation
at 0.25 mA had no effect on NE concentrations,
while the 0.5 mA stimulation increased NE
concentrations significantly in the hippocampus
and stimulation at 1.0 mA significantly increased
NE concentrations in both the cortex and
hippocampus bilaterally [41]. In addition to
stimulus intensity, frequency can also affect VNS
efficacy for epilepsy. For example, a rat study
showed that optimal frequency for inhibition of
spike-and-wave seizures is in the range of 130-
180 Hz compared to the 30 Hz VNS applied in
the clinic [42].

VNS application in different time points might
also affect efficacy of the therapy for epilepsy. For

example, Rijkers et al reported that a single three-
minute pulse of VNS, 1 min before amygdala
kindling and for 2 min later decrease seizure
duration, whereas the latency of generalized
seizures onset enhanced in a subpopulation of
the rats [43]. In another study, application of
VNS immediately after the kindling stimulus
indicated anti-convulsant effects in rats [5].
Moreover, 1 h of VNS treatment before the
kindling in rats induced a delay in generalized
seizure activity [44] whereas application of VNS
2 h prior to the kindling stimulus did not affect
the kindling rate in rats compared to controls
[5]. In another study, VNS when was applied
simultaneously with the kindling stimulation,
did not affect seizure severity [45]. These findings
suggest that VNS could be more effective as
treatment is started in very early stages before or
after seizure induction.

VNS application in early stages after amygdala
kindling has also been found to induce a delay in
seizure development, but once animals reached
to a more severe stage VNS do not affect seizures
[46,47], suggesting VNS can stop seizures
progression, but it cannot suppress seizures
when they start. Efficacy of VNS for seizure
control also increases over time. For instance,
follow-up of 26 patients during 5 year revealed a
28% reduction in seizure frequency at 1 year that
reached to 72% at 5 years [48].

Anti-epileptic mechanisms of action of VNS
m Desynchronization

Desynchronization  of  neuronal  activity
initially was hypothesized to be a mechanism
of action of VNS. The hypothesize arise from
several studies that demonstrated VNS can
lead to EEG desynchronization [49-53]. Such
desynchronization  typically illustrates an
arousal state and is opposite to EEG neuronal
hypersynchronization observed during seizures.
Hence, it was assumed that desynchronization
of these hyper-synchronized neuronal activities
would result in anti-epileptic effects of VNS
[54]. VNS has been reported to be both EEG
desynchronizing and synchronizing, depending
on the stimulation parameters used [50,55,56].
Experiments on cats showed that the effect
of VNS on EEG is frequency dependent and
is related to the activation of certain fibers at
different frequencies [57]. VNS at frequencies
more than 70 Hz and intensities above 3 Volts
is desynchronizing. Lower frequencies (20 to 50
Hz) and higher voltages were also found to cause
EEG desynchronization [58]. Also, VNS at 1 to
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15 m/s has been shown to be desynchronizing

(51].

Early studies revealed that VNS, in contrast to
animals, acutely do not affect EEG in human
[59]. However, the evaluation of long term effect
of VNS showed an alternating synchronization
and desynchronization of EEG, with the
desynchronization that progressively become
dominant over synchronization [60].

m VNS effect on alertness and sleep

Chronic VNS has been found to improve
alertness in patients with refractory epilepsy
[61,62]. Arousal states have been found to
considerably increase seizure resistance [63,64].
Indeed, there are evidence that show seizures may
occur preferentially during sleep [65-67] with a
rarely occurrence during rapid eye movement
(REM) sleep. In fact, REM sleep has showed a
strong anti-epileptic effect against focal interictal
discharges as well as focal and generalized seizures
[68]. Chronic VNS has showed an increase in
REM sleep [69] and has been associated with an
anticonvulsant effect [70].

Anti-epileptic effect of both alertness and
REM sleep has hypothesized to be due to a
desynchronized EEG pattern which is associated
with a reduction in occurrence of spatial and
temporal summation of aberrant depolarizations
[68,71]. Since neocortical synchronization
is controlled by the activities in cholinergic,
norepinephrinergic and serotoninergic
ascending systems [72], thus VNS effects on
EEG desynchronization in REM sleep and
alertness might be through modulating these
systems. Indeed, cholinergic, serotonergic,
noradrenergic and dopaminergic networks
originating in the pons and midbrain are
considered to be modulators of arousal [73].
An interaction of between epinephrine and
ascending vagal fibers in modulating arousing
events has also been reported [74]. A role of
cholinergic system in VNS-mediated arousal
state might be due to activation of nucleus
basalis (NB). Because VNS activates NB [75]
and NB activation has been shown to promote
arousal state and suppress seizure activity
[76,77]. 'The relationship between VNS
effects and cholinergic system is also described
by the study in which topical application
of scopolamine to exposed feline cortex
produced seizures whereas physostigmine
(an acetylcholinesterase inhibitor) prevented
development of seizures [78].

Vagal nerve stimulation for refractory epilepsy: a brief review R@view

= Norepinephrine

The LC is considered to be a crucial structure
in the seizure-suppressing effects of VNS,
since inactivation or bilaterally lesioning of LC
prevents VNS attenuating seizures in the maximal
electroshock model [30]. The LC is major source
of noradrenergic neurons in the brain [79] and
sends direct projections to the hippocampus
where epileptic seizures in temporal lobe
epilepsy (TLE) frequently originate [80]. Acute
VNS produces an increase in the LC activity by
24% or 33% above baseline whereas chronic
VNS produces substantial activation of the LC
neurons [81,82]. VNS-induced hyperactivity of
the LC neurons increases extracellular NE levels
in the hippocampus [15, 41], amygdala [83] and
cortex [41] in rats. NE is considered to play a
critical role in effectiveness of VNS therapy
[30,84]. In a study in the canine PTZ model
of seizure, 1 h of VNS induced a significantly
increase in NE levels in the CSF, but did not
affect seizure threshold in these animals [33].

NE decreases the activity of hippocampal
pyramidal neurons [85,86]. Furthermore,
chronic VNS has been reported to increase
tonic activation of «2-adrenoceptors onto
hippocampal pyramidal neurons [87] and
blockade of these receptors reverses VNS-
induced seizure suppression [39]. This suggests
a link between enhanced noradrenergic signaling
and seizure suppressing effect of VNS.

= Serotonin

A profound loss of serotonin (5-HT) throughout
the brain [88] (except in the striatum) in a rat
model of myoclonic epilepsy as well as an
enhanced levels of 5-HT in an atypical absence
model of AY9944-treated rats [89] has been
reported in previous studies, suggesting a
disturbed serotonergic transmission in epileptic
states. Serotonergic transmission possibly play
an important role in seizure suppressing effect
of VNS, since destruction of serotonergic
neurons in dorsal raphe nucleus (DRN) prevents
antiepileptic effects of VNS in PTZ-induced
seizures in rats [90]. It has been shown that
serotonergic neurons in the DRN are hyper-
activated after VNS application [81,91-93].
Indeed, VNS has been found to promptly
enhance firing rate of the LC neurons after
only 1 h and secondarily increase the firing
rate of serotonin neurons after 14 days [81].
The delayed increase in neuronal activity of
serotonergic neurons following chronic VNS
might be, at least partly, responsible for greater
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efficiency VNS over time. The stimulatory effect
of VNS on firing rate of serotonergic neurons is
NE-dependent and is mediated via an activation
of their oal-adrenoceptors.  Additionally,
selective lesioning of the LC suppresses hyper-
activity of the serotonin neurons by VNS
[92,93]. VNS-induced hyper-activity of the
serotonin neurons increases the release of 5-HT
in the vicinity of DRN 5-HT cell bodies [81,87].
Hence, alteration in firing activity of serotonin
neurons might be due to an increased 5-HT in
DRN that change the sensitivity of 5-HTIA
somatodendritic autoreceptors on serotonin
neurons. A short term increase in 5-HT content
of the DRN by antidepressant drugs activates
these autoreceptors and decreases their firing
activity [94], but long term increased 5-HT
levels in DRN by these drugs desensitizes the
autoreceptors and restores firing rate of serotonin
neurons to normal levels [95]. Surprisingly,
sensitivity of the autoreceptors do not affect
by chronic VNS [81].This suggest that other
mechanisms might be involved in hyper-activity
of DRN serotonin neurons following VNS.

Enhanced firing rate of serotonin neurons would
be expected to enhance release of 5-HT in
projection areas of the serotonin neurons such
as the hippocampus and cortex. VNS, however,
does not alter 5-HT levels in the hippocampus
[15] and cortex [86].

Chronic VNS has been demonstrated that
increases 5-hydroxyindoleactic acid (5-HIAA; a
marker for serotonin activity) levels in cerebral
spinal fluid of epileptic patients [96]. VNS-
induced hyper-activity of serotonin neurons and
elevated levels of 5-HIAA in the CSF despite
unaltered 5-HT contents in the hippocampus and
cortex might represent increased rates of 5-HT
turnover by VNS. A modification in sensitivity
of serotonergic terminal autoreceptors (5-HT1B;
which regulate the amount of neurotransmitter
released) [97] might also be involved in the firing
activity changes in DRN serotonin neurons as
well as the observed unaltered 5-HT levels in the
hippocampus and cortex. Together, these data
suggest that VNS might normalize a possible
disturbed levels of 5-HT in structures involved
in seizure generation, thereby contributing to
seizure suppression.

= Dopamine

The vagus nerve impairment lead to the
inhibition of dopamine (DA) in the brain
structures [98]. This event suggests that vagus
nerve function is necessary for normal action of

dopamine system in the brain. This is supported
by study that demonstrates VNS therapy in a
rat model of schizophrenia restores aberrant
mesolimbic dopamine signaling [99]. In this
schizophrenia model, hippocampal hyperactivity
was associated with dopaminergic system
dysfunction. VNS reduced the hippocampal
hyperactivity, decreased hyperactivity of ventral
tegmental area (VTA) and normalized DA levels
in the hippocampus. Indeed, there is evidence
that hyperactivity within the hippocampus lead
to aberrant mesolimbic dopamine signaling [99-
103]. These findings suggest that a hippocampal
hyper-excitability in limbic seizures (which are
most often complex partial seizures) might be
associated with aberrant dopamine signaling
[104] and VNS therapy is likely to exert an
anticonvulsant  effect through normalizing
activity of mesolimbic system. Acute VNS has
been shown that do not affect DA levels [105].
While chronic VNS enhances extracellular
DA levels in the prefrontal cortex and nucleus
accumbens, despite a significant reduced firing
activity of VTA neurons [87]. This suggests
that an increased extracellular DA, at least in
the cerebral cortex, after chronic VNS is not
dependent to dopaminergic system activity.
Indeed, it has been found that extracellular DA
in the cerebral cortex originates not only from
dopaminergic terminals but also most often from
noradrenergic neurons where DA is co-released
with NE [106-108]. An elevated DA levels in the
frontal cortex following chronic VNS, despite
VTA hypo-activity, might contribute to VNS-
improved cognitive performance, since normal
cognitive function appear only within a restricted
range of dopaminergic and noradrenergic activity

[109-114].
= VNS effect on neuronal excitability

A significantly increased threshold for focal
motor seizures induced by cortical electrical
stimulation in rats following 1 h of VNS
suggests a modulatory effect of VNS on cortical
excitability [34]. VNS has been suggested that
can modulate neuronal excitability through an
activation of muscarinic receptors [115] and
increased inhibition of cortical neurons [40,116].
Acute VNS increases the excitatory synaptic
transmission at perforant path-granule cells
(GCs) synapses and decreases hippocampal GCs
excitability [117]. It increases excitatory synaptic
transmission in the hippocampal CA3 area
through activation of the LC and B-adrenergic
receptors since lesions of LC neurons or the
B-adrenergic receptor antagonist prevents the
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enhancement in synaptic transmission of CA3
neurons by VNS [118].These data suggest that
the increased excitatory synaptic transmission
and the reduced GC excitability is likely to
contribute to efficacy of VNS treatment for
learning deficits and epilepsy especially in limbic
epilepsy, respectively.

Anticonvulsive effect of VNS also might, in part,
be via an NO action on neuronal activity. Since,
inhibition of NO synthase (NOS) in rats has been
shown to reverse the inhibitory effect of VNS on
amgydala-evoked responses of neurons in medial
prefrontal cortex [119]. This effect is likely to be
through an inhibitory action of NO on glutamate
release, because pharmacological inhibition of
NOS induces interictal discharge activity in
somatosensory cortex and the CAl region of the
hippocampus through an interaction between NO
and glutamate system [120].

The LC stimulation increases NE release in
the cerebral cortex [121] and is associated
with the enhancement of cortical neuronal
activity [122,123]. 'The increased cortical
neuronal activity has been suggested that result
from crosstalk between NE with neurons,
astrocytes and arterioles [124-126] which
lead to a hyperemic response to activation of
the LC-NE pathway. Since there is evidence
regarding reduced neuronal activity by VNS
treatment in epileptic states, hence VNS might
modulate crosstalk between neurons, astrocytes
and arterioles through LC-NE pathway so
that cortical neurons produce a pronounced
increase in the inhibition compared to excitation

[40,116].
m VNS effect on inflammatory responses

There is growing evidence that epilepsy is
associated with inflammatory responses and with
increased levels of cytokines [127-130]. The effect
of VNS on inflammatory responses has been
demonstrated in several studies. VNS decreases
systemic  inflammatory  responses  through
inhibition of the release of tumor necrosis factor
(TNF) from macrophages and prevents the
development of shock duringlethal endotoxaemia
in rats [131]. In contrast, vagotomy significantly
increases the release of TNF and promotes the
development of shock [131]. Anti-inflammatory
effect of VNS in this study was mediated via
an action of acetylcholine (the principle vagal
neurotransmitter) on nicotinic acetylcholine
receptor alpha7 subunit of immune cells that
inhibits macrophage TNF release [132]. In
patients with refractory epilepsy, long term VNS
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treatment (6 months) significantly decreases
IL-8 induction [133]. VNS also regulates the
immune system via alteration in cytokines levels
and rebalancing the release of pro-inflammatory
and anti-inflammatory cytokines in patients with
refractory epilepsy [134].

Activation of anti-inflammatory responses by
VNS has been associated with its neuroprotective
effects on the hippocampal neurons [135]. This
neuroprotective effect of VNS may mediate
through an interaction of NE and NOS. Since
a decreased level of NE is associated with NOS2
expression within cortical neurons which in
turn, lead to neuronal damage and increased
inflammatory responses? These responses were
reversed by alpha2-adrenergic antagonist [136].
Anti-inflammatory effects of VNS may also
be exerted via suppression of NOS2 in glial
cells mediated by NE [137]. Since both NOS
inhibition and NOS expression are associated
with an aggravated seizure state, hence NE might
play an essential role in the expression of normal
NOS levels in the brain.

m VNS effect on GABA and glutamate
systems

A possible mechanism by which VNS appears
to exert anti-epileptic effects might be through
a reduction in damage to GABAergic inhibitory
neurons within the cerebral cortex and possibly
the hippocampal formation [138]. In addition,
in patients with partial epilepsy, VNS causes an
increase in the inhibitory neurotransmitter levels
of GABA in the CSF [96] and normalizes cortical
GABA-receptor density [139]. VNS treatment
in another study did not alter GABA levels in
the hippocampus [15]. These data suggest an
enhanced GABAA receptor-mediated neuronal
inhibition may contribute to the therapeutic
efficacy of VNS.

VNS also might affect glutamate system in
epileptic states. Because it has been reported that
VNS causes a reduction in glutamate levels in the
CSF of patients with partial seizures [96]. Since,
epilepsy is associated with an excessive increase in
glutamate (main excitatory neurotransmitter in
CNS) levels; reduced glutamate content in the CSF
suggests an anti-epileptic effect of VNS through
modulation of glutamate release. Thus, it is possible
to hypothesize a neuroprotective role for VNS,
probably via reduced glutamate release.

= Neuronal plasticity

VNS increases expression of fibroblast growth
factor and brain derived neurotrophic factor
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(BDNF) in the hippocampus and cortex of rats
[140,141]. There is evidence that suggest reduced
levels of neurotrophic factors, most notably
BDNF contribute to the hippocampal atrophy
(HA) and memory impairment in Alzheimer
disease and depressed patients [142,143].
Furthermore, the HA has been hypothesized
to be a common pathogenic mechanism of
TLE [143] and side of seizure onset in TLE
has been suggested to be correlated with degree
of hippocampal atrophy [144]. Hence, an
elevated expression of BDNF by VNS therapy
might reduce seizure occurrence and improve
epilepsy-related disorders (including mood as
well as learning and memory impairments)
through decreasing hippocampal atrophy
(HA is caused due to an increased neuronal
damage).

VNS for 2 days is also associated with elevated
stem cell proliferation (neurogenesis) in
hippocampal dentate gyrus in the adult rat,
possibly in part, via an altered noradrenergic
activity [145]. Moreover, 3 h of VNS increased
the cell proliferation in rat hippocampus that was
apparent 24 h and 3 weeks later [140]. However,
chronic VNS for 1 month did not change the
number of proliferating cells [140].

Hippocampal sclerosis is a frequently pathology
in patients with TLE characterized by extensive
gliosis with a combination of selective neuronal
loss in neuronal loss in hippocampal CA1-4
subregions [146]. A partial loss of excitatory
inputs from CA3 to CA1 region due to epilepsy-
induced neuronal loss reduces excitatory
drive to inhibitory interneurons in stratum
lacunosum-moleculare of CAl which, in turn
resultin CA1 hyper-excitability [147]. Chronic
VNS has been found to induce an increased
expression of BDNF in the hippocampal CA3
region [140] which may serve to re- enervate
inhibitory interneurons through formation of
new neuronal connections [148], and thereby
may contribute to anti-seizure effects of VNS.
BDNF also induces sprouting of serotonergic
fibers in the hippocampus that might be
contribute to seizure suppressing effects of

VNS [149].

A role of NE and serotonin has been
demonstrated both in progenitor proliferation
[150,151] and in neuronal sprouting [152, 153],
hence VNS-induced neuronal plasticity might
be mediated through altered neurotransmission
of NE and serotonin.

Possible structures involved in VNS
mechanism of action

Identification of the structures activated by VNS
might be effective to clarify the antiepileptic
mechanism of VNS, possibly via recognition of
inhibitory pathways activated by VNS.

= Thalamus

The thalamocortical network has a capacity to
generate both physiological and pathological
rhythmical activity, including sleep spindles
and spike—wave discharges [154,155]. VNS
might modulate activity of this network by
disrupting the genesis of pathological rhythmical
activity and, thereby control seizure activity.
An increased fos (a marker for high neuronal
activation) expression has been reported in the
thalamic habenular nuclei following VNS [156].
VNS in cat enhances cellular firing rate in the
contralateral ventro-postero-medial nuclei of the
thalamus [157]. Positron emission testing (PET)
studies in human have showed that both high
and low levels of VNS increases regional cerebral
blood flow (rCBF) in thalami [158-160]. In a
study performed on five patients with complex
partial seizures, VNS led to activation of the frontal
and occipital lobes in all patients. In this study,
activation of the thalamus was observed only in the
two patients, but with an improvement in seizure
control [161]. Indeed, it has been suggested that
there may be a relation between thalamic activation
and a desirable seizure control. Supporting this idea
is a PET study that showed an increase in thalamic
blood flow of patients with epilepsy in response
to VNS is associated with improvement in seizure
control [160].

m Cerebellum

There is evidence that show cerebellum is involved
in modulating seizures [162,163]. Several studies
have reported an effect of VNS on the cerebellum.
In a study, VNS caused a significant increase
in rCBF of ipsilateral cerebellum in epileptic
patients [164]. In another study in rabbits, VNS
produced field potentials in the ipsilateral and
contralateral nodulus and uvula of the cerebellar
vermis [165]. A beneficial role of cerebellar
vermis in reducing seizure activity is supported
by the study that demonstrated cerebellar vermis
stimulation in anesthetized cats decrease focal
penicillin-induced seizures [166]. Since the LC
bilaterally projects to the cerebellum [167,168],
the cerebellar effects of VNS are likely mediated
by the LC activation.
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= Nucleus solitaries

Anticonvulsant effect of VNS also might be
exerted through nucleus of the solitary tract
(NTS). NTS receives afferents from vagus
nerve which, in turn, send projections to many
regions, including the LC, DRN, thalamus,
amygdala, forebrain, and through medullary
reticular formation to other cortical regions [58,

169-173].

Chronic VNS significantly increases staining of
AFosB bilaterally in tractus solitaries [174,175].
VNS in rats has been found to cause inhibition
of the NTS correlated with reduction of glucose
metabolism in this structure [176]. A hypo-
activity role of NTS in suppressing seizure activity
is supported by data obtained from the study
that show the administration of GABA agonist
or glutamate antagonist (for enhancing GABA
transmission or inhibiting glutamate transmission,
respectively) in the mediocaudal nucleus solitarius
lead to seizure suppression [177].

= Cortex

Several studies have shown VNS effects on the
cerebral cortex. In a study performed on five
patients with complex partial seizures, VNS led
to activation of the frontal and occipital lobes in
all patients [161]. In another study in rats, VNS
caused a reduced glucose metabolism in frontal
and parietal cortices, suggesting an inhibition in
these structures [176]. In dogs, acute microburst
VNS (a novel stimulation paradigm) produced
a significant hypoperfusion in the left frontal
lobe and in the right parietal lobe [178]. The
LC provides the majority of noradrenergic
innervation to the cortex. The LC projections to
the cerebral cortex are predominantly ipsilateral
[167, 168]. Hence, VNS possibly modulates
cortical activity and blood flow through LC
projections to this area.

m Limbic structures

Limbic structures are known to be involved early
in the propagation of abnormal neuronal activity
through the epileptic network underlying
complex partial seizures. These structures
include hippocampus, amygdala, hypothalamus,
cingulate gyrus, parahippocampal gyrus and
septal area [179]. VNS has been found to
affect most limbic structures. For instance,
VNS increases fos expression in amygdala and
cingulate gyrus [156]. It also causes a significant
change in blood flow of cingulate gyrus [180].
PET studies in human have showed that both
high and low levels of VNS increases cerebral

Vagal nerve stimulation for refractory epilepsy: a brief review R@view

blood flow in hypothalamic and insular cortices
[158,159]. Reduced glucose metabolism in the
hypothalamus has also been reported by VNS
therapy in rats [176], suggesting an inhibition
of this structure. Another study, demonstrated a
significant hypo-perfusion in the right and left
parahippocampal gyrus [181]. A reduction in
blood flow of the hippocampal region has also
been described in several studies [160,182, 183].
A hypo-perfusion state is linked to decreased
neuronal activity and functional inhibition
[184,185] and may reflect a suppression of
seizure propagation.

Conclusion

Although the precise mechanisms of VNS in
suppressing seizure are not fully understood,
it is thought to involve vagal afferents to the
NTS, which in turn, projects to the LC. Both
the structures have widespread projections to
the brain, thereby modulating neuronal systems
involved in seizure generation and propagation.
Multiple processes work together to be mediated
anti-epileptic effects of VNS. These include
increased activity of the LC neurons with an
elevated NE release in the hippocampus and
cortex as well as amygdala, the hypo-activity
of VTA neurons with a possible normalization
of DA levels in the hippocampus, the hyper-
activity of DRN serotonin neurons with an
increased level of 5-HT in DRN and a possible
normalization of 5-HT levels in other brain
structures, the activation of anti-inflammatory
and neuroprotective responses, activation of
adrenergic signaling pathway, VNS-modulatory
effects on other neurotransmitter systems such
as cholinergic, GABAergic, glutamatergic and
NOergic. These effects are dependent to the
activation of LC-NE pathway.

It seems that VNS could be more effective
as treatment starts at early stages before or
after seizure onset. It thus may important to
determine the preventative role of VNS in
human epileptogenesis when the treatment
begins at the early stages of disease. Surprisingly,
a retrospective study has recently showed that
outcome of drug therapy is comparable to
VNS therapy [186]. Although further studies
are needed to determine optimal stimulation
parameters, there are two convincing
explanations for more advantage of VNS therapy
than available AEDs used. First, VNS treatment
is effective in approximately more than 50%
patients with refractory epilepsy which do not
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respond to AEDs. Second, epilepsy- related long-
term morbidities including enhanced incidence
of depression as well as learning and memory
impairment may progress despite sufficient
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