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Abstract

Epilepsy has a well-established connection with many comorbid disorders, including depression,
neuropathic pain, psychosis, anxiety, and schizophrenia. In particular, a correlation between
epilepsy and Functional Neurological Disorder (FND) is emerging. In this paper, a possible
explanation for FND arising as a comorbidity of epilepsy is explored. Seizures have long been
known to alter brain function. Excitotoxic damage has proven to be a likely candidate for the
causation of some of the previously listed comorbidities. Specifically, seizure-induced alterations
of gamma-aminobutyric acid (GABA), a primarily inhibitory neurotransmitter, may be
implicated in the development of this disorder. GABA affects — and is affected by - other
neurotransmitters such as dopamine and cortisol, both of which may play roles in developing the
disorder and cementing FND-related neural pathways. Disruption of the inhibitory/excitatory
balance between GABA and glutamate has previously been implicated in movement disorders
and motor tics. Such disorders have a particular relation to structures of the basal ganglia.
Injections of GABA antagonists into particular areas of the basal ganglia can cause decreased
binding at GABA receptors and elicit motor tics. Therefore, seizure-related alteration of GABA
function in these structures may provide a mechanism for the development of FND in epileptic
patients. Furthermore, the altered function of these receptors could provide a role for anti-
epileptic drugs (AEDs) in catalyzing this disorder. Seizure-induced alterations in the brain may
have the capacity to induce FND, and AEDs may exacerbate or catalyze this disorder. It is often
assumed that FND symptoms arise due to stress. This review will also explore why this may not
always be the case.
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Introduction

According to the 5™ edition of the Diagnostic
and Statistical Manual of Mental Disorders,
Functional Neurological Disorder (FND) is
defined as the presence of one or more
symptoms of altered voluntary or sensory
function, with clinical findings showing the
symptoms to be incompatible with recognized
neurological or medical conditions (1). One of
the greatest established risk factors is stress (2);
consequently, FND often falls into the space
between neurology and psychology, and
therefore receives little attention. Furthermore,
causes outside of excessive stress, post-
traumatic stress disorder (PTSD), childhood
trauma, and propensity to anxiety are rarely
considered. FND symptoms can differ from
case to case, presenting with neurological

symptoms including but not limited to
dissociative  seizures, dystonic posturing,
paralytic  episodes, tic-like = movements,

abnormal gait, sensory issues, and myoclonic
jerks. Depending on the severity, FND can
have a significant impact on quality of life, and
therefore deserves greater attention from the
medical community.

The body of research on the mechanisms
behind symptoms is limited; however, the
disorder has been related to alterations in white
matter and gray matter (3,4). Specifically, in
patients with FND, a lower volume of the left
sensorimotor cortex was observed, whereas a
greater gray matter volume was observed in the
left amygdala, left putamen, left caudate
nucleus, left cerebellum, left parahippocampal
gyrus, and bilateral thalami. There was also a
greater volume of the left striatum (5),
indicating alteration of these structures in FND.
FND has also been linked to differences in
white matter, including a loss of integrity in the
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stria terminalis/fornix, medial forebrain bundle,
extreme capsule, uncinate fasciculus, cingulum
bundle, corpus callosum, as well as changes in
projections from the striatum to the postcentral

gyrus (4).

Dysregulation within neurotransmitter systems
have also shown correlations with FND. A
study to test dopamine's role in reward error
prediction found that dopaminergic neurons
fire when learning a reward association, but
stop firing once the association is fully learned
(6). The contemporary motor model predicts
that motor action follows a feed-forward model
of sensory prediction of movement. Therefore,
an error in this system may lead to functional

symptoms (7). Another study found
connections between dopaminergic
dysregulation and FND, predicting that

alterations in dopaminergic neurons in the
periaqueductal gray matter could be a potential
cause for the development of FND (8). This
supported by functional magnetic
resonance imaging studies showing increased
functional connectivity between emotional and
motor control circuits in patients with FND (9).
In particular, these studies highlighted the
previously established link between
dopaminergic projecting in pathways involving
the hippocampus and cerebral cortex projecting
to the basolateral amygdala and then to the
dorsal and ventral striatum. They also
identified a pathway involving the central
nucleus of the amygdala and terminal striae of
the basilar nucleus, receiving projections from
the basolateral amygdala, and then projecting
to gray matter. These data suggest motor
control circuit dysfunction and errors in reward
prediction as a possible mechanism for the
development of FND (8). This hypothesis
supports associations between FND and high

was
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levels of stress, childhood trauma, propensity
to anxiety, or PTSD. However, there has not
been a conclusively accepted model for the

pathophysiology of FND, and therefore,
additional research is needed to examine
current and future proposals for the

pathophysiology of the disorder.
Discussion

Excitotoxic damage

Prolonged or frequent seizures have been
associated with elevated glutamate levels,
which can lead to neuronal death or damage.
Chronic seizures are known to cause changes in
the expression of glutamate receptors and
uptake transmitters which can contribute to
epileptogenesis (10). Further, repeated synaptic
activation is associated with the triggering of
rapid Immediate Early Gene (IEG) synthesis.
These genes are implicated
plasticity as well as synaptogenesis (11),
making their activation a possible mechanism
in the development of comorbid disorders
following status epilepticus or chronic seizures.
In comorbidities such as neuropathic pain, the
dysregulation of IEGs is highly maintained
(12). Glutamatergic excitotoxicity can lead to
long-term changes in activity-dependent IEG
expression (10).

In  neuronal

Furthermore, ictal activity is associated with
alterations in protein expression in the brain.
Mesial temporal lobe epilepsy results in an up-
regulation of the proteins DJ-1, SPR, BASPI,
a-Inx, AADC, CLCA, and CLCB in the right
hippocampus, which are all related to
dopamine synthesis. However, an overall
decrease was observed in DJ-1, SPR, AADC,
B-synuclein, BASP1, CLCA, CLCB, SNAP25,
o-Inx, and STMNI1, all of which are involved
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in dopaminergic pathways (13). This alteration
in dopaminergic networks following seizures
may provide a new mechanism for instigating
FND. Somatostatin, a neurotransmitter found in
GABAergic neurons in the dentate gyrus, is
critical to the function of this structure.
However, its levels are very sensitive to
excitotoxicity. The dentate gyrus plays a

critical role in the regulation of
inhibitory/excitatory =~ networks in  the
hippocampus and how the hippocampus

influences the limbic system (14). This implies
that seizure-induced alterations in somatostatin
in the dentate gyrus may disrupt GABAergic
and  glutamatergic  regulation, thereby
predisposing epileptic patients to FND.

Seizures have also been linked to alterations in
the way the brain processes cortisol; moreover,
elevated levels of cortisol are a proposed
trigger for FND symptoms. Studies done on
mice show that pilocarpine-induced seizures
create profound alterations in the brain circuits
responsible for stress reactivity, thus leading to
sharply glucocorticoid
following even minor stress. This is connected
to increased rates of anxiety and depression in
people with epilepsy. Both stress and seizures
are capable of modifying cortisol levels (15).
Using neuroimaging, stress has also been
linked to higher activation in the basal ganglia
structures such as the ventral striatum and the
left insula/putamen and the
prefrontal and the orbitofrontal cortex in men
(16). Furthermore, elevated levels of cortisol as
a response to stress have been linked to the
deactivation of certain structures of the limbic
system, including the hippocampus,
hypothalamus, medio-orbitofrontal cortex, and
anterior cingulate cortex (17). Given that both
stress and seizures have the capacity to alter

elevated levels

in  women
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function in the brain, they may both provide a
mechanism for the development of functional
neurological disorders.

GABA receptors and subunits

GABA is the primary inhibitory transmitter in
the brain, and along with glutamate, plays a
prominent role in the pathology of epilepsy
(18). GABA analogues have been used to
identify three primary types of GABA
receptors: GABA., GABAjs, and GABAc.
GABA, receptors can be modulated by
benzodiazepines, barbiturates, and steroids as
well as selectively blocked by bicuculine. They
are anion selective, leading subunits to generate
a hyperpolarizing current of CI" when activated,
generally decreasing excitability (19). GABAs
receptors respond to baclofen and CCGP27492
with a selective upregulation in activity and
respond to phaclofen with a selective decrease
in activity. They are metabotropic receptors
that activate to rectify K' gradients as well as
inhibit high voltage activated Ca*" ion channels
(20). GABAC receptors respond only to certain
GABA analogues in a folded conformation. A
methylphosphonic acid analogue in a partially
folded configuration selectively antagonizes
these receptors (21). In contrast to both
GABA, and GABAjg receptors, GABAc
receptors have been a target for any current
AEDs, AEDs in development, or proposed
medications.

Of these receptors, GABA functions as the
primary target for most AEDs. They work
through five different subunits per receptor.
The various subunits include six o (al to a6),
four B (B1 to p4), three y (y1 to y3), one o, one
g, one 0, one m, and three p (pl to p3),
comprising twenty different subunits (19).
Depending on both location and arrangement
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of these receptors, they may exert inhibition
phasically and/or tonically. Arrangements
located extra-synaptically primarily inhibit
tonically whereas those located synaptically
inhibit phasically. Different configurations can
come together to alter the kinetics,
pharmacology, trafficking, and location of the
receptor (22).

GABAg receptors, as previously mentioned,
modulate K and Ca** gradients. At presynaptic
terminals, GABAg receptors work to mitigate
excitability by suppressing Ca*" currents and at
postsynaptic neurons to increase K conduction
(23). Antagonists of GABAj receptors can
block both typical and atypical absence
seizures while agonists can exacerbate them
(24).

Basal ganglia function and its implication in
movement disorders

The basal ganglia are a collection of subcortical
nuclei in the cerebral hemispheres consisting of
the corpus striatum and globus pallidus (25).
The striatum contains the lenticular (putamen
and globus pallidus) and caudate nuclei,
subthalamic nucleus (STN), and substantia
nigra. Notably, the substantia nigra is a critical
midbrain site for GABA mediated inhibition of
seizures (26). The limbic and prefrontal regions
of the thalamus and cortex both receive
projections from the basal ganglia. These
regions also manifest reward and aversion
emotional processing and executive decision-
making in a similar manner to the basal ganglia
(27). The basal ganglia can be thought of as a
circuit board, forming connections with
separate areas of the brain. It is a key part of a
network in control of motor function, filtering
out unwanted or faulty signals. Though the
basal ganglia are primarily involved in motor
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function, they play important roles in motor
learning, executive functions, behavior, and
emotion (28). The networks in control of
processing senses, namely those of sight, smell,
taste, touch, and sound, also send input to the
basal ganglia (29). A dysfunction in this area of
the brain may also explain sensitivities to
certain sensations in patients with FND or tic
disorders, such as non-epileptic
induced by loud noises. Proper functioning of
the basal ganglia requires dopamine release at
input nuclei. Consequently, dysfunction of the
dopaminergic pathways in the basal ganglia is
implicated in several movement disorders
including Parkinson’s Disease, dystonia,
chorea, and Tourette’s Syndrome (28). These
disorders are often associated with structural
within the basal ganglia. For
example, in Tourette’s patients, an imbalance

seizures

alterations

exists between inhibitory receptors in the
striatum and the internal segment of the globus
pallidus (GP1), indicating a malfunction of the
cortico-striato-thalamic circuit in severe cases.
It is thus hypothesized that tics may result from
local tonic inhibition in the striatum (30). A
model proposing that Tourette’s syndrome
results from dysfunction of GABAergic circuits
in the basal ganglia is supported by these
findings (31), and given similarities between
certain FND and Tourette’s symptoms, these
circuits are likely altered in FND as well.

Tonically Active Neurons (TANs) and Fast
Spiking Interneurons are under dopaminergic
control. These neurons are both used in the
formation of complex microcircuits within the
striatum. Given that over 90% of neurons in the
striatum are Medium Spiny Neurons (MSNs),
and all MSNs in the striatum are inhibitory and
use GABA as their primary neurotransmitter
(28), the striatum is an important area that may
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be implicated in movement disorders induced
by GABAergic irregularities. Striatofugal
neurons can be further classified as those
sending input to the external segment of the
globus pallidus (GPe) and those stimulating the
GPi. Those providing input to the GPe express
a dopamine receptor subtype 2 (D;R), which
inhibits adenylyl-cyclase, thereby creating an
indirect inhibitory pathway. The MSNs
providing input to the GPi and substantia nigra
pars reticulata (SNr) possess dopamine subtype
1 receptors (D;R) which inhibit adenylyl-
cyclase, creating a direct stimulatory pathway
(28,32). This finding is supported by studies
showing that selective stimulation of MSNs
expressing each of these dopaminergic
receptors can provoke and arrest movement
(33). In addition, lowering dopaminergic levels
limits stimulation of direct pathway MSNSs,
thereby facilitating activity in the indirect
circuit and in the STN. This may lead to
increased output of neurons in the GPi/SNr.
Similarly, the diminished GABAergic action
along the direct pathway may further contribute
to increased activity in the GPi/SNr (28).
Although this model simplifies several of the
biologically relevant signaling pathways, it is
useful in providing a global framework to
further explore altered firing patterns in the
brain, since any alterations of either pathway
may be of note in movement disorders (34).
For example, studies on monkeys have shown
evidence of dyskinetic states induced according
to this model of decreased GPi output (35).
This is functionally the opposite of the
Parkinson’s disease state, though this state was
also associated with dyskinesia and chorea
(36,37). Taken together, these data may
indicate that functional symptoms can arise via
different forms of dysregulation in these
pathways. Dopaminergic signaling is also
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linked to motor learning and habit formation
(28). Furthermore, the ability to synthesize
dopamine  operates synchrony  with
inhibitory activity in the caudate nucleus,
which is regulated by striatal glutamate levels
(38). Therefore, seizure-induced glutamate
elevations the striatum could alter
dopaminergic function in a manner that could
alter motor learning leading to the presentation
of functional symptoms.

in

n

The cerebral cortex provides glutamatergic
input to the STN through what is known as the
hyperdirect pathway (39-41). This pathway
plays an important role in the functioning of
the basal ganglia (41). Direct projections from
the cerebral cortex to the STN stimulate output
nuclei allowing motor-related cortical areas a
way to bypass input nuclei. This is associated
with shorter signaling times than the indirect
and direct pathways through the basal ganglia.
Cortical inputs from the primary motor cortex
and the supplementary motor area, premotor
cortices, and certain visual field areas are
conveyed through this pathway and organized
at the STN (41,42), which may implicate
dysfunction of this pathway in FND. When
pharmacologically stimulated with inhibitory
or excitatory medications via microinjection in
the parafascicular nucleus, opposing changes
were observed in the ipsi- and contralateral
STN. This suggests the critical role of the
parafascicular the bilateral
regulation of the basal ganglia through the STN
(43). Crossman et al. (44) proposed that the
lateral section of the globus pallidus is
responsible for the development of chorea (44),
which has similarities to certain FND
symptoms. This may implicate the globus
pallidus in certain cases of the disorder. The
caudate nucleus has been shown to have

nucleus in

Journal of High School Science, 8(2), 2024

Review paper

distinct zones of pharmacological

immunoreactivity (45).

Striosomes - compartments in the striatum that
are important to basal ganglia function - are
characterized by a strong response to GABA
levels along with enkephalin, substance P, and
neurotensin (45,46). In women with mesial
temporal lobe epilepsy, pro-enkephalin B was
present as part of the epileptic pathology (47).
This presence could lead to an increase in
enkephalin levels, thereby altering striosome
function. A response to GABA and enkephalin
could characterize a role for striosomes in the
development of FND. These structures receive
input, mainly emotional, from the prefrontal
cortex, the limbic system, and the amygdala.
They are often situated next to TANs, which
are involved in associating actions with
rewards (48), working with the hypothesis of
reward prediction error involved in FND. Their
role in reward-prediction errors may indicate
of TANs the
reinforcement of FND pathways in people
presenting with a premonitory urge.

some involvement n

Movement disorders resulting  from
dysregulation of the excitatory/inhibitory
balance

Patients with Tourette’s syndrome have been
shown to have higher levels of glutamate in the
premotor cortex, the striatum, the dorsolateral
prefrontal cortex, and the ventromedial
prefrontal cortex, (49). Specific GABA
inhibition in regions of the basal ganglia and its
associated structures have also been linked to
motor abnormalities. Bicuculline, a GABA,
receptor antagonist, injected into the motor
putamen led to tic-like focal muscle jerks that
were accompanied by an elevation in GPe
activity and a decrease in firing of the GPi
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(which may also be correlated with increased
action along the direct pathway), along with
increased activity in the primary motor cortex
(50). Notably, decreased function and binding
at GABA, receptors has been reported in
epilepsy (51). This suggests that movement
corresponds with a reduction of GPi output
activity in a time-related fashion (28). Focal
bicuculline  injections  blocking  specific
subregions of the striatum, GPe, and STN
elicited dyskinesias along with  other
abnormalities when injections were focused at
the motor, limbic, and associative regions
(52,53). Primates, rats, and mice have all been
used to demonstrate that an imbalance between
glutamate and GABA levels in the striatum
leads to tic-like symptoms (54). In patients
with schizophrenia, some of the alterations in
white matter are attributed to low levels of
GABA (55), and a similar mechanism may
explain some of the alterations of white matter
seen in FND patients.

Worbe et al. (31) found that 40% of bicuculline
injections into the dorsal anterior striatum
elicited these symptoms, making it likely that
this area can be implicated in FND (31).
Different areas of the striatum, when injected
with bicuculline, elicited different dyskinetic
behaviors (56), indicating that different areas of
the striatum may be altered in different ways
for FND patients presenting with different
symptoms. Furthermore, neuroimaging has
shown activation of the anterior striatum, motor
cortex, insula, and cerebellum during tics (57).
The strong activation of the cerebellum and
insula implicates them in tic initiation and
execution (58). As certain functional symptoms
are comparable in presentation to tics in
Tourette’s syndrome, these brain structures
may be involved in the determination of the
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pathophysiology of FND. The anterior striatum
region receives input from primary and
supplementary motor areas (59-61) as well as
the premotor cortex, dorsolateral, and parietal
cortices (62,63). As a result, this area is likely
implicated motor  learning  (31).
Electrophysiological and neuroimaging studies
show that the caudate nucleus is involved in
movement selection, the anterior putamen
plays a role in the preparation of movements,
and the posterior putamen is activated during
movement execution (64). These areas may all
have important implications for FND, but given
the excess activity observed in people with tics,
an issue with motor selection may similarly be
implicated in FND. Studies showing excessive
activation of the supplementary motor cortex

in

during tics, but not before, and only slight
activity in the premotor cortex, seem to affirm
the spontaneous nature of tics (65). This model
may confirm the involuntary nature of
functional symptoms as well, since a similar
pathology may exist in both disorders.

Given the diverse nature of symptoms in FND,
it is not unreasonable to assume that a
perturbation in the anterior striatum may not
only lead to functional tics, but also symptoms
such as paralysis, gait disorders, and non-
epileptic As both status
epilepticus and chronic epilepsy are known to
lead to significant alterations in GABA and
glutamate levels, exceptionally long status
epilepticus and/or periods of chronic seizures
may therefore also result in FND symptoms,
given their capability to disrupt the balance
between these two chemicals.

seizure activity.

Homeostasis of the excitatory vs. inhibitory

balance is key in maintaining synaptic
integrity; consequently, there are several
182



mechanisms in place to maintain this
homeostasis by regulating synaptic and circuit
activity (66). This often involves selective
excitatory and inhibitory alterations such as
plasticity in pre- and postsynaptic excitatory
synaptic plasticity (67). When glutamate
receptors’ functioning is impaired, this may
lead to compensatory release of glutamate to
restore appropriate levels (68). When there is a
pharmacological blockade of postsynaptic
glutamate receptors, over-compensation can
quickly occur, and these levels become very
small changes in the
amplitude of excitatory postsynaptic potentials

(66).

sensitive to even

Alterations in GABAergic systems following
seizures
Seizures may also lead to damage of
GABAergic receptors, which is commonly
associated with a down-regulation of GABA
following due to run-down and
neuronal death, a proposed mechanism for the
development of epileptogenesis.
there is also evidence for a compensatory
increase in GABA levels (69). In vitro
evidence has shown that GABAGg receptors are
necessary for proper homeostatic function in
the  hippocampus (70). A  long-term
compensatory increase in GABAg receptors
was observed in mice following prolonged

another mechanism by which

seizures

However,

seizures,
inhibitory activity may increase following an
epileptic (71).  However, this
upregulation of inhibition may lead to
functional  disconnection of GABAergic
synapses that can contribute to
hyperexcitability (72). Despite compensatory
increases in GABAergic activity, significant
damage to GABA. receptors can occur
following seizures. This can lead to significant

seizure
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alterations in responses to certain medications
and drugs (69).

Brodie et al. (73) proposed that damage to
GABAergic neurons can lead some of these
neurons to respond to an agonist by a decrease
in activity (73). A study by Dubanet et al. (74)
tested this effect in the hippocampus in vivo,
finding that an excitatory shift occurred only in
a minority of neurons in a minority of mice.
They found that out of 23 mice, only three
showed an excitatory shift in GABAergic
neurons, and of those three, only four of their
putative pyramidal neurons out of the 78
neurons examined exhibited this switch, for a
0.6% global incidence. Although this is a low
probability, the authors still promote the
possibility of alterations in other brain areas
(74). Given that striosomes are extremely
sensitive to GABA levels, the possibility of a
switch in the polarity of GABA4 receptors
inducing a functional disorder cannot be
discounted. However, the most striking finding
of the study was a loss of inhibitory control of
pyramidal neurons (74). This may play a role in
alterations in the development of action
potentials of these neurons and executive motor
function and therefore development of FND
circuits. The study attributed the depolarizing
action of GABA to altered Cl° gradients
following seizures which may contribute to
run-down of these receptors. Fluctuations in
this gradient contribute to normal fluctuations
of GABA as an excitatory vs. inhibitory
neurotransmitter. The group observed this
through the measurement of field-inhibitory
postsynaptic  potentials (fIPSPs), reversed
polarity in fIPSPs being associated with
reversed GABAergic polarity. A week after the
mice were originally treated with kainic acid,
pyramidal neurons were no longer under
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GABAergic control. This more gradual effect
serves as a model for alterations linked to
epileptogenesis epilepsy.
Furthermore, in acute seizures, a time-locked
relationship between seizures and GABAergic
excitation was found in the hippocampus, with
no fIPSP-related excitatory action after the
normal polarity of the fIPSPs was restored
(74). However, this study was limited to
hippocampal alterations  following ictal
seizures, and it is therefore limited in scope.
Huberfield et al. (75) found that ~20% of
GABAergic the
depolarized to excitatory potentials in temporal
lobe epilepsy. They found a decrease in KCC2
mRNA  expressed the dentate gyrus
following pilocarpine-induced seizures in vitro

n chronic

neurons in subiculum

in

(75). There is also evidence for long-term
rearrangement of glutamatergic networks and
depolarization in GABA following status
epilepticus, a likely = mechanism  for
epileptogenesis leading to chronic seizures
(75). The similarities between the chronic
stress and epilepsy models provide important
parallels between the development of FND as a
result of stress and FND as a result of epileptic
seizures.

Such alterations in GABAergic systems could
quite possibly explain the emergence of
functional  symptoms  following  status
epilepticus or chronic seizures. Given the
ability of GABAA antagonists to induce
movements akin to motor tics, depolarization
of GABA receptors is likely to have a similar
effect, particularly if these alterations extend to
areas of the basal ganglia previously implicated
in eliciting these movements. Unfortunately,
only a limited body of research exists on the
alterations of GABA receptors resulting from
seizures, and the vast majority of it is limited to
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the hippocampus. Furthermore, a possible shift
of GABA to an excitatory transmitter has

important  implications with regard to
responsiveness to medication, epileptogenesis,
and the development of comorbidities.

However, in vivo studies on alterations in
GABAergic alterations have faced difficulties
in that recording methods and activation of
GABAergic transmission are both key and
prone to variability. Patch clamp (cell-attached)
recordings to gain information from one neuron
at a time may also disrupt neuronal and channel
dynamics (77), and transmission may be altered
as a result of normal shifts in the CI" gradient
(74). Alterations in GABA are not only
necessary  to  understanding  comorbid
functional movement disorders of epilepsy, but
are also key to understanding of other epileptic
comorbidities, epileptogenesis, the
development of chronic epilepsy, and
medication response. As such, further research
on alterations of GABA receptors following
seizures is of utmost importance.

The possible role of medication in the
development of FND
Given that many AEDs modulate the

glutamatergic and GABAergic systems to
regulate epileptiform activity, many may be
involved in the development of movement
disorders. For example, topiramate,
levetiracetam (78), tiagabine, valproate, and
vigabatrin (79) are all known to modulate the
GABAergic and glutamatergic systems in some
way. Ganaxalone, cenobamate, and diagabine
are all recently developed drugs, or in clinical
trials, that are also known to modulate these
pathways (22,80). Given that pharmacological
disruption of glutamate can lead to rapid
overcompensation in the production of this
neurotransmitter, drugs that act on glutamate
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and GABA are prime candidates for the
initiation of movement disorders. In particular
those that act as an antagonist of the N-methyl-
D-aspartate  (NMDA) receptor or other
postsynaptic glutamate receptors as well,
would likely lead to the compensatory increase
outlined by previous studies (66), thus making
them of special importance in examining the
safest AEDs for epileptic patients with FND.
Combined with the possibility that excitotoxic
damage may lead to significantly altered
functioning of GABA 4 receptors (73), the anti-
epileptic action of agonizing GABA receptors
could lead to decreased GABAA receptor
binding (73) and therefore could catalyze FND
development in epileptic patients. This could
create conditions similar to those induced by
bicuculline injections shown to cause motor
tics. The existing disruption in GABA and
glutamate levels in the brain resulting from
chronic or prolonged epileptic seizures may
lead to the homeostatic mechanisms in the
losing the ability compensate
appropriately to pharmacological alterations in
the levels of neurotransmitters. This may occur
when the significant alterations induced by
enough the
development of functional movement disorders
on their own. Furthermore, slight alterations in
these levels following changes in anti-epileptic
medication may also increased disruption of
this balance, thereby inducing functional
symptoms. Further research is needed to isolate
how specific drugs may affect the GABAergic
and glutamatergic systems in both epileptic and
non-epileptic patients.

brain to

seizures are not to cause

Given its wide use as an AED, levetiracetam
(LEV) is of special interest. It is an NMDA
antagonist, which is a proposed mechanism for
its side effects of rage and depression (78).
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This may implicate it in leading to a rapid
compensatory increase in glutamate levels
associated mechanism of
movement  disorders. LEV is
considered a GABA, agonist. Nevertheless, in
cases that include damage to GABA receptors
significant enough to lead to altered function,
LEV may exacerbate the imbalance in the
striatum induced seizures. Alteration in striatal
dopaminergic function can result from
glutamatergic dysregulation in the prefrontal
cortex, which is another mechanism by which
functional symptoms could arise in patients
(3,81). The development of these disorders as a
result of medication may be especially likely in
the event of a medication change, given the
compensatory levels of glutamate induced by

which 1s an

However,

certain drugs and the significant sensitivity that
follows this disruption of homeostatic
mechanisms (66).

Also widely used as AEDs, benzodiazepines
are known for their agonization of GABAA.
They are often the first line of defense against
status epilepticus. Many common emergency
medications such as diazepam and clonazepam
are benzodiazepines. However, due to altered
physiology such as GABAA rundown during
prolonged seizures, benzodiazepines may lose
efficacy (82,83). They bind with at least three
allosteric sites on the GABA, receptor.
Benzodiazepine binding sites are located
extracellularly. The third site is located on the
transmembrane domain and is another
allosteric site to which benzodiazepines may
bind. Depending on the specific compound,
benzodiazepines are active at different GABAAx
subunits (84). Mesial temporal lobe epilepsy is
associated with a loss of benzodiazepine
binding sites, decreasing the efficacy of many
benzodiazepine treatments (85). A similar
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effect is observed during prolonged seizures.
This has inspired the creation of newer AEDs
including darigabat and ganaxalone, which
have been synthesized with the goal of being
positive allosteric modulators with higher
efficacy and a lower potential for side effects
such as tolerance and addiction (80). During
status epilepticus, synaptic GABBA, receptors
internalize.  Benzodiazepines  bind
synaptically, therefore they lose efficacy during
prolonged seizures (86).

only

Other drugs that work through GABAergic
mechanisms may have similar potentials to
exacerbate and/or catalyze FND. Topiramate is
a 2nd generation AED and works by
upregulating activity at the GABA,4 receptor,
thereby increasing the inhibitory effect. It also
downregulates activity at NMDA receptors,
making it likely to cause a compensatory
increase in glutamate, further disrupting the
excitatory/inhibitory balance. Topiramate also
blocks voltage gated channels,
establishing depolarization control during
seizures (87). Given its common use, it is of
particular interest in examining comorbid
functional symptoms in epilepsy. Valproic
Acid, another widely used AED, works by
increasing the synthesis of glutamic acid
decarboxylase (GAD), which is responsible for
converting glutamate to GABA. Valproic Acid
also works by increasing GABA, mediated
inhibition (88). This suggests the possibility of
the potential for antagonizing activity on
GABA, receptors following seizure-induced
shifts in polarity.

sodium

Recently developed drugs that act on the
GABAergic include  darigabat,
ganaxalone, cenobamate, and ENX-101. Since
several of these act upon the GABA 4 receptors,

system
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they are notable when epileptic patients present
comorbidly with FND. Darigabat resulted from
the search for GABA. positive allosteric
modulators that maintained the antiseizure and
anxiolytic properties of benzodiazepines but
reduced adverse effects such as tolerance,
addiction, and cognitive dysfunction. It is an
imidazopyridine derivative that is structurally
different from benzodiazepines and
neurosteroids (80). As examined in vitro,
darigabat binds at GABA, receptors containing
al, a2, a3 or a5 subunits with a high affinity,
but is unlikely to bind 04 or o6 subunit
containing GABA, receptors, which lack a
benzodiazepine binding site. Darigabat behaves
pharmacologically as a2/3/5 subtype-selective,
GABA s -positive allosteric modulator of al
subunits (89).

Ganaxolone is an allopregnanolone methyl
analogue, formed by the addition of a methyl
moiety position 3 of the steroid skeleton,
which results in the compound being orally
active. It is currently approved for seizure
disorders related to CDKL5 deficiency disorder
for patients two years of age or older in the
USA (90). It binds both synaptically and extra
synaptically.  Benzodiazepines lose
efficacy during status epilepticus given they
bind only to synaptic receptors, which
internalize during prolonged seizures. However
ganaxolone responsive extrasynaptic GABAA
receptors containing o and & subunits do not
internalize, allowing ganaxolone to exert an
anti-epileptic effect even during extended
seizures (86). Interestingly, in kindling models,
pilocarpine induced status epilepticus models,
and 6 Hz models in mice, female animals were
more responsive to the drug. This was
attributed to  greater concentration of
extrasynaptic GABAA receptors containing the

may
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0 subunit in female animals. However, there
were no differences between sexes when the o
subunit was lacking (86).

Cenobamate is a carbamine derivative
approved for treatment of focal seizures in
adults by the US Food and Drug administration
in 2019 (91) and for treatment of focal seizures
in adults whose seizures were not controlled
despite having been on at least two different
medications (92). Cenobamate likely works
through a dual mechanism of binding to both
synaptic and extrasynaptic GABA, receptors
regardless of a subunit composition, increasing
both tonic and phasic GABA-mediated
inhibition by positive allosteric modulation.
Cenobamate’s effects likely result from an
interaction with modulatory sites independent
of benzodiazepine binding sites (93).

ENX-101 was designed with the intent to
reduce seizure activity while mitigating adverse
effects such as sedation and tolerance. A phase
IT randomized, double blind, placebo controlled
study is ongoing comparing two different doses
of ENX-101 (15 mg daily and 30 mg daily)
with a placebo. It is scheduled to end
~December of 2024. The study focuses on
patients with focal epilepsy aged 18-75 who
experience drug resistant symptoms despite
taking 1-4 AEDs. ENX-101 will be given in
conjunction to any current medications taken
by subjects (94). ENX-101
allosteric modulator of GABA. receptors
containing 02, a3 or a5 subunits. However, it
has no positive allosteric activity at receptors
containing a2, a3, and a5 subunits, but devoid
of activity at al subunit-containing receptors
(95).

is a positive

Journal of High School Science, 8(2), 2024

Review paper

When examining AEDs that may be implicated
in exacerbation or catalysis of comorbidities
such as FND, drugs such as LEV, topiramate,
valproic  acid, ganaxalone, cenobamate,
dirigabat, and ENX-101 are of particular
interest due to their mechanisms of modulating
GABA, receptors. Drugs that modulate activity
at the NMDA receptor, such as topiramate and
LEV are of special interest due to the rapid
overcompensation that when
homeostatic glutamatergic mechanisms are
disrupted. As research on alternative anti-
epileptic therapies intensifies, alternative
treatments may yield AEDs that elicit fewer
severe side effects such as FND.

may occur

Relationship between GABA, and
seizures

The stress response

stress,

is mediated by the
hypothalamic-pituitary-adrenal (HPA) axis and
it is largely under GABAergic control (96).
Furthermore, the upregulation of glutamic acid
decarboxylase (GAD) in direct and multi-
synaptic circuits is responsible for hippocampal
control of the HPA axis (97). Stress leads to the
release of corticotropin-releasing hormone
(CRH) from the hypothalamus, which then
signals pituitary release of adrenocorticotropic
hormone, instigating the release of cortisol
from the adrenal gland. The HPA axis receives
input from many brain regions, and these
inputs ultimately act on CRH neurons in the
paraventricular nucleus. Though CRH neurons
receive inputs from many brain areas as well,
they are largely mediated by GABA (98).
Tetrahydrodeoxycorticosterone acts on the 6
subunit of GABA, receptors to typically evoke
GABA-induced inhibition on CRH neurons. A
study found that following stress, GABA no
longer inhibits CRH neurons. High stress levels
lead to a collapse in the CI gradient and in the
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excitatory actions of GABA resulting from
depolarization and dephosphorylation of KCC2
(96), a K" and CI" cotransporter responsible for
maintaining a low CI" gradient (99). However,
this depends on the phosphorylation state of
Ser940 and surface expression of KCC2 levels,
not total KCC2 levels. It also supports the role
of GABA, 0 subunit-containing receptors in
the mediation of stress response, but there is
likely an additional mechanism such as
presynaptic changes in GABA action to CRH
neurons that cause the excitatory actions of
GABA on CRH (96).

Although some AEDs are known to lower
cortisol levels, in the model of chronic
epilepsy, these drugs may not prevent highly
dysregulated cortisol levels. Epileptic patients
are more likely to have reactivity to acute stress
compared to healthy controls (15). High seizure
frequency also related to decreased
functional connectivity in the brain. These
findings suggest that epilepsy could be a model
for chronic stress (100). Acute stress in non-
epileptic patients led to GABA concentrations
being reduced by 29% in the corpus striatum
and a 32% decrease in GAD activity, likely
indicating that chronic stress leads to
compensatory changes in the GABAergic
system (101). This may provide an important
likeness between models of stress-induced
FND and the proposed model of seizure-
induced FND.

is

These changes may also be important in
models of FND triggered by anti-epileptic
drugs and epileptic seizures. Many medications
act as GABA agonists, so it is possible that
chronic seizures and particularly long status
epilepticus prime the brain for
alterations in the action of GABA, receptors.

seizures

Journal of High School Science, 8(2), 2024

Review paper

Subsequently, if GABA depolarization and

excitatory actions eventually  restore
themselves to normal levels, there is still the
possibility that the brain has already

established a significant enough response to
these levels (inducing non-epileptic seizures
similar to those induced in the bicuculline
model), creating a pathway leading to FND
symptoms. This pathway may then be triggered
by any stress-induced alterations of GABA4
receptor function, even if insignificant. Since
seizure activity exerts a similar effect to
GABA, receptors as bicuculline, such a
pathophysiology is particularly important in the
perpetuation of FND symptoms.

Proposed pathophysiology

Artificially induced alterations in the glutamate
and GABA balance have been shown to lead to
motor tics and dystonia in many animal
models. Such an imbalance could also be
provoked after a period of frequent or
prolonged epileptic seizure activity. Altered
plasticity resulting from higher IEG levels may
also make patients with epilepsy more prone to
the development of FND. Medication may also
play a novel role in the exacerbation or
catalysis of these disorders. It has previously
been proposed that excitotoxic damage can
significantly alter the function of GABAergic
neurons and receptors such that agents that
typically act as GABA agonists instead
suppress GABAergic activity (73), which has
been supported by studies highlighting the
alteration of GABAa receptor function in
certain areas of the brain. Changing anti-
epileptic drugs that differentially modulate
GABA may lead to further disruptions of the
homeostatic compensatory mechanisms for
inhibitory and excitatory
Overwhelming homeostatic mechanisms for

circuits.
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the regulation of these circuits may thereby
lead to an imbalance in neurotransmitter levels
that could cause abnormal motor functions.
Imbalances in GABAergic activity induced
post-ictally neuronal damage and
compensatory increases in GABA levels,
combined with an elevated level of glutamate-
induced from seizures, may lead to motor tics
as seen when artificially induced in animals.
These glutamate levels also alter
dopaminergic actions in the brain, which has
been previously proposed as a mechanism for
the development of FND.

via

may

Furthermore, elevated glutamate levels have
been associated with damage of the basal
ganglia. The basal ganglia is an important
structure  in  motor control, accepting
appropriate signals and rejecting those deemed
incorrect or faulty. Therefore, impairing its
processing ability may lead to signals being
inappropriately accepted and may lead to motor
dysfunction including nonepileptic seizures,
dystonic, paralytic, tic, or gait disturbances.
Since the basal ganglia receives input from
sensory stimuli, dysfunction of this area
provides explanation
mimicking of other disorders as well as sensory
triggers for episodes. Additionally, the basal
ganglia are dense cortisol  receptors,
explaining previously proposed sensitivities to
cortisol  fluctuations FND patients.
Moreover, alterations in other brain areas may
play an additional role. The loss of integrity in
the stria terminalis/fornix may be of particular
interest due to it being an important output of
the amygdala and hippocampus, which are
related to emotion and learning (3). This should
be noted due to the connection between FND
and emotional/stress-related

Further, the decreased functional

an for functional

in

in

symptoms
triggers.
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connectivity in the corpus callosum may be
implicated in certain symptoms such as gait
issues.

These factors, when taken together, suggest the
probability that Functional Neurological
Disorders can arise as a result of seizures and
AEDs. Per the maxim of Hebbian plasticity,
“what fires together, wires together,” so
frequent stimulation of motor pathways via
medication or seizures can lead to the
development of a chronic disorder. This
stimulation may come through the inability to
regain homeostatic levels of glutamate and
GABA for a period significant enough to
cement the functional alteration in the striatum,
creating functional symptoms in the default
pathway. Cortisol fluctuations and sensory
stimulation further cement these
pathways, thus leading to an increase in
symptoms.

may

Potentially novel therapies for the treatment of
epilepsy: GABAg targeted AEDs

GABAg receptors have a long established
association with absence seizures, both typical
and atypical (24). Agonists of GABAg
receptors exacerbate in
genetic, pharmacologically induced, typical,
and atypical models of absence epilepsy, while
antagonists both mitigate seizure activity as
well as the cognitive impairment that results
from seizures (24). The opposite has been true
for mouse models of convulsive generalized
and focal epilepsy (102). This dichotomy arises
from the involvement of thalamic circuitry in
absence epilepsy. The hippocampal -
thalamocortical circuitry underpins atypical
absence epilepsy while the thalamocortical
circuitry is associated with typical absence
epilepsy (102). Thalamocortical networks in

seizure frequency
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both typical absence seizures and atypical
absence seizures are mediated by low-voltage
activated Ca®* The low-voltage
activated channels are found in both the
thalamus (103) and the frontal cortex (104).
The GABAg mediated inhibition of the low-
voltage activated channels yields activation
Ca* currents in this channel, causing an
excitatory effect (24). However, drugs targeting
GABAg receptors have only been examined
preclinically due to potential adverse effects.

currents.

Future research on drugs specifically targeted
to the GABAg receptor is very pertinent
because medications targeting this site may
have potential to protect against the
development of FND in patients experiencing
frequent prolonged seizures as well as in
lessening symptoms which are exacerbated by
different anti-epileptic drugs. Specifically, in
the light of wear down and potential shifts in
the polarity of GABA receptors resulting from
seizures that may be associated with FND,
investigation into medications that do not act
upon the GABA, receptor may have a lower
potential to exacerbate symptoms of movement
disorders by antagonizing GABA. receptors
following seizure-induced shifts in polarity.
Baclofen, a medication currently used as an
antispasmotic and often prescribed for multiple
sclerosis (105), acts as an agonist of GABAg
receptors, which could potentially exert an anti-
epileptic effect in patients with generalized
convulsive or focal epilepsy. However, in
patients with absence epilepsy,
impairment was observed as a result of
baclofen treatment (24). This not
commonly the case in prescriptions of baclofen
when used as an antispasmodic agent (106).
There are currently no clinical trials
considering baclofen as a treatment for any

cognitive

was
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form of epilepsy. Several other related
compounds, such as phaclofen, acting on the
GABAG receptor have not been considered as a

treatment of FND in current clinical trials.

Significantly more research is necessary in
order to address gaps the current
understanding of GABAjp modulators for
epilepsy. Given the correlation between the two
disorders as well as impaired quality of life
resulting from both epilepsy and FND, AEDs
acting through different mechanisms such as
modulating the GABAg receptor may be less
likely than AEDs
modulating the GABA, receptor. Agonists of
GABA receptors such as bicuculine have been
shown to elicit motor tics. As epileptic seizures
may yield shifts in the polarity of GABA4
receptors, drugs modulating that receptor may
exacerbate symptoms of FND. Thus, AEDs
working by other mechanisms are needed.

in

to worsen symptoms

NRTX 1001

Other varieties of therapies with the potential to
be safer for patients with FND are those that
target the regeneration of the GABA pathway
as a whole. NRTX 1001 is comprised of
particular pallial-type lineage GABAergic post-
mitotic interneurons derived from human
pluripotent stem cells. They are designed as a
one-time implant to increase release of GABA
at the epileptic focus (80). It is designed as a
treatment for drug resistant focal epilepsy, and
preclinical trials have shown positive results,
with roughly 75% of treated mice being seizure
free compared to 8% of controls (107). NRTX
1001 has recently entered early clinical trials,
and the first two patients showed a significant
response with a >90% reduction in seizure
activity following three and six months after
implantation (108). The goal of NRTX 1001 is
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to introduce cells that have the potential to heal
inhibitory networks that have been damaged by
seizures, thereby allowing for long term seizure
reduction (109). Since this therapy works by
repairing damaged networks, it is less likely to
exacerbate the symptoms of FND. Other
medications that modulate GABA, following a
shift exacerbate FND
symptoms by antagonizing GABA 4. Therapies
targeting the repair of these networks may also
have the potential to alleviate certain FND
symptoms  that arise from  GABAa
antagonization by medication. This can be
achieved by restoring the appropriate polarity
of these networks. Although NRTX 1001 is a
direct implant by injection, it has been well
tolerated without adverse effects in trials (110).

in polarity may

However, the possibility of adverse effects as
the therapy gains wider be
acknowledged, as is the case with any invasive
brain drug delivery.

use must

Future potential of therapies targeted to
specific structures

The genetic, cellular, and structural makeup of
both the human and the non-human primate
brain was mapped recently. These cerebral
atlases may provide the potential to develop
therapies targeted to specific brain areas. This
research is relatively recent and thus has not
yet elicited the development of any such
therapies (111). However, focus of research on
different anti-epileptic therapies provides the
intriguing possibility for drugs with increased
efficacy in treating epilepsy with fewer side
effects. ladarola and Gale identified the
substantia nigra as a critical site for GABA
mediated inhibition of seizures (26). Targeting
therapies to that specific structure may help
reduce the development of severe adverse
effects, potentially even FND.
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Perspective and conclusion

There are currently very few studies in vivo
that examine the potential depolarization and
excitatory actions of GABA in epileptic
patients. Of those studies, none of them assess
GABAergic reversal potentials in the striatum
or other regions of the basal ganglia. In vitro
studies provide strong evidence for reversal
potentials following seizures, but they also fail
to assess structures of the basal ganglia.
Currently, there is no conclusion on the exact
mechanism for the development of FND in
non-epileptic patients, and there has not yet
been a connection drawn between seizure-
induced alterations in the brain and FND in
epileptic patients. FND can significantly affect
quality of life, and therefore deserves more
attention by the medical community.

Future research in this area needs to place an
emphasis on GABAergic depolarization in
vivo. Using fIPSPs as a tool for in vivo
assessment of shifts in CI° gradients has
successfully determined shifts in GABA
function. However, detection of potential shifts
in vivo using fIPSPs may be less accurate
because of shifts in the Cl” gradient caused by
invasive probing mechanisms such as patch
clamp methods. A similar challenge is
encountered when measuring membrane
potentials. Increasing the volume of literature
based on studies with these methods will lead
to a better understanding of the relationship
between seizures and GABAergic reversal
potentials.

Studies linking epilepsy and FND are lacking
despite the two conditions often coexisting.
Future studies should focus on the frequency
and impact of this comorbidity. This should
involve an assessment of the frequency of FND
presenting in epileptic patients aiming to
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identify any associations with seizure disorder,
frequency, type, and length (including the
presence or absence of status epilepticus and
associated impacts). There also needs to be an
assessment of the role of AEDs in FND.
Altered function in brain structures may
promote a mechanism for AEDs to help
catalyze or worsen FND in epileptic patients,
and therefore correlations between FND
symptom severity, the type of AED being
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taken, and the AED’s action on the brain
should be researched and analyzed.
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