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Abstract

Juvenile Myoclonic Epilepsy (JME) is a prevalent form of generalized epilepsy,
predominantly affecting adolescents and young adults. It is characterized by
myoclonic seizures, grand mal seizures, and abnormal electroencephalogram
(EEG) findings. Though the exact etiology remains unclear, genetic factors,
particularly mutations in ion channels and neurotransmitter receptors, play a
crucial role in its pathogenesis. The condition is marked by an imbalance be-
tween excitatory and inhibitory signaling in the brain, involving neurotrans-
mitters such as glutamate and gamma-aminobutyric acid (GABA). This imbal-
ance leads to neuronal hyperexcitability, with excessive synchronization of
neuronal firing resulting in seizures. Additionally, mutations in genes like
GABRA1, CACNB4, and EFHCI are associated with altered synaptic transmis-
sion and calcium signaling, further contributing to the pathophysiology of
JME. The primary treatment for JME involves antiepileptic drugs (AEDs),
which aim to restore the excitatory-inhibitory balance. These drugs function
by modulating ion channels, enhancing GABAergic inhibition, and blocking
glutamate receptors. By stabilizing neuronal activity, AEDs reduce the occur-
rence of seizures and improve the quality of life for patients. This paper pro-
vides a brief overview of the neurological mechanisms underlying JME and the
role of AEDs in its management.

Keywords

Epilepsy, Myoclonic, Antiepileptics, Voltage-Gated, Inhibitory, Excitatory,
GABRA1, CACNB4, EFHC1, CLCN2, Glutamatergic, Synchronization

1. Introduction

Juvenile myoclonic epilepsy (JME), accounting for 5% - 10% of all epileptic cases,
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presents significant difficulties due to its complicated neurophysiological mecha-
nisms. Its other titles include Janz syndrome or impulsive petit mal. It is idiopathic
but studies suggest that family history significantly influences the onset with 50%
of cases, showing a genetic predisposition. Most commonly, it initially presents
between ages 12 to 18 (Amrutkar & Riel-Romero, 2023). It is a complex disorder
rooted in abnormal brain function, specifically related to the neurological mech-
anisms that govern neurotransmission synaptic activity, and neural circuit func-

tion. It is the most prevalent form of generalized epilepsy.

2. Background and Epidemiology

JME is recognized as one of the most common forms of generalized epilepsy (Ep-
ilepsy Foundation, n.d.) among adolescents and young adults, with some studies
suggesting a slightly higher incidence in males than females (Giuliano et al., 2021).
Although the exact cause of the disorder remains unclear, it is understood to be
primarily genetic with specific gene mutations in ion channels and neurotrans-
mitter receptors playing a role. Studies reveal that 50% of people with JME re-
ported having seizures in first- or second-degree relatives (Delgado-Escueta et al.,
2016; Delgado-Escueta et al., 1989). Despite its prevalence, JME often goes under-
diagnosed or misdiagnosed due to the complexity of its symptoms, which overlap
with other neurological conditions or forms of epilepsy.

It is clinically identified by myoclonic seizures as the individual wakes up
(Cvetkovska et al., 2016), grand mal seizures (in certain cases), and an electroen-
cephalogram (EEG) that displays generalized spike-wave or polyspike-wave activ-
ity. “The main neurophysiological finding of JME is the EEG feature of short dis-
charges of generalized spike-wave (SW) or poly-spike wave (PSW) complexes as-
sociated with epileptic myoclonus” (Wolf et al., 2017). JME can also be diagnosed
through the process of exclusion, where alternative causes are systematically ruled
out, and it remains the only viable explanation for myoclonic seizures. In cases
where no other underlying condition can account for the observed symptoms,
JME is the most likely cause. This diagnostic method can leave room for error,
often leading to misdiagnosis.

To understand how JME works on a neurophysiological level, we need to ex-
plore the specific details of how neuronal firing, neurotransmitter imbalances, and
synaptic signaling contribute to seizures and how antiepileptic drugs (AEDs) mod-

ulate these processes.

3. Neuropathophysiology of JME

At the core of JME, as with other forms of epilepsy, is a disequilibrium between
excitatory and inhibitory signaling within the brain. A properly functioning brain
needs a balance of excitatory and inhibitory inputs that are carefully regulated.
Disruptions in this balance are seen in many neurological disorders, including
epilepsy (Sears & Hewett, 2021). Under normal conditions, neurons communi-

cate through a highly regulated system that involves excitatory neurotransmit-
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ters like glutamate, and inhibitory neurotransmitters like gamma-aminobutyric
acid (GABA). This dynamic balance ensures that neurons fire appropriately and
in a controlled manner. However, in JME, the excitatory drive is overly excessive,
and the inhibitory control becomes insufficient, which leads to hyperexcitability
of neurons. This is where the development of seizures arises (Wang et al., 2021).
“Glutamate and gamma-aminobutyric acid (GABA) are the main neurotransmit-
ters playing a critical role in the pathophysiology of this balance, and irreversible
neuronal damage may occur as a result of abnormal changes in these molecules.
Acetylcholine (ACh), the main stimulant of the autonomic nervous system, me-
diates signal transmission through cholinergic and nicotinic receptors. Accumu-
lating evidence indicates that dysfunction of nicotinic ACh receptors, which are
widely expressed in hippocampal and cortical neurons, may be significantly im-
plicated in the pathogenesis of epilepsy” (Akyuz et al., 2021).

The myoclonic jerks present in JME are thought to result from the excessive
synchronization of neuronal firing, specifically in the motor cortex and other re-
gions that are involved in muscle coordination (Strigaro et al., 2012). The brain’s
electrical activity becomes too synchronized in particular regions, creating a high-
frequency discharge of action potentials. This inappropriate release of action po-
tentials causes a rapid, jerking contraction of muscles. This abnormal electrical
activity is often seen in the frontal lobe and motor cortex, as well as in the
thalamocortical circuits. To be specific, thalamic neurons, which relay sensory and
motor information, play an important role in the generalized seizure characteris-
tic of JME.

In some cases, in addition to myoclonic seizures, grand mal seizures can occur
in individuals with JME. These are more modernly known as tonic-clonic seizures.
It is highly unusual to see a patient with JME also suffer from grand mal seizures.
Grand mal seizures are characterized by a loss of consciousness, followed by a
tonic phase, where the muscles stiffen, and a clonic phase, which involves rhyth-
mic jerking movement of the limbs. In JME, these seizures typically arise in the
early morning or after the individual wakes up, which is consistent with the pat-
tern of myoclonic jerks that often occur shortly after waking.

The pathophysiology of grand mal seizures in JME is more than likely due to
the same mechanisms that underlie myoclonic seizures—excessive synchroniza-
tion of neuronal firing in the motor cortex and thalamocortical circuits. The dif-
ference lies in the widespread involvement of brain regions in grand mal seizures,
which results in the loss of consciousness and the tonic-clonic motor manifesta-
tions. While myoclonic jerks are usually brief and isolated, grand mal seizures are
more prolonged and can involve a complete disruption of normal brain activity.
These seizures are often triggered by factors like sleep deprivation, stress, and

flashing lights, which highlight the delicate balance of neuronal activity in JME.

4. Imbalance in Excitation and Inhibition

The imbalance between excitatory glutamatergic signaling and inhibitory GA-
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BAergic signaling underpins the pathophysiology of JME. Neurons in the brain
rely on precise, supervised control over their excitation and inhibition to avoid
excessive firing. In JME, excitatory synaptic transmission involving glutamate, an
amino acid, becomes dysregulated, with N-methyl-D-aspartate receptors (NMDA
receptors) (Sivakumar et al., 2022), AMPA receptors, and metabotropic glutamate
receptors (mGluRs) being implicated in promoting the excitatory drive. Gluta-
mate is the principal excitatory neurotransmitter in the brain, and its receptors,
especially NMDA and AMPA receptors, are involved in fast synaptic transmission
(Hanada, 2020). In JME, these receptors become Aypersensitive, leading to in-
creased neuronal firing and synaptic plasticity that supports seizure generation.

Simultaneously, inhibitory neurotransmission via GABA is compromised in
this condition. GABA is the main inhibitory neurotransmitter in the brain, and
its effects are mediated primarily through GABA-A receptors, which are ligand-
gated chloride ion channels. When GABA binds to these receptors, chloride ions
flow into the neuron, causing hyperpolarization and making the neuron less likely
to fire. In JME, however, there is often a reduction in GABAergic inhibition—
either due to defective GABA-A receptors or a decrease in GABA synthesis. This
leads to decreased inhibitory control. This reduction in GABAergic signaling can
result in the hyperexcitability that drives seizure activity, as the neurons are more
easily depolarized by excitatory signals (Ngomba et al., 2011).

In addition to GABA and glutamate imbalances, calcium signaling also plays a
vital role in the pathophysiology of JME. The calcium ions (Ca**) are vitally im-
portant for neurotransmitter release, synaptic plasticity, and neuron firing. Cal-
cium channels, especially those encoded by the CACNA1A gene (Fox et al., 2024),
can contribute to hyperexcitability when mutated. This disrupts the influx of cal-
cium ions and alters neuronal firing patterns. This abnormal calcium regulation
contributes to the synchronization of neuronal activity, which underlies general-

ized seizures in JME.

5. Genetics and Biochemical Pathways

JME has a strong genetic aspect, with multiple genes contributing to its pathology.
Several of the mutations associated with JME implicate genes that encode ion
channels and neurotransmitter receptors, which are both necessary to maintain
the excitatory-inhibitory balance in the brain.

The first gene is GABRA1 (Gamma-Aminobutyric Acid Type A Receptor Sub-
unit Alpha 1). Mutations in this gene severely affect the GABA-A receptor, which
is responsible for inhibitory neurotransmission (Fu et al., 2022). A defective GABA-
A receptor reduces inhibitory signaling. This leads to increased neuronal excita-
bility and seizure susceptibility.

The second gene involved in the genetic pathology of JME is CACNB4 (Cal-
cium Channel, Voltage-Dependent, Beta 4 Subunit). This gene encodes a subunit
of voltage-gated calcium channels, which regulate calcium influx into neurons.

Mutations in CACNB4 can result in altered calcium homeostasis, which contrib-
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utes to neuronal hyperexcitability and seizure generation. These voltage-gated so-
dium channels are abundant at the neuromuscular junctions throughout the body,
and dysfunction leads to abnormal muscle contraction (George, 2005).

The third gene involved is EFHC1 (EF-Hand Domain Containing 1). EFHC1
mutations have been commonly found in JME patients, and these mutations are
thought to affect neuronal pathway development as well as calcium signaling,
which are both important in regulating synaptic transmission and excitability
control (de Nijs et al., 2012).

The last major gene is CLCN2 (Chloride Channel 2). The function of this gene
is to encode a chloride channel that helps maintain neuronal membrane potential.
Mutations in CLCN2 can impair inhibitory control, making neurons significantly
more prone to excessive firing (Niemeyer et al., 2004).

At the chemical level, JME is characterized by altered synaptic transmission,
specifically in glutamatergic and GABAergic pathways (Kang, 2017). Hyperacti-
vation of glutamate receptors (like NMDA and AMPA receptors) leads to exces-
sive excitatory signaling, while compromised GABAergic inhibition results in a
failure to regulate this excitatory drive (Sarola & Holton, 2021). Additionally, dys-
function in voltage-gated calcium and chloride channels disrupts ion homeostasis,

further promoting neuronal hyperexcitability.

6. Mechanisms of Antiepileptic Medications

There are various holistic remedies to epileptic seizures, but the primary treatment
needs to be antiepileptic drugs (AEDs). AEDs aim to normalize the excitatory and
inhibitory balance in the brain and suppress the abnormal neuronal firing associ-
ated with seizures. AEDs function by modulating the function of ion channels,
neurotransmitter systems, and synaptic receptors, which aids in reducing the like-
lihood of electrical misfiring (Macdonald & Kelly, 1995).

One of the primary mechanisms of action of AEDs is through the modulation
of ion channels, or more specifically, voltage-gated sodium and calcium channels
(Kwan et al., 2001). By stabilizing the function of these channels, AEDs reduce the
process of rapid neuron depolarization, and prevent them from excessive firing.
This stabilization helps prevent the propagation of abnormal electrical activity
that leads to seizures. Sodium channel blockers, like phenytoin and lamotrigine,
help maintain a steady membrane potential by preventing the rapid influx of so-
dium ions, which is important during the depolarization phase of neuronal firing.
Similarly, calcium channel blockers, such as ethosuximide, work by reducing the
influx of calcium ions into neurons, further limiting neuronal excitability and pre-
venting synchronization of electrical activity in the brain (Armijo et al., 2005).

Voltage-gated Na+ channels are crucial for generating action potentials, and
mutations in these channels contribute to generalized epilepsy with febrile sei-
zures plus and benign familial neonatal infantile seizures. Inhibition of Na* chan-
nels is the primary action of drugs like carbamazepine, phenytoin, and lamotrig-

ine, and likely plays a role in many other traditional and newer AEDs. Voltage-
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gated K* channels are vital for repolarization and hyperpolarization following par-
oxysmal depolarization shifts (PDSs), with mutations in these channels linked to
benign neonatal epilepsy and episodic ataxia type 1. These channels are also new
targets for AEDs, such as retigabine. Voltage-gated Ca®" channels participate in
neurotransmitter release, the sustained depolarization phase of PDSs, and the in-
itiation of absence seizures. Mutations in these channels contribute to juvenile
myoclonic epilepsy and an absence-like pattern in some mice. The anti-absence
effects of ethosuximide are due to its inhibition of thalamic T-type Ca** channels.
Voltage-gated Cl~ channels are involved in GABA(A) transmission, with muta-
tions in these channels found in some families with juvenile myoclonic epilepsy,
epilepsy with grand mal seizures upon awakening, or juvenile absence epilepsy
(Meldrum & Rogawski, 2007).

Another critical mechanism of AEDs is the enhancement of GABAergic inhi-
bition. GABA is the brain’s primary inhibitory neurotransmitter, and AEDs that
enhance its function can reduce neuronal excitability. Drugs like valproate and
benzodiazepines increase the binding affinity of GABA to its receptors, facilitating
the influx of chloride ions into neurons. This hyperpolarizes the neurons and
makes them less likely to fire, reducing the likelihood of seizure generation. The
potentiation of GABAergic activity is particularly important in conditions like
JME, where GABA inhibition is often insufficient to counteract excessive excita-
tion.

In addition to modulating ion channels and enhancing GABAergic signaling,
some AEDs also block glutamate receptors (Huang et al., 2023). Glutamate is the
primary excitatory neurotransmitter in the brain, as we previously discussed, and
its overactivation is implicated in seizures in JME. AEDs such as topiramate and
lamotrigine block glutamate receptors (NMDA and AMPA) (Lyseng-Williamson
& Yang, 2007; Choi & Morrell, 2003), reducing the excitatory drive that leads to
neuronal hyperexcitability. By inhibiting glutamate activity, these drugs help pre-
vent the excessive synaptic activity that can trigger seizures.

Finally, AEDs like levetiracetam work by modulating synaptic vesicle proteins
involved in neurotransmitter release (Abou-Khalil, 2008). By altering the release
of neurotransmitters, levetiracetam helps reduce the synchronization of neuronal

firing and prevents the propagation of seizure activity.

7. Complications and Quality of Life

While AEDs are effective in many cases of JME, several complications can arise
that significantly impact the patient’s quality of life. These complications include
insomnia, drug-resistant epilepsy, and the psychological strain of living with a
chronic condition that cannot be easily controlled. The threat of a seizure is con-
stantly looming, and can be overwhelming, leading to decreased social engage-
ment and poor mental health. Many individuals with JME have difficulty main-
taining a social life or pursuing career opportunities due to the fear of having a

seizure in public or while performing everyday tasks. This social isolation, along
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with the unpredictable nature of seizures, can contribute to depression, anxiety,
and emotional health issues. Their mental health is often deeply affected, as the
stigma of epilepsy and the lack of control over their own bodies can create a pro-
found sense of hopelessness and depression. Despite advancements in treatments,
there are still too many individuals who cannot live a life free of seizures, and the
emotional toll is far-reaching.

Moreover, insomnia is a common complication due to the hyperactivity of neu-
rons, as the nervous system remains in a state of heightened excitability, alertness,
and the sympathetic division is chronically overactive (Krishnan et al., 2012;
Greenlund & Carter, 2022). The inability to obtain proper rest only worsens the
condition, contributing to the frequency and severity of seizures. A lack of sleep
and stress are both well-known seizure triggers for people with JME.

A critical complication is drug-resistant epilepsy, where patients do not re-
spond to common AED treatments. Approximately 15% - 30% of people with JME
have drug-resistant epilepsy (Martin et al., 2019), and this requires alternative ap-
proaches like polytherapy, where multiple AEDs are used in conjunction, or sur-

gical intervention.

8. Conclusion

The pathophysiology of Juvenile Myoclonic Epilepsy (JME) is rooted in a complex
interplay between excitatory and inhibitory neurotransmission, with genetic mu-
tations affecting extremely vital neuronal processes like GABAergic inhibition,
glutamatergic excitation, and calcium signaling. The abnormal firing of neurons
in the motor cortex leads to the characteristic myoclonic jerks and, in rare situa-
tions, grand mal seizures. New genetic discoveries and further studies on synaptic
mechanisms continue to shed light on potential treatments that may better regu-
late neuronal excitability. Although current treatments such as valproate and le-
vetiracetam offer relief for many patients, further research into newer, more tar-
geted therapies and medications is needed to address the underlying causes and
improve outcomes.

JME has been known for its high rate of genetic inheritance, yet it remains
poorly understood. As more advanced research and genetic studies are conducted,
a better understanding of the underlying causes and mechanisms of JME will al-
low for more effective treatments. Further studies and clinical trials will be pivotal

in advancing our understanding of JME’s neurological mechanisms.
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