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Abstract

The progressive myoclonic epilepsies are a rare but devastating group of syndromes characterized 

by epileptic myoclonus, typically action-induced, neurological regression, medically refractory 

epilepsy and a variety of other signs and symptoms depending on the specific syndrome. Most of 

the progressive myoclonic epilepsies begin in normally developing children with the onset of the 

disorder heralded by myoclonic and other seizure types. While there is a considerable amount of 

heterogeneity in the conditions, medical intractability to epilepsy, particularly myoclonic seizures, 

is a core feature.

With the increasing use of molecular genetic techniques, mutations and their abnormal protein 

products are being delineated, providing a basis for disease-based therapy. However, genetic and 

enzyme replacement or substrate removal are in the nascent stage and the primary therapy is 

through antiepileptic drugs. Epilepsy in children with progressive myoclonic seizures is 

notoriously difficult to treat. Because of the rarity of the disorder there have been few double-

blinded, placebo-controlled trials in PME and drugs are chosen based on small open-label trials or 

extrapolation of data from drug trials of other syndromes with myoclonic seizures.

In this review the major PME syndromes, their neurogenetic basis, pathophysiological 

underpinning, electroencephalographic features and currently available treatments are provided.

1. Introduction

Progressive myoclonic epilepsy (PME), sometimes called progressive myoclonus epilepsy, 

consists of a clinically and genetically heterogeneous complex group of neurodegenerative 

diseases that are associated with spontaneous or action-induced myoclonus, and progressive 

neurological deterioration [1–5]. Neurologic deterioration may include progressive cognitive 

decline, ataxia, neuropathy, and myopathy. While myoclonic seizures are a core feature, 

other seizure types often occur, including generalized tonic-clonic, tonic and atypical 

absence. The other seizure types are often more problematic than the myoclonus.
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Typically, the presentation is in late childhood or adolescence; however, PME may affect all 

ages. The initial presentation is often epilepsy, which may begin in a benign manner and 

then progressively worsen. It may be challenging to distinguish these conditions very early 

on from more common forms of genetic generalized epilepsy, particularly juvenile 

myoclonic epilepsy or benign childhood myoclonic epilepsy. Likewise, the 

electroencephalogram (EEG) may initially be normal. Features suggesting PME are the 

presence or evolution of progressive neurological disability, failure to respond to 

antiepileptic drugs (AEDs) therapy and background slowing on the EEG.

Over the last two decades, considerable advances have occurred in deciphering the 

neurogenetic basis of the PMEs and they are now being recognized as a group of syndromes 

with specific genetic etiologies [6–8]. PME may have an autosomal dominant, recessive or 

mitochondrial inheritance. While gene mutations are providing insight into the 

pathophysiology of the disorders, diagnosis of specific forms of PME is challenging because 

of genetic heterogeneity, phenotypic similarities, and an overlap of signs and symptoms with 

other epileptic and neurodegenerative diseases [5]. Although molecular genetics has changed 

the landscape for diagnosis, there continues to be many patients who do not have a genetic 

mutation identified [5].

Due to the heterogeneity in clinical and genetic findings in the group of syndromes, there is 

a lack of consensus on which disorders should be included under the category of PME. For 

purposes of this review a selected number of PME syndromes which begin in children are 

reviewed. In all disorders described, myoclonus is a predominant feature and neurological 

deterioration, most often cognition, occurs. Table 1 lists the condition and specific gene 

mutations of the conditions that will be reviewed here. Disease-specific therapy, such as 

genetic manipulation, enzyme replacement or substrate reduction, are discussed with each 

syndrome. Symptomatic therapy of the epilepsy, a mainstay of therapy in PME, is discussed 

in a single section since the efficacy of AEDs is not syndrome-specific.

2. Definition and mechanisms of myoclonus

Myoclonus is a sudden brief (20–250 ms) contraction (positive myoclonus), or a brief and 

sudden cessation of tonic muscle (negative myoclonus) inducing a lightening-like muscle 

jerk arising abnormally from the nervous system [9, 10]. Myoclonic movements are the most 

sudden and brief muscle jerks that can be produced from involuntary nervous system 

stimulation. While myoclonus can occur spontaneously, myoclonus exacerbated or triggered 

by muscle activation, action myoclonus, is common in PME and is considered essential for 

the diagnosis by some [4]. Because of the brevity of the myoclonus there is no apparent loss 

of consciousness.

Epileptic myoclonus occurs as a result of descending neuronal firing of actions potentials, 

whose spatial (spread) and temporal amplification can trigger overt epileptic activity and be 

classified as cortical (positive and negative) or thalamo-cortical, also termed cortical-

subcortical [9–11]. Myoclonus in PME is typically either cortical or cortical-subcortical 

although in many patients both processes may occur. Other seizure types may be seen in 
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both forms of PME, usually generalized seizures such as absence or generalized tonic-

clonic, tonic or atonic seizures.

The cerebral cortex is the most common origin for myoclonus [3]. Cortical myoclonus is 

usually action-induced or sensitive to somatosensory, or occasionally to visual, stimuli or 

emotional cues and is of epileptic origin [12]. Cortical myoclonus can be focal, multifocal, 

or generalized arrhythmical jerks that often involve the face or distal extremities or 

generalized due to thalamic involvement. The movements are often multifocal due to intra- 

and interhemispheric spread. The myoclonus involves agonist and antagonist muscles 

simultaneously and shows a rostrocaudal recruitment of neurons. Cortical myoclonus tends 

to be of shorter duration than thalamo-cortical myoclonus. Surface electromyographic 

(EMG) shows multifocal short duration (20–70 ms) muscle activity [13]. In cortical 

myoclonus the EEG epileptiform discharges precede the myoclonus. While this may be 

difficult to detect during EEG monitoring due to muscle artifact, back-averaging EEG-EMG 

can show time-locked cortical spikes, polyspikes or spike-and-wave preceding the 

myoclonic jerk by 10–40 ms [14, 15]. In high frequency myoclonus, cortically driven 

synchronization demonstrates a coherence between EEG and EMG activity of different 

muscles [16–18]. The conduction of epileptiform discharges results from rapid firing of 

action potentials that are conducted to the muscles through the fast-conducting corticospinal 

pathways. The somatosensory evoked potential (SSEP) may also show an enlarged cortical 

amplitude (giant potential, >50 mV) [16, 19]. Taken together, these findings show that in 

PME there is pronounced cortical hyperexcitability [20].

The hyperexcitability in cortical myoclonus results from an imbalance between cortical 

excitation and inhibition. Whereas the excitatory/inhibitory (E/I) balance maintains normal 

neurological function, any alteration in this balance can result in seizures. Excessive 

excitation through primarily glutamatergic neurotransmission or impaired GABAergic 

inhibition can result in seizures. Inhibition occurs among different inhibitory neurons with 

different time scales, meditated by the GABA(A) and GABA(B) inhibitory projections, 

respectively. Excessive inhibition can result in seizures through enhanced synchronization of 

epileptic discharges [21]. Competing mechanisms among different neuronal populations can 

lead to periodic spike-and-wave discharges when GABA(A), which mediates fast inhibition 

and GABA(B), which mediates slow inhibition, are discoordinated. Like absence seizures, 

another seizure type involving thalamo-cortical circuits, in action-induced myoclonic 

seizures afferent input into the cortex activates pyramidal neurons which provides excitatory 

input onto thalamo-cortical relay cells (TRC) and nucleus reticularis thalami (NRT) cells 

(Fig. 1) [22] [23]. The thalamic cells project excitatory input into the NRT, which is 

composed primarily of GABAergic cells. The NRT in turn sends inhibitory inputs back to 

the TRC. TRC and NRT neurons possess low-threshold, transient Ca2+ channels (T-

channels) that allow them to exhibit a burst-firing mode, followed by an inactive mode. Mild 

hyperpolarization n of these neurons activate these T-channels and to allow the influx of 

extracellular Ca2+ resulting in the firing of action potentials. After T-channels are activated, 

they become inactivated quickly; hence, the name transient. T-channels require a lengthy, 

intense hyperpolarization to remove their inactivation (a process termed deinactivaion) [24]. 

The requisite hyperpolarization can be provided by GABA(B) receptors that are present on 

the TRC [25]. With sufficient hyperpolarization the thalamic neurons fire bursts of action 
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potentials resulting in propagation of excitatory fibers to the cortex [23]. The spike-and-

wave activity seen during absence and myoclonic seizures reflect this excitatory activity into 

the cortex. While the pathophysiology underpinnings of myoclonic and absence seizures are 

likely somewhat different, resulting in distinctly different semiologies, the sudden onset and 

offset of absence and myoclonic seizures and their EEG correlates, suggest a similar 

biological underpinning.

Some myoclonus arises from paroxysmal abnormal excessive oscillation in bidirectional 

connections between cortical and subcortical structures (thalamo-cortical or cortical-

subcortical) [9, 11, 26]. The abnormal excessive reciprocal excitation of cortical and 

subcortical sites is bilateral and diffuse at the time of the myoclonus. Although there is 

subcortical involvement, the cephalad spread of excitation to the cortex triggers the 

myoclonus. This myoclonus is typically not action-induced and usually occurs from rest. 

The EEG correlate consists of spike-and-wave or polyspikes and wave discharges. Surface 

EMG myoclonic discharges may be just as brief as in cortical myoclonus or a little longer 

(up to ~100 ms). Myoclonic absence and myoclonic-astatic seizures are examples of 

seizures of cortical-subcortical origin [27]. Cortical-subcortical pathology also likely 

accounts for the myoclonic -dystonia syndrome [28].

3. EEG features in PME

In many children early during PME have a normal initial EEG. Once seizures begin in 

earnest the interictal EEGs typically consists of polyspikes, polyspikes-and-waves, spike-

and-waves or multi-focal spike-and-wave [1, 4, 29, 30](Fig. 2). In PME myoclonus may be 

associated with spike-and-wave discharges or may occur without any accompanying cerebral 

discharges (Fig. 3), indicating that the myoclonus may be of cortical or subcortical origin. 

Photosensitivity with activation of epileptiform discharges may occur [5]. During myoclonus 

there are typically brief paroxysms of polyspikes or polyspikes-and-wave or spike-and-wave 

discharges. Over time, in association with the cognitive decline, there may be a slowing of 

the background activity. Some patients may have an improvement in their EEG overtime 

paralleling an improvement in seizures. Giant SSEPs are variable and may or may not be 

present in the various forms of PME [1, 31]. In general, there are no distinguishing features 

on the EEG that separate the PME syndromes from one another. Occipital spikes during 

photic stimulation at low frequencies have been associated with neuronal ceroid 

lipofuscinosis but is not specific for the diagnosis [32].

4. Consequences of myoclonic epilepsy

Myoclonus can be the cause of disability. Whether it is present at rest, with muscle 

activation, or from external stimulation, myoclonic jerks interfere with performing or 

initiating the desired correct movement for a given significant task. As a result, impairment 

in activities of daily living and intolerable frustration occur. Some myoclonus is so severe 

that the patient falls without any ability to protect themselves. In severe cases, action 

myoclonus may be so severe that the patient becomes wheel-chair bound. While myoclonic 

seizures are so brief there does not appear to be any impairment of consciousness or 
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awareness, myoclonic seizures occurring in flurries may impair the ability of the person to 

adequately respond.

5. Progressive Myoclonic Epilepsy Syndromes

The diagnosis of specific forms of PME is challenging because of genetic heterogeneity, 

phenotypic similarities, and an overlap of symptoms with other epileptic and 

neurodegenerative diseases leading to nosological confusion [4]. The specific diseases that 

cause PME are diagnosed by recognition of their age of onset, the associated clinical 

symptoms, the clinical course, the pattern of inheritance, and by special investigations such 

as enzyme measurement, skin/muscle biopsy, or gene testing. In this review PME that 

usually begin in childhood are reviewed. Although many authors do not include Dravet 

syndrome under the PME syndromes [1, 4, 5], this syndrome is discussed here since the 

children have severe myoclonic epilepsy with action myoclonus and deteriorate cognitively. 

Dravet syndrome is the one PME in which a well done randomized, placebo-controlled 

clinical trials has been done [33].

5.1 Lafora Disease

Lafora disease is a fatal progressive myoclonus epilepsy that strikes previously healthy 

adolescents [34, 35]. Lafora disease typically starts with epilepsy in adolescence in 

otherwise neurologically normal individuals. The seizures include myoclonic seizures, 

which usually are action- or stimulus-sensitive myoclonus, in addition to generalized tonic-

clonic, absence and atonic seizures. Neuropsychiatric symptoms, such as behavioral 

changes, mood disturbances and apathy, are also often present. These symptoms are 

followed by rapidly progressing dementia, medically intractable epilepsy, psychosis, 

cerebellar ataxia, dysarthria, loss of language and respiratory failure [36, 37]. Death is rapid, 

usually occurring within a decade from symptom onset, often due to status epilepticus [38].

Lafora disease is an autosomal recessive PME caused by mutations in the EPM2A or 

EPM2B genes, encoding the laforin dual specificity phosphatase and the malin ubiquitin E3 

ligase, respectively [39, 40]. These enzymes play essential roles in glycogen metabolism, 

specifically in ensuring the intact spherical architecture of glycogen. With loss of function of 

the gene, glycogen becomes malformed with reduced branching and excessively long chains 

and insoluble. It gradually precipitates, aggregates, and accumulates to form Lafora bodies 

in many cell types, including in the cell bodies and dendrites, likely resulting in the 

relentless progression of the epilepsy [41]. An additional gene, PRDM8, the mutation of 

which causes a variant of early childhood-onset phenotype in a single family, has been 

reported [35, 42].

Currently, only symptomatic therapies are available for Lafora Disease. However, there are 

ongoing studies in virus-mediated gene replacement, degradation of Lafora bodies and 

reducing brain glycogen synthesis through antisense oligonucleotides, RNA interference, 

genome engineering and small-molecule therapies [43].
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5.2 Unverricht-Lundborg Disease

Unverricht-Lundborg disease, sometimes called Baltic or Mediterranean myoclonus or PME 

type 1 (EPM1), is an autosomal-recessive disorder characterized by myoclonus, often 

action-and stimulus-induced and generalized tonic–clonic seizures [4, 30, 44, 45]. It is more 

prevalent in some geographic regions than others, with the highest reported prevalence in 

Finland [30]. EPM1 is characterized by onset at age 6–16 years, progressively incapacitating 

myoclonus, generalized tonic–clonic epileptic seizures and only mild cognitive dysfunction 

[44, 46–48]. Frequently patients develop cerebellar findings such as ataxia, incoordination, 

intention tremor and dysarthria. Individuals with Unverricht-Lundborg disease are mentally 

alert but show emotional lability, depression and mild decline in intellectual performance 

over time [30]. However, the action-myoclonus in this disorder can be so severe that patients 

cannot walk or gain meaningful employment.

EPM1 is caused by mutations in the gene encoding cystatin B (CSTB), a cysteine protease 

inhibitor [49–53]. This protein reduces the activity of cathepsins which are involved in the 

degradation of proteins in the lysosomes.

Presently, only symptomatic pharmacological treatment of the epilepsy is available for 

Unverricht-Lundborg patients. However, genetic therapies are being investigated [54].

5.3 Neuronal ceroid lipofuscinoses

The neuronal ceroid-lipofuscinoses (NCL) are a group of heterogeneous inherited, 

neurodegenerative, lysosomal storage disorders characterized by progressive intellectual and 

motor deterioration, seizures, and early death [55, 56]. NCL are named for the histological 

appearance of storage material containing autofluorescent lipopigments [57, 58]. The term

Batten disease has been applied collectively to this group of disorders, although more recent 

understanding of the molecular basis of disease has led to a system of nomenclature 

whereby subtypes are designated by a number based on the associated gene and phenotype, 

e.g., CLN2 [59]. There are currently 13 genes known to cause NCL [60]. Most have an 

autosomal recessive inheritance pattern, but autosomal dominant inheritance can be seen in 

one of the adult-onset forms, CLN4.

All patients with NCLs, except for those with a rare congenital form (NCL type 10 [CLN10] 

disease), have a normal mental and motor development before the onset of the first 

symptoms [61]. Age at disease onset is in childhood for most patients. The sequence in 

which symptoms occur varies and depends on the combination of the underlying mutations, 

which can affect age at onset and disease phenotype [61]. The main symptoms are a 

combination of at least two of the following: dementia, epilepsy, motor deterioration, and 

visual loss [61]. Symptoms can also be outside the central nervous system. For example, 

cardiac involvement has been reported in adolescent and adult patients with CLN3 disease 

[62–64].

Even though all types of NCLs share a similar set of clinical features (eg, dementia, 

epilepsy, motor deterioration, and visual loss), their clinical severity and presentation often 

differ even for those caused by mutations in the same gene. Increasing knowledge about the 
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natural history of the different forms of NCLs has shown that for some genes the phenotype 

severity can vary substantially even between siblings [64, 65].

5.3.1 Late-infantile NCL—One of the most prevalent types of NCL is type 2 (CLN2) 

disease [57]. Infants with CLN2 develop normally for the first year or two of life. Language 

delay then becomes apparent, and seizures, often the first sign of serious disease, begin 

around 3 years of age. Delay in expressive language development is the first sign of 

regression of psychomotor function in 83% of patients with classic late-infantile (CLN2) 

disease and is a key feature of early diagnosis [66, 67]. Seizure semiology is varied and 

includes generalized tonic-clonic, partial, atonic, myoclonic, and status epilepticus [68]. 

Myoclonic seizures are observed in all patients by 3–4 years of age. Medical intractable 

epilepsy is almost universal in children with NCLs, with especially high seizure frequency, 

duration and severity in CLN2 [67]. Ataxia and developmental regression follow, with rapid 

loss of language and motor milestones. Children are nonverbal and non-ambulatory by 4–6 

years [68, 69]. Retinopathy and blindness also become apparent during this period, leading 

to total disability. Children rarely survive beyond early adolescence. There are atypical 

phenotypes characterized by later onset and, in some instances, longer life expectancies.

Mutations of the CLN2 gene encoding tripeptidylpeptidase 1 (TPP1) underlie pathogenesis 

of late infantile NCL (LINCL) or CLN2-disease [70]. TPP1 is a lysosomal protease that 

requires acidic pH for its activation. Inactivation of the aminopeptidase activity of TPP1 

impairs the removal of tripeptides from the N-terminus of small proteins leading to CLN2-

disease [71, 72].

Currently, disease-specific treatment is only available for CLN2. Cerliponase alfa 

(Brineura®) is an intracerebroventricular enzyme replacement therapy that was approved for 

the treatment of CLN2 in 2017. In clinical trials, cerliponase alfa, administered via a 

surgically implanted intraventricular access device, slowed the loss of ambulation [73]. 

Cerliponase alfa is approved in the United States for children ≥3 years and in the European 

Union in all age groups. Clinical trials to determine long-term efficacy are ongoing

5.3.2 Juvenile NCL—CLN3 first presents in juveniles (age of onset 5–7 years) and the 

first symptoms are usually visual loss, followed by dementia, behavioral changes, loss of 

motor skills and epilepsy by early adolescence [74]. Myoclonic seizures are one of the 

seizure types seen in CLN3. In patients with classic juvenile CLN3 disease, seizures are 

infrequent with only mild worsening in later stages of disease [75, 76].

CLN3 disease is caused by mutations in the CLN3 gene, which provides instructions for 

making the battenin protein [77]. The battenin protein is primarily located in the membranes 

surrounding lysosomes and endosomes, which are compartments within the cell that digest 

and recycle materials. This mutation results in a substantial decrease in mRNA expression 

and stability. Therefore, it is likely that the mutant gene expresses a low level of a truncated 

CLN3-protein [78]. The function of battenin is not currently known.
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5.4 Gaucher disease

Gaucher disease is one the most common lysosomal storage diseases [79]. Gaucher disease 

is an autosomal recessive disorder in which the metabolic defect is an inherited deficiency of 

glucocerebrosidase due to mutations in the GBA1 (acid-b-glucosidase) gene [79]. Three 

types have been identified: Type 1 is the non-neuronopathic form and is characterized by 

hepatosplenomegaly and anemia; Type 2 Gaucher Disease is a neuronopathic form of 

disease with severe neurological disease and is usually fatal by 2 years of age [80]; Type 3 is 

the chronic neuronopathic form of Gaucher Disease which has a later onset than Type 2. 

Type 3 is characterized by a milder neurological involvement than Type 2 and is associated 

with the visceral and bone marrow involvement seen in Type 1. The earliest central nervous 

system involvement can be picked up on a detailed ophthalmologic examination revealing 

defects in horizontal saccades, strabismus and bulbar palsy or paresis [81]. Neurologic 

progression is marked by severe hypertonia, rigidity, opisthotonus, dysphagia and medically 

intractable seizures [82].

Mutations in the glucocerebrosidase (GBA) gene cause Gaucher disease. Gaucher Disease 

results from deficiency of a lysosomal enzyme glucocerebrosidase (also known as acid beta-

glucosidase, GBA) [83]. This enzyme breaks down glucocerebroside into a sugar (glucose) 

and a simpler fat molecule (ceramide). Mutations in GBA gene greatly reduce or eliminate 

the activity of beta-glucocerebrosidase. Without this enzyme, glucocerebroside and related 

substances increase to toxic levels within cells. Brain and other organs are damaged by the 

abnormal accumulation and storage of these substances, causing the characteristic features 

of Gaucher disease. Definitive diagnosis is made by assessing the serum glucocerebrosidase 

assay.

Enzyme replacement and substrate reduction therapy have been used to treat Type 1 disease 

[84, 85] but have not been effective in treating neurological problems in Type 2 disease [86, 

87].

5.5 Myoclonic epilepsy with ragged-red fibers (MERRF) syndrome

MERRF is a multisystem disorder characterized by myoclonus and other seizure types, 

ataxia, weakness, and dementia [88]. MERRF is a mitochondrial syndrome associated with 

various mitochondrial DNA point mutations [89]. Clinically, MERRF does not only manifest 

with epilepsy and myopathy but also with multi-organ abnormalities including endocrine, 

cardiovascular, dermatological, hearing and vision. The clinical diagnosis of MERRF is 

based on the following four “canonic” features: myoclonus, generalized epilepsy, cerebellar 

ataxia and ragged red fibers on muscle biopsy [90–92]. Although the onset of clinical 

manifestation typically occurs in childhood and early adulthood, onset in adults is not 

uncommon in patients with MERRF [91, 93, 94]. Psychomotor development in children is 

usually normal in almost all patients with MERRF until the onset of the myoclonus [91]. 

Cerebellar ataxia is one of the most common clinical manifestations of MERRF and is 

supportive of the diagnostic criteria of MERRF, occurring in over 80% of cases [95]. 

Cerebellar ataxia occurs frequently in patients with MERRF, although it may not be present 

in the early phase of the disease [96, 97]. Other common findings include hearing loss, short 

stature, optic atrophy, and cardiomyopathy with Wolff-Parkinson-White syndrome [88, 98].
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The myoclonus may occur alone or in association with generalized seizures [91, 92]. 

Myoclonic seizures are more frequent in the chronic than in the initial phase of the disease 

[99]. In MERRF, the semiology of the myoclonus is clinically indistinguishable from the 

manifestations of myoclonus in other patients with myoclonic disease. While cortical 

myoclonus is common, individuals with MERRF may have the thalamo-cortical type of 

myoclonus [96].

Point mutations in the mitochondrially encoded transfer ribonucleic acid-lysine 

(tRNA(Lys3) gene (MT-TK) are responsible for over 80 percent of patients [100]. The MT-
TK gene is a transfer RNA gene affiliated with the non-coding RNA class and is critical in 

the formation of proteins involved in oxidative phosphorylation. Less frequently, mutations 

in the MT-TL1, MT-TH, and MT-TS1 genes have been reported in MERRF. Myoclonus is 

not strictly linked to MERRF syndrome, having been detected in other typical mitochondrial 

encephalopathies, such as in POLG (DNA polymerase gamma catalytic subunit) mutations 

that are associated with Alpers-Huttenlocher syndrome and myoclonic epilepsy, myopathy, 

and sensory ataxia (MEMSA) syndrome [101, 102].

There is no current disease-specific therapy. While vitamins and food supplements, such as 

coenzyme Q10 and carnitine, have been proposed, there is no evidence from clinical studies 

that these alter the course of the disease or aid in seizure control [103]. Effective 

mitochondria-targeting gene delivery systems designed to reverse mitochondrial disorders 

are ongoing [104].

5.6 Action myoclonus renal failure syndrome

Action myoclonus renal failure syndrome, also called PME type 4(EPM4), is a distinctive 

form of progressive myoclonus epilepsy associated with renal dysfunction [1, 105]. The 

syndrome typically presents at ages 15 to 25 years either with neurologic symptoms 

(including tremor, action myoclonus and other generalized seizures and ataxia) or with 

proteinuria that progresses to renal failure [106]. Despite severe neurologic disability due 

mainly to action myoclonus, cognition is preserved in patients who survive after renal 

transplantation. The movement problems associated with this syndrome typically begin with 

a resting tremor of the fingers and hands and increases with movements, such as writing. 

Over time, tremors can affect other parts of the body, such as the head, torso, legs, and 

tongue. Eventually, the tremors evolve into more obvious myoclonic seizures which are 

exacerbated or induced by movement. The myoclonic jerks typically are multifocal 

involving the trunk, extremities and face. Kidney failure typically begins with proteinuria 

and ultimately results in end-stage renal disease.

The syndrome is autosomal-recessive related to loss-of-function mutations in the scavenger 

receptor class B member 2 (SCARB2) gene [107, 108]. The onset is in the second and third 

decades, but there is also a late-onset form, starting in the fifth and sixth decades without 

accompanying renal failure [106, 109]. Genotype–phenotype heterogeneity occurs in the 

syndrome and affected family members, despite identical gene mutations, can present 

differently; some with neurological symptoms while others develop renal impairment [110].
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There is no current disease-specific therapy for the neurological aspects of this condition and 

treatment remains primarily symptomatic.

5.7 PRICKLE1-gene-related PME with ataxia

PRICKLE1-gene-related PME with ataxia, also called PME type 5 (EPM5), is characterized 

by myoclonic seizures, generalized tonic–clonic seizures (often sleep-related) and ataxia, but 

with normal cognition [1, 111]. The age of onset is 5–10 years. Action myoclonus may 

affect the limbs or bulbar muscles, sometimes with spontaneous myoclonus of facial muscles 

causing marked dysarthria.

The disorder is caused by mutations in the planar cell polarity protein 1 (PRICKLE) gene. 

The gene encodes proteins, such as PRICKLE1, that are core constituents of the planar cell 

polarity-signaling pathway that establishes cell polarity during embryonic development 

[112].

There are no current disease-specific therapies and treatment remains primarily 

symptomatic.

5.8 North Sea Progressive Myoclonus Epilepsy

North Sea Progressive Myoclonus Epilepsy is a rare disorder characterized by progressive 

myoclonus, seizures, early-onset ataxia and areflexia. The condition bears the clinical and 

electrophysiological hallmarks of a progressive myoclonus epilepsy due to a homozygous 

p.G144W mutation in GOSR2, termed “North Sea” progressive myoclonus epilepsy (EPM6) 

due to the proximity of the patient’s families to the shores of the North Sea [113]. The 

disorder appears to have arisen as a founder mutation in Northern Europe. In addition to the 

PME phenotype of myoclonus and other seizure types, there is also early-onset ataxia 

(average 2 years of age), areflexia and elevated serum creatine kinase. Independent 

ambulation is lost in the second decade, and affected individuals develop scoliosis by 

adolescence. There may also be skeletal deformities, including pes cavus and syndactyly.

The condition is caused by mutations in the Golgi SNAP receptor complex 2 gene (GOSR2)
[114]. The gene encodes a trafficking membrane protein which transports proteins among 

the Golgi compartments. Cognition is typically spared in this syndrome.

There is no current disease-specific therapy and treatment remains symptomatic.

5.9 Sialidosis

Sialidosis, also called mucolipidosis type 1, is an autosomal-recessive lysosomal storage 

disease caused by a deficiency of the enzyme α-N-acetyl neuraminidase-1 [1, 115]. 

Sialidosis is classified into two main clinical variants: type 1, the milder variant, and type 2, 

usually more severe and with an earlier onset [116]. Patients with the late and milder type 1, 

which is known as “cherry-red spot myoclonus syndrome,” typically develop myoclonic 

epilepsy, visual impairment, and ataxia in the second or third decade of life [117]. The 

infantile sialidosis (type 2) is characterized by dysmorphic features and cognitive delay, 

followed by myoclonus starting during the second decade of life [118]. Action myoclonus 

leads to severe disability in both types of sialidosis [119, 120].
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Although patients with sialidosis often have macular cherry-red spots, this is not a 

pathognomonic finding since they also occur in central retinal artery occlusion and 

metabolic storage diseases such as Tay–Sachs disease, Sandhoff ‘s disease, Niemann–Pick 

disease, Fabry’s disease and Gaucher’s disease, some of which can also have a PME 

phenotype [121].

In human lysosomes, the degradation of complex macromolecular substrates requires the 

synergistic action of multiple hydrolases that act synergistically to carry out the degradation 

process of complex macromolecular substrates efficiently. One such efficient catalytic team 

is formed by three hydrolases which are ubiquitous, but differentially expressed: the serine 

carboxypeptidase, protective protein/cathepsin A (PPCA), the sialidase, Neuraminidase-1 

(NEU1), and the glycosidase β-Galactosidase (β-GAL) [122]. Type 1 sialidosis is caused by 

the genetic deficiency of the enzyme α-N-acetylneuraminidase-1 (coded by the 

neuroaminidase 1 [NEU1] gene on chromosome 6p21) [123]. The characteristic pathology 

of sialidosis reflects tissue accumulation and urinary excretion of sialylated oligosaccharides 

[124]. The clinical diagnosis is usually supported by increased urine bound sialic acid 

excretion and confirmed by genetic analysis or the demonstration of neuraminidase enzyme 

deficiency in cultured fibroblasts [120]. While children with sialidosis type 1 have some 

functional NEU1 activity, children with sialidosis, children with type II sialidosis have 

mutations that severely reduce or eliminate NEU1 enzyme activity [125].

There is no specific therapy for sialidosis and treatment is currently symptomatic.

5.10 Dravet syndrome

Dravet syndrome is an early childhood-onset epilepsy syndrome characterized by drug-

resistant seizures, frequent episodes of status epilepticus, and the development of 

neurocognitive impairment [126–130]. The syndrome was first described by Dravet as 

severe myoclonic of epilepsy [131]. Subsequently, it was noted that in many of the children 

myoclonic seizures are not the most predominant seizure type and the syndrome then 

changed to Dravet syndrome, in recognition of the physician who brought this seizure 

syndrome to the attention of medical community [132]. Seizure freedom in this condition is 

rare and there is a higher rate of sudden unexpected death in epilepsy patients (SUDEP) than 

other epilepsy syndromes.

Beginning around 5 months of age, affected children typically present with generalized or 

unilateral prolonged febrile seizures [129, 130]. However, a variety of other seizure types 

later appear, including myoclonic, atonic, generalized tonic-clonic, absence, complex partial, 

and, less often, tonic. The myoclonus experienced by the children is like action-induced 

cortical myoclonus like those characterizing PME [133]. Between age 1 and 4 years, 

episodes of status epilepticus with fever, as well as episodes of non-convulsive status 

epilepticus, are frequent. Frequent episodes of status epilepticus and ongoing susceptibility 

to hyperthermia-induced seizures are key clinical features. Reflex or stimulus provoked 

seizures, defined as seizures which are reliably evoked by a stimulus, are also very common 

and more than 50% have photosensitive seizures [134]. After 5 years of age, convulsive 

status epilepticus tends to be less frequent, and nocturnal generalized tonic-clonic seizures 

predominate. The seizures evolve over time. In adults, nocturnal generalized tonic-clonic is 
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the most common seizure type, and typically far fewer absence and myoclonic seizures are 

seen [135, 136].

While early-life seizures are perhaps the most striking feature of Dravet syndrome, the most 

debilitating consequences of the condition are the associated cognitive and behavioral 

impairments. During the first year, prior to increases in frequency of febrile and afebrile 

seizures, infants appear to develop normally. However, during the second year, a progressive 

decline is observed in multiple domains of cognitive function. Psychomotor, visuospatial 

and language development are impaired as well as social development.

In most cases, DS is caused by mutations in the Na2+ voltage-gated channel α subunit 1 

(SCN1A) gene, resulting in loss of function of the type I voltage-gated Na2+ channel 

(Nav1.1). Nav1.1 is one of four Na2+ channels expressed in the brain that are critical for 

initiating and propagating action potentials in neurons, and deficits in Nav1.1 have been 

linked to multiple neurological disorders associated with cognitive impairment.

There are no current disease-specific therapies for Dravet Syndrome and pharmacological 

therapy remains the mainstay of treatment [137]. There is considerable interest in gene 

therapy for this condition and there are several studies in early development [138].

6. Treatment of Progressive Myoclonic Epilepsy

The treatment of PME is one of the major therapeutic challenges in neurology. As described 

in the discussion of the specific syndromes, therapy targeting the underlying etiology for 

these genetic conditions is in its infancy and therapy is primarily symptomatic, relying 

primarily on AEDs and to a far lesser degree on dietary therapy, vagal nerve stimulation and 

deep brain stimulation. For the most part these therapies are used to treat the epilepsy, 

myoclonic and other seizure seizures. PME is not amenable to surgical resection.

Because of the rarity of these disorders, clinical randomized, double-blind trials comparing 

efficacy, tolerability and safety of AEDs in PME have been limited and evidence for efficacy 

relies on low grade evidence [9, 26]. As will be discussed below, only five randomized, 

placebo-controlled trials have been conducted in PME [33, 139–141]. Even when AED 

treatment in PME is studied the myoclonic seizures are difficult to assess due to their 

frequency, brevity and sometimes subtle semiology [33]. Rating scales such as the Unified 

Myoclonus Rating Scale have been used to assess action-induced myoclonus but may not be 

optimal in assessing AED efficacy [139]. Much of the information used for treating the 

epilepsy in the PME comes from small open-label studies using adjunctive therapy or from 

reports from patients with other forms of myoclonic epilepsy, such as Juvenile Myoclonic 

Epilepsy.

Despite the introduction of many new AEDs in the last two decades, the treatment of these 

symptoms, particularly myoclonus, remains challenging, due to the incomplete efficacy of 

most drugs [54]. While seizures like generalized tonic-clonic seizures in PME often respond 

to AEDs, myoclonic seizures are often refractory to treatment [33, 142]. The efficacy of 

AEDs used to treat the seizures in PME does not appear to be syndrome-related, i.e. AEDs 

that are effective in controlling myoclonic seizures in Lafora Disease are likely to be 
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effective in controlling seizures in Unverricht-Lundborg disease. However, this generality 

does not apply to tolerance or safety, as there are AEDs that can be harmful in MERRF 

[143].

Valproate is often the first choice to treat myoclonic seizures because of its broad spectrum 

of antiepileptic action and its effectiveness in treating myoclonus in a variety of epileptic 

syndromes [54, 75, 76]. Valproate is efficacious in Juvenile Myoclonic Epilepsy, a 

myoclonic epilepsy with a comparatively benign prognosis [144]. In adults with PME, older 

drugs such as clonazepam and phenobarbital have far better efficacy than phenytoin and 

carbamazepine [54, 145]. Clonazepam is the only drug approved by the US Food and Drug 

Administration as monotherapy for the treatment of myoclonic seizures [146].

Newer AEDs which have been shown to be effective in some studies include periacetam 

[147–149], levetiracetam [149, 150], topiramate [137, 149, 151], zonisamide [152, 153], 

clobazam [137, 154], stiripentol [155–157] and perampanel [158, 159]. Vagal nerve and 

deep brain stimulation and dietary therapy have resulted in some improvement but have not 

had a major impact on seizure control [160–162].

There have been two prospective, multicenter, double-blind, phase III trials studying drug 

efficacy in Unverricht-Lundborg disease (EPM1) [139]. In these studies, 103 patients (≥16 

years) with genetically ascertained EPM1, showing moderate–severe myoclonus (action 

myoclonus score ≥30/160), were randomized to twice-daily brivaracetam (5, 50 or 150 mg/

day) or placebo. Both studies comprised a 2-week baseline period, 2-week up-titration 

period, 12-week stable-dose maintenance period, and down-titration or entry into long-term 

follow-up study. Symptoms of myoclonus were assessed by the Unified Myoclonus Rating 

Scale. Primary efficacy end point was percent reduction from baseline in action myoclonus 

score at last treatment visit. Estimated differences versus placebo were not statistically 

significant. However, the authors raised the question as to whether the Unified Myoclonus 

Rating Scale was an appropriate measure for myoclonus in PME.

In a double-blind, placebo-controlled trial, 20 children and young adults with Dravet 

syndrome and drug-resistant seizures received either cannabidiol (CBD) oral solution at a 

dose of 20 mg per kilogram of body weight per day or placebo as adjunctive therapy [33]. 

The primary end point was the change in convulsive-seizure frequency over a 14-week 

treatment period, as compared with a 4-week baseline period. The median frequency of 

convulsive seizures per month decreased from 12.4 to 5.9 with CBD, as compared with a 

decrease from 14.9 to 14.1 with placebo and the percentage of patients who had at least a 

50% reduction in convulsive-seizure frequency was 43% with CBD and 27% with placebo. 

There was no significant reduction in non-convulsive seizures, including myoclonic seizures. 

The authors concluded that among patients with Dravet syndrome, CBD resulted in a greater 

reduction in convulsive-seizure frequency than placebo and was associated with higher rates 

of adverse events. CBD is now approved by the FDA for treatment of seizures associated 

with Dravet syndrome and Lennox-Gastaut syndrome.

In a double-blind, randomized, placebo-controlled trial Lagae et al. [141] showed a 

substantial response to fenfluramine in regard to convulsive seizures although myoclonic 
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seizures were not formally assessed. Fenfluramine demonstrated significant improvements 

in monthly convulsive seizure frequency inpatients with Dravet syndrome whose conditions 

were insufficiently controlled with stiripentol-inclusive antiepileptic drug regimens [140]. 

Stiripentol administered in conjunction with clobazam and valproate reduced convulsive 

seizures in Dravet syndrome, but myoclonic seizures were not measured [163].

Thus, in even well-done clinical trials there is little evidence that CBD or brivaracetam 

reduces number of myoclonic seizures. Clearly new, more efficacious drugs are necessary 

for PME. Orphan drug development is of increasing interest in the medically refractory 

epilepsies because of legislation enabling facilitated support of orphan drugs by regulatory 

agencies such as the Food and Drug Administration (FDA) and the European Medicines 

Agency (EMA). Despite orphan designations for rare epilepsies having increased in the past 

10 years, the number of approved drugs for the PME remains limited [164].

As with other seizure disorders, it is important that care be given to precipitating factors for 

seizures such as sleep deprivation and stress. It is commonly observed that patients with 

intractable myoclonic seizures are worse under situations of physical or emotional stress and 

this can become a vicious cycle [165, 166].

6.1 Adverse Effects of AEDs in PME

Some AEDs may exacerbate or even induce myoclonus [167] and should be avoided, 

particularly Na2+ channel blockers (phenytoin, carbamazepine, oxcarbazepine, lamotrigine), 

certain GABAergic drugs (tiagabine, vigabatrin), as well as gabapentin and pregabalin [30, 

75, 76, 168, 169]. It is unclear why these drugs should exacerbate myoclonus. Tiagabine, a 

GABA uptake inhibitor [170], and vigabatrin, a GABA transaminase inhibitor [171], likely 

enhances GABA(B) slow inhibition which would increase the likelihood of 

hyperpolarization of TRC and subsequent burst firing. The mechanism by which gabapentin 

and pregabalin, which have selective inhibitory effects on voltage-gated Ca2+ channels 

containing the α2Δ1 subunit [172], induces myoclonus is not known. Likewise, the 

mechanism responsible for increased myoclonus in Na2+channel blockers is not known. 

While these drugs should not be used initially in treatment, in individual patients the drugs 

could be helpful. However, close clinical and EEG monitoring is necessary to detect 

exacerbations.

Some of the AEDs recommended for myoclonic epilepsy have been proven to be 

mitochondrial toxic and should be avoided, if possible, in MERFF [89, 143]. AEDs with the 

strongest mitochondrion-toxic effect include valproate, carbamazepine, phenytoin, and 

phenobarbital [143]. Valproic acid causes complex-I and complex-IV dysfunction [173, 

174], reduces ATP production, sequesters cytochrome-aa3 and coenzyme-A, inhibits key 

enzymes of beta oxidation and results in impaired organization of the inner mitochondrial 

membrane and secondary carnitine deficiency [143, 173, 174]. Carbamazepine, phenytoin 

and phenobarbital reduces ATP production, the mitochondrial membrane potential and 

impairs Ca2+ uptake/release [175] [143, 175]. Valproate is contra-indicated in mitochondrial 

disease due to pathogenic variants of the POLG gene [143, 176, 177], where numerous 

adverse events and deaths have been recorded, whereas in classical MERRF the evidence 
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against the use of valproate appears to be largely theoretical and not definitively backed by 

clinical evidence [103].

6.2 Monitoring of AEDs efficacy and safety in PME

As with other severe epilepsies, polytherapy with AEDs can result in increased adverse 

effects, including lethargy, which may exacerbate the epilepsy [61, 178]. With disease 

progression, AEDs that have been previously tolerated may cause new side effects, and 

therapy should be reconsidered if symptoms of the disease worsen [76]. In PME it is 

important not to mistaken drug toxicity as disease-related cognitive declines.

While AED therapy can be quite helpful in reducing seizure frequency, duration and 

severity, most patients with PME are medically intractable to medical or dietary therapy. It is 

often not realistic to aim for total seizure control at the risk of drug toxicity with ensuing 

declines in quality of life. Balancing seizure control with AED toxicity is challenging and 

requires input from the child’s family and caregivers. Judicious use of rescue medications 

such as rectal, nasal or sub-buccal benzodiazepines can be very help in treating flurries of 

seizures without leading to long-term toxicity. In addition, seizure control, while clearly 

important individuals with PME, is only one aspect of the patient’s care. Goals and 

therapeutic interventions evolve as the disease progresses, which may shift in focus from 

maintenance of function early in the course of the disorder to quality of life maintenance. A 

multidisciplinary approach involving many health care providers is critical for optimal 

patient care [67].

7. Conclusions

PME constitutes a heterogenous group of different syndromes that have myoclonic seizures 

and neurological deterioration at its core. While disease-specific therapy is the future of this 

devastating group of disorders, most children with PME are managed symptomatically with 

AEDs. Goals of therapy should be reduction or elimination of seizures but not at the cost of 

severe side effects that can affect quality of life. This vulnerable population of patients is at 

risk for AEDs that worsen the myoclonus or affect the underlying disease progression, 

particularly in MERRF.

In addition to disease-specific genetic or enzyme replacement or depletion therapy, more 

effective AEDs are greatly needed in PME. New therapies need to be stringently evaluated, 

preferably with double-blind, placebo-controlled studies.
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KEY POINTS

• Progressive myoclonic epilepsy (PME) consists of a clinically and genetically 

heterogeneous complex group of neurodegenerative diseases that are 

associated with spontaneous or action-induced myoclonus, and progressive 

neurological deterioration.

• While disease-specific therapy using genetic treatment or enzyme 

replacement or substrate reduction is the ultimate therapeutic goal, most 

children with PME are treated symptomatically with antiepileptic drugs 

(AEDs).

• Efficacy and safety information on AEDs in PME is based on limited and 

weak data due to the rarity of the conditions and the lack of placebo-

controlled, blinded, randomized studies.

• Some AEDs may exacerbate myoclonic epilepsy or worsen the underlying 

disease state.
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Figure 1. 
Schematic diagram of neuronal substrates involved in generalized seizures [22]. The key 

neuronal ensembles consist of the pyramidal cells (PC) and interneurons (IN) in the cortex 

and the thalamocortical relay cells (TC) and nucleus retularis thalami cells (NRT) in the 

thalamus. The model involves two dependent inhibitory neural populations IN1 and IN2 

which are mediated by the fast and slow time scales of the inhibitory receptors GABA(A) 

and GABA(B), respectively. Excitatory synaptic connections are shown in red lines with 

arrows. Inhibitory synaptic connections are shown in green lines with arrows as well as 

closed circles, where solid and dashed ones represent the fast and slow synaptic function 

mediated by the GABA(A) and GABA(B), respectively.
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Figure 2. 
Examples of spike-and-wave discharges seen during myoclonic seizures in three children 

with PME. Note the generalized, irregular bursts of spike- and polyspikes and wave 

discharges during the myoclonus. Morphology, frequency and duration of the epileptiform 

discharges are not syndrome specific.
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Fig. 3. 
EEG from patient with Unverricht-Lundborg disease. EEG demonstrates mild slowing of the 

background with irregular spike-wave activity as designated by the (asterisk). Myoclonus 

occurred with and without spike-wave discharges.
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Table 1.

PME syndromes and genetic mutations.

Disease Mutation

Unverricht-Lundborg disease (EPM10 EPM1

Lafora body disease EPM2A or EPMP2B

Neuronal ceroid lipofuscinoses

 Late infantile CNL2

 Batten CNL3

Gaucher disease GBA

Myoclonusepilepsy and ragged-red fibers (MERFF) MT-TK

Action myoclonus-renal failure syndrome SCARB2

PRICKLE 1-gene-related progressive myoclonicepilepsy with ataxia PRICKLE

North Sea Progressive Myoclonus Epilepsy GOSR2

Sialidosis Neu1

Dravet syndrome SCN1A
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Table 2.

Listing of AEDs used to treat seizures in PME and AEDs that should be avoided in PME.

AEDs with Efficacy AEDs without Efficacy/Possibly detrimental AEDs of concern with MERRF

Valproate Phenytoin Valproate

Clonazepam Carbamazepine Carbamazepine

Periacetam Oxcarbazepine Phenytoin

Levetiracetam Eslicarbamazepine Phénobarbital

Topiramate Tiagabine

Clobazam Vigabatrin

Stiripentol Gabapentin

Peramampanel Pregabalin
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