
The epileptic and non-epileptic spectrum of paroxysmal 
dyskinesias: channelopathies, synaptopathies, and 
transportopathies

Roberto Erro1,2, Kailash P. Bhatia1, Alberto J. Espay3, and Pasquale Striano4

1Sobell department of Motor Neuroscience and Movement Disorders, University College London, 
Institute of Neurology, London, UK

2Department of Neuroscience, Biomedicine and Movement Science, University of Verona, 
Verona, Italy

3UC Gardner Neuroscience Institute, Department of Neurology, Gardner Center for Parkinson’s 
disease and Movement Disorders, University of Cincinnati, Ohio, USA

4Pediatric Neurology and Muscular Diseases Unit, Department of Neurosciences, Rehabilitation, 
Ophthalmology, Genetics, Maternal and Child Health, University of Genoa, “G. Gaslini” Institute, 
Genova, Italy

Abstract

Historically, the syndrome of primary paroxysmal dyskinesias was considered a group of disorders 

due to ion channel dysfunction. This proposition was primarily based on the discovery of 

mutations in ion channels, which caused other episodic neurological disorders such as epilepsy 

and migraine and also supported by the frequent association between paroxysmal dyskinesias and 

epilepsy. However, the discovery of the genes responsible for the three classic forms of 

paroxysmal dyskinesias disproved this ion channel theory. On the other hand, novel gene 

mutations implicating ion channels have been recently reported to produce episodic movement 

disorders clinically similar to the classical paroxysmal dyskinesias. Here, we review the clinical 

and pathophysiological aspects of the paroxysmal dyskinesias, further proposing a 

pathophysiological framework according to which they can be classified as synaptopathies 
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(PRRT2 and MR1), channelopathies (KCNMA1 and SCN8A) or transportopathies (SLC2A1). 

This proposal might serve to explain similarities and differences among the various paroxysmal 

dyskinesias in terms of clinical features, treatment response, and natural history.
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1. Introduction

The syndrome of paroxysmal dyskinesias (PxDs) encompasses a rubric of disorders 

characterized by recurrent episodes of abnormal movements, frequently co-occurring with 

epilepsy or other episodic neurological symptoms (i.e., migraine and/or ataxia) [1]. 

Historically, PxDs and other episodic neurological disorders were mainly considered as 

disorders representing ion channel dysfunction (channelopathies) [2]. This proposition has 

been supported by the discovery of mutations in genes encoding for ion channels and 

responsible for epilepsy, periodic paralyses and episodic ataxias among other episodic 

neurological disorders, and linkage studies showed close vicinity to ion channels in cohorts 

including PxDs [2–5]. The ‘channelopathy hypothesis’ would tie in with the observed 

sensitivity of some PxD subtypes (i.e., the kinesigenic variant) to anticonvulsant drugs, 

which modulate the activity of ion channels [6]. Moreover, the PxDs-epilepsy association 

[6,7] suggested the concept that PxDs represented a form of “basal ganglia epilepsy” related 

to altered ion channel function at both cortical and subcortical levels [8]. Thus, in one 

patient with epilepsy and PxDs, the epileptogenic source was identified within the 

supplementary sensory motor cortex, the ictal discharge rapidly spreading to the basal 

ganglia [9].

However, the discovery of the three major PxDs-associated genes (PRRT2, MR-1 and 

SLC2A1), none of which encode for ion channels, lessened the strength of the 

channelopathy hypothesis [6]. On the other hand, PxDs and epilepsy co-occur in the setting 

of recently described novel mutations in KCNMA1 and SCN8A genes, implicated in ion 

channel function. Despite the significant advances in the molecular understanding of the 

PxDs, their pathophysiological mechanisms (with the exception of SLC2A1, which encodes 

for glucose transporter type 1) remain largely unclear.

Here, we review the clinical aspects of PxDs and accumulating evidence regarding their 

pathomechanisms, discuss novel genetic disorders, and propose a pathophysiological 

framework that may serve to explain similarities and differences among the various PxDs in 

terms of clinical features, treatment response, and natural history.

2. Clinical overview

PxDs are characterised by recurrent attacks of abnormal involuntary movements, typically 

chorea, dystonia or a combination thereof [1,6]. During the attacks, consciousness is 

preserved; between attacks most patients are normal [1,6].
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The first clear description of PxDs probably dates back to 1940 when Mount and Reback 

described several family members over 5 generations who had attacks of choreo-dystonia 

triggered by alcohol and coffee and lasting from minutes to several hours [10]. Over the 

decades, it became clear that the PxDs were quite heterogeneous in terms of clinical 

characteristics and two further variants have been recognized [11,12]. Accordingly, a 

classification was proposed based on triggers: paroxysmal kinesigenic dyskinesias (PKD); 

paroxysmal non-kinesigenic dyskinesias (PNKD); and paroxysmal exercise-induced 

dyskinesias (PED) [13]. Despite the pragmatic usefulness of such a classification [13], the 

elucidation of the genetic basis of PxDs suggests there might be some heterogeneity within 

each type and clinical overlap between them [6,14]. Moreover, novel genetic disorders (i.e., 

KCNMA1 and SCN8A) have been described to produce episodes similar to the “classical” 

PxDs. As such, the following clinical overview will be structured according to the main 

genetic disorders generating PxDs, with or without epilepsy (figure 1).

2.1 PRRT2 (PKD, ICCA, and BFIS)

Since 2011 [15], mutations in the proline-rich transmembrane protein 2 (PRRT2) gene have 

been found in autosomal dominant early-onset neurological disorders such as PKD, benign 

familial infantile seizures (BFIS), with their association known as infantile convulsions plus 

choreoathetosis (ICCA), and rarely in some patients with PED, PNKD, hemiplegic migraine, 

episodic ataxia, childhood absence epilepsy, paroxysmal torticollis, and febrile seizures [7].

PKD, ICCA and BFIS have long been thought to be allelic disorders because they co-occur 

in some families and have been linked to the same region on chromosome 16p11.2-q12.1 

[16,17]. By whole exome sequencing technology, Chen and colleagues first identified 

mutations in PRRT2 on chromosome 16p11.2 in eight Chinese PKD families [15], opening 

the way to the identification of PRRT2 mutations in its related clinical syndromes, ICCA 

and BFIS [7]. The PRRT2 mutations identified thus far include a considerable number of 

loss-of-function and missense amino-acid changing mutations [14]. The most common 

mutation is the frameshift single-nucleotide duplication c.649dupC (p.R217fsX224), which 

was found in over 60% of PKD, ICCA and BFIS families. This mutation likely arose 

independently in some of the families, given their diverse ethnic and geographic origins 

[18,19].

PRRT2-associated PKD—Currently, PRRT2 is the major gene responsible for PKD, 

with a frequency ranging from about 40% to over 90%, depending on case ascertainment 

[6,7,14,17,20–23]. Almost all PRRT2 cases have a clear kinesigenic trigger, and in up to 

40% anxiety or prolonged exercise can also induce them [6]. The attacks are very short, 

classically lasting less than 1 minute, feature both chorea and dystonia, and tend to 

generalize [6]. Often patients have many attacks per day, but their frequency usually 

decreases with advancing age after puberty, regardless of any treatments [6,7].

PRRT2-associated BFIS—PRRT2 mutations accounts for about 80% of patients with 

BFIS, an autosomal dominant disorder occuring in infancy with onset between 3 and 12 

months of age. BFIS is characterized by brief seizures featuring motor arrest, cyanosis, 
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hypertonia, and limb jerks. There is a good response to antiepileptic drugs and seizures 

eventually remit before 2 years of age [24,25].

PRRT2-associated ICCA—PRRT2 mutations are also found in a large percentage 

(>90%) of ICCA families of different ancestry [18]. The ICCA syndrome is characterized by 

the combination of infantile seizures and paroxysmal dyskinesias, co-inherited as a single 

trait [18]. The PxDs start after the onset of epilepsy, usually after age 5, but some patients 

might exhibit epileptic seizures at a much later age [7].

2.2 MR1 (PNKD)

In 2004, missense mutations in the myofibrillogenesis regulator gene (MR1) were for the 

first time discovered in two unrelated families with PNKD [26]. Subsequently, several 

additional families have been reported on and this has allowed delineating the clinical 

characteristics of patients carrying MR1 mutations as compared to those with a similar 

phenotype but who do not carry such mutations [6,27]. Thus, onset is usually in the first 

decade and very rarely after age 18 [6,27]. There is always a dominant family history for 

similar problems (no sporadic cases have been described so far) [6]. Paroxysmal attacks 

frequently encompass both dystonic and choreic features and are generalized in about half of 

the cases [6,27]. In rare instances, attacks can be complicated by dysarthria, dysphagia, 

oculogyric crises, inability to move and/or pain and might be also fatal [6,27,28]. The 

duration of the attacks is variable but usually tends to last for up to hours [1,6,27]. Attacks 

are generally induced by coffee and alcohol intake, even though other precipitants, including 

stress, tiredness and prolonged exercise, have been rarely described [6]. Patients with MR1 
mutations do not have epilepsy (and this makes the phenotype associated with this gene 

different from that associated with KCNMA1 mutations, as discussed below) [6]. However, 

a substantial proportion of patients with MR1 mutations can have migraine, thus linking this 

gene to another episodic neurological disorder [14]. Many patients seem to respond, at least 

partially, to benzodiazepines. However, there is a general tendency for the attacks to 

decrease with aging, regardless of any treatments.

2.3 SLC2A1 (PED)

The genetic overlap between epilepsy and movement disorders has also been widely 

recognized in glucose-transporter-1 (GLUT1) deficiency syndrome (OMIM 138140), caused 

by mutations in SLC2A1 encoding for the glucose transporter type 1 (GLUT1) protein of the 

blood-brain barrier. Both epilepsy, particularly early-onset absence, and PED co-occur in 

families and individuals [29–31]. The estimated frequency of SLC2A1 mutations is 

approximately 1:80,000 [32].

SLCA2A1-associated PED—The attacks usually consist of choreoathetosis and dystonia 

affecting mainly the lower limbs and are typically triggered by sustained exercise [33]. 

Notably, this disturbance might be misdiagnosed as epileptic myoclonic seizures [34]. The 

combination of epilepsy with a possible family history and PED in the setting of an 

unremarkable neurological examination, along with low CSF glucose concentration, 

represents an important clinical clue to raise the correct diagnostic suspicion [33]. An early 
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diagnosis of GLUT-1 deficiency is crucial given that the syndrome can be well managed 

with a ketogenic diet (see below).

2.4 Other genes implicated in PxDs (KCNMA1 and SCN8A)

Two genetic mutations have been reported to include in their phenotype episodes resembling 

the “classic” PxDs, namely KCNMA1 and SCN8A [35,36].

KNCMA1-associated PNKD-like episodes—In 2005, Du and colleagues reported on a 

family with an autosomal dominant form of generalized epilepsy and PxDs carrying a 

mutation in the KCNMA1 gene, which encodes for a subunit of a calcium-activated 

potassium channel [36]. Clinically, the PxDs were described to resemble the non-kinesigenic 

variant with alcohol being a possible trigger, whereas the epileptic attacks could be either in 

the form of absence or GTCS [36]. The presence of epilepsy makes patients with KCNMA1 
mutations different from those carrying MR1 mutations, which has never been associated 

with epilepsy. While two additional PNKD patients with KCNMA1 mutations have been 

subsequently reported to lack epilepsy [37], they presented with neurodevelopmental delay, 

also unlike MR1-associated PNKD [37].

SCN8A-associated PKD-like episodes—PKD, BFIS, and their combination, known as 

ICCA, a clinical syndrome classic of PRRT2 mutations, have been reported in patients with 

SCN8A mutations [14,21]. Gardella et al. reported 3 families with 16 members manifesting 

either with afebrile focal or GTCS during the first two years of life [38]. Additionally, 5 of 

these 16 patients had at older age choreo-dystonic or “shivering” attacks that were brought 

on by stretching, movement initiation and/or emotional stimuli [38]. All patients but one had 

normal developmental milestones, uninformative neuroimaging, and unremarkable 

neurological examination between attacks. Moreover, they were mostly seizure-free without 

medications in their adulthood [38]. These three families carried the same heterozygous 

mutation (c.4447G>A; p.E1483K) in the SCN8A gene. The phenomenology of the attacks 

suggests but does not resemble classical PKD [39]. Moreover, in one case a typical PKD 

spell was recorded by video-EEG-polygraphy and a cortical involvement was documented, 

suggesting that such attacks might in fact be epileptic in nature [39]. Nonetheless, this report 

highlights the difficulty in making the diagnosis of PxDs based on clinical features alone. 

Notably, other reports on the phenotypic spectrum of SCN8A-related epileptic 

encephalopathies have described the presence of “choreo-dystonia” and “dystonic 

dyskinesias” in some cases [40], thus supporting the idea that episodic movement disorders 

(arguably resembling PxDs) can occur with SCN8A mutations. Despite the clinical 

similarities with patients carrying PRRT2 mutations, there are several differences that might 

help the differential diagnosis [40]. Besides the families reported by Gardella et al. [39], 

other SCN8A cases have been reported with a variety of seizure types encompassing focal, 

tonic, clonic, myoclonic and absence seizures, all of which are reported to be usually 

refractory to antiepileptic drugs. Eventually, SCN8A patients develop moderate to severe 

intellectual disability, regardless of whether early development was normal [40]. Moreover, 

these might co-occur with non-episodic movement disorders, including dystonia and ataxia 

[40]. Finally, most SCN8A mutations are de-novo, although a single case of somatic 
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mosaicism in an unaffected parent has been observed [40]. All these features make the 

phenotype(s) associated with SCN8A different from that associated with PRRT2.

3. A pathophysiological framework

3.1 PxD as synaptopathies

PRRT2 and presynaptic vesicles—PRRT2 encodes for a protein that is highly 

conserved across species [41]. The encoded 340-amino acid protein, the proline-rich 

transmembrane protein 2 (PRRT2), is highly expressed in the cerebral cortex, cerebellum 

and basal ganglia (figure 2), which matches with the localization expected based on the 

human PRRT2 phenotype. Yet, it physiologic function has not been entirely elucidated.

PRRT2 consists of two transmembrane helices in the C-terminal region, a long N-terminal 

intra-cytoplasmic region that includes a proline-rich domain, an intracellular loop linking the 

two transmembrane helices, and a very short C-terminal end [17]. Subsequent to alternative 

splicing at the 3′ terminus, there are recognized six splice variants and three different 

isoforms (www.ensemble.org; ENSG00000167371). However, since the large majority of 

pathogenic mutations in PRRT2 are localized in a conserved region shared by all splice 

variants, the contribution of the different isoforms to PRRT2-associated diseases appears 

elusive [14,21].

There is evidence that PRRT2 localizes mostly in axons of glutamatergic synapses [41,42]. 

However, previous works have suggested that it interacts with the SNARE protein SNAP-25 

as well as the GluA1 subunit of the AMPA-type glutamate receptor complex, leaving the 

question open of whether PRRT2 localizes at the presynaptic terminal, postsynaptic 

terminal, or both. Recent evidence suggests that PRRT2 main localization is at the 

presynaptic terminal, where it interacts with a number of other proteins involved in synaptic 

vesicle docking and neurotransmitter release. Indeed, Valente and colleagues recently 

demonstrated that PRRT2 is highly distributed in presynaptic terminals and interacts with 

SNAP-25, VAMP2 and synaptotagmin1/2 (Syt1/2), intimately implicated in the Ca2+-

sensing machinery involved in the final steps of neurotransmitter release [43]. PRRT2-

silenced neurons have an abnormal asynchronous/synchronous neurotransmitter release ratio 

indicating that the fusion mechanism per se is not altered and that a specific defect in 

coupling Ca2+ influx to exocytosis is the most likely pathomechanism [43]. Interestingly, 

similar results were obtained in a mouse strain carrying a Syt2 mutation and manifesting 

with ataxia [44], one of the clinical phenotypes of PRRT2 in humans. PRRT2 may also have 

other functions. Its temporal expression increases during the development and in fact PRRT2 

silencing in primary neurons decreases synaptic density and alters nerve terminal 

ultrastructure. Using RNA interference, it has been shown that knocking PRRT2 in mouse 

embryos leads to a delay in neuronal migration and defects in synaptic development [45]. 

Therefore, it is not surprising that homo- or heterozygous biallelic PRRT2 mutations can 

lead to neurodevelopmental disorders [46–48]. Finally, proteomic studies demonstrated an 

interaction of PRRT2 with the AMPA receptor complex [49]. After infection with shRNA-

Prrt2 lentivirus, there is an increase in glutamate levels in the culture medium of neurons as 

well as in the distribution of GluA1 on the cell membrane [42]. One of the reasons why 

carbamazepine is very effective in patients with PRRT2 mutations might be owing to its 
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ability to enhance the activity of the glutamate transporter 3 at the post-synaptic terminal 

[50], thus allowing glutamate to be pumped into postsynaptic terminals without activating its 

receptor.

MR1 and synaptic regulation—The MR1 or PNKD gene encodes for the 

Myofibrillogenesis Regulator 1, a protein with 3 isoforms that have distinct cellular 

distribution and, likely, biological functions. The brain specific isoform MR1L consists of 

385 amino acids [26] and is highly expressed in the basal ganglia (figure 2). At the cellular 

level, MR1L localizes on the membrane [51]. However, its function is not yet entirely clear. 

MR1 shares up to 40% identity with the human hydroxyacylglutathione hydrolase (HAGH), 

especially for the beta-lactamase domain [52]. HAGH is involved in the pathway to detoxify 

methylglyoxal, a compound present in both caffeinated and alcoholic drinks that is produced 

as a by-product of oxidative stress [52]. This would suggest a putative mechanism whereby 

alcohol, coffee, and stress could induce attacks in patients with MR1 mutations. However, it 

was found in cultured cells and transgenic animals that MR1L could not effectively restore 

absent HAGH activity, suggesting that it does not intervene in glutathione metabolism at 

appreciable levels in vivo [51]. More recently, in vivo data from the MR1−/− mice and the 

identification of RIM1 and RIM2 as MR1-binding proteins hinted at the possibility that 

MR1 could be involved in synaptic regulation [53]. Rab3-interacting molecules (RIMs) are a 

group of proteins of the active zone that interact among others with vesicle proteins and 

presynaptic membrane proteins, playing therefore a crucial role in vesicle priming and 

calcium-dependent neurotransmitter release [53]. Thus, MR1-knockout animals have 

significantly reduced RIM levels and, in turn, display an abnormal neurotransmitter release 

[53]. MR1 might be hence involved in stabilizing RIM proteins at the active zone and 

inhibiting RIM-dependent pathway. Consistent with this, overexpressed MR1 inhibits 

exocytosis [53]. Given that caffeine acts as a ryanodine receptor agonist at presynaptic 

terminals and stimulates calcium efflux from the endoplasmic reticulum, the hypothesis has 

been raised that neurons might be more vulnerable to high concentration of calcium and 

hence might become hyperexcitable when challenged with caffeine [53]. Striatal neurons are 

more susceptible to this pathomechanism, as also demonstrated by a proportional increase of 

dopamine release after caffeine or ethanol challenge in mutated transgenic MR1 mice that 

recapitulate the human MR1 phenotype [54].

In summary, PRRT2 and MR1 play important roles in synapse formation and/or functioning 

and should be hence classified, from a pathophysiological standpoint, as synaptopathies, an 

emerging rubric of brain diseases including neurodevelopmental disorders as well as other 

forms of epilepsy [55], all of which share aberrant synapse physiology as the main 

pathomechanism.

3.2 PxD as channelopaties

Because electrical signals are critical to the function of neurons, proteins that regulate 

neuronal electrical signaling are obvious sites where abnormalities might lead to episodic 

neurological diseases [56].
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KCNMA1 encodes for a subunit of a calcium-activated potassium channel, belonging to the 

family of large conductance for potassium ion channels (BK channels) [36,56]. BK channels 

are involved in many physiological processes such as neuronal excitability, synaptic 

transmission as well as regulation of myogenic tone [57]. BK channels are mainly activated 

by internal Ca2+ concentration but an alternative mechanism of activation relies on the 

voltage sensitivity of the S4 domain [58]. Thus, calcium opens BK channels when all the 

voltage sensors are in their resting configuration and, vice versa, voltage can activate 

channels when Ca2+ is absent [58]. It was demonstrated that the original mutation enhances 

channel activity at the same voltage and intracytoplasmic Ca2+, so that more BK channels 

are open than the wild-type (WT) channels at physiological conditions [36]. However, this 

evidence stemmed form models where β subunits were absent. In addition to the α subunit 

of the BK channel, 4 β subunits have been recognized [57]. The most expressed β subunits 

in the brain are β2, 3, and 4 [57]. Interestingly, a mutation on the β3 subunit has been linked 

to idiopathic epilepsy [59] and β4 knock-out mice show temporal lobe seizures [60]. 

Especially with the β4, BK channels regulate neuronal excitability at both cortical and sub-

cortical levels [61–63]. Therefore, it is conceivable that mutations altering these processes 

can lead to both epilepsy and PxDs.

SCN8A mutations are also predicted to alter neuronal excitability. Most SCN8A mutations 

are missense mutations causing increased NaV1.6 channel activity, which provides the 

molecular basis for the initiation and propagation of action potentials [64]. NaV1.6 is widely 

expressed both in the cerebral cortex and subcortical structures [65]. Functional analyses 

have suggested that SCN8A mutations can lead to either gain-of-function (i.e., by an 

increased persistent sodium current) or loss-of-function effects (i.e., by an unstable protein) 

[64]. In fact, both hypoactivity and hyperactivity of NaV1.6 are suggested to be pathogenic, 

yet with different outcomes: haploinsufficiency would be more likely associated with 

cognitive dysfunction and hyperactivity within an epileptic encephalopathy [64]. However, 

due to the relatively small number of mutations reported on, no strict genotype-phenotype 

correlation can be definitely suggested.

In summary, both KCNMA1 and SCN8A mutation alter the function of ion channels, 

neuronal excitability with or without a net impairment in neurotransmitter release, and 

should be hence classified, from a pathophysiological standpoint, as channelopathies.

3.3 PxD as transportopathies

SLC2A1 encodes the glucose transporter type 1 protein (GLUT1) that is responsible for 

transporting glucose across the blood-brain barrier. Haploinsufficiency of SLC2A1 results in 

a hypoglycemic state of the brain, which can cause a wide spectrum of neurological 

conditions. Functional studies revealed that a chronic hypoglycemic state is responsible for 

intermittent generalized epileptiform activity. In particular, positron emission tomography 

(PET) findings indicated that there is a permanent hypometabolism in the frontal lobes of 

patients with epilepsy that matches with EEG data showing epileptic activity with anterior 

predominance [34]. Moreover, there was a positive correlation between PED frequency and 

the FDG uptake in the left putamen [34]. Additionally, ictal SPECT analysis showed 

hyperperfusion in the aforementioned regions during an episode of PED [34]. Altogether, 
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these layers of evidence suggest that disordered glucose metabolism in the corticostriate 

pathways is crucial in the pathophysiology of PED [34]. An open issue remains the broad 

phenotypic variability of the GLUT1 defects. Genotype–phenotype correlations show that 

deletions, nonsense, frameshift and splice-site mutations resulting in complete loss of one 

allele typically lead to the classic GLUT1 deficiency syndrome, whereas heterozygous 

missense mutations where a residual function is predicted are more often found in milder 

phenotypes, including isolated PED [31,67,68]. Finally, the reduced penetrance and the 

variable clinical expressivity of SLC2A1 mutations suggest that the other modifying genetic 

and/or acquired environmental factors may influence the underlying pathophysiology and 

clinical expressivity of this disorder.

Although the term transportopathies has been coined for disorders due to deficient 

neurotransmitter transporters [69] and glucose is not strictly a neurotransmitter, we thought 

reasonable to consider it a transportopathy. In fact, bypassing the transport defects by means 

of a ketogenic diet represents the first therapeutic choice.

4. Knowledge gaps and future perspectives

The similarities among epilepsy and PxDs, including their episodic nature, triggering 

factors, and the therapeutic response to the same drugs, are striking. Historically, epilepsy 

has been considered a disorder originating from the cerebral cortex whereas PxDs have 

mostly been considered to reflect a subcortical dysfunction. However, increased 

understanding of the genetics underpinnings of epilepsy syndromes and PxDs have provided 

insights into the shared mechanisms of these two conditions, revealing the role of ion 

channels, and of proteins associated to the vesical synaptic cycle or involved in energy 

metabolism (figure 3) [14,31,36,38,43,53,70–72]. Nevertheless, there remains controversy 

about the extent to which paroxysmal movement disorder may have epileptic components, as 

variably measured by video-EEG monitoring [9,73–75], recognizing that abnormally 

organized electrical activity of subcortical structures (“subcortical seizures”) may not be 

readily recorded with scalp electrodes. In general, a clear differentiation between the 

pathophysiology of purely subcortical and cortical events risks to be an oversimplification 

due to the strong reciprocal interconnectivity between basal ganglia and cerebral cortex, 

particularly within the fronto-striatal network, as well as the differential age-related 

expression of dysfunction in these structures. For instance, ictal SPECT demonstrated that a 

network including both basal ganglia and cortical motor areas was involved in patients with 

SLC2A1 mutations manifesting with epilepsy and PxD, [34]. The age-dependent expression 

of clinical features in patients with PRRT2 mutations is likely to be explained by the 

particular temporal pattern of the protein at both cerebral and spinal level [17], which is in 

accordance with the observation that mutations in this gene more likely lead to epilepsy in 

infancy and PKD in childhood or adolescence, with a tendency to spontaneous remission 

later in life. Moreover, this temporal pattern implicates PRRT2 in neurodevelopment, as also 

suggested by the fact that biallelic PRRT2 mutations cause mental retardation [76]. 

However, it is still difficult to explain how the same mutation in a certain gene can cause 

both epilepsy and movement disorders either in a given patient or family, or in separate 

families. Future studies should address this issue by exploring the putative role of modifier 

genes or environmental factors on phenotypic variability. In fact, the brain localization of the 
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specific mutated protein does not seem to entirely explain the clinical phenotype. For 

instance, MR1 is also expressed at the cortical level (figure 2), yet without causing any 

“cortical” paroxysms with the exception of migraine [14]. It is therefore likely that modifier 

genes and interacting proteins play a role in modulating the clinical phenotype.

On the other hand, the main objective for future research should be shifting from the 

identification of the underlying molecular cause to the development of pharmacogenomics 

and related tailored therapeutic strategies [77]. Indeed, the advent of high-throughput 

genomic sequencing and related tools in molecular diagnosis further offers a great occasion 

to develop specific therapies by directly targeting the pathophysiological mechanisms that 

produce the outspread effects of these disorders [78].
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Figure 1. 
Spectrum of episodic neurological disorders occurring with mutations in the genes 

associated with paroxysmal dyskinesias. The underlying colour reflects the presumed 

cortical (blue) vs subcortical (red) origin of the clinical manifestations. PNKD; paroxysmal 

non-kinesigenic dyskinesias; PKD: paroxysmal kinesigenic dyskinesias; ICCA: infantile 

convulsions with choreoathetosis; BFIS: benign familial infantile seizures; PED: paroxysmal 

exercise-induced dyskinesias; GTCS: generalized tonic-clonic seizures. * The nature of the 

movement disorder occurring with SCN8A mutation has been questioned (see text for 

details).
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Figure 2. 
Regional expression of mRNA from PRRT2 (left panel) and MR1 (right panel) in the normal 

human brain. Brain regions included in the analysis: cerebellum (CRBL); occipital cortex 

(OCTX); frontal cortex (FCTX); temporal cortex (TCTX); putamen (PUTM); hippocampus 

(HPP); medulla (MEDU); substantia nigra (SNIG); thalamus (THAL); white matter 

(WHMT). [Source: UK Brain Expression Consortium]
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Figure 3. 
Schematic diagram of the paroxysmal dyskinesia pathomechanisms. (BBB: brain blood 

barrier)
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