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episodes of dystonic or choreoathetotic movements triggered 
by sudden voluntary movements or startle [1]. Attacks last 
less than one minute, and consciousness is usually normal 
for the whole episode. Antiepileptic drugs can effectively 
control attacks. PKD frequently begins in childhood or early 
adolescence and many patients report decreased attacks dur-
ing adulthood. Male patients are far more numerous than 
female patients, with a ratio of 2–4:1 [2]. In the general 
population, PKD is rare, with the prevalence estimated at 
1:150,000 [3]. Based on the etiology, PKD can be divided 
into primary PKD and secondary to underlying causes such 
as lesions of the central nervous system or metabolic dis-
orders. The major cause of primary PKD, both sporadic 
and familial, is genetic mutations [2]. Familial PKD mainly 
exhibits an autosomal dominant pattern of inheritance. In the 
past decades, two genes, PRRT2 and TMEM151A, have been 
described as the causative genes for PKD [4, 5]. Occasion-
ally, mutations in other genes such as KCNA1 and SLC2A1 
have been detected in rare PKD patients [6, 7]. Among them, 
the PRRT2 gene was the first identified causative gene and 
accounts for the majority of PKD cases [4]. Li et al. reported 
that PKD with PRRT2 mutation are likely to achieve com-
plete remission through treatment with a low dose of car-
bamazepine (CBZ). Although CBZ is adequate to provide 
good control of the symptoms, most PKD patients without 
PRRT2 mutations do not achieve remission after obtaining 
an increased dose of CBZ [8]. Besides, adverse effects of 
medication are present in a subset of PKD patients. Studies 
in the pathophysiological mechanisms of PKD are required 
to prompt the development of more targeted therapeutic 
methods. Disturbance of ion channels and synaptic trans-
mission have been repeatedly found in research and PKD is 
suspected to be a channelopathy or a synaptopathy [9–11]. 
However, the pathogenesis of PKD is complex, and current 
knowledge cannot explain it well. In this narrative review, 

Abstract Paroxysmal kinesigenic dyskinesia (PKD), the 
most common type of paroxysmal movement disorder, is 
characterized by sudden and brief attacks of choreoathetosis 
or dystonia triggered by sudden voluntary movements. PKD 
is mainly caused by mutations in the PRRT2 or TMEM151A 
gene. The exact pathophysiological mechanisms of PKD 
remain unclear, although the function of PRRT2 protein has 
been well characterized in the last decade. Based on abnor-
mal ion channels and disturbed synaptic transmission in the 
absence of PRRT2, PKD may be channelopathy or synap-
topathy, or both. In addition, the cerebellum is regarded as 
the key pathogenic area. Spreading depolarization in the 
cerebellum is tightly associated with dyskinetic episodes. 
Whereas, in PKD, other than the cerebellum, the role of 
the cerebrum including the cortex and thalamus needs to be 
further investigated.

Keywords Paroxysmal kinesigenic dyskinesia · PRRT2 · 
TMEM151A · Genetics · Pathophysiological mechanisms

Introduction

Paroxysmal kinesigenic dyskinesia (PKD) is a paroxysmal 
movement disorder characterized by brief and recurrent 
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we discuss the genetics and pathophysiological mechanisms 
of PKD, with a focus on recent advances.

Genetics

Mutations in PRRT2

In 2011, PRRT2 was identified as the first causative gene 
of PKD [4], which was subsequently confirmed in different 

ethnic groups [12]. The PRRT2 gene is located on human 
chromosome 16p11.2 and consists of four exons. More than 
100 mutations in PRRT2 (Fig. 1A) have been described 
according to the Human Gene Mutation Database (HGMD, 
https:// www. hgmd. cf. ac. uk/). The vast majority of PRRT2 
mutations are truncated mutations including nonsense and 
frameshift mutations, leading to a premature stop codon. 
Among them, c.649dupC, accounting for up to 80% of 
PRRT2 mutation carriers [13], is a high-frequency mutation 
and possibly arises from de novo mutagenesis in sporadic 

Fig. 1  Mutations in the PRRT2 and the TMEM151A gene. A 
Schematic drawing of the PRRT2 gene containing four exons. All 
PRRT2 mutations in HGMD including missense mutations (black), 
frameshift/nonsense/in-frame mutations (orange), and noncoding 

mutations (blue) are visualized in the PRRT2 gene. Among mis-
sense mutations, likely pathogenic mutations were indicated in red 
characters. M: transmembrane region. B Schematic drawing of the 
TMEM151A gene and diagram of reported mutation.

https://www.hgmd.cf.ac.uk/
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PKD [14]. An unstable DNA sequence, 4 guanine bases fol-
lowed by a homopolymer tract of 9 cytosine bases where 
c.649dupC occurs, has been proposed to be the reason for 
the high frequency of this mutation [9]. Pathogenic or likely 
pathogenic missense mutations and intronic mutations rep-
resent only a small percentage. Moreover, a 16p11.2 micro-
deletion including the PRRT2 gene has also been described 
in a few isolated PKD patients [15]. Copy number variants 
can be considered when point mutations in PRRT2 are not 
found in PKD, especially in sporadic patients.

Functional study and the pathogenicity classification 
of PRRT2 missense mutations indicate that all the likely 
pathogenic mutations cluster at the C-terminus of PRRT2 
(Fig.  1A). The PRRT2 gene encodes a 340-amino-acid 
transmembrane protein with a proline-rich domain in the 
large intercellular N-terminal region and two putative trans-
membrane domains at the C-terminal region. Pathogenic 
missense mutations lead to subcellular mis-localization of 
PRRT2 from the plasma membrane to the cytoplasm [16, 
17]. This mislocation might be related to damaged trans-
membrane domains located at the C-terminus. In addition, 
truncated mutations without a complete C-terminus cause 
decreased PRRT2 protein levels associated with proteasome-
mediated truncated protein degradation [18]. The defective 
C-terminus of PRRT2 is strongly correlated with PKD.

Studies of the genotype-phenotype correlation have 
revealed that PKD patients with PRRT2 mutations tend 
to present with an earlier onset, a longer attack duration, 
the choreoathetosis phenotype, bilateral limb involvement, 
and more forms of dyskinesia than patients without PRRT2 

mutations [8, 13, 19]. However, the clinical symptoms of 
patients with PRRT2 mutations show high heterogeneity. 
PKD is the major phenotype of PRRT2 mutations. Notably, 
not only PKD but also other neurological disorders including 
benign family infantile epilepsy [20] and infantile convul-
sions with choreoathetosis [21], are associated with PRRT2 
mutations (Fig. 2). Occasionally, PRRT2 mutations have also 
been implicated in other paroxysmal neurological disorders, 
such as hemiplegic migraine [22], paroxysmal nonkinesi-
genic dyskinesia (PNKD), and paroxysmal exercise-induced 
dyskinesia (PED) [23]. Indeed, family members carrying 
identical PRRT2 mutations may exhibit variable phenotypes. 
In a pedigree with c.649dupC mutation, the proband had 
transient infantile paroxysmal torticollis followed by BIE, 
his father developed PKD and migraine, and his brothers 
presented hemiplegic migraine [24]. Of note, quite a few 
people carrying pathogenic PRRT2 mutations have no symp-
toms. According to the latest statistics, the penetrance of 
PRRT2 mutations is about 74.5% to 77.6% [25]. Modifier 
genes, epigenetic modification, and environmental factors 
may be associated with the remarkable phenotypic variabil-
ity and incomplete penetrance.

Heterozygous PRRT2 mutations leading to loss-of-func-
tion of PRRT2 and haploinsufficiency in PKD are widely 
believed. Homozygous or compound heterozygous PRRT2 
mutations which have been reported rarely may cause a 
complete lack of normal function. Indeed, clinical studies 
demonstrated that patients with biallelic PRRT2 mutations 
exhibited more severe phenotypes including multiple parox-
ysmal disorders, prolonged ataxia attacks, and intellectual 

Fig. 2  Associated genes and the wide clinical spectrum of associated 
clinical features with PKD. The circles indicate clinical phenotype, 
the squares indicate genes, the filled arrows indicate a definite asso-
ciation between gene and clinical phenotype, and the dotted arrows 
indicate an uncertain association between gene and clinical pheno-

type. PKD: paroxysmal kinesigenic dyskinesia, PNKD: paroxysmal 
nonkinesigenic dyskinesia, PED: paroxysmal exercise-induced dys-
kinesia, HM: hemiplegic migraine, ICCA: infantile convulsions with 
choreoathetosis, BFIE: benign family infantile epilepsy, EA: episodic 
ataxia, MC: myotonia congenita.
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disability [26, 27]. Mild development delay is also frequent 
in those PKD patients with 16p11.2 microdeletion [15], 
while PKD patients with heterozygous PRRT2 mutations 
were rarely reported as obviously lacking in intelligence. 
Thus, more research is needed to determine the relationship 
between the phenotype of development delay and PRRT2.

Mutations in TMEM151A and other Genes

To date, PRRT2 mutations account for 69% to 93% of famil-
ial PKD and 21% to 45% of sporadic PKD [13, 28, 29]. A 
certain percentage of PKD patients without PRRT2 muta-
tions prompts researchers to find other causative genes. 
In 2021, Li et al. identified that mutations in TEME151A 
cause PKD in Chinese cohorts without PRRT2 mutations 
[5], which was verified in different populations [30, 31]. 
TMEM151A is a poorly characterized gene located on chro-
mosome 11q13.2 and consists of two exons. The full-length 
TMEM151A protein contains 468 amino acid residues with 
two putative transmembrane domains (amino acids 45–65 
and 98–118). To date, more than 50 TMEM151A muta-
tions (Fig. 1B), including truncated mutations, missense 
mutations, and non-frame deletion, have been identified 
in PKD cases. In recent studies, non-truncated mutations 
cause decreased TMEM151A protein in vitro study, and 
transcript analysis of PKD patients with the c.606_607insA 
mutation revealed a half reduction in TMEM151A mRNA 
[32]. These studies indicate that loss of function and hap-
loinsufficiency may be the pathogenic mechanism underly-
ing TEME151A-linked PKD. Compared with PKD patients 
with PRRT2 mutations, patients with TMEM151A muta-
tions are more common in sporadic cases, which could be 
attributed to lower penetrance or de novo mutagenesis [29]. 
The penetrance of TMEM151A mutations was estimated 
to be about 53.8%, which was lower than that of PRRT2. 
Besides, TMEM151A-linked PKD patients tend to present 
a pure phenotype, a shorter duration of attacks, and a dys-
tonia phenotype [29, 33]. They also respond well to CMZ 
or oxcarbazepine (OXC) with decreased attacks. Whereas, 
the response tends to be incomplete in TMEM151A-linked 
PKD, with occasional attacks or sensory aura remaining. 
We suppose that the variable degree of symptoms between 
these two genes associated-PKD may be caused by different 
mechanisms.

In addition, pathogenic mutations in KCNA1, the major 
causative gene for episodic ataxia 1, were also reported 
in familial PKD without PRRT2 mutations. Electrophysi-
ological examinations showed that two heterozygous 
KCNA1 mutations in PKD patients caused the  Kv1.1 chan-
nel dysfunction [7]. Besides, other mutant genes were also 
reported in a few PKD patients without PRRT2 mutations, 
such as MR-1, SLC2A1, and CLCN1 (Fig. 2), which are 
causative genes for PNKD, PED, and myotonia congenita 

(MC), respectively [6]. However, up to date, no powerful 
evidence has suggested that these genes are causative genes 
for PKD. One possible reason is that the mutant genes of 
these PKD patients were analyzed without consideration 
of the 16p11.2 microdeletion and TMEM151A. Although 
carrying pathogenic mutations in these genes, incomplete 
penetrance should certainly be considered in patients. Then, 
phenotypic overlap may lead to difficulty in distinguishing 
PKD from other paroxysmal movement disorders and result 
in misdiagnosis. Paroxysmal movement disorders have 
similar attacks but different trigger factors and duration of 
attacks. Since MC and PKD share some clinical features, 
cautious consideration in diagnosis is also needed. They 
both present with stiffness or muscle weakness which are 
pronounced on an initial action. It is worth mentioning that 
a Chinese patient had a predominant phenotype of choreo-
athetosis attacks and additional signs of myotonia, with the 
coexistence of a PRRT2 mutation and two CLCN1 mutations 
[34]. Notably, myotonic discharges in the EMG examina-
tion can be detected in MC patients, but not in PKD. Thus, 
when patients are clinically diagnosed with PKD, an addi-
tional EMG test and screening of the CLCN1 gene would 
be needed to exclude MC. Thus, no sufficient evidence 
improves these mutant genes associated with the occurrence 
of PKD.

Pathophysiologic Mechanisms

Disturbed Signal Transmission in Neurons

The paroxysmal manifestations observed in PKD patients 
suggest network instability in the neural system. The major 
causative PRRT2 gene encodes a transmembrane protein in 
neurons but not neuroglia cells. The neuron is a basic struc-
tural and functional unit in the neural system, transmitting 
signals through two modes including spiking (action poten-
tial) and synaptic transmission. Recent studies have shown 
that PRRT2 interacts with several proteins (Table 1) which 
are involved in the process of signal transmission. Loss-of-
function of PRRT2 protein in transmitting signal may cause 
network instability and lead to PKD.

PKD was proposed to be an ionic channelopathy due 
to the episodic nature of the symptoms. Meanwhile, most 
PKD patients exhibit a favorable response to antiepileptic 
drugs, such as CMZ and OXC, all of which modulate dif-
ferent types of ion channels. The paroxysmal clinical man-
ifestation and excellent response to antiepileptic drugs of 
PKD may be associated with abnormal ion channel func-
tions in vivo. According to research findings, PRRT2 influ-
ences neural excitability by interacting with ion channels 
in neurons (Fig. 3A) [11, 35]. Various ion channels, such 
as  Na+ channels and  K+ channels, are at the membrane 
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surface and crucial to maintaining cellular excitability in 
physiological conditions. Floriana et al. discovered that 
PRRT2 directly interacts with  Nav1.2/Nav1.6 channels 
and acts as a negative regulator [11]. Indeed, excitatory 
synaptic inputs and inhibitory inputs are integrated at the 
axonal initial segment (AIS), where voltage-gated  Na+ 
channels localize and their accumulation influences the 
threshold of action potential (AP). Importantly,  Nav1.2/
Nav1.6 channels are responsible for the generation of APs 
in excitatory neurons. Whereas,  Nav1.1 channels which are 
responsible for the generation of APs in inhibitory neu-
rons are not modulated by PRRT2.  In vitro study, PRRT2 
significantly decreased  Nav1.2/Nav1.6 expression levels at 
the cell surface, without changes in the total level. When 
PRRT2 was co-expressed with  Nav1.2 or  Nav1.6, the  Na+ 
current density was reduced and a slow-down in the recov-
ery from inactivation was induced. Notably, iPSC-derived 
human neurons carrying homozygous c.649dupC showed a 
significant increase in  Na+ current density and a decreased 
threshold for AP generation [11]. Mouse Prrt2-knockout 
(KO) cortical excitatory neurons also displayed a signifi-
cantly increased length of the AIS, consistent with the 
increased intrinsic excitability. Significantly, the  Nav1.2/
Nav1.6 channels are encoded by epilepsy-associated 
ion channel genes SCN2A and SCN8A [36]. Mutations 
in SCN9A, another epilepsy-associated gene encoding 
 Nav1.7, also contribute to an increase in seizures and show 
distinct sensitivity to OXC [37]. CBZ and OXC, target-
ing voltage-gated  Na+ channels, have been verified to be 
highly effective in PKD, but incomplete remission was 
still reported in a few PRRT2-linked PKD patients [29]. 
It suggests that distinct sensitivity to CBZ and OXC may 
be associated with different types of mutations as well. 
Hence, the functional interactions between PRRT2 and 
 Nav1.2/Nav1.6 channels and the clinical characteristics of 
PKD highly prove that PKD is an ionic channelopathy.

In addition to these  Na+ channels, a pulldown-based 
proteomic approach identified the α1 and the α3 subunits 
of  Na+/K+ ATPase pump (NKA) as major PRRT2-binding 
proteins in mouse brains. NKA mainly contributes to the 
resting potential and is essential for the ion gradient main-
tenance across the plasma membrane. Intriguingly, the lack 
of PRRT2 impaired the pump activity under conditions of 
neuronal stimulation, but not the resting conditions. Besides, 
NKA could provide intrinsic negative feedback to inhibit 
neural excitability after prolonged firing activity, as the 
result of increased intracellular  Na+. In primary hippocam-
pal neurons, PRRT2 deletion caused a significant decrease in 
pump activity and reduced the magnitude of NKA-depend-
ent afterhyperpolarization which was elicited with a train of 
APs [35]. The α1 and the α3 subunits of NKA are encoded 
by ATP1A1 and ATP1A3 which are linked to epilepsy dis-
orders [38, 39]. It hints that the paroxysmal manifestation 
may be associated with abnormal ion transporter functions. 
Overall, these studies indicate that PRRT2 exerts an inhibi-
tory control of intrinsic excitability in neurons. The lack of 
PRRT2 leads to disturbed cellular excitability and network 
instability.

In recent years, various studies indicate the occurrence 
of PKD might be associated with abnormal synaptic func-
tion. PNKD, which has similar symptoms to PKD, is also a 
paroxysmal movement disorder precipitated by coffee, alco-
hol, and stress. The protein encoded by the causative gene 
MR-1 localizes at synapses and regulates neurotransmitter 
release as well [40]. Then, these two paroxysmal movement 
disorders, PKD and PNKD were suspected as synaptopathies 
[10]. One study reported that the level of excitatory amino 
acids was higher in the plasma samples of PKD patients, 
consistent with increased concentration of glutamate (excita-
tory amino acid) in the culture medium of neurons following 
Prrt2 knockdown [41]. Generally, PRRT2 is localized at 
axonal domains and presynaptic structures in neurons [18, 

Table 1  List of the proteins 
reported to interact with PRRT2

GRIA1: glutamate ionotropic receptor AMPA type submit 1, VAMP2: synaptobrevin-2, STX1A: syntax-
in1a, Syt1: synaptotagmin-1, Syt2: synaptotagmin-2.

Interacting proteins Type References

SNAP25 Synaptic protein Lee et al. [21]
SNAP25, GRIA1 Synaptic protein Li et al. [41]
SNAP25 Synaptic protein Liu et al. [50]
Intersectin1 Synaptic protein Rossi et al. [49]
SNAP25, VAMP2, Syt1, Syt2 Synaptic protein Valente et al. [42]
STX1A, SNAP25 Synaptic protein Tan et al. [18]
VAMP2, SNAP25, STX1A, Syt1 Synaptic protein Coleman et al. [46]
Nav1.2/Nav1.6 channel Ion channel Fruscione et al. [11]
SNAP25, STX1A, VAMP2, GRIA1 Synaptic protein Mo et al. [48]
P/Q-type  Ca2+ channel Ion channel Ferrante et al. [47]
Na+/K+ ATPase pump (NKA) Ion transporter Sterlini et al. [35]
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42, 43], and modulates the process of synaptic transmis-
sion (Fig. 3A). Between neurons, chemical communication 
is common in the mammalian central nervous system (CNS) 
and occurs at synapse. Presynaptic release of neurotransmit-
ters is mediated by a three-step process: (1) synaptic vesicle 
(SV) tethering, docking at the active zone; (2) SV priming 
and forming the nucleus of synaptic soluble N-ethylmaleim-
ide sensitive factor attachment protein receptor (SNARE) 

complex including three molecules, syntaxin1a (STX1A), 
SNAP-25 and synaptobrevin-2 (VAMP2); (3)  Ca2+-triggered 
fusion [44]. A significantly higher number of docked syn-
aptic vesicles in release sites in sections from Prrt2-KO 
mice were discovered [18, 43]. In the presynaptic structure, 
PRRT2 directly interacts with presynaptic proteins includ-
ing the SNARE complex [18, 41, 45, 46],  Ca2+ sensors 
synaptotagmins1/2 (Syt1/2) [42], and P/Q-type presynaptic 

Fig. 3  Pathophysiological mechanisms of PKD. A PRRT2 influ-
ences signal transmission in neural systems including electric signal 
conduction in neurons and synaptic transmission between neurons. 
In electric signal conduction, two types of protein, the ion transporter 
 Na+/K+ ATPase pumps, and the voltage-gated  Nav1.2/Nav1.6 chan-
nels, are involved in the electric signal conduction and interact with 
PRRT2 in neurons.  Na+/K+ ATPase pumps located on the neuron 
maintain the ion gradient and the voltage-gated  Nav1.2/Nav1.6 chan-
nels located at the axon initial segment (AIS) are responsible for the 
generation of action potentials. In synaptic transmission, PRRT2 is 
involved in the three-step process of neurotransmitter release by inter-
acting with various presynaptic proteins: (1) synaptic vesicle (SV) 

docking at the active zone (AZ); (2) SV priming and forming the 
SNARE complex (syntaxin, SNAP25 and synaptobrevin) assembly; 
(3) the  Ca2+ sensor, synaptotagmin, triggers synchronous SV fusion 
due to the concomitant increase in the intracellular  Ca2+ concentra-
tion. B The pathogenic key area is in the cerebellum and the granule 
cell (GC)-Purkinje cell (PC)-deep cerebellar nuclei (DCN) pathway 
is the deficit in the cerebellum. The cerebellar cortex is made up of 
three layers: the molecular layer (outer layer), the Purkinje cell layer 
(median layer), and the granular layer (inner layer). The parallel fibers 
of GCs and dendrites of PCs form synaptic connections in the molec-
ular layer. PCs send inhibitory projections to the DCN.
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voltage-gated  Ca2+ channels (VGCCs) [47] which involves 
in the normal synaptic transmission.

Several studies found that PRRT2 negatively modu-
lated SNARE complex assembly [18, 46, 48]. Assembled 
SNARE complex was significantly increased in the absence 
of PRRT2, accompanied by a reduction in the amount of 
STX1A, SNAP-25, and VAMP2. Coleman et al. showed that 
PRRT2 negatively modulated the SNARE-mediated vesi-
cle fusion process in vitro reconstituted single vesicle and 
bulk fusion assays and PRRT2 acted primarily to regulate 
the priming process [46]. Meanwhile, the process of neuro-
transmitter release was also investigated to analyze the roles 
of PRRT2. In primary neurons, defective PRRT2 impaired 
synchronous release attributing to either the insensitivity of 
 Ca2+ sensors Syt1/2 or a decreased VGCCs mediating  Ca2+ 
influx [42, 47], and then increased facilitation of excitatory 
transmission. Nevertheless, the asynchronous release was 
relatively preserved, and SV priming was not affected [42]. 
Disparate study models and methods may account for this 
significant divergence in synaptic transmission. Interaction 
between PRRT2 with Intersectin1, an intracellular protein 
involved in synaptic vesicle cycling, was also shown in one 
study, while the detailed mechanisms of how PRRT2 influ-
ences their function remain to be elucidated [49]. Moreover, 
the subcellular location of PRRT2 has been controversial. 
Most studies indicated that PRRT2 existed only on the pre-
synaptic membranes, but PRRT2 also presented on the post-
membrane in a few studies. The level of an important subunit 
of the AMPA receptor GRIA1 was significantly higher upon 
co-expression with mutant PRRT2 [41, 50]. Although the 
role of PRRT2 in regulating neurotransmission is still under 
debate due to the conflicting results of recent studies, its 
loss of function leading to hyperexcitability is largely con-
vincing. Myoclonus dystonia syndrome (MDS), which has 
a similar phenotype to dystonia in PKD, is caused by muta-
tions in the SGCE gene. Loss of function of SGCE can lead 
to excessive excitatory synapses that may ultimately contrib-
ute to MDS [51]. Taken together, these results indicate that 
synaptic transmission between neurons may be changed in 
PKD, but definite proof still needs to be provided.

It seems that disturbed signal transmission in neurons is 
highly related to PKD. Loss-of-function of PRRT in neu-
rons leading to hyperexcitability provides a simple and 
straightforward explanation for the paroxysmal manifesta-
tions observed in PKD patients. But PKD is a channelopa-
thy or a synaptopathy or both? Interestingly, according to 
basic research, PRRT2 interacts with a variety of proteins in 
neurons and then regulates signal transmission from differ-
ent standpoints. The various clinical phenotypes caused by 
PRRT2 mutation may be associated with its rich functions. 
Which one is the dominant dysfunction in vivo contribut-
ing to PKD? Via interaction of the N-terminal proline-rich 
region with the synaptic SNARE proteins, PRRT2 regulates 

SNARE-mediated synaptic transmission [46]. PKD-asso-
ciated PRRT2 mutations disrupt the SNARE-moderating 
function and then result in PKD. This conclusion is disput-
able because missense mutations located at the N-terminal 
of PRRT2 are mostly benign or likely benign according 
to the result of pathogenicity classification [17]. There-
fore, the connection between the changed function of the 
SNARE complex and PRRT2 linked-PKD should be further 
explained. Besides, electrical signals could be transformed 
into chemical signals at synapses. The high level of amino 
acids in PKD might be the secondary result of changed 
ionic channels and increased electrical signal conduction. In 
future research, experiments about the effect on ion channels 
and synaptic transmission in PKD models should be rela-
tively independent and exclude interference with each other.

Pathogenic Key Area in Cerebellum

The pathogenic area in PKD has been explored for many 
years. Researchers attempted to deepen the understanding 
of PKD by means of methods. Abnormalities of perfusion 
in the basal ganglia, thalamus, and cortex were observed in 
PKD patients through cerebral blood perfusion examina-
tion [52–54]. Moreover, in functional magnetic resonance 
imaging (fMRI) and diffusion tensor imaging (DTI) stud-
ies, microstructural alternations in the pre-supplementary 
motor area (preSMA) and the right opercular part of infe-
rior frontal gyrus (IFGoperc) were found, and functional 
and structural connectivity between the thalamic nuclei and 
the cortex was significantly enhanced [55, 56]. In previous 
studies, 3T MRI was used to examine the structural and 
functional alteration in PKD. These days, a stronger field 
7T MRI with higher resolution and signal-to-noise may be 
more sensitive to detect functional alterations and can be 
applied in the following research [57]. In general, accord-
ing to the findings in neuroimaging studies, abnormalities 
in the basal ganglia-thalamo-cortical circuit in PKD have 
been suspected for a long time. However, little basic research 
into the deeper pathophysiologic mechanism of this basal 
ganglia-thalamocortical circuit was conducted. The lack of 
reliable animal models impeded the progress of understand-
ing the mechanisms underlying PKD. Initially, Michetti et al. 
characterized the paroxysmal phenotype of Prrt2 KO mice 
which was generated by a “knockout first” targeting strategy. 
Whereas, no direct evidence showed that any abnormal brain 
area was involved in the occurrence of dyskinesia attacks 
[58]. Instead, in 2018, Tan and colleagues generated mouse 
models with global and cerebellum-specific Prrt2 truncation, 
but not forebrain, displaying dyskinesia attacks resembling 
human PKD. Unlike previous methods, Prrt2Stop knock-
in mutant mice were generated by CRISPR/Cas-mediated 
genome editing, and Prrt2 conditional KO mice were gen-
erated by Cre/loxp technology. The behavioral phenotypes 
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in mutant mice were triggered by generalized seizures, 
hyperthermia, or optogenetic stimulation [18]. Generating 
appropriate experimental mouse models mimicking PKD 
has greatly promoted the studies of pathogenesis. In addi-
tion to these mouse models, rat models have been applied in 
research about PKD occasionally [48]. Whereas, neuronal 
circuits regulating motor function between humans and 
rodents vary largely. Thus, non-human primates and brain 
organoids can be considered as new models to explore these 
issues in further research. In short, these days, the cerebel-
lum is widely recognized as the key area in the pathogenesis 
of PKD.

The cerebellum is an important center in the regulation 
of movement, where afferent fibers and efferent fibers are 
enriched. The highest expression level of Prrt2 in the brain 
occurs in the molecular layer of the cerebellar cortex. In-situ 
hybridization confirmed that Prrt2 was only expressed in 
granule cells (GCs) which account for most neurons in the 
cerebellar cortex and localized at the pre-synaptic space, 
but not in Purkinje cells (PCs) [43]. Notably, conditional 
knockout of Prrt2 in GCs was sufficient to induce dyskinesia 
attacks under hyperthermia stimulation [18]. It suggests that 
GCs in the cerebellum are center sites in the pathogenesis of 
PKD. GCs represent the input stage of the cerebellum. Via 
mossy fibers (MFs) originating from pre-cerebellar nuclei in 
the brainstem and spinal cord, GCs receive enriched signals 
including sensory and motor information. By electrophysi-
ological recordings of GCs paired with MF electrical stimu-
lation, synaptic transmission at MF-GCs synapses was not 
affected in Prrt2 KO acute cerebellar slices [59]. All that 
matters is that Prrt2 deficiency affected the intrinsic excit-
ability of GCs activity by increasing the expression of the 
 Na+ channel and the length of the AIS [59]. Whereas, when 
lacking Prrt2, the effect in synaptic transmission at paral-
lel fiber-Purkinje cell (excitatory synapses) in the cerebel-
lar molecular layer was discrepant, increased, or decreased 
facilitation [18, 43]. Supposedly, different stimulation condi-
tions cause these variable lab results.

A breakthrough study showed that Prrt2 deficiency facili-
tated the induction of spreading depolarization (SD) in the 
cerebellar cortex and dyskinesia under KCl stimulation. 
Cerebellar SD was highly associated with PKD since inhi-
bition of SD prevented the occurrence of dyskinetic move-
ments. In Prrt2-deficient mice, blocking the  Nav channels 
reduced excessive parallel fiber excitability and prevented 
the cerebellar SD and the following dyskinesia. Prrt2 defi-
ciency may facilitate the generation of SD by reducing pro-
longed inactivation of  Nav1.2 and  Nav1.6 channels, lead-
ing to increased excitability among cerebellar GCs. Then, 
cerebellar SD caused a firing block of Purkinje cells (PCs) 
[60]. Significantly, the duration of attacks (often tens of 
seconds) in Prrt2-deficient mice overlapped with cerebellar 
SD-induced firing interruption of the PCs. PCs are the sole 

output neurons of the cerebellar cortex and send inhibitory 
projections to the deep cerebellar nuclei (DCN). Due to the 
pathologic GCs and PCs input, the cerebellar SD may lead to 
abnormal inhibition of the DCN. The firing rates of the DCN 
neurons were increased before they dramatically decreased, 
and the resultant aberrant firing patterns in DCN were tem-
porally and tightly coupled with the dyskinetic episodes. 
These clues indicate a high correlation between the disrup-
tion of PC and DCN neurons and the occurrence of dyski-
netic movements [60]. This pathway (GC-PC-DCN) deficit 
in the cerebellum (Fig. 3B) and pathological output from the 
cerebellum contribute to the motor phenotype seen in PKD.

The cerebellum is elucidated as a necessary locus for the 
generation of dyskinetic movements, whereas the role of 
other brain areas, such as the cortex, still cannot be neglected 
in PKD. In basic research, studies on mice revealed that 
Prrt2 was expressed throughout the CNS, with especially 
high levels in the cerebral cortex, hippocampus, basal gan-
glia, and cerebellum [4]. Mo et al. showed that Prrt2 defi-
ciency leads to disrupted synaptic function in the primary 
motor cortex-induced PKD, although this conclusion has not 
been adequately approved. In the Prrt2 KO rats, the level of 
SNARE elements and Syt1 rose significantly, and assembly 
of SNARE complex was also increased in the M1 cortex, 
but not in the cerebellar or hippocampal tissues [48]. Differ-
ently, Prrt2 deficiency facilitated the generation of SD and 
increased excitability among cerebellar GCs in the cerebel-
lum by influencing  Nav1.2 and  Nav1.6 channels rather than 
 Ca2+-dependent neurotransmitter release [60]. This result 
hints that the dysfunction of  Na+ channels in the cerebel-
lum is closely interlinked with PKD. Perhaps the dominant 
function of PRRT2 varies in different brain areas. Moreover, 
it is possible that dysfunction in various brain areas induces 
PKD together.

In terms of anatomy, the axons of DCN project to pri-
mary thalamic nuclei. Whether DCN-thalamic projections 
are problematic in PKD is of concern. Remarkably, through 
neuroimaging methods, other than structural abnormalities 
of the cerebellum, two newest studies indicated that dyscon-
nectivity of the cerebello-thalamic circuit also contributed to 
the pathogenesis [61, 62]. Significantly, a primary PKD was 
cured after he accepted staged bilateral thalamotomy [63]. 
We suppose that abnormal neural network excitability in the 
cerebral cortex and cerebellum relay towards the thalamus 
and secondary alteration occurs in the thalamus. Breaking 
off turbulence in the thalamus which comes from the upper 
pathogenic area is sufficient to terminate the abnormity. 
Therefore, the thalamus may not be a primary pathogenic 
region but an important output node. The projections from 
DCN to the thalamus nuclei are enriched. For instance, one 
study showed that stimulation at the cerebellar interposed 
nucleus (IpN), one of the DCN, induced monosynaptic 
evoked potentials in the ventrolateral thalamus nuclei but 
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not the contralateral region [64]. So, the specific pathogenic 
pathway from the cerebellum to the thalamus in PKD is 
still unclear. Various neurotropic viruses, spreading among 
synaptically-linked neurons, have been widely used to map 
neural networks. These methods can be considered to define 
the neural circuit in the pathogenesis of PKD [65]. Another 
possible mechanism is that the thalamus is also a consider-
able pathogenic area in the pathogenesis of PKD. Whereas, 
the alternative functions in the thalamus should be further 
studied. Based on the evidence above, disturbance of the 
cerebello-thalamo-cortical circuit may be highly associated 
with the occurrence of PKD. Functional connectivity and 
structural connectivity in the brain are complex. Further-
more, the connection of abnormal cerebellum and abnormal 
basal ganglia-thalamo-cortical circuit in the pathogenesis of 
PKD has been built up. Further research is needed to confirm 
the relationship between these brain areas and PKD.

Conclusion and Perspective

The pathogenesis of PKD is complex and our understanding 
of it remains incomplete. PRRT2 gene was identified as the 
major causative gene in PKD. Ion channels, ion transport-
ers, and synaptic transmission in neurons are all affected 
by defective PRRT2. Among them, the interaction with the 
 Na+ channel explains well why PKD patients have excel-
lent responses to CBZ and strongly confirms that PKD is an 
ionic channelopathy. Priming and neurotransmitter release 
processes in synaptic transmission are also influenced by 
PRRT2, but the experiment results have been inconsistent 
in different research so far. The guess of synaptopathy needs 
to be verified by dealing with conflicting lab results. Sig-
nificantly, the cerebellum has been regarded as the primary 
locus for the generation of dyskinetic movements in recent 
years. Nevertheless, in the progression of PKD, abnormal 
basal ganglia-thalamocortical circuits and cerebellar-tha-
lamic circuits were frequently discovered by neuroimaging 
methods. Considering that secondary alteration or compen-
sated change rather than root cause could also be found in 
PKD patients through neuroimaging methods, these brain 
areas in the pathogenesis of PKD need to be further identi-
fied in appropriate biological PKD models.

Despite extensive efforts to identify the mechanisms 
related to PRRT2 dysfunction, the reason why symptoms 
become less severe with age in PKD remains unclear. More 
than that, it is peculiar that the number of male patients 
is higher in PKD. By performing whole-cell patch clamp 
recordings, one study showed that male and female medial 
preoptic area (mPOA) neurons differ electrophysiologi-
cally [66]. Maybe disturbed neurons in PKD also have 
different electrophysiological properties between male 
and female patients. In the following experiments, sex 

differences should be attached to importance. The causative 
gene TMEM151A found recently may prompt researchers 
to explore the physiological function of the TMEM151A 
protein. Notably, the level of Tmem151a was relatively low 
during the embryonic period, markedly increased during 
postnatal stages, peaked at postnatal day 14, and declined 
in adulthood, very similar to the expression pattern of Prrt2 
[5]. We speculate that the abnormal function may vary with 
aging and disappear in adult PKD patients. Even if variants 
lead to loss of function, they will not cause PKD during 
adulthood. The effect of age is needed to be considered in 
the pathophysiologic mechanisms of PKD in future research. 
PKD patients with TMEM151A variants also responded well 
to CBZ, but occasional attacks or sensory aura remain [29]. 
It suggests that TMEM151A may also affect ion channels, 
while some additional functions are not the same as PRRT2. 
TMEM151A localizes at ER where stores intracellular  Ca2+ 
and plays an important role in intracellular  Ca2+ mobiliza-
tion and dynamics [5]. It prompts us to identify the rela-
tionship between TMEM151A and synaptic function. In 
addition, real-time PCR and in situ hybridization analyses 
revealed that Tmem151a was widely expressed in the CNS 
and was highly expressed in the cerebral cortex, thalamus, 
hippocampus, spinal cord, and brainstem. Unlike Prrt2, 
Tmem151a was mainly expressed in white matter, not in 
the cerebellar cortex [5]. Thus, the key area mediating the 
function of TMEM151A in controlling movement may be 
different from that of PRRT2. Gaining insights into both 
PRRT2 and TMEM151A function is of primary importance 
to understand the pathogenesis of PKD and then improve 
treatment in the future.
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