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Abstract

Background:

KCNMAU1-linked channelopathy is characterized by neurodevelopmental disorder, epileptic
seizures and non-epileptic paroxysmal episodes.

Objectives:

To describe the phenotype of paroxysmal non-epileptic episodes related to KCNMAL
pathogenic variants.

Methods:

Videos of paroxysmal episodes were reviewed according to a standardized protocol by a
group of movement disorders experts.

Results:

Fourteen videos were reviewed (6 previously published patients and a new patient). The
typical pattern of an episode was (i) facial changes including dyskinetic movements of tongue
and jaws (ii) behavioral arrest (iii) loss of postural reflexes that could be associated with focal
body stiffness, eventually leading to fall (iv) rapid recovery without post-ictal drowsiness.
Attacks were brief, with a high daily frequency, occasionally triggered by emotion, and
dramatically improved by psychostimulant therapy in three patients.

Conclusions:

KCNMAI1-related attacks are clearly distinguishable from paroxysmal dyskinesia, cataplexy
or episodic ataxia indicating a unique phenomenological entity whose recognition will
enhance accurate diagnosis and treatment.

Keywords:

KCNMAL; cataplexy, stimulant therapy; paroxysmal attacks.



The KCNMAL gene encodes the pore-forming alpha subunit of a K+ ion channel, part of the
BK family (“Big K+”) because of its large conductance and activation by voltage and
intracellular Ca2+ ions.1,2 KCNMA1 pathogenic heterozygous variants have been associated
with a range of phenotypes manifesting developmental delay, epilepsy and/or dyskinesias.
Some of these phenotypes have been highlighted as distinctive, such as paroxysmal non-
kinesigenic dyskinesia 3, with or without epilepsy (PNKD3, OMIM# 609446) and Liang-
Wang syndrome (OMIM# 618729).1,3-5 While monoallelic variants with gain-of-function
(GoF) effect have been associated with PNKD3 and loss-of-function (LoF) variants with
Liang-Wang syndrome, the distinction between GoF and LoF phenotypes is not entirely clear
as some individuals reported in the literature may have shared features between the two
syndromes. Finally, biallelic patho- genic variants in KCNMAL cause cerebellar atrophy,
developmental delay and seizures (OMIM # 617643).6

PNKD3 is a condition characterized by the presence of epileptic and/or non-epileptic
paroxysmal events and delayed development.1,3,4 Several authors have suggested that
PNKD3 may present with a particular type of non-epileptic episode, but inconsistent
classification has prevented the development of a uniform definition. Heterogeneous terms
have been used, such as “negative motor episodes”, “cataplexy”, “dystonia-cataplexy”,
“dystonic spells”, “paroxysmal non-kinesigenic dyskinesia” and “atonic seizure-like
episodes”.2,7-10 Interestingly, these episodes have been reported in association with the
p.N995S variant in KCNMAL (annotated to reference transcript NM_002247.4; also referred
to in the literature as p.N999S, p.N1036S or p.N1053S), but it is unclear whether this
is a specific finding.4

We propose a critical reappraisal of the phenomenology of the paroxysmal non-epileptic
events associated with KCNMAL, through standardized analysis of previously published
videos and report an additional individual with a pathogenic variant in KCNMA1.

Methods

We reviewed the literature (PubMed, keyword KCNMAL) and selected individual cases who
fulfilled the following criteria: (i) harboring pathogenic monoallelic variants of KCNMAL1
gene (ii) described as exhibiting paroxysmal non-epileptic episodes, (iii) with available videos
of the non-epileptic attacks in the publication. A patient not previously published with a
pathogenic KCNMAL variant and video-recorded paroxysmal non epileptic attacks was also
included. This patient gave written informed consent according to the Declaration of Helsinki
for review and publication of his clinical, genetic and video recording results.



VIDEO 1. Recorded at 5 years of age. There was no triggering factor and the onset was abrupt with loss of facial expression, followed by
mouth opening and loss of postural reflexes and fall on the right side 2 s after onset. Behavioral arrest was associated with falling of the
head backwards and mild dystonic posturing/stiffness of the upper limbs. There was a rapid recovery: the total duration of the attack was
40 s. This attack was recorded during a 24 h video-EEG monitoring; interictal EEG during awakening and sleep recorded a normal
background rhythm with no interictal epileptic abnormality; during the attacks, EEG activity was unchanged and a sharp decrease in
muscle activity on the deltoids’ myographic electrode was noticeable.

Video content can be viewed at https:/fonlinelibrary. wiley.com/doi/10.1002/mdc3.14289

Clinical and genetic data were collected in the publications and from the medical file of the
unpublished patient (case 7). The videos were analyzed during five shared video sessions
lasting 90-120 min involving four movement disorders experts (ER, CDG, LSM, AR) and
using a standardized protocol (one session to build-up the standardized protocol of analysis,
two rounds for clinical description, two rounds for phenomenology categorization, one last
session to verify consensual agreement). Appearance of each body region (face, mouth, neck,
trunk, limbs) was collected during the course of the attacks, with precise description of each
observed sign (for example, staring, jaw opening, limb stiffness); then the collected signs
were categorized by their phenomenology according to established neurological guidelines
especially movement disorders classification,11-13 with specific focus on dyskinetic
movements/stiffness/loss of tone/loss of motion/behavioral arrest; we also analyzed the
progression of each sign using a timer, and their regional extension to investigate
craniocaudal progression.



Results

We identified four publications of individuals harboring heterozygous pathogenic KCNMA1
variants and presenting paroxysmal non-epileptic and available videos. We focused on the
medical data and 12 videos of the six cases extracted from these four reports. 7-10, 14 Not
previously published case 7 was also included in this study (videos 1 and 2). According to the
publications and/or physicians familiar with the patients, videos were highly representative of
a typical episode.

VIDED 7. Rncorded 3t 24 yeowx of 3ge. The
Wmam»m, which

wmmhmlmﬂuﬁﬂm*yw
oA ORN e 14269

Clinical characteristics of the patients are summarized in Table 1. Neurodevelopmental
disorder was reported in 6/7; absence epilepsy was diagnosed in two individuals. The most
commonly reported variant was p.N995S (5/7), additional variants included p.1512V and
p.N536H. Functional studies available for 2 of these variants indicated a gain-of-function of
the BK channel in p.N995S and p.N536H.14,15



TABLE 1

Patient number/

Charactenistics of the patients

gender/reference

in the original

paper when

provided 1/E/RJ7T712 2/F/- 3/F/- 4/F/1 5/F/2 6/MJ/3 T/IM/-

Article Tian et al 2018 Zhang et al 2020 De Gusmao et al 2022 Heim et al 2020 Heim et al 2020 Heim et al 2020 This report

c.DNA HGVS c153ASG e 1606A=C C29BAAG p NUISE ¥ e 20HIA>G p. Cc2IBINEGp c2984A=0G C2BAIAEG p

plsi2v p-MN536H p-NGI5S* pIN995S * p-MYI5S * p-N995S

Variant type Missense Misense Missense Missense Missense Missense Missense

Functional effect NE Gain of function Gain of function Gain of function  Gain of funcion  Gain of function Gain of function

Age of onset of the 15y <2y #m mfancy infancy infancy 1y

first symptoms
Irst symptoms Paroxysmal attacks  Developmental delay  Spells of axial atonia, NK NE NK Parosxcysmal attacks
limb dystonia, and
preserved
consci

Epilepsy Mo Mo Mo ™o absence seizures ™o absence seizures from

from Gy iy

Drystonia Mo No no Mo no MNo Mo

Cognitive or MNommal autism spectrum Speech delay at 2y Developmental Developmental intellectual disability, Developmental delay,

peychiatric disorder, dystonia delay, hypotonia  delay autisam spectrum severe dysarthria
disorders and intellectual disorder, speech and

Age at onset of the 15y 2y Am nfancy infancy nfancy iy

paroxysmal attacks
Frequency of 10-20/d 100/d T0/d al/d 12/d al/d 100/d
episodes
Duration of episodes 10 s 15 20s 10-30s seconds to minutes  NE MNE 5 s initially, and then
20-40 s

Triggering factor Voluntary MK Emotion, or no tigger  Strong emotions and illness None

movements Most of the time: no mgger
TABLE 1 Continued

Patient number/

gender/reference

in the original

paper when

provided 1/F/RJT712 2/F/- 3/F/- 4/F/1 5/F/2 6/MS3 TIMA-

Effective treatments  carb pine metamph Initial: Caffeine 60 mg  acetazolamide o treatment Mo treatment methylphenidare
50 mg at might 15mg/dat 8y (~4 mg/kg/day) (250 mg qd) 10 mg tid from

Subsequent: 7.7y
lisdexamfetamine

atrated up to 20 mg

ad (1 mgdke/d)

Outcome Good control with  Resolution with Peak frequency at 18 m;  Imp with NK Frequency slowly Diramanc
carbamazepine, metamphetamine; jpartial improverment acetazolamide decreased over time improvement with
incomplete TECUTTENCE (o with caffeine. (30/d); no clear methylphemidae
rermission at 19y Sepisodes/d the day Complete resoultion benefit using (iImprovement
with occasional after discontinuation with higher dosage within hours after
aura up to 200/d the lisdexamphetamine the first intake, and

next few days after (improvement within relapse within
discontinuation of hours after the first hours after
the treatment mitake; and relapse discontinuation
within hours after
discontinuation),
mereased
compromised by side
eifects of stimulant
use,

Ineffective treatments NK valproic acid NE levetiacetam Mo treatrment valproic acid valproic acid
carbamazepine clonazepam carh F carb T
ethosmwamide amitriptyline levetiracetam ethosuximide
pabapentin pimozide levetiracetam
leviteracetam cannabidiol ketogenic diet,
phenobarbital vitamin B complex, topiramate
eomisarnide docosahexaenoic-
remazepam acid, 5-HIAA
clonazepam
ketogenic diet

MRI MNormal 2 y: normal; 18 y nuld Mormal MNormal NK NK Normal (4 y)

cerebellar atrophy

(Comtinses)



TABLE 1 Continucd

Patient number/

gender/reference

in the original

paper when

provided 1/E/RJ7712 2/F/- 3/F/- 4/F/N1 S5/E/2 6/M/3 7/M/-

EEG Mormal (whether  Imterictal EEG at 4 y:  Captured events without EEG during attacks EEG during attacks EEG during attacks 5 y: Interictal EEG
the recording normal; 14 y: diffuse  EEG correlate, without without without discernible during awakening
was during an background slowing;  Background slowing; discernible discernible change in the and sleep recorded
episde or not is 18 y: rare rare spike and sharp change in the chamge in the background a mormal
unknown) generalized spike waves during sleep in background background background

and wave and rare left frontal and night rhythm with no
bitrontal sharps, fromtocentral areas. interictal epileptic
diffuse slowing abmormality;
EEG recording of during the attacks
episodes at 4 y (2 EEG activity was
attacks recorded), unchanged and a
15y (51 attacks sharp decrease in
recorded), 18 y: no muscle activity on
EEG correlate the delwids’
myoegraphic
electrode was
noticeable,
CSF hypocretin NK NK NE MNommnal NK NK Normal

AN variznes are mapped to the reference KCNMA 1 transoripe NM_O02247 4 ENSTOMKMZE6627.
Absbreviations: F, Gl M, oale; y, yeans o, months; d, diy; s, second; NK, not known
SOmygmally reported as p 9IS,

Attacks were characterized by onset in infancy in 6/7 patients (at 15 years of age in one),
short duration (from 10 to 45 s); and high frequency (ranging from 10 to 100 per day).
Triggers were reported in some patients (emotion, voluntary movement), but most often
attacks did not have a clear trigger. Episodes were dramatically reduced in 3/3 patients by
psychostimulant therapy (case 2, dextroamphetamine. 15 mg; case 3 lisdexamfetamine, initial
dose 5 mg/day, titrated to 1 mg/kg/day; case 7: methylphenidate, dose 10 mg tid) (Table 2).
Benefit occurred during the few hours following the first psychostimulant intake, with
recurrence of the attacks within hours after withdrawal. In case 3, episodes were completely
abolished with stimulant treatment, but dosage had to be lowered due to side effects.
Carbamazepine (50 mg at night) and acetazolamide (250 mg/day) provided benefit in case 1
and 4 respectively. Case 3 also derived partial benefit from caffeine 4 mg/kg/day (prior to the
molecular diagnosis and changing therapy to lisdexamphetamine). Other medications,
particularly other anti-epileptic drugs, were ineffective.

Video review is summarized in Table 2. Onset of the attacks (available in 10/14 videos) was
characterized by abrupt modifi- cation of facial appearance and behavioral arrest.
Modification of facial appearance was identifiable in all of the 11 videos with facial recording,
occurring from onset of the episode in nine and in the course of the attacks in two; that
consisted in starring (from onset in three videos), mouth opening, jaw or tongue movements,
drooling, loss or freezing of facial expression. Behavioral arrest associated with loss of
postural reflexes was noticed in all of the episodes. Falling was also observed in all
recordings, occurring less than 4 s after the onset for the attacks with available information.
Stiffness of at least one body part was noticed at onset in two videos and occurred variably
during the course of the episodes in three other patients (backwards truncal arching, dystonic
hand or feet postures). Although the episodes started with cranial manifestations (face and
neck), the progression of the loss of postural reflexes was not cranio- caudal, and often



affected only legs and trunk, sparring the neck. Recovery was rapid and the patients could
resume their activity within a couple of seconds.

TABLE 2  IMhemomenological esesment of the wideos
Patient number/
gender/reference
i the original
paper when
provided L/F/RITTL 2/F/= 3/T/- 4/F/1 5/F/2 6™ T/M/ -
Publication Tham et al 2018 Fhang et al 220 e Guasman ef al Hedm et al 2020 Heim eg 3l 2020 Heim et al 2020 This report
22z
Mumber of videos n=2({19y) n=1(Zvy) n=4 (14, 19, n=1{y) n=2(13m,6y) m=2(13y) n=20Ey,2My)
age at video 24 m)
Trggening factor Kincsgrme Mone Tempertune MNE Emuobon MNE None
Mucuation;
Emation
Ornser of the aack Vi MK Saarving, body Searving, loss of Thehaviosal arvcan, Searrimg, mouth MK Lons of facial
VI hady stiftening stiffening, mouth facial expresson AW movement opening, los of expression [V,
begmmang; on the openng (V1-v4) factal expresaon not available on
rigth Vi, vy vz
Fall v the growmsd Yz Yoz Yex Yes Yes Yes Vs
Tune w @l from the 2 99 sfapid weovery . NE (moeonding sarted . 4 2014 10 30 s/mapid 2 5045 sfrapid 2320 siapid  WIVND =8 sfapid - 2 /3808 rapid
asct/duration of affier onsct and cnds FELOVETY FEEOVETY FECOVETY recovery (W2) recovery (V1)
episadefrecovery prematurely) NE =1 minM)
MNE
EBehavior amest Yes Yes Yes Yes Yes Wes Yes
Meck head drop Mo Yes Yes Ma M Ma videa 5 yo hiead
falls backvideo
24 y: no
Toows off poosinnral Yz Yex Yex Yes Yes Yes Vs
reflexes®
Suilffiecs including Yes Yea Yex M Yes (W1, V) L Wiz
dystoni
Tacial expression MK Open maouth; tompme Open mooth; loss Mooth movements  Open month; Open mouth; mwtth
movement of facial freceng facial freceng facial (W 1); Fromen
cxprossion (W1, cxprimion (W1, Cxprimion; sl with
V2, V4, face mot ¥2) dronling V1, apened moath
clearty reconded vZ) V2
on Vi)
Comit
TABLE 2 Coniinued
Patient nomber/
grinder/ reletence
im the original
paper when
provided LF/RJTTIZ 2/Ff= MWES= 4/Ff1 5/F/2 6/ M3 TMS =
Cramso caudal Mo Yoz Mex Moy Mo Mo Mo
[rrcsreEzion
Maotor sym pioms Arching hack MNE ME Arms hackwands HE Absommal postring Sometines hands
of two hands dhysbomnia
Description in the Tmeoduntary dystonia Falling limp with Spells of adal Behavioral amest, and a show lean o the groand, with boss of Mane
paper affecting the right or asociated gyhtened hypoonia, limb axial tone and dystonic extremity posturing, lsting seconds o
bath sides snce the fists, stifferang, of the dystoni and a few minutes, ocoumng multple mmes daly. Eyes typially
age of 15 npper cxurCmitics, preserved remain open with the abiliny 1o maintain eye contact,
incomplete and assaciated head COnsCivusness i i COnsch Repetitive mouth paping is
remission at the age amings dystonic a common feamre. Patients recovered quickhy
of 19, with cvemils
oocasional aura
aetacks.
Viden bepend Twin episodes werne Fpisodde: of neck facial - MNone Typical artack rop artacks in the 2 rypical drop Hee Viden legend
recorded at the age and right upper during an odfice same paticnt at attacks. These
wl 15, which wen: extremnity dystoni, wisit. Mo dilferent agres. wideos wiere
induced by wihich leads no radual loss aff The: first portion captured nowand
woloneary abnormal posture of o, moiath of the viden wxs the end of the
movemnents affecing the head, Gl mivemnents, and taken at zgye cvents, Mote amm
symanctrsc lbs and grimnacing, and curled Gmgers, 13 emansths, the and neck
trumk, bsting fior 9 posturing of the followed by rapid — second portion ar dystiinia,
lits right upper etum o age 6 years, and UNFCSPONSVENEss,
CxtnCImity. bascline. represent the fullowed by rapid
paticnt’s typical, retum Lo
sterentypesd drop haseline,
attacks, followed
by mpid retum
o baseline,

Abhreviarions: ¥, female; M, male; y, yeser; m, monthe; d, day; 5, ssoond; v, widen; MK, nor Enowws
#0.cm of possmiral reflemes was defined a5 e inabiliny w dhow adoequane responss o low of balance.



TABLE 3 Comparison of cateplexy and KCNMA 1-related attacks

Symptom Cataplexy KCNMAI1-episodes
Ptosis -

Facial hypomimia -

Lack of Gcial EXPression L 4

Mouth opeming (gape, yawn) H H
Meck Dmop i I
MNeck extension + AFFr
IHypotoma of upper imbs -+ H

Hypotonia of lower limbs -+ -+

Severity Ul-ll'}'llmullia Eyes, face & neck == munk & limbs Eyes, face & neck << prunk & limbs
Progression of hypotonia Classically cramio-caudal Trunk and limbs mainky affected, neck preserved
Sommary of main fesmres describeed in |'a|.1|1ln~”"> 22 and observed in KCHMAT-non epibeptic smacks. Feansres are mated + i uncommon, -+ i somewhst common, +
B il'm_-r, conmnssn o even clarciersi,

The phenomenology of KCNMAL1-related non-epileptic paroxysmal motor events was
typically consistent. The usual pattern of an episode was as follows: (i) facial changes that can
include dyskinetic movements of the tongue and jaws (ii) behavioral arrest (iii) loss of
postural reflexes that could be associated with focal body stiffness, eventually leading to fall
(iv) rapid recovery without post-ictal drowsiness. The attacks have a short duration, lasting
between 5 and 45 s, with an abrupt onset often characterized by modification of facial
appearance (starring, mouth opening, jaw or tongue movements, drooling, loss or freezing of
facial expression) and a fall occurring less than 10 s after the onset. Occasional triggering
factors were reported (emotion, voluntary movement), but most often there was no obvious
trigger. Attacks started in infancy in 6/7 patients, and all had a high daily frequency of
episodes. The absence of significant interictal abnormalities and above all the high number of
EEG-recorded episodes without any EEG correlates, highlight that episodes were not
consistent with a diagnosis of epilepsy, as reported by the authors of the six previously
published cases; attacks of case 7 also fitted within this category of non-epileptic events.

The distinctive hallmark of the paroxysmal episodes was the combination of behavioral arrest
and loss of postural reflexes. Facial dyskinesia and focal body stiffness were frequent
associated features but were usually mild and/or of short duration. In some patients, episodes
could end with mouth opening or a yawn. The core features of paroxysmal dyskinesia
(regardless of the cause) are involuntary hyperkinetic movements (dystonia, chorea, ballism,
myoclonus, or a combination thereof) lasting from seconds to hours.13,16-18 For this reason,
we think that KCNMAZ1-related episodes are not consistent with this phenomenological
diagnostic framework. Ataxia or even unsteadiness were not part of the clinical picture in



KCNMAI1-related episodes, distinguishing them substantially from episodic ataxia
attacks.16,18 There is significant but incomplete over- lap of these attacks with cataplexy.
Cataplexy is characterized by sudden loss of skeletal muscle tone, typically triggered by
strong positive emotions.12 Pathognomonic for narcolepsy type 1 (NT1), in which excessive
daytime sleepiness is another core symptom, cataplexy is linked to the lack of hypocretin, a
hypothalamic neuro- peptide [cerebrospinal fluid hypocretin level was normal in the 2/2
patients tested (Table 2)]. In children with NT1, video-documented “cataplectic facies” are
marked by hypotonia (ptosis, jaw tremor/ dropping, mouth opening and tongue protrusion).
Hypotonia can be also perceived at postural level leading to head dropping to generalized
atonia and fall. Yet, subtle differences between cataplexy in NT1 and KCNMA1-related
episodes are highlighted in Table 3. In NT1, uncommon (<15% of children) and transient
dyskinetic and/or dystonic movements and stereotyped motor behaviors were reported.
Cataplexy in NT1 is triggered by emotional stimuli, 19 unlike KCNMAZ1-related episodes
commonly without clearly trigger.

All patients treated with amphetamine-based stimulants showed dramatic improvement, with
benefit after intake or relapse after skipping a dose within hours. 14, 23 Stimulants drugs are
standard treatment for narcolepsy, but rarely used to treat paroxysmal movement disorders.
However, consistent benefit of caffeine treatment has been reported in paroxysmal dyskinesia
related to ADCY5 pathogenic variants. 24 The anecdotal reports of efficacy and safety profile
of stimulant use, the short delay of efficacy, and the absence of an effective alternative to treat
KCNMAZ1-related paroxysmal episodes should prompt physicians to consider this option in
patients with a genetically-proven diagnosis. Alternatively, in limited resource settings in
which genetic testing is delayed or not available, a careful trial of stimulant, or alternatively
caffeine, is not entirely unjustifiable.

It is noteworthy that 6/7 patients harbored variants with known gain-of-function effects, while
the functional consequence in the remaining patient is unknown. Among them, 5/7 patients
harbored the p.N995S pathogenic variant in KCNMAL. These findings provide further
evidence for an association between some gain- of-function variants in KCNMAL and the
occurrence of these particular paroxysmal attacks.3,4 The KCNMA1 gene is highly expressed
in the brain, modulates neurotransmitter release and undergoes extensive alternative
splicing.3,4,15 The underlying molecular mechanism has been studied in epilepsy, especially
the effect of increased BK channel activity due to GOF variants.15,25 The patho- genesis of
KCNMAZ1-related paroxysmal episodes is unknown

We advocate that the characteristics of KCNMAU1-related attacks are distinguishable from
those of paroxysmal dyskinesia, cataplexy or episodic ataxia. We suggest a unique
phenomenological entity and we propose to call these attacks “KCNMA1-related behavioral
arrest and loss of postural reflexes” reflecting the main and most characteristic manifestations



of the episodes. Recognition of this entity is relevant for clinical practice, abbreviating the
diagnostic process and influencing therapeutic strategy.
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