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Abstract

CACNALA pathogenic mutations are involved in various neurological phenotypes including episodic
ataxia (EAZ2), spinocerebellar ataxia (SCAG6), and familial hemiplegic migraine (FHM1). Epilepsy is
poorly documented. We studied 18 patients (10 males) carrying de novo or inherited CACNA1A
mutations, with median age of 2,5 years at epilepsy onset. Eight mutations were novel. Two variants
known leading to gain of function (GOF) were found in 5 patients. Five other patients had non-sense
variants leading to loss of function (LOF). Seizures were most often revealed by either status
epilepticus (SE) (n=8), eventually triggered by fever (n=5), or absences/behavioral arrests (n=7). Non-
epileptic paroxysmal events were frequent and consisted in recurrent hemiplegic accesses (n=9),
jitteriness in the neonatal period (n=6), and ocular paroxysmal events (n=9). Most of the patients had
early permanent cerebellar dysfunction (n=16) and early moderate to severe global developmental
delay (GDD)/intellectual deficiency (ID) (n=17). MRI was often abnormal, with cerebellar (n=8)
and/or cerebral (n=6) atrophy. Stroke-like occurred in 2 cases. Some antiepileptic drugs including
topiramate, levetiracetam, lamotrigine and valproate were effective on seizures. Acetazolamide and
calcium channel blockers were often effective when used. More than half of the patients had refractory
epilepsy. CACNA1A mutation should be evoked in front of 2 main electro-clinical phenotypes that are
associated with permanent cerebellar dysfunction and moderate to severe GDD/ID. The first one,
found in all 5 patients with GOF variants, is characterized by intractable seizures, early and recurrent
SE and hemiplegic accesses. The second, less severe, found in 5 patients with LOF variants, is

characterized by refractory early onset absence seizures.

Key-words :

CACNALA, status epilepticus, absence seizure, Lennox-Gastaut syndrome, drug-resistance, stroke-
like.


mailto:Marie.Le-Roux@chu-angers.fr

Highlights :

e CACNAIA variants result in 2 different electro-clinical phenotypes: intractable
seizures associated with early and recurrent status epilepticus and hemiplegic
accesses, and early onset refractory absence seizures.

e Functional studies suggest that the first electro-clinical phenotype is associated
with a gain of function, and that the second one is associated with a loss of
function.

e Epilepsy related with CACNAL1A variants is associated with cerebellar
dysfunction and early neurodevelopmental impairment.

e Drug resistance is very frequent in epileptic CACNALA patients.

Abbreviations : HVA, high-voltage-activated; LOF, Loss of function; EA2, Episodic Ataxia type 2;
ACTZ, Acetazolamide; GOF, Gain of function; FHM1, Familial Hemiplegic Migraine type 1; SCAS,
Spinocerebellar Ataxia type 6; AHC, Alternating Hemiplegia of Childhood; EIEE, early onset
epileptic encephalopathy; AED, anti-epileptic drug; CCBs, calcium channel blockers; SE, status
epilepticus; IED, interictal epileptiform discharges; LGS, Lennox-Gastaut syndrome; PTU,
paroxysmal tonic upgaze; GDD, global developmental delay; ID, intellectual deficiency; CP, cerebral
palsy; GMFCS, Gross Motor Function Classification System; FIRES, Febrile-Infection-Related
Epilepsy in School age children Syndrome; ADC, apparent diffusion coefficient; ASL, arterial spin
labeling; DEE, epileptic and developmental encephalopathy.

1. Introduction

Located on chromosome 19 (19p13), CACNA1A gene encodes the principle pore-forming
subunit of the P/Q-type calcium channel, alpha-1 (also known as Cav2.1).(1) P/Q-type
calcium channels are high-voltage-activated (HVA) calcium channels and are abundantly
expressed in the cerebellum, thalamus, cortex and hippocampus, mediating neurotransmission
via fast synaptic transmission at central and peripheral nerve terminals.(2) Calcium

homeostasis is tightly regulated. Therefore, a minor alteration of tension-gating or receptor



expression can lead to clinically significant neurological abnormalities, making CACNA1A

mutations responsible for rare and heterogeneous neurological diseases.

Loss of function (LOF) mutations of CACNA1A have classically been associated with
Episodic Ataxia type 2 (EA2; OMIM 108500), characterized by attacks of cerebellar ataxia
and dysarthria classically starting in childhood and responding to acetazolamide (ACTZ).
Gain of function (GOF) mutations have been associated with Familial Hemiplegic Migraine
type 1 (FHM1; OMIM 141500) characterized by migraine with aura and transient hemiplegic
access with an age of onset in childhood or early adulthood.(3) Spinocerebellar Ataxia type 6
(SCAG6; OMIM 183086) is another well-known phenotype associated with mutations of the
CACNAI1A gene, characterized by late onset and slowly progressive cerebellar ataxia. These
conditions may overlap. For instances, patients with FHM1 and EA2 often have mild
permanent cerebellar symptoms, and patients with SCAG can display episodic features as seen
in EA2. This complicates efforts to define a clear genotype-phenotype correlation. In addition,
CACNAI1A gene has also been reported with the phenotype of Alternating Hemiplegia of

Childhood (AHC).(4)

Epilepsy has also been reported with pathogenic variants of CACNALA (5-9) but its precise
prevalence is unknown in this selected population. The occurrence of seizures is not
surprising as voltage-gated Ca2+ channels are key regulators of neuronal excitability and are
important components of ictogenesis.(10) Indeed, studies on murine models of absence
seizures showed that aberrant P/Q type channel function results in dysfunction of
neurotransmitter release in neocortical neurons and may account for reduced evoked
excitability in thalamic neurons. However, data on associated-CACNAL1A epilepsy are scarce
and heterogeneous in humans. A few cases of early onset epileptic encephalopathy (EIEE)
with a pathogenic mutation of the CACNALA gene are reported on OMIM database (EEIE 42:

OMIM entry 617107), but the phenotype of affected patients is poorly characterized.(11,12)



Though, many questions remain unanswered in CACNA1A-associated epilepsy, including the
electro-clinical pictures, the response to anti-epileptic drugs (AED) and the long-term
outcome regarding seizure control and neurological comorbidities. Only a few human studies
looked at the effectiveness on seizures of usual AED, ACTZ or calcium channel blockers

(CCBs) (4,8,13), or tried to make genotype-phenotype correlation.(14)

The aim of this study is to describe the epilepsy spectrum of individuals carrying a pathogenic
mutation of CACNA1A who experienced seizures, in order to refine the electro-clinico-
radiologic presentation, response to treatment, and long-term outcome for both seizures and

psychomotor development.

2. Methods

2.1. Patients

We conducted a retrospective multicentric study in French and Belgian Hospitals between

April 2019 and November 2020.

The inclusion criteria were the identification of a pathogenic variant of CACNALA and a well-
documented epilepsy, defined by the recurrence of unprovoked seizures. For each patient,
both epileptic seizures and syndromes were characterized using the classification of the
International League Against Epilepsy (ILAE).(15,16) The clinical data of the patients were
assessed using a data collection form filled by the referring clinician (pediatric or adult
neurologist) of each patient, based on medical reports. We focused on seizure types,
electroencephalography (EEG) abnormalities, psychomotor development, MRI findings and

response to treatments, from the beginning of neurological symptoms to the time of the



inclusion in the study. EEG recordings from 10 patients were reviewed by the first and last

authors. EEG reports were available in all cases.

2.2.  Genetic analyses

DNA was extracted from peripheral blood for all patients and their parents. CACNALA
variants were isolated by whole exome sequencing, NGS panel analysis or CACNA1A gene
Sanger sequencing. All identified CACNALA variants were interpreted according to the
American College of Medical Genetics and Genomics standards and guidelines for the

interpretation of sequence variants.

2.3. Ethics

The Human Research Ethics Committee of CHU Angers approved the study (Project No.

2020/09). All participants or their legal guardians provided written informed consent.

3. Results

Eighteen patients (10 males) from 16 families were recruited. Median age at the time of the

study was 9,5 years (range 2 to 64 years). Data are summarized in Table 1.

3.1.  Pregnancy and perinatal characteristics

Pregnancy was unremarkable in 89% (n=16). At birth, patients had normal weight, height,
head size and adapted well. Case 3 was born at 36 weeks gestation, with a weight of 1900
grams. She adapted well at birth. Case 4 was issued from in vitro fertilization. No data were

available for 2 patients (cases 8 and 11).



3.2.  Seizures and EEG characteristics

Median age at epilepsy onset was 2,5 years (range: 2 months to 19 years). Electro-clinical
data for each individual are summarized in Table 2. None of the cases had a family history of
epilepsy not related to CACNALA. All EEG recordings were obtained during wakefulness. In
14 cases, sleep records were also obtained. Seizures were recorded in 15 cases (83%).

3.2.1. Initial presentation
We distinguished 2 main modes of presentation for seizures. The first one was status
epilepticus (SE): bilateral tonic-clonic SE (seizure >5 min requiring medication to stop) or
focal or absence SE (focal seizure or absence lasting more than 10 minutes). It was found in 8
cases (cases 1,2,3,9,12,13,15 and 16, median age at onset of 12 months), either focal (n=5)
with impaired awareness, or generalized (n=3). A motor component was usually reported,
mostly consisting in clonic jerks (Fig 2. a). Fever triggered the initial SE in 5 cases. In case
13, encephalitis was initially suspected, based on the electroclinical presentation including
triphasic periodic complexes on EEG (Fig 2. e).
The second mode of presentation, found in 7 cases (cases 4,5,7,10,11,17 and 18, median age
at onset of 36 months), consisted in storms of short seizures, reported as absences (n=6) or
behavioural arrests (n=1), sometimes accompanied by automatisms.
The mode of presentation for seizures was not available for case 8, and not remarkable in
cases 6 and 14 who presented with generalized tonic-clonic seizures.

3.2.2. Epilepsy course
The frequency of seizures varied widely. Most patients had daily or weekly seizures. They
were focal, generalized, or of unknown onset, but included consciousness impairment in all

cases.



Tonic seizures were reported in 4 cases and recorded in 3 of them, with either focal (frontal or

centro-parietal) onset (cases 2 and 12), or generalized onset (case 15).
Behavioural arrest was the prominent feature of seizures in 12 patients. These seizures were

generalized in 7 cases, with an ictal pattern of absence seizures, either typical with 3Hz spike-

waves complexes (cases 5,17 and 18), or atypical (cases 7 and 11) epilepsy course (Fig 2. b).

For cases 8 and
10, no ictal recording was available, but we assume that they had absence seizures

considering the presence of generalized interictal epileptiform discharges (IED). Focal onset
was recorded in 2 of these 12 cases, with temporal or temporo-occipital onset (cases 3 and 4).
In the remaining 3 cases (case 13, 15 and 16), behavioural arrests were reported but not
recorded on EEG, and interictal data were inconclusive.

Myoclonic seizures were reported in 3 cases and recorded in 1 of them, with ictal generalized
poly-spike waves.

Seizures occurred during sleep in 5 patients. Three of them (cases 12, 15 and 16) had
predominantly nocturnal tonic seizures that started between 4 and 9 years and were associated
with other types of seizures, including tonic-clonic and atonic seizures.

Triggers for seizures were often found (fever, stress, hormonal changes, minor head trauma).
Patients that initially presented with focal or generalized SE often recurred with about 2-3 SE
a year during childhood. This tended to decrease with advanced age. In a few cases, SE lasted
more than 30 minutes and was refractory, but in most cases SE stopped after 1 to 3 drugs.
Concerning interictal recordings, excessive slow activity was present in most patients.
Generalized, focal or multifocal IED were recorded in 15 patients (83%), consisting in sharp
waves or spike-waves complexes. In cases 12 and 15, spike-wave complexes with anterior
predominance were activated by sleep, and diffuse fast rhythms during sleep were recorded in
cases 12 and 16.

3.2.3. Epilepsy types and syndromes



Epilepsy types were classified as generalized (44%, n=8), focal (17%, n=3) or combined
generalized and focal (33%, n=6). In one case, epilepsy type remained unknown.

For case 1, Dravet syndrome was evoked on the initial presentation as he presented a febrile
focal SE at the age of 7 months. Patients 12, 15 and 16 were diagnosed as Lennox-Gastaut
syndrome (LGS), considering nocturnal tonic seizures and EEG findings with generalized

spike and waves at 2 Hz.

3.3.  Response of epilepsy to treatments

Treatment response was assessed according to the following classification: seizure-free,
seizure reduction (patients achieving more than 50% reduction in seizure frequency) or no
effects (defined by less than 50% reduction of seizures). The effectiveness of each drug is
summarized in Table 3, and global trends in medication effectiveness are expressed in Figure
1.

For Topiramate (TPM), 89% of effectiveness was found, including one patient who became
seizure-free a few months after its introduction. About 50-60% of the patients were found as
improved by Levetiracetam (LEV), Lamotrigine (LTG) and Valproate (VPA), including 2
patients who became seizure-free under LEV. Even if observed in few patients, Phenobarbital
(PB), Lacosamide and Oxcarbazepine (OXC) also improved seizure control. Felbamate seems
to have aggravated seizures in case 16.

Concerning ACTZ and CCBs (Flunarizine and Verapamil), trends were observed on very few
patients. ACTZ made case 2 seizure-free, and improved seizures in 2 additional cases. CCBs
reduced SE and hemiplegic accesses frequency in case 13. No effect emerged from the use of
pyridoxine.

Neither Ketogenic Diet (KD) nor Vagus Nerve Stimulation (VNS), tried in 4 and 3 patients,

respectively, showed significant effect.



According to the Brodie’s classification for long term epilepsy outcome (17), 61% (n=11) had
ongoing refractory seizures, and still suffered from daily or weekly seizures, 11% (n=2) had a
fluctuating course (periods of seizure freedom of more than 12 months interspersed with
relapses), 11% (n=2) had delayed seizure freedom (seizures not immediately controlled by
medication, but became seizure-free at some point after 6 months), and 17% (n=3) had early

seizure freedom (seizure-free within 6 months of starting treatment).

3.4.  Non epileptic paroxysmal events

Transient and flaccid hemiplegic accesses were reported in 9 cases (50%). In addition, 8 of
them had episodes of prolonged confusion, major hypotonia, and intense lethargy. These
episodes were eventually preceded or followed by an episode of SE. Hemiplegic accesses
started in early childhood with a median age of 2 years (range: 7 months to 7,5 years). Except
for subject 3 who experienced accesses several times a week, hemiplegic accesses usually
occurred about twice a year, sometimes more during the first years of life, then tended to
decrease with age. In 7 cases, fever was the main trigger. The duration of hemiplegic attacks
varied widely, ranging from a few minutes to months, resulting in this situation in a prolonged
drowsiness and motor deficit (subjects 1,2 and 13). In the acute phase, continuous
hemispheric slow theta or delta activity was recorded on EEG (Fig 2. c). This slow pattern
could persist for months, consistent with the clinical deficits (Fig 2. d). When present,

seizures were usually ipsilateral to the hemiplegic accesses.

Only one patient (patient 3) complained of headaches that occurred in the interictal period and

responded to nonsteroidal anti-inflammatory drugs. Migraine was not reported.



Paroxysmal cerebellar ataxia was found in 10 cases (55%), characterized by recurrence of
acute episodes of major unsteadiness, limb incoordination, dysarthria, vertigo and nausea or
vomiting.

Nine patients had paroxysmal non-epileptic movements. For 6 of them, the movements
occurred in the newborn period, consisting in jitteriness or myoclonus. These newborns were
reported as irritable and presented agitation. Three patients had video-EEG that confirmed the
non-epileptic nature of these movements (Fig 2. f).

Ocular paroxysmal events were reported in half of the cases. Early paroxysmal gaze-evoked
nystagmus was found in 7 patients and persisted at long-term. Paroxysmal tonic upgaze

(PTU) was diagnosed in 2 patients, consisting in episodic vertical eyes movements.

3.5.  Neurodevelopmental and general outcome

The first neurological features were reported at a median age of 4 months (range: 1 day to 36
months). Global developmental delay (GDD) and hypotonia were the presenting features in
10 patients (55%). In 6 cases, the first neurological signs were non-epileptic paroxysmal
events. Seizures were the first neurological manifestations in the two remaining cases.

GDD was present prior to the onset of seizures in most of the cases (n=16). Intellectual
deficiency (ID), defined as impaired intellectual skills and limited adaptive behavior with
onset during childhood, was present in all but one case and was severe in 61% of them, with
nearly absence of expressive language. A component of dysarthria was well documented in
only one case (patient 2). Five patients had autistic features beyond what can be expected
from ID combined with neurological impairment.

Most of the patients had early motor disability, with a combination of ataxia and hypotonia

(n=16). In 10 patients, the motor dysfunction remained stable, fitting with the definition of



cerebral palsy (CP), but in the 6 remaining patients it progressively worsened with time. In
one case (patient 13), regression was acute after an extended stroke-like episode as this patient
lost independent walking and showed cognitive deterioration. Ataxia was often associated
with other motor disabilities: unilateral or bilateral spasticity (n=8), dystonia (n=5), or
choreoathetosis (n=2). At the time of the study and according to the Gross Motor Function
Classification System (GMFCS), patients were classified as level 1 (22%), level 2 (11%),
level 3 (28%), level 4 (17%) and level 5 (11%). Independent walk was acquired in 8 patients
(44%), with a median age of 2 years (range from 1 to 4,5 years, excluding a missing data).
Evolution to microcephaly was not observed.

All but one patient, who benefited from a gastrostomy, were orally fed.

Importantly, case 14 died at the age of 10 years following a SE in a context of persistence

drowsiness, dysautonomic features and central hyperthermia.

3.6. Genetic features

Genetic features for each individual are summarized in Table 1 and detailed in supplementary
materials (S1).

The 18 patients belong to 16 families. Median age at genetic diagnosis was 6 years (range: 1
to 58 years). Thirteen distinct variants were identified in the 16 index cases. Eight were
missense variants, 5 were non-sense. Eight mutations were not previously reported. All were
absent from gnomAD database and were predicted as deleterious in silico tools.

Nine patients carried a de novo mutation and 7 patients inherited their mutation from a parent.
The mode of inheritance remained unknown in the last 2 cases: the father of case 5 died from

a non-neurological disease, and the parents of case 8 could not be screened.



A family was included, the father and his two children (cases 6,7 and 8). Case 10 carried a
pathogenic mutation inherited from his mother, who had paroxysmal ataxic episodes during
childhood. They belonged to a large family previously reported in whom the missense variant
segregated with the disease in affected members with a heterozygous missense pathogenic
variant. (18) Cases 17 and 18 inherited the mutation from their epileptic mothers. These 2
mothers had a history of epilepsy that was poorly documented, as well as a history of
migraine in one of them. Mutations of patients 9 and 11 were inherited from their
asymptomatic father. Patient 12 presented in addition a de novo duplication on 5923.2 that

was not considered as deleterious.

All missense variants were located in segments that form the pore of the Cav2.1 channel (54,
S5, S6 or the P-loop between S5 and S6). Functional studies were available for 5 patients
(cases 2,3,12,13 and 16) carrying 2 different variants leading to GOF mutations in humans
(12) or murine models.(19) These 5 cases are among the 8 cases that presented as status
epilepticus. Among the 4 patients carrying the ¢.2137G>A / p.(Ala713Thr) variant, 2 patients
(cases 12 and 16) had Lennox-Gastaut syndrome. Thus, all 5 patients with variations leading
to GOF and severe phenotype had de novo mutation. Non-sense variants, leading to LOF,

were found in 5 of the 7 cases that presented absence seizures.

3.7. MRl data

MRI data were available in all but one case (case 7) and are summarized in Table 3.
Abnormalities were reported in 10 cases. The most common abnormality was progressive
cerebellar atrophy (Fig 3. a-c), reported in 8 cases (44%). Six patients had cerebral atrophy.

Cases 1, 9 and 13 showed recurrent ischemic strokes that were well documented on serial



MRI. For patients 1 and 13, lesions crossed vascular territories, corresponding to stroke-like

lesions (Fig 3. d-i).



4. Discussion

This is the largest cohort focusing on the epilepsy spectrum in patients with CACNA1A
pathogenic mutation, including responses to treatments, as available literature only concerns
case reports (4,5,13,20,21) or small series (6,7,12). The largest series that has been reported so

far concerned 14 patients.(9)

We found that epilepsy usually started in infancy or early childhood, and that most patients
fitted with one of two following electro-clinical phenotypes. The first one, found in 7 patients
(cases 1,2,3,12,13,15,16) fulfilled the following criteria: (1) Early episodes of SE, often
triggered by fever, followed by generalized or focal intractable seizures; (2) Early motor
cerebellar deficit, stable in some patients, fitting with the definition of CP, but that could also
worsen in others and was associated with acquired pyramidal and/or extra-pyramidal signs;
(3) Severe GDD/ID; (4) Neonatal hyperexcitability with jitteriness or myoclonus, that could
be difficult to differentiate from epileptic seizures without video-EEG recording; (5)
Hemiplegic accesses with consciousness impairment, often triggered by fever, starting in
infancy or childhood, with hemispheric slowing on EEG. Absence seizures were not recorded
in any of them. The second electro-clinical phenotype, less severe, included 7 patients (cases
5,7,8,10,11,17,18) that all presented: (1) Generalized epilepsy with typical or atypical early
onset refractory absences seizures; (2) Moderate to severe GDD/ID; (3) Early and stable
cerebellum dysfunction. The other 4 patients of this cohort did not fit with any of these 2

phenotypes.

The first and more severe electro-clinical phenotype overlaps with the AHC syndrome (4,22—
24), defined as a syndrome with multiple genetic aetiologies, including CACNA1A.(23)
Indeed, patients presented early hemiplegic accesses, cerebellar, pyramidal and/or extra-

pyramidal signs, and paroxysmal ocular events. Similarly, triggers are usually found in AHC,



as well as the trends for a decrease of hemiplegic accesses with age. However, epilepsy is not
at the foreground in classical AHC. Moreover, our patients usually experienced longer lasting
hemiplegic accesses compared to what is described in classical AHC (5) and sleep did not
improve symptoms. In some of these patients, who had an encephalitis-like presentation
followed by intractable seizures, the diagnosis of Febrile-Infection-Related Epilepsy in School
age children Syndrome (FIRES) could be evoked.(25) Prior GDD and younger age at onset
are clues for differential diagnosis. Dravet syndrome could also be evoked in front of the
initial presentation of a fever-triggered focal SE occurring in the first year of life, but early
and severe motor handicap as seen in our patients is unusual in Dravet syndrome, as well as
interictal abnormalities that were already present on EEGs performed early in the course of
the epileptic disorder. Three patients had LGS. Two of them carried the (p.Ala713Thr)
mutation that has already been reported in other patients with epilepsy (11,12,26), including a
case of LGS. (12) All cases that belong to this first electro-clinical phenotype were carrying a
sporadic missense variant. Variants for which functional studies were available led to GOF
mutations.(12,19) Increased susceptibility to seizures seems to be related to a particularly low
cortical spreading depression (CSD) threshold and a strong tendency to respond with multiple
CSD events due to the GOF increasing P/Q channel currents and enhancing neurotransmitter
release.(8) At a protein level, these likely GOF mutations led to variants that were localized
on the Il and IV domains, as previously described (8), and also concerned the transmembrane

domain.

The second electro-clinical phenotype was characterized by refractory early onset absences
seizures. A few cases of CACNA1A-associated typical or atypical absence seizures have been
previously reported (6,7,9,27). Studies suggest that P/Q channels have an essential role in
maintain normal thalamocortical oscillations. The loss of their functionality, by inducing

functional imbalance, leads to absence seizures in a mouse model.(28) Non-sense mutations



were found in most of the cases, leading to LOF. This is in line with previous reported cases
of CACNA1A-associated absence seizures.(7,9) Regarding the phenotype of these 7 patients,
including cerebellar symptoms and GDD, frequent neurological non-epileptic paroxysmal
events, the early age at absence seizures onset and the associated EEG findings, a GLUT-1
deficiency syndrome could be evoked.(29) Clue for differential diagnosis is the normal level

of glucose in the CSF.

Whether epilepsy was directly related to the genetic mutation in all patients is questionable as
6 of them had structural lesions on MRI that could be considered as epileptogenic, i.e. cortical
atrophy, cortical ischemic lesions and hippocampal sclerosis. However, in all but one case,
there were no clear spatial relationships between the localisation of the lesions and the main
epileptic foci. Brain damages are considered as resulting from SE or from prolonged
hemispheric swelling that may occur at the acute phase of the hemiplegic access (30) (Fig 3.
d), leading to cytotoxic oedema. In our 3 patients that experienced ischemic strokes, MRI
findings were consistent with stroke-like lesions in 2 cases, as they crossed vascular territories
and showed at the acute stage hyperintensity on T2WI and DWI (Fig 3. g-i). Concomitant
hyperperfusion in arterial spin labeling (ASL) was also reported (31) but unfortunately ASL
was not available in our 2 stroke-like cases. In case 13, the first MRI was performed at the
very early stage of an hemiplegic access in a context of a stroke alert, explaining the absence
of change on the ADC map (Fig 3. d-f).(32) Of note, the mutation found in one of this case
was previously reported in a case who experienced stroke-like episodes.(19) Altogether, these
findings expand the clinical spectrum of CACNALA mutations, suggesting a clinical

continuum between hemiplegic access, epilepsy and stroke-like.

CACNALA is considered as a cause of epileptic and developmental encephalopathy (DEE)
after reports of patients with early and severe epilepsy, with migrating focal seizures in some

patients. (11) No patients from this cohort presented this early epileptic phenotype.



Classifying patients of this cohort within the DEEs is debatable. Indeed, according to this
concept (16), cognitive impairment results from a combination of a developmental component
and an epileptic component, suggesting a specific role of epilepsy to cognitive impairments,
partially reversible if the epileptic component is appropriately treated. It is likely that epilepsy
played a role in the neurological deterioration in those patients who presented recurrent
convulsive SE and associated lesions on MRI, as suggested by other authors.(6,33) However,
this concerns only a subgroup of patients, and cognitive improvement in conjunction with
better seizure control was not documented in any patient. Therefore, the real contribution of

epilepsy in the cognitive dysfunction remains undetermined in a lot of patients.

Despite the high rate of pharmaco-resistant cases, we found that TPM, LEV, LTG and VPA
were the most helpful AED to control seizures. It should be noted that these drugs have some
blocking action on HVA calcium channels. Indeed, TPM, LEV, LTG, gabapentine, OXC and
PB, although mainly acting on sodium channels or on GABA receptors, are also blockers of
the P/Q calcium channels.(8,34-37) Therefore, these AEDs should be useful in patients
carrying GOF mutations. On the other hand, VPA and ethosuximide act on L- and T-types
voltage dependent calcium channels.(13,34,38) This could in turn be helpful in case of LOF
of the P/Q calcium channels.(39) However, we were unable to assess the effectiveness of
these drugs according to the functional consequences of the variants. Concerning other
calcium blockers, both flunarizine and verapamil were reported to be useful on hemiplegic
accesses and prolonged seizures.(40) We confirmed this finding in one case. The efficacy of
ACTZ on seizures has already been reported in a case.(41) This was confirmed in one
refractory case of our cohort who became seizure-free under ACTZ. However, this drug was
infrequently used in our cohort. Clearly more attention should be paid on the effect of ACTZ
as part of the effectiveness of TPM could be related to a carbonic anhydrase inhibitory effect.

Pyridoxine was reported as useful in a patient with CACNA1A-associated absence seizures



(42), but this was not confirmed in our cohort. A clear limitation of this study was the
retrospective design that increased the risk of bias in the assessment of the various treatments
used. Definitely, further research is needed in order to better understand the underpinning
pharmacological mechanisms of all these drugs in order to make prospective rational trials
according to the functional consequences of the mutations in epileptic patients carrying a

pathogenic variant of CACNA1A.

Treatments of acute conditions deserves special comments, as CACNALA encephalopathy
may be a life-threatening condition, as illustrated by one case from this cohort who died in a
context of central hyperthermia following SE. Such a fatal issue has already been reported in
a 5-year-old girl.(43) In this situation, acute treatments aimed at decreasing temperature and
reducing swelling should be considered, especially a combination of verapamil,
dexamethasone and hypertonic solution.(44) However, all these treatments are not always
successful, stressing the need to better understand the pathophysiology of CACNA1A-
associated brain lesions. Moreover, Sudden Unexpected Death in epilepsy models suggests
that death-related CACNA1A mutation could have various pathophysiological

mechanisms.(45)

5. Conclusion

The phenotype of CACNA1A-associated epilepsy is very broad and usually severe. Most
patients show permanent cerebellar dysfunction and moderate to severe GDD/ID associated
with either early hemiplegic accesses, recurrent SE and intractable seizures that may evolve to
Lennox-Gastaut syndrome, or refractory early onset absence seizures that could evoke a

GLUT-1 deficiency syndrome.



Despite a high rate of refractory cases, some therapeutic options including AEDs partly acting

on calcium channels, acetazolamide and CCBs may improve seizure control. However,

treatment remains disappointing in a lot of patients.
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Legends of figures
Fig. 1.

Therapeutic profiles on seizures in CACNALA pathogenic mutations.
VPA, Sodium Valproate ; LTG, Lamotrigine ; LEV, Levetiracetam ; TPM, Topiramate ; PB,
Phenobarbital ; CBZ, Carbamazepine ; OXC, Oxcarbamazepine ; ESM, Ethosuximide ; BZD,



Benzodiazepine ; LCS, Lacosamide ; ZNS, Zonisamide ; CCBs, Calcium Channel Blockers
(Flunarizine or Verapamil) ; ACTZ, Acetazolamide ; KD, Ketogenic Diet ; VNS, Vagus
Nerve Stimulation.

Fig. 2.

Examples of EEG patterns in epileptic patients with CACNALA pathogenic mutations.
Cases 1 (a,c), 11 (b) and 13 (d-f).

(a): Left occipital spike-waves discharge during a right clonic SE. (b): Diffuse 2,5Hz spike-
waves discharge concomitant with behavioural arrest, consistent to an atypical absence
seizure. (c): Right hemispheric delta activity concomitant with persistent consciousness
impairment and left hemiplegia, corresponding to a left hemiplegic access. Note the left
temporo-occipital focus, consistent to a previous stroke in this case. (d): Right-lateralized
theta rhythmic activity persisting a month after a left hemiplegic attack. (e): Left fronto-
temporal delta activity with triphasic complexes during a first hemiplegic access with
“encephalitis-like” presentation. (f): Episode of bilateral limb jerks recorded on surface EMG,
with slow left-sided rhythmic activity but absence of epileptiform discharges, corresponding
to non-epileptic movements.

Fig. 3.

MRI findings in epileptic patients with CACNALA pathogenic mutations.

Progressive cerebellar atrophy on three T1 sagittal images performed at the age of 1 (a), 2 (b)
and 4 years (c) in case 1. Stroke-like lesions in case 13 (d-i). Axial images performed at the
subacute phase of a right HM attack (d-f), showing left cortical hyperintensity on FLAIR (d)
and DWI (e) corresponding to edema but without signal change on the ADC map (f). Axial
images performed 7 days latter (g-i), considering persistent right hemiparesis and homolateral
seizures. FLAIR showed left cortical hemispheric hyperintensity (g), and DWI showed left
lenticulo-caudal, putaminal and parietal cortical hyperintensities that crossed vascular
territories (h) with concomitant signal reduction ranges on the ADC map (i).






Table 1: Patients clinical and genetic features. (more details in Supplementary Material S1)

Patient,

Gender, Age Mutation Functional . F'rSt. GDD GMFCS Non epileptic abnormal Addlt_lonns_il: .
- Inheritance neurological MRI movements, HA (age at - neurological findings
atthe timeof  (NM_001127221.1) effect /1D status - N
event (Age) onset), PA - ophtalmological findings
the study (y)
I Progressive cerebellar atrophy (Fig 3. . . . . . )
1, Ma. 6 ¢.5083G>C UNK de novo Jitteriness a-c), cerebral atrophy, right lenticulo- S v Tremor/my_oclonus/choreo Hypotonia, pyramidal signs, dystonia; gaze-evoked
(10days) : S athetosis, 7Mo, Yes nystagmus
striatal and occipital stroke sequels
Progressive cerebellar atrophy . . . . .
GOF L >
2,Ma, 8 €.2137G>A de novo Jitteriness (1day) (vermis), cerebral atrophy, S 1 Tremor, 17Mo, Yes Fypotonia, cer(;k;gl_l:\:oaligglﬁ, Ety;amgal sions, ASD:
hippocampal sclerosis g ystag
Jitteriness R Hypotonia, pyramidal signs, dystonia; PTU,
3,Fe, 45 €.2137G>A GOF de novo (10days) N (1y) S 11 Dyskinesia, 24Mo, Yes strabismus
4,Fe, 2,5 €.2006A>C i UNK de novo Hypotonia (3Mo) N (7Mo) S v Athetosis, No, Yes Hypotonia, central deafness; abnormal visual contact
5, Ma, 14 ¢.4990C>T LOF NA, father GDD (12Mo) N (10y) M | No, No, No Cerebellar ataxia, ASD
unavailable
6, Ma, 31 c.1747C>T * § LOF father GDD (12Mo) NA M | No, No, Yes Cerebellar ataxia
Cerebellar ataxia, bucco-linguo-facial dyspraxia,
*
7, Fe, 28 C.1747C>T * & LOF father GDD (18Mo) N (3y) M | No, No, Yes dystonia; gaze-evoked nystagmus
8, Ma, 64 C.1747C>T * § LOF NA, 2 parents GDD (NA) Progressive ceret_)ellar atrophy M | No, Yes (NA), Yes Cerebellar ataxia
unavailable (vermis)
9,Fe, 3 €.2815_2816del LOF father Seizures (2Mo) Cerebral atro;)ek;)aeliélateral stroke S \Y No, No, No Pyramidal signs
Progressive cerebellar atrophy
10, Ma, 8 c.835C>T UNK mother Hypotonia (4Mo) (vermis), widening of percerebral S 1l Tremor/m)'/\?glonus, No, Hypotonia, cerebellar ataxia, ASD; hypermetropia
spaces
11, Fe, 9 c.1082G>A i UNK father GDD (6Mo) Progressive cerebellar atrophy S v No, No, No Hypotonia, cerebellzrp?;iﬁa; PTU, oculo-motor
12, Fe, 20 c.2137G>A GOF de novo Jitteriness (1day) Progressive cerebellar atrophy, S m Myoclonus, 24Mo, No Cerebellar ataxia, pyramidal signs, ASD; gaze-
cerebral atrophy evoked nystagmus
Progressive cerebellar atrophy, left . . . . .
13, Ma, 8 c.4046G>A GOF de novo Hypotonia (4Mo) lenticulo-caudal and occipital stroke S 1 Tremor, 48Mo, Yes Cderebel!ar ataxia, p)l/(ra(;mdal S1gns, hem|bp_are5|s,
sequels ystonia; gaze-evoked nystagmus, strabismus
Hypotonia Progressive cerebellar atrophy Tremor/myoclonus, 7,5y, - g
14, Ma, 10 c.1847G>C i UNK de novo (12Mo) (vermis) M 1l Yes Cerebellar ataxia; gaze-evoked nystagmus
A Tremor/myoclonus, 10Mo, Cerebellar ataxia, pyramidal signs; gaze-evoked
15, Ma, 23 c4177G>A UNK de novo Jitteriness (1day) Cerebral atrophy (2y) S 11 No nystagmus, strabismus
16, Ma, 19 €.2137G>A GOF de novo Jitteriness (1day) N (childhood) S V Tremor/my?(cégnus, 26Mo, Pyramidal signs, dystonia, ASD
17, Fe, 20 c.4273G>T & LOF mother GDD (12Mo) N (19y) M - No, No, No -
18, Fe, 6 C.4890G>A i LOF mother Seizures (36Mo) N (3y) - - No, No, Yes -

Ma, male; Fe, female; y, year(s); Mo, month(s); MRI, Magnetic Resonance Imaging; GDD, global developmental delay; ID, intellectual deficiency; S, severe; M, moderate; GMFCS, Gross Motor Function Classification System; HA, Hemiplegic access;

PA, Paroxysmal ataxia; PTU, Paroxysmal tonic upgaze; ASD, Autism spectrum disorder; *, belonging to the same family; %, not previously described; UNK, unknown; GOF, Gain of function; N, normal; NA, not available.







Table 2: Patients electro-clinical features.

At onset

Patient Type, Age Follow up _Statgs EEG findings Hemlzleglc_accesses Epilepsy
(Mo) ) epilepticus ) o N (duration) type
Type(s) Trigger(s) Frequency Interictal activity Ictal activity
1 F (SE), 7 F - clonic: G: TC, ES: U: MJ nger, ylral Weekly FG SBA, MF sharp waves and SW Fand G SW discharge Heml_sp_herlc delta Combined
infection complexes activity (Mo) G/F
ATt . Fever, bath, strong . SBA, G sharp waves and SW G SW discharge, F theta Hemispheric delta Combined
2 F(SB). 17 F-GT: tonic, atonic; G: TC, MJ emotions Daily FIG complexes rhythmic discharge activity (Weeks) G/IF
Fever, external
3 F (SE), 24 F-GT: BA +/- autonomic features climate changes, Weekly F SBA.F szg:ﬁpvlve?eess and SW F theta rhythmic discharge Not recorded F
stress
4 F:BA, 12 F : versive, BA (+/-automatisms) - Daily - SBA, G sharp waves and SW F beta rhythmic discharge - F
complexes
5 G-TC, 12 G : absence, TC Fever Daily - SBA, G SW complexes 3Hz G SW discharge - G
6 G-TC, 36 G:TC Fever Rare - N Not recorded - G
7 Atypical G : atypical absence - Daily - SBA, G sharp waves and SW G SW discharge (<3Hz) - G
absence, 36 complexes
8 NA, 19 years G : tonico-clonic ; atypical absence - NA - SBA, G sharp waves complexes Not recorded Not recorded G
9 F (SE), 2 F : clonic - Rare F N F SW discharge - F
10 Atypical G : atypical absence - Daily - SBA, G sharp waves and SW Not recorded - G
absence, 38 complexes
11 Atypical G : atypical absence, TC - Daily - SBA, G sharp waves and SW G SW discharge (<3Hz) - G
absence, 36 complexes
SBA; MF sharp waves and SW . . .
. . . Fever, bath, ' - . - Hemispheric delta Combined
12 G-TC (SE), 12 F-GT: tonic, atonic, versive menstruation, noises Weekly FIG complexes, dlfges:pfast rhythms in F beta rhythmic discharge activity (Mo) GIF
. N . Lo Hemispheric theta
13 F (SE), 48 F-GT: clonic; U: BA Fever Daily FIG SBA F delta periodic complexes thythmic activity (Mo) U
14 G-TC, 6 years G :TC; F: clonic Head' "a“”.’a' viral Rare F G sharp waves and SW complexes F SW discharge Abnormal background Combined
infection structure (Mo) G/F
. L - SBA, G sharp waves and SW L Hemispheric delta Combined
15 G-TC (SE), 4,5 F-GT: clonic; G : TC, tonic; U: BA Fever, head trauma Weekly FIG complexes (bifrontal predominance) G beta rhythmic discharge activity (Hours) G/F
g G : TC, tonic; F: clonic, motor . G or MF SW complexes, diffuse fast F theta rhythmic activity, G Hemispheric delta Combined
16 G-TC (SE). 12 automatisms; U: BA, MJ Fever, stress Daily FIG rhythms in sleep beta rhythmic discharge activity (Hours) G/F
17 Absence, 36 G : absence - Daily - G SW complexes 3Hz G SW discharge - G
18 Absence, 36 G : absence - Daily - G and MF SW complexes 3Hz G SW discharge - G

G, generalized ; F, focal ; MF, multifocal; U, unknown; MJ, myoclonic jerks; ES, epileptic spasm; TC, tonic-clonic; F-GT, focal seizure evolving to a bilateral convulsive seizure; BA, behavioural arrest; SE, status epilepticus; SW, spike-waves;
SBA, slow background activity; Mo, month(s); N, normal; NA, not available.







Table 3: Therapeutic profiles and seizure outcomes of CACNALA epileptic patients.

Other
AEDs treatments
Patient Seizure Seizure reduction No effect Actual AED Seizure Selzu_re No effect Actual treatments Epilepsy outcome
free free reduction
TPM, VPA, LTG LEV, BZD VPA, LTG ACTZ, Pyridoxine, KD ACTZ, Pyridoxine Refractory
2 TPM, LCS, CBZ, VPA LEV, BZD, LTG VPA, LCS, BZD ACTZ KD ACTZ Refractory
3 CBZ, TPM, LCS VPA, LEV TPM, LCS ACTZ, Flunarizine - Refractory
4 LEV, TPM LEV, TPM - Refractory
5 TPM ESM, VPA LTG TPM, VPA - Fluctuation course
6 - - Early seizure freedom
7 VPA LTG, ESM LTG ACTZ KD ACTZ Delayed seizure freedom
8 TPM, PB - ACTZ ACTZ Delayed seizure freedom
9 LEV LEV - Early seizure freedom
10 VPA, OXC CcBz VPA, OXC - Refractory
11 OXC, TPM, LTG ESM TPM, LTG - Refractory
12 LEV, ZNS BZD, VPA, OXC, CBZ OXC, ZNS, BZD, LEV Pyridoxine, VNS VNS Refractory
13 LEV LEV Flunarizine Pyridoxine Pyridoxine, Flunarizine Fluctuation course
14 LEV LEV - Early seizure freedom
15 TPM, VPA, PB CBZ,BZD, LTG, LEV, ESM VPA, TPM, PB, BZD, ESM - Refractory
16 LTG, TPM, OXC, LEV VPA, CBZ, BZD, ZNS LTG, ZNS, BZD Pyridoxine, KD, VNS Pyridoxine Refractory
17 TPM, LTG, ESM VPA, LEV TPM KD VNS - Refractory
18 VPA, LTG ESM* VPA, LTG - Refractory

AED, anti-epileptic drug; LEV, Levetiracetam; VPA, Sodium Valproate, ESM, Ethosuximide; OXC, Oxcarbamazepine; PB, Phenobarbital; CBZ, Carbamazepine; LTG, Lamotrigine; TPM, Topiramate; BZD, Benzodiazepine; LCS,
Lacosamide; ZNS, Zonisamide; VNS, vagus nerve stimulation; KD, ketogenic diet; ACTZ, Acetazolamide; * stopped because of poor tolerability.




S1: Supplementary genetic features.

Patient Mutation Protein change Previous published Domain Type GnomAD CADD
(NM_001127221.1) cases database score
10 c.835C>T p.(Arg279Cys) Maksemous et al. 2016, 1S5-1 Missense Absent 26,2
Angelini et al. 2018 S6
11 c.1082G>A 1 p.(Gly361Glu) - 11 S5 - Missense Absent 33
111 S6
6,7,8 c.1747C>T & p.(Arg583*) - 1154, t Non-sense Absent 38
14 c.1847G>C t p.(Ser616Thr) - IS5, Missense Absent 25,7
4 €.2006A>C i p.(Asp669Ala) - 11S5-11 Missense Absent 24
S6
2,3,12,16 €.2137G>A p.(Ala713Thr) Epidk 2016, Balck et al. 11 S6, t Missense Absent 29,3
2017, Jiang et al. 2019
9 .2815_2816del p.(Gly939GInfs*128) - 11S6 - 111 Non-sense Absent -
S1
13 €.4046G>A p.(Arg1349Gin) Knienim et al. 2011 11154, Missense Absent 32
15 c.4177G>A p.(Vall393Met) Butler et al. 2017 111 S5, t Missense Absent 28
17 c.4273G>T ¢ p.(Glul425%) - 11'S6 - 111 Non-sense Absent 44
S1
18 C.4890G>A i p.(Trp1630%*) - IV S3,t Non-sense Absent 46
5 €.4990C>T p.(Argl1664*) Mantuano et al. 2010 IV S4,t Non-sense Absent 39
1 €.5083G>C % p.(Val1695Leu) - IV S5, t Missense Absent 233

1, not previously described; t, transmembrane domain.




Seizure free/seizure reduction No effect

Number of patients
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Therapeutic profiles on seizures in CACNA 14 pathogeniec mutations.

VPA, Sodium Valproate ; LTG, Lamotrigine ; LEV, Levetiracetam ; TPM, Topiramate ; PB, Phenobarbital ; CBZ, Carbamazepine ;
OXC, Oxcarbamazepine ; ESM, Ethosuximide ; BZD, Benzodiazepine ; LCS, Lacosamide ; ZNS, Zonisamide ; CCBs, Calcium

Channel Blockers (Flunarizine or Verapamil) ; ACTZ, Acetazolamide ; KD, Ketogenic Diet ; VNS, Vagus Nerve Stimulation.
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Examples of EEG patterns in epileptic patients with CACNAIA pathogenic mutations.

Cases 1 (a,c), 11 (b) and 13 (d-f).

(a): Left occipital spike-waves discharge during a right clonic SE. (b): Diffuse 2,5Hz spike-waves
discharge concomitant with behavioural arrest, consistent to an atypical absence seizure. (c): Right
hemispheric delta activity concomitant with persistent consciousness impairment and left hemiplegia,
corresponding to a left hemiplegic access. Note the left temporo-occipital focus, consistent to a previous
stroke in this case. (d): Right-lateralized theta rhythmic activity persisting a month after a left hemiplegic
attack. (e): Left fronto-temporal delta activity with triphasic complexes during a first hemiplegic access
with “encephalitis-like™ presentation. (f): Episode of bilateral limb jerks recorded on surface EMG, with
slow left-sided rhythmic activity but absence of epileptiform discharges, corresponding to non-epileptic

movements.




Fig. 3.

}\gl Jfindings in epileptic patients with CACNAIA pathogenic
mutations. Progressive cerebellar atrophy on three T1 sagittal images
performed at the age of 1 (a), 2 (b) and 4 years (c) in case 1. Stroke-
like lesions in case 13 (d-i). Axial images performed at the subacute
phase of a right HM attack (d-f), showing left cortical hyperintensity
on FLAIR (d) and DWI (e) corresponding to edema but no signal
change on the ADC map (f). Axial images performed 7 days after (g-
i), considering persistent right hemiparesis and homolateral seizures.
FLAIR showed left cortical hemispheric hyperintensity (g), and DWI
showed left lenticulo-caudal, putaminal and parietal cortical
hyperintensities that crossed vascular territories (h) with concomitant
signal reduction ranges on the ADC map (i).




Highlights :

CACNAI1A variants result in 2 different electro-clinical phenotypes: intractable
seizures associated with early and recurrent status epilepticus and hemiplegic
accesses, and early onset refractory absence seizures.

Functional studies suggest that the first electro-clinical phenotype is associated
with a gain of function, and that the second one is associated with a loss of
function.

Epilepsy related with CACNALA variants is associated with cerebellar
dysfunction and early neurodevelopmental impairment.

Drug resistance is very frequent in epileptic CACNA1A patients.
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