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AIM To describe the clinico-radiological phenotype of children with a CACNA1A mutation
and to precisely evaluate their learning ability and cognitive status.

METHOD Children between the ages of 3 and 18 years harboring a pathogenic CACNATA
mutation associated with episodic ataxia, hemiplegic migraine, benign paroxysmal torticollis,

ABBREVIATIONS benign paroxysmal vertigo, or benign paroxysmal tonic upgaze, were enrolled in this cross-
BPT Benign paroxysmal torticollis sectional study. Data concerning psychomotor development, academic performance,
BPV Benign paroxysmal vertigo educational management, clinical examination at inclusion, and brain imaging were
BTU Benign paroxysmal tonic collected. Cognitive assessment was performed using age-standardized scales.
upgaze RESULTS Eighteen patients (nine males, nine females; mean age at inclusion: 11y 7mo [SD 4y

5mo; range 3y—-17y 11mo]) from 14 families were enrolled. Eleven patients displayed the
coexistence or consecutive occurrence of more than one type of episodic event. Nine patients
exhibited abnormal neurological examination at inclusion. Brain magnetic resonance imaging
(MRI) showed cerebellar atrophy in five patients. Psychomotor development was delayed in
nine patients and academic difficulties were reported by the parents in 15 patients; nine
patients were in special education. Impairment of intellectual function was assessed in six of
the 12 patients with interpretable Full-scale 1Q scores and was more frequent when cerebellar
atrophy was present on MRI.

INTERPRETATION Cognitive impairment is commonly associated with CACNATA mutations.
We suggest that CACNA 1A-associated phenotype should be considered a neurodevelopmental

disorder.

The CACNAIA gene, located on chromosome 19pl3,
encodes the pore-forming Cav2.1 (alpha 1A) subunit of P/
Q-type Ca®" channels, which plays a major role in neuro-
transmitter release throughout the nervous system, espe-
cially in the cerebellar Purkinje cells." Triplet repeat
mutations in the CACNAILA gene are associated with a
homogeneous phenotype of late onset-spinocerebellar ataxia
type 6 (OMIM 183086).” Heterozygous point mutations or
deletions of the CACNAIA gene are associated with a
heterogeneous spectrum of episodic and/or permanent neu-
rological manifestations. More than 20 years ago, mutations
in the CACNAIA gene were identified in patients with hemi-
plegic migraine (OMIM 141500) and in patients with epi-
sodic ataxia type 2 (OMIM 108500).> More recently, single
case reports or short case series showed the involvement of
CACNA1A mutations in various types of episodic neurologi-
cal manifestations with or without hemiplegic migraine or

episodic ataxia type 2, episodic syndrome that may be associ-
ated with migraine (benign paroxysmal torticollis [BPTY),
benign paroxysmal vertigo (BPV), benign paroxysmal tonic
upgaze (BTU), epileptic seizures, or dyskinesia.*°
Ataxia, with or without cerebellar atrophy, has been reported
in adults, and in single case reports of children with CAC-
NAIA mutations.*"'' Among the chronic neurological
manifestations associated with heterozygous CACNAIA
mutations, cognitive dysfunction has been suggested in
recent years, including developmental delay, learning diffi-
culties, autism, attention-deficit/hyperactivity disorder,
intellectual impairment, and epileptic or non-epileptic
encephalopathy.®'”* Until now, the cognitive profile of
children with CACNA1A mutations has not been studied
systematically in a series of patients.

This study aimed to describe the clinico-radiological
phenotype of children with CACNAIA mutations, with



special focus on psychomotor development and cognitive
abilities, and to determine the clinical and genetic factors
associated with cognitive dysfunction.

METHOD

Between July 2011 and February 2016, 18 patients were
recruited through the Childhood Episodic Syndromes
Study, a large, multicentre, research project on episodic
syndromes in children, part of whose results have recently
been published.?* Patients were included in the study if
they were: (1) between 3 and 18 years old; (2) had a patho-
genic CACNAIA mutation; and (3) they (or their parents)
agreed to undergo clinical and neurocognitive evaluations.
Thirteen patients were tested for CACNAIA mutations
before the study and were included for clinical evaluation
and five had both molecular and clinical evaluation during
the multicentre research project (Figure S1, online sup-
porting information). Eleven University Hospitals in
France were involved in this cross-sectional study.

The study was carried out in accordance with the Decla-
ration of Helsinki and approved by the Sud-Méditerrannée
ethical committee. Written informed consent for clinical
data collection and genetic studies was obtained from the
patients’ legal representative.

Clinical assessment

The clinical data were collected by seven delegated partici-
pating clinicians using a structured questionnaire specifi-
cally designed to gather information concerning perinatal
events, psychomotor development, familial history, and
neurological examination at inclusion. The following data
were collected concerning the occurrence of any type of
paroxysmal neurological events: type of event (ataxia,
BTU, paroxysmal torticollis, vertigo, other forms of move-
ment disorders, hemiplegic or non-hemiplegic migraine,
epileptic seizures), age at onset, duration of the episodes,
treatments, and outcome at inclusion. Episodic events were
diagnosed according to International Headache Society cri-
teria®™?” or diagnosis criteria accepted in the literature,
this is summarized in Table SI (online supporting informa-
tion). Magnetic resonance imaging (MRI) data were
reviewed by an experienced neuroradiologist (NL, see
Appendix S1) and a paediatric neurologist (AR).

Information concerning rehabilitation (speech, occupa-
tional, or psychomotor therapy) for difficulties in academic
performance, specific assistance in regular school (services
provided by the Ministry of Education in France such as
computer use or human assistance), and education in spe-
cial schools were collected from the medical files and dur-
ing familial interview at inclusion.

Standardized cognitive scales were administered accord-
ing to the child’s age: the Wechsler Preschool and Primary
Scale of Intelligence, Third Edition for children under
7 years, the Wechsler Intelligence Scale for Children,
Fourth Edition for children between the ages of 5 and
16 years 11 months, or the Wechsler Adult Intelligence
Scale, Third Edition for children older than 16 years.

* Cognitive disabilities and academic difficulties are common in children with
CACNATA mutations associated with episodic syndromes.

* Cognitive function ranges from normal to moderate intellectual disorder in
wheelchair-dependent children.

® Patients with vermian atrophy are at a higher risk of cognitive impairment.

Genetic assessment

Screening of the CACNAIA gene was performed by
sequencing and quantitative multiplex polymerase chain
reaction of short fluorescent fragments analysis. The muta-
tions present in the patients were considered as deleterious
according to the following criteria: they were mutations
leading to a stop codon or they had already been reported
in families experiencing hemiplegic migraine or episodic
ataxia (p.T666M, p.G677R, p.R1352Q); they appeared de
novo (p.Y1706_11709del) or were: (1) absent in data bases;
(2) prediction tools (polyphen 2, Scale-Invariant Feature
Transform, Align Grantham Variation and Grantham
Deviation, and mutation taster) gave results in favor of a
deleterious effect on the gene; (3) they were localized in a
P-loop domain critically implicated in channel function;
(4) the patient’s phenotype was typical of a CACNAIA
linked disease; and (5) they cosegregated with the disease
in the tested family members (p.C1417W, p. T1458M).

Statistical analysis

Patients’ characteristics were presented using median and
interquartile range (IQR), mean and standard deviation
(SD), or range for continuous variables, frequencies, and
proportions for categorical variables.

Groups of patients (defined by deficit in intellectual
function and cerebellar atrophy) were compared using Stu-
dent’s ¢ or Wilcoxon-Mann—Whitney U tests, depending
on the normality of the distributions tested with Shapiro—
Wilk test, for continuous variables and Fisher’s exact test
for categorical ones.

Statistical bilateral significance threshold was set at 5%.
Statistical analyses were performed using SAS, version 9.1

(SAS Institute, Cary, NC, USA).

RESULTS
Results are reported in Table SII (online supporting infor-
mation).

Population
Eighteen patients (nine males, nine females) from 14 fami-
lies were enrolled, including three sib-pairs (patients 4 and
5,7 and 8, 12 and 13) and one pair of first cousins (pa-
tients 15 and 16). The past medical history of the patients
was unremarkable. The mean age at inclusion was 11 years
7 months (SD 4y 5mo; range 3y-17y 11mo). Patients 7, 8,
12, and 18 have been reported elsewhere.™!%®

Fourteen different mutations were identified: eight
mutations leading to a stop codon, one splice site muta-
tion, and five missense mutations (three had already been
reported and two were novel).



Episodic events

The episodic events considered in the patients were episo-
dic ataxia, hemiplegic migraine, BTU, BPT, and BPV.
Details are shown in Table SIII (online supporting infor-
mation). Seven patients exhibited only one type of episodic
event at last follow-up: episodic ataxia occurred in three
patients, hemiplegic migraine in two patients, and BTU
and BPT in one patient each. Eleven patients presented a
combination of various episodic events. Episodic ataxia or
hemiplegic migraine occurred in 15 of 18 patients and
were preceded by infantle episodic events (BTU, BPT, or
BPV) in five out of 15 patients. Altogether, episodic ataxia
occurred in 11 patients, hemiplegic migraine in five
patients, BT'U in four patients, BPT in three patients, and
BVP in one patient. Two patients presented with seizures
and myoclonus was reported in one patient.

The first episodic manifestation occurred at a median
age of 24 months IQR 8mo-5y 7mo; range 2mo-14y).
BTU, BPT, and BPV were the earliest manifestations in
eight patients, with an onset before 4 years of age in all
patients, and in the first year of life in six out of eight
patients. The number of episodes varied widely. In the
eight patients with BTU, BPT, or BPV, the episodic mani-
festations were considered cured at the time of inclusion,
with a median duration of disease of 16 months IQR 14—
23mo; range 13mo—6y 3mo).

Episodic ataxia was the first manifestation in six patients
and followed another type of episodic event in five
patients. The median age at onset was 36 months (IQR
18mo-9y 6mo; range 1mo-13y). The frequency of episodes
varied widely among the patients, ranging from some per
year up to almost daily episodes (600 per year in one
patient). Hemiplegic migraine occurred as a first pheno-
type in four patients (patients 15-18), and followed another
phenotype in one patient (patient 9). The median age of
the start of hemiplegic migraine was 9 years (IQR 7-10y;
range 4-14y). The number of episodes during the first year
was less or equal to 12 per year in four out of five patients
with hemiplegic migraine and varied widely at follow-up.
Episodic ataxia and hemiplegic migraine were considered
ongoing manifestations at the time of enrollment in all the
patients.

Information concerning treatment of the episodic events
was collected in 10 patients with various phenotypes: epi-
sodic ataxia (six patients), hemiplegic migraine (three
patients), migraine (three patients) (Table SIV, online sup-
porting information). Acetazolamide was effective in one of
five patients with episodic ataxia and in the two patients
with hemiplegic migraine. Lamotrigine resulted in no
effect (one of three patients) or aggravation (two of three
patients) with episodic ataxia.

Neuropsychological assessment

Data concerning psychomotor development, neurological
examination, academic performance, and cognitive assess-
ment are detailed in Table SII and summarized in Table L.

Development and neurological examination at enrollment
Nine patients presented with motor and/or language devel-
opmental delay. At the time of enrollment, neurological
examination was abnormal in nine patients. Nystagmus was
observed in seven patients, associated with cerebellar signs
or unsteadiness in three patients, including one severely
affected patient with intellectual disability, dyskinesia, and
inability to walk alone (patient 17). Cerebellar signs with
hypotonia or isolated hypotonia were disclosed in two
other patients. Three patients exhibited early-onset non-
progressive cerebellar signs, mimicking congenital ataxia
(patients 4, 14, and 17). No other neurological symptoms
were recorded (including autistic features).

Academic performance and rehabilitation therapy
Significant difficulties in academic performance were
reported in 15 patients. Nine patients attended special
schools; among the nine patients who were in a regular
school, four benefited from specific learning assistance.
Thirteen among the 18 patients benefited from rehabilita-
tion (speech and/or occupational, and/or fine motor reha-
bilitation) therapy.

Cognitive assessment
1Q was evaluated in 16 patients: two with the Wechsler Pre-
school and Primary Scale of Intelligence, Third Edition, 13

Table I: Psychomotor development, neurological examination, learning
disabilities, educational management, and cognitive assessment of the
patients

Number of affected
patients/number of

Neuropsychological assessment patients with known data

Neurological Abnormal 9/18
examination Nystagmus 4/18
at inclusion Nystagmus+cerebellar  3/18

signs or unsteadiness
Cerebellar signs 1/18
Hypotonia 1/18

Psychomotor Motor delay 6/18
delay Language delay 6/16

Schooling Difficulties in 15/18

academic
performance
according to families
Special education 9/18
school
Regular school with 5/18
specific learning
assistance
Regular school 4/18
without specific
learning assistance
Rehabilitation  Total 13/18
Speech therapy 13/18
Occupational therapy 3/18
Psychomotricity 5/18
Full-scale 1Q <70 6/12
70-79 4/12
80-119 2/12
>120 0/12




with the Wechsler Intelligence Scale for Children, Fourth
Edition, and one patient with the Wechsler Adult Intelli-
gence Scale, Third Edition (Table SII). Two families com-
pleted the study but refused cognitive evaluation. Full-scale
1Q was not interpretable in four patients because of excessive
discrepancy among the subscales; therefore, Full-scale 1Q
scores were available in 12 patients. Moderate intellectual
disability (Full-scale 1Q<50) was present in four out of 12
patients, mild intellectual disability (50-69) in two out of 12
patients; four out of 12 patients had borderline intellectual
disability (70-79). Full-scale IQ was in the average range
(80-119) in two out of 12 patients, and no patient had an IQ
in the superior range (>120; Fig. 1). Detailed analysis of IQ
scores in the whole group of patients did not reveal a specific
pattern of cognitive impairment.

Brain imaging

Twenty-eight MRI scans were available for the 18 patients.
Atrophy of the superior part of the cerebellar vermis was
detected in five patients (Fig. 2). The atrophy was present
at 4 years and 1 month (patient 14), 11 years and 9 months
(patient 9, for whom it was absent at 4y 11mo), 12 years
and 9 months (patient 10), 15 years 5 months (patient 5),
and 15 years 9 months (patient 17). Three patients exhib-
ited episodic ataxia and two had hemiplegic migraine, pre-
ceded by BPV in one patient. Of the five patients, four had
an abnormal neurological examination: one had isolated
hypotonia and three had a nystagmus, associated with cere-
bellar signs for two of them. Four of the five patients
exhibited a deficit in intellectual function, and patient 9
did not undergo IQ assessment.

Family history

The occurrence of episodic manifestation appeared to be
sporadic in six patients. The parents of patient 1 and
mother of patient 10 did not have the mutation that was
found in their child. The father of patient 9 was an asymp-
tomatic carrier. The other parents were not available for
testing.

The eight other patients were familial forms. The muta-
tion was present in a total of 20 additional relatives
(Fig. 3). Symptomatic family members of patients 15 and
16 with mutations exhibited the same phenotype (severe
attacks of hemiplegic migraine without cognitive dysfunc-
tion). In the other seven families, intrafamilial phenotype
variability was observed (Table SII). In particular, various
associations of BTU, BPT, episodic ataxia, migraine, and
cognitive dysfunction were observed in six members of the
family affected by the stop mutation ¢.2206C>T (two sis-
ters, [patients 7 and 8], their mother, a cousin, and a
maternal uncle).* BTU and episodic ataxia were associated
in five of the 18 families, successively in the same patient
(patients 1, 2, 3, and the cousin of patients 7 and 8) or in
the same family (two sisters, patients 4 and 5).

Correlations

Deficit in intellectual function (Full-scale IQ<70 in six of
12 patients) tended to be correlated with cerebellar atrophy
on brain MRI (four of six patients with Full-scale 1Q<70
vs zero of six patients with Full-scale 1Q>70, p=0.06). No
significant relation could be established between a deficit
in intellectual function and sex, young age at onset of the
first episodic event, type of episodic event, and occurrence

60 -
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70 80 90 100 110 120 130 150
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Figure 1: Distribution of the Full-scale 1Q score (16 patients). This figure demonstrates the increased incidence of patients with low (<70) or border line
(<80) 1Q among patients with a CACNATA mutation. Solid line, general population; dotted line, patients with a CACNATA mutation; grey bars, number of

patients.



Figure 2: Brain imaging illustrating the vermian atrophy in (a,b) patient 17 and (c,d) patient 9. (a) Sagittal T1 (b) and axial T2 images, cerebellar atrophy
mainly involving the superior vermis; (c) sagittal (d) and axial T1 images, cerebellar atrophy involving the superior and posterior vermis with enlarged

primary fissure.

of various types of episodic events, abnormal neurological
examination, or type of mutation.

The five patients with cerebellar atrophy exhibited
motor delay more frequently than patients with normal
brain MRI (four of five patients vs two of 13 patients,
p=0.021). The proportion of stop mutations was lower in
patients with cerebellar atrophy (one of five patients vs 10
of 13 patients, p=0.047). Patients with abnormal MRI
tended to be older (mean age [SD] 14y [2y 11mo] vs 10y
8mo [4y 7mo], p=0.15). No significant association could be
established between cerebellar atrophy and sex, young age
at onset of the first episodic event, abnormal neurological
examination, and type of episodic events or occurrence of
various types of episodic events.

DISCUSSION

This study describes the clinical and radiological pheno-
type of 18 children from 14 families with CACNAIA muta-
tions. The patients had a detailed clinical description and
benefited from a standardized neurological examination
and evaluation of psychomotor development and academic
performance, and a cognitive assessment. They also under-
went neuroimaging. Our results confirm a diversity of epi-
sodic attacks in the patients and a frequent association of

neurological abnormalities, in particular, an abnormal cog-
nitive profile.

Precise cognitive evaluations are the main contribution
of our study. Recently, Indelicato et al.”* reported cogni-
tive and behavioral features in a series of patients with
CACNAI1A mutations. However, the authors performed a
retrospective analysis of data extracted from a database ini-
tially developed for another objective, therefore the proto-
col assessment of cognitive function was not uniform. Our
study reports the first series performed with prospective
and standardized neuropsychological assessment. It shows
that cognitive disabilities are associated with CACNAIA
mutations in half of the children with available data, and
that cognitive dysfunction is heterogeneous, ranging from
a moderate disorder of intellectual development in wheel-
chair dependent patients to mild difficulties at school. The
analysis of the different subtests of the Full-scale 1Q test-
ing did not disclose a specific cognitive profile; several
domains of cognitive function were impaired in our
patients (data not shown). Autistic symptoms that have
been previously reported in two families with episodic
ataxia type 2 were not detected in our patients.”’ Vermian
atrophy was linked to a higher risk of cognitive dysfunc-
tion.
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Figure 3: Pedigrees of the patients. Squares represent males and circles represent females. Black symbols represent individuals with episodic symp-

toms (hemiplegic migraine, episodic ataxia, tonic upgaze, or paroxystic vertigo). White symbols indicate unaffected individuals, and symbols with a diag-

onal line represent deceased individuals. ®Patients included in this study. +, a mutated allele; —, normal allele.

The small size of our patient sample represents a clear
limitation if this work, especially regarding establishing a
correlation without considering the possible within-family
correlations. Given the young age of some patients at
inclusion, the results concerning academic difficulties and
rehabilitation might underestimate these difficulties and
the need for rehabilitation in patients with CACNAIA
mutations. Recently, pharmaco-sensitive, but also devas-
tating drug resistant epilepsy has been reported in
patients with a CACNAIA mutation;'”?° however, the
prevalence of epilepsy in patients with a CACNAIA muta-
tion is still unknown. Given that our patients were
recruited from the Childhood Episodic Syndromes Study
and the database from Lariboisiere laboratory, which
researches migraine and syndromes associated with
migraine, patients with epilepsy and a CACNAIA muta-
tion might be under represented in our series. In fact,
only two patents from our series exhibited epilepsy (ab-
sence epilepsy/myoclonus), therefore, our study cannot
provide further clues to the issue of the role of epilepsy
in cognitive impairment in patients with CACNAIA
mutations.

Our study shows that the phenotype of the patients with
CACNAIA mutations is highly variable in terms of diver-
sity of clinical manifestations, but also in terms of an asso-
ciation of several types of symptoms, as summarized in
Figure S2 (online supporting information). Symptoms
include non-epileptic manifestations (ataxia, torticollis, ver-
tigo, tonic upward gaze, migraine), and epileptic events
(absence seizures, myoclonus). A combination of several
types of episodic syndromes was present in two out of
three of our patients, either concomitant or evolving from
one type to another. Permanent neurological abnormalities
were also present in half of the patients at inclusion, con-
sisting of variable degrees of cerebellar dysfunction (nys-
tagmus, ataxia, hypotonia), with or without vermian
atrophy. Our study confirms that infantile-onset episodic
syndromes, such as BTU or BPT, may be precursor of
CACNAIA-related  episodic  ataxia or  hemiplegic
migraine,g_10 since in one-third of the patients, occurrence
of episodic ataxia or hemiplegic migraine was preceded by
BTU, BPT, or BPV.

Our study clearly highlights the wide phenotypic spec-
trum associated with CACNAIA mutations, regarding age



at onset of the symptoms, cognitive profile (ranging from
typical to moderate disability), episodic syndromes (diver-
sity of the syndromes), and neurological examination (from
unremarkable to variable degrees of cerebellar signs).
Three patients presented an early-onset ataxia mimicking
congenital ataxia with episodic syndromes. Early-onset
non-progressive ataxia/hypotonia that might be isolated or
might overwhelm episodic neurological manifestations rep-
resents a recently recognized mode of presentation of
CACNAIA mutations,®'*'*1%2% \which has probably been
underdiagnosed until recently.

Finally, our study also shows a large intrafamilial clinical
heterogeneity with a classic presentation of well-known
diseases related to CACNAIA (episodic ataxia type 2 and
hemiplegic migraine) and a less typical presentation for
which the diagnosis is often more difficult to make. Inter-
viewing patients about their relatives can help establish the
correct diagnosis and lead to appropriate care.

In conclusion, our results confirm that CACNAIA muta-
tions are associated with a wide phenotypic spectrum
including various forms of infantile or childhood onset epi-
sodic neurological events, neurological and cognitive
abnormalities, and familial heterogeneity. The phenotypic
spectrum associated with pathogenic mutations of CAC-
NAIA includes non-epileptic paroxysmal events, paroxys-

symptoms, and cognitive disabilities. Identification of CAC-
NAIA mutations must lead to close follow-up of psy-
chomotor development and academic performance, so
early management and care can be proposed. Patients with
vermian atrophy are at a higher risk of cognitive dysfunc-
tion. We propose that a CACNAIA-associated phenotype
may present as a neurodevelopmental disorder.
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