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Abstract

Objectives CACNA1A variants underlie three neurological disorders: familial hemiplegic migraine type 1 (FHM1), episodic
ataxia type 2 (EA2) and spinocerebellar ataxia type 6 (SCA6). EEG is applied to study their episodic manifestations, but
findings in the intervals did not gain attention up to date.

Methods We analyzed repeated EEG recordings performed between 1994 and 2019 in a large cohort of genetically confirmed
CACNAI1A patients. EEG findings were compared with those of CACNA1A-negative phenocopies. A review of the related
literature was performed.

Results 85 EEG recordings from 38 patients (19 EA2, 14 FHM1, 5 SCA6) were analyzed. Baseline EEG was abnormal in
55% of cases (12 EA2, 9 FHM1). The most common finding was a lateralized intermittent slowing, mainly affecting the
temporal region. Slowing was more pronounced after a recent attack but was consistently detected in the majority of patients
also during the follow-up. Interictal epileptic discharges (IEDs) were detected in eight patients (7 EA2,1 FHM1). EEG
abnormalities and especially IEDs were significantly associated with younger age at examination (16+9 vs 43 +21 years
in those without epileptic changes, p =0.003) and with earlier onset of disease (1 (1-2) vs 12 (5-45) years, p =0.0009).
EEG findings in CACNA1A-negative phenocopies (n=15) were largely unremarkable (p =0.03 in the comparison with
CACNAI1A patients).

Conclusions EEG abnormalities between attacks are highly prevalent in episodic CACNA1A disorders and especially associ-
ated with younger age at examination and earlier disease onset. Our findings underpin an age-dependent effect of CACNAITA
variants, with a more severe impairment when P/Q channel dysfunction manifests early in life.

Keywords Voltage-gated calcium channels - Familial hemiplegic migraine type 1 - Episodic ataxia type 2 - Spinocerebellar
ataxia type 6 - Epilepsy - Intermittent epileptic discharges
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Ion channel variants typically underlie disorders with
episodic manifestations. Accordingly, pathogenic CAC-
NAIA variants have been initially identified in the setting of
familial hemiplegic migraine type 1 (FHM1) and episodic
ataxia type 2 (EA2) [3]. FHM1 is a monogenic migraine
form characterized by motor deficits during the aura and is
typically associated with gain-of-function CACNAIA vari-
ants [3]. EA2 manifests with self-limiting attacks of ataxia
with dizziness, ocular disturbances, and dysarthria, and is
generally caused by nonsense mutations or large rearrange-
ments resulting in a loss-of-function [3]. Both disorders usu-
ally present in the first 2 decades and may display various
degrees of phenotypic overlap. Beyond paroxysmal mani-
festations, mild to moderate chronic cerebellar signs can
develop in the course of the disease in up to 75% of patients
with FHM1 and EA2 [4, 5]. Interestingly, a late-onset
chronic disorder, the spinocerebellar ataxia type 6 (SCA6),
has been also linked to CACNA /A variants. SCAG6 is under-
lined by an expanded polyglutamine tract in the C-terminal
of the gene, a modification which does not primarily affect
calcium currents [6, 7]. SCAG6 shares with other spinocer-
ebellar ataxias a similar phenotype with chronic progressive
cerebellar dysfunction. Nevertheless, paroxysmal symptoms
often occur at disease onset in SCA6 [8], resembling those
of its allelic episodic disorders.

In the clinical approach to paroxysmal neurological dis-
orders, electroencephalogram (EEG) is an essential part
of the initial diagnostic workup. In the present study, we
analyzed routine scalp EEGs (rsEEG) of a large cohort of
genetically confirmed CACNAIA patients referring to the
Center for Rare Movement Disorders at the Medical Univer-
sity of Innsbruck. Furthermore, we performed a comparison
with EEG findings from CACNA A phenocopies referring to
our center and reviewed the current related literature on the
topic. We aimed at defining the EEG pattern of CACNA /A-
related disorders to support clinical evaluation and shed fur-
ther light on the phenomenology resulting from P/Q channel
dysfunction.

Methods
Patients

Patients with genetically confirmed CACNAIA disorders
were retrieved from the database of the Center for Rare
Movement Disorders at the Department of Neurology of the
Medical University of Innsbruck. Additionally, CACNA IA-
negative phenocopies were considered as the control group.
Across the manuscript, families are labeled with Arabic
numbers and family members with Roman numbers. Basic
clinical and demographic data as well as findings from neu-
rological examination were collected. Brain MR imaging
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was performed within the routine workup either at a 1.5 or
3 T scanner.

EEG evaluation

CACNA IA patients underwent rsEEG examinations within
their regular clinical follow-up. We retrieved 85 rsEEG
recordings which were performed between 1994 and 2019
either at the Department of Neurology or at the Department
of Pediatrics of our university hospital, including the record-
ings from video EEG monitoring with scalp electrodes. All
rsEEGs were recorded during wakefulness. EEG terminol-
ogy report and interpretation were classified according to
the definition by Kane et al. [9]. The following EEG find-
ings were defined as abnormal EEG patterns: (a) abnormal
changes in normal rhythm, (b) abnormal slow wave activity
including theta- and/or delta-frequencies, and (c) interictal
epileptiform discharges (IEDs). Each of these findings may
be altered alone or in combination, may be localized (i.e.,
in one or two lobes), lateralized, bilateral or generalized and
may occur continuously or intermittently.

EEG findings were analyzed by EI and reviewed by a
senior neurologist with long-time experience in EEG evalu-
ation (IU, MK, FZ or EH). Senior physicians were blinded
to clinical diagnosis and medical history at the time of EEG.

Statistical analysis

We performed statistical analyses using SPSS version 25.
Data are reported as mean + SD or median (interquartile
range) according to their distribution, which was tested by
means of Kolmogorov—Smirnov test. Intergroup compari-
sons were performed by means of ¢ test, Mann—Whitney-
U and chi-squared test depending on the variable category.
Statistical significance was set at p <0.05.

Review of the literature

A Medline search was conducted applying the follow-
ing keywords: CACNAIA, hemiplegic migraine, episodic
ataxia, epilepsy, and electroencephalogram/EEG. Relevant
references from the retrieved papers were also selected. We
considered only the report of genetically confirmed CAC-
NAIA cases.

Results

Innsbruck CACNA1A cohort: clinical history
and neurological findings

Fifty-three genetically confirmed CACNAIA patients were
registered in our database. We considered for the present
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study 38 patients (13 women, 25 men) who underwent  described herein for the first time. Clinical and demographic

rsEEG examination at least once. Twenty-five subjects have  data are summarized in Table 1.

already been described in the previous publications of our Our CACNAIA cohort comprehended 14 patients from

group [10, 11]; 13 patients and 4 new CACNA A variants are 4 FHM1 families, 19 patients from 12 EA2 families, and
5 patients from 3 SCAG6 families. Mean age at examination

Table 1 Clinical features of Innsbruck CACNA /A patients who underwent EEG examination

Family  Genotype Phenotype  Pt. ID Age atonset  Age at Chronic cer-  Cerebellar Pathologic find-  IEDs*
first EEG ebellar signs  atrophy at MRI ings at first EEG
1 R1667W FHM1 1-I* 12 56 X X X
1-1I 34 42 X X X
1-11I 58 58 X X X
1-IvV 1 11 X X X
2 c.31024+2T>C EA2 2-1 1 28 X X X
2-11* 27 37 X X X
3 T666M FHM1 3-1 40 71 X X
3-1I 5 47 X X X
3-111 13 42 X X
3-1vV 4 18 X X
3-vV 7 10 X X X
3-VI 1,5 2 na
3-VII* 11 11 X X
3-vir+ 1,5 3 X na
4 c.3089+2T>C EA2 4-1 10 54 X
4-11 45 54 X X
4-111 2 15 X X X
4-1V 10 20 X X X
4-v 1 26 X X X
4-VI* 1 3 na X X
5 R198Q EA2 5-1 1 22 X X X X
6 S218L FHM1 6-1 1 6 X X X
7 c.959G> A EA2 7-1 8 48 X X
8 ¢.3603dup EA2 8-1 7 45 X X
9 G540R EA2 9-1 1,5 18 X X
10 CI1869R EA2 10-I* 36 41 X X X
11 1239T** EA2 11-I* 61 68 X X
11-11* 55 73 X X
12 R2248H7** EA2 12-T* 45 41 X X X
13 D2173Y** EA2 13-I* 50 52 X X X
14 T666M FHM1 14-T* 2 41 X X X
15 AT54V** EA2 15-I* 1 1 X
16 Q1154X EA2 16-I* 3 64 X X X
17 12/23 SCA6 17-1 55 67 X X
13/23 17-11 40 62 X X
14/23 17-111 47 48 X X
18 SCA6 18-1 63 67 X X
19 8/23 SCA6 19-1 36 39 X X

IEDs: interictal epileptic discharges

*These patients have been described herein for the first time
**Newly reported CACNA A variants

*Both first EEG and follow-up EEGs are considered

@ Springer



2496

Journal of Neurology (2021) 268:2493-2505

was 37 +22 years (range 1-73 years). Episodic symptoms
were reported by 25 patients at the time of referral (66%)
and 7 other patients (18%) had experienced episodic symp-
toms at the beginning of the disease. Thirty-three patients
(87%) showed chronic cerebellar signs at the neurological
examination.

Brain MR imaging was available for all patients but two.
In 35 cases (92%), cerebellar atrophy was evident. The
degree of cerebellar atrophy was rather mild in the majority
of FHM1 and EA2 patients as well as mostly limited to the
vermis.

First EEG findings

A majority of patients were drug-naive at the time of the
first rSEEG (92%, n=34). Of the remaining 4, n=3 were
on acetazolamide and n=1 on flunarizine. Seven patients
(18%) had experienced attacks in the week preceding the
examination.

Overall, pathological EEG findings were detected in 21
patients (55%; 11 FHM1, 10 EA2). Clue pathologic findings

Table 2 Synopsis of pathological findings at first rsEEG

consisted of an intermittent slowing in delta—theta-frequency
range (n=19, 90%). In one further patient, EEG displayed
a continuous left lateralized hemispheric slowing indicative
of a recent attack. Delta—theta activity was lateralized in
five cases (n=3 left hemisphere, n =2 right hemisphere),
bilateral in nine cases (of which four with more pronounced
slowing in the left hemisphere) and generalized in seven
cases. In the majority of the cases, delta—theta activity
involved more markedly or selectively the temporal region
(n=13, 62%). Three patients (6%) had IEDs in their first
EEG (see Tables 2 and 3 for details).

Analyzing CACNAIA subgroups, all five SCA6 patients
had normal EEG, while FHM1 and EA2 patients had a simi-
lar frequency of unspecific slowing. IEDs at the first EEG
were detected only in EA2 patients. Although EEG findings
were more severe in patients with recent attacks as compared
to patients without recent attacks, this difference was not
statistically significant (p =0.2). Interestingly, age at exami-
nation was lower in patients with pathological EEG findings
(32419 vs 43 +£25 years in those with normal EEG, p=0.1,
non-significant). Moreover, patients with pathological EEG

Pt. ID Phenotype Age Back-

Intermittent slow-  Continuous slow-  Bilateral or generalized Lateralized (R/L) Regional IEDs

ground ing (frequency ing (frequency (F/crti/
rhythm range) range) P/O)
1-1 FHM1 56 A T/D Bilateral FT
1-II FHM1 42 A D/T Non lateralized/bilateral L>R T
1-IlT  FHM1 58 A D/T L
1-IV. FHM1 11 A T Bilateral FT
2-1 EA2 28 A T/D Generalized
2-11 EA2 37 A D/T Generalized
3-  FHMI 47 A T/D Bilateral T
3-V  FHMI 10 A T/D L TP
3-VII FHMI 11 A T/D L T
4-11 EA2 54 A T Generalized
4-11 EA2 15 A T/D Generalized yes
4-V. EA2 26 A D/T Non lateralized/bilateral L>R T yes
4-VI EA2 3 T Generalized yes
5-1 EA2 22 A T Bilateral T
6-1 FHM1 6 D R FT
9-1 EA2 18 A T Bilateral T
10-1 EA2 41 A D/T Generalized
12-1 EA2 41 A T Generalized
13-1 EA2 52 A D/T Non lateralized/bilateral L>R T
14-1 FHMI1 41 A T R T
16-1 EA2 64 A T/D Non lateralized/bilateral L>R T

Concerning frequencies: A alpha, T'theta, D delta; concerning localization: L and R =left and right hemispheres respectively, F=frontal, C=cen-
tral, T=temporal, P=parietal, and O =occipital regions. IEDs: intermittent epileptic discharges. When both T and D frequencies were detected,
the one that recurred most in EEG is reported after the slash. The slowing can occur continuously or intermittently; it can be generalized, bilat-
eral or lateralized. In case of bilateral slowing, the presence of a side difference is also reported (for example L >R). Bilateral or lateralized

slowing can also affect specifically one or two lobes (regional slowing)
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T?ble 3 Interictal ep ileptic Pt.ID  Phenotype  Age atonset Ageat EEG IEDs
discharges (IEDs) in CACNAIA
patients 1-IV FHM1 1 11 Bilateral frontal sharp waves
2-1 EA2 Childhood*  Generalized spike waves
4-111 EA2 2 15 Generalized spike wave complexes
4-1vV EA2 10 20 Superimposed spikes in generalized rhythmic delta
4-v EA2 1 26 Left temporal sharp waves
4-VI EA2 1 3 Superimposed spikes in generalized rhythmic delta
5-1 EA2 1 30 Left temporal sharp waves
15-1 EA2 1 6 Superimposed spikes in generalized rhythmic delta

*The first rsEEG at our department was performed at 28 years of age. IEDs were documented in previous

EEGs

findings had an earlier onset of symptoms as compared to
those with normal EEGs (16 19 years of age at onset vs
26 +25, p=0.1, non-significant).

EEG findings during an attack

Three EA2 patients (Pt. 4-V, 9-1, 13-I) were admitted to the
hospital during an attack because of severe neurological
impairment and underwent in-patient prolonged video-EEG
monitoring. In this setting, several habitual attacks were
documented. During clinically observed attacks EEG was
unremarkable. Four FHM1 patients underwent EEG record-
ings during migraine attacks (Pt. 3-1, 3-I1V, 3-V, 6-1). In these
cases, a continuous delta activity was documented over the
hemisphere contralateral to their aura symptoms.

Follow-up EEG findings

Eighteen patients underwent repeated rsEEG examinations
during the disease course.

Short-term follow-up in two patients (Pt. 3-VII and 9),
1-2 months after the first rsSEEG, which in both cases was
performed after an attack, showed unchanged slowing.
Another short-time rsEEG follow-up after starting aceta-
zolamide remained without improvement as compared to
the first rsEEG (Pt. 2-1I).

In the remaining patients repeated rsEEG examinations
were performed during a mean follow-up of 9+5 years. In
five patients (36%) the findings remained unchanged. Other
five patients (36%) displayed a worsening consisting of
appearing of slowing, whereas the first rsEEG findings were
unremarkable. In the four remaining patients (28%) findings
normalized in follow-up EEGs. Notably, these latter cases
reported a marked reduction or even ceasing of attacks.

IEDs were documented for the first time during the fol-
low-up in four further patients (see Table 3).

Epilepsy suspicion and IEDs

Five patients received a diagnosis of epilepsy prior to
admission at our center. Three of them were on antie-
pileptic therapy (Pt. 3-1 valproate, 4-1II phenytoin, 6-1
phenobarbital) at the time of referral. Eventually, none of
the five patients had a convincing history of seizures and
diagnosis of epilepsy was not confirmed during the work-
up. Antiepileptic drugs were stopped after the diagnosis
of FHM1/EA2.

Conversely, IEDs were detected at different time
points in eight patients (21%, 7 EA2 and 1 FHMI, see
also Table 3 and Fig. 1). None of them met the diagnostic
criteria for epilepsy [12]. In one case (Pt. 15-I), clinical
history was suggestive of absences, though no correlating
EEG changes were detected in repeated in-patient stays
and video-EEG monitoring. Patients with IEDs were sig-
nificantly younger (16 +9 years of age at examination vs
43 +21 in those without IEDs, p=0.003) and had a signifi-
cantly lower median age at onset (1(1-2) years vs 12(5-45)
in those without IEDs, p =0.0009) (Figs. 2, 3, 4, 5).

During the follow-up, a single generalized tonic—clonic
seizure was observed during a severe hemiplegic migraine
attack in a patient with the S218L mutation (Pt. 6-1). He
never displayed epileptic changes in EEG nor had seizures
independently from hemiplegic attacks.

Comparison with CACNA1A phenocopies

We retrieved from our database 18 patients with episodic
ataxia or sporadic hemiplegic migraine which had been
tested negative for CACNAIA variants. Fifteen of them
underwent EEG examinations at least once and were thus
considered for this study (n=10 with EA phenotype,
n =3 with sporadic HM, n =2 overlapping phenotype).
CACNA IA-negative phenocopies were significantly older
than CACNAIA patients (median age at EEG 59 (29; 67)

@ Springer
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Fig. 1 Bitemporal delta activity in Pt. 5-1. Bipolar longitudinal montage with 70 Hz filter and time constant of 0.3 s; sensitivity 7 pV

years in phenocopies vs 39 (12; 51) in CACNA 1A patients,
p=0.008).

In all but four cases, who displayed intermittent bilateral
temporal slowing (3 cases theta, 1 case delta), EEG findings
were unremarkable. Hence, in the comparison with the CAC-
NAIA cohort, CACNA 1A-negative phenocopies had a sig-
nificantly lower frequency of abnormal findings (p =0.03).

Review of the literature

The literature search yielded 57 pertinent reports. Notably,
available EEG findings were mostly limited to the descrip-
tion of changes occurring during attacks or documentation
of IEDs.

Concerning FHM1, several reports described EEG find-
ings during attacks consisting mostly of severe slowing
contralateral to hemiparesis [13-22]. Fewer descriptions of
EEG findings beyond the attacks are available. These were
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reported to be normal in several cases [21, 23-27]. In single
case, a residual unspecific focal slowing in the hemisphere
contralateral to aura symptoms has been reported [13, 14].
Seizures concomitant to severe hemiplegic attacks have been
described in at least 16 families [5, 13-17, 19, 20, 22, 24,
27-34]. Seven of these families (44%) harbored the geno-
type S218L, which is associated with severe attacks with
coma—or even death—induced by minor head trauma [14,
16, 19, 29, 31, 33, 34]. Other genotypes recurrently associ-
ated with a seizure during attacks were R1349Q (n=3, 19%)
[20, 27, 32] and Y1385C (n=2, 12%) [5, 22]. Epilepsy or
seizures occurring independently from hemiplegic migraine
have been described in at least eight pedigrees [15, 24, 28,
30, 35]. In only two of these cases IEDs were documented
[15, 35].

Concerning EA2, numerous reports described IEDs
[36-42]. Very few cases reported additional information on
EEG findings, which were reported to be normal [43] or with
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Fig.2 Superimposed bilateral occipital spikes in generalized rhythmic delta activity in Pt. 4-IV. Bipolar longitudinal montage with 70 Hz filter

and time constant of 0.3 s; sensitivity 7 pV

interposed slowing[36, 40]. Descriptions of EEG findings
during an attack are lacking. In a report by Labrum et al.
EEG during an attack did not differ from baseline EEG in a
patient with EA2[40]. In at least 21 EA2 families epilepsy/
seizures occurred independently from episodic ataxia [4, 20,
36-41, 44-51]. In virtually all cases, epilepsy manifested
in the childhood and preceded episodic ataxia. Absences
represented the most common manifestations (n=12, 57%)
[20, 3641, 48, 50, 51]. In 10 out of these 21 families, IEDs
could be detected [36—41]. Notably, IEDs were also detected
in several other EA2 families with no history of seizures [41,
42,52, 53]. Generalized 3 Hz spike-wave discharges were a
recurrent EEG pattern [37, 39, 41, 54, 55].

Discussion

In the present work, we systematically analyzed repeated
rsEEG recordings of a large cohort of genetically con-
firmed CACNAIA patients, which were collected during
a long-term clinical follow-up. In our CACNAIA cohort,
55% of the baseline EEGs showed abnormal findings. The
key pathological findings consisted of a variable slowing,
preferentially affecting the temporal lobe. Generally, slow-
ing pattern was more pronounced following recent attacks.
A normalization of EEG findings was mostly observed in
association with clinical remission of episodic symptoms.
However, during follow-up intermittent lateralized slowing
was present in a majority of patients. IEDs were recorded in
21% of patients. Overall, earlier onset of disease was associ-
ated with EEG abnormalities, especially IEDs. None of our
patients met the diagnostic criteria of epilepsy. Looking at
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Fig.3 Superimposed bilateral occipital spikes in generalized rhythmic delta activity in Pt. 4-VI. Bipolar longitudinal montage with 70 Hz filter

and time constant of 0.3 s; sensitivity 10 pV

the genotype, all SCA6 patients had normal EEG findings,
while EA2 and FHM1 patients had a similar frequency of
abnormal findings.

Historically, EEG has been applied in the differential
diagnosis of “acetazolamide-responsive periodic ataxia”
from epilepsy before a genetic allocation was possible [56].
After the identification of CACNA /A mutations, a growing
body of literature focused on the co-occurrence of epileptic
disorders in FHM1 and EA2 patients. Though, most of the
evidence of an association between CACNA /A disorders and
epilepsy originated from small case series. Systematic elec-
trophysiological studies in larger collectives have been not
carried out to date. By analyzing a genetically assigned large
single-center cohort, we were able to detect an EEG pattern
across two CACNAIA genotypes, consisting of a recurrent
lateralized EEG slowing in the interval between the attacks.

@ Springer

Even if non-specific, this EEG pattern discriminated CAC-
NAIA patients from CACNA 1A-negative phenocopies in our
study. We hypothesize that the chronic EEG abnormalities in
CACNA A patients primarily reflect a functional disruption
of cerebro-cerebellar connections. The occurrence of such
network disturbances has been theorized upon observation
that FHM1 and EA2 patients frequently display cognitive
impairment, developmental delay and behavioral disorders
(6). Indeed, cerebellar tuning extends beyond motor con-
trol to cognitive and emotional processing through multiple
connections with associative areas, especially prefrontal
and temporal (58). To date, powerful structural correlates
of functional disruption of cerebro-cerebellar pathways are
lacking. Indeed, supratentorial structures appear to be spared
at conventional brain imaging [57]. Therefore, our find-
ings strengthen the pivotal role of electrophysiology in the
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Fig.4 Superimposed bilateral occipital spikes in generalized rhythmic delta activity in Pt. 15-1. Bipolar longitudinal montage with 70 Hz filter

and time constant of 0.3 s; sensitivity 10 pV

clinical workup of CACNAIA disorders, even in the interval
between attacks.

IEDs were detected in seven EA2 and one FHM1
patients at different time points. All but one were children
or young adults with EA2. Interestingly, IEDs in EA2 were
recorded without the evidence of a clinical attack dur-
ing video-monitoring in our cohort and were not recorded
in the patients that underwent long-term follow-up and
were beyond their mid-20s. These findings are similar
to evidence collected in the literature, which recurrently
reported IEDs and or seizures in EA2 during childhood,
sometimes before the development of episodic ataxia and
chronic cerebellar signs [40, 44-46, 50, 51]. Generalized
epileptic seizures may also occur in FHM1, as in one of our
patients. A recurrent association between severe migraine
attacks with prolonged aura accompanied by hemiplegia,
aphasia or coma was associated with specific genotypes

such as the S218L mutation (see also patient 6-1) [14, 16,
19, 34]. Concomitant and even occasionally fatal brain
edema seen in these so-called “malignant” FHM1 muta-
tions imply that these seizures are symptomatic [29]. Inter-
estingly, de novo CACNA 1A mutations have been recently
associated with a sporadic early infantile epileptic enceph-
alopathy (the so-called EIEE42) resulting in a severe clini-
cal phenotype with developmental delay and epilepsy (2).
One of our patients (6-I) displayed as child such a severe
phenotype that could be classified as EIEE42 within the
spectrum of CACNAIA mutations. If EIEE42 has to be
considered a separate “epileptic” entity or rather an age-
dependent manifestation of CACNAIA channelopathy will
be part of the future studies.

It is widely established that P/Q channels are ubiquitary
but unequivocally distributed in the brain. In supratentorial
regions, there is especially evidence of their expression in
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Fig.5 Left temporal sharp waves in Pt. 5-1. Bipolar longitudinal montage with 70 Hz filter and time constant of 0.3 s; sensitivity 7 pV

the hippocampus, where their alteration in human specimens
and in animal models has been associated to epileptogenesis
[58-60], as well as in thalamic neurons [61]. Pivotal studies
in murine models showed that thalamic mediated arousal
upon stimuli is coupled by the activation of P/Q channels
[61]. The depolarization of P/Q channels in the thalamic
neurons promotes high-frequency membrane oscillations
which facilitate synaptic inputs and the transition in that
low-voltage fast activity, the so-called gamma waves, typical
of the attentive state and engagement in cognitive tasks [62].
In mice lacking P/Q channel, a residual excitatory transmis-
sion between thalamus and cortex is detected, but it is insuf-
ficient to maintain high-frequency oscillations [61]. Further-
more, the P/Q-channel deficient mice display bursts of spike
and wave activity, resembling an absence status. This finding
supports a selective susceptibility for IEDs in the presence
of loss-of-function of P/Q channels. Although a propagation

@ Springer

of epileptic activity from subcortical structures to the cortex
in humans is unusual, impaired P/Q function in CACNAIA
disorders may result in such a phenomenon. Both, the pres-
ence of such propagation and remission of IEDs with aging
and maturation of the brain as pathophysiological substrate
for EEG abnormalities in our cohort remain speculative.

Cumulatively, our findings show that in patients with epi-
sodic ataxia and hemiplegic migraine EEG slowing between
the attacks and intermittent IEDs during childhood and
adolescence are indicative—together with a positive family
history—of a CACNAIA mutation. While in the presence
of a positive family history diagnosis is straightforward, in
sporadic or late onset cases with non-informative family
history, detection of EEG abnormalities may support the
choice of a genetic screening. Also, persistence of slow-
ing in the weeks after attacks appears useful to discriminate
CACNAIA-related hemiplegic migraine.
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The pathophysiological background of the EEG abnor-
malities in the setting of P/Q dysfunction in humans remains
elusive. Anyhow, the present findings support the increasing
evidence that functional pathologic changes expand beyond
the cerebellar circuitry in non-polyglutamine CACNAIA dis-
eases and strongly suggest an age-dependent effect of P/Q
dysfunction.

Future studies are advocated to gain further knowledge on
the functional changes related to CACNA /A variants in vivo
as well as to shed light on the clinical course of early-onset
phenotypes.
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