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Abstract
CHD2-related epilepsy is characterized by early-onset photosensitive myoclonic 
epilepsy with developmental delay and a high rate of pharmacoresistance. We 
sought to evaluate the efficacy of acetazolamide (ACZ) in CHD2-related epilepsy, 
due to ACZ's unexpected efficacy in our first patient harboring a pathogenic 
CHD2 variant. We collected patients from different Eastern European countries 
with drug-resistant CHD2-related epilepsy who were then treated with ACZ. 
Patients underwent video EEG before and during ACZ treatment. In a zebrafish 
model of CHD2-related epilepsy, ictal-like events were recorded 5 days post-
fertilization after overnight ACZ exposure. Developmental delay preceded the 
onset of seizures in 10 of the 12 patients. Four had ataxia, and 6 exhibited autistic 
features. Seizures, primarily myoclonic, began at an average age of 3.4 years and 
were photosensitive in all 12 patients. Add-on ACZ treatment controlled pho-
tosensitive seizures in all patients: 6 became seizure-free, and in the remaining 
6, seizure frequency decreased by over 75%. Four patients transitioned to ACZ 
monotherapy. The median follow-up was 13 months. In the zebrafish model, 
ACZ exposure reduced ictal-like events by 72%. ACZ, a well-tolerated and cost-
effective medication, could be a good option for CHD2-related epilepsy, predomi-
nantly manifesting with myoclonic seizures and photosensitivity.
Plain Language Summary: Epilepsy associated with CHD2 mutations is 
often pharmacoresistant and associated with developmental delay and eventu-
ally ataxia. There are several generalized seizure types, including generalized 
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1  |   INTRODUCTION

The great variability of epilepsy phenotypes and etiology, 
and the large number of antiseizure medications (ASMs) 
provide a significant challenge to treatment strategy. 
Following the initial distinction between focal and gen-
eralized epilepsies, the definition of epilepsy syndromes 
was the next step pointing to specific treatment effects 
of various ASMs.1,2 Many epilepsy phenotypes, however, 
do not correspond to any epilepsy syndromes included in 
the International League Against Epilepsy Classification,1 
and genetics has added opportunities to disclose still un-
recognized conditions.

Pathogenic variants in CHD2, encoding the chro-
modomain helicase DNA-binding protein 2 (CHD2), 
are associated with a particular epilepsy phenotype in 
which myoclonus and photosensitivity are predominant, 
and over half of patients remain pharmacoresistant.2 
Microcephaly, developmental delay, and cerebellar ataxia 
are frequent.3,4 In zebrafish, knockdown of chd2 also re-
sults in microcephaly and epileptiform activity as well as 
photosensitive seizures.5

Acetazolamide (ACZ), an inhibitor of carbonic anhy-
drase, has been given to patients, including children for 
the treatment of epilepsy since the 1950s at doses ranging 
10–20 mg/kg/d with good tolerability,6 and is approved by 
the FDA and European agencies as an adjuvant therapy 
for epilepsy, although it is currently seldom used, due to 
poor efficacy.7 Nevertheless, moderate benefits have been 
reported for ACZ, and a recent review by Shukralla et al. 
of 12 observational studies involving 941 patients taking 
ACZ, found that 20% achieved seizure freedom.7,8

Furthermore, ACZ was recently reported to be effective 
in patients with a combination of photosensitive myoclonic 
epilepsy and ataxia, due to monogenic epilepsies, namely 
mutations in KCNMA19 and KCNA2.10 Since the pheno-
type of these patients is similar to that of CHD2-associated 

epilepsy, we offered parents ACZ as an add-on treatment, 
as per usual clinical practice. Following encouraging ob-
servations, we advised colleagues of collaborating centers 
to offer it also to their patients. We then evaluated the ef-
fect of ACZ in 12 patients with CHD2-related epilepsy and 
found remarkable efficacy.

2  |   PATIENTS AND METHODS

At MediClubGeorgia in Tbilisi, ACZ was offered to all 
4 patients with CHD2 mutations, after the failure of the 
usual ASMs, as per normal clinical practice, in an attempt 
to improve their condition since encouraging observations 
had been reported in cases with a similar epilepsy phe-
notype. In the absence of dysmorphia, neither karyotype 
nor CGHarray was indicated. Findings of Epilepsy Gene 
Panel or whole-exome sequencing, including CNV analy-
sis, were interpreted according to the ACMG guidelines 
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tonic–clonic seizures, but the most characteristic are jerks triggered by light 
stimulation. We collected 12 patients who received acetazolamide, a drug usu-
ally given as a diuretic and registered as a mild antiseizure medication. All jerks 
triggered by light disappeared while the frequency of spontaneous seizures de-
creased by over 75%. Further studies are needed to confirm this promising find-
ing and identify the mechanism by which an old compound seems to have such 
a specific antiseizure effect.
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Key points

•	 CHD2-related epilepsy features predominantly 
myoclonic seizures with high rate of photosen-
sitivity and is often resistant to standard ASMs.

•	 Add-on acetazolamide, an underrated drug, 
could be an effective treatment option for drug-
resistant CHD2-related epilepsy.

•	 In a zebrafish model, acetazolamide showed 
superior efficacy to fenfluramine, reducing 
ictal-like events by ~72%.

•	 Further large-scale clinical studies and experi-
mental research are needed to explore aceta-
zolamide's mode of action and e​ffe​cti​ven​ess​.​
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(Table 1A). Clinical data were analyzed based on files and 
parent interviews. As a usual practice, seizure diaries were 
given to the parents. Data were drawn before and upon 
ACZ treatment. Following encouraging observations, we 
informed colleagues from Eastern Europe with whom we 
usually interact. In 6 Eastern European epilepsy centers, 
13 pediatric patients were identified with CHD2 muta-
tions, who had not received ACZ, but whose epilepsy was 
resistant to at least 2 ASMs, and whose parents gave in-
formed consent for the administration of ACZ as add-on 
therapy.

In these centers, parents of all patients with pharma-
coresistant CHD2-associated epilepsy were offered it as 
add-on therapy. Therefore, the 13 included patients rep-
resent the exhaustive population of patients with pharma-
coresistant CHD2-related epilepsy, who were given ACZ 
and were followed in the various contributing centers. 
One child was lost to follow-up for familial reasons, soon 
after the inclusion, and the studied series comprises there-
fore 12 patients, 9 females, and 3 males. Parents gave their 
written permission to publish the data.

Video-EEG monitoring employed a standard 10–20 
electrode placement system. Intermittent photic stimu-
lation and hyperventilation were performed according to 
American Clinical Neurophysiology Society guidelines.11

A zebrafish model of CHD2-related epilepsy was 
generated by antisense knockdown using a morpholino 
oligomer (MO) targeting the zebrafish chd2 gene, as de-
scribed.5 Electrophysiological analysis of ictal-like events 
was performed by local field potential (LFP) recordings of 
zebrafish larvae at 5 days post-fertilization (dpf).12 Drug 
treatment was carried out by overnight exposure of zebraf-
ish larvae to the maximum tolerated concentration (MTC) 
of ACZ (1 mM) in embryo medium. Zebrafish experiments 
were performed under ethical approval by the Norwegian 
Food Safety Authority (Mattilsynet), approval number 
23935 dated 1 July 2020.

3  |   RESULTS

Two patients had a history of febrile seizures (Table 1A). 
Developmental delay preceded seizure onset in 10 out of 
12 patients. In 1 patient, delay was noticed only after the 
seizure onset at the age of 3 years. Six patients showed au-
tistic features, and 4 had ataxia.

The age of onset of non-febrile seizures ranged from 1 
to 7 years (average 3.4 years; SD = 2.05). Before ACZ ther-
apy, seizure types included eyelid myoclonus in 9 patients, 
generalized tonic–clonic (GTCSs) in 6, myoclonic seizures 
(other than eyelid myoclonus) in 6, absences with oral au-
tomatisms in 2, myoclonic absences in 2, and myoclonic-
atonic seizures in 1. None of the patients exhibited 

self-induced seizures. All patients had multiple seizure 
types and a variable myoclonic component: myoclonic 
jerks of both upper limbs, eyelid myoclonus, myoclonic 
absences, and/or myoclonic-atonic seizures. Although 
seizures were occasionally asymmetric, no focal seizure 
was reported.

Interictal EEG showed normal background activity, 
including for patients with developmental delay. Bilateral 
spike–wave complexes predominated in posterior areas, 
while there were very few focal spikes. Photic stimulation 
triggered in all patients either eyelid myoclonus or myoc-
lonic jerks of the upper limbs with polyspike-slow wave 
discharges (Figure 1).

Brain MRI was normal for all patients except for 
Patient #1 who displayed a right temporal lobe dysplasia 
although neither seizure types nor EEG revealed focal ep-
ileptic activity.

Gene sequencing uncovered 6 patients with missense 
and truncating point mutations, 2 intragenic duplications, 
and 4 deletions. Point mutations and intragenic duplica-
tions result in premature termination.

Epilepsy was resistant to various ASMs, including le-
vetiracetam (10 patients), valproic acid (9 patients), etho-
suximide (4 patients), carbamazepine (2 patients), and 
lamotrigine, topiramate, lorazepam, clobazam, and can-
nabidiol in various combinations. Until ACZ was started, 
all patients were photosensitive. Ten had intractable spon-
taneous seizures, while 2 had seizures only during photic 
stimulation.

According to seizure diary and EEG recording, ACZ 
stopped the remaining photosensitive seizures for all 12 
patients (Supporting Information) and reduced or stopped 
the spontaneous seizures (Table 1B). Four seizure-free pa-
tients were gradually transitioned to monotherapy, yielding 
seizure freedom in 2 patients, and reducing seizure fre-
quency in the remaining 2 patients by ≥90% and ≥75%, re-
spectively. For the 8 others, ACZ was given in combination 
with levetiracetam (5 patients), valproic acid (1 patient), 
levetiracetam plus valproic acid (1 patient), or valproic 
acid plus ethosuximide (1 patient): 4 became seizure-free, 
and seizures were reduced by >75% in the other 4. The av-
erage effective dose of ACZ was 9.2 mg/kg ranging from 
3.5 to 15. The follow-up period ranged from 6 months to 
3.5 years (median 13 months). None of the patients with-
drew from the study, and ACZ was generally well-tolerated 
with no significant adverse effects (Table 1B).

Partial knockdown of chd2 in zebrafish larvae, via 
microinjection of an antisense morpholino oligomer tar-
geting the zebrafish chd2 gene, caused developmental 
delays and dysmorphology including microcephaly, body 
curvature, lack of swim bladder, twisted tail, pericardial 
edema, delayed morphogenesis of the pectoral fin as 
well as delays in craniofacial development (Figure 2a), as 
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previously reported.5 LFP recordings of chd2 knockdown 
larvae revealed ictal-like events, as previously reported,13 
which were reduced by treatment with ACZ (Figure 2b). 
Treatment with ACZ reduced ictal-like events by ca. 72%, 
from an average of 3.29 (n = 14) in chd2 MO larvae, to an 
average of 0.92 (n = 13) in ACZ-treated chd2 knockdown 
larvae, while treatment with FEN did not result in a sta-
tistically significant reduction of ictal-like events, with an 
average of 2.0 (n = 17) (Figure 2c).

4  |   DISCUSSION

This series highlights the effect of ACZ on CHD2-related 
epilepsy which, beyond its various types of generalized 

seizures, is mainly characterized by photosensitive myo-
clonus. Although epilepsy had lasted for several years, 
after ACZ initiation half of the patients reached total sei-
zure freedom, while the other half had over 75% seizure 
reduction.

The mean age of seizure onset in our series is consis-
tent with that of the largest series.14 Most striking is the 
occurrence of photosensitive myoclonic seizures. CHD2 
was found to be the main causative gene associated with 
photosensitive eyelid myoclonus, provided it was in the 
context of developmental delay.15 GTCSs affected only 
half of our patients, while all patients of two other series 
involving older patients exhibited this type of seizures.3

The phenotype of CHD2-related epilepsy has been vari-
ously labeled, including (1) as juvenile myoclonic epilepsy 

F I G U R E  1   Patient 3: EEG on intermittent photic stimulation (10 Hz), before (A) and on (B) acetazolamide. Amplitude 10 mv/mm, 
sweep 30 mm/s, low-pass filter −0.5 Hz, high-pass filter −70 Hz.
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(JME),3 however the age of onset is too young for classical 
JME; (2) as Jeavons' syndrome of eyelid myoclonia with or 
without absences but there are developmental delay and 
frequent GTCSs16; (3) as Dravet-like syndrome,5 but there 
was selection bias; (4) as epilepsy with myoclonic-atonic 
seizures17; (5) epileptic spasms with hypsarrhythmia,4 
(6) and Lennox–Gastaut syndrome,18 but myoclonus and 
photosensitivity as prominent features is unusual in these 
conditions. Therefore, the phenotype of CHD2-related ep-
ilepsy may deserve being considered as a clinically recog-
nizable epilepsy syndrome and added to the classification 
of epilepsies.1 Ataxia was present in four of our patients, 
but milder than reported by Thomas et al.,3 possibly be-
cause of the limited follow-up period.

We could find no reports of patients who had received 
ACZ, while in our hands, this compound appeared to 
be very effective. If our results are confirmed by further 
studies, a new avenue to the specific treatment of CHD2-
related epilepsy could be opened.

We extended the findings in the human population in 
a zebrafish model of CHD2-related epilepsy, where ad-
ministration of ACZ to chd2 knockdown larvae resulted 

in a reduction of ictal events by approximately 72% 
(Figure  2c). In contrast, while chd2 knockdown larvae 
treated with fenfluramine also exhibited a reduction in 
ictal events, this effect was less pronounced and not sta-
tistically significant, suggesting that the effect of ACZ 
may be specific to the particular phenotype of CHD2-
related epilepsy.

Apart from its canonical and well-known mode of ac-
tion via the inhibition of carbonic anhydrase, thus causing 
acidosis, a variety of alternative explanations of ACZ's pos-
sible mode of action has emerged during the last two de-
cades. ACZ has been reported to act on various membrane 
channels, including acid-sensing ion channels, R-type cal-
cium channels, the water channel aquaporin-4 (AQP4), 
and large conductance calcium and voltage-activated 
potassium channel (BK channel),19 which has recently 
been identified as a target of cannabidiol.20 It is widely ex-
pressed in CNS, with notable prevalence in Purkinje Cells 
of cerebellum.21 Each of the above-mentioned pathways 
may contribute to epilepsy when altered.22 Further exper-
imental studies are needed to elucidate the mechanism of 
action of ACZ in CHD2-related epilepsy.

F I G U R E  2   Antisense knockdown of 
chd2 in zebrafish larvae—morphological 
and electrophysiological analysis (A) chd2 
knockdown and non-injected control 
zebrafish larvae at 5 dpf. (B-C) Local 
field potential (LFP) recording revealed 
epileptiform events in 5-dpf chd2 
knockdown larvae; chd2 knockdown 
larvae exhibited an increase in ictal-like 
events compared to non-injected control 
larvae at 5 dpf, non-injected control 
larvae with a mean of 0.29 ± 0.18 (SEM), 
chd2 knockdown larvae with a mean 
of 3.29 ± 0.77, chd2 knockdown treated 
with 1 mM acetazolamide with a mean 
of 0.92 ± 0.29, chd2 knockdown treated 
with 100 μM fenfluramine overnight 
with a mean of 2.0 ± 0.64 ictal-like 
events. Statistical analysis by one-way 
ANOVA showed that treatment with 
1 mM acetazolamide significantly reduced 
ictal-like events (p < 0.05), but that for 
100 μM fenfluramine, the result was not 
significant (p > 0.29), with all groups 
passing the D'Agostino-Pearson normality 
test.
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4.1  |  Limitations

We gathered a small sample size with no control group, 
experienced difficulties in quantification of very brief sei-
zures, and had limited follow-up. However, CHD2-related 
epilepsy is a rare condition representing 1% of unexplained 
pediatric epilepsies23; ACZ is widely used and marketed as 
an ASM. Parents are unlikely to accept inclusion into a 
structured trial with a placebo group, repeat visits, blood 
samplings, and EEGs. For vigabatrin, inclusions into 
a prospective trial as first-line drug for infantile spasms 
suddenly stopped when the drug was marketed and par-
ents had access to it, and the patient sample remained too 
small to reach statistical significance.24

Lack of experimental data involving electrophysiolog-
ical studies on potential targets of ACZ requires in-depth 
analysis in animal models to explore the molecular mech-
anisms behind this drug's effectiveness for CHD2-related 
epilepsy.

4.2  |  Clinical Relevance or Future 
Directions

A prospective structured clinical study should improve 
seizure quantification, optimize ACZ dose ranging, and 
evaluate comedication strategies to set the basis of a ran-
domized study.
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