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Abstract
Objective: KCNA1 mutations are associated with a rare neurological movement 
disorder known as episodic ataxia  type 1 (EA1), and epilepsy  is a common co-
morbidity. Current medications provide only partial relief for ataxia and/or sei-
zures, making new drugs needed. Here, we characterized zebrafish kcna1a−/− as 
a model of EA1 with epilepsy and compared the efficacy of the first- line therapy 
carbamazepine in kcna1a−/− zebrafish to Kcna1−/− rodents.
Methods: CRISPR/Cas9 mutagenesis was used to  introduce a mutation  in  the 
sixth  transmembrane  segment  of  the  zebrafish  Kcna1  protein.  Behavioral  and 
electrophysiological assays were performed on kcna1a−/− larvae to assess ataxia-  
and epilepsy- related phenotypes. Real- time quantitative polymerase chain reac-
tion (qPCR) was conducted to measure mRNA levels of brain hyperexcitability 
markers in kcna1a−/− larvae, followed by bioenergetics profiling to evaluate met-
abolic  function. Drug efficacies were  tested using behavioral and electrophysi-
ological  assessments,  as  well  as  seizure  frequency  in  kcna1a−/−  zebrafish  and 
Kcna1−/− mice, respectively.
Results: Zebrafish  kcna1a−/−  larvae  showed  uncoordinated  movements  and 
locomotor  deficits,  along  with  scoliosis  and  increased  mortality.  The  mutants 
also  exhibited  impaired  startle  responses  when  exposed  to  light– dark  flashes 
and acoustic stimulation as well as hyperexcitability as measured by extracellu-
lar field recordings and upregulated fosab transcripts. Neural vglut2a and gad1b 
transcript  levels  were  disrupted  in  kcna1a−/−  larvae,  indicative  of  a  neuronal 
excitatory/inhibitory  imbalance,  as  well  as  a  significant  reduction  in  cellular 
respiration  in  kcna1a−/−,  consistent  with  dysregulation  of  neurometabolism. 
Notably, carbamazepine suppressed the impaired startle response and brain hy-
perexcitability in kcna1a−/− zebrafish but had no effect on the seizure frequency 
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1   |   INTRODUCTION

Mutations in the KCNA1 gene, encoding voltage- gated po-
tassium channel α- subunit Kv1.1, are associated with epi-
sodic ataxia type 1 (EA1). The usual onset of EA1 occurs 
in childhood or early adolescence, and patients often ex-
perience multiple episodes on daily basis.1 EA1 is charac-
terized by myokymia and spastic contractions of skeletal 
muscles of the head and limbs along with loss of motor co-
ordination and balance. Some patients with EA1 may also 
encounter  focal- onset  epilepsy,  delayed  motor  develop-
ment, and cognitive disability. Episodes of discoordination 
in EA1 are usually triggered by stressors, including startle, 
emotional stress, exercise, and temperature.2,3 Some indi-
viduals with mutations  in KCNA1 also have skeletal de-
formities including scoliosis, kyphoscoliosis, high arched 
palate, and minor craniofacial dysmorphism.4,5

KCNA1  is  highly  expressed  in  interneurons,  particu-
larly the basket cells of the cerebellum, where it forms in-
hibitory γ- aminobutyric acid (GABA)ergic synapses onto 
Purkinje cells. Mechanistically, KCNA1 plays an import-
ant role in the repolarization phase of presynaptic action 
potentials that provides the inhibitory inputs to Purkinje 
cells. Thus, KCNA1 mutations result in the hyperexcitabil-
ity of the presynaptic basket cells and the excessive release 
of GABA neurotransmitter, which can inhibit the genera-
tion of action potentials. As a consequence, the inhibitory 
output of the cerebellum may be markedly reduced, thus 
causing  hyperexcitability  and  cerebellar  symptoms  ob-
served in patients with EA1.6

The  current  therapeutic  strategy  for  KCNA1- related 
EA1  is  treatment  with  the  carbonic  anhydrase  inhibitor 
acetazolamide, which provides partial symptomatic relief 
by reducing the frequency of ataxic episodes in some indi-
viduals. However, long- term side effects of acetazolamide 
include chronic metabolic acidosis, kidney stones, neuro-
psychiatric manifestations, fatigue, and paresthesias.2,7

Phenytoin, a blocker of voltage- gated sodium channels 
is also effective  in EA1 patients; however,  its potential  to 
induce permanent cerebellar dysfunction and atrophy has 

raised concerns against its long- term use.7 Instead, carba-
mazepine is a related sodium channel blocker that can par-
tially relieve ataxia and seizures in a patient subpopulation 
with fewer concerns for long- term use.8– 10 Of note, twins 
with a shared KCNA1 mutation and epileptic phenotypes 
of  different  severity  revealed  that  although  lamotrigine 
controlled the convulsive episodes in one child, the other 
twin had drug- resistant seizures,11 demonstrating the chal-
lenges of treating this disorder. Combined, current medi-
cations fail to provide effective treatment for the ataxia and 
seizures, making animal models necessary to provide fur-
ther insights into the cellular and molecular mechanisms 
of the disorder as well as to enable future drug screening.

In murine models of EA1, loss- of- function of KCNA1 
causes  an  increase  in  GABA  release,  thereby  inhibiting 
Purkinje  cells  in  the  cerebellum  and  ultimately  leading 
to ataxia.12,13 Furthermore, in support of an epileptogenic 
role for KCNA1 mutations, Kcna1−/− mice exhibit epilep-
tic phenotypes similar to patients, such as recurrent spon-
taneous  seizures  including  myoclonic  and  generalized 
tonic– clonic seizures that begin 3– 4 weeks postnatally.14,15 
Kcna1−/− mice also exhibit cardiorespiratory dysfunction 
and sudden unexpected death  in epilepsy.16– 19 However, 
Kcna1−/−  mice  have  limited  utility  for  drug  screening 
given their expense and the inability to conduct primary 
high- throughput screening  in rodents. A cheaper model 

in Kcna1−/− mice, suggesting that this EA1 zebrafish model might better trans-
late to humans than rodents.
Significance: We conclude that zebrafish kcna1a−/− show ataxia and epilepsy- 
related phenotypes and are  responsive  to carbamazepine  treatment,  consistent 
with EA1 patients. These  findings suggest  that kcna1−/−  zebrafish are a useful 
model for drug screening as well as studying the underlying disease biology.

K E Y W O R D S

carbamazepine, epilepsy, episodic ataxia type 1, KCNA1, zebrafish

Key points

•  Zebrafish kcna1a−/− larvae display dynamic be-
havioral changes, along with ataxia- like uncoor-
dinated movements and brain hyperexcitability.

•  kcna1a−/−  larvae  have  dysfunctional  neuronal 
excitatory/inhibitory  balance  and  perturbed 
metabolic health.

•  Carbamazepine  treatment  improves  behav-
ioral  deficits  and  brain  hyperexcitability  in 
kcna1a−/− larvae.
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of EA1 is needed to initiate the large- scale drug screening 
required to discover better treatment options.

Zebrafish are commonly used to model human neuro-
logical disorders given  that  they are vertebrates and dis-
play high molecular and cellular homology with human 
brain. In addition, larval and adult zebrafish display well- 
established  and  stereotypical  behaviors  that  can  be  eas-
ily analyzed, which  is especially helpful when modeling 
movement disorders. Thus, to explore the phenotypes re-
lated to EA1 with epilepsy due to loss of KCNA1, we gen-
erated a genetic mutant of one of  the zebrafish paralogs 
kcna1a, expressed in reticulospinal neurons that regulate 
the animal's startle response. We performed a comprehen-
sive  analysis  of  kcna1a  homozygous  mutants  (hereafter 
addressed as kcna1a−/−) to obtain better insights into the 
behavioral,  electrophysiological,  molecular,  and  meta-
bolic consequences of Kcna1 dysfunction.

2   |   MATERIALS AND METHODS

2.1  |  Zebrafish husbandry

All protocols and procedures were approved by the Health 
Science Animal Care Committee (protocol number AC22- 
0153)  at  the  University  of  Calgary  in  compliance  with 
the Guidelines of the Canadian Council of Animal Care. 
Adult wild- type zebrafish (TL strain) were maintained at 
28°C in a 14- h light/10- h dark cycle under standard aqua-
culture conditions, and fertilized eggs were collected via 
natural spawning. The animals were fed twice daily with 
Artemia. Zebrafish embryos and larvae were maintained 
in a non- CO2 incubator (VWR) at 28°C on the same light– 
dark cycle as the aquatic facility.

2.2  |  Generation of zebrafish mutants

kcna1aca201/ca201 (kcna1a−/−) zebrafish were generated by 
using CRISPR/Cas9 mutagenesis. The identified founder 
carried a six nucleotide deletion within the second exon 
(gRNA  sequence:  GGTTC CCT GTG CGC CAT CGCTGG), 
producing  a  two  amino  acid  deletion  (Ile,  Ala).  The  F1 
heterozygous  animals  were  outcrossed  with  wild- types 
to  raise  F2  adults,  which  were  used  in  the  experiments. 
Genotyping  was  carried  out  by  performing  PCR  using 
primers:  kcna1a_F- GACCC TCA AAG CCA GTA TGCG 
and  kcna1a_R- GACTT GCT GAC GGT TGA GGAG,  fol-
lowed by restriction digestion using BtgZI (NEB, R0703S). 
All three genotypes were distinguished by running the di-
gested PCR product on a gel, based on different patterns 
and sizes of PCR product bands  (wild- types:  two bands-  
214 and 191 bp; heterozygotes: three bands-  399, 214, and 

191 bp; homozygotes: one band-  399 bp). All the morpho-
logical  analysis,  including  the  eye  and  head  size  meas-
urements  were  performed  using  ZEN  software  (ZEISS). 
Movies  of  freely  swimming  larvae  were  recorded  using 
Stereo Discovery.V8 microscope (ZEISS).

2.3  |  Gene expression analysis by in situ 
hybridization and real- time qPCR

Digoxigenin- labeled probes were synthesized  for kcna1a 
as  described  previously20  using  the  following  primers: 
kcna1a_insitu_F-   CTCTG CCG TGC CGG GGCAT  and 
kcna1a_insitu_R-   CAATG TTC GGG TTG CTCACG.  The 
embryos  and  larvae  were  fixed  at  requisite  stage  in  4% 
paraformaldehyde (Sigma- Aldrich) overnight at 4°C. The 
whole mount in situ hybridization protocol used was the 
same as described previously.20

fosab,  vglut2a,  and  gad1b  real- time  quantitative  poly-
merase  chain  reaction  (qPCR)  was  performed  on  cDNA 
obtained  from  the  heads  of  3 day  post  fertilization  (dpf) 
and  5  dpf  larvae.  kcna1a  and  kcna1b  qPCR  were  per-
formed  on  cDNA  obtained  from  the  heads  of  3  dpf  lar-
vae.  rpl13  was  used  as  internal  control.  The  following 
primers  were  used  for  qPCR:  rpl13_qPCR_F-   TAAGG 
ACG GAG TGA ACA ACCA  and  rpl13_qPCR_R-   CTTAC 
GTC TGC GGA TCT TTCTG;  kcna1a_qPCR_F-   GATAG 
TGC GCT TCT TTG CTTGC and kcna1a_qPCR_R-  GCCCT 
TTC CCT CTT TTC CGTC;  kcna1b_qPCR_F-   GAGTT GAT 
CGT CCG CTT CTTC  and kcna1b_qPCR_R-   CTTCC CGC 
CTT CGG GATC;  fosab_qPCR_F- TCGAC GTG AAC TCA 
CCGATA  and fosab_qPCR_R- CTTGC AGA TGG GTT 
TGTGTG; gad1b_qPCR_F-  AACTC AGG CGA TTG TTGCA 
and  gad1b_qPCR_R-   TGAGG ACA TTT CCA GCCTTC; 
vglut2a_qPCR_F-   CATCC TGT CTA CAA CTA CGGTT  and 
vglut2a_qPCR_R-  CCAAC ACC AGA AAT GAA ATAGCCA.

2.4  |  Live alizarin red staining

Twelve dpf larvae were incubated for 4 h in 40 mL of system 
water containing 500 μL of 0.2% alizarin red stock solution 
(Sigma) at 28°C. The stained fish were washed in system 
water overnight and imaged the next day (13 dpf) using the 
LSM  900  confocal  microscope  (ZEISS).  The  thickness  of 
six vertebral segments was measured using ZEN software 
(ZEISS) and the average was plotted (GraphPad Prism).

2.5  |  Behavioral assays

Five  dpf  zebrafish  larvae  maintained  in  48- well  plates 
were habituated for 20 min, under ambient light. This was 
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   | 2189DOGRA et al.

followed  by  behavioral  assessment  to  measure  distance 
moved  under  various  environmental  conditions  (100% 
light,  light– dark  flashes,  acoustic  startle)  in  Zebrabox 
(Viewpoint  Life  Sciences).  Tracking  of  total  distance 
moved as a measure of swimming behavior was analyzed 
using  Zebralab  V3  software  (Viewpoint  Life  Sciences). 
Distance traveled and time taken were retrieved from be-
havioral data to calculate speed.

2.6  |  Drug treatment

Carbamazepine  (Cayman  Chemical),  acetazolamide 
(Santa  Cruz  Biotechnology),  phenytoin  (Santa  Cruz 
Biotechnology),  and  lamotrigine  (Cayman  Chemical) 
stock  solutions  were  prepared  in  dimethyl  sulfoxide 
(DMSO).  On  the  day  of  behavioral  assays,  the  stock  so-
lutions were diluted to a final concentration of 50 μM in 
embryo  media.  The  zebrafish  larvae  were  treated  with 
50 μM drugs for 2 h, followed by behavioral assessments. 
The final DMSO concentration was 0.5% and was used as 
vehicle control in behavioral assays.

For implant surgery and mouse video- EEG (electroen-
cephalography),  carbamazepine  was  dissolved  in  DMSO 
to a final concentration of 40 mg/kg body weight. Vehicle 
solution used was 10% DMSO.

2.7  |  Metabolic measurements

Oxygen  consumption  rate  (OCR)  measurements  were 
performed  using  the  XF24  Extracellular  Flux  Analyzer 
(Seahorse  Biosciences).  Single  3  dpf  and  6  dpf  zebrafish 
larvae were placed in 24 wells on an islet microplate and 
an islet plate capture screen was placed over the measure-
ment  area  to  maintain  the  larvae  in  place.  Seven  meas-
urements  were  taken  to  establish  basal  rates,  followed 
by  treatment  injections and 18 additional cycles.21 Rates 
were determined as the mean of two measurements, each 
lasting  2 min,  with  3 min  between  each  measurement.22 
Three  independent  assays  were  performed  to  establish 
metabolic measurements.

2.8  |  Electrophysiological measurements

Electrophysiological recordings in zebrafish larvae were 
performed  as  described  previously.23,24  Briefly,  3  dpf 
zebrafish  were  paralyzed  using  α- bungarotoxin  (1 mg/
mL,  Tocris)  and  embedded  in  1.2%  low  melting- point 
agarose.  The  dorsal  side  of  the  zebrafish  was  exposed 
to  the  agarose  gel  surface  and  accessible  for  electrode 

placement. Larvae zebrafish were placed on an upright 
stage of a Zeiss Axioskop2 microscope, visualized using 
a 5X Zeiss N- Achroplan objective, and perfused with em-
bryo media. A glass microelectrode (3– 8 MΩ) filled with 
2 M NaCl was placed into the optic tectum of zebrafish, 
and a recording was performed in current- clamp mode, 
low- pass  filtered  at  1 kHz,  high- pass  filtered  at  0.1 Hz, 
using  a  digital  gain  of  10  (Multiclamp  700B  amplifier, 
Digidata 1440A digitizer, Axon Instruments) and stored 
on  a  PC  computer  running  pClamp  software  (Axon 
Instruments).  Baseline  recording  was  performed  for 
30 min. For carbamazepine testing, after 5 min of base-
line  recording,  carbamazepine  (50 μM)  was  perfused 
into the bath for 10 min followed by 30- min recording. 
The  larvae  were  exposed  to  carbamazepine  for  a  total 
of  40 min.  The  threshold  for  detection  of  spontaneous 
events was set at three times noise, as described previ-
ously.25  The  frequency  and  amplitude  of  spontaneous 
events were analyzed using the Clampit software 11.0.3 
(Molecular Devices, Sunnyvale, CA).

2.9  |  Implant surgery and mouse  
video- EEG

Kcna1- null  mice  were  anesthetized  with  3%  isoflu-
rane,  and  the  skull  fixated  with  stereotaxic  bars  (KOPF 
Instruments)  over  heating  pads  (as  approved  in  Animal 
protocol  #  AC21- 0164).  A  1.5 cm  rostral- caudal  incision 
was made to expose the skull surface, and connective tis-
sues cleared. Three holes were gently drilled on each side 
of the skull with a 23 mm gauge needle, avoiding suture 
lines. Mouse screws (0.1 inch) with wire leads were gen-
tly  inserted midway  into  the skull, and a  layer of dental 
acrylic  was  applied  over  the  screw  heads  and  skull.  A 
6- pin  mouse  connector  (Pinnacle  Technology)  was  po-
sitioned  over  the  screws,  and  wires  properly  aligned, 
wrapped together, and folded backwards to avoid acciden-
tal contacts. A pocket for two EMG electrodes was made 
in  the  neck  of  the  mouse  by  blunt  dissection.  Exposed 
wires were covered with a final layer of dental acrylic, and 
allowed to harden for 24 h before attaching the pin con-
nector to the video- EEG monitor (Pinnacle Technology). 
EEG  signals  were  recorded  simultaneously  across  the 
rostral, medial, and caudal aspects of the neocortex using 
Sirenia Acquisition software (Pinnacle Technology). Mice 
were recorded 24 h per day for 1 day (baseline, postnatal 
day,  P36- 38),  and  received  carbamazepine  (intraperito-
neal injection, 40 mg/kg body weight/day) for the next six 
consecutive days (P39– 44). Frequency, duration, and time 
of  seizure  was  analyzed  using  Sirenia  Seizure  software 
(Pinnacle Technology).
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2190 |   DOGRA et al.

2.10  |  Statistical analysis

GraphPad Prism 9.4.1 was used to perform statistical anal-
ysis. Data are represented as mean ± SEM. p- values were 
calculated by unpaired t test.

3   |   RESULTS

3.1  |  kcna1a mRNA expression in 
wild- type and morphological analyses of 
kcna1a−/− larvae

Due to a genome duplication event millions of years ago, 
zebrafish possess two paralogs of KCNA1, that is, kcna1a 
and  kcna1b.  Zebrafish  kcna1a  (but  not  kcna1b)  is  ex-
pressed in the Mauthner (M) cells that are a type of reticu-
lospinal  neurons  (RSNs)  in  the  hindbrain,  contributing 
to neuronal firing and rapid startle behavior in response 
to external stimuli. kcna1a expression is also detected in 
two M cell homologs, MiD2cm and MiD3cm, involved in 
repetitive firing.26,27 Here, we performed in situ hybridiza-
tion to  further confirm the kcna1a mRNA expression  in 

the M cells in hindbrain at 2 dpf and 5 dpf, as well as in 
the RSNs in midbrain (nucleus of the medial longitudinal 
fasciculus nMLF) and neurons in the spinal cord at 5 dpf 
(Figure 1A).

Next,  we  injected  a  CRISPR  targeting  the  second 
exon  of  kcna1a  gene  to  generate  a  kcna1a  mutant  al-
lele,  kcna1a−/−.  The  mutation  led  to  a  six- nucleotide 
deletion, causing a two amino acid deletion in the sixth 
transmembrane  segment  (S6)  of  the  Kcna1a  protein, 
which  is  conserved  among  humans,  mice,  and  zebraf-
ish (Figure 1B– D). Notably, mutations in the conserved 
Pro- Val- Pro motif in S6 are linked to epileptic encepha-
lopathy.11,28 As assessed by qPCR, kcna1a transcript lev-
els were significantly reduced in kcna1a−/− compared to 
wild- type siblings  (WTs) at 3 dpf  (Figure 1E), suggest-
ing active mRNA degradation of mutant transcripts. No 
significant changes were observed in kcna1b transcript 
levels in the kcna1a−/− compared to WTs at 3 dpf, indi-
cating  a  lack  of  genetic  compensation  by  this  paralog 
in the mutant background (Figure S1A). Morphological 
analyses  revealed  no  significant  differences  between  
kcna1a−/− larvae and WTs at 3 dpf (Figure S1B). However, 
at 6 dpf, kcna1a−/−  larvae exhibited a 13% reduction  in 

F I G U R E  1  Expression analysis of kcna1a and generation of kcna1a−/− zebrafish model using CRISPR/Cas9 technique. (A) In situ 
hybridization for kcna1a expression at 2 dpf and 5 dpf. Red boxes indicate RNA probe signal in M cells in hindbrain at 2 dpf and 5 dpf. 
Yellow asterisks indicate RNA probe signal in nMLF in midbrain at 5 dpf. Yellow box indicates RNA probe signal in the neurons present 
in the spinal cord at 5 dpf. (B, C) Nucleotide sequences of kcna1a in zebrafish WT and kcna1a−/−. Gray highlighted region indicates the six 
nucleotides deleted due to mutation in kcna1a−/−. (D) Amino acid sequence of Kcna1a in zebrafish kcna1a−/− and WT, and orthologues 
in mouse (KCNA1) and human (KCNA1). Yellow highlighted region indicates two amino acid deletions due to mutation in kcna1a−/−. 
(E) qPCR analysis for relative kcna1a mRNA expression in 3 dpf kcna1a−/− larvae compared to WT. WT and kcna1a−/−, n = 3 × 10 larvae 
assessed as three biological and two technical replicates each. kcna1a is downregulated in kcna1a−/− indicating active mRNA degradation. 
(F) WT and kcna1a−/− larvae at 6 dpf. Yellow asterisk indicates absence of swim bladder in kcna1a−/− larvae. (G, G′, G″) WT and kcna1a−/− 
larvae at 13 dpf. Yellow arrow points to spinal curvature progression in kcna1a−/− larvae. Red boxes outline the trunk regions with alizarin 
red stained vertebral segments (G′, G″). Yellow asterisks indicate missing or deformed vertebral segments in kcna1a−/− larvae. Scale 
bars = 1 mm, 50 μm. Data are mean ± SEM, *p ≤ .05-  Unpaired t test. dpf, days post fertilization; M cells, Mauthner cells; nMLF, nucleus of the 
medial longitudinal fasciculus; WT, wild- type.
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   | 2191DOGRA et al.

eye diameter compared to WTs, with no significant dif-
ference  in head size  (Figure S1C,D). This reduction  in 
eye size is perhaps related to the vision defects reported 
in  KCNA1- deficient  patients.29  Notably,  ~55%  of  6  dpf 
kcna1a−/− larvae did not inflate their swim bladder, in-
dicating  developmental  delay  (Figure  1F,  Figure  S1E). 
We  further  assessed  the  mutant  larvae  as  they  aged 
and  observed  a  spinal  curve  progression  at  ~13  dpf 
(Figure  1G,  white  arrow).  We  next  performed  alizarin 
staining  on  live  larvae  to  assess  vertebral  segment  ab-
normalities  and  related  skeletal  deformation.  At  13 
dpf, compared to WTs, some of the vertebral segments 
in the mutants were either missing or not fully formed 
(Figure 1G′,G″), with an ~26% overall reduction in their 
thickness (Figure S1F). Thus, our kcna1a−/− larvae also 
exhibit  scoliosis- like  defects  as  reported  previously  in 
certain  KCNA1- deficient  patients.4  Furthermore,  the 
homozygous mutants survive until 14 dpf (Figure S1G), 

whereas  the  heterozygotes  live  into  adulthood  and 
breed well (data not shown).

3.2  |  kcna1a−/− larvae exhibit locomotor 
deficits and movement disorders

Zebrafish  models  of  epilepsy  exhibit  behavioral  comor-
bidities  similar  to  those  observed  in  individuals  with 
epilepsy.30  To  ascertain  the  effect  of  kcna1a  mutation 
on  larval  zebrafish  behavior,  we  assessed  larval  swim-
ming activity at 3 dpf and 5 dpf  for 30 min  in  the  light. 
Of note, wild- type zebrafish larvae show higher levels of 
active swimming as they get older, since they have a fully 
inflated  swim bladder,  thus we observe higher distance 
traveled by 5 dpf WTs compared to 3 dpf. The total distance 
traveled and the speed of 3 dpf kcna1a−/− larvae were sig-
nificantly  higher  compared  to  WTs  (Figure  2A,B).  The 

F I G U R E  2  Spontaneous behavior analysis of kcna1a−/− zebrafish. (A) Quantification of distance traveled at 3 dpf tracked in 100% 
light for 30 min. kcna1a−/− move higher distances compared to WT. WT, n = 44; kcna1a−/−, n = 63. (B) Quantification of speed at 3 dpf 
tracked in 100% light for 30 min. Speed of kcna1a−/− is significantly higher than WT. WT, n = 34; kcna1a−/−, n = 60. (C) Locomotor plots 
at 3 dpf, showing that kcna1a−/− are more active than WTs. WT, n = 20; kcna1a−/−, n = 20. (D) Quantification of distance traveled at 5 dpf 
tracked in 100% light for 30 min. Distance traveled by kcna1a−/− is significantly reduced compared to WT. WT, n = 51; kcna1a−/−, n = 84. (E) 
Quantification of speed at 5 dpf tracked in 100% light for 30 min. Speed of kcna1a−/− is significantly reduced compared to WT. WT, n = 50; 
kcna1a−/−, n = 84. (F) Locomotor plots at 5 dpf, showing that kcna1a−/− are moving less and have abnormal swimming patterns. WT, n = 20; 
kcna1a−/−, n = 24. Data are mean ± SEM, *p ≤ .05, **p ≤ .01, ****p ≤ .0001-  Unpaired t test.
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2192 |   DOGRA et al.

locomotor traces of 3 dpf kcna1a−/− larvae illustrate this 
hyperactivity compared to WTs, which swim little during 
this earlier developmental stage (Figure 2C). Conversely, 
when  assessed  at  5  dpf,  kcna1a−/−  larvae  swam  signifi-
cantly shorter distances and with decreased speed com-
pared to WTs (Figure 2D,E). The locomotor traces further 
show the extent of  this hypoactivity and uncoordinated 
movement patterns, a sign of ataxia,  in 5 dpf kcna1a−/− 
larvae  (Figure  2F).  We  further  analyzed  the  pattern  of 
swimming trajectory in 5 dpf mutants by recording mov-
ies and confirmed that  their swimming pattern was ab-
normal compared to WTs (Movies S1 and S2). Together, 
these results illustrate the dynamic changes in swimming 

behaviors  of  kcna1a−/−  larvae  across  development  and 
the appearance of their ataxia- like features at a later age.

3.3  |  kcna1a−/− larvae exhibit impaired 
startle response that is rescued by 
carbamazepine treatment

Because convulsions in EA1 patients can be triggered by 
extrinsic  stimuli, we assessed  the  response of  kcna1a−/− 
larvae  to  different  environmental  triggers.  We  tested  an 
acoustic startle protocol on 5 dpf larvae for 10 min by intro-
ducing vibration pulses of 440 Hz in the light (Figure 3A) 

F I G U R E  3  Analysis of startle response in kcna1a−/− zebrafish and effect of carbamazepine treatment on kcna1a−/− zebrafish and 
Kcna1a−/− mice. (A) Schematic representation of acoustic startle protocol. (B) Quantification of distance traveled every 1 min in acoustic 
startle at 5 dpf. kcna1a−/− are more responsive to startle with significantly higher distance traveled in second and third vibration pulse 
compared to WT. WT, n = 113; kcna1a−/−, n = 52. (C) Schematic representation of light– dark flashes protocol. (D) Quantification of distance 
traveled every 3 s in light– dark flashes at 5 dpf. kcna1a−/− show higher sensitivity to startle with more distance traveled compared to WT. 
WT, n = 108; kcna1a−/−, n = 63. (E, F) Quantification of distance traveled every 3 s (E) and in 90 s (F) in light– dark flashes after treatment 
with carbamazepine at 5 dpf. Carbamazepine treatment rescues impaired startle response in kcna1a−/−. Vehicle- treated kcna1a−/−, n = 12; 
carbamazepine- treated kcna1a−/−, n = 29. (G) Quantification of number of seizures encountered by vehicle-  and carbamazepine- treated 
P36- 38 Kcna1a−/− mice at different time points. Carbamazepine treatment does not reduce the frequency of seizures in Kcna1a−/− mice. 
Vehicle- treated Kcna1a−/−, n = 7; carbamazepine- treated Kcna1a−/−, n = 9. Data are mean ± SEM, ns: no significant changes observed, 
*p ≤ .05, **p ≤ .01, ***p ≤ .001, ****p ≤ .0001-  Unpaired t test.
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and  calculated  the  total  distance  traveled  at  the  end  of 
every  1 min.  The  kcna1a−/−  larvae  moved  significantly 
longer distances during the second and third pulses com-
pared  to  WTs,  consistent  with  an  abnormal  response  to 
acoustic  startle  (Figure  3B),  as  well  as  a  recent  study.31 
We also performed a protocol of 3 s light– dark flashes on 
5  dpf  larvae  for  a  total  duration  of  90 s  (Figure  3C)  and 
measured the total distance traveled at the end of every 3 s. 
The kcna1a−/− larvae showed an exaggerated response to 
light– dark flashes and traveled longer distances compared 
to WTs (Figure 3D).

Next, we examined whether  the  impaired startle be-
havior  of  our  kcna1a−/−  zebrafish  larvae  was  improved 
by  treatment  with  carbamazepine,  a  sodium  channel 
blocker that can reduce seizures in patients with KCNA1- 
related epilepsy.8 We ran the light– dark flashes protocol 
(as  described  above)  on  untreated  animals  and  sorted 
the  5  dpf  kcna1a−/−  larvae  into  two  bins:  those  with  a 
total  distance  traveled  <100 mm  and  those  with  a  total 
distance  traveled  ≥100 mm  (Figure  S2A).  We  collected 
the 5 dpf kcna1a−/−  larvae with ≥100 mm distance trav-
eled and treated with carbamazepine (50 μM) or DMSO 
(vehicle- control;  0.5%)  for  2 h,  followed  by  the  same 
light– dark  flashes  protocol  (as  described  above)  to  as-
sess the distance traveled ± drug. Notably, this dose was 
selected by  titrating carbamazepine to  identify  the con-
centration that did not significantly affect the swimming 
activity of WTs (Figure S2B). Carbamazepine treatment 
rescued  the  impaired  startle  response  in  kcna1a−/−  lar-
vae,  since  the  distance  traveled  every  3 s  was  signifi-
cantly lower at several time- points and the total distance 
swam during the complete protocol of 90 s was reduced 
by  ~37%  (Figure  3E,F).  We  further  assessed  the  effect 
of other anti- seizure medications used in EA1 patients, 
including  acetazolamide,  phenytoin,  and  lamotrigine, 
on the impaired startle response in kcna1a−/− larvae.7,11 
We  treated  5  dpf  kcna1a−/−  larvae  (after  sorting  as  de-
scribed above) with 50 μM of each of  these compounds 
and DMSO (vehicle- control; 0.5%) for 2 h and performed 
the  light– dark  flashes  protocol  (as  described  above)  to 
assess  the distance  traveled. Acetazolamide, phenytoin, 
and  lamotrigine  treatments  rescued  the  impaired  star-
tle response in kcna1a−/− larvae, since the total distance 
swam during the complete protocol of 90 s was reduced 
by  ~63%,  ~74%,  and  ~62%,  respectively  (Figure  S2C). 
Again, the concentration of each drug was decided by ti-
tration to identify the concentration that did not signifi-
cantly affect the swimming activity of WTs (Figure S2D). 
Of  note,  the  movement  of  our  kcna1a−/−  larvae  is  sen-
sitive  to  the  time  of  the  day  the  behavior  assessments 
were  performed.  We  showed  that  the  distance  traveled 
in 5 min in the light by 5 dpf kcna1a−/−  larvae at 12 pm 
is  significantly higher  than at 9 am (Figure S2E). Thus, 

all behavior assessments  in  this  study are performed at 
9 am on untreated larvae for the sorting protocol and at 
12 pm following a 2- h drug/vehicle treatment, including 
the appropriate controls at each  time point. Combined, 
kcna1a−/− zebrafish respond positively to the same drug 
treatments used in EA1 patients.

Mouse  models  are  traditionally  favored  over  zebraf-
ish for translational studies and thus we wanted to com-
pare the efficacy of carbamazepine in kcna1−/− zebrafish 
to  its  effects  in  Kcna1−/−  mice  that  display  spontaneous 
recurrent  seizures  beginning  between  P21  and  P28  that 
become  more  severe  and  frequent  with  age.  Previous 
studies  using  Kcna1  knockout  mice  show  that  carba-
mazepine  partially  reduces  seizure  frequency  but  is  in-
effective against severe seizures.32,33 We treated epileptic 
P36- 38 Kcna1−/− mice with carbamazepine (40 mg/kg) or 
DMSO (vehicle- control; 10%) and quantified the number 
of seizures per day with video- EEG recordings across an 
early- ,  late- ,  and  post-   treatment  window  (Figure  3G). 
Carbamazepine  treatment  had  no  effect  on  seizure  fre-
quency in Kcna1−/− mice, indicating that at least for this 
drug, the zebrafish larvae response is more in alignment 
with KCNA1 patients than mice.

3.4  |  kcna1a−/− larvae exhibit brain 
hyperexcitability that is rescued by 
carbamazepine treatment

Similar  to  mice,  zebrafish  epilepsy  models  display  neu-
ronal  hyperexcitability  in  electrophysiological  record-
ings.23,24 Thus, we wanted  to  test  the effects of a kcna1a 
mutation on brain hyperactivity, as a proxy for an epileptic 
state. We measured extracellular field potentials from the 
optic  tectum  of  agarose- immobilized  3  dpf  WTs  and  kc-
na1a−/− larvae brains (Figure S3A). WTs (Figure 4A) and 
kcna1a+/− (Figure S3B) showed no evidence of abnormal 
electrical activity; however, extracellular  field  recordings 
in ~60% of kcna1a−/− larvae revealed repetitive inter- ictal 
like discharges (<1 s duration) with high- frequency, large- 
amplitude spikes (1.6 ± 0.5 Hz; 0.4 ± 0.1 mV, mean ± SEM), 
consistent  with  a  spontaneous  epileptic  phenotype 
(Figure  4B,B′).  Of  interest,  longer  duration  (>1 s)  dis-
charges (2.8 ± 0.3 s; 0.28 ± 0.001 mV; mean ± SEM) charac-
terized as  ictal- like events34 were also  identified  in ~13% 
of  kcna1a−/−  larvae  (Figure  S3C).  The  limited  number 
of  ictal- like events  identified  in  the mutant  larvae might 
be linked to the early larval stage (3 dpf) at which the re-
cordings were performed. We speculate that the ictal- like 
events in kcna1a−/− larvae would become more prominent 
between 4 and 7 dpf, in a manner similar to that described 
for  a  zebrafish  model  of  Dravet  syndrome.34  We  next 
wanted  to  assess  the  effect  of  carbamazepine  treatment 
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2194 |   DOGRA et al.

on  the  electrical  hyperexcitability  exhibited  by  our  kc-
na1a−/− larvae, and thus after the baseline recording, we 
perfused carbamazepine (50 μM) into the bath and contin-
ued recording. One hundred percent of kcna1a−/−  larvae 
displaying electrical hyperexcitability had normalized epi-
leptiform  activity  to  WT  levels  following  carbamazepine 
treatment  (Figure  4C,D,  Figure  S3C,D).  Notably,  both 
inter- ictal  like  and  ictal- like  discharges  exhibited  by  the 
mutants were reversed by this drug.

Because seizure induction in a rodent model can lead 
to  an  upregulated  expression  of  immediate  early  genes 
(IEGs) in brain regions where the seizures develop,35 we 
measured the expression of an IEG, fosab, at 3 dpf and 5 
dpf by performing qPCR on cDNA obtained from larvae 

heads. Compared to WTs, kcna1a−/− larvae brains showed 
a  significant  upregulation  in  the  fosab  transcript  levels 
at 3 dpf and 5 dpf, another confirmation of brain hyper-
excitability (Figure 4E). Other zebrafish epilepsy models 
show  disruption  in  the  neuronal  excitatory/inhibitory 
(E/I) balance.36,37 Thus we quantified excitatory glutama-
tergic (vglut2a) and inhibitory GABAergic (gad1b) neuro-
nal marker expression in the larval brains by performing 
qPCR at 3 dpf and 5 dpf. The expression of vglut2a was 
significantly upregulated; however, gad1b transcript levels 
were significantly reduced in kcna1a−/− larvae compared 
to WTs at 3 dpf and 5 dpf, indicative of excitatory/inhib-
itory  (E/I)  imbalance  in neurons due  to mutation  in  kc-
na1a (Figure 4F,G).

F I G U R E  4  Brain hyperexcitability and E/I imbalance analysis in kcna1a−/− zebrafish. (A, B, B′) Representative extracellular field 
recordings obtained from the optic tectum of 3 dpf WT (A) and kcna1a−/− zebrafish larvae (B, B′-  higher magnification of B). WTs show no 
evidence of abnormal electrical activity. The repetitive inter- ictal like discharges with high- frequency large amplitude spikes (1.6 ± 0.5 Hz; 
0.4 ± 0.1 mV) seen in the kcna1a−/− are indicative of increased network hyperexcitability. WT, n = 7 out of 7 with no abnormal activity; 
kcna1a−/−, n = 5 out of 8 show epileptiform activity. (C, D) Representative extracellular recordings obtained from optic tectum of 3 dpf 
kcna1a−/− zebrafish larvae before (C) and after treatment with carbamazepine (D). Carbamazepine treatment leads to the reversal of 
epileptiform activity of kcna1a−/−. kcna1a−/−, n = 3 out of 3 have their hyperexcitability rescued by carbamazepine. (E– G) qPCR analysis 
for relative fosab, vglut2a, and gad1b mRNA expression in 3 dpf and 5 dpf kcna1a−/− larvae compared to WT. WT and kcna1a−/−, n = 3 × 10 
larvae assessed as three biological and two technical replicates each. fosab is upregulated in kcna1a−/− indicating brain hyperexcitability. 
vglut2a is upregulated and gad1b is downregulated in kcna1a−/− indicating dysfunctional E/I balance. Data are mean ± SEM, ns: no 
significant changes observed, *p ≤ .05, **p ≤ .01-  Unpaired t test.
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3.5  |  kcna1a−/− larvae experience 
compromised mitochondrial health

Studies on cortical cell cultures generated from epileptic 
rodent  brains  demonstrate  that  prolonged  seizure  activ-
ity  negatively  affects  mitochondrial  bioenergetics  and 
induces  cell  death.38  Our  group  and  others  show  that 
mitochondrial  bioenergetics  is  altered  in  various  epilep-
tic models of zebrafish.24,39,40 Here, we used the Seahorse 
XF  Flux  Bioanalyzer  to  assess  whether  mitochondrial 
bioenergetics  is  dysregulated  in  our  kcna1a−/−  larvae  at 
3 dpf and 6 dpf (Figure 5A). We found that basal respira-
tion was significantly decreased in kcna1a−/−  larvae at 3 
dpf  and  6  dpf  compared  to  WTs  (Figure  5B).  Moreover, 
a  significant  reduction  in  mitochondrial  respiration at  6 
dpf  (unchanged  at  3  dpf)  and  a  significant  reduction  in 
non- mitochondrial  respiration  at  3  dpf  (unchanged  at  6 
dpf) in kcna1a−/− larvae compared to WTs (Figure 5C,D) 

was observed. These findings collectively indicate that kc-
na1a−/−  larvae  experience  decreased  energy  utilization, 
which is consistent with brain positron emission tomog-
raphy  (PET)  scan  findings  in a patient with EA1 due  to 
KCNA1 mutation.41

4   |   DISCUSSION

Currently, there are no standard treatment options for pa-
tients with EA1. In this study, we generated and character-
ized a kcna1a loss- of- function zebrafish model of EA1 with 
epilepsy. Notably, these zebrafish mutants were responsive 
to the existing first- line treatment of carbamazepine, sug-
gesting clinical translation of this model. We propose that 
this kcna1−/− zebrafish model can be employed to further 
study the underlying biology of this disorder as well as for 
future drug screening to identify effective therapies.

F I G U R E  5  Metabolic characterization of kcna1a−/− zebrafish. (A) Schematic representation of how the Seahorse bioanalyser 
displays mitochondria bioenergetics as regulated by pharmacological inhibitors. (B) Quantification of basal respiration. kcna1a−/− 
exhibit a significant reduction in basal respiration compared to WT at 3 dpf and 6 dpf. WT, n = 10; kcna1a−/−, n = 21 at 3 dpf. WT, n = 11; 
kcna1a−/−, n = 13 at 6 dpf. (C) Quantification of mitochondrial respiration. kcna1a−/− exhibit a significant reduction in mitochondrial 
respiration compared to WT at 6 dpf. WT, n = 10; kcna1a−/−, n = 21 at 3 dpf. WT, n = 9; kcna1a−/−, n = 13 at 6 dpf. (D) Quantification of 
non- mitochondrial respiration. kcna1a−/− exhibit a significant reduction in non- mitochondrial respiration compared to WT at 3 dpf. WT, 
n = 19; kcna1a−/−, n = 21 at 3 dpf. WT, n = 9; kcna1a−/−, n = 13 at 6 dpf. Data are mean ± SEM, ns: no significant changes observed, *p ≤ .05, 
***p ≤ .001, ****p ≤ .0001-  Unpaired t test. OCR, oxygen consumption rate.
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To date, KCNA1 is the only gene associated with EA1, 
with more than 40 KCNA1 loss- of- function missense mu-
tations  reported.7,42  Although  a  range  of  symptoms  are 
caused by variants in KCNA1, half of the patients are di-
agnosed with EA1 singly, and the other half are diagnosed 
with  EA1  plus  one  or  more  associated  comorbidities, 
such  as  epilepsy,  myokymia,  hyperthermia,  hypomagne-
semia, and/or  scoliosis.4,11,43,44 Predictably, patients with 
distinct  KCNA1  variants  have  differential  responses  to 
drug treatments, recently confirmed by a report compiled 
from the available clinical findings of 15 patients with 36 
treatment efforts using 12 different drugs.10 The authors 
found that two sodium channel blockers were promising, 
with  carbamazepine  the  most  therapeutically  beneficial 
and phenytoin causing substantial clinical improvement. 
Acetazolamide  displayed  a  mixed  response,  with  ~45% 
patients  showing  positive  effects  but  the  majority  with-
out any  improvement. Another sodium channel blocker, 
lamotrigine, was also found to be effective in controlling 
seizure episodes  in a study.11 Currently,  the  field  lacks a 
model system that accurately phenocopies the patient and 
that can be robustly employed in large- scale screening for 
new drugs. We propose that our kcna1a−/− zebrafish are 
a useful model to study etiology and for the identification 
of  new  treatment  options  for  individuals  that  harbor  a 
KCNA1 mutation.

We  previously  used  kcna1a  zebrafish  morphants  to 
test  our  neurometabolism- focused  anti- seizure  drug 
screening  platform.  kcna1a  morphants  demonstrate  hy-
peractivity when tracked in the dark, as well as ~70% of 
morphants  show  brain  hyperexcitability  in  extracellular 
field  recordings.  Among  several  compounds  screened, 
Vorinostat,  a  histone  deacetylase  inhibitor,  was  selected 
as a candidate drug for treating epilepsy as it significantly 
restores  dysregulated  bioenergetics  parameters  and  re-
duces brain hyperexcitability in kcna1a morphants.24 Our 
present study describes a new zebrafish kcna1a−/− model 
that recapitulates many aspects of EA1 and epilepsy ob-
served in patients with KCNA1 mutations. Our zebrafish 
kcna1a−/− larvae show dynamic behavioral deficits, with 
enhanced swimming activity in early stages and reduced 
swimming activity with uncoordinated movement at later 
stages  of  development  (indicative  of  ataxia).  Similar  ab-
normal swimming patterns have been reported in another 
zebrafish  model  of  ataxia.45  Furthermore,  the  presence 
of  hyperexcitability  and  bursting  in  extracellular  field 
recordings, along with upregulated mRNA expression of 
fosab  and  perturbed  E/I  balance,  is  consistent  with  an 
epilepsy phenotype in these mutants. Due to its reported 
expression  in  the  interneurons,  KCNA1  loss- of- function 
mutations  result  in  impaired  inhibitory  synapse  trans-
mission,  thereby  enhancing  brain  hyperexcitability  in 
the form of spontaneous seizures.6,46 Thus, we speculate 

that the loss of Kcna1 potassium channel function in our 
zebrafish mutants possibly results in an alteration in E/I 
neurotransmission balance that ultimately leads to spon-
taneous epileptiform discharges in the brain. In addition, 
the early death of our kcna1a−/− zebrafish correlates with 
sudden  unexpected  death  in  epilepsy  (SUDEP),  which 
also  occurs  in  neuron- specific  Kcna1  knockout  mice.47 
The  abnormal  startle  behavior  exhibited  by  kcna1a−/− 
larvae  mimics  the  spasms  triggered  by  EA1  patients  in 
response  to  external  stimuli.  Similar  deficits  in  acoustic 
startle  response  and  habituation  learning  have  been  re-
ported  in  other  kcna1a−/−  zebrafish  models.31,48  It  is  in-
triguing that we found that the impaired startle response 
of our kcna1a−/− zebrafish is normalized by three medica-
tions (acetazolamide, phenytoin, and lamotrigine), which 
also  show  some  positive  effects  on  patients  with  EA1. 
Moreover, treatment with the first- line therapy, carbamaz-
epine, in kcna1a−/− zebrafish rescues the impaired startle 
response along with the epileptiform discharges, whereas 
treatment in Kcna1−/− mice had no effect on seizure fre-
quency,  indicating that kcna1a−/− zebrafish might better 
phenocopy EA1 patients, at  least in their responsiveness 
to  this  therapeutic.  Carbamazepine  is  a  promising  drug 
for individuals with EA1 and epilepsy due to its improved 
tolerability when used chronically. Thus we  focused our 
study herein on carbamazepine because it is more likely to 
be a primary therapy in patients and, therefore, serves as a 
better test candidate to demonstrate translatability of our 
zebrafish  model.  Notably,  the  other  compounds,  that  is, 
acetazolamide, phenytoin, and lamotrigine, are either un-
safe for long- term use due to multiple side- effects or lack 
evidence  of  robust  clinical  efficacy,  making  additional 
testing on these drugs needed but beyond the scope of this 
study.

Our  bioenergetics  analyses  show  that  the  kcna1a−/− 
zebrafish  exhibit  a  significant  reduction  in  neurometab-
olism. Of interest, we previously observed opposite OCR 
effects in the kcna1a morpholino- injected larvae, whereby 
an  increase  in basal  respiration,  total mitochondrial  res-
piration, and ATP- linked respiration is observed.24 These 
differences could be due to variability in the epilepsy mod-
els used, that is, acute kcna1a morphants that disrupt this 
potassium channel during development vs chronic spon-
taneous seizures that arise from persistent kcna1a loss- of- 
function. Such differences in patterns of metabolic deficits 
have also been reported previously using other zebrafish 
models of epilepsy.40 Ultimately, regardless of whether the 
bioenergetics outputs are increased or decreased in the kc-
na1a morphants vs kcna1a−/− genetic mutants, mitochon-
drial function is compromised in both models.

It  is  important  to  note  that  our  kcna1a−/−  zebrafish 
are  a  promising  model  for  drug  screening  as  well  as  ex-
tensive  transcriptomic/proteomics  profiling  for  gaining 
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new  insights  into  the  molecular  pathways  behind  this 
disorder. Several research groups show that drugs that are 
functional in humans have a same target in zebrafish, in-
cluding  targeted  cancer  therapies  like  mitogen- activated 
protein  kinase  (MAPK)/extracellular  signal- regulated  
kinase  (ERK)  kinase  (MEK)  inhibitors49  and  serotonin 
modulators.34  More  than  two  decades  of  zebrafish  
research in drug screening suggests that most molecules 
that  are  active  in  zebrafish  are  also  active  in  humans 
and  rodents.50,51 Thus  zebrafish  hold  the  potential  to  be 
extensively  utilized  for  drug  repurposing  and  precision 
medicine– based drug discovery.

The field can further benefit by generating new kcna1a 
loss- of- function zebrafish models recapitulating patients' 
mutations  to  unravel  the  differentially  regulated  signal-
ing pathways as well as  to compare their responsiveness 
to  different  drug  treatments.  Precision  gene  editing  can 
help  generate  patient- specific  models  in  zebrafish,  and 
these models can recapitulate the etiology found in the pa-
tients.52 We must, however,  remember  the shortcomings 
of using zebrafish as a model system in isolation, includ-
ing the absence of corticospinal and rubrospinal tracts in 
the zebrafish central nervous system (CNS)53 and gene du-
plication  leading  to genetic redundancy  that could com-
plicate  model  development.54  Therefore,  efforts  should 
be made to  incorporate other model systems such as ro-
dents and/or patient- derived brain organoids55 to further 
validate top drug candidates from a zebrafish- based drug 
screening before they reach clinical trials.

5   |   CONCLUSIONS

Here,  kcna1a−/−  larvae  recapitulate  several  phenotypes 
observed  in  the  patient,  including  ataxia,  epilepsy,  and 
locomotion behavioral deficits.  In addition,  the observa-
tion  that  these  zebrafish  mutants  are  responsive  to  car-
bamazepine  treatment  similar  to  EA1  patients  shows  a 
translation of this EA1 model. Our study supports the no-
tion that zebrafish epilepsy models are valuable for drug 
screening and suitable for both testing new therapeutical 
approaches and dissecting the underlying etiology of this 
disorder.
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