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32 KEY POINTS

33 e kecnbl is expressed in distinct cell subtypes and various regions of the central nervous
34 system in zebrafish

35 e Brain anatomy and neuronal circuits are not disrupted in the kcnbl loss-of-function
36 zebrafish model

37 e Loss of kenbl leads to altered behavior phenotype, light and sound-induced locomotor
38 impairments

39 e kenbl knock-out zebrafish exhibit increased locomotor sensitivity to PTZ and elevated
40 expression of epileptogenesis-related genes

41 e kenbl” larvae show spontaneous and provoked epileptiform-like electrographic activity

42 associated with disrupted GABA regulation

43

44  ABSTRACT

45 Objectivee KCNB1 encodes an o-subunit of the delayed-rectifier voltage-dependent
46  potassum channel K,2.1. De novo pathogenic variants of KCNB1 have been linked to
47  developmental and epileptic encephalopathies (DEE), diagnosed in early childhood and
48  sharing limited treatment options. Loss-of-function (LOF) of KCNBL1 with dominant negative
49  effects has been proposed as the pathogenic mechanism in these disorders. Here, we aim to
50 characterize a knock-out (KO) zebrafish line targeting kenbl (kenbl'” and kenbl™) for
51 investigating DEEs.

52 Methods: This study presents the phenotypic analysis of a kenbl knock-out zebrafish model,
53 obtained by CRISPR/Cas9 mutagenesis. Through a combination of immunohistochemistry,
54  behavioral assays, electrophysiological recordings, and neurotransmitter quantifications, we
55 have characterized the expression, function, and impact of this kenbl LOF model at early

56  stages of development.
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57 Results: In wild-type larval zebrafish, kenbl was found in various regions of the central
58 nervous system and in diverse cdl subtypes including neurons, oligodendrocytes and
59  microglia cells. Both kenb1™ and kenbl™ zebrafish displayed impaired swimming behavior
60 and “epilepsy-like” features that persisted through embryonic and larval development, with
61 variable severity. When exposed to the chemoconvulsant pentylenetetrazol (PTZ), both
62 mutant models showed elevated locomotor activity. In addition, PTZ-exposed kenbl” larvae
63 exhibited higher bdnf mRNA expresson and activated c-Fos positive neurons in the
64 telencephalon. This same model presents spontaneous and provoked epileptiform-like
65 electrographic activity associated with disrupted GABA regulation. In this KO model,
66  neuronal circuit organization remained unaffected.

67  Significance: We conclude that kenbl knock-out in zebrafish leads to early-onset phenotypic
68  features reminiscent of DEES, affecting neuronal functions and primarily inhibitory pathways
69  in developing embryonic and larval brains. This study highlights the relevance of this model
70  for investigating developmental neuronal signaling pathways in KCNB1-related DEEs.

71

72 Keywords: neurodevelopment, epilepsy, KCNB1, zebrafish, loss-of-function

73

74 1. INTRODUCTION

75 KCNB1 encodes the pore-forming al subunit of the voltagel gated potassium channel
76 subfamily 2 (K,2.1). K,2.1 is extensively expressed across the central nervous system (CNS),
77  and predominantly localized in clusters on neuronal soma, proximal dendrites, and axonal
78  initial segment of neurons (1-4), generating a delayed-rectifier outward potassum current
79  (1,2,5,6). Moreover, the channel modulates neuronal excitability through activity-dependent

80  regulation of K,2.1 phosphorylation in various neurona subtypes (1,2,5,6). Beyond its role in
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81 ionic conduction, K,2.1 channels participate in intracellular protein trafficking and calcium
82 signaling (5,7,8).

83 De novo pathogenic variants of KCNB1 have been reported in patients with
84  developmental and epileptic encephalopathy (DEE), as well as developmental encephal opathy
85 (DE) without epilepsy or with late-onset, severe and pharmacoresponsive epilepsy (9-12). All
86  patients reported in the largest series exhibit poor long-term outcome associated with a wide
87  phenotypic spectrum including severe intellectual disability, attention disorders and autism
88  spectrum disorder (ASD) (9,12,13).

89 In vitro studies of KCNB1 variants have revealed various degrees of loss-of-function
90 (LOF) exhibiting dominant negative effects such as reduced potassium conductance, altered
91 ion selectivity, and diminished K,2.1 channel expression at the cell surface (14-17). These
92  findings are supported by rodent models, including Kcnbl knock-out (KO) and knock-in (K1)
93  mice, which exhibit altered behaviors such as locomotor hyperactivity, reduced anxiety-like
94  behavior, and lower seizure thresholds when exposed to chemoconvulsants (18-20).
95  Spontaneous seizures have been reported in homozygous K1 Kenb1®R (Kenb1®379R3™R) (18)
96  and the KI Kenb1™'! mouse models (21).

97 The underlying pathogenic mechanisms of KCNB1l-related DEEs reman largely
98 uncharacterized in rodent models, and face limitations, particularly regarding drug screening.
99  Zebrafish has gained prominence for studying human neurological disorders, including
100  epilepsy, due to its genetic manipulability, rapid development, and suitability for high-
101  throughput drug screening (22-25). Larval zebrafish, when exposed to the proconvulsant
102  pentylenetetrazol (PTZ), manifest behaviors akin to seizures, making them a valuable model
103  for epilepsy investigations (26) such as Dravet syndrome related to SCN1A (26-28) and
104  epilepsies associated with DEPDC5S (29,30). In addition, drug screening in larval zebrafish

105  has been performed in both genetic and chemically induced epilepsy models, demonstrating
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106  the tranglational potential of this model by identifying compounds capable of reducing the
107  severity of epileptic seizures (31-34).

108 The zebrafish orthologue of KCNBL1, kenbl, shares 67% seguence homology with the
109  human gene. The expression of kcnbl starts at 19 hours post-fertilization (hpf), increases
110  during zebrafish development, and is mainly localized in the brain of adult zebrafish with
111 tissue-specific expression patterns comparable to mammals (35). The first kcnbl KO
112 zebrafish model (kenbl™) was generated using CRISPR/Cas9 mutagenesis, leading to a
113  premature stop codon between the N-terminal cytoplasmic domain and the first
114  transmembrane domain of the protein (36). This kcnbl”™ model reveaed developmental
115  abnormalities such as a small proportion of gastrulation defect and reduced brain ventricles
116  (36) along with disruption of inner ear development (35), emphasizing kcnbl's role in
117  developmental signaling pathways.

118 However, the effects of kenbl loss-of-function on brain in development, in the context of
119  epilepsy, remain unexplored. In this study, we am to characterize the behavioral,
120  electrophysiological and molecular consequences of this kenbl” zebrafish model at various
121 developmental stages. This analysis will shed light on the key features of KCNB1-related
122 DEEs, contributing to a better understanding of the pathophysiologica mechanisms
123 underlying this disorder.

124

125 2. MATERIALSAND METHODS

126 2.1. Housing conditions of zebrafish

127 All procedures were approved by the Institutional Ethics Committees at the Research
128  Centers of IMAGINE Institute (INSERM U1163, Paris, France) and were performed in
129  accordance with the European Union Directive (2010/63/EU). Adult zebrafish (Danio Rerio)

130  were housed in a conventional animal facility. Experiments were performed on wild-type AB
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131 and TU strains (TUbingen, Germany) and kenbl mutant zebrafish lines (kenbl* and kenb1”)
132 staged from O- to 6-days post-fertilization (dpf) (37). Fertilized eggs were collected by natural
133 spawning. Embryos and larvae were maintained at 28 + 1 °C in a non-CO; incubator (VWR)
134  with a14h/10h light/dark cycle in embryo medium (Instant Ocean).

135 2.2. kenbl mutant zebrafish lines

136 Heterozygous kenbl mutant embryos (kenb1™) were provided by Dr. Vladimir Korzh
137  (Warsaw, Poland). The kcnbl mutant line was generated using CRISPR/Cas9 mutagenesis,
138  resulting in a premature stop codon (36). kcnbl” mutants were raised to adulthood and
139 crossed to produce kenbl™” zebrafish for experiments (kenb1¥0Ys#0!  7DB-ALT-170417-2)
140  (36). Genomic DNA was extracted from adult zebrafish fins. Samples were amplified by PCR
141  (Bio-Rad) using DreamTag Hot Start PCR Master Mix (Thermo Scientific) and primers
142  targeting kcnbl (10 mM): F 5-TGTGACGACTACAACCTGGA-3 and R 5-
143 CTCCTCGTTCATCTGCTCCT-3'. DNA samples were sent for sequencing to GATC
144  Biotech, Eurofins Genomics.

145 2.3. Survival assay and morphological analysis

146 Zebrafish embryos and larvae were maintained at 28 + 1 °C non-CO; incubator (VWR),
147  and were fed daily from O to 15 dpf. After 6 dpf, larvae were transferred to tanks with dripped
148  water flux. Survival was assessed based on the number of living individuals relative to the
149  total population. Zebrafish were photographed using a stereomicroscope (SZX16, Olympus
150 Life Science). Measurements of the body length and the head surface were performed
151 manually with Imagel software (National Institutes of Health, NIH).

152 2.4. Reverse transcription quantitative polymerase chain reaction (RT-qPCR)

153 cDNA from larval zebrafish at 6 dpf (30 per pool) was synthesized using 5X All-In-One
154 RT MasterMix (abm, Canada). gPCR on kenbl and bdnf was performed with BlasTag 2X

155 gPCR Master Mix (abm) on a BioRad CFX384 System (Bio-Rad). Relative gene expression
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156 was determined by the 2 method, normalized to g-actin or efla, with kenbl™* serving as
157  the reference (relative fold change = 1). The following primers were used for
158 gPCR: B-actin (F_5-CGAGCTGTCTTCCCATCCA-3, R5-
159 TCACCAACGTAGCTGTCTTTCTG-3); efla (F_5-CTGGAGGCCAGCTCAAACAT-3,
160 R 5-ATCAAGAAGAGTAGTACCGCTAGCATTAC-3); kenbl (F 5-
161 TGAAGTTCCGGGAGAGTGTT-3', R 5-CAGGTTGGCGATGTCGTTCT-3'); bdnf (F_5'-
162 GACTCGAAGGACGTTGACCTGTA-3, R_5-CGGCTCCAAAGGCACTTG-3).

163 2.5. Immunopr ecipitation (IP) and western blot of kenbl

164 Tissues from larval zebrafish at 6 dpf (30 per pool) were homogenized in lysis buffer
165  supplemented with protease inhibitors (Roche). Lysates were centrifugated at 12,000 x g for
166 15 minutes at 4°C followed by a BCA Protein Assay Kit (Invitrogen). Immunoprecipitation
167  was performed to detect kcnbl by using the Immunoprecipitation Kit dynabeads protein G
168  (Invitrogen), following the manufacturer’s protocol. 200 pg of the supernatant with 4 pg of
169  anti-kcnbl (ProteinTech, #19963-1-AP) or anti-Pan actin (Thermo Scientific, #ms-1295) were
170  used and IgG antibody served as a negative control. Membranes from western blotting were
171  detected using an ECL reagent (Cytiva) and the ChemiDoc™ Imaging Systems (Bio-Rad).
172 Densities of kenbl bands were normalized to Pan-actin expression using Imaged (NIH).

173 2.6. Locomotion assessment

174 Premotor activity. Tail coiling activity in zebrafish embryos was recorded every hour
175  from 24 hpf to 36 hpf. Sixty-second movies were obtained under a stereomicroscope with
176  darkfield illumination (SZX16, Olympus Life Science), recorded at 30 frames per second
177 (fps). Premotor activity was counted manually using ImageJ software (NIH).

178 Touch-evoked escape response (TEER). The tail of 48 hpf-embryos was mechanically
179  stimulated, and their swimming trajectories were recorded at 30 fps using SpinView

180 V2.0.0.147 software (FLIR Systems Inc.). The trajectory was traced using the Manual
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181  Tracking Plug-in in Image] software (NIH), and analyzed for distance, velocity, and time

182  spentin motion (see Figure 3A).

183 Spontaneous locomotion and pentylenetetrazol (PTZ)-induced seizures. Larvae were
184  acclimatized in a 48-well plate (Fisher Scientific) with lights off for 15 min into a Zebrabox
185  equipped with Zebralab 438 software (Viewpoint Life Sciences). Larvae were submitted to
186  two different protocols: 1) a light-induced protocol of 60 minutes recording split into 10 min
187  light/dark conditions repeated three times and 2) a sound-induced protocol of four repeated
188  audio stimuli (450 hertz, 80 decibels, 1 second/audio). The 5 seconds following audio stimuli
189  were analyzed. To evaluate the effect of PTZ on locomotor activity, larvae were first recorded
190 for 30 min to determine baseline activity levels. Fresh 5 mM PTZ (Sigma-Aldrich) was then
191  added and zebrafish were recorded for afurther 30 min (see Figure 4A).

192 2.7. Electrophysiological analysis

193 Larval zebrafish at 5 and 6 dpf were embedded in 1% low-melting-point agarose (Sigma-
194  Aldrich) and covered with artificial cerebrolIspinal fluid (ACSF, pH 7.8, osmolarity to 290-
195 295 mOsm/l). A microelectrode (2—7 MQ) was filled with ACSF and implanted into the optic
196  tectum, using an Olympus microscope (Infinity 3S, 10X magnification). Local field potential
197  (LFP) recordings were obtained using a MultiClamp700B amplifier (Molecular devices)
198  coupled with an Axon Digidata 1550 (Molecular devices) and the Clampex V11.1 software
199  (Molecular devices). Baseline recordings of 30 min duration were assessed to larvae before
200 adding 40 mM PTZ (Sigma-Aldrich). After 5 min of treatment, the recording continued for 30
201 min. Negative spikes were automatically analyzed using Clampfit V11.2 software (Molecular
202 devices) during a 10 min interval, using a low-pass Gaussian filter of 560 Hz and a digital
203  reduction of 10 (see Figure5A).

204 2.8. Immunohistochemistry on dices
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205 Zebrafish aged from 48 hpf to 6 dpf were fixed as previously described (30). Brain slices
206 of zebrafish (20 um) were obtained using the cryostaa CM3050S (Leica). After
207  permesbilization for 30 minutes, the slices were incubated overnight at 4°C in blocking
208  solution containing primary antibodies : Kcnbl (1:100, Tebubio, #PAB7569), NeuN (1:100,
209 Merck, #ABN90), Olig2 (1:100, DSHB, #PCRP-OLIG2-1E9-s), CX3CR1 (1:100,
210  ProteinTech, #13885-1-AP), Ankyrin G (1:100, Proteintech, #27980-1-AP) and HuC (1:100,
211  Tebubio, #FNab04072). Secondary antibodies (Alexa Fluor 488, Alexa Fluor 568 and Alexa
212 Fluor 647, Thermo Scientific) were incubated in blocking solution for 2h at room temperature
213 (RT). Slices were incubated in DAPI (Invitrogen, #D3571) followed by mounting on glass
214  slide in Immu-Mount mounting medium (Epredia, #9990402). Images were captured using a
215  Spinning disk Zeiss system (Carl Zeiss). Colocalization, represented in white, was determined
216  using Z-stack projection on IMARIS V10.1.0 software (Oxford Instruments).

217 2.9. Whole-mount immunohistochemistry

218 Whole-mount immunohistochemistry on 48 hpf and 6 dpf zebrafish was performed
219  according to a previously established protocol (38). Embryos were treated with 0,003% 1-
220  Phenyl-2-thiourea (PTU) (Sigma-Aldrich) to prevent pigmentation of the skin. Briefly,
221 zebrafish were fixed with 4% formaldehyde (Sigma-Aldrich) for 2h at RT. A dehydration
222 with methanol (Sigma-Aldrich) was followed by a gradua rehydration. Zebrafish were
223 permeabilized in fresh acetone (Sigma-Aldrich) for 20 min and blocked with 10% Bovine
224  standard-albumin (BSA) (Eurobio Scientific) overnight at 4°C. They were incubated with the
225  primary antibody (1% BSA / 0,1%PBST) at 4°C for two days. Primary antibodies used at
226 1:100 were: acetylated tubulin (Sigma-Aldrich, #T7451), 3A10 (DSHB, #3A10) and c-Fos
227  (Santa Cruz, #sc-166940). Secondary antibodies were incubated in 1% BSA / 0,1% PBST
228 overnight at 4°C using Alexa Fluor 488 and Alexa Fluor 647 (Thermo Scientific) at 1:250.

229  After passing through increased percentages of glycerol (Sigma-Aldrich), image acquisition
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230 was performed under a Spinning disk Zeiss system (Carl Zeiss). The same parameters were
231  applied to all images using ImageJ (NIH).

232 2.10. GABA and Glutamate ELISA assays

233 Based on the PTZ treatment protocol, the head of 6 dpf larvae (50 per pool) was collected
234  at the end of each 30 min-period recording of the basal activity and 5 mM PTZ treatment (see
235  Figure 5A). Same reagents were used as the IP protocol for tissue homogenizing. Enzyme-
236 linked immunosorbent assay (ELISA) was performed to quantify gamma-aminobutyric acid
237  (GABA, immusmol, #BA E-2500) and glutamate (immusmol, #BA E-2400) from 20 pg of
238  supernatant, following the manufacturer’ s protocol.

239 2.11. Satistical analysis

240 Statistical analysis was performed using GraphPad Prism V.8 software (GraphPad
241  Software). Statistical tests used are specified in the legend of each figure. Values represent the
242  mean + standard error of the mean (SEM). Results were significant when the p-value was <
243  0.05. For al experiments, at least 3 single experiments were performed (N) with a certan
244 number of embryos or larvae per condition (n).

245

246 3. RESULTS

247 3.1. kenbl is expressed in diverse cell-subtypes and regions of the CNS in Wild-type
248 larval zebrafish
249 Previous studies have shown significant expression of kenbl in the eyes, ears, and central

250 nervous system (CNS) of wild-type (WT) larval zebrafish using whole-mount in situ
251 hybridization (36). To further investigate the distribution of the kcnbl protein in the brain,
252 we performed immunohistochemistry on WT larvae at 6 dpf (Figure 1A-1F, Supporting
253 Information 1A-1B). Our findings revealed broad expression of kcnbl throughout multiple

254 regions of the CNS, such as the diencephalon, midbrain, telencephalon and hindbrain
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255 (Figure 1A-1C, Supporting Information 1A) including the spinal cord (Figure 1C),
256 athough the protein was difficult to detect in the eyes. Further analysis demonstrated that
257 kenbl is expressed in various CNS cell subtypes. Notably, kenbl is localized in neurons as
258 evidenced by colocalization with NeuN, a neuronal nuclear marker, and further confirmed
259 by Ankyrin G marker, expressed on the axona initial segment of neurons (Figure 1D,
260 Supporting Information 1B). kcnbl was also found in oligodendrocytes, marked by Olig2,
261 a transcription factor (Figure 1E), and in microglia cells, identified by CX3CR1, a
262 fractalkine receptor marker (Figure 1F). These results provide the first characterization of

263 kenbl expression in distinct CNS cell subtypes in zebrafish.

264 3.2. kenbl knock-out expression and mor phological analyses
265 Using a kenbl knock-out zebrafish model generated by Shen et collaborators (2016), we

266  investigated loss-of-function effects of kenbl in the context of DEEs. We first confirmed the
267 genomic sequence of kenbl™ fish by Sanger sequencing, identifying a distinct 2-G bases
268  deletion along with a 14-bp insertion on chromatograms (Al14bp) (Figure 2A). Reall1time
269 gPCR analysis revealed a significant reduction in kcnbl transcript expression by 44% in
270 kenb1™ and by 56% in kenbl” zebrafish larvae compared to WT at 6 dpf (Figure 2B).
271 Despite this reduction in transcript levels, kenbl protein expression remained comparable
272 acrossall genotypes (Figure 2C). The survival rates of both kenb1*” and kenb1” lines from 0
273 to 15 dpf were similar to those of WT (Figure 2D and Table 1). Measurements of body
274 length and head surface of kenbl mutants (kenbl*™ and kenbl”) showed no significant
275  morphological differences compared to WT at 48 hpf and 6 dpf (Figure 2E-2G), corroborated
276 by using the pan-neuronal marker HuC (Supporting information 1C). Visualization of
277 neurona fibers with an acetylated tubulin marker, revealed no major neuronal loss or
278  organizational defects due to kenbl loss-of-function during early development (Figure 2H),

279  supported by similar Mauthner cell body length observed across conditions at 48 hpf (M-cell,
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280 3A10 marker, Supporting information 1D-1E). These results indicate that kcnbl loss-of-
281  function does not impact the normal growth of fish during early development.

282 3.3. Loss of kenbl leads to altered behavior phenotype, light and sound-induced
283 locomotor impairments

284 KCNB1 mutations in patients are associated with a range of locomotor disabilities
285 including hyperactivity, myoclonia, ataxia and hypotonia (9). First evidence of motor
286  impairments was observed in both kenbl mutants showing a drastic decreased of tail coiling
287  activity compared to WT zebrafish from 24 to 36 hpf (Supporting information 2A-2B).
288 Using the touch-evoked escape responses (TEER) test at 48 hpf (Figure 3A), kenbl* and
289  kenbl™ zebrafish exhibited rapid circular swimming, in contrast to the straight-line swimming
290 observed in WT condition (Figure 3B), significantly increased in terms of total distance
291  swam, velocity and time spent in motion (Figure 3C-3E). Notably, within the same condition,
292  we observed a variability in the swimming behavior of embryos classified into two groups:
293  those with a severe phenotype (completing a minimum of two swim circles) and those with a
294  mild phenotype (grouping other trgjectories) (Table 2). We found that 30% of kcnbl™
295  embryos displayed a severe phenotype compared to 52% of kcnbl” zebrafish, with an
296  increase of studied parameters (Table 2, Supporting information 2C-2F). While al three
297  conditions showed low locomotor activity in response to light changes at 3 and 4 dpf, this
298  activity significantly increased in al conditions at later stages (Figure 3H). However, starting
299  at 5 dpf, kenbl™ larvae displayed pronounced locomotor hyperactivity compared to WT and
300 kenbl*" zebrafish (Figure 3H). This finding is aligned with results from Figure 3G and 3F,
301  showing significant locomotor hyperactivity in response to light/dark transitions. In a second
302 protocol, both kenbl*” and kenbl” mutants exhibited a significant decrease in locomotor

303  activity after each audio stimulus compared to the WT condition (Figure 31). These results
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304 suggest that the locomotor phenotype may be due to dysregulation of electrical neuronal

305  activity affecting different sensorimotor pathways.

306 3.4. kenb1™ zebrafish exhibit increased sensitivity to PTZ-induced seizures and elevated
307 expression of epileptogenesis-related genes
308 Previous studies have shown that exposure of zebrafish larvae to pentylenetetrazol (PTZ)

309 increases seizure-like behavior in a concentration-dependent manner (26). We recorded the
310 baseline locomotor activity of 6 dpf larvae for 30 minutes, followed by a 30-minute exposure
311 to5mM PTZ (Figure 4A). Low basdine locomotor activity of kenbl mutants was similar to
312 that of WT larvae (Figure 4B-4C). However, after PTZ exposure, kenbl mutants (kenbl*”
313 and kenbl”) exhibited significantly higher swimming activity, characterized by fast circles
314 (Figure 4B-4C). To explore potential molecular disruptions, we measured bdnf (Brain-
315 Derived Neurotrophic Factor) mRNA expression, a neurogenesis and epileptogenesis-related
316 gene, before and after PTZ treatment (Figure 4A and 4D). bdnf expression was similar
317 between conditions during baseline activity, athough significantly increased after PTZ
318  treatment in the kenbl™ condition as compared to kenb1*” and WT zebrafish (Figure 4D). In
319  addition, we assessed c-Fos expression, an early gene marker of epileptic seizures, in the
320 telencephaon of 6 dpf larvae (Figure 4A, 4E-4G, Supporting information 3). The number
321  of c-Fos-positive neurons was similar across al conditions, both before and after PTZ
322 treatment (Figure 4F). We analyzed the distribution of activated neurons according to the
323  fluorescence intensity value of c-Fos, reflecting the level of neuronal activation divided in:
324 low (0-25%), moderately low (25-50%), moderately high (50-75%) and high (75-100%)
325  neuronal activation (Figure 4G, Supporting information 3B). kcnbl™ fish showed a shift
326  towards higher levels of neurona activation, with a significant increase in moderately low and

327 moderately high activation levels after PTZ treatment (Figure 4G, Supporitng information
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328  3B). These results suggest that the kenbl LOF model exhibits neurogenesis impairments in

329  thedeveloping brain of zebrafish.

330 3.5. kenbl knock-out zebrafish model show spontaneous and provoked “ epileptic” -like
331 seizures associated with disrupted GABA regulation
332 Abnormal electrographic activity has been observed in zebrafish models with chemically

333  provoked-epileptic seizures (26,31,34). We recorded local field potentials (LFPs) from the
334  optic tectum of 6 dpf larvae during a 30-minute "basal activity" phase, followed by a 40 mM
335 PTZ treatment, recorded for an additional 30 minutes (Figure 5A-5B). Prior to PTZ
336 treatment, kenbl” larvae showed significantly increased spontaneous neuronal activity,
337  reflected by the number of spikes, compared to WT (Figure 5Ca-5D). In contrast, kenb1*"
338 larvae did not exhibit spontaneous seizures, displaying a similar profile to untreated WT
339  zebrafish (Figure 5Ca-5D). In response to 40 mM PTZ exposure, WT larvae exhibited a
340 significant increase in number of spikes compared to the non-treated condition (Figure 5Ca-
341 5D). The kenbl*™ model showed a similar response profile, although the duration of seizure
342 events was significantly longer than in PTZ-treated WT larvae (Figure 5Ca-5E).
343 Interestingly, kenbl™ larvae had a significantly higher number of PTZ-induced events,
344  athough event duration was comparable to WT-treated zebrafish (Figure 5Ca-5E). This
345  kenbl” model also displayed various « epileptic »-like signals seen in KCNB1-related DEE
346  patients, including polyspike discharges (Figure 5Cb), ‘ictal*-like activity (Figure 5Cc), and
347  large amplitude spikes (Figure 5Cd). To further confirm dysregulated neuronal activity in the
348 kcenbl LOF model, we measured gamma-aminobutyric acid (GABA) and glutamate
349  concentrations in the heads of 6 dpf zebrafish following the same protocol and exposed to 5
350 mM PTZ (Figure 5A). During the pre-treatment period, GABA levels were similar in
351 kenbl™ and WT larvae, while kenbl” larvae showed a significant increase (Figure 5F).

352 Although PTZ treatment significantly increased GABA concentration in WT zebrafish, it did
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353 not alter GABA levels in the kenb1™ model, which remained low, or in the kenb1” model,
354  showing similar high concentration of GABA as WT-treated larvae (Figure 5F). Glutamate
355 levels were similar between all genotypes before PTZ exposure and remained unchanged in
356  post-treatment (Figure 5G). These results suggest that the kcnbl” model exhibits
357  spontaneous ans chemically induced epileptiform-like electrographic activity, along with
358  disrupted GABA regulation.

359

360 4. DISCUSSON

361 In this study, kenbl knock-out in zebrafish results in early-onset phenotypes mimicking
362 key features of KCNB1-related DEE. This LOF impacts neuronal functions in particular

363 inhibitory pathways in developemental brains.

364 4.1. kenbl expression in the CNS
365 The study of kenbl expression revealed the presence of the protein across various regions

366  of the zebrafish CNS, including the diencephalon, midbrain, telencephalon, and hindbrain,
367 consistent with previously reported in situ hybridization of kenbl by Shen and collaborators
368  (2016). This broad expression supports previous findings that kcnbl is crucial for maintaining
369 neuronal excitability, starting from 19 hpf (35). Notably, the presence of kcnbl in multiple
370 cell subtypes suggests its diverse functional roles, ranging from neurona signaling to
371 potential involvement in glia cell function and neuroinflammation in zebrafish.

372 4.2. kenbl knock-out and devel opmental consequences

373 Despite a significant reduction in kenbl transcript levels in both heterozygous and
374  homozygous mutants, the protein expression was similar between mutant models and the WT
375 condition, suggesting a potential genetic compensation. We observed no major
376 morphological, brain anatomical abnormalities or impaired survival rates in kenbl™” zebrafish

377  during the early development. This finding is consistent with clinical observationsin KCNB1-
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378 related DEE patients, where normal brain morphology is reported in most cases despite severe
379  neurological symptoms (9). This suggests that kcnbl LOF does not impact brain structural

380  development, although it may influence more neuronal function aspects.

381 4.3. Altered behavioral phenotypes and sensorimotor dysregulation

382 Behavioral assays revealed that kenbl” zebrafish exhibit significant locomotor
383  impairments, including hyperactivity, altered swimming patterns, and exaggerated responses
384  to sensory stimuli such as light and sound. Indeed, we showed that kenb1* and kenbl”
385 embryos had reduced tail coiling activity from 25 hpf to 31hpf. This early stereotyped
386  behavior is supported by synchronized spinal locomotor circuits (39). Previous reports on
387 models of epilepsy have revealed a corkscrew-like trajectory swimming characteristic of
388  epileptogenic-like activity (22). We found a similar circular pattern of swim traectories in
389  kenbl mutant models at 48 hpf, but revealed a huge variability within the same genotype.
390 These results might reflect the variable spectrum of behavioral and cognitive impairments
391 observed in patients (12). Furthermore, kenbl”™ mutants exhibited increased response of
392 locomotor activity to a light-dark stimulus as compared to kcnbl™ and WT lines, but
393  presented a decreased |locomotor activity after a succession of audio stimuli. Thislast result is
394 in correlation with the data obtained by Jedrychowska and collaborators (2021). These
395 phenotypes closely mimic the motor dysfunctions observed in patients with KCNB1

396 mutations, such as ataxia and hyperactivity and suggest a dysregulation of sensorimotor

397 pathways.
398 4.4. Seizure susceptibility and electrophysiological abnormalities
399 The seizure-like behavior in kenb1*" and kenb1”™ models is supported by their increased

400 locomotor activity characterized by fast circles trajectories induced by 5 mM PTZ compared
401 to wild-type. These results are concomitant with the stage Il of the “seizure-like behavior

402  scor€’ described by Baraban and collaborators (2005). Our electrophysiological recordings
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403  further demonstrated that kenbl” zebrafish exhibit spontaneous and chemically induced
404  epileptiform seizure-like activity. The absence of spontaneous seizures in the kenbl™” line
405 could reflect the existence of functional compensatory pathways masking the phenotypic
406  features due to reduced levels of kenbl mMRNA but similar protein expression as WT larvae.
407  Epileptiform seizure-like activity was confirmed by c-Fos acute neurona hyperactivation in
408 the telencephalon of kcnbl” zebrafish. Moreover, the quantification of brain-derived
409  neurotrophic factor (bdnf) mRNA in larvae, a neurotrophin crucial for brain development and
410  synaptic plasticity, revealed a significant upregulation of its expression level within the kenbl”
411 " line. This finding indicates deficits in neurogenesis within the developing brain of kenbl™
412 zebrafish. Similar results were obtained by identifying c-Fos and bdnf as genes associated
413  with seizuresin zebrafish, with increased expression levels observed after exposure to 20 mM
414 PTZ 20mM (40). These findings are particularly relevant to understanding the
415  pathophysiology of DEES, where patients often present with refractory seizures and abnormal

416  electroencephalogram patterns.

417 4.5. Neurotransmitter dysregulation in kenbl™ zebrafish

418 Our study also highlights the dysregulation of GABA in kenbl” zebrafish, with
419  significantly elevated GABA levels observed in both baseline and post-PTZ conditions. This
420 disrupted GABAergic signaling likely contributes to the observed seizure phenotypes, as
421  GABA is akey inhibitory neurotransmitter involved in maintaining the balance of excitatory
422  andinhibitory signalsin the CNS. The lack of significant changes in glutamate levels suggests
423 that kenbl LOF primarily affects inhibitory pathways, leading to an imbalance that favors
424  neuronal hyperexcitability.

425

426 5. CONCLUSION
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427 Our investigation suggests that the kcnbl loss-of-function zebrafish model provides a
428  valuable modd to reproduce key features of KCNBL1-related DEE, including early behavioral
429  disturbances, increased-susceptibility to epileptic seizures and neurotransmitter dysregulation.
430  Notably, this model could be used for discovering of new therapeutic compounds that may
431 improvethe long-term prognosis of individuals with KCNB1-related DEE.
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596
597
598
599
600
601
602
603
604
605
606 TABLES
607
Number of alivefish % : Log-rank test
Conditions (OOV:J:{%/ 3/;!) at 15 dpf
0 dpf 15 dpf (mutant vsWT)
kenb1** 137 116 84,67 /
kenb1*™ 121 109 82,65 P=0,7677
kenb1™” 169 156 88,17 P=0,3302
608

609 Table 1: Survival table between 0 and 15 days post-fertilization (dpf). Results show a
610 similar growth of kenbl mutant fish (kenbl™ and kenbl™) as compared to control fish
611 (kcnb1+’+) at early stages development (N = 3 repeats; n = 121 - 169 ZF/genotype, Log-rank
612  test, ns: non-significant).

613

614

615


https://doi.org/10.1101/2024.07.03.601913
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.07.03.601913; this version posted August 28, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

616
617
618
619
620
621
622
623
624
625
Total number | Mild phenotype * Severe % Severe
of embryos (MP) phenotype (SP) phenotype
kenb1 ™ 73 / / /
kenb1* 88 61 27 30,68%
kenbl” 50 24 26 52%
626

627 Table 2: Diverse phenotypes were observed during the Touch-Evoked Escape Response
628 (TEER) of 48 hpf-mutant embryos. Within the same genotype, embryos were divided in
629  severe phenotype (*: swimming trajectory with at least two swim circles; SP) and mild
630  phenotype (other trajectories; MP) indicating a huge variability in swimming behavior after a
631 TEER test of kenbl™ and kenbl1” fish (N = 3 repeats; n = 50-88 ZF/genotype).

632

633

634

635

636
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637
638
639
640
641
642
643
644

645

Condition kenb1** kenb1* kenbl™
Animal 1 2 3 1 2 3 4 5 1 2 3 4 5
Number of

spikesin basal
activity per 10
min recording

Number of
spikes after 40
mM of PTZ per
10 min recording

158 | 148 105 238 115 213 | 291 | 157 508 | 510 | 179 | 239 | 415

646

647 Table 3: Individual data of negative spikes number during electrophysiological
648  recordingsinto the optic tectum of zebrafish. Neuronal activity of fish was recorded during
649 30 minutes of basal activity followed by 30 minutes of 40 mM PTZ treatment. A period of 10
650 minutes in the middle of each period (basal activity and provoked seizures) was used to
651  analyze the number of negative spikes. The table shows a higher number of spikes for kenbl™
652 larvae in pre- and post-PTZ treatment as compared to WT fish. The following parameters
653  were applied for each recording: Resistance: 2-7 MQ; Low-pass Gaussian filter: 560 Hz; Data
654  reduction: 10. n = 3-5 ZF/genotype.

655
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656

657

658

659

660

661

662

663

664

665 FIGURE LEGENDS

666

667 Figure 1. kenbl is expressed in distinct cell subtypes and various regions of the central
668  nervous system in 6 dpf Wild-type zebrafish. A and B. Horizontal and transversal sections
669  of Wild-type (WT) zebrafish expressing cells (DAPI, blue) labelled with anti-kcnbl (green),
670  showing alarge expression of the protein in the central nervous system (CNS) at 6-day post-
671 fertilization (dpf). The protein is expressed in the telencephalon, diencephalon, midbrain
672  including the optic tectum, and the hindbrain comprising the cerebellum and the spinal cord
673 (A: scale bar 50 pum; magnification10x ; B: scale bar 30 um; magnification 20x). C.
674  Horizontal section of aWT zebrafish at 6 dpf showing the presence of kcnbl along the spinal
675 cord (scale bar 10 pum; magnification 63x). D-F. Horizontal sections of WT zebrafish
676  expressing cells (DAPI, blue), kenbl (green) and specific cell subtype markers, respectively
677 (D) a neuronal nuclear marker (NeuN, red, scale bar 30 um; magnification 20x); (E) an
678  oligodendrocyte transcription factor 2 (Olig2, red, scale bar 10 um; magnification 63x) and
679 (F) CX3C motif chemokine receptor 1 expressed in microglia cells (CX3CRL, red, scale bar

680 10 um; magnification 63x). Images demonstrate the colocalization between kcnbl and the 3
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681 different cell subtypes markers, represented in white and marked by arrows. These results
682 indicate the presence of kcnbl in neurons, oligodendrocytes and microglia cells.
683  Colocalization was determined using Z-stack projection on IMARIS V10.1.0 software
684  (Oxford Instruments). In figures, CNS regions are delimited by dotted lines. CX3CR1: CX3C
685 motif chemokine receptor 1; D: Diencephalon; DAPI: 4,600diamidinoJ2C phenylindole; E:
686 Eyes; H: Hindbrain; kcnbl: Potassium voltage-gated channel subfamily B member 1; M:
687  Midbrain; NeuN: Neurona nuclear antigen; Olig2: Oligodendrocyte transcription factor; T:
688  Telencephaon. n = 3-4 fish/section.

689

690 Figure 2. Genotypic characterization of a kcnbl knock-out zebrafish model that is not
691  affected by brain anatomical defects. A. Schematic illustration of the generation of a kenbl
692  knock-out zebrafish model obtained by Shen et al. (2016). The representation of the o-subunit
693  kecnbl is adapted from a previous schematic picture (41). Insertion of a 14 base-pairs (bp)-
694  nucleotide sequence (identified in red) and of a 2 bp-nucleotide deleted (identified in black
695  bold type) into the first exon of the gene introducing a premature stop (A14bp) between the N-
696 terminal region and the first transmembrane domain of the protein, using the CRISPR-Cas9
697 system (targeted sequence: GGAGCTGGACTACTGGGGAG in kenbl exon 1; ID Zfin:
698 ZDB-ALT-170417-2; indel mutation; line: Kcnb1™*/3%h B RT-gPCR analysis of total
699  kenbl at 6 dpf demonstrating a significant decrease of kenbl mRNA in kenbl™” and kenbl™
700  compared with kenb1*’* fish (N = 4; n = 30/sample; One-Way ANOVA with Bonferroni post-
701 hoc test; **p<0,01). Data are normalized to actin mRNA expression and the condition
702 kenbl™ is considered as the reference value (relative fold change = 1). C.
703 Immunoprecipitation (IP) of kenbl in 6 dpf zebrafish demonstrating similar profile of protein
704  expression between the three genotypes (N = 3; n = 30/sample; One-Way ANOVA with

705  Bonferroni post-hoc test; ns: non signifcant). Input was used as a control of Western blot and
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706  1gG antibody served as a negative control of IP. Data are normalized to Pan-actin protein

++

707  expression, with kenb1l™™ serving as the reference (relative fold change = 1). D. Kaplan-Meier
708  survival curve between 0 and 15 dpf showing that the partial or complete loss of kenbl do not
709  impact the normal growth of fish at early stages of development (see Table 1; N = 3 repeats;
710 n = 121-169/genotype; Log-rank test; ns: non significant). E. Images showing that kcnb1*™"
711 and kenbl” embryos and larvae do not show gross morphological changes at 48 hours post-
712 fertilization (hpf) and 6 dpf (scale bar: 300 um). F-G. Quantification of major morphological
713 aspects at 48 hpf and 6 dpf including measurement of (F) body length and (G) head surface.
714  The kenbl mutant zebrafish models (kenb1™ and kenb1™) do not show any significant change
715  in each parameter at different developmental stages as compared to kenb1*”* (N = 4 repeats; n
716 = 28-38 ZF/genotype; one-Way ANOVA with Bonferroni post-hoc test; ns. non-significant).
717  H. Whole-mount images of embryonic (48 hpf) and larvae (6 dpf) zebrafish immunostained
718  with anti-acetylated tubulin marker to identify global circuits of neuronal fibers (lateral and
719  dorsal view; 3D reconstruction; magnification 20x and scale bar at 100 um; magnification 40x
720 and scale bar at 20 um). The partial or complete loss of kcnbl does not affect the neuronal
721  brain density at different early stages of development (n = 5-7 ZF/genotype/developmental
722 stage).

723

724  Figure 3. Loss of kenbl leads to altered behavior phenotype, light and sound-induced
725 locomotor impairments. A. Schematic representation of the touch evoked-escape response
726  (TEER) test. The tail of 48 hpf-embryos is mechanically stimulated, and the swimming
727  traectory of zebrafish is recorded. B. Representative traces of individual swimming episodes
728  at 48 hpf showing the typical tortuous trajectory of kenbl mutant models (kenbl™ and kenbl

+/+

729 ) as compared to the straight-line trajectory of kcnbl™* zebrafish (5 trajectories/genotype).

730  C-E. The quantification of the swimming trajectory tortuosity shows a significant increase of
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731 different studied parameters in both kenbl mutant conditions as compared to WT zebrafish,
732 including an increase of (C) the distance swam, (D) the velocity and (E) the time spent in
733 motion. Furthermore, within the same genotype, a huge variability in the swimming behavior
734  has been observed and fish were divided into two distinct phenotypes. severe (at least two
735  swim circles) and mild (other trgectories). The subdivision of both phenotypes is represented
736 in Table 2 and Supporting information 2C-2F (N = 3 repeats; n = 50-88 ZF/genotype; one-
737 way ANOVA with Bonferroni post-hoc test; ns: non-significant; *p<0,05; **p<0,01;
738  ***p<0,001; ****p<0,0001). F. Schematic representation of individua trgectory of 3 larvae
739  zebrafish per genotype obtained with ViewPoint software (Zebrabox). Between 3 and 6 dpf, a
740  protocol was applied to fish with 3 repetitions of 10 minutes in the light followed by 10
741 minutes in the dark (green lines: slow movements <8 mm/sec; red lines: fast movements >8
742 mm/sec). G. Average distance swam by larvae zebrafish at 6 dpf during the whole light-dark
743 protocol described previously. Spontaneous locomotor hyperactivity was observed in kenbl™
744  larvee in the light and maintained significantly increased during the dark phase as compared
745  to WT and kenbl*” larvae (N = 3 repeats; n = 35 ZF/genotype, one-way ANOVA with
746  Bonferroni post-hoc test; *p<0,05; **p<0,01; ***p<0,001; ****p<0,0001). H. Representation
747  of average distance travelled by larvae at different days of development (from 3 to 6 dpf)
748  following the 10 min light-dark protocol descrived. At 3 and 4 dpf, controls and kecnbl mutant
749  fish (kenbl™" and kenbl”) present low locomotor activity that was significantly increased
750 from 5 to 6 dpf. A significant gap was observed starting from 5 dpf with a locomotor
751 hyperactivity for kenbl” larvae as compared to WT and kenbl*" fish, reflecting the result
752  obtained in Figure 3G (N = 3 repeats; n = 35 ZF/genotype; one-way ANOVA with
753  Bonferroni post-hoc test; the locomotor activity of zebrafish from the same genotype was
754  compared from 4 to 6 dpf with a reference value at 3 dpf and the three genotypes were also

755  compared between them; ns: non-significant; ***p<0,001; ****p<0,0001). |. Quantification
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756  of the distance swam during the 5 seconds following each of the four audio stimuli applied
757 (450 Hertz; 80 decibel; 1 second) to larvae at 6 dpf. Both mutant conditions (kcnbl™ and
758 kenbl™) present a significant decrease of the locomotor activity in response to audio stimuli
759  as compared to the WT condition (N = 3 repeats; n = 48-64 ZF/genotype; one-way ANOVA
760  with Bonferroni post-hoc test; *p<0,05).

761

762  Figure 4. kenbl knock-out zebrafish exhibit increased locomotor sensitivity to PTZ and
763  elevated expression of epileptogenesis-related genes. A. Schematic representation of the
764  protocol followed to identify impact of PTZ on locomotion, bdnf and c-Fos expression. To
765  test seizure susceptibility in the kenbl LOF model, we recorded the baseline locomotor
766  activity of 6 dpf larvae for 30 minutes, followed by a 30-minute exposure to 5 mM PTZ
767  (Zebrabox, ViewPoint). We then quantified two epileptogenesis-related genes: bdnf (Brain-
768  Derived Neurotrophic Factor) by qPCR and c-Fos by immunofluorescence. B. Schematic
769  representation of individua trajectory of 3 larvae zebrafish per genotype obtained with
770  ViewPoint software (Zebrabox). Fast swimming circles were observed for both mutant larvae
771 conditions (kenbl'” and kcnbl”) after 30 minutes of 5 mM Pentylenetetrazol (PTZ)
772 treatment, a pro-convulsant. Green lines : slow movements (<8 mm/sec), red lines : fast
773 movements (>8 mm/sec). C. Global locomotor activity of 6 dpf-zebrafish into the dark was
774  recorded by applying a protocol of 30 minutes of basal activity followed by 30 minutes of
775  chemically induced-seizures using PTZ treatment at 5 mM. Both kenbl*™" and kenbl” larvae
776 show a significant increase in distance travelled during the 30 min-recording after the
777  chemical treatment as compared to WT zebrafish (N = 3 repeats; n = 27 ZF/genotype; one-
778  way ANOVA with Bonferroni post-hoc test; ns: non-significant; +/- and -/- vs +/+ after PTZ
779  treatment: **p<0,01; ****p<0,0001). D. RT-gPCR analysis of total bdnf a 6 dpf, a

780  neurogenesis and epileptogenesis-related gene, before and after 5 mM PTZ treatment (N = 3;
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781 n = 30/sample; One-Way ANOVA with Bonferroni post-hoc test; ns. non significant;
782  ****p<0,0001). Data are normalized to efla mMRNA expression and kenbl™"" non-treated fish
783  are considered as the reference value (relative fold change = 1). The kenbl” presents a
784  tendency to an increased bdnf expression during the basal locomotor activity which is
785 confirmed by a significant increased expression after chemically induced-seizures as
786 compared to kcnbl"* and Kcnbl'". E. Wholemount images of 6 dpf-zebrafish
787  immunostained with anti-c-Fos, an acute neuronal activation marker, obtained 30 minutes
788  after abasal activity period and a provoked-seizures period due to 5 mM PTZ treatment. The
789  telencephalon was the major region activated after the chemical treatment for each genotype
790 (n=8-11 ZF/condition, dorsal view, 3D reconstruction, scale bar: 50 um, magnification 20x).
791  F. Quantification of the number of c-Fos positive neurons normalized to the volume (um?) of
792  the telencephalon of 6 dpf larvae-zebrafish during their basal activity or chemically treated
793  using the IMARIS V10.1.0 software (Oxford Instruments) (see Supporting Information
794  3A). The results did not show any difference in the number of activated neurons in both
795 mutant conditions (kcnbl™” and kenbl”) as compared to the WT condition (n = 8-11
796  fish/condition; Mann Whitney test; ns. non-significant). G. Distribution (in %) of activated
797  neurons according to the fluorescence intensity value of c-Fos in the telencephalon of fish at 6
798  dpf. Neuronal activation that was divided in four equal shares: low (0-25%), moderately low
799  (25-50%), moderately high (50-75%) and high (75-100%) neuronal activation. The three non-
800 treated conditions were presenting a similar distribution with a majority of low neuronal
801 activation of c-Fos positive neurons. However, chemically treated kenbl”™ zebrafish were
802  presenting a global higher activation with a significant shift to a moderately low and
803 moderately high neuronal activation (see Supporting information 3B). n = 811
804  fish/condition; Mann Whitney test; ns: non significant; *p<0,05; T: Telencephalon.

805
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806 Figure5. kcnbl” larvae show spontaneous and provoked epileptiform-like
807  electrographic activity associated with disrupted GABA regulation. A and B. Schematic
808  representation of the protocol applied for electroencephal ographic recordings of 5 and 6 dpf
809  zebrafish. Neurona activity in the optic tectum of zebrafish was recorded by applying a
810 protocol of 30 minutes of basal activity followed by 30 minutes of 40 mM PTZ treatment. 10
811 minutes in the middle of each period (basal activity and provoked seizures) was used to
812 anayze the total number of negative spikes and duration of events for each genotype.
813 Enzyme-linked immunosorbent assay (ELISA) was performed to quantify gamma-
814 aminobutyric acid (GABA) and glutamate following a 30 minutes pre- and post-PTZ
815 treatment at 5 mM. C. (a) Representative traces of electroencephalographic recordingsin the
816  optic tectum of WT and kcnbl knock-out larvae showing spontaneous and provoked
817  epileptiform-like electrographic activity in the kenb1” model characterized by (b) polyspike
818  discharges, (c) ‘ictal’-like activity and (d) large amplitude spikes. D-E. Quantification of
819  electrophysiological recordings by analyzing (D) the total number of negative spikes and (E)
820 the duration of events, over 10 minutes as described in Figure 5A. kenbl™ larvae showed
821  significantly increased spontaneous and provoked neuronal activity, reflected by a significant
822  elevation of the number of spikes, although the duration of events was similar to the WT
823  condition in pre- and post-PTZ treatment. kenb*” larvae presented similar profile as the WT
824  condition in term of number of spikes but showed a signifiant increase of event duration (see
825 Table 3; n = 3-5 ZF/genotype; unpaired t-test; ns: non significant; **p<0,01; ***p<0,001;
826  ****p<(0,0001). F-G. Quantification of (F) GABA and (G) glutamate by ELISA assays in the
827 head of 6 dpf larvae following the 30-minutes pre- and post-5 mM PTZ treatment. kenbl”
828  zebrafish present significantly elevated GABA levels observed in both baseline and post-PTZ
829  conditions conversely to kenbl*” larvae, compared to the WT line. We observed a lack of

830  significant changes in glutamate levels in both kenbl mutant models in pre- and post-PTZ
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831 conditions (N = 3-5 repeats; n = 50 heads/sample; unpaired t-test; ns. non significant;
832  *p<0,05; **p<0,01). For figures 5D to 5G, colored statistic indications correspond to mutant
833  conditions compared to the WT condition in pre- or post-PTZ treatment.

834

835 SUPPORTING INFORMATIONS

836

837  Supporting information 1. Brain anatomy and neuronal circuits are not disrupted in the
838  kcnbl loss-of-function zebrafish model. A. Horizontal section of WT zebrafish expressing
839 cells (DAPI, blue) labelled with anti-kcnbl (green), showing alarge expression of the protein
840 invarious regions of the central nervous system (CNYS) at 6-day post-fertilization (dpf) (scale
841  bar 50 um; magnification10x; n = 3-4 fish/section). B. Horizontal sections of WT zebrafish
842  expressing cells (DAPI, blue), kenbl (green) and Ankyrin G expressed at the axona initial
843  segment of neurons (AnkG, purple, scale bar 30 um; magnification 20x; n = 3-4 fish/section).
844  Theimage demonstrate the colocalization between kenbl and AnkG, represented in white and
845 marked by arrows, indicating the presence of kcnbl in neurons. Colocalization was
846  determined using Z-stack projection on IMARIS V10.1.0 software (Oxford Instruments). In
847  figures, CNS regions are delimited by dotted lines. C. Transversal slices of 48 hpf and 4 dpf
848 larvae expressing cells (DAPI, blue) labelled with anti-HUC (red), a pan-neuronal marker,
849  showing no major difference of anatomical brain regions between mutants and wild-type fish
850 (scale bar: 50 pum; magnification 20x; n = 3-4 fish/section). D. Whole-mount images of
851  embryonic (48 hpf) and larvae (6 dpf) zebrafish immunostained with anti-3A10 marker to
852 identify Mauthner cells (dorsal view; 3D reconstruction; scale bar: 50 pm; magnification 20x;
853  n=3-5fish/section). E. Quantification of Mauthner cell body length (M-cell) of fish at 48 hpf
854  between the two extremities as represented with the arrow. The average value of the two M-

855  cell bodies of each fish was used for quantification. Both kecnbl knock-out zebrafish models
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856  (kenbl'" and kenbl”) do not present difference in the length of M-cell body at 48 hpf as
857  compared to the WT condition (n = 3 - 5 ZF/genotype; one-Way ANOV A with Bonferroni
858 post-hoc test; ns: non-significant). C: Cerebellum; D: Diencephalon; DAPI:
859 4,67 diamidinol 27 phenylindole; E: Eyes; H: Hindbrain; kcnbl: Potassium voltage-gated
860 channel subfamily B member 1; M: Midbrain; OT: Optic tectum; SC: Spina cord; T:
861  Telencephaon.

862

863  Supporting information 2: kcnbl mutant zebrafish models present a premotor
864 impairment and variability in the swimming behavior. A. Locomotor activity heatmap
865  reflecting the average number of movements per minute of embryos in their chorion between
866 24 hpf and 36 hpf. B. A significant decrease in general spontaneous movements (coiling and
867  twitching) of kenbl mutant models (kenbl™” and kenbl™) was observed as compared to the
868  WT condition (kenbl*"") during the whole first day of development (N = 3 repeats; n = 80-
869 104 ZF/genotype; one-way ANOVA with Bonferroni post-hoc test; ns. non-significant;
870  *p<0,05; **p<0,01; ****p<0,0001). C. Within the same genotype, the swimming behavior of
871  fish has been divided into two distinct phenotypes: severe (at least two swim circles, severe
872 phenotype, SP) and mild (other trajectories, mild phenotype, MP) during the 2™ dpf. The
873  subdivision of both swimming behavior (severe and mild phenotype) per genotype is
874  represented as traces of individual swimming episodes showing a huge variability of
875  trajectories (4 trajectories/phenotype). 30,68% of Kenbl* fish and 52% of kenbl™ fish were
876 identified with a severe phenotype (see Table 2). D-F. The variability between both
877 swimming phenotypes was quantified following different parameters including (D) the
878  distance swam, (E) the velocity and (F) the time spent in motion. The results show similar
879  values between both mutant conditions presenting a mild phenotype as compared to the WT

880  condition. Nevertheless, fish with a severe phenotype present a significant increase of the
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881  studied parameters for both genotypes (kcnbl*” and kenbl™). N = 3 repeats; n = 50-88
882  ZF/genotype; one-way ANOVA with Bonferroni post-hoc test; **p<0,01; ***p<0,001;
883  ****p<(0,000L.

884

885  Supporting information 3: Shift of c-Fos positive-neuron intensity distribution from a
886 global low neuronal activation to a higher neuronal activation in the telencephalon
887  region of kenbl™ fish at 6 dpf after chemically provoked-seizures. A. Whole larvae-fish at
888 6 dpf were fixed 30 minutes after a basal activity period and a provoked-seizures period due
889 to PTZ treatment at 5 mM followed by the labelling of c-Fos, an acute neuronal activation
890 marker. The number of c-Fos positive-neurons and the fluorescence intensity value of c-Fos
891  per neuron were quantified using the software IMARIS by analyzing the telencephalon, the
892  major region activated after the chemical treatment. The contour of the region of interest has
893  been designed manually to obtain the volume (um?®) of the telencephalon, neurons were then
894 identified automatically within the region following identical parameters for spot detection
895  between conditions and visualized in 3 dimensions to avoid false negative spots. Values were
896 normalized according to the volume of the telencephalon (see Figure 4E-4F; n = 8-11
897  fish/condition). B. Distribution (in %) of c-Fos positive-neurons according to the fluorescence
898 intensity value of c-Fos in the telencephalon of fish at 6 dpf, reflecting the level of neuronal
899  activation that was divided in four equal shares (from 0 to 100%): low (0-25%), moderately
900 low (25-50%), moderately high (50-75%) and high (75-100%) neuronal activation. During the
901 basal activity, the distribution of activated neurons is similar between each conditions with a
902 majority of neurons presenting a low neuronal activation. However, a shift to a moderately
903 low and moderately high neuronal activation was observed for each condition after a PTZ
904  treatment, with a global higher activation in the kenb1” condition (see Figure 4G). n = 8-11

905 fish/condition; T: Telencephalon.
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