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Abstract (400 words) 22 

Zebrafish models of genetic epilepsy benefit from the ability to assess disease-relevant 23 

knock-out alleles with numerous tools, including genetically encoded calcium indicators (GECIs) 24 

and hypopigmentation alleles to improve visualization. However, there may be unintended 25 

effects of these manipulations on the phenotypes under investigation. There is also debate 26 

regarding the use of stable loss-of-function (LoF) alleles in zebrafish, due to genetic 27 

compensation (GC). In the present study, we applied a method for combined movement and 28 
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calcium fluorescence profiling to the study of a zebrafish model of SCN1A, the main gene 29 

associated with Dravet syndrome, which encodes the voltage-gated sodium channel alpha1 30 

subunit (Nav1.1). We evaluated for spontaneous and proconvulsant-induced seizure-like activity 31 

associated with scn1lab LoF mutations in larval zebrafish expressing a neuronally-driven GECI 32 

(elavl3:GCaMP6s) and a nacre mutation causing a common pigmentation defect. In parallel 33 

studies of stable scn1labs552 mutants and F0 crispant larvae generated using a CRISPR/Cas9 34 

multi-sgRNA approach, we find that neither stable nor acute F0 larvae recapitulate the 35 

previously reported seizure-like rapid swimming phenotype nor does either group show 36 

spontaneous calcium events meeting criteria for seizure-like activity based on a logistic 37 

classifier trained on movement and fluorescence features of proconvulsant-induced seizures. 38 

This constitutes two independent lines of evidence for a suppressive effect against the scn1lab 39 

phenotype, possibly due to the GCaMP6s-derived genetic background (AB) or nacre 40 

hypopigmentation. In response to the proconvulsant pentylenetetrazole (PTZ), we see evidence 41 

of a separate suppressive effect affecting all conspecific larvae derived from the stable 42 

scn1labs552 line, independent of genotype, possibly related to a maternal effect of scn1lab LoF in 43 

mutant parents or the residual TL background. Nonetheless, both stable and F0 crispant fish 44 

show enhanced sensitivity to PTZ relative to conspecific larvae, suggesting that proconvulsant 45 

sensitivity provides a more robust readout of scn1lab LoF under our experimental conditions. 46 

Our study underscores the unexpected challenges associated with the combination of common 47 

zebrafish tools with disease alleles in the phenotyping of zebrafish models of genetic epilepsy. 48 

Our work further highlights the advantages of using F0 crispants and the evaluation of 49 

proconvulsant sensitivity as complementary approaches that faithfully reflect the shared gene-50 

specific pathophysiology underlying spontaneous seizures in stable mutant lines. Future work to 51 

understand the molecular mechanisms by which scn1lab-related seizures and PTZ-related 52 

hyperexcitability are suppressed under these conditions may shed light on factors contributing 53 

to variability in preclinical models of epilepsy more generally and may identify genetic modifiers 54 

relevant to Dravet syndrome.  55 

 56 
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Main text 57 

1. Introduction 58 

 Zebrafish have emerged as a powerful model of chemical and genetic seizures1,2 with many 59 

advantages, including large clutch size, rapid external development, and high genetic 60 

conservation with higher vertebrates for modeling disease. Zebrafish are amenable to genetic 61 

manipulation by CRISPR/Cas9 gene editing, enabling the study of gene-specific loss of function 62 

through the generation of stable gene knockout lines as well as acute crispant knockouts in the 63 

F0 generation. In addition, a number of tools enable the advanced study of zebrafish brain 64 

activity, such as genetically encoded calcium indicators (GECIs; for example, GCaMP6s3) and 65 

pigmentation mutants (such as nacre4) that improve visualization for live imaging. The small size 66 

of larval zebrafish also makes them suitable for higher throughput screening2,5. Recently we 67 

described a platform6 that combines movement and fluorescence data from unrestrained 68 

zebrafish for the evaluation of chemically induced seizures using 96-well format, but its 69 

application to genetic models of epilepsy has not yet been reported.  70 

 Despite its strengths, the study of disease in zebrafish is challenged by at least two factors.  71 

First, the genetic backgrounds of laboratory zebrafish (AB, TL, and others7) are often not 72 

carefully reported or controlled across experiments by zebrafish researchers8. Genetic 73 

modifiers, which refer to discrete genetic factors capable of "modifying" the severity or 74 

penetrance of a phenotype, have been well-described in association with different inbred mouse 75 

strains (for example, in epilepsy models9), and recognized to alter phenotypes between wild-76 

type zebrafish lines7,8, but their significance in zebrafish models of disease or epilepsy remains 77 

considerably less well-explored. This is a critical issue for the rigor and reproducibility of 78 

zebrafish studies8 because if genetic tools generated on one zebrafish background harbor 79 

modifiers that affect the phenotype of mutant alleles generated on a different zebrafish 80 

background, the fundamental logic by which any mechanistic claim derived from the use of 81 

these tools may be compromised. 82 

 Second, whether any stable loss-of-function allele will demonstrate a phenotype in larval 83 

zebrafish is somewhat unpredictable, owing to the effects of genetic compensation (GC), about 84 
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which there have been increasing reports in zebrafish10. GC refers to the many processes by 85 

which the effects of a genetic perturbation are functionally balanced by compensatory changes 86 

in the regulation of other genes, the details of which remain incompletely understood. One type 87 

of GC termed transcriptional adaptation (TA) has been shown to be triggered by premature 88 

termination codons (PTCs) through the nonsense mediated decay (NMD) pathway, and lead to 89 

upregulation of genes with sequence homology including paralogs11. The TA response appears 90 

to be epigenetically passed on to genetically wild-type offspring12, though other modes of GC 91 

can also exert influence on progeny independent of larval genotype if they perturb the levels of 92 

mRNA/proteins present in the maternal gametes via so-called maternal effects13. As an 93 

alternative to stable lines, gene-specific acute F0 crispants -- generated by microinjection of 94 

Cas9 ribonucleoproteins and guide RNA (gRNA) into fertilized embryos – are often used and in 95 

some instances appear to have stronger phenotypes than stable alleles14, perhaps in part by 96 

avoiding maternal effects.  97 

 Here we apply the combined movement and fluorescence approach to the characterization 98 

of genetic epilepsy models through the example of the epilepsy gene SCN1A. The gene SCN1A 99 

encodes the voltage-gated sodium channel alpha1 subunit (Nav1.1), and human variants in 100 

SCN1A are associated with Dravet syndrome (DS), a severe developmental epileptic 101 

encephalopathy characterized by drug-refractory seizures15. Zebrafish with disruptions in the 102 

homologous gene scn1lab have been studied as models of DS5,16–18 and recapitulate key 103 

features of the disease, including seizures and their response to anti-seizure medication. 104 

Specifically, the homozygote larvae from the well-described scn1labs552 (Didy) allele (harboring a 105 

Met-to-Arg missense mutation in exon 1816,19) have demonstrated seizure-like activity across 106 

multiple modalities including assays of locomotor behavior (bursts of rapid swimming, 107 

>20mm/sec), tectal recordings of local field potential (high amplitude frequent epileptiform 108 

discharges), as well as calcium fluorescence (seizure-like bursts20). For these reasons, the 109 

phenotype associated with scn1lab fish is considered a gold-standard control for evaluating 110 

methods of seizure detection.  111 

 In the present study, our goal was to benchmark the combined movement and fluorescence 112 
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profiling approach6 for identifying seizure-like activity in models of genetic epilepsy. Towards this 113 

end, we evaluated spontaneous and proconvulsant-induced seizure-like activity associated with 114 

scn1lab loss-of-function (LoF) mutations in larval zebrafish expressing a neuronally-driven, 115 

genetically encoded calcium indicator (elavl3:GCaMP6s3) in combination with a common 116 

hypopigmentation defect (nacre4). We chose the stable scn1labs552 allele as a positive control. 117 

To assess the phenotypic similarity between scn1labs552 and acute CRISPR/Cas9 mediated 118 

knock-out, we also generated acute scn1lab F0 crispant larvae using a multi-sgRNA approach. 119 

We expected to recapitulate the well-documented seizure-related phenotypes associated with 120 

scn1lab LoF, but instead we observe that neither stable nor acute F0 fish recapitulate the 121 

previously reported spontaneous rapid swimming phenotype, suggesting a suppressive effect 122 

under these conditions possibly related to genetic background or other factors. Similarly, neither 123 

group showed any evidence for spontaneous calcium events meeting criteria for seizure-like 124 

activity based on a machine learning classification trained on movement and fluorescence 125 

features of proconvulsant-induced seizures6. In addition, we observe totally opposite effects of 126 

scn1lab LoF on several event-related parameters between the two approaches, with stable 127 

scn1lab mutant larvae showing elevations in maximum velocity, average distance, and calcium 128 

event rate versus crispant F0s showing reductions relative to their respective conspecific 129 

controls. We also see markedly reduced PTZ sensitivity in the scn1labs552 line, affecting mutant 130 

and wild-type conspecifics, which may be due to genetic background or a maternal effect of 131 

parental scn1lab LoF. Despite these limitations, both stable and F0 crispant fish show enhanced 132 

sensitivity to PTZ relative to conspecifics, suggesting that proconvulsant sensitivity may be a 133 

more robust readout of scn1lab LoF and perhaps other epilepsy-related genes under these 134 

conditions.  135 

2. Materials and methods 136 

2.1. Zebrafish maintenance. GCaMP6s22 zebrafish (Danio rerio) with nacre pigmentation 137 

deficit used for all experiments were obtained on AB background as TG(elav3::Gcamp6s); 138 

mitfaw2/w2 (abbreviated, GCaMP6s; generous gift from Florian Engert, Harvard University). 139 

Zebrafish were maintained by in-crosses, and larvae periodically selected for “high” GCaMP6s 140 
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fluorescence and nacre phenotype. The scn1labs552 (Didy16) line was obtained as a generous 141 

gift from H. Baier (Max Plank Institute of Neurobiology) on TL background. Heterozygote 142 

scn1labs55a/+ fish were crossed to Gcamp6s, and adult F1 fish were in-crossed to obtain F2 143 

Gcamp6s; nacre for experiments, and are anticipated to be roughly 50:50 AB:TL. All fish were 144 

maintained on a 14H:10H day-night cycle. All procedures were approved by BCH Animal 145 

Welfare Assurance (IACUC protocol #00001775). 146 

2.2. Genotyping scn1labs552 line. For scn1labs552, the following primers were used for PCR to 147 

generate a 298bp fragment: scn1lab-diddy-FW, GCTGTGTGATGAGGTTTCAGT; scn1lab-148 

diddy-RV, CTGTTAGACAGAAATTGGGGG. SnapGene was used to inspect the chromatogram 149 

from Sanger sequencing and to identify larvae with the c.T>G mutation at the sequence 150 

TTCA<T/G>GATT (Supplementary Fig 1) in Exon 18 (Ensembl ID, ENSDARE00000666203). 151 

2.3. Crispant scn1lab generation 152 

2.3.1. sgRNA design and synthesis. Three sgRNAs were designed using the online 153 

CHOPCHOP tool (V221) with default settings targeting exonic regions of the zebrafish gene 154 

scn1lab, selecting only sgRNA with no predicted off-target activity (MM0-MM3 = 0), and 155 

efficiency >0.6. The selected sgRNA corresponded to ranks 1, 3, 7, and had predicted efficiency 156 

scores of 0.74, 0.73, and 0.71, respectively.  157 

scn1lab sgRNA1 GGTTACAGTACCGATAGCGG exon 16 158 

scn1lab sgRNA2 GTTTAGAGCCGGCCAAGAAG exon 16 159 

scn1lab sgRNA3 TATTCGCCCCCCTGGAGAGG exon 17 160 

Synthetic sgRNA with chemical modifications 2'-O-Methyl at 3 first and last bases and 3' 161 

phosphorothioate bonds between first 3 and last 2 bases were ordered from Synthego 162 

(Redwood City, CA) 163 

2.3.2. Microinjection. Upon receipt, sgRNA were diluted to 1000ng/uL and mixed 1:1:1 before 164 

freezing at -80degC. For microinjection, pooled sgRNA were thawed on ice, and mixed with 165 

sterile H20 and phenol red to maintain a final gRNA concentration of 250ng/uL. Embryos were 166 

derived from timed in-cross matings from GCaMP6s;nacre parents. Microinjections (2nL, or 150 167 

.CC-BY-NC 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted January 16, 2025. ; https://doi.org/10.1101/2025.01.15.633275doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.15.633275
http://creativecommons.org/licenses/by-nc/4.0/


micron diameter) into yolk sac of fertilized embryos at the one-cell stage were performed with all 168 

injections completed within 20-40 minutes of fertilization.  169 

2.3.3. Assessment of CRISPR efficiency. To control for subject-specific differences in cutting 170 

efficiency, we assayed cutting at scn1lab loci by PCR amplification, followed by Sanger 171 

sequencing and ICE analysis22. Genomic DNA from larvae (dpf 5-6) was obtained by sodium 172 

hydroxide digestion (NaOH 50mM final concentration), heated incubation at 90degC x 1-2hrs, 173 

followed by neutralization with 1/10th volume 1M Tris-HCl (pH 8). PCR was performed to 174 

generate amplicons with the following primer pairs corresponding to each sgRNA guide 175 

sequence.  The F/R primers for each reaction are as follows: 1) “scn1lab sgRNA1 PCR F” 176 

AAGGACTATCTGAAGGAGGGCT; “scn1lab sgRNA1 PCR R” 177 

TCTCTCCGACACTGAAACAAGA (product size 288bp); 2) “scn1lab sgRNA2 PCR F” 178 

ACAGAAAGGTATCGCTCTGGTC; “scn1lab sgRNA2 PCR R” 179 

ACATGTAGTCGCCTTCCTCAAT (product size 260bp); 3) “scn1lab sgRNA3 PCR F” 180 

ACCTGTCGATACGGTTCTCAGT; “scn1lab sgRNA3 PCR R” CACTAAATTGGCCAGTGTTTCA 181 

(product size 268bp).  182 

Each amplicon was Sanger sequenced (GeneWiz) with F or R primer, and the percentage of 183 

cutting associated with inferred knock-out (“KO score”) obtained using the Synthego Inference 184 

of Crisper Edits (ICE) tool22. For simplicity, injected larvae were stratified into 3 categories, NO 185 

CUT (0%) vs LOW (0-50%) vs HIGH (>50%) based on the KO score from the first sgRNA 186 

reaction, and compared to uninjected conspecific controls.  187 

2.4. PTZ concentration escalation. PTZ (Sigma; stored -20degC) was prepared fresh in sterile 188 

fish water (Instant Ocean) to a stock concentration 26mM, then diluted to intermediate 189 

concentrations. For serial concentration escalation experiments, a standard 10uL volume from 190 

PTZ Stock 1 (25.7mM) was added to each well of a 96-well plate (100uL starting volume per 191 

well) to yield 2.5mM, followed by an additional 10uL from PTZ Stock 2 (152.5mM; 110uL 192 

starting volume per well) to yield 15mM final concentration (final well volume, 120uL). For 193 

experiments involving anti-seizure drug pretreatment, anti-seizure drugs were administered in a 194 

standard 10uL volume. Following baseline recording, a standard 10uL volume from PTZ Stock 1 195 
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(30mM) was added to each well of a 96-well plate (110uL starting volume per well) to yield 196 

2.5mM, followed by an additional 10uL from PTZ Stock 2 (165mM; 120uL starting volume per 197 

well) to yield 15mM final concentration (final well volume, 130uL). Pipetting was performed 198 

manually with a multi-channel pipettor. Three sequential 30-minute recordings were performed 199 

during baseline, PTZ 2.5mM, and PTZ 15mM conditions, respectively. 200 

2.5. Calcium fluorescence imaging. Imaging was performed as previously reported6. Briefly, 201 

individual unrestrained larval zebrafish (dpf 5) are placed into wells of an optical 96-well plate 202 

(Greiner 655076) in 100uL sterile fish water (Instant Ocean) and imaged using the 203 

FDSS7000EX fluorescent plate reader (Hamamatsu; software version 2). Specimens are 204 

illuminated by a Xenon light source passed through a 480nm filter. Epifluorescence from below 205 

the specimen is filtered (540nm) and collected by EM-CCD, allowing all wells to be recorded 206 

simultaneously. Data is collected as 256x256, 16-bit image at ~12.6 Hz (79 msec interval), 2x2 207 

binning, sensitivity setting = 1. Image data was extracted from the .FLI file using ImageJ or 208 

MATLAB based on the following parameters: 16-bit unsigned, 256x256, offset 66809, gap 32 209 

bytes. Analysis was performed in MATLAB to extract position, linear and angular velocity, and 210 

changes in calcium fluorescence using a moving average deltaF/F0 method. 211 

2.6. Analysis of calcium fluorescence data. Analysis was performed as previously reported6. 212 

Briefly, an algorithm to track changes in calcium activity using a "moving delta F/F0" was 213 

devised in MATLAB. The initial 256x256 time-series is segmented into individual wells (~14 x 14 214 

pixels, ~0.513mm per pixel) based on a pre-specified plate map. For each well, the n x m x t 215 

time-series is expanded to 2n x 2m x t using bicubic interpolation before further processing. 216 

Calcium transients are detected based on the normalized instantaneous average fluorescence 217 

for the area of the fish body within the well by the following formula: (average Ffish(t) - F0)/F0, 218 

where F0 = average Ffish (averaged over each pixel, for each time sample), and smoothed with 219 

a 1000-sample (~79 seconds) boxcar moving average. Fish x,y position is tracked based on a 220 

weighted centroid, and linear and angular velocity estimated. The minimum detectable change 221 

in the position of a larval zebrafish is estimated to be 0.256mm, corresponding to the size of one 222 

pixel after interpolation. For detecting significant fluctuations in calcium fluorescence (referred to 223 

.CC-BY-NC 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted January 16, 2025. ; https://doi.org/10.1101/2025.01.15.633275doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.15.633275
http://creativecommons.org/licenses/by-nc/4.0/


as calcium events), the F/F0 time-series is further smoothed with a 25-sample (~1.975 seconds) 224 

boxcar moving average. Calcium events are initially detected from the smoothed delta F/F0 225 

time-series by identifying peaks that exceed an empirically determined permissive threshold 226 

(0.05), while the start and end of each event is identified by the zero-crossing of the smoothed 227 

1st derivative. Subsequently, multiple per-event measurements are obtained for each event 228 

based on combined movement and fluorescence measurements, including: (1) 229 

MaxIntensity_F_centroid: the maximum fluorescence value of the detected fish during an event; 230 

(2) MaxIntensity_F_F0_centroid: the maximum delta F/F0 value within the boundary of the 231 

detected fish during an event; (3) distance_xy_mm: total distance moved during an event in 232 

millimeters; (4) duration_sec: elapsed time in seconds; and (5) total_revolutions: number of 233 

complete circles traveled by the fish during an event.  234 

 In addition, multiple per-fish measurements are obtained, including: (1) maxRange_2: the 235 

maximum fluorescence value observed during the recording; (2) totalCentroidSize_mode_mm2: 236 

the total area in square millimeters of the detected fish that exceeded a hard-coded threshold 237 

above sensor noise, which relates to the brightness of the fish. 238 

2.7. Supervised machine learning for event classification. To differentiate calcium events 239 

related to seizure-like activity from other causes of calcium fluctuation, we used a previously 240 

described logistic classifier having been fit to a combination of event-level and fish-level features 241 

in R using elastic net regression via the train() function (R package, caret) and the glmnet 242 

method (R package, glmnet) as previously published6 and publicly available 243 

(http://doi.org/10.17605/OSF.IO/TNVUJ). This model (referred to as the “PTZ M+F” model) was 244 

previously trained on calcium events from PTZ-induced seizures (15mM) versus baseline 245 

conditions, and distinguishes seizure-like activity from non-seizure-like activity with high 246 

accuracy6. The model was used to classify calcium events from scn1lab animals as seizure-like 247 

or non-seizure-like using R. Fish lacking minimum fluorescence criteria (mode of fluorescence 248 

area < 0.05 mm2) were excluded from analysis. 249 

2.8. Bootstrap simulation to identify optimal replicate number.  Bootstrap simulations were 250 

conducted in R using custom code and the rep_sample_n() function (R package, moderndive) 251 
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as described in the main text. The robust strictly standardized mean difference (RSSMD) 252 

between target(1) and background(2) is calculated23 as: 𝑆𝑆𝑆𝑆𝑆𝑆𝐷𝐷𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = Median1−Median2
MAD1+MAD2

, where 253 

the median absolute deviation (MAD) is defined as: 𝑀𝑀𝑀𝑀𝑀𝑀 = Median(| X −Median( X )|). 254 

2.9. Statistical analysis. Unless otherwise indicated, the statistical significance of group-wise 255 

differences was assessed using the non-parametric Wilcoxon rank sum test in Prism (v10.0.3, 256 

GraphPad). The false discovery rate (FDR) for multiple comparisons was controlled using the 257 

two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli to maintain family-wise 258 

alpha = 0.05. Only adjusted p-values after FDR correction are reported.  259 

 260 

3. Results 261 

3.1. Loss-of-function mutations in the scn1lab gene are not associated with spontaneous 262 

seizure-like activity and have opposite effects on velocity, distance traveled, and event rate in 263 

scn1lab F0 versus scn1labs552 hypopigmented transgenic GCaMP6s zebrafish. 264 

We began by looking at the pattern of movement and calcium fluorescence changes in 265 

freely moving scn1lab fish at baseline (Fig 1A) using a specialized fluorescent plate-reader. 266 

Stable scn1labs552 larvae were generated from an incross of mutant parents to yield conspecific 267 

controls (hereafter referred to as WT, HET, or HOM). Acute F0 crispant larvae were generated 268 

by CRISPR/Cas9, combining 3 sgRNA targeting exons 16-17 of scn1lab (Fig 1B), and stratified 269 

by cutting efficiency (NO CUT (0%) vs LOW (0-50%) vs HIGH (>50%)) versus uninjected 270 

conspecific controls. To lend insight into the presence of clutch-specific effects, we also 271 

compared these results to two separate age-matched cohorts of wild-type fish derived from 272 

incross of GCaMP6s;nacre fish (referred to as “WT1” and “WT2”). All tested larvae had nacre 273 

hypopigmentation phenotype and neuronally expressed GCaMP6s. 274 

 First, we observed marked suppression of average maximum velocity in both lines (Fig 1D). 275 

Wild-type controls and mutants from acute F0 and stable s552 cohorts had significantly reduced 276 

velocity (max velocity, uninjected: median 3.87 mm/sec, IQR 2.5-4.6; WT: Median 0.81 mm/sec, 277 

IQR 0.47-1.28) relative to heterospecific wild-type controls (control WT1: median 22.07 mm/sec, 278 

IQR 17.83-27.39'; adj. P = 0.0002 (vs uninjected), adj. P <0.0001 (vs. WT), Wilcoxon rank sum 279 
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with false discovery rate (FDR) correction). Prior studies regarding the scn1labs552 line5,16 have 280 

reported that the presence of high-velocity movements (greater than or equal to 20 mm/s) are 281 

specific for paroxysmal whole body convulsions (referred to as stage III seizures) and that the 282 

activity is highly penetrant, and limited to scn1labs552 HOM larvae, never being observed in 283 

conspecific controls. In contrast, our data suggests that high-velocity locomotor activity does 284 

occur in unaffected animals and is not highly prevalent in scn1lab mutants, at least not on this 285 

background or under our experimental conditions. 286 

 Second, in this context, we observed no rapid swimming phenotypes in LOW/HIGH F0 287 

crispants or in stable s552 HOM fish (Fig 1D), either by absolute criteria (>20mm/sec) or 288 

relative to conspecific controls. In fact, there appear to be opposite effects of scn1lab LoF in 289 

each of these scenarios, with s552 HOM fish showing increased maximum velocity (median 290 

1.87 mm/s, IQR 1.19-2.70), relative to conspecific controls (WT: 0.81 mm/s, IQR 0.48-1.30, adj 291 

P = 0.0049; HET: 0.99 mm/s, IQR 0.73-1.3, adj P = 0.014). Meanwhile, LOW/HIGH cutting F0 292 

crispants instead show modest reductions in velocity (LOW: Median 2.39 mm/s, IQR (1.13-293 

5.13), adj P = 0.12 (versus on injected), 0.07 (versus NO CUT); HIGH: 2.39 mm/s, IQR 0.94-294 

5.05, adj P = 0.19 (versus injected), 0.15 (versus NO CUT)) versus conspecific controls. This 295 

observation is further corroborated by the fact that heterospecific controls are significantly 296 

different between these cohorts (uninjected versus s552 WT, adj P = 0.005) while F0 crispant 297 

and stable s552 HOM are not significantly different (LOW versus HOM: adj P = 0.228; HIGH 298 

versus HOM: adj P = 0.297). These findings are similar to those observed for average distance 299 

per bout (Fig 1E). The same effects are also seen in normalized calcium fluorescence (Fig 1F), 300 

but the differences between cohorts and that of heterospecific WT controls is less dramatic in 301 

this context.  302 

 In our previous work, we have demonstrated how the rate of calcium events is a quantitative 303 

measure of seizure-like activity6, therefore we also assessed the rate of calcium events in 304 

scn1lab fish (Fig 1G).  Here again, and to an even stronger degree, we observed that the effect 305 

of scn1lab loss of function on the rate of unclassified calcium events is opposite between the 306 

lines. In s552 HOM fish, the rate of events is elevated (median 1/min, IQR 0.62-1.9) versus 307 
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conspecifics (WT: 0.33/min, IQR 0.067-0.467, adj P <0.0001; HET: 0.33/min, IQR 0.167-0.833, 308 

adj P <0.0001). Meanwhile, LOW and HIGH cutting F0 crispants instead showed reductions 309 

(LOW: 0.933/min, IQR 0.23-2.92; HIGH: 0.867/min, IQR 0.167-2.07) versus conspecifics 310 

(uninjected: 2.25/min, IQR 1.5-2.76, adj P = 0.0025 (versus LOW), 0.0034 (versus HIGH); NO 311 

CUT: 2.97/min, IQR 1.7-3.53, adj P = 0.001 (versus LOW), 0.006 (versus HIGH)). Nevertheless, 312 

LOW/HIGH F0 crispant and s552 HOM larvae are actually quite similar (LOW versus HOM, adj 313 

P = 0.33; HIGH versus HOM, adj P = 0.16), whereas heterospecific controls are markedly 314 

different (uninjected versus WT, adj P < 0.0001; NO CUT versus HET, adj P < 0.0001).  315 

 Using a previously described logistic classifier6 (referred to as “PTZ M+F” classifier) trained 316 

on movement- and fluorescence-related features of seizure-like events induced by the 317 

proconvulsant GABAAR antagonist pentylenetetrazole (PTZ), we also assessed the rate of 318 

calcium events classified as seizure-like in scn1lab larvae (Fig 1H). Virtually no events are 319 

classified as seizure-like in either F0 crispant or stable s552 larvae, suggesting that if seizure-320 

like activity is occurring in scn1lab animals, it is distinct from that associated with PTZ.  321 

 To address this possibility, we trained a classifier using elastic net logistic regression on 322 

events from s552-HOM fish versus WT to determine whether the spontaneous unclassified 323 

calcium events in HOM animals might be comprised of events with milder "seizure-like" features 324 

(Supplemental Methods; Supplemental Figure 2). This classifier did not achieve high 325 

accuracy (SFig 2B; AUC-ROC 0.75; AUC-PRG, 0.17; F1 score, 0.696), and although it did 326 

confirm two classes of events (type 0 vs type 1) enriched in HOM versus WT animals, 327 

respectively (SFig 2D,F) – the former associated with small but significant elevations in the max 328 

velocity (SFig 2I) and distance per event (SFig 2G) relative to conspecifics – the type 0 events 329 

were not sufficiently different from events observed under physiological conditions in 330 

heterospecific wild-type control animals to justify calling them “seizure-like” with confidence. In 331 

addition, applying the scn1lab s552 HOM classifier to F0 crispant animals yielded anomalous 332 

results (SFig 2K), with NO CUT controls showing elevated rates of type 0 events relative to 333 

LOW and HIGH groups, suggesting again that type 0 events are a variant of normal 334 

physiological events. Alternately, the features accessible by combined movement and 335 
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fluorescence profiling may be insufficient to distinguish genetic seizures accurately, at least in 336 

the setting of the unexpected suppressive phenomenon that we observed here. 337 

 In summary, although the mechanism for these findings remains unclear, it is surprising not 338 

to see conservation of the previously reported rapid swimming phenotype either in stable s552 339 

line or in the acute F0 line. The observation that totally opposite gene-specific phenotypes are 340 

possible in response to scn1lab LoF – a well-characterized epilepsy gene – is also surprising 341 

and problematic, for efforts to compare phenotypes between stable and F0 crispant lines. At a 342 

minimum, we conclude that these parameters alone may be unreliable for the characterization 343 

of spontaneous seizure-like activity in the context of combined movement and fluorescence 344 

profiling in novel mutant larvae under these conditions.  345 

 346 

3.2. Loss-of-function mutations in the scn1lab gene are associated with enhanced susceptibility 347 

to GABAAR antagonist pentylenetetrazole (PTZ) in both scn1lab F0 and scn1labs552 348 

hypopigmented transgenic GCaMP6s zebrafish. 349 

 We asked whether scn1lab LoF affects proconvulsant sensitivity using the combined 350 

movement and fluorescence profiling approach (Fig 2A) and a serial concentration escalation 351 

paradigm using low-concentration PTZ (2.5mM), followed by high-concentration PTZ (15mM), 352 

as previously reported6. 353 

 First, at low-concentration PTZ, we saw a clear line-specific reduction in PTZ sensitivity 354 

affecting all scn1labs552 conspecifics (Fig 2B.i), which is not observed in F0 crispant fish. For 355 

example, with respect to rate of classified seizure-like events, control animals from the s552 line 356 

are dramatically reduced (wild-type: median 0/min, IQR 0-0.867; HET, 0.03/min, IQR 0-0.567) 357 

versus heterospecific wild-type controls (WT1: median 0.483/min, IQR 0.23-0.858, adj P = 358 

0.0001 (versus WT), adj P <0.0001 (versus HET)). Control animals from crispant experiments 359 

did not differ in their sensitivity to PTZ (uninjected, median 0.767/min, IQR 0.467-2.03; NO CUT, 360 

0.633/min, IQR 0.467-1.73) relative to heterospecific controls (adj P = 0.2 (versus uninjected), 361 

adj P =0.087 (versus NO CUT)). Given the partially shared genetic background between these 362 

lines, the reduction in sensitivity in the scn1lab s552 conspecifics could be mediated either by a 363 
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dominant effect of the previous genetic background (derived from the imported TL line) and/or 364 

parental effects of scn1lab LoF in mutant gametes. 365 

 Second, we see strong evidence of an scn1lab-related enhancement in PTZ induced 366 

seizures in both F0 crispant and stable s552 fish (Fig 2B.i). For example, LOW/HIGH F0 367 

crispant animals had elevated event rates (LOW, median 3.2/min, IQR 2.05-3.95; HIGH, 368 

2.97/min, IQR 1.55-4.05) versus conspecifics (LOW versus uninjected, adj P = 0.01; HIGH 369 

versus uninjected, adj P = 0.03).  Importantly, the enhanced sensitivity to PTZ in F0 crispant 370 

animals is even higher than observed in heterospecific wild-type controls (LOW versus WT1, adj 371 

P<0.0001; HIGH versus WT1, adj P = 0.0027). In contrast, s552 HOM fish showed elevated 372 

event rates (median 0.233/min, IQR 0-2.9) relative to conspecifics (HOM versus WT, adj P = 373 

0.0077; HOM versus HET, adj P > 0.0007), but were not different from heterospecific controls 374 

(HOM versus WT1, adj P =0.07). This again corroborates that the mechanism of the 375 

suppressive effect observed in the s552 line is independent of larval genotype, and appears to 376 

attenuate the scn1lab-related phenotype in HOM animals. It is also worth mentioning that in F0 377 

crispants, the scn1lab-related enhancement is detectable in fish with either LOW (0-50%) or 378 

HIGH (>50%) cutting, whereas only s552 HOM (not HET) larvae showed this phenotype, 379 

suggesting that high cutting is not necessary to recapitulate a phenomenon that in stable lines 380 

appears to require biallelic disruption16.  381 

 Third, we next looked at changes in max velocity in response to low-concentration PTZ (Fig 382 

2B.ii). In general, max velocity appears to be less informative than event rate, with no 383 

differences between conspecifics observed in either F0 crispant or stable s552 larvae. Of note, 384 

despite showing a suppression of velocity and distance during spontaneous activity, the s552 385 

line shows no evidence for impairment in max velocity after exposure to PTZ, with all groups 386 

showing max velocities greater than 30 mm/s, similar to heterospecific controls.  By contrast, 387 

the max velocity observed amongst F0 crispants was slightly reduced (uninjected, median 23.5 388 

mm/s, IQR 20-32.6; LOW, 24.6 mm/s, IQR 19.2-27.6) versus heterospecific controls (uninjected 389 

versus WT1, adj P = 0.02, LOW versus WT1, adj P < 0.0001). Based on our experience with 390 

PTZ related seizures, this suggests that the seizure-like activity experienced by F0 crispants at 391 
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low-concentration PTZ is in some ways similar to seizures seen in heterospecific controls at 392 

higher concentration PTZ (cf. Fig 2C.ii). The results of normalized calcium fluorescence per 393 

event (max deltaF/F0; Fig 2B.iii) are similar, with reductions in F0 crispants relative to s552 and 394 

heterospecific controls and additional reductions in LOW and HIGH F0 crispants relative to 395 

conspecifics, which may reflect the higher rate of events in these larvae more typically observed 396 

at higher concentration PTZ (cf. Fig 2C.iii). 397 

 We next asked whether scn1lab LoF would alter the response to high-concentration PTZ 398 

(15mM) (Fig 2C). First, regarding the rate of classified seizure-like events, s552 larvae showed 399 

the expected increase in the rate of events versus low-concentration PTZ (  WT_PTZ2.5 vs. 400 

WT_PTZ15, adj P = 0.002;   HET_PTZ2.5 vs. HET_PTZ15, adj P<0.0001;   HOM_PTZ2.5 vs. 401 

HOM_PTZ15, adj P =0.009), but all conspecifics were still suppressed relative to heterospecific 402 

controls.  In addition, the scn1lab related sensitivity in s552 HOM larvae is no longer 403 

significantly different at high concentration PTZ (WT, median 0.55/min, IQR 0.033-2.26; HET, 404 

0.4/min, IQR 0.033-2.27; HOM, 1.73/min, IQR 0.175-2.46)). 405 

 Second, in F0 crispants, conspecific controls showed the expected increase in seizure-like 406 

activity versus low-concentration PTZ (Uninjected_PTZ2.5 vs. Uninjected_PTZ15, adj P = 407 

0.005; NO CUT_PTZ2.5 vs. NO CUT_PTZ15, adj P = 0.006), similar to heterospecific controls, 408 

but LOW and HIGH F0 crispants did not show higher rates (LOW _PTZ2.5 vs. LOW _PTZ15, 409 

adj P = 0.1889; HIGH_PTZ2.5 vs. HIGH_PTZ15, adj P = 0.185). In the case of HIGH F0 410 

crispants, the event rates appear reduced (median 2.43/min, IQR 1.82-2.5) relative to 411 

conspecifics (uninjected: 3.067/min, IQR 2.57-3.37, adj P= 0.04; NO CUT: 3.1/min, IQR 2.13-412 

3.7, adj P = 0.029). These observations again suggest that F0 crispant fish achieve more 413 

severe and frequent seizure-like activity at low-concentration PTZ, such that the effect is already 414 

saturated at higher PTZ concentrations, likely contributing to early lethality in these animals.  415 

 Third, both F0 crispant and stable s552 lines showed scn1lab-related elevations in max 416 

velocity (Fig 2C.ii) and normalized calcium fluorescence (Fig 2C.iii) relative to conspecifics, 417 

which may be a mark of enhanced severity of seizures relative to conspecifics, despite similar 418 

event rates at this concentration.   419 
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 In summary, we demonstrate that enhanced sensitivity to low-concentration PTZ is a robust 420 

correlate of scn1lab loss-of-function in F0 crispant and stable s552 line, and show evidence for 421 

a still unexplained suppressive effect of the s552 background on this phenotype.   422 

3.3. Bootstrap simulations provide benchmarks for detecting scn1lab-related enhanced 423 

sensitivity to low-concentration PTZ in scn1lab F0 and scn1labs552 in hypopigmented transgenic 424 

GCaMP6s zebrafish 425 

 Given our observations that neither the well-established scn1labs552 line nor a separate 426 

scn1lab F0 crispant line show spontaneous seizure-like activity, further screens for spontaneous 427 

seizure-like activity under these conditions should proceed only with great caution. However, 428 

given the robust nature of the enhancement to low-concentration PTZ and its correspondence 429 

with scn1lab LoF, we foresee that reverse or forward genetic screens to detect gene-specific 430 

enhancements to low-concentration PTZ could be employed using the combined movement and 431 

fluorescence approach. To identify the optimal parameters for such screens, we performed two 432 

sets of bootstrap resampling simulations using the acquired datasets from scn1lab F0 and 433 

scn1labs552 zebrafish.  Using the robust strictly standardized mean difference (RSSMD) as a 434 

measure of effect size and variability, these calculations (3000 iterations, with replacement) 435 

compute the RSSMD threshold for detecting the observed enhancement in the rate of seizure-436 

like events in a target group (scn1lab loss of function) versus a background group, as a function 437 

of bootstrap sample size (n=8-48) while maintaining 5% false positive rate (FPR). For F0 438 

crispant simulations, we pooled all injected animals into the target group (i.e. no stratification) to 439 

mirror the real-life circumstances of an F0 screen where no filtering of the results based on the 440 

measured level of locus-specific cutting efficiency would be expected; uninjected conspecifics 441 

were defined as background. For reference, we also performed simulations with the s552 data, 442 

with HOM animals defined as the target group, while WT and HET animals were pooled to form 443 

the background group. The results are shown as dual-axis plots (Fig 3) with RSSMD thresholds 444 

read as closed circles on the left axis, with associated true positive rates (TPR) read as open 445 

squares on the right axis.   446 

 We observed that the enhanced PTZ sensitivity by the classified seizure-like event rate is 447 
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detectable in F0 crispants (Fig 3A) with lower replicates (e.g. n=16, TPR 80%) versus 448 

scn1labs552 (e.g. n=24 required to achieve TPR 80%; Fig 3B). This is interesting considering the 449 

statistical magnitude of effect for these differences (see Fig 2Bi), but can be explained by the 450 

fact that in F0, the control groups (uninjected and NO CUT) each had 13-15 animals, which is 451 

below the minimum sample size suggested by the analysis (N=16, at TPR 80%). In s552 larvae, 452 

the controls (WT/HET) had 31-55 animals – well above the minimum sample size suggested by 453 

the analysis (N=24 and closer to N=48, at which 100% TPR is achieved). 454 

 Ultimately, both F0 crispants and stable lines appear suitable for screening at higher sample 455 

sizes using combined movement and fluorescent profiling, with crispants demonstrating a slight 456 

advantage with respect to the minimum number of replicates necessary.  457 

4. Discussion 458 

 Advanced analysis of brain activity from model organisms in states of health and disease 459 

benefits from the combination of different stable lines, including those expressing disease-460 

relevant mutations and/or transgenic lines expressing genetically encoded calcium indicators 461 

(such as GCaMP6s) among other tools. However, the effects of these combinations or changes 462 

in genetic background on the phenotype under investigation are not always rigorously assessed 463 

or controlled in zebrafish. This is a critical issue for the rigor and reproducibility of animal 464 

studies, which undergirds the legitimacy by which the pathophysiological mechanisms 465 

associated with disease alleles may be dissected through the use of tools generated on different 466 

genetic backgrounds. Although these issues are well-known in the rodent literature 23, 467 

comparatively little attention has been paid in the zebrafish literature8.  468 

 In the present study, we attempted to evaluate spontaneous seizure-like activity and 469 

proconvulsant-related seizure-like activity associated with loss-of-function in the well-470 

characterized scn1lab gene in zebrafish expressing a genetically encoded calcium indicator 471 

(elavl3:GCaMP6s) with nacre hypopigmentation phenotype using combined movement and 472 

fluorescence profiling (summarized in Table 1), but encountered several challenges which 473 

highlight the importance of understanding the implications of seemingly routine genetic 474 

manipulations on the phenotype under study. 475 
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4.1. No detectable spontaneous seizure-like phenotype in scn1lab lines based on combined 476 

movement and fluorescence measurements 477 

 By conducting our experiments using a GCaMP6s;nacre line, we accidentally discovered 478 

conditions that suppress the rapid swimming phenotype associated with the well-known 479 

epilepsy allele scn1labs552, in addition to the effects of scn1lab LoF in F0 crispant fish, 480 

representing two independent lines of evidence. Although we do not directly model the s552 481 

missense variant (M1208R) in scn1lab F0 crispants, the nature of the disruption in F0 crispants 482 

would be expected to be stronger than that of s552, and yet it also does not result in 483 

spontaneous seizure-like activity. This is surprising because the phenotype associated with 484 

scn1labs552 has been so well-established5,16.  485 

 Indeed, there are many reports in the literature affirming the locomotor phenotype of s55224, 486 

or in which alternative stable scn1lab LoF alleles17,18, morpholino knock-downs24 or F0 487 

crispants25 are generated and shown also to display similar locomotor phenotypes. The s552 488 

line maintained in Baraban’s group is on TL5, as is ours, whereas the Tiraboschi group implies 489 

that its novel scn1lab KO allele is on AB17; other authors did not report the genetic background 490 

used. No authors use the GCaMP6;nacre line utilized in this study, which is maintained on AB. 491 

All lines shown to have rapid swimming or increased locomotor activity also showed other 492 

abnormalities by tectal LFP and/or calcium fluorescence.  There were no reports of rapid 493 

swimming phenotype being lost after combination with other lines, though it is not clear if this 494 

was assessed in the two studies using calcium fluorescence20,24, and it is interesting to note that 495 

the Tiraboschi group did not report rapid swimming but rather increased distance traveled in 496 

scn1lab KO animals on AB background. In summary, there is incomplete information from the 497 

literature to determine the extent to which genetic background or the combination of other 498 

zebrafish transgenic or mutant lines has contributed to the rapid swimming phenotype reported 499 

by other authors in association with scn1lab LoF mutations.  500 

 We speculate that our findings could be related to an effect of one or more factors unique to 501 

our study, including genetic background, nacre hypopigmentation, or the GCaMP6s transgenic 502 

line. First, a dominant suppressive effect of the AB background on which the GCaMP6s; nacre 503 
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line is maintained could account for the effect in both stable s552 and F0 crispant fish. Crispant 504 

and heterospecific GCaMP6s; nacre control larvae were derived directly from this AB-derived 505 

line, while F2 scn1labs552 larvae used for experiments are expected to be 50:50 AB:TL, 506 

suggesting one or more genetic modifiers from AB may act to suppress scn1lab-related 507 

hyperexcitability. 508 

 Second, it is possible that the nacre pigmentation defect, or the genetic processes leading to 509 

it, could play a role. It is hard to ignore that scn1lab HOM have a well-known but poorly 510 

understood hyperpigmentation phenotype (seen in multiple lines, including s55216,19,24 and those 511 

of others17,24), but it has never been asserted to have a causal role in scn1lab-related 512 

hyperexcitability. Naturally, neither s552 or F0 crispant animals in our study show 513 

hyperpigmentation since the nacre phenotype results from an absence of melanophores due to 514 

recessive loss-of-function in the mitfa (aka nacre) gene4, suggesting that ablation of 515 

melanophores may be a candidate mechanism for suppression of scn1lab-related spontaneous 516 

seizure-like activity. Since the mitfa locus is commonly combined with other loci to generate 517 

more extensive pigmentation deficits such as casper (mitfaw2/w2;roya9/a9) and crystal 518 

(mitfaw2/w2;albb4/b4;roya9/a9), any undesired effects of nacre on the scn1lab phenotype may be 519 

highly relevant to other hypopigmentation combinations as well. To the best of our knowledge, 520 

no other studies involving scn1lab utilize pigmentation mutants. The use of 1-phenyl 2-thiourea 521 

(PTU)-- a chemical inhibitor of tyrosinase, which inhibits melanin production but preserves 522 

melanophores26 -- has been reported twice20,24 though its effect on rapid swimming was not 523 

assessed. The use of PTU is generally regarded as having greater deleterious neurological 524 

effects26–28 compared to pigmentation mutants. Meanwhile, F0 scn1lab crispants that harbor 525 

concomitant acute KO in the tyr gene still have rapid swimming25, suggesting that lack of 526 

functional tyrosinase enzyme is not sufficient to suppress.  527 

 Third, we consider it is less likely to be related to GCaMP itself. In the mouse literature, a 528 

consistent pro-epileptic phenotype has been reported with specific GCaMP6s transgenic lines23, 529 

due to what the authors argue is an effect of widespread GCaMP6 expression specifically 530 

during brain development, as opposed to the genetic background or toxicity from Cre or tTA 531 
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used in these lines. Perhaps if GCaMP6s can have pro-epileptic effects in one context, 532 

compensatory anti-epileptic effects may be triggered during zebrafish development, but this may 533 

be the least compelling explanation for our findings. In the context of scn1lab zebrafish, there 534 

are two other examples of scn1lab mutants with seizure-like activity of some kind in combination 535 

with elavl3:GCaMP5, suggesting that GECIs do not categorically suppress scn1lab-related 536 

seizure activity20,24. However, there are no other relevant studies reported using the transgenic 537 

GCaMP6s line (employed here), so a line-specific phenotype due to insertion effects of the 538 

transgene29,30 or linked modifier loci cannot yet be excluded.  539 

 Future experiments should explore the molecular mechanism of this suppression, to test its 540 

dependency on specific lines used here and to test specifically whether hypopigmentation 541 

suppresses scn1lab pathophysiology. These studies would shed more light on the factors 542 

contributing to variability in preclinical zebrafish models of epilepsy, and may identify genetic 543 

modifiers with clinical relevance to Dravet syndrome. 544 

4.2.  Enhanced sensitivity to PTZ in scn1lab lines  545 

 At the same time, we also see recapitulation of enhanced susceptibility to PTZ in a manner 546 

dependent on scn1lab LoF. This is evidenced by elevated rate of PTZ-like seizure activity after 547 

exposure to acute low-concentration PTZ (2.5 mM) in both s552-HOM and F0 crispant fish, as 548 

quantified using the combined movement and fluorescence profiling and the PTZ M+F classifier. 549 

These findings suggest that although scn1lab deficiency does not result in spontaneous PTZ-550 

like seizures under the conditions reported, nevertheless scn1lab deficiency alters excitatory-551 

inhibitory balance in a manner that lowers the seizure threshold provoked by GABAAR 552 

antagonism, perhaps due to impaired inhibitory versus enhanced excitatory synaptic 553 

transmission. This finding is consistent with other reports of enhanced sensitivity to PTZ in a 554 

model of scn1lab18, in addition to evidence of reduced whole organism GABA levels in scn1lab 555 

zebrafish18. Meanwhile, we show remarkably low percentage of measured cutting (0-50%) in 556 

scn1lab was sufficient to generate a prominent PTZ phenotype in F0 crispants, justifying the use 557 

of F0 crispants in reverse genetic screening for seizure-related phenotypes.  558 

4.3. Could scn1lab lines still have spontaneous seizures that are less severe? 559 
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 Taking both findings (4.1 and 4.2) together, we concede that it is possible that scn1lab LoF 560 

mutants in this study may yet have evidence of spontaneous seizures – perhaps less severe, 561 

and with minimal movement -- by other modalities not assessed here, such as tectal LFP. We 562 

expected to be able to detect milder seizures using movement or calcium fluorescence by way 563 

of a HOM-specific classifier, and we did demonstrate type 0 events detected by this classifier 564 

occur at elevated rates compared to conspecific controls. However, these events are not easily 565 

distinguished by movement and fluorescence criteria from physiological events, at least under 566 

the conditions reported here, limiting their utility as a read-out on this platform. Of note, we can 567 

confidently exclude the possibility that suppression of rapid swimming occurs due to a deficit in 568 

movement generation, as both s552 and F0 crispants are capable of rapid movements 569 

(>20mm/sec) in response to PTZ. Future investigations should determine whether genetic 570 

mutants on different background lines may have seizure-like activity that is more amenable to 571 

detection on this platform.  572 

4.4. Genetic suppression of PTZ sensitivity in larvae derived from scn1labs552/+ matings 573 

 Last, we also report evidence for a second mode of suppression in the scn1lab-s552 line. 574 

This phenomenon is expressed as a reduction in the rate of seizure-like calcium events induced 575 

by low-concentration PTZ (2.5mM) and high-concentration PTZ (15mM) across conspecific 576 

animals generated from scn1labs552/+ parents. We believe this is distinct from the mechanism 577 

suppressing the rapid swimming phenotype in s552 and F0 crispants, since conspecific control 578 

larvae from F0 crispant experiments and heterospecific controls did not show reduced PTZ 579 

sensitivity.  580 

 The mechanism is also unclear. A dominant effect of the 50% TL genetic background 581 

remaining from the imported s552 line (see Section 4.1) could explain why the phenotype is 582 

only observed in larvae derived from scn1labs552 parents. A transcriptional adaptation (TA) 583 

response12 (see Introduction) is unlikely as s552 is a missense variant and not anticipated to 584 

induce NMD. Another possibility is a maternal effect due to scn1lab-related misregulation of 585 

paralogous sodium channel genes in the maternal zygote. Sodium channel expression and 586 

function are well-known to be subject to homeostatic regulation during development31. Based on 587 
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publicly available mRNA expression data from zebrafish development32, transcripts from several 588 

voltage-gated sodium genes are present at the earliest zygotic time-points (including scn1bb, 589 

scn1laa and others, but not scn1lab itself; Supplemental Fig 3) and might be candidate genes 590 

whose putative misregulation in the setting of maternal scn1lab LoF alters larval sensitivity to 591 

PTZ. In support of this possibility, an experimental over-expression of the paralogous scn1laa 592 

only during the first 24hrs of development was sufficient to cause an epileptiform phenotype at 593 

later time-points and to worsen the phenotype of scn1lab LoF larvae33, demonstrating that early 594 

regulation of voltage-gated sodium channel genes is highly influential on later seizure-related 595 

phenotypes. Future work should explore the molecular mechanism of this suppression and 596 

whether it relates to misregulation of sodium channels in the context of scn1lab LoF. 597 

 To the best of our knowledge, this is the first report of a suppressive phenomenon related to 598 

the scn1labs552 allele affecting WT offspring. One reason it has not been previously reported 599 

may be because the use of both conspecific and heterospecific controls is not routine. It is also 600 

an anti-epileptic phenotype, which requires proconvulsant exposure to detect in WT offspring, 601 

due to the lack of spontaneous seizure-like activity. Nevertheless, data from Griffin et al34 602 

suggest that the prevalence of parental (likely maternal) effects in association with putative 603 

epilepsy genes in zebrafish may be greater than has been formally recognized. In this paper, 604 

the authors generated 40 lines via CRISPR/Cas9 corresponding to homologs of human epilepsy 605 

genes, and reported a low prevalence of spontaneous seizure-like activity among HOM animals 606 

(compared to conspecifics), but widely divergent findings between the WT conspecifics of 607 

different presumably congenic stable lines. Some WT animals showed a greater amount of 608 

epileptiform abnormality from tectal electrophysiological recordings than conspecific 609 

homozygotes or heterospecific WTs (for example, scn1ba, scn8aa, and several others34). 610 

Limited explanation for the WT phenotypes is offered by the authors, but an effect of GC may be 611 

a compelling explanation that should be assessed in future endeavors to model genetic epilepsy 612 

in zebrafish using stable alleles.  613 

.CC-BY-NC 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted January 16, 2025. ; https://doi.org/10.1101/2025.01.15.633275doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.15.633275
http://creativecommons.org/licenses/by-nc/4.0/


  614 

5. Data and code availability statement. All of the data generated in the present study and 615 
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 635 

10. Figure captions  636 

 637 

Figure captions 638 

Figure 1. Loss-of-function mutations in the scn1lab gene are not associated with 639 

spontaneous seizure-like activity and have opposite effects on velocity, distance 640 

traveled, and bout rate in scn1lab F0 versus scn1labs552 hypopigmented transgenic 641 
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GCaMP6s zebrafish. (A) Schematic overview of experiment to observe spontaneous activity of 642 

unrestrained larvae, without classification and following classification with a logistic classifier 643 

trained to detect seizure-like activity using both movement and fluorescence related features. 644 

(B) Organization of the scn1lab locus in zebrafish, with numbered exons. The position of gRNA 645 

sequences used to generate scn1lab F0 crispants is shown in green. The position of the 646 

M1208R mutation in exon 18 of the scn1labs552
 allele is shown as a red lollipop. (C) Cumulative 647 

distributions of cutting at scn1lab by ICE KO score, derived from Sanger sequencing. (D-F) 648 

Parameters from spontaneous activity of unrestrained larvae, derived from combined movement 649 

and fluorescence profiling, including maximum velocity (D), average distance (E), and maximum 650 

normalized calcium fluorescence (dF/F0; F). (G-H) Rate of calcium events observed without 651 

classification or filtering (G) and after applying the PTZ M+F classifier (H). Data are group-wise 652 

Tukey box-plots of subject-level averages of all subject-specific events. Animal numbers for 653 

each group are indicated in the legend. Reported p-values are derived from Wilcoxon rank sum 654 

test, and adjusted by false-discovery rate (FDR) correction. The hash (#) symbol is used to 655 

indicate comparisons with a WT control cohort (GCaMP6s; nacre) not derived from the 656 

experimental cross. * or #, adj P<0.05. ** or ##, adj P<0.01. *** or ###, adj P<0.001. **** or 657 

####, adj P<0.0001.  658 

 659 

Figure 2. Loss-of-function mutations in the scn1lab gene are associated with enhanced 660 

susceptibility to GABAAR antagonist, pentylenetetrazole (PTZ) in both scn1lab F0 and 661 

scn1labs552 hypopigmented transgenic GCaMP6s zebrafish. (A) Schematic overview of PTZ-662 

concentration escalation experiment in unrestrained larvae, followed by classification of events 663 

using the PTZ M+F classifier. (B-C) Parameters derived from proconvulsant-induced activity of 664 

unrestrained larvae at low-concentration (2.5mM; B) and high-concentration (15mM; C) PTZ. 665 

Data are group-wise Tukey box-plots of subject-level averages of all subject-specific events. 666 

Animal numbers for each group are indicated in the legend according to subpanel; only animals 667 

with detectable events were analyzed in subpanels ii-iii. Reported p-values are derived from 668 

Wilcoxon rank sum test, and adjusted by false-discovery rate (FDR) correction. The hash (#) 669 
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symbol is used to indicate comparisons with a WT control cohort (GCaMP6s; nacre) not derived 670 

from the experimental cross. * or #, adj P<0.05. ** or ##, adj P<0.01. *** or ###, adj P<0.001. 671 

**** or ####, adj P<0.0001.  672 

 673 

Figure 3. Bootstrap simulations provide benchmarks for detecting scn1lab-related 674 

enhanced sensitivity to low-concentration PTZ in scn1lab F0 and scn1labs552 675 

hypopigmented transgenic GCaMP6s zebrafish. (A-B) Bootstrap resampling simulations 676 

(3000 iterations, with replacement) from low-concentration PTZ for scn1lab F0 (A) and 677 

scn1labs552 (B) zebrafish. For each bootstrap sample size N (x-axis), closed circles (left y-axis) 678 

are the robust strictly standardized mean difference (RSSMD) threshold required to limit the 679 

false positive rate (FPR) to 5% and open boxes (right y-axis) are the associated true positive 680 

rate (TPR) for detecting the scn1lab-related increase in PTZ sensitivity. Dashed reference lines 681 

indicate 80% TPR.  682 

 683 

11. Supplementary Material 684 

 685 

11.1. Supplemental Methods  686 

11.1.1. Supervised machine learning for event classification in scn1labs552 HOM fish  687 

To evaluate whether calcium events from scn1labs552 HOM fish might have unique features that 688 

distinguish them from events occurring in WT fish, a logistic classifier was trained using the 689 

same approach as in Section 2.7. using events from all s552 HOM animals versus s552 WT 690 

controls, 70:30 train:test split, and 5-fold cross-validation. The model formula for the classifier 691 

(referred to as the “scn1lab M+F” model) was identical to that of the previously described “PTZ 692 

M+F” classifier6. Specifically, the model formula used was: Conditions_names ~ 693 

(MaxIntensity_F_centroid + MaxIntensity_F_F0_centroid + distance_xy_mm + duration_sec) * 694 

(maxRange_2 + totalCentroidSize_mode_mm2). Data were divided into 70:30 train:test split, 695 

with 5-fold cross validation, alpha range: 0,0.5, 1, lambda range: 0.1, 1, 10, and metric = 696 

“accuracy”. Model performance was evaluated using package MLeval.  697 
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 698 

11.2. Supplemental Figures 699 

 700 

Supplementary Figure 1. Generation of scn1labs552 larvae. (A) Representative example of 701 

Sanger sequencing from PCR genotyping of scn1labs552 larvae, demonstrating the expected 702 

c.T>G variant in a heterozygote larvae (lower) vs wildtype (middle) compared to reference 703 

sequence (upper) 704 

 705 

Supplementary Figure 2. Elastic net logistic classifier trained on scn1labs552 HOM larvae 706 

weakly detects an event type enriched in s552 HOM larvae. (A) Overview of approach and 707 

figure. (B) Comparison of performance metrics from scn1lab M+F classifier versus the 708 

previously published PTZ M+F classifier trained on PTZ-induced seizure activity. (C) Parameter 709 

tuning from scn1lab M+F classifier. (D-E) Uniform manifold approximation and projection 710 

(UMAP) representation of pooled individual events from scn1labs552 conspecifics, color coded by 711 

classification (D) or average distance (E). (F-G) Group-wise quantification of event rate (F) and 712 

average distance (G) from larvae in (D-E), stratified by classified event type (Type 0 vs Type 1). 713 

(H-J) Group-wise quantification of normalized calcium fluorescence (H), max velocity (I), and 714 

total revolutions (J) for scn1labs552 larvae, stratified by classified event type. (K) Event rates 715 

derived from events classified as Type 0 by the scn1lab M+F classifier in scn1lab F0 crispant 716 

fish. Data are group-wise Tukey box-plots of subject-level averages of all subject-specific 717 

events. Reported p-values are derived from Wilcoxon rank sum test, and adjusted by false-718 

discovery rate (FDR) correction. *, adj P<0.05. **, adj P<0.01. ***, adj P<0.001. ****, adj 719 

P<0.0001.  720 

 721 

Supplementary Figure 3. Expression of sodium channels genes across larval zebrafish 722 

developmental stages Data are transcripts per million (TPM) derived from mRNA-seq, as 723 

reported by White RJ, Collins JE, Sealy IM, Wali N, Dooley CM et al. (2017) A high-resolution 724 
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mRNA expression time course of embryonic development in zebrafish. Colors are scaled 725 

continuously from minimum (red), median (yellow), to max (green).  726 

 727 
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scn1lab F0 scn1labs552

Background
AB 50:50 AB:TL

Rapid swimming phenotype
Not observed Not observed

Spontaneous max velocity ↓ vs conspecifics

↓↓ vs unrelated WT

↑ vs conspecifics

↓↓ vs unrelated WT

Normalized calcium 

fluorescence per bout 

(average max dF/F0)

↓ vs conspecifics

↓/no ∆ vs unrelated WT

↑ vs conspecifics

↓/no ∆ vs unrelated WT

Spontaneous bout rate (rate 

of unclassified calcium events 

at baseline)

↓ vs conspecifics

No ∆ vs unrelated WT

↑ vs conspecifics

No ∆ vs unrelated WT

Sensitivity to low-dose PTZ 

(rate of classified seizure 

events in response to PTZ 

2.5mM)

↑ vs conspecifics

↑↑ vs unrelated WT

No ∆ (uninjected) vs 

unrelated WT

↑ vs conspecifics

No ∆ vs unrelated WT

↓↓ (WT/HET) vs 

unrelated WT

Table 1. Summary of major findings
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Supplementary Figure 1
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Supplementary Figure 3

A

Stage | Gene Name scn1bb scn5lab scn1laa scn12aa scn4ab scn8aa scn8ab scn1ba scn4bb scn3b scn1lab scn4aa scn4ba scn2b

zygote 23 3 2 1 0.3 0 0 0 0 0 0 0 0 0

cleavage 2-cell 29 5 4 2 0.4 0.2 0 0 0 0 0 0 0 0

blastula 128-cell 17 10 14 0.6 0.4 0.5 0.2 0 0 0 0 0 0 0

blastula 1k-cell 14 7 14 0.5 0.3 0.4 0.1 0 0 0 0 0 0 0

blastula dome 9 4 8 0.7 0 0.4 0.5 0 0 0 0 0 0 0

gastrula 50%-epiboly 7 1 1 0.6 0 0.1 0.1 0.5 11 0 0.2 0 0 0

gastrula shield 4 0.4 0 1 0.1 0.1 0.1 0.5 6 0 0.1 0 0 0

gastrula 75%-epiboly 2 0 0 0.4 0 0 0 2 3 0 0 0 0 0

segmentation 1-4 somites 1 0 0 0.3 0.1 0 0 4 4 0 0 0 0 0

segmentation 14-19 

somites 1 0 0 0.5 0.1 0.9 0.7 4 2 0 0.2 0 0 0

segmentation 20-25 

somites 4 0 0 0.4 0.1 3 0.9 9 2 0.7 0.6 0 0 0

pharyngula prim-5 5 0.1 0.2 0.5 2 4 2 13 0.7 3 1 0 0 1

pharyngula prim-15 7 0 0.2 0.3 2 5 2 22 3 3 1 0 2 2

pharyngula prim-25 15 0.2 0.2 0 2 9 3 22 5 4 3 0.2 3 2

hatching long-pec 17 0 0.5 0 3 10 3 16 2 8 5 0.4 5 4

larval protruding mouth 44 0.7 0.7 2 9 21 6 23 4 17 7 0.8 9 12

larval day 4 53 0.8 0.9 2 15 23 10 27 6 24 9 1 14 16

larval day 5 58 0.9 1 2 16 25 9 28 7 29 10 1 12 19
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