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ABSTRACT 20 

Harmful algal blooms (HABs) produce neurotoxins that affect human health. Developmental 21 

exposure of zebrafish embryos to the HAB toxin domoic acid (DomA) causes myelin defects, 22 

loss of reticulospinal neurons, and behavioral deficits. However, it is unclear whether DomA 23 

primarily targets myelin sheaths, leading to the loss of reticulospinal neurons, or reticulospinal 24 

neurons, causing myelin defects. Here, we show that while exposure to DomA at 2 dpf did not 25 

reduce the number of oligodendrocyte precursors prior to myelination, it led to fewer 26 

myelinating oligodendrocytes that produced shorter myelin sheaths and aberrantly wrapped 27 

neuron cell bodies. DomA-exposed larvae lacked Mauthner neurons prior to the onset of 28 

myelination, suggesting that axonal loss is not secondary to myelin defects. The loss of the 29 

axonal targets may have led oligodendrocytes to inappropriately myelinate neuronal cell bodies. 30 

Consistent with this, GANT61, which reduces oligodendrocyte number, caused a reduction in 31 

aberrantly myelinated neuron cell bodies in DomA-exposed fish. Together, these results suggest 32 

that DomA initially alters reticulospinal neurons and the loss of axons causes aberrant 33 

myelination of nearby cell bodies.  The identification of initial targets and perturbed cellular 34 

processes provides a mechanistic understanding of how DomA alters neurodevelopment, leading 35 

to structural and behavioral phenotypes. 36 

 37 

  38 
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INTRODUCTION 39 

Harmful algal blooms (HABs) are a growing global threat that can lead to illnesses in humans 40 

and wildlife, socioeconomic losses, and disruptions to marine ecosystems.1,2 Some HABs can 41 

produce potent toxins that directly affect human health.3–5 Domoic acid (DomA) is a neurotoxin 42 

6,7 that is primarily produced by species in the diatom genus, Pseudo-nitzschia.8,9 Following the 43 

formation of toxigenic Pseudo-nitzschia blooms, DomA can accumulate in seafood, making it 44 

unsafe for consumption. The consumption of DomA-contaminated seafood at high doses leads to 45 

a syndrome called ‘Amnesic Shellfish Poisoning’ with symptoms that include memory loss, 46 

seizures, coma, and even death.10–12 To protect people against this syndrome, a regulatory limit 47 

has been set at 20 µg of DomA per g shellfish tissue.13,14 This limit was designed to protect 48 

adults from acute toxicity. However, mounting evidence suggests that developmental exposures 49 

to doses of DomA that do not cause overt symptoms can lead to lasting changes in tissue 50 

morphology,15–17 neural activity patterns,18 and behavior.18–26 The cellular targets and initiating 51 

molecular events that underlie these changes are largely unknown.  52 

 53 

Our previous work has shown that DomA targets both myelin in the spinal cord and 54 

reticulospinal neurons – hindbrain neurons with axons that extend to the spinal cord.27,28 55 

However, it is unclear whether DomA initially targets axons, leading to deficits in myelination, 56 

or whether DomA initially targets myelinating oligodendrocytes, leading to later axonal 57 

degeneration. To resolve this, we assessed the effects of DomA on these potential cellular targets 58 

close to the time of exposure to determine which cell types are the first to be perturbed by 59 

DomA.  60 

 61 

DomA-induced disruptions to myelin sheath formation in the central nervous system27,28 led us 62 

to look into the effects of DomA on cells of the oligodendrocyte lineage, which are responsible 63 

for myelinating the central nervous system.29,30 Successful myelination requires oligodendrocyte 64 

precursor cells (OPCs) to form, migrate, differentiate into oligodendrocytes, and then initiate the 65 

process of myelination in different regions within the nervous system.31,32 Both OPCs and mature 66 

oligodendrocytes express functional ionotropic glutamate receptors, making them potential 67 

cellular targets for DomA.33–37 Previous studies have shown that kainate, a structural analog of 68 

DomA, causes cell death in OPC cultures at concentrations comparable to those affecting 69 
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neurons.38–41 Furthermore, binding and activation of AMPA receptors inhibits the proliferation 70 

and differentiation of OPCs into mature oligodendrocytes.35,42 While generally less sensitive to 71 

kainate-induced cell death,40 mature oligodendrocytes have also been shown to undergo 72 

demyelination after chronic direct infusion of kainate on the optic nerves.43 All of this suggests 73 

that developmental exposure to DomA may target the oligodendrocyte lineage, and that exposure 74 

during early development may inhibit OPC differentiation, disrupt myelin sheath formation, and 75 

lead to cell death in the oligodendrocyte lineage.  76 

 77 

The objective of this study was to identify the initial cellular targets of DomA. To accomplish 78 

this, we exposed fish to DomA at 2 dpf as before27,28 and then assessed the effects on candidate 79 

cell targets between 4 and 8 hours post-exposure, prior to myelination. Candidate cell targets 80 

included OPCs, reticulospinal neurons, sensory neurons, and motor neurons. We also further 81 

characterized DomA’s effects on the oligodendrocyte-lineage cells that are responsible for 82 

myelination by quantifying these cells and characterizing the myelination capacity of individual 83 

oligodendrocytes. The results identify reticulospinal neurons as the initial cellular targets for 84 

DomA and further characterize how the loss of their axons may have led to aberrant 85 

oligodendrocyte development and function. 86 

 87 

METHODS 88 

Fish husbandry and lines used 89 

These experiments were approved by the Woods Hole Oceanographic Institution Animal Care 90 

and Use Committee (Assurance D16-00381 from the NIH Office of Laboratory Animal 91 

Welfare). Embryos were maintained at 28.5°C with a 14:10 light dark cycle during the 92 

experimental period in 0.3x Danieau’s medium. The following transgenic lines were used: 93 

Tg(cntn1b:EGFP-CAAX),27 Tg(mbp:EGFP-CAAX),44 Tg(sox10:RFP),45 Tg(nkx2.2a:mEGFP),46  94 

Tg(sox10:mRFP),47 and Tg(mbp:EGFP).48 95 

 96 

Domoic acid exposure paradigm 97 

Preparation of domoic acid solutions and exposure of embryos were described earlier (Panlilio et 98 

al., 2020). Briefly, domoic acid (Sigma-Aldrich, MO) was dissolved in a diluted embryo medium 99 

(0.2x Danieau’s) to generate stock concentrations of 0.676 μg/μl and 1.4 μg/μl (10 μl) that were 100 
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stored at -20°C. Working solutions were prepared fresh prior to microinjection. Microinjections 101 

were performed using IM-300 microinjector that was calibrated to deliver 0.2 nL of solution. 102 

 103 

DomA (nominal dose of 0.14 ng) was intravenously microinjected into the common posterior 104 

cardinal vein at 48-53 hpf 49 while controls from the same breeding cohort were injected with the 105 

saline vehicle (0.2x Danieau’s). To perform intravenous microinjections, fish were anesthetized 106 

with 0.10% tricaine methanesulfonate (MS222) and placed laterally on dishes coated with 1.5% 107 

agarose. An injection was deemed successful if there was a visible displacement of blood cells. 108 

Fish that showed evidence of being incorrectly injected were immediately removed from the 109 

study. 110 

 111 

Live imaging with confocal microscopy 112 

Transgenic fish were live imaged using confocal microscopy. To accomplish this, fish were 113 

anesthetized in MS222 (0.16%), and then embedded laterally in 1-1.5% low melt agarose in 114 

glass bottom microscopy dishes. Fish were then imaged on the confocal microscope (LSM 710 115 

or LSM 780) with the 40x water immersion objective (C-Apochromat, 40x, NA 1.1) or a 20x air 116 

objective (Plan-Apochromat, 20x, NA 0.8).  117 

 118 

OPC cell counts 119 

Two double transgenic lines were used to assess potential effects of DomA on OPC counts – 120 

(Tg(olig2:EGFP x Tg(sox10:mRFP)) and (Tg(nkx2.2a:mEGFP) x Tg(sox10:RFP)). Following 121 

DomA exposure at 2 dpf, fish were laterally mounted at approximately 2.5 dpf, and their anterior 122 

spinal cords were imaged (roughly within the region from somites 8-12). Imaging files were 123 

blinded (treatment information was removed from the file). For each imaging file, the OPC cell 124 

bodies within the dorsal spinal cord were manually quantified by generating 3D projections on 125 

ImageJ, then rotating the stacks along the x-axis. The (Tg(olig2:EGFP x Tg(sox10:mRFP)) line 126 

was used to quantify OPCs and pre-myelinating oligodendrocytes in the dorsal spinal cord (cells 127 

that had membranes labeled with RFP and cell bodies labeled with EGFP). The 128 

(Tg(nkx2.2a:mEGFP) x Tg(sox10:RFP)) line was used to quantify the subset of OPCs that were 129 

fated to differentiate into myelinating oligodendrocytes (cells that had membranes labeled with 130 

EGFP and cell bodies labeled with RFP). 131 
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 132 

Experiments were performed twice (Supplemental Fig. 1A and 1B). The two experimental trials 133 

using Tg(nkx2.2a:mEGFP) x Tg(sox10:RFP) fish yielded significantly different OPC counts, as 134 

determined by a negative binomial model with experimental trial and treatment (control vs. 135 

DomA-exposed) as predictors using the ‘glm.nb’ function of the MASS package in R.50 The 136 

second trial had fish with an average of 1.6 times more OPCs than fish in the first trial, 137 

regardless of treatment group (CI = [1.46 1.74],  p = < 2e-16, Supplemental Fig 1B). To address 138 

this, DomA was compared to controls within the same experiment. 139 

 140 

Myelinating oligodendrocyte cell counts 141 

Similar procedures were used for counting myelinating oligodendrocytes. Transgenic fish that 142 

expressed GFP in myelinating cells, Tg(mbp:EGFP), were laterally mounted at 4 dpf, and their 143 

anterior spinal cords were imaged around somites 6-10. Imaging files were then blinded, and 144 

myelinating oligodendrocytes were counted by rotating image stacks along the x-axis. To 145 

determine whether DomA alters the number of myelinating oligodendrocytes, a negative 146 

binomial model was constructed with dose (0, 0.14, or 0.18 ng of DomA) as a categorical 147 

predictor using the ‘glm.nb’ function of the MASS package in R.50 148 

 149 

Cytoplasmic localized GFP also faintly labels myelin sheaths, allowing us to qualitatively 150 

classify myelin defects in addition to quantifying the number of oligodendrocytes for every 151 

individual fish. To see whether there was a correlation between oligodendrocyte number and 152 

severity of myelin defect, a negative binomial model was constructed with the myelin 153 

classification as predictors for each trial separately. To combine data from multiple experimental 154 

trials, a negative binomial regression model with random effects was used, with repeat trials 155 

taken into account as random factors (glmer.nb(), lme 4 package, R). One sample was excluded 156 

from the analysis as it did not fit the four categories. 157 

 158 

Mosaic labeling of myelin sheaths from individual oligodendrocytes 159 

To determine whether DomA alters myelin sheath length and number, we performed mosaic 160 

labelling by injecting an mbp:EGFP-CAAX construct at the 1- 4 cell stage. The mbp:EGFP-161 

CAAX construct was generated by using Tg(mbp:EGFP-CAAX) genomic DNA as a template and 162 
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amplifying the region that contained the mbp promoter along with the membrane bound 163 

EGFP.51,52 The sequence was then placed into the pkHR7 plasmid containing ISCe-1 restriction 164 

sites.53 Embryos were exposed to either DomA or the saline vehicle and those with sparsely 165 

labeled oligodendrocytes were imaged at 4 dpf. Some embryos had multiple labeled 166 

oligodendrocytes. Oligodendrocytes from the same fish were assigned a ‘fish ID’ number to 167 

distinguish multiple oligodendrocytes that came from the same fish from oligodendrocytes that 168 

came from different fish.  169 

 170 

Images of individual oligodendrocytes were blinded prior to image analysis. To perform the 171 

analysis, myelin sheaths from individual oligodendrocytes were traced using the ImageJ plugin 172 

Simple Neurite Tracer.54 For each individual oligodendrocyte, the total number of myelin sheaths 173 

and the number of circular profiles were counted and the length of the individual myelin sheaths 174 

was approximated. To determine whether there was an effect of treatment on the average length 175 

of the myelin sheaths per oligodendrocyte, a nonparametric multivariate response analysis was 176 

performed (art(), ARTool R package).55 To account for potential variations in responses from 177 

different individual fish, fish ID numbers were included in the model as random effects. 178 

 179 

To determine whether DomA altered the number of myelin sheaths or the number of circular 180 

myelin membranes, a generalized linear model with a negative binomial distribution was built 181 

(glmer.nb(), lme4 R package), assigning treatment (Control or DomA) and fishID as fixed 182 

effects.  183 

 184 

DomA effect on primary motor neuron axons 185 

Tg(olig2:EGFP) x Tg(sox10:mRFP) embryos were used to assess the effects of DomA on 186 

primary motor neurons. The presence or absence of the main axons for three primary motor 187 

neuron classes were noted for each fish. Following this classification, quasi-binomial logistic 188 

regression analyses were performed to determine whether exposure to DomA led to significant 189 

differences in the presence of main axons in the three types of primary motor neurons. 190 

 191 

Immunohistochemistry 192 
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Fish used for imunohistochemical analyses were exposed to 75 μM 1-phenyl-2-thiourea (PTU) at 193 

24 hpf and onwards to inhibit pigment formation and to allow for imaging of axonal structures 194 

within different brain regions.56 195 

 196 

Embryos were anesthetized and then fixed in 4% paraformaldehyde overnight at 4°C. Antigen 197 

retrieval was done by placing tissue in 150 mM Tris Hcl (pH 9.0) in a 70°C water bath for 15 198 

minutes.57 Tissues were processed as whole mounts and permeabilized using ice-cold acetone (7 199 

minutes). Samples were then blocked in 10% normal goat serum, 1% BSA and 1% DMSO, 200 

followed by 1-3 day incubations in primary antibodies (α-neurofilament associated antigen 201 

(3A10) -1:100 dilution, Developmental Studies Hybridoma Bank; α-acetylated tubulin – 1:500 202 

dilution, Santa Cruz Biotechnology). After several washes with phosphate buffered saline (1X 203 

PBS, pH 7.2 - 7.4), samples were incubated in secondary antibodies (1:400 Alexa Fluor 488 204 

Goat α-mouse or Alexa Fluor 596 Goat α-mouse; Abcam). Samples were then placed in antifade 205 

mountant (Prolong or SlowFade Diamond mountant, Invitrogen) between bridged #1.5 206 

coverslips for imaging.  207 

 208 

Embryos stained with 3A10 were mounted dorsally to image the Mauthner cell bodies and 209 

hindbrain and midbrain axonal tracks. Embryos stained with α-acetylated tubulin were mounted 210 

laterally to assess the sensory neuron ganglia and lateral line structures; these embryos were a 211 

subset of those imaged previously27 in a different anatomical region (trunk). Following antibody 212 

staining and mounting, fixed larvae were imaged on the confocal microscope using either 20x air 213 

objective (Plan-Apochromat 20x NA 0.8) or the 40x water immersion objective (C-Apochromat, 214 

40x, NA 1.1).  215 

 216 

DomA effect on Mauthner cells 217 

Following 3A10 staining and confocal imaging, the number of Mauthner cells (0, 1, or 2) was 218 

noted for each fish. To determine whether DomA alters Mauthner cell number, ordinal logistic 219 

regression analyses were done (polr(), MASS R package), with treatment (DomA vs. control) as 220 

a categorical predictor.  221 

 222 

Characterization of circular myelin features 223 
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Tg(cntn1b:EGFP-CAAX) x Tg(sox10:mRFP) are double transgenic fish that express RFP in 224 

myelin sheaths and EGFP in the membranes of specific neurons. After exposure to DomA or 225 

vehicle, larvae were imaged at 5 dpf. Image stacks were then examined to see whether the 226 

circular oligodendrocyte membranes labeled with RFP surrounded neuronal cell bodies labeled 227 

in EGFP. The larvae imaged were a subset of those imaged previously27 in a different anatomical 228 

region (cranial region). 229 

 230 

Scanning Electron microscopy 231 

Tg(mbp:EGFP-CAAX) fish were exposed to 0.14 ng of DomA (nominal dose) at 2 dpf. At 5 dpf, 232 

fish were screened using the widefield epifluorescence microscope for myelin defects. DomA-233 

exposed fish with a high prevalence of circular membranes were preselected for electron 234 

microscopy. Control fish with normal-looking myelin were also selected. 235 

 236 

The electron microscopy work, including fixation, embedding, and thin sectioning, were done by 237 

the Marine Biological Laboratory Central Microscopy facility (Woods Hole, MA). Using a 238 

modified rOTO (reduced osmium—thiocarbohydrazide—osmium) protocol, larvae were fixed in 239 

a 2% paraformaldehyde and 2.5% glutaraldehyde in 0.2M cacodylic buffer with 3% sucrose for 240 

1.5 hours. Following three rinsed in 0.2M cacodylic buffer, samples were postfixed in 1% 241 

osmium tetroxide and 0.75% potassium ferricyanide in 0.2M cacodylic buffer for 40 minutes. 242 

Samples were then rinsed in distilled water and incubated in 0.25% thiocarbohydrazide for 10 243 

min. Following another rinse, they were embedded in agarose and post-treated with 0.5% 244 

osmium tetroxide for 30 minutes, rinsed and incubated overnight in 1% uranyl acetate at 4°C. 245 

Thoroughly rinsed in distilled water samples were then dehydrated in graded ethanol solutions 246 

and embedded in epoxy resin following standard protocol. All chemicals and materials were 247 

purchased from Electron Microscopy Sciences (Hatfield, PA).  248 

 249 

For SEM imaging, sections were cut ~70nm thick and collected on a continuous feed of Kapton 250 

tape using an RMC Boeckleler ATUMtome ultramicrotome. Carbon coated series of sections 251 

mounted on a silicon wafer were imaged using SEM Zeiss Supra40VP. Whole spinal cords were 252 

imaged at 10 nm and 5 nm per pixel resolution in one domoic acid treated fish to screen for 253 

neuronal cell bodies with myelin surrounding them over roughly 50 slices in the medial spinal 254 
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cord. When areas of interest were identified, smaller regions were imaged at 5 nm resolution 255 

using SEM. 256 

 257 

The TEM imaging was then done using thin sections that were ~70nm thick cut and collected on 258 

copper grids using an RMC Boeckleler ATUMtome. Sections poststained with 1% uranyl acetate 259 

and 0.04% lead citrate were imaged using TEM microscope JEOL -JEM-200CX . 260 

  261 

GANT61 pharmacology  262 

GANT61 (2,2′-[[dihydro-2-(4-pyridinyl)-1,3(2H,4H)-pyrimidinediyl]bis(methylene)]bis[N,N-263 

dimethyl-benzenamine) is a GLI antagonist that was used to reduce the number of 264 

oligodendrocytes.58,59 GANT61  (Sigma-Aldrich, MO) was dissolved in 100% DMSO to create 265 

10, 25, and 40 mM (1000x) stock solutions. Working solutions were prepared fresh prior to the 266 

experimental trials. Double transgenic fish (Tg(mbp:EGFP) x Tg(mbp:EGFP-CAAX)) were used 267 

for these experiments to distinguish aberrant circular membrane profiles (which only had labeled 268 

membranes) from oligodendrocyte cell bodies (which had both labeled cytoplasm and the 269 

membranes). These double transgenic fish were exposed to different concentrations of GANT61 270 

(0, 10, 25, or 40 μM ) in rearing medium (0.3X Danieu's) from 1.5- 4 dpf, and a subset of fish 271 

were exposed to either 0.14 ng of DomA or saline vehicle at 2 dpf. Larvae were then live imaged 272 

at 4 dpf using the confocal microscope (LSM 710) using the techniques outlined above. 273 

 274 

The number of oligodendrocyte cell bodies in the dorsal spinal cord was determined. GANT61 275 

treatment in both control and DomA-treated fish led to the labeling of several cells in the most 276 

dorsal regions of the spinal cord that could not be identified. Additionally, the large myelin 277 

sheaths present in the ventral region of the spinal cord occluded some oligodendrocyte cell 278 

bodies, making it difficult to accurately quantify the oligodendrocytes in this region. Given these 279 

two considerations, we simplified the analysis by only quantifying oligodendrocytes and circular 280 

myelin features in the dorsal region of the spinal cord. To obtain an estimate of the number of 281 

ectopically myelinated cell bodies per oligodendrocyte, we divided the total number of these cell 282 

bodies by the number of oligodendrocytes found within the total imaging area. To assess the 283 

effect of treatment on the average number of cell bodies per oligodendrocyte an Analysis of 284 
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Variance (ANOVA) followed by Dunnett-type contrast was performed (multicomp, stats R 285 

libraries).60 286 

 287 

Statistical analyses of data from GANT61-treated fish  288 

To identify the effects of GANT61 treatment on the number of oligodendrocytes and circular 289 

bodies, negative binomial regression models were used (glm.nb()). To assess the potential 290 

correlation between oligodendrocyte counts and circular cell body counts, a spearman correlation 291 

was performed (cor.test(), stats R package). 292 

 293 

RESULTS 294 

Oligodendrocyte precursor cell number is unaltered by DomA exposure 295 

Previous work has shown that exposure to DomA at 2 dpf led to myelin deficits along with the 296 

appearance of unusual circular profiles.28 To determine whether myelination deficits were driven 297 

by a decrease in the supply of oligodendrocyte precursor cells (OPCs) or myelinating OPCs, we 298 

quantified these cells in DomA-exposed larvae using two double transgenic lines (Fig. 1A, 1D).  299 

 300 

All OPCs were quantified using the (Tg(olig2:EGFP) x Tg(sox10:mRFP)) line (Fig. 1A). 301 

Exposure to DomA did not reduce the total number of OPCs in the ventral spinal cord prior to 302 

myelination (Fig. 1B, 1C). To determine whether DomA selectively targets the subset of OPCs 303 

that are fated to become myelinating oligodendrocytes (myelinating OPCs), we used a double 304 

transgenic line (Tg(nkx2.2a:mEGP) x Tg(sox10:RFP)) (Fig. 1D). As with total OPCs, there were 305 

no differences in the number of myelinating OPCs between control and DomA-treated larvae 306 

(Fig. 1E, 1F). 307 

 308 

DomA exposure leads to a reduction of myelinating oligodendrocytes in a dose-dependent 309 

manner  310 

OPCs differentiate into myelinating oligodendrocytes. We used the Tg(mbp:EGFP) line to 311 

determine the effect of DomA exposure at 2 dpf on the number of myelinating oligodendrocytes 312 

at 4 dpf (Fig. 2A). DomA reduced the number of myelinating oligodendrocytes in a dose-313 

dependent manner. Exposure to 0.14 ng DomA led to a 12.9% decrease relative to controls, 314 

while 0.18 ng DomA led to a 31.8% decrease in the number of oligodendrocytes relative to 315 
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controls (0.14 ng DomA -- Coefficient = -0.130, Error = 0.031, p = 2.37 e-5; 0.18 ng DomA -- 316 

Coefficient = -0.409, Error = 0.046, p= < 2 e-16 ) (Fig. 2B; Supplemental Fig. 2). 317 

 318 

To determine the relationship between the severity of myelin defects and the number of 319 

oligodendrocytes present, individual fish from these experiments were also classified by the 320 

severity in myelin defects observed (Fig. 2C). Fish that had the least severe myelin defects 321 

(category 1) did not have significantly different oligodendrocyte numbers compared to fish with 322 

no myelin defects (category 0) (Coefficient = -0.05, Error= 0.03, p = 0.057) (Fig. 2D). This 323 

suggests that reductions in oligodendrocyte numbers are not necessary for the appearance of the 324 

least severe myelin phenotypes. In contrast, fish with higher myelin severity phenotypes 325 

(category 2 and 3) had significantly reduced oligodendrocyte numbers. Fish with category 2 326 

phenotypes had an 18% reduction in oligodendrocytes compared to controls (Coefficient = -327 

0.195, Error =0.032, p = 1.35 e-9), while fish with most severe defects (category 3) had the 328 

lowest oligodendrocyte numbers (42% reduction relative to controls (Coefficient = -0.544, Error 329 

= 0.039, p = <  2e-16)) (Fig. 2D). These results demonstrated that exposure to DomA, especially 330 

at the higher dose, reduced the number of myelinating oligodendrocytes and that the extent of 331 

reduction was related to the severity of the myelin phenotypes observed. However, there were 332 

instances when exposure to DomA resulted in less-severe myelin phenotypes and that did not 333 

result in the reduction in oligodendrocyte number, suggesting that other effects in addition to the 334 

reduction in oligodendrocyte number may contribute to the reduced myelination.  335 

 336 

Individual oligodendrocytes produce aberrant myelin sheaths following exposure to DomA 337 

Myelin deficits could also result from the inability of individual oligodendrocytes to myelinate 338 

axons appropriately. To address this, we sparsely labeled oligodendrocytes and counted myelin 339 

sheath length and number for individual oligodendrocytes (Fig. 3A). Oligodendrocytes from 340 

DomA-exposed larvae produced significantly fewer myelin sheaths (Coefficient = -1.01, Std. 341 

Error = 0.11, p < 2 e-16) that were also shorter relative to controls (F(1, 141.25)= 64.101, p= 342 

3.99e-13) (Fig. 3B, 3C). In addition to the myelin deficits, DomA-exposed fish also had a higher 343 

number of unusual circular profiles instead of the characteristic long and thin myelin sheaths 344 

(Coefficient = 2.52, Std. Error = 0.294, p = 1.99e-14) (Fig. 3D).  345 

 346 
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DomA exposure at 2 dpf, but not at 1 dpf, leads to the loss of the Mauthner neurons prior to 347 

myelination 348 

Aberrant myelination may result from both the loss of myelinating oligodendrocytes and the 349 

inability of the remaining oligodendrocytes to myelinate axons. However, the effects of DomA 350 

on the oligodendrocytes do not rule out the possibility that DomA leads initially to the loss of 351 

neurons and their axons, which subsequently has secondary effects on the oligodendrocytes. To 352 

determine whether DomA first targets the axons prior to myelination, we performed 353 

immunohistochemistry and live imaging of specific neuronal populations prior to myelination.  354 

 355 

Many of the reticulospinal neurons, including the Mauthner cells, were present by 52 hpf, which 356 

was within the 2 dpf (48-53 hpf) injection exposure period (Fig. 4A,B). However, by 60 hpf (8-357 

12 hours post exposure), both Mauthner neurons were lost in the majority of fish exposed to 358 

DomA (40/72) (Fig. 4C, Fig. 4D, p < e -13; Supplemental Fig. 3). In contrast, both Mauthner 359 

neurons were found in all control fish tested (76/76). Since Mauthner neurons were present at the 360 

time of exposure, DomA did not inhibit the formation of the Mauthner neurons but rather led to 361 

the loss of these neurons. 362 

 363 

Previous studies showed that exposure at 2 dpf (0.14 ng, injected at 48-52 hpf) led to startle 364 

response deficits and myelin defects, whereas exposures at 1 dpf (injected at 28-32 hpf) did not 365 

lead to any of these effects.27,28 We sought to determine whether, as seen for the behavioral and 366 

myelin phenotypes, the loss of Mauthner cells does not occur after exposure at 1 dpf. Even 367 

though the Mauthner cells were present at the time of exposure (Fig. 4E), fish exposed to DomA 368 

at 1 dpf did not lose Mauthner cells by either 8 hours post exposure (40 hpf) or by 60 hpf, which 369 

are times when 2-dpf-injected fish were observed to have lost one or both Mauthner cells (Fig. 4 370 

F, G).   371 

 372 

DomA exposure does not lead to any apparent effects in selected sensory system structures  373 

Previous work established that exposure to DomA at 2 dpf led to no apparent changes in sensory 374 

system structures or to the main axon of the caudal primary motor neurons by 5 dpf.27  To rule 375 

out the possibility that DomA perturbs these neuronal subtypes early in development even if they 376 

.CC-BY-NC-ND 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 August 11, 2022. ; https://doi.org/10.1101/2022.08.08.503200doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.08.503200
http://creativecommons.org/licenses/by-nc-nd/4.0/


 14

eventually recover in the larval stages, we assessed whether exposure to DomA altered specific 377 

sensory and motor neuron structures at 2.5 dpf.  378 

 379 

DomA exposure did not lead to any apparent deficits in sensory ganglia that comprise the 380 

anterior lateral line including the nADso, nVDI, nADb and nAVm ganglia (Fig. 5A,B), nor did it 381 

lead to any apparent deficits in the anterior lateral line or the medial longitudinal fasciculus prior 382 

to myelination, when compared to controls (Fig. 4D). 383 

 384 

DomA exposure alters the main axons in one of the three primary motor neuron classes 385 

To determine whether DomA alters primary motor neurons at 2.5 dpf, prior to myelination, we 386 

used the Tg(olig2:EGFP x Tg(sox10:mRFP) line to assess the presence of the main axons of the 387 

caudal (CaP), middle (MiP), and the rostral (RoP) primary motor neurons (Fig. 5C-E). In 388 

agreement with previous studies, DomA did not alter the main caudal and rostral primary motor 389 

neurons (Fig. 5D,E).  However, it significantly reduced the number of observed MiP primary 390 

motor neurons (Estimate = -2.91, Std. Error = 0.78, p = 0.0003) (Fig. 5D,E).  Together, these 391 

results show that DomA does not alter selected sensory structures or CaP and RoP main primary 392 

motor neuron axons in embryos soon after DomA exposure — a finding that is consistent with 393 

effects previously described in the larval stages (5 dpf).27  394 

 395 

Domoic acid-induced axonal losses may contribute to observed myelin defects 396 

DomA led to the loss of reticulospinal neurons and their axons prior to myelination (Fig. 4). The 397 

loss of subsets of hindbrain reticulospinal neurons and spinal interneurons would likely result in 398 

an overall decrease in axonal surface area. It is conceivable that changes to the axonal surface 399 

area could alter the spinal cord cellular environment and in turn lead to the myelin defects 400 

observed. 401 

 402 

One of the characteristics of DomA-induced myelin defects is appearance of the unusual circular 403 

profiles rather than thin elongated myelin sheaths. Similar circular features have been 404 

characterized in a mutant for kif1 binding protein (kif1bp), which has 50-80% reductions in axon 405 

surface areas within the spinal cord. The circular features were identified as myelin that 406 
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ectopically wrapped neuronal cell bodies.59 We thus sought to determine whether DomA-induced 407 

circular profiles were also ectopically myelinated neuronal cell bodies. 408 

 409 

 To exclude the possibility that the observed circular profiles were oligodendrocyte cell bodies, 410 

we used the double transgenic line, Tg(mbp:EGFP-CAAX) x Tg(mbp:EGFP), to distinguish 411 

oligodendrocyte cell bodies, which are round but contain EGFP in the cytoplasm, from circular 412 

membranes, which are also round but contain EGFP only in their membranes. Control fish had 413 

labeled oligodendrocyte cell bodies but rarely had the hollow-looking circular features. In 414 

contrast, DomA-exposed fish had labeled oligodendrocyte cell bodies along with many of these 415 

circular features (Fig. 6A). These findings were also corroborated by experiments in which 416 

Tg(sox10:RFP) fish, which express RFP in all oligodendrocyte cell bodies, were injected with 417 

the mbp:EGFP-CAAX plasmid to mosaically express  EGFP in myelin sheaths. Fish exposed to 418 

DomA showed numerous circular profiles that contained EGFP in the membrane with no RFP in 419 

their cytoplasm (Fig. 6B).  420 

 421 

To determine whether these circular features were ectopically myelinated neuronal cell bodies, 422 

we used a double transgenic line (Tg(cntn1b:EGFP-CAAX) x Tg(sox10:mRFP)) that labels both 423 

neuronal membranes in the spinal cord (EGFP-CAAX) and oligodendrocyte membranes 424 

(mRFP). Using this line, we showed that the circular membrane features overlapped with the 425 

neuron cell membranes, suggesting that these circular membranes were indeed myelin that 426 

ectopically wrapped neuronal cell bodies (Fig. 6C). 427 

 428 

Electron microscopy was then used to image selected regions in the spinal cord where neuronal 429 

cell bodies were more likely to occur in DomA- exposed fish (Fig. 6D). The DomA-exposed fish 430 

had neuronal cell bodies that were surrounded by additional membranes, which, together with 431 

the light microscopy data, could indicate ectopically myelinated cell bodies (Fig 6D2- D3).  432 

 433 

Pharmacologically reducing the number of oligodendrocytes results in lower numbers of 434 

circular myelin profiles 435 

Findings from the genetic model (kif1bp-/-) suggest that oligodendrocytes wrap neuronal cell 436 

bodies when there is relatively less axonal surface area to myelinate.59 Thus, these circular 437 
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profiles are said to result from the mismatch between the available myelinating oligodendrocytes 438 

and the axonal surface area.  If the appearance of ectopically myelinated neuronal cell bodies 439 

was due to a higher number of oligodendrocytes relative to the axonal surface area, reducing the 440 

number of oligodendrocytes should also lead to the reduction in these ectopically myelinated 441 

neuronal cell bodies. To test this hypothesis, we used the small molecule GLI antagonist 442 

GANT6158,59 in (Tg(mbp:EGFP) x Tg(mbp:EGFP-CAAX)) fish to pharmacologically reduce the 443 

number of oligodendrocytes. 444 

 445 

We first assessed whether GANT61 treatment successfully reduced the number of dorsal 446 

oligodendrocytes in the spinal cord. In control fish, exposure to all doses of GANT61 (10, 25, 447 

and 40 μM) led to significant reductions in oligodendrocyte number (Fig. 7A,E). For DomA-448 

exposed fish, application of 25 and 40 μM GANT61 led to significant reductions in the 449 

oligodendrocyte numbers, while 10 μM did not (Fig. 7A,F). 450 

 451 

We then characterized the effects of GANT61 treatment on the number of putative ectopically 452 

myelinated neuronal cell bodies (Fig.7B,C). As expected, there were very few ectopically 453 

myelinated cell bodies in control fish, regardless of GANT61 treatment. In contrast, the majority 454 

of DomA-exposed fish had ectopically myelinated cell bodies. The number of ectopically-455 

myelinated neuronal cell bodies was influenced by GANT61 treatment, with statistically 456 

significantly fewer ectopic features in DomA-exposed fish treated with 25 and 40 μM GANT61 457 

compared to those that were not treated with GANT61 (25 μM GANT61– Estimate= -0.98, p= 458 

0.0002; 40 μM GANT61– Estimate= -0.94,  p= 0.0001) When taking into account the average 459 

number of ectopically myelinated cell bodies per oligogendrocyte, GANT61 treatment 460 

significantly reduced the number of circular features per oligodendrocytes at the highest dose 461 

(Fig 7C) (40 μM GANT61–  Estimate = -0.786, p = 0.001). 462 

 463 

Lastly, there was a slight positive correlation between the numbers of dorsal oligodendrocytes 464 

and the number of ectopically myelinated neuronal cell bodies (Fig. 7D) (rho = 0.611, p =3.96 e-465 

13). The positive correlation was significant for both experimental trials. However, the first trial 466 

showed a stronger correlation between the number of oligodendrocytes and the ectopically 467 
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myelinated neuronal cell bodies than the second one (Trial 1 – rho = 0.647, p = 4.06 e-08,  Trial 468 

2 – rho = 0.355, p = 0.007, Supplemental Fig. 4C, 4D). 469 

 470 

4.5 DISCUSSION 471 

The results reported here show that DomA exposure at 2 dpf leads to the loss of specific 472 

neuronal populations, including the Mauthner cells, prior to myelination (at 60 hpf). This 473 

indicates that the loss of these neurons is not secondary to myelin defects observed later in 474 

development (from 3.5 dpf onwards). Instead, the loss of reticulospinal neurons may contribute 475 

to the observed aberrant myelination pattern, characterized by both the overall reduction in 476 

myelin and the appearance of unusual circular myelin membranes.  477 

 478 

Notably, DomA exposure at 2 dpf  (but not at 1 dpf) led to the loss of Mauthner neurons. While 479 

Mauthner neurons are present at both 1 and 2 dpf, they have different intrinsic properties at 480 

different developmental stages, which in turn alter the neurons’ excitability and susceptibility to 481 

excitotoxicity. Thus, Mauthner cells are more excitable at 48 hpf versus 30 hpf, as measured by 482 

higher frequency and amplitude in their AMPA miniature excitatory postsynaptic potentials 483 

(mEPSPs).61 Furthermore, it has been suggested that these changes are due to a switch in AMPA 484 

receptor subunit composition between 30 hpf and 48 hpf. 61 It is conceivable that the 485 

developmental switch in AMPA receptor subunits of Mauthner neurons make these neurons 486 

more sensitive to DomA exposures later in development. It is well-known that DomA has 487 

different binding affinities for different AMPA and KA receptors that are composed of 488 

homomeric subunits.7 The switches in AMPA receptor subunits during development could 489 

change the sensitivity of neurons to DomA, making it more excitotoxic for the Mauthner neuron 490 

at the 2 dpf timepoint compared to the 1 dpf timepoint. 491 

 492 

While DomA exposure at 2 dpf led to the loss of Mauthner cells at 2.5 dpf, it did not lead to any 493 

apparent losses in selected sensory neuron structures or the main axons of both the CaP and the 494 

RoP primary motor neurons. However, exposure to DomA did lead to significant losses in the 495 

MiP primary motor neurons. Primary motor neuron subtypes – CaP, RoP and MiP – have 496 

different axonal trajectories, innervate different regions of the muscle mass and have different 497 
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electrical membrane properties.62,63 This may explain how DomA preferentially alters the main 498 

primary motor neuron axon of one subtype and not the others.  499 

 500 

DomA exposure also affected the oligodendrocyte lineage. After the initial stages of myelination 501 

(2.5- 3 dpf), DomA exposure led to significantly fewer myelinating oligodendrocytes in fish that 502 

also had severe myelin defects. DomA exposure also resulted in individual oligodendrocytes that 503 

produced fewer and shorter elongated myelin sheaths, while having more aberrant circular 504 

myelin membranes, which may be ectopically myelinated neuronal cell bodies (see below). In 505 

contrast, DomA did not alter the number of OPCs, which suggests that DomA does not alter 506 

OPC development. However, it is possible that DomA alters OPC developmental processes such 507 

as specification, proliferation, or survival in opposite ways that result in no changes to the total 508 

number of OPCs. Further experiments that directly investigate critical cellular processes 509 

including specification, migration, and differentiation would be necessary to confirm that DomA 510 

does not perturb OPC development. 511 

 512 

The effects of DomA on the oligodendrocyte lineage may be secondary to the loss of 513 

reticulospinal neurons. Results from experiments using the kif1bp mutant64 were similar to those 514 

in this study. The loss of kif1bp, and the resulting reduction in axonal surface area, did not lead 515 

to fewer OPCs, nor did the axonal loss alter OPC specification, migration, or timing of 516 

differentiation. In contrast, the loss of kif1bp led to the impaired survival of oligodendrocytes and 517 

an overall reduction in myelination in the posterior region on the spinal cord where the axonal 518 

loss was more pronounced. This illustrates how target axons influence oligodendrocyte 519 

development, and conversely how the loss of axons leads to perturbations in oligodendrocyte 520 

survival, as well as oligodendrocyte loss.  521 

 522 

The loss of the Mauthner axons may have contributed to the appearance of the unusual circular 523 

myelin membranes, which were tentatively identified as myelin that ectopically wrapped 524 

neuronal cell bodies. A recent study that used a genetic model that lacks reticulospinal axons 525 

(kif1bp-/-) reported an excess of ectopic myelin wrapping neuronal cell bodies.59 The authors 526 

posited that the oligodendrocytes myelinate neuronal cell bodies in cellular environments where 527 

there were fewer axons to myelinate relative to the number of oligodendrocytes present. To test 528 
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this, they manipulated oligodendrocyte numbers using a pharmacological approach; decreasing 529 

the number of oligodendrocytes reduced the number of ectopically myelinated neuronal cell 530 

bodies while increasing the number of oligodendrocytes increased the number of these ectopic 531 

features. We hypothesized that DomA-induced axonal loss led to these circular myelin 532 

membranes by a similar mechanism. Treatment of DomA-exposed fish with GANT61 – a small 533 

molecule that decreases oligodendrocyte number  – caused a reduction in the number of 534 

oligodendrocytes as well as the circular myelin membranes. This supports the hypothesis that 535 

these circular myelin membranes arise in DomA-treated fish due to the loss of reticulospinal 536 

axons and the resulting mismatch of axonal surface area to oligodendrocyte number, which 537 

causes oligodendrocytes to ectopically myelinate neuronal cell bodies. 538 

 539 

The results of our study point to reticulospinal neurons as targets of DomA. We cannot rule out 540 

the possibility that DomA also targets the oligodendrocyte lineage directly. It is possible that 541 

DomA directly binds to ionotrophic glutamate receptors in oligodendrocytes, potentially 542 

inhibiting their ability to myelinate axons and leading to further axonal loss. Nevertheless, our 543 

results strongly support the idea that reticulospinal neurons are the initial targets of DomA and 544 

that their loss contributes to the myelination defects observed. 545 

 546 

4.6 CONCLUSION 547 

This study identified neuronal subpopulations (Mauthner cell, MiP primary motor neurons) as 548 

the initial targets for DomA exposure that occurs during the developmental period prior to 549 

myelination (proposed model, Fig. 8). The loss of these neurons, and the resulting changes to the 550 

axonal environment in the spinal cord, contributed to the pronounced myelin defects observed. 551 

DomA also led to loss of oligodendrocytes and the inability of remaining oligodendrocytes to 552 

appropriately myelinate targets in the spinal cord. This may be a secondary effect due to the 553 

initial loss of neurons or to direct effects of DomA on oligodendrocytes. These results suggest 554 

that DomA exposure can target specific neuronal populations and alter cellular environments that 555 

lead to pronounced and lasting structural and behavioral phenotypes. 556 

 557 
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Figure 1: Exposure to DomA at 2 dpf did not reduce the number of oligodendrocyte 755 

precursor cells prior to myelination 756 

(A) Diagram of laterally mounted Tg(olig2:EGFP) x Tg(sox10:mRFP) double transgenic 757 

larvae. The rectangle delineates the approximate location within the spinal cord where 758 

the image was acquired. 759 

(B) Representative images of the double transgenic fish, Tg(olig2:EGFP) x 760 

Tg(sox10:mRFP), imaged at 2.5 dpf. Control (B1) and DomA-exposed fish (B2). White 761 

arrow points to a dorsal OPC. Scale bar = 50 μm 762 

(C) Oligodendrocyte precursor cell (OPC) count in dorsal spinal cords of the control and 763 

DomA-exposed double transgenic fish —Tg(olig2:EGFP) x Tg(sox10:mRFP). Each 764 

point represents the number of OPCs counted within the 403.1μM imaging area in a 765 

single fish (Control  — median = 26 and IQR = 6;  DomA — median = 25, IQR = 9).  766 

(D) Diagram of laterally mounted Tg(nkx2.2a:mEGFP) x Tg(sox10: RFP) double transgenic 767 

larvae. The rectangle delineates the approximate location within the spinal cord where 768 

the image was acquired. 769 

(E) Representative images of the double transgenic fish, Tg(nkx2.2a:mEGFP) x 770 

Tg(sox10:RFP), imaged at 2.5 dpf. Control (E1) and DomA exposed fish (E2). White 771 

arrow points to a dorsal OPC in the myelinating lineage. Scale bar = 50 μm 772 

(F) Counts of OPCs that are fated to be myelinating oligodendrocytes in the dorsal spinal 773 

cord in double transgenic fish — Tg(nkx2.2a:mEGFP) x Tg(sox10: RFP). Each point 774 

represents the number of OPCs counted within the 354.3μM imaging area in a single 775 

fish. (Control – median = 33, IQR= 15, DomA – median = 36, IQR = 13). 776 

Data shown are from two combined trials. See Supplemental Fig. 1 for data from individual 777 

trials. 778 
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Figure 2: Exposure to DomA at 2 dpf reduces the number of myelinating oligodendrocytes 781 

in fish with severe myelin defects, and in a dose dependent manner 782 

(A)  The Tg(mbp:EGFP) transgenic line was used to quantify myelinating oligodendrocytes 783 

at 4 dpf. The rectangle delineates the approximate location within the spinal cord where 784 

the image was acquired (somites 6-10). 785 

(B) Number of myelinating oligodendrocytes quantified at 4 dpf in the spinal cords of fish 786 

exposed to different doses of DomA at 2 dpf. Each point represents the number of 787 

myelinating oligodendrocytes within the 403.9μM imaging area in a single fish. (Control 788 

(0 ng)  – median = 70 and IQR = 13; DomA 0.14 ng – median = 62, IQR = 20;  DomA 789 

0.18 ng – median = 47, IQR = 20). 790 

(C) Representative images of laterally mounted Tg(mbp:EGFP) fish classified by myelin 791 

severity, ranging from 0, representing control-like myelin sheaths, to 3, representing the 792 

most severe myelin phenotype observed. 793 

(D) Fish used in Fig 2B were further subdivided by the severity of the myelin defect 794 

observed. The myelinating oligodendrocyte counts were then plotted against the myelin 795 

severity score.  796 

Scale bar = 100 μm, n.s. = not significant, *** p < 1 e -3 using a generalized mixed effects 797 

models with a negative binomial distribution  798 
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 800 

Figure 3: DomA reduces the length and number of myelin sheaths produced by individual 801 

oligodendrocytes by 4 dpf 802 

(A) Representative images of mosaically labeled oligodendrocytes in DomA-exposed (2 dpf 803 

injected) and control fish following 1 cell injections of the reporter construct, mbp:EGFP-804 

CAAX into Tg(sox10:RFP) background. Only EGFP channel is presented to show the 805 

sparsely labeled myelin sheaths. Asterisks mark oligodendrocyte cell bodies. Peach arrow 806 

points to aberrant circular profiles. Scale bar = 50 μm 807 

(B) Number of myelin sheaths produced by single oligodendrocytes (OL) in both control and 808 

DomA exposed fish. 809 

(C) Median length of the myelin sheaths produced by individual OLs in μm. OL without 810 

myelin sheaths were excluded from this graph. 811 

(D) Number of circular myelin membranes produced by individual OLs.  812 
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Figure 4: Exposure to DomA at 2 dpf (but not 1 dpf) leads to the loss of the Mauthner 816 

neuron prior to myelination 817 

(A) Diagram of 2.5 dpf embryos that were dorsally mounted and immunostained with anti-818 

3A10. The rectangle delineates the approximate area that was imaged. Mauthner cells are 819 

labeled in teal.  820 

(B) 3A10 immunostaining of 52-hpf, non-injected (NI) embryos confirmed that all the major 821 

reticulospinal neurons are present by the 2 dpf (48-53 hpf) injection period (n= 26). Teal 822 

arrows label Mauthner cells. Scale bar = 100 μm. 823 

(C) Percentage of embryos exposed to DomA (2 dpf) or vehicle that had 0, 1, or 2 Mauthner 824 

cells after being stained for anti-3A10 at approximately 60 hpf. Numbers of larvae with 825 

each phenotype are listed within each bar. Data were aggregated from four trials. See 826 

Supplemental Fig. 3 for individual trial data. 827 

(D) 3A10 immunostaining of embryos that were exposed to DomA at 2 dpf,then processed 828 

approximately 8 hours post exposure (60 hpf). Teal arrows label Mauthner cells, peach 829 

arrows label the anterior lateral line, and magenta arrows label the medial longitudinal 830 

fasciculus. Scale bar = 100 μm. 831 

(E) 3A10 immunostaining of 32-hpf, non-injected (NI) embryos confirmed that all the major 832 

reticulospinal neurons are present by 1 dpf injection period (n= 10). Scale bar = 50 μm. 833 

(F) 3A10 immunostaining of embryos that were exposed to DomA at 1 dpf (32 hpf), then 834 

processed approximately 8 hours post exposure (40 hpf). Control embryos (n=38); DomA 835 

exposed embryos (n= 38), with n= 37 fish with 2 Mauthner cells, and n= 1 with 1 836 

Mauthner cell. Scale bar = 50 μm. 837 

(G) 3A10 immunostaining of embryos that were exposed to DomA at 1 dpf (32 hpf), then 838 

processed at 60 hpf. Control embryos (n= 35), DomA exposed embryos (n= 41 All 839 

control and DomA-exposed fish had 2 Mauthner cells).  Scale bar = 50 μm. 840 
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Figure 5: Exposure to DomA at 2 dpf does not alter selected sensory neuron structures or 842 

the main axons of two of the three primary motor neurons 843 

(A) Diagram of 2.5 dpf embryos laterally mounted and immunostained with anti-acetylated 844 

tubulin. The rectangle delineates the approximate area that was imaged.  845 

(B) Representative images of control (n= 35) and DomA-exposed larvae 846 

(n=29)immunostained with anti-acetylated tubulin. Labels point to both the sensory 847 

ganglia that comprise the anterior lateral line (nADso, nVDI, nADb, nAVm) and to the 848 

peripheral lateral line (pLL).  849 

(C) Diagram of the axonal trajectories in the three types of primary motor neurons assessed 850 

in Tg(olig2:EGFP) fish. 851 

(D) Representative images of Tg(olig2:EGFP) ) x Tg(sox10:mRFP)  fish exposed to vehicle 852 

or to DomA at 2 dpf then imaged at 2.5 dpf. Peach arrows point to the MiP main axons, 853 

magenta arrows point to the RoP main axons, and teal arrows point to the CaP main 854 

axons. Scale bar = 50 μm. These fish were the same fish used in Figure 1, with only the 855 

EGFP shown. 856 

(E) Presence or absence of the main axons of the three types of primary motor neurons in 857 

control and DomA-exposed fish. ***p < 0.001 858 

Abbreviations: superior opthalmic ramus of the anterodorsal lateral line nerve (nADso), 859 

dorsolateral nerve of the trigeminal ganglion (nVDI), buccal ramus of the anterodorsal lateral 860 

line nerve (nADb) or the mandibular ramus of the anterior lateral line nerve (nAVm). Middle 861 

primary motor neuron (MiP), rostral primary motor neuron (RoP), Caudal primary motor 862 

neurons (CaP). 863 
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Figure 6: DomA exposure at 2 dpf leads to the formation of aberrant circular profiles that 866 

may be ectopically myelinated neuronal cell bodies 867 

(A) Tg(mbp:EGFP) x Tg(mbp:EGFP-CAAX) double transgenic line labels both 868 

oligodendrocyte cell bodies and myelin sheaths. Asterisks mark oligodendrocyte cell 869 

bodies. Arrows label circular myelin membranes, which are commonly found in DomA-870 

exposed larvae and rarely observed in controls. Scale bar = 100 μm. 871 

(B) Representative images of mosaically labeled oligodendrocytes in DomA-exposed (2 dpf) 872 

and control fish following 1 cell injections of the reporter construct, mbp:EGFP-CAAX 873 

into Tg(sox10:RFP) background, imaged at 4 dpf. Oligodendrocyte cell bodies are 874 

labeled in red. Arrows mark circular myelin membranes, which are outlined in green. 875 

These were the same fish used in Fig. 3, but with the red channel present to show the 876 

oligodendrocyte cell body. Scale bar = 25 μm. 877 

(C) Tg(sox10:mRFP) x Tg(cntn1b:EGFP-CAAX) double transgenic line imaged at 5 dpf. 878 

mRFP labels myelin sheaths and oligodendrocyte membranes. EGFP-CAAX labels the 879 

membrane of subpopulations of spinal cord neurons. Two examples of DomA-exposed 880 

double transgenic fish. Circular myelin membranes labeled in RFP (C1), neuronal cell 881 

bodies outlined in EGFP (C2). Images were then merged (C3). Asterisks mark neuronal 882 

cell bodies that are potentially associated with circular myelin membranes in the imaging 883 

plane.  884 

 Scale bar = 20 μm. 885 

(D) Scanning electron micrograph of neuronal cell bodies in the spinal cords of 886 

Tg(mbp:EGFP-CAAX) fish. (D1) Example neuronal cell body in a control fish shows no 887 

evidence of myelin surrounding it. (D2-D5) Example neuronal cell bodies in DomA-888 

exposed fish that may be wrapped by myelin. Arrows point to the putative myelin that 889 

surrounds the cell body. (n=1 control, n= 1 DomA-exposed) Scale bar= 1 μm. 890 
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Figure 7: Treatment with GANT61, a small molecule that reduces the number of 893 

myelinating oligodendrocytes, also reduces the number of circular profiles in DomA 894 

treated fish 895 

(A) Tg(mbp:EGFP) x Tg(mbp:EGFP-CAAX) double transgenic fish were exposed to DomA 896 

(0.14 ng) or vehicle at 2 dpf. Myelinating oligodendrocytes in the dorsal spinal cord were 897 

counted for control and DomA-exposed fish that were exposed to different 898 

concentrations of GANT61 (1.5- 4 dpf). Each point represents the number of 899 

oligodendrocytes counted within a 269 μM imaging area in a single fish. 900 

(B) Number of odd circular features in dorsal spinal cord of the same control and DomA 901 

exposed fish plotted in Fig 7A. 902 

(C) The number of circular features per oligodendrocyte (OL) in the dorsal spinal cord of the 903 

control and DomA-exposed fish that were exposed to different concentrations of 904 

GANT61. 905 

(D) The number of circular features plotted against the number of dorsal OLs. 906 

(E) Images of control fish exposed to 0 μM (E1), 10 μM (E2), 25 μM (E3), and 40 μM 907 

GANT61 (E4). 908 

(F) Images of DomA fish exposed to 0 μM (F1), 10 μM (F2), 25 μM (F3), and 40 μM 909 

GANT61 (F4).  910 

 Scale bar = 50 μm.* = p< 0.05, ** = p < 0.01, *** p < 0.001 by generalized mixed 911 

models with a Poisson or a negative binomial distribution. 912 

Data were aggregated from two trials. See Supplemental Fig. 4 for data from individual 913 

trials. 914 
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Figure 8: Proposed model  917 

A. During normal development, the Mauthner cells are present at 2.5 dpf, and axon wrapping 918 

and myelination commences at 2.5 dpf. By 5 dpf, nascent myelin sheath formation is 919 

completed, and robust startle behavior can be observed.  920 

B. DomA exposure results in the loss of Mauthner cells and selected primary motor neuron 921 

subtypes. This results in the reduction in axonal surface area in the spinal cord prior to 922 

myelination. With the reduced axonal surface area, a subset of cells from the oligodendrocyte 923 

lineage inappropriately myelinate neuronal cell bodies while others undergo cell death. The 924 

loss of the Mauthner cells, the reduction in primary motor neuron collaterals, and the 925 

myelination defects could all potentially contribute to the startle deficits observed in the 926 

larval stages. 927 
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Figure 1: Exposure to DomA at 2 dpf did not reduce the number of 
oligodendrocyte precursor cells prior to myelination

.CC-BY-NC-ND 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 August 11, 2022. ; https://doi.org/10.1101/2022.08.08.503200doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.08.503200
http://creativecommons.org/licenses/by-nc-nd/4.0/


Control, 0 ng DomA
0.14 ng DomA
0.18 ng DomA

Tg(mbp:EGFP)

Se
ve

rit
y 

in
 m

ye
lin

 d
ef

ic
its

C.

0

1

2

3 0

25

50

75

100

0

25

50

75

100

0 1 2 3
Myelin severity score

0 0.14 0.18
DomA (ng)

A. B.

D.

n.s. *** ***

*** ***

O
lig

od
en

dr
oc

yt
e 

co
un

t
O

lig
od

en
dr

oc
yt

e 
co

un
t

 

Figure 2: Exposure to DomA at 2 dpf reduces the number of myelinating oligodendrocytes in fish with severe myelin defects, 
and in a dose dependent manner
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Figure 3: DomA reduces the length and number of myelin sheaths produced by individual oligodendrocytes by 4 dpf
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Figure 4: Exposure to DomA at 2 dpf (but not 1 dpf) leads to the loss of the Mauthner neuron prior to myelination
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Figure 5: Exposure to DomA at 2 dpf does not alter selected sensory neuron structures or the main axons of two of 
the three primary motor neurons
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Figure 6: DomA exposure at 2 dpf leads to the formation of aberrant circular 
profiles that may be ectopically myelinated neuronal cell bodies
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Figure 7: Treatment with GANT61, a small molecule that reduces the number of myelinating oligodendrocytes, also reduces the 
number of circular profiles in DomA treated fish
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Figure 8: Proposed model 
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