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SUMMARY:  29 
A detailed experimental protocol is presented in this paper for the evaluation of neurobehavioral 30 
toxicity of environmental pollutants using a zebrafish larvae model, including the exposure 31 
process and tests for neurobehavioral indicators.  32 
 33 
ABSTRACT: 34 
Recent years more and more environmental pollutants have been proved neurotoxic, especially 35 
at the early development stages of organisms. Zebrafish larvae are a preeminent model for the 36 
neurobehavioral study of environmental pollutants. Here, a detailed experimental protocol is 37 
provided for the evaluation of the neurotoxicity of environmental pollutants using zebrafish 38 
larvae, including the collection of the embryos, the exposure process, neurobehavioral 39 
indicators, the test process, and data analysis. Also, the culture environment, exposure process, 40 
and experimental conditions are discussed to ensure the success of the assay. The protocol has 41 
been used in the development of psychopathic drugs, research on environmental neurotoxic 42 
pollutants, and can be optimized to make corresponding studies or be helpful for mechanistic 43 
studies. The protocol demonstrates a clear operation process for studying neurobehavioral 44 
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effects on zebrafish larvae and can reveal the effects of various neurotoxic substances or 45 
pollutants. 46 
 47 
INTRODUCTION:  48 
In recent years more and more environmental pollutants have been proved neurotoxic1-4. 49 
However, the assessment of neurotoxicity in vivo after exposure to environmental pollutants is 50 
not as easy as that of endocrine disruption or developmental toxicity. In addition, early exposure 51 
to pollutants, especially at environmentally relevant doses, has attracted increasing attention in 52 
toxicity studies5-8.  53 
 54 
Zebrafish is being established as an animal model fit for neurotoxicity studies during early 55 
development after exposure to environmental pollutants. Zebrafish are vertebrates that develop 56 
faster than other species after fertilization. The larvae do not need to be fed because the 57 
nutrients in the chorion are enough for sustain them for 7 days postfertilization (dpf)9. Larvae 58 
come out from the chorion at ~2 dpf and develop behaviors such as swimming and turning that 59 
can be observed, tracked, quantified, and analyzed automatically using behavior instruments10-60 
13 starting at 3–4 dpf14-18. In addition, high-throughput tests can also be realized by behavior 61 
instruments. Thus, zebrafish larvae are an outstanding model for the neurobehavioral study of 62 
environmental pollutants19. Here, a protocol is offered using high-throughput monitoring to 63 
study the neurobehavioral toxicity of environmental pollutants on zebrafish larvae under light 64 
stimuli.  65 
 66 
Our lab has studied the neurobehavioral toxicity of 2,2',4,4'-tetrabromodiphenyl ether (BDE-67 
47)20,21, 6'-Hydroxy/Methoxy-2,2',4,4'-tetrabromodiphenyl ether (6-OH/MeO-BDE-47)22, deca-68 
brominated diphenyl ether (BDE-209), lead, and commercial chlorinated paraffins23 using the 69 
presented protocol. Many labs also use the protocol to study the neurobehavioral effects of other 70 
pollutants on larvae or adult fish24-27. This neurobehavioral protocol was used to help provide 71 
mechanistic support showing that low-dose exposure to bisphenol A and replacement bisphenol 72 
S induced premature hypothalamic neurogenesis in embryonic zebrafish27. In addition, some 73 
researchers optimized the protocol to perform corresponding studies. A recent study eliminated 74 
the toxicity of amyloid beta (Aβ) in an easy, high-throughput zebrafish model using casein-coated 75 
gold nanoparticles (βCas AuNPs). It showed that βCas AuNPs in systemic circulation translocated 76 
across the blood-brain barrier of zebrafish larvae and sequestered intracerebral Aβ42, eliciting 77 
toxicity in a nonspecific, chaperone-like manner, which was supported by behavioral pathology28. 78 
 79 
Locomotion, path angle, and social activity are three neurobehavioral indicators used to study 80 
the neurotoxicity effects of zebrafish larvae after exposure to pollutants in the presented 81 
protocol. Locomotion is measured by the swimming distance of larvae and can be damaged after 82 
exposure to pollutants. Path angle and social activity are more closely related with the function 83 
of the brain and the central nervous system29. The path angle refers to the angle of the path of 84 
animal motion relative to the swimming direction30. Eight angle classes from ~-180°–~+180° are 85 
set in the system. To simplify the comparison, six classes in the final outcome are defined as 86 
routine turns (-10° ~ 0°, 0° ~ +10°), average turns (-10° ~ -90°, +10° ~ +90°), and responsive turns 87 
(-180° ~ -90°, +90° ~ +180°) according to our previous studies21,22. Two-fish social activity is 88 



   

   
 

fundamental of group shoaling behavior; here a distance of <0.5 cm between two larvae valid is 89 
defined as social contact. 90 
 91 
The protocol presented here demonstrates a clear process for studying neurobehavioral effects 92 
on zebrafish larvae and provides a way to reveal the neurotoxicity effects of various substances 93 
or pollutants. The protocol will benefit researchers interested in studying the neurotoxicity of 94 
environmental pollutants.  95 
 96 
PROTOCOL:  97 
 98 
The protocol is in accordance with guidelines approved by the Animal Ethics Committee of Tongji 99 
University. 100 
 101 
1. Zebrafish embryo collection 102 
 103 
1.1. Put two pairs of healthy adult Tubingen zebrafish into the spawning box on the night before 104 
exposure, keeping the sex ratio at 1:1. 105 
 106 
1.2. Remove the adult fish back to the system 30–60 min after daylight the next morning.  107 
 108 
1.3. Remove the embryos out of the spawning box.  109 
 110 
1.4. Rinse the embryos with system water. 111 
 112 
1.5. Transfer the embryos into a glass Petri dish (9 cm diameter) with enough system water. 113 
 114 
1.6. Observe the embryos under the microscope and select healthy embryos for later exposure. 115 
 116 
NOTE: Healthy embryos are usually transparent with light golden color under the microscope. 117 
The unhealthy embryos are usually pale and clumped together as observed under the 118 
microscope. 119 
 120 
2. Preparation before exposure 121 
 122 
2.1. Prepare the Hanks’ solution according to the guidelines of the zebrafish book31.  123 
 124 
NOTE: The Hanks’ solution includes 0.137 M NaCl, 5.4 mM KCl, 0.25 mM Na2HPO4, 0.44 mM 125 
KH2PO4, 1.3 mM CaCl2, 1.0 mM MgSO4, and 4.2 mM NaHCO3.  126 
 127 
2.2. Dilute the Hanks’ solution to 10% Hanks’ solution using sterile water. 128 
 129 
2.3. Add 1 mL of DMSO into 999 mL of 10% Hanks’ solution to make a control solution of 10% 130 
Hanks’ solution including 0.1% DMSO. 131 
 132 



   

   
 

NOTE: The next steps use BDE-47 as an example of an exposure solution. 133 
 134 
2.4. Dissolve 5 mg of the neat BDE-47 in 1 mL of 100% DMSO to make a standard exposure 135 
solution of 5 mg/mL. 136 
 137 
2.5. Vortex the 5 mg/mL solution for 1 min to completely dissolve the BDE-47 in the DMSO. 138 
 139 
2.6. Transfer 10 μL of the 5 mg/mL solution to a 12 mL brown glass bottle.  140 
 141 
2.7. Add sterilized water to a final volume of 10 mL to make the concentration of BDE-47 exposure 142 
solution 5 mg/L and DMSO ratio at 0.1%, then vortex for 1 min. 143 
 144 
2.8. Transfer 10 μL and 100 μL of the 5 mg/L solution into two 100 mL volumetric flasks 145 
respectively. 146 
 147 
2.9. Add 10% Hanks’ solution including 0.1% DMSO (prepared in step 2.3) to 100 mL to make the 148 
final concentrations of the BDE-47 exposure solutions 5 μg/L and 50 μg/L, respectively. 149 
 150 
2.10. Transfer the solutions into 100 mL brown glass bottles and store them at 4 °C.  151 
 152 
3. Exposure of embryos  153 
 154 
3.1. Transfer ~50 embryos into each of the three glass Petri dishes (6 cm diameter) 3–5 hours 155 
post fertilization (hpf). 156 
 157 
3.2. Use a 1 mL pipette tip to blot the system water around the embryos.  158 
 159 
3.3. Use a pipette to transfer the control and two BDE-47 exposure solutions (control, 5 μg/L, 50 160 
μg/L) into the three glass Petri dishes, respectively. 161 
 162 
3.4. Shake the glass Petri dishes gently one by one to make the embryos disperse in the bottom 163 
of the plate. 164 
  165 
3.5. Put the glass Petri dishes into the light incubator under 28.5 °C. 166 
 167 
3.6. Renew half of the exposure solutions every 24 h until 5 dpf. 168 
 169 
3.7. Check the dead embryos of every group on 1 dpf and 2 dpf and calculate the death rate. 170 
 171 
3.8. Check the incubated embryos of every group on 2 dpf and 3 dpf and calculate the hatchability. 172 
 173 
3.9. Check the deformity of the larvae every day after they come out from the chorion and 174 
calculate the deformity rate of every group. 175 
 176 



   

   
 

NOTE: The deformity indicators include pericardial cyst, spinal curvature, tail curvature, among 177 
others factors32. 178 
 179 
4. Preparation for the behavior test 180 
 181 
4.1. Prepare a 48 well microplate for the locomotion and path angle test and three 6 well 182 
microplates for the social activity test on the morning of 5 dpf. 183 
 184 
4.2. Transfer 800 μL of exposure solution into every well of the 48 well microplate.  185 
 186 
NOTE: Use 16 wells for every group (i.e., the control solution, 5 μg/L, and 50 μg/L group). 187 
 188 
4.3. Use a 1 mL pipette tip to transfer 200 μL of exposure solution with one larva from the glass 189 
Petri dish into one well of the 48 well microplate.  190 
 191 
4.4. Transfer 4 mL of exposure solution into every well of the 6 well microplate.  192 
 193 
NOTE: Use one 6 well microplate for every group. 194 
 195 
4.5. Use a 1 mL pipette tip to transfer 200 μL of exposure solution with two larvae into each well 196 
of the 6 well microplate. 197 
 198 
NOTE: Every group has six repeating groups. 199 
 200 
4.6. Make sure the temperature of the test room is 28 °C 2 h before the test. 201 
 202 
NOTE: Behavioral tests are usually performed in the afternoon. 203 
 204 
5. Behavioral test 205 
 206 
5.1. Locomotion and path angle test 207 
 208 
5.1.1. Click the launcher icon on the computer desk to open the software (see Table of Materials) 209 
that controls the high-throughput monitoring enclosure to start the program.  210 
 211 
5.1.2. Choose the “Tracking, Rotations, Path Angles” module to enter the operating interface. 212 
 213 
5.1.3. Transfer the 48 well microplate prepared in step 4.3 to the recording platform and pull 214 
down the cover. 215 
 216 
5.1.4. Click the “File” “Generate Protocol” button in turn in the software to begin generating a 217 
new protocol. 218 
 219 
5.1.5. Input “48” in the “Location count” position and click the “OK” button. 220 



   

   
 

 221 
5.1.6. Click the “Parameters” “Protocol Parameters” “Time” button in turn in the software. Set 222 
the experiment duration for 1 h and 10 min and set the integration period to 60 s33. 223 
 224 
5.1.7. Draw the detected areas.  225 
 226 
5.1.7.1. Select the elliptical shape and draw the first circle around the first top left well. 227 
 228 
5.1.7.2. Select the circle, click the “Copy” “Top-Right Mark” “Paste” “Select” button in turn, and 229 
use the mouse to drag the copied circle to the top right well. 230 
 231 
5.1.7.3. Select the circle, click the “Copy” “Bottom Mark” “Paste” “Select” button in turn, and 232 
use the mouse to drag the copied circle to the bottom right well. 233 
 234 
5.1.7.4. Click the “Build” “Clear marks” button in turn.  235 
 236 
NOTE: The system will automatically draw every other well of the plate. The newly created areas 237 
should perfectly fit each well between the actual fish and its reflection on the side of the well. 238 
 239 
5.1.8. Click the “Draw Scale” button, draw a calibration line on the screen (a diagonal path or 240 
parallel to the side of the microplate), enter its length and set the “Unit”. Then click the “Apply 241 
to group” button. 242 
 243 
5.1.9. Set the detection threshold at 16–18 to allow the detection of the animals. 244 
 245 
5.1.10. Set the animal color at “Black” in the software. 246 
 247 
5.1.11. Input inactive/small and small/large speed at 0.5 cm/s and 2.5 cm/s respectively. 248 
 249 
5.1.12. Set the path angle classes. Input “-90, -30, -10, 0, 10, 30, and 90” to make path angle 250 
classes from -180°–+180°. 251 
 252 
5.1.13. Set the light conditions 253 
 254 
5.1.13.1. Click the “Parameters” “Light driving” “Uses one of the 3 triggering methods below” 255 
“Enhanced stimuli” button in turn to set the light conditions. 256 
 257 
5.1.13.2. Choose the “Edge” button, then set a dark period of 10 min, followed by three cycles of 258 
alternating 10 min light and dark periods. 259 
 260 
5.1.14. Save the protocol and turn down the light of the test room. 261 
 262 
5.1.15. Acclimate the larvae in the system for 10 min and click the “Experiment” “Execute” 263 
button in turn, then choose the folder where the experiment files are saved and enter the result 264 



   

   
 

name. 265 
 266 
5.1.16. Click the “Background” “Start” button in turn to start the test. 267 
 268 
5.1.17. Click the “Experiment” “Stop” button in turn to stop the experiment when the test ends. 269 
 270 
NOTE: The system shows the data tested when the system stops. The data include the tracked 271 
distance at three speed classes and path angle numbers at eight angle classes of every minute. 272 
For the locomotion test in the presented example, the total distance in every light period (10 min) 273 
is calculated and the difference between the control group and the treatment groups compared. 274 
 275 
5.1.18. Transfer the 48 well microplate back to the light incubator for other experiments. 276 
 277 
 5.2. Social activity test 278 
 279 
5.2.1. Click on the launcher icon on the computer desk to open the software that controls the 280 
high-throughput monitoring enclosure to start the program.  281 
 282 
5.2.2. Choose the “Social Interactions” module to enter the operating interface. 283 
 284 
5.2.3. Transfer the prepared 6 well microplate (control group) in step 4.4 to the recording 285 
platform and pull down the cover. 286 
 287 
5.2.4. Click the “File” “Generate Protocol” button in turn in the software to begin generating a 288 
new protocol. 289 
 290 
5.2.5. Input “6” in the “Location count” position and click the “OK” button. 291 
 292 
5.2.6. Click the “Parameters” “Protocol Parameters” “Time” button in turn in the software. Set 293 
the experiment duration for 1 h and 10 min and set the integration period to 60 s. 294 
 295 
5.2.7. Draw the detected areas.  296 
 297 
5.2.7.1. Select the elliptical shape and draw the first circle around the first top left well. 298 
 299 
5.2.7.2. Select the circle, click the “Copy”, “Top-Right Mark” “Paste” “Select” button in turn, and 300 
use the mouse to drag the copied circle to the top-right well. 301 
 302 
 5.2.7.3. Select the circle, click the “Copy” “Bottom Mark” “Paste” “Select” button in turn, and 303 
use the mouse to drag the copied circle to the bottom right well. 304 
 305 
 5.2.7.4. Click the “Build” “Clear marks” button in turn.  306 
 307 
NOTE: The newly created areas should fit each well perfectly and between the actual larvae and 308 



   

   
 

its reflection on the side of the well. 309 
 310 
5.2.8. Click the “Draw Scale” button, draw a calibration line in the screen (a diagonal path or 311 
parallel to the side of the microplate), enter its length and set the “Unit”. Then click the “Apply 312 
to group” button. 313 
 314 
5.2.9. Set the detection threshold at 16–18 to allow the detection of the animals. 315 
 316 
5.2.10. Click the “Black animal” button in the software. 317 
 318 
5.2.11. Choose the “Distance Threshold” button and input “5” in the software. 319 
 320 
5.2.12. Set the light conditions. 321 
 322 
5.2.12.1. Click the “Parameters” “Light driving” “Uses one of the 3 triggering methods below” 323 
“Enhanced stimuli” button in turn to set the light conditions. 324 
 325 
5.2.12.2. Choose the “Edge” button, then set a dark period of 10 min, followed by three cycles of 326 
alternating 10 min light and dark periods. 327 
 328 
5.2.13. Save the protocol and turn down the light of the room. 329 
 330 
5.2.14. Acclimate the larvae in the system for 10 min and click the “Experiment” “Execute” 331 
button in turn, then choose the folder where the experiment files are saved and enter the result 332 
name. 333 
 334 
5.2.15. Click the “background” “start” button in turn to start the test. 335 
 336 
5.2.16. Click the “Experiment” “Stop” button in turn to stop the experiment in the software when 337 
the test ends. 338 
 339 
NOTE: The system shows the data tested when the system stops. 340 
 341 
5.2.17. Transfer the 6 well microplate (control group) back to the light incubator for other 342 
experiments. 343 
 344 
5.2.18. Transfer the 6 well microplates (5 μg/L and 50 μg/L groups) in turn to the recording 345 
platform and repeat the steps from 5.2.4 to 5.2.17 by ordinal. 346 
 347 
6. Data analysis 348 
 349 
6.1. Open the spreadsheet file in the locomotion and path angle results. 350 
 351 
6.2. Select the three distance columns (inadist, smldist, lardist) and add them up. 352 



   

   
 

 353 

NOTE：The data of inadist, smldist, and lardist mean different distances recorded by the system 354 
in different speed classes (inactive/small/large), respectively. 355 
  356 
6.3. For every 10 minute light period sum up the distance of every well, calculate the average 357 
distance of 16 wells, and compare the data of the three groups under light stimuli. 358 
 359 
6.4. For every 10 minute light period sum up the angle number of every well in every light 360 
duration from cl01 to cl08 in turn, and compare the data of the three groups under light stimuli. 361 
 362 

NOTE： The data of columns from cl01 to cl08 mean different path angle numbers recorded by 363 
the system in different path angles, respectively.  364 
 365 
6.5. Open the spreadsheet file in the social activity results. 366 
 367 
6.6. Select the contct and contdur columns, and for every 10 min light period sum up the social 368 
times and their duration for every well. 369 
 370 
6.7. Calculate the average social times and duration of one group in every light duration and 371 
compare the data of the three groups under light stimuli. 372 
 373 
REPRESENTATIVE RESULTS:  374 
Here, we describe a protocol for studying the neurobehavioral effects of environmental 375 
pollutants using zebrafish larvae under light stimuli. The locomotion, path angle, and social 376 
activity tests are defined in the introduction. The setup of the microplates in the locomotion and 377 
path angle tests and the images of the software are shown below. In addition, our own research 378 
results are presented as examples. Two studies present the locomotion and path angle effects 379 
after exposure to BDE-47 and 6-OH/MeO-BDE-47. The third study presents the effects of four 380 
commercial chlorinated paraffins on social behavior. 381 
 382 
The setup of the 48 well microplate and the movement locus of the larvae in the locomotion 383 
and path angle test. 384 
Three groups, including one control group and two treatment groups, were used in the protocol. 385 
Because every group can have 16 animals, the system can be used to perform high-throughput 386 
tests of locomotion and path angle in one microplate. Figure 1 shows one larva treated with the 387 
control solution, 5 μg/L solution, and 50 μg/L solution in each well of the first, middle, and last 388 
two rows, respectively.  389 
 390 
Figure 1 also shows all movement loci of the larvae in the locomotion and path angle tests. The 391 
system tracked the locomotion of the larvae and calculated the swimming distance at different 392 
speed classes. The system calculated the path angle numbers of larvae at different path angle 393 
classes. Researchers can analyze the data recorded by the system in their own ways. 394 
 395 
[Figure 1 here.] 396 



   

   
 

 397 
The 6 well microplate in the social activity test. 398 
Figure 2 shows a 6 well microplate in the social activity testing process. Every well had two larvae, 399 
and the system recorded the distance between the two larvae during the whole testing process. 400 
The system recorded the social activity numbers and duration in the set testing time (1 min in 401 
this protocol).  402 
 403 
[Figure 2 here.] 404 
 405 
BDE-47 exposure affected locomotion in zebrafish larvae at 5 dpf.  406 
As shown in Figure 3, the highest concentration group of BDE-47 produced pronounced 407 
hypoactivity during the dark period. However, there were no observed changes due to BDE-47 408 
exposure during the light periods. 409 
 410 
[Figure 3 here.] 411 
 412 
6-OH/MeO-BDE-47 exposure affected the path angles of zebrafish larvae at 5 dpf.  413 
As shown in Figure 4, the high concentration group of 6-OH-BDE-47 performed fewer routine 414 
turns and average turns at 5 dpf. However, more responsive turns were induced by 6-MeO-BDE-415 
47 exposure groups. 416 

 417 
[Figure 4 here.] 418 

 419 
CPs exposure affected social activity of zebrafish larvae at 5 dpf. 420 
As shown in Figure 5, the social behaviors of zebrafish larvae were influenced by three CP 421 
products. The social activity was stimulated by CP-70 and the short-chain CP-52b. The long chain 422 
CP-52a shortened the duration per contact of the larvae.  423 

 424 
[Figure 5 here.] 425 

 426 
FIGURE AND TABLE LEGENDS:  427 
Figure 1: The setup of the 48 well microplate and the movement loci of the larvae in the 428 
locomotion and path angle test. A1–A8, B1–B8 = the control group; C1–C8, D1–D8 = the 5 μg/L 429 
group; E1–E8, F1–F8 = the 50 μg/L group. The black color tracking line means inactivity or small 430 
movements; the green color tracking line means normal movements; and the red color tracking 431 
line means large movements. 432 
 433 
Figure 2: The 6 well microplate in the social activity test. Every well had two larvae. The yellow 434 
line means the distance between two animals is <0.5 cm; the red line means the distance 435 
between two animals is >0.5 cm. 436 
 437 
Figure 3: Effects of BDE-47 exposure on locomotion of larval zebrafish at 5 dpf. Locomotion 438 
(distance moved measured in cm) was recorded in alternating periods of darkness and light for a 439 
total duration of 70 min. Solid and open bars at the bottom indicate dark and light periods, 440 



   

   
 

respectively. Data are presented as mean ± SEM (*p < 0.05 compared with the control group). 441 
This figure has been modified from Zhao et al.17 with permission. 442 
 443 
Figure 4: Effects of 6-OH/MeO-BDE-47 on the path angle of larval zebrafish during the dark 444 
period. Data are presented as the mean ± SEM (*p < 0.05 compared with control). This figure has 445 
been modified from Zhang et al.18 with permission. 446 
 447 
Figure 5: Effects of CPs on the average social duration per contact in different light/dark 448 
periods. (A) CP-42, (B) CP-52a, (C) CP-52b, (D) CP-70. The data are presented as the mean ± SEM 449 
(*p < 0.05 compared with the control). This figure has been modified from Yang et al.19 with 450 
permission. 451 
 452 
DISCUSSION:  453 
This work provides a detailed experimental protocol to evaluate the neurotoxicity of 454 
environmental pollutants using zebrafish larvae. Zebrafish go through the process from embryos 455 
to larvae during the exposure period, which means that good care of the embryos and larvae is 456 
essential. Anything that affects the development of the embryos and larvae can influence the 457 
final result. Here the culture environment, exposure process, and experimental conditions are 458 
discussed to ensure the success of the whole assay. 459 
 460 
For the culture environment, zebrafish embryos and larvae live under a stable temperature of 461 
~28 °C. In this work, a light incubator that can set the light conditions automatically and keep the 462 
temperature stable is used to house the embryos and larvae. The embryos do not come out from 463 
the chorion at 1 dpf and 2 dpf, so care should be taken to avoid damaging the unhatched embryos 464 
when renewing the exposure solution. Also, the ratio of DMSO in the solution should be under 465 
0.1%34,35, and the fresh exposure solution should be at 28 °C before it is used for renewal. 466 
 467 
The process of selecting embryos before exposure is also a key factor for the success of the 468 
experiment. Choosing healthy embryos developing concurrently for every group guarantees the 469 
accuracy of toxicity assessment. Zebrafish can live without food during the first 7 days after 470 
fertilization, so it is best to not feed the embryos or larvae during the whole exposure period 471 
because food could influence the final result. Also, it is best to prepare the exposure solution 472 
fresh when needed.  473 
 474 
During the behavior test, it is essential to offer the larvae enough time to adapt to the 475 
environment of the high-throughput monitoring enclosure. Before the test, every step of the 476 
tested protocol should be checked carefully, including the light condition, testing time, etc. The 477 
testing room should be kept completely quiet and dark in order to not disturb the animals. 478 
 479 
The protocol presented offers a fundamental frame to study the neurobehavioral toxicity of 480 
environmental pollutants. There are also other types of behaviors used when studying 481 
neurobehavioral effects, such as color-preference tests36, bottom dwelling tests37, light/dark 482 
preference tests38,39, etc. However, these tests mainly use adult zebrafish, which are not fit for 483 
high-throughput tests. In addition, Weichert et al. videotaped to the behavior of spontaneous 484 



   

   
 

tail movements which could be quantified just after 24 h exposure40. The evaluation of 485 
neurobehavioral toxicity also includes mechanism studies on the function of the brain and the 486 
central nervous system. The fundamental neurobehavioral indicators are introduced here and 487 
can form the basis for more complex indicators using other behavior instruments. Ultimately, the 488 
development of new neurobehavioral indicators accompanied with this study mechanism can be 489 
used in future studies. 490 
  491 
ACKNOWLEDGMENTS:  492 
The authors are grateful for the financial support by the National Natural Science Foundation of 493 
China (21876135 and 21876136), the National Major Science and Technology Project of China 494 
(2017ZX07502003-03, 2018ZX07701001-22), the Foundation of MOE-Shanghai Key Laboratory of 495 
Children's Environmental Health (CEH201807-5), and Swedish Research Council (No. 639-2013-496 
6913). 497 
 498 
DISCLOSURES: 499 
The authors have nothing to disclose. 500 
 501 
REFERENCES:  502 
1. Sun, L. et al. Developmental neurotoxicity of organophosphate flame retardants in early 503 
life stages of Japanese medaka (Oryzias latipes). Environmental Toxicology and Chemistry. 35 504 
(12), 2931–2940 (2016). 505 
2. Tian, L. et al. Neurotoxicity induced by zinc oxide nanoparticles: age-related differences 506 
and interaction. Scientific Reports. 5, 16117 (2015). 507 
3. Rauh, V. A., Margolis, A. E. Research review: environmental exposures, 508 
neurodevelopment, and child mental health–new paradigms for the study of brain and 509 
behavioral effects. Journal of Child Psychology and Psychiatry. 57 (7), 775–793 (2016). 510 
4. Ye, B. S., Leung, A. O. W., Wong, M. H. The association of environmental toxicants and 511 
autism spectrum disorders in children. Environmental Pollution. 227, 234–242 (2017). 512 
5. Schwarzenbach, R. P., Gschwend, P. M., Imboden, D. M. Environmental Organic 513 
Chemistry. (John Wiley & Sons, 2016). 514 
6. Akortia, E. et al. A review of sources, levels, and toxicity of polybrominated diphenyl 515 
ethers (PBDEs) and their transformation and transport in various environmental compartments. 516 
Environmental Reviews. 24 (3), 253–273 (2016). 517 
7. Shaw, B. J., Liddle, C. C., Windeatt, K. M., Handy, R. D. A critical evaluation of the fish early-518 
life stage toxicity test for engineered nanomaterials: experimental modifications and 519 
recommendations. Archives of Toxicology. 90 (9), 2077–2107 (2016). 520 
8. Landrigan, P. J. et al. Early environmental origins of neurodegenerative disease in later 521 
life. Environmental Health Perspectives. 113 (9), 1230–1233 (2005). 522 
9. Xu, T., Yin, D. The unlocking neurobehavioral effects of environmental endocrine 523 
disrupting chemicals. Current Opinion in Endocrine and Metabolic Research. 7, 9–13 (2019). 524 
10. Panula, P. et al. Modulatory neurotransmitter systems and behavior: towards zebrafish 525 
models of neurodegenerative diseases. Zebrafish. 3 (2), 235–247 (2006). 526 
11. Félix, L. M., Antunes, L. M., Coimbra, A. M., Valentim, A. M. Behavioral alterations of 527 
zebrafish larvae after early embryonic exposure to ketamine. Psychopharmacology. 234 (4), 549–528 



   

   
 

558 (2017). 529 
12. Bailey, J. M. et al. Persistent behavioral effects following early life exposure to retinoic 530 
acid or valproic acid in zebrafish. Neurotoxicology. 52, 23–33 (2016). 531 
13. Richendrfer, H., Créton, R. Automated High-throughput Behavioral Analyses in Zebrafish 532 
Larvae. Journal of Visualized Experiments. (77), e50622 (2013). 533 
14. Best, J. D., Alderton, W. K. Zebrafish: An in vivo model for the study of neurological 534 
diseases. Neuropsychiatric Disease & Treatment. 4 (3), 567–576 (2008). 535 
15. Yuhei, N. et al. Zebrafish as a systems toxicology model for developmental neurotoxicity 536 
testing. Congenital Anomalies. 55 (1), 1–16 (2015). 537 
16. Wu, S. et al. TBBPA induces developmental toxicity, oxidative stress, and apoptosis in 538 
embryos and zebrafish larvae (Danio rerio). Environmental Toxicology. 31 (10), 1241–1249 539 
(2016). 540 
17. Chakraborty, C., Sharma, A. R., Sharma, G., Lee, S.-S. Zebrafish: A complete animal model 541 
to enumerate the nanoparticle toxicity. Journal of Nanobiotechnology. 14 (1), 65 (2016). 542 
18. Wehmas, L. C. et al. Comparative metal oxide nanoparticle toxicity using embryonic 543 
zebrafish. Toxicology Reports. 2, 702–715 (2015). 544 
19. Cavalieri, V., Spinelli, G. Environmental epigenetics in zebrafish. Epigenetics & Chromatin. 545 
10 (1), 46 (2017). 546 

20. Zhang, B. et al. Effects of three different embryonic exposure modes of 2, 2′, 4, 4′-547 
tetrabromodiphenyl ether on the path angle and social activity of zebrafish larvae. Chemosphere. 548 
169, 542–549 (2017). 549 
21. Zhao, J., Xu, T., Yin, D.-Q. Locomotor activity changes on zebrafish larvae with different 2, 550 

2′, 4, 4′-tetrabromodiphenyl ether (PBDE-47) embryonic exposure modes. Chemosphere. 94, 551 

53–61 (2014). 552 
22. Zhang, B. et al. Neurobehavioral effects of two metabolites of BDE-47 (6-OH-BDE-47 and 553 
6-MeO-BDE-47) on zebrafish larvae. Chemosphere. 200, 30–35 (2018). 554 
23. Yang, X. et al. The chlorine contents and chain lengths influence the neurobehavioral 555 
effects of commercial chlorinated paraffins on zebrafish larvae. Journal of Hazardous Materials. 556 
377, 172–178 (2019). 557 
24. Schmitt, C., McManus, M., Kumar, N., Awoyemi, O., Crago, J. Comparative analyses of the 558 
neurobehavioral, molecular, and enzymatic effects of organophosphates on embryo-larval 559 
zebrafish (Danio rerio). Neurotoxicology and Teratology. 73, 67–75 (2019). 560 
25. Li, X., Kong, H., Ji, X., Gao, Y., Jin, M. Zebrafish behavioral phenomics applied for 561 
phenotyping aquatic neurotoxicity induced by lead contaminants of environmentally relevant 562 
level. Chemosphere. 224, 445–454 (2019). 563 
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SUMMARY:  63 
A detailed experimental protocol is presented in this paper for the neurobehavioral toxicity 64 
evaluation of environmental pollutants using zebrafish larvae model, including the exposure 65 
process, neurobehavioral indicators test and so on.  66 
 67 
ABSTRACT: 68 
In the recent years, more and more environmental pollutants have been proved to have 69 
neurotoxicity, especially at the early development stages of organisms. Zebrafish larvae is a 70 
preeminent model for the neurobehavioral study of environmental pollutants. Here a detailed 71 
experimental protocol is provided for the neurotoxicity evaluation of environmental pollutants 72 
using zebrafish larvae, including the embryos collection, the exposure process, neurobehavioral 73 
indicators and the test process and so on. Also, the condition of culture, exposure process and 74 
the environment of experiment are discussed to ensure the success of the whole assay. The 75 
protocol has been used in the development of psychopathic drugs and research on 76 
environmental neurotoxic pollutants, and also can be optimized to make corresponding studies 77 
or be helpful for mechanistic studies. The protocol presented is hoped to provide a bigger picture 78 
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to reveal similar neurotoxicity effects of various neuro toxicants or pollutants, and also to 79 
demonstrate a clear operation process of studying neurobehavioral effects on zebrafish larvae. 80 
 81 
INTRODUCTION:  82 
Recent years more and more environmental pollutants have been proved to have neurotoxicity1-83 
4. However, the in vivo assessment of neurotoxicity of environmental pollutants is not as easy as 84 
that of endocrine disruption or developmental toxicity. Early exposure to environmental 85 
pollutants especially at the environmental relevant dose has been a hot topic and attracts 86 
increasing attention on the toxicity studies5-8. Thus, an animal model, fit for the neurotoxicity 87 
studies during the early development after exposure to environmental pollutants, is being found.  88 
 89 
As a vertebrate, zebrafish develop faster than other species after fertilization. Actually larvae 90 
come out from the chorion about 2 days post fertilization (dpf), and develop a behavior which 91 
can be observed such as swimming and turning from 3-4 dpf9-13. Meantime, larvae do not need 92 
to be fed because the nutrient gotten from the chorion is enough for them to live until 7 dpf14. 93 
Early behavior of larvae can be tracked, quantified and analyzed automatically using behavior 94 
instruments15-18. In addition, high-throughput tests can also be perfomed. Thus zebrafish larvae 95 
serve as a preeminent model for the neurobehavioral study  of environmental pollutants19. 96 
Herein, a protocol is offered using a high-throughput monitoring enclosure, Zebrabox, to study 97 
the neurobehavioral toxicity of environmental pollutants on zebrafish larvae under light 98 
stimulation.  99 
 100 
Our lab has studied the neurobehavioral toxicity of 2,2',4,4'-tetrabromodiphenyl ether (BDE-101 
47)20,21, 4'-Hydroxy/Methoxy-2,2',4,4'-tetrabromodiphenyl ether (6-OH/MeO-BDE-47)22, deca-102 
brominated diphenyl ether (BDE-209), lead, and commercial chlorinated paraffins23 using the 103 
presented protocol. Actually many labs also used the protocol to study the neurobehavioral 104 
effects of other pollutants on larvae or adult fish24-27. Neurobehavioral protocol was used to help 105 
provide mechanistic support that low-dose exposure to bisphenol A and replacement bisphenol 106 
S induced precocious hypothalamic neurogenesis in embryonic zebrafish27. In addition, some 107 
researchers optimized the protocol to make corresponding studies. A recent study eliminated 108 
the toxicity of amyloid beta (Aβ) in a facile, high-throughput zebrafish model using casein coated-109 
gold nanoparticles (βCas AuNPs). They observed that βCas AuNPs in systemic circulation 110 
translocate across the blood brain barrier of zebrafish larvae and sequester intracerebral Aβ42 111 
eliciting toxicity in a nonspecific, chaperone-like manner, which was evidenced by behavioral 112 
pathology28. 113 
 114 
Locomotion, path angle, and social activity are three neurobehavioral indicators used to study 115 
the neurotoxicity effects of zebrafish larvae after exposure to pollutants. Locomotion means the 116 
swimming distance of larvae and can represent if the movement ability is damaged by exposure 117 
to pollutants. Path angle and social activity are two more high-grade behaviors which have a 118 
closer relationship with the function of the brain and the central nervous system29. The path 119 
angle refers to the angle of the path of animal motion relative to the swimming direction30. Eight 120 
angle classes from -180° ~ +180° are set in the system. To simplify the comparison, 6 classes in 121 
the final outcome were defined as routine turn (-10° ~ 0°, 0° ~ +10°), average turn (-10° ~ -90°, 122 



   

   
 

+10° ~ +90°) and responsive turn (-180°~ -90°, +90°~ +180°) according to our previous studies21,22. 123 
The distance shorter than 0.5 cm between two larvae recorded by the system could be defined 124 
as a valid social “contact”, and the two-fish social activity is fundamental of group shoaling 125 
behavior. 126 
 127 
Therefore, the protocol presented is hoped to provide a bigger picture to reveal similar 128 
neurotoxicity effects of various neuro toxicants or pollutants, and also to demonstrate a clear 129 
operation process in studying neurobehavioral effects on zebrafish larvae. The protocol will 130 
benefit researchers that are interested in studying the neurotoxicity of environmental pollutants.  131 
 132 
PROTOCOL:  133 
The protocol is in accordance with guidelines approved by the Animal Ethics Committee of Tongji 134 
University. 135 
 136 
1. Zebrafish embryos collection 137 
 138 
1.1. Put two pairs of healthy adult zebrafish (Tubingen) into the spawning box on the night 139 
beforehand, keeping the sex ratio at 1:1. 140 
 141 
1.2. Remove the adult fish back to the system 30-60 min after the light is on at 8:00 am the next 142 
morning.  143 
 144 
1.3. Remove the embryos out of the spawning box.  145 
 146 
1.4. Rinse the embryos with system water. 147 
 148 
1.5. Transfer the embryos into a glass Petri dish with 9 cm diameter and enough system water. 149 
 150 
1.6. Observe the embryos under the microscope and select healthy embryos for later exposure. 151 
 152 
NOTE: The healthy embryos are usually transparent with light golden color under the microscope. 153 
The unhealthy embryos are usually pale and with flocs under the microscope. 154 
 155 
2. Preparation before exposure 156 
 157 
2.1. Prepare the Hanks’ solution according to the guidelines of the zebrafish book31.  158 
 159 
NOTE: The Hanks’ solution includes 0.137 M NaCl, 5.4 mM KCl, 0.25 mM Na2HPO4, 0.44 mM 160 
KH2PO4, 1.3 mM CaCl2, 1.0 mM MgSO4, and 4.2 mM NaHCO3.  161 
 162 
2.2. Dilute the Hanks’ solution to 10% Hanks’ solution using sterile water for the preparation of 163 
other solutions. 164 
 165 
2.3. Add 1 mL DMSO into 999 mL of 10% Hanks’ solution to make the control solution (10% Hanks 166 



   

   
 

solution including 0.1% DMSO). 167 
 168 
NOTE: The next steps take BDE-47 as an example for the configuration of the exposure solution. 169 
 170 
2.4 Dissolve the neat standard (5 mg) of BDE-47 in 1 mL of 100% DMSO to make the concentration 171 
of the mother exposure solution at 5 mg/mL. 172 
 173 
2.5 Vortex the 5 mg/mL solution for 1 min to make BDE-47 dissolved in the DMSO completely. 174 
 175 
2.6 Transfer 10 μL 5 mg/mL solution to a 12 mL brown glass bottle.  176 
 177 
2.7 Add sterilized water to 10 mL to make the concentration of BDE-47 exposure solution at 5 178 
mg/L and DMSO ratio at 0.1%, then vortex for 1 min. 179 
 180 
2.8 Transfer 10 μL and 100 μL 5 mg/L solution into two 100 mL brown glass bottles respectively. 181 
 182 
2.9 Add 10% Hanks’ solution including 0.1% DMSO (prepared in Step 2.3) to 100 mL to make the 183 
final concentrations of BDE-47 exposure solutions at 5 μg/L and 50 μg/L respectively. 184 
 185 
2.10 Store the prepared solutions in brown glass bottles under 4 ℃ in the refrigerator.  186 
 187 
3. Embryos exposure 188 
 189 
3.1 Transfer about 50 embryos into each of the three glass Petri dishes with 6 cm diameter at 3-190 
5 h post fertilization (hpf). 191 
 192 
3.2 Use a pipette with a 1 mL pipette tip to blot the system water around the embryos.  193 
 194 
3.3 Use a pipette to transfer the three exposure solutions (control, 5 μg/L, 50 μg/L) into the three 195 
glass Petri dishes respectively. 196 
 197 
3.4 Shake the glass Petri dishes gently one by one to make the embryos scattered in the bottom 198 
dispersedly. 199 
  200 
3.5 Put the glass Petri dishes into the light incubator under 28.5 ℃. 201 
 202 
3.6 Renew half of the exposure solutions one by one every 24 h until 5 dpf. 203 
 204 
3.7 Check dead embryos of every group on 1 dpf & 2 dpf, and calculate the death rate. 205 
 206 
3.8 Check incubated embryos of every group on 2 dpf & 3 dpf, and calculate the hatchability. 207 
 208 
3.9 Check the deformity of larvae every day after they come out from the chorion, and calculate 209 
the deformity rate of every group. 210 
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 211 
NOTE: The deformity indicators include pericardial cyst, spinal curvature, tail curvature, etc32. 212 
 213 
4. Preparation before behavior test 214 
 215 
4.1 Prepare a 48-well-microplate for locomotion & path angle test and three 6-well-microplates 216 
for social activity test on 5 dpf morning. 217 
 218 
4.2 Transfer 800 μL of the exposure solution into every well of the 48-well-microplate.  219 
 220 
NOTE: Every group (the control solution, 5 μg/L, and 50 μg/L group) has 16 wells. 221 
 222 
4.3 Use a pipette with a 1 mL pipette tip to transfer 200 μL exposure solution with one larva from 223 
the glass Petri dish into one well of the 48-well-microplate.  224 
 225 
4.4 Transfer 4 mL exposure solution into every well of the 6-well-microplate.  226 
 227 
NOTE: Every group uses one 6 well microplate. 228 
 229 
4.5 Use a pipette with a 1 mL pipette tip to transfer 200 μL exposure solution with two larvae 230 
into each well of the 6-well-microplate. 231 
 232 
NOTE: Every group has 6 repeating groups. 233 
 234 
4.6 Turn on the air conditioner of the test room and set the temperature at 28 ℃ the same as the 235 
zebrafish room two hours before the test. 236 
 237 
NOTE: Behavior test is usually performed in the afternoon. 238 
 239 
5. Behavior test 240 
 241 
5.1 Locomotion & path angle test 242 
 243 
5.1.1 Click on the launcher icon on the computer desk to open the software (see Table of 244 
Materials) which controls the high-throughput monitoring enclosure to start the Program.  245 
 246 
5.1.2 Choose the “Tracking, Rotations, Path Angles” module to enter the operating interface. 247 
 248 
5.1.3 Transfer the prepared 48-well-microplate in Step 4.3 to the recording platform and pull 249 
down the cover. 250 
 251 
5.1.4 Click the “File” “Generate Protocol” button in turn in the software to begin generating a 252 
new protocol. 253 
 254 
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5.1.5 Input “48” in the “Location count” position and click the “OK” button. 255 
 256 
5.1.6 Click the “Parameters” “Protocol Parameters” “Time” button in turn in the software. Set 257 
the experiment duration for 1 h and 10 min and set the integration period to 60 s33. 258 
 259 
5.1.7 Draw the detected areas.  260 
 261 
5.1.7.1 Select the elliptical shape and draw the first circle around the first top left well.  262 
 263 
5.1.7.2 Select the circle, click the “Copy” “Top-Right Mark” “Paste” button in turn, and use the 264 
mouse to drag the copied circle to the top-right well. 265 
 266 
5.1.7.3 Select the circle, click the “Copy” “Bottom Mark” “Paste” button in turn, and use the 267 
mouse to drag the copied circle to the bottom-right well. 268 
 269 
5.1.7.4 Click the “Build” “Clear marks” button in turn.  270 
 271 
NOTE: The system will automatically draw every other well of the plate. The newly created areas 272 
should be perfectly fitting for each well between the actual fish and its reflection on the side of 273 
the well. 274 
 275 
5.1.8 Click the “Draw Scale” button, draw a calibration line on the screen (a diagonal path or 276 
parallel to the side of the microplate), enter its length and set the “Unit”. Then click the “Apply 277 
to group” button. 278 
 279 
5.1.9 Set the detection threshold at 16-18 to allow the detection of the animal. 280 
 281 
5.1.10 Set the animal color at “Black” in the software. 282 
 283 
5.1.11 Input inactive/small and small/large speeds at 0.5 cm/s and 2.5 cm/s respectively. 284 
 285 
5.1.12 Set the path angle classes. Input “-90, -30, -10, 0, 10, 30, and 90” to make 8 path angle 286 
classes from -180 to 180. 287 
 288 
5.1.13 Set the light conditions 289 
 290 
5.1.13.1 Click the “Parameters” “Light driving” “Uses one of the 3 triggering methods below” 291 
“Enhanced stimuli” button in turn to set the light conditions. 292 
 293 
5.1.13.2 Choose the “Edge” button, then set a dark period of 10 min, followed by three cycles of 294 
alternating 10 min light and dark periods. 295 
 296 
5.1.14 Save the protocol and turn down the light of the test room. 297 
 298 
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5.1.15 Make the larvae acclimated in the dark for 10 min and click the “Experiment” “Execute” 299 
button in turn, then choose the folder where the experiment files are saved. 300 
 301 
5.1.16 Click the “background” “start” button in turn to start the test. 302 
 303 
NOTE: Steps from 5.1.1 to 5.1.16 could be seen in the supplemental file JoVE60818R1_screenfile1. 304 
 305 
5.1.17 Click the “Experiment” “Stop” button in turn to stop the experiment in the software when 306 
the test ends. 307 
 308 
NOTE: The system shows the data tested when the system stops. The data includes the tracked 309 
distance at three speed classes and path angle numbers at eight angle classes of every minute. 310 
Take the locomotion test in our study for an example, we would calculate the total distance in 311 
every light period (10 min) and compare the difference between the control group and the 312 
treatment groups. 313 
 314 
5.1.18 Transfer the 48-well-microplate back to the light incubator for other experiments. 315 
 316 
 5.2 Social activity test 317 
 318 
5.2.1 Click on the launcher icon on the computer desk to open the software which controls the 319 
Zebrabox to start the Program.  320 
 321 
5.2.2 Choose the “Social Interactions with Zebrabox” module to enter the operating interface. 322 
 323 
5.2.3 Transfer the prepared 6-well-microplate (control group) in Step 4.4 to the recording 324 
platform and pull down the cover. 325 
 326 
5.2.4 Click the “File” “Generate Protocol” button in turn in the software to begin generating a 327 
new protocol. 328 
 329 
5.2.5 Input “6” in the “Location count” position and click the “OK” button. 330 
 331 
5.2.6 Click the “Parameters” “Protocol Parameters” “Time” button in turn in the software. Set 332 
the experiment duration at 1 h and 10 min and set the integration period at 60 s. 333 
 334 
5.2.7 Draw the detected areas.  335 
 336 
5.2.7.1 Select the elliptical shape and draw the first circle around the first top left well.  337 
 338 
5.2.7.2 Select the circle, click the “Copy”, “Top-Right Mark” “Paste” button in turn, and use the 339 
mouse to drag the copied circle to the top-right well. 340 
 341 
 5.2.7.3 Select the circle, click the “Copy” “Bottom Mark” “Paste” button in turn, and use the 342 



   

   
 

mouse to drag the copied circle to the bottom-right well. 343 
 344 
 5.2.7.4 Click the “Build” “Clear marks” button in turn.  345 
 346 
NOTE: The newly created areas should be perfectly fitting for each well and between the actual 347 
larvae and its reflection on the side of the well. 348 
 349 
5.2.8 Click the “Draw Scale” button, draw a calibration line in the screen (a diagonal path or 350 
parallel to the side of the microplate), enter its length and set the “Unit”. Then click the “Apply 351 
to group” button. 352 
 353 
5.2.9 Set the detection threshold at 16-18 to allow the detection of the animal. 354 
 355 
5.2.10 Click the “Black animal” button in the software. 356 
 357 
5.2.11 Choose the “Distance Threshold” button and input “5” in the software. 358 
 359 
5.2.12 Set the light conditions 360 
 361 
5.2.12.1 Click the “Parameters” “Light driving” “Uses one of the 3 triggering methods below” 362 
“Enhanced stimuli” button in turn to set the light conditions. 363 
 364 
5.2.12.2 Choose the “Edge” button, then set a dark period of 10 min, followed by three cycles of 365 
alternating 10 min light and dark periods. 366 
 367 
5.2.13 Save the protocol and turn down the light of the room. 368 
 369 
5.2.14 Make the larvae acclimated in the dark for 10 min and click the “Experiment” “Execute” 370 
button in turn, then choose the folder where the experiment files are saved. 371 
 372 
5.2.15 Click the “background” “start” button in turn to start the test. 373 
 374 
5.2.16 Click the “Experiment” “Stop” button in turn to stop the experiment in the software when 375 
the test ends. 376 
 377 
NOTE:  the system shows the data tested when the system stops. 378 
 379 
5.2.17 Transfer the 6-well-microplate (control group) back to the light incubator for other 380 
experiments. 381 
 382 
5.2.18 Transfer the 6-well-microplate (5 μg/L and 50 μg/L group) to the recording platform and 383 
repeat the steps from 5.2.4 to 5.2.17 by ordinal. 384 
 385 
6. Data analysis 386 
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 387 
6.1 Open the Excel file in the locomotion & path angle results. 388 
 389 
6.2 Select the three distance columns (inadist, smldist, lardist), and sum up them. 390 
 391 

NOTE：The data of inadist, smldist and lardist means different distance recorded by the system 392 

in different speed classes (inactive/small/large) respectively. 393 
  394 
6.3 Sum up every ten minutes’ distance of every well, calculate the average distance of 16 wells 395 
in every light duration, and compare the data of the three groups under light stimuli. 396 
 397 
6.4 Sum up every ten minutes’ angle number of every well in every light duration from cl01 to 398 
cl08 in turn, and compare the data of the three groups under light stimuli. 399 
 400 

NOTE： The data of columns from cl01 to cl08 means different path angel numbers recorded by 401 

the system in different path angel classes (-180~-90, -90~-30, -30~-10, -10~0, 0~10, 10~30, 30~90, 402 
90~180) respectively.  403 
 404 
6.5 Open the Excel file in the social activity results. 405 
 406 
6.6 Select the contct and contdur columns, sum up every ten minutes’ social times and duration 407 
of every well. 408 
 409 
6.7 Calculate the average social times and duration of one group in every light duration, and 410 
compare the data of the three groups under light stimuli. 411 
 412 
 413 
REPRESENTATIVE RESULTS:  414 
Here, we describe a protocol for studying neurobehavioral effects of environmental pollutants 415 
using zebrafish larvae under light stimulation. The definition of locomotion, path angle, and social 416 
activity has been introduced in the first part (see Introduction). The setup of the microplate in 417 
locomotion & path angle test and the images of the software are shown below. In addition, our 418 
own research results are presented as examples. Two studies present the locomotion and path 419 
angle effects of BDE-47 and 6-OH/MeO-BDE-47 exposure. The third study present social effects 420 
of commercial chlorinated paraffins. 421 
 422 
 423 
The setup of the 48-well-microplate and the movement locus of the larvae in the locomotion & 424 
path angle test 425 
Three groups including one control group and two treatment groups are used in the protocol. 426 
Thus by using a 48-well-microplate, the system could realize high-through test of locomotion & 427 
path angle in one microplate, for every group can have 16 animals. In Figure 1, one larva is treated 428 
with the control solution, 5 μg/L solution and 50 μg/L solution in each well of the first, middle 429 
and last two rows respectively.  430 
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 431 
Figure 1 also shows all movement locus of the larvae in the locomotion & path angle test. The 432 
system can track the locomotion of larvae and calculate the swimming distance at different speed 433 
classes. Meantime, the system can also calculate the path angle numbers of larvae at different 434 
path angle classes. Researchers can analyze the data recorded by the system in their own ways. 435 
 436 
[Figure 1 here.] 437 
 438 
The 6-well-microplate in the social activity test 439 
  440 
Figure 2 shows a 6-well-microplate in the social activity testing process. Every well has two larvae, 441 
and the system can record the distance between the two larvae during the whole testing process. 442 
The system can finally perform the social activity numbers and duration in the set testing time 443 
(one minute in the present protocol).  444 
 445 
[Figure 2 here.] 446 
 447 
BDE-47 exposure induced locomotion effects of zebrafish larvae at 5 dpf  448 

 449 
From Fig. 3, pronounced hypoactivity was elicited by the highest concentration group of BDE-450 

47 during the dark period. However, BDE-47 exposure during the light periods did not induce 451 
observed changes. 452 
 453 
[Figure 3 around here.] 454 
 455 

6-OH/MeO-BDE-47 exposure induced path angle effects of zebrafish larvae at 5 dpf  456 
 457 

From Fig. 4, the high concentration group of 6-OH-BDE-47 performed less routine turns and 458 
average turns at 5 dpf. However, more responsive turns were induced by 6-MeO-BDE-47 459 
exposure groups. 460 

 461 
[Figure 4 around here.] 462 

 463 
CPs exposure induced social activity effects of zebrafish larvae at 5 dpf  464 

As shown in Fig. 5, the results showed that the social behaviors of zebrafish larvae were 465 

influenced by three CP products. The social activity was stimulated by CP-70 and the short-chain 466 

CP-52b. The long chain CP-52a shortened the duration per contact of larvae.  467 

[Figure 5 around here.] 468 
 469 
FIGURE AND TABLE LEGENDS:  470 
 471 
Figure 1: The setup of the 48-well-microplate and the movement locus of the larvae in the 472 
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locomotion & path angle test (A1-A8, B1-B8: the control group；C1-C8, D1-D8: the 5 μg/L group; 473 

E1-E8, F1-F8: the 50 μg/L group; the black color tracking line means inactivity/small movements, 474 
the green color tracking line means normal movements, and the red color tracking line means 475 
large movements) 476 
 477 
Figure 2: The 6-well-microplate in the social activity test (Every well has two larvae, the yellow 478 
line means the distance between two animals is shorter than 0.5 cm, and the red line means the 479 
distance between two animals is longer than 0.5 cm) 480 
 481 
Figure 3: Effects of BDE-47 exposure on locomotion of larval zebrafish at 5 dpf. Locomotion 482 
(distance moved, cm) was recorded in alternating periods of darkness and light for a total 483 
duration of 70 min. Solid and open bars at the bottom indicate dark and light periods, 484 
respectively. Data are presented as mean ± SEM (*p < 0.05 compared with control). This figure 485 
has been modified from Zhao et al.17 with permission. 486 
 487 
Figure 4: Effects of 6-OH/MeO-BDE-47 on the path angle of larval zebrafish during dark period. 488 
Data are presented as the mean ± SEM (*p < 0.05 compared with control). This figure has been 489 
modified from Zhang et al.18 with permission. 490 
 491 
Figure 5: The average social duration per contact in different light/dark periods of different 492 
groups. (a) CP-42 (b) CP-52a (c) CP-52b (d) CP-70 The data are presented as the mean ± SEM 493 
(*p<0.05 compared with the control). This figure has been modified from Yang et al.19 with 494 
permission. 495 
 496 
  DISCUSSION:  497 
 498 
In this work a detailed experimental protocol is provided for the neurotoxicity evaluation of 499 
environmental pollutants using zebrafish larvae model. Zebrafish would go through the process 500 
from embryos to larvae, which means that the care of embryos and larvae are both of vital 501 
important. It should be known that any operation which would influence the development of 502 
embryos and larvae has the possibility to influence the final result. Here the condition of culture, 503 
exposure process and the environment of experiment are discussed to ensure the success of the 504 
whole assay. 505 
 506 
For the condition of culture, it is widely known that zebrafish are lived in a stable temperature 507 
around 28 ℃, the same for the new embryos and larvae. In this work a light incubator which could 508 
set the light condition automatically and also could keep the stable temperature is used to house 509 
the embryos and larvae. The embryos do not come out from the chorion at 1 dpf and 2 dpf, so 510 
the process of renewing the exposure solution should avoid damage the unhatched embryos, 511 
especially at the first two days. Meantime, the ratio of DMSO in the solution should be under 512 
0.1%, and the exposure solution should be recovered to 28 ℃ before renewed. 513 
 514 
Before the exposure process, the selected embryos are also the key factor for the success of the 515 
experiment. The criterion is choosing healthy and synchronously developmental embryos in 516 
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every group, to guarantee the accuracy of later toxicity assessment. Meantime, zebrafish can live 517 
without food during the first 7 days after fertilization, so do not feed the embryos or larvae during 518 
the whole process for that any food would induce unobserved influence to the final result. 519 
Another point is that the exposure solution is suggested to be prepared when needed.   520 
 521 
During the process of behavior test, it is essential to offer the larvae enough time to adapt to the 522 
environment of the high-throughput monitoring enclosure. Before the test, every step of the 523 
tested protocol should be checked carefully including the light condition, testing time, and so on. 524 
Meantime, the testing room should be kept quiet and dark strictly, in order to avoid any 525 
disturbance to the animals. 526 
 527 
Actually the presented protocol here offers a fundamental frame to study the neurobehavioral 528 
toxicity of environmental pollutants. There are also other types of behaviors studying 529 
neurobehavioral effects, such as color-preference test, bottom dwelling test, light/dark 530 
preference test, etc. However, adult zebrafish are mainly used in these tests, not fit for high-531 
throughput test. In addition, Weichert et al. payed attention on the behavior of spontaneous tail 532 
movements, which could be videotaped and quantified just after 24 h exposure. Meantime, the 533 
evaluation of neurobehavioral toxicity also includes mechanism studies on the function of the 534 
brain and the central nervous system. The fundamental neurobehavioral indicators are 535 
introduced here and actually we can development more complex indicators using behavior 536 
instruments. Taken in all, the development of new neurobehavioral indicators, accompanied with 537 
mechanism study, is suggested in future studies. 538 
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Title of Article:  
 
Author(s):  
 
 
Item 1: The Author elects to have the Materials be made available (as described at 
http://www.jove.com/publish) via: 

 Standard Access   Open Access
 
Item 2: Please select one of the following items: 

 The Author is NOT a United States government employee. 

 The Author is a United States government employee and the Materials were prepared in the 
course of his or her duties as a United States government employee. 

 The Author is a United States government employee but the Materials were NOT prepared in the 
course of his or her duties as a United States government employee. 

 
ARTICLE AND VIDEO LICENSE AGREEMENT 

 
1. Defined Terms. As used in this Article and Video 
License Agreement, the following terms shall have the 
following meanings: “Agreement” means this Article and 
Video License Agreement; “Article” means the article 
specified on the last page of this Agreement, including any 
associated materials such as texts, figures, tables, artwork, 
abstracts, or summaries contained therein; “Author” 
means the author who is a signatory to this Agreement; 
“Collective Work” means a work, such as a periodical issue, 
anthology or encyclopedia, in which the Materials in their 
entirety in unmodified form, along with a number of other 
contributions, constituting separate and independent 
works in themselves, are assembled into a collective whole; 
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the 
terms and conditions of which can be found at: 
http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based 
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement, 
dramatization, fictionalization, motion picture version, 
sound recording, art reproduction, abridgment, 
condensation, or any other form in which the Materials may 
be recast, transformed, or adapted; “Institution” means 
the institution, listed on the last page of this Agreement, by 
which the Author was employed at the time of the creation 
of the Materials; “JoVE” means MyJove Corporation, a 
Massachusetts corporation and the publisher of The Journal 
of Visualized Experiments; “Materials” means the Article 
and / or the Video; “Parties” means the Author and JoVE; 
“Video” means any video(s) made by the Author, alone or 
in conjunction with any other parties, or by JoVE or its 
affiliates or agents, individually or in collaboration with the 
Author or any other parties, incorporating all or any portion 

of the Article, and in which the Author may or may not 
appear. 
2. Background. The Author, who is the author of the 
Article, in order to ensure the dissemination and protection 
of the Article, desires to have the JoVE publish the Article 
and create and transmit videos based on the Article. In 
furtherance of such goals, the Parties desire to memorialize 
in this Agreement the respective rights of each Party in and 
to the Article and the Video. 
3. Grant of Rights in Article. In consideration of JoVE 
agreeing to publish the Article, the Author hereby grants to 
JoVE, subject to Sections 4 and 7 below, the exclusive, 
royalty-free, perpetual (for the full term of copyright in the 
Article, including any extensions thereto) license (a) to 
publish, reproduce, distribute, display and store the Article 
in all forms, formats and media whether now known or 
hereafter developed (including without limitation in print, 
digital and electronic form) throughout the world, (b) to 
translate the Article into other languages, create 
adaptations, summaries or extracts of the Article or other 
Derivative Works (including, without limitation, the Video) 
or Collective Works based on all or any portion of the Article 
and exercise all of the rights set forth in (a) above in such 
translations, adaptations, summaries, extracts, Derivative 
Works or Collective Works and(c) to license others to do any 
or all of the above. The foregoing rights may be exercised in 
all media and formats, whether now known or hereafter 
devised, and include the right to make such modifications 
as are technically necessary to exercise the rights in other 
media and formats. If the “Open Access” box has been 
checked in Item 1 above, JoVE and the Author hereby grant 
to the public all such rights in the Article as provided in, but 
subject to all limitations and requirements set forth in, the 
CRC License. 

 

 Bin Zhang, Xinyue Yang, Jing Zhao, Ting Xu*, Daqiang Yin*

A protocol studying neurobehavioral effects of environmental pollutants on 
zebrafish larvae
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4. Retention of Rights in Article. Notwithstanding 
the exclusive license granted to JoVE in Section 3 above, the 
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or 
teaching classes, and to post a copy of the Article on the 
Institution’s website or the Author’s personal website, in 
each case provided that a link to the Article on the JoVE 
website is provided and notice of JoVE’s copyright in the 
Article is included. All non-copyright intellectual property 
rights in and to the Article, such as patent rights, shall 
remain with the Author. 
5. Grant of Rights in Video – Standard Access. This 
Section 5 applies if the “Standard Access” box has been 
checked in Item 1 above or if no box has been checked in 
Item 1 above. In consideration of JoVE agreeing to produce, 
display or otherwise assist with the Video, the Author 
hereby acknowledges and agrees that, Subject to Section 7 
below, JoVE is and shall be the sole and exclusive owner of 
all rights of any nature, including, without limitation, all 
copyrights, in and to the Video. To the extent that, by law, 
the Author is deemed, now or at any time in the future, to 
have any rights of any nature in or to the Video, the Author 
hereby disclaims all such rights and transfers all such rights 
to JoVE. 
6. Grant of Rights in Video – Open Access. This 
Section 6 applies only if the “Open Access” box has been 
checked in Item 1 above. In consideration of JoVE agreeing 
to produce, display or otherwise assist with the Video, the 
Author hereby grants to JoVE, subject to Section 7 below, 
the exclusive, royalty-free, perpetual (for the full term of 
copyright in the Article, including any extensions thereto) 
license (a) to publish, reproduce, distribute, display and 
store the Video in all forms, formats and media whether 
now known or hereafter developed (including without 
limitation in print, digital and electronic form) throughout 
the world, (b) to translate the Video into other languages, 
create adaptations, summaries or extracts of the Video or 
other Derivative Works or Collective Works based on all or 
any portion of the Video and exercise all of the rights set 
forth in (a) above in such translations, adaptations, 
summaries, extracts, Derivative Works or Collective Works 
and (c) to license others to do any or all of the above. The 
foregoing rights may be exercised in all media and formats, 
whether now known or hereafter devised, and include the 
right to make such modifications as are technically 
necessary to exercise the rights in other media and formats. 
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the 
Video as provided in, but subject to all limitations and 
requirements set forth in, the CRC License. 
7. Government Employees. If the Author is a United 
States government employee and the Article was prepared 
in the course of his or her duties as a United States 
government employee, as indicated in Item 2 above, and 
any of the licenses or grants granted by the Author 
hereunder exceed the scope of the 17 U.S.C. 403, then the 
rights granted hereunder shall be limited to the maximum 

rights permitted under such statute. In such case, all 
provisions contained herein that are not in conflict with 
such statute shall remain in full force and effect, and all 
provisions contained herein that do so conflict shall be 
deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 
8. Protection of the Work. The Author(s) authorize 
JoVE to take steps in the Author(s) name and on their behalf 
if JoVE believes some third party could be infringing or 
might infringe the copyright of either the Author’s Article 
and/or Video. 
9. Likeness, Privacy, Personality. The Author hereby 
grants JoVE the right to use the Author’s name, voice, 
likeness, picture, photograph, image, biography and 
performance in any way, commercial or otherwise, in 
connection with the Materials and the sale, promotion and 
distribution thereof. The Author hereby waives any and all 
rights he or she may have, relating to his or her appearance 
in the Video or otherwise relating to the Materials, under 
all applicable privacy, likeness, personality or similar laws. 
10. Author Warranties. The Author represents and 
warrants that the Article is original, that it has not been 
published, that the copyright interest is owned by the 
Author (or, if more than one author is listed at the beginning 
of this Agreement, by such authors collectively) and has not 
been assigned, licensed, or otherwise transferred to any 
other party. The Author represents and warrants that the 
author(s) listed at the top of this Agreement are the only 
authors of the Materials. If more than one author is listed 
at the top of this Agreement and if any such author has not 
entered into a separate Article and Video License 
Agreement with JoVE relating to the Materials, the Author 
represents and warrants that the Author has been 
authorized by each of the other such authors to execute this 
Agreement on his or her behalf and to bind him or her with 
respect to the terms of this Agreement as if each of them 
had been a party hereto as an Author. The Author warrants 
that the use, reproduction, distribution, public or private 
performance or display, and/or modification of all or any 
portion of the Materials does not and will not violate, 
infringe and/or misappropriate the patent, trademark, 
intellectual property or other rights of any third party. The 
Author represents and warrants that it has and will 
continue to comply with all government, institutional and 
other regulations, including, without limitation all 
institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy, and all other rules, regulations, 
laws, procedures or guidelines, applicable to the Materials, 
and that all research involving human and animal subjects 
has been approved by the Author's relevant institutional 
review board. 
11. JoVE Discretion. If the Author requests the 
assistance of JoVE in producing the Video in the Author’s 
facility, the Author shall ensure that the presence of JoVE 
employees, agents or independent contractors is in 
accordance with the relevant regulations of the Author's 
institution. If more than one author is listed at the 
beginning of this Agreement, JoVE may, in its sole 
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discretion, elect not take any action with respect to the 
Article until such time as it has received complete, executed 
Article and Video License Agreements from each such 
author. JoVE reserves the right, in its absolute and sole 
discretion and without giving any reason therefore, to 
accept or decline any work submitted to JoVE. JoVE and its 
employees, agents and independent contractors shall have 
full, unfettered access to the facilities of the Author or of 
the Author’s institution as necessary to make the Video, 
whether actually published or not. JoVE has sole discretion 
as to the method of making and publishing the Materials, 
including, without limitation, to all decisions regarding 
editing, lighting, filming, timing of publication, if any, 
length, quality, content and the like.  
12. Indemnification. The Author agrees to indemnify 
JoVE and/or its successors and assigns from and against any 
and all claims, costs, and expenses, including attorney’s 
fees, arising out of any breach of any warranty or other 
representations contained herein. The Author further 
agrees to indemnify and hold harmless JoVE from and 
against any and all claims, costs, and expenses, including 
attorney’s fees, resulting from the breach by the Author of 
any representation or warranty contained herein or from 
allegations or instances of violation of intellectual property 
rights, damage to the Author’s or the Author’s institution’s 
facilities, fraud, libel, defamation, research, equipment, 
experiments, property damage, personal injury, violations 
of institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy or other rules, regulations, laws, 
procedures or guidelines, liabilities and other losses or 
damages related in any way to the submission of work to 
JoVE, making of videos by JoVE, or publication in JoVE or 
elsewhere by JoVE. The Author shall be responsible for, and 
shall hold JoVE harmless from, damages caused by lack of 
sterilization, lack of cleanliness or by contamination due to 

the making of a video by JoVE its employees, agents or 
independent contractors. All sterilization, cleanliness or 
decontamination procedures shall be solely the 
responsibility of the Author and shall be undertaken at the 
Author’s expense. All indemnifications provided herein 
shall include JoVE’s attorney’s fees and costs related to said 
losses or damages. Such indemnification and holding 
harmless shall include such losses or damages incurred by, 
or in connection with, acts or omissions of JoVE, its 
employees, agents or independent contractors. 
13. Fees. To cover the cost incurred for publication, 
JoVE must receive payment before production and 
publication of the Materials. Payment is due in 21 days of 
invoice. Should the Materials not be published due to an 
editorial or production decision, these funds will be 
returned to the Author. Withdrawal by the Author of any 
submitted Materials after final peer review approval will 
result in a US$1,200 fee to cover pre-production expenses 
incurred by JoVE. If payment is not received by the 
completion of filming, production and publication of the 
Materials will be suspended until payment is received. 
14. Transfer, Governing Law. This Agreement may be 
assigned by JoVE and shall inure to the benefits of any of 
JoVE’s successors and assignees. This Agreement shall be 
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