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SUMMARY: 30 
We present a behavioral chamber designed to assess cognitive performance. We provide data 31 
showing that once acquired, zebrafish remember the task 8 weeks later. We also show that 32 
hyperglycemic zebrafish have altered cognitive performance, indicating that this paradigm is 33 
applicable to studies assessing cognition and memory. 34 
 35 
ABSTRACT:  36 
Neurodegenerative diseases are age-dependent, debilitating, and incurable. Recent reports have 37 
also correlated hyperglycemia with changes in memory and/or cognitive impairment. We have 38 
modified and developed a three-chamber choice cognitive task similar to that used with rodents 39 
for use with hyperglycemic zebrafish. The testing chamber consists of a centrally located starting 40 
chamber and two choice compartments on either side, with a shoal of conspecifics used as the 41 
reward. We provide data showing that once acquired, zebrafish remember the task at least 8 42 
weeks later. Our data indicate that zebrafish respond robustly to this reward, and we have 43 
identified cognitive deficits in hyperglycemic fish after 4 weeks of treatment. This behavioral 44 
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assay may also be applicable to other studies related to cognition and memory.  45 
 46 
INTRODUCTION: 47 
Neurodegenerative diseases are age-dependent, debilitating, and incurable. These diseases are 48 
increasing in prevalence, resulting in an urgent need to improve upon and develop new 49 
therapeutic strategies. The onset and presentation of each disease is unique, as some affect 50 
language, motor, and autonomic brain regions, while others cause learning deficits and memory 51 
loss1. Most notably, cognitive deficits and/or impairment are the most prevalent complications 52 
across all neurodegenerative diseases2. In hopes of shedding light on the underlying mechanisms 53 
involved in these neurodegenerative diseases, the use of many different model systems 54 
(including single-celled organisms to Drosophila to higher-order vertebrates such as rodents and 55 
humans) have been employed; however, the majority of neurodegenerative diseases remain 56 
incurable. 57 
 58 
Learning and memory are highly conserved processes among organisms as constant changes to 59 
the environment require adaptation3. Impairment in both cognition and synaptic plasticity has 60 
been demonstrated in several rodent models. Specifically, well-established behavioral assays use 61 
associative learning to assess cognitive changes following various impairment-induced diseases 62 
and disorders4. Additionally, contrast discrimination reversal assesses cognitive deficits because 63 
it involves higher-order learning and memory functions, and reversal depends on inhibition of a 64 
previously learned association. The widely used three-chamber choice task elucidates possible 65 
deficits in learning and memory pathways of the central nervous system5,6. Recently, this field 66 
has expanded to include non-mammalian models, such as zebrafish (Danio rerio), as several 67 
paradigms have been developed for a range of ages from larvae to adults 7,8.  68 
 69 
Zebrafish provide a balance of complexity and simplicity that is advantageous for the assessment 70 
of cognitive impairments with behavioral techniques. First, zebrafish are amenable to high-71 
throughput behavioral screening given their small size and prolific reproductive nature. Second, 72 
zebrafish possess a structure, the lateral pallium, which is analogous to the mammalian 73 
hippocampus as it has similar neuronal markers and cell types7. Zebrafish are also able to acquire 74 
and remember spatial information9 and, like humans, are diurnal10. Therefore, it is not surprising 75 
that zebrafish are being used as a model for neurodegenerative diseases with increasing 76 
frequency. However, the absence of appropriate behavioral assays has made it difficult to apply 77 
the zebrafish model for cognitive assessments. Published work using zebrafish-specific 78 
behavioral assays include associative learning tasks11, anxiety behavior12, memory13, object 79 
recognition14, and conditioned-place-preference15–19. Though there have been many 80 
developments with respect to zebrafish behavioral assays, counterparts for some tests of 81 
cognitive functions in rodents have yet to be developed for use with zebrafish18. 82 
 83 
Building on previous studies from our lab, we modeled/developed a cognitive task in zebrafish 84 
based on the three-chamber choice task used with rodents using social interaction as a reward. 85 
Additionally, we expanded upon the associative learning aspect of the behavioral task and 86 
incorporated contrast discrimination reversal in hopes of further developing this behavioral task 87 
to assess cognitive impairment. This enabled us to examine both the initial acquisition of 88 
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discrimination learning and the subsequent inhibition of that learning in the reversal phase. In 89 
the current study, we demonstrate that this procedure provided a reliable method for assessing 90 
cognitive functioning in zebrafish following glucose immersion for 4 or 8 weeks.  91 
 92 
PROTOCOL: 93 
 94 
All experimental procedures were approved by the Institutional Animal Care and Use Committee 95 
(IACUC) at American University (protocol # 1606, 19-02). 96 
 97 
1. Animals  98 
 99 
1.1 Animal rearing and maintenance 100 
 101 
1.1.1. Obtain adult wild-type zebrafish (Danio rerio) aged 4–11 months as embryos and rear 102 
them in-house.  103 
 104 
1.1.2. Maintain the fish in an aquatic rack system at 28–29 °C on a 14-h light:10-h dark 105 
photoperiod.  106 
 107 
1.1.3. Feed the fish twice per day with commercial flakes and supplement with live Artemia.  108 
 109 
1.1.4. Choose fish randomly from these stock tanks for behavioral experiments.  110 
 111 
1.2. Upon experiment completion, anesthetize the animals by immersion in 0.02% tricaine for 112 

2 min or until there is a lack of motor coordination and reduced respiration rate for later 113 
molecular and/or neurochemical analyses.  114 

 115 
2. Three-chamber choice testing chamber 116 
 117 
NOTE: This behavioral technique was modified from Ruhl et al.20.  118 
 119 
2.1. Chamber construction 120 
 121 
2.1.1. Modify the behavioral chamber36—a 40 L aquarium (50 x 30 x 30 cm3)— to have a central 122 
or starting chamber (10 x 30 x 30 cm3), separated from two side choice chambers (each 20 x 30 x 123 
30 cm3, Figure 1A).  124 
 125 
2.1.2. Construct the three compartments using an aluminum “U-shaped” channel affixed to the 126 
interior glass walls with aquarium sealant, to separate the tank into three chambers.  127 
 128 
2.1.3. Construct opaque dividers, 10 cm high, out of grey PVC sheet fit into the aluminum 129 
channels on either side. Make each divider out of 2 pieces, each equal in size: a stationary bottom 130 
piece permanently mounted within the tank and a moveable top piece that moves up and down 131 
in the aluminum tracks.  132 
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 133 
2.1.4. Glue extra-large binder clips to the top of the grey PVC sheets to act as handles.  134 
 135 
2.1.5. Using a permanent marker, draw small horizontal lines 10 cm above the adhered grey 136 
PVC pipe on the outside of the tank.  137 
 138 
NOTE: This mark is the point to which the top grey PVC sheet will be opened to allow access to 139 
either side.  140 
 141 
2.1.6. Add control (system) water to the tank to a level of 25 cm from bottom to top of the tank, 142 
or ~ 30 L. Place glass aquarium heaters into each section of the chamber for 24 h prior to testing 143 
to bring the temperature to 28.5 °C.  144 
 145 
NOTE: Remove the heaters at the start of the behavior session and perform a full water exchange 146 
after two days of use.  147 
 148 
2.2. Discrimination setup 149 
 150 
2.2.1. For each discrimination task, individually place colored felt pieces (beige, black, or white) 151 
on the outer back, side, and bottom of the choice chambers using Velcro (Figure 1B–D).  152 
 153 
NOTE: The central chamber should have no background color associated with it. 154 
 155 
2.3. As a reward, create a group of conspecifics (shoal) by placing 4 adult zebrafish, who will 156 
not otherwise be used in the study, in a small, clear tank in the far back corner of each choice 157 
chamber (Figure 1B–D).  158 
 159 
NOTE: Choose shoal fish randomly from stock tanks each day, with at least one male and one 160 
female of the same age and size as the experimental fish in each shoal tank. 161 
 162 
3. Behavioral tasks  163 
 164 
3.1. Acclimation 165 
 166 
NOTE: Acclimation to the behavior chamber consists of three days of training; two days of group 167 
acclimation followed by one day of individual training.  168 
 169 
3.2. Group acclimation  170 
 171 
3.2.1. Attach the beige (neutral) felt background to the outside of both choice compartments, 172 
and submerge a live shoal tank in each of the choice compartments (Figure 1B).  173 
 174 
3.2.2. Add five-six zebrafish to the center starting chamber with both sliding doors open, and 175 
allow the fish to roam freely for 30 min. 176 
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 177 
NOTE: The experimental zebrafish should be able to interact and socialize with these shoal fish 178 
through the tank as a reward after crossing into either choice compartment during acclimation. 179 
A fish is considered to have entered one of the side chambers when its entire body enters the 180 
chamber.  181 
 182 
3.3.3. Repeat this procedure with the same experimental fish for a second day (2 days of group 183 
acclimation).  184 
 185 
NOTE: Do not keep the same groups of fish. 186 
 187 
3.3. Individual acclimation  188 
 189 
3.3.1. Chamber setup: Attach the beige (neutral) felt background to the outside of both choice 190 
compartments, and submerge a live shoal tank in both of the choice compartments, as in group 191 
acclimation (Figure 1B,E).  192 
 193 
3.3.1.1. Place an individual zebrafish in the central starting chamber for 2 min with the 194 
sliding doors closed, and after the 2-min period, open both doors simultaneously.  195 
 196 
3.3.1.2. Make sure that each fish swims from the central chamber through a door for a 197 
total of 10 times, regardless of which side. Reward the fish each time it enters one of the side 198 
chambers (1 day of individual acclimation).  199 
 200 
NOTE: If a fish is unable to complete this task 10 times within a 30-min period or refuses to leave 201 
the starting chamber at all, exclude it from the study.  202 
 203 
3.3.2. Data acquisition: Record the number of times the fish swims into either side and the total 204 
time it takes to complete the task.  205 
 206 
3.4.  Acquisition 207 
 208 
NOTE: After acclimation, zebrafish began a 3-day acquisition task.  209 
 210 
3.4.1. Chamber setup: Attach a white felt piece to the outside of one choice compartment and 211 
a black felt piece to the outside of the other choice compartment (Figure 1C,F).  212 
 213 
NOTE: Alternate the background color of each side daily using a pseudorandom schedule37.  214 
 215 
3.4.1.1. For the duration of this phase of training, place a shoal-reward only placed in one 216 
of the choice compartments; this becomes the rewarded side.  217 
 218 
3.4.1.2. To begin acquisition, place a single experimental fish in the starting chamber for a 219 
2-min period with the choice compartments closed off.  220 
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 221 
3.4.1.3. After the 2-min acclimation, simultaneously open both doors, giving access to 222 
both choice compartments, and start the stopwatch to assess the choice latency.  223 
 224 
3.4.1.4. Using a biased design, randomly assign the fish either a black or white preference 225 
(i.e., either W+/B- or B+/W-), meaning that the shoal is placed in either the black (B+) or white 226 
(W+) choice compartment.  227 
 228 
3.4.2. Denoting the choice response 229 
 230 
3.4.2.1. Once the fish makes a choice by entering one of the side compartments, stop the 231 
timer.  232 
 233 
3.4.2.2. If the fish correctly chooses the preferred side, immediately close the door 234 
between the central chamber and that side to restrict the fish to the preferred side for 1 min, 235 
and allow it to be rewarded by interacting with the shoal tank (Figure 1C,F). Score this trial as “C” 236 
for “Correct” (rewarded).  237 
 238 
3.4.2.3. If the fish swims through the incorrect door, transfer it back to the central 239 
chamber, close both doors, and score the trial as “I” for “incorrect” (non-rewarded).  240 
 241 
3.4.2.4. If the fish does not make a decision within 2 min after the doors are opened, move 242 
the fish to the correct side for 1 min, and score the trial as “M” for “marked” (force-rewarded).  243 
 244 
3.4.2.5. When transferring/moving fish back into the starting chamber, gently guide the 245 
fish into the central chamber using a fish net as a shepherding tool.  246 
 247 
NOTE: Do not scoop the fish out of the water and replace it into the starting chamber as this 248 
could affect the behavioral assay.  249 
 250 
3.4.2.6. Once the fish returns to the central chamber, wait for 1 min before performing 251 
the task again. Ensure that each fish performs the task 8 times.  252 
 253 
3.4.3. Data acquisition 254 
 255 
3.4.3.1. For each experimental fish, record the time to first decision (or choice latency) and 256 
the individual scores (C, I, or M) for each of the 8 acquisition trials (section 3.4.2) in order.  257 
 258 
3.4.3.2. Report the results for these experiments were reported as group averages for 259 
each trial on each acquisition day.  260 
 261 
3.4.3.3. Once a fish has completed a trial, categorize it as either a “high performing” fish 262 
or a “low performing” fish.  263 
 264 
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NOTE: A fish was considered “high performing” if it successful chose the correct side of the tank 265 
in at least 6 of the 8 total trials for the day. Any fish that does not meet this criterion is a “low 266 
performer”.  267 
 268 
3.4.3.4. Once identified, house high performing and low performing fish separately.  269 
 270 
3.4.3.5. Categorize the fish as “high” or “low” performers on each of the three days of 271 
acquisition, after a fish has completed the trials.  272 
 273 
NOTE: At the end of the third day of acquisition, fish remain as either “high” or “low” performers 274 
for the duration of the study.  275 
 276 
NOTE: Some fish that were initially in the ‘low performing’ group learn the task on acquisition 277 
day 2 or 3. When this happens, the initial ‘low performing’ fish may be moved into the ‘high 278 
performing’ group. Do not move the fish between groups in this manner after day 3 (the end of 279 
acquisition). 280 
 281 
4. Experimental treatment 282 
 283 
4.1. After the acquisition period, when the fish demonstrate the ability to solve a simple 284 
discrimination task between the black and white background, start the treatment regimen for 285 
the experimental zebrafish.  286 
 287 
NOTE: To show the applicability of this method, this study shows two experimental designs: 288 
 289 
4.1.1. Longitudinal study 290 
 291 
4.1.1.1. Return the experimental fish to their holding tanks for 8 weeks. Maintain the fish 292 
in standard tanks with daily water changes, and feed them twice daily.  293 
 294 
NOTE: Do not conduct any behavioral training during these 8 weeks in the holding tanks.  295 
 296 
4.1.1.2. Perform reversal assessment after this period to assess whether the zebrafish can 297 
solve the reversal task after 8 weeks without training.  298 
 299 
4.1.2. Hyperglycemia: Expose the experimental groups to water (handling stress control), 300 
mannitol (1%–3%, osmotic control), or glucose (1%–3%) for 4 or 8 weeks22,23.  301 
 302 
NOTE: Do not conduct any behavioral training during these 4 or 8 weeks. 303 
 304 
5. Reversal 305 
 306 
NOTE: Following experimental manipulation (as in section 4.2), the fish are tested in the final part 307 
of the 3-chamber choice paradigm—reversal. To do this, the rewarded side is reversed 308 
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(compared to acquisition) such that fish previously rewarded with a shoal on the white side are 309 
now rewarded with a shoal on the black side and vice versa. In this way, reversal assesses 310 
whether the fish have learned where the reward (shoal) is located, irrespective of the color of 311 
the background.  312 
 313 
5.1. Chamber setup  314 
 315 
5.1.1. Attach black felt to the outside of one of the choice chambers and white felt to the outside 316 
of the other, making sure that the black and white sides are the same sides as in the acquisition 317 
trials (section 3.4).  318 
 319 
5.1.2. Submerge the shoal tank in the far back corner of the side that is the opposite of the 320 
previously rewarded choice chamber (Figure 1D,G).  321 
 322 
NOTE: In other words, fish previously rewarded on the white side are now rewarded on the black 323 
side and vice versa.  324 
 325 
5.1.3. Test the fish individually as in section 3.5. Begin by placing a single experimental fish in 326 
the starting chamber for a 2-min period, and close off access to the choice compartments.  327 
 328 
5.1.4. Simultaneously open both sides of the chamber.  329 
 330 
NOTE: Complete a total of 8 trials each day for three consecutive treatment days.  331 
 332 
5.2. Denoting the choice response 333 
 334 
5.2.1. If the fish correctly chooses the preferred color, immediately close the door to the central 335 
chamber for 1 min, allowing the fish to interact with the shoal reward. Score this trial as “C” for 336 
“Correct” (rewarded).  337 
 338 
5.2.2. If the fish swims through the incorrect door, transfer it back into the central chamber, 339 
close both doors, and score this trial as “I” for “incorrect” (non-rewarded).  340 
 341 
5.2.3. If the fish does not make a decision within 2 min after the doors are opened, move the 342 
fish to the correct side, and score the trial as “M” for “marked” (force-rewarded).  343 
 344 
5.3. Data acquisition 345 
 346 
5.3.1. For each experimental zebrafish, record the choice latency and the individual scores (C, I, 347 
M), in order, for each trial.  348 
 349 
5.3.2. Report the results for these experiments as group averages for each two-trial block on 350 
each of the 3 reversal days.  351 
 352 
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5.3.3. Keep the data for high and low performing fish separate to determine whether they 353 
display the same level of performance during reversal as they did during acquisition.  354 
 355 
REPRESENTATIVE RESULTS: 356 
Acclimation to the behavior chamber involves three days of training: 2 days of group acclimation 357 
followed by 1 day of individual acclimation. However, because we could not distinguish individual 358 
zebrafish from one another, we were only able to collect data during individual acclimation. At 359 
this time, experimental animals (n = 30), conditioned using a shoal-based reward, took an average 360 
of 125.11 s to reach their first decision (Figure 2A) and an average of 725.34 s (12 min) to 361 
complete the entire individual acclimation task (Figure 2B). There was no significant side 362 
preference during acclimation (Figure 2C). The number of excluded fish was minimal as compared 363 
to other reward types (food) we had previously assessed in our laboratory (Figure 2C).  364 
 365 
After acclimation, zebrafish began the acquisition phase. As fish were tested individually, we 366 
collected data from each fish on each of the three acquisition days. The fish were classified as 367 
either ‘high or low performers’, with ‘high performers’ responding faster and more accurately, 368 
despite all fish having the same previous exposure to the testing chamber. Only fish that selected 369 
the rewarded choice compartment in at least 6 of the 8 trials were classified as ‘high performers.’ 370 
Fish that did not meet this criterion were ‘low performers.’ High and low performing fish were 371 
housed separately to distinguish their performance in all subsequent trials. Interestingly, we 372 
observed that some fish changed category (i.e., were initially ‘low performers’, but became ‘high 373 
performers’) during the course of acquisition. In fact, the number of high performing animals 374 
increased each day, with more high performing fish on acquisition day 3 compared to day 1 375 
(Figure 3A). By day 3, >50% of the fish had become ‘high performers.’ Further, initial choice 376 
latency for all fish across the three acquisition days (A1–A3) decreased, indicating an improved 377 
performance with each day of acquisition (Figure 3B). The same trend was also seen when only 378 
the high performing fish group was considered: by day 3, the time to first decision improved 379 
(became faster) (Figure 3C).  380 
 381 
A discrimination ratio (rewarded trials/(reward + nonrewarded trials) was calculated for each 382 
acquisition trial block (average of two trials/fish) across the three acquisition days (A1–A3) for all 383 
experimental animals (n = 30) to determine how accurately the fish were solving (acquiring) the 384 
discrimination task (i.e., going to the rewarded side of the tank). This ratio revealed that the 385 
percentage of fish moving to the rewarded side during each trial increased daily (i.e., across trial 386 
blocks on each individual day) and overall (i.e., across the three acquisition days) resulting in all 387 
fish performing above chance by the end of acquisition (dotted line represented on the graph; 388 
(Figure 4A) and indicating that the fish had learned the discrimination task.  389 
 390 
Following the acquisition of discrimination learning, we tested how long zebrafish would 391 
remember the task. To do that, tested zebrafish remained in holding tanks for 8 weeks. After this 392 
time, fish were tested on a reversal task that lasted 3 days (R1–R3). We found that the fish 393 
demonstrated strong reversal behavior and increased discrimination over the three days of 394 
reversal (Figure 4B), indicating they were able to (1) remember the relationship between the 395 
color of the tank and the reward and (2) inhibit what they had previously learned during 396 
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acquisition and learn the reversal/opposite paradigm. As shown in Figure 4B, zebrafish initially 397 
went to the non-rewarded side of the tank, as indicated by the discrimination ratio being below 398 
chance during initial trails on reversal day 1. However, by the end of R1, performance increased 399 
to greater than chance, a result that was maintained on R2 and R3, with the highest 400 
discrimination ratio scores observed on R3. Taken together, these data show that naïve 401 
experimental animals are capable of solving the discrimination task, even though the initial 402 
behavior was acquired 8 weeks earlier, without any additional training in between behavioral 403 
sessions. 404 
 405 
The 3-chamber choice paradigm can also be applied to examination of disease complications. In 406 
our study with hyperglycemic zebrafish, acclimation and acquisition were as described, and 407 
reversal was tested following either 4 or 8 weeks of hyperglycemia. Hyperglycemia was induced 408 
with an alternate immersion protocol (McCarthy et al., 2020 - this issue), so that training occurred 409 
every other day, on days after zebrafish had been in test solutions for 24 h. During acquisition, 410 
there was a main effect of training day on discrimination ratio (F (2, 239) = 4.457, p = 0.012; 411 
Figure 5A), with the ratio on A1 being significantly lower than on A3 (p = 0.010), indicating that 412 
the fish improved their choice accuracy over time. During reversal, there was a significant main 413 
effect of treatment (F (2, 326) = 3.057, p = 0.048), but no other significant main effects or 414 
interactions (training day: (F (2, 326) = 1.602, p = 0.203); training day x treatment: (F (4, 326) = 415 
0.661, p = 0.620); Figure 5A). The response of glucose-treated animals was significantly reduced 416 
compared to the water-treated animals (p = 0.037), but there were no other significant 417 
differences (control v. mannitol: p = 0.387; mannitol v. glucose: p = 0.524), suggesting a glucose-418 
specific effect. After 8 weeks of hyperglycemia, no statistical differences were noted in 419 
discrimination ratios across acquisition training (F (2,263) = 2.909, p = 0.056; Figure 5B). However, 420 
there were significant main effects of both training day (F (2, 189) = 4.721, p = 0.010) and 421 
treatment (F (2, 189) = 7.940, p = 0.000) on reversal, but no significant interaction (training day 422 
* treatment = F (4, 189) = 0.869, p = 0.484). Subsequent least significant difference (LSD) pairwise 423 
comparisons identified significant differences between R1 and R3 (p = 0.022) and between R2 424 
and R3 (p = 0.003). LSD pairwise comparisons also revealed significant differences between the 425 
water treatment group and both glucose and mannitol treatment groups (water v. mannitol: p = 426 
0.008; water v. glucose: 0.000); however, the glucose and mannitol groups were not significantly 427 
different from one another (p = 0.265), suggesting that these differences in discrimination ratio 428 
may be due to osmotic effects. 429 
 430 
FIGURE AND TABLE LEGENDS: 431 
 432 
Figure 1: Three-chamber choice testing chamber and behavior setup. (A) 3-chamber schematic. 433 
Experimental animals were restricted to the central starting chamber for 2 min and then allowed 434 
access to either side of the tank at the start of a trial. To do so, the top half of each of the two 435 
partitions were raised to create a 10 cm space for fish to cross into either choice compartment. 436 
(B,E) Acclimation was performed using a beige background and shoal of conspecifics as the 437 
reward. (C,F) Acquisition was performed using black and white backgrounds on the choice 438 
chambers; reward was only located on one side of the chamber. (G) Reversal was performed 439 
using black and white backgrounds on the choice compartments; reward was only available on 440 
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the opposite side of the chamber (vs. acquisition). (H) Up-close image of shoal tank submerged 441 
in one of the choice compartments.  442 
 443 
Figure 2: Latency and number of marked trials during individual acclimation. (A) Choice latency 444 
of first decision. (B) The total amount of time to complete individual acclimation. (C) The number 445 
of entries to the left and right side are not different, indicating no inherent side preference prior 446 
to the start of acquisition. We also report the total number of mark trials during individual 447 
acclimation. Values are reported as Mean ± SEM. 448 
 449 
Figure 3: The percentage of high performing fish and the initial choice latency among all fish 450 
and high performing fish across the three acquisition days. (A) High performing fish moved from 451 
the central chamber to the rewarded side of the chamber in at least 6 out of 8 trials each 452 
acquisition day (A1–A3). (B) Across three days of acquisition training (A1–A3), overall initial 453 
choice latency decreased; a trend also evident in high performing fish (C). Values are reported as 454 
Mean ± SEM.  455 
 456 
Figure 4: Discrimination performance during acquisition and reversal trials. (A) Discrimination 457 
ratio (rewarded trials/(reward + nonrewarded trials) of fish across acquisition days (A1–A3) and 458 
(B) during reversal learning 8 weeks later. Reversal was also assessed for 3 days (R1–R3). For both 459 
tasks, each fish had to complete 8 trials, and results are presented in two-trial blocks (2, 4, 6, 8). 460 
Correct responses during both acquisition and reversal increased with time, with a faster 461 
response observed during reversal, indicating the fish learned and remembered the task. Values 462 
are reported as Mean ± SEM. The dotted line represents chance.  463 
  464 
Figure 5: Acquisition and Reversal of hyperglycemic zebrafish using the 3-chamber choice 465 
behavioral task. (A) Prior to treatment, naïve zebrafish acquired the 3-chamber choice 466 
behavioral task across three days of behavioral training (acquisition, A1–A3). There was a 467 
significant difference between discrimination ratios on A1 and A3 indicating learning took place 468 
(p = 0.012). Following 4 weeks of treatment (colored symbols) there was a significant effect of 469 
treatment (p = 0.048), with glucose-treated animals displaying significantly reduced 470 
discrimination ratios compared to water-treated animals (p = 0.037). (B) In a separate 471 
experiment, behavior before and after 8 weeks of hyperglycemia was assessed. Despite the 472 
steady increase in performance across each acquisition day, there were no significant differences 473 
discrimination ratio across A1–A3. However, after 8 weeks of treatment (colored symbols), there 474 
was a main effect of treatment (p < 0.001) and an individual main effect of training day (p = 475 
0.010). Post-hoc analyses revealed a significant difference between the water-treated group and 476 
both mannitol- and glucose-treated groups, suggesting an osmotic effect (water v. mannitol: p = 477 
0.008; water v. glucose: p < 0.001). * denotes a significant main effect. Data points represent 478 
group mean ± SEM, and data points with different letters are significantly different from one 479 
another. The dotted line represents chance.  480 
 481 
DISCUSSION:  482 
Although there has been tremendous growth in the amount and variety of neuroscience research 483 
performed using zebrafish in the past 15 years24, behavioral assays are lacking in this species 484 
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compared to mammalian model systems11,25,26. Here, we show that a three-chamber choice task 485 
developed for use with rodents can be adapted to assess the acquisition and reversal of a visual 486 
discrimination learning in zebrafish. Using a live shoal as the reward, this task provided a robust 487 
assay that can be applied to a variety of studies examining behaviorally linked diseases such as 488 
hyperglycemic complications of diabetes, Alzheimer’s, and dementia. 489 
 490 
It has been previously established that zebrafish are capable of learning and storing information 491 
as it is required to make ecologically relevant decisions and necessary for survival in the wild3. 492 
Our acquisition and reversal data across an 8-week longitudinal study supports prior evidence 493 
that zebrafish, while small, are able to learn and remember a simple discrimination task, and that 494 
zebrafish can also inhibit previously acquired responses. In the longitudinal 8-week study, the 495 
number of forced rewards decreased, and the discrimination ratio increased, indicating that the 496 
fish get better at choosing the correct, rewarded side and have learned the task. While these 497 
changes were non-significant, we did see an overall downward trend in the number of force-498 
rewarded trials during acquisition and an increase in discrimination ratio. Further, the results of 499 
the three-chamber choice behavioral task with hyperglycemic fish revealed the applicability of 500 
the test to studies examining hyperglycemic conditions and indicates that this paradigm could be 501 
used in combination with other experimental manipulations, such as drug exposures or mutant 502 
lines, to assess potential effects on cognition. 503 
 504 
An important limitation of this study is that we cannot identify individual fish over time and 505 
therefore must rely on group averages to assess the data. Developing a way to individually track 506 
fish in the different treatment groups, as in rodents, could address these issues. In an attempt to 507 
resolve these differences, we sorted the fish during the acquisition phase based on their 508 
performance, which turned out to be an unexpected benefit of our methodology. ‘High 509 
performing fish’ scored ≥ 6/8 on each day of training, whereas fish with lower scores were ‘low 510 
performing fish’. When counted each day, the number of ‘high performers’ increased in the shoal 511 
rewarded group so that by day 3, there were significantly more fish in this category compared to 512 
the fish-rewarded treatment. Choice latency trends observed across all (‘high + low performers’) 513 
fish are similar to those observed only in the ‘high performing’ group, suggesting that the strong 514 
responses of this group were driving overall responses.  515 
 516 
In summary, these findings indicate that shoal-based discrimination learning in zebrafish provide 517 
a feasible cost-effective model for the study of normal and impaired cognitive functioning.  518 
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Item 
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Dear Dr. Bajaj,  
 
We would like to thank the editorial board and reviewers for their helpful comments and 
requests. We are excited to submit a revision of our manuscript entitled “The three-chamber 
choice behavioral task using zebrafish as a model system.” We appreciate this opportunity and 
believe that we have addressed all of the reviewer’s comments and in doing so have greatly 
improved the quality of the manuscript. Please find our point-by-point response to the 
reviewer’s comments below.  
 
Editorial comments:  
 

1. Please take this opportunity to thoroughly proofread the manuscript to 
ensure that there are no spelling or grammar issues. 

 
We addressed any spelling/grammatical changes throughout the document.  

 
 

2. JoVE cannot publish manuscripts containing commercial language. This 
includes trademark symbols (™), registered symbols (®), and company 
names before an instrument or reagent. Please remove all commercial 
language from your manuscript and use generic terms instead. All 
commercial products should be sufficiently referenced in the Table of 
Materials and Reagents. 
For example: U-shapel channel (Lowes), grey PVC sheet (Amazon), 

 
We have removed the commercial product information from the manuscript and 
instead referenced in the Table of Materials and Reagents.  

 
3. Being a video-based journal, JoVE authors must be very specific when it 

comes to the humane treatment of animals. Regarding animal treatment in 
the protocol, please add the following information to the text: 
 
a) What was the age of the zebrafish used in the study and from where did 
you get them? If you breed these fish, when would be a good stage to 
select for the study? 
b) Please specify whether an ethics statement was required for these 
zebrafish (if they were not early-stage) and include this before all of the 
numbered protocol steps indicating that the protocol follows the animal 
care guidelines of your institution. 
c) Please specify what happened to the fish after the study. 
 
To address these points, we have added an animal section (now section 1) to the 
manuscript.  
 

4. Please note that your protocol will be used to generate the script for the 
video and must contain everything that you would like shown in the video. 

Rebuttal Letter Click here to access/download;Rebuttal
Letter;Rowe_JoVE_pointbypoint_08OCT2020final.docx
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Please add more details to your protocol steps. Please ensure you answer 
the “how” question, i.e., how is the step performed? Alternatively, add 
references to published material specifying how to perform the protocol 
action. Please add more specific details (e.g. button clicks for software 
actions, numerical values for settings, etc) to your protocol steps. There 
should be enough detail in each step to supplement the actions seen in the 
video so that viewers can easily replicate the protocol. For instance: 
 
i) 1.7: What are the dimensions of the felt pieces—do they completely cover 
the glass? 
 
The felt covers the two sides of the chamber.  The testing chamber is a 10-gallon 
aquarium (20”x10”x12”) separated into 3 chambers.  The center chamber 
measures ~4” wide and the two side chambers are 8” The felt pieces cover the 
side, back, and bottom of the side chambers, leaving the front open for observer 
viewing.  Each felt piece is 18”x12” in size.   
 
ii) 1.8: Is the tank with the conspecifics separate inside the main chamber? 
 
Yes, the tank with conspecifics is a separate container submerged to the bottom 
of the main chamber.  
 
iii) 4.2 could be presented as a note instead of as a step. 
 
Ok, we have amended this in the protocol.  
 
iv) How is reversal different from the fish choosing their preferred color in 
3.4.1? 
 
The reversal paradigm places the shoal on the opposite side of the tank. In other 
words, if the shoal was on the white side during acquisition of the task, it is 
placed on the black side during reversal learning.  This tests if the fish learned 
where the reward (shoal) is located and not simply the color of the background. 
 
v) 4.2.2: Please describe the alternate immersion technique, especially if 
this will be filmed, so that readers/viewers can replicate the protocol. 
 
The alternate immersion protocol described in detail in another paper in this 
special issue (McCarthy et al). It is included here as proof of principle/an example 
of the applicability of the 3-chamber choice test. 

  



 
5. Please highlight up to 3 pages of the Protocol (including headings and 

spacing) that identifies the essential steps of the protocol for the video, i.e., 
the steps that should be visualized to tell the most cohesive story of the 
Protocol. Remember that non-highlighted Protocol steps will remain in the 
manuscript, and therefore will still be available to the reader. 

 
The portion of the protocol that will become the script has been highlighted.  
 

6. Please ensure that the highlighted steps form a cohesive narrative with a 
logical flow from one highlighted step to the next. Please highlight 
complete sentences (not parts of sentences). Please ensure that the 
highlighted part of the step includes at least one action that is written in 
imperative tense. 
 
The portion of the protocol that will become the script has been highlighted.  
 

7. As we are a methods journal, please revise the Discussion (total of 3-6 
paragraphs) to also add the following in detail with citations: 
a) Critical steps within the protocol 
b) The significance with respect to existing methods 

 
We have highlighted these points in our discussion.  
 

8. Please ensure that the references appear as the following: [Lastname, F.I., 
LastName, F.I., LastName, F.I. Article Title. Source. Volume (Issue), 
FirstPage – LastPage (YEAR).] For more than 6 authors, list only the first 
author then et al. Please write the journal names fully in the reference list. 
 
We have updated the references to the correct formatting.  
 

9. In Fig. 2, what do you mean by ‘mark” as an entry point? 
 
We mean that the fish had to be force rewarded. See section 3.4.2. where we 
described what a marked trial/force-rewarded scenario looks like.  
 

10. Please sort the Materials Table alphabetically by the name of the material. 
 

We have sorted the materials alphabetically and we will provide the updated table 
with the resubmission.  

 
  



Reviewer #1: 
 
Major Concerns: 
1. The Introduction and title of the paper does not reveal the intent of the paper. 
Authors are advised to kindly change it and make it more suitable according to 
their theme. 
 
We changed the title to make it more suitable.  
 
2. Hyperglycaemia induced cognitive impairment is a known event now. This can 
be reduced and more data regarding novel inventions in behavioral assessment 
setups should be included and same should be cited in paper. 
 
We have edited the manuscript to more clearly focus on the behavioral 
chamber/assessment used. 
 
3. Hyperglycemic conditions were provided to the fishes but no biochemical 
experiments were performed which confirms the hyperglycemic state of the fish. 
 
The hyperglycemic-induction protocol is found in a separate manuscript in this issue 
(McCarthy et al). We include mention of it here as proof of principle/applicability of the 
3-chamber choice paradigm to studies examining disease complications. 
 
4. If possible kindly write protocol in paragraphs. It is difficult to follow it in 
current form. 
 
Thank you.  We have amended the protocol section from short sentence structure to 
paragraph form.  
 
5. Kindly put the real image of the setup. It will be useful for the readers. 
 
We have added several images of the behavioral chamber and shoal tank to Figure 1. 
 
6. Kindly please explain "reversal process" and logic behind it by describing the 
changes at pathological levels. 
 
The reversal paradigm places the shoal on the opposite side of the tank. In other words, 
if the shoal was on the white side during acquisition of the task, it is placed on the black 
side during reversal learning.  This tests if the fish learned where the reward (shoal) is 
located and not simply the color of the background. 
 
Minor Concerns: 
Spellings and grammar mistakes have been observed. 
 
We addressed any spelling/grammatical changes throughout the document.  



 
 
Reviewer #2: 
Manuscript Summary: 
The manuscript is well written, interesting, and useful but the authors should 
address the following minor concerns: 
 
Major Concerns: 
 
N/A 
 
Minor Concerns: 
1. Authors need to provide information on how hyperglycemia was induced in 
both Method and Result section. 
 
We describe a previously used protocol in the Experimental Treatments section and 
reference it. (McCarthy et al. 2020 this issue) refers to another publication that will be in 
the same issue of JoVE and describes the hyperglycemic induction in greater detail.  
 
2. Describe the Protocols in clear and concise manner, at the present form it is 
too much descriptive and confusing. Also, please cite the original reference 
paper in Protocol section, from which the protocol has been modified. 
 
The protocol section has been rewritten in paragraph form in order to provide a better 
flow but keeping with the consistency with of the journal format requirements.  
 
3. Authors need to clearly specify the second experimental designs used, other 
than hyperglycemic experimental group. 
 
This portion of the protocol has been updated to include the mannitol treatment group 
(osmotic control) which is also referenced in the other two articles.  
 
4. Tabular data for the figures, showing discrimination ratio may be represented. 
 
While we appreciate the suggestion for a table of the data, we have chosen instead to 
provide graphs of the discrimination ratios.  We feel the figures allow better visualization 
of changes in the ratio over time, as the fish are learning the task.  
 
5. Conclusion section is missing, which is inevitable with the future perspective 
of the study. 
 
We have provided a summary statement/conclusion at the end of the discussion.  
  



 
6. Manuscript needs to be formatted as per journal style particularly in citing the 
references because few in-text citation are not cited in the manuscript according 
to the same style. 
 
Thank you for catching this oversight. We have updated our citation formatting to reflect 
the journal style.  

 


