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SUMMARY: 23 
The present protocol describes the development of an open-source 5-choice serial reaction time 24 
task toolbox for rodent animal models, using Arduino and related hardware and a versatile 25 
Matlab toolbox, including an optional script for automated behavioral training. The scripts are 26 
customizable and facilitate the implementation of different trial-and-test designs. 27 
 28 
ABSTRACT: 29 
The 5-choice serial reaction time task (5-CSRTT) is a behavioral test often used to study 30 
visuospatial attention and impulsiveness in rodents. The task requires animals to allocate 31 
attention to a horizontal array of five small apertures equipped with light sources and, within a 32 
limited time window, nose-poke one illuminated target aperture to get a food reward at the food 33 
magazine located in the opposite wall of the chamber. The task considers behavioral control 34 
measures such as response accuracy and reaction times and allows to infer selective attention 35 
and impulsivity. Task difficulty can be controlled by modifying the stimulus duration and task 36 
design in general. Commercially available apparatus usually consists of an experimental chamber 37 
and particular software to specify task parameters, but due to fixed hard- and software, they 38 
pose many limitations on changes in the general experimental design and specific task 39 
requirements and the related data output. This article explains a fully customizable alternative 40 
based on an easy-to-use single-board microcontroller and standard electrotechnical 41 
components, an open-access Arduino script, and a Matlab-toolbox for hardware control and 42 
behavioral task specifications, respectively. The toolbox includes an optional staircase procedure, 43 
enabling automated behavioral training. The complete hardware setup, which can be installed in 44 

Manuscript Click here to access/download;Manuscript;63385_R2_RE.docx

mailto:jgancz@uni-bremen.de
mailto:nada@uni-bremen.de
mailto:evastr@uni-bremen.de
mailto:cmkoch@uni-bremen.de
mailto:dwegener@uni-bremen.de
mailto:dwegener@uni-bremen.de
https://www.editorialmanager.com/jove/download.aspx?id=1412179&guid=6ea22529-6dea-4811-9fca-46a7da82d66b&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1412179&guid=6ea22529-6dea-4811-9fca-46a7da82d66b&scheme=1


 

customized chambers, and the freely adaptable software encourage non-standardized task and 45 
chamber design. The design of the system and the open-source code for hardware control and 46 
experimental setup are described. 47 
 48 
INTRODUCTION: 49 
The 5-CSRTT is an actual behavioral test, often used in rodents to study visual attentional 50 
processes and impulsivity1–6, such as determining the cholinergic system's role in attention and 51 
the influence of norepinephrine reuptake inhibitors on impulsive behaviors7. The standard 52 
apparatus allows for observing various control measures such as response accuracy, reaction 53 
times, impulsive and compulsive behavior, motor ability, and motivation1–5. It consists of a 54 
horizontal array of five LED-equipped apertures, a food magazine on the chamber walls opposing 55 
the apertures, and house lights2,5. In a typical task, the house light is illuminated, and the 56 
beginning of a session is marked by the illumination of the food magazine, where a free pellet is 57 
delivered. The trial course is initiated when the animal nose-pokes the magazine to retrieve the 58 
pellet1. After that, the food magazine light is extinguished, and the inter-trial interval (ITI) starts, 59 
during which the animal is supposed to direct its attention toward the apertures. Once the ITI 60 
elapses, a stimulus illumination is presented in one of the apertures1,2,5. The stimulus is given for 61 
a specific length known as the stimulus duration (StD). The animal can respond to the stimulus 62 
while it's being presented or during a limited time window after the StD is over, known as limited 63 
hold (LH). To respond, the animal has to nose-poke the target aperture and, if done correctly, a 64 
reward is released in the food magazine1,2,5. Otherwise, any incorrect response, as well as any 65 
responses before stimuli presentation (anticipatory or premature) or any failure to respond 66 
(omission) results in a timeout (TO), during which the house light is turned off for a certain 67 
duration1,2,5 (Figure 1). In general, the discriminative stimulus accuracy measures attentional 68 
functioning, whereas premature and perseverative responses (repeated responses at the 69 
apertures after stimulus presentation) are considered measures of impulsive behavior and 70 
compulsivity, respectively1,4–6. 71 
 72 
[Place Figure 1 here] 73 
 74 
The 5-CSRTT is widely used due to its flexibility: by changing parameters of the trial design, 75 
different subcategories of attention can be investigated. For example, while the animal is 76 
supposed to divide its attention across the five different apertures (visuospatial attention), the 77 
use of irrelevant stimuli (e.g., auditory stimuli) enables the testing of selective or sustained 78 
attention1,2,5,6. For that purpose, the experimental setup can be extended by including speakers, 79 
which can be used as distracting or even reinforcing stimuli1,2,5,6. Moreover, the attentional load 80 
can be directly modulated by altering the stimulus presentation or randomizing the ITI duration10. 81 
The 5-CSRTT is not only used in rodents3,7, but has recently been adapted to test non-human 82 
primates1,7,8 and fish7,9, further showcasing its feasibility. A fully customizable 5-CSRTT toolbox 83 
allows for easy adaptation of the standard rodent paradigm to other animal models. Moreover, 84 
the customization flexibility of the 5-CSRTT toolbox also encourages research using non-standard 85 
task designs. 86 
 87 



 

The fully customizable 5-CSRTT toolbox presented here contains an Arduino script for hardware 88 
control, programmed in an integrated development environment. It also consists of a Matlab 89 
toolbox (version R2019b or younger) for experiment control. The following protocol explains how 90 
to configure the 5-CSRTT toolbox with the widely used standard paradigm and shows optional 91 
configurations for non-standard paradigms. 92 
 93 
PROTOCOL: 94 
The experimental procedure in this protocol was performed following the recommendations of 95 
the EU directive 2010/63 for the Welfare of Experimental Animals and with the Animal Welfare 96 
Act issued by the Federal Government of Germany and was approved by the local authorities. 97 
Since the research only required behavioral training, no animals were euthanized, and all were 98 
kept in the husbandry after the research was conducted. The research was conducted using ten 99 
male Lister hooded rats (4 months of age at the start of behavioral training). 100 
 101 
1. Animal housing, husbandry, and handling 102 
 103 
1.1. House rats together with up to five littermates in a standard cage with suitable bedding 104 
material, according to your animal welfare committee's recommendations. 105 
 106 
1.2. Keep the rats at a temperature of 20 ± 2 °C and relative humidity of a maximum of 50% in a 107 
controlled ventilated room with a 12:12 h light/dark cycle. Restrict access to food (12 g chow a 108 
day per rat, see Table of Materials) and provide unrestricted access to water. 109 
 110 
1.3. Mark the animals' tails using a permanent non-toxic ink marker. 111 
 112 
1.4. Before starting the behavioral experiment, handle the rats for at least a week until they are 113 
accustomed to being handled by experimenters, and introduce the rats to the rewarding food 114 
pellets to reduce food neophobia. 115 
 116 
2. Preparation of the hardware and control software 117 
 118 
2.1. Open the freely available Integrated Development Environment (IDE) Software (see Table of 119 
Materials). Click on File > Open and click on the script for hardware control (Supplementary File 120 
1). 121 
 122 
2.2. Plug in the microcontroller USB to the computer. Check whether the automatically chosen 123 
Board and Processor information correspond to the connected microcontroller board by clicking 124 
on Tools in the top left half of the screen. Select the corresponding Board and Processor 125 
information, and click on Port to select the available port. 126 
 127 
2.3. On the top left half of the screen, click on Sketch > Include Library > Manage Libraries. On 128 
the newly opened Library Manager window, type the term "Adafruit Motor Shield V2" into the 129 
search bar and click on the Install button on the corresponding library. Repeat the same process 130 
for the search term "Adafruit Neopixel". 131 



 

 132 
2.4. On the top left half of the screen, click on Verify (the button with a checkmark) to ensure 133 
there are no mistakes in the script. Click on Upload (the button with an arrow to the right) to 134 
upload the script to the microcontroller board. 135 
 136 
3. Preparation of the experiment control software 137 
 138 
3.1. Ensure that all four scripts and functions for experiment control are located in the same 139 
folder. 140 
 141 
3.1.1. Open the programming platform, click on the HOME toolbar tab on the top half of the 142 
screen, and click on Set Path. Click on Add Folder and select the folder containing all the 143 
experiment control scripts. 144 
 145 
3.1.2. Click on Save and close the Set Path window. Click on Open on the HOME toolbar tab on 146 
the top half of the screen and open the following scripts and functions: User (Supplementary File 147 
2), Staircase (Supplementary File 3), and DataProc (Supplementary File 4). 148 
 149 
3.2. Follow the instructions for downloading and installing the Psychtoolbox software to enable 150 
the ESC button functionality used by the toolbox (see Table of Materials for the access link). 151 
 152 
4. Configuration of parameters used in the 5-CSRTT toolbox 153 
 154 
4.1. Prepare the toolbox for habituation. 155 
 156 
NOTE: Figure 2 represents the 5-CSRTT apparatus used for the current study. 157 
 158 
4.1.1. Select the opened User script. Ensure that the habituation variable on line 7 is set to 'true'. 159 
Write a number in minutes (e.g. '30' for 30 min) on line 8 to set a time limit for the habituation. 160 
On line 9, write a number between 0.01 and 1 (full brightness) to choose a brightness level for 161 
the stimulus light. 162 
 163 
NOTE: The brightness level used in this project is set to 0.2. 164 
 165 
4.1.2. Conduct the behavioral experiment (step 5). 166 
 167 
4.2. Prepare the toolbox for the experiment session. 168 
 169 
4.2.1. Select the opened User script. Ensure that the variable on line 7 is defined as 'false'. 170 
 171 
4.2.2. On line 12, type in the directory path where the experiment data will be automatically 172 
saved (e.g., 'C:\Users\trainer\Desktop\5CSRTT'). Ensure that a directory with this exact name 173 
exists. 174 
 175 



 

4.2.3. Type in the subject identification on line 13 (e.g. 'red1'). 176 
 177 
4.2.4. Ensure that the variable on line 14 is defined as 'true', so that the data generated is 178 
automatically saved in the directory path. 179 
 180 
4.2.5. Ensure that the variable on line 15 is defined as 'true' and type in a number on lines 16 and 181 
17 to set a trial and time limit (in min), respectively, after which the program will automatically 182 
stop. 183 
 184 
4.2.6. Configure the parameters for a standard 5-CSRTT paradigm. 185 
 186 
4.2.6.1. Check whether the variable on line 32 is set to 'true' for a free pellet delivery before the 187 
first trial. Define the variable on line 33 as 'true' to ensure a magazine entry before each trial 188 
starts. Check whether the variable on line 34 is set as 'defined' and type in a number on line 35 189 
to specify the length of the ITI in seconds. 190 
 191 
4.2.6.2. Ensure that the variable defined on line 37 is set to 'true' so that trials with premature 192 
answers won't influence the trial limit of the session. Type a numerical value on line 38 that will 193 
define the limited hold (LH) length in seconds. 194 
 195 
4.2.6.3. Ensure that the variable on line 39 is set to 'none' and the variable on line 40 is defined 196 
as 'false'. Type a number on line 41 to define the TO length in seconds and ensure that the 197 
variable on line 42 is set to 'false'. 198 
 199 
4.2.6.4. Type in a numerical value on line 45 that corresponds to the number of apertures that 200 
can be illuminated (e.g., '5'). Ensure that the variable on line 46 is defined as 'pseudorandom' or 201 
'random' and type in a number on line 47, setting the StD length in seconds. Check whether the 202 
variable on line 48 is defined as 'single' and the numerical value on line 49 is '1'. On line 50, type 203 
in a number to define the brightness of the target stimulus. 204 
 205 
4.2.6.5. Check whether the variables on lines 64 and 65 are defined as 'binary' and 'non-206 
dependent', respectively. Type a numerical value on line 71 corresponding to the number of food 207 
pellets to be released following a correct nose-poke. 208 
 209 
4.2.6.6. Conduct the behavioral experiment (step 5). 210 
 211 
4.2.7. Configure the parameters for a non-standard 5-CSRTT paradigm. 212 
 213 
NOTE: All the steps described in this subchapter are optional. 214 
 215 
4.2.7.1. If an automatic performance check is desired for using the automated staircase training 216 
procedure, ensure that the variable on line 18 is defined as 'true' and type in a numerical value 217 
on line 20 defining the frequency of the performance check. Type a number on line 21 to define 218 
the minimum number of trials to be completed during the current session before calculating the 219 



 

subject's performance. Ensure that the variable on line 21 is defined as 'all' so all trials of the 220 
current session are included in the performance check. 221 
 222 
4.2.7.2. Ensure that the variable on line 22 is set to 'true' so that the program will update the 223 
parameters of the current session to match a previously completed session. On line 23, type in 224 
'latest' to establish that the last session will be uploaded. 225 
 226 
NOTE: The program will update the parameters based on specifications in the "Staircase" 227 
function, jumping to the previously completed level. A specific dataset to be uploaded can also 228 
be chosen by typing in the exact path to the data file with ".mat" ending. 229 
 230 
4.2.7.3. If the automated behavioral training is desired, ensure that the variable on line 26 is set 231 
to 'true'. Type in a numerical value on lines 27 and 28 to define the training level to start with 232 
and the total number of levels available, respectively. If a division of cohorts is desirable, type in 233 
a name (e.g., 'group1') on line 29 that specifies the group. 234 
 235 
NOTE: Each group can use its own set of training levels and criteria for level updates. The 236 
parameters for each group are defined in the "Staircase" function (step 4.2.8.). 237 
 238 
4.2.7.4. On line 34, type in 'random' if a randomized ITI duration is desired. Type in a numerical 239 
interval (e.g., '[0,2]') to define the interval containing a randomized number that will be added to 240 
the fixed ITI duration. 241 
 242 
4.2.7.5 . To ensure that trials with premature responses influence the session's trial limit, type in 243 
'false' on line 37. 244 
 245 
4.2.7.6. To define a time window during which additional nose-pokes will be counted as 246 
perseverative answers, type in a numerical value on line 39. Type in 'true' on line 40 so that 247 
premature answers evoke a timeout. 248 
 249 
4.2.7.7. To define different groupings of the target apertures, type in 'neighbour', 'shifted' or 'all' 250 
on line 48. Type in a numerical value on line 49, defining the total number of target apertures. If 251 
dimmed stimuli are desired, type in a numerical value on line 51 and 52, defining the total 252 
number of dimmed apertures and its brightness, respectively. 253 
 254 
4.2.7.8. If the emission of a short tone (Tone C4, 262 Hz (Scientific Pitch Notation)) before 255 
stimulus presentation is desired, ensure that the variable on line 55 is set to 'true'. Type in 256 
numerical values on lines 56, 57, and 58 to define the time window (in milliseconds) between the 257 
speaker's tone and stimulus presentation, the tone's duration (in milliseconds), and the tone's 258 
volume (numbers between 0 (no tone) and 1 (full volume) are allowed). 259 
 260 
4.2.7.9. If the emission of a short tone (Tone C6, 1047 Hz) after a successful nose-poke is desired, 261 
ensure that the variable on line 59 is set to 'true'. Type in a numerical value on lines 60 and 61 262 



 

that define the tone's duration (in milliseconds) and the tone's volume (numbers between 0 (no 263 
tone) and 1 (full volume) are allowed). 264 
 265 
4.2.7.10. If responses in dimmed lit apertures are to be rewarded, ensure that the variable on 266 
line 64 is set to 'non-binary'. Type a numerical value on line 73 to define the amount of food 267 
pellets delivered for nose-pokes in dimmed lit apertures. 268 
 269 
4.2.7.11. If using more than one pellet dispenser, type in the corresponding motor number on 270 
lines 70 and 72 for nose-pokes in target apertures and dimmed lit apertures. 271 
 272 
NOTE: The motor number can be either 1 or 2. The corresponding motor shield's screw terminals 273 
M3 and M4 are defined in the script for hardware control. 274 
 275 
4.2.7.12. If grading the reward based on reaction time is desired, ensure that the variable on line 276 
65 is set to 'dependent'. 277 
 278 
4.2.7.12.1. Define the dependence of nose-pokes in target apertures by typing in numerical 279 
values on line 67 that will divide the reaction time (in seconds), motor number, and the number 280 
of food pellets to be delivered into different categories, such that a specific reaction time interval 281 
corresponds to a chosen motor number and amount of pellets. 282 
 283 
4.2.7.12.2. Type in numbers on line 68 to define different categories for reaction time (in 284 
seconds), motor number, and number of food pellets to be delivered for nose-pokes in dimmed 285 
lit apertures. 286 
 287 
4.2.8. Configure the Staircase function by following the steps below. 288 
 289 
NOTE: This step is optional. 290 
 291 
4.2.8.1. Select the opened Staircase function. On line 4, type the name of the first group (e.g. 292 
'group1'). If applicable, type the name of the second group (e.g. 'group2') on line 77. 293 
 294 
4.2.8.2. To change the parameters for the second training level for the first group, type one of 295 
the parameters calculated in the performance check on line 17 (e.g., 296 
PerformanceCheck.NumCorrect >= 30 if the criteria are answering 30 nose-pokes correctly). 297 
 298 
NOTE: Do not change the parameter "Config_trigger == 2" when using the automatic loading of 299 
the previous session (step 4.2.7.2.). 300 
 301 
4.2.8.3. On line 19, type a variable that you wish to update and a numerical value if applicable 302 
(e.g., 'Config.LED.StimDuration = 30' to set the StD length to 30 s). 303 
 304 



 

NOTE: The amount of parameters to be changed and their new value can be freely chosen. The 305 
only requirement is that the parameter to be updated needs to be typed in after the variable 306 
'UpdateTrigger = 1' in each level that the update is desired. 307 
 308 
4.2.9. Configure the "DataProc" function. 309 
 310 
4.2.9.1. Select the opened DataProc function. If a graph with the session's overview needs to be 311 
plotted and saved automatically, type in the commands for the desired plot from line 83 onward. 312 
 313 
NOTE: The current commands on line 83 onward plot an overview of the session's outcome and 314 
some necessary control measures such as the total number of premature answers or the number 315 
of food panel pushes during an ITI. 316 
 317 
5. Behavioral experiment 318 
 319 
5.1. Transport the rat cage from the vivarium to the experimental room at least 30 min before 320 
the habituation or experiment session to familiarise the animals to the testing room. 321 
 322 
5.2. For the habituation session, prepare the operant chamber by placing two reward food 323 
pellets in each of the apertures and five food pellets in the magazine door. Configure the 324 
parameters for the session by following steps 2-4.1. 325 
 326 
NOTE: The operant chamber used for this protocol was a modified Skinner PVC box with 327 
dimensions 30 x 30 x 45 cm. 328 
 329 
5.2.1. For the first habituation stage, tape the magazine flap door to remain open. For the second 330 
habituation stage, remove the tape on the magazine flap door. 331 
 332 
5.3. Select the opened User script. Ensure that the 'COM' description on line 75 matches the 333 
chosen available port in step 2.2. If it doesn't match, change the numerical value in the 334 
experiment control script (e.g., from 'COM3' to 'COM4'). 335 
 336 
5.4. Gently place the rats in the chamber. 337 
 338 
5.5. In the opened User script, click on the EDITOR toolbar tab on the top half of the screen, and 339 
then click on the green play button Run. Check whether the program is running correctly by 340 
reading the "Command Window" information. 341 
 342 
5.6. To stop the experiment at any time, press the escape key ESC on the computer's keyboard. 343 
Wait for a message to appear on the Command Window display. Type in "y" and press the Enter 344 
key on the computer's keyboard to stop the current session and save the acquired data. 345 
 346 



 

5.7. When the habituation or session time or trial limit is reached (step 4.1.1 or 4.2.5., 347 
respectively), check the message that appears on the Command Window' display. Type in "y" and 348 
press the Enter key on the computer's keyboard to stop the current session. 349 
 350 
NOTE: The message will only be shown at the beginning of a new trial and will stop the ongoing 351 
session until an answer is typed in ("y" to stop the session or "n" to continue the experiment). 352 
 353 
5.8. In the case of a habituation session, check whether the rat consumed all the food pellets. 354 
Repeat the habituation stage until all the pellets are consumed before advancing to the next 355 
habituation stage or, after the second stage, start the 5-CSRTT training. 356 
 357 
5.9. After the session, clean the walls and floor of the operant chamber, e.g., with a 70% ethanol 358 
solution and paper towel. Before introducing the next rat, wait for 2–3 min until the ethanol smell 359 
dissipates. 360 
 361 
5.10. When the experiment day is over, unplug the microcontroller USB from the computer. 362 
Optionally, close both scripts for hardware and experiment control. 363 
 364 
REPRESENTATIVE RESULTS: 365 
 366 
[Place Figure 2 here] 367 
 368 
The fully customizable toolbox is easy to use and based on a single-board microcontroller and 369 
standard electrotechnical components. Figure 3 shows a simplified circuit and wiring diagram. 370 
The whole aperture consists of 5 LEDs as the light stimuli and five infrared sensors to detect nose 371 
pokes. The house light consists of one strip with eight LEDs, and the food magazine is made out 372 
of an aperture with a flap door with a micro switch, a motor-driven pellet dispenser, and a strip 373 
with eight LEDs for lighting. The circuit also exemplifies connections for optional components 374 
such as the passive buzzer speaker for auditory feedback and a digital potentiometer for volume 375 
adjustment. For a list of the equipment used in developing this toolbox, please see Table of 376 
Materials. 377 
 378 
[Place Figure 3 here] 379 
 380 
[Place Figure 4 here] 381 
 382 
Interactions between the different experiment control scripts can be seen in Figure 4A. The 383 
"User" script includes all the parameters that define the experiment. There, variables that 384 
determine the experiment's timing, number and brightness of illuminated stimuli, ITI duration, 385 
and the like can be freely chosen. The Code function (Supplementary File 5) includes a detailed 386 
description of a single trial and all possible outcomes, which is reiterated throughout the 387 
experiment, as shown in Figure 4B. Moreover, it consists of a protocol for the habituation of the 388 
animal to the apparatus. The Code function also regularly checks the performance of the animal. 389 
Furthermore, the Staircase function is optional. The subject's performance is compared to 390 



 

previously set criteria, and desired parameters are automatically updated if the animal's 391 
performance meets these criteria. The Staircase function may also consider the acquired results 392 
from the previous day's session. While the experiment is running, a performance check at the 393 
end of a trial will calculate accuracy, omissions, and the total number of correct responses of the 394 
completed trials and compare the outcome with desired criteria for a level update, as specified 395 
in the Staircase function. Finally, the DataProc function processes all the gathered data and 396 
generates simple graphs for quick analysis. At the end of a session, the toolbox automatically 397 
saves all the data into a *.mat file and generates an extra *.xlsx file with the essential information 398 
from the experiment. 399 
 400 
[Place Figure 5 here] 401 
 402 
Protocol step 4.2.7.7 mentions an optional feature: changing the grouping of target apertures. 403 
The standard 5-CSRTT paradigm makes use of one single target stimulus. Here, we exemplify how 404 
the toolbox presented allows for modifications of the standard paradigm. Figure 5 displays some 405 
possible group combinations out of a total of five apertures concerning the chosen configuration. 406 
The "all" configuration lights up all the available apertures so that each aperture is now a target 407 
aperture, which can be helpful in the initial training stages. The neighbour configuration makes 408 
sure that the (freely chosen) number of target apertures will be neighboring each other. Settings 409 
can be specified such that the neighbors will not be identical with the target aperture but be 410 
illuminated at lower (or even higher) contrast. The use of apertures with different illumination 411 
contrasts allows for testing new paradigms, such as using differently graded rewards for nose-412 
pokes in the high- or low-contrast apertures. Figure 5 shows an example with three target 413 
apertures with identical illumination. The single configuration is typically used in the standard 5-414 
CSRTT, where only a single target is illuminated. Finally, the shifted configuration extends the 415 
neighbor configuration. It shifts the neighbor stimulus toward the last or first aperture in case 416 
the target aperture is at the first or last position, respectively. As in the neighbor configuration, 417 
the illumination strength of the neighbors can be freely chosen, being either the same or different 418 
from the target aperture. Also, the number of overall lit stimuli can be freely chosen. The toolbox 419 
then computes all possible stimuli automatically. However, the parameter 420 
"Config.LED.NumHighLED" must be set to "1" for this configuration. 421 
 422 
Following the protocol, the training of rats (N = 10) for the 5-CSRTT was performed according to 423 
the training stages presented in Table 1. 424 
 425 
[Place Table 1 here]  426 
 427 
The performance of the rats was compared to the number of training days (sessions) required to 428 
complete each training level given in Table 1. All the animals started at training level 1 with an 429 
StD and LH of 60 s each. However, some rats (N = 5) received enhanced habituation training to 430 
test some of the additional stimulus options reported earlier, which explains the difference in the 431 
number of sessions the individual animals stayed in training level 1. Completion of the level was 432 
marked by reaching a total of 30 or more correct responses. StD and LH decreased during the 433 



 

following levels, while the criteria for advancing to the next training level got tougher, increasing 434 
the attentional demand of the task1,6. 435 
 436 
Table 2 shows the automatically generated *.xlsx spreadsheet of one example rat during one 437 
session. The rat started with the configuration specified in training level 5. After four trials, the 438 
rat advanced to level 6, considering the trials performed in the current session plus the accuracy 439 
achieved in the previous session. How many trials have to be performed at a minimum in the 440 
current session to advance to the next training level is specified in the variable 441 
"Config.Experiment.MinNumTrials". In the same session, the rat advanced to training level 7 after 442 
completing 66 trials in level 6 and achieving 84.75% accuracy and less than 0.05% omission. In 443 
total, rats were trained for 26 days using the configuration of training levels as provided in Table 444 
1. The number of sessions spent per training level is provided in Figure 6A. The black line shows 445 
the average across all subjects, and each colored line displays the data of one rat. All rats reached 446 
the eighth level within 14–22 sessions (Figure 6B). Figure 6C shows the mean performance of 447 
subjects per training level and across all training days in the 5-CSRTT apparatus. The dashed black 448 
line represents the accuracy percentage, and the straight black line represents the omission 449 
percentage. Accuracy was calculated as the ratio between the number of correct responses and 450 
the total number of responses. Omissions were calculated as the ratio between the number of 451 
omissions and the total number of trials (i.e., the sum of correct responses, incorrect responses, 452 
and omissions). The gray line indicates the average total number of correct responses across all 453 
trials in each level. Figure 6D displays the final accuracy achieved by each subject on the eighth 454 
and final training levels. 455 
 456 
On average, rats spent 5.9 (±1.03 SEM) sessions to complete level 1, between 1.5 (±0.17) and 3.5 457 
(±0.5) sessions to complete level 2 to 6, and 1.7 (±0.16) sessions to complete level 7 before they 458 
reached the final level 8. As is evident from Figure 6A, the variance between subjects was most 459 
significant in the initial levels (SD = 3.25 in level 1, 1.58 in level 2) and decreased in later levels 460 
(0.47 and 0.48 in levels 6 and 7, respectively). In level 4, when the criteria changed to include a 461 
threshold for performance measures (>80% accuracy and <20 % omission), the average number 462 
of sessions spent (2.6 ± 0.52), and variance (1.64) between rats increased, with two rats taking 5 463 
and 6 days to conclude the level. 464 
 465 
FIGURE AND TABLE LEGENDS: 466 
 467 
Figure 1: Possible trial sequences of a typical 5-CSRTT. Following the Intertrial Interval, the 468 
stimulus light is turned on for a specific duration, and then turned off during the Limited Hold 469 
interval. The rat can either answer correctly and receive a reward or answer incorrectly and get 470 
a timeout during this time. If the rat does not answer in time, its omission results in a timeout. 471 
Similarly, if it is responding before the presentation of the light stimulus, its premature response 472 
results in a timeout. Another trial starts after the collection of the reward or the end of the 473 
timeout period. 474 
 475 



 

Figure 2: The 5-CSRTT apparatus used for the current study. The apparatus runs on a laptop 476 
equipped with the 5-CSRTT toolbox, which provides a script for controlling the microcontroller 477 
and all related equipment and multiple scripts for controlling the 5-CSRTT experiment. 478 
 479 
Figure 3: Simplified circuit of the microcontroller hardware. To be easily and quickly 480 
customizable, the microcontroller equipment is connected via a breadboard. From top left to 481 
bottom left, clockwise: A microcontroller board is connected to a motor shield and a DC motor 482 
(representing the pellet dispenser motor). To the right are the LED strips for both the house and 483 
food magazine lights, and in the middle are all five white LEDs for the stimulus light and the five 484 
infrared sensor pairs used in the apertures. Below the microcontroller board is a simple 485 
microswitch (representing the switch used in the food magazine flap door). Finally, a passive 486 
buzzer speaker and a digital potentiometer are depicted in the middle. This image was made 487 
using the open-source software Fritzing. 488 
 489 
Figure 4: Linkage and functions of all components of the experiment control scripts and 490 
simplified diagram of the "Code" function. (A) The "User" script sends its parameters to the 491 
"Code" function, which in turn links directly to the "Staircase" function, allowing it to update any 492 
parameter used in the "Code" function while the experiment is ongoing. The "Code" function 493 
then sends its results to the "DataProc" function at the end of the session. (B) Before starting an 494 
experiment session, the "Code" function first checks whether it is supposed to start the 495 
habituation protocol. If not, it sets up the parameters based on the definitions chosen in the 496 
"User" script. Before each trial begins, the function then checks whether the ESC key on the 497 
keyboard was pressed. If not, it continues with a new trial. Otherwise, it stops the experiment 498 
session and passes the gathered data to the DataProc function. This critical check before each 499 
trial start allows the program to stop before any chosen time limit is reached. 500 
 501 
Figure 5: Example of different stimulus configurations of the 5-CSRTT toolbox. The diagram 502 
exemplifies possible combinations of target stimuli in dependence on the chosen configuration. 503 
Both the "all" and "single" configurations are used in the standard paradigm (for the habituation 504 
and behavioral experiment). The "neighbour" and "shifted" configurations show non-standard 505 
stimulus configurations, allowing the use of other numbers of lit stimuli, which may also have a 506 
different contrast than the target stimulus. 507 
 508 
Figure 6: Results of the behavioral experiment with the 5-CSRTT toolbox. (A) The number of 509 
sessions performed at each training level. The black line depicts the average number of sessions 510 
of all subjects for each level (mean ± SEM), and colored lines represent individual subjects' data. 511 
(B) The absolute number of sessions per subject is needed to reach the final level. (C) Averaged 512 
performance measures throughout training (mean ± SEM). The dotted black line depicts the 513 
accuracy of all subjects across all given responses in all sessions per training level, and the black 514 
line shows the corresponding omission percentage. The gray line depicts the average absolute 515 
number of correct answers of all subjects at each training level. (D) Each subject achieved 516 
accuracy during the eighth and final training levels. 517 
 518 



 

Table 1: 5-CSRTT training schedule and criteria to move to the next level. (A) The inter-trial 519 
interval was kept constant at 5 s in every training level. (B) Stimulus duration for every training 520 
level. (C) Limited Hold (LH) time window, the maximum time tolerated between stimulus off and 521 
any nose-poke response. (D) The total number of correct responses needed to pass the 522 

respective training level. (E) The accuracy percentage is calculated as 
#𝑐𝑜𝑟𝑟𝑒𝑐𝑡

#𝑐𝑜𝑟𝑟𝑒𝑐𝑡 + #𝑖𝑛𝑐𝑜𝑟𝑟𝑒𝑐𝑡
. (F) 523 

Percentage of omission errors is defined as 
#𝑜𝑚𝑖𝑠𝑠𝑖𝑜𝑛

#𝑐𝑜𝑟𝑟𝑒𝑐𝑡 + #𝑖𝑛𝑐𝑜𝑟𝑟𝑒𝑐𝑡 + #𝑜𝑚𝑖𝑠𝑠𝑖𝑜𝑛
. This criterion does not 524 

include premature responses. 525 
 526 
Table 2: Gathered data from one example rat during one training session. Column A displays 527 
the trial count over the session regarding the current training level, as shown in column B. Column 528 
C displays the ITI duration, and column D displays the trial start time. Columns E to I show the 529 
brightness level for the LED stimulus in apertures 1 to 5, respectively. A brightness level 0 means 530 
the stimulus was off, and a brightness level of 0.2 means the stimulus was turned on with 20% of 531 
its maximal intensity. Columns J and K show the exact time the stimulus was turned on and off, 532 
respectively. Column L displays the outcome of the trial: 0 means "omission", 1 means "correct 533 
response", 3 means "incorrect response" (nose poke into non-target aperture) and 4 means 534 
"premature". Column M shows which aperture was nose-poked during the trial, while column N 535 
depicts the exact time of the nose-poke. Columns O, P, and Q show the time when the pellet 536 
dispenser motor was turned on, the corresponding motor number, and the time when the rat 537 
opened the pellet dispenser to get its reward, respectively. Column R displays the trial end time. 538 
Columns S, T, U, V, and W show the total number of premature responses, timeouts, panel pushes 539 
during an ITI, the total number of perseverative answers, and the total runtime of the session in 540 
minutes, respectively. 541 
 542 
Supplementary File 1: Script for the hardware control of the IDE software (Arduino code). This 543 
includes all commands to control the hardware and electrotechnical components of the toolbox. 544 
 545 
Supplementary File 2: Script for the function "User" in the experiment control software. This 546 
includes all the parameters that define the experiment. 547 
 548 
Supplementary File 3: Script for the function "Staircase" in the experiment control software. 549 
This monitors the subject's performance and compares it to the previously set criteria. The 550 
desired parameters are automatically updated if the animal's performance meets these criteria. 551 
 552 
Supplementary File 4: Script for the function "DataProc" in the experiment control software. 553 
This processes all the gathered data and generates simple graphs for quick analysis. 554 
 555 
Supplementary File 5: Script for the "Code" function. This includes a detailed description of a 556 
single trial and all the possible outcomes, which is reiterated throughout the experiment. 557 
 558 
DISCUSSION: 559 
The present protocol aims to develop and test a low-cost and fully customizable alternative to 560 
the standard, commercially available 5-choice serial reaction time task apparatus. Usually, 561 



 

commercially available types of apparatus provide a limited set of features as needed to run the 562 
standard research 5-CSRTT. Because of this, non-standard modifications in the specific trial 563 
design, such as changes to the trial sequence or target stimulus combinations, are usually not 564 
possible. In addition, many of the available types of apparatus come with specific, closed 565 
software that may not provide access to all behavioral data of the experiment, such as the timing 566 
and aperture number of premature and perseverative answers. In contrast, the vital advantage 567 
of the toolbox presented here is—besides its low cost—the possibility of implementing many 568 
different trial designs and research paradigms. Currently, the toolbox supports the definition of 569 
multiple stimulus designs, such as permitting dimmed stimuli and using two pellet delivery 570 
systems and reward dependence on reaction time. It also supports the use of a miniature speaker 571 
for auditory feedback. However, the primary purpose is to allow for easy modifications of the 572 
trial sequence according to the user's objective, such as introducing dimmed lit apertures and 573 
rewarding schedules for decision-making tasks or integrating state-of-the-art positive 574 
reinforcement training approaches11. Additionally, all raw data acquired over the session are 575 
made available for further analysis. The toolbox provides a Staircase function for automated 576 
behavioral training, which is also fully customizable and allows the user to change the criteria for 577 
each level update, the number of training levels, and the parameters to be updated. 578 
Furthermore, the apparatus itself is highly adaptable, and changes in the trial design and the 579 
chamber layout are easily feasible, making it possible to apply the 5-CSRTT paradigm to animal 580 
species that need a different research design than what the commercially available types of 581 
apparatus offer. 582 
 583 
Specific parts of the protocol for the software configuration are critical to ensure a smooth 584 
workflow: especially for the first day of the experiment, the preparation of both the hardware 585 
and experiment control software (steps 2 and 3) and the configuration of step 5.3 is crucial. 586 
Ensuring that the serial port connection between the microcontroller hardware, its software, and 587 
the experiment control software is working properly is critical to establishing a fully functioning 588 
5-CSRTT toolbox. At the beginning of each experiment day, it's advisable to repeat the three steps 589 
mentioned above to ensure that the hardware and experiment control scripts are configured 590 
correctly. 591 
 592 
Finally, the current limitation of the toolbox is its implementation to one exclusive programming 593 
platform, which unfortunately compromises its use as a complete open-source toolbox. 594 
Nevertheless, in principle, the toolbox should be easily adaptable to other programming 595 
languages such as Python since the course of one session remains unchanged. 596 
 597 
In comparison to existing alternative methods, the 5-CSRTT toolbox introduced here allows the 598 
implementation of the standard 5-CSRTT paradigm and modifications of it such as defining a set 599 
time window for perseverative answers or introducing distracting or reinforcing stimuli like 600 
speakers or blinking lights. In addition to being easy to use and highly adaptable, the apparatus 601 
is low-cost and can be easily replicated, and it incentivizes research using non-rodent animal 602 
models. 603 
 604 
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Training level ITI
A 

 (s) SD
B
 (s) LH

C 
(s) Number of correct responses

D

1 5 60 60 ≥30

2 5 30 30 ≥50

3 5 20 20 ≥50

4 5 10 10 ≥50

5 5 5 5 ≥50

6 5 2.5 5 ≥50

7 5 1.5 5 ≥50

8 5 1 5 ≥50
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Accuracy
E
 (%) Omission

F
 (%)

- -

- -

- -

>80 <20

>80 <20

>80 <20

>80 <20

>80 <20



TrialCount TrainingLevel ITI TrialStart LedValue_1 LedValue_2

1 5 5 11/19/2021 13:42 0 0

2 5 5 11/19/2021 13:42 0 0

3 5 5 11/19/2021 13:43 0 0

4 5 5 11/19/2021 13:43 0.2 0

1 6 5 11/19/2021 13:43 0.2 0

2 6 5 11/19/2021 13:43 0 0

3 6 5 11/19/2021 13:44

4 6 5 11/19/2021 13:44 0 0.2

5 6 5 11/19/2021 13:44 0 0

6 6 5 11/19/2021 13:44

7 6 5 11/19/2021 13:44 0.2 0

8 6 5 11/19/2021 13:45 0 0.2

9 6 5 11/19/2021 13:45 0 0

10 6 5 11/19/2021 13:45 0 0.2

11 6 5 11/19/2021 13:45 0 0

12 6 5 11/19/2021 13:45 0 0.2

13 6 5 11/19/2021 13:46 0 0

14 6 5 11/19/2021 13:46 0 0

15 6 5 11/19/2021 13:46 0 0

16 6 5 11/19/2021 13:46 0 0.2

17 6 5 11/19/2021 13:46 0 0

18 6 5 11/19/2021 13:46 0.2 0

19 6 5 11/19/2021 13:47 0 0.2

20 6 5 11/19/2021 13:47 0.2 0

21 6 5 11/19/2021 13:47 0 0

22 6 5 11/19/2021 13:47 0.2 0

23 6 5 11/19/2021 13:47

24 6 5 11/19/2021 13:48 0 0

25 6 5 11/19/2021 13:48 0.2 0

26 6 5 11/19/2021 13:48 0 0

27 6 5 11/19/2021 13:49 0 0

28 6 5 11/19/2021 13:49 0.2 0

29 6 5 11/19/2021 13:49 0 0

30 6 5 11/19/2021 13:49 0 0

31 6 5 11/19/2021 13:49 0 0

32 6 5 11/19/2021 13:49 0 0

33 6 5 11/19/2021 13:50

34 6 5 11/19/2021 13:50 0 0.2

35 6 5 11/19/2021 13:50 0 0

36 6 5 11/19/2021 13:50 0 0

37 6 5 11/19/2021 13:50 0.2 0

38 6 5 11/19/2021 13:51 0 0

39 6 5 11/19/2021 13:51 0 0.2
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40 6 5 11/19/2021 13:51 0 0

41 6 5 11/19/2021 13:52 0 0.2

42 6 5 11/19/2021 13:52 0 0

43 6 5 11/19/2021 13:52 0 0

44 6 5 11/19/2021 13:52 0 0.2

45 6 5 11/19/2021 13:53 0 0

46 6 5 11/19/2021 13:53 0 0

47 6 5 11/19/2021 13:53 0 0.2

48 6 5 11/19/2021 13:53 0 0

49 6 5 11/19/2021 13:54 0 0.2

50 6 5 11/19/2021 13:54 0 0

51 6 5 11/19/2021 13:54 0 0

52 6 5 11/19/2021 13:54 0 0

53 6 5 11/19/2021 13:54 0.2 0

54 6 5 11/19/2021 13:55 0.2 0

55 6 5 11/19/2021 13:55 0 0

56 6 5 11/19/2021 13:55 0 0

57 6 5 11/19/2021 13:55 0 0

58 6 5 11/19/2021 13:56 0 0

59 6 5 11/19/2021 13:56 0 0.2

60 6 5 11/19/2021 13:56 0 0.2

61 6 5 11/19/2021 13:56 0 0.2

62 6 5 11/19/2021 13:56 0 0

63 6 5 11/19/2021 13:56 0.2 0

64 6 5 11/19/2021 13:57 0 0

65 6 5 11/19/2021 13:57 0 0

66 6 5 11/19/2021 13:57 0.2 0

1 7 5 11/19/2021 13:57 0 0

2 7 5 11/19/2021 13:58 0 0

3 7 5 11/19/2021 13:58 0 0

4 7 5 11/19/2021 13:58 0.2 0

5 7 5 11/19/2021 13:58 0 0.2

6 7 5 11/19/2021 13:59 0.2 0

7 7 5 11/19/2021 13:59 0 0

8 7 5 11/19/2021 14:00 0 0

9 7 5 11/19/2021 14:00 0 0

10 7 5 11/19/2021 14:01 0 0.2

11 7 5 11/19/2021 14:01 0 0

12 7 5 11/19/2021 14:02 0 0

13 7 5 11/19/2021 14:02 0 0.2

14 7 5 11/19/2021 14:02 0 0

15 7 5 11/19/2021 14:02 0 0

16 7 5 11/19/2021 14:03 0.2 0

17 7 5 11/19/2021 14:03 0 0



18 7 5 11/19/2021 14:04 0.2 0

19 7 5 11/19/2021 14:04 0 0

20 7 5 11/19/2021 14:04 0 0

21 7 5 11/19/2021 14:05 0.2 0

22 7 5 11/19/2021 14:05 0 0

23 7 5 11/19/2021 14:05 0 0

24 7 5 11/19/2021 14:06 0 0.2

25 7 5 11/19/2021 14:06 0 0

26 7 5 11/19/2021 14:06 0 0

27 7 5 11/19/2021 14:06 0 0

28 7 5 11/19/2021 14:07 0.2 0

29 7 5 11/19/2021 14:07 0.2 0

30 7 5 11/19/2021 14:08 0 0

31 7 5 11/19/2021 14:08 0 0

32 7 5 11/19/2021 14:09 0 0

33 7 5 11/19/2021 14:09 0 0

34 7 5 11/19/2021 14:09 0 0.2



LedValue_3 LedValue_4 LedValue_5 StimOnTime StimOffTime Outcome Sensor

0.2 0 0 11/19/2021 13:42 11/19/2021 13:42 1 3

0.2 0 0 11/19/2021 13:43 11/19/2021 13:43 1 3

0 0.2 0 11/19/2021 13:43 11/19/2021 13:43 1 4

0 0 0 11/19/2021 13:43 11/19/2021 13:43 1 1

0 0 0 11/19/2021 13:43 11/19/2021 13:43 1 1

0.2 0 0 11/19/2021 13:43 11/19/2021 13:43 0

4 2

0 0 0 11/19/2021 13:44 11/19/2021 13:44 1 2

0 0 0.2 11/19/2021 13:44 11/19/2021 13:44 1 5

4 5

0 0 0 11/19/2021 13:44 11/19/2021 13:44 1 1

0 0 0 11/19/2021 13:45 11/19/2021 13:45 1 2

0 0 0.2 11/19/2021 13:45 11/19/2021 13:45 1 5

0 0 0 11/19/2021 13:45 11/19/2021 13:45 1 2

0 0.2 0 11/19/2021 13:45 11/19/2021 13:45 1 4

0 0 0 11/19/2021 13:45 11/19/2021 13:45 3 1

0 0.2 0 11/19/2021 13:46 11/19/2021 13:46 1 4

0.2 0 0 11/19/2021 13:46 11/19/2021 13:46 1 3

0 0.2 0 11/19/2021 13:46 11/19/2021 13:46 3 1

0 0 0 11/19/2021 13:46 11/19/2021 13:46 1 2

0 0.2 0 11/19/2021 13:46 11/19/2021 13:46 1 4

0 0 0 11/19/2021 13:47 11/19/2021 13:47 1 1

0 0 0 11/19/2021 13:47 11/19/2021 13:47 1 2

0 0 0 11/19/2021 13:47 11/19/2021 13:47 1 1

0 0.2 0 11/19/2021 13:47 11/19/2021 13:47 1 4

0 0 0 11/19/2021 13:47 11/19/2021 13:47 1 1

4 1

0.2 0 0 11/19/2021 13:48 11/19/2021 13:48 1 3

0 0 0 11/19/2021 13:48 11/19/2021 13:48 0

0 0 0.2 11/19/2021 13:48 11/19/2021 13:48 3 3

0 0.2 0 11/19/2021 13:49 11/19/2021 13:49 1 4

0 0 0 11/19/2021 13:49 11/19/2021 13:49 1 1

0.2 0 0 11/19/2021 13:49 11/19/2021 13:49 1 3

0.2 0 0 11/19/2021 13:49 11/19/2021 13:49 1 3

0.2 0 0 11/19/2021 13:49 11/19/2021 13:49 1 3

0.2 0 0 11/19/2021 13:49 11/19/2021 13:49 1 3

4 1

0 0 0 11/19/2021 13:50 11/19/2021 13:50 1 2

0 0 0.2 11/19/2021 13:50 11/19/2021 13:50 1 5

0 0.2 0 11/19/2021 13:50 11/19/2021 13:50 1 4

0 0 0 11/19/2021 13:51 11/19/2021 13:51 1 1

0 0 0.2 11/19/2021 13:51 11/19/2021 13:51 3 2

0 0 0 11/19/2021 13:51 11/19/2021 13:51 1 2



0.2 0 0 11/19/2021 13:51 11/19/2021 13:51 3 1

0 0 0 11/19/2021 13:52 11/19/2021 13:52 1 2

0 0.2 0 11/19/2021 13:52 11/19/2021 13:52 0

0 0 0.2 11/19/2021 13:52 11/19/2021 13:52 1 5

0 0 0 11/19/2021 13:53 11/19/2021 13:53 1 2

0.2 0 0 11/19/2021 13:53 11/19/2021 13:53 1 3

0 0.2 0 11/19/2021 13:53 11/19/2021 13:53 1 4

0 0 0 11/19/2021 13:53 11/19/2021 13:53 1 2

0 0 0.2 11/19/2021 13:53 11/19/2021 13:53 3 3

0 0 0 11/19/2021 13:54 11/19/2021 13:54 1 2

0 0 0.2 11/19/2021 13:54 11/19/2021 13:54 1 5

0 0.2 0 11/19/2021 13:54 11/19/2021 13:54 1 4

0.2 0 0 11/19/2021 13:54 11/19/2021 13:54 3 2

0 0 0 11/19/2021 13:55 11/19/2021 13:55 1 1

0 0 0 11/19/2021 13:55 11/19/2021 13:55 1 1

0 0.2 0 11/19/2021 13:55 11/19/2021 13:55 3 5

0 0 0.2 11/19/2021 13:55 11/19/2021 13:55 1 5

0 0.2 0 11/19/2021 13:55 11/19/2021 13:55 1 4

0.2 0 0 11/19/2021 13:56 11/19/2021 13:56 1 3

0 0 0 11/19/2021 13:56 11/19/2021 13:56 1 2

0 0 0 11/19/2021 13:56 11/19/2021 13:56 1 2

0 0 0 11/19/2021 13:56 11/19/2021 13:56 1 2

0 0.2 0 11/19/2021 13:56 11/19/2021 13:56 1 4

0 0 0 11/19/2021 13:57 11/19/2021 13:57 3 2

0.2 0 0 11/19/2021 13:57 11/19/2021 13:57 1 3

0.2 0 0 11/19/2021 13:57 11/19/2021 13:57 1 3

0 0 0 11/19/2021 13:57 11/19/2021 13:57 1 1

0 0 0.2 11/19/2021 13:57 11/19/2021 13:58 0

0 0 0.2 11/19/2021 13:58 11/19/2021 13:58 1 5

0.2 0 0 11/19/2021 13:58 11/19/2021 13:58 1 3

0 0 0 11/19/2021 13:58 11/19/2021 13:58 1 1

0 0 0 11/19/2021 13:58 11/19/2021 13:58 1 2

0 0 0 11/19/2021 13:59 11/19/2021 13:59 0

0 0.2 0 11/19/2021 13:59 11/19/2021 13:59 0

0 0.2 0 11/19/2021 14:00 11/19/2021 14:00 1 4

0 0 0.2 11/19/2021 14:00 11/19/2021 14:00 0

0 0 0 11/19/2021 14:01 11/19/2021 14:01 0

0 0 0.2 11/19/2021 14:02 11/19/2021 14:02 0

0 0 0.2 11/19/2021 14:02 11/19/2021 14:02 1 5

0 0 0 11/19/2021 14:02 11/19/2021 14:02 0

0 0.2 0 11/19/2021 14:02 11/19/2021 14:02 1 4

0 0 0.2 11/19/2021 14:03 11/19/2021 14:03 0

0 0 0 11/19/2021 14:03 11/19/2021 14:03 3 2

0 0 0.2 11/19/2021 14:04 11/19/2021 14:04 1 5



0 0 0 11/19/2021 14:04 11/19/2021 14:04 0

0 0 0.2 11/19/2021 14:04 11/19/2021 14:04 1 5

0 0.2 0 11/19/2021 14:04 11/19/2021 14:04 0

0 0 0 11/19/2021 14:05 11/19/2021 14:05 0

0 0.2 0 11/19/2021 14:05 11/19/2021 14:05 1 4

0.2 0 0 11/19/2021 14:06 11/19/2021 14:06 1 3

0 0 0 11/19/2021 14:06 11/19/2021 14:06 1 2

0.2 0 0 11/19/2021 14:06 11/19/2021 14:06 1 3

0 0 0.2 11/19/2021 14:06 11/19/2021 14:06 1 5

0 0 0.2 11/19/2021 14:06 11/19/2021 14:06 0

0 0 0 11/19/2021 14:07 11/19/2021 14:07 3 2

0 0 0 11/19/2021 14:08 11/19/2021 14:08 0

0.2 0 0 11/19/2021 14:08 11/19/2021 14:08 1 3

0 0 0.2 11/19/2021 14:08 11/19/2021 14:08 0

0 0.2 0 11/19/2021 14:09 11/19/2021 14:09 1 4

0.2 0 0 11/19/2021 14:09 11/19/2021 14:09 1 3

0 0 0 11/19/2021 14:09 11/19/2021 14:09 1 2



ResponseTime MotorOnTime MotorNumber RewardTime TrialEnd

11/19/2021 13:42 11/19/2021 13:42 1 11/19/2021 13:42 11/19/2021 13:42

11/19/2021 13:43 11/19/2021 13:43 1 11/19/2021 13:43 11/19/2021 13:43

11/19/2021 13:43 11/19/2021 13:43 1 11/19/2021 13:43 11/19/2021 13:43

11/19/2021 13:43 11/19/2021 13:43 1 11/19/2021 13:43 11/19/2021 13:43

11/19/2021 13:43 11/19/2021 13:43 1 11/19/2021 13:43 11/19/2021 13:43

11/19/2021 13:43

11/19/2021 13:44 11/19/2021 13:44

11/19/2021 13:44 11/19/2021 13:44 1 11/19/2021 13:44 11/19/2021 13:44

11/19/2021 13:44 11/19/2021 13:44 1 11/19/2021 13:44 11/19/2021 13:44

11/19/2021 13:44 11/19/2021 13:44

11/19/2021 13:44 11/19/2021 13:44 1 11/19/2021 13:45 11/19/2021 13:45

11/19/2021 13:45 11/19/2021 13:45 1 11/19/2021 13:45 11/19/2021 13:45

11/19/2021 13:45 11/19/2021 13:45 1 11/19/2021 13:45 11/19/2021 13:45

11/19/2021 13:45 11/19/2021 13:45 1 11/19/2021 13:45 11/19/2021 13:45

11/19/2021 13:45 11/19/2021 13:45 1 11/19/2021 13:45 11/19/2021 13:45

11/19/2021 13:45 11/19/2021 13:45

11/19/2021 13:46 11/19/2021 13:46 1 11/19/2021 13:46 11/19/2021 13:46

11/19/2021 13:46 11/19/2021 13:46 1 11/19/2021 13:46 11/19/2021 13:46

11/19/2021 13:46 11/19/2021 13:46

11/19/2021 13:46 11/19/2021 13:46 1 11/19/2021 13:46 11/19/2021 13:46

11/19/2021 13:46 11/19/2021 13:46 1 11/19/2021 13:46 11/19/2021 13:46

11/19/2021 13:47 11/19/2021 13:47 1 11/19/2021 13:47 11/19/2021 13:47

11/19/2021 13:47 11/19/2021 13:47 1 11/19/2021 13:47 11/19/2021 13:47

11/19/2021 13:47 11/19/2021 13:47 1 11/19/2021 13:47 11/19/2021 13:47

11/19/2021 13:47 11/19/2021 13:47 1 11/19/2021 13:47 11/19/2021 13:47

11/19/2021 13:47 11/19/2021 13:47 1 11/19/2021 13:47 11/19/2021 13:47

11/19/2021 13:47 11/19/2021 13:48

11/19/2021 13:48 11/19/2021 13:48 1 11/19/2021 13:48 11/19/2021 13:48

11/19/2021 13:48

11/19/2021 13:48 11/19/2021 13:48

11/19/2021 13:49 11/19/2021 13:49 1 11/19/2021 13:49 11/19/2021 13:49

11/19/2021 13:49 11/19/2021 13:49 1 11/19/2021 13:49 11/19/2021 13:49

11/19/2021 13:49 11/19/2021 13:49 1 11/19/2021 13:49 11/19/2021 13:49

11/19/2021 13:49 11/19/2021 13:49 1 11/19/2021 13:49 11/19/2021 13:49

11/19/2021 13:49 11/19/2021 13:49 1 11/19/2021 13:49 11/19/2021 13:49

11/19/2021 13:49 11/19/2021 13:49 1 11/19/2021 13:50 11/19/2021 13:50

11/19/2021 13:50 11/19/2021 13:50

11/19/2021 13:50 11/19/2021 13:50 1 11/19/2021 13:50 11/19/2021 13:50

11/19/2021 13:50 11/19/2021 13:50 1 11/19/2021 13:50 11/19/2021 13:50

11/19/2021 13:50 11/19/2021 13:50 1 11/19/2021 13:50 11/19/2021 13:50

11/19/2021 13:51 11/19/2021 13:51 1 11/19/2021 13:51 11/19/2021 13:51

11/19/2021 13:51 11/19/2021 13:51

11/19/2021 13:51 11/19/2021 13:51 1 11/19/2021 13:51 11/19/2021 13:51



11/19/2021 13:51 11/19/2021 13:51

11/19/2021 13:52 11/19/2021 13:52 1 11/19/2021 13:52 11/19/2021 13:52

11/19/2021 13:52

11/19/2021 13:52 11/19/2021 13:52 1 11/19/2021 13:52 11/19/2021 13:52

11/19/2021 13:53 11/19/2021 13:53 1 11/19/2021 13:53 11/19/2021 13:53

11/19/2021 13:53 11/19/2021 13:53 1 11/19/2021 13:53 11/19/2021 13:53

11/19/2021 13:53 11/19/2021 13:53 1 11/19/2021 13:53 11/19/2021 13:53

11/19/2021 13:53 11/19/2021 13:53 1 11/19/2021 13:53 11/19/2021 13:53

11/19/2021 13:53 11/19/2021 13:53

11/19/2021 13:54 11/19/2021 13:54 1 11/19/2021 13:54 11/19/2021 13:54

11/19/2021 13:54 11/19/2021 13:54 1 11/19/2021 13:54 11/19/2021 13:54

11/19/2021 13:54 11/19/2021 13:54 1 11/19/2021 13:54 11/19/2021 13:54

11/19/2021 13:54 11/19/2021 13:54

11/19/2021 13:55 11/19/2021 13:55 1 11/19/2021 13:55 11/19/2021 13:55

11/19/2021 13:55 11/19/2021 13:55 1 11/19/2021 13:55 11/19/2021 13:55

11/19/2021 13:55 11/19/2021 13:55

11/19/2021 13:55 11/19/2021 13:55 1 11/19/2021 13:55 11/19/2021 13:55

11/19/2021 13:55 11/19/2021 13:55 1 11/19/2021 13:56 11/19/2021 13:56

11/19/2021 13:56 11/19/2021 13:56 1 11/19/2021 13:56 11/19/2021 13:56

11/19/2021 13:56 11/19/2021 13:56 1 11/19/2021 13:56 11/19/2021 13:56

11/19/2021 13:56 11/19/2021 13:56 1 11/19/2021 13:56 11/19/2021 13:56

11/19/2021 13:56 11/19/2021 13:56 1 11/19/2021 13:56 11/19/2021 13:56

11/19/2021 13:56 11/19/2021 13:56 1 11/19/2021 13:56 11/19/2021 13:56

11/19/2021 13:57 11/19/2021 13:57

11/19/2021 13:57 11/19/2021 13:57 1 11/19/2021 13:57 11/19/2021 13:57

11/19/2021 13:57 11/19/2021 13:57 1 11/19/2021 13:57 11/19/2021 13:57

11/19/2021 13:57 11/19/2021 13:57 1 11/19/2021 13:57 11/19/2021 13:57

11/19/2021 13:58

11/19/2021 13:58 11/19/2021 13:58 1 11/19/2021 13:58 11/19/2021 13:58

11/19/2021 13:58 11/19/2021 13:58 1 11/19/2021 13:58 11/19/2021 13:58

11/19/2021 13:58 11/19/2021 13:58 1 11/19/2021 13:58 11/19/2021 13:58

11/19/2021 13:58 11/19/2021 13:58 1 11/19/2021 13:59 11/19/2021 13:59

11/19/2021 13:59

11/19/2021 13:59

11/19/2021 14:00 11/19/2021 14:00 1 11/19/2021 14:00 11/19/2021 14:00

11/19/2021 14:00

11/19/2021 14:01

11/19/2021 14:02

11/19/2021 14:02 11/19/2021 14:02 1 11/19/2021 14:02 11/19/2021 14:02

11/19/2021 14:02

11/19/2021 14:02 11/19/2021 14:02 1 11/19/2021 14:02 11/19/2021 14:02

11/19/2021 14:03

11/19/2021 14:03 11/19/2021 14:03

11/19/2021 14:04 11/19/2021 14:04 1 11/19/2021 14:04 11/19/2021 14:04



11/19/2021 14:04

11/19/2021 14:04 11/19/2021 14:04 1 11/19/2021 14:04 11/19/2021 14:04

11/19/2021 14:05

11/19/2021 14:05

11/19/2021 14:05 11/19/2021 14:05 1 11/19/2021 14:05 11/19/2021 14:05

11/19/2021 14:06 11/19/2021 14:06 1 11/19/2021 14:06 11/19/2021 14:06

11/19/2021 14:06 11/19/2021 14:06 1 11/19/2021 14:06 11/19/2021 14:06

11/19/2021 14:06 11/19/2021 14:06 1 11/19/2021 14:06 11/19/2021 14:06

11/19/2021 14:06 11/19/2021 14:06 1 11/19/2021 14:06 11/19/2021 14:06

11/19/2021 14:06

11/19/2021 14:07 11/19/2021 14:07

11/19/2021 14:08

11/19/2021 14:08 11/19/2021 14:08 1 11/19/2021 14:08 11/19/2021 14:08

11/19/2021 14:08

11/19/2021 14:09 11/19/2021 14:09 1 11/19/2021 14:09 11/19/2021 14:09

11/19/2021 14:09 11/19/2021 14:09 1 11/19/2021 14:09 11/19/2021 14:09

11/19/2021 14:09 11/19/2021 14:09 1 11/19/2021 14:09 11/19/2021 14:09



TotalNumPrematureResponses TotalNumTimeOut TotalNumPanelPushesITI





4 32 82



TotalNumPerseverativeResponsesCorrect TotalRuntimeMinutes





5 26.84145
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https://www.editorialmanager.com/jove/download.aspx?id=1412178&guid=fc221a06-a10f-4c11-ad69-ef38744e093f&scheme=1


Please revise the manuscript to thoroughly address the reviewers' concerns and all 
the editorial comments. Additionally, please describe the changes that have been 
made or provide explanations if the comment is not addressed in a rebuttal letter. We 
may send the revised manuscript and the rebuttal letter back to peer review. 
 

Editorial comments: 
Changes to be made by the Author(s): 
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there 
are no spelling or grammar issues. Please define all abbreviations at first use. Please use 
AMERICAN ENGLISH spelling. 
 
We reread the manuscript and corrected some errors we found. We made sure that all 
abbreviations were defined in the introduction. 
 
2. Please provide an email address for each author. 
 
We now added the email of each author to the respective affiliation information. 
 
3. Please revise the following lines to avoid overlap with previously published work: 21-22. 
 
We changed the line to “The five-choice serial reaction time task (5-CSRTT) is a behavioral 
test often used to study visuospatial attention and impulsiveness in rodents.” 
 
4. Consider revising your title to “An open-source, fully customizable 5-choice serial reaction 
time task apparatus for automated behavioral training” (logic: if it’s open-source, it must be 
low-cost). 
 
Thank you for the comment. We have changed the title to “An open-source, fully 
customizable 5-choice serial reaction time task toolbox for automated behavioral training of 
rodents.”. 
 
5. JoVE policy states that the video narrative is objective and not biased towards a particular 
product featured in the video. The goal of this policy is to focus on the science rather than to 
present a technique as an advertisement for a specific item. To this end, we ask that you 
please reduce the number of instances of "Arduino" and “Matlab” within your text. The term 
may be introduced but please use it infrequently and when directly relevant. Otherwise, 
please refer to the term using generic language. 
 
We now refer to the Matlab scripts as “experiment control script” and the Arduino scripts as 
“hardware control script”. The summary and abstract both mention “Arduino” and “Matlab” 
once as we feel it’s important that the reader can be directly informed about which 
programming language and environment was used in this project. For the introduction, we 
mention “Arduino” and “Matlab” once in order to introduce the terms used in the rest of the 
manuscript. 
 
6. 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: Matlab; Bioserv etc 
Obviously, as you have optimized your protocol with Matlab and Arduino, you will need to 
mention them, but TRY to reduce the number of references to them so that the paper doesn’t 
read like an advertisement for these Matlab and Arduino. One way would be to include just 

Rebuttal Letter Click here to access/download;Rebuttal Letter;Reviewers
Comments.docx

https://www.editorialmanager.com/jove/download.aspx?id=1411867&guid=40f1cc34-ddee-4dec-a016-6a0ef6209303&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1411867&guid=40f1cc34-ddee-4dec-a016-6a0ef6209303&scheme=1


the bare minimum information (e.g., name of product) in the manuscript and come up with a 
generic term to refer to the product (include this in the comments column in the Table of 
Materials) after the first mention so that you don’t keep repeating commercial terms 
throughout the paper. Comparison of your equipment or software to other commercially 
available ones is allowed in the discussion, but without unnecessary repetition of these 
names and only for scientific discussion. 
 
As written above, we now call Matlab and Arduino scripts “experiment control” and “hardware 
control” scripts. Moreover, the bioserv dustless pellets are now simply called food pellets and 
the company information was added to the Materials table. 
 
7. Please ensure that all text in the protocol section is written in the imperative tense as if 
telling someone how to do the technique (e.g., “Do this,” “Ensure that,” etc.). The actions 
should be described in the imperative tense in complete sentences wherever possible. Avoid 
usage of phrases such as “could be,” “should be,” and “would be” throughout the Protocol. 
Any text that cannot be written in the imperative tense may be added as a “Note.” However, 
notes should be concise and used sparingly. Please include all safety procedures and use of 
hoods, etc. 
 
We rewrote our protocol and changed the division of subchapters. Since the toolbox has 
many optional features, we specify that those are optional features in the corresponding 
section. 
 
8. 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) Please include an ethics statement before all of the numbered protocol steps indicating 
that the protocol follows the animal care guidelines of your institution. 
b) What happened to your animals after the study? Did you euthanize them or are they alive 
and well? If euthanized, please describe the method. 
 

 
a. We now added the following sentence to the beginning of the protocol: “The 
experimental procedure in this protocol was performed in accordance with the 
recommendations of the EU directive 2010/63 for the Welfare of Experimental Animals and 
with the Animal Welfare Act issued by the Federal Government of Germany, and was 
approved by the local authorities.” 
b. Because we only performed behavioral training, no animal was euthanized. They 
were kept in the husbandry and they are available for other research. We added a 
corresponding sentence to the ethics statement at the beginning of the Protocol section. 

 
9. 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. 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 ensure the inclusion of 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. 
 
We rewrote the protocol to contain every detail  that an experimenter might need to use our 
toolbox. More explanations on other features available in the toolbox are now provided in the 
results chapter. 
 



10. Please format the manuscript as: paragraph Indentation: 0 for both left and right and 
special: none, Line spacings: single. Please include a single line space between each step, 
substep, and note in the protocol section. Please use Calibri 12 points and one-inch margins 
on all the side. Please include a ONE LINE SPACE between each protocol step and then 
HIGHLIGHT up to 3 pages of protocol text for inclusion in the protocol section of the video. 
 
We have formated the manuscript as requested. 
 
11. Please renumber the figures and rearrange your text so that setups and flow diagrams 
come first so that the reader understands how things were set up and done before seeing the 
results of the experiments. 
 
We renumbered the figures and changed the order, so that the results achieved with the 5-
CSRTT toolbox comes in last place in the results chapter, after all explanations about 
available feature configurations. 
 
12. Please ensure that the references appear as the following: [Lastname, F.I., LastName, 
F.I., LastName, F.I. Article Title. Source (ITALICS). Volume (BOLD) (Issue), FirstPage–
LastPage (YEAR).] For 6 and more than 6 authors, list only the first author then et al. Please 
include volume and issue numbers for all references, and do not abbreviate the journal 
names. Make sure all references have page numbers or if early online publication, include 
doi. 
 
We have revised the references to include the unabridged journal names. References 7 and 
9 do not have an issue number.  In reference 9, the page “65” corresponds to the article 
number in the Volume. The 65th article pages are numbered 1-10. 
 

____________________________________ 
Reviewers' comments: 
Reviewer #1: 
Manuscript Summary: 
Five-choice serial reaction time (5-CSRT): 
- Behavioral paradigm to study visuospatial attention processes and motor impulsivity in 
rodents 
- Task: animal should allocate attention to a horizontal array of 5 small apertures equipped 
with light sources and within a time window nose-poke one illuminated target aperture to get 
a food reward 
- Task considers: response accuracy, reaction times, impulsive and compulsive behavior, 
motor ability and motivation to infer attention and impulsivity 
- Task difficulty can be controlled by modifying stimulus duration and task design 
- Commercial systems with software exist but limited in terms of changing task parameters 
and data output 
 
Paper contributions: 
- Customizable system using Arduino equipment, starndard electrotechnical components, 
open-source Arduino script and Matlab toolbox for hardware control and behavioral task 
specifications 
- Toolbox: includes optional staircase procedure for automated behavioral training 
- Hardware setup can be installed in customized chambers and software can be used for 
implementing non-starndardized task- and chamber-design 
- Design of system and open-source code for control of Arduino hardware and experimental 
setup are presented 
- Sample data and details are provided 
 



Major Concerns: 
Sample size is small. 
 
We initially tested the toolbox with a total of 8 rats (n = 4 lister hooded and n = 4 wistar rats). 
Two wistar rats didn’t advance past the first level and were excluded from the result analysis 
(n = 6). After submission of the manuscript, we updated some configurations and retested 
the toolbox with 10 rats (n = 10 lister hooded) and reanalyzed the gathered results. 
We decided to exclude the first 8 rats completely since they were tested in different 
conditions and are not from the same strain. The current manuscript contains the data 
obtained from the 10 lister hooded rats, which is 4 animals more than before and much more 
consistent experimental conditions and results than before. We present an overview of these 
data in the new Figure 6, which replaces Fig. 1 and Fig. 2 of our initial submission. 
 
Minor Concerns: 
A description of the automatic performance check will be useful. 
 
We added a short description of the performance check to the results. 
 

Reviewer #2: 
Manuscript Summary: 
An interesting study with adequate details for the readers. Minor suggestions are listed 
below. 
 
Major Concerns: 
None 
 
Minor Concerns: 
Abstract - Typo in third last line… " non37 standardized". Please revise 
 
We corrected the typo. 
 
Title: Should include rodents. 
 
We changed the title to “An open-source, fully customizable 5-choice serial reaction time task 
toolbox for automated behavioral training of rodents.”. 
 
Summary: Should mention "for rodent animal model" for clarity of use of apparatus. 
 
We now added “for rodent animal models” to the summary. 
 
Intro: Line 44: Please include conditions addressed in rodents where visual attentional 
processes and impulsivity is studied for more clarity. 
 
We now changed the line to “The 5-CSRTT is an important behavioral test, often used in 
rodents to study visual attentional processes and impulsivity1-6, such as determining the 
cholinergic system’s role in attention and the influence of norepinephrine reuptake inhibitors 
on impulsive behaviors (see Ref. 7 for review).” 
 
Overall, while the authors do a good job of describing the currently available setup, its 
limitations must also be mentioned to better describe the need for the setup proposed by 
them. 
 
We added the following sentences to the first discussion paragraph: “Usually, commercially 
available types of apparatus provide a limited set of features as needed to run the standard 



research 5-CSRTT. Because of this, non-standard modifications in the specific trial design, 
such as changes to the trial sequence or target stimulus combinations, are usually not 
possible. In addition, many of the available types of apparatus come with a specific, closed 
software that may not provide access to all behavioral data of the experiment, such as the 

timing and aperture number of premature and perseverative answers.”. 
 
Methods: Line 139 - "Next comes the trial configuration." Replace with a heading only like in 
prior sections…suggestion - "Trial configuration". 
 
Thank you for the comment. We rewrote the protocol to include headings for different 
sections. 
 
Are the users limited to a certain version of Matlab? Also, do they need specific Tools in 
Matlab before using this setup 
 
Users are limited to matlab version R2019b or younger since some functions used in the 
toolbox were only then introduced. We now added “(version R2019b or younger)” to the 
introduction. Moreover, the version of Matlab is also included in the comment column of the 
materials list. 
 
We like to thank both Reviewers for their time to assess our paper and for their suggestions! 
We very much appreciated them. 
 
On behalf of the authors, 
 
Julia Morais Gancz and Detlef Wegener 
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