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SHORT ABSTRACT:
We have developed a single platform to track animal behavior during two climbing fiber-dependent associative learning tasks. The low-cost design allows integration with optogenetic or imaging experiments directed towards climbing fiber-associated cerebellar activity.

LONG ABSTRACT:
Climbing fiber inputs to Purkinje cells provide instructive signals critical for cerebellum-dependent associative learning. Studying these signals in head-fixed mice facilitates the use of imaging, electrophysiological, and optogenetic methods. Here, a low-cost behavioral platform (~$1000) was developed that allows tracking of associative learning in head-fixed mice that locomote freely on a running wheel. The platform incorporates two common associative learning paradigms: eyeblink conditioning and delayed tactile startle conditioning (DTSC). Behavior is tracked using a camera and the wheel movement by a detector. We describe the components and setup and provide a detailed protocol for training and data analysis. This platform allows the incorporation of optogenetic stimulation and fluorescence imaging. The design allows a single host computer to control multiple platforms for training multiple animals simultaneously.

INTRODUCTION:
Pavlovian conditioning of sub-second association between stimuli to elicit a conditioned response has long been used to probe cerebellar-dependent learning. For example, in classical delay eyeblink conditioning (DEC), animals learn to make a well-timed protective blink in response to a neutral conditional stimulus (CS; e.g., a flash of light or auditory tone) when it is paired repeatedly with an unconditional stimulus (US; e.g., a puff of air applied to the cornea) which always elicits a reflex blink, and which comes at or near the end of the CS. The learned response is referred to as a conditioned response (CR), while the reflex response is referred to as the unconditioned response (UR). In rabbits, cerebellum-specific lesions disrupt this form of learning1–4. Further, Purkinje cell complex spikes, driven by their climbing fiber inputs5, provide a necessary6,7 and sufficient8,9 signal for the acquisition of properly-timed CRs.

More recently, climbing fiber-dependent associative learning paradigms have been developed for head-fixed mice. DEC was the first associative learning paradigm to be adapted to this configuration10,11. DEC in head-fixed mice has been used to identify cerebellar regions11–17 and circuit elements11–15,18,19 that are required for task acquisition and extinction. This approach has also been used to demonstrate how the cellular-level physiological representation of task parameters evolves with learning13,15,16. 

In addition to eyeblink, the delayed startle tactile conditioning (DTSC) paradigm was recently developed as a novel associative learning task for head-fixed mice20. Conceptually similar to DEC, DTSC involves the presentation of a neutral CS with a US, a tap to the face sufficient in intensity to engage a startle reflex21,22 as the UR. In the DTSC paradigm, both the UR and CR are read out as backward locomotion on a wheel. DTSC has now been used to uncover how associative learning alters cerebellar activity and patterns of gene expression20.

In this work, a method was developed for flexibly applying DEC or DTSC in a single platform. The stimulus and platform attributes are schematized in Figure 1. The design incorporates the capacity to track animal behavior with a camera as well as a rotary encoder to track mouse locomotion on a wheel. All aspects of data logging and trial structure are controlled by paired microcontrollers (Arduino) and a single-board computer (SBC; Raspberry Pi). These devices can be accessed through a provided graphical user interface. Here, we present a workflow for setup, experiment preparation and execution, and a customized analysis pipeline for data visualization.

PROTOCOL:

The animal protocols described here have been approved by the Animal Care and Use Committees of Princeton University.

1.	Setting up the SBC

1.1	Connect the camera serial interface (CSI) cable to the Raspberry NoIR V2 camera and the camera port on the SBC.

1.2	Download the operating system for the SBC onto the host computer. Write the operating system image to a micro secure digital (microSD) card.

NOTE: Detailed instructions for these procedures for a Raspberry Pi SBC can be found elsewhere23. The system has been tested using the following operating systems: Stretch, Buster, Bullseye.

1.3	To enable secure shell communication, create an extensionless file called “ssh” in the boot partition of the microSD card. Once this is done, eject the microSD card from the host machine and insert it into the SBC microSD card slot. Power the SBC by plugging in its power supply.

1.4	Prepare the SBC to accept a wired connection to the host.

1.4.1	Attach a monitor with an appropriate cable to the SBC. Open a terminal, type the command ifconfig and record the ethernet IP address of the SBC.

NOTE: Raspberry Pi model 3B+ has an HDMI display port, while model 4B has a micro-HDMI port.

1.4.2	Go to the Interface tab of the Raspberry Pi configuration setting and enable the options for Camera, secure shell network protocol (SSH), and Virtual Network Computing (VNC).

1.5	Establish a wired connection between the host computer and the SBC.

1.5.1	Connect an ethernet cable to the ethernet port on the SBC and a host computer. Attach the other end of these cables to an ethernet switch.

1.5.2	Use a virtual network computing client such as VNC viewer24 and access the desktop using the SBC IP address and the default authentication (user = “pi”, password = “raspberry”).

1.6	Download required software included in the protocol steps.

CAUTION: Change the default username and password to prevent unauthorized access to the SBC.

1.6.1	Enter the following command in the SBC terminal to download the rig software:
git clone --depth=1 https://github.com/gerardjb/assocLearnRig

1.6.2	Enter the following commands to download the necessary python libraries.
cd assocLearnRig
pip3 install -r requirements.txt

1.6.3	To allow direct control over the microcontroller, connect to the SBC and download the microcontroller integrated development environment (IDE) following steps 1.6.4–1.6.7.

1.6.4	Open the web browser on the SBC desktop and navigate to https://arduino.cc/en/software. Download the latest Linux ARM 32 bit version of the IDE.

1.6.5	Open a terminal window on the SBC desktop and navigate to the downloads directory by typing cd Downloads/ 

1.6.6	To install the IDE, type the following commands in the terminal:
tar -xf arduino-&lt;version&gt;-linuxarm.tar.xz
sudo mv arduino-&lt;version&gt;
sudo /opt/arduino-&lt;version&gt;/install.sh
(here &lt;version&gt; is the version of the downloaded IDE)

1.6.7	Open an instance of the microcontroller IDE on the SBC desktop. Select menu option Tools &gt; Manage Libraries. Install the “Encoder” library from Paul Stoffregen.

1.7	Expand SBC onboard memory with a USB thumb drive.

1.7.1	Insert a thumb drive to a USB port on the SBC. Use a USB 3.0 port if available.

1.7.2	Type in the terminal ls -l /dev/disk/by-uuid/ to find the thumb drive and its unique reference (UUID). Record the UUID.

1.7.3	To allow the pi user to write to the USB device, type the following commands one by one into the terminal:
sudo mkdir /media/usb
sudo chown -R pi:pi /media/usb
sudo mount /dev/sda1 /media/usb -o uid=pi,gid=pi

NOTE: The thumb drive can be added as a device that will auto-mount when the SBC restarts by adding the following line to the end of the fstab file at /etc/fstab:
UUID=&lt;UUID from step 1.7.2&gt; /media/usb vfat auto,nofail,noatime,users,rw,uid=pi,gid=pi 0 0

2.	Wiring stimulus hardware and assembling stage

2.1	Connect and prepare microcontrollers.

2.1.1	Connect the SBC to the programming port of the microcontroller (Arduino Due) with a USB2 type A to USB2 micro cable.

NOTE: Use a high-quality cable such as the product in the Table of Materials to ensure proper operation.

2.1.2	Locate “dueAssocLearn.ino” in the downloaded project repository. Open the sketch with the microcontroller IDE and upload it to the microcontroller connected to the SBC.

2.1.3	Download and install the appropriate version of the Arduino IDE on the host computer.

2.1.4	Connect the host computer to the microcontroller (Arduino Uno) with a USB2 type B to USB2 type A cable.

2.1.5	Go to the GitHub repository (https://github.com/gerardjb/assocLearnRig) and download the “DTSC_US.ino” sketch to the host computer.

2.1.6	On the host computer, run the microcontroller IDE and open the “DTSC_US.ino” sketch, then upload it to the microcontroller.

2.2	Attach wires to the microcontrollers, breadboard, LEDs, rotary encoder, stepper motor with driver, and solenoid valve with driver as indicated in the Fritzing diagram in Figure 2.

2.3	Power the stepper motor and solenoid valve.

2.3.1	Properly wire one channel of a power supply to the +V and GND pins of the stepper motor driver.

2.3.2	Turn on the power supply and set the attached channel voltage to 25 V.

NOTE: If the connections between the stepper motor, driver, and power supply are correctly configured, a green indicator LED on the stepper motor driver will turn on.

2.3.3	Properly wire the positive lead of a power supply to the solenoid valve driver hold voltage pin and the other positive lead to the spike voltage pin.

2.3.4	Attach the negative leads to a ground shared with the control signal.

2.3.5	Turn on the power supply and set the channel connected to the hold voltage to 2.5 V and the channel connected to spike voltage to 12 V.

2.4	Connect an air source regulated to a pressure of ~20 PSI to the solenoid valve using the luer adapter.

2.5	Test that all stimulus components and camera are functioning properly.

2.5.1	Open a terminal on the SBC and type cd ~/assocLearnRig to navigate to the cloned GitHub repository.

2.5.2	In the terminal, type python3 assocLearnRig_app.py to start the control graphical user interface.

2.5.3	Start the camera stream by hitting the Stream button.

2.5.4	Select the DEC Radio button, upload to the microcontroller, and start a session with default parameters by hitting the Start Session button.

NOTE: After this step, a printout of the data log should appear in the terminal, the message on the camera stream should disappear, and the LED CS and solenoid valve US should turn on and off at appropriate times during each trial.

2.5.5	After the session ends, repeat the previous steps with the DTSC Radio button selected.

NOTE: Sketches in the GitHub repository (“testStepper.ino”, “testRotary.ino”, and “testSolenoid.ino”) can be used to test individual components if the above steps do not provide satisfactory results.

2.6	Make the running wheel.

2.6.1	Cut a 3” wheel from a foam roller. Drill a 1/4” hole in the exact wheel center so that the wheel will not wobble when turned by the mouse’s locomotion.

2.6.2	Insert a 1/4” shaft into the wheel and fix it in place using clamping hubs placed on each side of the wheel.

2.7	Affix the rotary encoder to a 4.5” aluminum channel using an M3 bolt. Stabilize the aluminum channel on the aluminum breadboard using a right angle bracket with a 1/4”  bolt, nut, and washer as shown.

2.8	Attach the wheel and rotary encoder using a shaft-coupling sleeve.

2.9	Stabilize the free side of the wheel shaft with a bearing inserted in a right-angle end clamp installed on a breadboard-mounted optical post.

NOTE: Ensure the wheel spins freely without wobbling when rotated by hand.

2.10	Position the stimulus hardware, head restraint, infrared light array, and picamera around the assembled wheel.

2.10.1	Position the head restraints using optical posts and right angle post clamps so that the head posts are 1.5 cm in front of the wheel axle and 2 cm above the wheel surface. (Values are for a 20 g mouse).

2.10.2	Position the CS LED and solenoid valve outlet used for the DEC US less than 1 cm from the eye used for DEC.

2.10.3	Mount the stepper motor used for the DTSC US

2.10.4	Mount the picamera on an optical post ~10 cm from where the animal will be.

NOTE: The design for the picamera mount can be made on a 3D printer from the file in “RaspPiCamMount1_1.stl” in the GitHub repository.

2.10.5	Place the infrared light array slightly above and directly facing the position of the face on the same side as the picamera.

2.10.6	Make a tactile stimulus for DTSC by taping foam to the edge of a piece of acrylic mounted to a 1/4” shaft using a clamping hub. Attach the tactile stimulus to the stepper motor shaft.

NOTE: The design for the acrylic piece can be laser cut following the pattern in “TactileStimDesign.pdf” in the GitHub repository.

3.	Preparing and running behavior experiments

3.1	Implanting mouse headplate.

3.1.1	Anesthetize a mouse using 2% isoflurane and head fix in a stereotactic frame.

3.1.2	Apply an ophthalmic ointment to the eyes.

3.1.3	Shave the scalp using soapy water and a scalpel. Inject lidocaine directly underneath the skin of the incision site and clean the surgical site with povidone.

3.1.4	Make an incision with a scalpel along the midline of the scalp from the back edge of the eyes to the back edge of the skull, being careful not to press too hard on the skull.

3.1.5	Spread the incision open and clamp both sides with hemostats to hold it open. Gently remove the periosteum using a cotton swab dipped with ethanol and allow the surface of the exposed skull to dry.

3.1.6	Position the headplate level on the skull, making sure to position the front of the headplate posterior to the eyes. Use cyanoacrylate glue to attach the headplate to the skull and allow the glue to dry fully.

3.1.7	Mix the dental cement powder (1 scoop), solvent (2 drops), and catalyst (1 drop) in a mixing dish and apply to all areas of exposed bone. Add layers until the surface is flush with the top edge of the headplate, making sure the headplate is securely attached to the skull.

3.1.8	Suture the skin closed behind and in front of the headplate if necessary.

3.1.9	Inject post-operative analgesia per institutional guidelines while allowing the animal to recover for at least 5 days.

3.2	Preparing for behavior sessions.

3.2.1	Allow the test animals to habituate to the platform by mounting them in the head restraint for 30-min sessions for 5 days preceding experiments.

NOTE: By the end of the habituation sessions, animals should run comfortably on the wheel.

3.2.2	(DEC only) Prior to sessions, ensure that the solenoid valve outlet is centered on the target eye positioned &gt;1 cm away.

3.2.3	(DEC only) Manually actuate an air puff using the push button. Ensure that the mouse promptly produces a blink without showing overt signs of stress such as adopting a hunched posture or grabbing the affected periocular region with the ipsilateral forepaw.

3.2.4	(DTSC only) Prior to sessions, ensure that the tactile stimulus is centered on the animal’s nose positioned ~1.5 cm away.

NOTE: When a DTSC behavioral session is not running, the stepper motor is automatically inactivated to allow manual repositioning.

3.2.5	(DTSC only) In the SBC terminal, type python3 assocLearnRig_app.py to start the GUI.

3.2.6	(DTSC only) Run a test session of three trials with the default parameters by hitting the Start Session button in the GUI.

3.2.7	(DTSC only) Ensure that the logged data that prints to the terminal show a deflection of greater than 20 but less than 100 steps logged on the rotary encoder following the US on each trial.

CAUTION: To avoid harm and reduce stress to the animal, start the stimulus farther from the animal and move it closer until the required conditions are met.

3.3	Running behavioral sessions with data logging.

3.3.1	Mount a mouse to the head restraint.

3.3.2	In the terminal of the SBC, type python3 assocLearnRig_app.py  to start the GUI. 

3.3.3	To allow camera recordings during the behavioral trials, hit the Stream button.

NOTE: Sessions can be run without a camera. In this case, only data from the rotary encoder and stimulus presentation timestamps are logged.

3.3.4	Input identifying information for the animal into the Animal ID field and hit the Set button.

3.3.5	Select either the DEC or DTSC from the radio button under the Session Type heading depending on which behavioral paradigm is desired.

3.3.6	Input the desired experiment parameters to the fields below the Animal ID field and hit the Upload to Arduino button.

NOTE: Details of the experiment parameters can be found in the GitHub repository README section.

3.3.7	Hit the Start Session button to begin the session.

3.3.8	When a session is initialized, data will begin logging in a new directory created in “/media/usb” in the SBC thumb drive mount point.

4.	Exporting and analyzing data

4.1	To export all the recorded sessions to the host computer, open a command prompt and input the command pscp -r pi@Pi_IP_address:/media/usb* host_computer_destination, then authenticate with the SBC password.

NOTE: The above command is for a Windows machine. On Mac and Linux machines, use terminal and replace “pscp” with “scp”.

4.2	Install Anaconda25 or another python package manager (PPM) on the host computer.

4.3	Go to the GitHub repository and download “analyzeSession.py”, “summarizeSessions.py”, “session2mp4s.py”, and “requirementsHost.txt”.

4.4	Open a PPM prompt and type conda install --file directory_containing_requirementsHost\requirementsHost.txt to ensure that the  Python package installation has the required python libraries.

4.5	In the prompt, type cd directory_containing_analyzeData to navigate to the directory containing “analyzeData.py” and “session2mp4s.py”. Run the analysis program by typing python analyzeSession.py 

NOTE: An error message will be generated if using a Python 2 version as python. To check the version, type python -V  in the prompt.  

4.6	Select the directory containing the data when prompted. Directories with multiple subdirectories will be analyzed sequentially.

4.7	For DEC sessions, for each session directory analyzed, select a region of interest (ROI) containing the mouse’s eye from a trial average image.

NOTE: Final analysis data files and summary graphs will populate to a subdirectory of each analyzed session directory.

4.8	Type python summarizeSessions.py to generate summary data across multiple sessions.

4.9	Type in the prompt python session2mp4s.py to convert imaging data files into viewable .mp4 files.

REPRESENTATIVE RESULTS:
Workflow for DEC experiments and analysis
Proper experimental parameter selection is important for successful delay eyeblink conditioning (DEC) training. For the data presented here, GUI was used to choose a CS duration of 350 ms and a US duration of 50 ms. This pairing results in an inter-stimulus interval of 300 ms: long enough to prevent low-amplitude CR production10 and short enough to avoid getting into the regime of poor learning or trace conditioning, a process that engages additional brain regions11. The time between trials was set using the ITI low and high fields to be randomly chosen uniformly from a range of 5–15 s. The randomization of the inter-trial intervals makes it impossible for animal subjects to use timing cues other than the CS and US themselves for task performance.

Including trials that omit either the CS or US allows assessment of the CR and UR kinematics even in trained animals. The user can define the proportion of trials in which CS and US are paired or presented in isolation. In the data presented here, we ran all sessions at 10% CS-only trials with paired trials constituting the rest and no US-only trials. Note that including excessive numbers of unpaired trials can negatively impact training. For example, sessions with greater than 50% of trials unpaired are commonly used to drive the extinction of CRs in trained animals19,26.
 
Camera preparation and lighting conditions are also critical for acquiring high-quality data. The frame rate of acquisition can be adjusted in the Picamera acquisition software. In the data presented here, we set a frame rate of 120 Hz for DEC experiments. The Picamera module itself allows frame rates of up to ~200 Hz, but we find that lower rates prevent frame loss and give adequate temporal resolution for eyelid tracking. The infrared light must be placed to illuminate the periocular fur evenly without creating excessive reflection from the cornea when the eye is open. Figure 3A shows a sample image from a recording session with acceptable lighting. The picamera acquisition software (picameraStream.py) is designed to provide consistent settings across a session by setting and holding the camera’s white balance and gain based on illumination conditions when the camera is initialized.
 
Once a behavioral session is initialized, data from the camera and other platform hardware components will be automatically logged. Data logs are created in a directory named by the date and value input to the animal ID field in the GUI. Camera frames and time stamps for each trial are stored in individual files which are named using the animal ID, experiment date, and trial number. Platform events for each session, including wheel speed, trial starts, trial stops, and CS and US timing, are saved as a single .txt file.
 
Data transferred to the host machine can then be analyzed as described in section 4 of the protocol. Running analyzeData.py on a target directory will create a .npy container for eyelid position versus time for all trials in an array based on analysis of the camera files. This container file is created in the directory that is analyzed. Once all sessions have been analyzed for a given animal, all sessions can be aligned and concatenated using summarizeSessions.py. Results from an animal trained for 8 sessions of DEC are shown in Figure 3B. In addition, individual trials can be rendered as viewable .mp4 files using the session2mp4s.py utility. This utility imprints a square in the upper lefthand corner of the movie to indicate when the CS and US are applied. Sample DEC trials prepared in this way are presented side by side as Supplementary Video 1. The left panel shows a trial in which the animal successfully closes its eye in response to the LED CS. In the right panel, the animal does not blink until the US starts.
 
Animals trained on DEC following the protocols in section 3 and recorded with the preceding considerations should show clear evidence of well-timed CRs acquired gradually over multiple training days. Examples of behavioral traces with no CRs in an untrained animal and traces containing robust CRs from a trained animal are presented in Figure 3B. As these traces show, na&#239;ve animals should show no response to the CS but a robust response to the US. CRs should increase progressively in both size and frequency through behavioral sessions performed across days (Figure 3B–D). In contrast, suboptimal lighting conditions severely limit the quality of data acquired. When the contrast between the eye and surrounding fur is low (Figure 3E), slight changes in the image can significantly alter the recorded shape of the UR over a single session and decrease the signal-to-noise ratio for detecting eyelid position (Figure 3F–G).

To ensure high fidelity eyelid recordings, optimal light source placement is critical. The illumination LED should be trained directly on the recorded eye. If placement results in excessive glare on the corneal surface, a diffuser can be placed over the LED array to reduce this effect.
 
Workflow for DTSC experiments and analysis
Many of the considerations for experimental parameter selection are similar between delay tactile startle conditioning (DTSC) and DEC. Here, we will point out those that differ. In the example data, DTSC CS duration was set to 250 ms with a US duration of 50 ms. This shorter inter-stimulus interval was chosen to closely align with the shorter duration described as optimal for DTSC learning20. Other platform parameters set through the GUI were identical to those used for DEC.
 
Proper placement of the tactile stimulus is critical for learning in DTSC. We mount the tactile stimulus such that the foam end is centered slightly above the animal’s nose at a distance of approximately 1.5 cm when in the neutral position. Once mounted, the stimulus can be turned by hand when a session is not running. During sessions, the stepper motor holds the stimulus at a precise location until an US is triggered. To ensure that the positioning is correct, we run a preparatory session of around three trials. Events logged on the rotary encoder are printed to the terminal screen, and this printout can be used to monitor the amplitude of animal URs in real time. While the maximum amplitude will vary from trial to trial, animals with an average maximum of ~40 counts on the encoder across the short session should perform well in the DTSC task. Based on the rotary encoder control settings, this value corresponds to 24 cm/s, with a negative value indicating that the animal is moving backward on the wheel.
 
The organization and naming of files produced in the course of DTSC sessions are the same as those produced in DEC. Running analyzeSession.py will create a .npy container for wheel speed versus time for all trials in an array from analysis of the data logged in the .csv file. Once all sessions have been analyzed for a given animal, all sessions can be aligned and concatenated using summarizeSession.py. Results from an animal trained for 5 sessions of DEC are presented in Figure 4A. As for DEC, the camera captures from DTSC can be converted to viewable .mp4 files. Sample DTSC trials are shown side by side in Supplementary Video 2. The left panel shows a trial in which the animal successfully backs the wheel in response to the LED CS. In the right panel, the animal fails to move the wheel until the tactile stimulus US is applied.
 
The time course and amplitude relative to the UR of responses in animals trained on the DTSC paradigm show qualitative similarities to those trained on DEC. Na&#239;ve animals should show no response to the CS, and learn to move the wheel backward in response to the CS only after repeated exposures to the paired CS and US. The frequency and amplitude of CRs increase as training proceeds (Figure 4A,B). In the case of DTSC, we have found that UR amplitude early in training is a good predictor of the success of learning. In a cohort of animals trained with an US that produced low amplitude URs (&lt;20 cm/s), no animal learned to consistently produce CRs after 4 days of training (Figure 4C,D).
 
Differences between DEC and DTSC training
DEC and DTSC differ in important ways. First, DTSC learning on this platform occurs more rapidly, with most animals achieving a high degree of task proficiency by the third day of training and asymptotic performance by day five. DEC learning is slower for most animals by at least 3 days. Second, the DTSC system incorporates automatic detection of successful CRs, which serve as a feedback signal to the apparatus to decrease the amplitude of the tactile stimulus. This training procedure mimics eyeblink conditioning, in which improved CR performance provides partial protection from an aversive corneal air puff. In contrast, head-fixed animals in the DTSC paradigm are unable to protect themselves from the tactile stimulus by their motor response alone. By basing US amplitude on the presence of a CR, animals have the opportunity to shield themselves from the aversive stimulus.

Figure 1: Platform attributes and design. (A) Platform elements for recording animal behavior under head-fixed conditions. The mouse was adapted from a Biorender image. (B) Timing and stimuli for DEC and DTSC conditioning. A user-defined inter-stimulus interval (ISI) determines how long the CS only epoch lasts. CS and US epochs are designed to co-terminate. (C) Picture demonstrating placement of key platform elements. 1) Stepper motor for control of the DTSC US. 2) Running wheel for the animal. 3) Rotary encoder for tracking wheel movement. 4) Foam taped over an acrylic arm that serves as the DTSC tactile stimulus. 5) LED CS. 6) Solenoid valve and outlet that provides the DEC US. 7) Picamera for recording animal behavior. 8) Infrared LED for stage illumination.

Figure 2: Wiring of platform hardware elements. (A) Fritzing wiring diagram of platform hardware when fully assembled. Wires are colored by modules with orange = Camera module; yellow = DEC US module; blue = LED CS module; purple = DTSC US module; green = Rotary encoder module. The picamera is excluded but attaches to the camera serial interface located on the surface of the Raspberry Pi. Batteries indicate direct current power supplies at the specified voltage. (B–F) Equivalent wiring scheme for isolated modules. Wires have been recolored, so that red and black always indicate positive supply rail and ground, respectively, while other wires are colored to allow easy following of the circuit.

Figure 3: Representative results of DEC training. (A) Example camera frame from a session with acceptable illumination conditions. Note the high contrast between the eye and periocular fur. (B) Performance of a single animal during sessions performed across days in the DEC paradigm. Horizontal lines indicate performance on each trial, with warm colors indicating more eyelid closure. The leftmost red black vertical line indicates the onset of the CS, while the dotted line indicates the initiation of the US. The second solid line indicates cessation of the CS and US. Note that the number of trials with successful responses during the CS increases across training sessions. (C) Animal performance from (B) with individual traces derived from the trial average for the session each day. The hue saturation indicates session number with higher saturation for later sessions. (D) Performance for all animals in the DEC group (n = 7). The thin lines indicate the percent of trials with a detectable CR from each session for each animal. The thick lines indicate the session means across all animals.  (E) Example camera frame from a session with sub-optimal illumination conditions. (F) Quantification of single trials recorded with poor illumination. The UR is detectable but with lower contrast and higher variability than under optimal light conditions. (G) Session average traces from trials presented in (F).

Figure 4: Representative results of DTSC training. (A) Performance of a single animal during sessions performed across days in the DTSC paradigm. Horizontal lines indicate performance on each trial, with warm colors indicating backward wheel movement. The leftmost black vertical line indicates the onset of the CS, while the dotted line indicates the initiation of the US. The second solid line indicates cessation of the CS and US. (B) Animal performance from (A) with individual traces derived from the trial average for the session each day. The hue saturation indicates session number with higher saturation for later sessions. (C) Performance for all animals in the DTSC group (n = 6). The thin lines indicate the percent of trials with a detectable CR from each session for each animal. The thick lines indicate the session means across all animals. (D) Single trials as in (A) from a cohort where the US intensity elicited low amplitude URs. (E) Session average traces presented as in (B) for the animals subjected to the weak US. (F) Performance for all animals in DTSC with weak US (n = 6).

Supplementary Video 1: Sample DEC hit and miss trials. DEC trials are compared in video 1. Each video shows trials in which the subject makes (Left) or fails to make (Right) the target CR synchronized and played side by side for comparison. The LED CS comes on when the blue square appears in the upper left corner of each video. The US control signal is active when a white square replaces the blue square. CS and US control signals co-terminate when the square disappears.

Supplementary Video 2: Sample DTSC hit and miss trials. Video 2 shows DTSC trial comparison. Each video shows trials in which the subject makes (Left) or fails to make (Right) the target CR synchronized and played side by side for comparison. The LED CS comes on when the blue square appears in the upper left corner of each video. The US control signal is active when a white square replaces the blue square. CS and US control signals co-terminate when the square disappears.

DISCUSSION:
The platform with associated protocols outlined here can be used to reliably track animal behavior in two sensory associative learning tasks. Each task depends on intact communication through the climbing fiber pathway. In the design described here, we incorporate elements to facilitate learning and recording/perturbation of cerebellar response. These include a wheel to allow for free locomotion11,18 as well as head fixation. The wheel allows mouse subjects to locomote freely, which has been observed to be critical for DEC acquisition18. Head fixation in mice allows researchers to take advantage of genetic, electrophysiological, imaging, and optogenetic approaches that are more difficult to use in other model species or under freely moving conditions12. We have used our design for each of these applications. The software run on the microcontrollers can easily be adapted to control timing signals for multiphoton acquisition or synchronization with optogenetic stimulation, both with sub-millisecond precision. Care must be taken to minimize the animal perception of optogenetic and imaging equipment when these are combined with behavioral experiments. For example, many multiphoton systems emit an audible sound from their galvanometric scanners or shutters when imaging acquisitions start. If the acquisitions are triggered by trial starts, such sounds can serve as an inadvertent cue to animal subjects that a stimulus is forthcoming.

Control of the behavioral apparatus is built around an SBC, which is used to generate a graphical user interface for managing the experiment, the camera, and data export. The SBC also sends commands to two microcontrollers that handle the timing of trials and directly control hardware components such as stimulus presentation and the rotary encoder. The protocols detailed here were tested using either a Raspberry Pi 3B+ or 4B attached to an Arduino Due to control experiment timing and an Arduino Uno to control the presentation of the DTSC US. Other hardware design implementations are possible but have not been tested with the provided software. 

To facilitate using multiple rigs in parallel, we recommend operating the SBC in “headless” mode. In this configuration, a host computer is used to interact with the SBC. An ethernet switch allows simultaneous internet connectivity to both a host computer as well as SBC. The switch also allows for direct communication between the host and SBC with fast data transfer. As a result, the switch allows for easy data transfer and SBC package maintenance.

For running multiple rigs in parallel, each rig should be placed in its own specialized enclosure. These enclosures must include soundproofing if placed in close proximity to one another. Suppressing sound between adjacent rigs can help to avoid unintentional auditory cues from stimuli produced in neighboring enclosures.

Use of a single platform for DEC and DTSC enables investigators to flexibly navigate each paradigms’ strengths and weaknesses. DEC enjoys insight derived from decades of research into what brain regions and specific cerebellar circuit elements are involved in task learning and execution1,4,11,13–15,19. However, in mice, the region of the cerebellar cortex most often associated with eyeblink conditioning11,12 is located deep within the primary cerebellar fissure (though see15,17,27 which demonstrate a DEC-associated region of superficial lobule VI). A deep locus for learning complicates access for optical experiments, particularly multiphoton imaging of cell activity and optogenetic perturbation experiments. In contrast, the cerebellar substrates of DTSC are located partially in the superficial aspect of lobules IV/V20. DTSC therefore presents optical access comparable to that of the dorsal neocortex, a popular site for systems neuroscience investigations.

In our design, animal behavior is tracked using a rotary encoder attached to the wheel and a camera. We selected these methods for low cost and ease of implementation. In some instances, other tracking methods may provide more spatial and temporal accuracy. For example, eyelid position in DEC has commonly been tracked using Hall effect sensors28,29 or electromyogram recordings of the periorbital region of the musculus orbicularis oculi30,31. Similarly, tracking of locomotion by detecting wheel motion gives a less detailed picture of animal behavior than image-based pose tracking algorithms such as SLEAP32 and DeepLabCut33. Camera-based recordings allow the addition of such approaches.

Here, we have presented a platform for tracking animal behavior during two climbing fiber-dependent associative learning paradigms. Our platform is intended to increase the accessibility of these methods both in terms of cost as well as ease of implementation.
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