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Abstract

Long-term behavioral tracking can capture and quantify natural animal behaviors, including those occurring infrequently. Behaviors such as
exploration and social interactions can be best studied by observing unrestrained, freely behaving animals. Weakly electric fish (WEF) display
readily observable exploratory and social behaviors by emitting electric organ discharge (EOD). Here, we describe three effective techniques
to synchronously measure the EOD, body position, and posture of a free-swimming WEF for an extended period of time. First, we describe the
construction of an experimental tank inside of an isolation chamber designed to block external sources of sensory stimuli such as light, sound,
and vibration. The aquarium was partitioned to accommodate four test specimens, and automated gates remotely control the animals' access
to the central arena. Second, we describe a precise and reliable real-time EOD timing measurement method from freely swimming WEF. Signal
distortions caused by the animal's body movements are corrected by spatial averaging and temporal processing stages. Third, we describe an
underwater near-infrared imaging setup to observe unperturbed nocturnal animal behaviors. Infrared light pulses were used to synchronize the
timing between the video and the physiological signal over a long recording duration. Our automated tracking software measures the animal's
body position and posture reliably in an aquatic scene. In combination, these techniques enable long term observation of spontaneous behavior
of freely swimming weakly electric fish in a reliable and precise manner. We believe our method can be similarly applied to the study of other
aquatic animals by relating their physiological signals with exploratory or social behaviors.

Video Link

The video component of this article can be found at http://www.jove.com/video/50962/

Introduction

Background. Quantitative experiments on animal behavior (e.g. forced choice, shock avoidance, T-maze, etc.) are typically utilized to investigate
specific hypotheses concerning sensory-motor skills, learning and memory formation. However, these restrictive experiments miss much of
the richness of natural animal behavior and are likely to result in oversimplified models of the underlying neural basis of behavior. Experiments
under more naturalistic conditions are therefore an important complement by which we can explore more fully a species behavioral repertoire.
Experiments involving freely moving animals must, however, address unique technical challenges such as movement-induced recording artifacts.
Unlike stimulus-evoked responses, spontaneously occurring exploratory behavior cannot be predicted; thus experimental subjects have to be
constantly monitored and tracked over an extended period of time. Specific research questions can be best addressed by carefully selected
organisms and available technical tools. For example, optical recording and stimulation techniques such as genetically-encoded calcium
sensors1 and optogenetics2 have been successfully applied to freely moving genetic model organisms3-5. Alternatively, miniaturized neural
telemetry systems can record and stimulate freely moving small animals6,7.

Electric fish. WEF species generate electric organ discharges (EODs), which allow them to sense their immediate surroundings or to
communicate over greater distances. Temporal patterns of EODs vary under different conditions such as self-movements8,9, sensory stimuli10,11,
and social interactions12,13. Pulse-type WEF species produce a train of discrete pulses, as opposed to wave-type species which generate
continuous quasi-sinusoidal waveforms. In general, pulse-type species exhibit more variable EOD rate compared to the wave-type species; and
animals' EOD rates closely reflect novelty contents of their sensory surroundings10,14. Pulse-type species can immediately shorten the inter-
pulse interval (IPI) within a single pulse cycle in respond to a novel sensory perturbation (novelty response10,11,14). The ongoing electric behavior
of these fish can be perturbed by uncontrolled sensory stimuli from external sources; and different kinds of stimuli such as vibration, sound,
electricity, and light are known trigger novelty responses. Therefore, special precautions must be taken to block or attenuate external sensory
stimuli during a long-term observation of free-swimming WEF. In this way, changes in EOD rate and movement trajectories can be specifically
attributed to stimuli presented by the experimenter.

Aquarium tank and isolation chamber. We therefore placed multiple layers of vibration absorbing materials under a large aquarium tank (2.1
m x 2.1 m x 0.3 m), and surrounded the tank with an insulated enclosure to block external sources of light, electrical noise, sound and heat

http://www.jove.com
http://www.jove.com
http://www.jove.com
mailto:jamesjun@gmail.com
http://www.jove.com/video/50962
http://dx.doi.org/10.3791/50962
http://www.jove.com/video/50962/


Journal of Visualized Experiments www.jove.com

Copyright © 2014  Journal of Visualized Experiments March 2014 |  85  | e50962 | Page 2 of 11

flux. EOD rate depends on the surrounding temperature15,16, thus the water temperature was tightly regulated at a tropical range (25±1 °C) for
South American WEF species. We constructed a large and shallow (10 cm water depth) tank to observe spatial exploratory behaviors of WEF
mainly restricted in two dimensions (Figure 1A). The tank was partitioned into a central arena to observe spatial behaviors, and four corner
compartments to separately house individual fish (Figure 1B). Each compartment was built watertight to prevent electrical communication
between individuals. Animals' access to the central arena was controlled from the outside by four motorized gates. The gates were placed
between the compartments, and they became watertight when locked by nylon wing-nuts. No metallic parts were used underwater since WEF
react sensitively to metals.

EOD recording. EODs are generated in a stereotyped manner by activation of single (in Mormyrids) or multiple spatially distributed electric
organs (in Gymnotiforms)17,18. Temporal modulations in the EOD rate can reveal higher-level neural activities, since the medullary pacemaker
receives direct neural inputs from higher brain regions such as the diencephalic prepacemaker nucleus, which in turn receives axonal projections
from the forebrain19. However, the EOD timing must be carefully extracted from a raw waveform recording and not biased by the animal's
movement-induced distortions. The electric field generated by a WEF can be approximated as a dipole; thus EOD pulse amplitudes at recording
electrodes depend on the relative distances and orientations between the animal and the electrodes8,20. Animal's self-movements change
the relative geometry between the animal and the electrodes, thus movements cause the EOD amplitudes at different electrodes to vary over
time in a volatile manner (see Figure 2B in Jun et al.8). Furthermore, self-movements also change the shape of recorded EOD waveforms,
because relative contributions from different set of the electric organs depend on their locations along the body length and their local curvatures
introduced by tail bending. The movement-induced distortions in the EOD amplitudes and shapes can lead to inaccurate and unreliable EOD
timing measurements. We overcame these problems by spatially averaging multiple EOD waveforms recorded at different locations, and by
adding an envelope extraction filter to precisely determine the EOD timing from a free-swimming WEF. In addition, our technique also measures
the EOD amplitudes, which indicate whether an animal is resting or actively moving based on the change of the EOD amplitudes over time (see
Figures 2E and 2F). We recorded differentially amplified signals from the recording electrode pairs to reduce common-mode noise. Since the
EOD pulses are generated at irregular time intervals, the EOD event time-series have a variable sampling rate. The EOD time-series can be
converted to a constant sampling rate by interpolation if required by an analytic tool of choice.

Video recording. Although EOD recording can monitor a gross movement activity of an animal, video recording permits direct measurements
of an animal's body position and posture. Near-infrared (NIR) illumination (λ = 800~900 nm) permits unperturbed visual observation of freely
swimming fish21,22, since WEFs are most active in darkness and their eyes are not sensitive to NIR spectrum23,24. Most digital imaging sensors
(e.g. CMOS or CCD) can capture NIR spectrum with the wavelength range between 800-900 nm, after removing an infrared (IR) blocking
filter25. Certain high-end consumer-grade webcams offer high-definition, wide viewing angle and good low-light sensitivity, which can produce
an image quality comparable to, or superior to professional-grade IR cameras available at much greater costs. In addition, certain consumer-
grade webcams are bundled with recording software that permits an extended recording duration by compressing video with no quality loss.
Most professional-grade cameras offer time synchronization TTL pulse outputs or trigger TTL pulse inputs26 for aligning the timing between the
video with the digitized signals, but this feature is generally absent in consumer-grade webcams. However, the timing between a video recording
and a signal digitizer can be accurately matched by concurrently capturing a periodically blinking IR LED with the camera and the signal digitizer.
The initial and the final IR pulse timing can be used as two time calibration markers for converting the video frame numbers to the signal digitizer
time unit and vice versa.

Lighting & background. Image capturing through water can be technically challenging due to light reflections at the water surface. The water
surface can act as a mirror to reflect a visual scene above water, and obscure visual features underwater; thus the scene above water must be
rendered featureless to prevent visual interference. In order to image the whole aquarium, a camera needs to be placed directly above the water;
and it should be hidden behind the ceiling over a small viewing hole to prevent its reflection on the water surface. Moreover, the water surface
can produce glares and nonuniform illumination if light sources are incorrectly projected. Indirect illumination can achieve uniform brightness
over the whole aquarium by aiming the light sources toward the ceiling, such that the ceiling and the surrounding walls can reflect and diffuse
the light rays before reaching the water surface. Choose an IR illuminator that matches a spectral response of the camera (e.g. 850 nm peak
wavelength). Electrical noise from the light sources can be minimized by using LED lights and placing their DC power supplies outside of the
Faraday cage. Place a white background underneath the tank, since fish contrasts well in a white background at NIR wavelengths. Similarly, use
of matte white color on the inner surfaces of the isolation chamber provides uniform and bright background illumination.

Video tracking. After a video recording, an automated image tracking algorithm can measure the animal's body positions and postures over
time. The video tracking can be automatically performed by either ready-to-use software (Viewpoint or Ethovision), or user-programmable
software (OpenCV or MATLAB Image processing toolbox). As the first step of image tracking, a valid tracking area needs to be defined by
drawing a geometric shape to exclude the area outside (masking operation). Next, an animal's image needs to be isolated from the background
by subtracting a background image from an image containing the animal. The subtracted image is converted to a binary format by applying an
intensity threshold, such that the centroid and the orientation axis can be computed from binary morphological operations. In Gymnotiforms27-29

and Mormyrids30-32, the electroreceptor density is the highest near the head region; thus the head position at any moment indicates a location
of the highest sensory acuity. The head and tail locations can be automatically determined by applying the image rotation and bounding-box
operations. The head and tail ends could be distinguished from one another by manually defining them in the first frame, and by keeping track of
their locations from comparing two successive frames.

Protocol

This procedure meets the requirements of the University of Ottawa Animal Care Committee. No conflict of interest is declared. Please refer to
the Table of Materials and Reagents for the makes and models of the equipment and materials listed below. Custom written Spike2 and MATLAB
scripts, and sample data are provided in the Supplemental File.
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1. Aquarium Tank and Isolation Chamber Setup

1. Anti-vibration floor. Construct an anti-vibration surface (2.1 m x 2.1 m) by stacking rubber pads, acoustic Styrofoam, marine plywood panel,
and polyurethane foam pads from the bottom to the top (Figure 1A). Lay four wooden studs (5 cm x 10 cm) on the plywood panel to support
the edges of the aquarium tank.

2. Floor heater. Lay an electrically shielded heating element over thermally graded foam padding (see Figure 1D bottom). Cover the heating
element with a metallic mesh for electrical shielding.

3. Spatial tank. Construct a wide and shallow aquarium tank (1.8 m x 1.8 m x 30 cm) using 1.3 cm thick tempered glass panels, L-shaped
aluminum frame and aquarium-grade silicone (see Figure 1A). Cover the underside of the tank with a large sheet of white background to
provide high imaging contrast (see Protocol 3).

4. Divide the aquarium tank into a central arena (1.5 m diameter) and four corner compartments (see Figure 1B) by installing walls (22.5 cm
tall) made of acrylic sheets (matte white, 0.64 cm thick).

1. Bend four acrylic sheets (22.5 cm x 102.7 cm) by applying heat to create four curved wall sections, and attach them to the tank bottom
using silicone caulk to separate the central arena from the four corner compartments. Leave 20 cm space between the curved sections
for the gate installation.

2. Separate neighboring corner compartments by installing four double walls with 15 cm gaps, which provide extra electrical isolation and
places for underwater sensors such as a hydrophone.

5. Assemble four motorized gates, and install them between the corner compartments and the central arena.
1. Assemble four door frames as shown in Figure 1C. Create six wells (0.64 cm deep) on each door frame, embed nylon acorn nuts (0.64

cm diameter thread) and secure them with epoxy.
2. Cut four door panels from acrylic and rubber sheets, and create six holes (0.64 cm diameter) on the acrylic and rubber panels for the

locking mechanism. Join the acrylic and rubber panels using silicone caulking.
3. Install acrylic hinges to join the door panels with the door frames.
4. Mount swinging arms on servomotors, and install them on the top of the door frames (see Figure 1C). Make loops with cable ties to

link the swinging arms to the door panels.
5. Position the gate assemblies on the gaps created between the curved wall sections, and secure them using silicone caulking.
6. Connect all servomotors to a servo controller, and connect it to a power source and a computer via an active USB extension cable. Test

the gates using control software supplied with the servo controller.
7. After the silicone hardens, check for watertightness by locking all gates with nylon screws and filling one compartment at a time.

6. Isolation chamber. Construct an isolation chamber to surround the aquarium and block external sources of light, sound and electrical noise
(see Figure 1D).

1. Make three wall panels (2 m x 2 m x 5 cm) and four door panels (1.9 m x 0.95 m x 5 cm). For each panel, join aluminum moldings (5
cm x 2.5 cm) to create a rectangular frame; and rivet a white corrugated plastic panel on the aluminum frame. Fill acoustic fiberglass
batts in the panels, and close with a black corrugated plastic panel.

2. Install three wall panels on the anti-vibration floor, and install piano hinges to join the four door panels on the wall panels.
3. Surround the isolation chamber with aluminum meshes, and ground meshes on all sides to create a Faraday cage.

7. Humidity control. Install a low-noise exhaust fan (Figure 1F top) to remove excess humidity build-up from heating. Place the exhaust fan at
least 2 m away from the recording site, and install an air duct between the isolation chamber and the exhaust fan.

8. Routinely monitor and maintain the conditions of the tank water and animals.
1. Maintain constant water conditions at 10 cm depth, 100 µS/cm conductivity and pH 7.0 by adding water or salt stock solution (refer to

Knudsen33 for the recipe). Add a bag of crushed coral if the pH drops below 6.5.
2. Install vertical aquarium filters which can operate from shallow water for cleaning and aerating purposes (Figure 1F bottom).

Disconnect the filters and take them out of the central arena during recording sessions.
3. Deliver live mealworms on the bottom of the tank by attaching them on suction cups with elastics. Avoid free-floating preys such as

blackworms to prevent uncontrolled feeding of stray preys during recording.

2. EOD Tracking

1. Electrodes installation. Assemble eight graphite electrodes, and space them equally on the curved wall of the central arena.
1. Obtain drawing leads (15 cm in length; Mars Carbon 2 mm type HB) and shave off the outer coating of the leads.
2. Cut eight 10 cm segments of coaxial cable (RG-174), wrap the cable core around one end of the graphite rods, and apply heat-shrink

tubing over them for strong and stable electrical connection. Attach BNC jack connectors on the opposite ends (Figure 2A left).
3. Position the electrodes on the wall by taping, and apply thin strips of masking tape on the electrode surfaces to protect from silicone.

Apply silicone caulking to permanently hold the electrodes, and remove all tape before the silicone hardens (Figure 2A right).

2. Build eight cable assemblies by measuring the distance from each electrode to the amplifier unit, and cutting coaxial cables (RG-54) in
lengths. Attach BNC plug connectors on both ends of the cables.

3. Use the cable assemblies to wire all electrodes to the amplifier unit. Differentially amplify by pairing two 90° oriented electrodes (see
Figure 2B), and ground all coaxial shielding wires by connecting them to the Faraday cage.

4. Set the amplifier gain below the signal saturation limit, and apply a band-pass filter (200 Hz-5 kHz) to remove noise. Digitize the four
recording electrode pairs at 40 kS/sec.

5. Online signal processing. The instructions are written for the Spike2 software, and the parameter settings are optimized for Gymnotus sp.
(see Figure 2C for summary).

1. Add a DC remove process (τ = 0.1 sec) to all recording channels.
2. Add a rectify process to all recordings channels.
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3. Create a virtual channel by summing all four recording channels.
4.

Extract a unimodal envelope per EOD pulse by adding a RMS (root-mean-squared,  ) process (τ = 0.25 msec) to the virtual
channel, for generating a single peak per EOD cycle to unambiguously determine the pulse timing.

5. Create a realmark channel from the virtual channel and record the time and values of the peak amplitudes, after setting an appropriate
threshold to capture all EOD pulses without missing a pulse, while avoiding false positives.

6. Monitor the instantaneous EOD rate in real-time by setting the channel display option of the realmark channel to an instantaneous
frequency mode.

7. Monitor the fish movement in real-time by duplicating the realmark channel, and set the display option to a waveform mode.
8. Quantify an activity level from the RMS of the EOD amplitude slope by creating a virtual channel from the realmark channel (0.01 sec

sampling period), and add slope (τ = 0.25 msec) and RMS (τ = 0.5 msec) processes.
9. Export the realmark channel in the Spike2 software to the MATLAB format.

3. Synchronized Video Tracking

1. Create a background scene.
1. Hide any object that casts a reflection on the water surface by covering with matte white countertop film.
2. Install a matte white corrugated plastic panel 15 cm below the ceiling to hide the camera and the air vent.
3. Print grid patterns on a large sheet of white paper for calibrating a camera, and lay it underneath the tank to provide a high-contrast

background.

2. Install light sources.
1. Obtain IR LED lights and, remove built-in fans to reduce noise. Drive the LED with a current-regulated DC power supply placed outside

of the Faraday cage.
2. Install IR LED lights for imaging in darkness, and white LED lights for driving a diurnal light cycle in the test fish. Direct all light sources

toward the ceiling to achieve indirect and uniform illumination (Figure 3A).
3. Regulate the diurnal light cycle by driving the white LED lights with a timer-controlled switch (e.g. 12 hr on/12 hr off).

3. Install a camera directly above the aquarium.
1. Obtain a NIR-sensitive camera, or remove an IR blocking filter by breaking a thin sheet of tinted glass at the back of the lens assembly.

Make sure the viewing angle is wide enough to image the whole central arena.
2. Make a small viewing hole in the middle of the ceiling panel, and place the camera directly above the hole.
3. Install a white ring guard around the lens if the light sources generate glares.

4. Make a time-synchronized video recording.
1. Place an IR LED at one of the four tank corners to generate time synchronization pulses (1 msec duration, 10 sec period). Add a load-

limiting resistor (1 kΩ) in series, and drive the IR LED from a digital output port of the digitizer hardware.
2. Use video recording software bundled with the camera if available. Select the highest recording quality (e.g. lossless compression) and

the highest resolutions supported.
3. Start the video recording immediately before starting the EOD recording, and stop the video recording immediately after the EOD

recording.
4. After the recording, convert the image frame numbers to the digitizer time unit by linearly interpolating between the first and the last

light pulses captured by the signal digitizer and the video recording.

5. Automated image tracking
 
The instructions are written for the MATLAB Image processing toolbox, and make use of its functions. A custom MATLAB script is provided
with this submission for automated image tracking. 

1. Import video. Import a video recording file directly to the MATLAB workspace using "Videoreader.read" function.
2. Create a composite background image by combining two image frames. Replace the image region occupied by an animal with an

unoccupied image of the same region from another frame (see Figure 3B).
3. Specify an image region to track by drawing a circular mask around the central arena to exclude the area outside (Figure 3B bottom),

and multiply by a constant (rint) to set a minimum threshold for intensity difference. For example, setting rint = 0.85 will suppress the
intensity fluctuations 15% = (1 - rint) below the background.

4. Image subtraction. Subtract an image frame (=IMk) from the background image (=IM0) to obtain the difference image (=ΔIMk). Use
unsigned integer numerical precision to store the image intensity values as non-negative integers.

5. Segment the difference image by applying an intensity threshold determined from the graythresh function. Clean the binary image
using the bwmorph function, and select the largest blob corresponding to an animal after calculating all blob areas using the
regionprops function.

6. Determine the centroid and major orientation axis of the largest blob by applying the regionprops function, and rotate the image to align
the major axis with the x-axis. Divide the image to the head and tail parts at the centroid (Figure 3D top).

7. Determine the major axis of the head part, and rotate the entire image to align with the x-axis (Figure 3D bottom left). Fit bounding-
boxes around the head and tail parts parallel to their major axes using the regionprops function.

8. Determine the median y-coordinates of the blob at the left, center and right vertical edges of the bounding boxes (green dots in Figure
3D bottom); and assign them to five feature points (head-tip, mid-head, mid-body, mid-tail, tail-tip).

9. Process successive frames after cropping an image frame centered at the animal's centroid determined from its previous frame.
10. Manually assign the head orientation for the first frame, and use a dot-product between the orientation vectors from two successive

frames to automatically determine the head orientation. Inspect the result, and manually flip the head orientation if incorrectly assigned.
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6. Plot an animal trajectory by joining the head-tips, and smooth using median and average filters (n=3) if it has a jittery appearance.
Superimpose the trajectory with a background image, and interpolate fish midlines using the five feature points (see Figure 2E).

7. Compute the average EOD rate at each image capture time by resampling the instantaneous EOD rate (100 Hz sampling rate) and averaging
(0.0625 sec time window). Plot the trajectory in pseudo-colors determined from the time-matched EOD rate, and superimpose with a
background image (see Figure 2F).

Representative Results

EOD tracking results

The recorded EOD waveforms from different electrode pairs varied in amplitudes and shapes as expected from their unique positions and
orientations (Figure 2C top). The use of multiple electrode pairs ensured strong signal reception at all possible positions and orientations of
WEF within the tank. The envelope waveform (Figure 2C bottom, green trace) always contained a single peak per EOD cycle, which served as a
reliable time marker for precisely determining the inter-pulse intervals and the instantaneous EOD rate (=IPI-1). The successive EOD peaks were
joined and linearly interpolated at constant time intervals (Figure 2D top, black trace), and the instantaneous EOD rate was similarly interpolated
at constant time intervals (Figure 2D bottom, pink trace). The constant-time resampling procedure facilitates the time synchronization between
the motion trajectory and the EOD signal, and allows to leverage from a greater number of analytic tools for constantly sampled time-series data.
The EOD amplitudes recorded at external electrodes remained constant while an animal was at rest (Figure 2E top), but it varied over time while
the animal moved due to changing dipole location and orientation (Figure 2F top). Thus, the fish movement could be inferred from observing the
change of EOD amplitudes over time. The baseline EOD rate remained low while fish was at rest (Figure 2E bottom), but the EOD rate became
significantly higher while the fish actively swam (Figure 2F top). Our observation is consistent with the positive correlation between the EOD rate
and the fish movement as previously reported8,9,34,35.

Video tracking results

The animal's trajectory and midlines are shown in Figure 3E with the first and last image frames superimposed. The time-course of posture
change was captured while fish was abruptly turning for two seconds, and the fish midlines are plotted every 200 msec. The fish midline correctly
started at the head-tip and terminated at the tail-tip of fish. The fish images closely agreed with the automatically tracked midlines despite of the
shadows casted by the animal. Figure 3F illustrates the time-varying average EOD rate (τ=0.0625 sec) in color, which is superimposed with the
time-matched trajectory of fish's head-tip. During the 2 sec turning duration, the average EOD rate reached its peak while the animal was in the
middle of the turning phase, and the rate decreased toward the end of the turning. This representative result illustrates that our method can be
successfully applied to study the relationship between self-guided movements and the EOD rate modulation during free-swimming.
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Figure 1. Aquarium tank and isolation chamber setup. A) The experimental chamber consists of an anti-vibration floor, aquarium tank, and an
isolation chamber. B) The aquarium tank was divided into the central arena for running experiments, and four corner compartments for housing
individual fish. Each compartment was built watertight to prevent electrical communication between animals. C) The motorized gate is illustrated
at multiple perspective angles. The gate becomes watertight when locked by six wing nuts which compress the rubber gasket (the light brown
sheet). Once unlocked, the gate can be remotely operated by the servo motor on the top. D) The isolation chamber was assembled by joining
three wall panels and four door panels, which provide access to the aquarium tank from two sides. The bottom panel illustrates the wooden rails
for supporting the tank edges, and the floor heater placement. A layer of aluminum mesh covers the heater to shield its electrical noise. E) The
walls and door panels of the isolation chamber were constructed from aluminum frames for structural support (3). The interior surfaces of the
chamber are covered by white plastic panels (5) to reflect internal light sources, and the exteriors are covered by black plastic panels (2) to block
external light sources. An aluminum mesh (1) covers the exterior walls to block external electrical noise. The wall is filled with acoustic fiberglass
batts (4). F) The top photo shows the air ventilation setup for removing excess humidity generated from heating; and the bottom photo shows the
water filtration setup for cleaning, diffusing, and aerating the tank water between experimental sessions. Click here to view larger image.
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Figure 2. EOD recording setup and representative results. A) The left panel illustrates the electrode assembly consisting of a thin graphite
electrode, a short segment of coaxial cable, and a BNC Jack. The right panel demonstrates electrode attachment instructions. Masking tape is
used to temporarily position the electrode assembly, and silicone caulking was applied to permanently hold the electrode. B) The wiring diagram.
Two 90° oriented electrodes are paired up, differentially amplified and filtered. Four recording channels were digitized outside of the Faraday
cage. C) Illustration of the EOD signal processing steps. The top traces show raw waveforms from four electrodes pairs, which are rectified and
summed to produce the gray trace below. Unimodal envelopes are extracted from the grey waveform using the “Root-Mean-Square” (RMS)
filter (green trace). The EOD amplitudes and IPIs are determined from the envelope peaks. D) The time-varying EOD amplitudes (top) and
the instantaneous EOD rate (bottom) are shown on a longer time scale than C). The EOD amplitudes and the instantaneous rate (=IPI-1) are
interpolated at regular time intervals by joining the envelope peaks (black traces). E) Same as D) but plotted on a longer time scale while fish
was at rest. F) Same as E) while fish was actively swimming. Click here to view larger image.
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Figure 3. Video tracking setup and representative results. A) The lighting and camera setup is illustrated. The infrared (IR) and visible light
sources are attached on the walls and pointed toward the ceiling, such that the ceiling surface reflects and diffuses the light for projecting uniform
illumination over the entire tank. The camera is hidden above the ceiling panel to prevent reflection on the water surface. An IR LED is positioned
at one of the four tank corners to generate time synchronization pulses. B) Generating a composite background image is illustrated. Two image
frames (images on top) are combined to form the composite background image (bottom left) by replacing the region containing the animal (solid
red square) with the region without the animal (dashed red square). Area outside of the central arena is masked out in black (bottom right). C)
Isolating the fish outline. An image frame (top left) is subtracted from the background image (top right) to produce the difference image (bottom
left), and converted to the binary image (bottom right) by applying an intensity threshold. D) Measurements of the body position and posture
are illustrated. The binary image of the animal (blob) was rotated to align its major axis with the x-axis (top right), and centered at its centroid.
The blob was separated to the head (red) and tail (blue) parts, and each part was separately rotated for determining its bounding-box. The blob
was oriented to the animal's frame of reference (bottom left), and five feature points (head-end, mid-head, mid-body, mid-tail, tail-end) were
determined from the midpoints of the bounding-box edges. E) Time-lapse image of the fish midlines plotted every 200 msec. The first and last
image frames are superimposed during the 2 sec turning duration. F) The average EOD rate is represented in pseudo-color and superimposed
with the trajectory of the fish head. The same images are used as in E). Click here to view larger image.

Discussion

Significance of our techniques. In summary, we first described the construction of a large aquarium tank and an isolation chamber to observe
spontaneous exploratory behaviors produced by WEF. Next, we demonstrated the technique of recording and tracking the EOD rate and the
movement states from unrestrained fish in real-time using multiple electrode pairs. Finally, we described the infrared video recording technique
through water in a time-synchronized manner, and the image tracking algorithm to measure the body position and posture. As an experimental
preparation, WEF offers an important advantage for investigating active sensory-guided behaviors by demonstrating readily quantifiable EOD
rate, which equals to the active electrosensory sampling rate. Combination of these techniques can enable precise and reliable long-term
observation8 of spontaneous behaviors from unrestrained WEF. Furthermore, the majority of our setup can be constructed from widely available
building materials and easily obtainable electronic components. The techniques described here have been developed and tested to meet
our experimental requirements over recent years. Therefore, we recommend these techniques for future studies of spontaneous exploratory
behaviors from free-swimming WEF.

Isolation chamber. The isolation chamber provides well-controlled experimental conditions by blocking external sources of light, vibration,
sound, and electrical noise with varying degrees of effectiveness. The light blocking performance was tested by placing a motorized camera
inside of the dark isolation chamber, and no external light leakage was observed from the camera after scanning all locations using remote pan
control. The vibration damping surface installed under the tank provided attenuation against external vibrations channeled from the floor, and
stacking of multiple rubber and foam layers was effective for blocking most external vibration events. However, intermittent vibration events
such as loud door closing at nearby locations did trigger novelty responses in rare occasions. Although an anti-vibration air table could deliver
superior isolation performance from background vibrations, it would be prohibitively expensive to purchase an air table large enough for our
aquarium tank. Therefore, we placed a hydrophone underwater to detect and exclude events when large external vibrations triggered novelty
responses. To further minimize the influence of noise outside of the laboratory, our experiments were conducted during off-peak hours (after 6
pm). Similarly, external airborne acoustic noise was attenuated via the isolation chamber walls filled with fiberglass batts insulation. Although
we did not objectively quantify the sound attenuation performance, most of the background sound in a lab environment did not trigger the
novelty responses. In rare occasions, a sudden loud sound from the outside triggered a novelty response; but such an event was detected by
the hydrophone recording, and they rarely occurred during off-peak hours. The aquarium tank provided sufficiently large area for our animals
to freely swim and explore. The tank size was chosen in proportion to the length of species we used (up to 30 cm), but the tank size can be
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scaled down if smaller animals were used. We chose Gymnotus sp. among different pulse-type species for their large skull size to facilitate
electrophysiological recordings during free-swimming36. The electrical recording quality may improve from using more costly copper meshes, and
shielding the exhaust fan used for the humidity control.

EOD measurement technique. Our multi-channel EOD recording technique permitted accurate and reliable EOD timing measurement from
freely swimming fish. Using our technique, all EOD pulses generated by freely swimming WEF were detected without missing or adding a single
pulse for a six-hour long recording duration (see Figure 12 in Jun et al.8). The EOD recording measures not only the EOD rate, but also the
activity level from the time varying EOD peak amplitudes recorded at external electrodes. The recorded EOD amplitudes are determined by the
relative geometry between an animal and the recording electrodes, thus animal movements induce changes in the EOD amplitudes (Figure 2F).
The activity level was computed from the variability (RMS) of the EOD amplitude slope within a moving window (0.5 sec). Using this method,
video recording would not be required for measuring the activity level over a long time period, and the EOD recording alone may be suffice.
Instead of using a video recording, the body position and posture of WEF can be inferred from the EOD recording alone based on the electrodes
locations, the geometry of a tank, and a theoretical model of a current dipole. Using a similar recording setup, Jun et al.20 proposed a real-time
electrical tracking method for tracking multiple WEFs in presence of an object, which compares measured signal intensities at multiple recording
electrode pairs with lookup table entries containing predicted signal intensities at known current dipole locations. The electrical tracking method
offers improved tracking reliability in a visually cluttered environment where animals often get obstructed from view, or during tracking multiple
animals. WEF's naturalistic habitats contain many visual obstacles such as aquatic plants and roots, where the electrical tracking method could
provide more reliable tracking with simpler setup requirements than visual tracking. In principal, our method is directly applicable to the wave-
type WEF species after changing filter time constants. The rectification step will introduce two modes per EOD cycle, since the EOD waveform
is approximately sinusoidal in wave-type species. In this case, the instantaneous EOD rate can be determined by skipping every other EOD
time markers to ignore the negative EOD phase. WEF can detect the recording electrodes when they swim nearby; thus we avoided using
large or metallic electrodes which can be sensed from farther away37, and instead used thin graphite electrodes (2 mm diameter). Thinner
coaxial cables (RG-174) were used with the electrode assemblies for flexibility; but thicker coaxial cables (RG-54) were used for wiring over
extended distances for superior electrical shielding. Longer EOD recording duration can be achieved by lowering the sampling rate, but at a
lower temporal resolution as a trade-off. The mean and variability of the EOD rate varies between species, thus the time window for smoothing
the instantaneous EOD rate needs to be adjusted appropriately. A shorter time window is recommended for species having shorter mean
and smaller variability in the IPIs (e.g. Gymnotiforms), and a longer time window is recommended for species having longer mean and higher
variability in the IPIs (e.g. Mormyrids).

Lighting and camera setup. Video recordings provide quantitative and qualitative behavioral observations, and here we described the procedures
for setting up, recording, and processing the image data. Lighting setup plays an important role in producing high quality images, and the light
projection angle is an important factor for imaging underwater animals. Under suboptimal lighting conditions, the water surface can form glares
and reflections, which can interfere with the image tracking especially when animals generate surface waves. The glare and reflection problems
can be eliminated by projecting light sources from the bottom of a tank. For a small tank, arrays of LED can be placed directly underneath the
tank and shine through a diffuser panel to generate uniform light intensity38. Similarly for a larger tank, a light source can be placed below the
tank, and uniform light intensity can be achieved by allowing sufficient distance for light to diffuse39. In our setup, we were forced to project the
light from above the tank due to space constraints, structural stability, and the heater placement underneath the tank. We avoided the glare and
reflection problems by using indirect lighting, such that the light sources were projected toward the ceiling. By rendering the top portion of the
chamber featureless and matt white, no reflections were visible on the water surface. To image the whole central arena, a wide angle lens can
be mounted on the camera, but some lenses (fish-eye lens) may cause significant barrel distortion. The barrel distortion can be corrected by
using a calibration grid sheet underneath the tank to measure the pixel coordinates of the grid locations viewed at the tank center. Together with
the corresponding grid locations in centimeters, a transformation matrix can be computed to correct the barrel distortion40. We recommend high
resolution cameras if an animal size is much smaller than the tank size, so that sufficient number of pixels can be obtained from the animal to
correctly measure its body posture.

Image tracking and time synchronization. The image tracking algorithm described here makes use of the region-of-interest (ROI) operation
to quickly measure the body position and posture. The ROI operation reduces the image size to be processed, and constrains the tracking
range near the animal location from the previous frame. We extracted the body posture (midline) by using the image rotation and bounding-box
operations instead of the usual image skeletonization operation, which sometimes failed to produce a well-defined single midline. The animal's
frame of reference was located at the middle of the head bounding-box, which permits egocentric behavioral analysis. The major source of
error in the image tracking was due to the optical projection effect at a wide angle. Ideally, animal's vertical movements should not affect the
2D position measurement; but the further away from the central imaging axis, the greater portion of the vertical dimension is projected to the
camera. The refraction at the water surface reduced the optical projection effect by 28% in our imaging setup (camera height = 1.8 m, water
depth = 10 cm, tank radius = 75 cm); and the worst position error was ±1.4 cm at the circular fence. The timing between the EOD and video
recordings were synchronized using infrared LED pulses to account for the time drift between the video and the signal digitizer clocks, and
different recording startup times. The expected uncertainty in the time synchronization between the video and EOD recordings is proportional
to the frame capture interval; for example, 15 frames per sec (fps) frame capture rate will result in the time alignment uncertainty of ±33 msec.
Such degree of time precision is adequate for tracking slower moving fish, but a high-speed camera may be required for tracking faster moving
animals. We recommend brighter light intensity with an increased frame rate, since the sensor exposure time is inversely proportional to the
frame rate.

Future work. Social interactions between multiple WEFs can be studied by tracking their EOD signals and body locations, and the tracking
system must correctly associate the EOD with the location of the same individual. According to the dipole localization method described by Jun
et al.20 a using similar setup, the animal locations inferred by their EOD signals received at multiple electrodes can be matched to the visual
tracking output for correctly identifying the EOD pulses from different individuals. Image tracking of multiple animals can be performed one
individual at a time using the ROI operation. A ROI can be initially defined around an individual to be tracked, and the ROI will be repositioned
at every frame with an updated body position. The other fish will be excluded from the image tracking analysis when it appears outside of the
ROI; and if appeared inside, the other fish's image can be automatically removed by checking whether its image touches the ROI boundary.
Sometimes, two animals contact each other and their images merge; and if so, a mask can be manually drawn to separate the other fish's
image. Another interesting future work is the three-dimensional video tracking to reveal intricate movement sequences during prey capture22
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or social interactions. MacIver et al.22 used two cameras to view a rectangular aquarium tank from the top and the side for reconstructing a
three-dimensional body model. However, this approach would not work in our case, since there are partitioning walls that block side views and
the aquarium has much greater width than depth. Instead, it would be more applicable to install multiple cameras on the ceiling at different
perspective angles similar to the setup used by Hedrick41. For greater accuracy, the refractive effect introduced by the water and the oblique
camera angle would have to be corrected by calibrating images in three dimensions. Our visual tracking method could be applied to study
the electric image flow on fish's body surface42,43 when fish swims nearby an object. As studied by Hofmann et al.26, it would be interesting to
investigate the object's electric image flow during free-swimming depending on the object distance, shape, size, and material. Ultimately, our
methods combined with neural recordings from freely swimming fish44-46 may reveal novel insights by observations of changes in neural activity
and EOD rate while the fish engages in object exploration or social interactions.
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