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SUMMARY: 
This protocol describes a method for recording synchronized video and audio data during multi-mouse social interactions. The method uses a microphone array and sound source localization to assign ultrasonic vocalizations (USVs) to individual mice, allowing quantitative analysis of vocal behavior across animals and social contexts.

ABSTRACT:
Mice (Mus musculus) communicate using ultrasonic vocalizations (USVs) during social interactions. However, because mouse USVs are not associated with clear visual indicators and occur at frequencies outside the human auditory range, it remains challenging to identify individual vocalizing mice within a group. This protocol describes a method for recording synchronized video and ultrasonic audio data during multi-animal social interactions, enabling simultaneous capture of behavior and vocal activity. A computational pipeline is outlined that integrates multi-animal tracking, vocalization detection, sound-source localization, and the assignment of vocalizations to individual animals. The validation procedures used to assess tracking accuracy, vocalization extraction, localization precision, and assignment confidence at each stage of the pipeline are further described. Application of this protocol to a four-animal demonstration dataset yields individual-resolved vocalization tracking, spatially precise s-source estimates, and quantitative measures of vocal output and acoustic features. Together, this approach provides a robust framework for linking vocal communication to individual behavior and enables downstream analyses of sex differences, individual variability, and social communication in freely interacting mice.

INTRODUCTION:
Social communication across the animal kingdom is an essential component of behavioral dynamics, aiding in processes such as survival and reproduction1,2. Among mammals, mice communicate acoustically via USVs, which span frequencies from 35 to 110 kHz3. USVs exhibit complex features, conveying information depending on the behavioral context4. Female mice exhibit a preference for male mouse USVs5,6

, and male and female mice interact vocally during courtship behaviors7
, indicating that USVs function as key social signals. Because specific USV features are linked to distinct mouse behavioral states8
, accurately assigning vocalizations to individuals is essential for understanding social interactions.     

Despite extensive efforts to elucidate the functions of USVs and their relationship with social behavior8, an ongoing challenge in the field has been assigning USVs to individual mice during group interactions. Difficulties arise due to both a lack of visible mouth movements during USV production4 and the frequency range of USVs being inaudible to the human ear3. As a result, prior studies on the relationship between USVs and social behavior have been restricted to simplified assays or constrained environments that limit the range of observable group behaviors9
, providing only partial insight into how vocal behavior unfolds in freely interacting animals.      

To refine the understanding of the relationship between auditory communication and social behavior, it is necessary to capture a full range of mouse behaviors and to assign vocalizations to individuals within a group. Resolving vocalizer identities is essential for the purposes of determining sex- and context-dependent vocal ranges across individuals8, testing causal hypotheses about how specific vocal features drive conspecific behavior10–12, and, where applicable, correlating vocal output with simultaneously measured brain signals (e.g., electrophysiology)13. Historically, it was believed that male mice were the sole vocalizers; however, sound source localization revealed that female mice also produce USVs in group settings7 or when paired with a male14. Without determining which animal emitted a USV, linking vocal features to individual behavior and social outcomes in freely interacting groups remains limited. Therefore, utilizing a localization system that enables assignment of vocalizations to individual animals while maintaining natural interaction dynamics is essential.

The microphone-array sound source localization system described here, and previously published7,15, estimates the spatial origin of USVs within an arena and tracks the positions of all animals present at the time of vocalization, enabling vocalizations to be assigned to the emitter. Sound origin estimates and tracked animal positions are then integrated using a probability-based metric to support the assignment of USVs to individual animals. Vocalization assignment converts previously ambiguous group vocal recordings into labeled animal vocal data7,15{Warren, 2018 #30}, enabling quantitative analyses that link vocalization type and timing to behavior and subsequent conspecific action. The purpose of the present work is to provide a detailed protocol for implementing and using this method, which was previously quantified and validated15. The following protocol outlines the setup, calibration, and implementation of this system, including microphone-array geometry, audio-video synchronization, automated sound-event detection and probabilistic source estimation, multi-animal position tracking, and the assignment procedure used for attributing USVs to the emitting animal7,15.

PROTOCOL:
All protocols involving animals were approved by the University of Delaware Animal Care and Use Committee (protocol number: 1275) and conducted in accordance with National Institutes of Health guidelines. The reagents and the equipment used are listed in the Table of Materials.

1. Constructing the sound source localization rig

1.1 Prepare the recording chamber.

1.1.1 Assemble a cuboid frame (76.2 cm × 76. 2 cm × 61 cm; width × length × height), which serves as the recording arena, and place it in a sound-attenuating enclosure.

1.1.2 Use nylon mesh to create the walls and line the outside of the enclosure with acoustic foam to reduce sound reflections.

1.1.3 Place a thermometer inside the enclosure to monitor ambient temperature during recordings.

1.1.4 Perform all recordings under dark conditions.

NOTE: Maintain stable environmental conditions across recording sessions and record environmental parameters.

1.2 Configure the video and audio recording systems.

1.2.1 Install infrared illumination above the arena to enable video recording in darkness.

1.2.2 Position a video camera above the arena and configure it to record continuously at 30 Hz.

1.2.3 Configure the audio acquisition system to record ultrasonic signals from an eight-channel microphone array at a sampling rate of 250 kHz.

NOTE: Eight microphones were used in this system, but the number of microphones can be adjusted depending on experimental needs. 

1.2.4 Synchronize the video and audio recordings using a shared external trigger to ensure temporal alignment.

1.2.5 Confirm that video and audio data are recorded concurrently and stored for each session.

NOTE: Hardware and acquisition software are listed in the Table of Materials and Table 1, respectively.

1.3 Arrange microphones and arena.

1.3.1 Evenly space microphones along the walls of the arena (two per wall).

1.3.2 Position the microphone centers 38.1 cm apart, 19.05 cm from each corner, and 10.8 cm above the arena floor.

1.3.3 Mark microphone locations visually to facilitate later calibration and validation.

NOTE: LEDs may be used to mark microphone positions.

2. Preparations for recording social behavior

2.1 Experimental animals

2.1.1 Select the mice to be recorded.

NOTE: The strain, sex ratio, and age range of mice, and the number of recording days in the current experimental paradigm. They are adjustable for different experimental goals.
 For the demonstration of this method, a subset of experimental mice was reused across two recording days.
 C57BL/6J mice older than 12 weeks may exhibit reduced sensitivity to high-frequency sounds16.

2.2 House the animals.

2.2.1 House each mouse individually for 14 days prior to recording.

2.2.2 Provide each cage with bedding, enrichment, and ad libitum access to food and water.

NOTE: Individual housing minimizes the influence of prior social experience on group interactions.

2.3 Mark the animals for visual identification.

2.3.1 Two days prior to recording, anesthetize each mouse using  

NOTE: The anesthesia protocol described in the current experimental paradigm is approved in our animal protocol and was applied to each mouse in serial, but is adjustable for different animals or experimental goals.

2.3.2 While each mouse is under anesthesia, apply a unique pattern to each mouse’s back using non-toxic hair dye to enable visual identification during tracking.

2.3.3 Monitor each animal continuously as the dye sets while under anesthesia for approximately 15 min, and record anesthesia duration.

2.3.4 Rinse and place each mouse in a warmed recovery cage until fully ambulatory.

2.3.5 Return each mouse to an individual clean cage with bedding, enrichment, and access to food and water.

NOTE: Apply markings to female mice before males to minimize the transfer of male scent cues that could influence subsequent behavior.

2.4 Perform opposite-sex exposure.

2.4.1 One day prior to recording, prepare clean cages without bedding.

2.4.2 For each experimental mouse, place the animal into a cage followed by a novel mouse of the opposite sex.

2.4.3 Allow animals to interact for 10 min.

2.4.4 Observe interactions and manually record behavioral events.

2.4.5 Return experimental animals to individual housing following exposure.

NOTE: Opposite-sex exposure is specific to the current experimental paradigm, as it increases the likelihood of vocal behavior during subsequent group recordings17; however, it is not a required component of the methods described. Separate animals if copulatory behavior is observed.

2.5 Determine the estrus state of female mice.

2.5.1 Approximately 2 h prior to recording, assess the estrus state of each female mouse (if using female subjects).

2.5.2 Perform vaginal lavage using 30 µL phosphate-buffered saline.

2.5.3 Transfer the lavage sample onto a clean microscope slide and spread evenly.

2.5.4 Allow the slides to air-dry completely.

2.5.5 Apply crystal violet stain to each slide and rinse gently with water using a pipette.

2.5.6 Examine slides under a light microscope.

2.5.7 Classify estrus state based on the relative proportions of nucleated epithelial cells, cornified epithelial cells, and leukocytes.

2.5.8 Record the estrus state for each female.
 
NOTE: As USVs may impact female receptivity during estrus18,19, determining estrus state is specific to the current experimental paradigm.; however, it is not a required component of the methods described. 

3. Social interaction recordings

3.1 Prepare the recording arena.

3.1.1 Add white paper-based bedding to the arena floor to a uniform depth of approximately 1.25 cm.

3.1.2 Ensure that bedding covers all corners evenly.

3.1.3 Verify that all microphones are aligned, unobstructed, and oriented toward the arena.

3.1.4 Prior to experimental recordings, place a ruler and a high-contrast object in the center of the arena to verify camera focus and establish spatial scaling.

3.1.5 Remove the calibration objects before behavioral recordings begin.

NOTE: The white paper-based bedding provides contrast for darker-furred animals, facilitating tracking. If lighter-furred animals are being used, then a black paper-based bedding would help tracking. If recording durations are extended, add food and water to the arena. Adding North/South and East/West directional markers to the ruler facilitates identification of the eight microphones.

3.2 Perform pre-behavior system recordings.

3.2.1 Immediately before behavioral recordings, record 15 s of background noise with infrared lights on.

3.2.2 Record 15 s of a microphone localization test with infrared lights off and microphone indicator lights on.

3.2.3 Save all pre-behavior recordings for later verification of system performance.

NOTE: These recordings are used to verify microphone function and baseline noise levels. Scripts used for recording are available in the associated code repository.

3.3 Record group social behavior.

3.3.1 Prepare all recording settings in advance to minimize animal interaction prior to data collection.

3.3.2 Place the female mice into the arena.

3.3.3 Place the male mice into the arena.

3.3.4 Close the enclosure, and begin recording.

3.3.5 Record group social behavior continuously for . 



3.3.6 Verify that video and audio files are readable and free of corruption prior to preprocessing.

3.3.7 At the conclusion of the recording, remove all animals except one.

NOTE: If recording multiple animals of the same sex, place both animals simultaneously. 

3.4 Record individual animals.

3.4.1 Record the remaining mouse alone in the arena for 10 min.

3.4.2 Repeat individual recordings for each of the remaining mice.

3.4.3 Weigh each mouse during or immediately after individual recordings.

NOTE: Individual recordings are used to train and validate multi-animal tracking. Document the temperature inside the rig prior to each recording session, as temperature affects sound propagation. Repeat the recording session if video or audio files are corrupted or incomplete.

4. Video preprocessing

4.1 Prepare the video files.

4.1.1 Verify that all video recordings are stored in a single directory associated with the experiment.

4.2 Adjust the video intensity for tracking.

4.2.1 pply a uniform brightness adjustment to all video frames

4.2.2 If needed, apply a global contrast adjustment using intensity remapping (e.g., MATLAB’s imadjust function) with a defined input range (e.g., [0.2, 0.8]), which maps pixel intensities at 20% of maximum to black and 80% of maximum to white and linearly scales intermediate values. This step is done to increase the separation between light-colored identification markings and the background.

4.2.3 Clip pixel intensities to the valid range for the video bit depth (i.e., 0 to 255 for 8-bit video).

NOTE: Identical preprocessing parameters must be applied to all frames within a recording and across recordings to ensure consistency. These adjustments are optional and depend on recording conditions. For the representative data presented here, no brightness or contrast adjustments were applied. When adjustments are needed, users should preview the processed first frame to confirm adequate contrast between animals and the arena before processing the entire video.

4.3 Export the preprocessed videos.

4.3.1 Save the preprocessed video files using the same frame rate and temporal alignment as the original recordings.

4.3.2 Retain the original video files for reference and verification.

NOTE: Scripts used for video preprocessing and the specific parameter values applied are available in the associated code repository.

5. Multi-animal tracking

5.1 Prepare the tracking software and data.

5.1.1 Install a multi-animal tracking software and all required dependencies. This study used Mouse TRacker (MoTR; Table 1) because the format of output is compatible with Muse (Table 1), another software in our pipeline used for sound source localization calculations20.

NOTE: Other automated tracking software, such as SLEAP21 or DeepLabCut22, could be used to track animals, as long as the position of the animal, heading direction, and position of the nose are generated. 

5.1.2 Organize preprocessed video files so that single-animal recordings and multi-animal recordings are clearly separated.

5.1.3 Verify that all video files have consistent frame rates and spatial resolutions.

NOTE: Software installation instructions and dependency requirements are provided in the associated code repository.

5.2 Train the single-animal models.

5.2.1 Select single-animal recordings corresponding to each experimental subject.

5.2.2 Train a separate identity classifier for each animal using features extracted from that animal’s single-animal recording. During group recordings, these per-animal classifier outputs are combined with trajectory information across frames to maintain animal identity.

5.2.3 Verify that training completes successfully before proceeding.

NOTE: Single-animal recordings are used to initialize identity-specific tracking in multi-animal sessions.

5.3 Track multi-animal recordings.

5.3.1 Apply the trained tracking model to multi-animal social interaction recordings.

5.3.2 Generate frame-by-frame estimates of animal position, orientation, and body shape for each subject.

5.3.3 Save tracking outputs for downstream analyses.

6. Acoustic segmentation

6.1 Prepare Audio Data

6.1.1 Verify that all audio recordings from individual microphone channels are present and accessible.

6.2 Detect Vocalizations

6.2.1 Run the acoustic segmentation software, Ax (Table 1), on each recording to detect USVs.
 
6.2.2 Configure time-frequency parameters defined in an input file considered by Ax: the microphone sampling frequency was set to 250,000 Hz.

NOTE: Three window sizes for Non-uniform Fast Fourier Transform were considered, including 256, 128, and 64 samples. A multi-taper time-bandwidth product of 3 with 5 tapers was applied, along with a significance threshold of 0.05. A minimum duration of 0 samples was used, with a low frequency cutoff of 30 kHz and a high frequency cutoff of 110 kHz. The convolution size was set to cover 1001 Hz by 0.001 s. A flag was included to merge harmonically related signals. For specific details, see Neunuebel et al.7.

6.2.3 Extract candidate USVs based on these time-frequency features.

6.2.4 Save segmentation outputs as a spreadsheet for each recording.

NOTE: Software installation instructions, scripts, and parameter settings are provided in the associated code repository7.

6.3 Compile the segmentation outputs.

6.3.1 Generate a consolidated list of detected vocalization events containing onset times, offset times, and frequency bounds.

6.3.2 Save consolidated vocalization files for downstream localization analyses.

7. Sound source localization

7.1 Prepare inputs for localization.

7.1.1 Confirm that acoustic segmentation outputs and multi-animal tracking results are available for each recording.

7.1.2 Organize localization inputs so that audio data, tracking data, and arena geometry information are accessible to the localization software.

NOTE: Scripts used to arrange input files, define required directory structures, and gather arena geometry information are provided in the associated code repository.

7.2 Estimate the sound source locations.

7.2.1 Apply the sound source localization algorithm, MUSE (Table 1), to each detected vocalization7.

7.2.2 Estimate the spatial origin of each vocalization within the arena using microphone array recordings.

7.2.3 For each vocalization, estimate the sound source location using jackknife resampling by repeating the localization procedure eight times, each time omitting one microphone so that each estimate was based on the remaining seven microphones. This generated eight estimates per vocalization. 

NOTE: Differences in arrival time across microphones are critical for estimating the sound source location. Jackknife resampling is used to assess localization reliability and reduce sensitivity to individual microphone channels. Scripts used to estimate the sound source location are provided in the associated code repository7.

7.3 Compute the probability distributions.

7.3.1 For each vocalization, calculate a covariance matrix23, and use this and the average jackknife point estimates to compute a probability density across the arena floor.

7.4 Integrate localization with animal positions.

7.4.1 Extract tracked head or nose positions for all animals at the time of each vocalization.

7.4.2 For each vocalization, evaluate the localization probability density at the location of each animal’s nose.

7.4.3 For each vocalization, compute an assignment confidence metric for each animal based on the probability values. The assignment confidence metric is calculated for each animal as the density value at that animal’s nose divided by the sum of density values of all animals15.

7.5 Vocalization assignment

7.5.1 If the assignment confidence metric for a single mouse exceeds 0.95, the signal is assigned to that mouse7,15. 
          
          

7.5.2 Label vocalizations that do not meet assignment criteria as unassigned.

7.5.3 Save localization and assignment-support outputs for downstream validation and analysis.

NOTE: Assignment thresholds, confidence criteria, and code are provided in the associated analysis scripts.

     8. Validation of results

8.1 Validate multi-animal tracking.

8.1.1 Load finalized tracking outputs for each recording.

8.1.2 Overlay tracked animal positions and body shape onto corresponding video frames.

8.1.3 Visually inspect tracking results to confirm accurate mouse position and consistent identity assignment across frames.

NOTE: Tracking results include color-coded ellipses indicating head direction overlaid on each mouse in each video frame. Ellipse size and body orientation should match mouse size and orientation, respectively, in each frame. Ellipse color should be consistent for each mouse throughout a recording.

8.1.4 Identify and correct tracking errors.     

8.1.5 Save corrected tracking outputs for downstream analyses.

NOTE: Common tracking errors occur during close social interactions or near arena boundaries. Correct all cases of head-tail flips, identity switches, and ellipse jumps and drifts.
Note: Programs for viewing tracking output and correcting errors are provided in the code repository.

8.2 Validate vocalization extraction.

8.2.1 Load acoustic segmentation outputs for each recording.

8.2.2 Generate spectrograms from raw audio data for representative time windows.

8.2.3 Overlay detected vocalization events, including individual vocalization time and frequency ranges, onto spectrograms.

8.2.4 Visually confirm correspondence between detected events and vocalizations observed in the spectrogram.

8.2.5 If systematic errors are observed, adjust segmentation parameters before rerunning extraction and localization steps, or manually adjust any case of segmentation errors (i.e.,      
misidentification of vocalization time or frequency range).

8.3 Validate vocalization assignment.

8.3.1 Load sound source localization and assignment-support outputs.

8.3.2 For each vocalization, visualize localization estimates, spatial probability distributions, and animal positions overlaid on video frames.

8.3.3 Confirm that localization probability densities are centered near the head of the assigned animal and are clearly separated from other animals.

8.3.4 Verify that vocalizations failing assignment criteria are labeled as unassigned.

NOTE: Checks for assignment output include verifying that all expected outputs have been generated and that the probability map for each vocalization is located within arena bounds and surrounding the mouse assigned the vocalization. 

8.3.5 Save the validated assignment results for downstream analyses.

NOTE: Assignment confidence thresholds and validation criteria are defined in the associated analysis scripts.

9. Data analyses

9.1 Visualization of sound source localization

9.1.1 For single- or multi-animal recording sessions, select video frames during which vocalizations were detected.

9.1.2 Generate schematized representations of the selected video frames.

9.1.3 Generate a spatial schematic from the MUSE output by plotting the positions of all microphones, the individual sound-source point estimates, the estimated sound-source location, the spatial probability distribution, the mouse position(s), the inferred vocalizer identity, and a scale bar.

9.1.4 Generate spectrograms of the corresponding vocalization as recorded by each microphone channel.

NOTE: These visualizations are helpful for qualitatively assessing localization performance in both individual and group contexts.

9.2 Quantification of localization error and precision

9.2.1 Compute the distance between the estimated sound source location and the position of the recorded animal to quantify localization error. Use single mouse recordings for these calculations, as there is only a single emitter and the source is known.

9.2.2 To assess assignment precision, transform sound source estimates and corresponding animal positions into a reference frame centered on the vocalizing animal.

9.2.3 Visualize the spatial distribution of sound source estimates relative to the centered animal position.

9.3 Spectrogram visualization of vocalizations

9.3.1 Identify vocalization bouts of interest using vocal extraction outputs containing vocalizer identity, vocalization onset and offset times, and high and low frequency bounds.

9.3.2 Select time windows spanning from before the onset of the first vocalization to after the offset of the last vocalization in each bout.

9.3.3 Extract voltage traces from the audio channel files for the selected time windows.

9.3.4 Generate spectrograms by transforming the extracted voltage traces from the time domain to the frequency domain.

9.3.5 Mark time points corresponding to assigned and unassigned vocalizations using distinct colors on the spectrogram.

9.3.6 For social interaction sessions, identify vocalization bouts produced by different individuals, and generate spectrograms with vocalizer identities indicated using identity-specific colors.

9.4 Quantification of vocal output by individual

9.4.1 Use the output of the sound source localization code to assign each vocalization an identity label, such that unlocalized, localized-but-unassigned, and individual animal identities are encoded numerically.

9.4.2 Sum the number of vocalizations produced by each individual animal.

9.4.3 Compare vocalization counts across individuals and between sexes.

9.5 Analysis of vocal characteristics

9.5.1 Extract frequency contours for each vocalization.

9.5.2 Quantify vocal parameters such as maximum frequency, minimum frequency, mean frequency, bandwidth, and vocalization duration.

9.5.3 Compare vocal parameters between sexes.

9.5.4 Perform appropriate statistical analyses based on the distributional properties of the data.

NOTE: Select statistical methods to match the parametric properties of the measured variables. Here, the number of subjects is too low for statistical comparisons. 
 
REPRESENTATIVE RESULTS: 
The results presented in this article are from recordings conducted over 2 days and are intended to illustrate the output of the protocol, originally published in Warren et al.15. These data are not intended to support statistical inference or generalized conclusions. 

Extraction and assignment of USVs
USVs were recorded during both individual and group social interaction sessions using the microphone-array localization system. During each social interaction session, two males and two females were recorded. In total, recordings were conducted over 2 days, and the identities of the recorded animals are provided in Table 2. In social sessions, 2,783 USVs were extracted, of which 2,773 were localized (99.6%), and 1,636 were assigned to individual mice (58.8%). The remaining 1,137 localized signals did not meet the assignment criteria and were labeled as unassigned. In solo sessions, 512 USVs were extracted, of which 508 were localized (99.2%), and 475 were assigned to the recorded mouse (93.0%). The remaining 32 localized signals were labeled as unassigned. For all solo sessions, we generated (one or three) randomly located fake mice for each vocalization. The locations of the fake mice dropped the probability threshold below the 95% cutoff, and the vocalization was labeled as unassigned (see Warren et al.15 for details). Across all sessions, 3,295 USVs were extracted, 3,281 were localized (99.6%), and 2,112 were assigned (64.1%). Figure 1A shows a representative example of sound-source localization during a social session, with the vocalization assigned to one of the males. A representative example during a solo session 
is shown in Figure 1B. Together, these results demonstrate that the sound-source localization system reliably detects and supports assignment of USVs across both solo sessions and sessions involving four mice (two males and two females).

Accuracy of the sound source localization system
During male solo recordings (n = 4), localization accuracy was quantified by measuring the distance between the estimated sound-source position and the tracked position of the mouse (Figure 2A). The median localization error of 475 vocalizations emitted by the males during the solo recordings was 3.06 cm. A body-centric heat map of sound-source estimates relative to the mouse’s body position (Figure 2B,C) revealed that most localized signals originated near the mouse’s nose, as expected. Taken together, these results indicate that the sound source localization system accurately localizes mouse USVs in freely moving mice.

Localized vocalizations
[bookmark: _heading=h.9ti4q8ri9h48]Raster plots shown in Figure 3 illustrate the temporal distribution of detected USVs and their assignment to individual mice in both social (Figure 3A,B) and solo (Figure 3C,D) sessions. Spectrograms in Figure 3E,F
 display the time-frequency structure of representative USV bouts during social and solo sessions, respectively. These examples demonstrate that the sound source localization system can resolve sequentially emitted USVs from individual mice. 

Analyzing vocalizations during individual and social sessions
Group recordings elicited ultrasonic vocalizations, allowing quantification of individual and sex-specific vocal output. On recording day 1 (Figure 4A), one of the males (ID# 1372) produced 137 vocalizations, and the other male (ID# 1116) produced 584 vocalizations. For females, one (ID# 0937) produced 63 vocalizations, and the other (ID# 0731) produced 92 vocalizations. Together, males produced 721 vocalizations (82% of total), while females produced 155 (18%). On recording day 2 (Figure 4B), one of the males (ID# 0651) produced 183 vocalizations, and the other male (ID# 1116) produced 369 vocalizations. For females, one (ID# 1468) produced 58 vocalizations, and the other (ID# 0731) produced 69 vocalizations. Together, the males produced 552 vocalizations (81% of total), while the females produced 127 (19%). 

During individual recording sessions, the number of USVs varied substantially across mice. On recording day 1 (Figure 4C), one of the males (ID# 1372) produced 22 vocalizations, and the other male (ID# 1116) produced 130 vocalizations. Both females (ID#s 0937 and 0731) were silent. On recording day 2 (Figure 4D), one male (ID# 0651) produced 133 vocalizations, and the other male (ID# 1116) produced 227. Again, neither female (ID#s 1468 and 0731) vocalized in isolation. These data illustrate considerable variability in spontaneous vocal output across individual mice in isolation.

Across both recording days (Figure 4E), males emitted a total of 1,273 vocalizations compared to 282 vocalizations by females during the social sessions. Although males contributed the majority of USVs during social interactions, females also vocalized, indicating active participation. Together, these results indicate that vocal activity was higher in social contexts relative to social sessions, and that males emitted more vocalizations than females across both recording days. These results are consistent with prior reports7,8. However, because two animals (male ID# 1116 and female ID# 0731) were recorded on both days, the aggregated counts in Figure 4E do not represent independent biological replicates. As such, these data are only presented as descriptive illustrations of the pipeline’s output and do not constitute evidence for generalized sex differences in vocal emission.
           
     
The pipeline enables quantitative analysis of spectral parameters, allowing studies of sex-related variation in USVs during social contexts. Because this dataset was generated to demonstrate the capabilities of the system rather than to test specific biological hypotheses, the observations below are presented as descriptive patterns rather than statistically evaluated results. Male mice emitted vocalizations with maximum frequencies that were higher than those of females (Figure 5A; male: median = 74 kHz, IQR = 16.5 kHz; female: median = 72 kHz, IQR = 12 kHz). Relative to females, males produced vocalizations with lower minimum frequencies (Figure 5B; male: median = 62 kHz, IQR = 18 kHz; female: median = 63 kHz, IQR = 17 kHz). Mean frequency was comparable between sexes (Figure 5C; males: median = 68 kHz, IQR = 9 kHz; females: median = 68 kHz, IQR = 8 kHz). Bandwidth was broader in males relative to females (Figure 5D; male: median = 13 kHz, IQR = 15 kHz; female: median = 9 kHz, IQR = 11 kHz). The duration of vocalizations was longer in males than in females (Figure 5E; male: median = 25.5 ms, IQR = 26.7 ms; female: median = 21.8 ms, IQR = 22.5 ms). These descriptive patterns both demonstrate the capacity of the pipeline to quantify subtle acoustic differences across sexes and highlight its utility for detecting variation in frequency range and vocalization duration. 

FIGURE AND TABLE LEGENDS: 

Figure 1: Localization and assignment of mouse USVs. (A) Example of a vocalization assigned to a male mouse during a social interaction session with three other mice (one male and two females). The vocalization was detected by the microphone array and visualized in spectrograms from individual microphones (Mic 1–8), with signal intensity indicated by the color bar. Photographs show the positions of the mice in the recording arena at the time of vocalization. Microphones are indicated by open squares and numbered 1–8. Sound source localization generated eight spatial point estimates (black plus signs) using different microphone combinations. Because of the precision of the system, individual point estimates overlap and are not fully distinguishable. These estimates were used to compute the sound source location (red dot), and the vocalization was probabilistically assigned to the emitting mouse (outlined in gold). The red box shows an enlarged view of the mouse, point estimates, and the localization estimate.
(B) Same as (A), showing localization during a solo recording session.

Figure 2: Accuracy and precision of the sound-source localization system. (A) Distribution of distances between the mouse nose position and the estimated sound source location (localization error) during solo recordings. The red line denotes the median. (B) Spatial distribution of sound source estimates relative to mouse position, with the nose centered and body orientation rotated upward. The white sector outlines the mouse body, and the white grid indicates nine spatial bins used to assess localization precision. Bin 5 corresponds to the head region. The color bar indicates the number of sound source estimates (n = 475). (C) Counts of sound source estimates within each spatial bin. The red horizontal line indicates the expected count under a uniform distribution. The bin labeled “Out” shows estimates falling outside the nine defined spatial bins.

Figure 3: Temporal profiles of USVs in social and solo contexts. (A) Raster plots showing USVs emitted by individual mice during 10-min social interaction sessions on the first day of recording. Each plot represents vocalizations from co-recorded mice. Blue vertical lines represent USVs from males, and pink vertical lines indicate USVs from females. (B) Same as (A), showing the second day of recording. (C) Raster plots from the 10-min solo recording sessions for the same mice shown in (A). Solo sessions were conducted after the social interaction session. (D) Same as (C), showing the second day of recording. (E) Example spectrograms of USVs during a social session on the second day of recording. The colored bars above the spectrogram indicate the mouse to which each vocalization was assigned, with blue and pink denoting male and female mice, respectively. The color scale (right) indicates sound intensity. (F) Same as (E), showing the solo sessions on the second day of recording. 

Figure 4: Quantification of USVs during social and solo contexts. (A) Vocalizations emitted during the social interaction session on the first day of recording. Blue bars represent USVs from males, and pink bars indicate USVs from females. (B) Same as (A), showing the second day of recording. (C) Vocalizations emitted during the solo sessions on the first day of recording. Blue bars represent USVs from males. The females were silent. (D) Same as (C), showing the second day of recording. (E) Total number of vocalizations emitted during social sessions combined across both recording days, grouped by sex.

Figure 5: Acoustic characterization of USVs recorded from male and female mice during social interaction. (A) Maximum frequency of male- (blue) and female- (pink) emitted vocalizations during both days of social interaction recordings. Each black dot represents a vocalization. Median and IQR are denoted by white squares and vertical lines, respectively. Values are presented for descriptive purposes only; the median and interquartile range reflect a demonstration data set with 
insufficient
 sample size for inferential statistical analysis. (B) Same as (A), showing minimum frequency. (C) Same as (A), showing mean frequency. (D) Same as (A), showing bandwidth. (E) Same as (A), showing vocalization duration.

Table 1: Software for processing, verifying, and analyzing microphone array data. Column 1 (Program Name) lists programs essential for data collection, processing, and analysis. Column 2 (Function) describes the purpose of each program. Column 3 (Link) provides access to an online repository for each program.
     
Table 2: Order of recordings and mouse identities. The table shows detailed identities (sex and ID number) of the animals used for this demonstrative study, spanning 
2 days, including both a social session and four individual sessions.
 Rows represent the first and second days of recording. Columns labeled sex indicate male or female identity within the relevant recording. The social column indicates that the four mice in the row are included in the social session. Individual columns indicate the session associated with each individual mouse recorded. 
     

DISCUSSION:
Reliable attribution of USVs to individual animals during group interactions has been a major technical limitation in the study of mouse vocal communication. Although mice are widely used to study social communication, the inability to assign vocalizations to specific individuals has limited quantitative analysis of vocal behavior in naturalistic social settings. A method that enables animal-specific vocalization tracking during social interactions is therefore essential for studying vocal production in freely interacting mice.

This article presents a protocol that provides a systematic and validated framework for tracking individual animals, extracting USVs, and assigning vocal signals to specific mice during freely interacting social sessions. By combining video-based tracking with vocalization extraction, localization, and assignment, this approach enables precise temporal alignment of behavioral and acoustic data. The resulting datasets support quantitative analysis of vocalization timing, acoustic structure, and animal-specific vocal output, while emphasizing validation and quality control at each stage of the pipeline.

Several steps in the protocol require close monitoring because errors introduced at these stages can affect downstream analyses. During video preprocessing (Step 4), insufficient contrast between animals and the arena can lead to tracking errors, particularly when animals are in close proximity. Adjusting video brightness or contrast before processing (Step 4.2) can substantially reduce errors caused by uneven illumination or animal overlap, but identical preprocessing parameters should be applied across all frames and sessions to ensure consistency. Tracking outputs should then be verified throughout the recording, as positional errors may directly affect vocalization assignment. These errors are often readily detectable and can be corrected manually by adjusting tracks to match the animals’ positions. In multi-animal recordings (Step 5), tracking accuracy also depends on maintaining clear visual distinctiveness of each animal over time. Fading of hair dye markings (Step 2.3) can compromise identity assignment and lead to identity swaps or head-tail swaps during social interactions. If hair dye has faded, animals should be redyed prior to recording. After recording, users should inspect tracked outputs (Step 8.1) and correct such errors before proceeding to vocalization assignment. For vocalization detection, spectrogram visualization with overlaid vocalization boundaries (Step 8.2) is essential for identifying systematic segmentation errors. When discrepancies are observed, extraction parameters can be refined or boundaries adjusted manually to better capture the full range of vocalizations while minimizing false detections. Vocalization assignment (Step 8.3) likewise benefits from visual inspection of probability density estimates to confirm that localization aligns with the vocalizer’s head rather than with other animals. Assignment accuracy can also depend on accurate audio-video synchronization, which should be verified before recordings start. The confidence threshold (MPI ≥ 0.95) is especially important because it determines the tradeoff between assignment yield and assignment accuracy. Lower thresholds increase the proportion of signals assigned but may reduce assignment accuracy, particularly when animals are close together. This tradeoff can be evaluated empirically using solo sessions, where emitter identity is known with certainty. Together, these verification and correction steps help ensure that tracking, detection, and assignment outputs are sufficiently accurate and reliable for analyses.

Data visualization and analysis steps serve not only as outputs of the protocol but also as internal validation measures. Sound source localization schematics provide an intuitive representation of spatial alignment between microphones, sound source estimates, and animal positions. Spectrograms depicting both assigned and unassigned vocalizations allow direct assessment of temporal and spectral fidelity. Quantification of localization error and spatial mapping of estimated sound sources relative to animal position enables evaluation of assignment accuracy and precision. Together, these analyses ensure that vocalization attribution is supported by both quantitative metrics and visual inspection.

As with any localization-based approach, this protocol has limitations. Signal detection and assignment performance may be reduced for faint vocalizations with low signal-to-noise ratios, overlapping vocalizations, or vocalizations emitted by animals in close proximity (i.e., the mice are oriented toward each other with their mouths or noses in close proximity). An additional limitation is that the relative duration of close social engagement versus periods in which animals were spatially separated was not explicitly incorporated into the present analyses. Because tracking and assignment are more challenging when animals are in close proximity, variation in the proportion of these interaction states across recordings or across days may contribute to variability in localization and assignment performance. Accurate localization further depends on precise synchronization between audio and video streams, and errors in video tracking, such as identity swaps or head–tail misassignments, can affect vocalization assignment. Including an explicit audio-video synchronization check as part of the protocol would likely improve the reliability of localization and assignment. These challenges underscore the importance of the manual verification steps described in the protocol (Steps 8.1–8.3), particularly in recordings with a high proportion of close social interactions. Additionally, while the system supports long-duration recordings and has been successfully applied to multi-hour datasets8, extended sessions can require substantial data storage capacity and computational resources. Microphone placement, lighting, and camera positioning can also influence spatial resolution, particularly near arena boundaries, emphasizing the need for a consistent experimental setup before each experiment.

Despite these limitations, the presented protocol provides a robust and non-invasive approach for assigning USVs to individual mice during free social interaction. The eight-microphone array and jackknife-based localization approach applied here offer quantitative improvements over earlier systems. The original four-microphone-based system described by Neunuebel et al.7 localized an average of 50% of the detected signals and assigned approximately 33% to individual mice, whereas Warren et al.15, using the same eight-microphone system described here, reported localization of approximately 99% of detected signals and assignment of approximately 62%. In the present demonstration dataset, which is intended to illustrate pipeline performance rather than support inferential biological comparisons, localization and assignment rates during solo sessions were 99% and 93%, respectively. Compared with earlier localization systems that employed fewer microphones, the eight-microphone array and probabilistic assignment strategy substantially improve localization and assignment performance in multi-animal contexts7,15. Newer approaches have emphasized portability and ease of use, including compact beamforming arrays and head-mounted microphones24,25, and have proven effective for studying vocal communication in simpler interaction paradigms. In contrast, the approach described here is designed to accommodate group social interactions involving multiple freely moving animals without requiring sensors or devices to be attached to the mice.

The modular design of the pipeline further enhances its flexibility and applicability. The localization framework can be integrated with alternative tracking and pose-estimation tools and combined with automated behavior classification methods to relate vocalizations to specific social actions. Although the present protocol focuses on behavioral and acoustic measurements, the same array design is compatible with simultaneous in vivo neural recording approaches, providing opportunities to link vocal communication with neural activity in future studies. Together, this protocol establishes a reproducible and extensible framework for measuring ultrasonic vocalizations in freely interacting mice and provides a foundation for future experimental applications in naturalistic settings.
 
ACKNOWLEDGMENTS: 
We thank the University of Delaware Life and Science Research Facility staff for animal care, Jim Farmer and Jamie Quesenberry for assistance with the construction of laboratory equipment, and the University of Delaware High-Performance Computing Group for support in maintaining the computing cluster. We thank Yichong Ma for assistance with data collection. The work was funded by NIH, grant numbers R01MH122752 and T32GM142603.

DISCLOSURES: 
The authors have nothing to disclose. 

REFERENCES:
1. Barfield RJ, Thomas DA. The role of ultrasonic vocalizations in the regulation of reproduction in rats. Ann N Y Acad Sci. 1986;474(1):33–43. 
2. Placer J, Slobodchikoff CN. A fuzzy-neural system for identification of species-specific alarm calls of Gunnison's prairie dogs. Behav Processes. 2000;52(1):1–9. 
3. Holy TE, Guo Z. Ultrasonic songs of male mice. PLoS Biol. 2005;3(12):e386. 
4. Chabout J, et al. Adult male mice emit context-specific ultrasonic vocalizations that are modulated by prior isolation or group rearing environment. PLoS One. 2012;7(1):e29401. 
5. Shepard KN, Liu RC. Experience restores innate female preference for male ultrasonic vocalizations. Genes Brain Behav. 2011;10(1):28–34. 
6. Hammerschmidt K, Radyushkin K, Ehrenreich H, Fischer J. Female mice respond to male ultrasonic songs with approach behaviour. Biol Lett. 2009;5(5):589–592. 
7. Neunuebel JP, Taylor AL, Arthur BJ, Egnor SER. Female mice ultrasonically interact with males during courtship displays. Elife. 2015;4:e06203. 
8. Sangiamo DT, Warren MR, Neunuebel JP. Ultrasonic signals associated with different types of social behavior of mice. Nat Neurosci. 2020;23(3):411–422. 
9. Zala SM, Reitschmidt D, Noll A, Balazs P, Penn DJ. Sex-dependent modulation of ultrasonic vocalizations in house mice (Mus musculus musculus). PLoS One. 2017;12(12):e0188647. 
10. Hammerschmidt K, Radyushkin K, Ehrenreich H, Fischer J. The structure and usage of female and male mouse ultrasonic vocalizations reveal only minor differences. PLoS One. 2012;7(7):e41133. 
11. Musolf K, Hoffmann F, Penn DJ. Ultrasonic courtship vocalizations in wild house mice Mus musculus musculus. Anim Behav. 2010;79(3):757–764. 
12. Warburton VL, Sales GD, Milligan SR. The emission and elicitation of mouse ultrasonic vocalizations the effects of age sex and gonadal status. Physiol Behav. 1989;45(1):41–47. 
13. Chen P, Hong W. Neural circuit mechanisms of social behavior. Neuron. 2018;98(1):16–30. 
14. Heckman JJ, et al. High-precision spatial localization of mouse vocalizations during social interaction. Sci Rep. 2017;7(1):3017. 
15. Warren MR, Sangiamo DT, Neunuebel JP. High channel count microphone array accurately and precisely localizes ultrasonic signals from freely moving mice. J Neurosci Methods. 2018;297:44–60. 
16. Johnson KR, Erway LC, Cook SA, Willott JF, Zheng QY. A major gene affecting age-related hearing loss in C57BL/6J mice. Hear Res. 1997;114(1):83–92. 
17. Zala SM, et al. Primed to vocalize wild-derived male house mice increase vocalization rate and diversity after a previous encounter with a female. PLoS One. 2020;15(12):e0242959. 
18. Floody OR, Pfaff DW, Lewis CD. Communication among hamsters by high-frequency acoustic signals II determinants of calling by females and males. J Comp Physiol Psychol. 1977;91(4):807–819. 
19. McIntosh TK, Barfield RJ, Geyer LA. Ultrasonic vocalisations facilitate sexual behaviour of female rats. Nature. 1978;272(5649):163–164. 
20. Ohayon S, Avni O, Taylor AL, Perona P, Egnor SER. Automated multi-day tracking of marked mice for the analysis of social behaviour. J Neurosci Methods. 2013;219(1):10–19. 
21. Pereira TD, et al. Fast animal pose estimation using deep neural networks. Nat Methods. 2019;16(1):117–125. 
22. Mathis A, et al. DeepLabCut markerless pose estimation of user-defined body parts with deep learning. Nat Neurosci. 2018;21(9):1281–1289. 
23. Peña D, Prieto FJ. Multivariate outlier detection and robust covariance matrix estimation. Technometrics. 2001;43(3):286–310. 
24. Matsumoto J, et al. Acoustic camera system for measuring ultrasound communication in mice. iScience. 2022;25(8):104812. 
25. Waidmann EN, Yang VHY, Luo E, Doyle WC, Jarvis ED. Mountable miniature microphones to identify and assign mouse ultrasonic vocalizations. Cell Rep Methods. 2025;5(6):101081. 
								

							   
