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SUMMARY
This study established cough and sneeze models in mice by applying specific stimuli to the trachea and nasal cavity, and developed an audio-based method to distinguish between mouse coughs and sneezes by analyzing differences in their acoustic signals.

ABSTRACT
[bookmark: OLE_LINK14][bookmark: OLE_LINK15][bookmark: OLE_LINK2][bookmark: OLE_LINK1]Coughing and sneezing, as vital respiratory defensive reflexes, have seen research into their mechanisms constrained by the nonspecific stimulation inherent in traditional models. Existing methods, such as capsaicin or citric acid nebulization, can simultaneously activate coughing (mediated by tracheal C fibers) and sneezing (mediated by nasal trigeminal nerves), leading to confounded behavioral observations. Although previous studies have attempted to distinguish coughing and sneezing by analyzing respiratory patterns or acoustic signatures, these studies lack models that can specifically stimulate the trachea and nasal cavity. Here, we developed a murine model employing site-specific stimulation of the trachea (to induce cough) and nasal cavity (to trigger sneeze). Using synchronized multimodal recordings, whole-body plethysmography (WBP), wideband ultrasonic microphones (0–250 kHz), and high-speed videography (160 fps), we quantified distinct physiological signatures of cough and sneeze. Our findings revealed that both coughing and sneezing exhibit single- and double-peak respiratory patterns, with significant differences in their audio frequency spectra composition. By constructing a coordinate system based on audio features, we were able to effectively distinguish coughing and sneezing, mapping them to different quadrants of the coordinate axis. This study, through anatomically specific stimulation and acoustic feature analysis, established a mouse model capable of quantitatively distinguishing between coughing and sneezing, providing a high-precision experimental method for the investigation of airway defense reflexes and targeted therapeutic development.

INTRODUCTION 
[bookmark: OLE_LINK12][bookmark: OLE_LINK13]Coughing and sneezing are crucial defensive reflexes for the body to clear foreign substances from the respiratory tract, and abnormalities in its related neural pathways often trigger chronic diseases, such as chronic cough and rhinitis. Both reflexes involve an inspiratory phase, a compressive phase, and an expiratory phase1,2. The cough reflex is primarily mediated by airway sensory neurons innervated by the vagus nerve3,4,5. Vagus neurons receive mechanical, chemical, or electrical stimuli from the airways and transmit the signals to the nucleus tractus solitarius (NTS) in the medulla oblongata6. The NTS integrates this information and subsequently projects it to the respiratory centers in the medulla and pons7. These centers ultimately coordinate relevant respiratory muscle groups (such as the diaphragm, intercostal muscles, and laryngeal muscles) to execute the cough action, expelling potentially harmful irritants and mucus from the respiratory tract through the oral cavity8,9,10. The sneeze reflex is primarily mediated by nasal sensory neurons within the trigeminal ganglion11,12. Their mechanical or chemical stimuli are transmitted to the spinal trigeminal nucleus (SP5), which then relays the information to the respiratory centers13,14,15,16. These centers regulate relevant muscles (such as respiratory muscles, palatal muscles, and facial muscles) to initiate a sneeze17. The powerful expiratory blast of the sneeze forces most of the air out through the nose to expel the irritants9,18. Research on cough and sneeze not only aids in elucidating the neural mechanisms of respiratory defense, but also provides therapeutic targets for chronic cough and rhinitis. To this end, establishing a robust and reliable animal model is of paramount importance.

In recent years, mice have emerged as a pivotal model organism for studying the neural pathways of cough and sneeze19,20,21. The predominant current methodology still involves inducing these reflex behaviors via inhalation of aerosolized stimulant compounds8,20,22. A significant limitation of this inhalation approach is that the stimuli simultaneously act upon both the nasal cavity and trachea, non-specifically activating the distinct sensory afferent systems mediating sneeze (via the trigeminal pathway) and cough (via the vagal pathway). This poses a substantial challenge for the precise differentiation of the elicited behavior type in experiments. This discrepancy is evident in the literature: some studies define capsaicin-induced respiratory reflexes in mice as sneezing21, while others report that these reflexes encompass both cough and sneeze components8,22.

To address this challenge, advanced methodologies have been developed, including the analysis of respiratory patterns and trajectories to classify distinct reflex behaviors8. Another study demonstrates that coughs and sneezes exhibit marked differences in temporal and spectral characteristics, such as duration, frequency modulation22. Their work highlighted that coughs exhibit energy concentration in lower peak frequency ranges (20–80 kHz), whereas sneezes display components extending beyond 90 kHz22. These acoustic divergences offer a novel, non-invasive framework for behavioral discrimination, complementing traditional respiratory waveform analyses. Despite these innovations, a critical gap persists: existing models lack anatomical specificity in stimulus delivery, often confounding tracheal and nasal reflex pathways. This limitation shows we need better ways to target and study respiratory reflexes.
 
Research on the mechanisms underlying cough and sneeze induced by mechanical and chemical stimulation of the airways has been extensively conducted in large animal models (e.g., cats)17. However, in small animal models (e.g., guinea pigs, rats, and mice), technical limitations have typically necessitated reliance on aerosolized compounds (such as capsaicin or citric acid) to achieve chemical stimulation.

This protocol proposes a novel method for inducing cough-like and sneeze-like behaviors in mice and establishes a new set of methods to quantify and characterize these respiratory reflexes. This approach establishes a strategy to differentiate cough-like and sneeze-like behaviors in mice by identifying characteristic vocalizations and analyzing their spectral features and acoustic intensity. This novel methodology has the potential to standardize the quantification of murine respiratory reflexes, enhance experimental reproducibility, and deepen mechanistic understanding of cough and sneeze neurophysiology.

PROTOCOL
All experiments were performed in compliance with the guidelines of the Animal Use and Care Protocol of Guangzhou Lab (GZLAB-AUCP- 2024-04-A10). Female and male mice specific-pathogen-free C57BL/6 mice, aged 8-10 weeks were used in this study.

Experimental preparation

0. Preparation of experimental animals

[bookmark: OLE_LINK20][bookmark: OLE_LINK21]House mice in cages with free access to food and water, and maintain at 22 ± 1 °C under a standard 12 h light/dark cycle. 

Preparation of Capsaicin solution

Dissolve 30.5 mg of capsaicin powder in PBS containing 10% ethanol and 10% Tween-80 to prepare a 10 mM stock solution.

Dilute stock solution 1:100 in physiological saline to prepare 100 µM working solution.

Preparation of Tribromoethanol (Avertin)

Weigh 0.5 g tribromoethanol into a 1.5 mL Eppendorf tube. Add 1 mL of 2-methyl-2-butanol.

Incubate at 55 °C with agitation (400-600 rpm) in the dark until fully dissolved (~20 min).

Place 40 mL of physiological saline in a beaker. While stirring, add the dissolved tribromoethanol solution dropwise. Continue stirring until dissolved crystals fully dissipate (~40 min).

Adjust pH to 7.0-7.3 using NaOH. 

Establishment and recording of cough-like behavior model

Implantation cannula preparation

Cut a 28 G needle (ID: 0.19 mm, OD: 0.35 mm) into a ~5 mm cannula. Smooth both ends with abrasive paper using forceps. Attach one end to silicone tubing (ID: 0.3 mm, OD: 0.8 mm). Connect to a 1 mL syringe and flush the cannula with water to verify patency.

[bookmark: OLE_LINK52][bookmark: OLE_LINK53]Bend cannula at 90° with 2:3 arm ratio. Insert longer arm into silicone tube (ID: 0.3 mm, OD: 0.8 mm, 5 cm length; Figure 1A). Designate the bent end for tracheal implantation. Extend the silicone tube from the trachea to the skull for fixation (Figure 1B).

Recording equipment setup preparation

Prepare whole-body plethysmography (WBP) system, Ultrasonic recorder, High-speed camera, Microinjection pump.

Mouse group assignment

Randomly assign mice to three groups (n = 6/group): i) Control group: Maintain normal untreated status. ii) Sham group: Implant the tracheal cannula without stimulation. iii) Stimulation group: Implant the tracheal cannula and administer capsaicin to induce cough.

[bookmark: OLE_LINK57][bookmark: OLE_LINK58]Surgical procedure

[bookmark: OLE_LINK38][bookmark: OLE_LINK39] Anesthetize the mice by intraperitoneal injection of tribromoethanol (125-250 mg/kg), and confirm complete anesthesia by the absence of a response to a toe pinch.

Secure the anesthetized mouse supine. Shave cranial and cervical hair. Disinfect with iodophor. Using surgical scissors, trim a circular section of scalp approximately 5 mm in diameter to expose the skull.

Under microscope: Incise cervical skin for approximately 1 cm. Bluntly dissect tissues and muscles to expose the trachea. Puncture soft tissue between the cricoid and tracheal cartilages using 32 G needle. Create a minimal tracheal opening with ophthalmic scissors.

NOTE: Keep the opening size just large enough for cannula diameter to prevent tissue damage.

 Insert metal cannula (silicone-sheathed) ~1 mm into tracheal lumen. Secure cannula-trachea junction with 7-0 suture.

NOTE: Limit insertion depth to 1 mm to avoid respiratory compromise.

Bluntly tunnel subcutaneously from neck to skull. Route the silicone tube to the cranium and fix it with dental cement.

Suture cervical incision. Place the mouse on a heating pad until it is conscious. House in a cage for 5 days.

 Flush tracheal cannula/tubing daily with 1 mL air syringe.

NOTE: Omit flushing within 24 h prior to cough induction.

Cough recording

Fit the ultrasonic probe with a port-compatible sealing ring. Insert the probe into the WBP chamber port to ensure airtight contact.

Connect the WBP chamber, flow sensor, and bias flow. Calibrate via software.

Attach a skull-fixed silicone tube to a 30 cm extension tube. Place the mouse in WBP chamber. Extend the tube through the top port. Seal the port with modeling clay. Verify chamber airtightness by confirming that the respiratory waveform peaks fall within 4 ± 2.

Load 1 mL syringe with 5 mL of capsaicin solution. Eliminate air bubbles. Connect to the extension tube. Mount the syringe on the microinjection pump and set the flow to 10 µL min⁻¹.

NOTE: Excessive flow may carry capsaicin to the nasal cavity.

Position a high-speed camera facing the chamber. Adjust the distance and focus. Set the sampling rate to 160 fps (maximum).

Simultaneously start the WBP, ultrasound, and camera software; trigger the pump to infuse the capsaicin. Record cough counts for 10 min. 

Establishment and recording of sneeze-like behavior model

Experimental equipment preparation

[bookmark: OLE_LINK44][bookmark: OLE_LINK45]Prepare one sterile PE tube (ID: 0.5 mm, OD: 1 mm) for fixation as a stimulation cannula on the murine nasal bone.

Prepare one 0.25 mm diameter sterilized nylon filament for trans-cannula nasal stimulation. Draw on Vonfrey's calibration method, when the 5 cm long filament is pressed vertically onto a balance until it bends to approximately 45°, the measured force is 0.6 g.

Recording equipment setup

Ready one whole-body plethysmography (WBP) system, one ultrasound recorder, and one high-speed camera. 

Mouse group assignment

Randomly assign mice to three groups (n = 6/group): i) Control group: Maintain untreated baseline status. ii) Sham group: Fixate nasal cannula without stimulation. iii) Stimulation group: Fixate nasal cannula + evoke sneeze via filament stimulation.

Surgical procedure

 Anesthetize the mice by intraperitoneal injection of tribromoethanol (125-250 mg/kg), and confirm complete anesthesia by the absence of a response to a toe pinch.

Shave hair on the cranial skull and nasal bridge.

Secure the mouse in a stereotaxic frame. Disinfect with iodophor. Incise the skin over the skull and the nasal bone. Expose the nasal bone.

Create a 0.5 mm hole in the junction between the nasal bone and the lateral process of the nasal septal cartilage using a micro-drill. Expose the nasal mucosa.

NOTE: Limit the hole size to 0.5 mm to prevent tissue damage.

Gently lift the nasal mucosa with 32 G needle. Expose the nasal cavity.

Mount the PE tube in the stereotaxic arm. Position the tube tip flush with the burr hole. Secure the tube to the nasal bone with dental cement.

Place the mouse on a heating pad until consciousness returns.

Sneeze recording

Connect the WBP chamber, flow sensor, and bias flow per the manual. Calibrate using software.

Fit the ultrasonic probe with a port-adapted gasket. Insert the probe into the chamber. Verify an airtight seal.

 Transfer the mouse to the WBP chamber. Extend the PE tube through the top port. Seal the port with modeling clay around the tube. Verify chamber airtightness by confirming that the respiratory waveform peaks fall within 4 ± 2.

Position a high-speed camera facing the chamber. Adjust the distance and focus. Set the sampling rate to 160 fps (maximum).

[bookmark: OLE_LINK143][bookmark: OLE_LINK144]Advance a 0.25 mm diameter nylon filament through a soft tube into the nasal cavity to depths of 0–3 mm. The portion of the filament protruding from the hand-held tube is 5 cm long. During stimulation, press this free end until it bends to 45°, delivering ~0.6 g of force to the nasal mucosa for 1 s, repeat once every 30 s. Record the sneezing responses for 10 min.

Capsaicin-induced cough and sneeze in mice

Group Assignment

Divide mice into sham surgery and surgery groups (n = 5/group). Sham group: Expose bilateral anterior ethmoidal and infraorbital nerves. Surgery group: Transect bilateral anterior ethmoidal and infraorbital nerves.

Ultrasonic nebulization

Prepare the behavioral chamber (20 cm × 14 cm × 17 cm).

Position the ultrasonic recorder and camera for optimal monitoring.

Load nebulizer with 100 μM of capsaicin solution. Deliver 30 s aerosol pulses every 2 min for 10 min.

Record behaviors continuously using the ultrasonic recorder and the camera.

Data analysis process

Whole-body plethysmography (WBP) respiratory tracing analysis

Import the WBP recorded text files into Spike2 software and synchronize them with audio signals.

Analyze the audio signals corresponding to single-peak and double-peak breathing patterns, and record the duration of the compression phase for each pattern.

Select the lowest point of the expiratory phase as the midpoint, and take the data from half a second before and after for calculating the average value.

Audio waveform analysis

Import audio files into Spike2 software, select individual cough or sneeze audio, and export them as TXT format (with a sampling rate set to 100 kHz and duration of 0.1 s).

Import the TXT files into Excel, and convert them into the absolute values of the audio signals.

[bookmark: OLE_LINK18][bookmark: OLE_LINK19]Use GraphPad Prism software to smooth the absolute values of the audio waveforms using a smoothing spline with 50 points.

NOTE: To ensure the curve closely approximates the original data while avoiding excessive inflection points, selecting a smoothing spline of 50 points is optimal; curves generated with values greater than 50 points show negligible deviation from the 50-parameter curve.

Based on the smoothed audio waveforms, calculate the slope k from the starting point to the highest point.

Audio spectral analysis

Import audio files into Spike2 software.

Select the start and end time points of individual cough or sneeze audio for spectral analysis, and export the spectral analysis results.

Use GraphPad Prism to generate spectral analysis curves and calculate the area under the curves.

Calculate the ratio of the area under the curve between the 30-60 kHz and 0-30 kHz frequency bands to distinguish between coughing and sneezing.

Composite index calculation

Perform a natural logarithm transformation (ln) on the slope k and the ratio of the area under the spectral analysis curve to enhance the discriminability of the data.

Statistical analysis

[bookmark: OLE_LINK50][bookmark: OLE_LINK51]Data are presented as the mean ± SEM. Statistical comparisons between two groups were performed using the t-test and two-way ANOVA, with a P < 0.05 considered statistically significant. All analyses were conducted with GraphPad Prism software.

REPRESENTATIVE RESULTS
[bookmark: OLE_LINK5][bookmark: OLE_LINK7][bookmark: OLE_LINK6]In this study, we conducted a detailed analysis of the respiratory patterns of mouse coughing and sneezing behaviors using whole-body plethysmography (WBP) and ultrasound recording techniques. The results showed that mice subjected to tracheal or nasal surgery demonstrate comparable cough and sneeze responsiveness to naive controls. However, capsaicin (chemical) and mechanical stimulation effectively evoke cough and sneeze reflexes in these surgically prepared animals (Figure 2A,B). WBP results revealed that both behaviors exhibited single- and double-peak patterns, with their sound signals appearing during the expulsive stage of the respiratory pattern (Figure 3A,C,E,G). Further ultrasound analysis revealed distinct acoustic profiles: Cough sounds exhibited abrupt onset with peak intensity occurring instantaneously, predominantly within 0-30 kHz frequency range, and shorter duration (Figure 3B,D; Supporting Video S1). Sneeze sounds demonstrated progressive intensity buildup to maximum amplitude, broadband frequency distribution (0-80 kHz), and prolonged duration (Figure 3F,H; Supporting Video S2). Statistical analysis revealed that the average compression phase of single-peak coughing behavior was 32.39 ± 0.73 ms, significantly shorter than that of double-peak coughing behavior at 53.17 ± 2.29 ms (Figure 4A,B,C). The average compression phase of single-peak sneezing behavior was 44.03 ± 1.84 ms, lower than the average value of double-peak coughing behavior, while the average compression phase of double-peak sneezing behavior was 74.24 ± 1.29 ms, significantly longer than that of single-peak sneezing behavior (Figure 4E,F,G). Additionally, the occurrence ratio of single-peak pattern in coughing behavior was 77.55 ± 2.10% (Figure 4D), while in sneezing behavior, the single-peak pattern accounted for only 32.42 ± 5.88%, with the double-peak pattern making up 67.58 ± 5.88% (Figure 4H). The statistical analysis of audio duration indicated significant differences between coughing and sneezing audio times, but there was considerable overlap between the two (Figure 5A). Through spectral analysis of the ultrasound audio of coughing and sneezing, we found that the frequency spectrum of coughing audio was mainly concentrated in the 0-30 kHz range, while sneezing audio had a higher proportion in the 0-60 kHz range (Figure 5B). Although coughing audio also had frequencies in the 30-120 kHz range, the proportion of low frequencies was always higher than that of high frequencies. Therefore, we used the slope of sound intensity from the starting point to the maximum value (Figure 5C) as the vertical coordinate and the energy ratio of 30-60 kHz to 0-30 kHz (Figure 5D) as the horizontal coordinate to establish a coordinate system, which could effectively distinguish coughing and sneezing audio. In addition, there were no significant differences between single- and double-peak coughing as well as single- and double-peak sneezing in this coordinate system (Figure 5E). 

Next, we employed the aforementioned classification methods to categorize the coughing and sneezing behaviors induced by capsaicin nebulization in mice. We found that the coughing and sneezing behaviors induced by capsaicin nebulization overlap with those evoked by specific stimulation on the same coordinate positions (Figure 5F,G). Following transection of nasal sensory afferent nerves (anterior ethmoidal and infraorbital nerves), capsaicin nebulization significantly reduced sneeze-associated acoustic signals while cough-related audio profiles remained unaffected (Figure 5H,I).

FIGURE AND TABLE LEGENDS
 Figure 1: Schematic diagram of the operation in the stimulated trachea and nasal cavity model. (A) Schematic representation of the catheter implanted into the trachea. (B) Frontal (left) and coronal (right) planes show the position of the catheter implanted into the trachea of the mouse. (C) The sagittal plane shows the position of catheter implantation in the nasal cavity and the position of filament fiber stimulation.

[bookmark: OLE_LINK139][bookmark: OLE_LINK140]Figure 2: Quantification of cough- and sneeze-like behaviors elicited by site-specific stimulation. (A) Sneeze quantification of the normal control group, sham group, and mechanical nasal stimulation group. The sham group exhibited comparable sneeze frequency to controls. Mechanical nasal stimulation evoked a significant increase in sneeze events. (B) Cough quantification of the normal control group, the sham group, and the capsaicin tracheal challenge group. The sham group showed no significant difference in cough frequency compared to controls. Capsaicin tracheal stimulation significantly increased cough counts. Data are represented as the mean ± SEM, ***P < 0.001, ****P < 0.0001.

Figure 3: The respiratory traces and sound oscillogram of coughing and sneezing. (A) Representative images showing the single peak respiratory trace and audio recording during a cough induced by capsaicin. (B) The sound oscillogram (top) and spectrogram (bottom) of the cough audio recording in A. (C) Representative images showing the double peaks respiratory trace and audio recording during a cough induced by capsaicin. (D) The sound oscillogram (top) and spectrogram (bottom) of cough audio recording in C. (E) Representative images showing the single peak respiratory trace and audio recording during a sneeze induced by mechanical stimulation. (F) The sound oscillogram (top) and spectrogram (bottom) of the sneeze audio recording in E. (G) Representative images showing the double peaks respiratory trace and audio recording during a sneeze induced by mechanical stimulation. (H) The sound oscillogram (top) and spectrogram (bottom) of the sneeze audio recording in G.

Figure 4: The single and double peaks of the respiratory traces of cough-like and sneeze-like behaviors. (A) Average (red) and individual (gray) and average (red) respiratory traces of cough-like behaviors with a single respiratory peak (n = 52). (B) Average (red) and individual (gray) and average (red) respiratory traces of cough-like behaviors with double respiratory peaks (n = 29). (C) Duration of single and double respiratory peaks compressive phases for coughs induced by capsaicin (single peak n = 52, double peaks n = 29). (D) The average ratio of single and double respiratory peak traces in cough (n = 6 mice). (E) Average (red) and individual (gray) and average (red) respiratory traces of sneeze-like behaviors with single respiratory peaks (n = 40). (F) Average (red) and individual (gray) and average (red) respiratory traces of sneeze-like behaviors with double respiratory peaks (n = 74). (G) Duration of single and double respiratory peaks compressive phases for sneezes induced by mechanical stimulation (single peak n = 40, double peaks n = 74). (H) The average ratio of single and double respiratory peak traces in sneeze (n = 6 mice). Data are represented as the mean ± SEM, ****P < 0.0001.

Figure 5: The frequency and waveform classification of coughing and sneezing sound oscillogram. (A) Quantification of sonogram durations of coughs and sneezes. (B) The average spectrogram analysis of mechanical stimulation-induced sneezes (n = 69, black) and capsaicin-induced coughs (n = 140, red). (C) A representative schematic diagram for calculating the slope of a sound oscillogram. Comparative analysis of the smoothing spline reveals that at 25 points, excessive smoothing obscures original data features, whereas values exceeding 50 points (e.g., 75 points) show substantial overlap with the 50-spline curve but introduce additional inflection points. (D) A representative schematic diagram of area ratio calculation, using spectral analysis results to calculate the area under different frequency curves in GraphPad Prism. The area ratio is equal to the area under the 30-60 kHz curve and the area under the 0-30 kHz curve. (E) The frequency and waveform classification of mechanical stimulation-induced sneezes and capsaicin-induced coughs sound oscillogram, with the y-axis representing the exponent of the slope of the sound waveform from baseline to peak, and the x-axis representing the exponent of the ratio of sound waves between 30-60 kHz and 0-30 kHz. (F) The average spectrogram analysis of capsaicin nebulization-induced sneezes (n = 36, black) and capsaicin nebulization-induced coughs (n = 42, red). (G) The frequency and waveform classification of capsaicin nebulization-induced sneezes (n = 36, black) and capsaicin nebulization-induced coughs (n = 42, red) sound oscillogram, with the y-axis representing the exponent of the slope of the sound waveform from baseline to peak, and the x-axis representing the exponent of the ratio of sound waves between 30-60 kHz and 0-30 kHz. (H) Statistical data on capsaicin-induced sneeze reflex in groups with transected anterior ethmoidal and infraorbital nerves versus the sham surgery group. (I) Statistical data on capsaicin-induced cough reflex in groups with transected anterior ethmoidal and infraorbital nerves versus the sham surgery group. Data are represented as the mean ± SEM, **P < 0.01, ****P < 0.0001.

Supplementary Video 1: Video of cough-like behavior synchronized with its audio spectrogram, displayed at normal and 0.1x speed.

Supplementary Video 2: Video of sneeze-like behavior synchronized with its audio spectrogram, displayed at normal and 0.1x speed.

DISCUSSION 
In this study, we successfully induced coughing and sneezing behaviors in mice by specifically stimulating the trachea with capsaicin and mechanically stimulating the nasal cavity8,17. We synchronously collected data from whole-body plethysmography (WBP), audio, and video recordings, and found that audio frequency ratios and sound intensity slopes could effectively differentiate between coughing and sneezing behaviors in mice8,23.

Given the delicate nature of the surgical procedures involved, special attention must be paid to several critical steps. First, during tracheal surgery, the implanted intratracheal cannula must be as thin as possible and inserted at a shallow depth to avoid airway obstruction, which could lead to respiratory distress or even mortality. Moreover, as secretions within the trachea can easily block the catheter, daily catheter clearance is crucial. When administering capsaicin, the injection speed must be carefully controlled to prevent retrograde flow into the nasal cavity, which could trigger sneezing reflexes. Second, during the nasal bone implantation surgery, the size of the hole drilled is crucial to avoid excessive damage to the mouse. The catheter should be placed on the level of the nasal bone without being inserted too deeply, to prevent excessive irritation of the nasal cavity or interference with normal respiration. Ultimately, the implementation of precise surgical procedures is essential for the experiment. By minimizing injury to the mouse, not only can recovery be accelerated, but also more accurate experimental behavioral responses can be recorded. Such surgical methods help enhance the reliability of the model and ensure high-quality data, thereby providing a solid experimental foundation for studying respiratory reflex behaviors such as coughing and sneezing.

[bookmark: OLE_LINK4][bookmark: OLE_LINK3]Traditionally, coughing behavior modeling has relied on nebulization of compounds like capsaicin and citric acid to induce coughing24,25. However, this approach carries notable limitations: it not only elicits coughing but also may concurrently trigger sneezing reflexes8,22. Furthermore, significant inter-individual variability in sensitivity to aerosolized stimuli has been observed26, and a subset of mice exhibited no cough response at all. In contrast, the novel mechanical stimulation paradigm developed in this study achieves stable cough-like behaviors while allowing flexible customization of stimuli through interchangeable actuators. Similarly, conventional sneeze models employing aerosolized agents suffer from poor behavioral specificity, as they frequently evoke collateral coughing22, thereby complicating differentiation between these distinct respiratory reflexes.

Previous studies have established mouse cough and sneeze models using capsaicin, and differentiated the two based on the characteristics of respiratory patterns (single or double peaks) recorded by whole-body plethysmography (WBP)8. Our research data indicates that in induced coughing behavior, the single-peak breathing pattern accounted for 77.55 ± 2.10% of occurrences, while in sneezing behavior, the single-peak pattern accounted for 32.42 ± 5.88%. These results confirm that the classification method based on WBP respiratory patterns is effective in most cases but exhibits limitations and does not permit perfect differentiation between the two behaviors. Additionally, some studies have attempted to distinguish coughing from sneezing using the duration and frequency characteristics of audio signals22. Although the average duration of audio signals for sneezing behavior is typically longer than for coughing, substantial overlap exists between the durations of individual events. Therefore, relying on audio duration as a distinguishing indicator may lack sufficient discrimination. Furthermore, spectral analysis of coughing and sneezing has not revealed a clear boundary: mild coughs may only manifest as low-frequency signals, while vigorous coughs can produce sounds that include significant high-frequency components, with spectral characteristics similar to those of sneezing. Notably, cough events consistently exhibit a higher proportion of low-frequency energy. In contrast, the ratio of high-frequency to low-frequency energy (High-to-Low Frequency Energy Ratio) may provide a more discriminative acoustic feature for distinguishing between coughing and sneezing behaviors.

[bookmark: OLE_LINK9][bookmark: OLE_LINK8]Our innovation addresses these limitations through spatially constrained mechanical stimulation. The refined behavioral model demonstrates dual advantages: (1) millimeter-level precision in stimulus application stabilized probes, and (2) enhanced behavioral specificity. Furthermore, our extensive analysis of cough and sneeze acoustics reveals that these behaviors exhibit distinct sound intensity profiles, with statistically significant differences in their high-to-low frequency energy ratios. Furthermore, our comprehensive acoustic analysis of cough and sneeze events reveals distinctive sound intensity profiles between these behaviors, accompanied by statistically significant differences in their high-to-low frequency energy ratios. Moreover, this classification method is also feasible in the acoustics recordings of coughing and sneezing behaviors induced by capsaicin nebulization. Collectively, these acoustic parameters enabled the development of a multidimensional feature space that establishes an objective, quantifiable standard for differentiating cough and sneeze. The result establishes a good standard for investigating airway defense mechanisms with reduced confounders and improved reproducibility. This not only resolves longstanding challenges in respiratory reflex research but also opens avenues for precise neuromodulation studies of cough and sneeze neural circuits.

Although this method effectively induces coughing and sneezing behaviors in mice, it still has some limitations. Compared to nebulization induction, surgery may cause some degree of injury to mice, even though we strive to minimize damage during the procedure. Nonetheless, the surgery can still stably elicit coughing and sneezing behaviors, indicating that the surgery itself does not diminish the sensitivity of mice to these stimuli. Technical challenges also emerged in behavioral phenotyping. Acoustic signal fidelity required precise calibration of microphone placement from the subject to balance signal-to-noise ratios while avoiding amplitude saturation. Furthermore, the integration of stimulus delivery catheters with whole-body plethysmography (WBP) chambers necessitated specialized designs: the catheter must extend from the top of the chamber without hindering the mouse's natural movements or the delivery of the stimulus. In summary, despite the limitations of the surgical method, it provides an effective means of stably inducing coughing and sneezing behaviors in mice, and with a carefully designed experimental process, injury to the mouse can be minimized to ensure accurate behavioral data collection.

In conclusion, through these delicate surgical manipulations and rigorous experimental design, we have established a model that stably induces coughing and sneezing behaviors in mice, providing a reliable experimental foundation for further study of these two respiratory reflex behaviors.
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