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Abstract 30 

This study was designed to determine the effect of active sensitization with ovalbumin 31 

(Ova) on cough responses to inhaled irritant gases in mice. Conscious mice moved 32 

freely in a recording chamber while the pressure change in the chamber, audio and 33 

video signals of the mouse movements were recorded simultaneously to measure the 34 

frequencies of cough reflex (CR) and expiration reflex (ER). To further verify the 35 

accuracy of cough analysis, the intra-pleural pressure was also recorded by a telemetry 36 

sensor surgically implanted in the intra-pleural space in a subgroup of mice. During the 37 

irritant gas inhalation challenge, sulfur dioxide (SO2; 200 & 400 ppm) or ammonia (NH3; 38 

0.1% & 0.2%) was drawn into the chamber at a constant flowrate for 8 minutes. Ova 39 

sensitization and sham sensitization with vehicle (Veh) were performed over a 25-day 40 

period in separate groups of mice. Our results showed: 1) Both SO2 and NH3 inhalation 41 

challenges increased CR and ER frequencies in a concentration-dependent manner 42 

before Ova sensitization. 2) The baseline CR frequency was significantly elevated after 43 

Ova sensitization, accompanied by pronounced airway inflammation. 3) Ova 44 

sensitization also markedly augmented the responses of CR and ER to both SO2 and 45 

NH3 inhalation challenges; in sharp contrast, the cough responses did not change after 46 

sham sensitization in the Veh group. In conclusion, Ova sensitization caused distinct 47 

and lingering increases in baseline cough frequency, and also intensified both CR and 48 

ER responses to inhaled irritant gases, which probably resulted from an allergic 49 

inflammation-induced hypersensitivity of airway sensory nerves.  50 
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Introduction 53 

Chronic airway inflammation induced by active sensitization with allergen significantly 54 

enhances the sensitivity of vagal bronchopulmonary C-fibers in Brown-Norway rats (22, 55 

39, 40). These C-fibers represent a majority of the vagal afferents that innervate the 56 

entire respiratory tract, and play an important role in regulating airway functions in 57 

animals and humans under both normal and disease conditions (8, 25, 30). These 58 

sensory nerve endings can be activated abruptly by irritant gases inhaled into the 59 

respiratory tract, which triggers important airway reflex responses such as cough, 60 

bronchoconstriction and airway secretion; these reflex responses can expel and/or 61 

reduce the penetration of these harmful gases into deeper regions of the lung. On the 62 

other hand, hypersensitivity of these C-fiber afferents resulting from airway allergic 63 

inflammation (22, 34, 39) can induce cough hyperresponsiveness and excessive 64 

bronchoconstriction, which are common symptoms of allergic airway inflammation. 65 

Whether allergic inflammation alters the cough response to inhaled irritant gases in 66 

mice is yet not known.  67 

This study was therefore designed to test the hypothesis that the cough responses to 68 

inhalation of sulfur dioxide (SO2) and ammonia (NH3) are elevated following induction of 69 

chronic airway inflammation by active sensitization with ovalbumin (Ova) in awake mice. 70 

SO2 and NH3 were chosen for this study because both are irritant gases that are 71 

present in the environment and can cause lung injury at high concentrations during 72 

occupational exposure or chemical accident (10, 11)  73 

Both cough and expiration reflexes are airway protective functions, and their regulatory 74 

mechanisms have been studied extensively in various animal species such as guinea 75 
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pigs, dogs, cats and monkeys (29). Despite the vast and growing interest generated by 76 

the availability of various transgenic and knockout mouse models for physiological and 77 

pharmacological studies, the advances in our knowledge about the regulation of cough 78 

reflex (CR) and expiration reflex (ER) in this species have been relatively limited, in 79 

comparison with other animal species. In fact, questions have been raised as to 80 

whether the cough reflex is present in mice (1, 29). One of the reasons is probably 81 

related to the fact that cough is suppressed by anesthesia, whereas respiratory signals 82 

recorded in awake mice are inherently noisy, making it difficult to accurately analyze the 83 

CR and ER responses. Hence, another aim of this study was to characterize and 84 

differentiate the CR and ER responses to inhaled irritant gases in awake mice by 85 

recording the intra-pleural pressure directly with the telemetry technique in a subgroup 86 

of these animals. 87 

.  88 

  89 
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Methods  90 

Thirty adult male mice (C57BL6/J) were used in this study; their average age at the 91 

beginning of the study was 12.8 wk. The procedures described below were performed in 92 

accordance with the recommendations of the Guide for the Care and Use of Laboratory 93 

Animals, published by the National Institutes of Health, and were also approved by the 94 

University of Kentucky Institutional Animal Care & Use Committee. 95 

Measurements of Cough Responses: During the experiment, awake mice moved freely 96 

in a plexiglass recording chamber (volume 160 ml). To prevent CO2 accumulation and 97 

hyperthermia, room air was drawn through the chamber at a constant flow rate (200 98 

ml/min) by a negative pressure (Fig. 1). The CO2 concentration (CWE model CapStar-99 

100, Ardmore PA) and temperature (PhysiTemp model TH-8, New Jersey) of the outlet 100 

air were continuously monitored, which reached steady-state peaks of ~0.7% and 101 

~25ºC, respectively. The pressure in the chamber (Pcham) was recorded continuously by 102 

a pressure transducer (Biopac model TSD160A, Goleta, CA); both audio and video 103 

signals of the mouse movements were also recorded simultaneously by a microphone 104 

(Zalman model Zm-Mic1; South Korea) and a video camera (Logitech model C920; 105 

Switzerland), respectively. These signals were used collectively for identifying and 106 

analyzing the cough frequency.  107 

Breathing is inherently unstable in awake free-moving mice, which can alter the 108 

respiratory signals and affect its analysis. To further verify the accuracy of the cough 109 

analysis, the intra-pleural pressure (Pip) was measured directly in 44.4% (8/18) of the 110 

animals studied for cough: the tip of a telemetry sensor (Data Sciences International 111 
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model PA-C10, St. Paul, MN; marked by the red arrow in Fig. 1) and the transmitter 112 

(green arrow) with an attached catheter were surgically implanted in the intra-pleural 113 

space and under the lower back skin, respectively, under anesthesia by isoflurane 114 

inhalation. Two to three weeks were allowed for recovery from the surgery before any 115 

measurement or experiment was performed in the animal.  116 

Inhalation Challenges of Irritant Gases: During the inhalation challenge, a gas mixture of 117 

SO2 or NH3 was drawn into the chamber (replacing room air) at the same flow rate (200 118 

ml/min) for 8 min (Fig. 1).  Two concentrations of SO2 (200 and 400 ppm) and NH3 (0.1 119 

and 0.2 %) balanced in air were tested in each animal; SO2 (2500 ppm) and NH3 (100%) 120 

contained in gas cylinders (Scott-Gross, Inc.; Lexington, KY) were diluted by air to the 121 

desired concentrations in each experiment. The mouse was placed in the recording 122 

chamber for >30 min of adaptation period before the beginning of experiment. All 123 

signals were recorded for 5 min before, 8 min during and 5 min after each inhalation 124 

challenge. At least 30 min was allowed for a full recovery between two consecutive 125 

challenges.  126 

Ova Sensitization: Mice were randomly divided into two groups. One group (Ova group; 127 

n=18) was actively sensitized by intra-peritoneal (ip) injection of 10 µg Ova/1 mg 128 

aluminum hydroxide (Imject Alum, Thermo Scientific, Rockford, IL) in 0.3 ml of sterile 129 

saline suspension on day 1 and day 11. Beginning on day 21, the mice were treated 130 

with Ova aerosol, 30 min daily for 5 consecutive days. Aerosols were generated from 131 

Ova/saline solution (wt/vol: 1%) by an ultrasonic nebulizer (Devilbiss model 100, Port 132 

Washington, NY). During the treatment, the awake mouse was placed in a plastic 133 

restrainer and breathed aerosol through a nose cone connected directly to the aerosol 134 
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reservoir. The other group (Veh group; n=12) of mice received the ip injections and 135 

aerosol inhalations of the vehicles following the identical procedures. 136 

Airway Inflammatory Cell, Mediator and Cytokine Analyses: To determine the severity of 137 

airway inflammation induced by Ova-sensitization, bronchoalveolar lavage fluid (BALF) 138 

was obtained in both Ova and Veh groups of mice (n=6 in each group) at 3-5 hours after 139 

the last inhalation exposure to Ova or Veh aerosol on day 25 (no cough measurement 140 

was made in these mice). The procedures have been described in details in our 141 

previous study (26). Briefly, the BALF samples were collected and centrifuged at 1500 142 

rpm, 4°C for 10 min. The pelleted cells were treated with 0.24-ml TRIS-buffered 143 

ammonium chloride solution (pH 7.2) to lyse red blood cells, and the remaining cells 144 

were washed with 1.2-ml PBS supplemented with Hank’s buffer solution with 20% fetal 145 

bovine serum (FBS). Differential leukocyte counts were then performed on cytospin 146 

slides (by University of Kentucky Clinical Laboratory) after Wright-Giemsa staining using 147 

standard morphologic criteria. A minimum of 500 leukocytes were counted by two 148 

different individuals, and the data were then averaged. 149 

To compare the inflammatory mediators and cytokines released in the BALF, 150 

supernatants were transferred to other tubes for enzyme-linked immunosorbent assay 151 

(ELISA) of inflammatory mediators and cytokines including leukotrienes (LTs) C4/D4/E4, 152 

thromboxane B2 (TXB2), interleukin (IL)-5 and tumor necrosis factor alpha (TNFα). All 153 

assays of the BALF collected from Ova and Veh groups were performed at the same 154 

time to avoid any possible experimental error and variability. Only these inflammatory 155 

mediators and cytokines were selected for measurements in this study because they 156 

are known to be upregulated during allergic inflammation (7, 16), and based upon the 157 
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previous reports, they can cause a stimulatory or sensitizing effect on airway sensory 158 

nerves (17, 21, 26, 27, 31). 159 

Experimental Protocols and Data Analysis 160 

Experiments were initiated after the mice had acclimatized to the chamber and 161 

experimental protocols daily for a week. Cough responses to SO2 and NH3 inhalation 162 

challenges during control (before Ova sensitization or Veh treatment) were studied on 163 

three separate days in each animal, and the control data were calculated as the 164 

average of the three days. Identical protocols were then carried out at the following time 165 

points: 1 (3-5 hours), 2, 3 and 10 days following the last inhalation exposure to Ova or 166 

Veh. 167 

The signals (pressures, audio and video) recorded in each inhalation challenge were 168 

played back and analyzed; frequencies of CR and ER were calculated as the total 169 

numbers of CR and ER elicited in each minute for the entire duration of each testing 170 

condition. These numbers were independently determined by two individuals, and the 171 

data from their determinations are averaged. 172 

For each inhalation challenge, the CR and ER frequencies were analyzed for the 5-min 173 

baseline, 8-min challenge and 5-min recovery in each animal, and the data were then 174 

pooled for all animals in that group. 175 

Statistical Analysis 176 

Data were analyzed with the one-way or two-way repeated-measures ANOVA. For 177 

example, in the study of how Ova sensitization affected the cough frequency response 178 
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to inhaled SO2, one factor was the treatment effect of Ova, and the other factor was the 179 

effect of inhalation challenge. When either one-way or two-way ANOVA showed a 180 

significant positive interaction, pair-wise comparisons were made with a post-hoc 181 

analysis (Fisher’s least significant difference). The only exception is in the BALF 182 

cell/mediator/cytokine analyses, where the paired t-test was used to evaluate the 183 

difference. A value of P < 0.05 was considered significant. Data are reported as means 184 

± SEM. 185 

186 
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Results 187 

Breathing pattern was usually unstable in awake, free-moving mouse. The change in 188 

Pcham reflected the change of volume in the chamber: during inspiration in quiet 189 

breathing, the air inhaled into the lung expanded its volume due to an increase in the 190 

temperature (from room temperature to body temperature), causing the Pcham to 191 

increase and reach a peak at the end of each inspiration; likewise, Pcham continued to 192 

decrease during expiration until the lung volume reached the functional residual 193 

capacity (e.g., Fig. 2A). These changes in Pcham were synchronized with the changes of 194 

Pip measured directly by the telemetry sensor (Fig. 2A).  195 

Each cough was characterized by three distinct but tightly connected phases in the 196 

change of Pcham: it was initiated by an inspiratory effort (an increase in Pcham) followed 197 

by a chest compression (depicted by a sharp reverse and decrease in Pcham), and then 198 

a forced expiration (a sharp increase in Pcham) coinciding with a cough sound relatively 199 

weaker than that in larger animals (e.g., dogs, cats, etc.) and a jerking movement of the 200 

head (representative audio/video recordings are submitted with this manuscript as 201 

“Supplemental Information”) . All these changes in Pcham were closely correlated with the 202 

synchronous changes in Pip (e.g., Fig. 2A). In addition, CR, similar to that described by 203 

other investigators (6, 36, 38), were also detected in awake mice during inhalation 204 

challenge with irritant gases. A typical ER consisted of only two phases: a chest 205 

compression, with no clear or significant preceding inspiratory effort, and followed by a 206 

forced expiration synchronized with a cough sound, which could also be clearly 207 

identified by the Pip signal (Fig. 2A). During both CR and ER, the peak positive Pip 208 

generated by chest compression usually far exceeded 30 mmHg and the corresponding 209 
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∆Pcham dropped more than 1 cmH2O (e.g., Fig. 2A and 2B); during chest compression, 210 

the peak Pip reached 60.1±4.1 mmHg during CR (n=63) and 42.1±3.1 mmHg during ER 211 

(n=77; P<0.05), whereas the duration of chest compression was not different: 84.1±5.1 212 

ms during CR and 88.1±6.1 ms during ER. In this study, ~20% of the responses could 213 

not be easily distinguished between CR and ER (e.g., in Fig. 2B), and were categorized 214 

as CR/ER in our data analysis. 215 

The recorded video and audio signals generated by the mouse were also useful when 216 

they were used in conjunction with the changes in Pcham, but they were not reliable in 217 

general and frequently inaccurate when they were used alone in detecting and 218 

identifying coughs in the awake mice.  219 

During the control (before Ova or Veh treatment) condition, both SO2 and NH3 evoked 220 

CRs in a concentration-dependent manner; only very mild responses to the low 221 

concentrations (200 ppm of SO2 and 0.1% of NH3) were detected (Fig. 3 & 4). The ER 222 

frequency abruptly increased in the first minute after exposure to 400 ppm of SO2, and 223 

remained elevated above the baseline during the 8 min of challenge, whereas the CR 224 

frequency increased progressively during the SO2 challenge (Fig. 3). Both CR and ER 225 

frequencies gradually declined toward the baseline during the 5-min recovery (Fig. 3). 226 

The peak magnitude of these responses varied between animals but was relatively 227 

reproducible in the same animal; the group data showed no significant difference 228 

(P>0.05) in the CR, ER and CR/ER responses to SO2 challenge between the three days 229 

of control experiments. There was no difference in the control responses to SO2 (either 230 

200 or 400 ppm) between Ova and Veh groups.  231 



12 
 

A pronounced airway inflammation was induced by the Ova sensitization and challenge. 232 

The percentages of both eosinophils and neutrophils in the BALF collected from Ova-233 

sensitized mice (n=6) at 3-5 hours after the last Ova aerosol challenge (the same time 234 

that cough responses were tested in all other animals) were ~26.7 (P<0.05) and ~18.7 235 

(P<0.05) folds higher than that collected from Veh-treated mice (n=6), respectively 236 

(Table 1). In addition, ELISA results showed that the levels of inflammatory mediators 237 

LTC4/D4/E4 and TXB2, and also the pro-inflammatory cytokines TNFα and IL-5 in the 238 

BALF of the Ova-sensitized mice were significantly higher than that of the Veh mice (Fig. 239 

5).  240 

In 3-5 hours after the last Ova aerosol inhalation, a distinct increase in the baseline 241 

(before the SO2 challenge) CR frequency was found in the Ova-sensitized mice (Fig. 6A, 242 

top panel); in comparison, there was no significant change in the baseline ER and 243 

CR/ER frequencies (Fig. 6A, middle panels). The total cough frequency 244 

(CR+ER+CR/ER) at baseline remained elevated for >24 hours, and then gradually 245 

declined toward control. In contrast, no change in the baseline CR, ER or CR/ER 246 

frequency was detected in the Veh group (Fig. 6A). The responses of CR, ER and 247 

CR/ER to SO2 challenge at low concentration (200 ppm) did not increase significantly 248 

after Ova sensitization (Fig. 7A). However, the total cough response (CR+ER+CR/ER) 249 

to SO2 challenge at high concentration (400 ppm) was elevated to >200% of the control 250 

(pre-Ova) responses in the Ova group (Fig. 6B); and both CR and ER increased in a 251 

similar pattern. The enhanced cough sensitivity persisted for >48 hours after the last 252 

exposure to Ova aerosol (Fig. 6B). In sharp contrast, there was no difference in CR, ER 253 
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or CR/ER responses to SO2 (400 ppm) between before and after the Veh treatment in 254 

the Veh group (Fig. 6B).  255 

A potentiating effect of Ova sensitization similar to that on the SO2 response was also 256 

found in the total cough response (CR+ER+CR/ER) to NH3 challenges at both low and 257 

high concentrations (Fig. 6C & 7B) in a separate group of Ova-sensitized mice. The 258 

cough responses to the NH3 challenges were not tested in Veh-treated mice.  259 

  260 
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Discussion 261 

In this study, we have characterized the cough reflex and expiration reflex elicited by 262 

inhaled irritant gases in awake mice. Furthermore, we have demonstrated that active 263 

sensitization with Ova increased the baseline cough frequency and markedly intensified 264 

the responses of cough and expiration reflexes to SO2 and NH3 inhalation challenges 265 

(Fig. 6 and 7). In sharp contrast, the sham sensitization with vehicle did not cause any 266 

change in the cough frequency and sensitivity to these inhaled irritant gases (Fig. 6).  267 

Both SO2 and NH3 are colorless gases with a pungent odor and common irritant gases 268 

to human respiratory tract. SO2 in the environmental air is derived primarily from the 269 

burning of fossil fuels (coal, oil), and can reach a high concentration in work places such 270 

as at power plants or from copper smelting (11). NH3 is generated by nature as part of 271 

the nitrogen cycle in the environment, and is produced in large quantity for industrial use 272 

(e.g., agriculture fertilizers or household cleaning products) (10). Both SO2 and NH3 can 273 

cause lung injury and other harmful health effects to humans at high concentrations or 274 

during sustained exposure in the case of chemical accident or unregulated occupational 275 

conditions (10, 11). Sensory receptors that detect these irritant gases in the respiratory 276 

tract play an important role in performing the first-line pulmonary defense function by 277 

eliciting cough and expiration reflexes, which expel and limit the further inhalation of 278 

these harmful gases, and protect the rest of the body.   279 

In this study, both SO2 and NH3 inhalation challenges increased the frequencies of CR 280 

and ER in a concentration-dependent manner (Fig. 3 and 4). The lower concentrations 281 

of SO2 (200 ppm) and NH3 (0.1%) used in this study were only slightly above the 282 

threshold for triggering CR and ER in mice. The cough reflex elicited by inhaled SO2 or 283 
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NH3 is probably elicited by activation of C-fibers and/or rapidly adapting receptors 284 

(RARs) located in the airways and lung (4, 17, 25) and/or tracheal cough receptors (3). 285 

Indeed, using a single-fiber recording technique, we have shown that SO2 or NH3 286 

inhaled at the concentrations similar to that used in this study stimulated both these 287 

afferents in anesthetized mice (unpublished data; submitted in this manuscript as 288 

“Supplemental Information”).  289 

The expiration reflex is known to be elicited by stimulation of sensory endings located in 290 

the upper airways, particularly in the larynx and upper trachea (33, 36, 38). In this study, 291 

both Pcham and the Pip signal recorded by telemetry showed that the ER started with a 292 

forced expiration without a preceding inspiratory effort (e.g., Fig. 2), which is consistent 293 

with the observations reported by previous investigators in other species (33, 36, 38) . 294 

During the inhalation challenge with SO2 or NH3 in awake mice, CR and ER occurred 295 

frequently in combination and rapid succession; two of these examples are shown in Fig. 296 

2B. In these cough epochs, the second “cough” is usually an ER, identified based on 297 

our criteria: forced expiration without a clear preceding inspiration. Whether the absence 298 

of inspiratory effort was due to the rapid and brisk onset of the succeeding “cough” in 299 

the epoch cannot be determined in this study. In any case, this may have accounted for 300 

the relatively higher ER frequency than the CR frequency during the SO2 or NH3 301 

inhalation challenge at control (before the Ova sensitization; Fig. 3). Because both CR 302 

and ER are airway defense responses against inhaled irritants, they were pooled for 303 

data analysis in the evaluation of the overall cough responses to irritant gas inhalations 304 

in this study (Fig. 4 & 7).   305 
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We cannot determine the relative contributions of the different types of vagal afferents in 306 

the Ova sensitization-induced cough hyperresponsiveness in this study, but a possible 307 

involvement of certain key factors should be considered. SO2 can form sulfuric acid and 308 

activate transient receptor potential vanilloid type 1 (TRPV1) and acid-sensing ion 309 

channels (ASICs) (5, 14); both these channels are abundantly expressed in the 310 

bronchopulmonary C-fibers (25). NH3 has been shown to stimulate both TRPV1 and 311 

transient receptor potential ankyrine type 1 (TRPA1) receptors (9). Both TRPV1 and 312 

TRPA1 receptors are ligand-gated non-selective cation channels (32), and known to 313 

play important roles in the inflammation-induced hypersensitivity of vagal 314 

bronchopulmonary afferents (25, 30). Recent studies have demonstrated a striking 315 

synergistic effect in pulmonary sensory nerves when TRPA1 and TRPV1 were activated 316 

simultaneously, which may play an important role in the regulation of airway reflex 317 

functions such as cough during airway inflammatory reaction (18, 24, 28). 318 

A number of the pathophysiological features of human allergic asthma have been 319 

previously described in mice actively sensitized with Ova using the same protocol as in 320 

the present study (7). For example, acute inhalation challenge of Ova aerosol triggered 321 

both early- and late-phases of bronchoconstriction in Ova-sensitized mice after 30 322 

minutes and 3-6 hours, respectively, demonstrating the airway hyperreactivity to the 323 

antigen challenge (7). The early-phase bronchoconstriction is mediated primarily by 324 

mast-cell derived mediators, and the more sustained late-phase response is 325 

characterized by airway obstruction and inflammatory reaction resulting from the action 326 

of various endogenous inflammatory mediators and cytokines released from the 327 

resident inflammatory cells (e.g. mast cells, macrophages, etc.) as well as the recruited 328 
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inflammatory cells (neutrophils and eosinophils) (2). Furthermore, the bronchomotor 329 

responses to methacholine challenges were also markedly elevated in Ova-sensitized 330 

mice, indicating the airway hyperresponsiveness to non-specific bronchoactive 331 

challenge (7). Hence, these airway responses in Ova-sensitized mice closely resemble 332 

the clinical features and pattern of airway hyperresponsiveness triggered by inhaled 333 

antigens in patients with allergic asthma (13, 35, 37). In this study, the elevated baseline 334 

cough frequency and enhanced cough responses to inhaled irritant gases were 335 

observed at 3-5 h after the last Ova aerosol challenge in sensitized mice (Fig. 6A), 336 

coinciding with the time of late-phase airway hyperresponsiveness (7).  337 

At approximately the same time that cough responses were measured as described 338 

above, the percentages of both eosinophils and neutrophils in the BALF of another 339 

group of Ova-sensitized mice were elevated to >15 folds higher than those in the Veh 340 

mice in this study (Table 1), revealing an infiltration of inflammatory cells in the airways. 341 

Eosinophils and neutrophils are primary inflammatory cells known to release a wide 342 

range of potent bronchoactive substances (e.g., cationic proteins, lipoxygenase and 343 

cyclooxygenase metabolites of arachidonic acid, etc). Indeed, inflammatory mediators 344 

(LTC4/D4/E4 and TXB2) and pro-inflammatory cytokines (IL-5 and TNFα) were also 345 

significantly elevated in the BALF of Ova-sensitized mice in this study (Fig. 5). Many of 346 

these mediators and cytokines are known to activate or sensitize bronchopulmonary C-347 

fibers; for example, TXA2, the precursor of TXB2, is a potent stimulator of 348 

bronchopulmonary C-fibers (21, 27). LTC4 can also stimulate the C-fiber afferents and 349 

trigger the release of tachykinins in isolated trachea/bronchus of guinea pigs (31). 350 

Although TNFα does not activate these airway sensory receptors directly, it can 351 
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markedly enhance their sensitivity (19, 26). Moreover, eosinophil granule-derived cation 352 

proteins such as major basic proteins can exert potent stimulatory and sensitizing 353 

effects on bronchopulmonary C-fibers (15, 23). All these evidences seem to suggest 354 

that an increase in the C-fiber sensitivity is probably involved in the increased cough 355 

responses to inhaled irritant gases in Ova-sensitized mice. This notion is in agreement 356 

with the finding that the cough sensitivity to inhalation of aerosolized capsaicin, a 357 

selective and potent chemical activator of the TRPV1 receptors expressed in C-fiber 358 

sensory neurons, is enhanced in asthmatic patients (12). In addition, in Ova-sensitized 359 

rats, capsaicin sensitivity was detected in a large percentage of the vagal myelinated 360 

afferents including RARs, which normally do not respond to capsaicin (39). Furthermore, 361 

immunohistochemical evidence shows that sensitization and challenge with Ova 362 

significantly upregulated the expression of TRPV1 in bronchopulmonary neurons in rat 363 

nodose ganglia, mainly in neurofilament-positive (myelinated) neurons (39). 364 

Previous investigators have questioned whether the cough reflex is present in mouse (1, 365 

29). This uncertainty is probably related to the technical difficulties in making direct and 366 

accurate measurements of the physiological variables characterizing the cough action 367 

(tracheal pressure, expiratory flow rate, muscle EMG, etc.) in awake mice (6, 20, 29), 368 

due to their small body size and high breathing rate at rest (>250 breaths per minute). In 369 

this study, we have used the telemetry technique to measure directly the change in 370 

intra-pleural pressure in a subgroup of mice. Our results have yielded definitive 371 

evidence illustrating the actions of both cough and expiration reflexes in awake mice 372 

that are consistent with those described in other species (3, 36, 38). Certain limitations 373 

of the experimental approach used in this study should be noted; for example, the 374 
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telemetry method requires surgical implantation and care in each animal as well as the 375 

cost for purchase of the equipment, which may be prohibitive for a large-scale study. 376 

Nonetheless, our results have shown that collective measurements of the change in the 377 

chamber pressure together with the audio and video signals can also accurately and 378 

reliably determine the cough frequency in awake mice, as verified by the simultaneous 379 

recording of the telemetry signal in this study.  380 

In conclusion, this study has demonstrated that Ova sensitization caused distinct 381 

increases in both baseline cough frequency and cough responses to inhaled irritant 382 

gases in awake mice. The cough hyperresponsiveness probably resulted from an 383 

allergic inflammation-induced hypersensitivity of airway sensory nerves. Further 384 

investigations are required to uncover the signaling pathways and mechanisms involved. 385 

  386 
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Perspectives and Significance: 387 

This study demonstrated that airway allergic inflammation increased the baseline cough 388 

frequency and intensified the cough responses to inhaled irritant gases such as SO2 389 

and NH3 in awake mice. The direct recording of intra-pleural pressure using the 390 

telemetry technology in a subgroup of mice has yielded the definitive evidence and 391 

further characterized the actions of cough and expiration reflex in this species. This 392 

murine model may serve as a useful tool for the future studies of the underlying 393 

mechanisms of cough hyperresponsiveness associated with airway inflammation and 394 

for testing potential therapeutic interventions.  395 

  396 
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Figure Legends 504 

Fig. 1. Left panel: schematic diagram of the experimental set-up. Mic: microphone for 505 

recording audio signal; Temp: air temperature in the chamber measured by a 506 

thermometer. Right panel: X-ray pictures illustrating the positions of the telemetry 507 

sensor (red arrow) and transmitter (green arrow) implanted in the intra-pleural space 508 

and under the lower back skin of a mouse, respectively. The telemetry catheter was 509 

painted with a radio opaque ink (Creative Materials Inc.) for identifying its position. 510 

 511 

Fig. 2. A. Representative experimental records illustrating the characteristic features of 512 

pressure changes and the audio signal generated by a single cough (CR; Left) and a 513 

single expiration reflex (ER; Right). B. Additional experimental records (from left to right): 514 

a CR (closed arrowhead); an ER (open arrowhead); a cough epoch consisting of a 515 

combination of CR and ER; and a cough epoch of CR/ER and ER. CR/ER (asterisk) 516 

depicts the cough response that could not be distinguished between CR and ER. Pcham: 517 

pressure inside the chamber; Pip: intra-pleural pressure recorded via the telemetry 518 

sensor in awake mice. 519 

 520 

Fig. 3. Changes in frequencies of cough reflex (CR) and expiration reflex (ER) in 521 

response to inhalation challenges of SO2 (A) and NH3 (B) during control (before 522 

ovalbumin sensitization or vehicle treatment). CR/ER represented the response that 523 

could not be distinguished between CR and ER. Responses were recorded for 5 min 524 



26 
 

before (baseline), 8 min during (shaded areas) and 5 min after the inhalation challenge 525 

(recovery). Responses to both low and high concentrations of each of the irritant gases 526 

(SO2: 200 ppm and 400 ppm; NH3: 0.1% and 0.2%) were tested, and at least 30 min 527 

elapsed between two consecutive challenges. Each test was repeated on three 528 

consecutive days in each mouse, and the data were averaged. Each data point 529 

represents mean ± SEM of all the animals tested. 530 

 531 

Fig. 4. Group data of total cough responses (CR+ER+CR/ER) to inhalation challenges 532 

of SO2 (A) and NH3 (B) during control (before ovalbumin sensitization or vehicle 533 

treatment). Data (means ± SEM) represent the group responses averaged over the 5-, 534 

8- and 5-min durations of baseline, during challenge and recovery, respectively; for 535 

details, see legend of Fig. 3. *, significantly (P < 0.05) different from the baseline data.   536 

#, significantly (P < 0.05) different from the responses to the low-concentration 537 

challenge. 538 

 539 

Fig. 5. Effect of ovalbumin (Ova)-sensitization on inflammatory mediators and cytokines 540 

in the bronchoalveolar lavage fluid (BALF) collected from the vehicle (Veh)-treated 541 

group (open bars) and Ova-sensitized group (closed bars). BALF was collected at 3-5 542 

hours after the last exposure to Ova or Veh aerosol. TNFα: tumor necrosis factor alpha; 543 

IL-5: interleukins 5; LTC4/D4/E4: leukotrienes C4/D4/E4; TXB2: thromboxane B2. Each 544 

data point represents mean ± SEM (n = the number of mice studied). Data were 545 
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analyzed by the t-test. *, significantly different from the Veh group (P < 0.05). 546 

Concentrations of TNFα and IL-5 were not detectable in the Veh group. 547 

 548 

Fig. 6. Effects of Ova sensitization and Veh treatment on the frequencies of cough 549 

reflex (CR) and expiration reflex (ER) in response to inhalation challenges of SO2 and 550 

NH3 at different time points after the treatment. CR/ER represented the response that 551 

could not be distinguished between CR and ER.  A, baseline cough frequency averaged 552 

over the 5-min duration immediately before the irritant gas inhalation challenge; B and 553 

C, cough responses to SO2 (400 ppm) and NH3 (0.2%) inhalation challenges, 554 

respectively, averaged over the 8-min duration. In A, n=12 in the Ova-sensitized group 555 

and n=6 in the Veh-treated group; this difference is due to that the response to NH3 was 556 

not tested in the Veh group (C). Each data point represents mean ± SEM.  *, 557 

significantly (P < 0.05) different from the data obtained before Ova sensitization or Veh 558 

treatment.  #, significantly (P < 0.05) different from the corresponding data point in the 559 

Veh group. 560 

 561 

Fig. 7. Potentiating effects of Ova-sensitization on the total cough responses 562 

(CR+ER+CR/ER) to inhalation challenges of both low and high concentrations of SO2 563 

(A) and NH3 (B) in awake mice. Data (means ± SEM) represent the group responses 564 

averaged over the 5-, 8- and 5-min durations of baseline, during challenge and 565 

recovery, respectively.  *, significantly (P < 0.05) different from the baseline data (open 566 
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bars).  #, significantly (P < 0.05) different from the corresponding data obtained before 567 

Ova sensitization.   568 
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Fig. 1. Left panel: schematic diagram of the experimental set-up. Mic: microphone for 

recording audio signal; Temp: air temperature in the chamber measured by a 

thermometer. Right panel: X-ray pictures illustrating the positions of the telemetry 

sensor (red arrow) and transmitter (green arrow) implanted in the intra-pleural space 

and under the lower back skin of a mouse, respectively. The telemetry catheter was 

painted with a radio opaque ink (Creative Materials Inc.) for identifying its position.  
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Fig. 2. A. Representative experimental records illustrating the characteristic features of 

pressure changes and the audio signal generated by a single cough (CR; Left) and a 

single expiration reflex (ER; Right). B. Additional experimental records (from left to right): 

a CR (closed arrowhead); an ER (open arrowhead); a cough epoch consisting of a 

combination of CR and ER; and a cough epoch of CR/ER and ER. CR/ER (asterisk) 

depicts the cough response that could not be distinguished between CR and ER. Pcham: 
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pressure inside the chamber; Pip: intra-pleural pressure recorded via the telemetry 

sensor in awake mice.  
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Fig. 3. Changes in frequencies of cough reflex (CR) and expiration reflex (ER) in 

response to inhalation challenges of SO2 (A) and NH3 (B) during control (before 

ovalbumin sensitization or vehicle treatment). CR/ER represented the response that 

could not be distinguished between CR and ER. Responses were recorded for 5 min 

before (baseline), 8 min during (shaded areas) and 5 min after the inhalation challenge 

(recovery). Responses to both low and high concentrations of each of the irritant gases 

(SO2: 200 ppm and 400 ppm; NH3: 0.1% and 0.2%) were tested, and at least 30 min 

elapsed between two consecutive challenges. Each test was repeated on three 

consecutive days in each mouse, and the data were averaged. Each data point 

represents mean ± SEM of all the animals tested.  
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Fig. 4. Group data of total cough responses (CR+ER+CR/ER) to inhalation challenges 

of SO2 (A) and NH3 (B) during control (before ovalbumin sensitization or vehicle 

treatment). Data (means ± SEM) represent the group responses averaged over the 5-, 

8- and 5-min durations of baseline, during challenge and recovery, respectively; for 

details, see legend of Fig. 3. *, significantly (P < 0.05) different from the baseline data.   

#, significantly (P < 0.05) different from the responses to the low-concentration 

challenge.  
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Table 1. Effect of ovalbumin sensitization on differential cell counts of leukocytes in 
bronchoalveolar lavage fluid (BALF) of mice. 

 Eosinophils 
(%) 

Neutrophils
(%) 

Basophils 
(%) 

Lymphocytes
(%) 

Monocytes 
(%) 

Control  
(n=6) 0.22 ± 0.16 0.48 ± 0.22 0.03 ± 0.03 10.55 ± 0.76 88.71 ± 0.52 

Sensitized 
(n=6) 5.95 ± 0.59* 8.89 ± 2.19* 0.12 ± 0.07 18.62 ± 1.41* 66.46 ± 2.32* 

 

Data were analyzed by the t-test. *, significantly different from control group (P<0.01)  
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Fig. 5. Effect of ovalbumin (Ova)-sensitization on inflammatory mediators and cytokines 

in the bronchoalveolar lavage fluid (BALF) collected from the vehicle (Veh)-treated 

group (open bars) and Ova-sensitized group (closed bars). BALF was collected at 3-5 

hours after the last exposure to Ova or Veh aerosol. TNF : tumor necrosis factor alpha; 

IL-5: interleukins 5; LTC4/D4/E4: leukotrienes C4/D4/E4; TXB2: thromboxane B2. Each 

data point represents mean ± SEM (n = the number of mice studied). Data were 

analyzed by the t-test. *, significantly different from the Veh group (P < 0.05). 

Concentrations of TNF  and IL-5 were not detectable in the Veh group.  

 



1

 

Fig. 6. Effects of Ova sensitization and Veh treatment on the frequencies of cough 

reflex (CR) and expiration reflex (ER) in response to inhalation challenges of SO2 and 

NH3 at different time points after the treatment. CR/ER represented the response that 

could not be distinguished between CR and ER.  A, baseline cough frequency averaged 



2

over the 5-min duration immediately before the irritant gas inhalation challenge; B and 

C, cough responses to SO2 (400 ppm) and NH3 (0.2%) inhalation challenges, 

respectively, averaged over the 8-min duration. In A, n=12 in the Ova-sensitized group 

and n=6 in the Veh-treated group; this difference is due to that the response to NH3 was 

not tested in the Veh group (C). Each data point represents mean ± SEM.  *, 

significantly (P < 0.05) different from the data obtained before Ova sensitization or Veh 

treatment.  #, significantly (P < 0.05) different from the corresponding data point in the 

Veh group. 
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Fig. 7. Potentiating effects of Ova-sensitization on the total cough responses 

(CR+ER+CR/ER) to inhalation challenges of both low and high concentrations of SO2 

(A) and NH3 (B) in awake mice. Data (means ± SEM) represent the group responses 

averaged over the 5-, 8- and 5-min durations of baseline, during challenge and 

recovery, respectively.  *, significantly (P < 0.05) different from the baseline data (open 

bars).  #, significantly (P < 0.05) different from the corresponding data obtained before 

Ova sensitization.   
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