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Abstract

Introduction

Cough is a major symptom of asthma frequently experienced during exercise but little is

known about interactions between cough and exercise. The goal of our study was to clarify

the potential modulation of the cough reflex (CR) by exercise in a spontaneously breathing

anaesthetized animal model of airway eosinophilic inflammation.

Materials & methods

Ten ovalbumin (OVA) sensitized adult rabbits and 8 controls were studied. The ventilatory

response to direct tracheal stimulation, performed both at rest and during exercise was

determined to quantify the incidence and the sensitivity of the CR.

Broncho-alveolar lavages (BAL) and cell counts were performed to assess the level of

the airway inflammation following OVA-induced sensitization. Exercise was mimicked by

Electrically induced hindlimb Muscular Contractions (EMC).

Results

Among 494 tracheal stimulations, 261 were performed at rest and 233 at exercise. OVA

challenges in sensitized rabbits caused a significant increase in the percentage of eosino-

phils (p = 0.008) in BAL. EMC increased minute ventilation by 36% and 35% in OVA and

control rabbits respectively, compared to rest values. The sensitivity of the CR decreased

during exercise compared to baseline in control rabbits (p = 0.0313) while it remained

unchanged in OVA rabbits.

Conclusion

The desensitization of the CR during exercise in control rabbits was abolished in OVA rab-

bits. The precise role of airway inflammation in this lack of CR desensitization needs to be

further investigated but it might contribute to the exercise-induced cough in asthmatics.
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Introduction

Cough is a major airway defensive reflex [1, 2]. It is one of the most common medical afflic-

tions for which patients seek medical attention and which remains an unmet need given the

lack of effective and safe treatments [3, 4]. Little is known about the modulation of cough asso-

ciated with human activities, particularly during exercise [5]. The major cardiorespiratory

adjustments occurring during exercise [6] undoubtedly may influence the cough reflex (CR).

Some evidence suggest that cough is decreased during exercise in healthy subjects [7] as well as

in animals models [8]. In contrast, exercise-induced cough is frequently reported by asthmatic

patients [9] or even by athletes exhibiting airway inflammation [10], suggesting the potential

of airway inflammation to enhance the CR during exercise. As only limited (and sometimes

contradictory) information is available concerning the impact of exercise on cough, our study

was conceived to develop an animal model as close as possible to the “asthmatic” airway

inflammation and to assess the specific role of exercise on the occurrence of stimulated CR.

Electrically induced muscle contractions (EMC) have been extensively used in the study of the

control of breathing at exercise (animals and human studies). Consequently, it has long been

demonstrated that EMC provides a hyperpnea that follows the same characteristics as the

physiological increase in ventilation induced by volitional exercise, particularly matched to

metabolism. Therefore, the EMC model appears as a valid model of exercise. Our main goal

was then to determine whether airway inflammation could modulate the cough-induced by

mechanical stimulation of the trachea during experimental exercise in ovalbumin (OVA)-sen-

sitized rabbits compared to controls. We hypothesized that cough may be either increased or

at least not decreased during exercise in OVA rabbits while cough is decreased during exercise

in control rabbits.

Materials and methods

All animal procedures (housing and experiments) were approved by the Lorraine University

Committee for the Use and Care of Laboratory animals and performed according to Council

Directive 86–609 EEC, issued by the Council of the European Communities, under license

from “Ministère de l’Agriculture et de la Pêche” and the “Ministère de l’Enseignement Supér-

ieur et de la Recherche” (A5418-03409), and supervision by the “Services Vétérinaires Dépar-

tementaux de Meurthe et Moselle”. Eighteen anesthetized, tracheotomized and spontaneously

breathing New Zealand adult rabbits (weight: 3.07± 0.30 kg; age: 3 months) were studied

(SARL HYCOLE—Route de Villers Plouich, 59159 MARCOING, France, http://www.hycole.

com/). Among them, 10 were sensitized to ovalbumin (OVA) and 8 were sham sensitized

(controls).

Ovalbumin sensitization protocol and control group

The month before the acute experiment with tracheal stimulations and exercise, an OVA sen-

sitization protocol was performed. As previously described, OVA sensitized rabbits [11, 12]

received intra-peritoneal (i.p.) injections of 0.1 mg OVA and 10 mg Al(OH)3 dissolved in 1 ml

saline (0.9%) on day 1 and day 14. From day 26 to 28, sensitized rabbits were exposed daily to

an aerosol of OVA during 20 minutes (2.5 mg/ml; 50 mg OVA dissolved in 20 ml saline).

Aerosols were administrated in a closed Plexiglas box (Fig 1) using an ultrasonic-nebulizer

(SYST’AM, LS290). A sham protocol was used on control rabbits. They were treated similarly

but saline was systematically used instead of OVA solutions, either intra-peritoneally or in

nebulizations. All acute experiments were performed on day 28.

Lack of desensitization of the cough reflex in sensitized rabbits during exercise
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Ovalbumin sensitization evaluation

Intradermal skin tests. Seven days before acute experiments (day 21), sensitization to

OVA was tested in both groups by intradermal skin tests. A 200 μg/mL OVA solution and

saline (for control) were used. One hundred microliters of solutions (OVA and saline) were

injected subcutaenously, symetrically in the shaved dermis on the back of each animals. The

extent of the reaction was measured 1h later using a calliper. Two measurements were taken at

right angles to one another, in order to calculate the wheal area (mm2) [13].

Bronchoalveolar lavage (BAL). BAL was performed at the end of each acute experi-

ment (from 1.5 to 2.5 hours after the last OVA challenge on day 28), following immediately

the animal euthanasia. A polyethylene-190 catheter was advanced through the endotracheal

cannula into the trachea and gently wedged into a bronchus. Slow injection (followed by

removal aspiration) of 5 ml of HEPES solution (140 mM NaCl, 5 mM KCl, 1 MgCl2, 10mM

glucose, and 10 mM HEPES; pH 7.4) was repeated three times (overall injected volume =

15ml). BAL was then collected into a tube placed on ice and previously filtrated on nylon tis-

sue with 60 μm mesh to remove mucus. An aliquot of this suspension was then centrifuged

(600 rpm, 10 minutes) and the resulting Cytospin cell preparations were stained with May-

Grünwald-Giemsa.

Microscopy and cell counting protocol. Images were acquired by an Olympus CDD

camera coupled to an Olympus microscope with a x40 objective, so that final pixel size in a

1360 x 1024 image was 0.32 μm. At least 100 cells were included in the differential cellular

Fig 1. Rabbit exposed to an aerosol administrated in a closed Plexiglas box using an ultrasonic-

nebulizer (SYST’AM, LS290). The box was conceived to allow the head of the rabbit to be maintained in front of

the aerosol particles and drops cloud generated by the nebulizer. Aerosol sessions were performed 15–20 min

daily from day 26 to day 28 either with ovalbumin (OVA rabbits) or with saline (control rabbits).

doi:10.1371/journal.pone.0171862.g001
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count: macrophages, lymphocytes, neutrophils, eosinophils, basophils, and monocytes were

separately counted. Epithelial and unidentifiable cells were excluded.

Anesthesia and surgical preparation before acute experiment

Anesthesia was induced with a mixture of intravenous (through the ear vein) pentobarbital

(0.30 ml.kg-1) and intramuscular ketamine (0.10 ml.kg-1), and pursued with continuous pento-

barbital infusion (0.6 ml.h-1). Anesthetic depth was quarterly evaluated (every 15 minutes)

with the monitoring of physiological parameters (respiratory rate, heart rate) and the assess-

ment of reflexes (palpebral reflex, corneal reflex, ear pinch withdrawal reflex and jaw tone).

Supplementary anesthetic doses were administrated in case of too light anesthesia (intravenous

pentobarbital bolus of 0.03 ml.kg-1 and intramuscular ketamine bolus of 0.01 ml.kg-1). At the

end of the acute experiment, euthanasia was obtained by an overdose of Dolethal (bolus of 5

ml, Vetoquinol SA, Lure, France).

As previously described [8], the trachea was exposed via a midline incision, paying atten-

tion to preserve the integrity of vagal nerves. Rabbits were then tracheotomized and intubated

with a steel tracheal cannula inserted caudally, allowing spontaneous breathing. Abdominal

muscles electromyograms (EMG) was recorded by bipolar fine wire stainless steel electrodes

(A-M Systems, INC, Carlsborg, WA 98324) introduced in either the transversus abdominis or

external oblique abdominal muscles. Rectal temperature was continuously monitored with an

electrical thermistor (Physiotemp Instruments, YSI 402 Clifton, NJ, USA) and maintained at

38˚C using a heated operating pad, on which rabbits were laid in the supine position.

Breathing pattern and respiratory resistance

The tracheal cannula was connected to a pneumotachograph (Fleisch # 0, Metabo, Hepalinges,

Switzerland) to simultaneously record airflow and airway pressure. The flow signal was digi-

tized at 200 Hz. Data was fed into a computer and integrated to volume. Tidal Volume (VT)

and flow were displayed continuously throughout the period of acquisition and were stored on

disk for later analysis. Respiratory resistance (Rrs) was measured by an adjustment of the

forced oscillation technique, as previously detailed [8, 14, 15], in order to evaluate the exercise

induced bronchodilation.

Rhythmic electrical stimulation of muscle contractions (EMC)

EMC was used as a valid model of exercise. We therefore used the validated approach of Cross

et al. [16] adapted and formerly described in a previous study in rabbits [8]. Briefly, hindlimbs

of anesthetized rabbits were shaved and fitted with stimulating surface electrodes (Dura-Stick

Premium, REF 42205, DJO, USA) taped over the skin and connected to an electrical stimulator

(Neuro Trac Rehab, Verity Medical LTD, UK). Stimulation allowing rhythmic hindlimb mus-

cles contraction was maintained for 3 or 4 min bout, during which the current intensity was

progressively increased from 10 to 30 mA, in order to maintain a sufficient increase in metabo-

lism and corresponding hyperpnea (at least a 30% increase of resting minute-ventilation) [8,

16, 17].

Tracheal stimulation and analysis of the cough reflex

The device designed to stimulate the trachea has been described in detail and validated in pre-

vious reports [8, 18–20]. A semi-rigid rotating silastic catheter introduced through the

tracheotomy is driven by a small electrical motor (low voltage DC motor 719RE280, MFA/

Comodrills, UK) that spins the catheter and rubs the catheter tip on the airway mucosa. The

Lack of desensitization of the cough reflex in sensitized rabbits during exercise
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duration of probing randomly varied from 50 ms, corresponding to almost a single probe rota-

tion, to 1000 ms.

Characterisation of a reference breath (at rest and during exercise) was obtained by averag-

ing VT and peak expiratory flow (V’Epeak) on 3 consecutive respiratory cycles prior to tracheal

stimulation [8]. Responses to tracheal stimulations were assessed by the change in VT and

V’Epeak relative to the reference breath, as previously described [19, 21]. A significant response

to tracheal stimulation was considered when the parameter (VT, V’Epeak) was situated outside

the 99th percentile (i.e. larger than the mean + 3 SD). Cough reflex (CR) was defined by a sig-

nificant increase in both VT and V’Epeak and expiration reflex (ER) was defined by an isolated

increase in V’Epeak, not preceded by an increase in VT. A “no response” (NR) pattern was

defined by no change in tidal flow and volume. Cough threshold (CT) was defined as the

shortest stimulus duration that induced a cough reflex response [21].

Protocol

One data acquisition sequence consisted of a bout of rest followed by electrically induced mus-

cle contractions (EMC) records (i.e. exercise) [8]. After an initial sequence allowing Rrs mea-

surements, each rabbit underwent 2 to 3 sequences (separated by at least 10 min of recovery,

i.e. without any stimulation) including tracheal stimulations. Various durations (50 ms, 150

ms, 300 ms, 600 ms, 1000 ms) of tracheal stimulations were randomly delivered at rest, while

the animal had been breathing quietly for at least 1 min. All stimulations were applied either

completely during inspiration (i.e. 50 ms to 300 ms) or almost starting during inspiration (i.e.

600 ms and 1000 ms). During EMC, 3 to 4 tracheal stimulations (from 50 ms to 1000 ms) were

as well randomly delivered at intervals of 1 min.

Data analysis

Statistical analysis was performed using the JMP 9.0.0 package (2010 SAS Institute Inc). Respi-

ratory variables (VT, minute ventilation V’E and Rrs) were averaged over the relevant study

period: i.e. at rest and during exercise for comparisons between groups.

The incidence and type of response were analysed by χ2 test or the Fisher’s exact test. Analy-

sis of variance (ANOVA) was used for the comparison of the breathing pattern (VT, V’Epeak)

and respiratory resistance (Rrs). Comparisons of CT values between rest and exercise were

performed using nonparametric Wilcoxon signed-rank test. The limit of significance was

p< 0.05. Data are expressed as mean ± SD.

Results

An overall of 494 tracheal stimulations were performed (271 at rest; 223 at exercise) and ana-

lyzed in 18 rabbits (10 OVA and 8 controls).

OVA intradermal skin tests and BAL eosinophil count

OVA intradermal injection challenge was highly positive in OVA rabbits with a mean wheal

area of 630 mm2 ± 297 mm2 and strictly negative in control rabbits (0 mm2, p< 0.0001). In

addition, a significant increase of eosinophils (p = 0.008) occurred in BAL fluid in OVA rabbits

compared to control ones (Table 1).

Lack of desensitization of the cough reflex in sensitized rabbits during exercise
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Breathing pattern and respiratory resistance at rest and during exercise

(EMC)

Following rhythmic electrical stimulation of muscle contractions (i.e. exercise), the mean min-

ute ventilation increased from rest, by 36% and 35% in OVA and control rabbits, respectively

(Table 2). Concomitantly, the mean reduction in Rrs was 11% (OVA) and 13% (control)

(Table 2; Fig 2). No significant statistical differences were found between groups.

Types of ventilatory responses to tracheal stimulation

Three types of response to tracheal stimulation were encountered: CR (Fig 3), ER and NR.

Overall stimulations, as stimulations performed at rest and during exercise (EMC) in both

(OVA and control) groups are presented in Table 3.

During exercise, in the OVA group, CT remained unchanged in 5 rabbits, decreased in 4

rabbits and increased in 1 rabbit, indicating no modification of the sensitivity of the cough

reflex compared to baseline (no significant difference (NS)). For the control group, CT during

exercise increased in 4 rabbits and remained unchanged in 4 rabbits, even so leading to a sig-

nificant decreased sensitivity of the cough reflex compared to baseline (p = 0.0313, Table 4).

Discussion

To the best of our knowledge, our study is the first that focused on the influence of exercise on

the cough reflex to tracheal mechanical stimulation in OVA-challenged rabbits. The study

demonstrates that allergen-induced airway inflammation prevents the physiological exercise-

induced decrease of the CR sensitivity, previously demonstrated [8].

Cough is a common symptom in a wide range of respiratory and non-respiratory diseases,

but still remains a difficult clinical problem mostly because of the poor understanding of the

underlying pathophysiological processes involved. Numerous animal models have been used

Table 1. Wheal surface of the intradermal skin tests, total BAL cell count and BAL eosinophil count of OVA and control rabbits, expressed as

mean (Standard Deviation).

Condition Wheal surface mm2 (SD) Total BAL cell count (SD)/ml BAL eosinophil count (SD) %

OVA (n = 10) 630 (297) 1.61 (57) x106 26.3 (16)

Control (n = 8) 0 (0) 1.08 (43) x106 2.5 (2.5)

BAL: Bronchoalveolar lavage

OVA: Ovalbumin-sensitized rabbits

doi:10.1371/journal.pone.0171862.t001

Table 2. Minute ventilation and respiratory resistance at baseline and during exercise for OVA and control rabbits.

Baseline Exercise (2&3min) p

Rrs (hPa s L-1)

OVA (n = 10) 16.8 ± 1.9 14.9 ± 2.1 0.0003

Control (n = 8) 17.9 ± 1.4 15.5 ± 1.3 < 0.0001

V’E (mL min-1)

OVA (n = 10) 984 ± 232 1338 ± 229 < 0.0001

Control (n = 8) 794 ± 122 1075 ± 216 0.0008

OVA: Ovalbumin-sensitized rabbits

V’E: minute ventilation

Rrs: respiratory resistance

doi:10.1371/journal.pone.0171862.t002
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to explore the mechanisms of cough but often using irritant compounds (such as citric acid or

capsaicin) and rarely dealing with physiological triggers such as exercise is [22–27]. The

inflammatory responses shown by the rabbit model, especially in the case of asthma, are com-

parable with those that occur in humans [28–30]. Indeed, neonatally immunized rabbits

exhibit many of the features of human asthma, including airway hyperreponsiveness (AHR) to

inhaled antigen [28–30], acute and late-phase airways obstruction [31] and pulmonary eosino-

phil and lymphocyte recruitment [28, 32], as well as the production of immunoglobulin E (Ig

E) antibodies [31]. Since the first rabbit immunisation protocol [33], various antigens (includ-

ing OVA) have been proposed to allow valuable animal experiment [34]. The OVA model of

airway inflammation is characterised by high levels of OVA-specific IgE and eosinophils, a T-

cell predominant bronchial inflammatory response, and the development of AHR, which are

similar to characteristics of asthma in humans [26]. The rabbit model is also of particular inter-

est because it allows spontaneous breathing (instead of mechanical ventilation for smaller ani-

mal models) during anaesthesia, leading to, repeated physiological measurements [34], as well

as it shows a similar response to the drugs commonly used in asthmatics [34]. All these similar-

ities between the allergic rabbit model and human asthma provide relevance to this model,

therefore allowing the assessment of the modulation of cough during exercise in the present

study.

Fig 2. Sequence including rest, exercise and recovery. During electrically induced exercise (horizontal

arrow), minute ventilation is increased and respiratory resistance (Rrs) is decreased, indicating concomitant

bronchodilation.

doi:10.1371/journal.pone.0171862.g002
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Exercise represents a quantifiable and reproducible stressor that can be easily modified

experimentally [35]. It is also able to trigger various and complex interacting mechanisms

within the psycho-neuro-immune-endocrine pathways [36]. Exercise-induced bronchocon-

striction (EIB) is common but key aspects of its pathogenesis are still lacking [37]. Regarding

to the pathophysiological mechanisms involved, it is generally assumed that exercise-induced

asthma/bronchoconstriction involves both osmolar (“airway drying”) and vascular (“thermal”)

modifications of the airways, in addition to parasympathetic stimulation caused by the

entrance of fresh air into the respiratory tract [38]. Both hypotheses are based on the marked

hyper-ventilation during physical activity, leading to significant water and heat loss through

respiration. Increased water loss is responsible for hyper-osmolality of the extracellular fluid

Fig 3. Cough reflex (CR) at rest (A) and during exercise (B). CR is characterized by an increase in both tidal volume (VT) and peak expiratory flow

(V’Epeak). Abdominal muscles electromyogram (EMG) also showed activity on the stimulation breath. The downward arrow indicates the tracheal

stimulation. Positive and negative airflow rates indicate inspiration and expiration, respectively.

doi:10.1371/journal.pone.0171862.g003

Table 3. Overall tracheal stimulations performed at rest and during exercise (electrically induced

muscle contractions) for OVA and control rabbits (expressed as absolute value (percentage)).

OVA (n = 10) Control (n = 8)

Total number of stimulations 261 (53%) 233 (47%)

Stimulations at rest 141/261 (54%) 130/233 (56%)

Stimulations during exercise 120/261 (46%) 103/233 (44%)

OVA: Ovalbumin-sensitized rabbits

doi:10.1371/journal.pone.0171862.t003

Lack of desensitization of the cough reflex in sensitized rabbits during exercise

PLOS ONE | DOI:10.1371/journal.pone.0171862 February 9, 2017 8 / 13



lining the bronchial mucosa [39] further leading to the release of inflammatory mediators

from mast cells, eosinophils, neutrophils, and other inflammatory cells, including newly

formed eicosanoids [40, 41]. The epithelium may act as a key regulator of the balance of eicosa-

noids in the airways by both the induction of the release of constrictive eicosanoids and by the

downregulation of the release of the relaxant PGE2 [42]. Several airway TRP ion channels have

been shown to sense and react to ambient air temperature opening new windows in the under-

standing of the pathogenesis in a diversity of airway reactions, particularly cough, appearing in

many common respiratory diseases [43].

Only poor information is available regarding to the modulation of cough during human

activities [5] but common low-level stimuli such as eating, drinking, talking, laughing, singing

or exercising have been shown to cause cough, suggesting the emergence of a new concept

(even if little explanation has so far been suggested) where cough is considered as a neuropathic

disorder [44]. In the field of exercise (although available information is limited and often con-

tradictory), present knowledge seems to indicate that the various adaptive responses brought

into action by physical activity may modulate the CR [5], supporting that cough reflex exhibits

plasticity at peripheral and central levels [45]. In healthy subjects, it has been shown that cough

threshold to distilled water aerosol was increased during exercise and voluntary isocapnic

hyperpnea [7]. Our results confirm a physiological decrease in sensitivity (i.e. increased in

cough reflex threshold) of the CR during exercise (compared to sensitivity at rest) in anesthe-

tized rabbits, as previously described [8]. Overall, it appears that cough is depressed (i.e. down-

regulated) when ventilation increases, at least during isocapnic hyperpnea triggered by exercise.

Exercise-induced cough is frequent in asthmatic patients [9] or even in athletes develop-

ing airway inflammation [10], suggesting the potential of exercise to trigger cough. Our

study shows an unchanged CR sensitivity during exercise in the OVA sensitized and chal-

lenged rabbits in contrast with the decrease of CR in the control animals. The impact of exer-

cise in the modulation of cough is often discussed with respect to the state of contraction/

relaxation of airway smooth muscle as a consequence of the numerous adaptive responses

(involving neural and mechanical mechanisms) generated during physical activity and prin-

cipally leading to exercise-induced bronchodilation [14,46,47]. As bronchoconstriction is

able to modulate cough by enhancing the CR [48], one might expect that bronchodilation

would decrease cough induced by mechanical stimulation of the airways [8]. Indeed, both

groups (OVA and Control) showed a similar bronchodilation during exercise as suggested

by the significant decrease of respiratory resistance (Table 2). There was also no difference

either in the increase of V’E or the decrease of Rrs between OVA and control rabbits. With

regard to this comparable state of hyperventilation and bronchodilation during exercise, the

modulation of cough appeared however different between OVA (lack of desensitization) and

controls (desensitization). Bronchodilation per se unlikely explains the differences in the

effect of exercise on the CR. Some human studies have pointed out that bronchodilation may

fail to affect CR sensitivity [49], as well as exercise without evidence of bronchodilation may

increase cough threshold [7].

Table 4. Cough threshold (CT) at rest and during exercise for OVA and control rabbits. Data expressed in ms (mean ± SD).

OVA (n = 10) Control (n = 8) p

Rest-CT (ms) 230 ± 294 62 ± 35 NS (0.1304)

Exercise-CT (ms) 190 ± 184 125 ± 46 NS (0.3463)

OVA: Ovalbumin-sensitized rabbits

CT: Cough threshold

doi:10.1371/journal.pone.0171862.t004
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Our results highlight the contribution of allergen-induced experimental airway inflamma-

tion in the modulation of the CR during exercise. It has been shown that cough is associated

with chronic eosinophilic disorders (such as asthma, cough-variant asthma or even eosino-

philic bronchitis) [30, 31]. However, the relationship between cough receptor sensitivity

and eosinophilic inflammation of the airway in patients with asthma or allergic rhinitis still

remains unclear [50]. It is hypothesized that eosinophils in contact with sensory airway nerves

[51] cause an eosinophil-dependent neuro-inflammation able to enhance cough [52]. Even the

specific mechanisms by which this inflammation modulate the CR have not been established,

it however seems that inflammatory mediators, indirectly released, sensitize airway neuronal

responses to capsaicin involving the activation of the transient receptor potential cation chan-

nel subfamily V member 1 (TRPV1) [44, 53]. In a previous study in Brown-Norway rats [37],

no control rats with or without exercise showed evidence of Exercise-Induced Bronchocon-

striction (EIB) but 80% of the OVA-sensitized rats demonstrated abnormal breath sounds

upon exposure to aerosolized OVA and 30% of OVA-sensitized rats exposed only to exercise

had abnormal breath sounds. Lung tissue levels of TNF-α, IL-1α, growth-related oncogene/

keratinocyte/chemoattractant, and IFN-γ were significantly higher (P< 0.001) in the OVA-

sensitized group. Most of these cytokines were not altered in the OVA-sensitized rats exposed

only to exercise, suggesting a different mechanism of EIB [37].

If the evidence of an airway inflammation in OVA rabbits suggests a modulation of cough

at a peripheral sensory nerves level, the contribution of a modulation at a central level should

also be questioned. Indeed, the brainstem respiratory network should be considered as a key

integrator regarding to the different afferent inputs upstream from triggering defensive airway

reflexes. Moreover, coughing and breathing are initiated by neurons situated in very close

(even overlapping) areas of the brainstem [54, 55]. Thus, facing a tracheal mechanical stimula-

tion, the central respiratory integrator should trigger the most adapted motor response proper

to the prevailing needs of both conditions (i.e exercise and rest) [8, 55]. The decrease of cough

during exercise in control rabbits then suggests that the respiratory pattern generator favours

an increase of respiratory activity and inhibits airway defensive reflexes, whereas in OVA rab-

bits the airway inflammation prevents the development of the exercise-driven inhibition of the

defensive reflexes. This lack of desensitization of cough during exercise in OVA rabbits would

make teleological sense because airways remodelling associated with airway inflammation may

be considered as a weak point (facing the potential insult to the airways caused by hyperventi-

lation during exercise [56]), allowing the preservation of defensive reflexes.

Conclusions

Our results confirm a decrease of cough during exercise in control rabbits and suggest for the

first time the lack of desensitization in OVA-sensitized and challenged rabbits. This result con-

tributes to explain the higher susceptibility to cough of asthmatics during exercise. Further

studies are needed to explore the underlying inflammatory mechanisms contributing to the

absence of the CR desensitization physiologically-associated to exercise.

Acknowledgments

The authors gratefully acknowledge A-L. Leblanc for her helpful technical assistance.

Author Contributions

Conceptualization: AT BC MP.

Data curation: AT BC MP BD.

Lack of desensitization of the cough reflex in sensitized rabbits during exercise

PLOS ONE | DOI:10.1371/journal.pone.0171862 February 9, 2017 10 / 13



Formal analysis: AT BC MP.

Investigation: AT BC MP BD LF CC SDA.

Methodology: AT BC MP BD LF CC SDA.

Project administration: AT BC.

Resources: AT BC MP BD LF CC SDA.

Software: AT BC MP BD.

Supervision: AT BC MP.

Validation: AT BC MP BD.

Visualization: AT BC MP.

Writing – original draft: AT BC MP BD LF CC SDA.

Writing – review & editing: AT BC MP.

References
1. Widdicombe JG. Receptors in the trachea and bronchi of the cat. The Journal of physiology. 1954;

123:71–104. PMID: 13131247

2. Widdicombe JG. Respiratory reflexes from the trachea and bronchi of the cat. The Journal of physiol-

ogy. 1954; 123:55–70. PMID: 13131246

3. Belvisi MG, Geppetti P. Cough. 7: Current and future drugs for the treatment of chronic cough. Thorax.

2004; 59:438–40. doi: 10.1136/thx.2003.013490 PMID: 15115877

4. Mutolo D, Cinelli E, Iovino L, Pantaleo T, Bongianni F. Downregulation of the cough reflex by aclidinium

and tiotropium in awake and anesthetized rabbits. Pulmonary pharmacology & therapeutics. 2016;

38:1–9.

5. Widdicombe J, Fontana G, Gibson P. Workshop—cough: exercise, speech and music. Pulmonary

pharmacology & therapeutics. 2009; 22:143–7.

6. Turner DL. Cardiovascular and respiratory control mechanisms during exercise: an integrated view.

The Journal of experimental biology. 1991; 160:309–40. PMID: 1960517

7. Lavorini F, Fontana GA, Chellini E, Magni C, Duranti R, Widdicombe J. Desensitization of the cough

reflex by exercise and voluntary isocapnic hyperpnea. J Appl Physiol. 2010; 108:1061–8. doi: 10.1152/

japplphysiol.00423.2009 PMID: 20093671

8. Poussel M, Bosser G, Varechova S, Demoulin B, Chalon B, Ruckebusch O, et al. Desensitization of the

cough reflex during limb muscle contraction in anesthetized rabbits. Pulmonary pharmacology & thera-

peutics. 2014; 27:96–101.

9. Boulet LP, O’Byrne PM. Asthma and exercise-induced bronchoconstriction in athletes. The New

England journal of medicine. 2015; 372:641–8. doi: 10.1056/NEJMra1407552 PMID: 25671256

10. Kennedy MD, Davidson WJ, Wong LE, Traves SL, Leigh R, Eves ND. Airway inflammation, cough and

athlete quality of life in elite female cross-country skiers: A longitudinal study. Scandinavian journal of

medicine & science in sports. 2015.

11. Ali S, Metzger WJ, Mustafa SJ. Simultaneous measurement of cyclopentyladenosine-induced contrac-

tion and intracellular calcium in bronchial rings from allergic rabbits and it’s antagonism. The Journal of

pharmacology and experimental therapeutics. 1996; 278:639–44. PMID: 8768714

12. Petak F, Hantos Z, Adamicza A, Gality H, Habre W. Development of bronchoconstriction after adminis-

tration of muscle relaxants in rabbits with normal or hyperreactive airways. Anesthesia and analgesia.

2006; 103:103–9. doi: 10.1213/01.ane.0000221439.87488.08 PMID: 16790635

13. Chambers MA, Williams A, Gavier-Widen D, Whelan A, Hall G, Marsh PD, et al. Identification of a Myco-

bacterium bovis BCG auxotrophic mutant that protects guinea pigs against M. bovis and hematogenous

spread of Mycobacterium tuberculosis without sensitization to tuberculin. Infection and immunity. 2000;

68:7094–9. PMID: 11083835

14. Marchal F, Demoulin B, Schweitzer C, Leblanc AL, Bertin N. Airway response to induced muscular con-

traction in spontaneously breathing rabbits. Respiratory physiology & neurobiology. 2008; 160:224–31.

Lack of desensitization of the cough reflex in sensitized rabbits during exercise

PLOS ONE | DOI:10.1371/journal.pone.0171862 February 9, 2017 11 / 13

http://www.ncbi.nlm.nih.gov/pubmed/13131247
http://www.ncbi.nlm.nih.gov/pubmed/13131246
http://dx.doi.org/10.1136/thx.2003.013490
http://www.ncbi.nlm.nih.gov/pubmed/15115877
http://www.ncbi.nlm.nih.gov/pubmed/1960517
http://dx.doi.org/10.1152/japplphysiol.00423.2009
http://dx.doi.org/10.1152/japplphysiol.00423.2009
http://www.ncbi.nlm.nih.gov/pubmed/20093671
http://dx.doi.org/10.1056/NEJMra1407552
http://www.ncbi.nlm.nih.gov/pubmed/25671256
http://www.ncbi.nlm.nih.gov/pubmed/8768714
http://dx.doi.org/10.1213/01.ane.0000221439.87488.08
http://www.ncbi.nlm.nih.gov/pubmed/16790635
http://www.ncbi.nlm.nih.gov/pubmed/11083835


15. Schweitzer C, Demoulin B, Varechova S, Poussel M, Marchal F. Neural control of airway to deep inhala-

tion in rabbits. Respiratory physiology & neurobiology. 2011; 177:169–75.

16. Cross BA, Davey A, Guz A, Katona PG, MacLean M, Murphy K, et al. The role of spinal cord transmis-

sion in the ventilatory response to electrically induced exercise in the anaesthetized dog. The Journal of

physiology. 1982; 329:37–55. PMID: 6292406

17. Haouzi P, Chenuel B. Control of arterial PCO2 by somatic afferents in sheep. The Journal of physiology.

2005; 569:975–87. doi: 10.1113/jphysiol.2005.089649 PMID: 16223767

18. Poussel M, Varechova S, Demoulin B, Chalon B, Schweitzer C, Marchal F, et al. Nasal stimulation by

water down-regulates cough in anesthetized rabbits. Respiratory physiology & neurobiology. 2012;

183:20–5.

19. Varechova S, Poussel M, Demoulin B, Chenuel B, Schweitzer C, Marchal F. Within breath ventilatory

responses to mechanical tracheal stimulation in anaesthetised rabbits. Pulmonary pharmacology &

therapeutics. 2010; 23:397–402.

20. Varechova S, Poussel M, Schweitzer C, Demoulin B, Chenuel B, Marchal F. Stimulus response latency

of cough and expiration reflex depends on breathing in the rabbit. Pulmonary pharmacology & therapeu-

tics. 2012; 25:242–7.

21. Varechova S, Demoulin B, Poussel M, Chenuel B, Marchal F. Cough threshold and reactivity to

mechanical stimulation of the trachea in the rabbit preliminary observations. Bratislavske lekarske listy.

2011; 112:136–9. PMID: 21452765

22. Jackson DM. The effect of nedocromil sodium, sodium cromoglycate and codeine phosphate on citric

acid-induced cough in dogs. British journal of pharmacology. 1988; 93:609–12. PMID: 2836011

23. Schelegle ES, Gershwin LJ, Miller LA, Fanucchi MV, Van Winkle LS, Gerriets JP, et al. Allergic asthma

induced in rhesus monkeys by house dust mite (Dermatophagoides farinae). The American journal of

pathology. 2001; 158:333–41. doi: 10.1016/S0002-9440(10)63973-9 PMID: 11141508

24. Duz M, Whittaker AG, Love S, Parkin TD, Hughes KJ. Validation of a digital audio recording method for

the objective assessment of cough in the horse. Research in veterinary science. 2010; 89:266–71. doi:

10.1016/j.rvsc.2010.03.005 PMID: 20363008

25. Liu Q, Fujimura M, Tachibana H, Myou S, Kasahara K, Yasui M. Characterization of increased cough

sensitivity after antigen challenge in guinea pigs. Clinical and experimental allergy: journal of the British

Society for Allergy and Clinical Immunology. 2001; 31:474–84.

26. Kamaruzaman NA, Kardia E, Kamaldin N, Latahir AZ, Yahaya BH. The rabbit as a model for studying

lung disease and stem cell therapy. BioMed research international. 2013; 2013:691830. doi: 10.1155/

2013/691830 PMID: 23653896

27. Clay E, Patacchini R, Trevisani M, Preti D, Brana MP, Spina D, et al. Ozone-Induced Hypertussive

Responses in Rabbits and Guinea Pigs. The Journal of pharmacology and experimental therapeutics.

2016; 357:73–83. doi: 10.1124/jpet.115.230227 PMID: 26837703

28. Herd CM, Donigi-Gale D, Shoupe TS, Burroughs DA, Yeadon M, Page CP. Effect of a 5-lipoxygenase

inhibitor and leukotriene antagonist (PF 5901) on antigen-induced airway responses in neonatally

immunized rabbits. British journal of pharmacology. 1994; 112:292–8. PMID: 8032653

29. Herd CM, Gozzard N, Page CP. Capsaicin pre-treatment prevents the development of antigen-induced

airway hyperresponsiveness in neonatally immunised rabbits. European journal of pharmacology.

1995; 282:111–9. PMID: 7498265

30. Bloom JW, Baumgartener-Folkerts C, Palmer JD, Halonen M. Airway cholinergic responsiveness in

rabbits in relation to antigen sensitization and challenge. Immunopharmacology. 1988; 15:157–67.

PMID: 3292455

31. Shampain MP, Behrens BL, Larsen GL, Henson PM. An animal model of late pulmonary responses to

Alternaria challenge. The American review of respiratory disease. 1982; 126:493–8. doi: 10.1164/arrd.

1982.126.3.493 PMID: 6889825

32. Marsh WR, Irvin CG, Murphy KR, Behrens BL, Larsen GL. Increases in airway reactivity to histamine

and inflammatory cells in bronchoalveolar lavage after the late asthmatic response in an animal model.

The American review of respiratory disease. 1985; 131:875–9. doi: 10.1164/arrd.1985.131.6.875

PMID: 4003939

33. Pinckard RN, Halonen M, Palmer JD, Butler C, Shaw JO, Henson PM. Intravascular aggregation and

pulmonary sequestration of platelets during IgE-induced systemic anaphylaxis in the rabbit: abrogation

of lethal anaphylactic shock by platelet depletion. J Immunol. 1977; 119:2185–93. PMID: 915295

34. Keir S, Page C. The rabbit as a model to study asthma and other lung diseases. Pulmonary pharmacol-

ogy & therapeutics. 2008; 21:721–30.

35. Hoffman-Goetz L, Pedersen BK. Exercise and the immune system: a model of the stress response?

Immunology today. 1994; 15:382–7. doi: 10.1016/0167-5699(94)90177-5 PMID: 7916952

Lack of desensitization of the cough reflex in sensitized rabbits during exercise

PLOS ONE | DOI:10.1371/journal.pone.0171862 February 9, 2017 12 / 13

http://www.ncbi.nlm.nih.gov/pubmed/6292406
http://dx.doi.org/10.1113/jphysiol.2005.089649
http://www.ncbi.nlm.nih.gov/pubmed/16223767
http://www.ncbi.nlm.nih.gov/pubmed/21452765
http://www.ncbi.nlm.nih.gov/pubmed/2836011
http://dx.doi.org/10.1016/S0002-9440(10)63973-9
http://www.ncbi.nlm.nih.gov/pubmed/11141508
http://dx.doi.org/10.1016/j.rvsc.2010.03.005
http://www.ncbi.nlm.nih.gov/pubmed/20363008
http://dx.doi.org/10.1155/2013/691830
http://dx.doi.org/10.1155/2013/691830
http://www.ncbi.nlm.nih.gov/pubmed/23653896
http://dx.doi.org/10.1124/jpet.115.230227
http://www.ncbi.nlm.nih.gov/pubmed/26837703
http://www.ncbi.nlm.nih.gov/pubmed/8032653
http://www.ncbi.nlm.nih.gov/pubmed/7498265
http://www.ncbi.nlm.nih.gov/pubmed/3292455
http://dx.doi.org/10.1164/arrd.1982.126.3.493
http://dx.doi.org/10.1164/arrd.1982.126.3.493
http://www.ncbi.nlm.nih.gov/pubmed/6889825
http://dx.doi.org/10.1164/arrd.1985.131.6.875
http://www.ncbi.nlm.nih.gov/pubmed/4003939
http://www.ncbi.nlm.nih.gov/pubmed/915295
http://dx.doi.org/10.1016/0167-5699(94)90177-5
http://www.ncbi.nlm.nih.gov/pubmed/7916952


36. Verratti V. Neuroimmune biology of physical exercise. Journal of biological regulators and homeostatic

agents. 2009; 23:203–6. PMID: 19828098

37. Kodesh E, Zaldivar F, Schwindt C, Tran P, Yu A, Camilon M, et al. A rat model of exercise-induced

asthma: a nonspecific response to a specific immunogen. American journal of physiology Regulatory,

integrative and comparative physiology. 2011; 300:R917–24. doi: 10.1152/ajpregu.00270.2010 PMID:

21228339

38. Del Giacco SR, Firinu D, Bjermer L, Carlsen KH. Exercise and asthma: an overview. European clinical

respiratory journal. 2015; 2:27984. doi: 10.3402/ecrj.v2.27984 PMID: 26672959

39. Anderson SD, Daviskas E. The mechanism of exercise-induced asthma is. The Journal of allergy and

clinical immunology. 2000; 106:453–9. doi: 10.1067/mai.2000.109822 PMID: 10984363

40. Hallstrand TS, Henderson WR Jr. Role of leukotrienes in exercise-induced bronchoconstriction. Current

allergy and asthma reports. 2009; 9:18–25. PMID: 19063820

41. Hallstrand TS, Moody MW, Wurfel MM, Schwartz LB, Henderson WR Jr., Aitken ML. Inflammatory

basis of exercise-induced bronchoconstriction. American journal of respiratory and critical care medi-

cine. 2005; 172:679–86. doi: 10.1164/rccm.200412-1667OC PMID: 15947280

42. Hallstrand TS. New insights into pathogenesis of exercise-induced bronchoconstriction. Current opinion

in allergy and clinical immunology. 2012; 12:42–8. doi: 10.1097/ACI.0b013e32834ecc67 PMID:

22157157

43. Millqvist E. TRP channels and temperature in airway disease-clinical significance. Temperature (Aus-

tin). 2015; 2:172–7.

44. Chung KF, McGarvey L, Mazzone SB. Chronic cough as a neuropathic disorder. The Lancet Respira-

tory medicine. 2013; 1:414–22. doi: 10.1016/S2213-2600(13)70043-2 PMID: 24429206

45. Bonham AC, Sekizawa SI, Joad JP. Plasticity of central mechanisms for cough. Pulmonary pharmacol-

ogy & therapeutics. 2004; 17:453–7; discussion 69–70.

46. Fontana GA, Pantaleo T, Lavorini F, Bongianni F, Mannelli M, Bridge PD, et al. Handgrip-induced air-

way dilation in asthmatic patients with bronchoconstriction induced by MCh inhalation. J Appl Physiol.

2002; 93:1723–30. doi: 10.1152/japplphysiol.00326.2002 PMID: 12381760

47. Marchal F, Evrot E, Schweitzer C, Demoulin B, Poussel M, Varechova S. Bronchodilation induced by

muscular contraction in spontaneously breathing rabbits: neural or mechanical? Respiratory physiology

& neurobiology. 2012; 180:311–5.

48. Widdicombe J. Airway receptors. Respiration physiology. 2001; 125:3–15. PMID: 11240149

49. Fujimura M, Sakamoto S, Kamio Y, Matsuda T. Effects of methacholine induced bronchoconstriction

and procaterol induced bronchodilation on cough receptor sensitivity to inhaled capsaicin and tartaric

acid. Thorax. 1992; 47:441–5. PMID: 1386691

50. Brozmanova M, Calkovsky V, Plevkova J, Bartos V, Plank L, Tatar M. Early and late allergic phase

related cough response in sensitized guinea pigs with experimental allergic rhinitis. Physiological

research / Academia Scientiarum Bohemoslovaca. 2006; 55:577–84.

51. Kingham PJ, McLean WG, Sawatzky DA, Walsh MT, Costello RW. Adhesion-dependent interactions

between eosinophils and cholinergic nerves. American journal of physiology Lung cellular and molecu-

lar physiology. 2002; 282:L1229–38. doi: 10.1152/ajplung.00278.2001 PMID: 12003778

52. Gu Q, Wiggers ME, Gleich GJ, Lee LY. Sensitization of isolated rat vagal pulmonary sensory neurons

by eosinophil-derived cationic proteins. American journal of physiology Lung cellular and molecular

physiology. 2008; 294:L544–52. doi: 10.1152/ajplung.00271.2007 PMID: 18178677

53. Sikand P, Premkumar LS. Potentiation of glutamatergic synaptic transmission by protein kinase C-

mediated sensitization of TRPV1 at the first sensory synapse. The Journal of physiology. 2007;

581:631–47. doi: 10.1113/jphysiol.2006.118620 PMID: 17363391

54. McGovern AE, Davis-Poynter N, Farrell MJ, Mazzone SB. Transneuronal tracing of airways-related

sensory circuitry using herpes simplex virus 1, strain H129. Neuroscience. 2012; 207:148–66. doi: 10.

1016/j.neuroscience.2012.01.029 PMID: 22306285

55. Bolser DC, Poliacek I, Jakus J, Fuller DD, Davenport PW. Neurogenesis of cough, other airway defen-

sive behaviors and breathing: A holarchical system? Respiratory physiology & neurobiology. 2006;

152:255–65.

56. Larsson K, Tornling G, Gavhed D, Muller-Suur C, Palmberg L. Inhalation of cold air increases the num-

ber of inflammatory cells in the lungs in healthy subjects. The European respiratory journal: official jour-

nal of the European Society for Clinical Respiratory Physiology. 1998; 12:825–30.

Lack of desensitization of the cough reflex in sensitized rabbits during exercise

PLOS ONE | DOI:10.1371/journal.pone.0171862 February 9, 2017 13 / 13

http://www.ncbi.nlm.nih.gov/pubmed/19828098
http://dx.doi.org/10.1152/ajpregu.00270.2010
http://www.ncbi.nlm.nih.gov/pubmed/21228339
http://dx.doi.org/10.3402/ecrj.v2.27984
http://www.ncbi.nlm.nih.gov/pubmed/26672959
http://dx.doi.org/10.1067/mai.2000.109822
http://www.ncbi.nlm.nih.gov/pubmed/10984363
http://www.ncbi.nlm.nih.gov/pubmed/19063820
http://dx.doi.org/10.1164/rccm.200412-1667OC
http://www.ncbi.nlm.nih.gov/pubmed/15947280
http://dx.doi.org/10.1097/ACI.0b013e32834ecc67
http://www.ncbi.nlm.nih.gov/pubmed/22157157
http://dx.doi.org/10.1016/S2213-2600(13)70043-2
http://www.ncbi.nlm.nih.gov/pubmed/24429206
http://dx.doi.org/10.1152/japplphysiol.00326.2002
http://www.ncbi.nlm.nih.gov/pubmed/12381760
http://www.ncbi.nlm.nih.gov/pubmed/11240149
http://www.ncbi.nlm.nih.gov/pubmed/1386691
http://dx.doi.org/10.1152/ajplung.00278.2001
http://www.ncbi.nlm.nih.gov/pubmed/12003778
http://dx.doi.org/10.1152/ajplung.00271.2007
http://www.ncbi.nlm.nih.gov/pubmed/18178677
http://dx.doi.org/10.1113/jphysiol.2006.118620
http://www.ncbi.nlm.nih.gov/pubmed/17363391
http://dx.doi.org/10.1016/j.neuroscience.2012.01.029
http://dx.doi.org/10.1016/j.neuroscience.2012.01.029
http://www.ncbi.nlm.nih.gov/pubmed/22306285

