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ABSTRACT

We studied the respiratory responses to an increase in airway temperature in patients with allergic
rhinitis (AR). Responses to isocapnic hyperventilation (40% of maximal voluntary ventilation) for 4 min
of humidified hot air (HA; 49°C) and room air (RA; 21 °C) were compared between AR patients (n=7) and
healthy subjects (n=6). In AR patients, cough frequency increased pronouncedly from 0.10 + 0.07 before
to 2.37 £+ 0.73 during, and 1.80 + 0.79 coughs/min for the first 8 min after the HA challenge, but not during
the RA challenge. In contrast, neither HA nor RA had any significant tussive effect in healthy subjects.
The HA challenge also caused respiratory discomfort (mainly throat irritation) measured by the handgrip
dynamometry in AR patients, but not in healthy subjects. Bronchoconstriction was not detected after the
HA challenge in either group of subjects. In conclusion, hyperventilation of HA triggered vigorous cough
response and throat irritation in AR patients, indicating the involvement of sensory nerves innervating

upper airways.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Allergic rhinitis (AR) is an inflammatory disease of upper
airways characterized by nasal congestion and rhinorrhea, inter-
mittent or persistent sneezing, pruritus in nose, eyes and throat,
and coughing. The inflammatory reaction is characterized by early-
phase and late-phase allergic responses similar to that in allergic
asthma (Bousquet et al., 2012; Wallace et al., 2008). Repeated
exposures to environmental allergens result in an IgE medi-
ated type I allergic response that induces a type-2 helper T cell
(TH2) inflammation. Cross-linking of IgE antibodies present on
the surface of primed mast cells by an antigen activates them
and results in degranulation and release of inflammatory media-
tors such as histamines, tryptase, and leukotrienes, which in turn
leads to vasodilatation and increased vascular permeability. The
recruitment of TH2 cells and secretion of IL-5 give rise to tissue
eosinophilia that characterizes the late phase response (Middleton
etal., 2009).Eosinophilicinflammation in turns can result in further
tissue damage and sensitization of the afferent nerves innervat-
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ing the nose, throat and upper airways due to release of additional
inflammatory mediators.

Our laboratory has recently reported that an increase in airway
temperature by hyperventilation of hot humid air for 4 min trig-
gered an immediate and transient bronchoconstriction in patients
with mild asthma, but not in healthy individuals (Hayes et al.,
2012). The bronchoconstriction was accompanied by cough and
prevented by pretreatment with ipratropium, a muscarinic recep-
tor antagonist, suggesting an involvement of activation of airway
sensory nerves and the cholinergic reflex pathway. Although
direct evidence could not be established in that study, our results
suggested activation of a temperature sensors expressed in the
vagal bronchopulmonary sensory nerves is probably involved in
eliciting these reflex responses. One possible candidate is the tran-
sient receptor potential vanilloid type 1 receptor (TRPV1). Indeed,
chronic allergic inflammation is known to enhance both the sen-
sitivity and the expression of TRPV1 in airway sensory nerves (Lee
and Gu, 2009; Zhang et al., 2008).

TRPV1 is also abundantly expressed in the sensory nerve fibers
innervating the pharynx, larynx and upper airways (Hamamoto
et al., 2008, 2009; Sasaki et al., 2013; Yamamoto and Taniguchi,
2005). However, whether the sensitivity of these TRPV1-expressing
sensory nerves is elevated resulting from the chronic inflammation


dx.doi.org/10.1016/j.resp.2014.03.013
http://www.sciencedirect.com/science/journal/15699048
http://www.elsevier.com/locate/resphysiol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.resp.2014.03.013&domain=pdf
mailto:lylee@uky.edu
mailto:lylee@email.uky.edu
dx.doi.org/10.1016/j.resp.2014.03.013

14 M. Khosravi et al. / Respiratory Physiology & Neurobiology 198 (2014) 13-19

of upper airways in AR patients is not yet known, and the reflex
responses elicited by an increase in airway temperature in these
patients have not been previously studied. This study was therefore
carried out to answer these questions.

2. Methods
2.1. Subjects

Adult AR patients and healthy subjects were recruited by public
advertisement. A screening interview and a spirometry test were
performed in each subject after informed consent was obtained.
The diagnosis of AR was confirmed according to the standard clin-
ical guidelines in each patient and a documented positive allergy
skin test (Wallace et al., 2008). The American Academy of Allergy,
Asthma, and Immunology Joint Task Force on Practice Parameters
questionnaire was used to assess and compare symptom severity
and global impact of AR in all subjects (Spector et al., 2003). Due
to the need to stop therapeutic medications for 2 weeks prior to
beginning of the study, patients on steroids and/or have poor AR
control were excluded. The study protocol was approved by the
Institutional Review Board at the University of Kentucky.

2.2. Isocapnic hyperventilation challenge

A device designed to deliver air of desired temperature and
humidity constructed by the University of Kentucky Center for
Manufacturing was used as previously described (Hayes et al.,
2012). Briefly, a humidified gas mixture of 4.5% CO, balanced with
air at either hot (HA; 49 °C and 75-80% relative humidity measured
by an Extech Hygro-Thermometer, model RH101; Nashua, NH) or
room temperature (RA; 20-22°C and 65-75% relative humidity)
was delivered at 300 I/min through a large-bore (7.62 cm) stainless-
steel conduit. During the hyperventilation challenge, the subject,
while wearing a nose clip, breathed via a mouthpiece into this
free stream of humidified gas mixture at ~40% of maximal vol-
untary ventilation (MVV), determined in each subject in a pre-test,
for 4min; CO, was added to maintain an isocapnic condition dur-
ing hyperventilation. Humidity was generated from sterile isotonic
saline by an ultrasonic atomizer (Sonaer Ultrasonics; Farming-
dale, NY). The amounts of isotonic saline delivered in RA and HA
were 12-14 and 56-60 pl/liter of air, respectively. Humidity and
hyperventilation at 40% of MVV were used to facilitate the heat
transfer from air to the airway tissue. Levels of end-tidal temper-
ature (model IT-18, Physitemp, Clifton, NJ; time constant: 0.1s)
and CO, concentration (Novametrix 1260; Murrysville, PA) were
measured before and after 2 min of hyperventilation when these
changes reached steady state; and they were measured again at 8
and 16 min after the hyperventilation challenges.

2.3. Pulmonary function measurements

Airway resistance (R, ) was measured continuously by a whole-
body constant-volume plethysmography (SensorMedics, Yorba
Linda, CA) for 6 min before and 16 min immediately after the hyper-
ventilation challenge. During each measurement, the subject was
asked to pant at a frequency of ~2 Hz for ~8 s; Ryw was determined
by computer, using the center-fit method for the slope measure-
ment within the flow range of +£0.51/s. Spirometry test was also
performed along with the measurements of other physiological
variables (body temperature, heartrate, arterial blood pressure, and
oxygen saturation) before and after the challenge.

2.4. Measurement of cough frequency

The number of coughs was recorded manually by listening to
and counting the number of explosive cough sounds before, during
and after each hyperventilation challenge. A VitaloJAK cough moni-
tor [developed by Vitalograph Ltd. (Lenexa, KS) and the Respiratory
Research Group, University of Manchester, UK] was also used in the
second half (61%) of the study for a more objective and quantita-
tive measurement of the cough frequency (Smith et al., 2006). The
device used a contact microphone placed on the chest wall, a second
free field microphone and a custom-made digital recording device
to record cough sounds. Cough signals recorded by the cough mon-
itor were played back, and the cough numbers were counted by an
individual not familiar with the protocol. Cough frequency mea-
sured as number of coughs per minute was then compared with
those obtained from manual counting during the experiment; the
difference between the data obtained from these two methods was
generally less than 10%.

2.5. Measurement of respiratory sensation

Subjects were instructed to indicate the presence and express
the degree of respiratory discomfort by squeezing an isometric
handgrip dynamometer (model MLT003, ADInstruments; Colorado
Springs, CO) with a magnitude of force proportional to the intensity
of the sensation felt (Burki et al., 2005; Muza and Zechman, 1984)
at intervals of ~2 min following both HA and RA hyperventilation
challenges. The resultant voltage generated from the dynamome-
ter transducer was recorded continuously in conjunction with
the measurements of R,y and cough responses. To compare the
response between subjects, the level of discomfort in each subject
was quantified by calculating each response signal as a percentage
of the maximum handgrip signal (as 100%) that was determined
in each subject before each experiment. After the experiment, the
subject was asked to describe verbally if there was any type of respi-
ratory discomfort, and if so, the location of the evoked sensation.

2.6. Study design

HA and RA hyperventilation challenges were given at a random
sequence in each subject, usually on two different days. When both
challenges were given in the same day, atleast 2 h elapsed for recov-
ery. The responses to HA and RA hyperventilation challenges were
compared in both AR patients and healthy subjects.

2.7. Statistical analysis

A two-way analysis of variance (ANOVA) was used for the
statistical evaluation of the results. When the ANOVA showed a
significant interaction, pair-wise comparisons were made with a
post hoc analysis (Fisher’s least significant difference). Compar-
isons between the two groups (AR patients vs. healthy subjects)
were made using the one-way ANOVA. Data are reported as
means + SEM. P values of <0.05 were considered significant.

3. Results

Seven AR patients between 21 and 43 (35 +3) year of age and
six healthy subjects between 25 and 48 (32 4+ 3) year of age were
enrolled in the study; the subject characteristics are shown in
Table 1. The AR symptom severity assessment data (Table 1) show
that several symptoms with mean scores exceeding 3.5 (out of
a total score of 7.0), including sneezing (3.57+0.53; n=7), nasal
congestion (5.0+0.58), itchy nose (3.93 +0.74), postnasal drip
(4.0 +£0.68), chronic cough (3.57 +0.65), eye (3.57+0.53) and ear
symptoms (3.57 +0.43), were found in AR patients, but none in
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Table 1
Subject characteristics and AR symptom severity assessments.

AR patients Healthy subjects
#1 #2 #3 #4 #5 #6 #7 #1 #2 #3 #4 #5 #6
Age (year) 37 40 21 43 41 30 35 25 28 29 32 29 48
Physical dat Sex M M F F F F F F M F M M F
ysical data Height (cm) 180 175 155 150 160 160 165 170 185 157 173 170 160
Weight (kg) 122 104 59 73 73 53 61 58 86 54 61 84 60
Sneezing 3 2 5 5 2 5 3 1 1 1 1 1 1
Runny nose 3 3 4 4 2 5 2 1 2 1 1 2 1
A ! Congestion (stuffiness) 6 3 6 7 3 5 5 1 1 1 1 2 1
- Nasa Itchy nose 6 3 6 3 2 6 2 1 1 1 1 1 1
Postnasal drip 2 4 6 3 NA 6 3 1 2 1 1 1 1
Total nasal symptoms 5 5 6 NA 2 6 3 1 2 1 1 1 1
Eye symptoms 6 3 4 3 3 3 3 1 2 1 1 1 1
Throat symptoms 2 3 6 5 1 NA 3 1 1 1 1 1 1
BN | Chronic cough 4 1 5 4 2 6 3 1 1 1 1 1 1
- Non-nasa Ear symptoms 3 2 6 3 3 3 5 1 1 1 1 1 1
Headache 5 1 2 5 1 4 4 1 2 1 1 1 1
Mental function 1 1 1 5 1 2 1 1 1 1 1 1 1
C: Quality of life 2 5 3 2 5 2 4 7 7 7 7 7 7

AR: allergic rhinitis; Categories A and B: 1 - none; 7 - unbearably severe; Category C: 1 - none; 7 — excellent; NA: not assessed.

Table 2
Changes in end-tidal (E.T.) temperature and CO, concentration caused by hyperven-
tilation of humidified air at room (RA) and high temperature (HA).

E.T. temperature (°C) E.T. CO; (%)

Before During Before During
AR patients (n=7)
RA 33.59 + 0.29 32.79 £ 0.19 4.96 + 0.26 494 + 0.17
HA 33.50 + 0.31 35.00 + 0.09 5.14 £ 043 5.18 +£ 047
Healthy subjects (n=6)
RA 33.63 + 0.35 32.56 + 0.35' 4.88 + 0.20 5.15 £+ 033
HA 33.13 £ 0.27 34.49 + 030" 4.93 +0.20 511+ 024

Measurements were made before and at 2 min after the beginning of the 4-min
hyperventilation; the latter was measured immediately after the hyperventilation
was interrupted for 3-6 breaths while the subject breathed room air during these
measurements.

" Significant difference between before and during the hyperventilation chal-
lenge.

t Significant different from the corresponding RA data.

healthy subjects. A comparison between the two groups of sub-
jects showed that there was no significant difference between AR
patients and healthy subjects in any of the base-line measurements
of physiological variables (Tables 2-4).

In AR patients, hyperventilation of humidified HA generated a
significant increase in end-tidal air temperature (A=1.54+0.2°C;
P<0.05, Table 2). In contrast, hyperventilation of RA decreased
the end-tidal temperature significantly (A =0.8 +£0.24°C; P<0.05,
Table 2) in the same patients. Hyperventilation of either HA or RA
did not change the end-tidal CO, concentration in these patients

(Table 2). Similar changes were also recorded in healthy subjects
(Table 2).

The HA challenge consistently triggered cough in AR patients
(e.g., Fig. 1). Number of coughs was 0.10+0.07 coughs/min at
baseline, increased to 2.37 +0.73 coughs/min (P<0.01, n=7) dur-
ing the isocapnic hyperventilation of HA, and subsequently to
1.80£0.79 coughs/min (P<0.01, n=7) in the first 8 min following
the HA challenge (Fig. 2). In contrast, hyperventilation of RA did not
cause any significant tussive effect in the same patients (Fig. 2). In
two of the AR patients, the cough responses to the HA challenge
were compared in separate experiments when the humidity of
HA were generated from isotonic saline and distilled water, and
similar responses were found; cough frequencies were 4.7 +0.5
and 4.1 + 0.4 coughs/min (n=2) during the HA challenges with the
humidity generated from saline and distilled water, respectively.

AR patients expressed a significantly higher degree of
respiratory discomfort via handgrip dynamometry after the hyper-
ventilation of humid HA (Fig. 3). Their hand grip signal increased
to 18.8+6.9% of the maximum hand grip signal after humid
HA challenge compared to 8.9+3.7% after RA hyperventilation
(P<0.05, n=7). In AR patients, verbal description of respiratory
discomfort after the experiment included “throat irritation and
tickling”, and “dry and sore throat.” The location of irritation was
described by these patients as mainly in or below the larynx
area.

In AR patients, the FEV{/FVC ratio decreased significantly
from 82.1+2.1% to 78.3+1.4% at ~8 min after the HA challenge
(P<0.05, n=7); FEVy and FVC, however, did not change signif-
icantly and remained within normal range (Table 3). The small

Table 3
Changes in forced expiratory volumes caused by hyperventilation of humidified air at hot (HA) and room temperature (RA).
FEV; (1) FVC (1) FEV; [FVC
Before After Before After Before After
AR patients (n=7)
RA 3.12+£0.28 2.99 £ 0.25 3.84+035 3.78 £ 0.32 81.26 + 2.01 79.44 + 1.37
HA 3.12 £ 0.30 3.08 &+ 0.30 3.82 + 0.37 3.92 + 0.36 82.09 + 2.12 7831 + 144
Healthy subjects (n=6)
RA 3.67 £ 0.32 3.63 £ 0.32 4.50 + 0.44 4.54 + 0.44 82.07 + 2.26 80.43 + 2.56
HA 3.66 + 0.33 3.63 + 033 4.46 + 0.46 4.53 + 049 82.52 + 2.39 80.96 + 2.47

Forced expiratory tests were performed before and at ~8 min after the hyperventilation challenge in allergic rhinitis (AR) patients and healthy subjects.

" Significant difference between before and during the hyperventilation challenge.
 Significant different from the corresponding RA data.
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Fig. 1. Representative responses of cough frequency (number of coughs per minute) to hyperventilation of humidified room air (open triangles) and hot air (closed triangles)
in an AR patient (left panel) and a healthy subject (right panel). During hyperventilation (shaded bars), the subjects breathed at 40% of maximal voluntary ventilation for 4 min

of a gas mixture of 4.5% CO, balance air.
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Fig. 2. Comparison of cough responses to hyperventilation of humidified room air and hot air in AR patients (left panel) and healthy subjects (right panel). Cough frequencies
were averaged in 8-min durations before and after hyperventilation challenge in each subject. Data are means + SEM. *Significantly different from the baseline. fSignificant

difference between room air and hot air.

but significant decrease in the FEV;/FVC ratio seemed to indi-
cate a mild bronchoconstriction, which however was not detected
by the measurement of R,y in these patients (Fig. 4). On aver-
age, Ryw did not significantly change after the HA challenge in
AR patients: R,y =2.08+0.18cmH,0/L/s at baseline; the peak
Raw =2.76 +0.28 cmH;0/L/s after the HA challenge (P>0.05, n=7).
Heart rate increased slightly but significantly during the HA
challenge from 74.6+3.9 to 82.6+4.2beats/min (P<0.05, n=7)
(Table 4). AR patients did not develop any wheezing during and
after either HA or RA challenge.

Table 4

Healthy subjects, in a sharp contrast to that in AR patients, did
not exhibit significant tussive response during isocapnic HA hyper-
ventilation (Figs. 1 and 2). Healthy individuals also described a
subtle feeling of dry throat during the HA hyperventilation chal-
lenge (despite the 75-80% relative humidity in the HA). However,
none of the healthy subjects expressed throat irritation or respira-
tory discomfort (Fig. 3). Raw did not change significantly after the HA
challenge in healthy subjects, similar to that in AR patients (Fig. 4);
FEV1, FVC and FEV;/FVC ratio did not change significantly, either
(P>0.05, n=6) (Table 3). Heart rate increased significantly during

Effects of hyperventilation of humidified air at hot (HA) and room temperature (RA) on other physiological variables.

Body temperature (°C) Sys. B.P. (mmHg)

Dia. B.P. (mmHg)

Heart rate (bpm) 0O, saturation (%)

Before During Before During Before During Before During Before During
AR patients (n=7)
RA 36.5 + 0.2 35.8 +£0.2° 1247 £ 5.9 1264 + 7.6 773 £ 5.6 78.0 £ 5.6 763 £ 5.2 79.7 £ 5.8 97.6 £ 0.5 97.7 £ 0.6
HA 36.3+0.2 364 +£0.2 124.6 £ 6.9 122.1 £59 74.6 £ 4.0 80.1 £ 4.6 746 £ 3.9 82.6 £ 4.2 97.9 £+ 0.6 98.0 £ 0.5
Healthy subjects (n=6)
RA 36.5 +£ 0.2 358 +£0.2 1293 + 7.2 130.8 + 7.1 76.2 £ 39 74.8 + 4.2 67.5 + 5.6 69.5 +£ 5.2 97.8 £ 0.7 98.5 + 0.7
HA 36.2 + 0.2 364+ 017 1313 £ 6.4 129.2 £ 6.0 76.2 £ 35 79.0 & 3.31 66.0 £ 5.3 703 £ 5.6 98.7 £ 0.6 98.8 £ 0.5

Measurements were made before and at 2 min after the beginning of the 4-min hyperventilation in AR patients and healthy subjects.

" Significant difference between before and during the hyperventilation challenge.
t Significant different from the corresponding RA data.
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Fig. 3. Airway irritation evoked by hyperventilation of humidified room air (open
bars) and hot air (closed bars) in AR patients and healthy subjects. The level of
discomfort sensation was expressed by the handgrip dynamometer signal in each
individual. *Significant difference between room air and hot air. fSignificant differ-
ence between AR patients and healthy subjects.

the HA challenge from 66.0 4+ 5.3 to 70.3 & 5.6 beats/min (P<0.05,
n=6), similar to that in AR patients (Table 4). Wheezing was not
detected in any of the healthy subjects during and after either HA
or RA hyperventilation.

4. Discussion

The results of this study showed that an increase in airway tem-
perature triggered vigorous cough responses and evoked throat
irritation in AR patients, but not in healthy individuals. We chose
the protocol of hyperventilation of humidified HA to increase the
airway temperature because it has been well illustrated that both
hyperventilation and the humidity in the HA can facilitate the deliv-
ery of “heat load” from the inhaled HA to the airway tissue (Aitken
and Marini, 1985). However, we can dismiss hyperventilation as a
contributing factor to the tussive effect because hyperventilation
of humid RA did not generate cough or throat irritation in the same
AR patients. We used isotonic saline to humidify the inspired gas
mixture in this study because inhalation of distilled water aerosol
is known to trigger bronchoconstriction and cough in patients with
asthma, whereas isotonic saline aerosol did not in the same patients
(Sheppard et al., 1983). This excitatory effect of distilled water is
believed to result from a stimulation of laryngeal sensory nerves
and/or rapidly adapting airway receptors due to the low concen-
tration of chloride ion and/or the low osmolarity in distilled water

(Anderson et al., 1990; Pisarri et al,, 1992). However, when the
HA challenges generated from isotonic saline and distilled water
were tested separately in two AR patients in this study, their cough
responses to saline and distilled water were not different, which
may be related to the relatively low water content delivered in the
humid HA in our study compared with that delivered in aerosol
in the study by Sheppard and coworkers (1983). Furthermore, in
a recent study in allergen-sensitized rats, when the same water
content as that contained in the humidified HA was delivered by
aerosolized saline at room temperature, it failed to generate any
significant airway responses (Hsu et al., 2013). In addition, in the
present study hyperventilation of humidified RA, despite presence
of atomized saline, did not induce any significant cough response
in the same AR patients (Fig. 2). Thus, although we cannot dis-
miss the role of humidity in the delivery of “heat load” (Aitken and
Marini, 1985) in this study, the collective evidence suggests that
the tussive response and throat irritation were caused primarily
by the increase in airway tissue temperature generated by the HA
hyperventilation.

In addition to the tussive effect, hyperventilation of HA also
evoked a significantly higher degree of respiratory discomfort,
compared to the RA hyperventilation challenge; in this study we
used a hand-grip dynamometer for subjects to express the respi-
ratory discomfort (Burki et al., 2005). The device functions on
the basis of Stevens’ psychophysical power law that states the
perceived magnitude of sensation relates exponentially to the level
of the stimulus (Stevens, 1957). It is a cross-modality matching
instrument that matches subjects muscle force to their perceived
level of discomfort, similar to the magnitude estimation by numer-
ical scale. In fact, the two modalities have been shown to be
equivalent in scaling respiratory sensation (Muza and Zechman,
1984). Verbal descriptions of the discomforts in AR patients uni-
formly pointed to throat irritation and tickling, and the sites of
irritation were localized in the larynx area. In contrast, throat
irritation was not detected or expressed by any of the healthy
individuals despite receiving the same hyperventilation of HA chal-
lenge. All these information and evidence seem to suggest the
possible involvement of stimulation of sensory nerves innervating
the larynx, laryngopharynx and/or upper airways in the AR patients.

The specific types of sensory nerves and temperature sensors
that are responsible for evoking the sensation of throat irritation
and cough during and after the HA hyperventilation challenge in
AR patients cannot be identified in this study. However, some of
the potential candidates should be considered. The primary sensors
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Fig. 4. Comparison of responses of airway resistance (R,w) to hyperventilation (shaded bars) of humidified room air (open triangles) and hot air (closed triangles) in AR
patients (left panel) and healthy subjects (right panel). Each data point represents R,,, averaged over 4 consecutive breaths, and data are means = SEM of all subjects in that

group.
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for detecting warm and hot temperature in mammalian species
are TRPV channels (Nilius et al., 2007). TRPVs are a family of ion
channels containing six trans-membrane domains that form non-
selective, non-voltage-gated cationic channels (Nilius et al., 2007).
Each of the four subtypes of TRPVs (TRPV1-4) is activated in a dif-
ferent temperature range (Benham et al., 2003; Dhaka et al., 2006).
The increase in airway temperature generated by HA challenge
in the present study likely activated more than one type of these
TRPV channels. Among them, the potential involvement of TRPV1
merits further consideration. TRPV1 is abundantly expressed on
the nerve terminals of the vagal and non-vagal C-fiber afferents
innervating the entire respiratory tract, including the larynx, phar-
ynx and upper airways (Hamamoto et al., 2008, 2009; Lee and Yu,
2014; Sasaki et al., 2013; Yamamoto and Taniguchi, 2005). Using
the whole-cell perforated patch clamping technique, our laboratory
has recently demonstrated that an increase in temperature within
the normal physiological range (35-41 °C) evoked inward currents
(in voltage-clamp mode), and membrane depolarization and action
potentials (in current-clamp mode) in isolated vagal pulmonary
sensory neurons (Ni et al., 2006). These responses were reduced
by >50% after a pretreatment with a selective antagonist of the
TRPV1 channel, AMG 9810. This observation is of particular impor-
tance because it demonstrated that this effect is mediated primarily
through activation of the TRPV1 channel (Ni et al., 2006). More
importantly, the bronchopulmonary sensory neurons could be acti-
vated by increasing temperature to the levels considerably lower
than 43°C, the temperature that was originally reported as the
temperature threshold for activating the heterologously expressed
TRPV1 receptor (Caterina et al., 1997).

In this study, the same HA challenge did not evoke cough
or throat irritation in healthy subjects. The difference in these
responses between AR patients and healthy individuals could prob-
ably be related to the fact that the TRPV1 sensitivity can be elevated
in the presence of tissue inflammation because endogenous inflam-
matory mediators such as bradykinin, prostaglandins, and nerve
growth factor are known to cause post-translational sensitization
of TRPV1 receptor (Shinetal.,2002; Sugiuraetal.,2002; Zhangetal.,
2005). In addition, our laboratory recently reported that chronic
allergic inflammation in Brown-Norway rats actively sensitized
with ovalbumin induced a significant increase in the expression of
TRPV1 in bronchopulmonary neurons in nodose ganglia, mainly in
neurofilament-positive (myelinated) neurons (Zhang et al., 2008).
Indeed, the sensitivity to capsaicin, a selective activator of TRPV1,
was detected in some of the vagal myelinated (A-fiber) affer-
ents that normally do not exhibit capsaicin sensitivity (Zhang
et al., 2008). Our hypothesis is supported by the study of Pecova
and coworkers who have reported a significantly higher cough
sensitivity to capsaicin in patients with seasonal allergic rhinitis
compared to healthy individuals (Pecova et al., 2008). Whether an
up-regulation of the TRPV1 expression in the afferent fibers inner-
vating larynx, laryngopharynx and upper airways in the AR patients
remains to be investigated, nonetheless.

In our current study the pronounced tussive effect generated
by the HA challenge was not accompanied by any increase in
Raw in AR subjects. These results are different from the significant
bronchoconstrictive responses to HA challenge that we recently
reported in patients with mild asthma (Hayes et al., 2012). It is
known that chronic inflammation in asthma results in hypertrophy
and hyperplasia of airway smooth muscles, subepithelial fibrosis,
increase in mucus glands and vascularity throughout the entire tra-
cheobronchial tree, a process known as airway remodeling (Fahy
etal., 2000). The chronic inflammation known to occur in the lower
airways of asthmatics and the resultant release of inflammatory
mediators and cytokines can lead to the hypersensitivity of bron-
chopulmonary C-fiber afferents (Lee and Yu, 2014), which may
further enhance the bronchoconstrictive response in asthmatic

patients by causing additional reflexive contraction of hypertrophic
airway smooth muscles through the cholinergic pathway (Hayes
etal., 2012). Thus, we postulate that the discrepancy between these
two studies is related to the differences in the site and degree
of chronic inflammation, and the subsequent post-inflammatory
changes between these two patient groups.

In this study we did not have the data to determine the tempera-
ture threshold for triggering the cough responses, which precludes
us from any speculation regarding the environmental conditions
(temperature and humidity) that can cause worsening of symptoms
in AR patients. Although the temperature of 49 °C used in our HA
challenge is relatively high compared to the range of environmen-
tal temperature, the HA challenge only generated a small increase
in the end-tidal temperature plateau in both AR and healthy sub-
jects in this study (Table 2). Furthermore, it is conceivable that the
same increase in airway tissue temperature can be generated by
breathing hot humid air at a lower temperature for a longer dura-
tion (>4 min). More importantly, the hyperventilation at the level
of 40% of MVV simulates the breathing during light to moderate
levels of exercise when subjects breathe through mouth instead of
nose. Hence, based upon our findings in this study, it seems rea-
sonable to postulate that exercise tolerance of AR patients may be
adversely affected in hot and humid environments.

In summary, this study clearly demonstrated that hyperven-
tilation of humid HA triggered vigorous cough responses and
evoked throat irritation in AR patients, but not in healthy indi-
viduals. Furthermore, these tussive and irritating effects were not
detected in the same AR patients after hyperventilation of humid
RA. Although the mechanisms promoting these responses are not
yet fully understood, these findings pointed to a possible involve-
ment of activation of the thermal sensors expressed in the sensory
nerves innervating larynx, laryngopharynx and upper airways by
an increase in airway temperature.
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