Bronchoconstriction Triggered by Breathing
Hot Humid Air in Patients with Asthma

Role of Cholinergic Reflex
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Rationale: Hyperventilation of hot humid air induces transient broncho-
constriction in patients with asthma; the underlying mechanism is not
known. Recent studies showed that an increase in temperature activates
vagal bronchopulmonary C-fiber sensory nerves, which upon activation
can elicit reflex bronchoconstriction.

Objectives: This study was designed to test the hypothesis that the
bronchoconstriction induced by increasing airway temperature in
patients with asthma is mediated through cholinergic reflex result-
ing from activation of these airway sensory nerves.

Methods: Specific airway resistance (SR,,,) and pulmonary function
were measured to determine the airway responses to isocapnic hy-
perventilation of humidified air at hot (49°C; HA) and room temper-
ature (20-22°C; RA) for 4 minutes in six patients with mild asthma
and six healthy subjects. A double-blind design was used to compare
the effects between pretreatments with ipratropium bromide and
placebo aerosols on the airway responses to HA challenge in these
patients.

Measurements and Main Results: SR,,, increased by 112% immedi-
ately after hyperventilation of HA and by only 38% after RA in patients
with asthma. Breathing HA, but not RA, triggered coughs in these
patients. In contrast, hyperventilation of HA did not cause cough
and increased SR,,, by only 22% in healthy subjects; there was no
difference between their SR,,, responses to HA and RA challenges.
More importantly, pretreatment with ipratropium completely pre-
vented the HA-induced bronchoconstriction in patients with asthma.
Conclusions: Bronchoconstriction induced by increasing airway
temperature in patients with asthma is mediated through the cho-
linergic reflex pathway. The concomitantincrease in cough response
further indicates an involvement of airway sensory nerves, presum-
ably the thermosensitive C-fiber afferents.
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It is extensively documented that breathing cold dry air induces
bronchoconstriction in patients with asthma, which results pri-
marily from injury of airway mucosa and release of various bron-
choactive autacoids, such as leukotrienes and histamine (1). In
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AT A GLANCE COMMENTARY
Scientific Knowledge on the Subject

Recent studies suggest that increasing temperature within the
physiological range can sensitize and stimulate C-fiber sensory
nerves in the lung that express the thermosensitive transient
receptor potential vanilloid type 1 channels (TRPV1). Activa-
tion of these sensory nerves is known to trigger various symp-
toms associated with airway inflammatory diseases, such as
cough and bronchoconstriction.

What This Study Adds to the Field

This study suggests that hyperventilation of hot humid air
evoked coughs and bronchoconstriction in patients with
mild asthma but not in healthy subjects. The airway con-
striction is mediated through the cholinergic reflex pathway.

contrast, the effects of an increase in temperature on the airway
functions in patients with asthma is generally overlooked despite
the fact that hyperthermia occurs frequently under normal and
pathophysiological conditions. The most common causes of hy-
perthermia are elevated metabolic rate (e.g., during exercise) and
hindered heat dissipation (e.g., in a warm environment). Hy-
perthermia can also occur under disease conditions, such as in
patients suffering from severe fever. Furthermore, tissue inflam-
mation is known to lead to local hyperemia and an increase in
tissue temperature in the inflamed area (2, 3). A recent study has
reported that the average end-expiratory temperature plateau
(as an indirect measurement of the lung tissue temperature) is
2.7°C higher in children with asthma than that in healthy control
subjects (4).

An earlier study by Aitken and Marini (5) has shown that,
after hyperventilation of the air with different combinations
of temperature and humidity in patients with asthma, the most
intense bronchoconstriction occurring immediately was gener-
ated by breathing hot humid air, which caused an almost 2-
fold increase in airway constriction generated by cold dry air
at the same time point. The bronchoconstriction caused by hy-
perventilation of cold dry air developed slowly and reached
a peak after a delay of 5 to 10 minutes, whereas the broncho-
constrictive response to hot humid air developed much more
rapidly in the same patients (5), suggesting a possible involve-
ment of neural reflexes. However, this possibility was not
tested in their study, and the underlying mechanism was not
known.

A recent study in our lab has shown that vagal C-fiber sensory
endings innervating the lungs were activated when the intratho-
racic temperature was elevated to above a threshold of approx-
imately 39.2°C (6). To avoid other indirect and complex effects
of systemic hyperthermia, follow-up studies were performed in
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isolated vagal pulmonary sensory neurons; the results further
demonstrated that a direct stimulatory effect of increasing tem-
perature is mediated through activation of thermosensitive ion
channels, namely the transient receptor potential vanilloid type
(TRPV) receptors, expressed in these neurons (7-9). More impor-
tantly, stimulation of these TRPV-expressing bronchopulmonary
C-fiber sensory nerves can elicit an array of pulmonary defense
reflex responses, including cough and bronchoconstriction (10-12).
Based upon the existing information, we hypothesized that hyper-
ventilation of hot humid air increases airway temperature and evokes
bronchoconstriction in patients with asthma by activating vagal
bronchopulmonary C-fiber afferents. Furthermore, the airway
constriction is mediated through cholinergic reflex pathways and
therefore can be prevented by pretreatment with ipratropium
bromide, a muscarinic receptor anatogonist, in these patients.

Some of the results of these studies have been previously re-
ported in the form of an abstract (13).

METHODS

Subjects

Patients with asthma and healthy subjects were recruited by public ad-
vertisement. A screening test was performed in each subject after in-
formed consent was obtained. The diagnosis of asthma was confirmed
according to the standard clinical guidelines in each patient (14). Due
to the need to stop therapeutic medications for 2 weeks before beginning
the study, patients who had severe asthma or poor asthma control were
excluded. The study protocol was approved by the Institutional Review
Board at the University of Kentucky and the Human Research Protec-
tion Office of the United States Department of Defense.

Hyperventilation Challenge

A device designed to deliver air of desired temperature and humidity
was constructed by the University of Kentucky Center for Manufactur-
ing. Briefly, a humidified gas mixture of 4.5% CO, balance air at high
temperature (HA; 49°C and 75-80% relative humidity measured by an
Extech Hygro-Thermometer model RH101; Nashua, NH) or at room
temperature (RA; 20-22°C and 65-75% relative humidity) was delivered
at 300 L/min through a large-bore (3-in) stainless steel conduit. During
the hyperventilation challenge, the subject breathed via a mouthpiece into
this free stream of humidified gas mixture at approximately 40% of maximal
voluntary ventilation for 4 minutes; CO, was added to maintain an isocapnic
condition during hyperventilation. Humidity was generated from sterile iso-
tonic saline by an ultrasonic atomizer (Sonaer Ultrasonics, Farmingdale,
NY). The amounts of water content delivered in RA and HA were 12 to

TABLE 1. SUBJECT CHARACTERISTICS*
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14 and 56 to 60 mg H,O/L of air, respectively. Levels of end-tidal temper-
ature (time constant, 0.1 s) (Physitemp model IT-18; Clifton, NJ) and CO,
(Novametrix 1260; Wallingford, CT) were measured before and after 2
minutes of hyperventilation when these changes reached steady state.

Pulmonary Function Measurements

Airway resistance (R,.,) and thoracic gas volume (V,,) were measured by
a whole-body constant-volume plethysmography (SensorMedics, Home-
stead, FL) for 6 minutes before and 16 minutes immediately after the
hyperventilation challenge. During each measurement, the subject was
asked to pant at a frequency of approximately 2 Hz for 8 s. R,,, and V,
(with shutter closed) were determined by computer using the center-fit
method for the slope measurement within the flow range of £0.5 L/s
for R,y. Specific airway resistance (SR,y,) was calculated as: R,y X V.
Spirometry test was also performed along with the measurements of
other physiological variables (body temperature, heart rate, arterial
blood pressure, and oxygen saturation) before and after the challenge.

Study Design

Two study series were performed. In study 1, the responses to HA and RA
hyperventilation challenges were compared in patients with asthma and in
healthy subjects. In study 2, aerosolized ipratropium bromide (500 pg; 2.5 ml
of 0.02% solution) and placebo (2.5 ml of sterile isotonic saline) were
administered in a double-blind fashion, and their effects on the response
to HA hyperventilation challenge were determined in patients with asthma.

Statistical Analysis

Unless noted otherwise, a two-way ANOV A was used for the statistical
evaluation of the results. When the ANOV A showed a significant inter-
action, pairwise comparisons were made with a post hoc analysis
(Tukey’s test). Data are reported as means = SEM. P values of <
0.05 were considered significant.

RESULTS

Six patients with asthma (21-26 yr of age; SD, 23 + 1 yr) and six
healthy subjects (19-46 yr of age; SD, 26 = 4 yr) were enrolled
in this study. Subject characteristics are shown in Table 1.

Study 1

The responses to HA and RA challenges were tested in a random-
ized order among subjects. Only one experiment was performed on
a given day in each subject. In patients with asthma, hyperventilation
of humidified HA did not change the end-tidal CO, concentration

Patient Type, Age Height Weight FEV, FEV, FEV,/FVC
Subject No. (yn Sex (cm) (kg) () (% of predicted normal)t (%)
Asthma
1 23 M 180 95 4.54 96 73
2 26 F 165 64 2.66 80 76
3 25 M 180 108 4.18 89 84
4 22 F 160 61 3.05 95 86
5 23 F 175 73 291 77 78
6 21 F 170 66 3.04 85 74
Healthy
1 21 M 188 89 6.07 117 87
2 29 F 178 75 3.86 101 84
3 46 F 168 54 3.25 105 81
4 23 M 188 77 5.42 105 71
5 19 M 180 71 4.12 88 87
6 22 F 165 59 3.55 105 86

* Exclusion criteria for patients with asthma included chronic systemic corticosteroid use, exacerbation of asthma symptoms within
the last month, other chronic lung diseases, acute respiratory illnesses within the last 6 wk, history of smoking, and congenital or
acquired heart disease. Healthy subjects were nonsmokers who had no sign or previous record of pulmonary or cardiovascular disease.

* Predicted normal values obtained from Reference 40.
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TABLE 2. CHANGES IN END-TIDAL TEMPERATURE AND CO, CONCENTRATION CAUSED BY
HYPERVENTILATION OF HUMIDIFIED AIR AT ROOM AND HIGH TEMPERATURE*

ET Temperature Co

ET CO, (%)

Patient Type, Treatment Before During Before During
Asthma
RA 33.5+03 331 203 4.49 = 0.27 4.53 £ 0.34
HA 33.2+0.2 347 = 041 4.52 = 0.35 4.64 £ 0.28
Healthy
RA 34.1 £ 0.6 33.0 = 0.7 4.48 = 0.36 5.11 = 0.31
HA 32.7 £ 0.7 34.3 = 0.6 5.02 + 0.24 4.82 * 0.40

Definition of abbreviations: ET = end tidal; HA = humidified air at high temperature; RA = humidified air at room temperature.

* 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 three to six breaths while the subject breathed room air during these measurements.

* Significant difference (P < 0.05; n = 6; paired t test) between before and during the hyperventilation challenge.

but generated a significant increase in end-tidal air temperature
(A=15 =% 0.1°C; P < 0.05) (Table 2). SR,, increased immediately
after hyperventilation and declined slowly toward baseline after
more than 8 minutes (Figure 1A); the average SR,,, increased sig-
nificantly from a baseline value of 7.09 = 0.45 cm H,O-s to a peak
of 15.06 = 2.29 cm H,O-s after the HA challenge (P < 0.05) (Figure
2A). In the same patients, hyperventilation of humidified RA
gas mixture did not cause a significant increase in SR,,, (baseline,
6.66 = 1.49 cm H,O-s; peak response, 9.19 = 1.41 cm H,O-s; P >
0.05) (Figures 1A and 2A). Wheezing in the chest was detected by
auscultation during hyperventilation of HA in five of the six patients
but was not detected in any patient during hyperventilation of RA.

In healthy subjects, hyperventilation of humid HA and RA gas
mixtures caused similar changes in the end-tidal temperature and
CO, concentration as those in patients with asthma (Table 2).
However, in contrast to that in patients with asthma, the SR,y
responses were distinctly smaller, and there was no difference
between the responses to HA and RA challenges in healthy sub-
jects (Figures 1B and 2B). Wheezing was not detected during or
after either of these challenges.

When the forced expiratory test was performed at approxi-
mately 8 minutes after the HA challenge, the ratio between
FEV, and FVC was still significantly reduced (P < 0.05) from
baseline (before HA challenge) in patients with asthma but not
in healthy subjects (Table 3). The reduction was mainly gener-
ated by a reduced FEV; without a significant change in FVC.
There was no significant change in residual volume after the
HA challenge in patients with asthma (before: 1.34 = 0.21 L;
after: 1.53 = 0.27 L; P > 0.05) or healthy individuals (before:
1.55 *= 0.20 L; after: 1.63 = 0.32 L; P > 0.05).

SRaw
(cmH,0 -sec)

In patients with asthma, the bronchoconstriction generated
after the HA challenge was also clearly illustrated by a concave
shape and a reduced peak flow in the expiratory flow-volume
loops (e.g., Figure 3B), whereas RA challenge had no effect
on the flow-volume loop in these patients (e.g., Figure 3A).

Hyperventilation of humidified HA also triggered coughs in five
of the six patients with asthma, which began during the hyperven-
tilation challenge and continued after the termination of HA chal-
lenge. Coughs were identified by the sound generated and verified
by the short and sharp expiratory flow and pressure recorded at the
mouthpiece in some of the experiments. The cough frequency in-
creased from 0.11 = 0.06 coughs per minute at the baseline to
2.19 = 0.68 coughs per minute during the first 8 minutes after HA
challenge (Figure 4A). In contrast, hyperventilation of RA rarely
caused coughs in the same patients. In healthy individuals, neither
HA nor RA hyperventilation generated cough (Figure 4B). The
cough data during the hyperventilation challenge are not reported
because they were not recorded in some of the subjects.

We used isotonic saline to humidify the inspired gas mixture in
this study because inhalation of aerosolized distilled water is known
to induce airway constriction in patients with asthma (15). In two of
these six patients with asthma, we also tested their responses to HA
challenge when humidity was generated by distilled water, but peak
SR, and cough responses to HA hyperventilation were similar to
those when humidity was generated by saline in these patients.

In patients with asthma, hyperventilation of HA caused small
but significant increases in heart rate (baseline: 80 = 4 beats/min;
after HA challenge: 85 = 5 beats/min; P < 0.05) and body
temperature (baseline: 36.3 = 0.2°C; after HA challenge:
36.6 = 0.2°C; P < 0.05) but did not generate any significant

Figure 1. Representative respon-
ses of specific airway resistance
(SRaw) to hyperventilation of hu-
midified room air (open circles)
and hot air (closed circles) in
a patient with asthma (4) and
a healthy subject (B). Each point
represents the data averaged
over four consecutive breaths.
During hyperventilation (shaded
% bars), the subjects breathed

a gas mixture of 4.5% CO, bal-

ance air at 40% of maximal vol-

untary ventilation for 4 minutes.

—O— Room air
—&— Hot air

T T
2 4 6 8 10 12 14 16

Time (min)

Only one experiment was per-
formed in each subject on the
same day. Data are means =*
SEM of four breaths.

2 4 6 8 10 12 14 16

Time (min)
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Figure 2. Group data showing a comparison of the peak responses of
specific airway resistance (SR,\) to hyperventilation of humidified room
air and hot air in patients with asthma (n = 6) (A) and healthy subjects
(n = 6) (B). Baseline and peak SR,,, were averaged over eight and four
consecutive breaths before and after hyperventilation challenge, re-
spectively, in each subject. Data are means = SEM. *Significantly dif-
ferent (P < 0.05) from the baseline. *Significant difference (P < 0.05)
comparing the corresponding data between room air and hot air.

change in blood pressure or oxygen saturation. Similar changes
in heart rate and body temperature were found in healthy sub-
jects after HA challenge.

Study 2

This study series was performed in the same patients with asthma
tested in study 1. The HA challenge was studied 90 minutes after
inhalation of ipratropium or placebo aerosol when ipratropium
was expected to reach its full effect. Pretreatment with inhalation
of ipratropium aerosol did not cause any change in heart rate
(P > 0.05), blood pressure (P > 0.05), or any side effects
(e.g., dizziness or blurred vision) in these patients but signifi-
cantly reduced the baseline SR, (6.12 = 0.72 cm H,O-s before
and 4.07 = 0.58 cm H,O s after ipratropium; P < 0.05) (Figure
SA). More importantly, ipratropium prevented the increase in
SR, generated by HA hyperventilation (peak SR,,, after HA
challenge: 5.41 = 0.62 cm H,O-s; P > 0.05) (Figures SA and
5B). Pretreatment with placebo in the same manner did not
change the baseline SR,y (7.84 = 1.59 cm H,O-s before and
7.63 = 1.58 cm H,O-s after placebo; P > 0.05) and failed to
prevent the HA-induced bronchoconstriction in the same patients
(peak SR,y after HA challenge: 13.90 ® 3.45 cm H,O's; P <
0.05) (Figures SA and 5B). The blocking effect of ipratropium
pretreatment on the HA-evoked bronchoconstriction was also

evident in the flow-volume loops obtained in these patients
(e.g., Figures 3C and 3D).

Pretreatment with ipratropium, however, did not prevent the
cough response elicited by the hyperventilation of humidified
HA in patients with asthma (Figure 6). There was no difference
in the cough frequency during the first 8 minutes after HA
challenge between ipratropium and placebo pretreatments in
the same patients (Figure 6).

The effect of ipratropium was not tested in healthy subjects
because the HA hyperventilation challenge caused only a very
small increase in SR,,, and because there was no difference be-
tween their responses to HA and RA challenges.

DISCUSSION

The results of this study showed that hyperventilation of HA trig-
gered an immediate and reversible increase in airway resistance in
patients with mild asthma but caused either only a very small or no
response in healthy subjects. More importantly, the bronchocon-
striction in these patients was completely prevented by pretreat-
ment with ipratropium aerosol, indicating an involvement of
cholinergic reflex. Breathing HA also triggered coughs consistently
in these patients, suggesting an involvement of the airway sensory
nerves that are responsible for eliciting the cough reflex. Further-
more, this reflex bronchoconstriction is likely generated by the in-
crease in airway temperature because hyperventilation of RA did
not generate any change in airway resistance in the same patients.

The mechanisms underlying these responses are not fully under-
stood, but several factors possibly involved should be carefully con-
sidered. One of these factors is the activation of specific types of
airway sensory nerves that are sensitive to an increase in tempera-
ture. The entire respiratory tract (from larynx to alveolar wall) is
extensively innervated by vagal sensory nerves, of which the majority
(~75%) are nonmyelinated (C-) afferent fibers (16). It is well docu-
mented that these bronchopulmonary C-fibers can be activated by
various inhaled irritants and certain endogenous chemical media-
tors and play an important role in protecting the lung under normal
and disease conditions (10-12). Stimulation of these afferents trig-
gers bronchoconstriction, cough, mucus secretion, and other cardio-
pulmonary reflex responses in various species, including humans
(10, 11, 17, 18). One of the most prominent characteristics of these
bronchopulmonary C-fiber afferents is the expression of TRPV
type 1 (TRPV1) receptors at the sensory nerve terminals (19, 20).

TRPV1, a member of the superfamily of TRP ion channel pro-
teins, is a tetrameric membrane protein that forms a nonselective,
non-voltage-gated cation channel (21, 22). TRPV1 and three
other subtypes of TRPV channels (TRPV2-4) are known as the
primary sensors for detecting warm temperature in mammalian
species (23-25). Indeed, a recent study in our laboratory has

TABLE 3. CHANGES IN FORCED EXPIRATORY VOLUMES CAUSED BY HYPERVENTILATION
OF HUMIDIFIED AIR AT HIGH TEMPERATURE AND AT ROOM TEMPERATURE

FEV:* (1) FVC (L) FEV,/FVC

Patient Type, Treatment Before During Before During Before During
Asthma

RA 3.52 2029 3.44 £0.30 4.35+0.46 4.43 =046 8233 *3.24 78.67 + 3.42*

HA 345 +0.32 3.04 =0.21* 430046 429 =041 81.17 +x294 71.67 + 2.36*
Healthy

RA 4.27 £ 032 444 =049 539 *0.65 531 065 81.20=* 441 81.60=* 4.72

HA 443 + 048 4.48 = 0.55 543 *0.72 543071 8340 * 437 83.40 * 3.83

Definition of abbreviations: HA = humidified air at high temperature; RA = humidified air at room temperature.

*Forced expiratory tests were performed before and at ~8 min after the hyperventilation challenge in patients with
asthma (n = 6) and healthy subjects (n = 5; the test was not done after HA in one subject).

tSignificant difference (P < 0.05; paired t test) between before and after the hyperventilation challenge.
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Figure 3. Effect of hyperventilation of humidified room air (RA) and hot air (HA) on forced expiratory flow-volume loops in a patient with asthma:
baseline (blue lines) and response after hyperventilation challenge (red lines).

demonstrated that the afferent activity of these vagal pulmonary
C-fiber endings was elevated when the temperature in the isolated
perfused thoracic chamber was raised to above a threshold of
approximately 39.2°C in anesthetized rats (6). More recent stud-
ies using the whole-cell perforated patch clamping technique
have shown that an increase in temperature within the normal
physiological range (35-41°C) evoked inward currents (voltage-
clamp mode) and membrane depolarization and action potentials
(current-clamp mode) in isolated pulmonary sensory neurons (7).
These responses were reduced by more than 50% after pretreat-
ment with AMG 9810, a selective antagonist of the TRPV1 chan-
nel, indicating that hyperthermia can exert a direct stimulatory
effect on pulmonary sensory neurons and that this effect is me-
diated primarily through activation of the TRPV1 channel (7).
More importantly, these bronchopulmonary sensory neurons
were activated by increasing temperature to the level con-
siderably lower than 43°C, which was initially reported as the
temperature threshold for activating the heterologously expressed
TRPV1 receptor (21).

A recent study reported that the average end-expiratory tem-
perature plateau in children with asthma is 2.7°C higher than that
in healthy individuals. Furthermore, the increased temperature
is closely correlated with the number of eosinophils in induced
sputum, indicating a coupling between the lung tissue temper-
ature and the degree of inflammation in asthmatic airways (4).
On the basis of results obtained in our previous studies de-
scribed above (6, 7, 9), we suggest that the increase in airway
tissue temperature due to inflammatory reaction can activate
bronchopulmonary C-fiber sensory nerves during asthma exac-
erbation, which may play a part in the manifestation of various
asthma symptoms, such as cough and bronchoconstriction. This
possibility and the degree of its contribution remain to be tested.

In this study we used HA as a tool to raise the airway tem-
perature, and an air temperature of 49°C was chosen to mimic
that used by Aitken and Marini in their original study (5). Al-
though this temperature is relatively high compared with the
range of environmental temperatures, it is conceivable that
the same elevation in airway tissue temperature as that in the
present study can be generated by breathing HA at a lower
temperature when the exposure time is lengthened. Surprisingly,
it only generated a small increase of 1.5 to 1.6°C in the end-tidal
temperature plateau in patients with asthma and in healthy sub-
jects, probably due to the short duration (4 min) of exposure. We
did not make direct measurement of the increase in local tem-
perature in the airway tissue after HA hyperventilation, but we

believe that it was probably underestimated by the measured
increase in end-tidal temperature. Although we do not know if
the increase in airway temperature induced by breathing HA in
this study was sufficient to activate the TRPV1 in the airways,
a recent report by Gavva and coworkers (26) has lent strong
support to this possibility. Their clinical trial studies showed that
treatment with the TRPV1 antagonist caused a significant in-
crease in body temperature in healthy human volunteers, indicat-
ing that TRPV1 is active even at the normal resting body
temperature and that the tonic activity of TRPV1 is involved in
regulating normal core temperature (26). Hence, a slight increase
in tissue temperature is expected to activate these channels. How-
ever, because the involvement of TRPV1 was not directly tested
in this study, we cannot make a more definitive conclusion on its
possible role in eliciting the responses observed in this study.
An important question remains as to why the same hot humid
air challenge triggered cough and reflex bronchoconstriction in
patients with asthma but not in healthy subjects. In addition,

B [ Baseline
N 0-8 min
8-16 min

|~ %3+

Number of Coughs/min

L 0 N1

L ] L ] L ] L ]
Room air Room air

Hot air Hot air

Figure 4. Group data showing a comparison of the cough responses to
hyperventilation of humidified room air and hot air in patients with
asthma (n = 6) (A) and healthy subjects (n = 6) (B). Cough frequencies
were averaged in 8-minute durations before and after hyperventilation
challenge in each subject. Data are means = SEM and were collected in
the same experiments as performed in Figure 2. *Significantly different
(P < 0.05) from the baseline. *Significant difference (P < 0.05) com-
paring the corresponding data between room air and hot air. *Significantly
different (P < 0.05) from that in the first 8 minutes after hyperventilation.
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Figure 5. Effect of pretreat-

[ Baseline S N
B Peak response ment with ipratropium aerosol
20 q on the airway response to hot
% humid air challenge in six

patients with asthma. (A) Rep-

resentative specific airway resis-

tance (SR,) responses obtained

in a patient with asthma. Ipra-

tropium and placebo aerosols

4 were administered in a double-

# blind fashion, and the response
to hot air challenge was tested

90 minutes after the aerosol in-

halation. The two tests were per-

L J L ]
Hot air Hot air
(After placebo) (After ipratropium)

formed about 1 week apart. (B)
Average data collected from all
six patients with asthma com-

paring the peak SR, responses to hot humid air challenge after ipratropium and placebo pretreatments. Baseline and peak SR,,, were averaged over
eight and four consecutive breaths before and after hyperventilation of hot air, respectively, in each subject. Data are means = SEM. *Significantly different
(P < 0.05) from the baseline. *Significant difference (P < 0.05) comparing the corresponding data between ipratropium and placebo pretreatments.

fever is not known to induce cough or bronchoconstriction in
individuals without concurrent airway inflammatory diseases. In-
creasing evidence suggests an important role of bronchopulmonary
C-fiber sensory nerves in the manifestation of various symptoms
associated with airway inflammation, such as coughs and bron-
choconstriction (27-29). Indeed, in addition to its role as a thermal
sensor, TRPV1 can be activated by a number of endogenous chem-
ical mediators, such as lipooxygenase metabolites and hydrogen
ions, that are detected in the bronchoalveolar lavage fluid, spu-
tum, or exhaled breath condensate of patients with inflammatory
airway diseases (27, 30, 31). Moreover, cough sensitivity to the
TRPV1 activators, capsaicin and citric acid aerosol, was mark-
edly elevated in patients with asthma and chronic obstructive
pulmonary disease (32). This is not surprising because certain
endogenous inflammatory mediators (e.g., prostaglandin E,, bra-
dykinin) can markedly enhance the sensitivity of TRPV1 and
lower its threshold for activation (28). Recent studies further
revealed that increased expression of the TRPV1 in bronchopul-
monary sensory nerves may be responsible, at least in part, for the
increased TRPV1-mediated responses in allergic airway inflam-
mation (33, 34). Whether there is an enhanced sensitivity or an
increased expression of TRPV1 in the airways during chronic in-
flammation, the same stimulation, such as an increase in airway
temperature, is expected to evoke a greater afferent discharge of
the bronchopulmonary C-fiber sensory nerves and consequently
more intense reflex responses (e.g., cough and bronchoconstriction).
The bronchoconstrictive response may be further amplified in asth-
matic airways due to the hypertrophy and hyperplasia of airway
smooth muscles known to develop during the process of chronic
inflammation—induced airway remodeling (35).

Cough is a protective reflex function elicited by chemical
and/or physical activation of the cough receptors that are spe-
cific types of sensory endings innervating the respiratory tract.
Our study showed that ipratropium completely prevented the
bronchoconstriction (Figure 5) but did not prevent the cough
response triggered by the HA inhalation challenge in patients
with asthma (Figure 6), suggesting that the cough reflex was
elicited by a direct activation of the cough receptors and not by
an indirect effect generated by bronchoconstriction. Several im-
portant new findings of the physiological properties and mor-
phological characteristics of these cough receptors have been
described in recent reviews (36). It is generally recognized that
the vagal bronchopulmonary C-fiber sensory ending is one type
of these cough receptors. Indeed, aerosolized capsaicin, a se-
lective activator of TRPV1, is one of the most effective tussive

agents commonly used for testing cough sensitivity in humans
(17). Our observation that increasing airway temperature con-
sistently triggered coughs in patients with asthma but not in
healthy individuals supports the hypothesis that the sensitivity
and/or expression of TRPV1 are up-regulated in the airways of
patients with asthma.

In their study, Aitken and Marini (5) clearly described the
important role of water content contained in HA for delivering
the “heat load” to the airways. Sheppard and coworkers have
reported a bronchoconstriction triggered by inhalation of dis-
tilled water or hypoosmolar saline aerosols in patients with asthma
(15, 37). This response was attenuated by atropine, indicating the
involvement of the cholinergic reflex (15). Indeed, it was later
discovered that distilled water can stimulate C-fiber afferents and

B

31 3 1

[ Basline
I 0-8 min
8-16 min

Number of Coughs/min

: . /,

Hot air
(After ipratropium)

Hot air
(After placebo)

Figure 6. Group data showing a comparison of the cough responses to
hot humid air hyperventilation challenge after placebo (A) and ipra-
tropium (B) pretreatments in six patients with asthma. Cough frequen-
cies were averaged in 8-minute durations before and after hyperventilation
challenge in each subject. Data are means = SEM (n = 6) and were
collected in the same experiments performed in Figure 5. For further details,
see legend of Figure 5. *Significantly different (P < 0.05) from the baseline.
#Significantly different (P < 0.05) from that in the first 8 minutes after
hyperventilation. There was no significant difference (P > 0.05) in the
corresponding data between ipratropium and placebo pretreatments.
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rapidly adapting receptors in the airways due to the low chloride
ion concentration (38, 39). However, a possible involvement of
the stimulatory effect of water can be ruled out in our study for
the following reasons: (/) the humidity was generated from iso-
tonic saline, which did not cause bronchoconstriction in the study
by Sheppard and colleagues (15); (2) the amount of water content
contained in the HA in our study was relatively low compared
with that delivered by aerosol in their study (15); and (3) there
was no detectable difference in the two patients with asthma
tested in this study in their responses to hyperventilation of HA
whether the humidity was generated from isotonic saline or dis-
tilled water.

In summary, this study showed that hyperventilation of HA
triggered coughs and a reflex bronchoconstriction in patients
with mild asthma but not in healthy individuals. The bronchocon-
striction is mediated through the cholinergic reflex, suggesting that
the airway sensory nerves, presumably the bronchopulmonary
C-fibers, are activated by an increase in airway tissue temperature
in these patients.

Author disclosures are available with the text of this article at www.atsjournals.org.
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