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Hsu CC, Lin RL, Lin YS, Lee LY. Bronchoconstriction induced
by increasing airway temperature in ovalbumin-sensitized rats: role of
tachykinins. J Appl Physiol 115: 688—-696, 2013. First published July
11, 2013; doi:10.1152/japplphysiol.00491.2013.—This study was car-
ried out to determine the effect of allergic inflammation on the airway
response to increasing airway temperature. Our results showed the
following: /) In Brown-Norway rats actively sensitized by ovalbumin
(Ova), isocapnic hyperventilation with humidified warm air (HWA)
for 2 min raised tracheal temperature (T, from 33.4 * 0.6°C to 40.6 =
0.1°C, which induced an immediate and sustained (>10 min) increase
in total pulmonary resistance (RL) from 0.128 = 0.004 to 0.212 =
0.013 cmH,O-ml~ s (n = 6, P < 0.01). In sharp contrast, the HWA
challenge caused the same increase in Ty but did not generate any
increase in RL in control rats. 2) The increase in RL in sensitized rats
was reproducible when the same HWA challenge was repeated 60—90
min later. 3) This bronchoconstrictive effect was temperature depen-
dent: a slightly smaller increase in peak T (39.6 £ 0.2°C) generated
a significant but smaller increase in RL in sensitized rats. 4) The
HWA-induced bronchoconstriction was not generated by the humidity
delivered by the HWA challenge alone, because the same water
content delivered by saline aerosol at room temperature had no effect.
5) The HWA-evoked increase in RL in sensitized rats was not blocked
by atropine but was completely prevented by pretreatment either with
a combination of neurokinin (NK)-1 and NK-2 antagonists or with
formoterol, a 3. agonist, before the HWA challenge. This study
showed that increasing airway temperature evoked a pronounced and
reversible increase in airway resistance in sensitized rats and that
tachykinins released from the vagal bronchopulmonary C-fiber end-
ings were primarily responsible.

vagus; reflex; hyperthermia; extravasation; asthma

BODY TEMPERATURE INCREASES as a result of elevated metabolic
rate or hindered heat dissipation. Although the lungs are
enclosed in the thoracic chamber and constantly exposed to
body temperature, an increase in lung temperature can occur
under both normal and pathophysiological conditions. For
example, body core temperature exceeding 41°C has been
reported in healthy humans and animals during exertional
exercise (7, 30). Body temperature higher than 40.5°C occurs
frequently in patients suffering from severe fever or heatstroke
(5). In addition, tissue inflammation can lead to an increase in
local temperature in the inflamed area (16, 38). Indeed, a recent
report showed that the end-expiratory temperature plateau was
2.7°C higher in mild allergic asthmatic children than in healthy
children, and the difference was closely correlated with the
exhaled nitric oxide concentration as well as the sputum
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eosinophil percentage, suggesting an involvement of local
tissue inflammation (37).

A recent study in our lab reported that an increase in
intrathoracic temperature to above a threshold of ~39.2°C
activated vagal pulmonary C-fiber endings in anesthetized rats
(39). A follow-up study further demonstrated a similar stimu-
latory effect of increasing temperature in isolated rat vagal
pulmonary sensory neurons (35). These studies clearly indi-
cated that an increase in temperature within the physiological
range can stimulate vagal bronchopulmonary C fibers, and,
more importantly, activation of these afferents is known to
elicit bronchoconstriction mediated through both cholinergic
reflex pathways and local release of tachykinins (10, 21, 24, 28,
41). Indeed, we recently reported that an increase in airway
temperature by hyperventilation with hot humid air for 4 min
triggered an immediate and transient bronchoconstriction in
patients with mild asthma but not in healthy individuals (17).
The bronchoconstriction was accompanied by cough and pre-
vented by pretreatment with ipratropium, a muscarinic receptor
antagonist, suggesting an involvement of airway sensory
nerves. However, the specific type of airway nerves involved
could not be determined (17). In a parallel study utilizing an
animal model of allergic asthma [Brown-Norway rats actively
sensitized by ovalbumin (Ova)], we demonstrated that chronic
airway inflammation enhanced the sensitivity of the broncho-
pulmonary C-fiber afferents to capsaicin, but whether the
temperature sensitivity of these afferents was also elevated is
not known (47).

To answer these questions, this study was carried out to
investigate whether an increase in airway temperature evokes a
more intense bronchoconstriction in Ova-sensitized Brown-
Norway rats and, if so, to elucidate the possible underlying
mechanism(s).

MATERIALS AND METHODS

The procedures described below were performed in accordance
with recommendations from the National Institutes of Health Guide
for the Care and Use of Laboratory Animals and were also approved
by the University of Kentucky Institutional Animal Care and Use
Committee.

Animal Sensitization

Young male pathogen-free Brown-Norway rats were divided into
two groups (control and sensitized groups). Sensitized animals re-
ceived an initial intraperitoneal injection of a suspension containing 2
mg of Ova in 1 ml of Imject Alum as adjuvant. Three days later, rats
were exposed to Ova aerosol for 15 min three times per week
(M/W/F) for 3 wk, following the protocol established by previous
investigators (13, 47). During the exposure, the unanesthetized rat was
placed in a Plexiglas restrainer (University of Kentucky Center for
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Manufacturing) and breathed spontaneously and continuously through
a nose cone connected to a free stream of air-aerosol mixture under a
negative-pressure exhaust hood. Ova solution (wt/vol concentration:
1.25% in saline) was nebulized and delivered by an ultrasonic nebu-
lizer (model 099HD; Devilbiss, Somerset, PA) at a droplet size
ranging from 0.5 to 5 wm. Control animals received an intraperitoneal
injection and aerosol inhalation of the vehicle (isotonic saline), fol-
lowing the identical procedures.

Animal Preparation

One day after the last Ova or saline exposure, animals were
anesthetized with an intraperitoneal injection of a-chloralose (100
mg/kg; Sigma-Aldrich, St. Louis, MO) and urethane (500 mg/kg;
Sigma-Aldrich) dissolved in a 2% borax solution. During the exper-
iments, supplemental doses of the same anesthetics were injected
intravenously to maintain the abolition of the pain reflex elicited by
paw pinch. Animals were placed in a supine position and ventilated
mechanically with a respirator (model 683; Harvard, South Natick,
MA) via a short tracheal cannula inserted just below the larynx after
a tracheotomy. Body temperature was maintained at ~36°C by means
of a heating blanket placed under the animal. A polyethylene catheter
was inserted into the jugular vein until its tip was close to the right
atrium for bolus injections of drugs. The right and left femoral arteries
were cannulated for measurements of arterial blood gas and arterial
blood pressure (ABP), respectively. Respiratory frequency was set at
60 breaths/min, and tidal volume (VT) was adjusted between 6 and 7
ml/kg in each animal to maintain the end-tidal CO, concentration
(model 1260; Novametrix, Wallingford, CT) between 4.6% and 5.0%.

Measurement of Lung Mechanics

One day after the last saline or Ova exposure, control and sensitized
animals were anesthetized and artificially ventilated in the same
manner. A catheter was inserted into the right intrapleural cavity
between the fifth and sixth ribs for measuring intrapleural pressure
(Pip). Pneumothorax was then corrected by briefly opening the intra-
pleural catheter to ambient air during a held hyperinflation (3 X V).
Transpulmonary pressure was measured as the difference between
the tracheal pressure and P;, with a differential pressure trans-
ducer. Respiratory flow was measured with a heated pneumotacho-
graph and a differential pressure transducer. These signals were
analyzed by an online computer (Biocybernetics TS-100, Taipei,
Taiwan) for measurements of total pulmonary resistance (RL),
dynamic lung compliance (Cayn), ABP, and heart rate (HR).
Results obtained from the computer were routinely checked by
hand calculation for accuracy.

Challenge with Humidified Warm Air

The method for generating humidified warm air (HWA) in this
study was described previously (26). Briefly, the outlet of the respi-
rator inspiratory line was connected to an air stone that was immersed
in isotonic saline contained in a bottle placed in a heated water bath
(Fig. 1A); isotonic saline was used for generating humidity because
inhalation of distilled water or hypotonic saline aerosol has been
shown to evoke reflex bronchoconstriction in patients with asthma
(40). HWA was then delivered directly into the lung via the tracheal
tube. Humidified room air (HRA) was delivered in the same manner
except that the water bath was kept at room temperature (~23°C).
During HWA or HRA hyperventilation challenges, minute ventilation
was increased to ~375% of the baseline (VT and respiratory fre-
quency were set to 150% and 250% of the baseline, respectively) for
2 min. To prevent hypocapnia and alkalosis produced by hyperven-
tilation, a gas mixture containing 3.2—-4.5% CO», 21% O, with the
remaining percentage as N> was administrated via the respirator. A
miniature thermometer (model IT-18; Physitemp, Clifton, NJ) was
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Fig. 1. A: schematic drawing of the experimental setup for delivery of
humidified warm air (HWA) into the lung of anesthetized Brown-Norway rats.
Ty, air temperature in trachea. B: change in T during the 2-min hyperventi-
lation with HWA and humidified room air (HRA; water bath was kept at room
temperature ~23°C) in control (left) and ovalbumin (Ova)-sensitized (right)
rats. Data are means * SE for 6 rats.

inserted into the tracheal tube and positioned near the thoracic entry
(~0.5 cm distal to the tip of the tracheal tube) to continuously
measure the air temperature in the trachea (Ty; Fig. 1A) before,
during, and after the HWA and HRA challenges. We determined in
our pilot experiments that average T, can be elevated to ~40.6°C by
maintaining the heated water bath temperature at ~70°C (Fig. 1A).
The amount of water content in HWA and HRA measured in this
study was 77.6 = 5.9 and 15.2 £ 0.3 mg/l of air, respectively.

Experimental Protocols

Eight series of experiments were carried out in this study.

Series 1. To determine whether HWA hyperventilation induced
bronchoconstriction in Ova-sensitized rats and, if so, whether the
effect was generated by the increase in Ty, in each rat RL and Cgyn
were measured continuously on a breath-by-breath basis for 1 min
before (as the baseline) and for 15 min immediately after the hyper-
ventilation. The responses to hyperventilation with HWA were then
compared between control and Ova-sensitized rats. To determine the
effect of HWA, the responses to hyperventilation with HWA and
HRA were then compared in the same rat; the sequence of HWA and
HRA challenges was altered between animals to achieve a balanced
design, and 60—-90 min elapsed between two challenges for recovery.

Series 2. To determine whether the response induced by HWA in
Ova-sensitized rats was temperature dependent, animals were chal-
lenged with humidified air of three different temperatures that resulted
in three different levels of end-tidal Ty, high (40.6°C), intermediate
(39.6°C), and room air (29.4°C), and 60-90 min was allowed to
elapse between two challenges.

Series 3. To determine whether the HWA-induced responses in
Ova-sensitized rats were reproducible, the same HWA challenge was
repeated after 60—90 min in the same rat.

Series 4. Responses to HWA challenges were compared in the
Ova-sensitized rat when the humidity in HWA was generated from
isotonic saline and distilled water.
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Series 5. To evaluate the influence of humidity alone in the
HWA-induced responses, responses to hyperventilation with HWA
and saline aerosol were compared in the same Ova-sensitized rat; the
same amount of water content (~80 mg/l of air) was generated by
aerosol (Aeroneb Pro; Aerogen Nektar, Galway, Ireland) and deliv-
ered in the identical manner as that in the HWA challenge, except that
the saline aerosol was administered at room temperature (~23°C).

Series 6. To evaluate the role of cholinergic reflex in the HWA-
evoked change in RL, responses to HWA in Ova-sensitized rats were
compared between before and after pretreatment with atropine sulfate
(0.1 mg/kg iv), a muscarinic receptor antagonist.

Series 7. To test whether the effect of HWA was caused by smooth
muscle contraction, responses to HWA in Ova-sensitized rats were
compared between before and after pretreatment with formoterol (10
ng/kg iv), a selective B> agonist.

Series 8. To investigate a possible involvement of the endogenous
tachykinins, the HWA-induced responses in Ova-sensitized rats were
compared between before and after pretreatment with a combination
of neurokinin (NK) receptor type 1 and 2 (NK-1 and NK-2) antago-
nists L-732138 (6 mg/kg iv) and SR-48968 (0.3—1 mg/kg iv), respec-
tively. The same doses of SR-48968 and L.-732138 almost completely
prevented the increase in RL evoked by bolus intravenous injection of
neurokinin A (NKA; 0.2 uM, 0.15 ml) and substance P (SP; 0.2-0.5
M, 0.15 ml) in anesthetized rats: the peak ARL values (above the
baseline) after NKA injection were 137 = 31% before and 24 = 4%
(P < 001, n = 5) after the pretreatment with SR-48968 and
L-732138, and the peak ARL values after SP injection were 29 = 3%
before and 16 = 2% (P < 0.05, n = 5) after the pretreatment with
SR-48968 and L-732138. These results are in agreement with the
effective blocking doses of these NK receptor antagonists reported in
the literature (25, 45).

Statistical Analysis

In each experiment, baseline RL and Cqy, were averaged over 1 min
(i.e., 60 breaths) before HWA or HRA challenge; the peak responses
were averaged over 60 consecutive breaths within the first 3 min after
HWA or HRA challenge. Data were compared with a paired 7-test or
a two-way repeated-measures analysis of variance (ANOVA). When
the ANOVA showed a significant interaction, pairwise comparisons
were made with a post hoc analysis (Fisher’s least significant differ-
ence). P values of <0.05 were considered significant. Data are
reported as means * SE.

Materials

Solution of Ova (Sigma-Aldrich) was prepared daily at a concen-
tration of 1.25% (wt/vol) in saline. Imject Alum as adjuvant was
purchased from Pierce Biotechnology (Rockford, IL). Stock solutions
of chemical agents were prepared as follows: L-732138 (Tocris,
Ellisville, MO) was dissolved in DMSO (Sigma-Aldrich) at a con-
centration of 25 mg/ml; SR-48968 (Sanofi Recherche, Montpellier,
France) in polyethylene glycol (average mol wt 200; Sigma-Aldrich)
at a concentration of 10 mg/ml; formoterol (Sigma-Aldrich) in DMSO
at a concentration of 1 mg/ml; and atropine sulfate (Sigma-Aldrich) in
isotonic saline at a concentration of 10 mg/ml. Solutions of these
chemical agents at the desired concentrations for injections were then
prepared daily by dilution with saline based on the animal’s body
weight.

RESULTS

This study was carried out in a total of 41 Brown-Norway
rats with an average body weight of 270 = 5 g. Some of the
animals were used in more than one series of experiments.
Hyperventilation with HWA led to an increase in peak Ty from
334 £ 0.6°C to 40.6 £ 0.1°C (n = 6; P < 0.001) in the
sensitized group and from 33.8 £ 0.2°C to 40.8 = 0.2°C (n =
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6; P < 0.001) in the control group (Fig. 1B). In contrast,
hyperventilation with HRA caused a slight decrease in T
(from 33.5 = 0.6°C to 29.3 = 0.6°C in sensitized group and
from 33.4 £ 0.6°C to 28.9 = 0.6°C in control group). In seven
rats, the baseline arterial pH, Po,, and Pco, were 7.50 = 0.03,
95.3 £ 4.3 mmHg, and 36.8 = 1.7 mmHg, respectively, and
they did not change when measured during the last 30 s of
hyperventilation with HWA in the same animals: arterial pH,
Po,, and Pco, were 7.51 = 0.02 (P > 0.5), 98.4 = 3.8 mmHg
(P > 0.5), and 34.5 £ 1.0 mmHg (P > 0.05), respectively.

Hyperventilation with HWA induced an increase in RL in
Ova-sensitized rats but not in control rats. The response oc-
curred immediately after the HWA challenge and lasted for
>10 min (Figs. 2 and 3). RL increased from 0.128 = 0.004
cmH,0-ml~!'s (60-breath average) before to 0.212 = 0.013
cmH,O-ml™!s (60-breath average) after HWA (P < 0.01, n = 6;
Fig. 3). In sharp contrast, the same HWA challenge did not
generate any detectable changes in RL in control rats (from
0.124 = 0.007 to 0.133 = 0.008 cmH,O-ml s, P > 0.05, n =
6; Fig. 3). Hyperventilation with HRA did not cause any
significant change in RL in either control or sensitized rats
(Figs. 2 and 3). Furthermore, there was no significant change in
Cayn after either HWA or HRA challenge in either sensitized or
control rats (Figs. 2 and 3).

The increase in RL was temperature dependent; a slightly
smaller increase in Ty (39.6 = 0.2°C) generated a smaller but
significant and consistent increase in RL (from 0.119 = 0.005
to 0.184 + 0.017 cmH,O-ml ™ !-s) in sensitized rats (Fig. 4).

The increases in RL were reproducible when the same
HWA challenge was repeated after 60—90 min in the same
rats (Fig. 5A); there were no significant differences between
the responses to the first and second HWA challenges (P >
0.4, n =05).

The responses to HWA generated from distilled water and
isotonic saline were compared in the same Ova-sensitized rats;
the sequences of these two tests were alternated between
animals. There were no significant differences between the
responses of RL to HWA generated from distilled water and
isotonic saline (P > 0.5, n = 6; Fig. 5B).

The increase in RL was not caused by the humidity in the
HWA alone because the same water content as in HWA
delivered by saline aerosol for 2 min did not generate any
increase in RL (Fig. 6), while the aerosol inhalation caused a
small decrease in T (from a baseline of 32.9 £+ 0.6°C to 29.0 =
0.4°C after challenge).

Pretreatment with atropine sulfate did not reduce the HWA-
induced increase in RL (Fig. 7A); the increases in RL after
HWA challenge were 0.095 = 0.023 and 0.078 = 0.011
c¢cmH,0-ml™'-s before and after atropine, respectively, in Ova-
sensitized rats (P > 0.5, n = 5). In a separate study, we verified
that pretreatment with the same dose of atropine (0.1 mg/kg iv)
completely prevented a pronounced increase in RL evoked by
inhalation of aerosolized acetylcholine chloride (200 mM; 5 pl
delivered by respirator in 3 or 4 consecutive tidal breaths) in
anesthetized rats prepared in the identical manner; before
atropine ACh inhalation increased RL from 0.09 = 0.01 to
0.40 + 0.11 cmH,0-ml™"s (P < 0.001, n = 4), and after atropine
the same ACh challenge did not change RL (from 0.09 = 0.01 to
0.10 = 0.01 cmH,O-ml™'s; P > 0.05, n = 4).

J Appl Physiol - doi:10.1152/japplphysiol.00491.2013 « www jappl.org



Bronchoconstriction Induced by Humidified Warm Air -«

A B

Control Group

Hsu CC et al. 691

Sensitized Group

0.3 1
»
= 0.2 ﬂ
£
~
2 o
o
T J
g 0.1 1
=
0.0 0.0
0.6
[5)
o
I
Eoe
E Fig. 2. Effect of hyperventilation with HWA
< and HRA on total pulmonary resistance
J° (RL), dynamic lung compliance (Cayn), arte-
rial blood pressure (ABP), and heart rate
(HR) in control (A) and Ova-sensitized (B)
0.2 0.2 rats. Responses were not recorded during
150 - 150 - hyperventilation (arrows), which was admin-
istered between —2 and 0 min. Data before
ﬂ time —2 min represent baseline values;
120 | 120 | 60-90 min was allowed to elapse between 2
= 1 ] challenges. Each data point was averaged
I Ji% over 20 consecutive breaths. Data are means *
E 90 1 1 ! 90 ] SE for 6 rats.
= ]
2]
< 60 - 60 1
30 30
450 1 450 1
g 400 400
£ [ s
~ i
[2)
® 1T
7}
o - 1
= 350 1 350 1
o
I
300 T T T T T T v 300 T T T T T T J
2 0 2 4 6 8 10 2 0 2 4 6 8 10
Time (min) Time (min)
Pretreatment with formoterol completely abolished the in- DISCUSSION

crease in RL caused by the HWA challenge in sensitized rats
(Fig. 7B); the peak increases in RL were 0.092 = 0.024 and
0.016 = 0.011 cmH,O-ml™ s before and after formoterol,
respectively (P < 0.05, n = 6).

Pretreatments with L-732138 and SR-48968 also completely
abolished the increase in RL caused by the HWA challenge in
sensitized rats (Fig. 7C); the immediate increases in RL after
the HWA challenge were 0.090 = 0.014 and 0.023 = 0.007
c¢cmH,0-ml™!'s before and after the combined treatments with
L-732138 and SR-48968, respectively (P < 0.01, n = 6). A
slight increase in RL (P < 0.05, n = 6) was detected at 10 min
after the HWA challenge (Fig. 7C).

This study showed that an increase in Ty to 40.6°C after
hyperventilation with HWA for 2 min triggered a significant
and sustained increase in airway resistance in Ova-sensitized
rats. This bronchoconstrictive effect of HWA was reversible
and reproducible in the same rats. In sharp contrast, the same
HWA hyperventilation challenge did not induce any broncho-
constriction in control rats, despite the same increase in Ty,.
The intensity of the HWA-induced bronchoconstriction was
temperature dependent; a slightly smaller increase in T
(39.6°C) caused a smaller increase in airway resistance in
Ova-sensitized rats. This effect was not caused by humidity
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alone, because the same water content delivered by saline
aerosol at room temperature failed to generate any significant
bronchoconstriction. Also, the same effect was observed when
the humidity was generated from distilled water. These results
illustrated that chronic airway inflammation caused by allergen
sensitization rendered the airways more vulnerable to airway
hyperthermia and induced pronounced bronchoconstriction.
This HWA-evoked bronchoconstriction was prevented by pre-
treatment with a combination of both NK-1 and NK-2 antag-
onists, indicating that an endogenous release of tachykinins
was primarily responsible.

There are three primary types of mammalian tachykinins:
SP, NKA, and neurokinin B (NKB). In the respiratory tract, SP
and NKA (both derived from the same precursor gene preprot-
achykinin A) are mainly synthesized in the cell body of
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Fig. 4. Temperature-dependent effect of HWA challenge on RL in Ova-
sensitized rats. Three different levels of T were maintained during the test:
high (40.6°C), intermediate (39.6°C), and room air (29.4°C); 60-90 min was
allowed to elapse between 2 challenges. Data are means = SE for 6 rats.
*Significantly different from baseline (P < 0.05); #significantly different from
response to room air temperature (P < 0.05); §significantly different from
response to intermediate temperature (P < 0.05).

nonmyelinated (C fiber) sensory nerves and transported along
the axon toward the peripheral terminals, where they are stored
in large granular vesicles and released from the sensory end-
ings upon a surge of calcium influx triggered by membrane
depolarization. SP and NKA are frequently colocalized and
coreleased from the same pulmonary sensory neurons. The
actions of these tachykinins are mediated through three distinct
types of receptors, NK-1, NK-2, and NK-3, that are expressed
in the plasma membrane of various effector cells in the airways
and have preferential affinities for the three major types of
endogenous tachykinins, SP, NKA, and NKB, respectively (21,
29). Activation of NK-1 receptors by SP causes an increase in
vascular permeability to plasma macromolecules, adhesion of
leukocytes to the vascular endothelium, and vascular smooth
muscle relaxation in the arterioles; these effects together in-
duce vasodilatation in the microvessels and mucosal edema in
the airways (21, 31, 33). In addition, the NK-1 receptor is
known to be involved in initiating the chemotactic reaction and
leukocyte infiltration into the airway and the consequent re-
lease of inflammatory mediators and cytokines (31, 33). In-
deed, the diverse immunomodulatory effects of tachykinins,
mainly mediated through activation of NK-1 receptors, on mast
cells, neutrophils, lymphocytes, and macrophages in the respi-
ratory tract have been extensively documented (21). The NK-2
receptor is expressed primarily on the airway smooth muscle,
and its activation induces bronchoconstriction (21, 28, 41). The
NK-2 receptor is also found on the airway cholinergic ganglion
neurons and postganglionic prejunctional cholinergic nerve
terminals, which upon activation can facilitate ganglionic
transmission and acetylcholine release (28, 41). NKB is rarely
found in the lung and airways (20), but the NK-3 receptor,
present on the cholinergic ganglion neurons, can be also
activated by SP and NKA and facilitate the synaptic transmis-
sion (8). Combined effects of these neuropeptides are believed
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Fig. 5. A: reproducibility of the responses of RL to 2 consecutive HWA
challenges in the same group of Ova-sensitized rats. B: responses of RL to
HWA were compared in the same group of Ova-sensitized rats when humidity
was generated from distilled water and isotonic saline. Sixty to ninety minutes
were allowed to elapse between 2 challenges. Data are means = SE; n = 5 in
A and n = 6 in B. *Significantly different from baseline (P < 0.05).

to contribute to the local “axon reflexes” that are generated by
stimulation of C-fiber afferents but cannot be abolished by
bilateral vagotomy or atropine (21, 28, 41). Sustained and/or
intense stimulation of C-fiber afferents can lead to the devel-
opment of “neurogenic inflammatory reaction” in the airways
(2, 21, 32, 41).

The species-dependent variation in the functions of these
different NK receptors is well documented; for example, SP
induces airway smooth muscle contraction in guinea pig and
hamster airways via the activation of both the NK-2 and, to a
lesser extent, the NK-1 receptors (21, 28). Thus capsaicin
administered by injection or inhalation evokes bronchocon-
striction in these species via both the centrally mediated cho-
linergic reflex pathway and the local axon reflex responses.
However, stimulation of vagal bronchopulmonary C-fiber
afferents by capsaicin does not generate a conspicuous and
consistent bronchoconstriction in rats (43, 44); the lack of
response may be related to the fact that SP released from
C-fiber endings upon stimulation can activate NK receptors
in the epithelial and endothelial cells and trigger the sec-
ondary release of bronchodilating mediators such as pros-
taglandin E, and nitric oxide from these cells in rat airways
(11, 25, 44), which can mask the centrally mediated reflex
bronchoconstriction.
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Chronic allergic inflammation caused by active sensitization
is known to increase the expression of preprotachykinin
mRNA in the vagal sensory neurons and the amount of tachy-
kinin synthesis and release in the airways (15). In addition,
allergic airway inflammation is known to inhibit the enzyme
activity of neutral endopeptidase (NEP) that is present on the
membranes of various cell types (including epithelium and
nerve fibers) in the airways (9). NEP can cleave tachykinins
immediately after their release (19), and therefore the attenu-
ated NEP activity may also contribute to the enhanced bron-
choconstrictive effect of endogenous tachykinins. Chronic air-
way inflammation induced by Ova sensitization can also cause
a phenotypic switch of both the tachykinergic innervation and
the expression of transient receptor potential vanilloid type 1
receptors (TRPV1) in the airways (34, 46). Under normal
conditions, expressions of both tachykinins and TRPV1 are
found almost exclusively in capsaicin-sensitive, neurofilament-
negative C-fiber afferents innervating the guinea pig airways.
However, in Ova-sensitized guinea pigs SP was found in
~30% of the large-diameter, neurofilament-positive neurons
(34). A recent study further demonstrated that chronic allergic
inflammation in Brown-Norway rats actively sensitized with
Ova induced a significant increase in the expression of TRPV1
in bronchopulmonary neurons in nodose ganglia, mainly in
neurofilament-positive (myelinated) neurons (46). Indeed, cap-
saicin sensitivity was detected in some of the vagal myelinated
(A fiber) afferents that normally do not exhibit capsaicin
sensitivity (46), and the baseline activity and sensitivities of
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pulmonary C fibers to both chemical stimulants and lung
inflation were also markedly elevated in Ova-sensitized rats
(47). The upregulation of both tachykinin and TRPV1 expres-
sion in the airway sensory nerves of Ova-sensitized animals
may have contributed, to some extent, to the increase in airway
resistance after the HWA hyperventilation challenge observed
in this study.

Previous investigators have reported the expression of
TRPV channels (TRPV2 and TRPV1) in mast cells (4, 42).
Thus an increase in airway temperature generated by the HWA
challenge may activate TRPVs and trigger mast cell degranu-
lation and release of histamine and other bronchoactive auta-
coids, which may have contributed to the bronchoconstriction.
In addition, previous studies have extensively documented the
expression of NK-1 receptors in mast cells and other inflam-
matory cells (21). Thus in either direct activation of TRPVs by
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high temperature or indirect activation by SP released from
bronchopulmonary C fibers, a possible involvement of mast
cell degranulation should be considered in the airway response
to HWA. In particular, such an action mediated through mast
cells is expected to be enhanced in Ova-sensitized rats. Our
observation that HWA-induced bronchoconstriction was com-
pletely prevented by pretreatment with NK receptor antago-
nists seems to support the latter (i.e., involvement of the NK-1
receptor instead of TRPVs). We should also point out that the
elevated airway temperature during the HWA challenge in this
study was substantially lower than the activation threshold for
TRPV2 (>50°C) (3).

The HWA-evoked increase in airway resistance in Ova-
sensitized rats was completely prevented by pretreatment with
formoterol, a bronchodilator, which seems to suggest that the
bronchoconstrictive effect of HWA involved contraction of
airway smooth muscles. However, we cannot rule out the
possibility that the increase in airway resistance may have also
resulted, partially or totally, from the protein extravasation and
mucosa edema in the airway walls of sensitized animals.
Previous investigators have demonstrated that (3, agonists,
such as formoterol, can attenuate the plasma extravasation by
reducing the number of endothelial gaps in postcapillary
venules, which is probably mediated through an increase in
intracellular cAMP resulting from [3,-receptor activation in the
endothelial cells (1). Furthermore, pretreatment with (3, agonist
can also reduce the number of eosinophils and neutrophils ad-
hered to the vascular endothelium and thus diminish the inflam-
matory reaction and the resulting bronchoconstriction (6).

The above assessments of our results suggest that HWA
challenge elevated the activity of vagal bronchopulmonary
C-fiber afferents in Ova-sensitized rats. Indeed, results ob-
tained from a parallel study carried out in our lab support this
hypothesis. Using the same preparations and animal model, we
recorded “single-fiber” activities of vagal bronchopulmonary
C-fiber afferents before and after HWA hyperventilation chal-
lenge and compared them between control and Ova-sensitized
rats (27). The study showed that an increase in T,y by HWA
challenge similar to that in this study markedly elevated the
baseline activity of these afferents and further amplified their
hypersensitivity to chemical stimulation in Ova-sensitized rats
but not in control rats (27).

The mechanism(s) involved in the HWA-induced C-fiber
hypersensitivity is not fully understood, but an increase in the
temperature sensitivity of these C-fiber afferents is probably
involved. The primary sensors for detecting warm and hot
temperature in mammalian species are TRPV channels. TRPVss
are a family of ion channels containing six transmembrane
domains that form nonselective, non-voltage-gated cationic
channels (36). Each of the four subtypes of TRPVs (TRPV1-4) is
activated in a different temperature range (3, 12). In light of our
earlier electrophysiological study in isolated rat vagal pulmo-
nary sensory neurons (35), the increase in Ty generated by HWA
challenge in the present study is likely to activate more than one
type of these TRPV channels. Among them, TRPV1, generally
considered as a reliable biomarker for the C-fiber sensory nerves
in rat lung (18, 23), accounts for approximately half of the total
current evoked by a similar increase in temperature in isolated
pulmonary sensory neurons (35).

A recent study conducted in our laboratory reported that
hyperventilation with HWA triggered an immediate and re-
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versible bronchoconstriction in patients with mild and stable
asthma but not in healthy subjects (17). The degree and pattern
of bronchoconstriction were similar to those observed in the
Ova-sensitized rats in the present study. Accompanying the
bronchoconstriction, breathing HWA also triggered coughs in
these patients, suggesting an involvement of activation of
airway sensory nerves (17). Although we hypothesized that the
HWA-induced increase in Ty activated bronchopulmonary C
fibers, direct evidence could not be obtained in these patients.
The bronchoconstriction in these patients was completely pre-
vented by pretreatment with ipratropium, indicating a domi-
nant role of cholinergic reflex, which is a sharp contrast to our
finding in this study that pretreatment with atropine in the
Ova-sensitized rats did not significantly diminish the HWA-
induced response (Fig. 7A). Several factors are probably in-
volved in causing this clear discrepancy. A major factor to be
considered is the well-documented variance between different
species (especially between large mammals and rodents) in the
relative contributions of centrally mediated cholinergic and
local tachykininergic mechanisms to the airway responses to
C-fiber stimulation (8, 14, 21, 22), as described previously. In
addition, in our earlier study of patients with asthma the airway
responses to HWA were measured in awake subjects, whereas
in the present study rats were anesthetized during the HWA
challenge; it is well recognized that reflex responses mediated
through the central nervous system are generally suppressed
during anesthesia. Another contributing factor may be related
to the differences in the nature, stage, and severity of the
pathological features between this animal model of allergic
asthma and the chronic disease of human asthma.

In conclusion, an increase in airway temperature within the
physiological range evoked an immediate and sustained in-
crease in airway resistance in Ova-sensitized rats but not in
control rats. Tachykinins released from the vagal bronchopul-
monary C-fiber endings in response to airway hyperthermia
appear to be primarily responsible for generating this broncho-
constrictive effect.
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