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Abstract
Brown-Norway rats (n = 113) sensitized and challenged with nDer f 1 allergen were used to
examine the contribution of lung sensory nerves to ozone (O3) exacerbation of asthma. Prior to
their third challenge rats inhaled 1.0 ppm O3 for 8 hours. There were three groups: 1) control; 2)
vagus perineural capsaicin treatment (PCT) with or without hexamethonium; and 3) vagotomy. O3
inhalation resulted in a significant increase in lung resistance (RL) and an exaggerated response to
subsequent allergen challenge. PCT abolished the O3-induced increase in RL and significantly
reduced the increase in RL induced by a subsequent allergen challenge, while hexamethonium
treatment reestablished bronchoconstriction induced by allergen challenge. Vagotomy resulted in a
significant increase in the bronchoconstriction induced by O3 inhalation and subsequent challenge
with allergen. In this model of O3 exacerbation of asthma, vagal C-fibers initiate reflex
bronchoconstriction, vagal myelinated fibers initiate reflex bronchodilation, and mediators
released within the airway initiate bronchoconstriction.
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1. Introduction
The epidemiologic link between the photochemical air pollutant, ozone, and the
exacerbation of asthma is supported by a wealth of research findings (EPA, 1996).
Observations from controlled clinical exposure studies indicate that asthmatic subjects
respond in a dose-dependent manner to ozone with an exaggerated bronchoconstrictive
response (Horstman et al., 1995), an increased responsiveness to inhaled allergen (Jorres et
al., 1996; Kehrl et al., 1999) and the exacerbation of eosinophilic inflammation (Hiltermann
et al., 1997; Peden et al., 1997), while the ozone-induced reflex-mediated reduction in
forced vital capacity was similar to healthy contols As important as these observations are in
identifying asthmatic patients as a susceptible population to ozone inhalation these studies
provide no information regarding the underlying mechanisms involved in ozone-induced
asthma exacerbation.
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The present study had two specific aims. The first specific aim was to examine whether
acute ozone exposure of Brown-Norway rats sensitized and challenged with house dust mite
(nDer f 1) allergen resulted in a greater ozone-induced bronchoconstriction and an
exacerbated airway response to nDer f 1 allergen challenge. The second specific aim was to
examine whether these ozone-induced airway responses are the result of an alteration in the
activity profile of lung sensory nerves. Specifically, we determined which group of lung
vagal afferents (myelinated vs. nonmyelinated) contributes to the airway responses (reflex
vs non-reflex) associated with ozone-asthma interactions. This was accomplished by
combining allergen sensitization and challenge, and acute ozone exposure with: 1) blocking
vagal C-fiber conduction with perineural capsaicin treatment; 2) blocking parasympathetic
ganglionic neurotransmission with hexamethonium; and 3) abolishing both myelinated and
nonmyelinated sensory and parasympathetic conduction by bilateral vagotomy.

2. Materials and Methods
The animal care and use committee of the University of California, Davis, approved all
procedures. One hundred thirteen 8 to 10 week old, male Brown-Norway rats were used in
this study. The study had two phases, the first phase was designed to examine whether
ozone-induced bronchoconstriction is exacerbated in Brown-Norway rats sensitized and
challenged with Dermatophagoides farinae allergen (nDer f 1) and whether ozone inhalation
exacerbates the airway responses to allergen challenge (n = 42). The second phase of the
study examined the role of vagal afferent and efferent nerves in the responses identified in
the first phase of the experiment (n = 71).

2.1 Sensitization to nDer f 1 allergen
Eight to 10 week old, male Brown-Norway rats received 5 ug of nDer f 1 in 250 ul of sterile
saline (sensitized) or saline alone (sham). Rats were sensitized and challenged with nDer f 1
via intratracheal instillation as previously described (Singh et al., 2003). Two weeks later,
rats were challenged with 10 ug of nDer f 1 in 250 ul of sterile saline (sensitized and
challenged, SC), or saline alone (sham, SH), 3 times with each successive challenge
separated by 1 week. Rats were studied on the day of the 3rd challenge. Natural Der f 1
allergen purified from D. farinae culture medium via affinity chromatography was obtained
from Indoor Biotechnologies, Inc (Charlottesville, VA).

2.2 Ozone Exposure
Rats received either 8 hrs of 1-ppm ozone in filtered air (O3) or filtered air alone (Air)
followed by Air for an additional 8 hours immediately prior to being studied. This exposure
regimen resulted in 4 study groups: Air/SC; Air/SH; O3/SC; O3/SH. In brief, rats were
placed singly in one of two 8L glass exposure chambers and estimates of respiratory
frequency (f) and tidal volume (VT) were used to calculate minute ventilation (VE) as
previously described (Schelegle et al., 2001).

2.3 Study Protocol
Immediately following the 8 hour post-ozone period or air exposure the rats were
anesthetized with a solution of 2% alpha chloralose, 12.5% urethane and 5% borate (0.48
ml/100 g, i.p.). Arterial and venous catheters were placed for measurement of arterial blood
gases, arterial blood pressure and injection of drugs. A14 gauge stainless-steel endotracheal
cannula was surgically placed into the trachea just distal to the larynx. The tracheal cannula
was attached to a Hans-Rudolph pneumotachometer (Series 8300) attached to a Validyne
pressure transducer (model DP15-26). Transpulmonary pressure (PTP) was measured using a
Validyne differential pressure transducer with one port attached to a water-filled cannula
placed in the esophagus at mid-chest level and the other port attached to a side port of the
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pneumotachometer. Filtered air (2 L/min) was delivered to the rat using a blow-by system,
consisting of a flowmeter and a plastic T that was attached to the pneumotachometer and
flowmeter using plastic tubing. The remaining end of the T was vented to the room. Analog
signals were sent to a Po-Ne-Mah data acquisition system (Gould Instrument Systems) and a
MacLab data acquisition system (AD Instruments). Body temperature was recorded using a
Physitemp rectal thermistor (model TH-8) and was maintained between 36 and 37 C through
the use of a warm water blanket (American Medical Systems model K-20). The rats
breathed spontaneously for the duration of the protocols. Breathing frequency (fb), tidal
volume (VT), minute ventilation (VE), lung resistance (RL), heart rate (HR), and mean
arterial blood pressure (Pa) were calculated and continuously monitored using the Po-Ne-
Mah data acquisition system. Augmented breaths were counted prior to and following the
instillation of nDer f 1 by replaying the digital signals recorded using MacLab data
acquisition system. Augmented breaths were identified using the shape of the PTP signal. An
augmented breath was defined as a breath that begins with a normal inspiratory effort that
was then rapidly increased to a peak PTP (Fig. 1). Peak PTP was followed immediately with
a rapid expiratory decrease in PTP (Fig. 1).

2.4 Early and Late Phase Response to nDer f 1
The rats were given 30 minutes to stabilize after surgery before receiving their 3rd nDer f 1
or saline challenge as described above. Data were collected continuously for 6 hours
following allergen challenge. Thirty-minute averages were utilized for data analysis.

2.5 Vagus Nerve Treatment
During surgical instrumentation both vagus nerves were dissected free of the surrounding
tissue at mid-cervical level. Once exposed the vagus nerves were either left untreated
(Control), topically treated with 1% capsaicin in olive oil for 1 minute (PCT), or surgically
cut (Vagotomy) for the duration of the study. Breathing pattern was allowed to stabilize and
a series of Hering-Breuer inflation reflexes (HBR) and pulmonary chemoreflex (PCR) were
evoked to guarantee the selectivity of the nerve treatment (Fig. 2)(Mansoor et al., 1997). The
Hering-Breuer inflation reflex was evoked by applying step-wise increases of 2.5, 5, and 10
cm H2O lung inflation pressures at the end of inspiration by occluding the outflow of the
blow-by system and redirecting it through a pop-off valve set at the appropriate pressure.
Ten ug/kg of capsaicin in 100 ul of saline was injected into the right atrium to evoke the
PCR with 100 ul of saline serving as a control. After recovering from the HBR and PCR,
data were collected for a 30min period before the rats were given their 3rd nDer f 1 or saline
challenge. The early and late phase response to nDer f 1 instillation was examined in the
Control groups by continuously collecting data for 6 hours following allergen challenge. In
rats in which the effect of nerve treatment (PCT and Vagotomy) was examined data were
collected continuously for 2 hours following allergen challenge. Thirty-minute averages
were utilized for data analysis.

In a follow-up study the contributions of reflex mediated mechanisms in SC/O3/PCT treated
rats were further examined using the ganglionic blocker, hexamethonium (Sigma-Aldrich
Corp., St. Louis, MO, USA). In this study 20 mg/kg hexamethonium chloride (i.v.) was
delivered 30 minutes after the HBR and PCR. After receiving hexamethonium data were
collected for a 30 min period before the rats were given their 3rd nDer f 1 challenge. Data
were collected continuously for 2 hours following allergen challenge.

2.6 Bronchoalveolar Lavage
Immediately following the experimental protocol the rats’ lungs were lavaged with 12 ml of
sterile phosphate buffered saline using the method as previously described (Sterner-Kock et
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al., 1996). Lavage fluid was centrifuged and total protein in lavage was determined using a
colormetric assay (BioRad, Inc, Hercules, CA, USA).

2.7 Calculations and Statistical Analysis
All data are expressed as mean ± standard error of the mean (SEM). The strengths of the
HBR and PCR were determined as previously described (Mansoor et al., 1997). The strength
of the HBR was expressed as an inhibitory ratio (IRHBR). The strength of the PCR was
expressed as a percent change from baseline in HR (∂HR) and Pa (∂Pa) measured
immediately prior to the injection of 10 ug/kg capsaicin into the right atrium.

In order to examine whether sensitization and challenge with nDer f 1 resulted in a greater
ozone-induced bronchoconstriction, the mean RL data collected in the 30 minutes prior to
the final allergen or saline instillation were compared using a two-way ANOVA. Grouping
factors in this analysis were allergen treatment (SH versus SC) and exposure (Air versus
O3). The values of RL following the final allergen or saline instillation were expressed as a
percent change from pre-instillation baseline. To examine whether acute ozone exposure
resulted in an exacerbated airway response to nDer f 1 allergen challenge, we compared the
12 consecutive 30 min (6 hours) mean RL values following the final allergen or saline
instillation using a three-way ANOVA with repeated measures. As before, grouping factors
in this analysis were allergen treatment (SH versus SC) and exposure (Air versus O3), while
time after the final instillation was the repeated or within factor.

The contribution of lung vagal afferents (myelinated vs. nonmyelinated) to the airway
responses (reflex vs non-reflex) associated with ozone-allergen interactions was examined
using a three-way ANOVA. The three-way ANOVA compared the change in RL from 30
min prior to the final allergen or saline instillation to 30 min immediately following the final
allergen or saline instillation. Grouping factors in this analysis were allergen treatment (SH
versus SC), exposure (Air versus O3) and vagal treatment (Control versus PCT versus
Vagotomy).

The contribution of ganglionic neurotransmission, hexamethonium treatment (HEX), to the
airway responses associated with ozone-allergen interactions was examined using a one-way
ANOVA to compare the change in RL. The groups compared in this one-way ANOVA were
SC/O3, SC/O3/PCT and SC/O3/PCT/HEX.

The effects of ozone inhalation and/or allergen challenge on ventilatory and cardiovascular
parameters were examined using MANOVA. The augmented breath data were evaluated
using the nonparametric Kruskal-Wallis and Mann-Whitney U statistical tests (Statview).

Post hoc analysis was done only if we obtained a significant interaction term in the ANOVA
or MANOVA tests. Mean differences between groups and mean differences within groups
(repeated measures) were examined with test for least square difference with Tukey-Kramer
correction applied for repeated tests (SAS). The result of a statistical test was considered
significant if the calculated p value was equal to or less than 0.05.

3. Results
3.1 Sensitized and Challenge Brown-Norway Rats as a Model of Ozone-Induced
Exacerbated Airway Responses

A total of 42 rats were studied in this phase of the investigation, divided into four groups:
SH/Air (n = 11); SH/O3 (n = 11); SC/Air (n = 10); and SC/O3 (n = 10).
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3.1.1 Breathing pattern response to ozone inhalation—The inhalation of ozone
resulted in the development of rapid shallow breathing in rats sham treated with saline and
in rats sensitized and challenged with nDer f 1 allergen (Figure 3). In both groups there was
a significant increase in fb, a decrease in VT and decrease in VE. Interestingly the decrease in
VT in the rats sensitized and challenged with nDer f 1 allergen tended to be greater than that
observed in rats sham treated with saline (p = 0.063). The observed ozone effects on
breathing pattern in the SH and SC groups returned toward baseline in the 8 hour post-
exposure period following the end of exposure. VE recovered completely, whereas fb and
VT only partially recovered. The significant difference in VT between SC and SH groups
exposed to ozone persisted through the post-exposure period.

3.1.2 Lung Resistance—Ozone inhalation prior to the third nDer f 1 challenge in
sensitized and challenged rats resulted in a significant increase in RL when compared to
sensitized and challenged rats that inhaled filtered air (p = 0.014), and both groups of saline
sham treated rats (with, p = 0.034 and without ozone exposure, p = 0.014) (Fig 4A).

The instillation of allergen resulted in a significant early airway response in the sensitized
and challenged group exposed to ozone, only (Fig. 4A and 5). The increase in RL following
the instillation of nDer f 1 is significantly greater in the SC/O3 group compared to the other
groups. The instillation of nDer f 1 allergen in the sensitized and challenged rats that inhaled
ozone resulted in a significant increase in RL compared to the sensitized and challenged
group exposed to air (p = 0.030) and saline instillation in the sham groups (with, p = 0.003
and without ozone exposure, p = 0.003) (Fig 4A and 5). In contrast, none of the
experimental groups developed a late airway response (Fig 5).

3.1.3 Augmented Breaths—No augmented breaths were observed during the baseline
recording period before either nDer f 1 or saline instillation in the SC and SH rats exposed to
air (Table 1). The inhalation of ozone resulted in a significant increase in the number of
augmented breaths during the baseline recording period in the SC and SH rats (Table 1).
Instillation of nDer f 1 in the SC rats exposed to Air resulted in a significant increase in
augmented breaths compared to baseline and SH/Air, whereas nDer f 1 instillation in the SC
rats exposed to ozone did not result in a change in the number of augmented breaths (Table
1).

3.1.4 Lavage Data—Ozone inhalation in combination with sham treatment or sensitized
and challenge did not effect total lavage cell count or the percent lymphocytes,
macrophages, neutrophils, eosinophils or monocytes. Sensitization and challenge with nDer
f 1 allergen in combination with Air or ozone inhalation resulted in a significant increase in
percent lymphocytes and eosinophils (Table 2). By comparison, ozone inhalation in SH or
SC rats resulted in a significant elevation in lavage protein (Table 2).

3.2 Vagus Nerve Treatments
A total of 71 rats were studied in this phase of the investigation. Forty-one rats received PCT
and were distributed between four groups: SH/Air (n = 10); SH/O3 (n = 10); SC/Air (n =
11); and SC/O3 (n = 10). Twenty-three rats were vagotomized and distributed between four
groups: SH/Air (n = 5); SH/O3 (n = 6); SC/Air (n = 6); and SC/O3 (n = 6). An additional
seven SC/O3 rats received perineural capsaicin treatment and were treated with
hexamethonium.

3.2.1 Vagal Perineural Capsaicin Treatment—Vagal perineural capsaicin treatment
abolished the increase in RL associated with ozone exposure in the sensitized and challenged
rats (Fig 4B). In contrast to the rats that received no vagal treatment, the instillation of nDer
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f 1 allergen in the sensitized and challenged group exposed to ozone and treated with
perineural capsaicin resulted in a significantly (p = 0.015) smaller increase in RL compared
to the sensitized and challenged group exposed to air (Fig 4B). The pattern of augmented
breaths produced by ozone exposure in the SH and SC rats in the control condition persisted
with perineural capsaicin treatment (Table 1).

3.2.2 Bilateral Vagotomy—Ozone inhalation in sensitized and challenged rats that were
vagotomized resulted in a significant increase in RL compared to the sensitized and
challenged rats exposed to air (p = 0.010) and saline instillation in the sham groups (with, p
= 0.006 and without ozone exposure, p = 0.007) (Fig 4C). Across the groups that were
vagotomized instillation of nDer f 1 allergen in the sensitized and challenged rats exposed to
ozone resulted in a significant increase in RL compared to the sensitized and challenged rats
exposed to air (p = 0.030) and saline instillation in the sham groups (with, p = 0.003 and
without ozone exposure, p = 0.003) (Fig 4C). The pattern of augmented breaths produced by
ozone exposure in the SH and SC rats in the control and PCT condition was abolished with
bilateral vagotomy. The pattern of augmented breaths induced by saline or nDer f 1 allergen
instillation in SH or SC with and without perineural capsaicin treatment was also abolished
with bilateral vagotomy (Table 1).

3.2.3 Hexamethonium—Treatment with 20 mg/kg HEX in a group of SC/O3/PCT rats
reestablished the bronchoconstriction seen in the SC/O3 group. The change in RL from T0 to
T30 was significantly greater in the SC/O3/PCT/HEX group compared to the SC/O3/PCT
group (p = 0.044), while the SC/O3/PCT/HEX group and SC/O3 group were not
significantly different (p = 0.839) (Fig 6).

4. Discussion
Several clinical exposure studies have examined the effects of a single acute ozone exposure
on pulmonary functions, inflammation and airway response to allergen challenge in human
asthmatics (Chen et al., 2004; Horstman et al., 1995; Kehrl et al., 1999; Peden et al., 2002).
A synthesis of these studies strongly supports the thesis that asthmatics show similar reflex
initiated decrements in inspiratory capacity and forced vital capacity as age matched normal
subjects, but have a greater ozone-induced bronchoconstrictive responses (Horstman et al.,
1995). In addition, it has been shown that this enhanced ozone-induced bronchoconstrictive
response in asthmatics is associated with a greater neutrophilic inflammation (Scannell et
al., 1996) and an enhanced eosinophilic inflammation (Peden et al., 2002). Other studies
have shown that if the total inhaled dose of ozone is sufficient to produce significant
restrictive and obstructive changes in pulmonary function allergic asthmatics will also show
an increased responsiveness to inhaled allergen (Chen et al., 2004; Kehrl et al., 1999). Our
data indicates that the ozone-induced enhanced functional changes and specific airway
reactivity observed in human asthmatics can be mimicked in Brown-Norway rats sensitized
and challenged with the house dust mite allergen nDer f 1. SH and SC rats had similar
ozone-induced reflex alterations in breathing pattern, while only SC had a significant
increase in RL following ozone exposure. In addition, only sensitized and challenged rats
that inhaled ozone demonstrated a significant increase in RL with a subsequent challenge to
nDer f 1. In contrast, we did not observe an enhancement of neutrophilic or eosinophilic
airway inflammation in SC compared to SH rats exposed to ozone or in SC rats exposed to
ozone compared to SC rats that inhaled filtered air. Our inability to observe an enhancement
of ozone-induced airway inflammation may be due in part by the timing of our protocol.
This contention is supported by the observations that prolonged acute exposure of asthmatic
subjects to low levels of ozone (0.16 ppm) induced significant increases in airway
eosinophils recovered by bronchoalveolar lavage 18 hours after exposure (Peden et al.,
1997) and that ozone inhalation (1.2 ppm for 6 hr) in Brown Norway rats resulted in a 4-fold
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increase in eotaxin mRNA 20 hr following exposure (Ishii et al., 1998). suggesting that the
time frame of our study was not long enough to study the effect of ozone on allergen-
induced airway eosinophilic inflammation.

While the epidemiological and clinical studies clearly suggest that ozone exposure of
sufficient magnitude may augment allergen-induced airway responses in some asthmatics,
the mechanism by which ozone augments this response is unknown. The current study
examined the role that vagal afferent and efferent nerves play in ozone-enhanced
bronchoconstriction and specific airway reactivity in nDer f 1 sensitized and challenged
Brown-Norway rats. These responses were examined using perineural capsaicin treatment
that has previously been shown to produce a selective conduction block of vagal C-fibers in
the rat (Mansoor et al., 1996; Schelegle et al., 2001), hexamethonium to block or reduce
ganglionic neurotransmission, and bilateral vagotomy to eliminate all vagal afferent and
efferent effects. The link between lung C-fibers and ozone inhalation come from numerous
studies. Ozone inhalation has been shown to increase the discharge frequency of bronchial
C-fibers in the dog (Coleridge et al., 1993) and pulmonary C-fiber activity in the rat (Ho and
Lee, 1998). In the mouse, ozone activates C-fibers via TRPA1 ion channels (Taylor-Clark
and Undem, 2010). Furthermore, a link between lung C-fibers and airway responses in
asthma is supported by those studies in which capsaicin desensitization of sensory nerves,
has been shown to provide significant protection against antigen-induced airway
hyperreactivity in the rat (Alving et al., 1987), guinea-pig (Gentilini et al., 1990) and pig
(Alving et al., 1990). In addition, the allergen-induced activation of TRPA1 receptors on
lung sensory nerves intiates a reflex bronchoconstriction that contributes to the late airway
response in the Brown-Norway rat (Raemdonck et al., 2012). These observations suggest
that lung C-fibers may be involved in the enhanced airway responses following ozone
exposure. The comparison of the control versus the perineural capsaicin treatment
conditions in the current study supports the modulatory role of a reflex bronchoconstriction
mediated by vagal C-fibers in both the enhanced bronchoconstriction following ozone
exposure and the enhanced specific airway reactivity in sensitized and challenged Brown-
Norway rats. This unique observation is consistent with the established role of lung C-fibers
in initiating reflex bronchoconstriction (Canning and Fischer, 2001)

The comparison of the perineural capsaicin treatment versus the vagotomy conditions in the
sensitized and challenged rats exposed to ozone and challenged with nDer f 1 supports the
presence of a vagal mediated reflex bronchodilation initiated by myelinated sensory
afferents that survive PCT and in the intact animal act to counterbalance the C-fiber
mediated reflex and non-vagal bronchoconstrictive responses. The presence of a reflex
bronchodilation is confirmed by the observation that the blockade of ganglionic
neurotransmission with hexamethonium reestablishes allergen-induced bronchoconstriction
in sensitized and challenged rats exposed to ozone and treated with perineural capsaicin
treatment. The nature of this reflex bronchodilation is unclear.

While several studies support the presence of neuropeptide dependent production of
inhibitory mediators in the airway (Li et al., 2005; Szarek and Spurlock, 1997; Szarek et al.,
1998), early investigations do not support the presence of a reflex bronchodilation in the rat
(Doidge and Satchell, 1982; Satchell, 1982). Data supporting the presence of reflex
bronchodilation in the rat is limited to the observation of Szarek et al. (Szarek et al., 1995)
that the pretreatment of isolated airway rings obtained from Sprague-Dawley rats with a
dose of capsaicin sufficient to abolish capsaicin induced bronchodilation did not completely
abolish the bronchodilation induced by electric field stimulation suggesting the presence of a
reflex bronchodilation. Unfortunately the reflex nature of the bronchodilation in this study
was not confirmed with the combined treatment of capsaicin and tetrodotoxin. In the cat
(Aizawa et al., 1999; Ichinose et al., 1987) and human (Ichinose et al., 1996) active reflex
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bronchodilation has been induced by the inhalation of capsaicin aerosol supporting the role
of lung C-fibers in this response. Further, Aizawa et al (Aizawa et al., 1999) has shown in
the cat this reflex bronchodilation is mediated by the release of nitric oxide from vagal
inhibitory noncholinergic, nonadenergic nerve fibers. While the release of neuropeptides
from C-fiber endings may play a role in our study the fact that reflex bronchodilation
survives perineural capsaicin treatment supports the contention that the sensory arm
involved in this reflex is not initiated by sensory C-fibers that travel in the vagus nerves.

While catecholimine containing nerves do not innervate airway smooth muscle in the rat
(El-Berman AW, 1970), an increase in circulating epinephrine acting on beta2-
adrenoceptors could contribute to the observed bronchodilation in this study (Zhang et al.,
2011). Consistent with our observations, hexamethonium would block the increased release
of epinephrine from adrenal chromaffin cells (Sala et al., 2008), but would be blocked by
bilateral vagotomy only if the increase in circulating epinephrine was mediated by vagal
myelinated afferents that are not affected by perineural capsaicin treatment.

It is well established that deep inspirations induce both bronchodialation and
bronhoprotection in heathy human subjects and that these responses are reduced or not
present in asthmatics when challenged with methacholine and histamine (Pyrgos et al.,
2003; Skloot and Togias, 2003; Skloot et al., 2007). In contrast, deep inspiration-induced
bronchodilation is still present in asthmatics when challenged with allergen and is greater
during the early phase response when compared to the late phase (Pellegrino et al., 1990).
Both ozone exposure and nDer f 1 challenge alone resulted in a significant increase in the
number of augmented breaths that were not associated with an increase in RL (Table 1 and
Fig. 4A). In contrast, ozone exposure in sensitized and challenged rats induced significant
increases in both augmented breaths and RL, while subsequent nDer f 1 challenge in this
group resulted in a mild further increase in augmented breaths that was associated with a
significant increase in RL (Table 1 and Fig. 4A). Since allergen-induced bronchoconstriction
was present only in the combined exposure group it is possible that the increase in
augmented breaths secondary to the activation of rapidly adapting pulmonary stretch
receptors in this group could then result in a bronchodialation that counterbalances the
bronchoconstriction induced by the combined effects of ozone and allergen. Consistent with
this pattern of response is the relative bronchodialation produced by perineural capsaicin
treatment that keeps rapidly adapting pulmonary stretch receptor signaling intact and the
abolition of bronchodialation with vagotomy in the combined exposure group. The role that
any of the discussed mechanisms play in the bronchodilation observed in the current study
requires further investigation.

The significantly greater constrictive response with nDer f 1 challenge in the vagotomized
sensitized and challenged rats exposed to ozone indicates the presence of a marked non-
reflex bronchoconstrictive response that contributes to the exacerbation of allergen-induced
airway responses following ozone inhalation. The mechanism underlying the observed non-
reflex bronchoconstrictive response was not studied but could be the result of an increased
responsiveness of airway smooth muscle to mediators and/or an increase in the amount of
mediators released following nDer f 1 challenge. It is possible that the local release of
neuropeptides from airway C-fibers that is insensitive to perineural capsaicin treatment
(Schelegle et al., 2000) may play a role in the non-reflex bronchoconstrictive response. In
Fisher 344 rats the release of substance P is known to induce a neurokinin 1 receptor (NK1)
mediated mast cell dependent contraction of airway smooth muscle, while in BDE rats the
tachykinin-dependent contraction of airway smooth muscle is the result of neurokinin A
(NKA) acting on neurokinin 2 receptors (NK2) located on airway smooth muscle (Joos et
al., 1994). Both of these responses would be expected to survive perineural capsaicin
treatment and vagotomy.
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The release of neuropeptides from lung C-fibers may also play a role in the ozone enhanced
responses observed in this study. It has been shown that the neuropeptides substance P and
neurokinin A that are released from lung C-fiber endings during ozone inhalation (Hazbun et
al., 1993), have been shown to have multiple immune modulatory effects (Lambrecht,
2001). Substance P especially has been shown to increase the proliferation of lymphocytes
and enhance immunoglobulin synthesis in vitro and in vivo (Nio et al., 1993; Scicchitano et
al., 1988), suggesting another possible mechanism for augmenting the immune and
exaggerating airway responses to inhaled allergen following the acute inhalation of ozone.
This potential immunomodulatory role of neuropeptides is further illustrated by the report
(Maghni et al., 2000) in antigen-sensitized Brown-Norway rats that selective NK-1 and
NK-2 receptor antagonists decrease allergen-induced late airway responses. In addition, the
NK-2 receptor antagonist decreased allergen-induced eosinophilic inflammation and the in
situ production of Th2 (Il-4 and –5) cytokine expression in BAL cells (Maghni et al., 2000).

5. Conclusion
The results of the perineural capsaicin, vagotomy and hexamethonium studies demonstrate
that in this Brown-Norway rat model of ozone-induced exacerbation of asthma, input from
lung sensory fibers initiate both bronchoconstrictor and bronchodilator responses. Lung C-
fibers initiate a bronchoconstrictor reflex that is counterbalanced by a bronchodilator reflex
initiated by vagal myelinated fibers. In turn, when vagus nerves are intact, the
bronchodilatory response predominates, but not sufficiently to negate antigen-induced non-
reflex bronchoconstriction.
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Highlights

• Brown-Norway rats sensitized and challenged with der f 1 allergen are a good
model of ozone-induced exacerbation of specific airway reactivity.

• In this model of O3 exacerbation of asthma:

– vagal C-fibers initiate reflex bronchoconstriction

– vagal myelinated fibers initiate reflex bronchodilation

– mediators released within the airway initiate bronchoconstriction.
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Figure 1.
Trace of transpulmonary pressure obtained from a Brown-Norway that has been sensitized
and challenged with nDer f 1 and then exposed to 1.0 ppm ozone for eight hours. The trace
contains ten breath excursions (a-j), two of these (c and i) meet the criteria for an augmented
breath as a breath that begins with a normal inspiratory effort that was then followed by an
additional rapid increased to a peak PTP.

Schelegle and Walby Page 13

Respir Physiol Neurobiol. Author manuscript; available in PMC 2013 May 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Hering-Breuer inflation reflex (A–C) and pulmonary chemoreflex (D–F) obtained from
Brown-Norway rats that were sensitized and challenged with the house dust mite allergen
nDer f 1. Transpulmonary pressure (in cmH2O); Aortic blood pressure (in mmHg); and A
and D: normal reflexes before perineural capsaicin treatment. C and F: reflexes after
bilateral vagotomy. Note that perineural capsaicin abolished pulmonary C-fiber-induced
pulmonary chemoreflex but not slowly adapting pulmonary stretch receptor induced Hering-
Breuer reflex.
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Figure 3.
Mean breathing frequency (A), percent change in estimated tidal volume (B), and percent
change in estimated minute ventilation (C) in Brown-Norway rats that were sensitized and
challenged with nDer f 1 (SC, n=10) or sham treated with saline (SH, n=11) during 8 hours
of exposure to 1.0 ppm ozone (O3) or filtered air (Air) that was followed by an 8 eight hour
period in Air. Each point is a 30 minute average. * indicate a significant difference (p ≤
0.05) between O3 and Air within SC and SH groups. † indicate a significant difference (p ≤
0.05) between SC and SH groups exposed to O3. Values are mean ± sem.
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Figure 4.
Mean lung resistance of Brown-Norway rats that were sensitized and challenged with nDer f
1 (SC) or sham treated with saline (SH) before (black columns) and 30 minutes after (white
columns) the tracheal instillation of saline (in the SH groups) or nDer f 1 in saline (in the SC
groups). The data in panel A are from rats whose vagus nerves were intact. The data in panel
B are from rats whose vagus nerves were treated with perineural capsaicin (PCT). The data
in panel C are from rats whose vagus nerves were cut (Vagotomy). * indicates a significant
difference (p ≤ 0.05) from SC/O3 for before and after intratracheal instillation of nDer f 1. †
indicates a significant difference (p ≤ 0.05) from SH/O3 for before and after intratracheal
instillation. ‡ indicates a significant difference (p ≤ 0.05) from PCT. § indicates a significant
difference (p ≤ 0.05) from Control. Values are mean ± sem. N’s for each group are reported
in the results section of the text.
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Figure 5.
Change in mean lung resistances of Brown-Norway rats that were sensitized and challenged
with nDer f 1 (SC) or sham treated with saline (SH) after the tracheal instillation of 250 ul
saline (in the SH groups) or nDer f 1 in 250 ul saline (in the SC groups). Each point is a 30
minute average. * indicate a significant difference (p ≤ 0.05) between SC/O3 and all other
groups. Note that there is a distinct early airway response following nDer f 1 instillation in
the Brown-Norway rats that were sensitized and challenged with nDer f 1 and subsequently
exposed to 1.0 ppm ozone. Values are mean ± sem. N’s for each group are reported in the
results section of the text.
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Figure 6.
Change in mean lung resistances of Brown-Norway rats that were sensitized and challenged
with nDer f 1 exposed to O3 and receive sham treatment (SC/O3), perineural capsaicin
treatment SC/O3/PCT or PCT in combination with intravenous 20 mg/kg hexamethonium
(SC/O3/PCT/HEX). * indicates a significant difference (p ≤ 0.05) between SC/O3 and SC/
O3/PCT. † indicates a significant difference (p ≤ 0.05) between SC/O3/PCT and SC/O3/
PCT/HEX.
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