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Abstract

Background: The effect of allergen exposure on airway re-
sponsiveness and exhaled nitric oxide (NO) has been well
documented, but no information is available on allergen-in-
duced changes in the response plateau to adenosine 5'-
monophosphate (AMP) and in bronchial NO flux (J'awyo) and
alveolar NO (CAyo). Objectives: To determine the effect of
natural allergen exposure, a proinflammatory stimulus, on
the shape of the concentration-response curve to AMP and
NO production in airway and alveolar sites. Methods: Airway
responsiveness to high concentrations of methacholine and
AMP, J'awyo and CAyg values were obtained in 31 subjects
with pollen allergy and in 11 healthy controls. Subjects with
pollen allergy were studied before and at the height of the
pollen season whereas healthy controls were tested on one
occasion only. Results: In the group with pollen allergy, nat-
ural pollen exposure increased J'awyg (p = 0.03), but had no
effect on CAno (p = 0.12). In the 18 subjects with pollen al-
lergy who showed a response plateau to AMP in at least one
period, the response plateau to AMP increased from a mean

of 13.4% (95% Cl: 8.2-18.5) out of season to 22.5% (95% Cl:
15.5-29.4, p = 0.004) during the pollen season. Similar results
were obtained with methacholine. Compared with healthy
controls, subjects with pollen allergy had a higher response
plateau and higher J'awyg values. Conclusions: These find-
ings suggest that inflammatory changes induced by natural
allergen exposure in sensitized subjects are predominantly
located in the airways and associated with modifications in
the shape of the concentration-response curve to direct and

indirect agonists. Copyright © 2011 S. Karger AG, Basel

Introduction

It is widely appreciated that asthma is an inflamma-
tory disease of the airways associated with airway hyper-
responsiveness. Methacholine challenge has been widely
used for the detection and quantitation of airway respon-
siveness, and the response to this bronchoconstrictor
agent is commonly expressed as the provocative concen-
tration (PC,) or dose (PD,) causing a 20% fall in forced
expiratory volume in 1 s (FEV,). However, airway hyper-
responsiveness can be defined as the tendency of the air-
ways to narrow too easily and too much in response to a
wide variety of provoking stimuli [1]. Airway narrowing
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that occurs too easily (airway sensitivity) is assessed by
measuring PC,, but this measure does not assess exces-
sive bronchoconstriction [2], which in some cases may
lead to life-threatening attacks and which is reflected by
the response plateau level. In addition, it has been sug-
gested that the mechanisms that modulate sensitivity and
the response plateau level are at least partially different
(3]. Therefore, complete description of the dose-response
curve requires two parameters: one for sensitivity and
one for excessive bronchoconstriction (response plateau
level).

Methacholine and histamine are the most frequently
used spasmogens for the investigation of bronchial re-
sponsiveness. These two agonists cause bronchoconstric-
tion by a direct effect on airway smooth muscle cells. In
contrast, inhaled adenosine 5’-monophosphate (AMP)
acts indirectly, causing ‘primed’ mast cell degranulation
and the release of histamine and other mediators with
subsequent smooth muscle contraction [4]. Thus, AMP
may provide additional information about airway in-
flammation and cellular activation state in asthma [5].

On the other hand, exhaled nitric oxide (NO) levels
are increased in asthma [6], and are correlated with the
number of eosinophils in the lower respiratory tract [7].
Although this correlation is quite weak, exhaled NO has
been proposed as a noninvasive marker of airway inflam-
mation in asthma [8]. The plateau NO concentration
measured during exhalation at the constant flow rate of
50 ml/s, referred as FExq 50, has been extensively studied
as a potential index of airway inflammation. However,
phenotyping asthma inflammation is a hot topic, and the
interest extends beyond the identification of predomi-
nant inflammatory cells to the localization of inflamma-
tion [9] (central vs. peripheral airways). Therefore, special
interest has focused on the possibility of modeling NO
production to calculate how much of the NO that is mea-
sured in exhaled air originates from alveolar and from
bronchial sources [10].

Previous investigations have demonstrated that, in
sensitized subjects, natural allergen exposure (a proin-
flammatory stimulus) is associated with a significant in-
crease in the response plateau to methacholine [11, 12]
and with a significant increase in exhaled FEy0 50 [13, 14].
No information is available, however, on allergen-in-
duced changes in the response plateau to AMP and in
CAyo and Jawyo. We hypothesized that allergen expo-
sure in sensitized subjects is associated with changes in
the shape of the concentration-response curve to AMP
and with possibly distinct increases in CAyo and Jawyo.
To confirm this hypothesis, we have identified the re-
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sponse plateau and NO production in bronchial and al-
veolar sites before and at the height of the pollen season
in a group of subjects with pollen allergy.

Subjects and Methods

Study Subjects

A total of 42 subjects volunteered for this study. Thirty-one
patients with seasonal allergic rhinitis, with or without intermit-
tent asthma, were recruited from the Allergy Clinic of our institu-
tion. Asthma was diagnosed by the presence of symptoms of
wheeze, breathlessness or cough plus methacholine airway hyper-
responsiveness (PCyy <8 mg/ml) or an improvement in FEV,
from a baseline of =15% after 200 pg inhaled salbutamol during
the pollen season. All subjects with asthma were treated with
short-acting inhaled B,-agonists as required. Skin prick tests
showed positive responses (>3 mm wheal diameter) to grass, Olea
europea and/or Parietaria judaica pollens in all the subjects. Nine
subjects were also sensitized to perennial allergens although they
had no symptoms out of the pollen season. A control group of 11
healthy subjects was also studied; they were recruited among vol-
unteers in the laboratory and among students. Selection criteria
for this group included no history of asthma, chronic rhinitis,
atopic eczema, or other relevant disease.

All 42 subjects were nonsmokers and had baseline FEV, >70%
predicted. In case of recent respiratory tract infection, enrolment
in the study was postponed for at least 4 weeks. The study protocol
was approved by the ethics committee of Dr. Peset University
Hospital and all subjects provided informed consent.

Study Design

Patients were first evaluated between mid-January and the end
of February, before the pollen season had begun in Valencia,
Spain. During this period, patients had 3 laboratory visits. At the
first visit, all patients were evaluated for suitability and spirome-
try was performed. At each of the next 2 visits (3-7 days apart),
spirometry and concentration-response studies with either
methacholine or AMP were performed on separate days, with the
order of challenge randomized. Exhaled NO was measured at the
second visit. Patients returned to the laboratory at the height of
the pollen season between April and June. During this period,
patients attended 2 laboratory visits. At each visit, exhaled NO,
spirometry and concentration-response studies with either
methacholine or AMP were performed. The same determinations
were performed in healthy controls on one occasion only.

The pollen season period was estimated according to atmo-
spheric pollen counts obtained in the Valencia area [15] (fig. 1).

Study Variables

Inhalation Challenge Tests. Spirometry [16] and bronchial
challenge tests [17] were performed using the dosimeter method
[17] (Mefar MB3; Brescia, Italy) as previously reported [14].
Methacholine and AMP (Sigma-Aldrich, St. Louis, Mo., USA)
were dissolved freshly in 0.9% saline solution to produce doubling
concentration ranges of 0.39 to 100 mg/ml for methacholine and
6.25-1,600 mg/ml for AMP. The test was interrupted when a 40%
decrease in FEV, from the value obtained after saline solution
administration was recorded or when the highest concentration
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Table 1. Subject characteristics and prevalence of bronchoconstriction

Characteristics Pollen allergy Healthy p value
Subjects, n 31 11
Diagnosis

Allergic rhinitis, n 20

Allergic rhinitis + asthma, n 11
Age, years 48 (44-52) 31 (22-40) 0.0002
Male/female gender, n 13/18 5/6 0.98
Duration of symptoms, years 14.9 (11.3-18.4)
FEV, % predicted 107.1 (101.4-112.7) 108.0 (99.4-116.5) 0.86
FEV,/FVC, % 73.6 (70.9-76.2) 80.4 (76.4-84.5) 0.08

Data are presented as means, and means and 95% CI (in parentheses). FVC = Forced vital capacity.

was administered. A response plateau was considered to be pres-
ent if 3 or more data points for the highest concentrations of ago-
nist fell within a 5% response range. The level of the maximal
FEV, response was calculated only in those subjects who showed
falls in FEV; >5% and was obtained by averaging the data points
on the plateau. In subjects who showed falls in FEV; >40% with-
out evidence of a plateau, the response plateau values were as-
signed to percent decline in FEV at the end of the protocol. Two
subjects with a plateau during the methacholine and AMP chal-
lenges performed out of season lost the plateau during the pollen
season. In these subjects, the response plateau values were as-
signed to percent decline in FEV] at the end of challenge. A PC,,
value of 100 mg/ml for methacholine and 1,600 mg/ml for AMP
was assigned to these subjects in whom FEV, dropped <20% even
when the highest concentration of agonist was used (censored val-
ues). All PC, values were log-transformed before analysis and are
presented as geometric means. Changes in PCyg are expressed in
terms of doubling concentrations of methacholine or AMP calcu-
lated as AlogPC,y/log 2.

NO Measurements. Exhaled NO was measured with a chemi-
luminescence technique (Niox; Aerocrine, Stockholm, Sweden)
according to ATS/ERS standards [18], with the exception of the
choice of exhalation flow rates, which were 100, 200 and 300 ml/s.
To enable the subjects to achieve the target flow rate, dynamic
flow resistors were used. The exhalation times varied from 6 to
10 s, depending on the exhalation flow rate, and exhaled NO was
always measured during the last 3 s of the exhaled NO maneuver.
The average of two values performed at each of the three flow rates
was recorded. The technique of Tsoukias and George [19] was
used to calculate J'awy (pl/s) (y intercept) and steady-state CAyo
concentration (ppb) (slope) using a linear regression. CAyo was
adjusted for the trumpet shape of the airway tree and axial diffu-
sion from central to peripheral airways (CAnocory) With the fol-
lowing equation [20]: CAnocorr (Ppb) = CAno (ppb) — Jawno
(pl/s)/860.

Statistical Analysis

The primary outcome of the study was the response plateau to
AMP. Secondary outcomes were the response plateau to metha-
choline, PC,, for AMP and methacholine and exhaled NO (CAyo

Natural Pollen Exposure Increases the
Response Plateau to AMP and Jawyo
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Fig. 1. Grass, urticaceae (Parietaria) and olive pollen counts be-
tween January and August 2009. The out-of-season and seasonal
periods of the study are shown.

and J’awy). The sample size requirement of this study was calcu-
lated considering a difference of 7% in the response plateau to
AMP as clinically relevant. Based on a calculated SD of 7% for the
response plateau to AMP from previous studies [21], it was esti-
mated that 18 patients with a plateau during at least one AMP
challenge would be required to provide 80% power at the two-
sided 0.05 level. Given the prevalence of plateaus identified in pre-
vious studies [21], it was estimated that 30 patients would be test-
ed to identify 18 with plateaus.

Comparisons of the characteristics of the two groups were per-
formed by unpaired Student t tests for continuous data and by
Fisher exact tests for binary variables. Changes in the response
plateau, PC,( and exhaled NO in subjects with pollen allergy were
assessed by the paired t test. Correlations were explored using the
Pearson correlation test. p values are two-sided, and values <0.05
were considered statistically significant.
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Fig. 2. Individual values for "awy (a) and CAyg values (b) in subjects with pollen allergy and healthy controls.
Horizontal lines are means.
Table 2. Airway responsiveness and NO measurements in subjects with pollen allergy and healthy controls
Variables Pollen allergy Healthy
out of season during season
Methacholine
PCyl, mg/ml 23.0 (12.5-42.2) 13.9 (6.9-27.9) 72.9 (53.0-100.0)
Response plateau?, % 22.8 (17.9-27.7) 28.7 (22.7-34.8) 15.1 (7.7-22.6)
AMP
PC,!, mg/ml 769.1 (472.1-1,253.1)  298.5 (147.6-602.6) 1,479.1 (1,241.7-1,600.0)
Response plateau®,% 15.2 (10.1-20.3) 23.0 (17.0-29.0) 7.4 (5.1-11.1)
Exhaled NO
Jawno?s pl/s 1,975 (1,327-2,624) 2,685 (1,964-3,405) 599 (406-791)
CAno? ppb 0.95 (0.58-1.32) 0.73 (0.41-1.06) 1.19 (0.42-1.96)
! Data are given as geometric means and 95% CI (in parentheses).
2 Data are given as means and 95% CI (in parentheses).
Results Differences in Airway Responsiveness and NO Indexes

Subjects with pollen allergy were significantly older
and tended to have lower FEV/FVC % values than
healthy controls. The two groups were similar with re-
gard to sex and baseline FEV| (table 1). A total of 18 sub-
jects with pollen allergy (9 with allergic rhinitis and 9
with allergic rhinitis and associated asthma) were re-
sponsive (FEV] fall =20%) to methacholine whereas only
9 subjects (4 with allergic rhinitis and 5 with allergic rhi-
nitis and asthma) were responsive to AMP. Responsive-
ness to AMP and methacholine was identified in 1 and 4
healthy controls, respectively.

228 Respiration 2012;83:225-232

between Subjects with Pollen Allergy and Healthy

Controls

Compared with healthy controls, subjects with pollen
allergy had lower values of PCyy AMP (p <0.01 for season
and p = 0.014 for out of season) and PC,, methacholine
(p<0.001 for both periods), and higher values of response
plateaus to AMP (p < 0.0001 for season and p = 0.012 for
out of season) and J'awyo (p < 0.0001 for both periods)
(table 2, fig. 2). The response plateau to methacholine was
significantly higher in subjects with pollen allergy than
in healthy controls during the pollen season only (p =
0.015) (table 2). No significant differences were observed
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Fig. 3. Individual values for the response plateau to methacholine (a) and AMP (b) before and during the pollen
season in subjects who showed plateaus in at least one period. Horizontal lines are means.

Table 3. Level of plateau and markers in exhaled air in subjects with allergic rhinitis and in those with asthma

Variable Asthma

Allergic rhinitis

out of season

during season

out of season during season

Plateau level, %

Methacholine 23.2(15.2-31.7)

AMP 13.6 (5.0-23.4)
Exhaled NO

Jawno, pl/s

CAxo» ppb 1.3(0.3-2.3)

33.5 (20.0-46.9)*
26.9 (12.2-41.6)*

2,266 (1,005-3,528) 2,847 (1,412-4,282)
0.8 (0.1-1.6)

15.4 (10.4-20.4)
13.2 (6.0-20.4)

17.3 (11.5-23.1)
20.1 (11.9-28.3)*

1,880 (1,093-2,667)
0.8 (0.5-1.1)

2,360 (1,496-3,225)%*
0.7 (0.4-1.0)

Data are given as means and 95% CI (in parentheses). * p < 0.05 vs. out of season; ** p < 0.01 vs. out of sea-

son.

between the two groups regarding CAno (p = 0.17 during
the pollen season and p = 0.51 out of season).

Modifications in Airway Responsiveness and NO

Indexes during the Pollen Season

The mean FEV, values for subjects with pollen allergy
was 3.09 liters (95% CI: 2.75-3.43) out of season, com-
pared with 3.04 liters (95% CI: 2.7-3.37, p = 0.38) during
the pollen season.

In the group with pollen allergy, methacholine and
AMP PC,, values decreased significantly during the pol-
len season (p = 0.008 for methacholine and p = 0.002 for
AMP, table 2). Pollen-induced changes in methacholine

Natural Pollen Exposure Increases the
Response Plateau to AMP and Jawyo

and AMP PC,, values were not significantly different, the
mean difference being 0.32 doubling concentrations (95%
CI: -0.24 to 0.87 doubling concentrations, p = 0.25). Sim-
ilar results were obtained when those subjects with cen-
sored PC,, values in both periods were excluded from the
analysis (data not shown).

In the 18 subjects with pollen allergy who showed pla-
teaus in at least one period, the response plateau to AMP
increased from a mean of 13.4% (95% CI: 8.2-18.5) out of
season to 22.5% (95% CI: 15.5-29.4, p = 0.004, fig. 3) dur-
ing the pollen season; the response plateau to methacho-
line increased from 17.6% (95% CI: 13.4-21.8) out of sea-
son to 21.8% (95% CI: 15.7-27.9, p = 0.02) during the pol-
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len season (fig. 3). Pollen-induced changes in the response
plateau to each bronchoconstrictor agent were not sig-
nificantly different, the mean difference being 6.7% (95%
CL: -2.2to 15.6, p = 0.12).

In the group with pollen allergy, natural pollen expo-
sure increased J'awyo (p = 0.003), but had no effect on
CAyo (p = 0.12, table 2, fig. 2).

Differences in Pollen-Induced Changes in the Plateau

and Exhaled Markers between Subjects with Allergic

Rhinitis Alone and Those with Concomitant Asthma

Both in asthmatics and subjects with allergic rhinitis,
the response plateau to each bronchoconstrictor agent
and Jlawyo values increased during the pollen season
(table 3). Furthermore, the pollen-induced change in the
response plateau with methacholine was significantly
higher in the group with asthma than in the group with
allergic rhinitis, the mean difference being 8.3% (95%
CIL: 2.3-14.3, p = 0.009). By contrast, pollen-induced
changes in both the response plateau to AMP and J'awyo
values were similar in the two groups, the mean differ-
ence being 6.4% (95% CI: 5.2-18.1, p=0.26) and 9.53 pl/s
(95% CI: -8.7 to 27.8, p = 0.29), respectively.

Correlations

In subjects with pollen allergy, there was a weak corre-
lation between AMP PC,, values and J'awyo (out of sea-
son, r = —0.56, p = 0.003; season, r = —0.50, p = 0.008), as
well as between the response plateau to AMP and J'awno

230 Respiration 2012;83:225-232

(out of season, r = 0.54, p =0.004; season, r = 0.42, p = 0.03).
Furthermore, there was a trend to a correlation between
pollen-induced changes in J'awyo and in responsiveness to
AMP (r=0.42, p = 0.03 for PC,5 and r = 0.48, p = 0.01 for
plateau; fig. 4). All these correlations were not significant
for methacholine. No other correlations were detected.

Discussion

The results of the present study confirm that, in pol-
len-sensitive subjects with allergic rhinitis associated or
not with intermittent asthma, natural exposure to pollen
is associated with a significant increase in airway sensi-
tivity (decreased PC, value) to both methacholine and
AMP, as well as with a significant increase in the re-
sponse plateau to methacholine. The new findings are
that natural pollen exposure in sensitized subjects is also
associated with a significant increase in the response pla-
teau identified with AMP and in Jawyo without con-
comitant modifications in CAyq. Furthermore, the re-
sponse plateau to AMP and J'awyo values were signifi-
cantly higher in subjects with pollen allergy than in
healthy controls.

To the best of our knowledge, this is the first study de-
signed to identify the effect of natural allergen exposure
on the response plateau to AMP. Our results demonstrate
that the allergen-induced increase in the plateau to AMP
is of similar magnitude to that detected with methacho-
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line. However, allergen-induced changes in methacholine
and AMP responsiveness (PC,, and response plateau)
were not significantly related. Therefore, although the
global consequences of natural allergen exposure on the
responsiveness to direct and indirect bronchoconstrictors
are quantitatively similar, the effects on airway responsive-
ness to each agonist are not proportional in each subject.

We deliberately studied patients with intermittent
asthma or allergic rhinitis without asthma in order to de-
tect a maximal response plateau in a significant number
of subjects. It could be argued, however, that the effect of
natural allergen exposure on the maximal response pla-
teau might be different in subjects with greater asthma
severity. In addition, although pollen-induced increases
in the response plateau to methacholine and AMP were
detected both in subjects with asthma and in nonasth-
matic subjects with allergic rhinitis, these were more pro-
nounced in asthmatics. However, the number of subjects
in each group was small and a type 2 error cannot be
ruled out.

Our results demonstrate that natural allergen expo-
sure is associated with a selective increase in NO of bron-
chial origin. Additionally, although allergen-induced
changes in Jawyo were detected both in subjects with
asthma and in those with allergic rhinitis alone, these
were more pronounced in nonasthmatics. Since it has
been postulated that exhaled NO may be a marker of air-
way inflammation [8], the increase in J'awyo following
natural allergen exposure may be explained by an in-
crease in the inflammatory mediators needed to increase
the expression of inducible NO synthase. Therefore, the
results of our study suggest that the proinflammatory ef-
fect of allergen exposure in sensitized subjects is predom-
inantly expressed in the airways, and that an allergen-
induced increase in bronchial inflammation is not suf-
ficient to induce asthmatic symptoms. However, it has
been suggested that the original two-compartment mod-
el developed by Tsoukias and George [19] to describe
bronchial and alveolar sites of NO concentration may
have led to overestimation of CAyo values. In the present
study, CAno values were corrected using the fixed correc-
tion factor recommended by Condorelli et al. [20] for the
tlow rates used in our subjects. However, during the pol-
len season the correction factor for axial NO back-diffu-
sion may be smaller due to an allergen-induced broncho-
constriction [22] with a subsequent reduction in the
cross-sectional area available for back-diffusion of NO.
This would be associated with an underestimation of
CAno levels during the pollen season and, therefore, with
greater differences between the two study periods. We do

Natural Pollen Exposure Increases the
Response Plateau to AMP and Jawyo

not believe, however, that our findings could have been
influenced by this technical factor because the baseline
FEV, values in our patients during the two study periods
were similar.

The presence of airway hyperresponsiveness to AMP
and increased J'awyo in our subjects with pollen allergy,
even when these parameters were obtained out of the
pollen season, suggests that airway inflammation is
present even when patients are not exposed to the rele-
vant allergens. However, this study has some limitations
that are important to consider. Firstly, our patients with
pollen allergy were significantly older than healthy con-
trols. Therefore, although the effect of age on AMP re-
sponsiveness has not been studied, we cannot exclude
the possibility that differences in these parameters be-
tween the two groups might be explained, at least in
part, by differences in age. Secondly, it has recently been
reported [23] that NO concentration measured at 50
ml/s and CAyo, but not bronchial NO production, in-
creases with age =60 years in normal control subjects.
Thus, differences in 'awyo between subjects with pollen
allergy and healthy controls cannot be explained by dif-
ferences in age. Thirdly, the effect of natural pollen ex-
posure on airway responsiveness, CAyxo and Jawyo
were identified comparing values during the pollen sea-
son and out of season. It is possible that the inclusion of
a control group of subjects with nonatopic asthma might
increase the relevance of our observations. This should
be investigated in future studies. Finally, our healthy
controls were studied on one occasion only and, there-
fore, the reproducibility of our results in this population
is unknown.

In summary, our current observations have shown an
increase in both the response plateau and J'awy in sub-
jects with pollen allergy compared with healthy controls.
In subjects with pollen allergy, both parameters increased
significantly following natural allergen exposure. These
results suggest that natural allergen exposure in sensi-
tized subjects induces inflammatory changes in the air-
ways (but not in the lung periphery) and modifications in
the shape of the concentration-response curve to direct
and indirect agonists.
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