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Previous studies in a guinea pig model of asthma have sug-
gested that age and sex contribute both to the profile of asthma
symptoms, i.e., asthma heterogeneity, as well as to the success
of primary prevention strategies. The present study investigated
the contributions of age and sex to the severity of central vs. pe-
ripheral airway hyperresponsiveness as well as to the effective-
ness of secondary preventions strategies for asthma as modeled in
the guinea pig. Experimental groups: Young/Young, sensitized and
challenged before sexual maturity; Young/Adult, sensitized young
and challenged after sexual maturity; Adult/Adult, sensitized and
challenged after sexual maturity. Males and females were sensi-
tized IP with 0.5 mg/kg ovalbumin (OVA) and challenged intra-
tracheally with varying doses of OVA. Cellular infiltration into
lung and lavage fluid, OVA specific IgG1 as well as airway hyper-
responsiveness to intravenous methacholine were determined 24
hr later. Airway hyperresponsiveness in central airways and pe-
ripheral lung was assessed by measurement of airway resistance,
tissue damping and tissue elastance. Airway hyperresponsiveness
with allergen sensitization and challenge was evident in male and
female Adult/Adult animals and male Young/Young animals. Air-
way hyperresponsiveness in female Young/Young animals was not
significant, despite marked airway eosinophilia. Changes in tissue
elastance were more evident in OVA treated Adult/Adult compared
to Young/Young animals. As allergen exposure decreased, a reduc-
tion in inflammation was seen in young females before other age
sex groups. OVA induced increases in eosinophils were more pro-
nounced in Young/Adult compared to Adult/Adult animals. Our
results suggest that in asthmatic children, females may clinically
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benefit most from secondary prevention strategies to limit allergen
exposure. In adult asthmatics, changes in tissue elastance may be
significant, and secondary prevention strategies may be more effec-
tive in those sensitized as children compared to those sensitized as
adults.

Keywords eosinophil, asthma, guinea pig, age, sex, inflammation,
dose-response

INTRODUCTION
Allergen exposure whether environmental or occupational

can result in the immunotoxic response of asthma. Regardless of
the cause of asthma, treatment strategies generally include phar-
macological intervention to alleviate symptoms and, if feasible,
efforts to reduce allergen exposure. Current treatment strategies
are similar for children and adults, male and female. In current
clinical practice, lung function generally defines the severity of
the disease, and improvement in lung function is an important
goal in controlling asthma. However, studies have shown that
patients with a normal forced expiratory volume in one second
(FEV1) may still be limited in daily activities (Hanania, 2006),
suggesting that a single endpoint may not be the best indicator
of disease severity for all individuals. A recent study of severe
asthma reported that adults had more severe airflow obstruction
than children (Jenkins et al., 2003). A number of children who
were experiencing life threatening asthma episodes had FEV1

values of >80%. Thus, other factors such as inflammation were
likely contributing to disease severity. Our previous studies in
a guinea pig model of asthma had indicated that the severity
of inflammation did not correspond to the severity of airway
hyperresponsiveness as measured by total lung resistance and

1



2 REGAL ET AL.

compliance in different age sex groups, i.e., different age sex
groups had different profiles of asthma symptoms (Regal et al.,
2006). These data suggested that pharmacological intervention
should be tailored to target inflammation vs. pulmonary function
in different age and sex groups. Given the age and sex differ-
ences seen, an initial goal of the present study was to determine
the relative contribution of central vs. peripheral airway events
to the severity of airway hyperresponsiveness in different age
sex groups, since our previous studies had only considered total
lung resistance and compliance.

Besides contributing to asthma heterogeneity, age and sex
may also be important determinants of the effectiveness of
strategies to limit allergen exposure. In allergic asthma, pri-
mary prevention is aimed at reducing sensitization, and sec-
ondary prevention is directed at preventing symptoms once
sensitization has occurred. Primary prevention strategies are
commonly employed in limiting sensitization to workplace ex-
posures (Heederik et al., 1999; Baur, 2003). Recent recom-
mendations regarding primary prevention of asthma have pri-
marily been concerned with environmental allergens and have
concluded that multifaceted interventions to reduce allergen ex-
posure may be of benefit in children, but additional research is
needed before specific public health recommendations can be
made for either children or adults (King et al., 2004; Simpson
and Custovic, 2004; Arshad, 2005; Chan-Yeung et al., 2005). As
shown by the Childhood Asthma Prevention Study, single inter-
ventions to reduce house dust mite allergens in children during
the first five years of life are of no clear benefit in preventing
the onset of asthma in high-risk children by age 5 (Marks et al.,
2006). In primary prevention studies as modeled in the guinea
pig, our previous study demonstrated that greater reductions in
allergen levels are required to limit the inflammatory component
of asthma in young females compared to male or female adult
animals (Regal et al., 2006).

Strategies of secondary prevention are sometimes recom-
mended once sensitization has occurred and asthma is diag-
nosed, i.e., limiting allergen exposure in individuals already
sensitized. In children with asthma, a number of studies have
shown success in a multifaceted approach to reduce exposure to
multiple allergens/triggers of asthma. For example, the Seattle
King County study (Krieger et al., 2005) demonstrated a re-
duction in asthma symptom days and urgent health services use
with high intensity interventions aimed at reducing exposure to
indoor asthma triggers in children with asthma. In adults with
asthma, a secondary prevention study that limited dust mite al-
lergen exposure by encasement of mattresses met with limited
success (Woodcock et al., 2003). With some allergens such as cat
and dog, widespread dissemination of allergens, even in house-
holds without pets (Custovic et al., 1997), suggests that limit-
ing allergen exposure to a degree that would realistically limit
asthma symptoms in those already diagnosed with the disease
may not be practical. Occupational exposures are limited to the
workplace, and secondary prevention strategies involve mov-
ing sensitized workers to jobs with lower exposure or removing

them from the workplace exposure all together (Mapp et al.,
2005).

Given the limitations of conducting controlled prevention
studies in human populations, the present study was designed to
model secondary prevention strategies in the guinea pig and sys-
tematically determine if secondary prevention of asthma (limit-
ing allergen exposure in animals already sensitized by exposure
to the same dose of allergen) would be the more effective strategy
of asthma control in certain age or sex groups. Since secondary
prevention studies in children have met with some success com-
pared to adults (Woodcock et al., 2003; Krieger et al., 2005),
we hypothesized that once sensitized, adult animals would dis-
play asthma symptoms in response to lower allergen doses than
young animals, indicating that secondary prevention would be
more effective in limiting asthma symptoms in young animals
compared to adults, whether male or female. Thus, young and
adult, male and female guinea pigs with identical exposure to
allergen in the sensitization phase were challenged with varying
allergen doses to elicit asthma symptoms using cellular infiltra-
tion into the lung as the asthma endpoint.

No previous studies have examined the complete dose re-
sponse relationship to allergen challenge in the guinea pig to
assess the effectiveness of secondary prevention strategies in
different age and sex groups. Knowledge of the dose-response
relationships to allergen in different sex groups has potential ap-
plications in risk assessment for occupational allergen exposure.
Differences in the dose-response relationships depending on the
age or sex would provide evidence that secondary prevention
strategies are more effective for particular age or sex groups.

METHODS

Experimental Design
All animal experiments were carried out in accordance with

the Guide for the Care and Use of Laboratory Animals as adopted
and promulgated by the United States National Institutes of
Health. Hartley guinea pigs were purchased from Charles River
Laboratories, Kingston, New York facility. All animals were
weaned by Charles River and shipped to Duluth on Day 7 post-
natal. According to data from Charles River Laboratories (1999),
sexual maturity in outbred Hartley male guinea pigs occurs in
the range of 56–70 d after birth, after which we refer to an animal
as an adult. In female guinea pigs, sexual maturity is achieved
from 35 to 42 d after birth. To insure that sexual maturity was
reached, adult animals were used 2 wk after the age range at
which sexual maturity reportedly occurs.

Three major treatment groups were considered as outlined
in Table 1: Young/Young (Y/Y), animals sensitized and chal-
lenged before sexual maturity; Young/Adult (Y/A), animals
sensitized when young and challenged after sexual maturity;
Adult/Adult (A/A), animals sensitized and challenged after sex-
ual maturity. All animals were sensitized intraperitoneally (IP)
with 0.5 mg/kg ovalbumin (OVA) in saline. OVA challenge oc-
curred 20–21 d (Young/Young), 21–28 d (Adult/Adult), 67–69 d
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(female Young/Adult) or 96–99 d (male Young/Adult) after sen-
sitization. Of the 283 animals outlined in Table 1, a subset of
62 animals (14 Female Y/Y, 14 Male Y/Y, 16 Female A/A, 18
Male A/A) was used for evaluation of asthma heterogeneity with
age and sex. For these 62 animals, the contribution of central
and peripheral events to airway hyperresponsiveness to metha-
choline was determined by measuring airway resistance (Rn),
tissue damping (G), and tissue elastance (H) in anesthetized an-
imals 24 hr after intratracheal challenge with 400 μg/kg OVA.
The other 221 of the 283 animals were used for assessment
of the contributions of age and sex to the effectiveness of sec-
ondary prevention measures in different age sex groups. These
221 guinea pigs were evaluated for lung inflammation 24 hr af-
ter intratracheal challenge using varying doses of OVA in water
(0, 0.4, 4, 40, 400 μg/kg). Littermates were tracked, and chal-
lenge doses were varied across litters and over the time frame
of the study. Because antigen challenge can cause severe bron-
choconstriction and high mortality in guinea pigs, 30 min prior to
intratracheal challenge with OVA, animals were injected IP with
6.1 mg/kg of the H1 antagonist pyrilamine. Guinea pigs were
then anesthetized intramuscularly (IM) with a combination of
ketamine (35 mg/kg) and xylazine (1 mg/kg) immediately prior
to intratracheal challenge with OVA in a volume of 80 μl/kg.

Measurement of Central and Peripheral Components of
Airway Hyperresponsiveness

Airway hyperresponsiveness to intravenous (IV) metha-
choline was measured 23–25 hr after intratracheal challenge
with 400 μg/kg OVA in male and female, Y/Y and A/A guinea
pigs sensitized 20-28 d earlier with saline or 0.5 mg/kg OVA IP.
Guinea pigs were anesthetized with ketamine/xylazine. The tra-
chea was cannulated, and the animal ventilated at 70 breaths per
min, 10 ml/kg room air using a computer controlled piston ven-
tilator (FlexiVent, SciReq, Montreal, Canada) and a water trap
to maintain a positive end expiratory pressure of 2.0–2.5 cm wa-
ter. Pulmonary function measurements were taken immediately
before methacholine injection and every 20 sec for 2 min follow-
ing each dose of methacholine. Methacholine doses were diluted
in phosphate buffered saline (PBS) containing heparin and de-
livered by bolus injection into a dorsal branch of the saphenous
vein of the hindfoot. Methacholine doses of 1, 3.3, 10, 33, and
100 μg/kg were given at ≈5-min intervals.

To standardize volume history, each baseline measurement
was preceded by two consecutive inflations of the lung to to-
tal lung capacity, defined as a tracheal pressure of 30 cm water.
Our previous studies (Regal et al., 2006) had evaluated total pul-
monary mechanics in guinea pigs using a Snapshot 60 maneuver
(SciReq FlexiVent 5.0 software) to obtain measurements of total
lung resistance and compliance. In the current study, to further
assess the heterogeneity of the asthmatic response in the guinea
pig, we used the Flexivent 6 sec broadband signal to measure
input impedance from 0.5 to 19.75 Hz (Quick Prime 6). The con-
stant phase model then uses the calculated impedance spectrum
to calculate Rn (airway resistance), G (tissue damping) and H

(tissue elastance) as parameters to distinguish between central
and peripheral events in different age sex treatment groups. A
coefficient of determination for the constant phase model of 0.8
was used as the cutoff for a reasonable model fit.

Measurement of Cellular Infiltration into the Lung
In studies examining the effectiveness of secondary preven-

tion strategies in different age sex groups, cellular infiltration in
response to OVA challenge was evaluated 23–25 hr after antigen
challenge as previously described (Fraser et al., 1995; Larsen and
Regal, 2002; Regal et al., 2006). Both the airspace [cells in the
bronchoalveolar lavage fluid (BAL)] and the tissue compartment
were evaluated for cellular infiltration. Four equal volumes of
room temperature PBS were used, for a total lavage volume of
60 ml/kg body weight. The BAL was centrifuged to sediment the
cells, and the white blood cells in BAL were counted by standard
methods in a hemacytometer. Differential counts were obtained
from cytospin preparations of BAL cells (3 × 104 cells) stained
with a modified Wrights’ stain (DiffQuik, American Scientific
Products, McGraw Park, IL).

Four-hundred cells were counted and identified as
eosinophils, neutrophils, lymphocytes or macrophages. As es-
timates of the numbers of eosinophils and neutrophils in the
lung tissue, the left caudal lung lobe was processed for mea-
surement of eosinophil peroxidase (EPO; total OD/min) and the
right caudal lung lobe for myeloperoxidase (MPO; total units of
enzyme activity), respectively (Fraser et al., 1995). The remain-
der of the lung was dried at 80◦C for 3–5 d for determination of
gram dry weight. The BAL cell differential and white blood cell
count were used to calculate the total number of each cell type
recovered per animal. Since the sizes of animals in this study
ranged from ≈100–1000 g, all values were normalized using the
g dry weight of lung obtained from that animal to approximate
the density of a particular cell type in the lung of each animal.
Protein in the BAL supernatant was determined by the method
of Lowry et al. (1951) and the number of RBC in the BAL was
quantified by determining the OD412 of the solution after lysis of
the RBC as previously described (Fraser et al., 1995). No EPO
enzyme activity was detectable in BAL supernatant.

Statistical Analysis
All data were log transformed to equalize variances and allow

normal parametric modeling. Figures show the geometric mean
+1 SE. Statistical significance was defined as p < 0.05. Statis-
tical analyses used ANOVA with JMP and SAS software (SAS
Institute Inc., Cary NC). As tested by ANOVA, litter effects were
not significant.

Airway Hyperresponsiveness. ANOVA models were used
to examine the effects of sex (male or female), age (Y/Y or A/A)
and OVA challenge on baseline measurements. To determine if
OVA sensitization and challenge resulted in airway hyperre-
sponsiveness in each of the four treatment groups (∗ p < 0.05,
in Figures 1–3), a repeated measures ANOVA used the follow-
ing two repeated measures: the ratio of the maximum change in
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the variable after 1 μg/kg methacholine to the vehicle value and
the ratio of the maximum change in the variable after 3.3 μg/kg
methacholine to the vehicle value. In addition, the significance
levels of the changes from vehicle control were assessed at each
methacholine dose individually (#p < 0.05, in Figures 1–3).

Cellular Infiltration. For differential cell counts, if no cells
of the cell type of concern were seen in the 400 cells counted, the
value used for statistical analysis was 1/2 of 1 cell or 0.125%.
This was necessary because of log transformation of the data.
Because of the shape and character of the dose-response and
variability of the data, statistical analyses examined three
different aspects of the dose-response relationships for the vari-
ables depicted in Figures 4–6. Each analysis considered the six
different treatment groups (male, female and Y/Y, Y/A, A/A).
The first analysis compared the starting values, or the magnitude
of the variables in control animals (animals sensitized and chal-
lenged with vehicle). Our previous study in primary prevention
(Regal et al., 2006) had demonstrated differences in resident cell
populations with sex and challenge age in unsensitized guinea
pigs. Analysis of the current data confirmed our previous results
in unsensitized animals. For our second analysis, ANOVA
was conducted examining OVA challenge dose, sex, treatment
(Y/Y, Y/A, A/A) and interactions (Table 2). Finally, given the
differences in starting cell populations in the different age sex

FIG. 1. Methacholine-induced changes in airway resistance (Rn) in male (M) and female (F) guinea pigs sensitized with 0.5 mg/kg OVA IP and challenged

intratracheally with either saline (NSS) or 400 μg/kg OVA. Responsiveness to vehicle (Veh; PBS/heparin) and two successive doses of IV methacholine was

determined 24 hr after challenge. Details of treatment groups are shown in Table 1. Values represent the geometric mean ± SE. ∗ p < 0.05, significant overall OVA

effect with repeated measures ANOVA. #p < 0.05, the change in resistance to either 1 or 3.3 μg/kg methacholine compared to its respective control in animals

challenged with OVA is greater than animals challenged with NSS.

groups, changes in variables from the appropriate control to the
lowest challenge dose (0.4 μg/kg OVA) and to the challenge
dose eliciting apparent maximum eosinophilia (4 μg/kg) were
evaluated (Table 3).

Measurement of OVA-Specific IgG1

OVA-specific guinea pig IgG1 in serum was measured by
ELISA as previously described for the antigen trimellitic anhy-
dride, except ELISA plates in the current study were coated with
2 μg/ml OVA (Fraser et al., 1998; Regal et al., 2000). Concen-
trations of OVA-specific IgG1 in the unknown serum samples
were expressed in terms of relative concentrations compared to
that of a reference antibody defined as 1. OVA-specific IgG1 data
(Figure 7) were analyzed by ANOVA to examine the effects of
OVA dose, sex, and treatment group (Y/Y, Y/A, A/A).

RESULTS

Age and Sex Contribute to Heterogeneity of Airway
Hyperresponsiveness in Central vs Peripheral Airways

Our previous experiments (Regal et al., 2006) in these age
sex groups indicated that sensitization with 0.5 mg/kg OVA
and challenge with 400 μg/kg OVA led to significant increases
in eosinophils in the lung with minimal lung injury or changes
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in neutrophils. The profile of eosinophil infiltration and airway
hyperresponsiveness differed amongst the treatment groups,
suggesting that age and sex contributed to asthma heterogeneity.
In particular, at a challenge dose of 400 μg/kg OVA, Y/Y
animals had the greatest increase in eosinophils in the lung
but demonstrated less marked changes in total lung resistance
and compliance than A/A animals (Regal et al., 2006). Thus,
experiments were extended to determine if the reactivity of
central vs. peripheral airways differed in male and female Y/Y
or A/A animals at a challenge dose of 400 μg/kg. Airway resis-
tance (Rn), tissue damping (G), and tissue elastance (H) were
measured in male and female, Y/Y and A/A animals (Figures 1–
3). Due to extreme reactivity of the guinea pig airways at higher
doses of methacholine, the model fit was unacceptable in a sig-
nificant proportion of OVA sensitized animals at methacholine
doses greater than 3.3 μg/kg, so only data for 1 and 3.3 μg/kg are
shown.

Initial values of Rn, G and H with vehicle administration were
compared by ANOVA considering age, sex and OVA treatment.
Administration of vehicle alone caused minimal changes in Rn,
G and H (data not shown), so vehicle values are used as an
indication of baseline pulmonary function in the different age
sex groups. A significant age*sex interaction was detected for

FIG. 2. Methacholine-induced changes in tissue damping (G) in male (M) and female (F) guinea pigs sensitized with 0.5 mg/kg OVA IP and challenged

intratracheally with either saline (NSS) or 400 μg/kg OVA. Responsiveness to vehicle (Veh; PBS/heparin) and two successive doses of IV methacholine was

determined 24 hr after challenge. Details of treatment groups are shown in Table 1. Values represent the geometric mean ± SE. ∗ p < 0.05, significant overall

OVA effect with repeated measures ANOVA. #p < 0.05, the change in tissue damping to either 1 or 3.3 μg/kg methacholine compared to its respective control in

animals challenged with OVA is greater than animals challenged with NSS.

the Veh value of Rn indicating that the sex effect differed with the
age group. That is, males had greater Rn with Veh administration
than females in A/A treatment groups, but not in Y/Y treatment
groups. Veh values of G and H differed with age and sex, with
females having greater tissue damping and tissue elastance than
males. In addition, the Veh value for tissue damping and tissue
elastance was significantly higher in Y/Y animals compared to
A/A animals, reflecting general differences in the mechanical
properties of the lung at the different ages. Because of clear
differences in the Veh control with age and sex, further statistical
analyses considered changes in the value over its respective Veh
control at the two different methacholine doses.

With increasing doses of methacholine (1.0 and 3.3 μg/kg)
in OVA and NSS challenged animals, changes in Rn were ap-
parent (Figure 1) and were similar to our previously reported
changes in total lung resistance after IV methacholine. Female
A/A animals showed the largest OVA effect and female Y/Y no
significant OVA effect. Male A/A animals did not have a sig-
nificant OVA effect by repeated measures, but the change at 3.3
μg/kg methacholine was significantly greater in OVA challenged
animals compared to NSS challenged animals. The significant
changes in Rn with OVA challenge were not confined to one sex
or one age group.
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FIG. 3. Methacholine-induced changes in tissue elastance (H) in male (M) and female (F) guinea pigs sensitized with 0.5 mg/kg OVA IP and challenged

intratracheally with either saline (NSS) or 400 μg/kg OVA. Responsiveness to vehicle (Veh; PBS/heparin) and two successive doses of IV methacholine was

determined 24 hr after challenge. Details of treatment groups are shown in Table 1. Values represent the geometric mean ± SE. ∗ p < 0.05, significant overall

OVA effect with repeated measures ANOVA. #p < 0.05, the change in tissue elastance to either 1 or 3.3 μg/kg methacholine compared to its respective control in

animals challenged with OVA is greater than animals challenged with NSS.

Tissue damping (G) is a frequency independent reflection of
tissue resistance and H an indicator of tissue elastance. As such,
G and H reflect events in the lung periphery. Considering tissue
damping (Figure 2), OVA challenge significantly increased re-
sponsiveness to methacholine at both doses in A/A animals and
male Y/Y animals. No statistically significant effect on tissue
damping and elastance was seen with OVA challenge in female
Y/Y animals. For tissue elastance (Figure 3) OVA challenge re-
sulted in more marked effects in A/A animals compared to Y/Y
animals in methacholine-induced increases. Thus, OVA sensi-
tization and challenge has a more marked effect on elastance
in adult animals compared to young animals, regardless of sex.
Over the dose range examined, methacholine caused minimal
changes in tissue elastance in control animals challenged with
NSS.

Changes in Cellular Infiltration Differ with Allergen
Avoidance in Age Sex Treatment Groups

In the current study, control animals were sensitized with
OVA and challenged with vehicle. Results indicated that: (1)
resident populations of eosinophils were greater in females com-
pared to males, and (2) resident populations of neutrophils, along
with RBC in the BAL, are significantly greater in adult animals
compared to young animals. This analysis of the current data

confirmed our previous results in unsensitized animals (Regal
et al., 2006).

Infiltration of eosinophils and neutrophils into the lung tis-
sue and BAL are shown in Figures 4 and 5. Since the goal of
this study was to determine if reducing allergen exposure would
alleviate asthma symptoms preferentially in different age sex
groups, our statistical analysis shown in Tables 2 and 3 was
designed to determine: (1) does the response change with the
challenge dose of allergen? (Table 2, significant dose effect);
(2) does the dose-response relationship differ with treatment or
sex? (Table 2, significant OVA dose*Treatment or OVA dose*sex
interaction); (3) does the lowest allergen dose cause a significant
increase in each of the treatment groups? (Table 3, significant
change from vehicle to 0.4 μg/kg OVA); and, (4) does the maxi-
mum change in the variable differ between the treatment groups?
(Table 3, significant change from vehicle to 4 μg/kg between the
age groups).

Eosinophils. Eosinophils in the lung tissue are shown in the
upper panel of Figure 4. ANOVA (Table 2) revealed a significant
dose effect indicating a significant change in lung EPO as the
challenge dose of OVA was increased. In addition, the signifi-
cant sex and treatment effect indicates that females have more
tissue eosinophils than males and lung EPO varies with treat-
ment group. As seen in Figure 4, this sex effect was more evident
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TABLE 1
Experimental groups of guinea pigs for cellular infiltration and airway hyperresponsiveness

Sensitization Challenge

Group n Age, days Body weight, g Age, days Body weight, g

Sensitization/
challenge

interval, days

Young/Young (Y/Y)
Female 53 9–11 141.6 ± 3.5 29–31 307.6 ± 4.0 20–21
Male 54 9–11 152.3 ± 3.6 29–31 334.0 ± 5.1 20–21

Young/Adult (Y/A)
Female 32 9–10 141.4 ± 4.3 77–78 603.7 ± 13.6 67–69
Male 33 9–11 142.2 ± 4.8 105–108 854.4 ± 12.1 96–99

Adult/Adult (A/A)
Female 50 56–57 501.4 ± 8.1 77–78 614.9 ± 8.1 21–22
Male 61 84 762.7 ± 9.7 105–112 858.8 ± 10.5 21–28

Values represent the mean ± SE.

FIG. 4. Eosinophils in lung and BAL of male (M) and female (F) guinea pigs sensitized with 0.5 mg/kg OVA IP and challenged with either water vehicle (Veh)

or varying doses of OVA intratracheally. Eosinophils were determined 24 hr after challenge. Details of treatment groups are shown in Table 1. Values represent the

geometric mean ± SE. ∗ p < 0.05 for the indicated comparisons.
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TABLE 2
ANOVA of data in Figures 4–6

Eosinophils Neutrophils
Statistical

comparison Lung BAL Lung BAL
Protein

BAL
RBC
BAL

OVA dose ∗ ∗ ∗ ∗ ∗ ∗

Sex ∗ ∗ ∗

Treatment (Y/Y, Y/A, A/A) ∗ ∗ ∗ ∗

OVA dose∗Treatment interaction ∗

Sex∗Treatment interaction ∗ ∗

Sex∗OVA dose interaction
Sex*Treatment∗OVA dose interaction

∗ p < 0.05

in the A/A and Y/A groups than the Y/Y animals, though the
sex∗treatment interaction was not statistically significant. The
significant OVA dose by treatment (Y/Y, Y/A, A/A) interaction
for lung EPO provides evidence that the dose-response relation-

FIG. 5. Neutrophils in lung and BAL of male (M) and female (F) guinea pigs sensitized with 0.5 mg/kg OVA IP and challenged with either water vehicle (Veh)

or varying doses of OVA intratracheally. Neutrophils were determined 24 hr after challenge. Details of treatment groups are shown in Table 1. Values represent the

geometric mean ± SE. ∗ p < 0.05 for the indicated comparisons.

ship differs with the treatment group. This significant interac-
tion is probably in part due to the marked bell-shaped nature
of the dose-response relationship in Y/A animals as compared
to A/A and Y/Y treatment groups. Continued analysis of lung
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FIG. 6. RBC in BAL and protein in BAL supernatant of male (M) and female (F) guinea pigs sensitized with 0.5 mg/kg OVA IP and challenged with either water

vehicle (Veh) or varying doses of OVA intratracheally. Values were determined 24 hr after challenge. Details of treatment groups are shown in Table 1. Values

represent the geometric mean ± SE. ∗ p < 0.05 for the indicated comparisons.

TABLE 3
Statistical analysis of data in Figures 4–5

Eosinophils Neutrophils

Lung BAL Lung BAL

Change from vehicle to 0.4 μg/kg OVA
Female A/A ∗

Female Y/A ∗ ∗ ∗

Female Y/Y
Male A/A ∗ ∗

Male Y/A ∗ ∗

Male Y/Y ∗

Change from vehicle to 4 μg/kg OVA
A/A vs Y/Y
Y/Y vs Y/A ∗

A/A vs Y/A ∗

∗ p < 0.05

EPO determined if the change in lung EPO was significant at
the lowest OVA challenge dose (0.4 μg/kg OVA). This change
was significant in all groups except females sensitized and chal-
lenged when young (Table 3, short brackets in Figure 4). These
data suggest that a reduction in allergen exposure in Y/Y females
is more effective at limiting the allergic response than in other
age sex treatment groups. When the changes from vehicle to the
maximum response at 4 μg/kg were compared, a significant dif-
ference was revealed when comparing Y/A and A/A animals (Ta-
ble 3, long bracket in Figure 4). Thus, animals sensitized when
young and challenged as adults (Y/A) have greater increases
in lung eosinophils than animals sensitized and challenged as
adults.

Because of the large range of animal weights used in this
study, eosinophils in the lavage were normalized as eosinophils/g
dry lung, and these values are shown in the lower panel of Fig-
ure 4. Presented as total eosinophils per animal lung in vehi-
cle treated animals this represents 2.6 ± 0.4, 1.26 ± 0.2, 2.0
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± 0.4, 1.4 ± 0.2, 1.1 ± 0.2, 1.4 ± 0.4 × 106 eosinophils
for female A/A, male A/A, female Y/A, male Y/A, female
Y/Y and male Y/Y animals, respectively. When considering
eosinophils in the lavage (Figure 4, lower panel), ANOVA re-
vealed significant sex and dose effects, again indicating that
eosinophil density in lavage changed significantly with aller-
gen dose, and females tended to have more eosinophils overall
than males. In part this reflects the tendency for females to have
more resident eosinophils in vehicle treated animals compared
to males (just as with lung EPO). The significant sex*treatment
interaction for BAL eosinophils reflects the similarities in the
dose-response relationship for Y/Y animals regardless of sex
in contrast to the separation of male and female dose-response
relationships in the Y/A and A/A animals. The change in BAL
eosinophils at the lowest OVA challenge dose (0.4 μg/kg) was
statistically significant only in the male A/A and female Y/A
groups. Otherwise, the variability of the response relative to
the magnitude of the differences did not allow detection of
differences amongst treatment groups for eosinophils in the
lavage.

A closer look at the eosinophil data at the 400 μg/kg OVA
challenge dose is warranted because these same sensitization
challenge doses were used in the airway hyperresponsiveness ex-
periments shown in Figures 1 through 3. In Figure 4, when look-
ing at the change in lung EPO from vehicle to 400 μg/kg OVA in
both male and female Y/Y and A/A animals, a large change was
seen in Y/Y animals (female Y/Y, 299 to 596 OD/min/g dry wt or
99% increase; male Y/Y, 178 to 471 OD/min/g dry wt or 165%
increase) and male A/A animals (217 to 516 OD/min/g dry wt or
138%) with a less marked change in female A/A animals (531–
785 OD/min/g dry wt or 48%). The female A/A animals had a
small change in EPO but a marked airway hyperresponsiveness
(Figures 1 through 3).

Neutrophils. ANOVA analysis of lung and BAL neutrophils
revealed a significant dose effect indicating that neutrophils
changed with the OVA challenge dose. As seen in Figure 5,
this change in neutrophils was not as marked as the change in
eosinophils depicted in Figure 4. In addition, note that the num-
ber of BAL neutrophils/g dry lung in the vehicle challenged
guinea pig lung was ≈10-fold fewer than the eosinophils. In ve-
hicle treated animals this represents total neutrophils per lung of
1.2 ± 1.0, 0.4 ± 0.2, 0.3 ± 0.2, 0.2 ± 0.1, 1.6 ± 1.0, 2.5 ± 1.3 ×
106 neutrophils for female A/A, male A/A, female Y/A, male
Y/A, female Y/Y and male Y/Y animals, respectively. Thus, the
neutrophil accumulation was mild, consistent with our previous
studies at 400 μg/kg OVA challenge (Regal et al., 2006).

In addition, when looking at the lung MPO as an indicator of
tissue neutrophils, it is apparent that the sex and treatment effects
detected by ANOVA (Table 2) are in part due to the differences
in vehicle values in the different age sex groups. Again this
difference in resident neutrophils is consistent with our previ-
ous studies (Regal et al., 2006). Comparison of the change in
BAL neutrophils from the vehicle control to 4 μg/kg OVA chal-
lenge dose indicated that Y/A animals had a significantly greater

FIG. 7. OVA-specific IgG1 antibody in the serum. All animals were sensitized

with 0.5 mg/kg OVA and challenged with 0.4–400 μg/kg OVA intratracheally.

Serum was obtained 24 hr after challenge. Details of treatment groups are shown

in Table 1. Values represent the geometric mean ± SE. *p < 0.05 for ANOVA

analysis comparing A/A to Y/Y and Y/A to Y/Y. A/A was not different from

Y/A.

change in BAL neutrophils than the Y/Y animals (Table 3; Fig-
ure 5, long brackets) and that the female and male Y/A animals
had a significant change in BAL neutrophils at the lowest OVA
challenge dose of 0.4 μg/kg (Table 3; Figure 5, short brackets).

Lung Damage. Increased protein and RBCs in the BAL in-
dicate damage due to the allergic response (Figure 6). ANOVA
revealed significant OVA dose and treatment effects for each of
these variables (Table 2). However, unlike eosinophil and neu-
trophil infiltration, no clear sex effect or interaction was detected.
Also, no statistical differences were detected for the change from
vehicle to 0.4 or 4 μg/kg OVA challenge dose (statistical analysis
not shown in Table 3).

OVA-Specific Serum IgG1. All animals in the cellular in-
filtration study were sensitized with the same dose of OVA
(0.5 mg/kg OVA). Our previous studies indicated that the OVA
specific serum IgG1 differed with treatment (Y/Y, Y/A, and A/A)
but not sex over a range of sensitizing doses. The current study
confirmed this observation at the 0.5 mg/kg sensitizing dose.
Since ANOVA analysis indicated no significant challenge dose
effect, results were combined for all challenge doses within each
of the six treatment groups (Figure 7). Y/Y animals had signif-
icantly less OVA specific antibody than the adult animals (Y/A
or A/A). No difference was detected between males and females
within each treatment group.

DISCUSSION
Once a patient presents with asthma symptoms, treatment in-

volves two major strategies: pharmacological intervention to al-
leviate symptoms and/or reduction of allergen exposure, i.e., sec-
ondary prevention. To direct asthma treatment, the severity of the
disease is first assessed by measurement of pulmonary function,
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and then the severity of the disease dictates the treatment course.
Our studies suggest that treatment of disease may be improved
by tailoring treatment to the age and sex of the individual rather
than generalized for disease severity. Asthma is a heterogeneous
disorder, with profiles of inflammation and airway hyperrespon-
siveness differing in different groups (Bel, 2004). In children,
for example, severe asthma can occur even in the absence of
marked reductions in pulmonary function (Jenkins et al., 2003).
Our initial studies in a guinea pig model of asthma indicated
that the profile of asthma symptoms differed with age and sex
(Regal et al., 2006). Young female guinea pigs had significant
accumulation of eosinophils in the lung with no evident airway
hyperresponsiveness. In contrast, adult animals had marked air-
way hyperresponsiveness as measured by total lung resistance
with minimal inflammation in the lung.

The present study extends these observations to show that
asthma heterogeneity also includes differences in the reactiv-
ity of central vs peripheral airway events. These studies are the
first to examine parameters of airway hyperresponsiveness in
central vs peripheral lung in the guinea pig model of asthma.
Adult guinea pigs tended to have more marked changes in tis-
sue elastance with OVA sensitization and challenge compared
to young animals. These data suggest that peripheral airway
reactivity may be a greater component of asthma in adult ani-
mals compared to young animals, even though young animals,
particularly females, have a more marked inflammatory com-
ponent. Targeting airway hyperresponsiveness in the peripheral
lung may be more effective asthma treatment for adults than for
children.

Limiting allergen exposure to alleviate asthma symptoms is
another strategy used, particularly in occupational asthma where
the exposure is limited to the workplace (Mapp et al., 2005).
Whether these secondary prevention strategies for asthma are
more effective in particular age gender groups is unknown. Our
results indicate that as allergen exposure is decreased, a notice-
able improvement in inflammation will be seen in young females
before other age sex groups. In addition, our studies reveal a bell
shaped dose response curve, particularly in the Y/A treatment
group. A window of allergen exposure causing eosinophilia was
evident particularly for animals sensitized when young and chal-
lenged as adults. Such attenuation of the allergic response at
higher allergen exposures has been noted in clinical studies of
cat, dust mite, and lab animal allergic populations (Jeal et al,
2006) and has been described as a modified TH2 response. It
is associated with lower rates of specific IgE and an increased
frequency of specific IgG production.

In the guinea pig model, no clear differences in OVA-specific
IgG1 were detected over the dose range to indicate changes in
specific antibody accounted for the difference. Studies in mice
have indicated that neonatal exposure with allergen prevents ex-
perimental allergic airway disease in adults via development of
tolerance (Wang and McCusker, 2006). Thus, tolerance mech-
anisms may also be operating in limiting asthma symptoms in
response to allergen challenges in adults. Clearly further studies

are required to determine the mechanism of this decreased in-
flammatory response at high allergen doses in the Young/Adult
treatment groups.

Studies of Cho et al. (2005) demonstrated in adult female
Balb/c mice that discontinuation of allergen challenge (sec-
ondary prevention) in conjunction with steroid treatment was
beneficial in reducing airway inflammation and reducing col-
lagen. Cho demonstrated that rigorous complete environmental
control of exposure to a single allergen can effectively limit
asthma symptoms. In reality, complete environmental elimina-
tion of allergen is not feasible. Our study employed a dose range
of allergen exposure that spanned 4 log units. Dose reductions
from 400 to at least 0.4 μg/kg OVA were required to see a re-
duction in lung inflammation in young females. These are very
large reductions in allergen load and may not be feasible with
real life allergens such as dust mite, animal dander, and pollen.
For example, in studies to actively control house dust mite lev-
els in dust in the CAMP study, Der p 1 concentrations in dust in
children’s beds were reduced by at most 1 log unit, with an av-
erage reduction of 61% (From a maximum of ∼20 to 6–7 μg/g
allergen). With this reduction, no significant clinical benefit was
noted (Marks et al., 2006). The Authors suggested that the lack of
benefit of reducing allergen exposure was related to high initial
allergen levels by international standards. However, two other
international studies (Koopman et al., 2002; Woodcock et al.,
2004) achieved even greater reductions of house dust mite aller-
gen (as low as 0.2 μg/g) in the active treatment group and also
did not achieve clinical benefit. Thus, a 100-times reduction in
house dust mite levels in humans resulted in no clear clinical
benefit.

Major reductions in occupational allergens may be more fea-
sible. For example, with the occupational allergen latex, a 100-
to 1000-times reduction in latex allergen concentrations was
achieved and was associated with reductions in sensitization of
health care workers and a reduction in respiratory symptoms
(Baur, 2003). The extent to which our findings regarding the
dose-response to OVA in the guinea pig can be extrapolated
to other allergens encountered by humans remains to be seen.
However, our studies do provide a reference point for epidemi-
ological and/or clinical investigations with other occupational
or environmental allergens that are known to cause asthma in
humans.

Our results indicate that adults sensitized when young had
greater increases in inflammation than adults sensitized as adults.
Studies in the female mouse by Gelfand et al. (2004) had similar
findings in that mice sensitized at 8 wk of age and challenged
at 34 wk had greater increases in eosinophils in the BAL than
mice sensitized at 30 wk and challenged at 34 wk. Thus delay-
ing sensitization by limiting early exposure in children (primary
prevention) may be very important to the success of secondary
prevention for adults. If an individual is sensitized as a child,
the utility of secondary prevention in adulthood may be quite
limited. Certainly, the CAMP study (Marks et al., 2006) indi-
cates that limiting allergen exposure in the young does not affect
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the prevalence of asthma in the young (like our Y/Y group).
However, whether these same children will have fewer symp-
toms as adults in comparison to their control group is as yet
unknown.

Sex differences in resident cell populations were evident in
the guinea pig model. Consistent with studies of allergic inflam-
mation in mice (Hayashi et al., 2003), the maximum absolute
numbers of eosinophils after allergen challenge in female guinea
pigs was greater than males. In pulmonary function, adult male
guinea pigs started with a higher airway resistance than adult
females, but had similar increases in airway hyperresponsive-
ness after antigen challenge. In young guinea pigs, airway hy-
perresponsiveness after antigen sensitization and challenge was
apparent in the males, but not females. In a study of adult mice us-
ing endotoxin to cause airway hyperresponsiveness, males had
significantly greater methacholine-induced increases in Rn, G
and H after LPS treatment (Card et al., 2006). Baseline mea-
surements of Rn, G and H were not different for mice of either
sex. Certainly, sex and age differences are important to consider
in assessing airway hyperresponsiveness and inflammation, and
the contribution of age or sex may significantly vary with the
environmental insult and the species.

OVA-specific IgG1 levels were measured in this study to indi-
cate the degree of sensitization in the different age sex treatment
groups. Guinea pigs sensitized intraperitoneally with OVA as
in this study do not readily make IgE. In the guinea pig, both
IgG1 and IgE are cytophilic antibodies and both are associated
with allergic inflammation. The OVA specific IgG1 levels in the
different treatment groups corresponded to the degree of airway
hyperresponsiveness. Adult females had the most marked airway
hyperresponsiveness and the highest OVA-specific IgG1 levels in
serum, whereas young females did not exhibit significant airway
hyperresponsiveness and had the lowest OVA-specific IgG1 lev-
els. This is in contrast to eosinophilia where young females had
large increases in eosinophils at the 400 μg/kg challenge dose,
yet had the lowest OVA-specific IgG1 levels and no evident air-
way hyperresponsiveness. Thus, the degree of OVA exposure
in the young females was sufficient to result in inflammation
but not sufficient to result in airway hyperresponsiveness. The
OVA-specific IgG1 is likely not the only determinant of the mag-
nitude of the allergic response. Our studies have indicated that
IgG2 may also contribute to the allergic inflammatory response
in the guinea pig (Fraser et al., 1998) and cellular immunity may
also be a key component.

Age and sex clearly contribute to asthma heterogeneity, and
future studies need to consider age and sex as important factors
in determining treatment strategy. Allergen doses that result in
maximal airway inflammation may variably cause changes in
airway hyperresponsiveness depending on the age sex group.
The dose-response relationship for a particular asthma endpoint
differs with age and sex, both in the sensitization phase (Regal
et al., 2006) as well as in the challenge phase. Events in the
airway periphery may dominate in the adult asthmatic, whereas
treatment of the inflammatory component of asthma may be

more beneficial in children. Asthma heterogeneity likely con-
tributes to the variable outcome of clinical studies depending on
the asthma endpoint chosen. That is, strategies of primary and
secondary prevention may be clinically successful when consid-
ering certain asthma endpoints but not others. In addition, our
studies suggest that sensitization in childhood has long lasting
ramifications for the elicitation of asthma symptoms as an adult
so that primary prevention in children may be key to the success
of secondary prevention strategies in the adult asthmatic.
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