Estrogen Determines Sex Differences in Airway
Responsiveness after Allergen Exposure
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The female hormone estrogen is an important factor in the regula-
tion of airway function and inflammation, and sex differences in the
prevalence of asthma are well described. Using an animal model, we
determined how sex differences may underlie the development of
altered airway function in response to allergen exposure. We
compared sex differences in the development of airway hyperres-
ponsiveness (AHR) after allergen exposure exclusively via the air-
ways. Ovalbumin (OVA) was administered by nebulization on 10
consecutive days in BALB/c mice. After methacholine challenge,
significant AHR developed in male mice but not in female mice.
Ovariectomized female mice showed significant AHR after 10-day
OVA inhalation. ICI182,780, an estrogen antagonist, similarly
enhanced airway responsiveness even when administered 1 hour
before assay. In contrast, 17B-estradiol dose-dependently sup-
pressed AHR in male mice. In all cases, airway responsiveness was
inhibited by the administration of a neurokinin 1 receptor antago-
nist. These results demonstrate that sex differences in 10-day OVA-
induced AHR are due to endogenous estrogen, which negatively
regulates airway responsiveness in female mice. Cumulatively, the
results suggest that endogenous estrogen may regulate the neuro-
kinin 1-dependent prejunctional activation of airway smooth muscle
in allergen-exposed mice.
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Sex differences have been described to play a role in various
diseases, including atherosclerosis (1), osteoporosis (2), and
certain neurologic disorders (3). Accumulating evidence sug-
gests that hormonal factors are important in the expression of
such sex differences at the phenotypic and genotypic levels. A
number of epidemiologic and experimental reports suggest that
the female hormone estrogen is an important factor in the
regulation of airway function and inflammation. Estrogen can
prevent cholinergic constriction of asthmatic tracheal rings
in vitro (4), and estrogen treatment decreases airway respon-
siveness to acetylcholine in ovariectomized rats (5). On the
other hand, female mice may be more susceptible than male
mice to allergen-induced airway inflammation (6-8). The role of
estrogen on sex differences in asthma has been the subject of
much discussion (9, 10).

There are many animal protocols for investigating allergen-
induced airway hyperresponsiveness (AHR) and inflammation,
with the majority using initial sensitization to allergen together
with an adjuvant such as alum. Using this sensitization ap-

(Received in original form August 3, 2007 and in final form November 21, 2007)

This work was supported by National Institutes of Health grants HL-36577 and
HL-61005 and by Environmental Protection Agency grant R825702. The content
is solely the responsibility of the authors and does not necessarily represent the
official views of the NHLBI or the NIH.

Correspondence and requests for reprints should be addressed to Erwin
W. Gelfand, M.D., National Jewish Medical and Research Center, 1400 Jackson
Street, Denver, CO 80206. E-mail: gelfande@njc.org

Am ] Respir Cell Mol Biol Vol 38. pp 501-508, 2008

Originally Published in Press as DOI: 10.1165/rcmb.2007-02980C on December 6, 2007
Internet address: www.atsjournals.org

CLINICAL RELEVANCE

Sex differences impact asthma. For the first time, a mech-
anism demonstrating the ability of estrogen to regulate an
NK-1-dependent pathway has been identified. Interven-
tions targeting this pathway may affect asthma outcomes.

proach, some mouse studies have suggested a female superiority
in the development of allergic airway inflammation (6-8). We
examined the development of AHR after allergen exposure
exclusively via the airways for 10 consecutive days in the
absence of any adjuvant. Although AHR to inhaled methacho-
line (MCh) was not detected in female mice after 10-day
ovalbumin (OVA) inhalation in vivo, electrical field stimulation
(EFS) in vitro detected altered airway responsiveness. In large
part, this EFS response has been attributed to muscarinic
receptor dysfunction, activation of neurokinin 1 (NK-1)-de-
pendent pathways, and increased acetylcholine (ACh) release
(11, 12). In the present study, we identified major differences in
the development of MCh-induced alterations in airway resis-
tance (Ry) and dynamic compliance (Cgyy) after 10-day OVA
inhalation between male and female mice. The aim of the
present study was to compare the mechanism(s) underlying this
sex difference and demonstrate that one of the sex hormones,
estrogen, regulates the development of AHR after allergen
exposure in female mice. The data suggest that estrogen may
inhibit the activation of NK-1-related prejunctional pathways,
which are enhanced by allergen exposure.

MATERIALS AND METHODS

Animals

Female and male BALB/c mice, 8 to 10 weeks of age (Jackson
Laboratories, Bar Harbor, ME) were maintained on an OVA-free
diet. All experimental animals used in this study were under a protocol
approved by the Institutional Animal Care and Use Committee of the
National Jewish Medical and Research Center.

Ovariectomy

Female mice at 5 to 6 weeks of age were anesthetized by intraperitoneal
injection of 50 mg/kg of pentobarbital sodium and underwent ovariec-
tomy (OVX) using a dorsolateral approach. Sham operation and OVX
were performed at least 2 weeks before initiation of the experiments.

OVA Exposure Without Adjuvant

Experimental groups consisted of four mice per group, and each
experiment was performed at least twice. Mice were exposed to OVA
(albumin from chicken egg white, Grade V; Sigma, St. Louis, MO) as
described previously (13). Briefly, a solution of 0.9% saline or endotoxin-
depleted 1% OVA solution was delivered by ultrasonic nebulization
(Omron, Kyoto, Japan) for 20 minutes daily over 10 consecutive days
in a closed chamber. Twenty-four hr after the last airway challenge,
airway responsiveness was assessed in vivo and in vitro, and broncho-
alveolar lavage fluid (BALF), blood, and lung tissue were collected.
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Drugs

ICI182,780, an estrogen receptor antagonist (Tocris Bioscience, Ellis-
ville, MO) and 17B-estradiol (E2; Sigma) were suspended in 0.1%
Tween 80 containing phosphate-buffered saline at concentrations of
10 ml/kg and 50 to 100 wg/kg body weight. The highly selective NK-1
receptor antagonist Sendide was obtained from Bachem California
(Torrance, CA). The estrogen receptor antagonist 1CI182,780 was
administered intraperitoneally immediately before each OV A inhala-
tion or 1 hour before determination of AHR to inhaled MCh (Sigma).
Sendide was administered intraperitoneally 2 hours before determina-
tion of AHR.

Determination of Airway Responsiveness

Ry, and Cyy, were determined as changes in airway function after aero-
solized MCh challenge in vivo. Mice were anesthetized with sodium
pentobarbital (90 mg/kg, intraperitoneally), tracheostomized, and
mechanically ventilated at a rate of 160 breaths/minute with a constant
tidal volume of air (0.2 ml). Lung function was assessed as previously
described (14). Aerosolized MCh was administered for eight breaths at
a rate of 60 breaths/min, tidal volume of 500 pL by a second ventilator
(Model 683; Harvard Apparatus, South Natick, MA) in increasing
concentrations (1.6, 3.1, 6.3, and 12.5 mg/ml). After each MCh chal-
lenge, the data were continuously collected for 1 to 5 minutes, and
maximum values of Ry and minimum values for Cgy,, were obtained.

For determination of airway responsiveness in vitro, airway re-
sponsiveness was assessed by measuring airway smooth muscle (tra-
cheal rings) responsiveness to carbachol (CCh) (Sigma) and EFS 24
hours after the last airway challenge. CCh challenge was performed
with increasing doses of the drug from 1078 to 10~* M. EFS was
administered with an increasing frequency from 0.5 to 30 Hz. We have
established earlier (15) that the EFS at the frequency range and mode
used stimulates cholinergic fibers causing release of endogenous
acetylcholine which mediates airway smooth muscle contraction; the
EFS response is abolished in the presence of atropine. The effective
concentrations of CCh resulting in 50% of the maximal contraction
(ECsp) and the electrical frequency resulting in 50% of the maximal
contraction (ESsg) were calculated from linear plots for each individual
animal and were compared between the groups.

Measurement of Total and OVA-Specific Inmunoglobulin E

Serum levels of total immunoglobulin (Ig)E and OV A-specific IgE were
measured by enzyme-linked immunosorbent assay (ELISA) as de-
scribed (13). The OV A-specific IgE titers of the samples were related
to pooled standards that were generated in the laboratory and expressed
as ELISA units per milliliter. Total IgE levels were calculated by
comparison with known mouse IgE standards (BD Pharmingen, San
Diego, CA). The limit of detection was 100 pg/ml for total IgE.

Determination of Cell Numbers and Cytokine Levels in BALF

Immediately after the assessment of AHR, lungs were lavaged via the
tracheal cannula with Hanks’ balanced salt solution (1 ml/mouse).
Total leukocyte numbers were measured with a Coulter Counter
(Coulter Corporation, Hialeah, FL). Differential cell counts were
made from cytocentrifuged preparations using a Cytospin 2 (Shandon
Ltd., Runcorn, Cheshire, UK) and stained with Leukostat (Fisher
Diagnostics, Pittsburgh, PA). At least 200 cells were counted under
400X magnification.

Bronchoalveolar lavage (BAL) supernatants were collected and
kept frozen at —80°C until assayed. The levels of cytokine in the
supernatants of BALF samples were determined by ELISA. IL-4, IL-5,
IL-12 (p70), IFN-y (all from BD Pharmingen) and IL-13 (R&D
Systems, Minneapolis, MN) were measured following the manufac-
turers’ directions. The limits of detection were 4 pg/ml for IL-4 and IL-
5, 1.5 pg/ml for IL-13, and 15 pg/ml for IL-12 and IFN-y.

Histopathologic Examination

Lungs were fixed by inflation (1 ml/whole lung) and immersion in 10%
formalin. Cells containing eosinophilic major basic protein were iden-
tified by immunohistochemical staining as previously described using
rabbit anti-mouse major basic protein (provided by Dr. J. J. Lee, Mayo
Clinic, Scottsdale, AZ). The slides were examined in a blinded fashion

with a Nikon microscope (Melville, NY) equipped with a fluorescein
filter system. For detection of mucus-containing cells in formalin-fixed
airway tissue, sections were stained with periodic acid-Schift and H&E
and quantitated as previously described (16).

Data Analysis

All parametric data were compared using Student’s ¢ test between two
groups and Tukey-Kramer to compare multiple groups. Because
measured values may not be normally distributed and due to the small
sample sizes, nonparametric analysis using the Mann-Whitney U test
was also used to confirm that the statistical differences remained
significant. A P value of <0.05 was considered statistically significant.
Values for all measurements were expressed as the mean = SEM.

RESULTS

Sex Differences after OVA Inhalation

The extent of 10-day OV A-induced AHR to inhaled MCh in
female and male BALB/c mice were compared. There were no
significant differences in the baseline values between female
and male mice. Responses in the 10-day saline-treated groups
showed low level MCh dose-responsiveness for Ry, and Cyyy in
male and female mice (Figure 1A). After 10-day OVA in-
halation, significant AHR to inhaled MCh was elicited in male
mice, but not in female mice (Figure 1A). This 10-day exposure
protocol was previously shown to elicit little in the way of BAL
inflammatory cell accumulation and there were no differences
between female and male mice (Figure 1B). Ten-day OVA
inhalation elicited significant increases in numbers of goblet
cells and eosinophils in the lung tissue but there were no
differences in the numbers of these cells (comparing male and
female mice) (Figure 1C). Neither OVA inhalation nor sex
differences influenced the levels of IL-4, IL-5, IL-12, IL-13, or
IFN-v in the BALF (data not shown). Serum levels of total IgE
were significantly increased in both sexes after 10-day OVA
inhalation; the baseline values for total IgE were higher in
female than in male mice (Table 1). Serum levels of OVA-
specific IgE were increased in both sexes after 10-day OVA
inhalation, and no differences between the sexes were detected
(Table 1).

Airway Smooth Muscle Contractility

To compare airway (tracheal) smooth muscle contractility,
which may contribute to the development of AHR, CCh- and
EFS-induced responses were evaluated in vitro and compared.
The effective concentration required for ECsq for CCh in saline-
and OV A-treated groups were 5.0 = 0.9 X 107 and 4.8 + 0.6 X
10~7 M in female mice, and 6.0 = 0.7 X 10~7 and 5.9 = 0.8 X
10~7 M in male mice, respectively (Figure 2), indicating no up-
regulation of cholinergic airway responsiveness after 10-day
OVA inhalation in male or female mice. In contrast, the
electrical frequency required for ESs in the saline- and OVA-
treated groups were 3.6 = 0.2 and 2.1 = 0.2 Hz in females, and
3.9 £ 0.3 and 2.6 = 0.1 Hz in males, respectively (Figure 2)
demonstrating comparable and significant decreases in ESs
values in both after 10-day OV A inhalation. Maximal contrac-
tile responses (Tmax) were also determined in both CCh- and
EFS-induced response. However, no significant differences were
observed in Tmax (data not shown) as previously reported (17).

Development of AHR to Inhaled MCh in Ovariectomized
Female Mice after 10-Day OVA Inhalation In Vivo

Based on the MCh-induced AHR data distinguishing male and
female mice, it appeared that there may be factors related to sex
differences which regulate airway responsiveness in vivo, but
not in vitro. We therefore evaluated the influence of OVX as
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Figure 1. Comparison of airway responsiveness and in-
flammation in female and male mice after 10-day ovalbu-
min (OVA) inhalation. Female and male mice were
exposed to either a 0.9% saline solution or a 1% OVA

. solution for 10 days (20 min/d). (A) Airway hyperrespon-

siveness (AHR) to inhaled methacholine (MCh) after 10-

day OVA inhalation. AHR (airway resistance [R;] and lung

dynamic compliance [Cqy]) to inhaled MCh was assayed

24 hours after the last OVA challenge. Circles, female mice;

squares, male mice; open symbols, 10-day saline; solid

10 5 symbols, 10-day OVA. (B) Bronchoalveolar lavage (BAL)
0 0 cell composition after 10-day OVA inhalation. BAL fluid
Saline  OVA Saline OVA Saline OVA Saline OVA was recovered immediately after the AHR assay was
Female Male Female Male completed. () Numbers of periodic acid-Schiff-positive

and major basic protein—positive cells. Results represent the

mean *+ SEM (n = 8). *P < 0.05 and **P < 0.01 versus 10-day saline exposure in each sex. ND = not detected. The baseline values of R_ and Cgy,
were as follows: 0.57 + 0.03 cm H,O/ml/second (n = 16) and 0.069 = 0.003 ml/cm H,O (n = 16) in female saline-treated mice, respectively; 0.59 =
0.03 cm H;O/ml/s (n = 12) and 0.070 = 0.002 ml/cm H,O (n = 12) in female OVA-treated mice, respectively; 0.55 = 0.02 cm H,O/ml/second
(n = 16) and 0.065 = 0.003 ml/cm H,O (n = 16) in male saline-treated mice, respectively; 0.57 = 0.02 cm H,O/ml/second (n = 21) and 0.064 =
0.003 ml/cm H,O (n = 21) in male OVA-treated mice, respectively. BM = basement membrane.

a means of reducing endogenous female hormone production
(Figure 3). Sham-surgery female mice did not develop AHR
after 10-day OVA inhalation and no differences were detected
in OVX female mice after 10-day saline inhalation. However,
airway responsiveness to inhaled MCh was significantly en-
hanced after 10-day OV A inhalation in the OVX mice, and this
was reversed after E2 administration. These results suggested
that hormonal factors derived from the ovary are directly (or
indirectly) critical to regulating airway function in vivo after
allergen challenge exclusively via the airways. These increases
in AHR were not accompanied by any changes in BAL cell
composition or cytokine levels (data not shown).

Effect of an Estrogen Antagonist on 10-Day OVA-Induced
AHR in Female Mice In Vivo

Estrogen is a leading candidate as the female hormonal factor
produced and released from the ovaries. To define the differ-

TABLE 1. COMPARISON OF ENDOGENOUS IgE ANTIBODIES
BETWEEN FEMALE AND MALE MICE AFTER 10-d
OVALBUMIN INHALATION

Treatment Total IgE (ng/ml) OVA-Specific IgE (EU/ml)
Female saline 146 £ 1.2 0*x0

Female OVA 22.7 = 1.8* 27.6 = 7.9*

Male saline 6.3 = 0.7 0x0

Male OVA 11.2 = 1.0* 27.0 = 10.1%

Definition of abbreviation: EU, ELISA units; IgG, immunoglobulin G; OVA,
ovalbumin.

* P < 0.01, statistically significant compared with saline group in each sex.

T P < 0.05, statistically significant compared with saline group in each sex.

ences between male and female mice, effects of an estrogen
antagonist were evaluated on 10-day OV A-induced AHR to
inhaled MCh in vivo. Ten-day vehicle and 10-day OVA
treatment did not elicit significant AHR to MCh in female
mice (Figure 4A). After daily administration of the estrogen
receptor antagonist ICI182,780 (10 mg/kg/d, intraperitoneally)
increases in Ry were significantly enhanced in female mice but
only in OVA-exposed and not saline-exposed mice (Figure 4A).
In saline-exposed mice, administration of the estrogen receptor
antagonist had no effect. In male mice, daily administration of
this compound did not influence AHR (Figure 4B). Despite the
increases in AHR in the estrogen receptor antagonist-treated
female mice, no changes in BAL inflammatory cell composition
or cytokine levels were detected (data not shown).

Effect of Exogenous Estrogen on 10-Day OVA-Induced AHR in
Male Mice In Vivo

As significant AHR in vivo developed in male mice after 10-day
OVA inhalation, we evaluated the effects of exogenous estro-
gen administration on this response. In male mice, administra-
tion of E2 suppressed the development of AHR after 10-day
OVA inhalation in a dose-dependent manner, with complete
attenuation of AHR at a dose of 100 wg/kg/d of E2 (Figure 5).
Suppression of AHR was not accompanied by any changes in
BAL cell accumulation or cytokine levels (data not shown).
This suppression was reversed with daily coadministration of
the estrogen receptor antagonist (10 mg/kg/d of ICI182,780 for
10 days), establishing the specificity of the exogenous estrogen
effect (Figure 5). Together, these results demonstrate the neg-
ative regulatory effects of endogenous and exogenous estrogen
on AHR in female and male mice, respectively.
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Figure 2. Tracheal smooth muscle responsiveness to
carbachol (CCh) and electrical field stimulation (EFS) after
10-day OVA inhalation. (A) Representative CCh and EFS
responses. Top panels: Solid circles, female saline; open
squares, female OVA. Bottom panels: Solid circles, male
saline; open squares, male OVA. (B) Summary of results of
CCh- and EFS-induced contractility. Results represent the
mean * SEM (n = 8). **P < 0.01 statistically significant.
NS = not significant. 95% confidence intervals overlapped
among the groups.
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Acute Effects of an Estrogen Antagonist and Exogenous
Estrogen on AHR to MCh after 10-Day OVA Inhalation In Vivo

The results reported above were obtained in a protocol which
saw the compounds administered on 10 consecutive days. To
focus on the response targeted by estrogen, airway constriction,
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Figure 3. Development of AHR to inhaled MCh after 10-day OVA
inhalation in ovariectomized (OVX) female mice. Sham-operated or
OVX female mice were exposed to 0.9% saline or 1% OVA solution for
10 days. AHR was assayed 24 hours after the last OVA challenge. Sham
operation or OVX was performed at least 2 weeks before initiation of
allergen exposure. 17B-estradiol (E2) at a dose of 100 wg/kg was
administered intraperitoneally to OVX mice 1 hour before assay of AHR.
Results represent the mean = SEM (n = 8). **P < 0.01 versus sham/
OVA (open triangles) or OVX/saline (solid circles). #P < 0.05 and ##P <
0.01 versus sham/saline (open circles) or OVX/OVA/E2 (squares). Solid
triangles, OVX/OVA.

the estrogen antagonist or exogenous estrogen were adminis-
tered 1 h before the AHR assay, and 24 hours after the last
OVA inhalation. AHR to inhaled MCh did not appear in fe-
male mice after 10-day OV A inhalation with vehicle treatment
(Figure 6A). ICI182,780 at a dose of 10 mg/kg administered 1
hour before assay, significantly enhanced airway responsiveness
in female mice after 10-day OVA exposure (but not saline)
(Figure 6A). In parallel, the increases in the response to inhaled
MCh which developed in male mice after 10-day OVA in-
halation, were totally suppressed when estrogen was given 1
hour before assay (Figure 6B). Based on these results and the
absence of changes in BAL cell composition or cytokine levels,
it appeared that endogenous or exogenous estrogen given after
allergen exposure was completed, regulated airway contractility
directly. In no case did the estrogen receptor antagonist or
estrogen itself impact AHR in the absence of allergen exposure.

Effect of Exogenous Estrogen on CCh- and EFS-Induced
Airway Constriction after 10-Day OVA Inhalation

To directly investigate whether estrogen influences airway
constriction directly, we examined the effects of estrogen on
CCh- and EFS-induced airway constriction in 10-day saline- or
OV A-exposed mice in vitro. Estrogen at a dose of 100 nM did
not affect CCh- or EFS-induced constriction of trachea smooth
muscle from mice exposed to 10-day saline inhalation, and no
differences were observed between males and females (Figure
7A). However, ESs, values were decreased in male and female
mice after 10-day OVA exposure, and E2 dose-dependently
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normalized ESsy values (Figure 7B). These results imply that
estrogen does not affect cholinergic airway constriction directly
but may inhibit prejunctional activation by factors generated
during the 10 days of allergen exposure.

In Vivo Effects of an NK-1 Receptor Antagonist

Neuropeptides, such as substance P, are critical regulators of
airway responsiveness. Activation of NK-1 receptors enhances
ACh release by EFS (11). We evaluated the effects of Sendide,
an NK-1 receptor antagonist, on 10-day OVA-induced AHR in
male mice and on the enhancement of AHR by ICI182,780 in
female mice. Sendide at a dose of 40 nmol/kg, given 2 hours
before assay, significantly suppressed AHR (Ry and Cgyy) in 10-
day OV A-exposed male mice but not in 10-day saline-exposed
mice (Figure 8A). ICI182,780, given 1 hour before assay,
significantly enhanced airway responsiveness in female mice
after 10-day OV A exposure (Figure 8B). Sendide, at a dose of
40 nmol/kg, fully suppressed this enhancement of RL and
decrease in Cdyn (Figure 8B). These data suggest that NK-1
is critical to the development of AHR after 10-day OVA
inhalation in vivo, and that endogenous estrogen regulates the
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development of AHR in female mice exposed to OVA exclu-
sively via the airways via an NK-1-dependent pathway.

In Vitro Effects of an NK-1 Receptor Antagonist

Together, the data suggested that endogenous estrogen may
regulate an NK-1-dependent pathway leading to AHR in mice
exposed to 10-day OVA. Furthermore, exogenous estrogen
suppressed the 10-day OV A-induced AHR detected by EFS
in vitro (see Figure 7B). We next confirmed the contribution of
the NK-1 pathway to 10-d OVA-induced AHR detected by EFS
in vitro. Pretreatment of tracheal smooth muscle preparations
with Sendide (100 nM) significantly suppressed the decrease in
ESsq in female and male mice exposed to OV A for 10 days, and
there were no sex differences in the degree of suppression
(Figure 9). Thus, NK-1 seems to be critical to development of
AHR after 10-day OV A inhalation.

DISCUSSION

There is substantial evidence that female sex hormones play
a regulatory role in asthma pathophysiology, and in particular,
development of AHR. Asthma prevalence rates are higher in
women than men with a switch occurring at the time of puberty
(18-20). There are impressive menstrual cycle—associated var-
iations in pulmonary function with asthma worsening during
low hormone levels premenstrually (21, 22). Although these
clinical findings suggest that sex hormones may influence the
prevalence and severity of asthma, the role of specific hormones
in dictating these changes is unclear. A number of studies in this
area have been reported without consensus, likely reflecting the
complexity of the pathways involved and undefined regulatory
factors at various times in established disease. In particular, the
effects of estrogen in asthma have been discordant, with both
beneficial and negative effects described (7, 8, 23). In the
former, supplemental estrogens were used as a steroid-sparing
agent in females with asthma; in the latter, post-menopausal
estrogen therapy increased the subsequent risk of asthma. A
number of papers describe a worsening of asthma during the
premenstrual and intramenstrual periods in a subgroup of
women with asthma (21, 24-27), although the mechanism
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underlying this susceptibility remains unclear. Ensom and a modest eosinophilic inflammatory response in lung tissue as

colleagues demonstrated the beneficial effects of estradiol in well as goblet cell metaplasia (23). In female mice, 10 days of
a severely asthmatic woman with premenstrual worsening of OVA exposure failed to alter lung function in vivo when

asthma (24). assessed after MCh inhalation. Increased airway responsiveness

The present study examined sex differences in a model of was detected only by the altered response to electrical field
allergen exposure that was exclusively delivered via the airways stimulation, a decrease in ESso. Such decreases have been
and in the absence of systemic sensitization and adjuvant. This linked to muscarinic receptor dysfunction, endogenous sub-
approach has been shown to be dependent on IgE, FceRI stance P, and increased acetylcholine release (13, 15), perhaps

expression, and mast cells, and differs from the requirements the result of eosinophilic inflammation (28). In contrast to
when systemic sensitization with adjuvant are employed (13). In female mice, male mice subjected to 10 days of OVA exposure

some studies which use systemic sensitization to allergen with developed a similar decrease in ESso but also exhibited a robust
adjuvant followed by allergen challenge via the airways, female MCh dose-dependent increase in Ry, and a decrease in Cyyp
mice developed greater AHR, with estrogen enhancing airway in vivo. These differences in MCh-induced AHR between
inflammation (6-8). In contrast, in naive mice or following less male and female mice did not seem to be related to differences
robust sensitization and challenge, as performed here, the in- in airway inflammation, BAL cytokine levels, or numbers of

hibitory effects of estrogen on development of AHR may be goblet cells. Together, these data pointed to sex differences
more obvious (4, 5, 23). Carey et al also showed that deficiency in the response of airway smooth muscle to inhaled MCh after
of the estrogen receptor resulted in higher AHR. In our study, allergen exposure as opposed to differences in the immune/
OVA exposure exclusively via the airways resulted in little inflammatory response often associated with increased MCh
inflammatory cell accumulation in the BALF but did elicit reactivity (29, 30).
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Figure 8. Effect of a neurokinin-1 receptor antagonist (Sendide) on (A) 10-day OVA-induced AHR in male mice and (B) enhancement of AHR by an
estrogen antagonist in 10-day OVA-exposed female mice. AHR was assayed 24 hours after the last OVA challenge. Sendide at a dose of 40 nmol/kg
and/or ICI182,780 at a dose of 10 mg/kg was administered intraperitoneally 2 hours and/or 1 hour, respectively, before the AHR assay. Results
represent the mean = SEM (n = 8). #P < 0.05 and ##P < 0.01 comparing 10-day OVA/vehicle or 10-day saline/Sendide. *P < 0.05 and **P < 0.01
comparing 10-day saline/vehicle or 10-day saline/Sendide. TP < 0.05 and TtP < 0.01 comparing 10-day OVA/ICI/PBS. PBS was a vehicle for Sendide.
ICI = 1CI182,780. A: open circles, 10-day saline/vehicle; solid circles, 10-day OVA/vehicle; open diamonds, 10-day saline/Sendide; solid diamonds,
10-day OVA/Sendide. B: open circles, 10-day saline/vehicle/PBS; solid circles, 10-day OVA/vehicle/PBS; triangles, 10-day OVA/ICI/PBS; diamonds,
10-day OVA/ICI/Sendide.
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Figure 9. Involvement of neurokinin-1 in 10-day OVA-induced AHR
detected by EFS in vitro. Tracheas from female (open bars) and male
(solid bars) mice were isolated from 10-day saline- or OVA-exposed
mice. The tracheas were preincubated with vehicle or Sendide (100 nM)
for 30 minutes. After the preincubation, airway contractility to EFS
was assayed. Results represent the mean + SEM (n = 8). TP < 0.01
comparing 10-day saline/vehicle. ##P < 0.01 comparing 10-day OVA/
vehicle. ES50 = 50% of maximal contraction.

In different models, estrogen has been shown to recapitulate
sex differences. As examples, estrogen pretreatment of male
mice prevented endotoxin-induced hepatic injury and reduced
poly-ADP-ribosylation in vivo (31). Down-modulation of E-
selectin and IL-6 gene expression by estrogen may have con-
tributed to a reduction in the cellular infiltration seen in a model
of acute anterior uveitis (32). Several reports of risk factors
associated with AHR have noted a higher level of responsive-
ness in female compared with male subjects (6, 23, 33-35), im-
plicating that sex hormones play a role in altered airway
responsiveness. However, the specific mechanisms responsible
for the development of AHR were unclear.

In female mice, ovariectomy enabled development of MCh-
induced changes in Ry (increased) and Cgy, (decreased).
Confirmation of the role of estrogen as an important regulator
of airway function was demonstrated by the administration of
an estrogen receptor antagonist, which similarly enhanced MCh-
induced changes in airway function in female mice. Because
administration of the estrogen receptor antagonist 1 hour be-
fore assay of airway function showed similar enhancement of
AHR, this suggested direct effects on airway smooth muscle,
but only in the allergen-exposed group. In male mice, admin-
istration of estrogen reduced the 10-day OV A-induced changes
in MCh-dependent reactivity, and this could be prevented by
coadministration of an estrogen receptor antagonist. Together,
these data identified estrogen as a critical regulator of the
development of AHR after exposure to allergen exclusively via
the airways. Furthermore, because manipulation of airway
reactivity to MCh with estrogen, the estrogen receptor antag-
onist, or ovariectomy was accomplished without concomitant
changes in airway inflammation, BAL cytokine levels, or num-
bers of goblet cells, this was consistent with estrogen regulating
airway function at the level of airway smooth muscle. This
notion was also supported by the in vivo findings that these
manipulations (other than OVX) could be performed after full
completion of allergen exposure, just 1 hour before measuring
AHR to inhaled MCh, with very similar results.

These in vivo results were paralleled by examining the
effects of estrogen in vitro on CCh- or EFS-induced contractility
of tracheal smooth muscle. Estrogen has been reported to
inhibit CCh-induced airway constriction after passive sensitiza-
tion with serum from patients with asthma (4). In the present
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study, no enhancement of CCh-induced contractility was
detected in vitro after 10-day OVA inhalation. Exogenous
estrogen did not influence CCh-induced tracheal smooth muscle
responses in male or female mice after OVA exposure. In
contrast, exogenous estrogen added to the muscle preparation
suppressed EFS-induced contractility in tracheal smooth muscle
from male and female mice after OVA exposure but not after
saline exposure. These data demonstrate that the effects of
estrogen on airway smooth muscle contractility are restricted to
those triggered by EFS and not CCh. To extend these findings,
we showed using a specific NK-1 receptor antagonist that OVA
exposure activated an NK-1-dependent pathway resulting in
altered airway function in vitro and in vivo. Moreover, the NK-1
receptor antagonist attenuated the effects of the estrogen
receptor antagonist in enhancing AHR in female mice in vivo.
NK1 receptor stimulation has been shown to augment cholin-
ergic neurotransmission in mouse trachea when in vitro airway
responsiveness was detected by EFS (36). Thus, these data
support the notion that the rapid onset of estrogen regulation of
smooth muscle contractility is NK-1-dependent and involves
prejunctional activation but does not interfere with cholinergic
airway smooth muscle constriction. The 10-day OV A inhalation
leads to a cascade of immunologic/inflammatory responses (13).
The assumption is that these events trigger and up-regulate an
NK-1-dependent pathway, leading to increases in ACh release.
The role of NK receptors and their agonistic tachykinins in
allergic airway inflammation is somewhat controversial (37). In
a recent study, Boot and colleagues demonstrated that a NK1/
NK2 dual antagonist failed to modulate AHR and airway
inflammation after allergen challenge in patients with asthma
(38). However, the role of NK receptors cannot be discounted
because it is difficult to confirm blocking of all available NK
receptors in the airways within such a clinical design.

In this study, male—female differences in the response to
allergen exposure were revealed when MCh-induced changes in
airway function were monitored. Investigation of these differ-
ences identified estrogen as an important regulator of airway
function at the prejunctional level in vitro and in vivo. Manip-
ulation of estrogen production or estrogen receptor antagonism
converted female mice from nonresponders to responders and
male mice from responders to nonresponders in an NK-1-
dependent manner. These findings identify potential approaches
to modify altered airway function in patients with asthma,
especially at critical stages of their disease.
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