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ABSTRACT: Premature infants are at increased risk of developing
airway hyper-reactivity (AHR) after oxidative stress and inflamma-
tion. Mast cells contribute to AHR partly by mediator release, so we
sought to determine whether blocking mast cell degranulation or
recruitment prevents hyperoxia-induced AHR, mast cell accumula-
tion, and airway smooth muscle (ASM) changes. Rats were exposed
at birth to air or 60% O2 for 14 d, inducing significantly increased
AHR in the latter group, induced by nebulized methacholine chal-
lenge and measured by forced oscillometry. Daily treatment (post-
natal d 1–14) with intraperitoneal cromolyn prevented hyperoxia-
induced AHR, as did treatment with imatinib on postnatal d 5–14,
compared with vehicle treated controls. Cromolyn prevented mast
cell degranulation in the trachea but not hilar airways and blocked
mast cell accumulation in the hilar airways. Imatinib treatment
completely blocked mast cell accumulation in tracheal/hilar airway
tissues. Hyperoxia-induced AHR in neonatal rats is mediated, at least
in part, via the mast cell. (Pediatr Res 68: 70–74, 2010)

Bronchopulmonary dysplasia (BPD) contributes to in-
creased mortality and long-term morbidity in premature

infants and is associated with increased airway hyper-
reactivity (AHR) (1). Even brief postnatal exposures to sup-
plemental oxygen are associated with impaired airway func-
tion and AHR measured in early adulthood (2). The
mechanisms that contribute to BPD-associated AHR have yet
to be firmly established.
The available evidence suggests that BPD-associated

wheezing is distinct from allergic asthma in several respects.
The lungs in infants with BPD are characterized by dysplastic
airway epithelium, interstitial edema, and impaired alveolar-
ization (3). Children with wheezing after BPD do not exhibit
increased exhaled nitric oxide, which is found in higher levels
in asthmatics secondary to persistent airway inflammation (4).
Survivors of BPD are less likely to show signs of atopy and
have fewer eosinophils in their sputum compared with asth-
matics (2). There is limited information about the structural
differences between the airways of patients with allergic
asthma and those of patients with AHR after BPD, but it is
generally agreed that they are less responsive to bronchodila-
tors than allergic asthmatics (4).

Despite these phenotypical differences, inflammatory mech-
anisms are common to both conditions and are targets of
therapeutic interventions. Mast cell functions may play a role
in both conditions. They contribute to allergy-induced AHR
through release of histamine, cytokines, and proteases that
result in airway smooth muscle (ASM) contraction, increased
vascular permeability, and leukocyte migration (5). Increased
mast cell numbers have been observed in BPD-affected lungs
in baboons (6) and humans (7). Hyperoxia-exposure increases
tracheal mast cell accumulation in newborn rats (8).
We hypothesized that mast cells may contribute signifi-

cantly to oxidative stress and induction of AHR in newborns,
and to test this hypothesis, we used an established newborn rat
model of BPD, which produces patchy alveolar hypoplasia
(9). We found that hyperoxia-induced mast cell accumulation
and methacholine challenge-induced AHR. Treatment with
systemic cromolyn prevented pulmonary mast cell degranula-
tion and methacholine-induced AHR. Systemic treatment with
imatinib mesylate, a known inhibitor of mast cell homing (10),
decreased mast cell abundance and hyperoxia-induced AHR.
Some of the data have been reported in abstract form (E.
Schultz et al., Cromolyn blocks O2-induced airway hyper-
reactivity, airway smooth muscle remodeling and mast cell
accumulation in newborn rat lung, Pediatric Academic Soci-
eties, May 5–8, 2007, Toronto, ON, Abstract 4850.6).

METHODS

Materials. Time-pregnant Sprague-Dawley rats were obtained from
Charles River Laboratories (Raleigh, NC). Reagents were from Sigma
Chemical Co., Aldrich (St. Louis, MO), unless otherwise stated. Antibod-
ies to rat mast cell protease 1 (RMCP1, EC 3.4.21.39) and 2 were from
Moredun Scientific (Midlothian, Scotland, UK). Secondary antibodies,
avidin-biotin-peroxidase complex (ABC Elite), avidin-biotin blocking
reagents, and diaminobenzidine substrate were obtained from Vector
Laboratories (Burlingame, CA). Imatinib (Gleevec) was a gift from No-
vartis Pharmaceuticals, Basel, Switzerland. Cromolyn was obtained from
ICN Pharmaceuticals, Costa Mesa, CA.

Animal exposures. Procedures were approved by the Duke University
Institutional Animal Care and Use committee. Newborn rats were exposed
to 60% O2 or air alone beginning on the day of birth, as previously
described (9). Rat pups from four litters were randomly sorted into four
recombined litters and were exposed to 60% O2 or air in plastic cages
fitted with sealed Plexiglas lids with adaptors for gas supply and venting
as previously described in detail (11). The FiO2 was measured and
recorded in each cage every 15 min with an analyzer equipped with a
strip-chart recorder (model 572; Servomex, Norwood, MA). Humidity was
routinely 70%. Nursing rat dams were switched between air and 60% O2
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for every 24 h. Exposure to ambient air was �10 min/d for weighing and
cage cleaning. Two litters were exposed in each treatment condition.

Cromolyn treatment. Cromolyn is a mast cell stabilizer that prevents mast
cell degranulation. Air and hyperoxia-exposed pups were injected intraperi-
toneally in the iliac fossa once daily with cromolyn 5 mg/kg/d or normal
saline vehicle postnatal d 1 to 14.

Imatinib treatment. Imatinib is a tyrosine-kinase inhibitor that targets
the receptors for stem cell factor (c-kit), a regulator of mast cell homing
(10). Air and hyperoxia-exposed pups were injected intraperitoneally with
imatinib mesylate 50 mg/kg/d once daily or normal saline vehicle on
postnatal d 5 to 14. Because imatinib also inhibits the PDGF receptor, we
began treatment on postnatal d 5 in an effort to minimize potentially
confounding effects of blocking PDGF actions on alveolar development
and lung physiology (12).

Lung mechanics. On 14th d of life, 6 to 8 pups/treatment group were
anesthetized with ketamine 40 mg/kg and xylazine 10 mg/kg, tracheos-
tomized with 20-GA tracheal cannulae, attached to an ECG monitor, and
then attached to a mechanical ventilator equipped with pressure transduc-
ers (FlexiVent, SCIREQ, Montreal, PQ, Canada) (13). Anesthetized pups
were given pancuronium bromide (0.8 mg/kg, i.p.) to block spontaneous
breathing. We have previously described the methods in detail (14). A
positive end-expiratory pressure (PEEP) of three was established by
submerging the expiratory limb 3 cm below the surface of a water-filled
graduated cylinder. After recruitment inflations, and after baseline airway
resistance was stabilized, three increasing doses of methacholine (10, 25,
and 100 mg/ml) were administered by nebulizer (Aeroneb, SCIREQ,
Aerogen, Galway, Ireland) according to the manufacturer’s directions,
allowing an interval of �2 min between doses. Lungs were inflated to total
lung capacity after each methacholine dose, which resulted in returning the
airway resistance measurements back to baseline before subsequent doses.
Total respiratory system resistance (RRS) was determined immediately
before methacholine nebulization, and respiratory system compliance was
measured as we have previously described in detail (15). Pups were
euthanized with sodium pentobarbital 200 mg/kg i.p.

Mast cell abundance and degranulation. After euthanasia, lungs were
inflation fixed as described with 4% paraformaldehyde at 30 cm H2O pressure
for �1 h, then immersion fixed overnight at 4°C. After fixation, tracheae were
cut transversely into four cylindrical sections before embedding and section-
ing. The right middle lobe of the lung was removed and cut perpendicular to
the hilar bronchus to expose the major airways before paraffin embedding.
Trachea and hilar airway sections were cut at 4 to 6 �m. Rehydrated sections
were treated with 0.1% toluidine blue, 7% ethanol, and 1% sodium chloride
(pH of 2.0–2.5) for 5 min to identify mast cells and mast cell granules, as
previously described (16).

Morphometric measurements were performed on the right middle lobe
because of previously described regional variations in lung maturation
(17). Toluidine-stained sections of trachea (6 animals/treatment group, 5
sections/animal) and hilar bronchi (6 animals/treatment group, 5 sections/
animal, and 4 random regions/section) were evaluated microscopically at
400� magnification. Total mast cell number in the trachea or randomly
selected airway was normalized to basement membrane perimeter length,
evaluated by digital image analysis software, and calibrated with a stage
micrometer (Metamorph; Molecular Devices, West Chester, PA). Mast
cells were categorized as intact, all granules were inside cell membrane, or
degranulating, granules seen outside cell membrane. The proportion of
degranulating mast cells were calculated: degranulating mast cells/total
number of mast cells.

Separate sections were incubated in anti-RMCP 1 or 2. After dewaxing and
quenching peroxidases in 0.3% H2O2 in methanol for 30 min, sections were
permeabilized by trypsin digest (0.1% trypsin in 2% Tris, 0.1% calcium
chloride, and distilled water) for 30 min. Sections were blocked with 5% horse
serum then incubated with anti-RMCP 1 or 2, 1:250 for 1 h. RMCP 1 is found
in connective tissue-type mast cells, and RMCP 2 is found in mucosal-type
mast cells (18,19). Endogenous biotin was blocked using an avidin-biotin
blocking kit. Sections were incubated in biotinylated horse anti-goat for
RMCP 1, or horse anti-mouse for RMCP 2, 1:1000 for 1 h., followed by ABC
and diaminobenzidine chromogen. RMCP 1 or 2 positive cells were evaluated
microscopically at 400� magnification. These sections were qualitatively
compared with toluidine sections.

Data analysis. Data are presented as mean � SEM. Group differences
were evaluated with one-way ANOVA, followed by post hoc analysis using
Tukey HSD (Kaleidagraph 3.6; Synergy Software, Reading, PA). Statistical
significance was defined as a p � 0.05.

RESULTS

Body weight. As expected, hyperoxia exposure impaired
weight gain for all treatment groups, with a further small but
nonsignificant decrement in oxy � imatinib treated pups (Fig. 1).
Respiratory system mechanics. Hyperoxia � vehicle sig-

nificantly increased methacholine-challenge induced total
RRS at 100 mg/mL compared with untreated air-exposed pups
(Fig. 2). Imatinib or cromolyn significantly decreased airways
resistance in hyperoxia-exposed animals compared with the
hyperoxia � vehicle group. The central airway resistance (Rn)
contribution to total resistance was measured using a higher
oscillation frequency, but its contribution to total resistance
was small. Methacholine challenge did not affect central air-
ways resistance significantly (data not shown). As expected,
oxygen exposure impaired respiratory system compliance for
all treatment groups. Imatinib also further impaired compli-
ance in air and hyperoxia-exposed pups. Cromolyn treatment
impaired compliance in the air-treated pups.
Mast cell quantification and degranulation. Toluidine-

stained intact (Fig. 3C) and degranulating (Fig. 3D) mast cells
were predominantly RMCP 1 positive (�95%) in all treatment
conditions (Fig. 3E). They were located in the tracheal lamina
propria and submucosa as well as the peribronchial adventitia
and interstitium. Mast cell accumulation and degranulation
were measured in the trachea and hilar airways. Cromolyn did
not prevent tracheal mast cell accumulation in hyperoxia-
exposed animals (Fig. 4A) but did reduce mast cell degranulation
compared with the hyperoxia � vehicle group (Fig. 4B). There
was a trend toward oxygen-induced mast cell accumulation in
hilar airways. Cromolyn treatment reduced mast cell accumula-
tion in hilar airways from oxygen but not air-exposed pups (Fig.
4C). Imatinib treatment totally prevented airway mast cell accu-

Figure 1. Effect of hyperoxia � cromolyn or imatinib on body weight at
P14. Data are expressed as mean � SEM (n � 6/group). *p � 0.01 air vs
oxy-exposed groups.
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mulation, whether determined by toluidine blue staining (Fig. 4A,
C) or immunostaining with anti-RMCP 1 or RMCP 2, so degran-
ulation ratios could not be assessed.

DISCUSSION

We found that hyperoxia-induced airway mast cell accu-
mulation and methacholine-challenge-induced AHR in a new-
born rat model of BPD characterized by heterogeneous alve-
olar hypoplasia and parenchymal thickening (9) that mimics
aspects of human BPD (20,21). In support of our hypothesis
that mast cells are essential to AHR development in a newborn
model of BPD, we found that blocking mast cell degranulation
by treatment with cromolyn or mast cell homing by treatment
with imatinib prevented hyperoxia-induced AHR.
The mechanisms by which oxidative stress induces AHR in

postnatal rat lung are not precisely known. Studies in juvenile
rats exposed to hyperoxia (FIO2 �0.95) for 8 d demonstrated
increased ASM mitosis and thickness (22), which would be
expected to confer increased airway resistance given similar
stimuli, compared with airways possessing normal ASM
thickness. ASM cell proliferation is increased by mast cell
products tryptase and platelet-derived growth factor (23).
Cromolyn treatment would be expected to inhibit release of
these mitogens, but we did not rigorously examine effects on
ASM structure.
We found that cromolyn treatment blocked hyperoxia-

induced mast cell degranulation in the trachea, but instead of
blocking peripheral degranulation, cromolyn treatment
blocked hyperoxia-induced accumulation of mast cells in
peripheral airways. Mast cells may release granule contents
without altering the integrity of their granules (24,25). This
process has been termed “intragranular activation” (26). Cro-
molyn may have stabilized mast cell mediator release in the
peripheral airways without affecting apparent degranulation.
Because mast cells can release mediators without degranulat-
ing, blocking mast cell accumulation may be a more effective
strategy to prevent mast cell effects in peripheral tissue.
Because we are identifying mast cells by methods aimed at
mast cell granules, our methods are unable to distinguish a
completely degranulated mast cell from other leukocytes.
Accordingly, we also treated air and hyperoxia-exposed

pups with imatinib, a tyrosine-kinase inhibitor that targets the
receptors for c-kit, a regulator of mast cell homing. We found
that imatinib treatment completely eliminated airway mast cell
accumulation. Imatinib also prevented methacholine chal-

Figure 2. (A) RRS in cromolyn and imatinib
treatment groups compared with air and oxy �
vehicle measured by forced oscillometry. �

air � cromolyn; E air � vehicle; � oxy �
vehicle; Œ oxy � cromolyn; � air � imtinib;
and f oxy � imatinib. Data are means of six per
group � SEM. *p � 0.05 vs oxy � vehicle. B,
Respiratory system compliance (B) effects. Data
are expressed as mean � SEM. *p � 0.05 vs
air � vehicle and **p � 0.05 vs oxy � vehicle.

Figure 3. Mast cells (arrows) stained with toludine blue in hilar airway in
(A) air and (B) hyperoxia-exposed newborn rat (200 �, bar � 50 �m). (C)
Intact mast cell and (D) in the initial stage of degranulation. (E) Anti-RMCP-1
labeled, connective tissue-type mast cells in trachea, and (F) nonimmune IgG
labeled negative control (C–F, 1,000 �, bar � 10 �m).
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lenge-induced AHR in hyperoxia-exposed pups. Mast cell
mediators, such as histamine and leukotrienes C4 and D4, can
directly stimulate ASM contraction resulting in AHR (27)
Mast cells and nerves communicate bidirectionally, giving rise
to neurogenic inflammation, nerve growth, and ASM hyper-
contractility (28,29), which would be interrupted by blocking
mast cell homing to airways.
We nevertheless observed that imatinib-treated pups (air

and hyperoxia-exposed) had qualitatively impaired alveolar
development (data not shown). Imatinib treatment did not
affect total or large airway resistance at baseline measured by
forced oscillometry. Given the potential for loss of alveolar
tethering to contribute to AHR, we would have expected that
impairment of alveolar development, reflected by the changes
in baseline respiratory system compliance would have in-
creased the sensitivity to methacholine challenge (30), but this
was not observed.
Evaluating the role of mast cell accumulation in hyperoxia-

induced neonatal, AHR would ideally use the specific manip-
ulation of mast cells. Unfortunately, there are no ligands or
receptors of which we are aware that are unique to mast cells.
Rodent strains with abnormalities in loci encoding c-kit show
defective mast cell recruitment, but this pathway is also
important to other cell lineages, and potential effects on lung
function have not been directly addressed in these strains
(31,32). A mast cell deficient rat strain has been developed,
but it sustains a high neonatal mortality associated with severe
anemia, and the mechanism of mast cell deficiency is unde-
fined (33,34). Transgenic and knockout mice offer a wider

choice of models with defective mast cell function or disrup-
tions of c-kit, but mouse airway anatomy and physiology (35)
differ from other experimental animals, particularly the airway
branching pattern and ASM pattern (36) limiting its usefulness
for the study of AHR and asthma in newborn animals.
We found that hyperoxia had no effect on the type of airway

mast cells seen, connective tissue-type (RMCP 1 positive), or
mucosal-type (RMCP 2 positive). Previous reports observed
both types of mature mast cells containing sufficient histamine
and heparin to be identified by toluidine blue staining (8,37).
We confirmed that the connective tissue-type mast cell was
the predominant mast cell type in tracheal and bronchial
lamina propria and smooth muscle regardless of exposure or
treatment in 2-wk-old rats. This is consistent with previous
reports of connective tissue-type mast cells predominating in
air or hyperoxia-exposed newborn rats (8,19). Although we
found few mast cells in the peripheral lung in air or hyperoxia-
exposed P14 rat pups, adult rats demonstrate a more robust
peripheral mast cell accumulation in perivascular regions (38).
We did not perform a detailed analysis of mast cell abundance
in lung periphery, and it is possible that subtle treatment
effects could have been undetected.
We chose to use forced oscillometry to measure RRS

because of important limitations in noninvasive plethysmo-
graphic methods (39). The advantage of this method is the
ability to vary frequency to delineate the contribution of large
and small airway resistance to total airway resistance. We
observed no significant contribution of large/central airways
resistance to total RRS. A disadvantage is that anesthesia and

Figure 4. Mast cell accumulation and degran-
ulation in the tracheal (A, B), and hilar (C, D)
airways. Degranulation ratios were not done
(ND) in imatinib-treated groups, because mast
cell accumulation was absent. Data are ex-
pressed as means (n � 6 per group) � SEM.
*p � 0.05 vs. oxy � vehicle.
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muscle paralysis will impair neurologic input to the respira-
tory system and will necessarily require positive pressure to
achieve the measurements, which is dissimilar to spontane-
ously breathing patients with BPD. On balance, we thought it
was preferable to avoid the artifacts and lack of precision
inherent in plethysmography in neonatal rats.
Because of the association of pulmonary mast cell recruit-

ment with clinical and experimental BPD, inhaled cromolyn
has been tested for its ability to prevent BPD in premature
newborns undergoing mechanical ventilation (40). Although
treatment reduced a number of inflammatory mediators in the
tracheal aspirates of these subjects, it did not reduce the
incidence of BPD, as defined at the time.
In summary, immediate postnatal hyperoxia exposure of

newborn rats increases methacholine-induced AHR, predom-
inantly from the smaller airways, which is mediated in part by
mast cells. Treatment with systemic cromolyn to block mast
cell degranulation decreased methacholine-induced AHR in
hyperoxia-exposed newborn rats. Inhibition of postnatal mast
cell homing with imatinib blocked hyperoxia-induced AHR.
We conclude that mast cells play a central role in the devel-
opment of hyperoxia-induced postnatal AHR. Treatments di-
rected at reducing mast cell accumulation or degranulation
may interrupt the development of AHR in patients developing
BPD.
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