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Viral Bronchiolitis During Early Life Induces
Increased Numbers of Bronchiolar Mast Cells
and Airway Hyperresponsiveness
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The objectives of this study were to determine the
kinetics of Sendai virus-induced increases in bron-
chiolar mast cells and to determine whether virus-
induced increases in bronchiolar mast cells were
associated with increased airway responsiveness to
methacholine and with altered allergic inflamma-
tory responses to antigen stimulation. Mast cell
density in intrapulmonary airways was measured
in outbred CD (Crl:CDBR) rats by use of morpho-
metric techniques at 7, 15, 30, 60, and 90 days af-
ter viral or sham inoculation. Density of bronchio-
lar mast cells was bigher in virus-inoculated rats
than in control rats at 30, 60, and 90 days after
inoculation (P < 0.01), but not at 7 or 15 days af-
ter inoculation. Total pulmonary mast cell num-
bers were increased in virus-inoculated rats at 30
days after inoculation. Rats at 42 days after viral
inoculation bad over a threefold increase in sensi-
tivity to the concentration of nebulized methacho-
line that would stimulate a 50% increase in respi-
ratory resistance. Virus-inoculated rats sensitized
to ovalbumin had over a 10-fold increase (P
< 0.02) in pulmonary neutropbils that were recov-
ered by bronchoalveolar lavage at 4 bours after
ovalbumin aerosol challenge. Virus-inoculated
rats at this time also bad bigher densities of neutro-
Dbhils in bronchiolar walls than allergen-exposed
control rats. The results indicate that Sendai virus
induces increases in numbers of bronchiolar mast
cells at times from 30 to 90 days after inoculation,
and that mast cell increases are associated with air-
way byperresponsiveness to methacholine and
beightened allergic airway inflammatory reac-
tions. (Am J Pathol 1990, 137:821-831)

Viral bronchiolitis and pneumonia are common diseases
of childhood that result most often from infection by respi-
ratory syncytial virus, parainfluenza viruses, adenovi-
ruses, and rhinovirus.'~® Sequelae of viral bronchiolitis and
pneumonia that have been described include persistent
increases in airway resistance, recurrent wheezing or air-
way hyperresponsiveness, and other forms of respiratory
disease in later life. Airway hyperresponsiveness is char-
acterized by heightened sensitivity or exaggerated bron-
choconstriction to airway stimulants such as cold air,
methacholine, or histamine. Children younger than 2
years old have the greatest risk of sequelae from viral
bronchiolitis,* and pathogenetic mechanisms that have
been proposed as being important in this enhanced sus-
ceptibility of infants include immunologic and physiologic
immaturity, small airway size, and the rapid rate of postna-
tal lung growth and remodeling.' 467

A variety of animal models have been developed for
studying effects of viral respiratory disease on lung struc-
ture and function and airway hyperresponsiveness.” "¢
We have been studying parainfluenza type 1 (Sendai) vi-
rus infection in neonatal rats as an experimental model
of virus-induced injury during early life”'*'7-'® and have
demonstrated that neonatal bronchiolitis and pneumonia
induced by this virus results in bronchiolar hypoplasia and
alveolar dysplasia that is not compensated for by addi-
tional postnatal lung growth.” Bronchiolar hypoplasia and
alveolar dysplasia induced by this infection is associated
with persistent increases in total lung resistance. Neonatal
Sendai virus infection during early life also induces persis-
tent alterations in pulmonary inflammatory cells. Rats in-
oculated with Sendai virus at 5 days of age were pre-
viously reported to have increased numbers of bronchio-
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lar mast cells and pulmonary eosinophils 90 days after
inoculation. '

The objectives of this study were to determine the ki-
netics of parainfluenza virus-induced increases in bron-
chiolar mast cells and to assess whether virus-induced
increases in pulmonary mast cells are associated with
heightened airway responsiveness to a cholinergic ago-
nist (methacholine) and to airway allergen challenge after
active sensitization of bronchiolar mast cells with homocy-
totropic (IgE) antibody.

Materials and Methods
Experimental Design

Four experiments were conducted on outbred rats inocu-
lated with virus or saline at 5 days of age. In the first and
second experiments, the objective was to quantitate alter-
ations in numbers of airway and total lung mast cells after
viral bronchiolitis. In the first experiment, lungs were fixed
from eight virus-inoculated and eight control rats at 7, 15,
30, and 60 days after inoculation. Eight control rats were
studied on the day of inoculation (0 days). The lungs from
four of the eight rats were fixed with Karnovsky's fixative,
and the lungs from the four other rats were fixed with Car-
noy's fixative containing chloroform. Four control rats
were studied on the day of inoculation (0 days). The lungs
were fixed with Karnovsky's fixative. An additional 22 rats
were studied by the use of elastase digestion techniques
to quantitate total pulmonary mast cells. In the second
experiment, four infected and control rats each were inoc-
ulated with virus or saline, and mast cell densities were
determined 90 days later from lungs fixed in Karnovsky's
fixative.

In the third experiment, the objective was to evaluate
the capacity of bronchiolar mast cells to mediate pulmo-
nary recruitment of inflammatory cells. Rats that were vi-
rus- or sham-inoculated were actively sensitized to oval-
bumin or injected with saline 30 days after inoculation.
Rats were exposed to nebulized ovalbumin 12 days later.
Four to eighteen hours later, either rats were studied by
pulmonary lavage or their lungs were fixed for histology
and electron microscopy. Three to six rats were studied
in each group.

In the fourth experiment, five virus-inoculated and four
sham-inoculated rats were evaluated for airway respon-
siveness to methacholine at 42 days after inoculation.

Rats and Viral Inoculation

The details of the rat inoculations and viral procedures
for this study have been described.”"” Briefly, pregnant

female outbred rats, Crl:CDBR (Charles River Breeding
Laboratories, Inc., Portage, MI) were purchased at 14
days of gestation. The pregnant dams for control and ex-
perimental groups were separated and housed in adja-
cent isolation rooms that were individually ventilated.
Room temperature was maintained at 70° to 72°F, and
relative humidity was maintained between 50% and 55%.
Rats were free of spontaneous pulmonary lesions except
for changes that were associated with experimental Sen-
dai virus infection. Rats were free of serum antibodies to
pneumonia virus of mice, mycoplasma, and sialodacryo-
adenitis virus/rat coronavirus as detected by enzyme-
linked immunosorbent assay conducted by the Research
Animal Resource Center, University of Wisconsin-Madi-
son. Control rats remained seronegative for Sendai virus.
Newborn (neonatal) rats were not disturbed until they
were inoculated at 5 days of age.

At 5 days of age, rats in virus groups were exposed to
parainfluenza type 1 (Sendai) virus at a concentration of
1 to 2 plaque-forming units (PFU) of virus per milliliter of
gas in a Tri-R aerosol exposure apparatus (Tri-R Instru-
ments, Rockville Centre, NY) for 15 minutes. Control rats
were exposed to saline. Viral assays were performed as
described previously to calibrate exposure.”'” Rats in ex-
periments 2, 3, and 4 were inoculated with strain P3193
Sendai virus, which had been produced in embryonated
chicken eggs. Rats in experiment 1 were inoculated with
strain P3193-C3A, which had been selected by repeated
plaque purifications in Madin-Darby bovine kidney cells.
Lungs from three rats per experimental group were exam-
ined by histologic methods as described below at 7 days
after inoculation to confirm successful infection and in-
duction of necrotizing bronchiolitis and interstitial pneu-
monia. Rats were weaned at 21 days of age and sepa-
rated into groups of males and females.

Necropsy and Lung Preparation for Histology
and Electron Microscopy

Rats were examined at various times from 0 to 90 days
after viral inoculation. Rats for morphologic studies were
anesthetized with sodium pentobarbital and killed by ex-
sanguination and pneumothorax. The lungs were pre-
pared for light microscopy as previously described.”"
Briefly, lungs were fixed by tracheal perfusion at 30 cm
pressure with glutaraldehyde-paraformaldehyde fixative
with cacodylate buffer (Karnovsky'’s fixative) or with Car-
noy's fixative. Four transverse sections were taken of the
fixed left lung for histology. The first section was taken at
the level of the hilus through the lobar bronchiole. The
second section was taken between the hilar section and
the cranialmost margin of the lung. The third and fourth



sections were taken at points equidistant caudal from the
hilar section and cranial from the caudal border. An addi-
tional section was taken through the mainstem bronchi
slightly distal to the carina. Tissue blocks were embedded
in paraffin for preparation of hematoxylin and eosin (H&E)-
stained sections cut at 6 u.

Samples of the right middle lung lobe from aldehyde-
fixed lungs were prepared for transmission electron mi-
croscopy as described.”'” Briefly, tissue blocks were de-
hydrated in acetone and embedded in a mixture of Aral-
dite 5002 and Embed 812 (Electron Microscopy Science,
Fort Washington, PA). Large 1.5-u sections were cut with
glass knives and stained with methylene blue and azure
Il. Sections were examined, and selected areas were re-
mounted on plastic sections and ultrathin sections were
cut. Ultrathin sections were stained with lead citrate and
uranyl acetate.

Mast Cell Quantitation in Tissue

Initially we compared bronchiolar mast cell densities in
sections of lung fixed with Carnoy's fixative with chloro-
form® and with Karnovsky'’s fixative’ by staining the sec-
tions as follows: 1) with 0.1% toluidine blue in 0.01 mol/l
(molar) acetate buffer, pH 2.5; 2) with Wolbach’s Giemsa
stain®; and 3) with 1% alcian blue in 0.5% HCI (pH 0.5).2'
We found that bronchiolar and alveolar mast cells in in-
fected and control rats stained in a closely comparable
manner with toluidine blue, Giemsa stains, or alcian blue
after fixation of lungs with Karnovsky's or Carnoy's fixa-
tive. Lungs from virus-inoculated rats from a separate ex-
periment that were fixed with Carnoy'’s fixative (n = 4) and
with Karnovsky's fixative (n = 3 or 4) at 30 days after
inoculation were compared for mast cell densities as de-
scribed below. Carnoy-fixed tissues had the following
bronchiolar mast cell densities (mean + standard devia-
tion [SD]) with each stain: toluidine blue, 1.57 + 1.17;
Giemsa, 0.90 + 0.16; and alcian blue, 1.91 + 0.15 mast
cells/mm wall. Aldehyde-fixed tissues had the following
bronchiolar mast cell densities: toluidine blue, 0.90
+0.64; and Giemsa, 1.69 = 0.72 mast cells/mm wall.
There were no significant differences among the means
by analysis of variance.

Because fixation in Karnovsky's fixative allowed com-
bined analysis of lungs by light and transmission electron
microscopy as well as mast cell quantitation when
Giemsa stains were used, we focused quantitative stud-
ies in experiments 1 and 2 on paraffin sections stained
with Wolbach's Giemsa stain from lungs fixed with Kar-
novsky's fixative.

Mast cells were counted in sequential fields of main-
stem bronchi, of lobar bronchioles, and of terminal bron-
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chioles at a magnification of 400X as previously de-
scribed.® All of the mainstem bronchi and lobar bronchi
sections were sequentially scanned in 0.44-mm diameter
intervals, and all of the mast cells in the airway lamina
propria and mucosal epithelium in the field with epithelium
in the center were counted. At least 30 fields of terminal
bronchiole were counted per rat. Mean counts for all fields
per airway type per rat were calculated.

Total pulmonary mast cell numbers per rat were deter-
mined in 10 control rats and 12 virus-inoculated rats at
30 days after inoculation using elastase dissociation of
pulmonary mast cells as described previously.' Briefly,
lungs were lavaged via the airways and perfused via the
vasculature to remove blood cells and alveolar macro-
phages before enzymatic dissociation with elastase solu-
tion. Dispersed cells were recovered after filtration
through gauze and nylon mesh filters. Total cell counts
per lung were determined through the use of a hemacy-
tometer, and mast cells were stained in cytocentrifuge
preparations with Giemsa stain. Total numbers of mast
cells per lung were calculated from the total cell recovery
and differential mast cell values.

Ovalbumin Sensitization and Challenge

In experiment 3, rats were sensitized to ovalbumin 30
days after viral or sham inoculation as described.?? Sensi-
tized rats received a 1.0 ml subcutaneous suspension
containing 1.0 mg of chicken ovalbumin, grade V (Sigma
Chemical Company, St. Louis, MO), and 200 mg of
AL(OH)s, in physiologic saline. They also received 10°
kiled Bordetella pertussis in 0.5 ml aqueous solution
(Difco, Detroit, MI) by intraperitoneal injection. This
method of sensitization results in heat-labile passive cuta-
neous anaphylaxis titers of 1:8 to 1:64, and precipitating
antibody to ovalbumin cannot be detected by radial im-
munodiffusion.?? Nonsensitized rats received subcutane-
ous and intraperitoneal saline injections.

Twelve days after sensitization or saline injection, rats
were challenged for 30 minutes to 1.0 mg ovalbumin/ml
aqueous solution nebulized with a model 40 nebulizer
(DeVilbiss, Somerset, PA) connected to an electric pump
generating 7 psi pressure. At the end of the exposure pe-
riod, rats (n = 3 per group) were returned to their cages
and studied at 4 hours or at 12 hours later by pulmonary
histology. One sensitized rat and one nonsensitized con-
trol rat were challenged with ovalbumin and then immedi-
ately killed and prepared for pulmonary histology and
electron microscopy to determine whether ovalbumin
caused degranulation of mast cells in sensitized, but not
in nonsensitized rats. Additional control and virus-inocu-



824 Castlemanetal
AJP October 1990, Vol. 137, No. 4

lated rats (n = 5 or 6 per group) were studied by pulmo-
nary lavage at 4 and 18 hours after ovalbumin challenge.

Serum was tested from sensitized control and virus-
inoculated rats, and they had comparable titers of homol-
ogous heat-labile, 48-hour passive cutaneous anaphy-
laxis activity characteristic of reactions mediated by IgE
antibody.??

Histologic sections for experiment 3 were prepared as
described in the preceding section and were stained with
Giemsa stain to allow quantitation of inflammatory cells,
including eosinophils, in bronchiolar walls. Terminal bron-
chiolar inflammatory cells were quantitated in tissue sec-
tions at 4 hours after exposure to nebulized ovalbumin so
that we could determine whether virus-induced increases
in pulmonary mast cells were associated with enhanced
inflammatory cell recruitment 4 hours after homocytotro-
pic-antibody-mediated mast cell degranulation and se-
cretion.

Histologic sections stained with Giemsa stain from
each rat were scanned at 200X magnification, and each
terminal bronchiole generation in each of the four sections
was characterized as either having peribronchiolar aggre-
gates of neutrophils and eosinophils or being devoid of
them. Percent airways with polymorphonuclear cell ag-
gregates (ie, neutrophils and eosinophils) was calculated
by dividing numbers of neutrophil- and eosinophil-positive
airways by the total number of terminal bronchioles exam-
ined per rat. Percent airways with peribronchiolar aggre-
gates of lymphocytes and macrophages were deter-
mined by a similar method of examination. Density of eo-
sinophils and neutrophils per milimeter length of
bronchiolar wall were determined by counting numbers of
eosinophils or neutrophils per field at a magnification of
1000X in eosinophil- and neutrophil-positive airways. In
each field examined, epithelial cells were centered in the
field, and all the neutrophils or eosinophils were counted
per 0.178-mm diameter field. Twenty fields were counted
per rat unless the animal had insufficient numbers of eo-
sinophil- and neutrophil-positive airways. The counting
procedure was randomized by starting with the lung sec-
tion in the top right-hand corner of the slide and proceed-
ing in an s-shaped pattern to examine each section until
20 fields in bronchioles were counted. Lung blocks were
arranged in paraffin blocks, and sections were arranged
on the slide in an arbitrary manner, which facilitated a ran-
dom starting point in the systematic sampling method.

Bronchoalveolar Lavage

After rats were anesthetized and exsanguinated, the tra-
chea was cannulated, and the lungs were inflated with
phosphate-buffered saline (PBS) until they filled the tho-
racic cavity. The saline was withdrawn with a syringe. The

lavage was repeated a total of five times. The saline in-
fused and volume recovered were recorded. Total cell
counts were made with a hemacytometer. Cytocentrifuge
cell samples of lavage fluid were made with a Cytospin 2
(Shandon Southern Instruments, Inc, Swickley, PA) and
stained with Giemsa solution. A cell differential was calcu-
lated after counting 500 stained cells. Total cell numbers
recovered per lung were calculated (macrophages, neu-
trophils, lymphocytes, epithelial cells, and eosinophils).

Methacholine Airway Responsiveness

Rats were anesthetized with urethane 1.0 g/kg intraperito-
neally and received a total of up to 1.2 g/kg during the
course of the experiments. Endotracheal tubes prepared
from 8-Fr feeding tubes were inserted through a cervical
tracheostomy and secured with silk ligature. A rodent ple-
thysmograph (Hans Rudolf, Kansas City, MO), modified
for use with intubated rats, was used to measure changes
in thoracic volume. The interior of the body box was filled
with copper sponges to maintain mostly isothermic gas
compression conditions at the rates used for the experi-
ments. Plethysmograph pressure was measured with a
Validyne DP45-14 transducer (Validyne Engineering
Corp., Northridge CA), referenced to an insulated gallon
bottle with a slow leak to the room. There was also a slow
leak between the plethysmograph and the reference bot-
tle to stabilize thermal drifts. The plethysmograph was cal-
ibrated with a syringe, injecting air at rates within the range
encountered in the experiments. A plastic bag containing
water simulated the rat's displacement volume. Lung in-
flation pressure was monitored at the connector between
the endotracheal tube and a Harvard rodent ventilator us-
ing a Motorola MPXIIDP differential pressure transducer
(Motorola Semiconductors, Phoenix, AZ) referenced to
the plethysmograph interior. Amplified signals from the
transducers were fed to a pulmonary mechanics analyzer
(Buxco Model 6, Sharon, CT) that computed resistance
for each breath using isovolume points at 55% tidal vol-
ume. The flow-specific resistance of the tracheal tube and
connectors was subtracted from measured resistance to
obtain respiratory system resistance. Transducer signals
were in phase to at least 7 Hz.

Pancuronium-paralyzed, ventilated rats were used for
the methacholine responses. Methacholine was nebu-
lized with an ultrasonic nebulizer with interchangeable
plastic cups (DeVilbiss model 35A). Forty milliliters of solu-
tion was placed in each cup, and concentrations of 0.5,
1, 2, 4, 8, 16, and 32 mg/ml were prepared. A second
Harvard rodent ventilator was used to pass ventilations
through the nebulizer cups at a tidal volume of 2.5 ml and
frequency of 80 ventilations per minute. A cup was placed
on the nebulizer with the ventilator on for about 2 minutes
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Figure 1. Density of mast cells in broncbhioles of rats inoculated
with virus or saline (control) at 5 days of age. Group means
(n = 4 per group) and standard error bars. There are signifi-
cant (P < 0.05) increases in terminal bronchiolar mast cell
densities with age. Significant differences determined between
means evaluated by 2-way ANOVA and Tukey test. Means be-
tween virus and control groups differ at 30, 60, and 90 days.
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before a challenge to assure that a steady state of aerosol
output had been reached. Challenges were done by re-
moving the main ventilator from the connector port, and
plugging in the aerosol ventilator for 10 breaths, then
switching back to the main ventilator. The response to
methacholine was taken as the highest average resis-
tance occurring in consecutive 12-second averages in
the first minute after completion of the breaths of aerosol.
Subsequent challenges were done after a rat returned to
baseline resistance.

On a graph of log methacholine versus log resistance,
we plotted resistance immediately before challenge and
peak resistance after challenge for each methacholine
concentration. Then we determined graphically the con-
centration of methacholine at which the resistance on the
response line was 150% of the resistance on the baseline.
This concentration was defined as the provocative con-
centration 150% (PC150).
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Figure 2. Density of mast cells in main-stem bronchi. Group
means (n = 4 per group) and standard error bars. There are
no significant differences in mast cell densities with age. Sig-
nificant differences determined between means evaluated by
two-way ANOVA and Tukey test.
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Table 1. Mast Cells Recovered from Elastase-dissociated
Lung 30 Days After Inoculation: Pulmonary Mast Cells
per Rat X 10°

Control Virus
(n=10) (n=12)
487 +£6.32* 16.55 £ 2901
* Mean + SD.

t P < 0.05, two-sided t-test.

Statistics

Mean values between groups were compared using two-
way analysis of variance (ANOVA) using a microcomput-
er-based statistical program (Systat, version 4, Evanston,
IL). Differences between individual means were com-
pared by individual Tukey post hoc tests. Percentage
data was subjected to arcsine transformation before anal-
ysis. A two-tailed t-test was used to evaluate differences
between means for total mast cell numbers in elastase-
dissociated lung after logarithmic transformation of data.
Two-tailed t-tests for groups with unequal variances were
used to compare means when Bartlett tests indicated un-
equal variances among groups. Differences between the
groups for PC150 methacholine responsiveness were
tested with the Wilcoxon-Mann-Whitney test.2®

Results

Mast Cell Distribution

In control rats fixed with glutaraldehyde and paraformalde-
hyde, pulmonary mast cells were identified in Giemsa-
stained and in toluidine blue-stained sections in lamina
propria and in loose connective tissue of bronchioles and
bronchi, in loose connective tissue around pulmonary ar-
teries and veins, and in subpleural connective tissue.
Mast cells were not identified in alveolar duct walls or in
interalveolar septa of control rats. Similar distributions of
mast cells were identified in virus-inoculated rats. How-
ever, in rats at times from 30 to 90 days after viral inocula-
tion, mast cells also were found in interalveolar septa of
abnormally large and distorted (dysplastic) alveoli in proxi-
mal acinar areas and in interalveolar septa immediately
adjacent to terminal bronchioles. No difference in mast
cell distribution or density could be demonstrated in bron-
chioles or in alveolar tissue in either control or virus-inocu-
lated rats after pulmonary fixation in Carnoy’s fixative and
staining techniques with toluidine blue or alcian blue (data
not shown).



826 Castlemanetal
AJP October 1990, Vol. 137, No. 4

Figure 3. Transmission electron micrograph of terminal bron-
chiolar lamina propria from a rat 30 days after Sendai virus
inoculation. A mast cell (M), eosinophil (E), and two small
mononuclear inflammatory cells (1) are located near colla-
gen and fibroblast processes (X 7300).

Airway Mast Cell Density

Mast cell density data for terminal bronchioles and main-
stem bronchi are presented in Figures 1 and 2. In terminal
bronchiolar wall (Figure 1), mast cells were rarely found
until 7 days after inoculation. There were age-associated
increases (P < 0.05) in bronchiolar mast cell density. Vi-
rus-induced increases in bronchiolar mast cell numbers
were first detected at 30 days after viral inoculation when
there was over a threefold increase in the density of mast
cells as compared with age-matched controls. Mast cells
in bronchiolar wall 30 days after viral inoculation had uni-
formly electron-dense granules, and the cells were asso-
ciated with collagen, small mononuclear cells, and occa-
sional eosinophils (Figure 3). Virus-inoculated rats also
had significantly elevated numbers of bronchiolar mast
cells at 60 and 90 days after inoculation (Figure 1). Total
mast cell numbers recovered from elastase-dissociated
lung at 30 days after inoculation were increased in virus-
inoculated rats (Table 1).

At 30 days after inoculation, virus-inoculated rats also
had increased numbers of bronchioles with aggregates
of eosinophils and neutrophils in the lamina propria (Table
2). Eosinophil and neutrophil densities within these bron-

chiolar aggregates were not increased in virus-inoculated
rats.

In mainstem bronchi (Figure 2) and in lobar bronchi-
oles (data not shown), there were no significant differ-
ences in mast cell densities between virus-inoculated and
control rats. There were also no age-associated changes
in mast cell density in these larger airways.

Airway Response to Methacholine

Summary data from methacholine dose-response tests
conducted at 42 days after inoculation are shown in Fig-
ure 4. The concentration of methacholine required to stim-
ulate an increase in respiratory system resistance to
150% of baseline was significantly lower in virus-inocu-
lated rats than in sham-inoculated control rats. This indi-
cates that virus-inoculated rats have enhanced airway re-
sponsiveness (hyperresponsiveness) to methacholine, a
cholinergic airway smooth muscle agonist.

Allergic Inflammatory Response

Degranulation of bronchiolar mast cells in rats that had
been actively sensitized with ovalbumin was demon-
strated after aerosol exposure to ovalbumin (Figure 5).
Mast cell degranulation was not observed in rats exposed
to ovalbumin that had not been previously sensitized.
Results from pulmonary lavage at 4 and 18 hours after
sensitization and aerosol exposure are shown in Figure 6,
and quantitative data on tissue inflammatory cell re-
sponses at 4 hours after ovalbumin aerosol are presented
in Table 2. Aerosol exposure of ovalbumin in ovalbumin-
sensitized rats resulted in significant increases in num-
bers of bronchioles with aggregates of eosinophils and
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Figure 4. Methacholine provocation test (PC150) of control
and virus-inoculated rats at 42 days after inoculation. The test
determines the concentration of methacholine nebulized that
will result in an increase in respiratory system resistance to
150% of baseline. Mean + SE.
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Figure 5. Terminal bronchiolar mast cell from a ovalbumin-
sensitized rat 42 days after virus inoculation that bhas been ex-
posed to ovalbumin aerosol and studied within 5 minutes of
the end of the exposure. There is fusion and extracellular re-
lease (arrowbeads) of mast cell granules (X6500).

neutrophils in virus-inoculated rats at 4 hours after oval-
bumin exposure as compared with controls. There were
significantly higher neutrophil densities in the bronchiolar
inflammatory cell aggregates of virus-inoculated rats than
in controls (Table 2). This increase was associated with a
significantly greater number of neutrophils in pulmonary
lavage fluid of virus-inoculated rats (Figure 6) at 4 hours
after aerosol antigen challenge. No differences were de-
tected in eosinophil concentration in lavage fluid (Figure
6) or in eosinophil densities in bronchiolar inflammatory
cell aggregates (Table 2) between control and virus-inoc-
ulated rats. Ovalbumin aerosol alone in nonsensitized rats
had no effect on puimonary inflammatory cells in pulmo-
nary lavage fluid or in tissue eosinophil and neutrophil den-
sities (data not shown).

Peak numbers of neutrophils and eosinophils were de-
tected in lavage fluid at 18 hours after antigen challenge
(Figure 6) and in tissue sections at 12 hours after antigen
challenge (Figures 7, 8; quantitative data not shown), but
there were no significant differences in mean values be-
tween virus-inoculated and control rats.

Viral infection was associated with a significant in-
crease in peribronchiolar aggregates of lymphocytes and
macrophages (Table 2), but antigen sensitization and ex-
posure had no effect on peribronchiolar lymphoid aggre-
gates.

Discussion

This study extends previous observations' indicating
that parainfluenza virus infection during early life in-
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creases numbers of pulmonary mast cells. The major con-
clusions to be drawn from these experiments are that viral
bronchiolitis and pneumonia during early life in rats results
in increased numbers of bronchiolar mast cells as early
as 30 days after viral infection and that the increased num-
bers of mast cells are associated with enhanced airway
responsiveness to methacholine and heightened bronchi-
olar inflammatory cell responses to antigen challenge that
stimulates mast cell degranulation.

Heterogeneity of mast cell phenotype has been identi-
fied in humans and rodents.?*%” In rodents, connective
tissue mast cells and mucosal mast cells have been iden-
tified. Generally rat mast cells of the connective tissue
phenotype are found in locations such as skin and perito-
neal cavity.?*? They do not lose staining affinity to meta-
chromatic dyes such as toluidine blue after aldehyde fixa-
tion. They contain rat mast cell protease |, and have a long
tissue life compared with mucosal mast cells. Connective
tissue mast cells respond to secretogogues such as sub-
stance P and compound 48/80.242527 |n addition to hista-
mine, they release prostaglandin D, as the major arachi-
donic acid metabolite.?*?’ In the normal rat lung, mast
cells have been reported to be predominantly of the con-
nective tissue phenotype and are located in airway walls,
in peribronchiolar connective tissue, and in connective tis-
sue around blood vessels and in subpleural areas.'9282°
After bleomycin-induced lung injury, connective tissue
mast cells increase in alveolar areas of the lung where
fibrosis can be demonstrated.?®3°

Mast cells with staining and enzymatic profiles consis-
tent with mucosal mast cells have been reported in tra-
chea and bronchi of rats. 2 Mucosal mast cells have
formalin-sensitive granules that lose their metachromatic
staining properties after aldehyde fixation. The granules
are rich in oversulfated chondroitin sulfate and stain well
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Figure 6. Neutrophils and eosinopbils recovered by pulmonary
lavage at 4 and 18 hours after aerosol challenge with oval-
bumin in control and virus-inoculated rats actively sensitized
to ovalbumin. Mean * SE (n = 5 or 6 per group). Virus-inocu-
lated rats bave increased numbers of neutrophils in lavage
Sluid at 4 bours (ANOVA and post hoc test.)
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Table 2. Bronchiolar Inflammatory Cell Data 4 Hours After Ovalbumin Exposure

Eosinophil and

neutrophil Eosinophil Neutrophil Lymphoid cell
aggregates density density aggregates
(% airways) (cells/mm wall) (cells/mm wall) (% airways)
Nonsensitized
Control 482 +1.10* 2.12+0.49 3.31+0.38 258 +1.84
Virus 14.09 + 6.58# 3.69+2.36 327 £1.32¢% 5.64 +£4.02
Sensitized
Control 1431 £ 3671 562+ 1.21 6.27 + 1,98 3.85+2.06
Virus 38.77 £ 6.501# 515+ 3.74 22.18 + 5.78¢! 1212+ 4.56
Two-way ANOVA
Effect of
Virus P <0.01 NS ANA P <0.05
Antigen sensitization P <0.001 NS ANA NS

* Mean + SD. Each group n = 3. NS, no significant effect, 2-way ANOVA. ANA, ANOVA not applied because of unequal group variance by Bartlett test.

#1 P < 0.01 2-way ANOVA, Tukey test.
$1 P < 0.05 two-tailed t-test for groups with unequal variance.

with dyes such as alcian blue.?* The granules retain their
metachromasia after fixation in nonaldehyde fixatives
such as Carnoy's fixative. Rat mucosal mast cells contain
rat mast cell protease Il and are not responsive to degran-
ulating agents such as compound 48/80 and substance
P. Mucosal mast cells in rats are reported to synthesize
and release leukotriene C,, rather than prostaglandins, as
the principle arachidonic acid metabolite.2*?’ Increases in
mucosal mast cells have been reported to be T-cell- or
interleukin-3 (IL-3)-dependent, and murine mucosal mast
cells are reported to have an approximately 40-day half-
life.2* Mucosal mast cells have not been reported to in-
crease in number after experimental pulmonary injury with
compounds such as bleomycin. 2%

The increased numbers of mast cells described in this
study in bronchiolar walls as early as 30 days and extend-
ing at least until 90 days after viral inoculation stained well
with toluidine blue after glutaraldehyde-formaldehyde fix-
ation. This aldehyde insensitivity is consistent with the
cells being of the connective tissue phenotype. Mast cells
with comparable staining characteristics were present in
areas of virus-induced alveolar distortion and enlargement
(dysplasia) in proximal acinar areas. Mast cell densities in
viral-infected rats were not increased in main-stem bron-
chi or in large caliber lobar bronchioles.

Increases in tissue mast cells have been reported in
several experimental models, including bleomycin-in-
duced pulmonary fibrosis and parasitic diseases.?”2%%
Mast cell increases in tissues of rats and mice have been
documented after Nippostrongylus brasiliensis infection,
auto-anti-IgE response, and repeated injection with com-
pound 48/80, polymyxin B, or nerve growth fac-
tor.242527.31 The ability of rats to respond to injury or stimuli
with increases in tissue mast cells appears to be greater
during early life than in adulthood.?*

Experimental studies in rodents have identified several
mechanisms that can lead to increases in mast cells in
tissues. These include IL-3-dependent differentiation of

Figure 7. Terminal bronchiole of virus-inoculated and oval-
bumin-sensitized rat 18 bours after ovalbumin aerosol expo-
sure. There is edema of the bronchiolar wall and neutrophils
(n) and eosinophbils (e) are present within the bronchiolar
wall and between bronchiolar epithelial cells (X4300).



Figure 8. Higher magnification of cosinopbil in Figure 7
(X9000).

bone marrow mast cell precursors, fibroblast-facilitation
of mast cell precursor differentiation, and autocrine stimu-
lation of mast cell proliferation and/or differentiation asso-
ciated with mast cell degranulation #2532 There is evi-
dence to indicate that both local proliferation of mature
mast cells and tissue recruitment and differentiation of cir-
culating mast cell precursors can contribute to expansion
of tissue mast cell populations.?*

Although the present study does not provide direct ex-
perimental evidence of specific mechanisms that might
be important in the pathogenesis of virus-induced bron-
chiolar mast cell increases, there are several possible expla-
nations. Sendai virus infection in rats induces severe necro-
tizing and proliferative bronchiolitis that is accompanied by
lymphocyte infiltration.”'” The infection in neonatal rats leads
to bronchiolar hypoplasia and multifocal mural bronchiolar
fibrosis.” Recovery from Sendai virus infection in mice has
been demonstrated to be T-cell-dependent,® and Sendai-
virus-induced increases in bronchiolar mast cells could be
secondary to T-cell infiltration into bronchiolar walls, with mi-
croenvironmental increased levels of IL-3 resulting in differ-
entiation of mast cell precursors derived from blood or from
pre-existing tissue precursors. Alternatively, mast cells may
have been induced to differentiate from bronchiolar mast cell
progenitors secondary to fibroblast proliferation and release
of differentiation factors. Finally acute virus-induced inflam-
mation may have resulted in bronchiolar mast cell degranula-
tion with subsequent autocrine stimulation of mast cell prolif-
eration or differentiation.® It has been demonstrated that
mast cell lines synthesize and release IL-3 in response to
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degranulating stimuli,3* which suggests that mast cell prolif-
eration and differentiation might occur by a T-cell-indepen-
dent mechanism, which may still be dependent on IL-3.

Mast cell increases were associated with airway re-
sponsiveness to methacholine and with enhanced recruit-
ment of neutrophils into airways after active sensitization
of pulmonary mast cells and antigen challenge. More de-
tailed studies on airway hyperresponsiveness in rats after
neonatal Sendai virus infection are the subject of a sepa-
rate report.%

Airway hyperresponsiveness, or exaggerated bron-
choconstriction to nonspecific stimulation such as cold
air, histamine, or methacholine, has been linked to severe
bronchiolitis during early life in children,35% and it is rea-
sonable to speculate that mast cell hyperplasia induced
by viral airway injury during early life could be an important
mechanism in the pathogenesis of persistent virus-in-
duced airway hyperresponsiveness. The precise role of
mast cells in airway hyperresponsiveness and asthma is
poorly defined at this time.3”3® However, several lines of
experimental evidence indicate that mast cell mediators
can contribute to airway hyperresponsiveness.

Lung mast cells in humans®*® and connective tissue
mast cells in rats®* synthesize and release prostaglandin
D, (PGDy), which has been identified as enhancing airway
responsiveness to methacholine-induced bronchocon-
striction in humans.® Neutral proteases released from
mast cells, including tryptase and chymase, can alter air-
way function.®*4" Most notably, mast cell tryptase in-
creases bronchial responsiveness to histamine.*? Mast
cells also release chemotactic factors for neutrophils and
eosinophils.3” Neutrophils and eosinophils recruited sec-
ondary to release of chemotactic factors associated with
bronchiolar mast cell hyperplasia could release other im-
portant molecules enhancing airway responsiveness,
such as platelet-activating factor.3®

Our initial studies aimed at evaluating mast cell func-
tion in rats with virus-induced increases in bronchiolar
mast cells demonstrated that active sensitization of rats
with ovalbumin resulted in bronchiolar mast cell degranu-
lation when the rats were subsequently challenged by
aerosol with ovalbumin. Control and viral-infected rats had
comparable heat-labile passive cutaneous anaphylaxis ti-
ters, indicating that differences in IgE antibody response
were not likely to be responsible for the virus-associated
increases in bronchiolar neutrophil and eosinophil aggre-
gates and in neutrophil numbers recovered by pulmonary
lavage at 4 hours after antigen challenge. Release of che-
motactic substances for eosinophils and neutrophils from
increased numbers of bronchiolar mast cells could ex-
plain the virus-associated increase in polymorphonuclear
cell response to antigen. Other mechanisms such as
differing responses of complement-fixing antibody or of
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lymphocytes to ovalbumin by virus-inoculated and control
rats could also explain the differences in inflammatory cell
responses. Although additional experimental studies will
be required, this initial study provides encouraging results
that suggest to us that virus-induced increases in bronchi-
olar mast cells could be functionally significant in promot-
ing airway inflammation and hyperresponsiveness.

It is currently controversial whether mast cells or other
inflammatory cells such as eosinophils and macrophages
play a central role in the pathogenesis of airway hyperre-
sponsiveness in human asthma.®”3® Alternatively neural
mechanisms and neuropeptide metabolism via enzymes
such as neutral endopeptidase may play an equally or
more important role.® This report describes a rat model
of airway hyperresponsiveness that is associated with in-
creased numbers of airway mast cells. This model of viral
bronchiolitis may be useful in experimental studies aimed
at dissecting the pathogenetic role of airway mast cells in
airway hyperresponsiveness after viral infection.
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