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Abstract

We measured bronchoalveolar lavage (BAL) fluid histamine
levels in allergic asthmatics and nonallergic normal subjects
after local airway antigen and cold 22°C normal saline chal-
lenges. Immediately after instillation of antigen through a
bronchoscope wedged into a subsegmental airway, all 17 aller-
gic asthmatics but none of the nine normal subjects had visible
airway constriction. The asthmatics had a concomitant mean
increase in BAL histamine of 23% (P = 0.005), whereas the
normals had no change in BAL histamine. Among the allergic
asthmatics, the change in BAL histamine content in response
to antigen directly correlated with the control (baseline) BAL
histamine content (r = 0.66, P = 0.003). Moreover, asthmatics
with large antigen-induced changes in BAL histamine had
greater airway methacholine sensitivity than did asthmatics
without measurable increases in BAL histamine (8+2 vs.
41+31 breath units). Neither asthmatics nor normal subjects
had airway constriction or changes in BAL histamine levels in
response to nonspecific challenge with cold saline. Our data
suggest that when allergic asthmatics are exposed to relevant
antigens they have in vivo lung mast cell degranulation which
results in airway constriction and contributes to nonspecific
airway hyperresponsiveness.

Introduction

Inhalation of antigen to which an allergic asthmatic is sensi-
tized often results in both early and late asthmatic responses
which reach maximum 15-30 min and 6-12 h after challenge,
respectively (1). Because pretreatment of subjects with sodium
cromoglycate attenuates both early and late asthmatic re-
sponses (1) and this drug has been shown in vitro to have mast
cell stabilizing activity (2), it has been assumed that both early
and late asthmatic responses result at least in part from release
of mast cell mediators into the airways. However, there is a
paucity of direct evidence for the release of mast cell mediators
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into the airways during antigen-induced bronchoconstriction.
The purpose of the present study was, therefore, to determine
if local airway challenges with antigen induces airway con-
striction in allergic asthmatics, and to ascertain if in vivo air-
way constriction is associated with measurable histamine re-
lease into the airways. We found that local antigen challenge of
subsegmental airways in allergic asthmatics, but not in normal
subjects, resulted in acute airway constriction and increased
bronchoalveolar lavage (BAL)' fluid histamine. The increase
in BAL histamine was not present 48 h later.

Methods

Reagents. Histamine diphosphate, 1-methylhistamine, and Wright
stains were purchased from Sigma Chemical Co., St. Louis, MO; ace-
tone, chloroform, NaOH, and HCI from Fisher Scientific Co., Pitts-
burgh, PA; methacholine from J. T. Baker Chemical Co., Phillipsburg,
NJ: S-[methyl-*H]adenosyl-/-methionine (65-78 Ci/mmol) from New
England Nuclear, Boston, MA; and silica thin-layer chromatography
plates (LK6D) from Whatman Inc., Clifton, NJ.

Subjects. Each participant gave informed consent to undergo BAL,
aerosol antigen challenge, and local airway challenge before entering
the study, which had been approved by the Human Subjects Use
Comnmittee at the University of Iowa. These studies strictly conformed
to guidelines set forth by the American Thoracic Society, the American
Academy of Allergy and Immunology, the American College of Chest
Physicians, the National Heart, Lung and Blood Institute, and the
National Institute of Allergy and Infectious Diseases (3). Subjects were
adult nonsmokers between the ages of 18 and 45 yr. Each subject had a
complete medical history and physical examination and was skin
tested intradermally with a routine battery of antigens (Center Labora-
tories, Port Washington, NY). A wheal size 5 X 5 mm or greater than
diluent control was considered positive. Each subject also had a meth-
acholine aerosol challenge followed by an antigen aerosol challenge
that was done at least 1 wk after methacholine challenge. Two groups
were studied: allergic asthmatics and normal control subjects. The
allergic asthmatics had a history of mild seasonal asthma, were skin
test— and aerosol challenge-positive to the appropriate antigens, and
had positive methacholine aerosol challenges. The normals had no
symptoms of respiratory allergy, had negative antigen skin tests, and
had negative antigen and methacholine aerosol challenges. All antigen
aerosol challenges were performed at least 2 wk before BAL. At the
time of local antigen challenges and BAL, all subjects had a forced
expiratory volume in 1 s (FEV,) > 60% predicted and = 2 liters, and
stable pulmonary functions for the preceding 3 wk.

Methacholine bronchoprovocation. Methacholine aerosol challenge
was performed according to the procedure outlined by the American
Academy of Allergy Committee on Standardization of Bronchoprovo-

J. Clin. Invest.

© The American Society for Clinical Investigation, Inc.
0021-9738/87/11/1507/05 $2.00

Volume 80, November 1987, 1507-1511

1. Abbreviations used in this paper: BAL, bronchoalveolar lavage;
FEV,, forced expiratory volume in 1 s; PD,, FEV,, provocative meth-
acholine cummulative dose (breath units) producing a 20% drop in
FEV,; PNU, protein nitrogen unit.
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cation (4). A Johns Hopkins dosimeter was used to deliver concentra-
tions of methacholine from 0.075 to 25 mg/ml. Subjects were given
five breaths of each concentration of methacholine by taking slow deep
breaths from end tidal volume to total lung capacity, without breath
holding. A 20% drop in FEV, (below diluent baseline) that persisted for
at least 5 min was considered a positive response. The provocative dose
producing a 20% decrease in FEV, (PD,, FEV,) was calculated and
expressed as breath units (1 breath unit = 1 inhalation of 1 mg/ml
methacholine).

Antigen aerosol challenge. Antigen aerosol challenges were per-
formed as previously described (5), and in a manner similar to the
methacholine challenges. We delivered increasing fivefold concentra-
tions of antigen from 1 protein nitrogen unit (PNU) to 10,000 PNU/
ml. A 20% or greater drop in FEV, that persisted at least 5 min was
considered positive. Allergic asthmatics were challenged out of the
appropriate season and off medications with an antigen to which they
were clinically sensitive (Alternaria, ragweed, or cat extract). Normals
were challenged with Alternaria (maximum dose, 10,000 PNU/ml X 5
breaths).

BAL. All allergic asthmatics were clinically asymptomatic, out of
the appropriate season, and off medications for at least 48 h before
BAL and local antigen challenge. Fiberoptic bronchoscopy and BAL
were performed as previously described (5, 6). Briefly, each subject was
premedicated with intramuscular atropine sulfate (0.6 mg) and mor-
phine sulfate (8 mg), and then received aerosolized 4% xylocaine and
two puffs of metaproterenol. All subjects were intubated with a soft-
cuff endotracheal tube. Bronchoscopy was accomplished with a flexi-
ble fiberoptic bronchoscope (BR-4B/2, Olympus Corp., New Hyde
Park, NY) that was wedged into a subsegmental bronchus before BAL
and local antigen challenge.

Local antigen challenge. Local antigen challenges were done as
described previously (5). Antigen was diluted in warmed (37°C) sterile
saline and then injected through the bronchoscope in 5-ml aliquots of
increasing concentration every 3 min. In the allergic asthmatics, the
initial antigen (Alternaria, ragweed, or cat extract) dose was 10-fold less
than that which produced the end-point skin titration (4 X 4 mm
wheal), and was based upon the PNU content of the extract. Most
asthmatics and all normals received Alternaria extract prepared from
the same lyophilized stock as used for aerosol challenge. Normal sub-
jects were challenged with an initial dose of 20 PNU (4 PNU/ml)
Alternaria and received a final amount of 100 PNU. After each dose of
antigen, the airway was observed visually for 3 min. The challenge was
stopped when the airway became blanched, edematous, and con-
stricted (~ 30% or greater narrowing of airway diameter), or 100 PNU
of antigen were instilled. Immediately thereafter, BAL was performed
by the injection and suction of five 20-ml aliquots of 37°C normal
saline into the challenged subsegment. A nonchallenged control sub-
segment on the opposite side of the lung was challenged with diluent
and lavaged in an identical manner. The same antigen-challenged and
control subsegments were relavaged 48 h later.

Cold saline challenges. As a nonspecific challenge and an addi-
tional control for the local antigen challenges, local cold saline chal-
lenges were performed on four allergic asthmatics and seven normal
subjects. The challenges consisted of the injection and suction of five
20-ml aliquots of cold, 22°C normal saline into a subsegmental bron-
chus. A control subsegment on the opposite side of the lung was la-
vaged in an identical manner using warm, 37°C normal saline. Neither
group demonstrated airway constriction in response to the cold or
warm saline lavages.

BAL fluid. BAL fluid was recovered in sterile traps. The lavage fluid
was subsequently filtered through two layers of sterile gauze, and the
cells were pelleted at 250 g for 5 min. The lavage supernatants were
then aliquoted and stored at —70°C until assayed for histamine.

BAL cell counts. Cell counts were done as described previously (5,
6). Briefly, the cells were washed, resuspended in buffer, and analyzed
for total cell number using a cell counter (Coulter Electronics Inc.,
Hialeah, FL). Differential cell counts (expressed as percent of total
cells) were obtained by counting 200 cells on a cytocentrifuged prepa-
ration stained with Wright-Giemsa.
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Histamine assay. Histamine was assayed using a single isotope
enzymatic assay (6) sensitive to 50 pg histamine/ml. The assay in-
volved extracting [*H]-1-methylhistamine generated by the enzyme
N-methyltransferase acting on histamine in the presence of S-[methyl-
3H]-adenosyl--methionine into chloroform, and isolating the [*H}-1-
methylhistamine by thin-layer chromatography. The assay used for
this study has previously been shown to be very reproducible at both
high and low levels of BAL histamine (6). Unknown histamine values
were calculated by comparing the mean counts per minute of triplicate
samples with a calibration curve of standard samples (0-2,000 pg his-
tamine/ml) constructed by the least squares method.

Data analysis. Data were analyzed using the SAS Computer Soft-
ware System (Cary, NC) on an IBM 370 computer. All results are
provided as mean+SEM, and each statistical method employed is de-
scribed in Results.

Results

All 17 allergic asthmatics had local airway constriction in re-
sponse to antigen instillation through the bronchoscope. In
each asthmatic subject, the initial airway response to antigen
was a brief but visible blanching of the airway mucosa. This
response was followed by hyperemia, and finally mucosal
edema and partial airway closure. The actual amount of air-
way narrowing was not strictly quantitated but visually ap-
peared to be at least 30%. Despite receiving an average of
nearly 100-fold more antigen than the asthmatics, none of the
nine normal subjects had blanching, edema, or narrowing of
the challenged airway. The allergic asthmatics had no signs or
symptoms of systemic anaphylaxis subsequent to the local
challenges. None of the asthmatics noted any sensation of
bronchospasm or chest tightness as a result of local antigen
challenge or lavage. Immediately after local antigen challenge
and BAL, the asthmatics had a clinically insignificant decrease
in FEV, (< 15%) that returned to baseline within 15 min.
FEV, remained at baseline values in the normal subjects.

Fig. 1 shows the BAL histamine content of the control and
antigen-challenged subsegments immediately after the local
challenges. The asthmatics had a mean increase in BAL hista-
mine content of 23%, which by paired sample ¢ test was signifi-
cant at a P value of 0.005. In contrast, the normal subjects did
not have a significant increase in BAL histamine content in
response to antigen challenge. Moreover, among the allergic
asthmatics, change in BAL histamine content directly corre-
lated with control BAL histamine content (Pearson correlation
coefficient = 0.66, P = 0.003). That is, asthmatics who had
higher control BAL histamine levels responded to local anti-
gen challenge with more marked histamine increases.

Although the mean BAL histamine content for the allergic
asthmatics increased in response to local antigen challenge,
some asthmatics did not have a measurable increase. We
therefore compared the asthmatics without antigen-induced
increases in BAL histamine (n = 8) to the asthmatics with
measurable increases in BAL histamine (n = 9) to determine if
antigen-induced increases in BAL histamine were associated
with any other factors. Asthmatics who did not respond to
antigen challenge with an increase in BAL histamine had a
mean methacholine PD,, value of 41+31 breath units, which
was much greater than the 8+2 breath units measured for
asthmatics who did respond to antigen challenge with an in-
crease in BAL histamine. However, there were no differences
in the total number of percentages of BAL fluid cells between
the two asthmatic groups. Thus, in allergic asthmatics, anti-
gen-induced increases in BAL fluid histamine are associated
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Figure 1. BAL hista-
mine content immedi-
ately after local antigen
(AG) challenge. The
BAL histamine content
of airway subsegments
challenged with antigen
is compared with that
measured in control air-
way subsegments in the
opposite lung at the
time of the challenge.
BAL histamine content
of the antigen-chal-
lenged subsegments was
significantly greater (P
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with increased airway responsiveness to methacholine, but not
to BAL fluid cellular content.

Table I shows the BAL cell counts of the control and anti-
gen-challenged subsegments immediately after the local chal-
lenges. Neither the asthmatics nor the normals had a signifi-
cant change in BAL total cell counts or differential cell counts
in response to antigen challenge. Among allergic asthmatics,
the BAL histamine content was positively correlated with the
number of BAL eosinophils in both the antigen-challenged
(Pearson correlation coefficient = 0.57, P = 0.017) and control
(Pearson correlation coefficient = 0.74, P = 0.001) subseg-
ments. In normal subjects, however, BAL histamine content
did not correlate with the number of eosinophils in either the
antigen-challenged or control subsegments. Moreover, BAL
histamine content did not correlate with any other cell type in
either the asthmatics or normals.

48 h after local antigen challenge, 13 of 17 asthmatics and 8
of 9 normals returned for a second BAL. Neither the asth-
matics nor the normals had symptoms of airway constriction
or changes in pulmonary functions from baseline values mea-

NORMALS Figure 2. BAL hista-
mine content 48 h after
local antigen (4G) chal-
lenge. BAL histamine
content of airway sub-
segments challenged
with antigen is com-
pared with that mea-
sured in control airway
subsegments in the op-
posite lung 48 h after
local challenge. The
BAL histamine content
of the antigen-chal-
lenged subsegments was
not significantly different from BAL histamine content of the control
subsegments in either asthmatics or normals.
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sured 48 h earlier. In contrast to the results obtained immedi-
ately after antigen challenge (Fig. 1), the asthmatics had no
significant differences between BAL histamine levels mea-
sured in control and antigen-challenged subsegments 48 h
after local challenge (Fig. 2). In normal subjects we found no
difference between the BAL histamine levels measured in the
two subsegments either immediately (Fig. 1) or 48 h after local
challenge (Fig. 2). Thus, increases in BAL histamine levels
were found only in allergic asthmatics immediately after anti-
gen-induced airway constriction.

As an additional control for the local antigen challenges,
we instilled five 20-ml aliquots of cold, 22°C normal saline
into the airways of four asthmatics and seven normals. Each
subject also had a subsegment of the opposite lung lavaged
with 37°C warm saline as a control. None of the subjects had
airway blanching, edema, or constriction (as seen in the asth-
matics after antigen challenge) in response to cold or warm
saline lavages. Neither asthmatics nor normals had a signifi-
cant change in BAL histamine content in response to cold
saline challenge (Fig. 3). Moreover, neither group was noted to
have changes in the total or differential BAL cell counts as a
result of the cold saline challenges. Thus, only airway stimuli
resulting in increases in BAL histamine levels were associated
with airway constriction.

Discussion

Previous studies have demonstrated that antigen aerosol bron-
choprovocation of allergic asthmatics is associated with an
increase in circulating histamine and neutrophil chemotactic

Table I. Comparison of BAL Cell Counts in Control and Antigen-challenged Subsegments

Cells/ml Macrophages Lymphocytes Neutrophils Eosinophils
x10° % % % %
Asthmatics (n = 17)
Control 109+11 91.6+1.2 5.6+0.8 1.0+0.3 1.8+0.9
Antigen 104+9 90.4+1.3 6.4+0.9 1.6+0.3 1.6x0.7
Normals (n = 8)
Control 11731 91.3+2.5 8.3+2.4 0.4+0.2 0.1£0.1
Antigen 116+23 90.1£1.5 9.1+1.3 0.6+0.3 0.1+0.1

BAL cellular content of airway subsegments challenged with antigen is compared with that measured in control airway subsegments in the op-

posite lung at the time of challenge.
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levels during the immediate and late asthmatic responses
(7-9). Moreover, as previously discussed, sodium cromogly-
cate blocks both the early and late asthmatic responses (1).
Although these earlier studies suggest a role for mast cells in
the pathogenesis of antigen-induced bronchoconstriction, di-
rect evidence requires the demonstration of the release of mast
cell mediators into the airway lumen after airway antigen
challenge. Murray and co-workers (10) preformed BAL in five
asthmatics before and after local airway challenge with house
dust mite. These investigators showed a significant increase in
BAL fluid prostaglandin D, after antigen challenge in all five
asthmatics. However, the airways of the asthmatic subjects
were not directly visualized for airway constriction, and medi-
ators produced exclusively by lung mast cells (e.g., histamine)
were not quantitated in the BAL fluid. For this reason, we used
a recently described model (5) to directly evaluate the airways
of asthmatics after local antigen challenge. We observed the
airways via a flexible fiberoptic bronchoscope and used BAL to
evaluate changes in histamine and inflammatory cell popula-
tion after local antigen challenge.

Subsequent to local antigen challenge, the airways of the
asthmatics became blanched, suggesting vascular constriction.
This was followed by erythema, edema, and bronchial nar-
rowing. We could not, however, determine whether actual
bronchospasm occurred. The BAL fluid obtained from these
airways immediately after the onset of airway constriction
contained increased levels of histamine compared with the
BAL fluid from control airways in the opposite lung (Fig. 1).
Despite receiving ~ 100-fold more antigen than the asth-
matics, none of the normal subjects had local airway narrow-
ing or significant increases in BAL fluid histamine content
(Fig. 1). These data directly support the concept that exposure
of sensitized airways to appropriate antigens induces the re-
lease of mast cell mediators resulting in airway constriction.

Although all 17 asthmatics had airway constriction in re-
sponse to local antigen challenge, not all asthmatics had a
measurable increase in BAL histamine content. The most
likely explanation for not detecting an increase in BAL hista-
mine in all 17 of the asthmatics is that the BAL histamine
levels in some subjects were low at baseline, and subsequently
diluted to undetectable levels by the five 20-ml airway washes.
Eight of the nine asthmatics that had baseline histamine values
greater than the sensitivity of our histamine assay (i.e., 50 pg
histamine/ml) had prominent increases in BAL histamine
levels measured in response to local antigen challenge. Of the
eight asthmatics whose baseline BAL histamine levels were
< 50 pg/ml, only one had a measurable antigen-induced in-
crease in BAL histamine. We postulate that the other seven
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asthmatics may also have had antigen-induced increases in
BAL histamine, but the absolute histamine levels were below
the detection limits of our assay. It is unclear why one of the 17
asthmatics had a decrease in BAL histamine after antigen
challenge, but this may also be a reflection of the techniques
used to lavage the airways.

After antigen challenge, asthmatics had a mean increase in
BAL fluid histamine content of 23%. If the asthmatics who did
not have measurable histamine levels are excluded, the net
percent histamine increase was 51+11%. Moreover, the aller-
gic asthmatics with higher control BAL histamine levels had
greater antigen-induced changes in BAL histamine levels (r
=0.66, P = 0.003). These data suggest that asthmatics with
greater baseline mast cell degranulation respond to antigen
exposure with more marked mediator release.

It is possible that differences in the BAL fluid volume re-
covered after the five 20-ml washes might influence the mea-
sured histamine values. Because the airways are lavaged with
the same volume (100 ml), it is reasonable to assume that the
released histamine would be homogeneously diluted in that
volume. Thus, the BAL fluid recovered would yield a repre-
sentative aliquot reflecting the concentration of histamine in
the total BAL fluid. The volume of the aliquot (i.e., the BAL
fluid recovered) is probably not very important because the
instilled diluent volume is the same for all samples. Moreover,
by paired sample ¢ test there were no significant differences in
the recovered BAL fluid volumes between the challenged and
nonchallenged airways. Therefore, it is unlikely that the dif-
ferences in histamine levels measured between the control and
antigen-challenged subsegments in the asthmatics were af-
fected by the BAL fluid volumes recovered.

We previously reported that allergic asthmatics had signifi-
cantly greater baseline BAL histamine levels than normal sub-
jects (6). As can be seen in Fig. 1, the baseline (control) BAL
histamine levels in asthmatics were again found to be greater
than the baseline BAL histamine levels measured in normal
subjects. Specifically, the mean+SEM control BAL histamine
levels were 19660 and 26+21 pg/ml for the allergic asth-
matics and normal subjects, respectively (P < 0.05).

In our previous study (6) we also found that allergic asth-
matics with greater baseline BAL histamine levels had more
marked airway sensitivity to inhaled methacholine. In the
present study, the mean methacholine PD,, value for the nine
allergic asthmatics who responded to antigen challenge with a
measurable increase in BAL histamine was 8+2 breath units.
However, the eight asthmatics who did not respond to antigen
challenge with a measurable increase in BAL histamine had a
mean methacholine PD,, value of 41+31 breath units. Anti-
gen-induced increases in BAL histamine levels in allergic asth-
matics were not associated with changes in any other measured
parameter. Significant increases in methacholine airway re-
sponsiveness have been reported to occur in asthmatics after
antigen inhalation (11), and cholinergic nervous system stimu-
lation has been shown to potentiate the response to antigen
challenge in central airways through augmented mast cell me-
diator release (12). These data suggest that mast cell mediators
released in the airways could enhance cholinergic transmission
and also contribute to both bronchial hyperreactivity and the
augmentation of further antigen-induced mast cell degranula-
tion.

Immediately after local antigen challenge, neither the asth-
matics nor the normals had a significant change in the BAL
total or differential cell counts (Table I). Moreover, with the



exception of eosinophils, the control (baseline) BAL cell
counts were not significantly different between asthmatics and
normals. In this study, as in our previous study (6), allergic
asthmatics were found to have significantly greater (P < 0.05)
BAL eosinophils (1.8+0.9%) than normal subjects (0.10.1%).
However, in contrast to both our previous results (6) and those
by Rankin and co-workers (13), we found that among the
allergic asthmatics there was a positive correlation between
number of BAL eosinophils and BAL histamine content (both
in the control and antigen-challenged subsegments). The rea-
son for this discrepancy is not clear, but may be due to subject
differences between these studies. Because eosinophil products
can release mediators from mast cells (14) and the mast cell
produces chemotactic factors for eosinophils (15), it is not
surprising to find that there is a positive correlation between
the content of BAL histamine and the number of BAL eosino-
phils.

To determine if the immediate antigen-induced changes in
BAL histamine content persisted for longer periods, we rela-
vaged many of the asthmatics and normal subjects 48 h after
local antigen challenge. Neither the asthmatics nor the nor-
mals had an increase in BAL histamine at this later time point.
Due to a presumed increased risk to patients, we did not rela-
vage asthmatics at the expected peak of the late asthmatic
response. Thus, we are unable to comment whether there
might be a second release of mediators in response to airway
antigen challenge at 3-12 h, as reported after nasal antigen
provocation (16).

As an additional control for the local antigen challenges,
we instilled cold, 22°C normal saline into the airways of asth-
matic and normal subjects. Neither the asthmatics nor the
normals had airway constriction, increases in BAL histamine
(Fig. 3), or changes in BAL total or differential cell counts in
response to cold saline challenges.

In summary, local antigen challenges resulted in airway
constriction and histamine release in allergic asthmatics, but
not in normals. Larger antigen-induced increases in BAL his-
tamine content were associated with higher baseline BAL his-
tamine levels and greater airway methacholine sensitivity. Our
studies provide direct evidence that when exposed to clinically
significant and relevant antigens, allergic asthmatics have in
vivo lung mast cell degranulation and mediator release result-
ing in airway contractility and contributing to airway hyperre-
sponsiveness.
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