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ABSTRACT: It was hypothesized that the distribution and activation of mast cells
across the airway wall may reflect their function in asthma.
The density of mast cells (intact and degranulated) within airway compartments in

cartilaginous and membranous airways, obtained from autopsies on patients with fatal
asthma, nonfatal asthma, and nonasthmatic control cases have been examined.
In cartilaginous airways, the mean¡SE density of mast cells in control cases was

27¡9 cells?mm-2. It was similar in nonfatal asthma (24¡2 cells?mm-2) but reduced
(pv0.05) in fatal asthma cases (16¡2 cells?mm-2). In membranous airways, the density
of mast cells in control cases was 155¡21 cells?mm-2 and was higher (pv0.05) in cases
of nonfatal (270¡51 cells?mm-2) and fatal asthma (219¡26 cells?mm-2). Mast-cell
density was greatest on the smooth muscle and mucous glands in cartilaginous airways
and on the smooth muscle and outer airway wall in membranous airways. The
percentage of degranulated mast cells was higher (pv0.05) in cases of asthma, related
to disease severity, and was higher in cartilaginous than membranous airways.
Degranulation was greatest on the smooth muscle in fatal asthma cases.
Mast-cell distribution and degranulation varies between cartilaginous and mem-

branous airways and across the airway wall. Degranulation of mast cells is related to
asthma severity. The increased degranulation in proximal airways may reflect
stimulation via the inhaled route.
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Asthma is a disease characterized by airway inflam-
mation [1] and remodelling [2]. It has been sug-
gested, but not proven, that inflammation results in
remodelling.

The extent to which inflammatory cells interact with
airway wall structures (which are subject to remodel-
ling) depends on the distribution of inflammatory cells
across the airway wall. Two studies [3, 4] have shown
an increase in the numbers of mast cells found on the
smooth muscle layer in isolated sensitized human
bronchi compared with nonsensitized airways. Mast
cells are present in varying numbers in patients with
asthma [5–10]. Their role in inflammatory reactions
relates to their ability to store and release, or syn-
thesize de novo, mediators of inflammation [11]. The
multiple actions of mast-cell derived mediators suggest
that mast cells might interact with airway structures.

When mast cells are activated they become partly or
completely degranulated [5]. However, the extent to
which this occurs in asthma and its relationship to
disease severity has not been quantified. A further
rationale for studying the distribution of inflamma-
tory cells across the airway wall in large and small
airways is to determine the degree to which assessing
inflammation by sampling the proximal bronchial tree
is representative of airway inflammation in the distal
bronchial tree. Therefore, the aim of this study was to
examine the distribution of mast cells and their degree
of degranulation within the airway wall of the large

and small airways of subjects without respiratory
disease and compare them with patients with asthma.

Methods

Cases

The left or right lung was obtained at Coroner9s
autopsy if the cause of death was asthma or if death
occurred suddenly, without chest trauma or illness
(other than asthma). Medical histories were obtained
retrospectively from family members, usual medical
practitioner and hospital files. As described previously
[2], cases were categorized as follows. 1) Control: no
history of asthma, wheeze, use of asthma medications
or other lung disease; 2) nonfatal asthma: sudden
nonrespiratory death but with a definite history of
asthma; and 3) fatal asthma: death due only to
asthma. Cases were excluded from the study if details
of medical history could not be obtained. Ethical
approval for the study was obtained from the Sir
Charles Gairdner Hospital9s Ethics Committee.

Histological preparation

Lungs were fixed in formalin and transverse
blocks of all large conducting airways down to the
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subsegmental level were cut, resulting in 12–18 large
cartilaginous airways per case, from which five were
randomly selected for this study. Six parenchymal
sections (36261 cm) were taken at random from the
midsaggital slice of the lung. Tissue sections were cut
(5 mm) and stained using the immunoperoxidase
technique with the antimast cell tryptase monoclonal
antibody AA1 (Dako Patts, Copenhagen, Denmark).

Airway dimensions

Airway dimensions (inner and outer airway wall
thickness and areas of smooth muscle, submucosal
mucous glands and cartilage) were measured as
previously described [2]. The basement membrane
perimeter (Pbm) was directly traced using a camera
lucida and a digitizing tablet.

Cell counts

Mast cells with a visible nucleus were counted and
expressed as total number in each of the previously
discussed compartments and cells?mm-2 of each
compartment area (cell density). The percentage of
total airway mast-cell count in each airway compart-
ment was calculated.

Mast-cell degranulation

At high power (6400), positively-stained nucleated
mast cells were classified as intact if they were dense,
compact, had unbroken cytoplasmic boundaries and
did not have any surrounding positively stained
granules (fig. 1). All other nucleated tryptase positive
cells were classified as degranulated (fig. 2). Degranu-
lated cells were expressed as a per cent of the total
number of nucleated AA1-positive cells for the whole
airway section and for each compartment.

Intraobserver error was calculated for airway

dimensions, cell counts and degranulation index, as
previously described [2]. All measurements were made
by one observer (N.G. Carroll), blinded to case
histories.

Data analysis

The mean of each case group, calculated from the
means of each case, was used for analysis. Bartlett9s
test for homogeneity of variances was performed.
Where data was normally distributed, differences
between groups were tested using parametric analysis
(one way analysis of variance (ANOVA)) and where
data was not normally distributed, nonparametric
tests (Kruskal-Wallis nonparametric ANOVA) were
used followed by Dunn9s multiple comparison test. A
probability value ofv5% was considered significant.

Results

Subject characteristics

The cases of fatal asthma were generally severe, as
defined by treatment requirements and symptoms,
and had measurable airflow obstruction (table 1). The
cases of nonfatal asthma were generally mild with
infrequent symptoms.

Total airway wall

There were no significant differences in the size
(Pbm) of the cartilaginous or membranous airways
examined in each of the three case groups (table 2).

In cartilaginous airways, the absolute number
and density of mast cells on transverse section were
higher (pv0.05) in cases of nonfatal asthma and
control cases compared with cases of fatal asthma. In
membranous airways they were higher (pv0.05) in

Fig. 1. –A transverse section of a large cartilaginous airway
showing mast cell tryptase positive cells (arrows) present in the
airway wall including epithelium (EPI), airway smooth muscle
(ASM) and submucosal mucous glands (SMG). Most mast cells
demonstrate dense homogeneous staining with little extracellular
tryptase positivity and were classified as intact mast cells. Scale
bar=100 mm.

Fig. 2. –A transverse section of a large cartilaginous airway
showing mast cell tryptase positive cells (arrows) present in the
airway wall showing damaged epithelium (EPI), airway smooth
muscle (ASM) and submucosal mucous glands (SMG). In this
section, most mast cells demonstrate a lack of dense homo-
geneous staining and an abundance of extracellular tryptase
positivity (arrows) and were classified as degranulated mast cells.
Scale bar=100 mm.
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cases of fatal and nonfatal asthma compared with
control cases (table 2).

Mast-cell density in airway wall compartments

Cartilaginous airways. Figure 3a shows mast-cell
density in different airway wall compartments in
cartilaginous airways. In control cases, the density of
mast cells variedw50-fold across the airway wall, being
highest on the smooth muscle (74¡17 cells?mm-2),
intermediate in the inner airwaywall (35¡3 cells?mm-2),
submucosal glands (39¡9 cells?mm-2) and outer airway
wall (7¡1 cells?mm-2) and was lowest in the epithelium
(1.5¡0.4 cells?mm-2) and lumen (0.2¡0.1 cells?mm-2).
In submucosal mucous glands, all mast cells were
seen within the supporting stromal tissue surround-
ing glands and no cells were noted within individual
serous or mucinous acini. Similar patterns were
observed in the nonfatal and fatal cases of asthma.
Compared with control cases, however, the density
was significantly lower (pv0.05) in the smooth muscle,
the inner airway wall and the epithelium of nonfatal
and fatal cases. The density of mast cells in the lumen
was higher (pv0.05) in the fatal cases compared with
nonfatal cases of asthma, and both were higher than
control cases (pv0.05). The density of mast cells on
submucosal glands was significantly higher (pv0.05)
in nonfatal compared with fatal cases of asthma and
controls. In the outer airway wall there were no
significant differences between the case groups.

Membranous airways. Figure 3b shows mast-cell
density in different airway wall compartments in
membranous airways. In control cases, the highest
density of mast cells was on the smooth muscle (201¡
27 cells?mm-2) and in the outer airway wall area
(163¡17 cells?mm-2). The density in the inner wall
area (78¡12 cells?mm-2), lumen (1¡0.5 cells?mm-2) and
epithelium (0.8¡0.6 cells?mm-2) were significantly
lower. In the nonfatal cases, the density of mast cells
was significantly higher (pv0.05) on the smooth muscle
and in both the inner and the outer airway wall areas
compared with control cases. In the fatal cases, the
density of mast cells was higher in the outer wall area,
lumen and epithelium, compared with control cases.
The overall density of mast cells in membranous
airways was an order of magnitude higher than in the
cartilaginous airways (table 2 and fig. 3a and b).

Per cent of total mast cells in different airway wall
compartments

Cartilaginous airways. Figure 4a shows the per cent of
total mast cells in different airway wall compartments
in cartilaginous airways. Within the airway wall, the
distribution of mast cells into the different com-
partments was similar in the three case groups except
the submucosal mucous glands where the per cent of
total mast cells was higher in the asthma cases. The
highest percentages of mast cells were seen in both the
inner and outer airway wall reflecting the greater area

Table 1. –Subject characteristics

Control Nonfatal Fatal

Subjects n 8 8 8
Male/female 5/3 4/4 4/4
Age yrs mean¡SD 38¡14 39¡17 31¡16
Treatment n
Bronchodilator 0 8 8
Inhaled corticosteroid 0 2 8
Oral corticosteroid 0 0 6
Asthma symptoms Nil Weekly 3 of 8 Daily 7 of 8

Occasional 5 of 8 Occasional 1 of 8
Time off work or hospitalization due to asthma n 0 1 7
Duration of asthma yrs mean (range) Nil 14 (2–36) 18 (2–40)
Lung function FEV1 % pred mean (range) NA NA 68 (35–90)

FEV1: forced expiratory volume in one second; NA: not available.

Table 2. –Mast cell counts across the total airway wall in cartilaginous and membranous airways from cases of nonfatal
and fatal asthma and controls

Control Nonfatal asthma Fatal asthma

Cartilaginous Membranous Cartilaginous Membranous Cartilaginous Membranous

n 39 59 43 90 41 77
Pbm mm mean¡SD 15.9¡6.4 2.3¡1.5 16.1¡6.7 2.3¡1.3 15.5¡5.7 2.4¡1.3
Total mast cell count 285¡35 47¡9 333¡49 61¡16# 229¡27* 68¡16#

Mast cell density cells?mm-2 27¡9 155¡21 24¡2 270¡51# 16¡2* 219¡26#

Degranulated cells % 63¡6 42¡3} 75¡5 66¡4*,} 86¡3# 75¡4#,}

Data are presented as mean¡SEM unless otherwise stated. Pbm: basement membrane perimeter. *: pv0.05 compared with
control and nonfatal asthma cases; #: pv0.05 compared with control cases; }: pv0.05 compared with cartilaginous airways.
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of these compartments on transverse section. In the
epithelium, the per cent of mast cells was higher
(pv0.05) in the control cases compared with the fatal
and nonfatal asthma cases, whereas in the airway
lumen, the per cent of mast cells was higher (pv0.05) in
fatal than nonfatal asthma cases and control cases.

Membranous airways. Figure 4b shows the per cent of
total mast cells in different airway wall compartments
in membranous airways. The greatest percentage of
mast cells was observed in the outer airway wall, the
largest compartment in membranous airways. In the
cases of fatal asthma, the per cent of mast cells was
higher (pv0.05) in the outer airway wall and airway
lumen but was lower (pv0.05) in the inner airway wall
and on the airway smooth muscle compared with
control and nonfatal asthma cases. Fatal asthma and
control cases had a higher per cent (pv0.05) of total
mast cells in the epithelium than the cases of nonfatal
asthma.

Degranulation

The average percentage of degranulated mast cells
was higher (pv0.05) in cartilaginous airways than in
membranous airways in all case groups. Compared
with control cases, the percentage of degranulated
mast cells was higher (pv0.05) in cases of nonfatal

asthma and higher again in cases of fatal asthma
(table 2). The differences in degranulation between the
control and asthma case groups were similar in the
different airway wall compartments, in both cartila-
ginous (fig. 5a) and membranous (fig. 5b) airways for
the three case groups. However, degranulation was
significantly higher on the airway smooth muscle mast
cells in cases of fatal asthma compared with both
control and nonfatal asthma cases.

The coefficient of variation for intraobserver error
was 3% for airway dimensions, 11% for cell counts
and 10% for the degranulation index.

Discussion

Insights can be gained from examining the distribu-
tion of mast cells across the airway wall. Firstly,
the extent to which small samples from bronchial
biopsies of large cartilaginous airways are representa-
tive of inflammatory processes deeper in the airway
wall or in more distal sites in the bronchial tree can be
assessed. The present study has shown that mast-cell
density in the inner wall differs from that in the
outer airway wall, smooth muscle and mucous glands.
Moreover, the density in proximal airways was much
lower than that in distal airways. Secondly, the
relatively higher density of cells in smooth muscle
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Fig. 3. –Mast-cell density in a) cartilaginous and b) membranous
airways. EPI: epithelium; WAi: inner airway wall; ASM: airway
smooth muscle; WAo: outer airway wall; Gland: submucosal
mucous glands. h: control; u: nonfatal asthma cases; q: fatal
asthma cases. *: pv0.05 compared with control cases; #: pv0.05
compared with control and nonfatal cases; }: pv0.05 compared
with control and fatal cases.
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Fig. 4. –Per cent of total mast cells in a) cartilaginous and b)
membranous airways. EPI: epithelium; WAi: inner airway wall;
ASM: airway smooth muscle; WAo: outer airway wall; Gland:
submucosal mucous glands. h: control; u: nonfatal asthma cases;
q: fatal asthma cases. *: pv0.05 compared with control cases; #:
pv0.05 compared with control and nonfatal cases.
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and mucous glands suggests that they may be
important in regulating the function of these tissues.
Thirdly, the relation of mast-cell degranulation to
asthma severity suggests an active role as effector cells
in airway wall inflammation. Fourthly, the higher
number of degranulated mast cells in cartilaginous
compared with membranous bronchioles is consistent
with an inhaled stimulus activating these cells.

Mast-cell numbers in this study were expressed
both as total numbers per transverse section and as
density (the number of cells?mm-2 of area measured).
This method of cell number estimation is a profile
count of cells within a 3-dimensional (3D) structure
and may be subject to bias if certain conditions are
not met [12]. Firstly, sampling of tissues and fields
of interest for measurements need to be performed in
a systematic random fashion. Secondly, all cells of
interest must have an equal probability of being
counted. This depends largely on cell size and orien-
tation. Thirdly, the reference area for measurements
(i.e. a 2-dimensional (2D) profile area) should be
related to the 3D volume that the profile represents if
absolute cell number in the airway volume are to
be determined. In the present study, the sampling
processes, from lung collection to individual airway

blocks and sections, were systematic and random.
Cells were identified using immunohistochemical
staining but only counted if nucleated. The size of
the mast-cell nucleus does not vary significantly [13]
and is small compared with the reference section in
which it was measured in this study. Because the
authors were unable to define an initial reference
volume for the whole lung, and did not use a "look-
up" section, the 2D profile counts in this study could
not be converted into a 3D volume estimate of
absolute cell numbers. However, since nucleus size
and orientation were not likely to have systematically
changed between groups, the authors felt that these
limitations would not affect comparisons between
groups. Since measurement variability is predomi-
nantly due to subject and tissue-block variability [14],
a large number of randomly-selected airways from
different sites in the lung were examined and the mean
data from each case was used to compare cell numbers
between groups. Therefore, comparisons of relative
cell densities between the groups in this study are valid
and make the data directly comparable with the
many other published studies that have reported cell
numbers in this way.

Previous studies of mast-cell numbers in the airways
have shown that compared with control cases, those
with asthma have higher [5, 6], decreased [8], or
similar [9, 10, 15, 16] numbers of mast cells. The
variation between studies may be due to variations
in asthma severity, use of different methodologies,
effects of treatment and variations in the degree of
degranulation [17–20]. To the authors9 knowledge,
no previous studies have systematically quantified
mast-cell degranulation. The higher concentrations
of mast-cell derived mediators, such as histamine,
prostaglandin D2 (PGD2), leukotriene C4 (LTC4)
and tryptase seen in bronchoalveolar lavage (BAL)
fluid in the early- and late-phase asthmatic reaction
following local-allergen challenge [21], suggest mast-
cell degranulation. The amount of degranulation was
greatest in fatal asthma cases, suggesting increased
mast-cell activation in these cases. In addition, incre-
ased degranulation may have caused underestimation
of the number of mast cells in these cases (i.e. by not
counting cells where there were no granules left).

The amount of mast-cell degranulation was found
to be greatest in the submucosal mucous glands and
on the airway smooth muscle layer in fatal asthma
cases. PESCI et al. [22] showed an increase in the
number of degranulated mast cells in the mucous
glands of patients with chronic bronchitis, a disease
characterized by excessive mucus production, and
BRADDING [11] observed that interleukin-6 positive
mast cells are concentrated in close proximity to
submucosal mucous glands [7]. It is well documented
that mast-cell derived proteases are capable of acting
as potent secretagogues and that histamine, which is
stored in and secreted from activated mast cells,
stimulates smooth muscle shortening and vasodilata-
tion [23]. The authors have shown previously that
increased secretion of mucus into the airway lumen
combined with moderate amounts of smooth-muscle
shortening in vivo, may give rise to exaggerated airway
narrowing [24], which may contribute to sudden fatal
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Fig. 5. –Per cent of degranulated mast cells in a) cartilaginous and
b) membranous airways. WAi: inner airway wall; ASM: airway
smooth muscle; WAo: outer airway wall; Gland: submucosal
mucous glands. h: control; u: nonfatal asthma cases; q: fatal
asthma cases. *: pv0.05 compared with control cases; #: pv0.05
compared with control and nonfatal cases.
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asthma attacks [25]. These findings suggest the mast
cell to be an important effector cell during an acute
attack of asthma.

The finding that the density of mast cells was
highest on the smooth-muscle layer compared with
other airway wall compartments is similar to the
findings of AMMIT et al. [3] and BERGER et al. [4]. The
present study is the first quantitative evidence that
mast cells are the predominant cell within the airway
smooth-muscle layer in both nonasthmatics and
asthmatics, and that those present on the smooth
muscle layer in cases of fatal asthma are mostly
degranulated. CONNELL [8] noted accumulation of
mast cells near the smooth-muscle layer in cartilagi-
nous bronchi from cases of fatal asthma. During an
acute episode of asthma, activation of mast cells might
cause abnormal release of chemical mediators, result-
ing in excessive stimulation of smooth muscle and
mucous glands. This hypothesis is supported by
the findings of elevated amounts of mast-cell derived
mediators in BAL fluid from cases of asthma fol-
lowing allergen challenge [26] and lower numbers of
mast cells in biopsies obtained from patients during an
episode of asthma than during symptom-free periods
[27].

One potential mechanism that may cause mast cell
numbers in the airway wall to be reduced during
asthma exacerbations is the movement of cells from
the airway wall into the airway lumen. This is sup-
ported by the observation in this study of a higher
percentage of mast cells in the lumen of fatal asthma
cases compared with nonfatal asthma and non-
asthmatic control cases. In addition, higher numbers
of mast cells are observed in the sputum of atopic
asthmatics after allergen-inhalation challenge [20].
Another potential mechanism for reduced mast-cell
numbers is increased apoptosis of cells. While the
degree of mast-cell apoptosis was not assessed in
this study and therefore cannot be excluded as a
mechanism for reducing cell numbers, persistent
inflammatory conditions are usually characterized by
delayed or impaired apoptosis.

The degree of mast-cell degranulation in the present
study was higher in the cartilaginous (proximal)
airways compared with the membranous (distal)
airways. It is tempting to speculate that a major
reason for this is that the predominant stimulus for
mast-cell degranulation occurs close to the mucosal
surface of the airway and, to a greater extent, in the
proximal bronchial tree, due to an inhaled stimulus. In
the present study, the level of mast-cell degranulation
in the mucous glands in all cases of asthma was
significantly higher than that observed in the outer
airway wall, suggesting selective stimulation of mast
cells. A mechanism that may explain this, is the fact
that neuropeptides are capable of inducing mast-
cell degranulation [28] and there is an abundance of
cholinergic nerves present in the airway epithelium
that have local axonal pathways to submucosal
mucous glands [29]. Thus, stimulation of these
nerves at the mucosal surface and subsequent release
of neuropeptides may lead to increased mast-cell
degranulation of mucous glands.

The density of mast cells was lower in the

cartilaginous airways than the membranous airways
in asthma cases compared with control cases. Simi-
larly, the study of CONNELL [8] also reported decreased
numbers of mast cells in the airway wall in cartilagi-
nous airways from fatal asthma cases compared with
control cases. Studies examining the numbers of mast
cells in bronchial biopsies from the proximal bron-
chial tree in cases of mild asthma show variation, in
that some studies show an increase in mast cells within
the airway wall [5, 30], some in the epithelium only [6],
and others showed no difference at all [9, 10, 15, 16].
This variation may be due to degranulation, apoptosis
or the effects of anti-inflammatory treatment. None-
theless, the present study clearly demonstrates that
bronchial biopsy obtained from the proximal bron-
chial tree may not always represent the pattern of
inflammation across the airway wall or along the
entire length of the bronchial tree.

In conclusion, in addition to their clearly defined
role in immunoglobulin-E-dependent responses to
antigenic stimulation in atopic disorders such as
asthma, it is possible that mast cells may markedly
amplify many features of the host response to non-
specific acute inflammatory stimuli, such as that seen
in asthmatics in response to exercise, cold air and
hypertonic saline inhalation. The separate activity of
mast cells in the airways should be considered in both
short-term and long-term treatment strategies.
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