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Background: Recent observations in asthma suggest that bronchial smooth muscle is infiltrated by
inflammatory cells including mast cells. Such an infiltration may contribute to airway remodelling that is partly
due to an increase in smooth muscle mass. Whether muscle increase is the result of smooth muscle cell
hypertrophy remains controversial and has not been studied by ultrastructural analysis. A morphometric
analysis of airway smooth muscle (ASM) was undertaken in asthmatic patients using electron microscopy to
examine the interactions between ASM cells and inflammatory cells.
Methods: ASM specimens were obtained from 14 asthmatic subjects and nine non-asthmatic controls
undergoing fibreoptic endoscopy. Inflammatory cell counts were assessed by immunohistochemistry, and
ultrastructural parameters were measured using electron microscopy in a blinded fashion on smooth muscle
cells and inflammatory cells.
Results: ASM from asthmatic patients was infiltrated by an increased number of mast cells and lymphocytes.
Smooth muscle cells and their basal lamina were thicker in asthmatic patients (9.5 (0.8) and 1.4 (0.2) mm)
than in controls (6.7 (0.4) and 0.7 (0.1) mm). In asthmatics the extracellular matrix was frequently organised
in large amounts between ASM cells. Myofibroblasts within smooth muscle bundles were only observed in
asthmatics, some of them displaying a close contact with ASM cells.
Conclusion: In asthma, airway myositis is characterised by a direct interaction between ASM cells and mast
cells and lymphocytes. Smooth muscle remodelling was present, including cell hypertrophy and abnormal
extracellular matrix deposition moulding ASM cells.

A
sthma is an inflammatory disease characterised by
bronchial hyperresponsiveness and infiltration of airway
mucosa by several cell types including eosinophils and

activated mast cell. Several studies have previously reported
such an inflammatory response within the airway mucosa and
fewer reports have provided ultrastructural data.1–7 Until
recently, however, the study of inflammation was limited to
the submucosa whereas the airway smooth muscle (ASM) was
strictly considered as an effector that contracts and/or
proliferates in response to inflammatory cell products.

It has recently been clearly demonstrated that mast cells also
infiltrate the smooth muscle layer and that the number of mast
cells infiltrating the smooth muscle is closely related to
hyperresponsiveness.8 The mechanism of such mast cell
infiltration involves the secretion of chemotactic factors by
the ASM cells itself, including transforming growth factor b1,9

CXCL10 (IP10),10 and CX3CL1 (fractalkine).11 Mast cells can
produce a variety of lipid mediators, proteases, and cytokines
that may interact with ASM cells, and in vitro studies have
shown that mast cell products induce both bronchial hyperre-
sponsiveness and ASM cell proliferation.12 13 Other reports have
suggested that T lymphocytes may also interact with ASM cells,
and ligands involved in T cell activation have been detected at
the surface of the ASM cells obtained from asthmatic
tissues.14 15 Interactions between monocytes and ASM cells
have also been studied in vitro and may influence tissue
remodelling.16 Taken together, these findings suggest that, in
asthma, the ASM is also infiltrated by a range of inflammatory
cells that may directly interact with ASM cells and influence
their function. However, a direct cell-cell interaction has not yet
been confirmed within the ASM in asthma. Finally, because of
difficulties in obtaining proper biopsy specimens, little is
known about the ultrastructure of the ASM in asthma or the
characteristics of inflammatory cell interactions with ASM
cells.

Using electron transmission microscopy and morphometric
analysis, we provide evidence for the first time that, in
asthmatic patients, ASM cells display particular features of
remodelling associated with direct interactions with mast cells,
lymphocytes, and myofibroblasts.

METHODS
Tissue specimens
Sixteen subjects with asthma and 10 non-asthmatic controls
were prospectively recruited to the study. All gave their written
informed consent to participate and underwent fibreoptic
bronchoscopy. The study received the approval from the local
ethics committee (Comité Consultatif pour la Protection des
Personnes en Recherche Biomédicale).

Asthma was defined according to ATS criteria and hyperre-
sponsiveness was confirmed either by a significant reversibility
(.15% of baseline forced expiratory volume in 1 second
(FEV1)) or a positive methacholine challenge (concentration
provoking a fall in FEV1 of 20% or more (PC20) ,4 mg/ml).
Asthmatic patients were non-smokers and atopy was defined
according to EAACI.17

Control subjects were non-atopic, non-asthmatic patients
with no respiratory history who were undergoing a fibreoptic
fibroscopy because of haemoptysis or an abnormal image on
the chest radiograph. They were asymptomatic, had no
evidence of airway obstruction, and a PC20 for methacholine
.16 mg/ml. Only subjects having a normal fibreoptic investi-
gation and a normal bronchial mucosa were selected as
controls. All control subjects were currently non-smokers or
had stopped smoking for more than 3 years with a smoking
history of less than 10 pack-years. The characteristics of the
study subjects are shown in table 1.

Abbreviations: ASM, airway smooth muscle; FEV1, forced expiratory
volume in 1 second
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Assessable ASM was identified by a pathologist in a blinded
fashion using both morphological characteristics and smooth
muscle a-actin staining. There was assessable ASM in the
biopsy specimens from 14 asthmatics and nine controls. A
mean of 10 serial sections per biopsy were examined for each
subject.

Immunohistochemistry
Specimens were embedded in glycol methacrylate and pro-
cessed as previously described.18 Primary antibodies included
mouse anti-human c-kit (CD117, Dako), anti-tryptase (AA1,
Dako), anti-CD3 (Dako), anti-CD68 (Dako), anti-neutrophil
elastase (NE, Dako), EG2 antibody against the cleaved form of
eosinophil cationic protein (Pharmacia), anti-Ki-67 (MIB-1,
Dako), or the appropriate unrelated antibody. The number of
positive cells was automatically assessed by Quancoul software
(Bordeaux, France) at a magnification of 6200, but only cells
infiltrating the smooth muscle layer were taken into account by
the pathologist.19 Cell counts were expressed as number of cells/
mm2 smooth muscle. The thickness of the subepithelial
membrane was measured 10 times for each subject. Epithelial
integrity, defined as the percentage of length of basement
membrane with intact epithelium and the total area of smooth
muscle layer were assessed20 21 manually in a blinded fashion by
a pathologist using Quancoul software at a magnification of
6200. The smooth muscle area was normalised to the whole
area of the corresponding biopsy and presented as a percentage
of the whole area. The number of ASM cell nuclei was also
assessed manually by a pathologist at a magnification of 6400
and normalised by the surface of the ASM layer.

Electron microscopy
Biopsies were fixed in 2.5% glutaraldehyde in cacodylate buffer,
post-fixed in 1% osmium tetroxide, dehydrated, and embedded
in Epon. For each biopsy specimen, semi-thin sections (1 mm
thick) were cut and stained with alkaline toluidine blue. The
first semi-thin section large enough to span from the
epithelium to the muscular layer was selected. Ten ultrathin
serial sections (60 nm thick) were then cut on diamond knives.
Three of these latter sections were subsequently randomly
selected and placed on grids. Staining was performed with
uracile acetate and lead citrate. Grids were then scanned by
transmission electron microscopy (EM, Tecnai 12, Philips) and

examined by a pathologist from left to right and from top to
bottom to locate every whole nucleated ASM cell and
inflammatory cell. Each ultrathin section was examined in its
entirety.

We evaluated the mean width of both the nucleus and whole
cell measured on sections at the nucleus level from 10
measurements per section. For these measurements, the within
subject variability was assessed by the coefficient of error (a
percentage of standard error of the mean divided by the mean).
Each ASM cell is surrounded by an external lamina or basal
membrane that is well identified using electron microscopy. We
assessed both the mean thickness of the basal membrane from
10 measurements per section and the mean distance between
two ASM cell basal membranes from 15 measurements per
section.

Mast cells were located either in the submucosa or within the
ASM layer—that is, muscular mast cells surrounded by ASM
cells. Mast cells identified by electron microscopy were further
subdivided into normal cells with intact electron dense granules
or degranulated cells either by piecemeal or anaphylactic
degranulation. Piecemeal degranulation was characterised by
the presence of variable losses of dense contents from
granules.4 22 Anaphylactic degranulation was characterised by
extrusion of membrane-free granules into newly formed
degranulation channels in the cytoplasm or through pores in
the plasma membrane to the exterior environment.4 22 Both
mechanisms of mast cell degranulation involved one to all
granules (partially to totally degranulated mast cells). As
previously described, the variable ultrastructural patterns of
mast cell granules were classified as cored (homogeneously
dense granules almost impenetrably black), scrolled (scrolled
matrix free of particulate material), particulated (granule
content varying from finely particulate to stippled or ropey),
or mixed (mixtures of these patterns).4 22 Myofibroblasts were
identified according to morphological criteria described by
Eyden.23 Specific ultrastructural characteristics are the presence
of fibronexus defined as the cell surface point of convergence of
intracellular myofilaments and extracellular fibronectin fila-
ments, cell surface component referred to as basement
membrane-like material, and poorly developed smooth muscle
myofilaments.

Computerised photographs and measurements were per-
formed in a blinded fashion using the Analysis Soft Imaging

Table 1 Characteristics of study subjects

Asthmatics
(n = 14)

Controls
(n = 9) p value

Asthma severity
GINA 1 (n) 2 0
GINA 2 (n) 2 0
GINA 3 (n) 2 0
GINA 4 (n) 8 0

Asthma history (years)* 25.8 (4.2 ) 0.0 (0.0 )
Current treatment�

SABA (n) 14 0
ICS (n) 10 0
LABA (n) 4 0
Pred (n) 2 0

Sex (M/F) 5/9 6/3
Age (years)* 43.7 (4.7 ) 47.8 (5.4 ) 0.40
Atopy Yes No
FEV1 (%)* 84.7 (7.2) 95.1 (3.8) 0.34
FVC (%)* 100.4 (5.6) 96.6 (3.3) 0.70

*Values are mean (SE).
�Treatments are short acting b2 agonist (SABA), inhaled corticosteroid (ICS), long acting b2 agonist (LABA), or oral
prednisolone 20 mg/day (Pred).
GINA, Global Initiative for Asthma. FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity.
p values from one way analyses of variance tests are indicated.
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System and mast cell granules were counted visually at a
standard magnification of 616500.

Statistical analysis
Subject characteristics, epithelial integrity, ASM cell nuclei
concentration, and smooth muscle area, expressed as mean
(SE), were normally distributed and compared with one way
analyses of variance (ANOVA) tests. Subepithelial membrane
thicknesses were measured 10 times for each subject and were
compared with repeated measures ANOVA. Cell counts,
expressed as median (interquartile range), were not normally
distributed and were thus compared using the one way
analyses of variance Kruskal-Wallis tests. Correlations between
FEV1 and inflammatory cell counts were performed using
Spearman correlation rank tests. Data on ultrastructural
characteristics are reported as mean (SE) values and were
compared using one way analyses of variance ANOVA or
unpaired t tests. The presence/absence of myofibroblasts
between ASM cells in asthmatic and non-asthmatic bronchi
were compared using Fisher’s exact test. All analyses were
performed with NCSS software (NCSS Statistical software,
Kaysville, UH, USA).

RESULTS
Airway remodelling
Specimens from asthmatic patients were characterised by
epithelial damage and a thickened subepithelial membrane
compared with control specimens. The epithelial integrity was
lower in asthmatics than in control subjects (48.9 (3.5)% v 72.2
(2.3)%, p,0.0001), and the subepithelial membrane was
thicker in asthmatics than in controls (8.2 (0.6 mm v 4.7
(0.8) mm, p,0.0001).

Specimens from asthmatic patients were also characterised
by a thickened ASM. The normalised smooth muscle areas for
asthmatic and control subjects were 39.9 (3.6)% and 20.8
(3.8)% of total area, respectively (p = 0.002). The number of
ASM cell nuclei/mm2 was not significantly different between
asthmatics and controls (1081 (129) v 926 (76), p = 0.38).
Whereas Ki67 positive cells were found within the epithelial
layer, no Ki67 positive cells were found in the smooth muscle
layer from asthmatic patients or control subjects. No aspect of
mitoses was found in the smooth muscle layer. Eosinophilic
infiltration of the submucosa was seen in asthmatic specimens
compared with controls (median (IQR) 19.4 (14.4–45.1) v 0.0
(0.0–1.2) cells/mm2, p,0.0001).

Infil tration of ASM by inflammatory cells
Immunohistochemical analysis revealed the presence of more
mast cells and lymphocytes within the ASM layer from
asthmatic patients than from control subjects (table 2). Only
cells surrounded by ASM cells were considered as muscular
inflammatory cells (fig 1).

There was no significant correlation between asthma severity
according to FEV1 and smooth muscle infiltration by any
inflammatory cell types (data not shown). In two samples from
asthmatic patients we detected the presence of eosinophils in
the smooth muscle layer associated with a very high concen-
tration of eosinophils in both the epithelium and submucosa.

Ultrastructural analysis of ASM cells
An ultrastructural analysis of the smooth muscle was
performed in Epon embedded samples from nine asthmatic
subjects and five controls. ASM cells were characterised by a
spindle shape, an elongated nucleus with a blunt end, and the
presence of dense bodies within the cytoplasm corresponding to
the organisation of smooth muscle myofilaments (fig 2). The
morphometric parameters of ASM cells from asthmatics and
controls are shown in table 3. The mean ASM cell size was
larger in asthmatic patients than in control subjects whereas
the within subject variability was similar (2.1% and 2.3%,
respectively). We also observed significant variations in ASM

Table 2 Counts of inflammatory cells (per mm2) infiltrating ASM of asthmatic and control
subjects

Asthmatics
(n = 14)

Controls
(n = 9) p values

CD117 16.3 (2.5–51.0) 4.4 (0.0–10.8) 0.04
AA1 19.6 (0.0–37.6) 4.4 (0.0–10.8) 0.04
EG2 0.0 (0.0–0.0) 0.0 (0.0–0.0) 0.57
CD3 9.2 (4.7–15.3) 0.0 (0.0–6.0) 0.02
CD68 3.9 (0.0–10.1) 0.0 (0.0–3.8) 0.17
NE 0.0 (0.0–0.0) 0.0 (0.0–0.0) 0.90

Values shown as median (interquartile range).
p values from one way analyses of variance Kruskal-Wallis tests are indicated.

A

ASM

ASM

B

Figure 1 Infiltration of asthmatic airway smooth muscle (ASM) by
inflammatory cells. (A) Mast cells are stained with antitryptase antibody. (B)
Lymphocytes are stained with anti-CD3 antibody. Arrows indicate cells
within the ASM layer. Sections are counterstained with Mayer’s
haematoxylin. Bars represent 50 mm.
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cell basement membrane thickness and in extracellular matrix
deposition. When comparing both groups, mean ASM cell basal
lamina thickness was larger in asthmatic patients. The extra-
cellular matrix was frequently organised into large numbers of
moulding ASM cells and displayed non-fibrillar ultrastructural
features (fig 2A, B). These features were not observed in
specimens obtained from non-asthmatic controls (fig 2C, D).

Ultrastructural analysis of cells infi ltrating the smooth
muscle layer
As mentioned above, we analysed various cell types infiltrating
the smooth muscle layer and only considered cells totally
surrounded by ASM cells.

Mast cells
In asthmatic specimens the muscular mast cells were smaller
than the submucosal mast cells (143.9 (5.3) v 259.9 (22.1) mm2,
p = 0.01) whereas their nuclear area was not significantly
different (38.7 (2.1) v 67.2 (9.6) mm2, p = 0.09). Muscular mast
cells had very few short cytoplasmic processes or pseudopods
compared with submucosal mast cells. Nevertheless, they had
close contacts with ASM cells (fig 3A) which was also observed
in control specimens (fig 3B). Muscular mast cells displayed a
pattern of degranulation with a mean number of granules
lower than that of submucosal mast cells (19.1 (1.6) v 55.2
(8.1) mm2, p = 0.02). Nevertheless, the mean area of these
granules was similar in both muscular and submucosal mast

A

C D

B Figure 2 Ultrastructural characteristics of
airway smooth muscle (ASM) cells and
extracellular matrix deposition. Longitudinal
sections show a thicker extracellular matrix
deposition (arrows) surrounding ASM cells in
(A) an asthmatic patient than in a control
subject (C). In transverse sections the
extracellular matrix is frequently organised
into large bland amounts of matrix protein
deposits (arrows) moulding ASM cells in
asthmatic patients (B); this feature was not
observed in control subjects (D). Bars
represent 10 mm.

Table 3 Morphological parameters of ASM cells from asthmatic and control subjects

Whole cell mean
size (mm)

Nuclei mean size
(mm)

Distance between
ASM cell BM (mm)

ASM cell BM
thickness (mm)

Presence of myofibroblasts
between ASM cells

Asthmatics
1 9.92 4.43 1.33 1.61 No
2 8.20 6.26 0.81 0.75 Yes
3 11.06 3.01 1.57 2.62 Yes
4 7.29 3.12 0.52 1.00 Yes
5 7.83 4.71 1.14 0.62 Yes
6 6.33 7.01 1.39 1.70 No
7 14.31 9.53 1.95 1.28 Yes
8 9.75 2.19 0.84 0.94 Yes
9 10.88 3.68 1.21 1.82 Yes
Mean (SE) 9.5 (0.8) 4.9 (0.8) 1.2 (0.1) 1.4 (0.2)

Controls
1 5.60 3.01 1.60 0.60 No
2 6.30 3.52 1.56 0.61 No
3 7.51 4.61 1.28 0.66 No
4 7.76 5.01 1.71 1.01 No
5 6.12 3.81 1.34 0.63 No
Mean (SE) 6.7 (0.4) 4.0 (0.4) 1.5 (0.1) 0.7 (0.1)
p values 0.03 0.43 0.17 0.04 0.02

p values from one way analyses of variance or Fisher’s exact tests are indicated.
ASM, airway smooth muscle; BM, basal membrane.
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cells (1.5 (0.3) v 2.0 (0.1) mm2, p = 0.11), although their
ultrastructural appearance was different. From a total of 523
granules, the mean (SE) percentage of cored granules was 75.3

(13.2)% in the smooth muscle layer and only 17.6 (5.2)% in the
submucosa (p = 0.001). The percentages of scrolled, particu-
lated, or mixed granules were not significantly different
between the two sites.

A

SM

SM

SM

*

*

B

Figure 3 Ultrastructural characteristics of mast cells in the airway smooth
muscle (SM) layer of (A) asthmatic subjects and (B) controls. The mast cells
(*) are small and display few cytoplasmic pseudopods and granules in
asthmatic patients. In controls the mast cells (*) are larger, display more
cytoplasmic pseudopods, and contain more electron dense granules. Bars
represent 5 mm.

A

C D

B

SM

SM

SM

SM

*

*

**

SM

Figure 4 Ultrastructural features of mast cell
(*) degranulation in the airway smooth
muscle (SM) layer observed in a
representative specimen from an asthmatic
patient. (A) Piecemeal degranulation with
completely or partially empty non-fused
granules. (B) Whole degranulation with
totally empty non-fused granules. (C)
Anaphylactic degranulation with granule
fusion, alteration of granule content, and
degranulation channel formation. (D)
Exocytosis of altered membrane-free
granules. Bars represent 2 mm.

A

B

Figure 5 Ultrastructure of secretory granules of mast cells in the airway
smooth muscle layer of (A) asthmatics and (B) controls. Granules are
predominantly dense cored (arrows) in asthmatics and scrolled (arrows) in
control subjects. Bars represent 1 mm.

12 Begueret, Berger, Vernejoux, et al

www.thoraxjnl.com

 on M
ay 23, 2023 by guest. P

rotected by copyright.
http://thorax.bm

j.com
/

T
horax: first published as 10.1136/thx.2006.062141 on 22 D

ecem
ber 2006. D

ow
nloaded from

 

http://thorax.bmj.com/


When the asthmatic subjects and controls were compared,
muscular mast cells in asthmatic patients had fewer cytoplas-
mic pseudopods and were smaller than those of control subjects
(143.9 (5.3) v 386.7 (68.4) mm2, p = 0.03). Furthermore, most
of the muscular mast cells from the asthmatic group were
partially or totally degranulated; this was not seen in the
control group. Degranulation corresponded to the loss of dense
content from granules (fig 4A, B). Again, the mean number of
granules was lower in the smooth muscle layer in asthmatic
subjects than in controls (19.1 (1.6) v 99.0 (26.0) mm2,
p = 0.03). These losses were either focal within single granules,
complete losses of single granule contents, or partial to
complete losses of dense material from variable numbers of
cytoplasmic granules. The end result of such granule loss was
the presence of non-fused, empty, electron lucent granule
containers in undamaged mast cells. Some of these containers
were larger than the granules. Morphological evidence for
‘‘anaphylactic’’ degranulation was infrequent and was observed
in one case in the ASM (fig 4C) and in two cases in the
submucosa. Features of mast cell degranulation by exocytosis
or discharge of the granule contents were observed in the
interstitial matrix and in the ASM (fig 4D). Some of these mast
cell granules in the ASM layer were very close to ASM cells.
Again, none of these features was observed in control subjects.
The percentage of cored secretory granules in muscular mast
cells from asthmatics was higher than that of controls (75.3
(13.2)% from 57 granules v 9.0 (4.0)% from 198 granules,
p = 0.03; fig 5A), whereas the percentage of scrolled granules in
muscular mast cells from asthmatics was lower than that of
controls (12.0 (7.1)% v 86.5 (4.5)%, p = 0.01; fig 5B). The
extruded granules were always altered dense cored membrane-
free granules.

Other cells
Inflammatory cell infiltration in the bronchial muscular layer
also included lymphocytes, monocytes/macrophages, and rare
neutrophils as observed using immunohistochemistry. Close
contacts were observed between lymphocytes and ASM cells
(fig 6). By contrast, no eosinophils were detected in the ASM
using electron microscopy in asthmatic or control subjects.
Some basophils were identified in the submucosa of two
asthmatic patients but not within the smooth muscle layer.

Besides mast cells, myofibroblasts were the cells most
commonly observed within the ASM, occurring in seven out
of nine asthmatic patients between ASM cell bundles (fig 7A).
They were defined by spindle cells displaying prominent rough
endoplasmic reticulum, a cell surface component referred to as
basement membrane-like material sometimes with fibronexus
features, and poorly developed smooth muscle myofilaments.
Some of these myofibroblasts had close contact with mast cells
and ASM cells (fig 7B). The presence of fibroblasts within the
ASM layer was observed in both asthmatic and control groups
with no ultrastructural differences.

DISCUSSION
Chronic inflammation is recognised as an important aspect of
the pathogenesis of asthma, leading to architectural remodel-
ling. In the airways it is suggested that this remodelling
(collagen deposition and/or altered distribution, mucous gland
hypertrophy, neovascularisation, smooth muscle hyperplasia/
hypertrophy) contributes to long term irreversible changes,
fixed obstruction, and severity of the asthmatic disease.

In the present study ASM remodelling24 was found in all
asthmatic specimens and could not be observed in specimens
from controls. Our control subjects were asymptomatic, non-
asthmatic and non-atopic, with no respiratory history. All of the

A

SM

*

*

SM

SM

SM

B

Figure 6 Ultrastructural appearance of interactions between lymphocytes
and airway smooth muscle (SM) cells from an asthmatic patient. (A) A
lymphocyte (*) with a regular nucleus does not interact directly with the SM
cell. (B) An activated lymphocyte (*) with a large cleaved nucleus interacts
with the thick extracellular matrix surrounding the airway SM cell. Bars
represent 5 mm.

A

M

SM

SM

SM

M

*

B

Figure 7 Myofibroblast within airway smooth muscle layer from asthmatic
patient. (A) A spindle myofibroblast (M) is located between two airway
smooth muscle (SM) cells. (B) A myofibroblast (M) directly interacts with a
degranulating mast cell (*) with close cell-cell contact. Bars represent 5 mm.
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asthmatic patients were atopic and therefore our results may
not be generalisable to all asthmatics. It concerned both ASM
and related cells. ASM cells in asthmatics were larger, which
agrees with the findings of previous studies reporting ASM cell
hypertrophy in asthma,21 25 although a recent study failed to
confirm this observation.26 In our specimens no ultrastructural
features of ASM cell mitoses were observed, suggesting the
absence of proliferation activity. This finding was strengthened
by the absence of Ki67 staining within the smooth muscle layer,
although a study specifically aimed at examining hyperplasia
was not performed. These results are not directly comparable to
those recently published by Woodruff and colleagues who
reported hyperplasia of ASM cells and a lack of hypertrophy in
mild and moderate asthma.26 While we measured the actual
surface of the cells using electron microscopy, Woodruff and co-
workers calculated the volume of cells from the number of cells
analysed by optical microscopy.26 With regard to the extra-
cellular matrix, we observed a thicker ASM cell basement
membrane and large amounts of bland matrix protein deposits
close to ASM cells with features of moulding. Such intercellular
protein deposition was a consistent ultrastructural feature that
has never previously been reported in asthmatic airways. These
ultrastructural data thus show that the increase in bronchial
muscle mass in asthma is multifactorial and includes ASM cell
hypertrophy, basal lamina thickening, increased extracellular
matrix deposits, and collagen deposition within and around
ASM bundles.

In these experiments, immunohistochemistry and electron
microscopy confirmed the previous finding of mast cell myositis
in asthma.27 Previous observations of large amounts of mast
cells infiltrating the ASM have been particularly in cases of
severe asthma.9 28 However, the relationship between mast cell
myositis and asthma severity is not clear. In our study there
was no correlation between asthma severity and mast cell
infiltration of the smooth muscle layer. It should also be noted
that mast cell infiltration of the ASM is correlated with airway
obstruction in other diseases such as COPD.29 30

Besides a quantitative approach based on immunohisto-
chemistry, it is important to document qualitative aspects using
electron microscopy. As already reported, electron microscopy
and morphometric analysis provide evidence for human
bronchial mast cell heterogeneity. In the mucosa, mast cell
degranulation increasing from the lumen towards the periph-
eral tissue has been reported.4 This gradient probably accounts
for the apparent heterogeneity in bronchial mast cells. In our
study mast cell degranulation in asthmatic tissue also increased
from the lower level in the submucosa to the muscular layer.
The total number of mast cell granules was lower in the ASM
and the ultrastructural appearance of the granules was
different. There was also a significant reduction in mean mast
cell area from the submucosa to the muscular layer.
Morphologically, muscular mast cells have shorter cytoplasmic
processes or pseudopods than submucosal mast cells. This may
suggest that submucosal mast cells are in transit, migrating
either towards the subepithelium or towards the muscular
layer, as these two locations are effective sites of mast cell
adhesion and/or activation. Two patterns of degranulation were
observed—one defined by partially or largely empty secretory
cytoplasmic granules and the other by secretory granule
exocytosis in the extracellular matrix. This latter pattern was
observed in the submucosa and in the muscular layer, along
with the presence of free altered granules in the connective
tissue. In some cases, free secretory granules were observed
very close to ASM cells, further confirming that the muscular
layer is an effective site of mast cell degranulation. In addition,
the ultrastructural appearance of mast cell granules shows that

most mast cells infiltrating the smooth muscle layer contain
cored granules.

Using both optical and electron microscopy, we found that,
besides mast cells, other inflammatory cells were located within
the smooth muscle layer. Lymphocytes and macrophages were
the most frequently observed cells, but only the number of
lymphocytes was significantly higher in asthmatic patients.
This observation has not been made previously, although
lymphocyte infiltration has already been reported in some
asthmatic patients.8 Immunohistochemistry and morphological
analyses indicate that these lymphocytes are T cells, sometimes
irregularly shaped, and displaying a close contact with both
ASM cells and myofibroblasts. These results are in agreement
with the recent finding that smooth muscle cells from both
normal and asthmatic subjects express the OX40 ligand, a
member of the TNF receptor family, and interact with T cells
that express OX40 following the activation of the T cell
receptor.15 Activation of OX40 by OX40L would thus result in
production of interleukin 6 by ASM cells and facilitate the Th2
response. In addition, such an interaction would strengthen the
recent hypothesis that activated CD4+ T cells drive ASM
remodelling through a direct cell-cell interaction.24

Myofibroblasts were also detected between ASM bundles
from seven out of nine asthmatic patients. This cell type
remains particularly difficult to define since it expresses
features from both smooth muscle cells and fibroblasts.
Circulating fibrocytes have been shown to differentiate into
bronchial myofibroblasts after allergen exposure in asthmatic
mice.31 In addition, tryptase stimulated human fibroblasts
express smooth muscle a-actin and thus become myofibro-
blasts that are able to contract a collagen matrix in vitro.32 This
finding is consistent with the close relationship observed in the
present study between mast cells and myofibroblasts (fig 7B).
Moreover, such an interaction is in agreement with the very
recent observation that myofibroblasts from asthmatic subjects
produce smooth muscle related transcripts after stimulation by
transforming growth factor b.33 Myofibroblasts are not correctly
detected by conventional morphological or immunohistochem-
ical techniques since they do not express specific markers. They
are positive for both smooth muscle actin and vimentin
antigens like ASM cells. In this study we used previously
published ultrastructural criteria to precisely define myofibro-
blasts as spindle cells with prominent rough endoplasmic
reticulum, fibronexus, and basement membrane-like material.23

Their presence, restricted to asthmatic patients, could con-
tribute to ASM cell hyperplasia. However, further studies are
needed to show that these myofibroblasts can effectively
differentiate into actual ASM cells. Myofibroblasts could
therefore be viewed as a precursor of smooth muscle cells,23

but also as the result of a dedifferentiation process of the
smooth muscle.

Taken together, these results indicate that, in atopic
asthmatic patients, the ASM is infiltrated by several inflam-
matory cells among which mast cells and lymphocytes may play
a specific role. Electron microscopy has revealed close contact
between the products of mast cell degranulation and the
smooth muscle cells, in agreement with previous in vitro
studies of the effect of stored mediators on smooth muscle
function. Other cells detected in the ASM are lymphocytes and
myofibroblasts; these may have an important role in the initial
response to allergen and in the remodelling process, respec-
tively.
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