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ABSTRACT: The aim of this study was to elucidate the mechanism of the forma-
tion of the widespread mucous-plugging observed in autopsied lungs from patients
with bronchial asthma.

We performed morphometric analysis of airways of autopsied lungs from eight
patients with bronchial asthma (Group BA), and compared it with those of six
chronic bronchitics (Group CB) and four control patients (Control). The following
parameters were measured in paraffin sections: volume proportion of bronchial
glands to bronchial wall (Gland%); goblet cell granules to total epithelial layer
(Goblet%); intraluminal mucus expressed as the mucus occupying ratio (MOR);
volume ratio of intraluminal mucus continuous with goblet cells to total intralumi-
nal mucus (V¢/Viot%); and surface ratio of the contact surface of intraluminal mucus
continuous with goblet cells to the total luminal surface (Sc/Stot%).

Gland %, Goblet%, and MOR or inflammatory cell numbers in the airway walls
both from Group BA and CB were larger than those from the Control group.
However, no significant differences were observed between Group BA and CB in
Gland %, Goblet%, MOR or inflammatory cell numbers, except for the eosinophil
number: i.e. 2313, 2243 and 6£2% in Gland % ; 2219, 5+4 and 2+2% in Goblet%:;
1043, 1843 and 0.330.5% in MOR; 199468, 10+3 and 212 cellss'mm-2 in eosinophil
number of the peripheral airways from Groups BA, CB and Control, respectively.
In contrast, marked and significant increases were observed both in Vc/Vtot% and
Sc¢/Stot% in Group BA compared to Groups CB and Control both in central and
peripheral airways: i.e. Vc/Vtot% in the peripheral airways was 535, 4+3 and
0.8+0.8% from Groups BA, CB and Control, respectively (BA vs CB or BA vs
Control, p<0.01 each).

These findings suggest that the continuity of goblet cells and intraluminal mucus
or lack of full release of mucus, from goblet cells, is peculiar to asthmatic airways,
and may contribute to the formation of mucous-plugs.
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It is possible that, in addition to bronchoconstriction
and mucosal oedema, mucous plugs contribute to airway
obstruction and death in bronchial asthma, since large
amounts of mucous-plugging are observed in airways in
the autopsied lungs of patients with bronchial asthma
[1-3]. For example, SAETTA et al. [4] have reported that
asthmatic patients who died suddenly and unexpectedly
showed occlusion of the lumen by mucous plugs, plas-
ma exudate and inflammatory cells in the peripheral air-
ways of autopsied lungs. Airway glandular hyperplasia,
goblet cell hyperplasia and/or hypertrophy are patholo-
gical characteristics of bronchial asthma similar to those
observed in chronic bronchitis [5, 6]. It is also known
that a significant amount of intraluminal mucus is pre-
sent in the airways of patients with chronic bronchitis, to
a degree similar to those of patients with bronchial asthma
[7]. However, Cosio et al. [8] found that mucus and cells
in the lumen of peripheral airways from surgical speci-
mens were of no definite significance with respect to pul-
monary function in chronic obstructive pulmonary disease.

Thus, the significance of intraluminal mucus in the air-
ways seems to be different in bronchial asthma and chro-
nic bronchitis. However, it is uncertain whether there are
any differences in luminal mucus or mucous-plugging
between bronchial asthma and chronic bronchitis.

There have been no reports of a morphometric com-
parison of intraluminal mucus in the airways of patients
with bronchial asthma and chronic bronchitis, with par-
ticular reference to the formation of mucous-plugging.
From autopsied lungs, we have noted that the continu-
ity of goblet cells intracellular mucus and airway mucus
seems to be more prevalent in bronchial asthma, com-
pared to the airways from chronic bronchitics. In the
present study, therefore, we used morphometric techni-
ques to analyse intraluminal mucus from the autopsied
lungs of patients with bronchial asthma, and compared
it with those from patients with chronic bronchitis, in
order to obtain novel information concerning the for-
mation of mucous-plugging in the airways of patients
with bronchial asthma.
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Methods

Subjects

Autopsied lungs from eight patients with bronchial
asthma (Group BA), six patients with chronic bronchitis
(Group CB) and four control patients (Control) were
obtained after consulting the medical records over the
past 10 yrs at Tohoku University Hospital, National Sen-
dai General Hospital and Hiraga General Hospital. Clinical
and laboratory data from the patients are shown in table
1. Control lungs were obtained from four patients who
died of nonrespiratory diseases and all were clinically
free of respiratory diseases (table 1). Diagnosis of bronchial
asthma and chronic bronchitis was in accordance with
the definition of the American Thoracic Society (ATS)
committee [9]. The patients with bronchial asthma were
all of the intrinsic type, as defined by Rackemann [10].

Group BA included three out-patients who arrived at
the hospital in status asthmaticus and died 3-8 h after
the onset of the last asthma attack in spite of intensive
care (BA Nos. 1-3 in table 1) (subgroup BA-I). The other
five patients in Group BA had been in the hospital 1-6
months for treatment of chronic severe asthma and had
died of chronic respiratory failure, sepsis, systemic cyto-
megalovirus infection or pulmonary embolism (BA Nos.
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4-8 in table 1) (subgroup BA-II). All patients with chro-
nic bronchitis were defined as having chronic obstruc-
tive mucopurulent bronchitis according to the British
Medical Research Council definition of chronic bronchi-
tis [11], and also had diffuse panbronchiolitis as descri-
bed by Homma et al. [12]. Patients with chronic bronchitis
had chronic sputum production (>10 mL-day!) for at
least 5 yrs and had chronic airflow limitation. The patients
with chronic bronchitis were confirmed to be free of pul-
monary emphysema both by selective alveolobroncho-
grams [13] and histological examination of the autopsied
lungs, and all died of chronic respiratory failure.

There were no significant differences in age, sex, smok-
ing history, or duration of symptoms and medical history
between Groups BA and CB, except for the duration of
steroid therapy. Sputum volume per day was assessed as
the means of 6 days or more at times when the patients
were not suffering from respiratory infection or asthma
attacks whilst in the Tohoku University Hospital. Pulmo-
nary function tests were performed 1 month to 2 years
before death.

Morphometry

All lungs were fixed within 24 h of death. All left
lungs were fixed by immersion in 10% formalin for 3
weeks or more, and used for the measurement of airways

Table 1. — Clinical and laboratory data from each subject with bronchial asthma and chronic bronchitis
Pt Age Sex Duration* Smoking  Sputum vC FEV1 Steroid Cause of death
No. habit volume dosage**

yrIs yrIs mL-day-! L % pred L % pred mgday!
Bronchial asthma patients (Group BA)
1 44 M 1 Ex-sm. 4.67 122 2.96 63 15 Acute asthma attack
2 52 M 10 Ex-sm. - - - - - 14 Acute asthma attack
3 73 F 10 Nonsm. - 253 153 1.73 68 10 Acute asthma attack
4 69 F 6 Nonsm. 20 293 133 1.86 64 10 Sepsis
5 63 F 4 Nonsm. 80 1.13 50 0.55 49 24 Chronic respiratory failure
6 63 F 12 Nonsm. 20 1.54 62 0.49 32 48 Chronic respiratory failure
7 71 M 12 Ex-sm. 40 2.04 92 1.52 55 40 Cytomegalovirus infection
8 37 M 1 Ex-sm. 5 505 127 3.62 72 24 Pulmonary embolism
Mean 59 7 33 2.84 106 1.82 58 23
ISEM *5 2 13 +0.57 #£15.1 +0.44 x5 5
Chronic bronchitis patients (Group CB)
1 80 M 10 Ex-sm. 100 1.69 60 0.71 46 34 Chronic respiratory failure
2 53 F 17 Nonsm. 70 2.81 100 1.23 42 38 Chronic respiratory failure
3 64 M 6 Ex-sm. 100 2.79 89 1.12 39 15 Chronic respiratory failure
4 49 M 28 Nonsm. 80 2.72 65 0.49 36 40 Chronic respiratory failure
5 31 M 5 Ex-sm. 50 4.24 96 291 69 20 Chronic respiratory failure
6 61 M 23 Nonsm. 80 1.60 50 0.68 38 20 Chronic respiratory failure
Mean 56 15 80 2.64 75 1.19 45 28
tSEM 17 +3 +19 +0.39 +4 +0.36 5 +4
Control patients
1 72 F - Nonsm. - - - - - - Gastric cancer
2 69 M - Smoker - - - - - - Acute myocardial infarction
3 53 M - Nonsm. - - - - - - Colon cancer
4 61 M - Ex-sm. - - - - - - Acute myocardial infarction
Mean 64
+sem +4

#: duration of symptoms; *: sputum volume unknown; **: dosage during the last month, calculated as prednisolone. Pt: patient;
M: male; F: female; VC: vital capacity; % pred: percentage of predicted value; FEV1: forced expiratory volume in one second;

Ex-sm: ex-smoker; Nonsm: nonsmoker.
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intraluminal mucus as described previously [7]. Ten blocks
from the upper and lower lobes that were macroscopi-
cally free of pneumonia were chosen at random for paraf-
fin sectioning. Histological sections were cut 4 pm thick
and stained with haematoxylin and eosin and elastic
(Weigert)-Masson stains. The sections stained with hae-
matoxylin and eosin were used for cell counts in airway
walls and those stained with elastic-Masson stain were
used for morphometric measurements. With the elastic-
Masson rather than haematoxylin and eosin staining, the
basement membrane could be observed more clearly and
"mucus"” could be distinguished from "exudate" more ea-
sily because of the fibrous structure of mucus.

Central and peripheral airways were defined as those
with and without cartilage, respectively. In each case, 25
or more peripheral airways and 10 or more central air-
ways, cut vertically in section profile, were chosen at
random for morphometry of intraluminal mucus. The fol-
lowing morphometric measurements were performed by
two observers without knowledge from which group the
paraffin sections had come, and the mean value was used
for data analysis. Firstly, the length of the basement mem-
brane, inside area of the airway, and the mucus area were
measured with a digitizing tablet coupled to a computer,
using an image on a television monitor obtained direct-
ly from the microscope (PC-9801; NEC Corp., Tokyo,
Japan; and LA-500; PIAS Co., Tokyo, Japan) [7]. To
avoid any variation caused by differences of expansion
among samples on immersion fixation, the luminal area
was estimated by assuming the circumference of a circu-
lar airway. Luminal or internal diameter was also estima-
ted by assuming a circular airway [7]. The area proportion
of mucus was determined as the ratio of mucus to air-
way lumen, i.e. the ratio of the sum of mucus area to the
sum of calculated luminal area in each patient was regar-
ded as the "mucus occupying ratio" (MOR) [7].

Using the same bronchial specimens described above,
the area proportion of glands (Gland%) was determined
by measuring the area of the bronchial wall excluding
that with cartilage using an image of each bronchus pro-
jected onto a digitizing tablet coupled to a microcom-
puter. Gland% was determined as the ratio of gland areas
summed to the corresponding wall area in each subject.
Simultaneously, the area proportion of mucus within gob-
let cells or goblet cell granules to total epithelial layer
(Goblet%) was measured both in central and peripheral
airways. Twenty or more visual fields, at a magnifica-
tion x400, in each airway were chosen at random for
goblet cell morphometry. The epithelial area obtained in
this manner occupied 20% or more and 60% or more of
the total length of the epithelial layer in central and peri-
pheral airways, respectively. Since some epithelial cell
layers were observed to be detached, airways with >75%
of the epithelial layers intact were chosen for morphomet-
ry, and such airways were >90% of the total airways obser-
ved in the present study. Goblet% was determined as the
ratio of the sum of goblet cell intracellular mucus or gran-
ule area to that of the epithelial layer in each subject.

Some intraluminal mucus remained attached to goblet
cells in the airways (fig. 1), suggesting the lack of full
release or adhesion of the mucus to goblet cells, and this
finding was particularly so far the airways from Group
BA. In order to analyse quantitatively the adhesion of in-
traluminal mucus, the following parameters were adopted

Fig. 1. — A light micrograph of peripheral airway from a female
patient (aged 73 yrs) with bronchia asthma. Continuity of intraluminal
mucus to goblet cells (arrows) can be seen, with marked goblet cell
hyperplasia. (Elastic (Weigert)-Masson stain; internal scale bar=100
pm).

for the present morphometric study. Namely, the area
of intraluminal mucus continuous to goblet cells was
measured and the ratio of this sum (Vc) to the sum of
total intraluminal mucus (Vtot) was defined as the con-
tinuous ratio in volume density (Vc/Viot%). Furthermore,
the contact length of intraluminal mucus continuous to
goblet cells was measured and the ratio of the sum of
contact length (Sc) to the sum of total luminal length
(Stot) was defined as the continuous ratio in surface den-
sity (Sc/Stot%).

Various cell types in the subepithelial layer of the cen-
tral airways or in the whole layer of the peripheral air-
ways were identified and counted at x400 magnification.
The number of each cell type counted was then expressed
as the number per square millimetre of airway wall in a
section 4 nm thick. In sections taken from the central air-
way, various cell types were counted randomly in an area
of submucosal tissue 0.25 mm in arc length extending bet-
ween the epithelium and cartilage. The number of each
cell type counted was then expressed as the number per
square millimetre in the paraffin sections in each patient.

Statistics

Data are expressed as meantsem. For mean compari-
sons, the Student's two-tailed unpaired t-test was used
for statistical analysis, and the Cochran-Cox test was
used when Bartlett's test for uniformity of variance showed
it to be nonuniform [14, 15]. Significance was accepted
at p-values less than 0.05.

Results

There were no significant differences in age or smok-
ing habit between the three groups (table 1). Furthermore,
no significant differences in pulmonary function data
were observed between Groups BA and CB. Although
the duration of orally received glucocorticoids in Group
BA (42+14 months) was much longer than that in Group
CB (3.7£1 months), there was no difference in gluco-
corticoid dosage during the last month before death, as
shown in table 1.
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A large amount of mucus was observed in the lumen
in the airways both from Groups BA and CB. Although
hyperplasia and/or hypertrophy of submucosal glands and
goblet cells were observed in patients both from Groups
BA and CB, there was a marked hyperplasia of goblet
cells in the airways from subgroup BA-I. Intraluminal
mucus was observed to be continuous with the goblet
cells and the granules in the patients of Group BA, whilst
there were no or few such findings in patients of Group
CB or Control. A representative light micrograph of peri-
pheral airways of patients with bronchial asthma is shown
in figure 1.

No significant differences in luminal diameters of the
central or peripheral airways were observed between the
three groups. In central airways, the mean luminal dia-
meter (£sem) was 3.220.8, 3.3+0.8 and 3.1£0.3 mm in
Groups BA, CB and Control, respectively. In peripheral
airways, the luminal diameter was 1.0+0.4, 0.74+0.3 and
0.9£0.1 mm in Groups BA, CB and Control, respectively.

Gland% both in Groups BA and CB showed higher
values in comparison to the Control group (p<0.01 for
each); there was no significant difference between Groups
BA and CB. Gland% values were 233, 22+3 and 6+2%
in Groups BA, CB and Control, respectively.

Goblet% values in the central and peripheral airways
of each group are shown in figure 2. Both in central and
peripheral airways, Goblet% from Groups BA and CB
showed higher values compared with the Control group.
However, the differences did not reach a statistical sig-
nificance because of large variances (fig. 2). Furthermore,
there was no significant difference in Goblet% between
Groups BA and CB. In contrast, mean Goblet% values
(£sem) from subgroup BA-I (5144 and 50£5% in the cen-
tral and peripheral airways, respectively) were significa-
ntly higher than subgroup BA-II (9£3 and 5+2%; p<0.05
each), Group CB (4£2 and 2+3%; p<0.01 each) and Con-
trol (4£2 and 2+3%; p<0.01 each).

MOR values both from Groups BA and CB were signi-
ficantly larger than those from the Control group both
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Fig. 2. — Goblet cell volume ratio (Goblet%) of each group (meantsem)
in central ( [_]) and peripheral airways ( ). Both in central
and peripheral airways, Goblet% from bronchial asthma patients (Group
BA, n=8) and chronic bronchitis patients (Group CB, n=6) showed
higher values compared with control patients (Control, n=4). However,
the differences did not reach statistical significance because of large
variances. Furthermore, there were no significant differences in Goblet%
between Groups BA and CB.
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Fig. 3. — Mucus occupying ratio (MOR) of each group (meantsem)
in the central ( [ ) and the peripheral airways ( ™ %) ). MOR
values both from bronchial asthma patients (Group BA, n=8) and chro-
nic bronchitis patients (Group CB, n=6) were significantly larger than
those from control patients (Control, n=4) both in central and periph-
eral airways. However, there was no significant differences between
Groups BA and CB. *: p<0.05; **: p<0.01, compared to the Control

group.

in central and peripheral airways, as shown in figure 3
(p<0.05 and p<0.01, respectively). However, there were
no significant differences between Groups BA and CB.

In contrast, marked and significant increases (10-50
fold) were observed both in Vc/Viot% and Sc/Stot% in
Group BA, compared to those of Groups CB and Control,
both in central and peripheral airways, as shown in fig-
ures 4 and 5. Both V¢/Viot% and Sc/Stot% in Group CB
were similar to those in the Control group (figs. 4 and
5). Even when Group BA was divided into subgroups
BA-I and BA-II, these differences were still statistical-
ly significant. Namely, Vc/Vtot% and Sc/Stot% both from
subgroups BA-I and BA-II were significantly higher than
those from Groups CB and Control (p<0.01 in Vc/Viot%
and p<0.05 in Sc/Stot%, both of central and peripheral
airways). In the peripheral airways, Vc/Viot% was 68£3,
3944, 543 and 0.8+£0.8%, and Sc/Stot% was 10£3, 612,
1£1 and 0.31£0.5% in subgroups BA-I and BA-II, and
Groups CB and Control, respectively. In the central air-
ways, Vc/Viot% was 7113, 4116, 312 and 2+1%, and Sc/
Stot% was 9£1, 712, 0.4£0.8 and 0.2+£0.6% in subgroups
BA-I, BA-II, and Groups CB and Control, respectively.

Compared with those in the Control group (total cells:
152440 cells-mm2), there were significant increases in
the total cell count in the peripheral airways both of
Groups BA and CB (1,3424403 cells-mm-2 in Group BA
and 1,4031411 cellss-mm=2 in Group CB; p<0.05 each).
Significant increases in total cell count were also observed
in the central airways of Groups BA (403183 cells-mm2)
and CB (228488 cells:mm2) compared to the Control
group (103+56 cells:mm-2). The eosinophil count in the
peripheral airways of Group BA showed a significantly
higher value (199168 cells-mm-2) compared to that of
Group CB (1043 cells-mm2) and Control (242 cells-mm-2)
(p<0.05 each). Other cell counts in central or periphe-
ral airways showed no significant differences between
the three groups.
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Fig. 4. — Continuous ratio (meantsem) in volume of intraluminal

mucus to goblet cells (Ve/Viot%) in the central ([ ) and the periph-
eral ( ) airways. Vc¢/Viot% values from bronchial asthma patients
(Group BA, n=8) were 10-50 fold higher than those both from chro-
nic bronchitis patients (Group CB, n=6) and control patients (Control,
n=4) without any difference between Groups CB and Control. *#*:
p<0.001, compared to the Control group.
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Fig. 5. — Continuous ratio (meantsem) in surface of intraluminal

mucus to goblet cells (Sc¢/Stot%) in the central ([ ) and the periph-
eral (%] ) airways. Sc/Stot% values from bronchial asthma patients
(Groups BA, n=8) were 20—40 fold higher than those both from chro-
nic bronchitis patients (Group CB, n=6) and control patients (Control)
without any difference between Groups CB and Control. *: p<0.05;
##: p<0.01, compared to the Control group.

Discussion

Increased production of viscid mucus causing airway
plugging is known to be a common pathological feature
of deaths from asthma [1-4, 16]. On the other hand, there
is also heterogeneity in the asthma population, as to the
cause of death and postmortem findings. For example,
SoBoNYA [17] reported that the amount of mucous plugs,
the size of submucosal glands and smooth muscles in
the airways of bronchial asthma patients, not dying in

status asthmaticus, was not significantly different from
those of nonsmoking controls. In our previous study [18],
we found a significant difference in goblet cell hyper-
plasia, with mucus accumulation in the peripheral air-
ways, between patients who died of severe acute asthma
attack (subgroup BA-I in the present study) and bronchial
asthma patients who died of causes other than status asth-
maticus (subgroup BA-II in the present study).

The difference in the airway mucus might be caused
by differences in the clinical features of asthma; i.e. pres-
ence or absence of asthma attacks, severity of asthma
attacks, duration of history, smoking habit, medication,
treatment and cause of death [17-22].

In the present study, we included patients with both
types of bronchial asthma as Group BA, resulting in no
significant increase in Goblet% of central or peripheral
airways in Group BA, as a whole. Furthermore, there
were no differences in Gland%, Goblet% or MOR bet-
ween Groups BA and CB in the present study, although
these values both from Groups BA and CB were signifi-
cantly higher than those in the Control group.

In contrast, marked and significant differences both in
Ve/Viot% and Sc/Stot%, that represent the adhesion of
intraluminal mucus to the apices of goblet cells or lack
of full release of mucus from goblet cells, were observed
between Groups BA and CB. Namely, both Vc/Vtot% and
Sc/Stot% in Group BA showed 10-50 fold increases com-
pared to those of Group CB, which were the same as
those in the Control group. These differences remained
significant even when Group BA was divided into two
subgroups, BA-I (acute type) and BA-II (chronic type):
subgroups BA-I and BA-II showed significant increases
both in Vc/Vtot% and Sc/Stot% compared to Groups CB
and Control. These findings suggest that continuity or
adhesion of intraluminal mucus to goblet cells is pecu-
liar to the airways of patients with bronchial asthma. To
our knowledge, this is the first report showing a marked
continuity of goblet cells to intraluminal mucus in the
airways of patients with bronchial asthma. It is possible
that altered mucin secretion in goblet cells of asthmatic
airways contributes to this condition, since Group CB
did not show any significant increases in Vc/Vtot% or
Sc/Stot%, compared to the Control group in spite of
increased luminal mucin (MOR) in the airways.

There has been some controversy concerning airway
goblet cell secretion. It has been shown [23] that goblet
cell mucin secretion is not under any pharmacological
control [23]; and some investigators have indicated that
airway goblet cells are unresponsive to f3-adrenergic and
cholinergic stimuli [24, 25]. In contrast, leukotriene D,
is reported to induce secretion of mucus from airway
goblet cells in guinea-pig in vivo [26]. Cultured goblet
cells secrete mucins continuously, probably by a consti-
tutive pathway [27], a pathway similar to intestinal gob-
let cells [28]. However, recent studies [29-32] have
indicated that human neutrophil elastase and exogenous
adenosine triphosphate (ATP) can release mucins from
surface goblet cells through degranulation or exocytosis.
Thus, airway goblet cell mucins seem to be secreted by
two secretory pathways: a constitutive (or vesicular) path-
way and a granular pathway [33].

Although it is still not known which pathway is the
main contributor to the formation of mucous-plugging
or the connection of goblet cells to luminal mucus in the
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airways of patients with bronchial asthma, our hypothe-
sis is as follows. During mucin secretion, the storage gra-
nules and/or vesicles are fused with plasma membrane
in airway goblet cells. Some mucins are released, where-
as other mucins remain attached to the outer plasma mem-
brane [33]. The cell surface mucins can be released by
proteases, such as those released by neutrophils during
airway inflammation or possibly by some endogenous
proteinases under normal physiological conditions [33].
The mechanism by which mucins are anchored to the
plasma membrane remains to be investigated. However,
we speculate that the mucins attached to goblet cell
membranes are markedly increased and/or that the mec-
hanism for the release of the attached mucin is in some
way disturbed in the airways of patients with bronchial
asthma. This is not the case in the airways of patients
with chronic bronchitis that show neutrophil infiltration.
Large numbers of eosinophils and few neutrophils in the
airways of patients with bronchial asthma may be con-
tributing to the lack of release of cell surface-attached
mucins, and thereby to the continuity of luminal mucus
and goblet cells.

Other differences exist between secretions from sub-
mucosal glands and those from goblet cells, i.e. it has
been suggested that goblet cells secrete a more acidic
mucous glycoprotein than do submucosal glands [34].
Sputum samples collected during an asthma attack have
been shown to be more acidic, compared with those not
under going an attack and with other patients with res-
piratory diseases [35]. HoLMmA et al. [36] have reported
that ciliary inhibition is seen in bovine trachea at low
pH, especially near 6.5. This acidic nature of mucus may
contribute to the formation and/or the connection of gob-
let cells to intraluminal mucus.

In conclusion, we suggest that the continuity of sur-
face goblet cell granules and intraluminal mucus is pecu-
liar to the airways of patients with bronchial asthma,
contributing to the formation of mucous-plugging and
resulting in death.
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