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in Hamsters with Elastase-Induced Panacinar Emphysema
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A B S T R A C T A single intratraclheal instillation of
pancreatic elastase in hamsters indtuces a lesion resem-
bling human panacinar emphysema. This paper reports
the occurrence of irreversible goblet cell metaplasia
in the bronchiial epithelitum of hamsters similarly
exposed to elastase. The goblet cell change was dose
related; a dose of 0.1 mg/100 g body wt or less at 16
days, prodtuced slight or moderate goblet cell meta-
plasia in fewer than half the animals, whereas 84% of
animals treated with a dose between 0.2 and 0.5 mg/100
g body wt developed goblet cell metaplastic lesions,
more than half of which were considered to be severe.
The percentage of goblet cells in the epithelium of
elastase-treated hamsters (32.5) was significantly
higher (P < 0.005) than that of tunexposed (12.2)
and saline-exposed controls (18.7). All hamsters exam-
ined 6 and 12 mo after elastase treatment showed the
lesion. The pathogenesis of the changes is unclear
btut the possibility is raised that the bronchial changes
may be dtue to disturbance of an endogenous pro-
tease-antiprotease system. The findings suggest the
hypothesis that, uinder appropriate circu-mstances, a
single puilmonary insult in man could lead to a per-
manent luing injtury demonstrating the anatomic lesions
of both chronic bronchitis and panacinar emphysema.

INTRODUCTION

The increased frequency of severe panacinar emphy-
sema in homozygous alpha-l-antitrypsin deficiency
(ATD)1 is a well documented clinical entity (1-5).
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'Abbreviations uised in this paper: AM, alveolar macro-
phages; ATD, alpha- I-antitrypsin deficiency; BGH, bronchial

It has been suiggested that the emplhysematouis process
might resuilt fromii the uiniinhibited action of elastase,
or an elastase-like protease, liberated from poly-
morphonucelear leuikocytes (PM L) or alveolar macro-
phages (ANI) withini the lung (6-8). The intra-
tracheal instillationi of crystalline, porcine, pancreatic
elastase in hamsters indulces a lesion with many of
the anatomnic and physiologic featuires of htuman pana-
cinar emphysemia. An increase in total lung volume and
mean liniear intercept (NILI) occtur as early as 4 h
after stuch injectionis (9), and later stages of the
injury show destruiction of alveolar walls as manifest
by a significant decrease in internal surface area.
These morplhologic changes are accompanied by an
increase in compliance, ftunctional residual capacity,
luing volume at -20 cm11 H20 transpulmonary pressure
(analogouis to humlilan residual volume), and lung
voltume at 25 cm H2O transptilmonary presstire
(analogouis to total lutng capacity) (10, 11). These ab-
normalities of struictture and ftunction have been
proposed by Wright (12) as the criteria necessary for
the development of an acceptable model of emphysema
in experimental animals.

Fturther studies in our laboratories have demon-
strated the simtultaneous occurrence of irreversible
bronchial goblet cell metaplasia in hamsters with elas-
tase-indtuced emphysemiia and these observations form
the basis for this report.

MIETHODS

Male golden hamsters (Mesocricetus auratus), weighing
100-140 g, were anesthetized with Brevital (methohexital
sodium, Eli Lilly and Company, Indianapolis, Ind.), 5 mg/100
g body wvt, and the trachea was intubated under direct
vision. A single intratracheal injection of crystalline, porcine,
pancreatic elastase (NVhatman, EC 3.4.4.7, activity 26.8 U/

gland hypertrophy; GCM, goblet cell metaplasia; H anid E,
hematoxylin and eosin; M1LI, mean linear intercept; PAS,
periodic acid-Schiff; PMIL, polymorphontuclear leukocytes.
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FIGURE 1 Photomicrographs demonstrating the effect of pancreatic elastase on hamster
bronchial epithelium. (A) Untreated control stained with PAS showing no apparent goblet
cells (x 130). (B) Elastase-treated animal killed 6 mo after one dose of 0.2 mg/100 g body wt
and stained with PAS to demonstrate severe GCM. Note also the enlarged air spaces
in the emphysematous parenchyma (x130). (C) H and E-stained specimen from a control
hamster showing sparse content of goblet cells (x510). (D) H and E-stained specimen
from elastase-treated hamster 3 mo after exposure showing an excessive number of goblet cells
bulging with secretory product (x510).

mg) dissolved in physiological saline was administered in
doses of 0.05, 0.1, 0.2, 0.25, 0.3, 0.4, or 0.5 mg/0.5 ml per
100 g body wt. Unexposed animals and those anesthetized
and injected with a comparable volume of physiological
saline served as controls. Animals were killed 16 days after
the start of the experiment by exsanguination after an overdose
of barbiturate given intraperitoneally. Lungs were fixed after
excision by intratracheal instillation of 10% neutral buffered
formalin at a hydrostatic pressure of 25 cm. Sagittal sections
were taken from the parahilar area and 2-3 mmbelow the
lateral pleurae. They were processed to paraffin embedding,
sectioned at 5-10 ,um, and stained with hematoxylin
and eosin (H and E) and elastic-Van Gieson stains, and the
periodic acid-Schiff (PAS) reaction.

In a second experiment, animals treated with one dose of
0.2 mg elastase/100 g body wt and untreated control ani-
mals were killed at 4 h, 1, 4, 8, 16, and 42 days, 3, 6, and
12 mo after injection and prepared for histological examina-
tion as described above.

In the first two experiments, the distribution and proportion
of goblet cells in the intrapulmonary bronchial epithelium
were assessed in paraffin sections by two independent
observers with a five point 'scale in which 0 represented
no, 1-slight, 2-moderate, 3-severe, and 4-very severe goblet
cell increase. This assessment was made by comparison
with standard slides. The score was termed the goblet cell
index. Evaluation of interobserver agreement on the goblet
cell index was determined by Spearman Rank Correlation
Analysis (13). Goblet cells were identified in Hand E sections
as cells with pale, often foamy cytoplasm, and no cilia.
In slides stained with PAS, goblet cells were easily identified
by the purple-red reaction product due to their content
of mucus. Determinations of MLI were made on paraffin
slides from treated and control animals with the method
described previously (10).

In a third experiment, hamsters were injected once with
0.2 mg of elastase/0.5 ml saline per 100 g body wt and killed
1, 4, 16, and 24 days later by intravascular fixation via a
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FIGURE 2 Effect of pancreatic elastase dose on the extent
of GCMat 16 days in hamster bronchi. An index of 0
signifies normal numbers of goblet cells; 1 signifies slight
metaplasia, 2-moderate, 3-severe, and 4-very severe meta-
plasia. Dashed lines represent the standard error about
the mean for unexposed controls; filled circles represent
mean values of goblet cell index for treated animals +SEM.

needle inserted into the right ventricle while the animals
were anesthetized. Locke's solution at room temperature was
perfused through the lungs for 5 min followed by 10 min
of Kamovsky's fixative (14) diluted 1:3 with 0.2 M caco-
dylate buffer, pH 7.4. The lungs were then removed and
placed in containers of the same fixative overnight. The
fixed lungs were sliced sagitally to reveal the major intra-
pulmonary bronchi. With a dissecting microscope, portions
of the main stem bronchi and intrapulmonary airways with
adjacent alveoli were cut transversely and removed as 1-
mmcubes and postfixed in 2% osmium tetroxide in 0.2 M

cacodylate buffer, pH 7.4, for 1 h at room temperature.
The tissues were dehydrated through a graded ethanol
series, embedded in Epon-Araldite, sectioned at 1-2 ,um,
and stained with methylene blue or basic fuchsin followed
by alkaline methylene blue. Controls were untreated animals
killed at 16 days and saline-treated animals (0.5 ml/100 g
body wt) killed at 6 h, 2, 16, 33, and 180 days after ex-
posure. Sections from the lungs of animals in this experi-
ment were used to determine the percentage of goblet
cells in the bronchial epithelium. Nonciliated cells which
contained light- or dark-staining cytoplasmic droplets were
scored as goblet cells. The number of goblet cells was ex-
pressed as a percentage of the total number of cells with
a luminal border. All available sections with epithelium were
used and a minimum of 600 total cells per animal was
counted. The data in this experiment were analyzed by a
double-tailed t test for nonpaired variables (15).

RESULTS

Goblet cell increase of varying severity was observed
in the bronchi of the majority of elastase-treated
hamsters and this increase will subsequently be re-
ferred to as goblet cell metaplasia (GCM). The lesion
was most prominent in the large intraptulmonary
bronchi btit goblet cells xvere also seen in distal
airways where they do not normally occuir. The meta-
plastic epithelium was taller, individtual goblet cells
larger, and the PAS reactioin of goblet cells more in-
tense in elastase-damaged hamsters than in controls
(Fig. 1). In treated animilals, detachment of the

TABLE I
Relationship between Goblet Cell Index and MLI in Hamsters wvithi Elastase-Induced Ltung Damage

Goblet cell index*
Timile of

Treatment killing 0 1 2 3 4

days MILI x 1O-3 cmi I

Unexposed controls 42-365 6.3+0.1 6.3+0.4 7.0
(26) (2) (1)

Elastase, mg/100 g body wt
0.2 42-365 16.3 17.6± 1.4 16.8+0.9 15.3± 1.7 18.8±0.6

(1) (7) (5) (5) (2)
0.2 16 11.8 14.1±1.4 12.2±0.9

(1)§ (2) (6)
0.5 16 15.7±3.7 13.9±0.6 10.7±0.6 14.7± 1.0 15.0

(2) (3)§ (3) (5) (1)

Combined doses 8-365 13.4±0.8 15.1±0.9 13.7±0.8 13.8±0.5 16.0±+1.8
(10) (15) (16) (28) (4)

0.2 to 0.5"1

* The goblet cell index indicates the severity of GCMon a scale of no(0), slight(l), moderate(2), severe(3), or
very severe(4) metaplasia.
t Each value signifies the mean±SEMof MLI data averaged from the number of animals in parentheses.
§ One additional animal was assigned to this category but a poorly inflated lung precluded MLI determination.
"Doses in this range were 0.2, 0.25, 0.3, 0.4, and 0.5 mg/100 g body wt.
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FIGURE 3 Progression of GCMI assessed in paraffin sections
of lungs from hamsters either uinexposed (open circles)
or treated with 0.2 mg pancreatic elastase/lOO g body wt
(closed circles). Mean valtues for goblet cell index and SENI
are given.

epithelitum from the submtucosa wvas a frequlent occtur-
rence, particularly at higher (loses of' elastase but
this was rarely fotund in the control hamsters. None
of the animals showed any histologic evidence of in-
fection.

The extent of GCCM observed in paraffini sectionis
at 16 (lays postinjection wvas relatedl to the dosage of
elastase (Fig. 2). Only 3 of 11 animilals exposed
to a dose of 0.1 mg/100 g body wrt or less exhibited
any GCXI and the change wvas slight or moderate in
severity. In contrast, 84% of the animals treated with
0.2-0.5 mg elastase/100 g body wt and killed at 16
days developed lesions, wTith 20% showing slight
change, 16% moderate change, 43% severe, and 5%
very severe GCM. Irrespective of the dose of' elastase
or time of killing, there appeared to be little correla-
tion between the exteint of GCCI and severity of
emphysema as assessed by values for XILI. Table
I shovs a sunmmary of the data in stupport of this
conclusion.2

The evolution of the lesion Nwith time cauised by a
single dose of' 0.2 mg elastase/100 g body wt is
illuistrated in Fig. 3. GCCI was first observed in paraf-
fin sections f'romn two of fouir animilals killed 8 days
after elastase treatment. At 16 days, 8 of 10 animals
lhad mo(lerate or severe GCCI and by 3 m11o the per-
centage of lhamiisters demiion-strating lesionis had in-
creased to 100'%, a clhanige which persisted to 12 m11o.

2 Suipplemilental material, twTo pages, has been deposited
wvith the National Auxiliary Ptublicationis Service (NAPS)
as NAPSdoctumenit 02946. This informationi may be ordered
from ASIS/NAPS, c/o Microfiche Ptublications, 305 East 46th
Street, New York 10017. Remit with order for each NAPS
docuim-enit nunmber $1.50 for microfiche or $5.00 for photo-
copies for tip to 30 pages; for each additional page over the
first 30 pages, there is a 15o clharge per page. Checks
shouild be made payable to Microfiche Publications.

The parenchymiial lesion as meastired by NILI wvas
as severe at 6 and 12 miio as it was at 3 mo10,
as originally described (10). Excellent interobserver
agreement was obtained for the values of goblet cell
inclex of treated andcl control animilals as tested 1)v the
Spearmiian Ranik Correlationi (r,= 0.89, t = 11.9, P
< 0.001).

The quantitative assessmiient of GCXI witlh plastic-
embedded tisstues is shown in Table IL. The resoltu-
tion of morphologic detail obtained with tisstue emii-
bedded in plastic was mutch stuperior to that of tisstue
embedded in paraffin and goblet cells were easily
identified by increased numbers of secretory droplets
and absence of cilia (Fig. 4); as a restult, lesions were
observed for the first time at 1 day in plastic sec-
tions as compared witlh 8 days in paraffin sections.
Saline-exposed animals had a significantly higher per-
centage of goblet cells (18.7%) than uinexposed
hamsters (12.2%) tip to 16 days postinjection, but subse-
quently these values fell to normal levels. Elastase
treatment resulted in a highly significant increase (P
< 0.00.5) in goblet cells as comiipared witlh uintreated and
saline-exposed animals. The two animiials sacri ficed
one day postelastase injection hald a meani of 31.6%
goblet cells and this abnormal proportioin of goblet
cells remiiained approximnately the same in animiicals
killed at 4, 16, and 24 days after exposture.

DISCUSSION

Emphysema is defined in anatomiiic terms (16, 17)
and anatomnical andl physiological criteria cain be dl-
veloped for animiial miiodels of the humiiiani disease (12).
In contrast, humlnani chronic bronchitis is clefined in
clinical terms as chronic sputumin production for a speci-
fied dturation (16) aind in the strictest sense canl have
no animal counterpart. However, anl increase in the
bronchial imutictis secretinig apparattus seemiis acceptable
as the pathological couinterpart of hutmani chronic
bronchitis based on the observation that auitopsy
sttudies show that bronchial glanid hypertroplhy (BGH)
occturs in a mutchi higher proportioni of persons wxithl
chronic bronchitis than in those without (18, 19).
Althouighi the frequtenicy curve for BGH is uinimnodal
anid somiie persons with BGHhave nio bronchlitis aind
somne chroniic bronehitics lack BGH (20), the genieral
association l)etween BGHI anid bronchitic symptollms is
nlot dispuitedl (21). The problem of correlatinig clhroniic
bronichitis with animilal miiodels is fuLrther complicated
by the abseniee of submucosal broncliial gland(Is inl
smiall experimenital animilcals, incluidinig the lhaimlster.
Consequently cauttioni mutst be ol)served before accept-
ing ani aniiimal miiodel of lhumiiiani chlroniic bronchlitis.
However, we b)elieve that goblet cells in the halmalster
are analagouis to the coml)ibned suibmuilcosal glanids
and goblet cells of huiimiians anid henice, GCM in
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TABLE II
Effect of Elastase on Percentage of Goblet Cells in

Bronchial Epithelitum of Hamsters

No. of cells coooiited per animal
Timiie of Perceintage

Treatioeoit killioig Goblet cells Total goblet cells

da,lls

Unexposed controls 16 184 1,411 13.0
16 79 702 11.3
16 208 1,703 12.2

Mean+SEM 157+40 1,272+297 12.2+0.49*

Saline controls
Group I 1/4 131 710 18.5

2 121 733 16.5

16 191 903 21.2

Mean±SEM 148+22 782+61 18.7±+1.36

Group II 33 303 2,121 14.3

33 194 1,753 11.1

180 236 2,133 11.1

180 278 1,940 14.3

Mean±SEM 253+24 1,987+90 12.7±0.92

Elastaset 1 619 1,686 36.7

1 181 685 26.4

4 232 769 30.2

16 712 2,209 32.2

16 481 1,219 39.5

24 276 844 32.7

24 201 669 30.0
Mean+SEM 386+82 1,154+224 32.5+ 1.66§

* Significantly different (P < 0.01) from saline controls in Group I but not in
Group II.
t Elastase-treated animals received one intratracheal injection of 0.2 mgof crystal-
line, porcine, pancreatic elastase/0.5 ml physiologic saline per 100 g body wt.
§ Significantly different (P < 0.005) from all control groups.

hamsters seems an acceptable albeit imperfect model
of htuman chroinic bronchitis.

Previous attempts to clarify the pathogenesis of
chronic bronchitis and emphysema with animal models
have incluided exposture to nitrogen dioxide (22),
stulphur dioxide (23-26), isoprenaline (27, 28), cig-
arette smoke (29-36), and enzymes (9, 10, 37-39).
These agents cause lung damage with varying
simiiilarity to hutmiian disease. Persistent goblet cell
increase has been produced in rats for at least 5
wk after 2 wk of repeated exposure to SO2 (24) and
in pigs for 2 mo after six daily injections of iso-

prenaline (28). Emphysematous lesions have not been
reported in SO2 or isoprenaline-treated animals. The
present stutdy shows that the hamster lutng exposed to
a single instillation of elastase develops not only a
lesion with the morphological and some of the
physiological characteristics of human panacinar
emphysema (9-11), but also shows irreversible GCM.
Relevant to this is the demonstration of GCMin
the distal bronchioles of humans with chronic bron-
chitis and emphysema but not in tlhose of subjects
'With bronchitis alone (40).

WVhy persisting GCNI occurs after a single episode of

Goblet Cell Mfetaplasia in Hamlsters twith Elastase-Induiced Emphysema 401



A

B

FIGURE4 Photomicrographs of plastic-embedded tissue from
perfuision-fixed lungs of hamsters killed 16 days after exposture
to either saline (A) or 0.2 mg pancreatic elastase/100 g
body wt (B). Note the large number of goblet cells builg-
ing witlh secretory droplets in the treated lulng compared
with the control lung showing fewer goblet cells, none of
which are swollen with secretory droplets (both x510).

elastase injury is obscure. It is an untusual pathological
phenomenon because damaged epitheliumn tends to re-

generate with restoration of the original architecture
provided the general structure of the organ is preserved
after injury. Thus, after denudation, gastric mucosa
regenerates by passing through a stage of simple
mucus-secreting tubular glands before the more com-

plicated gastric structure is re-established (41). A
similar repair pattern is followed in the damaged
duodenum (42), while tracheal mucosa regenerates
within 6 wk after curettage (43). Persistence of the
mucus-secreting stage after elastase exposure suggests
either that the hamster bronchus responds differently
to injury than do other mucosal surfaces, or that there is
a continuing injury. The nature of such a continuing

injury is conjectural but it could restult fromn the release
of enzymes from increased numbers of PMLor AM in
the airways over an extended period. In suipport of
this possibility is the finding that lung washouit fluid
has an elevated content of PMLfor up to 60 days after
elastase exposure (44).

Endogenouis proteases have been implicated as
possible cauisal agents of emphysema in patients with
ATD (6-8) and in cigarette smokers (45). This conteni-
tion is suipported by the production of' emphysemiia-
like damage in mice exposed to an enzymne extract
from huiman AM (46) and in dogs exposed to
homogenates from human and dog PMLand to dog AM
(47). Neither experimental study reported a bronchial
lesion. It is of interest that antiproteases different from
known sertum inhibitors have been discovered in
variouis lutng components incltuding the peripheral
airspaces of dogs (48), the cytosol of huiman AM (49),
and huiman bronchial mucus from patients with
severe chronic bronchitis (50). The source of bronchial
antiprotease is unknown but conceivably couild be
derived from goblet cells. If this is so, GCM in
elastase-exposed hamsters and in hutmiians witlh
emphysema and chronic bronchitis couild represent a
mechanism for raising the level of elastase inhibitor
in the lutng.

The rapid increase in the percentage of goblet cells
by 1 day in elastase-treated animals and to a lesser
extent in saline-treated animals may be dtue to a surge
in muctus synthesis by undifferentiated epithelial cells,
i.e. potential goblet cells, in response to an irritant.
It seems unlikely that cell division and differentia-
tion could ocecur rapidly enough to accouint for this
precipitouis inerease in goblet cells. Repair of the salinie
injtury by 33 days is not surprising given the normiial
rate of tturnover of respiratory epithielitum but the cauise
of the persisting elastase injury remains to be deter-
mined.

Whether the elastase-induced bronchial lesion has
an effect in altering airway dynamics is not knowni.
We have observed GCMwith papain-induiced em-
physema in hamsters3 and have shown that the emphy-
sema-inducing property of papain is related to its
elastolytic activity (51). Several investigators (52-55)
have sttudied lung function in papain-indtuced emphy-
semna and vith one exception in the dog (53),
fouind that alterations in airways dynamics were duie to
loss of elastic recoil rather than to increased peripheral
airways resistance. However, all of these sttudies were
carried out relatively early in the couirse of the lesion-
and, as we have shown here, GCMpersists for at least
1 yr after the initial insult.

Our observation that a single dose of' pancreatic
elastase in hamsters causes permanent bronchial

3Unpublished observations. Hayes, J. A., and G. L. Snider.
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damage as well as progressive emphysema may have
profound implications for man. A chronic disease
process may occur when a threshold for permanent
damage is approached gradually by repeated, intermit-
tent contact with low concentrations of an injurious
agent. Alternatively, such a threshold may be reached
abruptly upon exposure to a single overwhelming dose
of an appropriate agent. The elastase-induced lesions
in hamsters may be considered an example of the
latter instance. A parallel human situation may be the
reported permanent loss of exercise tolerance after
an actute chest illness in 5 of 23 patients with
chronic obstructive lung disease associated with ATD
(1). The bronchial and parenchymal damage restulting
from a single insult with elastase may persist and
worsen dtue to a disturbed balance in a possible
endogenous protease-antiprotease system. In view of
the physiological and pathological similarities between
elastase-induced lung damage in hamsters and human
panacinar emphysema with chronic bronchitis, the
present study suggests that a permanent anatomic
lesion in both the bronchus and lung parenchyma in
man could result from a single enzymatic injury
from whatever source. The further implication is that
a single acute lung injury may induce chronic, pro-
gressive ptulmonary disease.
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