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THE TRYPSIN-INDUCED LEUCOSTASIS WHICH LEADS
TO EMPHYSEMA IN THE HAMSTER IS NOT DUE TO
CONTAMINATING ENDOTOXINS
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SUMMARY

Intravenous injection of trypsin in the rat induces early lung leucostasis and emphysema of delayed onset. This report confirms that
this emphysema is not rat-specific and that the leucostasis is not related to the presence of contaminating endotoxin in the trypsin. In
hamsters (n=37), leucostasis did not occur when they were injected with heat-treated trypsin, but numerous granulocytes were
sequestered in the vessels of hamsters receiving a fresh solution of trypsin. In these hamsters, the number of granulocytes harvested by
lavage increased significantly (1-87 x 10° per ml, P<0-001) compared with hamsters injected with either heat-denatured trypsin (0-89)
or saline (0-86), or compared with controls (0-86). Emphysema was inconstantly observed in hamsters 6 or 12 weeks after injection with
trypsin for 1 h. It was frequently (17/20) present and always (20/20) well developed (intercept+ 180 per cent) in the 2-h perfused hamsters
whose lungs were abnormally heterogeneous (index + 100 per cent) relative to the seven controls and to the nine saline-injected hamsters.
The efficiency of trypsin in triggering emphysema (percentage of hamsters having abnormal values of intercept) was dependent on the

time of perfusion. This form of experimental emphysema is thus considered to be due to an endotoxin-independent leucostasis.

KEY WORDS—emphysema; leucostasis; lung; pelymerphenuclear leucocytes; trypsin; hamster

INTRODUCTION

Local protease-antiprotease imbalance plays a key
role in lung degradative processes.'™ In order to set up
an animal model for emphysema, both intratracheal and
intravenous injections of protease have been carried out,
using mostly the rat and the hamster. In the case of
intratracheal injection, elastase is commonly used, as it
may act directly on the lung structure through local
protease overloading. In the case of intravenous inocu-
lation, trypsin seems more relevant, as it is supposed to
decrease plasma and, as a consequence, pulmonary
antiprotease defences. We have shown that a 2-h intra-
venous injection of trypsin in the rat resulted, 8 weeks
later, in the appearance of emphysema.*”’ Both histo-
logically and morphometrically, the characteristics were
similar to emphysema brought about in this species by
intratracheal instillation of elastase.*”” As the elastase-
instilled hamster is the most commonly used animal
model of emphysema,®® we decided to test the suscepti-
bility of hamster lung to intravenously injected trypsin.
Plasma protease inhibitors differ between mammals,
with the rat having a typical pattern of plasma
antiprotease.'®13

As described in sheep by other authors,'* we found in
rats that 4 h after the end of perfusion, trypsin induces
an early circulatory lung disturbance, with granulocyte
sequestration within the lung microvessels.*'* We thus
propose that the release of proteases and/or oxidizing
agents by granulocytes (polymorphonuclears, PMN)
may be implicated in tissue destruction, since trypsin
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itself, having no elastolytic activity, cannot directly
produce emphysema. In the present study, we looked for
leucostasis within the lungs of hamsters receiving trypsin
intravenously.

Endotoxins are known inducers of experimental
leucostasis'® and emphysema.!” As the trypsin that we
used was not guaranteed to be free of endotoxins, we
verified that lung leucostasis did not occur when the
hamsters were injected with trypsin that had been heated
previously. This treatment will inactivate trypsin
without altering endotoxin activity.

MATERIALS AND METHODS

Animals

Male golden Syrian hamsters (Mesocricetus auratus),
weighing 112-6 + 18-9 g at the beginning of the exper-
iment, were distributed into three sets according to the
intended purposes:

First set=early injuries. Fourteen hamsters were used
to assess the early effects of the infusion of trypsin. Six
hamsters were injected with 4-5 mg/kg of body weight
per h over 2h and compared with four controls and
four saline-treated hamsters. The animals were killed
4 h after the end of the perfusion by an anaesthetic
overdose.

Second set=delayed alterations. Twenty hamsters
were divided into several groups as described in Table I
to study the delayed pulmonary consequences of trypsin
when injected venously at the same dose that we previ-
ously used in rats (‘TIV dose’). They were matched
with seven untreated controls and nine saline-treated
hamsters.
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Table I—Experimental procedures for the study of long-term effects of trypsin infusion

No. of Trypsin Duration of Period of observation
Group identity hamsters (mg/kg of BW per h) infusion (h) (weeks)
Dose 4 4-5 2 12
Half-dose 2 h 4 2-25 2 12
Half-dose 1 h 5 4-5 1 12
Half-time observation 7 4-5 1 6

BW=Body weight.

Third set=test for endotoxin effect. In order to dis-
criminate the early tissue alterations due to trypsin from
those of possible contaminating endotoxins, 13 hamsters
treated with heat-denatured trypsin were compared with
15 hamsters treated with unheated trypsin. The trypsin
action (4-5 mg trypsin/kg body weight per h for 2 h) was
demonstrated by referring to seven controls and two
saline-perfused hamsters. PMN were counted in lavage
flid from isolated lungs 150 min after the end of the
perfusion.

Injection procedures

Injections were carried out under general anaesthesia
with intraperitoneal sodium pentobarbital (38 mg/kg of
body weight). Isotonic saline (37°C) or bovine pancre-
atic trypsin (Sigma T 8253 type I1I, 10 U/mg of protein)
dissolved in sterile saline (1l mg/ml) was perfused
through a microcatheter into the left jugular vein using a
pump. The solutions were renewed after the first hour of
perfusion to avoid trypsin autodigestion. The hamsters
used for long-term experiments were kept warm until
awake; the others were kept warm under anaesthesia
until killed. The untreated controls were kept under
anaesthesia for the same time as the corresponding
treated hamsters.

Trypsin denaturation

The solution of trypsin was inactivated in a water
bath (75°C) for 1h. This treatment does not alter
endotoxin activity. This solution was then rapidly
brought to 37°C and infused.

Lung lavage

To avoid gravity differences between the different
lobes, the excised lungs (third set of hamsters) were
placed on a Petri dish. They were then washed with
30 ml of warmed (37°C) phosphate-buffered saline at pH
7-2. Six 5 ml syringes were used successively, each being
pushed and pulled five times. A push—pull lasted 30 s.
The lavage fluids were pooled and centrifuged at 250 g
for 15 min at 4°C; the pellets were resuspended in
phosphate solution for further counting.

Histology

The techniques for the fixation of lungs differ with the
histological purpose:

(1) when pulmonary leucostasis was the main morpho-
logical feature to be observed (first set of hamsters),
the lungs were not fixed by tracheal instillation, to
avoid the fixative fluid displacing the exudate
present within the terminal air spaces. Samples of
each lung lobe were immersed in Bouin’s fluid for
24 h;

(i) The lungs of the hamsters for observation of
delayed alterations were fixed in situ under general
anaesthesia according to Weibel'® with 2-5 per
cent glutaraldehyde dissolved in 0-1m, pH 72
cacodylate buffer at a constant pressure of 32 cm
H,O. Five-millimetre-thick slices were cut from the
diaphragmatic lobes, post-fixed in glutaraldehyde
for 24 h, and washed in phosphate buffered saline.

Five-micrometre-thick sections of paraffin-embedded
blocks (first and second sets) were dewaxed and brought
to water through several washes to toluene and graded
ethanols for 24 h. They were stained with haematoxylin
and eosin and observed under a light microscope.

Polymorphonuclear evaluation

PMN density within the microcirculatory network as
well as in the terminal air spaces was qualitatively
assessed in sections of every pulmonary lobe and scored
from 0 to 3. Three randomly chosen microscopic fields
were studied per lobe and as the PMN density appeared
evenly distributed throughout the lung, a mean value
was considered representative of the whole lung.

PMN in lung lavages were counted in the phosphate
buffer-resuspended pellets by the Thoma method for
haemocytometry.

Alveolar morphometry

Alveolar linear intercepts were measured optically
with 30 standard lines per section.!” These measure-
ments were made twice at a l-month interval by
an observer unaware of the histological results. The
following were calculated:

(i) the mean linear intercept (MLI) of each animal
(‘individual intercept’);
(i1) the average and range of MLI values within each
group; and
(iii) the heterogeneity index for each lung (H%=SD/
MLI), which represents the diversity of alveolar
size in each lung.
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Fig. 1—In this section of a control hamster, occasional granulocytes are focally visible
in the lumina of lung capillaries (*=) and within the terminal air spaces (<=).
Granulocyte density in controls is much lower than in the trypsin-treated hamsters

A statistical test (¢-test) was used to detect pathologi-
cal changes. Using the value established in the untreated
animals, the upper limit of normal MLI or normal H%
values (mean+2SD) was defined. Each hamster charac-
terized by an individual value outside this limit was
considered as abnormal.

RESULTS
Anatomical observations and lavage counts

Early injuries—Morphological changes were found in
every hamster killed at an early time point after the
intravascular injection of trypsin. There was a focal
collapse of terminal air spaces, congestion, interstitial
and alveolar oedema, and an accumulation of neutro-
phils in great numbers within the pulmonary capillaries.
In every case, a few PMN were observed within the
terminal air spaces. These alterations were evenly dis-
tributed throughout the lungs. There was no detectable
endothelial cell damage. The airways were always
spared, without inflammation. No alterations were
noticed in the lungs of three sterile saline-treated and
three control hamsters. Occasional neutrophils were
detected in the capillaries of one saline-treated and one
control subject whose lungs were not oedematous.

Delayed alterations—Structural alterations in the
lungs of the hamsters killed at the sixth or 12th week
after trypsin treatment were variable from case to case.
Compared with controls, the terminal air spaces of 17 of
the 20 treated hamsters were increased beyond the
normal size, with non-uniformity in the pattern of
respiratory air space enlargement. In these cases, the
tracheobronchial tree remained unaffected and there was
no inflammatory exudate. No alterations could be
detected in the lungs of the three hamsters which had
been trypsin-treated for 1 h only.

Heat treatment of trypsin on PMN counting

PMN were scored in the lung microvessels from 0 to 2
in lung sections of the controls (mean value m=0-7).
PMN scoring was 1-3 when heated trypsin or fresh
trypsin was given to hamsters (m=2-5). PMN in the
alveoli were scored from 0 to 2 in controls (m=1-1).
They were more numerous in the alveoli of hamsters
treated with cither fresh or heated trypsin (m=2-8).

The PMN counts were significantly (P<0-001)
elevated in the lavage fluids of the hamsters which
received unheated trypsin (1-87 x 10° per ml) compared
with controls and saline-treated hamsters (0:86 x 10° per
ml). The counts of PMN in lavage fluids of hamsters
treated with heated trypsin (0-89 x 10° per ml) were
comparable to those of saline-treated or control animals.

Mean linear intercept

No differences in MLI values were found between
controls and sterile saline-treated hamsters; thus, all these
animals were regarded as controls. As shown
in Table II, the MLI in the lungs of trypsin-treated
hamsters was always markedly greater than in control
lungs. Indeed, when trypsin was injected for 2 h, the MLI
increased (AMLI) by about 180 per cent and the alveoli
of treated animals were three times as large as those of
controls. The severity of emphysema did not depend on
the dose of the enzyme but on the duration of the
perfusion, the MLI being smaller in the group of ham-
sters injected for 1 h only. Finally, AMLI did not depend
on the time elapsed since the perfusion (6 vs. 12 weeks). It
must be noted that the range of MLI values within the
group of hamsters which were given half the dose for 1 h
was greater in the 12th week (54 per cent) than in the
sixth week (22 per cent). The range of MLI values in the
groups of the 2 h-infused hamsters was smaller (7-4 per
cent at half-dose and 14-5 per cent at full dose).
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Fig. 2-—Hamsters treated with a trypsin solution previously heated at 75°C for 1 h: No
granulocytes are visible in the circulatory network

Fig. 3-—~Hamsters treated with unheated trypsin: granulocyte sequestration within the
microcirculatory bed (<=). Some granulocytes are visible in the alveoli (<=)

Lung heterogeneity index

Whichever set of animals was studied, the indices of
lung heterogeneity of the enzyme-treated hamsters were
increased in comparison with controls (Table II). In
hamsters given the dose for 2 h, these indices were twice
as high as those of controls. This rise was smaller when
the duration of perfusion was reduced to 1 h. The length
of the period following the infusion appeared to be
important, since heterogeneity indices were greater when
time was longer.

Statistical establishment of pathology

As described above, the upper limit of normality was
established in untreated controls matched with the
groups of treated hamsters and killed at the same time:

the percentage of abnormal hamsters found in each
group is given in Table IIl. All the 2 h-treated hamsters
had abnormal MLI and abnormal H% values. The
percentage of hamsters having heterogeneous lungs was
greater 12 weeks after a half-dose 1 h than after 6 weeks.
Three responses were found in the former group (Table
IV): normal lung, abnormal lung heterogeneity with
normal-sized alveoli, and abnormal heterogeneity with
oversized alveoli.

DISCUSSION

In hamsters injected intravenously with trypsin, the
early leucostasis is not due to endotoxins and is indeed
related to the action of the trypsin. Endotoxins are not
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Table II—Mean linear intercept increase (AMLI) and lung
heterogeneity increase (4H%) expressed as a percentage of the
control mean value (the groups of hamsters are classified by
increasing AMLI)

Range of MLI

values
Group identity AMLI (%) AHY
Half-time observation +72 22-0 +33
Half-dose 1 h +76 54-0 +60
Half-dose 2 h +187 7-4 +105
Doses 2h +183 14-5 +102
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Table III—Trypsin efficiency: percentage of hamsters having
abnormal MLI or H% values in each group

MLI>control H%>control
Group identity +2 SD +2 SD
6 weeks
Half-time observation 100% 10%
12 weeks
Half-dose 1 h 40% 53%
Half-dose 2 h 100% 100%
Dose 2h 100% 100%

The increase of the MLI (AMLI) depends on the duration of the
infusion (1 or 2 h) but not on the length of time (6 or 12 weeks). The
lungs are highly heterogeneous when trypsin is injected over 2 h.
The lung heterogeneity increases with observation time when trypsin is
injected over 1 h only.

implicated in the genesis of leucostasis, since few PMN
are found in LBA when trypsin is heat-inactivated; their
number is similar to controls or saline-perfused ham-
sters. Thus, trypsin does not contain heat-stable endo-
toxins which could induce lung leucostasis.'®!’
Conversely, the role of trypsin in triggering alveolar
leucostasis (or ‘granulocyte alveolitis’) is confirmed,
since PMN are significantly increased in LBA when a
fresh solution of unheated trypsin is injected. The PMN
recovered in lavage fluids are the cells present in airways
and alveolar lumina. Alveolar PMN were also observed
in histological slides prepared from washed lungs; we
suppose that lavage does not recover all the PMN that
are firmly adhered to alveolar walls or partially trapped
in the septa. Numerous granulocytes are also seques-
trated in the hamster’s lung vessels; the same observa-
tion was reported by other authors in sheep!'* and by us
in rat*'® after intravenous trypsin injection.

Using fresh trypsin solutions, we have shown here
that emphysema is a delayed change in the hamster. Our
results differ from previous reports, which showed
that emphysema is only initiated when elastases are

All the 2 h-injected hamsters have very heterogeneous lungs with
abnormally oversized alveoli. Curiously, 12 weeks after 1 h-injection
only 40 per cent of the hamsters have an abnormal lung (abnormal
MLI +abnormal H%) in contrast to their half-time observed counter-
parts. In this latter group, 90 per cent of the hamsters are characterized
by oversized alveoli distributed in lungs that are normally heterogene-
ous; so it is deduced that the alveolar oversizing of these hamsters
affects the whole lung.

given via the air-lung interfaces and not by an intra-
vascular route.’®?! The hamster has been the most
commonly used species for the elastase model of emphy-
sema. The lung sensitivity to elastase of the European
strain of hamsters used in this study and that of their
American counterparts do not appear significantly dif-
ferent.?? Beforehand, we demonstrated the ability of
trypsin to trigger emphysema in the rat: intravenously
injected tryysin, a non-elastolytic enzyme, induces
emphysema.*’ This study confirms that trypsin-
triggered emphysema is not rat-specific, despite some
authors’ claim that macroglobulin-like antiproteases of
the rat have distinctive properties.'®!'"!* We have shown
here that the hamster lung also reacts to an intravenous
injection of trypsin, inducing emphysema, as defined,
by enlargement of terminal air spaces with some destruc-
tion of their walls. Emphysema is also quantitatively
demonstrated by a marked increase in the size of the
terminal air spaces. The rise of 180 per cent in alveolar

Table IV— Responses in the groups of hamsters receiving TIV 4-5 mg/kg for 1 h

% of hamsters

Typing having an Typing
of AMLI abnormal of
MLI (%) MLI value H% AHY%
6 weeks
Abnormal +45 100 Normal 0to +1-7
12 weeks
Normal 0 47 Normal 0
Normal 0 13 Abnormal +47 to 55
Abnormal +162 to 206 40 Abnormal +65 to 230

Several reactions are found in the 1 h-injected hamsters. Normal values of MLI correspond to hamsters having either
highly heterogeneous lungs or not (12 weeks, 13 and 47 per cent respectively of the hamsters in the group). Abnormal
MLI values correspond either to abnormal lung heterogeneity (12 weeks) or not (6 weeks), suggesting the development
of local disturbances within the lungs with time. The greatest value of MLI are found in the most heterogeneous lungs;
so it is deduced that important alterations are irregularly distributed within the lung.
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intercept cannot be explained by distension or overinfla-
tion alone and alveolar wall rupture must therefore have
occurred.

This emphysema is linked to infusion modalities. As
found previously in the rat,” the intensity of alterations
induced in hamster lung does not depend on the dose of
trypsin but on the duration of perfusion: the MLI
increased markedly in hamsters perfused for 2 h relative
to the 1 h group, indicating that trypsin activity must be
present for a minimum time in the blood in order to
trigger emphysema. The lung response to trypsin given
for 1 h was inconstant and varied. Overall, the hamster
appears to be less susceptible, but more sensitive to the
development of emphysema than the rat.

In conclusion, lung leucostasis and the possible result-
ing emphysema are attributable to trypsin and not to
contaminating endotoxins. Leucostasis in the hamster
lung occurs particularly in microvessels and further
experiments are needed to study the mechanism(s) by
which the injected trypsin facilitates in vivo PMN migra-
tion from the vessels towards the airways. Proteases
could allow PMN to traverse connective tissue barriers
by local destruction controlled by antiproteases.’*?
Emphysema may be due to the release by leucocytes of
oxidizing agents and to the secretion of potent proteases.
Further investigations will be necessary to determine
the sensitivity of the lung to enzymes other than elas-
tase, since the early leucocyte influx into the lung can
be associated with a release of various granulocyte
proteases.”
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