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Summary: In order to study the pathomechanisms of the Adult Respiratory Distress Syndrome in an acute
animal model, we monitored the alveolar cell pattern and the stimulatory chemiluminescence responses of
blood neutrophils and alveolar macrophages in sheep after Escherichia coli endotoxin injection (2 g/kg of
body weight). Using appropriate bronchoalveolar lavage techniques, thereby avoiding local inflammation, it
was demonstrated that endotoxin injection did not cause any recruitement of neutrophils into the alveoli for
a period of up to 24 hours. Following endotoxin injection, blood neutrophils showed a maximal stimulatory
response after 5 minutes, and alveolar macrophages after 4 hours. It is concluded that if neutrophils are
responsible for initiating the increase in microvascular permeability, then this action must be purely intravas-
cular.

Introduction

In the study of adult respiratory distress syndrome
pathomechanisms in experimental animals, the endo-
toxin-induced clinical and biochemical alterations of
the capillo-alveolar section of the lung have been
widely investigated in sheep. The application of sub-
lethal doses of E. coli endotoxin induces massive and
rapid leukopenia (1, 2) as well as a reproducible
biphasic reaction in the lung microvasculature (3).
The early phase is characterized by acute severe pul-
monary hypertension, reaching a maximum in 30 to
60 minutes. This is followed later by a phase of
increased lung vascular permeability to proteins be-
tween 2 and 6 hours after endotoxin injection (3, 4,
20). Most of the progress in this field has been made
with the aid of the sheep lung lymph fistula model,
as originally described by Staub (5). In this model, an
increased flow of protein-rich lymph in the absence
of major haemodynamic changes, and the persistence
of a normal or elevated lymph to plasma protein
concentration ratio is considered to represent in-
creased vascular permeability. This can be correlated

with the effects of substances capable of initiating or
preventing lung injury (3). Polymorphonuclear leu-
kocytes and inflammatory mediators liberated by
their respiratory burst reactions are considered to be
responsible for acute lung injury. This is indicated by
neutropenia of the blood, neutrophil accumulation in
the lung and an extracellular increase of the granu-
locytic lysosome content in plasma and bronchoal-
veolar lavage fluid, which occur before the clinical
manifestations of the adult respiratory distress syn-
drome (1, 3, 6—19). Hitherto, it has been unclear
whether neutrophils damage the capillary-interstitial-
alveolar structures before and/or during and/or after
passage through the blood/air barrier.

Furthermore, it is unclear how or even whether al-
veolar macrophages are involved. In previous studies
we described the endotoxin-induced haemodynamic
and biochemical alterations of this sheep model after
2 g/kg endotoxin bolus injection (1, 20). Therefore,
we did not reevaluate these parameters in the present
study.
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To answer some of these questions, different tech-
niques were employed, using the sheep model, to
obtain bronchoalveolar lavage fluid with and without
E. coli endotoxin bolus injection. Total lavage cell
counts were determined and the cell pattern was elu-
cidated from cytocentrifuge smears at various times
after the administration of endotoxin. As an index of
the metabolic capacity of the cells to produce reactive
oxygen-derived agents, the luminol-enhanced chemi-
luminescence response of blood neutrophils and al-
veolar macrophages was determined after zymosan A
stimulation.

fluid from neighboring bronchioli and by products of local
inflammatory reactions due to preceding aspirations. Injected
physiological saline (20 ml) was recovered with a mean value
of 60%.

Anaesthesia

Two different methods of anaesthetization were used.

Short-term anaesthesia. This procedure was carried out using
pentobarbital (Nembutal®, CEVA GmbH, Bad Segeberg,
F. R. G.), 25 mg/kg of body weight, and it was repeated before
each lavage procedure.

Long-term anaesthesia: This procedure was carried out by
inhalation narcosis (halothane/N2O) using the ventilator Ro-
mulus 19 (Dr ger, L beck, F. R. G.).

Materials and Methods
Animals

A total of 22 female merino sheep weighing 26—47 kg each
(x = 34.8 kg) were used in this study. All the animals were
monitored for several days before the experiment began to
ascertain that they were healthy, afebrile, and without any signs
of infection (normal white blood cell count; normal chemilu-
minescence responses of blood and isolated neutrophils). They
were anaesthetized with 20 mg sodium pentobarbital per kg
body weight. Polyvinyl arterial and venous catheters were in-
troduced via a femoral incision, and a Swan-Ganz thermodi-
lution catheter (Edwards Model 93A-131-9F) via the right
jugular vein. The animals were allowed to recover for 24 hours,
then studied for 24 h in an unanaesthetized and unrestrained
state. Within two hours before the start of the experiment, the
following parameters were measured to determine base-line
values: aortic, pulmonary arterial, pulmonary arterial wedge
and central venous pressure, and cardiac output using the
thermodilution method.

Venous blood and bronchoalveolar lavage samples were ob-
tained 2 hours before (baseline values 0 min) and at varying
times after intravenous bolus injection of E. coli endotoxin
(serotype 055: B5, Sigma Chemicals) (2 μg/kg of body weight).
Control sheep were injected with physiological saline.

Bronchoalveolar lavage techniques

Two different techniques for obtaining bronchoalveolar lavage
fluid were used:

Technique 1 (multiple lavage procedures with a 'fixed position'
balloon-tipped catheter): 24 hours before the start of the ex-
periment a Swan-Ganz catheter was installed percutaneously
via the subglottic trachea, then fixed in position. After wedging
the balloon into a fourth order bronchial segment of the right
upper lobe, 20 ml of physiological saline solution were injected
through the catheter. The lavage solution was removed by
suction after 3 breaths. Recovery of the injected fluid averaged
50%, regardless of whether endotoxin had been injected or not.

Technique 2 (multiple bronchoscopies and multiple lavage pro-
cedures): This technique was analogous to that performed on
humans (21). After anaesthesia, the bronchoscope (Fujinon
BRO-YL with light source Fujinon FIL-150, Fuji Photo Op-
tical-Europe-GmbH, D sseldorf, F. R. G.) was installed in a
fourth order bronchial segment in wedge position. For multiple
consecutive lavage fluid samplings from a single animal, a
repetitive use of the same segment of the right upper lobe (s)
as well as aspirates from different segments (d) of the right and
the left upper lobe, distant from the s-segment, were lavaged.
This method prevented contamination of the lavage sample by

Processing of bronchoalveolar lavage f lu id

After the volume had been ascertained, the lavage fluid was
centrifuged at 600 g and 20 °C for 10 min and the cell pellet
was resuspended in 500 μΐ of Minimal Essential Medium Dul-
becco for chemiluminescence (Boehringer-Mannheim, F. R. G.).
Neutrophil and macrophage counts were obtained by staining
with Turk's solution (acetic acid gentian violet solution, E.
Merck, Darmstadt, F. R. G.) and Tucker's solution (22), using
a Neubauer haemocytometer and a Universal Microscope
(Zeiss, Oberkochen, F. R. G.), magnification x 250. The cell
suspension was then diluted with Minimal Essential Medium
to give a cell count of 5 · 108/1, and a 50 μΐ aliquot was used for
the chemiluminescence measurement. Another aliquot of the
concentrated suspension was used to prepare cytocentrifuge
smears (Cytospin II, Shandon, Frankfurt, F. R. G.). After Pap-
penheim staining, the distribution of macrophages, neutrophils
and lymphocytes was determined using the Universal Micro-
scope and immersion oil, magnification x 1600.

Granulocyte i sola t ion from blood

Neutrophils were isolated from citrated venous blood (1 vol of
3.13% citrate solution, Fresenius, Bad Homburg, F. R. G.,
H- 9 vol of blood). The blood was diluted 1 :2 with physiological
saline, and 2 ml were placed on 4 ml of a Percoll solution
(Pharmacia, Uppsala, Sweden), volume fraction 0.5. After cen-
trifugation at 350 g and 20 °C for 25 min, the upper layer
(monocytes, platelets, lymphocytes, plasma) was aspirated and
discarded. The lower layer (red blood cells, granulocytes) was
resuspended in 8 ml of phosphate-buffered saline (Boehringer-
Mannheim, F. R. G.), centrifuged at 600 g and 20 °C for 5 min,
and the supernatant discarded. The cell pellet was treated with
2 ml of ice cold water (lysis of red blood cells). After 30 s, l ml
of 2.7% sodium chloride solution and 9 ml of phosphate-buff-
ered saline were added. After centrifugation at 600 g and 20 °C
for 5 min, the supernatant was discarded, the granulocyte pellet
was again washed with 12 ml of phosphate-buffered saline, then
resuspended in 500 μΐ of Minimal Essential Medium. An aliquot
was used for cell counting in a Neubauer haemocytometer after
staining with Turk's solution, and the cell suspension was di-
luted to give a cell count of 5 · 108/1 Minimal Essential Medium.
The purity of the isolated neutrophils was > 98% for control
animals and > 96% for endotoxin-treated sheep. Cell viability
was > 96%, as determined by trypan blue exclusion.

Chemiluminescence measurements

Photon emission was measured over a period of 60 minutes in
3 mi-polystyrene vials, using a 6-channel Biolumat LB 9505
(Berthold, Wildbad, F. R. G.) and reagents prewarmed to 37 °C.
Stimulation experiments with appropriate controls were per-
formed according to table 1.
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Tab. 1. Test compositions for chemiluminescence measurements

Tests with blood Tests with isolated neutrophils/

Minimal essential medium
Luminol (22.6 mmol/1)
Zymosan A (100 g/1)
Sheep plasma (pool)
Sample (blood and 25 000 cells,

respectively)
Total volume

Stimulation
(counts/mins)

500
10
20
—
50

580

Control
(counts/mine)

520
10
—
—
50

580

Stimulation
(counts/mins)

500
10
20
50
50

630

Control
(counts/minc)

520
10
—
50
50

630

Luminol (5-anuno-2,3-dihydro-l,4-phthalazindione) was pur-
chased from Boehringer-Mannheim, F. R. G., zymosan A from
Sigma Chemical Co. St. Louis, MO, U. S. A.

The stimulatory response (counts/mins—counts/minc) and the
basic stimulation (counts/minc) values were calculated from the
peak maximum values obtained (counts/min · 250 000 neutro-
phils for the experiments using whole blood and counts/min
• 25 000 neutrophils/macrophages for the experiments using iso-
lated cells).

The significance of differences between groups was calculated
by the Wilcoxon matched pairs signed-ranks test and was ac-
cepted if p < 0.05.

Results

(i) Multiple bronchoalveolar lavage proce-
dures by 'fixed position' balloon tipped
catheter

On the day following the operative procedure, the
second lavage aspirate already contained 65% neu-
trophils and this value increased up to more than
90% after 24 hours. This increase was dependent on
the number of lavage procedures performed (fig. 1).
In addition, endotoxin injection of 2 μg/kg of body
weight 2 hours after the baseline lavage procedure (0
min) resulted in a similar pattern of granulocyte in-
filtration (fig. 2). The average (range) total cell count
was 0.41 χ 109/1 (range 0.05-1.25 χ 109/1) without
endotoxin and 0.34 χ 109/1 (range 0.03-1.33
χ 109/1) with endotoxin. The total cell count for the
baseline values was 0.041 χ 109/1 (range 0.022-0.063
χ 109/1).

(ii) Multiple bronchoscopies and multiple
bronchoalveolar lavage procedures using
long-term anaesthesia

One hour after endotoxin bolus injection of 2 μg/kg
of body weight (4. lavage procedure) increasing pro-
portions of granulocytes were observed in the s-seg-
ments, reaching a value of more than 80% after 8
hours (7. lavage procedure), whereas there was no

Neutrophils

ι " ι
Day of 0 5 15 1

operation min

τ
24

Time after saline injection

Fig. 1. Distribution of neutrophils (G) and alveolar macro-
phages (G) in lavage fluid of sheep which have under-
gone multiple bronchoalveolar lavage procedures by
'fixed position' balloon tipped catheter on the operation
day (day before) and on the following day before (0 nun)
and after saline injection (5 min, 15 min, l h, 4 h, 24 h)
χ ± SEM, n = 3

LOO r

Day of 0
operation

24

Time after endotoxin injection

Fig. 2. Distribution of neutrophils (m) and alveolar macro-
phages (D) in lavage fluid of sheep which have under-
gone multiple bronchoalveolar lavage procedures by
'fixed position* balloon tipped catheter on the operation
day (day before) and on the following day before (0 min)
and after (5 min, 15 min, l h, 4 h, 24 h) endotoxin in-
jection of 2 μg/kg of body weight
χ ± SEM; n = 3
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corresponding increase in the proportion of granu-
locytes in the d-segments (fig. 3). The average (range)
total celt count after endotoxin exposure was 0.011
χ 109/1 (range 0.002-0.027 χ 109/1) for s-segments
and 0.018 χ 109/1 (range 0.004-0.026 χ 109/1) for
d-segments.

(iii) Multiple bronchoscopies and mult iple
bronchoalveolar lavage procedures using
short-term anaesthesia

In these experiments the sheep were anaesthetized
immediately prior to the lavage procedures. The pro-
portion of granulocytes in s-segments was 15% 24
hours (3. lavage procedure) after endotoxin bolus
injection of 2 μg/kg of body weight, whereas no in-
crease of the proportion of granulocytes was observed
in the d-segments (fig. 4). The average (range) total
cell count after endotoxin injection was 0.053 χ 109/1
(range 0.052-0.055 χ 109/1) for the s-segments and
0.044 χ 109/1 (range 0.04-0.049 χ 109/1) for the d-
segments. The baseline values obtained according to
sections (ii) and (iii) showed an average cell pattern
of 99% macrophages, < 1% neutrophils, < 1% lym-

phocytes. The average (range) total cell count for the
baseline values was 0.027 χ 109/1 (range 0.027-0.028
χ 109/1).

(iv) Chemiluminescence of alveolar macro-
phages and neutrophils from bronchoalveo-
lar lavage fluid and of neutrophils from
whole blood

The chemiluminescence behaviour of alveolar mac-
rophages, obtained only from d-segments according
to sections (ii) and (iii), was investigated. In addition,
7 analogous experiments using different lavage aspi-
ration times after endotoxin exposure, were per-
formed. One hour after endotoxin injection of 2 μg/
kg of body weight, the stimulatory response and the
spontaneous photon emission showed an increase and
a maximum after 4 hours (fig. 5a). Granulocytes,
simultaneously isolated from venous blood samples,
were in a hyperactive state upon zymosan A stimu-
lation 5 minutes after endotoxin injection, and showed
a minimal stimulatory response after 2 hours, fol-
lowed by an increased response for up to 8 hours (fig.
5b). Except for the phase of hyperactivity, the behav-
iour of the blood chemiluminescence response was
identical (fig. 5c).
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Neut rophi l s - s

1.00

Macrophages-s

Neutrophils-d

5 15 1 4 6 8
min h

Time after endotoxin injection

Fig. 3. Distribution of neutrophils and alveolar macrophages
in lavage fluid of sheep which have undergone multiple
bronchoscopies and multiple bronchoalveolar lavage
procedures using long-term anaesthesia before (0 min)
and after (5 min, 15 min, l h, 4 h, 6 h, 8 h) endotoxin
injection of 2 μg/kg of body weight
χ ± SEM; n = 3
s = same segment lavaged
d = different segments lavaged
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Macrophages-d
-2
*

Macrophages-s

Neutrophi ls-s
χ
i

Neutrophils-d

15 1 24

Time after endotoxin injection

Fig. 4. Distribution of neutrophils and alveolar macrophages
in lavage fluid of sheep which have undergone multiple
bronchoscopies and multiple bronchoalveolar lavage
procedures using short-term anaesthesia before (0 min)
and after (6 h, 24 h) endotoxin injection of 2 μg/kg of
body weight
χ ± SEM; n = 6
s = same segment lavaged
d = different segments lavaged
* p < 0.05 6 h and 24 h values vs 0 min values

J. Clin. Chem. Clin. Biochem. / Vol. 28, 1990 / No. 3



Dwenger et al.: Lung phagocytes after endotoxin injection in sheep 167

1.0 r,

0.5

a» 0u Z
ο
8

0 5
ι '

15

0.1 -

0.05

0 5 15 1 2 4 6 8
min h

Time offer endotoxin injection

Fig. 5. Chemiluminescence responses of
alveolar macrophages (a)
neutrophils isolated from blood (b)
and citrated blood (c)
of sheep before (0 min) and after (5, 15 min; l, 2, 4, 6,
8 h) endotoxin injection of 2 μg/kg of body weight with
(filled symbols) and without (open symbols) zymosan
A stimulation
χ ± SEM; n = 16
* p < 0.05 4 h and 6 h values vs 0 min values (a)
* p < 0.05 5 min and 2 h values vs 0 min values (b)
* ρ < 0.05 5 min, 2 h, 4 h and 6 h values vs 0 min
values (c)

Discussion

Stimulated polymorphonuclear neutrophilic leuko-
cytes are believed to be the cells which initiate and/
or amplify the development of the adult respiratory
distress syndrome (14, 15, 17, 18). Furthermore, to
investigate pathomechanisms of this disease, the endo-
toxin-induced permeability increase in sheep is widely
used as an acute model for the adult respiratory
distress syndrome. Therefore, biochemical parameters

that are indicative of the permeability increase should
correlate with functional and/or topographical alter-
ations of granulocytes in this animal model (3 — 5).

From our results it was demonstrated that mechanical
irritation by the 'fixed position' balloon catheter in-
duced a heavy invasion of granulocytes into the al-
veoli, even without endotoxin exposure. Also, the
slight irritation and inflammatory reaction produced
by the bronchoscopy and a single bronchoalveolar
lavage procedure can initiate the granulocyte inva-
sion, especially in the case of repeated lavage proce-
dures of the same bronchial segment, as described by
Weiss et al. (23). In contrast, only the d-segments
contained normal granulocyte/alveolar macrophage
ratio in the lavage fluid after endotoxin injection for
up to seven lavage procedures of the same animal
within an 8 hour period. It can be concluded, there-
fore, that there was no increase in granulocyte migra-
tion into the alveoli within the period of increased
permeability between 2 and 6 hours after endotoxin
injection, despite their increased adherence in the lung
capillaries (1, 2). Therefore, the initiation and/or am-
plification of the permeability damage, presumably
caused by granulocytes, seemed to be restricted to the
capillary endothelium.

From the stimulatory responses of blood neutrophils
and alveolar macrophages and their time courses, the
early (5 min) hyperactivation by endotoxin of blood
neutrophils was demonstrated, as well as their con-
secutive metabolic exhaustion with a minimal chem-
iluminescence response after 2 hours. The ensuing
increase was presumably caused by new granulocytes
liberated by the bone marrow. In contrast, alveolar
macrophages exhibited an increase in their stimula-
tory response and spontaneous photon emission, be-
ginning 1 hour after endotoxin injection and peaking
after 4 hours. The observed time course was nearly
identical with the permeability increase and its de-
crease after endotoxin injection (3, 4). From the time
courses of activation of blood granulocytes and al-
veolar macrophages it is possible to cautiously pro-
pose a pathogenetic sequence. Early intravascular
stimulation/activation of neutrophils can cause an
increase of their adherence to the capillary endothe-
lium, followed by secretion of mediators, which after
some delay, can diffuse into the alveoli and stimulate
alveolar macrophages, without the granulocytes leav-
ing the capillary and entering the alveolar space.
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