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Evolution of endotoxin induced acute lung injury in the rat
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Summary. To clarify the evolution of acute lung injury induced by endotoxin,
the progression of lung damage in 26 rats submitted to intratracheal
instillation of 5mg/kg body weight endotoxin was examined by blood gas
analysis, computerized tomography, light and electron microscopy. Hypox-
aemia, hypercapnia, acidosis and inhomogeneous bilateral infiltrates devel-
oped gradually within 48 hours. Monocytes appeared within blood
capillaries and the instertitium by 12 hours after treatment, then migrated
into alveoli and underwent progressive differentiation into macrophages by
24 hours after treatment. Granulocytes were found within blood capillaries at
an early stage, but outside capillaries only at 48 hours. Hyperplasia of type 11
pneumocytes and hypertrophy of interstitial fibroblasts also occurred at 48
hours. These data suggest that the pathogenesis of endotoxin induced
pulmonary injury proceeds through an early phase of granulocyte migration
inside capillaries and monocyte extravasation, an intermediate phase of
monocyte differentiation into macrophages inside alveoli and a late phase of
diffuse infiltration of alveoli by newly differentiated macrophages and late-
extravasated neutrophils.

Keywords: acute respiratory distress syndrome, ARDS, lipopolysaccharide,
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Endotoxin, a lipopolysaccharide (LPS) from the cell wall
of Gram-negative bacteria, causes severe injury to the
lung, as demonstrated in the sheep (Esbenshade et a/.
1982; Meyrick & Brigham 1983) and rat (Simons et a/.
1991; Adembri et a/. 1992; Wheeldon et a/. 1992). In
humans, endotoxin is believed to be responsible for
lung injury during septic shock, leading to the onset of
acute 'adult respiratory distress syndrome' (ARDS)
(Weiner-Kronish et al. 1990), a life-threatening disease.
In the survivors, lung injury can heal or evolve into
fibrosis (chronic ARDS) (Hasleton 1983; Murray et a/.
1988).
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Inflammatory cell (neutrophil and macrophage) infil-
tration into the alveoli and septa is a key feature of acute
ARDS (Bachofen & Weibel 1982), whereas neutrophil
infiltration seems of primary importance in experi-
mental, endotoxin induced lung injury (Simons et al.
1991; Tate & Repine 1983; Ooi et a/. 1994).
Endotoxaemia is a major complication of severe

trauma and intensive care treatment whatever the
cause (Kaplan et al. 1979; Fein et al. 1983; Glauser et
a/. 1991); this explains the interest in understanding the
pathogenesis of endotoxin induced lung injury, as a
premise for effective prevention and treatment.

Since the cellular composition and the time-course of
endotoxin induced lung infiltrates are still to be deter-
mined, we addressed these issues experimentally in the
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rat, upon intratracheal instillation of a definite dose of
LPS, which has been demonstrated to produce selective
and progressive lung damage (Adembri et a/. 1992).

Material and methods

Experiments were performed on male Wistar rats (mean
weight 325 ± 30 g). Animals were fed ad libitum until 18
hours before the procedures and had free access to
water.
The experiments were performed adhering to the

guidelines of the Council for International Organizations
of Medical Sciences and the Italian law for the use of
experimental animals.

Rats were pretreated with atropine (0.01 mg/kg i.p.),
anaesthetized with ketamine (60 mg/kg i.p.; Ketalar,
Parke-Davis, Milan, Italy) and placed head-down on a
table inclined at 450.

After surgical exposition of the trachea, a thin needle
was inserted into the trachea to instill the solutions to be
tested.
The animals were divided into three groups:

sham operated, otherwise untreated (n = 8);
instilled with saline (0.9% NaCI), 0.125 ml (n = 14);
instilled with endotoxin (lipopolysaccharide B, sero-
type 0111: B4, Difco Laboratories, Detroit, Mi, USA),
5 mg/kg dissolved in 0.125 ml saline (n = 26).

For haematological, radiological and histological
assays, rats were anaesthetized again as described
above.

All the animals survived until the end-point, i.e. 12, 24
or 48 hours after treatment.
The following analyses were performed at baseline

and at 12, 24 and 48 hours after instillation:

arterial gas analyses (Po2, Pco2, pH);
thoracic computerized tomography (CT);
light and electron microscopy.

Arterial gas analyses

Blood samples were taken from abdominal aorta of 24
rats. Arterial gas analyses were performed by a micro-
method with an automatic instrument (IL1312, Milan,
Italy).

Computed tomography (CT)

CT scans were performed by a CX/S tomoscan device

(Philips, Eindhoven, Netherlands) on 2 untreated, 6
saline instilled and 10 endotoxin instilled rats.
The scans were obtained in continuous slices 2 mm in

thickness with a matrix at high resolution (512 x 512
pixels, 120 kV, 120 mA, 2.8 s); scans were post-pro-
cessed with reconstruction at high resolution by
convolution filter no. 4.

Microscopy and morphometry

The lungs of each rat were divided into two halves with a
section through the hilus, apex and basis. For light
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Figure 1. Time course of blood gas analysis values for control
and endotoxin treated rats. *, Untreated + saline instilled
rats; n, endotoxin instilled rats. Error bars are not indicated
because they would have been too close to the means, since
standard error was a, less than 5% of the mean for Po2; b,
less than 3% of the mean for Pco2; and c, less than 0.2% of
the mean for pH, at all time points and in all experimental
conditions. Differences between pairs of values were
significant (P < 0.005) for the three parameters 24 and 48
hours after treatment.
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Figure 2. CT scan of a, an untreated rat
lung and b, rat lung 48 hours after
endotoxin instillation. A conspicuous
parenchymal infiltrate is present in the
subcarinal space of the treated rat (b,
arrow), whereas the lung parenchyma
appears normally aerated in control
conditions.

microscopy, one-half of each lung of 25 rats (4 untreated,
6 at 48 hours after instillation of saline and 15 at all three
time points after instillation of LPS) was fixed in Bouin's
solution and embedded in paraffin. Sections were cut
parallel to the frontal plane of the lung and stained with
haematoxylin and eosin.
The lungs of 4 untreated rats, 6 rats 48 hours after

saline treatment and 9 rats 48 hours after endotoxin
treatment were used for morphometry. In one lung
section per rat, cut along the longitudinal axis of the
organ, the volume ratio of tissue to organ (vT) was
evaluated by point counting with a square test lattice,
with distance of test points (d) of 2cm, at magnification
x500. A total area of 0.9-1.1 mm2 was analysed for each
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Figure 3. Rat lung 24 hours after endotoxin instillation. Some
neutrophils (arrowheads) can be seen in the alveolar septa.
Many immature macrophages are visible both in the septa
(large arrows) and alveolar spaces (thin arrows). Semithin
section stained with toluidine blue. x650.

section. The ratio (T) was computed by the number of
test points on the tissue, including infiltrate when
present (PT), and those on the whole organ (tissue
plus air spaces, PO) from the equation (V=T) = (PT)
(Weibel 1979).

One-half of each lung of 21 rats (2 untreated, 6 at 48
hours after saline instillation, 3 at 12 hours after endo-
toxin instillation, 3 at 24 hours after endotoxin instillation
and 7 at 48 hours after endotoxin instillation) was
prepared for electron microscopy. The tissue was
divided into an apical, a middle and a basal third and

Figure 4. Rat lung 48 hours after endotoxin instillation.
Neutrophils (arrowheads) and immature (arrows) and mature
macrophages (arrows with squares) are shown. The exact
localization of each cell type is shown only by electron
microscopy. Capillaries are open even in heavily infiltrated
areas. Semithin section stained with toluidine blue. x450.

then minced into small blocks. Some randomly selected
blocks from each third of each lung were fixed in
Karnovsky's solution in 0.1 mol/l cacodylate buffer, pH
7.4, post-fixed in 1% osmium tetroxide in 0.1 mol/l
phosphate buffer, pH 7.4, and embedded in Epon 812.
Semithin sections were used to identify the tissue blocks
where an infiltrate was present.

Ultrathin sections from these blocks were stained with
uranyl acetate, followed by bismuth subnitrate or lead
citrate, and examined in an Elmiskop 102 (Siemens,
Munich, Germany) electron microscope at 80 kV.
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Figure 5. Rat lung 12 hours after endotoxin instillation. A
neutrophil is shown within a capillary. Electron microscopy.
x 13 000.

Statistical analysis

Means and standard errors are given in the results. The
results were evaluated by Student's t-test applied one-
tailed, since we did not consider the hypothesis that
treated rats could improve above controls.

Probability levels of P<0.05 were recorded and
accepted as significant.

Results

Saline instilled rats were similar to controls in all
respects, that is arterial gas analyses, CT and histology.
Therefore, the data from untreated and saline-instilled

rats were pooled together into a single control group for
all comparisons.

Endotoxin instilled rats showed progressive
hypoxaemia, hypercapnia and acidosis from 24
hours after treatment (Figure 1).

Diffuse, inhomogeneous, bilateral infiltrates were a

common finding by CT in the lungs of rats 24 hours after
endotoxin instillation and these were larger at 48 hours
(Figure 2).
By light microscopy, focal infiltrates of neutrophils

and mononuclear cells were evident 24 hours after
endotoxin instillation (Figure 3) and became signifi-
cantly more extensive with time (Figure 4). The volume
ratio of tissue (including infiltrate) to organ was 0.5329
(standard error ±0.0343, range 0.3515-0.6563) in the
controls and 0.6420 (standard error +0.0366, range
0.4393-0.8132; P < 0.05 vs controls) in endotoxin treated
rats. Forty-eight hours after treatment, eosinophilic,
amorphous material was also found in some alveoli.
By electron microscopy, the evolution of infiltrates

appeared as follows.
Twelve hours after endotoxin instillation, inter-

alveolar septa contained many neutrophils and some
monocytes; neutrophils were found only inside blood
capillaries (Figure 5), whereas monocytes were found
within both blood capillaries and interstitial space.

Twenty-four hours after endotoxin instillation, the
picture of interalveolar septa was substantially the
same as at 12 hours, i.e. blood capillaries contained
many neutrophils and some monocytes as well. At this
time point, several macrophages were found within
alveoli. These cells were large and had a wide Golgi
apparatus and a few, short projections on their surface.
Characteristically they contained many homogeneously
electron dense, round or cup-shaped primary lyso-
somes (Figure 6).

Forty-eight hours after endotoxin instillation, neutro-
phils were found only in the interstitial septa and within
the alveoli, where they were much more numerous
(Figure 7). Some monocytes were found within alveoli,
which also contained many macrophages. These last
cells were large and had an inconspicuous Golgi appa-
ratus and many projections on their surface; these
projections were sometimes thin and long, sometimes
short and thick. Characteristically, they contained many
round lysosomes which were homogeneously electron
dense or with a dense core of varying size, sometimes
wider than 1 ,m (Figure 8).
The eosinophilic material turned out to be fibrin

(Figure 8) in some alveoli and amorphous in others.
The alveolar lining was continuous and comprised

many type 11 pneumocytes with lamellar bodies (Figure
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Figure 6. Rat lung 24 hours after endotoxin instillation. An immature macrophage with wide Golgi apparatus, many round and cup-
shaped primary lysosomes and few short cell surface projections is shown inside an alveolus. Electron microscopy. x11 000.

7). Some of these cells contained many free ribosomes
and little rough endoplasmic reticulum, thus resembling
immature cells (Figure 9).
Type I pneumocytes appeared as in controls. Inter-

stitial fibroblasts were increased in number and size
and richer in rough endoplasmic reticulum than when
observed at previous time points (Figure 7).

Endothelial cells and subepithelial and subendothe-
lial basement membranes were as in controls and
capillaries remained open even in heavily infiltrated
areas.

Discussion

In this research we followed the evolution of endotoxin

induced experimental lung injury by blood gas analysis,
CT, and light and electron microscopy. We have shown
that intratracheal instillation of endotoxin causes in
rats an acute respiratory failure within 48 hours
accompanied by infiltration of mononuclear cells and
neutrophils in the lungs.

Saline solution failed to reproduce the radiological,
haematological and histological picture which followed
endotoxin instillation; therefore, the observed pulmon-
ary damage should be interpreted as caused by LPS.

Electron microscopy, in particular, let us identify and
visualize in detail the cell types involved in the evolution
of these infiltrates. This type of information had escaped
a previous investigation in the rat, where continuous
venous infusion of endotoxin had led to the appearance
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Figure 7. Rat lung 48 hours after endotoxin instillation. Four type 11 pneumocytes (two of them contain lamellar bodies) and an
intra-alveolar neutrophil are shown. Electron microscopy. x6500.

of neutrophils inside blood capillaries, interstitium and
alveoli at the same time; in the alveoli, neutrophils were
reported to colocalize with macrophages (Simons et a/.
1991). In the present study, monocytes were found within
both blood capillaries and interstitial spaces by 12 hours
after treatment, whereas numerous macrophages were
found within alveoli by 24 hours after treatment.
Macrophages were never found within the alveolar

septa, only inside the alveoli; moreover, the structure of
these cells was different at 24 from that at 48 hours after
treatment, with pictures that can be interpreted as
indicative of recruitment of monocytes from blood to
alveoli soon after treatment, followed by differentiation
of monocytes into macrophages and further maturation
of these cells within alveoli. Neutrophils, however,
although relatively frequent from early time points (12

hours) after treatment, remained restricted within blood
capillaries until 24 hours and appeared to infiltrate
interstitial spaces and, most importantly, the alveolar
spaces only 48 hours after treatment.
Taken all together, these findings suggest that neutro-

phils contribute to early phases of endotoxin induced
lung injury from within blood vessels and possibly at a
later stage worsen the final picture by contributing to
alveolar infiltrates. These findings further indicate that
the neutrophil infiltrates form following the recruitment
of monocytes and their differentiation into macro-
phages. Pre-existing lung macrophages did not seem
to play a major role in this experimental model of lung
injury. Endotoxin can cause leucocyte adhesion to
endothelial cells and activation of these cells to secrete
several biologically active mediators (Neuhof 1991). The
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Figure 8. Rat lung 48 hours after endotoxin instillation. Intra-alveolar infiltrate includes macrophages and fibrin. Macrophages
have many round lysosomes and thin and long cell surface projections. Electron microscopy. x6500.

main types of leucocytes (neutrophils, monocytes and
macrophages) we found involved in the lung infiltrates
can also interact with each other due to the action of
many of these mediators (Romagnani & Caligaris
Cappio 1991).

This interpretation of the pathogenesis of endotoxin
induced lung damage might also apply, at least in part,
to human acute ARDS (for review see Hasleton 1983).
Were this the case, there would be an initial phase when
disease evolution might be blocked, before neutrophils
have extravasated and monocytes have differentiated
into infiltrated macrophages.

Relevant modifications of type 11 pneumocytes and
interstitial fibroblasts were found at 48 hours after

treatment. Type II pneumocytes were especially fre-
quent at this time point and often had features of
immature cells. This finding is in agreement with pre-
vious data (Simons et a/. 1991) and suggests hyperpla-
sia of these cells as part of a response to alveolar injury,
as shown previously in other experimental models
(Yuen & Sherwin 1971; Meyrick & Brigham 1983,
Simons et a/. 1991). At the same time point, interstitial
fibroblasts became more frequent, larger, and richer in
endoplasmic reticulum than in control conditions or at
previous experimental time points. Leucocyte-derived
mediators, including several cytokines, might be
responsible for the activation of these cells (Neuhof
1991; Romagnani & Caligaris Cappio 1991) which, in
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Figure 9. Rat lung 48 hours after endotoxin instillation since 48 hours. Two type 11 pneumocytes with many free ribosomes and
little rough endoplasmic reticulum and an interstitial fibroblast (top right) with well developed rough endoplasmic reticulum and
some lipid droplets are shown. Electron microscopy. x13000.

turn, might play a role in late development of fibrosis
(Vaccaro & Brody 1978) as happens in humans surviving
acute ARDS (Hasleton 1983; Murray et al. 1988).
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