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Development and regression of pulmonary arterial
lesions after experimental air embolism

A light and electronmicroscopic study
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Summary. Repeated systemic venous air embolism produces pulmonary
vascular lesions, the nature of which is still a subject of controversy.
We investigated the pulmonary arterial lesions produced by repeated
air embolism in rabbits, both at light and electron microscopic level.
We found that they form a remarkable histopathological entity, con-
sisting of initial pronounced vasoconstriction, combined with severe inti-
mal inflammatory changes. Within 4 days after the last injection of
air, peculiar sheet-like structures consisting of oedematous tissue and
lined by endothelium, projected into the lumen. These structures probab-
ly resulted from the shearing stress of the blood, streaming over the
severely oedematous intima. They subsequently became thinner and dis-
appeared after two weeks. Various types of blood-borne and mesenchy-
mal cells were present in the thickened intima and within the sheets.
The origin of the latter cells remained undecided. They may originate
from medial smooth muscle cells penetrating the internal elastic lamina
as well as by transition from blood-borne cells into mesenchymal cells,
or both.
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Introduction

Intimal fibrosis of muscular pulmonary arteries may occur in a variety
of pathological conditions, particularly in various forms of pulmonary hy-
pertension. Depending upon the underlying condition and aetiology, it var-
ies not only in its morphological aspects, but also with regard to its clinical
and prognostic significance for the patient (Wagenvoort and Wagenvoort
1977; Wagenvoort et al. 1984).
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Although several investigators have described the ultrastructure of inti-
mal fibrosis, there remains controversy on the nature and the origin of
the intimal cells in these lesions (Esterly et al. 1968; Balk et al. 1979; Kondo
et al. 1979; Meyrick and Reid 1980; Smith and Heath 1980; Schaub et al.
1981). Whereas there is now general agreement that fibroblasts are not
the predominant constituents of intimal thickening, as previously assumed,
smooth muscle cells, myofibroblasts and undifferentiated cells have all been
described. The question whether all these intimal cells originate from medial
smooth muscle cells or also from blood-borne cells, has remained unsettled.

In the present study repeated air embolism in the rabbit was used as
an experimental model since it has been shown (Barnard 1957; Boerema
1965) that in this way intimal proliferation may be produced in a relatively
short time. In the course of this study we came across certain peculiar
lesions that, to our knowledge, have not been described before. This report
deals with the development and regression of these changes as well as with
the nature and origin of the cells therein.

Material and methods

Twelve New Zealand white rabbits, weighing approximately 2,000 g, were used. In ten animals,
during 5 consecutive days, 0.5 ml of air per kg body weight was injected into an ear vein.
One of the animals died 15 min after the second injection. The remaining animals were killed
by an intramuscular injection of Hypnorm® at 1, 2, 3, 4, 7, 14, 21, 28 and 35 days after
the last dose of air. Two control animals, without prior air embolism, were killed in the
same way. The lungs were fixed by intratracheal instillation of undiluted Karnovsky’s fixative
(Karnovsky 1965), while the thorax was still closed. By this procedure, the lungs are fixed
in an expanded state and vascular collapse is fully prevented (Dingemans 1973). Specimens
for light and electron microscopy were taken from each lobe of the lungs. For light microscopy,
the tissue samples were postfixed in 6% buffered formalin. This was done under vacuum,
in order to extract remaining air. From the specimens to be used for electron microscopy,
50 pm thick sections were cut on a Vibratome. The blood vessels therein were dissected and,
after postfixation with osmium tetroxide and uranyl acetate, embedded in Epon. Subsequently
1 pum thick sections, stained with toluidine blue were used for selecting vessels with vascular
lesions, if present, but at least 5 vessels per animal. Ultrathin sections were then stained
with lead citrate and uranyl magnesium acetate, and some also with tannic acid to visualize
elastin (Kajikawa et al. 1975).

Results

Most pulmonary arteries were of the muscular type, although it must be
noted that in the rabbit, there are often some elastic fibres within the media
in muscular arteries. Light and electron microscopic study revealed that
their internal elastic lamina was continuous except for a limited number
of small fenestrations. Intrathoracic fixation had essentially preserved its
smooth outline, with only minimal crenation in a few vessels. Generally,
the endothelium rested directly on the internal elastic lamina but sometimes
a few cells, usually with smooth muscle characteristics, were found in the
subendothelial intimal layer. In such areas, the internal elastic lamina might
show a slight degree of reduplication. No erythrocytes or inflammatory
cells were found within the vessel walls in the control animals. Medial smooth
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Fig. 1. Part of wall of muscular pulmonary artery during acute contraction. Crenation of
internal elastic lamina in left lower corner. Within intima leucocytes of several types, one
of them in process of invasion through endothelium (arrows). Electron micrograph, x 9,700

muscle cells were regularly shaped with hardly any cytoplasmic protrusions.
No regional differences were found between the vessels in various lobes
of the lungs.

In the rabbit that died after the second administration of air, light and
electron microscopic investigation showed severe constriction of muscular
pulmonary arteries. The lumen in these arteries generally was narrow, the
media considerably thickened, the internal elastic lamina prominently cren-
ated, while the endothelial cells protruded far into the lumen. Often, the
endothelial cells lost the direct contact with the internal elastic lamina over
part of their surface. Sometimes the endothelium was lifted up by large,
balloon-shaped, empty-appearing subendothelial spaces. Granulocytes,
monocytes and lymphocytes had marginated to the vascular wall and diape-
desis of these cells into the subendothelial spaces and other parts of the
vascular wall often occurred (Fig. 1). Fibrin or platelet adhesion was not
observed at this or at any of the following stages. The fenestrations within
the internal elastic lamina were increased in number and in width. Through
these fenestrations small cytoplasmic evaginations of medial smooth muscle
cells protruded. On a few occasions, these evaginations were large and elec-
tron-lucent, resembling those that have been described in severe vasocon-
striction due to various causes, e.g., hypoxia (Dingemans and Wagenvoort
1978) or Crotalaria administration (Wagenvoort et al. 1974; Dingemans
and Wagenvoort 1976).
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Fig. 2. Muscular pulmonary artery with oedematous protrusions of intima and early formation
of sheet-like structures. H. and E., x 380

In the lungs from rabbits killed 1 to 4 days after the last injection of
air, morphological signs of vasoconstriction were less conspicuous. How-
ever, there were other prominent structural alterations, especially near
branching points of large and medium-sized muscular arteries. In these ar-
eas, the internal elastic lamina was usually fragmented, with large disconti-
nuities. The media was thickened and oedematous and many large protru-
sions of the cytoplasm of smooth muscle cells, penetrated the internal elastic
lamina, so that, in fact, parts of these cells were lying within the intima.
There was also prominent intimal thickening from oedema, resulting in
wide separation of the endothelium form the internal elastic lamina, a fea-
ture not observed or only to a minimal extent in the control animals. In
many arteries, the subendothelial spaces were locally enlarged to such an
extent that conspicuous endothelium-covered protrusions had developed.
Often these became undermined so that large sheet-like structures were
formed (Fig. 2). These structures tended to be oriented parallel to the vascu-
lar wall with luminal channels in between. Subendothelial spaces, including
those of the protrusions, were electron-lucent (Fig. 3) and contained varying
number of granulocytes and monocytes with occasional lymphocytes and
erythrocytes. Some leucocytes penetrated over a short distance into the
media. Some intimal cells with the ultrastructural characteristics of fibro-
blasts were observed in the intima as well as occasional myofibroblasts
and smooth muscle cells, the latter cells lying more closely to the internal
elastic lamina. The fenestrations in this lamina, however, were still wide
and numerous with many smooth muscle cell evaginations.
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Fig. 3A, B. Electron micrographs of similar areas as in Fig. 2. Large intimal protrusions and
sheet-like structures project far into vascular lumen. A, conventional staining with uranyl

acetate and lead citrate. B, tannic acid staining demonstrating small patches of elastin (arrows).
A, x400; B, x 3,500

In the lungs of rabbits killed 1 to 2 weeks after the last injection of
air, there was gradual regression of the vascular lesions. Initially, the intimal
layer and the sheets became thinner as the oedema somewhat diminished,
leading to a condensation of collagen and elastic fibres. While the number
of subendothelial blood cells decreased, there was some increase of elongated
fibroblast-like cells. These cells had a well developed rough endoplasmic
reticulum but inconspicuous intracytoplasmic filaments (Fig. 4). Again
smooth muscle fibers penetrating the internal elastic lamina were found
regularly (Fig. 5). The sheet-like structures gradually became discontinuous,
eventually leading to the formation of delicate interconnecting septa travers-
ing the lumen and consisting of a double endothelial layer with hardly
any stroma in between (Fig. 6).

Three to five weeks following the last injection no traces of the sheet-like
structures could be found any longer and blood borne cells became rare.
Within the intimal layer smooth muscle cells, although still fairly scarce,
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Fig. 4. Fibroblast-like cell in oedematous intima. Collagen fibers are seen adjacent to cell
Electron micrograph, x 12,000

Fig. 5. Smooth muscle cell penetrating internal elastic lamina. Notice collagen fibers in thick-
ened intima, Electron micrograph, x 16,000

Fig. 6. Delicate, endothelium-lined interconnecting septa extending into arterial lumen. H.
and E., x380
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Fig. 7. Part of wall of muscular pulmonary artery in stage of regression. Flattened intimal
smooth muscle cells, separated by slightly oedematous extracellular matrix containing much
collagen. Electron micrograph, x 6,000

now predominated over the fibroblasts and myofibroblasts (Fig. 7). Eventu-
ally only traces of intimal thickening remained. The internal elastic lamina
became smooth again and its fenestrations decreased in width and number,
while the smooth muscle cell evaginations gradually disappeared. The medial
thickness regressed to normal.
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Discussion

The experimental model of repeated air or gas embolism to produce pulmo-
nary vascular lesions has been used by various authors since the original
paper by Barnard in 1957. Whereas most authors agree that significant
damage to the pulmonary arteries is produced by this method, the exact
nature of this damage has remained subject of controversy. Indeed, it has
not become clear whether the lesions are thrombotic in origin, as has been
suggested (Barnard 1957; Boerema 1965; Hartveit et al. 1968 ; Moosavi et al.
1981) or not. It has even been maintained that some of the lesions repre-
sented plexiform lesions (Wright 1962; Gilbert et al. 1968).

In order to ascertain the nature of the lesions produced by this method,
we essentially repeated the original experiments, now including electron
microscopy. It appeared that the arterial lesions showed a complex pattern,
consisting of severe vasoconstriction in the acute phase, followed by inflam-
matory changes, including severe intimal oedema and diapedesis of blood
cells. We assume that the inflammatory reaction was elicited by direct dam-
age to the endothelium, either mechanical or hypoxic, as a result of the
air bubbles. The damage to the vessel wall was probably enhanced by the
intense vasospasm seen in the acute phase. The intimal inflammatory reac-
tion consisting of oedema and cellular infiltration, was especially prominent
near bifurcations of the arteries, where the air emboli most likely got stuck.
In our opinion, the subsequent development of sheet-like structures project-
ing into the vascular lumen, may have resulted from the shearing stress
of the blood streaming over the severely oedematous intima. These struc-
tures were unlike the intraarterial band- or weblike fibrous septa characteris-
tic of recanalized thrombi or thromboemboli but, more important, there
were no signs of early thrombosis at any stage. There were no expressions
of plexogenic arteriopathy. It important to point out that the air embolism-
induced lesions depicted and interpreted as plexiform lesions by others
(Wright 1962; Gilbert et al. 1968), were far from convincing, in our view.
Severe intimal inflammatory eodema is not a feature of thrombotic or plexo-
genic pulmonary arteriopathy.

The nature and origin of the cells found in the thickened intima are
of some importance in the understanding of the lesions and possibly of
intimal fibrosis in general. Especially in the early phases, blood-borne cells
were relatively numerous in the intima. In later stages, other types of cells
were added to these, e.g. fibroblasts and myofibroblasts. Since, in the acute
phase, smooth muscle cells were regularly found lying partly in the media
and partly in the intima, using the wide fenestrations in the internal elastic
lamina, it is likely that the intimal mesenchymal cells were derived from
medial smooth muscle cells. In other models, a migration of such cells
to the intima has been well documented (Benditt 1976). The possibility
of a transformation of blood-borne cells into intimal mesenchymal cells
has been proposed by others (Esterly et al. 1968; Lee et al. 1970). However,
because blood-borne cells were initially fairly numerous in the intima, the
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second possibility, though difficult to prove morphologically, cannot be
completely excluded.

The present study shows that the intimal lesions produced by repeated
air embolism in pulmonary arteries are of an inflammatory nature, probably
secondary to direct damage by the air emboli, rather than thrombotic in
origin. In part, and particularly with regard to the sheet-like structures,
they constitute a special type of pulmonary vascular lesion, distinct from
other vascular lesions of the lung.
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