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Electron microscopy of pulmonary vasculature after application of fulvine. This is an
electron microscopic study of the effect of fulvine on the pulmonary arteries and veins
of the rat. Marked constriction of the arteries was evident from excessive crenation of
the interial elastic membrane, resulting in squeezing of nuclei of both smooth muscle
cells and endothelial cells between the folds on either side of this lamina.
Four weeks after fulvine administration fibrin deposits were found in the arterial media

followed by necrosis of muscle cells. In the adventitia there was a new development of
smooth muscle fibres, probably derived from fibroblasts.

In pulmonary veins and venules there was also constriction and hyperplasia of smooth
muscle. The muscle cells showed pronounced cytoplasmic excrescences protruding into
the endothelial layer. This probably reflects constriction of the muscle cells. As in the
arteries, fibrin deposits and necrosis of muscle cells were obsierved from the fourth week
onward.

Fulvine, when applied to rats as a single oral or
intraperitoneal dose, produces severe changes in
both pulmonary arteries and pulmonary veins.
The histology of these pulmonary vascular
changes has been described in the preceding paper
(Wagenvoort, Wagenvoort, and Dijk, 1974). In
the muscular pulmonary arteries and arterioles,
thickening of the media due to vasoconstriction
and medial hypertrophy and fibrinoid necrosis
with arteritis was observed. In the pulmonary
veins and venules there was some increase in
collagen and proliferation of the intimal muscle
fibres and endothelial cells.

Electron microscopical investigation of these
vascular lesions was the purpose of the present
study and therefore, with regard to the ultra-
structural changes, we have concentrated upon
the pulmonary arteries and veins.

MATERIAL AND METHODS

From each rat a piece of lung tissue was taken and
cut into small cubes of approximately 1 mm3. These
were fixed partly in glutaraldehyde (2% in cacodylate
buffer) followed by osmic acid (1 %) and partly in
osmic acid alone. After being embedded in Epon,

sections were cut at 1 tlm and stained with toluidine
blue. These were used for light microscopical orienta-
tion and for selection of pulmonary arteries and veins
suitable for ultrastructural investigation. Subsequently
the blocks were trimmed and ultra-thin sections were
cut with an LKB ultramicrotome at approximately
600 to 700 A. These sections were stained with uranyl
magnesium acetate and lead citrate and examined
with a Philips EM 300 electron microscope.

In five instances, after the ultra-thin sections had
been obtained, the remainder of the blocks were cut
serially at 1 ,um and in the uninterrupted series,
stained with toluidine blue, the small pulmonary
vessels were traced with the light microscope. When
it was difficult to decide whether a vessel was an
arteriole or a venule, its nature could thus be estab-
lished by tracing it to a larger and recognizable vessel.
The ultrastructure of the pulmonary vessels from

15 test rats was compared with that of six normal
control rats. Of these test rats, two had survived
fulvine administration for one week, two for two, two
for three, seven for four, and two for six weeks.

RESULTS

The normal muscular pulmonary arteries and
arterioles, as revealed in the six control rats, are
characterized by external and internal elastic
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laminae on each side of the muscular media. The
internal elastic lamina is crenated due to collapse
of the vessels. The smooth muscle cells of the
media are separated by small numbers of collagen
fibres. Their nuclei have an irregular outline. The
cytoplasm of the smooth muscle cells has a
fibrillar structure from its content of myofibrils.
Moreover there are scattered fusiform densities
and paranuclear clusters of organelles. Extensions
of the cytoplasm, lined by the muscle cell mem-
brane, fill the spaces formed by the coiling of the
internal elastic lamina.
The endothelial cells generally protrude into

the lumen. They rest on a basement membrane,
closely overlying the internal elastic lamina. Their
nuclei usually have a smooth contour on the
luminal side but are irregular at their bases. Their
cytoplasm possesses abundant pinocytotic vesicles
and, particularly in the cell body, some mito-
chondria, many electron-dense lysosome-like
bodies, and scanty endoplasmic reticulum.

In the fulvine-treated animals, increased con-
traction of the muscular media became apparent
from the coiled appearance of the muscular nuclei
and from excessive crenation of the internal
elastic lamina. Nuclei of smooth muscle cells
sometimes were partly squeezed between the folds
of this lamina (Fig. 1) and the same happened to
endothelial nuclei on the other side (Fig. 2). This
increased contraction was observed occasionally
one week after fulvine application but most with-
out exception after two or more weeks. Squeezing
of the nuclei was absent in control rats.

Cytoplasmic organelles were never abundant in
the smooth muscle cells, although there was a
varying, sometimes marked, increase from the
second week onward. The muscle cells sometimes
formed small blebs, protruding into both the
internal and external elastic laminae.

Hyperplasia of the muscle cells was evident
from occasional mitotic activity (Fig. 2). In
addition, there was the development of smooth
muscle cells outside the external elastic lamina
(Fig. 3) in a circular arrangement. It is very likely
that these muscle cells are derived from adventi-
tial fibroblasts since images were observed which
suggested transitions between the two types of
cell.
Four weeks after administration of the drug

fibrin was found in the media of the pulmonary
arteries. In the early stages this was seen as dense
fibrillar streaks and irregular masses in the inter-
cellular spaces. In some instances it extended into
the cytoplasm of muscle cells. This material was
fibrillar with a periodicity of approximately 180 A

(Fig. 3). At a later stage the amount of fibrin
increased so much that in some arteries the media
was almost completely replaced by dense deposits
of fibrin. The fibrin even extended into the adven-
titia, at least in those arteries in which smooth
muscle cells had developed in this layer (Fig. 3).
While initially the muscle fibres apparently re-

tained an intact structure, gradually with increas-
ing amounts of deposits the muscle cells
disintegrated. They lost their fibrillar structure
and showed excessive dilatation of endoplasmic
reticulum and karyolysis. Necrotic cells with only
remnants of the original cytoplasm could even be
observed lying loose in the lumen of the vessel.
In all these instances the internal elastic lamina
had completely disappeared.
The endothelial layer of the pulmonary arteries,

after the second week following fulvine ad-
ministration, showed some increase of endoplas-
mic reticulum, which was sometimes dilated, and
also of mitochondria. Swelling of the endothelial
cells was regularly present, particularly from the
fourth week. Eventually it led to narrowing of
the lumen. It was hard to decide whether pro-
liferation of endothelial cells contributed to this
obstruction. Occasional blebs, sometimes involving
the larger part of the endothelial cell body, were
observed.
The normal pulmonary veins and venules, in

contrast to the arteries, possess a single elastic
lamina. In some parts of the course of the vessel
the endothelial layer overlies this elastic lamina,
separated only by a thin discontinuous basement
membrane. Elsewhere, usually over short
stretches, there may be a layer of smooth muscle
cells in the venous wall, creating intimal fibro-
muscular pads. Between these muscle cells there
is a fairly large amount of collagenous fibres with
some scattered thin elastic fibres. The muscle cells
have a similar structure to those in the arteries
but in addition they have plump excrescences, pro-
truding into the overlying endothelial cells. At
the sites of these excrescences a basement mem-
brane is usually absent. The electron microscopic
structure of the venous endothelial cells is identi-
cal with that of the pulmonary arteries.

After fulvine application, several changes can
be observed in the pulmonary veins. One of the
most striking concerns the smooth muscle cells of
the venous wall. The cytoplasmic excrescences of
these cells, which were plump, short, and sparse
in our control animals, became longer, more
mushroom-shaped, and more numerous within
one week and particularly two to three weeks
after the application of fulvine (Fig. 4). Later on,
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FIG. 1. Part ofmuscular pulmonary artery ofrat two weeks after fulvine application. There is excessive crenation
of the internal elastic lamina (EL) with squeezing of nuclei (N) of medial smooth muscke cells (M). E, endothelium
(x 12,000).
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FIG. 2. Part ofmuscularpulmonary artery ofratfour weeks afterfulvine application. Nuclei (N) ofendothelial cells (E)
are squeezed between the folds of the excessively crenated internal elastic lamina (EL). In the media there are smooth
muscle cells (M), one ofwhich is in mitosis (Mit). L, lumen (x 5,000).
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FIG. 3. Part ofmuscularpulmonary artery ofratfour weeks after fulvine application. Smooth muscle cells (M) are
lying in the adventitia outside the external elastic lamina (EL). Fibrin (F) is present in large amounts in the media
(left lower corner) and extends into the adventitia. A, alveolar space ( x 18,000). Insert: detail offibrin deposit showing
fibrillar nature and periodicity ( x 41,600).
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FIG. 4. Part ofpulmonary vein of rat four weeks after fulvine application. Smooth muscle cells (M) with cytoplasmic
excrescences (Ex) protruding into the endothelium (E). In two instances the stem connecting these excrescences with
the cell body is visible (arrows). The excrescences often contain lamellar bodies (LB). L, lumen ( x 25,000).
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that is four weeks or more after the onset of the
experiment, they were less striking and possibly
less numerous. The cytoplasm of the muscle cell
protruded through discontinuities of the endo-
thelial basement membrane with a long stem
forming a mass of muscular cytoplasm herniating
into the endothelial cell. Often these masses of
cytoplasm seemed to have no connection with
the body of the muscle cell if the stem was not
in the plane of section. Frequently the nucleus of
the endothelial cell was wedged between two of
these muscular excrescences (Fig. 5).
The cytoplasm of the muscle cells contained

increasing amounts of organelles. In the cyto-
plasm of the excrescences there were frequent
lamellar bodies (Fig. 4). Sometimes the excres-
cences appeared as electron-transparent blebs.
Proliferation of muscle cells seemed very likely
but was difficult to prove.

There was some increase of collagen and elastic
fibres between the smooth muscle cells in the
course of time. After four weeks deposits of fibrin
became evident with gradual disintegration of the

muscle cells (Fig. 6) similar to that observed in
the arteries, although to a lesser extent. Even so
it was sometimes difficult to distinguish veins
from arteries since in both types of vessel at this
stage there is only a single (external) elastic
lamina.
The endothelium of the venous wall became

gradually swollen, particularly after four weeks.
By that time its cytoplasm contained a large
amount of markedly dilated endoplasmic reticu-
lum with evidence of degeneration. In some
instances the endothelium appeared to detach
itself from the media.
The swollen endothelial cells, together with con-

traction of smooth muscle cells, produced con-
siderable narrowing of the vascular lumen. Even
complete obliteration of these vessels occurred
(Fig. 7). It is likely that proliferation of the endo-
thelial cells played a part in this obstruction in
view of the occasional mitotic activity observed
with light microscopy. Clots of fibrin and particu-
larly of platelets often added to the vascular
obstruction.

_ a..~~~~~~~~~~~~~~a

FIG. 5. Part ofpulmonary vein of rat, two weeks after fulvine application. Nuclei (N) ofendothelial cells are wedged
at their bases by cytoplasnic excrescences ofsmooth muscle cells (M). L, lumen (x 8,800).
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FIG. 6. Pulmonary venule ofratfour weeks afterfulvine application. There is a distorted and narrowed lumen containing
an erythrocyte (Er). Fibrin (F) extends from the lumen through the wall into the adventitia. One necrotic muscle cell
(M), still recognizable by remnants ofitsfibrillar cytoplasm(insert), is characterized by marked dilatation ofendoplasmic
reticulum and karyolysis ( x 5,400; insert x 21,500).
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FIG. 7. Pulmonary venule of rat four weeks after fulvine application. Swelling ofendothelial cells (E) and contraction
ofmuscle cells (M) have led to complete occlusion of the original lumen (arrow) (x 5,900).

DISCUSSION

The effect of Crotalaria alkaloids, including ful-
vine, on the pulmonary circulation has received
much attention. So far the various studies have
been concentrated mainly on the pulmonary
arteries and on the alveolar walls, and the results
of these studies have been summarized by Kay
and Heath (1969). Thickening of the media and
fibrinoid necrosis with inflammation of the pul-
monary arteries were among the most conspicu-
ous changes.
In the preceding paper (Wagenvoort et al., 1974)

constriction of the arterial media, ultimately
followed by necrotizing arteritis, was demon-
strated, but in addition severe vascular lesions
were observed in the pulmonary veins and
venules.

Electron microscopic studies on the effect of
Crotalaria on the pulmonary vasculature are
scarce. Kay, Smith, and Heath (1969) examined
the ultrastructure of lungs in rats after digestion

of Crotalaria seeds but their study was limited to
alveolar walls and capillaries.
Merkow and Kleinerman (1966) studied the

ultrastructural changes of the pulmonary arteries
of rats after application of monocrotaline, an
alkaloid closely related to fulvine and producing
similar changes. Their effort was concentrated
upon the late changes, particularly on fibrinoid
degeneration of the arterial media.
From our material it appeared that vasocon-

striction of the pulmonary arteries, as demon-
strated by marked crenation of the internal elastic
lamina, was an early phenomenon, always present
from the second week and sometimes in the first.
While the degree of crenation of this lamina is
difficult to express quantitatively, the squeezing
of nuclei of medial smooth muscle cells on one
side, and of endothelial nuclei on the other, be-
tween the folds of the elastic membrane was never
observed in control animals but regularly in the
test rats.
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The nuclei of the smooth muscle cells were

markedly coiled. Their cytoplasm did not reveal
any characteristic changes, although there was

sometimes a marked increase in organelles.
The early changes in the pulmonary arterial

media, as observed with the electron micro-
scope, correspond with our light microscopical
observations of the arteries and with the early
development of right ventricular hypertrophy
(Wagenvoort et al., 1974).
From ultrastructural studies it is difficult to

assess whether hyperplasia of smooth muscle cells
takes place. The occasional mitotic figure may

indicate this but mitoses are always rare in the
vascular media. The development of smooth
muscle fibres in the adventitia, where they are

normally absent, indicates that there is an increase
of vascular smooth muscle tissue, probably in
response to increased pulmonary arterial pressure.

This development within the adventitia has not
been described before in muscular pulmonary
arteries following fulvine application, although
Kay, Heath, Smith, Bras, and Summerell (1971)
found proliferation of smooth muscle in the
adventitia of the pulmonary trunk.

It is likely that these smooth muscle cells are

not derived from the media but that they develop
from adventitial fibroblasts. Muscle cells penetra-
ting the external elastic lamina have not been
observed, but in the adventitia there were regu-

larly cells with characteristics of both fibroblasts
and smooth muscle cells, suggesting a transforma-
tion from one type into the other. Such a trans-
formation would be in keeping with the close
relationship existing between fibroblasts and
smooth muscle cells in the walls of blood vessels
(Wissler, 1967; Ross, 1972). Transition of fibro-
blasts to smooth muscle cells has also been des-
cribed in other tissues (Nagle, Kneiser, Bulger,
and Benditt, 1973).

In the walls of pulmonary veins and venules,
where there is no internal elastic lamina separat-
ing the smooth muscle cells from the endo-
thelium, the excrescences of the former cells are

also likely to be due to contraction. Some excres-

cences, though less prominent in size and number,
did occur in control rats but in these instances
there was also some contraction due to collapse of
the vessels. The excrescences were particularly
prominent, however, both in numbers and in size,
in the period from two to four weeks after fulvine
application when pulmonary venous contraction
was suggested by our light microscopic studies. In
this respect it may be significant that Fay and
Delise (1973) described evaginations of the cell

membrane of isolated smooth muscle cells which
were brought to contraction in response to electri-
cal stimulation. The frequent occurrence of
lamellar bodies, particularly in the excrescences
of the smooth muscle cells, may indicate that
these were the sites of early degenerative changes.
An increase of both smooth muscle cells and of

collagen in the pulmonary venous walls was
suggestive from our material but difficult to
quantitate.

Simultaneous contraction and hyperplasia of
pulmonary arterial and venous media points to an
angiotoxic effect from fulvine or its derivatives
on both types of vessel at the same time, rather
than a pulmonary arterial reaction to increased
pulmonary venous pressure.

In the later stages, that is from the fourth week
after the administration of fulvine, deposits of
fibrin were observed in the arterial media, first as
fairly small streaks in the intercellular spaces and
possibly in the cytoplasm of smooth muscle cells.
Later, practically the whole media was often
changed in an electron-dense mass. The fibrillar
nature of this material and the periodicity of
approximately 180 A indicated that it indeed
consisted of fibrin.

Fibrinoid vasculosis of the arterial media has
also been described by Merkow and Kleinerman
(1966). Although their light-microscopic studies
suggested to them that there was actual necrosis
of the media, they could not find ultrastructural
evidence to this effect. On the contrary, they
found an increased number of cytoplasmic organ-
elles, suggesting increased activity of the smooth
muscle cells.
We have also found some increase of cytoplas-

mic activity but, particularly in the later stages,
there was, in addition to fibrin deposition, dis-
tinct disintegration of the muscle cells with loss of
fibrillar structure. Partly necrotic, but still recog-
nizable muscle cells were even shed into the lumen
of the vessel. Apparently the earlier stages of
fibrin deposition are accompanied by increased
activity of the muscle cells but eventually dis-
tinct fibrinoid necrosis supervenes.

Fibrin deposits and disintegration of smooth
muscle occurred equally, though less frequently,
in pulmonary veins and venules. To our know-
ledge this has not been described before.

Fibrinoid vasculosis and necrosis are features
not uncommonly seen in cases of vasoconstrictive
pulmonary hypertension, such as in congenital
cardiac defects or primary pulmonary hyperten-
sion -(Wagenvoort, Heath, and Edwards, 1964).
It is believed that it results from spastic contrac-
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tion of the vascular media in these cases
(Wagenvoort, 1973). In view of the severe vaso-
constrictive effect of fulvine application, a similar
sequence of changes may be present here. But
that the disintegration of the muscle cells is a
direct effect of fulvine or its derivatives cannot be
disproved.

It is likely that fibrin enters the vascular wall as
a result of increased permeability, as suggested by
Merkow and Kleinerman (1966). Degenerative
changes of the endothelial layer, clearly demon-
strable in our material, are probably basic to this
mechanism.
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