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Immature female Long-Evans rats were fed 2 g of allylamine-HCl kg of com-
mercial diet for periods of 84-281 days. Coronary arteries and myocardium were
examined in 16 control and 23 test rats. Cellular alterations in the arterial tribu-
taries were found principally proximal to or within the areas of myocardial
fibrosis. Whereas intimal smooth muscle cell (SMC) hyperplasia was prominent
in vessels of smaller caliber, medial hyalinosis was seen frequently in arteries
with diameters greater than 200 u. Intimal hyperplasia developed in the peripheral
coronary branches without any evidence of leukocytic infiltration or thrombus
formation. It appeared that SMC hyperplasia in the intima contributed more often
to a reduction of luminal patency than medial hyalinosis in allylamine-fed rats.
On the basis of alterations in the coronary arteries and the localization of fibrosis,
we believe that hypoxia is the cause of myocardial necrosis. (Am J Pathol 66:225—
240, 1972).

ALLYLAMINE INJECTED PARENTERALLY has produced inflam-
mation and necrosis in arteries of dogs and rats. The variable degrees
of arterial injury recorded undoubtedly depend upon the concentration
of drug utilized and the route of administration emploved.’ While it was
relatively easy to produce myocardial necrosis and arteritis by inhala-
tion of vapor in rats, intravenous or intraperitoneal injection of allvlamine
was ineffective.’ Intravenous administration has predisposed dogs to
edema, medial necrosis, intimal fibrosis or arteritis in the coronarv
arteries.”® The same route of injection induced medial necrosis and
leukocytic infiltration in aortas of rats.® Infusing of allylamine into the
femoral artery of rats caused a loss of endothelial continuity.” Ingestion
of this drug for periods of 3 or more months at concentrations compatible
with moderate growth in immature rats elicited edema or hvalinosis
of the media and hypertrophy of coronary arteries.® Three studies have
drawn attention to the fact that allylamine-induced alterations in the
coronary arteries are associated with mvocardial necrosis.'** However,
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the magnitude and localization of necrosis with respect to the caliber
of the coronary arterv involved has not been resolved. In contrast to
other studies, in the presence of multiple necrotic foci in the left ven-
tricle, it was not possible to demonstrate thrombi, leukocytic infiltra-
tion or complete obliteration of the lumens in the coronary arteries.®
Since myocardial necrosis was invariably accompanied by focal medial
hyalinosis in large coronary arteries and what appeared to be medial
hypertrophy in the intermediate tributaries, it was suggested that
allylamine may be selectivelv cytotoxic to smooth muscle cells (SMC).*
Observations in rats therefore suggest that extensive myocardial necro-
sis capable of producing cardiac decompensation may be induced with-
out obliteration of the lumen of large coronary arterial branches. On the
basis of this assumption it appeared worthwhile to undertake additional
studies of allylamine feeding in rats so that the relationship of luminal
patency in arteries of different size and myocardial fibrosis could be
investigated more extensively with light and electron microscopy.

Materials and Methods

Immature female Long-Evans rats were employed in this study. A ground com-
mercial diet (Lab Blox) was fed to 16 control rats from 169 to 371 days. In 23
test rats, 2.0 g of granulated allylamine-HCl was uniformlv mixed in the ground
commercial diet and fed ad libitum for periods of 84-281 days. The rats were
weighed at monthly intervals. When an animal lost 15% or more of its weight
within 1-2 weeks, ether was administered and a necropsy was performed. Those
rats were excluded from this study in which pneumonia was found to be responsible
for the weight loss. The ventricles were opened, excess blood was blotted on paper
and the hearts were weighed. Every heart was inspected for the presence of throm-
bosis in the left auricle and the location of ventricular fibrosis. After fixation in
buffered formalin, two transverse segments of heart were taken for paraffin em-
bedding. Sections of paraffin-embedded heart from 16 control and 16 test rats were
cut and treated with H&E, trichrome and a platelet stain.9-1° In 7 other test rats,
multiple 1-2 mm cuts were made across the coronary arteries leading to an area of
myocardial macrofibrosis. Thereafter, the heart was immersed into cold buffered
glutaraldehyde for periods of %-1 hour. After this, the mvocardium with an
attached arterial segment was trimmed into 1-2 mm blocks and subjected to addi-
tional fixation in cold glutaraldehyde.!! These selected blocks were subsequently
fixed in osmic acid and embedded in epoxy resin.1213 In this manner, 10 specimens
proximal to or within the area of myocardial fibrosis were taken from each heart
for evaluation with light and electron microscopy. Sections 1 u thick were prepared
from each epoxy-embedded block, stained with toluidine blue and examined for
evidence of cellular hyperplasia in the intima of coronary arteries. Thin sections
were later cut for ultrastructural inspection whenever examination by light
microscopy indicated that cellular alterations had occurred in the peripheral
arterial branches. The basilar portion from these 7 hearts was cut for paraffin
embedding and inspection with light microscopy for the presence of hyalinosis,
arteritis, or thrombosis in the larger arterial branches.
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Results

Gross

The duration of feeding, weight gains, ratio of heart to body weight
and microscopic alterations that were seen in paraffin-embedded hearts
from 16 control and 16 test rats are tabulated in Table 1.

Control rats were heavier than the test animals at necropsyv. Less
weight in test rats was attributed to the toxicity of allvlamine and a
shorter experimental period. Nothing abnormal was found in the thoracic
or peritoneal organs in control rats. One or more foci of fibrosis were
evident in the apical portion of the heart in every test rat. Auricular
hypertrophy alone was seen in 6 rats. In 3 animals, the auricular hyper-
trophy was complicated by thrombosis of the left auricle. Three of these
rats developed cardiac decompensation and hydrothorax after 96, 240
and 280 days. Appreciable (in excess of 0.45) increases in the heart to
body weight ratio occurred in 6 rats with auricular hypertrophy. In 11
rats in which the ratio varied from 0.32 to 0.44, we did not resolve the
question of whether the increase was due to hypertrophy of the auricles
or of the ventricles. In 6 of 16 rats, the ratio was equal to the upper nor-
mal limit (0.31). Ventricular fibrosis failed to induce a significant com-
pensatory hypertrophy in 6 rats. The other organs were normal except
for the lungs. In rats with impending or obvious cardiac decompensa-
tion, either focal alveolar hemorrhage or a rustv parenchvmal discolora-
tion was evident.

Table 1—Response of Heart to Feeding of Allylamine-HCI

Rats
Control fed allylamine-HCI
rats 2 g/kg)
No. of rats 16 16
Average duration of feeding (days) 337 239
Average weight: initial/final 102/364 111/270
Ratio of heart to body weight 0.28 + 0.03 0.39 + 0.08
Cellular alterations related to
arterial size
Intimal hyperplasia
70 u or less 11
70-200 . 16
over 200 u 4
Medial hyalinosis
70 4 or less 0
70-200 p 4

over 200 u 6
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Light Microscopy

Nothing unusual was seen on microscopic inspection of 31 H&E sec-
tions of myocardium from 16 control rats. A focus of subepicardial
microfibrosis was found in one section in 1 control rat. In 32 trichrome-
stained sections, the coronary arteries were not affected by medial
edema or hyalinosis. In paraffin-embedded tissue stained with H&E or
trichrome, it was not always possible to discern whether the intima or
media or both were contributing to hvpertrophv in arteries of small and
intermediate size. On such occasions, Gomori’s silver stain was emploved
when necessary. In coronary arteries of 3 control rats, reductions of
luminal width were attributed mainly to arterial contraction.

In 16 test hearts, the discrete foci of fibrosis were less common than
the large bands of collagen. While the fibrosis was limited to the apical
left ventricles in most instances, it also involved the right ventricle in
some rats (Fig 1 and 2). When myocardial fibrosis was extensive, it
formed a continuous circumferential subendocardial band. On many oc-
casions, the cordae tendinae were replaced by cartilage. In about 1 of 4
hearts, foci of medial necrosis were associated with dvstrophic calcifica-
tion. The frequency of intimal hyperplasia in the coronary arteries of dif-
ferent size is shown in Table 1. Intimal hvperplasia was more extensive
and frequent in arteries of intermediate size (Fig 3 and 5). Cellular pro-
liferation in the arterioles appeared less frequently. Intimal hvperplasia
of arterioles was seen principally within the band of myocardial fibrosis.
Proliferations of intimal cells in intermediate arteries occurred within
and exterior to foci of mvocardial fibrosis. In large arteries, cellular
proliferation tended to involve a portion of the intimal circumference
and it occurred less frequently. As can be seen in Table 1, medial hvali-
nosis (as depicted in Fig 4) occurred in the intermediate and large
arteries, but not in the arterioles. Usually medial hyalinosis and intimal
cellular hyvperplasia did not occur in the same segment of arterv. Medial
hvalinosis and adventitial fibrous proliferation were frequently present
together. Invariably, necrosis of medial SMCs was associated with fibrous
proliferation in the media as well. Both medial hvalinosis and intimal
hvperplasia were definitelv more prevalent in coronarv arteries that
were adjacent to or within a band of mvocardial fibrosis. A special
stain for platelets did not reveal thrombi in coronary arteries in 32
paraffin-embedded sections from 16 test rats. There was no evidence
of medial hemorrhagic necrosis or leukocvtic infiltration in the coronary
arteries of these rats. In paraffin-embedded and H&E-stained sections
from the basilar part of the ventricles of hearts emploved for epoxv
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embedding, inspection revealed focal medial hvalinosis in 3 hearts and
medial edema in large arteries in 4 hearts.

Light microscopic inspection of epoxy-embedded tissue stained with
toluidine blue clearly indicated that the cellular hyperplasia was occur-
ring principally in the intima (Fig 6 and 7). Confirming observations
made in paraffin-embedded sections, intimal cellular proliferation was
more extensive and frequent in arteries of intermediate caliber. Regard-
less of the degree of intimal involvement, endothelial continuity re-
mained intact (Fig 6-8 and 10). On most occasions the inner elastica
remained intact although frequently repositioned by proliferated SMCs.
Inspection of the arteries did not offer any morphologlc clues that would
suggest why intimal hyperplasia had occurred.

Electron Microscopy

Electron microscopic study was limited to those coronarv vessels
altered by variable degrees of SMC hyperplasia. The size, shape and
density of the hyperplastic subendothelial muscle cells varied con-
51derabl\ (Fig 9 and 10). The most obvious difference in the muscle
cells in these vessels was the variation in electron density. Approximately
one-third of the cells were electron dense while the others were more
electron lucent (Fig 10). In addition to the difference in density, there
were variations in their internal morphologic features. The more lucent
cells contained fewer myofilaments and more widelv distributed cyto-
plasmic organelles (Fig 11). The increased density of the dark cells
was attributed to the numerous and closely associated myofilaments
in the matrix. Both cell tvpes contained vanablv sized dense granular
aggregates (Fig 9, 10 and 12). On occasion, these aggregates attained
a size equal to or larger than that of the nucleus (Fig 12). The basal
laminae of contiguous muscle cells were separated by a narrow lucent
and sinuous network of elastin (Fig 11). The repositioned internal
elastic lamina underlying these muscle cells frequentlv was reduced in
size, more irregular in outline and contained larger fenestrations (Fig
10). The media of the affected vessels consisted primarily of large cells
that were predominantly of the lucent variety. In addition to the numer-
ous filaments, organelles and dense aggregates, there were occasional
cells that contained large clear vacuoles. Endothelial continuity remained
intact; however, some of the cells contained cvtoplasmic vacuoles.

Discussion

Necrotizing cardiomyopathy has been produced either by direct car-
diotoxic injury or indirectly after a reduction of luminal size in coro-
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nary arteries. Many drugs such as isoproterenol, methoxamine, plasmocid,
adrenocorticoids or cobalt will exert a direct cardiotoxic effect after they
are administered parenterally.**" Up to the present time, only allyl-
amine has induced coronary arteritis and gross myocardial necrosis after
intravenous injection into dogs or inhalation by rats.* Injecting allyl-
amine parenterally into rats has caused cellular alterations in the aorta
without demonstrable involvement of the coronary arteries or myocardial
infarction.® Feeding allylamine salt for periods of 3 or more months to
rats has produced appreciable alterations in coronary arteries and myo-
cardial necrosis.® In this respect the selectivity for coronary arteries of
allylamine feeding is comparable to that produced by the ingestion of
diets high in fat and cholesterol. Consumption of diets containing excess
fat and cholesterol promotes severe atheromatous lesions, coronary
occlusion and myocardial infarction.’”** Allylamine feeding, on the
other hand, induces intimal hyperplasia, medial hyalinosis and adventi-
tial fibrosis in the coronary arteries of rats. Whereas the possibility of
thrombosis has not been excluded, examination of numerous heart sec-
tions failed to reveal thrombi in allylamine-fed rats. Despite the lack of
demonstrable thrombi, we believe that allylamine-induced alterations
in the coronary arteries are of sufficient magnitude to cause hypoxia and
predispose the animal to a circumferential subendocardial necrosis of
the ventricles.

Depending on the animal employed and the method of administering
allylamine, alterations have been observed in the arterioles ' and the
intermediate ***® and large %°® branches of the coronary arteries. The
cellular response in these vessels has varied from edema,* or hyalinosis of
the media,® associated with adventitial fibrosis,*® to hemorrhagic medial
necrosis >** and arteritis."* Ingestion of allylamine or one of its met-
abolites promotes either hyperplasia in the intima or necrosis of SMCs in
the media. It is noteworthy that necrosis of SMCs in the media
of coronary arteries has been produced by parenteral administra-
tion,>** inhalation' and ingestion of allylamine. Information con-
cerning the mechanism by which allylamine acts on SMCs, however,
has not been clarified. For some unknown reason, medial hyalinosis is
more prominent in arteries greater than 200 u, whereas intimal hyper-
plasia is frequent and extensive in vessels of intermediate size and the
arterioles. When medial hyalinosis was conspicuous, it was invariably ac-
companied by adventitial fibrous proliferation. It appears paradoxic
indeed to observe active intimal proliferation of SMCs in the arterioles
and intermediate tributaries, whereas necrosis of similar cells has oc-
curred in the media, presumably in the same artery. A similar variation
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in response of SMCs at different levels has been seen also in the aorta
of rats fed allylamine.*

Examination of affected arteries by electron microscopy makes it pos-
sible to postulate the progressive modifications that eventually produce
partial to extensive occlusion of small myocardial arteries. In normal
arteries, only isolated SMCs were located between the basal portion of
the endothelium and the internal elastic lamina. Intimal proliferation
was first characterized by the appearance of four or five SMCs super-
ficial to the internal elastic lamina. As these muscle cells increased in
size and number, the internal elastic lamina was positioned further away
from the lumen of the vessel. Alterations in the position and size of the
elastic membrane suggested that SMC hyperplasia was exerting some
effect on the elastica. Before it can be resolved whether cellular hyper-
plasia in the intima or migration of SMCs from the media occurred,
additional studies will have to be done. While SMCs of the intima were
undergoing hyperplasia, other modifications were developing in the
media. Moderate hyperplasia and considerable hypertrophy of SMCs
were seen in the media. When tissue for examination for electron micros-
copy was selected proximal to or within the areas of myocardial fibrosis,
arteries with intimal hyperplasia without medial hyalinosis were ob-
tained on most occasions. It appears that ingestion of allylamine over an
extended period did not disrupt the endothelial continuity of coronary
arteries. Our observations, therefore, differ substantially from those
reporting loss of femoral endothelium after an intraarterial injection of
allylamine.”

The anatomic location of myocardial fibrosis that develops in allyl-
amine-fed rats is similar to the necrosis seen after the coronary artery
is ligated in rats and rabbits.?>** After ligation of major arterial branches
in rats or rabbits, viable myocardium has been shown to persist in the
subepicardial and subendocardial zones. Persistence of viable subendo-
cardial mvocardium in allylamine-fed rats, therefore, does not exclude
hypoxia as a cause for necrosis. Despite the numerous subdivisions that
exist in the coronary arteries of normal rats,>*?* widespread intimal
hyperplasia in the intermediate and arteriolar branches could induce
sufficient hypoxia to promote multifocal myocardial necrosis. Both the
localization of myocardial necrosis principally in the apex of the left
ventricle and the pau01tv of anastomoses that exists in coronary arteries
of normal rats * support the concept that hypoxia can cause myocardial
necrosis in allylamine-fed rats.

The absence of luminal obliteration in the proximal coronary arteries
of allvlamine-fed rats tends to favor the hypothesis that intimal hyper-
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plasia in the smaller arteries is critical in the production of myocardial
infarction. Allylamine is unusually selective in the localization of arterial
injury in the coronary arteries, because vessels of similar caliber have
been affected after intravenous injection,*** inhalation,' and ingestion.
Multifocal myocardial fibrosis in the apex of the heart is believed to
result from a progressive reduction in luminal patency in numerous small
arteries. With more extensive arterial involvement the foci of dissemi-
nated microfibrosis would fuse into a circumferential subendocardial
continuum. Obviously, variations in the response of SMCs along the
length of a coronary artery or in segments of its circumference in any
given area can not be attributed to the toxicity of the chemical alone.
The observed variability in response of SMCs in the same coronary
artery suggests that other factors in addition to chemical toxicity must
be exerting a deleterious influence on these cells. An inability to substan-
tially alter the systolic pressure following the infusion of allylamine into
dogs would tend to exclude variations in arterial tension.' Other factors
probably exist in coronary arteries that might exaggerate and enhance
the toxicity of allylamine. In the pathogenesis of allylamine-induced cel-
lular alterations in the coronary arteries, contributory factors such as
torsion of the arterial wall*® focal variations in hemodynamic turbu-

lence * and increased irritability of edematous SMCs have to be eval-
uated.
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Fig 1—Rat 235, fed allylamine for 180 days and then Lab-Blox pellets for 100 days
and sacrificed. At necropsy, infarcts were found in both ventricles along with marked
hypertrophy of the left auricle. The heart to body weight ratio was 0.48. The photo-
graph illustrates a transverse segment through the distal half of the heart, which was
embedded in paraffin and stained with trichrome. White areas of circumferential sub-
endocardial fibrosis are apparent in both ventricles. Along the lateral and posterior
aspects of the left ventricle, the myocardial fibrosis is interrupted (x 8.1).

Fig 2—Rat 236, fed allylamine for 180 days and pellets for 100 days before sacrifice.
An 8 x 10 mm white infarct was observed at the posterior tip of the left ventricle. The
heart to body weight ratio was 0.35 in this animal. The segment of heart was processed
as in Fig. 1. There is a dense circumferential subendocardial band of fibrosis in the
left ventricle. Only minimal fibrosis in the posterior right ventricle adjacent to the
septum is evident (x 8.1).






Fig 3—Rat 233, fed allylamine for 180 days and pellets for 101 days. The photograph
illustrates an artery of intermediate size in which the intimal hyperplasia is limited to one
side. The media in this artery is viable and adventitial fibrous proliferation is absent (Par-
affin-embedded section stained with trichrome, X 560). Fig 4—Rat 234, fed allylamine
for 180 days and pellets for 100 days. The photograph illustrates an absence of SMC nuclei
in the media due to necrosis in an intermediate-sized artery. In arteries with medial hyali-
nosis of this magnitude, intimal hyperplasia was minimal or absent, whereas adventitial
fibrous proliferation was abundant (Paraffin-embedded tissue stained with trichrome, x 560).



Epoxy-embedded tissues were cut at 1 x and stained with toluidine blue for light microscopy
in Fig 5-8. Selected arteries were later processed for electron microscopy.

Fig 5—Rat 42, fed allylamine for 233 days. These two closely associated myocardial
arterioles illustrate that allylamine may affect one vessel whereas the other appears to be
unaffected. There is extensive muscular hyperplasia in the intima and a repositioning of
the internal elastic lamina in the vessel on the left. The other vessel appears normal
(toluidine blue stain, x 450). Fig 6—Rat 41, fed allylamine for 235 days. Extensive sub-
endothelial muscular hyperplasia involves approximately one-half the circumference in this
intermediate-sized artery. Variation in the size and staining affinity of the intimal muscle
cells is believed to be caused by the ingestion of allylamine. No appreciable changes are
present in the medial and adventitial portion of this vessel (toluidine blue stain, X 1650).



Fig 7—Section taken from same heart as that shown in Fig 5. Extensive subendothelial
muscular hyperplasia involves the entire circumference of the vessel. These hyperplastic
muscle cells show considerable variation in their size. The magnitude of intimal hyperplasia
is particularly apparent when the distance between the endothelium and internal elastic
lamina is evaluated. Several endothelial cells with cytoplasmic vacuoles can be seen
(toluidine blue stain, X 1650). Fig 8—Rat 40, fed allylamine for 235 days. Within the
media of this large-caliber artery, dark and lucent SMCs are apparent. The variability in size
suggests that muscular hypertrophy and hyperplasia occur in the media as well as the
subendothelial portion of the vessel wall. The intima is normal except for cytoplasmic
vacuolization of some endothelial cells (toluidine blue stain, X 1800).
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Fig 9—Artery of rat shown in Fig 6. Extensive cellular proliferation in the intima has
occurred in this myocardial arteriole. Variation in the size and contour of the individual
SMCs is evident. Widely distributed electron-dense cytosomes (arrow) and lucent vesicular
segments of the endoplasmic reticulum are obvious in the muscle cells (uranyl acetate
stain, X 2095). Fig 10—Artery of rat shown in Fig 5. Extensive subendothelial muscular
hyperplasia has occurred in over half the circumference of this small artery. Appreciable vari-
ation in cell size and density is apparent. Large electron-dense cytosomes (arrow) are also
apparent within the cytoplasm of many of the muscle cells. Positional modification of the
internal elastic lamina is apparent in the areas of hyperplasia (uranyl acetate stain, X 2420).




Fig 11—Artery of rat illustrated in Fig 5. The variation in lucency of the hyperplastic
muscular components is depicted. This difference in lucency is primarily associated with
the variation in number of myofilaments that are present. Well-developed mitochondria and
segments of endothelial cells are located on the luminal surface (L) (uranyl acetate stain,
X 18,640). Fig 12—Artery of rat shown in Fig 6. This large electron-dense aggregate,
similar to those depicted in Fig 9 and 10, is composed primarily of closely packed, variably
sized granules that appear to be continuous with the more electron-dense areas of the
myofilament (arrow). However, other morphologic features of this cell appear normal (uranyl
acetate stain, x 25,500).



