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Acute hypertension has been produced in rats by the intravenous infusion of angioten-
sin amide for 4 hours. Both control and hypertensive animals were injected in-
travenously prior to sacrifice with either horseradish peroxidase (HRP) or colloidal
carbon. Epicardial arteries and blocks of ventricular myocardium containing in-
tramyocardial arteries and arterioles have been processed for electron microscopy.
HRP appears to penetrate the endothelium of epicardial arteries from control animals
within vesicles that bypass endothelial junctions and empty into interendothelial clefts.
Peroxidase does not traverse the endothelium of intramural arteries and arterioles of
controls over the 10-minute period of observation. There is acceleration of lateral
vesicular transport in the endothelium of epicardial arteries after angiotensin infusion
and direct permeation of interendothelial clefts of intramural arterial vessels. Medial
fragmentation and more extensive necrosis are observed in intramyocardial but not in
epicardial arterial vessels. Foci of myocardial damage resembling irreversible ischemic
or anoxic injury followed by reflow are described. It is suggested that the increased
permeability of epicardial arteries may be due to elevated pressure, while the altered
premeability and vascular lesions of intramural arteries and arterioles are more readily
attributable to the vasoconstriction produced by angiotensin. The vascular and myocar-
dial lesions are also discussed in relation to the regional actions of angiotensin on the
coronary circulation and known effects of this vasoactive peptide on myocardium. (Am
J Pathol 84:111-138, 1976)

THE ROLE OF RENIN or its active product, angiotensin II, in the
pathogenesis of, and as a determinant for, the cardiovascular com-
plications of the hypertensive state, is a matter of current interest and
controversy. The debate stems from data suggesting that plasma renin
levels are related to natural history and prognosis in essential hyperten-
sion.’® Although other clinical studies appear to refute the hypothesis that
hypertensive patients with elevated renin levels have an increased in-
cidence of myocardial infarction and stroke,*® the experimental adminis-
tration of angiotensin to animals can result in myocardial necrosis without
apparent coronary artery occlusion.®

There is general agreement that angiotensin II is a powerful pressor
agent and arteriolar constrictor that acts directly on vascular smooth
muscle (for review, see Bufiag! and Regoli et al.'*). The injection of
angiotensin causes an increase in the permeability of arterial vessels2-*
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through contraction of their endothelial cells."* Continuous infusion of
angiotensin into rats provokes medial necrosis in small intestinal arte-
ries.’®!® Studies dealing with the effects of angiotensin infusion on re-
gional blood flow and vascular resistance indicate that different vascula-
tures exhibit varving degrees of reactivity to the vasoactive peptide.’® A
recent investigation has shown that small coronary arteries respond differ-
ently than large epicardial coronary vessels when angiotensin is injected
directly into the coronary vasculature.®®

The purpose of the present study was to examine the effects of angio-
tensin infusion on the permeability and ultrastructure of both epicardial
and intramvocardial arteries of rats. The results indicate that the observed
increase in permeability of both tyvpes of vessels has a different ultrastruc-
tural basis. Vascular lesions are described in intramvocardial arteries and
arterioles but not in epicardial arteries. Foci of cardiac injury consistent
with myvocardial infarction have also been noted after angiotensin in-
fusion.

Materials and Methods

Eleven male Holtzman rats weighing 180 to 240 g were used in this study. The animals
were anesthetized with intramuscular injections of Nembutal (sodium pentobarbital.
Abbott Laboratories. North Chicago. Ill.). 4 mg 100 g body weight.

Six rats were infused via the left femoral vein with a solution of synthetic angiotensin
amide (Hypertensin. Ciba Pharmaceutical Co.. Summit. N.J.) for 4 hours. The angiotensin
was dissolved in normal saline (33 ug ml) and administered at a constant rate of 1.7
ug min kg (i.e..0.31 ml 100 g hr). Four of these animals were injected through the right
femoral vein with horseradish peroxidase (HRP) (Type I1. Sigma Chemical Co.. St. Louis.
Mo.) dissolved in normal saline to a final volume of 0.4 ml and in the amount of 15
mg 100 g bodyv weight. The other two animals were injected intravenously with a carbon
suspension (Pelikan CII 1431a., Gunther Wagner Co.. Hanover. Germany) containing
approximately 100 mg carbon mlin a dose of 0.1 ml 100 g body weight. The animals were
injected with HRP 40 seconds. 90 seconds. 2 minutes. and 4 minutes. respectively. before
the termination of the infusion. and then sacrificed. Carbon was administered 45 minutes
before the end of the angiotensin infusion.

The heart was exposed. rapidly excised. immersed in a formaldehvde-glutaraldehvde
mixture.® and the ventricles opened. Rings 2 to 3 mm wide were cut perpendicular to the
long axis and through the full thickness of the ventricles. The epicardial arteries were
identified on the surface of the left ventricle and trimmed into blocks under a dissecting
microscope. Strips from the deeper lavers of left ventricular mvocardium were also
prepared. The specimens were placed in fresh fixative for an additional 3 hours at room
temperature. The tissues were then washed several times in 0.1 M phosphate buffer (pH
7.2) and stored overnight at 4 C.

Five animals served as controls and were infused with physiologic saline for 4 hours at
the same rate and volume as in rats given angiotensin. Four of these rats were injected
with HRP 40 seconds and 2. 4. and 10 minutes, respectively. before termination of the
infusions and then immediately sacrificed. The fifth animal was sacrificed 45 minutes after
receiving colloidal carbon. The hearts were excised. and blocks and strips of left ventricu-
lar mvocardium were prepared and fixed as before.

Slices measuring 40 to 50 u in thickness were cut with a Smith-Farquhar tissue chopper
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from the blocks and strips of tissue obtained from animals injected with peroxidase, care
being taken to section the epicardial vessels transversely. The slices were then incubated in
a medium containing 10 ml of 0.05 M Tris HCI buffer (pH 7.6), 5 mg of 3,3'-diamino-
benzidine tetrahvdrochloride, and 0.1 ml of freshly prepared 1% hydrogen peroxide.
Sections measuring 12 to 15 u in thickness were also cut, incubated, mounted on glass
slides, and examined by light microscopy in order to monitor the reaction.

All specimens were postfixed in phosphate-buffered 1% osmium tetroxide. dehyvdrated
in a graded series of acetones and embedded in Araldite. Two micron-thick sections of the
plastic-embedded material were examined by phase contrast microscopy to identify both
the epicardial and smaller intramvocardial (or intramural) coronary arteries, as well as to
assess the presence of vascular labeling by carbon.?* Thin sections were cut with a diamond
knife, stained with lead citrate and/or uranyl acetate, and examined with a Philips EM 200
or Siemens 101 electron microscope.

Svstolic blood pressures were recorded both prior to and at intervals during the course of
the infusions by an indirect method described previously.2 The systolic pressure in control
animals never exceeded 120 mm Hg and was usually in the range of 75 to 115 mm Hg.
Maximal systolic pressure in rats infused with angiotensin was 175 mm Hg. and ranged
between 130 to 150 mm Hg.

Results

Phase Contrast Observations

The administration of colloidal carbon to control animals and animals
infused with angiotensin provides no evidence of vascular leakage. While
intramyocardial arteries in angiotensin-treated rats exhibit irregular con-
tours with a reduction in the diameters of their lumina and scalloping of
adventitial surfaces, no appreciable constriction can be discerned in the
epicardial arteries.

Ultrastructural Observations

Controls

The epicardial arteries possess an internal elastic lamella and several
lavers of smooth muscle cells with intervening plates of elastic tissue
(Figure 1). Intramural arteries have an internal elastic lamella and one to
three lavers of medial smooth muscle cells (Figure 2). The smallest arterial
vessels exhibit a single, sometimes incomplete, laver of smooth muscle,
lack an internal elastic lamella, and have been considered arterioles.?
Sarcomere-like arrays of filaments # that are aligned parallel to the longi-
tudinal axis of the vessel are seen in both luminal and abluminal aspects of
the endothelial cells lining intramural arteries and arterioles. Bundles of
filaments are also present in the endothelium of epicardial arteries, but
identification of a striated arrangement is precluded by the prior trans-
verse orientation of the vessels.

At the earliest interval (40 seconds following HRP injection), most of
the interendothelial cell clefts of epicardial arteries are devoid of tracer.
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After 2 minutes, a reaction product may be found within segments of
some clefts and a few contiguous pinocytotic vesicles (Figure 3). Small
amounts of tracer can be present in the subendothelial space. After 4
minutes, HRP fills the entire length of interendothelial cell clefts and
adjacent lateral vesicles and is also seen in both luminal and abluminal
vesicles (Figure 4). The tracer extends into the subendothelial space and
along basement membranes surrounding smooth muscle cells. The elec-
tron density of the reaction product within abluminal vesicles is similar to
that seen in the subendothelial space but is less than the electron opacity
of luminal vesicular contents. No instances are encountered where the
vesicles are stained with HRP throughout endothelial cytoplasm (Figures
1, 3, and 4).

Horseradish peroxidase is not found in all of the lumina of in-
tramvocardial arteries and arterioles. The vessels that contain HRP also
exhibit reaction product in the luminal portions of interendothelial cell
clefts and a few luminal vesicles (Figure 2). Neither permeation of the
entire cleft nor distribution of HRP-laden vesicles throughout endothelial
cell cyvtoplasm were seen during the 10-minute period of observation
(Figures 2 and 5-8). Intramural arterial vessels not perfused by HRP are
usually located near capillaries that contain reaction product. HRP ex-
tends from these capillaries into the interstitial tissue and penetrates
through the walls of the arterial vessels into the subendothelial space
(Figure 9). HRP is restricted to the abluminal segments of their inter-
cellular endothelial clefts and only labels abluminal vesicles.

The fine structure of left ventricular myocardium of control animals
conforms with previous descriptions of normal rat myocardium.*

Angiotensin-Iinfused Animals

As early as 40 seconds and no later than 90 seconds after the injection of
HRP into hypertensive animals, epicardial arteries exhibit reaction prod-
uct throughout the entire length of interendothelial cell clefts and adja-
cent subendothelial space (Figures 10 and 11). Many contiguous lateral
vesicles contain HRP. A few HRP-labeled vesicles are seen at both lu-
minal and abluminal surfaces of the endothelium. A rare interendothelial
separation filled with HRP can also be found (Figure 12).

Within 90 seconds following the administration of HRP to angiotensin-
infused rats, reaction product fills entire interendothelial cell clefts of
intramyvocardial arteries and arterioles, the direction of permeation being
either from the luminal (Figure 13) or abluminal (Figure 14) ends of the
clefts. There is an increase in the number of labeled endothelial vesicles
over the 4-minute period of examination, but they are essentially re-
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stricted to either luminal or abluminal portions of endothelial cvtoplasm,
depending upon the direction of permeation (Figure 15).

Particles of colloidal carbon are not found within the walls of arterial
vessels or extravascular tissues from hypertensive animals.

While the epicardial arteries do not show appreciable morphologic
changes following angiotensin infusion, prominent alterations occur in the
walls of intramyvocardial arteries and arterioles. Contraction of medial
smooth muscle cells is manifested by variation in the size and shape of
these cells and marked scalloping of their adventitial surfaces (Figures 16
and 17). The luminal surface of the endothelium is irregular, with in-
folding of the internal elastic lamella and bulging of endothelial cells into
narrowed lumina. Numerous invaginations of endothelial and smooth
muscle cell nuclei are also seen (Figure 17). Focal areas are observed,
primarily in intramural arteries and occasionally in arterioles, where the
media is occupied by fragments of smooth muscle cells of variable size
(Figures 16, 18 and 19). The spaces between the muscle cell fragments in
vessels from animals injected with HRP are permeated by the tracer in
many instances (Figures 16 and 18). An occasional muscle cell fragment
exhibits lvsis, with vacuolization and loss of cytoplasmic organelles (Fig-
ure 19). A variety of tubulovesicular debris and electron-dense granules
may be distributed extracellularly around such fragments. Penetration of
intramyvocardial arterial vessel walls by HRP is seen in vessels with and
without medial lesions.

More extensive areas of injury are also seen in the walls of constricted
small arteries and arterioles (Figures 20 and 21), involving either a portion
or the entire circumference of a vessel in transverse section. The nuclei of
endothelial and smooth muscle cells exhibit either pyknosis or rarefaction,
with peripheral clumping of chromatin. There is loss of myofilaments
from smooth muscle cell cvtoplasm, and clusters of thick filaments meas-
uring 150 to 170 A in diameter are visible. Large electron-lucent vacuoles
are also seen in endothelial and smooth muscle cell cvtoplasm (Figures 21
and 22). The lumina of these vessels are generally devoid of HRP but may
contain closely packed ervthrocvtes, membrane-limited bodies, and a few
platelets. A rare platelet plug within unaltered arterioles can also be found
(Figure 23).

Foci of damage are present in the mvocardium. In such areas, there is
peripheral clumping of nuclear chromatin in the mvocyvtes and loss of
glvcogen from myofibrils (Figure 22). The myofibrils show varving de-
grees of contraction with the formation of contraction zones and, or bands
(Figures 22 and 24-26). Large aggregates of mitochondria are packed
between contractile elements (Figure 22). The mitochondria are swollen,
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have a decreased matrix density and lesser numbers of cristae, exhibit
partial-to-total absence of matrix granules, and possess variable numbers
of larger amorphous matrix densities (Figures 24 and 26). Electron-dense
material may be present within cristal membranes (Figure 24). The sarco-
plasmic reticulum and T-system show varying degrees of dilatation, and
there may even be vacuolization of the sacroplasmic reticulum. There is
prominent invagination of the sarcolemma in register with the underlving
contraction zones (Figure 25). Numerous vacuoles are observed beneath
the sarcolemma (Figure 26). There may also be tearing and detachment of
the plasmalemma from adjacent basement membranes.

Polymorphonuclear neutrophilic leukocytes, ervthrocytes, and macro-
phages are seen outside venules in some lesions (Figure 27). The myofi-
brils lack the usual striated arrangement and exhibit severe vacuolization
of translocated mitochondria and a variety of cellular debris (Figures 27
and 28).

The intercalated discs between hypercontracted myofibers run an ex-
tremely tortuous course (Figure 22), with nonspecialized contact zones
poorly defined, and the fasciae adherentes fragmented (Figure 20) and
irregularly distributed (Figures 29 and 30). The regions of the desmo-
somal contacts and gap junctions are unaltered (Figure 30). Foci are noted
where myofilaments are enclosed within membranes of the intercalated
disc proper (Figure 30). While myofilaments have pulled away from the
intercalated disc in one myofiber, they may remain attached in the adja-
cent and seemingly more contracted myofiber (Figures 22 and 29).

No definite topographic relationship can be established in any single
plane of section between foci of myocardial injury and intramural arterial
lesions.

Discussion

The present observations indicate that large epicardial and small in-
tramyocardial arteries and arterioles of control rats differ with respect to
their permeability to macromolecules such as HRP (molecular weight
approximately 40,000). After 4 minutes, HRP penetrates the inter-
endothelial clefts of epicardial arteries via lateral pinocytotic vesicles that
appear to circumvent intercellular endothelial junctions. In contrast, the
probe molecule does not traverse the endothelium lining intramural arte-
ries and arterioles over the 10-minute period of observation, HRP in-
variably being arrested within the clefts at the level of the interendothelial
junctions. Transvascular passage of the tracer is markedly accelerated in
the vessels from animals with acute hypertension. Vesicular discharge into
the clefts of epicardial arteries and permeation of the subendothelial space
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occur as early as 40 seconds. Within 90 seconds of the injection of HRP,
there is a bidirectional flux of tracer through the entire length of inter-
endothelial clefts of intramural arteries and arterioles.

The conclusion that HRP does not enter the subendothelial space of
epicardial arteries of control animals by directly permeating inter-
endothelial clefts is based upon the observation that reaction product is
initially restricted to segments of clefts that communicate with lateral
vesicles containing HRP, suggesting that these portions of the clefts have
been filled by the discharge of parajunctional vesicles. A similar mecha-
nism has been postulated for the passage of HRP across aortic endothe-
lium.?* This process is more apparent in the epicardial arteries of the
hypertensive animals. However, the possibility that the labeling of para-
junctional vesicles represents uptake of HRP from the clefts cannot be
entirely excluded. The small number and restriction of HRP-labeled
vesicles to luminal and/or abluminal portions of the endothelium of
epicardial arteries strongly suggests that there is no significant vesicular
transport directly across the endothelium of these vessels, the apparent
filling of such vesicles representing communication with lumen or sub-
endothelial space. However, direct vesicular transport across arterial en-
dothelium can be increased in experimental hypertension.?* The occur-
rence of rare interendothelial separations furnishes an additional
mechanism to account for the increased permeability of the larger co-
ronary vessels in acute hypertension.

While the infusion of angiotensin accelerates normal transport in epi-
cardial arteries, it causes a breach in the barrier previously constituted by
interendothelial cell junctions of intramural arteries and arterioles. An
increase in vascular permeability and separation of intercellular endothe-
lial junctions of mesenteric arteries have previously been described in
acute angiotensin-induced hypertension in the rat,’*'" as well as in the
arterial vessels of animals with other forms of experimental hyperten-
sion.®! Intraarterial injection of angiotensin II can also produce inter-
cellular endothelial separations.'** The increase in the permeability of
the aorta and major coronary arteries that follows upon intracardiac
injection of angiotensin is associated with the formation of inter-
endothelial gaps that have been related to endothelial cell contraction.™

The difference in the permeability properties of epicardial vs. in-
tramyocardial arteries and arterioles from control and angiotensin-infused
rats reflects regional variation in the permeability pathways across arterial
endothelium. The fact that permeability differences exist within the same
circulation has a precedence in the aorta, where different areas (ostial vs.
interostial) show a variation in permeability that has been ascribed to
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hemodynamic phenomena.?” The coronary artery system consists of two
functionally different segments of vessels. The larger and superficial epi-
cardial arteries are conduit channels that respond passively to significant
modifications in intraarterial pressure, while the smaller intramural arte-
ries tend to autoregulate and maintain constant flow by dilatation or
constriction.’®** Blood flow in an organ is mainly determined by the
perfusion pressure and vascular resistance, and the coronary vessels
uniquely have their caliber (particularly that of intramural vessels) af-
fected by mechanical compression from contracting myocardial fibers.
While epicardial arteries are exposed to both systolic and diastolic per-
fusion pressures, the intramyocardial arteries are primarily perfused dur-
ing the diastolic phase of the cardiac cycle.?* Thus, epicardial arteries in
angiotensin-infused animals could be exposed to both mechanical effects
and the vasoconstrictor action of angiotensin, while intramural arteries
and arterioles that are protected from the elevated systolic pressure would
be exposed primarily to angiotensin effects. Since the caliber and ultra-
structure of the epicardial arteries do not appear to be altered by angio-
tensin infusion, it seems more likely that their increased permeability
could be the result of elevated perfusion pressure rather than an angioten-
sin effect. In contrast, intramyocardial arteries and arterioles exhibit in-
creased permeability and morphologic alterations that could represent a
response to the vasoconstrictor action of angiotensin II. However, the
possibility that the elevated perfusion (diastolic) pressure plays a role in
the increased permeability of intramural vessels cannot be excluded.

One factor promoting the breach in the interendothelial cell junctions
of intramural arteries and arterioles may be focal weakening in the walls
caused by the fragmentation of medial smooth muscle cells. The latter
change could represent the morphologic basis for the escape of in-
tramyocardial arteries and arterioles from the vasoconstrictor or autoregu-
latory phenomena associated with angiotensin infusion.’® This could also
account for the increase in coronary flow that has been reported in
anesthetized rats following angiotensin administration.3s-

Another factor affecting the permeability of intramural arteries and
arterioles could be the angiotensin-mediated contraction of endothelial
cells that would tend to separate interendothelial junctions.’®* Angiotensin
acts directly on the blood vessel wall, binding to endothelial surface
membranes * or nuclei of endothelial and smooth muscle cells.*® Specific
angiotensin receptors have also been demonstrated in a microsomal frac-
tion of smooth muscle, and displacement of calcium ions from microsomal
particles follows angiotensin-receptor interaction.***! The resultant in-
crease in calcium concentration may account for the contraction of myo-
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filaments. The bundles of filaments observed in coronaryv arterv endothe-
lium of both control and hypertensive animals could be the morphologic
counterparts of contractile proteins.‘**

There is a bidirectional flux of HRP from lumen or subendothelial space
into the interendothelial clefts of intramural arteries and arterioles of
control animals, the gradient between perfusion pressure and tissue pres-
sure at any point in time determining the direction of diffusion. Retro-
grade filling of the clefts by HRP from the perivascular space occurs in
vessels that have not been perfused by the tracer, the probe molecule
having diffused through the interstitium from adjacent peremeated capil-
laries.* Thus, reverse filling of the clefts in control animals may be the
result of a “milking” effect of myocardial contraction on unperfused
arterial vessels. This bidirectional flux of HRP persists in animals infused
with angiotensin II. There is, however, complete penetration of the clefts
in this case. The factor promoting permeation of interendothelial cell
junctions of intramyocardial arteries and arterioles of hypertensive ani-
mals could once again be angiotensin-mediated endothelial cell con-
traction.®

The acute hypertension that follows the infusion of angiotensin II is
associated with two types of ultrastructural alterations that are limited
entirely to intramural arteries and arterioles. The more frequent alteration
consists of the focal fragmentation of severely contracted medial smooth
muscle cells. Smooth muscle cell fragmentation has previously been ob-
served in mesenteric arteries of rats with angiotensin-induced hyperten-
sion,’**® where it has been associated with endothelial discontinuities and
insudation of plasma proteins, fibrin, platelets, and intravenously injected
colloidal carbon particles. These medial changes have been attributed to
either sustained contraction beyond the metabolic capability of the
smooth muscle cells *® or to the insudation of plasma constituents through
endothelial discontinuities.’® The fact that medial fragmentation may
occur in the coronary vasculature without endothelial discontinuities or
frank insudative phenomena supports the prior suggestion regarding the
primacy of medial alterations in angiotensin-induced hypertension.'® The
absence of frank interendothelial separations and intramural accumula-
tion of fibrin, platelets, and colloidal carbon in small coronary arteries and
arterioles may be related to the protection of these vessels from the
mechanical effects of elevated systolic pressure provided by myocardial
contraction.

The second and less frequent alteration in the ultrastructure of in-
tramyocardial arteries and arterioles involves the full thickness of the
vessel walls, with both endothelial and smooth muscle cells exhibiting
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nuclear and cytoplasmic swelling and lysis. The lumina of such vessels are
generally narrowed, do not contain peroxidase, and are packed with red
blood cells, membrane-limited bodies, or platelets. These observations
suggest that the circulation through the intramural vessels is impaired and
that the vascular degeneration may have an ischemic or anoxic basis.
Membrane-limited bodies have previously been found in capillaries asso-
ciated with the “no-reflow” phenomenon following cerebral ** and myo-
cardial * ischemia. These structures are thought to originate as blebs from
damaged endothelium and/or platelets. Such bodies could also represent
red blood cell ghosts. Ischemia followed by reperfusion can result in
swelling and degeneration of endothelial and smooth muscle cells.*” There
is some evidence from previous work, as well as from the present study,
that the intravascular injection of angiotensin II can produce temporary
platelet aggregation and adherence to arterial endothelium.'*** Angioten-
sin II has been reported to potentiate the action of adrenalin or adenosine
diphosphate on platelets in vitro.*® Alternatively, the intravascular accu-
mulation of hematologic elements may be secondary to the observed
myocardial lesions, an explanation previously offered for the coronary
thrombi associated with acute myocardial infarction in man.*®

Foci of myocardial injury characterized by contraction zones; abnor-
malities of the sarcoplasmic reticulum, mitochondria, and nuclei; and
alterations in the intercalated discs have been observed in areas that have
no consistent topographic relationship to intramyocardial arteries and
arterioles. On the whole, these morphologic changes resemble the altera-
tions associated with irreversible myocardial injury and reflow after is-
chemic *! or anoxic *? episodes and could therefore be the result of either
temporary coronary arterial occlusion or a relative anoxia due to increased
cardiac energy requirements produced either directly or indirectly by
angiotensin II. Angiotensin has been reported to enhance myocardial
contraction by facilitating the entry of calcium ions into myocardial fibers.
However, there are some data indicating that the positive inotropic action
of angiotensin may be due to endogenous catecholamine release (for
discussion see Bufiag '° and Dempsey and Cooper ). Excessive endogen-
ous secretion or the exogenous administration of catecholamines can
produce myocardial necrosis.>*% An additional effect of catecholamine
release on the induction or development of myocardial necrosis could be
the synergistic action of angiotensin II and epinephrine on platelet aggre-
gation.* The myocardial necrosis and hypercontraction resulting from
isoproterenol administration has been attributed to massive calcium influx
into the myofibers.*

Areas are noted within myocardium where there is considerable dis-
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sociation of myofibrillar insertions into intercalated discs. The intercalated
discs run an irregular course and display separations of variable extent.
The integrity of the intercalated disc varies considerably in the oxygen-
deficient heart under different experimental conditions. Although the
intercalated disc of dog heart has appeared normal after coronary artery
occlusion for 40 minutes,* other workers have described separations of the
discs in such animals 8 days after acute coronary artery occlusion.®
Normothermic ischemic arrest of the dog heart results in dissolution of the
specialized portions of the discs.® Both acute *-*! and chronic hypoxia ©
cause variable degrees of dissociation in the discs of rat myocardium. For
reasons just described the continuous infusion of angiotensin II could
result in periods of ischemia and/or hypoxia that could weaken inter-
calated discs.

Little is known about the mechanisms involved in the dehiscence of the
intercalated disc and its myofibrillar insertions. It seems likely to be
related to the pulling force applied to weakened intercellular contacts.®®
The forces generated by overcontraction of myofibrils in either a single or
pair of apposing cells could represent the structural basis for the disc
changes observed in the present study. At times the intercalated discs
enclose bundles of myofilaments from adjacent myofibrils, an alteration
previously ascribed to displacement or herniation in hypovolemic shock.*
Isoproterenol-induced myocardial necrosis is also associated with hyper-
contraction of myofilaments and herniation of intercalated discs.*

The concept that renin, or more strictly its active product angiotensin
II, may cause vascular lesions in hypertension is not novel. Studies de-
signed to explore the role of the renin-angiotensin system in the genesis of
hypertensive vascular disease have been difficult to interpret since it has
been impossible to discriminate direct renin-angiotensin effects from
those associated with the elevation in systemic pressure. Examination of
the differential response of the coronary artery system to angiotensin
infusion has provided additional information in this regard. While the
increase in permeability of the larger epicardial arteries appears to be
related to the mechanical effects of elevated pressure, the increase in
permeability and vascular lesions in the smaller intramyocardial arteries
and arterioles are more readily attributable to the vasoconstriction pro-
voked by angiotensin II. Although the actual mechanism by which hyper-
tension accelerates atherosclerosis has not been established, additional
evidence is provided by the present study that hypertension may further
augment the endothelial permeability associated with atherosclerosis %%
and that vasoactive agents such as angiotensin may mediate this phenom-
enon by exaggerating physiologic transport across arterial endothelium.
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The occurrence of myocardial lesions with an ultrastructure compatible
with mvocardial infarction following angiotensin infusion may also be
relevant to the problem of renin as a risk factor for cardiovascular com-
plications in essential hypertension. Clinical studies regarding the preva-
lence of myocardial infarction and strokes in high vs normal and low
renin hvpertensive subjects have provided contradictory data.!®* How-
ever, there can be no doubt that the experimental administration of renin
or angiotensin can produce myocardial necrosis and/or infarction in ani-
mals. In addition to the well-recognized vasoactive properties of angioten-
sin II, the cardiotoxic potential of this peptide also merits serious consid-
eration.
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Legends for Figures

Figures 1-9 are electron micrographs of coronary arteries from control animalis.

Figure 1 —Epicardial artery from animal injected with HRP 4 minutes prior to sacrifice. Fenes-
trated plates of elastic tissue are interposed between the endothelium and medial smooth
muscle cells as well as between the layers of smooth muscle cells. Peroxidase is seen on the
luminal surface of the endothelium and within luminal pinocytotic vesicles. The tracer also fills
the luminal portions of interendothelial clefts (arrows). Although there is some peroxidase in
the subendothelial space, vesicles are not labeled throughout endothelial cytoplasm. L =
lumen. (X 6000).

Figure 2—The lumen of this intramyocardial artery contains erythrocytes and peroxidase. The
tracer is restricted to luminal endothelial vesicles and luminal segments of intercellular
endothelial clefts. HRP injected 40 seconds previously. (X 9500)

Figure 3—Horseradish peroxidase is seen in a segment of interendothelial cleft and contiguous
vesicles of epicardial artery 2 minutes after the injection of peroxidase. There is slight staining
of the subendothelial space by the tracer. L = lumen. (X 35,500)

Figure 4—Peroxidase is seen on the luminal surface and throughout the interendothelial cleft
of an epicardial artery 4 minutes after injection of the tracer. Several lateral endothelial
vesicles and the subendothelial space also contain HRP. Other vesicles distributed through
the endothelial cytoplasm are not labeled by the tracer. L = lumen. (X 26,000)

Figures 5-8—Interendothelial clefts of intramural arteries 40 seconds (5), 2 minutes (6), 4
minutes (7), and 10 minutes (8) after the injection of peroxidase. HRP is arrested within the
clefts. There is also staining of the subendothelial space by tracer that has extended from
adjacent capillaries (see text). L = lumen. (5, X 26,000; 6. X 30,500; 7. X 31,500; 8. X 41,500)

Figure 9—Reverse permeation of the wall of an intramyocardial artery 10 minutes after in-
jection of HRP. Note that the lumen is devoid of tracer. There is heavy staining of the basement
membranes around the smooth muscle cells and extension into the subendothelial space and
adjacent segments of intercellular endothelial clefts. Abluminal vesicles also contain per-
oxidase. The interendothelial junction indicated by the arrow is shown at higher magnification
in the inset. (X 7500) Inset—HRP is seen within the subendothelial space, the adjacent basal
segment of the cleft, as well as in a few abluminal vesicles. L = lumen. (X 29,500)

Figures 10-30 are electron micrographs of arterial vessels and myocardium from animals
infused with angiotensin.

Figure 10—Reaction product is seen within an interendothelial cleft and adjoining vesicles of
an epicardial artery 40 seconds after HRP injection. L = lumen. (X 30,500)

Figure 11—Similar to Figure 10. There is a considerable amount of HRP in the adjacent
subendothelial space 90 seconds after injection of the probe molecule. L = lumen. (X 25,000)

Figure 12—Interendothelial separation of epicardial artery is filled with peroxidase that has
been injected 40 seconds previously. Reaction product is also seen within the subendothelial
space and along the basement membrane investing a smooth muscle cell (S). L = lumen. (X
33,000)

Figure 13—Peroxidase is found within an intercellular endothelial cleft, luminal vesicles, and
subendothelial space of intramural artery 90 seconds after HRP injection. Note the gradient in
the electron density of the reaction product from lumen to subendothelium. L = lumen. (X
30,000)

Figure 14—Interendothelial cleft of an intramural arteriole is permeated by peroxidase that has
extended from the subendothelial space. There is also filling of abluminal vesicles (V). HRP
was injected 90 seconds previously. L = lumen. (X 30,000)

Figure 15—Only the luminal endothelial vesicles of an intramural artery are heavily labeled with
peroxidase after 2 minutes. One interendothelial cleft (arrow) is entirely permeated. There is
also staining of the subendothelium and abluminal vesicles. Note that the pinocytotic vesicles
in the intermediate portions of the endothelium do not contain HRP. (X 15,000)
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Figure 16—Contraction of the muscle cells of an intramyocardial artery is manifested by
scalloping of the adventitial surface. Note the foci of medial fragmentation (brackets). (x 8000)

Figure 17—Scalloping of the adventitial surface of an intramural arteriole is readily apparent.
There are numerous indentations of an endothelial nucleus (N). (X 8000)

Figure 18—Medial fragmentation of the smooth muscle cells of an intramural artery. The
extracellular space between the fragments is heavily labeled by peroxidase. (X 6500)

Figure 19—Medial fragmentation of intramyocardial artery from animal injected with carbon. A
few fragments are undergoing lysis (arrows). A variety of tubulovesicular and granular debris
are present in the media and are seen to better advantage in the absence of peroxidase. Note
the striated array of filaments at the luminal endothelial surface (interrupted arrows). (X
15,500)

Figures 20 and 21 —Different levels of the same intramyocardial artery. The lumina are filled
with membrane-limited bodies and/or an erythrocyte. There is rarefaction of endothelial and
smooth muscle cell nuclei and loss of myofilaments. A large endothelial vacuole (V) is also
present (21). (X 5000)

Figure 22—Montage containing arteriole and three adjacent myofibers. The lumen of the
arteriole contains red cells, platelets, and endothelial biebs (B). Large vacuoles are also seen
in the smooth muscle cells (V).There is loss, as well as clumping, of endothelial and smooth
muscle cell nuclear chromatin. Numerous contraction zones are seen in the central myofiber.
There is aggregation and packing of mitochondria between the myofibrils and clumping of
nuclear chromatin. The other two fibers exhibit less extensive contraction of sarcomeres and
aggregation of mitochondria. The intercalated disc (/) of the central myofiber has a convoluted
course. Note the separation of myofilaments on the other side of this disc. (X 3500)

Figure 23—A platelet plug fills the lumen of this arteriole (X 3000).

Figure 24—Aggregates of mitochondria containing large amorphous granules, decreased
matrix density, and fewer numbers of cristae. Electron-dense material (arrows) is visible within
some cristae. Contraction bands are present in the right lower corner of the micrograph. (X
26,500)

Figure 25—The scalloping of the sarcolemma lies in register with the underlying contraction
zone (X 21,500).

Figure 26—There is detachment of plasmalemma from the basement membrane (BM). Sub-
sarcolemmal vacuoles are also present. The mitochondria resemble those described in Figure
24. (X 18,500)

Figure 27—A polymorphonuclear neutrophilic leukocyte (P) lies outside a venule (Ve). There is
swelling of mitochondria and accumulation of debris within the neighboring myofiber. (X
16,000)

Figure 28—The myofibrils lack their usual striated pattern. There is merging and fusion of
adjacent Z lines to form contraction bands. Note the prominent vacuolization of mitochondria.
(X 12,500)

Figure 29—Intercalated disc and adjacent myofibers. The fasciae adhaerentes are fragmented
and distributed irregularly. The filaments in the upper myofiber have separated from the
intercalated disc. The fiber on the other side of the disc exhibits contraction zones. (X 21,500)

Figure 30—Myofilaments of the upper fiber are enclosed by convolutions of the intercalated
disc (asterisks). The fasciae adhaerentes are distributed irregularty once again. The gap

(jungsﬁ%rbso ;G, and G,) are unaltered. (X 13,000) Inset—G, is shown at higher magnification
X 65, .
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