Radiation-Induced Cardiomyopathy
I. An Electron Microscopic Study of Cardiac Muscle Cells

M. Yusuf Khan, MD

This investigation demonstrates sequential ultrastructural lesions of cardiac myo-
cytes in rabbits exposed locally to a single dose (1008 and 1300 rads) of x-irradia-
tion. A wide spectrum of lesions were observed as early as 24 hours postirradiation
and were followed for as long as 4 months after x-irradiation. Myofibrillar degen-
eration and dissociation of intercalated discs seen at 24 and 48 hours postirradiation
were followed by gradual progression of myofibrillolysis and myofiber degeneration
to myofiber atrophy, myofiber collapse and eventual progressive pericellular inter-
stitial myocardial fibrosis. The possible role of dissociation of intercalated discs in the
pathogenesis of well-known postirradiation electrocardiographic changes is sug-
gested. Myofibrillar degeneration appears to be the characteristic (although non-
specific) lesion of radiation having a multifactorial etiology: direct radiation effect,
vascular compromise and endogenous (cardiac) catecholamine liberation (Am J
Pathol 73:131-146, 1973).

EFFecTs OF RADIATION on the heart have been well docu-
mented at the light microscopic level, both in humans subjected to
therapeutic irradiation of malignancies adjacent to the heart (such
as carcinoma of breast, esophagus and mediastinal lymphoma'~*") and
in different species of experimental animals.®® The ultrastructural study
of the myocardium of a patient dying of heart disease following ther-
apeutic x-irradiation for carcinoma of the thyroid has also been re-
ported. Besides these morphologic changes, electrocardiographic al-
terations and hemodynamic disturbances from x-irradiation are also
well known.'**5 The pathogenesis of these changes has, however, re-
mained speculative, and the reported doses of x-irradiation claimed
to be effective have been variable and contradictory. Part of the con-
tradiction in experimental studies may lie in the variable modalities
of radiation and the animal species used.®"1

From the Department of Pathology, College of Medicine and Dentistry of New Jersey,
New Jersey Medical School, Newark, NJ.

Supported by Grant GR 70-20 from the New Jersey Heart Association, Institutional
Grant IN-92A from the American Cancer Society and by Institutional General Research
Support Grant GR 5 S 01-RR05393-11 from the National Institutes of Health.

Abstract presented at the Nineteenth Annual Meeting of the Radiation Research
Society, Boston, Mass., May 1971.

Accepted for publication June 5, 1973.

Address reprint requests to Dr. M. Yusuf Khan, Department of Pathology, New Jersey
Medical School, 100 Bergen St, Newark, NJ 07103.

131



132 KHAN American Journal
of Pathology

Traditionally, the sensitivity of the heart to radiation has been re-
garded as very low. More recently, however, Fajardo and Stewart *
have demonstrated lesions in rabbit myocardium following 2000 rads
of x-irradiation. No systematic ultrastructural study of radiation-in-
duced myocardial changes in experimental animals has been reported
to date. This time-sequence, ultrastructural study was undertaken
to explore the pathogenesis of radiation-induced cardiomyopathy and
the nature of cardiac tissue reactions and the relative sensitivity of
its various tissue components to small doses of x-irradiation. This re-
port concerns the lesions of myocardial cells.

Materials and Methods

Forty male New Zealand white rabbits weighing 1.5 to 2 kg were placed un-
der intravenous pentobarbital sodium (Nembutal®) anesthesia (30 mg/kg)
and were subjected to a single cardiac dose of 1008 (10 animals) and 1300 rads
(30 animals) of x-irradiation, calculated at a depth of 1.5 cm from the surface of
the skin. Using a precardial approach, radiation was delivered from a source of 250
keV (MA 15, HVL 2.2 cu mm, TSD 15 cm, air dose 66 rad/min) through an
x-ray cone 4 X 5 cm. Before irradiation, cardiac localization was verified by a
chest x-ray, and precardial skin was either shaved or depilated with depilatory
paste, Nair (Carter Products). An additional 12 animals subjected to sham ir-
radiation procedure served as controls. Animals were housed in air conditioned
facilities and served usual laboratory food and water ad libitum.

Following irradiation, animals were selected at random in batches of 3 or 4
along with a control. Under intravenous pentobarbital sodium anesthesia, they
were killed at 24 hours, 48 hours, 72 hours, 7 days and at predetermined
weekly or hiweekly intervals thereafter for 4 months.” The thoracic cavity was
opened by splitting the sternum, and the pericardial cavity was incised. A block
of muscle approximately 3 mm thick was quickly excised from the left ventricular
wall and minced with a razor blade into approximately 1 mm cubes and placed
in ice cold 2.5% phosphate-buffered gluteraldehyde at 4 C for 2 hours. The
sampling site was kept constant in all the animals.

Glutaraldehyde-fixed tissue was washed thoroughly in 1 M phosphate buffer
(pH 7.3) and postfixed in 1% phosphate-buffered osmium tetraoxide for 1 hour
at 4 C. Tissue was dehydrated and embedded in Epon 812 according to Lufts’
method.!” One micron thick sections were cut with a glass knife on an LKB ul-
tramicrotome III and stained with toluidine blue. Thin sections, cut with a dia-
mond knife and supported on 250 mesh copper grids, were stained with uranyl
acetate followed by lead citrate stains.!$ Sections were examined and photo-
graphed in RCA EMU-3 electron microscope.

Results

Ultrastructural changes in cardiac muscle cells were present as early
as 24 hours postirradiation. A continuing and overlapping spectrum of
lesions was seen over different observation periods. For convenience,
the description of the lesions will be arbitrarily discussed under broad
periods of observation and special mention made of lesions considered
significant from a sequential point of view. One of the 40 x-irradiated
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animals was excluded from this study because, on light microscopic
- examination, it fulfilled the criteria of Fajardo and Stewart ¢ for idio-
pathic Millers’ myocarditis. No significant difference was observed
between the lesions in animals receiving 1008 rads and those receiving
1300 rads of x-irradiation.

At 24 hours following irradiation the myocardial cells showed promi-
nent and frequent contraction bands, disruption of intercalated discs,
myofibrillar disorganization with myofibrillolysis and presence of lipid
bodies. Z-lines and mitochondria were relatively well preserved
(Figure 1).

At 48 hours postirradiation, myofibrillar degeneration was much
more advanced, with loss of whole sarcomeres in groups of myofibrils.
Z-bands within many of these areas were relatively intact, with double
membranous structure and focal areas of increased electron density,
while other myofibers showed marked mitochondrial alteration and
partial loss of cristae, with total Z-band destruction (F igures 2 and
3). Many other relatively intact fibers showed disruption and dissocia-
tion of the intercalated discs (Figure 4).

By day 8 postirradiation, additional degenerative changes were evi-
dent, which were characterized by architectural disorganization of
myofibrils, focal cytoplasmic degeneration and subplasmalemmal vacu-
olation with many myelin-like figures and electron-dense granular
debris, within the injured myofibers (Figure 5).

By day 22 postirradiation, myofibrillolysis had become less and less
prominent, but other degenerative changes persisted. Many fibers
showed thicker Z-lines, dilated sarcoplasmic reticulum and mineraliza-
tion of mitochondria (Figure 6). Fine pericellular fibrosis was noted
for the first time on day 22.

By day 49 postirradiation, many muscle fibers were collapsed, with
complete disorganization of myofibrils and collapse of intercalated
discs. The sarcolemmal membrane, however, remained intact. Mito-
chondria in these fibers tended to be small with indistinct cristal
architecture (Figure 7). Other relatively intact fibers showed dilated
sarcoplasmic reticulum and many small mitochondria. Still many other
fibers showed varying degrees of atrophy, some with marked reduction
in the number of myofibrils and the presence of many membranous
tubular and vesicular structures within their central core. These
atrophic fibers were surrounded by undifferentiated proliferating
mesenchymal cells and increased collagen fibrils, and some of these

also showed inclusions of prominent myelin-like figures (Figures 8-
10).
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By 4 months following x-irradiation there was a progressive and
marked increase in interstitial fibrosis surrounding individual and
groups of myofibers. Many of the muscle fibers exhibited varying de-
grees of degenerative changes in myofibrils, with many myelin-like
figures and small dense mitochondria (Figures 11 and 12).

Discussion

The present investigation has demonstrated a spectrum of ultrastruc-
tural lesions of myocardial cells from a relatively small dose of x-irradia-
tion. Lesions seen as early as 24 hours and followed up to 4 months fol-
lowing irradiation showed an overlapping continuum with relentless
progression to myocardial fibrosis. Thus, in contrast to light microscopic
studies of Fajardo and Stewart,® there was no “latent phase” free of
lesions. Understandably, without the aid of electron microscopy,
many of these changes could not have been observed. Even in our
retrospective study, it was difficult to positively identify many of these
lesions by light microscopy; if recognized, they were difficult to differ-
entiate from artifacts. This, however, does not in any way reflect on
the latency phase with respect to reported electrocardiographic dis-
turbances following radiation.!22

Pathogenesis of radiation-induced cardiomyopathy has remained
speculative and controversial. Various factors have been implicated: a)
direct effect of radiation on muscle cell possibly through degradation
of DNA and disturbance of RNA transcription;'*-*! b)vascular compro-
mise;**** ¢) interstitial cell damage;***% d) neural damage (David and
Gabriel as quoted by Warren ).

In the earlier phases of injury following x-irradiation, myofibrillar
degeneration (characterized by contraction bands and myofibrillar
disorganization with myofibrillolysis) and dissociation of intercalated
discs were the most prominent and significant findings. Burch et al !
also described myofibrillolysis as a late effect of x-irradiation. That
myofibrillolysis does occur is also supported by the observations of
Caster et al,® who demonstrated a 20% loss of actinomyosin in rat
heart 10 days after radiation. Myofibrillar degeneration may result
from direct radiation injury and altered membrane permeability
affecting intracellular concentration of potassium,”**" or it may be
secondary to microvascular compromise or release of endogenous
catecholamines from adrenergic nerve endings of myocardium.***
Our own observations have shown marked associated changes in
microvasculature and interstitial tissue, including degranulation and
degeneration of adrenergic nerve endings.* Sottocasa et al®' have
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shown an increase in lysosomal enzymes in heart muscle slices ir-
radiated in vitro, and Bacq and Alexander ** have shown increased
enzyme levels following irradiation. One can only speculate about the
occurrence of in vivo lysosomal enzyme induction and its role in
the myofibrillar degeneration, if any. It is more likely that radiation-
induced myofibrillar degeneration is a much more complex phenom-
ena resulting from a combination of some or all of these factors. Myo-
fibrillar degeneration has more recently been shown to be a signifi-
cant and common reaction pattern of myocardium to various types of
insults such as hypoxia, hypokalemia and exogenous administration
of catecholamines.? Although some investigators ®* have not shown
any dynamic alteration in catecholamine stores of myocardium follow-
ing x-irradiation, our preliminary ultrastructural observations show
marked degenerative changes in adrenergic nerve endings (work in
progress). Therefore, we believe that endogenous catecholamines may
be playing some part in myofibrillar degeneration. The ultimate fate of
myofibers showing myofibrillolysis is not clear. In view of our lack of
evidence regarding the cardiac muscle regeneration, it is conceivable
that it may lead to atrophy, collapse and, finally, complete loss of muscle
cells. At present there is no evidence that there is any kind of recon-
stitution of myofibrils by synthesis of new myofilaments.

The structure of the intercalated disc is well known, but its physio-
logic significance is still a matter of controversy.>* Barr et al * have
suggested that the nexus or tight junction of the disc is the site of
propagation of the excitation impulse. In the present study, the dissocia-
tion of intercalated discs observed following x-irradiation could have
resulted from vigorous contraction of muscle fiber or direct radiation
injury. Acute and late electrocardiographic disturbances following
x-irradiation in experimental animals >'*'> and humans ** are well
documented. The role that the dissociation or rupture of intercalated
discs may play in the causation of these acute electrocardiographic
changes following irradiation needs further elucidation. Dissociation of
intercalated discs has also been described in many other pathologic
states of animals and humans,** but again its pathophysiologic sig-
nificance is not clear.

Atrophy and collapse of myocardial fibers may result from myo-
fibrillolysis, disruption of intercalated discs or radiation-induced bio-
chemical injury and resultant metabolic deprivation of the cell.®” We
are presently pursuing the nature and extent of biochemical injury to
the myocardium following irradiation, and our preliminary results do
indicate some disturbance of carbohydrate metabolism.
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Interstitial myocardial fibrosis represents the end result of radia-
tion-induced myocardial damage and our observations suggest that it
results from stromal collapse and increased mesenchymal cell activity.
The onset of mesenchymal cell activity is somewhat delayed follow-
ing radiation, in comparison to muscle cell and microvascular changes.*
Myocardial fibrosis characteristically tends to encompass individual
myocardial cells and groups of myocardial cells and correlates well
with our own light microscopic observations and those of others.®

In conclusion, this sequential ultrastructural study of cardiac myo-
cytes in radiation-induced cardiomyopathy demonstrates a spectrum
of lesions, many of which have thus far eluded investigators working
at the light microscopic level. The most significant lesions included
dissociation of intercalated discs and myofibrillar degeneration, fol-
lowed by myofiber atrophy, myofiber collapse and eventual inter-
stitial pericellular fibrosis.
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[lustrations follow]
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Legends for Figures

Fig 1—Myocardium 24 hours postirradiation (1300 rads). Myofiber shows marked
architectural disorganization, with myofibrillolysis (FL), relatively intact Z-ba_nd aqd 2)
and mitochondria (M), lipid bodies (L), contraction band (CB) and dissociated inter-
calated disc (arrow) (Uranyl acetate-lead citrate, X 12,000).

Fig 2—Myocardium 48 hours postirradiation (1300 rads). Injured myofiber showing
extensive myofibrillolysis (FL) involving full sarcomere length (S). Intact Z-band (Z)
shows double membrane structure and at places condensation of Z-band material
(arrow). Lipid body (L) and intact mitochondria (M) are also seen (Uranyl acetate—
lead citrate, X 18,500).

Fig 3—Myocardium 48 hours postirradiation (1008 rads). Myofiber showing myo-
fibrillolysis( FL) with fine, electron-dense granular material and vacuolated mitochon-
dria (arrows). Nucleus (N) of an endothelial cell and RBC (R) are seen (Uranyl ace-
tate—lead citrate, x 21,000).

Fig 4—Mpyocardium 48 hours postirradiation (1300 rads). A myofiber with an intact
segment (ICD) of an intercalated disc and a completely disrupted segment (arrows)
is seen. Note also normal appearing mitochondria (M) and Z-band (Z) (Uranyl acetate—
lead citrate, X 19,000).

Fig 5—Myocardium 8 days postirradiation (1300 rads). An area of focal cytoplasmic
degeneration containing membranous profiles and dense granular material (FCD) is
seen within a myofiber. Note also many contraction bands (CB) and subsarcolemmgl
myofibrillolysis (FL) with many myelin-like figures and electron-dense granular debris
(Uranyl acetate—lead citrate, X 14,500).

Fig 6—Myocardium 14 days postirradiation (1300 rads). Myocyte with focal myofibrillar
degenerative changes, thick and dense Z-bands, dilated sarcoplasmic reticulum
(SR) and mineralized mitochondria (arrows) is seen (Uranyl acetate—lead citrate,
X 15,000).

Fig 7—Myocardium 48 days postirradiation (1300 rads). Note a collapsed myofiber
(MC2) with disorganized contractile elements (MF) and convoluted, crumpled inter-
calated disc (arrow) but intact sarcolemma. Mitochondria (M) show indistinct cristae.
Also note part of an adjacent myofiber (MC1) showing normal structure (Uranyl
acetate—lead citrate, X 16,200).

Fig 8—Myocardium 43 days postirradiation (1300 rads). Note an intact myofiber (F1)
with attenuated myofibrils (arrows), dilated sarcoplasmic reticulum (X) and a
markedly atrophic myofiber (F2) with complete loss of architecture. Z-line can still
be made out within the atrophic myofiber (arrow head). Note also many mesenchymal
cells with collagen (CL) fibrils surrounding the atrophic myofiber (Uranyl acetate—
lead citrate, x 8000).

Fig 9—Myocardium 43 days postirradiation. Higher magnification of another atrophic
myofiber (MC) and an undifferentiated mesenchymal cell with nucleus (N). Atrophic
myofiber shows peripherally arranged attenuated myofibrils with thick Z-bands
(arrows) but indistinct H-band. Central core of the fiber contains small mitochondria
and many membranous vesicular and tubular profiles (star) (Uranyl acetate—lead
citrate, x 30,000).

Fig 10—Myocardium 44 days postirradiation (1300 rads). An atrophic muscle fiber
with loss of myofibrillar architecture and loss of mitochondria. Note large number of
whorled myelin-like figures (X) and altered Z-lines. Relatively intact adjacent myofiber
shows mitochondrial alteration (Uranyl acetate—lead citrate, X 24,500).

Fig 11—Myocardium 3 months postirradiation (1300 rads). Myofibers show marked
degenerative changes, with loss of myofibrils (FL), altered mitochondria (M), dense
bodies (arrow) and membrane-bound vesicles (V). A broad band (CL) of structureless
electron-dense material with many collagen fibrils is surrounding these degenerative
myofibers (Uranyl acetate—lead citrate, x 19,000).

Fig 12—Myocardium 314, months postirradiation (1300 rads). Three muscle fibers
with densely collagenous pericellular fibrosis (CL) with degenerated and fragmented
nuclei (NI and N2). Muscle fibers show varying degrees of myofibrillar degeneration
with small dense mitochondria (M). One fiber contains many myelin-like figures (X)
(Uranyl acetate—lead citrate, x 19,000).
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