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ABSTRACT

Background Arrhythmogenic right ventricular dys-
plasia, a disorder that may lead to severe ventricular
arrhythmias and sudden death, is characterized by
the progressive replacement of myocardial cells by fat
and fibrous tissue. We examined whether the loss of
myocardial cells in this disease could result from cell
death by apoptosis (programmed cell death).

Methods Specimens obtained at autopsy from the
right ventricular myocardium of eight patients with
arrhythmogenic right ventricular dysplasia and four
age-matched normal subjects were analyzed. To iden-
tify individual cells undergoing apoptosis, we per-
formed in situ end-labeling of fragmented DNA on
paraffin sections using biotinylated deoxyuridine tri-
phosphate and the enzyme terminal deoxynucleoti-
dyl transferase. We also examined the level of ex-
pression of CPP-32, a cysteine protease required for
apoptotic cell death in mammalian cells, using im-
munohistochemical techniques.

Results Apoptosis was detected in the right ven-
tricular myocardium of six of the eight patients with
arrhythmogenic right ventricular dysplasia and was
absent in the controls. High levels of expression of
CPP-32 were associated with positive in situ end-
labeling of fragmented DNA.

Conclusions These results indicate that apoptotic
myocardial cell death occurs in arrhythmogenic right
ventricular dysplasia and may contribute to the loss
of myocardial cells in this disorder. (N Engl J Med
1996;335:1190-6.)
©1996, Massachusetts Medical Society.

POPTOSIS, or programmed cell death, is
a highly regulated and active process that
contributes to the control of cell number
during development and to the mainte-
nance of many adult tissues.!3 It is triggered by the
activation of an internally encoded suicide program
as a result of either extrinsic or intrinsic signals.* Ap-
optosis differs morphologically from necrosis: it is
characterized by blebbing of the cell membrane, a re-
duction in cell volume, condensation of nuclear
chromatin, and endonucleolytic degradation of DNA
at nucleosomal intervals.2 Apoptotic bodies are di-
gested or phagocytosed by adjacent cells or macro-
phages without inducing an inflammatory response.
The crucial role of apoptosis in pathologic condi-
tions is increasingly being recognized.>¢ Recently,
apoptosis was reported as a possible mechanism for
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the loss of myocardial cells in an infant with Uhl’s
anomaly.” Arrhythmogenic right ventricular dyspla-
sia, a form of right ventricular cardiomyopathy that
commonly leads to severe ventricular arrhythmias
and sudden death,3? is characterized by noninflam-
matory loss of myocardial cells and their progressive
replacement by fat and fibrous tissue.3-! We hypoth-
esized that this loss of myocardial cells in arrhyth-
mogenic right ventricular dysplasia may result from
cell death by apoptosis.s

METHODS
Cardiac Specimens

Sections from the right ventricle of eight patients (five men
and three women; mean [ £SD] age, 47 =15 years) who died of
arrhythmogenic right ventricular dysplasia were examined. Five of
the patients had documented ventricular arrhythmias. The final
diagnosis of right ventricular dysplasia was based on the follow-
ing established criteria?12: massive infiltration of the right ven-
tricular wall by fat tissue, with surviving strands of cardiomyo-
cytes embedded in or bordered by fibrous tissue (Fig. 1), a finding
typically distinct from the patchy replacement of myocardium by
fat and fibrous tissue that may result from chronic myocarditis
and also distinct from the strands of cardiomyocytes found in fat-
ty tissue without fibrosis, which could be a normal variant!9; spar-
ing of subendocardial myocardium which may show trabecular
hypertrophy or disarrangement (Fig. 1); substantial sparing of
the left ventricular myocardium; and the absence of other car-
diac diseases. These criteria were present in all the patients studied.
Extensive mononuclear infiltrates and diffuse interstitial fibrosis
superimposed on the typical pattern of arrhythmogenic right
ventricular dysplasia were observed on histologic analysis in only
one patient.

Sections from the right ventricle of four normal subjects (three
men and one woman; mean age, 41 =16 years) who died of other,
noncardiac causes served as controls. None of these control sub-
jects met any of the histologic criteria for right ventricular dyspla-
sia. Although the interval between death and autopsy did not af-
fect the detection of apoptosis, only cases in which this interval
was 24 hours or less were included. Tissues were fixed in 10 per-
cent buffered formalin and embedded in paraffin. Four to six sec-
tions (6 um thick) from each paraffin block were analyzed for the
presence of apoptosis.!3

In Situ Detection of Apoptotic Cells

Sections were deparaffinized, transferred to xylene, and rehy-
drated in descending concentrations of alcohol (100 percent,
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Figure 1. Free Wall of the Right Ventricle of a Patient with Right Ventricular Dysplasia.

In Panel A, there is a large amount of adipose tissue occupying the mediomural and subepicardial layers (hematoxylin—-phloxin—
safran staining, X10). In Panel B, high magnification reveals surviving strands of myocardium bordered by or embedded in fibrous
tissue. The presence of fibrous tissue is necessary for the diagnosis of right ventricular dysplasia®™ (hematoxylin—-phloxin-safran
staining, X100).

95 percent, 70 percent, 50 percent, and 0 percent). After re-
hydration, the slides were incubated with 20 ug of proteinase
K per milliliter in phosphate-buffered saline. Endogenous per-
oxidase was inactivated by 3 percent hydrogen peroxide. Tissue
sections were stained with an ApopDETEK system (Enzo Diag-
nostics, Farmingdale, N.Y.) that identifies cells with internucleo-
somal fragmentation of DNA (apoptosis). The procedure was
performed according to the manufacturer’s instructions. The meth-
od is based on the preferential binding of terminal deoxynucle-
otidyl transferase (TdT) to the 3'-hydroxyl ends of DNA.13 Brief-
ly, residues of biotinylated deoxyuridine triphosphate (dUTP)
were catalytically added to the ends of DNA fragments with the
enzyme TdT. For negative controls, deionized water was used in-
stead of TdT. After end-labeling, the sections were incubated with
avidin—horseradish peroxidase and stained with diaminobenzidine
to detect the biotin-labeled nuclei. Apoptotic bodies stained brown.
Positive controls consisted of rat mammary glands obtained on
the fourth day after weaning (Oncor, Gaithersburg, Md.). Four
to six sections from each specimen were examined. Sections were
first examined under light microscopy at low magnification (X100),
allowing estimation of the percentage of surface area occupied by
apoptotic cells. Then, 10 random fields per section from the re-
gions with apoptotic cells were examined at a higher magnification
(X400) to calculate the percentage of myocardial nuclei with DNA
fragmentation. Cardiomyocytes, which were well-shaped, elongat-
ed, and striated cells, were easily distinguished morphologically
from other rare nonmyocytes under a light microscope at high
magnification. In addition to the in situ end-labeling technique,
adjacent sections stained with hematoxylin and eosin were exam-
ined for signs of apoptosis.!* The pathologist analyzing the speci-
mens was unaware of the diagnosis in 9 of the 12 cases examined.

Immunohistochemical Detection of Protease CPP-32

CPP-32 is a cysteine protease required for the initiation of ap-
optotic cell death.!s It is related to interleukin-1B-converting en-

zyme (ICE) and CED-3, the product of a gene required for pro-
grammed cell death in the nematode Caenorbabditis elegans.
CPP-32 is the specific ICE/CED-3-like mammalian cysteine pro-
tease that cleaves and inactivates poly(adenosine diphosphate ri-
bose) polymerase, an enzyme involved in DNA repair and genome
integrity, and thus may be the human equivalent of CED-3.15
Therefore, to provide further evidence of the occurrence of apop-
tosis in arrhythmogenic right ventricular dysplasia, we analyzed
the level of expression of CPP-32 in the right ventricles of the pa-
tients and controls using immunohistochemical techniques.

After deparaffinization and rehydration, the sections were incu-
bated with 1:10 normal horse serum for 30 minutes at room tem-
perature, washed once in phosphate-buffered saline, and stained
with a mouse monoclonal anti—-CPP-32 antibody (Transduction
Laboratories, Lexington, Ky.) at a dilution of 1:1000. The slides
were washed in phosphate-buffered saline and then incubated
with biotinylated horse antimouse IgG (Vector Laboratories, Bur-
lingame, Calif.) at a dilution of 1:200. Stains were visualized with
an avidin—alkaline phosphatase—substrate system (Vectastain ABC
Kit and Vector Red, Vector Laboratories, Burlingame, Calif.). As
a negative control, serial sections were stained without the pri-
mary antibody against CPP-32.

RESULTS
Evidence of Apoptosis

In situ end-labeling of fragmented DNA with TdT
and biotinylated dUTP did not reveal apoptosis in
sections of right ventricular myocardium from the
four normal adult subjects (Fig. 2A). In contrast,
sections of right ventricular myocardium from six of
the eight patients with arrhythmogenic right ven-
tricular dysplasia showed numerous cells with ge-
nomic DNA fragments in their nuclei (Fig. 2B, 2C,
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3 > Figure 2. In Situ End-Labeling of Fragmented DNA with TdT
“‘-& and Biotinylated dUTP.
" ‘ Cells with fragmented DNA stained brown, whereas cells with
w normal nuclei stained blue (immunoperoxidase staining with
: hematoxylin counterstaining). In Panel A, a section from a nor-
“ % mal human right ventricle shows no apoptotic nuclei (X100).
\ \ "a \ " Transverse sections (Panels B and C) and longitudinal sections
: (Panels D and E) of right ventricular myocardium from patients
* with lethal arrhythmogenic right ventricular dysplasia show
numerous myocardial nuclei with apoptosis. (Panels B and D,
%X 100; Panels C and E, x400.)
- N =
e ‘SQ
- o
E
1192 October 17, 1996

Downloaded from www.nejm.org on February 9, 2010 . For personal use only. No other uses without permission.
Copyright © 1996 Massachusetts Medical Society. All rights reserved.



EVIDENCE OF APOPTOSIS IN ARRHYTHMOGENIC RIGHT VENTRICULAR DYSPLASIA

2D, and 2E). The majority of these cells were easily
recognized as myocardial cells under a light micro-
scope at high magnification, since they were well
shaped, elongated, and striated (Fig. 2C and 2E).
The apoptotic myocardial cells were frequently in
regions of myocardium not already invaded by adi-
pocytes and fibrosis. They were less frequently in
regions replaced by fat and fibrous tissue, where
rare, nonapoptotic cardiomyocytes were still present.
Both the extent of regions with apoptotic cells and
the percentage of apoptotic myocardial cells in these
regions varied among the patients (Table 1). An in-
flammatory reaction was detected in sections from
one of the eight patients (Patient 1). This patient
had the highest percentage of apoptotic myocardial
cells, and some inflammatory cells were also apop-
totic (Table 1 and Fig. 3).

The detection of apoptotic cells by in situ end-
labeling of fragmented DNA was supported by the
fact that pathological criteria for apoptosis were also
met. In adjacent sections stained with hematoxylin
and ecosin, nuclei of numerous myocardial cells
showed marginated masses of chromatin along with
discrete, well-preserved apoptotic bodies (Fig. 4),
typical pathological features of apoptosis.!* No sign
of apoptosis was seen in adjacent sections stained
with hematoxylin and eosin from the four normal
subjects (data not shown).

Expression of CPP-32 in Right Ventricular Myocardium
from Patients with Arrhythmogenic Right Ventricular
Dysplasia

Protease CPP-32 is important for the induction of
apoptotic cell death in mammalian cells.!> It was
undetectable or barely detectable in the right ventri-
cles of the four normal subjects (Fig. 5A), as well as
in the two patients with no evidence of apoptosis.
However, cardiomyocytes from the right ventricles of
the six patients with apoptosis showed high levels of
immunoreactive CPP-32 (Fig. 5B). No staining was
detected after omission of the primary anti—-CPP-32
antibody.

DISCUSSION

We report the occurrence of apoptotic myocardial
cell death in right ventricular dysplasia. James® has
previously suggested that apoptosis may be a mech-
anism of cell death in arrhythmogenic right ventric-
ular dysplasia.

In the present study, apoptosis was identified by
in situ end-labeling of fragmented DNA with TdT
and biotinylated dUTD, a commonly accepted meth-
od for the detection of the apoptotic process.l®
There has been concern about the ability of such in
situ labeling methods to distinguish between cell
necrosis and apoptosis. However, in this study the
detection of a positive reaction with in situ end-
labeling was correlated with the presence of typical

TABLE 1. EXTENT OF AREAS OF APOPTOSIS AND
THE PERCENTAGE OF APOPTOTIC MYOCARDIAL
NUCLEI IN THESE AREAS IN SECTIONS OF
RIGHT VENTRICULAR MYOCARDIUM FROM
PATIENTS WITH LETHAL ARRHYTHMOGENIC
RIGHT VENTRICULAR DYSPLASIA.*

EXTENT OF PROPORTION OF
PATIENT AREAS WITH AporTOTIC NUCLEI
No. AporTOTIC NUCLEI IN PosITIVE AREAS
% of section %
1 50 28
2 20 15
3 10 18
4 20 20
5 0 0t
6 15 22
7 15 14
8 0 0t

*Four to six sections from each specimen were ex-
amined. After in situ end-labeling of fragmented
DNA, sections were examined under light microsco-
py at low magnification (X100), allowing an estima-
tion of the surface area occupied by apoptotic cells.
Then, 10 random fields per section from these pos-
itive areas were examined at high magnification
(X400) to calculate the percentage of myocardial
nuclei with DNA fragmentation.

1Only one apoptotic cell per section was found.
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Figure 3. Apoptotic Nuclei in Nonmyocytes in an Inflammatory
Reaction in One Patient (Immunoperoxidase Staining with He-
matoxylin Counterstaining, X250).
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Figure 4. Sections of Right Ventricular Myocardium from Patients with Lethal Arrhythmogenic Right Ventricular Dysplasia (Hema-
toxylin and Eosin).

In Panel A, there are marginated masses of chromatin within myocardial nuclei in a longitudinal section (arrows) (x250). In Panel
B there are multiple round, hyperdense nuclear fragments, whose appearance is consistent with that of apoptotic bodies, in a trans-
verse section (arrow) (X400).
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Figure 5. Inmunohistochemical Detection of CPP-32.

In Panel A, normal right ventricular myocardium does not stain for CPP-32 (X400). In Panel B, right ventricular myocardium from
a patient with right ventricular dysplasia stains intensely for CPP-32 (X400). The antibody against CPP-32 was detected with anti-
mouse IgG conjugated with biotin and an avidin—alkaline phosphatase—substrate system in which positive cells stain red.
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signs of apoptosis (marginated masses of chromatin
and well-preserved apoptotic bodies) in sections
stained with hematoxylin and eosin.!* Moreover, the
absence of an inflammatory reaction in most of our
patients argues against necrosis and for apoptosis.
Furthermore, no positive staining was detected in
cardiomyocytes from age-matched normal subjects
whose hearts were processed in the same manner as
those of our patients, and the in situ end-labeling of
fragmented DNA was not detected when the en-
zyme TdT was omitted.

To gain further evidence of apoptosis in arrhythmo-
genic right ventricular dysplasia and extend our find-
ings, we examined the level of expression of protease
CPP-32, whose activation is specifically required for
apoptotic cell death in mammalian cells.!> Our finding
that high levels of CPP-32 expression were associated
with positive in situ end-labeling of fragmented DNA
provides strong evidence of apoptotic cell death in ar-
rhythmogenic right ventricular dysplasia.

We found that numerous cells in the right ventricle
of patients with arrhythmogenic right ventricular dys-
plasia underwent apoptosis. The majority of these
cells were morphologically identified as myocardial
cells under high-power magnification. The affected
areas had few or no apoptotic cells, whereas apoptotic
nuclei were frequently seen in areas with little involve-
ment. This finding suggests that the loss of myocar-
dial cells through apoptosis is, at least in part, a pri-
mary process that precedes the filling of acellular
space by fat and fibrous tissue in the absence of an in-
flammatory reaction.

The extent and the percentage of apoptotic myo-
cardial cells varied among the patients. The absence
of apoptosis (only one apoptotic cell per section) in
two of our patients is intriguing. These patients’
clinical and histologic features were similar to those
of the other patients. Apoptosis may therefore not
have been involved in the pathogenesis of arrhyth-
mogenic right ventricular dysplasia in these patients.
However, the possibility that most of the apoptotic
cells had already been cleared by the time the heart
sections were obtained cannot be ruled out. Studies
of the clearance kinetics of apoptotic myocardial cells
should clarity this issue.

The triggering factors for apoptotic myocardial
cell death in arrhythmogenic right ventricular dys-
plasia remain to be elucidated. Some evidence from
in vitro and in vivo studies in animals suggests that
hypoxia as well as reperfusion injury are possible trig-
gers for apoptosis in cardiomyocytes.”-!8 These fac-
tors may also contribute to the induction of apoptosis
in myocardial cells of the failing canine heart.® Re-
peated ventricular arrhythmias may have produced
an ischemia-reperfusion injury and contributed to
the apoptotic process in our patients. The presence
of myocarditis (and its related production of inflam-
matory cytokines) could also have had a role in the

induction or aggravation of the apoptotic process.
However, myocarditis is not a consistent or promi-
nent feature of arrhythmogenic right ventricular
dysplasia, and only one of our patients had associat-
ed myocarditis. Abnormal levels of resting tension,
which could result from the architectural rearrange-
ment of the myocyte compartment in the diseased
right ventricle, could also have contributed to the
activation of the suicide program in these cells.2® Fi-
nally, primary abnormal control of genes involved
in the regulation of programmed cell death — for
instance, CPP-32 — remains plausible.

In conclusion, we found that numerous myocar-
dial cells from the right ventricles of a majority of
patients with lethal arrhythmogenic right ventricular
dysplasia actively undergo programmed cell death.
This finding could account, at least in part, for the
progressive loss of myocardial cells observed in this
disease and may shed new light on its pathogenesis.
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