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Abstract The primary objective of this study was to in-
vestigate if detection of apoptosisin the heart can be used
to diagnose early myocardial ischaemia. The material con-
sisted of myocardial tissue from autopsy cases. 10 cases
with occlusive, thrombotic coronary artery disease and
acute myocardia infarction, 10 cases of sudden cardiac
death without coronary artery disease (CAD) and 8 controls
without cardiovascular disease and with known causes of
death. Necrotic changes in the myocardium were detected
with hematoxylin-erythrosin-saffron, Mallory’s PTAH stain
and with antibodies against complement 9. Apoptotic nuclei
were visualised with two different kits using the terminal
deoxynucleotidyl transferase-mediated desoxyuridinet-
riphosphate nick end-labeling (TUNEL) method on histo-
logical sections. In the patients with CAD, early myocar-
dia infarction was found in one defined area of the ven-
tricular wall; apoptotic myocyte nuclei were observed not
in the necrotic lesions, but evenly spread usually without
agradient, all over the myocardium with a mean number
per high power field of 29% (range 3-56%) of the total
number of myocyte nuclei. In the sudden cardiac deaths
without CAD, necrosis was scarce and distributed both
focally and irregularly in both the left and right ventricu-
lar walls. With few exceptions, the percentage of apop-
totic myocyte nuclei exceeded 20% in all sections (mean
24%, range 0—68%). No difference was seen between pa-
tients with CAD and those without CAD (p > 0.05). With
the TUNEL method, positively stained nuclei were seen
very early and extensively all over the myocardium. It is
not certain that they represent true apoptosis induced by
ischemia, but TUNEL appears to be a useful screening
method in cases where sudden cardiac death is suspected.
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Introduction

Sudden cardiac death (SCD) is still a diagnostic challenge
to the clinical or forensic pathologist. In the mgjority of
cases, death is probably due to acute coronary artery oc-
clusion by aruptured placque and/or thrombus [1]. In other
cases, especialy in young people, the cause might be vi-
ral myocarditis, cardiomyopathies, idiopathic arrhythmias,
or arrhythmogenic right ventricular dysplasia (ARVD) [2,
3, 4]. Microscopic changes in sudden cardiac death, e.g.
edema, wavy fibres and contraction bands, even when due
to coronary artery disease (CAD), are often sparsely de-
tected with the common staining methods such as hema-
toxylin-eosin. With other methods, especialy the immuno-
histochemical ones, early ischaemic lesions and acute myo-
cardia infarctions (AMI) can sometimes be diagnosed [5,
6, 7, 8].

In sudden death in young adults without CAD, a sud-
den lethal ventricular arrhythmiais often suspected. Some
cases might be due to a previously undiagnosed car-
diomyopathy, such as ARVD. The increased apoptosisin
the right ventricular myocardium reported in ARVD
might explain the disease [9, 10], but apoptosis occurs
also in myocardial ischaemia[11, 12, 13, 14, 15].

Since both forensic autopsies and clinical autopsies
from the clinic of thoracic surgery are carried out at our
department, we see numerous deaths from CAD and sev-
eral cases of SCD every year. We have developed special
histological stains as well as immunohistochemical meth-
ods for routine use in the diagnosis of these cases.

Aiming to investigate the usefulness of the TUNEL
method in the diagnosis of early ischaemic injury, parallel
sections from the myocardium in selected cases were stud-
ied.

Materials and methods

The study included 10 cases of CAD with early infarction (group A),
10 cases of sudden death without coronary artery or valvular dis-
ease (group B) and 8 controls (group C). AMI patients (group A)



were selected from both forensic and clinical autopsies. In the
forensic cases the inclusion criteria were occlusive coronary artery
disease in combination with either a larger area of coagulation
necrosis and/or contraction bands seen with hematoxylin-erythro-
sine-saffron and/or Mallory’s PTAH stains. In the clinical cases
there were complementary electrocardiographic and biochemical
data. Group B consisted of consecutive autopsies during a period
of 1 year. The inclusion criteria were absence of coronary arte-
riosclerosis, normal heart weight and no other plausible explana-
tion, natural or unnatural, for the death. The majority of the indi-
viduals in group B was previously healthy persons without hospi-
tal records. Case 11 and 13 had been investigated for irregular
heart-besats at the clinic of pediatric cardiology several years previ-
ously. The autopsies were performed at the Department of Foren-
sic Medicine in Linkdping, Sweden, during 1999 and 2000. The
delay between death and autopsy varied between 1 and 4 days.
Sudden death was defined according to the WHO criteria, i.e. death
within 24 h of onset of symptoms. Cases of previously healthy per-
sons found dead |ess than 24 h after they were last seenin life were
classified as unwitnessed sudden deaths.

Necrosis and apoptosis were visualised with antibodies against
the terminal complement complex, i.e. C9[16] and two varieties of
the terminal deoxynucleotidy! transferase-mediated desoxyuridinet-
riphosphate nick end-labeling (TUNEL) method (Apoptag and
Cardiotacs) using immunohistological methods.

Heart tissue was fixed in 4% buffered formaldehyde at pH 7.4
and embedded in paraffin after 3 days. From each heart a complete
transversal section was cut about 2 cm below the valvular plane.
From this ring six blocks measuring 1 x 1 x 0.2 cm were cut per-
pendicularly, six adjacent blocks horizontally and 4 um paraffin
sections were stained with hematoxylin-erythrosin-saffron [17]
and Mallory’s PTAH. Out of these 12 blocks, 4 were selected from
each case for immunohistochemistry and TUNEL. In group A, one
section from infarction in the left ventricular wall (A INF), one
section from the diagonally opposite side of the left wall (A LV 2),
and sections from the right anterior (A RV 1) and posterior walls
(A RV 2) were studied. In groups B and C two sections from the
left ventricle (LV 1 and LV 2) and anterior and posterior right ven-
tricle (RV 1 and RV 2) were studied. Monoclonal C9 antibodies
(The Binding Site, Birmingham, UK.) were diluted 1: 200. The sec-
tions were pretreated with proteinase-K for 1 min and incubated with
the antibody solution for 1 h. The antigen antibody reaction was
visualised with the avidin-biotin-peroxidase method. The Apoptag
(Intergen, New York) and Cardiotacs (RD-systems, Minneapolis,
Minn.) kits were applied according to the instructions of the man-

Table 1 A summary of 10 cases of sudden cardiac death with
coronary artery disease and myocardia infarction (PM delay post-
mortem delay, i.e. period between death and autopsy, CB contrac-
tion band necrosis, CN coagulation necrosis, C9 positive positive
for antibodies against complement 9, AMI acute myocardia in-
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ufacturers. The protocol for Apoptag was slightly modified by sub-
stituting the contrast stain methyl green with a 0.01% solution of
light green SF (Merck).

Apoptotic cell nuclei were counted over a1l x 1 cm eye-piece
grid in 400 x magnification, 2 x 20 fields in each section and the
mean was calculated and expressed as the percentage of total car-
diac myocyte nuclei per field. The mean number of myocyte nuclei
per field was calculated for the left and right ventricular myocardium
separately by counting 100 fields selected randomly in the con-
trols. The mean for the left ventricle was 27 and for the right ven-
tricle 19 nuclei per field. In sections displaying myocardia necro-
sis, nuclei were not counted in the necrotic area.

Statistical calculations were made in the Statview program
(Abacus Concepts, Berkley, Calif.) including mean values, standard
deviations, simple linear regression and the paired t-test.

This study has been reviewed and approved by the Ethical
Committee at the University of Linkdping no 00-317.

Results

Morphologically, in the CAD cases (group A, Table 1),
fresh myocardial infarction was seen subendocardially
over an area of about one-third to one-half of the wall
thickness. In the infarction area a combination of contrac-
tion band necrosis (100% of the cases) located peripher-
aly, coagulative necrosis and dlight infiltration of neu-
trophils (50%) in the centre of the lesion and positive re-
actions for C9 (90%) was seen. In the non-CAD cases
(group B, Table 2) massive and focal contraction band
necrosis was seen (AMI) in three cases and in five cases
scarce and multifocal contraction bands in two or more
sections, with similarly distributed C9 positive myocytes
(GM1). In no case there was any infiltration of neutrophils
or coagulative necrosis with eosinophilia. In the controls
no ischaemic changes were seen (group C, Table 3).

Resuscitation attempts were done in 6 cases (see 2in
Tables 1 and 2), but this did not appear to have influenced
the degree of apoptosis or the degree of contraction band
Necrosis.

farction, M| section with myocardial infarction, LV 1 section from
left ventricular wall far from the area with MI and showing no
morphological signs of necrosis, RV 1 right ventricle, anterior
wall, RV 2 right ventricle, posterior wall)

Case Age PM delay Diagnosis CB CN C9 % Apoptosis % Apoptosis % Apoptosis % Apoptosis
(years) (days) Positive Ml LV 1 RV 1 RV 2
1ae 74 4 AMI Yes No Yes 29 36 36 9
2 75 4 AMI Yes No Yes 3 39 33 31
3ae 71 4 AMI Yes No Yes 56 54 56 61
4 57 3 AMI Yes Yes Yes 11 34 49 41
5 43 4 AMI Yes No No 24 30 62 35
62¢ 80 3 AMI Yes Yes Yes 21 17 52 48
7 65 4 AMI Yes Yes Yes 30 22 63 69
8 57 2 AMI Yes No Yes 37 33 47 67
9?2 29 4 AMI Yes Yes Yes 30 22 44 58
10 46 4 AW Yes Yes Yes 22 34 52 64
Mean 59.7 3.6 26 32 49 48

aResuscitation with electro-conversion was done

eClinical autopsies
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Table 2 A summary of 10 cases of suspected sudden cardiac
death without coronary artery disease (ARVD arrhythmogenic

i.e. randomly distributed contraction band necrosis in two or more
sections; LV 1 left ventricle, anterior wall; LV 2 |eft ventricle, pos-

right ventricular dysplasia; GMI generalised myocardial ischemia,  terior wall)
Case Age PM delay Diag- Ischaemia CB CN C9 % Apoptosis % Apoptosis % Apoptosis % Apoptosis
(years) (days) nosis Location Positive LV 1 LV 2 RV 1 RV 2

112 14 4 AMI RV Ant Yes No Yes 7 3 3P 1

12 20 4 ARVID Diffuse Yes No Yes 31 34 59 5

13 16 4 GMI Diffuse Yes No Yes 3 3 23 1

14 43 4 AMI LV Post Yes No Yes 27° 19 50 27

152 23 4 ARVD Diffuse Yes No No 32 31 40 23

16 63 4 AMI LV RV Ant Yes No Yes 46° 42 68° 68

17 44 4 GMI Diffuse No No Yes 34 39 30 34

18 24 3 AMI Diffuse Yes No Yes 54 51 63 38

19 38 2 ARVD Unknown No No No 0 0 0 2

20 54 3 GMI Diffuse Yes No No 17 31 6 6

Mean 339 36 25 25 34 21

aResuscitation with electro-conversion was done

bSection with infarction. For the other abbreviations see table notes of Table 1

Table3 A summary of eight controls who died from non-cardiac causes (LV left ventricle; RV right ventricle)

Case Age PM delay Diagnosis CB CN C9 Positive % Apoptosis % Apoptosis
(years) (days) \% RV

21 43 2 Knife wound No No No 0 0

22 56 2 Knife wound No No No 0 0

23 34 4 Hanging No No No 0 0

24 36 4 Overdose No No No 0 0

25 46 2 Gunshot No No No 0 0

26 10 2 Gunshot No No No 0 0

27 36 4 Asphyxia No No No 0 0.5

28 54 1 Drowning No No Yes 0 0.5

Mean 39.3 26 0 0.1

For the other abbreviations see table notes of Table 1

With the TUNEL method, apoptosis was seen in all
sections of group A, but scarcely within necrotic lesions
where the cellular nuclei were either absent or severely
disintegrated. The mean percentages of apoptotic myocyte
nuclel were 26% in the vicinity of infarction (MI) and
32% in the myocardium far away from the infarct (LV2)
(Fig.1) and in the right ventricular myocardium, mean 49%
(RV 1) and 48% (RV 2). In sudden cardiac deaths without
CAD, diffuse TUNEL positivity was seen in both the left
(mean values 25 and 25%) (Fig.2) and right heart (mean
values 34 and 21%). The agreement between the two apop-
tosis kits (Cardiotacs and Apoptag) was good (r = 0.88).
Morphologically, the TUNEL-positive cells did not show
any signs of necrosis such as swelling or eosinophilia

o

Fig.1 Subendocardial myocardia infarction in the left ventricular
wall. The edge of necrosisis seen in the lowest part of the picture
(arrow). In the border zone there are extravasated red blood cells,
edema and some disintegrated myofibres. In the middle and upper
part the edemais|ess pronounced and the myofibres are intact. Ex-
tensive TUNEL -positivity (green nuclel) is seen in the vicinity and
demonstrated with Cardiotacs (Original magnification x 400)

The cell nuclel were either of normal size or dlightly py-
knotic, and sometimes with irregular and marginated chro-
matin.

The differences in degree of apoptosis between groups
A and C, and groups B and C were statistically significant
(p < 0.05) but comparing groups A and B, no such differ-
ences were seen. There was no correlation between the de-
gree of apoptosis, post-mortem delay, age of the patient, or
the occurrence of resuscitation attempts.



Fig.2 TUNEL-positive myocyte nuclei (brown) demonstrated with
the Apoptag. The section is from the left ventricle in a case of sud-
den cardiac death without coronary artery disease or myocardial
infarction.(Original magnification x 400)

Fig.3 Control case: a patient with fatty infiltration of the myo-
cardium after death due to drowning. No apoptosis of the cardiac
myocytes is visible in a section from the right ventricular wall
(Cardiotacs, original magnification x 100)

In the eight controls, TUNEL -positive myocyte nuclei
were not seen (Fig. 3), but in afew myocyte nuclel in the
subendocardium of the right ventricle in 2 cases. Apopto-
sis was sometimes detected also in afew interstitial cells.

Discussion

The results of this study suggest that acute myocardial in-
farction causes generally increased apoptosis of the myo-
cytesin the whole myocardium, not only in the compromised
area. Thiswas seen in al 10 CAD cases. Furthermorein 9
of the 10 non-CAD casualties similar changes were seen.
Apoptosis has previously been shown to occur periph-
eraly in acute myocardia infarcts, whereas only necrosis
is to be found in the centre of the lesion [11, 12, 13, 14].
Localised areas of pure apoptosis after ischaemic injury
have also been seen, however [15] and at |east two studies
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have reported apoptosis far from the infarct lesion [14,
18]. Piro et al. [18] suggested that the extensive apoptosis
in non-infarcted areas might be due to mechanical stress.
They used the TUNEL method and DNA electrophoresis
to corroborate their findings.

In the present study apoptosis was also seen in cases
without significant coronary disease or morphological
signs of myocardial infarction.

In group A, generalised ischaemia and progressive myo-
cardial dysfunction after infarction might account for the
observed apoptotic changes. In group B the pathogenic
mechanisms are not clear. It is conceivable that in those
cases repeated short episodes of ventricular arrhythmia and
subsequent dysfunction may have preceded death. The
TUNEL-positivity that was demonstrated in group B was
in most cases accompanied by small and scattered foci of
C9-positive (necrotic) myocytes indicating episodes of
global ischaemia 1 or a few hours before death.

The specificity of the TUNEL method has been ques-
tioned in studies on the liver [19], where it was suggested
that positive results could be due to post-mortem autoly-
sis. In an experiment in our laboratory, pieces of cardiac
tissue were left to decompose in room temperature for
various times. The preliminary results indicate that false
TUNEL-positivity can occur with the Cardiotacs kit (but
not with Apoptag) due to inadequate fixation (unpublished
results). Another source of error might be that the TUNEL
method does not adequately discriminate between apop-
totic and oncotic cells. In experimental studies on isch-
aemic rabbit myocardium it was found that DNA fragmen-
tation of oncotic myocytes occurred, resulting in TUNEL -
positive nuclei [20]. Although differences between rabbits
and humans might exist also regarding apoptosis and on-
cosis, it cannot be ruled out that the TUNEL -positive myo-
cytes that we have observed could be a mixture of apop-
totic, autolytic and oncotic cells. In the present study both
TUNEL kits gave similar results and the eight control
cases were all negative except for a few apoptotic nuclei
in two cases. It therefore seems unlikely that the TUNEL-
positivity in our cases are due only to post-mortem autol-
ysis or fixation artefacts.

To the forensic and clinical pathologist it is important
to find a method that detects early myocardial ischaemia
and has a high specificity. One such method is the im-
munhistochemical demonstration of the terminal comple-
ment complex in myocardial infarctions [16]. Experimen-
taly, the terminal complement complex, including C9,
has been demonstrated in infarctions as early as 3 h after
coronary ligation in the rat [21] and apoptosis has been
demonstrated even earlier, i.e. after 45 min in therat [12].
In cases of sudden cardiac death in humans the exact age
of the lesion, if any, is seldom known.

I's extensive apoptosis/oncosis the important feature of
SCD? The process of apoptosis is rapid, and is usually
completed within 6 h [15]. If our resultstruly reflect apop-
tosis, between 20 and 50% of the myocardium would have
disappeared within that time. Thiswould certainly explain
why these individuals died so suddenly. However, to con-
firm this, experimental studies are needed.
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In conclusion, by use of the TUNEL method on histo-
logical sections of the myocardium in patients who died
suddenly and unexpectedly, extensive and distinct nuclear
positivity, which might represent apoptosis and/or onco-
Sis, was seen in most cases. The TUNEL method appears
to be a sensitive and specific screening method when SCD
is suspected.
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