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Histologic, ultrastructural and nick end labeling studies were made to evalute the occurrence of apoptosis in the
hearts of dogs with acute myocarditis due to experimental infection with T. cruzi. The best results for the detection
of apoptosis by nick end labeling were obtained by a method combining the use of terminal deoxynucleotidyl
transferase, CoCl, and fluorescein-conjugated deoxyuridine triphosphate, followed by counterstaining of DNA
with 4’6-diamidino-2-phenylindole (DAPI) and examination by laser scanning confocal fluorescence microscopy.
Apoptosis was found in: (1) cardiac myocytes; (2) endothelial cells of capillaries and venules; (3) immune effector
cells, including macrophages, interstitial dendritic cells (antigen-presenting cells) and granular and agranular
lymphocytes, and (4) intra- and extracellular forms of T. cruzi. The apoptosis in myocytes and endothelial cells
affected cells that were not infected by T cruzi and was probably caused by the release of toxic mediators of
inflammation. The apoptosis of immune effector cells could be related either to the subsidence of inflammation
or to modulation (and even failure) of the immune response. The finding of apoptosis in T. cruzi confirms the
results of other studies showing that this phenomenon occurs during the differentiation of trypomastigotes in
vitro. Thus, apoptosis constitutes an important and multifactorial event in the pathogenesis of acute Chagasic

myocarditis.
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Introduction

Chagas’ disease (American trypanosomiasis) is
caused by the protozoan parasite Trypanosoma cruzi
(T. cruzi). The most prominent manifestation of
Chagas disease is related to the involvement of the
cardiovascular system, and is initially characterized
by acute myocarditis. In this phase of the disease,
trypomastigotes invade cardiac muscle cells, where
they become amastigotes (aflagellate forms), which
then multiply and differentiate into trypo-
mastigotes. These changes induce distention and
eventual rupture of the invaded myocytes, with
the release of the parasites into the interstitium

(Andrade et al., 1994). It has been suggested that
the number of amastigotes that multiply in a cell is
under genetic control, and that their differentiation
depends on a programmed number of cell divisions
(De Souza, 1984; Billaut-Mulot et al., 1996). Recent
studies have shown that apoptosis occurs during
the in vitro differentiation of epimastigotes into
trypomastigotes of T. cruzi (Ameisen et al., 1995)
and T brucei rhodesience (Welburn et al., 1996).
However, no information is available on the oc-
currence of apoptosis during the in vivo dif-
ferentiation and multiplication of T cruzi in
myocardium.

In a canine model of acute Chagasic myocarditis,
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we have observed that much of the myocyte damage
occurs in cells that are not invaded by T. cruzi but
are in close contact with mononuclear in-
flammatory cells (Andrade et al., 1994). These
observations suggest that apoptosis induced by im-
mune mechanisms can lead to the death of myo-
cytes and other parenchymal cells of the heart in
acute Chagasic myocarditis. In addition, increasing
evidence suggests that apoptosis of T-lymphocytes
plays a crucial role in modulating host immune
responses and in balancing host-parasite inter-
actions in Chagas’ disease (Lopes and Dosreis, 1995;
Lopes et al., 1995a, b; Dosreis et al., 1995). In a
murine model of Chagas disease, apoptosis has
been shown to occur in vitro in CD4" lymphocytes
derived from spleen, and in both CD4" and CD8"
lymphocytes in vivo (Lopes et al., 1995b). Thus,
these studies suggest that apoptosis involving both
the infecting organisms and various host cells is of
importance in the pathogenesis of acute Chagasic
myocarditis. To test this hypothesis, we have em-
ployed nick end labeling (for the in situ detection of
DNA fragmentation) and ultrastructural techniques
to identify apoptosis in cardiac myocytes, other
parenchymal cells and immune effector cells, as
well as in T. cruzi organisms, in a canine model of
acute Chagasic myocarditis.

Materials and Methods
Experimental animals

The clinical, histological and electron microscopic
features of the canine model used in this study have
been described previously (Andrade et al., 1994).
Briefly, six mongrel dogs weighing from
1000-1900 g were inoculated intraperitoneally
with mouse blood containing T cruzi trypo-
mastigotes (the inoculum totalled 4 x 10> blood
forms) of the 12 SF strain and sacrificed 18 days
later. Two normal, non-infected dogs served as
controls. At necropsy, multiple samples of heart
were fixed with phosphate-buffered 10% formalin
and embedded in paraffin for histologic and nick
end labeling studies. For transmission electron
microscopic study, other tissue samples were fixed
with glutaraldehyde and processed as described
previously (Andrade et al., 1994).

Nick end labeling techniques

Four different techniques were employed for nick
end labeling. These techniques share the use of

a pre-incubation step with proteinase K and
incubation with a terminal deoxynucleotidyl trans-
ferase (TDT), but differ in the nature of the
chromogen coupled to the deoxynucleotide sub-
strate and in the divalent cation used to catalyze
the reaction. A detailed comparison of the features
of these four methods is presented in Table 1.
Commercially available kits were employed to
carry out these methods, the manufac-
turer’s instructions were followed, except where
indicated.

The first of these methods, ApopTag peroxidase
kit (Oncor, Gaithersburg, MD, USA) employs an
incubation mixture that contains TDT, digoxigenin-
labeled deoxynucleotides and CoCl,, followed by
incubation with  peroxidase-labeled anti-di-
goxigenin antibody and color development with
diaminobenzidine tetrahydrochloride (DAB). This
method requires inactivation of endogenous per-
oxidase activity by H,0,. Details of this method, as
currently modified for use in our laboratory have
been described (Zhang et al., 1996).

The second method (ApopTag fluorescent kit,
Oncor) is similar to the first method, except for
the use of anti-digoxigenin antibody conjugated to
fluorescein isothiocyanate (FITC). This method was
used in conjunction with examination of the pre-
parations by confocal microscopy.

The third method (TACS 2 peroxidase kit, Tra-
vigen, Gaithersburg, MD, USA) also requires pre-
incubation with H,0, but differs from the methods
described above in that it employs biotinylated
deoxynucleotides, peroxidase-labeled streptavidin
and a proprietary blue chromogenic substrate to
reveal the sites of peroxidase reactivity. In addition,
it uses MnCl, instead of CoCl, in the reaction mix-
ture. It should be noted that the blue color resulting
from this reaction is not permanent and shows
substantial fading within a few days after color
development.

The fourth method (ApopTag direct fluorescein
kit, Oncor) features the use of deoxynucleotides
labeled directly with FITC, which obviates the need
for a secondary chromogenic reaction. This method
uses CoCl, in the incubation mixture.

As a positive control for nick end labeling, the
sections were treated with proteinase K, and then
incubated with 250-500 ug/ml DNase I (Sigma
Chemical Co., St Louis, MO, USA) for 30 min at
room temperature to induce partial cleavage of
DNA (Gavrieli et al., 1992). For a negative immuno-
histochemical control, the sections were pretreated
in the usual manner and then incubated in a
reaction mixture from which the TDT had been
omitted.



Table 1 Comparison of the features of four methods for nick end labeling

Method Source Pre-treatment TDT incubation medium, 1 h Chromogen Counter-stain
Proteinase K H,0, DNT label Divalent cation
Peroxidase-DAB Oncor 20 ug/ml, 15 min 2%, 5 min Digoxigenin  CoCl, Peroxidase-anti-digoxigenin Methyl green
antibody and DAB
Indirect-FITC Oncor 20 pg/ml, 15 min NA Digoxigenin  CoCl, FITC-anti-digoxigenin antibody DAPI
Peroxidase-TBL Trevigen 20 pg/ml, 15 min 2%, 5 min Biotin MnCl, TBL (Trevigen blue label) Eosin
Direct FITC Oncor 20 pg/ml, 15 min NA FITC CoCl, NA DAPI

Abbreviations: DAB = diaminobenzadine tetrahydrochloride; DAPI =4’,6-diamidino-2-phenylindole; DNT = deoxynuclutide; FITC = fluorescein isothiocynate; TBL = Trevigen blue label (proprietary

formulation); TDT =terminal deoxynucleotidyl transferase.
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Confocal microscopy

Dual fluorescence microscopy methods were em-
ployed for the simultaneous detection of nick end
labeling and nuclear staining. The sections were
first stained by the nick end labeling methods 2
and 4 described above, and then counterstained
with 0.01% 4’6-diamidino-2-phenylindole (DAPI)
for 15 min, then washed three times (5 min each)
with PBS. The sections were then mounted with
Vectashield medium (Vector Lab., Burlingame, CA,
USA) and examined. In addition to blue fluorescent
staining of the nuclei of all types of cells in myo-
cardium, the use of this fluorochrome resulted in
intense, distinctive staining of both the nucleus and
the kinetoplast of intra- and extracellular forms of
T. cruzi.

The sections processed by the dual staining
methods described above were examined with a
confocal laser scanning fluorescence microscope
(Leica model TCS-4D DMIR-BE) equipped with ar-
gon and argon-krypton laser sources and 25 X
(planfluortar; N.A., 0.75), 40 X (planfluortar; N.A.,
1.0) and 100 X (planapochromat; N.A., 1.4) ob-
jectives. Green fluorescence scans (excitation,
488 nm; emission, 525 nm) for FITC labeling were
performed separately from the blue scans (excitation
364 nm; emission, 425nm) for DAPI. This was
because the fluorescence emission spectrum of the
latter reagent extends slightly into the range of the
green emission detector, and this resulted in a
spurious green signal when the two scans were
performed simultaneously.

Results
Histopathological observations

The acute myocarditis caused by T cruzi in dogs
was characterized by the presence of amastigotes

and differentiating trypomastigotes within the cyto-
plasm of cardiac myocytes and macrophages, as
well as in the extracellular spaces, and by in-
flammatory infiltrates and myocardial degeneration
and necrosis [Fig. 1(a)]. These lesions were very
focal and varied considerably in size. In each of the
animals, they were separated from adjacent lesions
by areas of histologically normal myocardium. The
myocytes invaded by T. cruzi contained clusters of
up to 90 amastigotes [Fig. 1(b)], which occupied
most of the cytoplasm, leaving only narrow, peri-
pherally located zones containing compressed cyto-
plasmic organelles and a compact nucleus.
Extracellular amastigotes [Fig. 1(c)] were more fre-
quent in areas in which macrophages, lymphocytes
and other inflammatory cells were present in large
numbers, together with remnants of damaged or
necrotic myocytes. Pronounced nuclear basophilia
and other changes suggestive of nuclear con-
densation, similar to that seen in apoptosis in other
cell types, were observed in some of the mono-
nuclear inflammatory cells in edematous areas of
the interstitium, as well as in some cardiac myocytes
[Figs 1(a), (d)]. Intracellular amastigotes were oc-
casionally found in endothelial cells of venules [Fig.

1(e)].

Nick end labeling

Each of the four methods employed for nick end
labeling gave a positive reaction in the nuclei of
some of the lymphocytes, macrophages, endothelial
cells of capillaries and venules, interstitial dendritic
cells and cardiac myocytes. The labeling of cardiac
myocytes was much more clearly evident and dis-
tinct in the preparations stained either by the TACS
blue method (method 3), or by the direct FITC
labeling of the deoxynucleotides (method 4), than
in those stained by the two techniques involving
the use of digoxigenin-labeled deoxynucleotides

Figure 1 (opposite) Light micrographs showing cardiac histology [(a)—(e), hematoxylin and eosin stain] and nick end

labeling for the detection of apoptosis [(f)-(h), method 3] in acute chagasic myocarditis. (a) Area of myocarditis, with
severe inflammatory reaction and an apoptotic (arrow) and a necrotic (arrowheads) myocyte. The apoptotic cell has
condensed nuclear chromatin and dark-staining cytoplasm. In contrast, the necrotic myocyte shows hypercontraction
bands and partial loss of the nuclear chromatin; magnification, x400. (b) Numerous amastigotes are seen within the
cytoplasm of a myocyte which has compressed cytoplasm and a compact nucleus. The amastigotes are characterized
by a rounded nucleus and a bar-shaped kinetoplasts; magnification, x 1000. (c) Extracellular amastigotes are present
in the interstitium. A macrophage contains ten amastigotes in its cytoplasm; magnification, x 1000. (d) A myocyte
with darkly stained nucleus and deeply eosinophilic cytoplasm, suggestive of apoptosis; magnification, x 1000. (e)
Amastigotes are present within the cytoplasm of an endothelial cells of a venule; magnification, x 1000. (f)-(h) Nick
end labeling with the TACS blue (method 3, counterstained with eosin), shows a positive reaction (black colour) in the
nuclei of: some myocytes situated in the periphery of an inflammatory focus (f); capillary endothelial cells (arrowheads)
and lymphocytes (g), and three interstitial dendritic cells [(h), arrowheads], which are identified by their shape and
location; magnification, (f) and (g) x 400, (h) x 630.
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(methods 1 and 2). More importantly, the use of
methods 3 and 4 resulted in nick end labeling of
some of the amastigotes of T. cruzi. The staining of
these parasites by the other methods was in-
adequate. Negative control procedures (omission of
the TDT) for each of the four methods gave negative
rsults.

Nick end labeling of cardiac myocytes was almost
exclusively present in cell that were not the sites
of parasitic invasion. Such cells often were in actual
contact with, or in close proximity to, mononuclear
inflammatory cells. Myocytes that gave a positive
reaction for nick end labeling most often were deeply
eosinophilic and showed evidence of cytoplasmic
condensation [Fig. 1(f)]. Nick end labeling was
observed only very rarely in myocytes that con-
tained clusters of amastigotes, although some of
these organisms gave a positive reaction for nick
end labeling. Cardiac myocytes present in non-
inflamed areas of myocardium did not show nick
end labeling. Apoptotic bodies were not detected
within cardiac myocytes. A few scattered apoptotic
bodies were found in the cytoplasm of macrophages
or were free in the interstitial spaces. Only few (less
than 3%) endothelial cells [Fig. 1(g)] showed nick
end labeling, and such cells were present in areas
of obvious inflammation. Some interstitial dendritic
cells [Fig. 1(h)] showed nick end labeling, and they
were identified on the basis of criteria previously
described in detail (Zhang et al., 1993). This iden-
tification was confirmed by transmission electron
microscopy (see below).

In preparations stained with DAPI, the globular
structure of the nuclei of T. cruzi was clearly dem-
onstrated. The kinetoplasts were discoid-shaped in
some organisms; however, depending on the plane
of sectioning, they often appeared as rods or bars
[Fig. 2(a)]. Positive control procedures (DNA nick-
ing induced by DNase I) produced positive reactions
in all nuclei of tissue cells, and in both the nuclei and
the kinetoplasts of T. cruzi [Fig. 2(b)]. In preparations
counterstained with DAPI after nick end labeling
with the direct FITC method, the green fluorescence
of the nuclei of apoptotic myocytes was associated
with nuclear condensation [Fig. 2(c)] and with
nuclear fragmentation [Fig. 2(d)]. The green la-
beling of apoptotic amastigotes was clearly dis-
tinguishable from the blue staining of the DNA, in
both the nuclei of myocytes and the nuclei and
kinetoplasts of T. cruzi [Fig. 2(e)]. Amastigotes show-
ing nick end labeling were found both in
intracellular locations [Figs 2(e), (f)] and in the
interstitium [Fig. 2(g)]. The patterns of nick end
labeling in the amastigotes were variable. Some
organisms showed a positive reaction in the nucleus

and either a positive or a negative reaction in the
kinetoplasts [Figs 2(e), (g)]. In other amastigotes, a
positive reaction involved either the entire bar of
the kinetoplasts or one or both of its lateral ends
[Fig. 2(f)]. These various patterns of reactivity often
coexisted within a cluster of intracellular am-
astigotes, and such clusters often contained a num-
ber of completely unreactive organisms. As many
as ten apoptotic amastigotes could be found within
the cytoplasm of a macrophage. Some apoptotic
bodies had a bar-like shape, suggesting that they
were phagocytosed kinetoplasts. In the interstitium,
a large number of lymphocytes appeared to be
undergoing apoptosis. Some of these lymphocytes
were in close contact with extracellular am-
astigotes.

Electron microscopic observations

In addition to the general ultrastructural alterations
that have been previously described in the canine
model of acute Chagasic myocarditis (Andrade et
al., 1994), electron microscopic studies disclosed
various degrees of changes of nuclear and cyto-
plasmic condensation in some cardiac myocytes,
endothelial cells, interstitial dendritic cells, macro-
phages and lymphocytes, as well as in amastigotes
of T. cruzi.

In control dogs, electron microscopy study re-
vealed that the chromatin in normal cardiac myo-
cytes was finely dispersed, with a rim of
heterochromatin marginated against the inner nuc-
lear membrane [Fig. 3(a)]. The nuclei of myocytes
which contained intracellular amastigotes showed
greater margination of the chromatin. Much greater
condensation of chromatin was observed in certain
myocytes [Fig. 3(b)] that did not contain intra-
cellular parasites, but were located in areas of
inflammation, often in close proximity to in-
flammatory cells. These changes were often as-
sociated with cell shrinkage and increased electron
density of the cytoplasmic organelles. Some myo-
cytes showing these features appeared to have be-
come fragmented. However, apoptopic bodies of the
usual type, that is, containing highly dense clumps
of nuclear material, were not identified in these
remnants of myocytes. The coexistence of apoptotic
and necrotic cardiac myocytes was generally ob-
served in the periphery of inflammatory foci. In
contrast to the high electron density of the nuclei
and the cytoplasm of apoptotic myocytes, a low
electron density of the cytoplasm (indicating myo-
fibrillar loss, mitochondrial swelling, and dilatation
of the sarcoplasmic reticulum) and nuclear swelling



Apoptosis in Chagasic Myocarditis 587

Figure 2 Confocal images of sections of myocardium showing: DAPI staining for DNA in blue and nick end labeling
(direct FITC method, i.e. 4) for apoptosis in green. (a) Section stained only with DAPI shows intense fluorescence in
the nuclei of various myocardial cells and in both the nuclei and the kinetoplasts of amastigotes; magnification, x 1000.
(b) Positive control section, pre-treated with DNase and stained only for nick end labeling, shows a reaction (green
fluorescence) in nuclei of tissue cells and in both the nuclei and the kinetoplasts of T. cruzi. This reaction is similar to
that demonstrated in (a) for DAPI; magnification, x 1200. (c) and (d) Double staining shows green fluorescence
(indicative of nick end labeling) in the condensed (c) or fragmented (d) nuclei of myocytes, and blue fluorescence (DAPI)
in all other nuclei; magnification, (c) x 600, (d) x 1000. (e) Double staining shows combinations of green (nick end
labeling) and blue (DAPI) in a cluster of amastigotes located within a cardiac myocyte. Some of these organisms are
unreactive for nick end labeling and show only blue staining in both their nuclei and kinetoplasts. In other organisms,
the nuclei show green labeling. The kinetoplasts in some of these organisms also show green labeling of the entire bar;
magnification, x 600. (f) Higher magnification view of cluster of amastigotes within a myocyte, showing green labeling
limited to the lateral ends (green dots) of the kinetoplasts; magnification, x 1200. (g) Some extracellular organisms
show a positive reaction in either the nuclei or the kinetoplasts, compare with 2(e). Unreactive nuclei are stained blue
(DAPI); magnification, x 1000.



588 J. Zhang et al.




Apoptosis in Chagasic Myocarditis 589

(indicating karyolysis) were often found in necrotic
myocytes.

Condensation of the cytoplasm and the nuclear
chromatin were also observed in a few endothelial
cells of capillaries [Fig. 3(c)] and venules. The inter-
stitial dendritic cells that appeared to be undergoing
apoptosis had an irregular, elongated shape, several
cytoplasmic processes, a few organelles and con-
densed nuclear chromatin. Macrophages had many
lysosomes, phagolysosomes, slender cytoplasmic
processes (filopodia), a large nucleus and well de-
veloped Golgi complexes. Amastigotes in various
stages of disruption were present within some of
the phagolysosomes. In some of the macrophages
the nuclei were morphologically normal, in others
they showed either lysis or pyknosis. Two ultra-
structurally distinct types of lymphocytes were re-
cognized: small agranular lymphocytes and large
granular lymphocytes [Fig. 3(d)], which usually
contained more than ten cytoplasmic granules.
Apoptotic changes were observed more frequently
in lymphocytes than in any other type of cell. Close
contacts between antigen-presenting cells (macro-
phages and interstitial dendritic cells) and lym-
phocytes were frequently observed. Apoptotic
bodies with small portions of fragmented nuclei
and cytoplasm were found occasionally within the
cytoplasm of lymphocytes (Fig. 4).

Individual amastigotes within the cytoplasm of
cardiac myocytes were occasionally found to have
intact nuclear membranes, moderately electron
dense cytoplasm, and close contacts with myo-
filaments and mitochondria. These were presumed
to be normal amastigotes in early stages of de-
velopment in myocytes [Fig. 5(a)]. Some of the
amastigotes present within cardiac myocytes also
showed condensation of both the nucleus and the
cytoplasm. In some of these amastigotes, the
kinetoplast also appeared to be highly condensed.
The shapes of the kinetoplasts varied from rod- or
bar-like to slightly curved, discoid [Fig. 5(b)] or
dumb-bell-like. Condensation of the mitochondrial
DNA was evident in some kinetoplasts showing
each of these variations in morphology. However,
it often was clearly evident that the mitochondrial

DNA was more markedly condensed at the two
ends of the kinetoplasts than in its central portion
[Fig. 5(c)]. Furthermore, some amastigotes showed
two small profiles of highly condensed
intramitochondrial material that represented the
two ends of the kinetoplasts (the central portion of
which was not included in the plane of sectioning).
While certain amastigotes located within a given
myocyte showed changes of apoptosis [Fig. 5(d)],
as described above, other amastigotes in the same
cell exhibited changes that were indicative of nec-
rosis [Fig. 5(d)]. These changes consisted of, mild
nuclear swelling with rupture of the nuclear mem-
branes, and decreased amounts and density of the
chromatin; swelling and reduced electron density
of the cytoplasm; variable numbers of cytoplasmic
vacuoles, and rupture of the plasma membranes
[Fig. 5(d)]. It is of interest to note that the
kinetoplasts in these necrotic amastigotes had an
increased electron density [Fig. 5(d)].

Discussion

The present study provides the first documentation
of the occurrence of fragmentation of DNA, detected
by nick end labeling, in the nuclei of some cardiac
myocytes, endothelial cells of capillaries and ven-
ules, immune effector cells, and in both intra- and
extracellular forms of T. cruzi in acute Chagasic
myocarditis in dogs. Among the four different
methods employed in the present study for the in
situ detection of apoptosis, the best results were
obtained with method 4, which uses fluorescein-
conjugated dUTP and CoCl, in the reaction mixture.
This resulted in a bright staining of apoptotic nuclei,
together with a dark background that was free of
non-specific fluorescence. It has been suggested that
the use of CoCl, improves the specificity of the assay
for staggered ends of the two cleaved strands of
DNA. Although this method does not distinguish
between double-strand cuts with one-base 3 over-
hangs and longer 3’ overhangs, it gives results that
are similar to those obtained with the more specific
method involving in situ ligation to 3’ overhangs,

Figure 3 (opposite) Electron micrographs showing a normal myocyte (a), and apoptosis in a cardiac myocyte (b), an
endothelial cell (c), and a large granular lymphocyte (d). (a) The nucleus (N) of a normal myocyte shows a peripheral,
narrow rim of heterochromatins and abundant euchromatins evenly distributed within the nuclear matrix. Cytoplasmic
structures appear normal; magnification, x 9000. (b) Myocyte undergoing apoptosis shows sharply segregated, compact
chromatin, convolved nuclear outline and condensed cytoplasm; N, nucleus; magnification, x 22 000. (c) An apoptotic
capillary endothelial cell is characterized by segregation of the chromatin into sharply circumscribed areas subjacent
to the inner nuclear membrane; magnification, x 15 000. (d) A large granular lymphocyte undergoing apoptosis shows
cell shrinkage, compact chromatin and condensation of the cytoplasm. Compare with two other normal granular
lymphocytes which have a large, round-shaped nucleus and electron-lucent cytoplasm; magnification, x 11 000.
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Figure 4 Electron micrograph showing an apoptotic body (AB) seen in the cytoplasm of a lymphocyte. The apoptotic
body is characterized by crescent-like condensation of nuclear chromatin, a narrow rim of cytoplasm, and a surrounding

halo; magnification, x 25 000.

as demonstrated specifically with respect to cardiac
myocytes (Anversa et al., 1998).

Quantitation of the extent to which apoptosis
occurred in the canine model in the present study
proved to be very difficult, because the area of
myocarditis showed extreme variations in size,
distribution and severity. Furthermore, our ob-
servations are to be considered as only preliminary,

since we evaluated only one time point (con-
sidered to be that of maximal intensity) in the
course of the acute myocarditis. The apoptosis
observed in the present study was not evaluate
by agarose gel electrophoresis for DNA laddering,
because this method does not identify the diverse
cellular sources of the cleaved DNA. Apoptosis is
usually followed by little or no inflammation;
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however, the myocardial damage observed in the
present study was associated with a considerable
amount of inflammation. We atrribute this response
to the coexistence of an inflammatory reaction
directly elicited by the parasite, and by concomitant
myocardial necrosis. Evidence of necrosis of myo-
cytes was clearly observed in the present study, in
the form of myofibrillar hypercontraction, ka-
ryolysis, hypereosinophilia, and cytoplasmic swell-
ing. The degree to which these changes occurred
was variable, as was their frequency. Although in
many areas the incidence of these changes was
comparable to that of the apoptotic changes ob-
served by nick end labeling, it was not possible to
determine to what extent they represented re-
versible or irreversible alterations. The necrosis may
have resulted from toxic effects, alterations in the
microcirculation, or cellular rupture due to dis-
tension by intracellular parasites.

Apoptosis of cardiac myocytes

Apoptosis of cardiac myocytes has been reported in
ischemia-reperfusion in vivo (Gottlieb et al., 1994),
hypoxia-reoxygenation in vitro (Tanaka et al.,
1994), myocardial infarction (Kajstura et al., 1996;
Sharov et al., 1996; Suzuki et al., 1996; Misao et
al., 1996; Bardales et al., 1996; Cheng et al., 1996;
Veinot et al., 1997), chronic myocarditis (Kawano
et al., 1994), postnatal remodeling of the normal
heart (Kajstura et al., 1995), cardiac hypertrophy
(Bing, 1994), idiopathic dilated and ischemic
cardiomyopathy (Narula et al., 1996), arrhyth-
mogenic right ventricular dysplasia (James, 1994),
rejection of transplanted hearts (Szabolcs et al.,
1996), heart failure (Olivetti et al., 1997; Anversa
et al., 1996), rapid ventricular pacing (Liu et al.,
1995), mechanical stretch (Cheng et al., 1995),
pressure overload due to aortic constriction (Teiger
et al., 1996), aging in rats (Kajstura et al., 1996)
and in spontaneously hypertensive rats and mice
(Hamet et al., 1995). Thus, apoptosis has gained
recognition as an important cause of myocyte death
in a variety of pathological circumstances (Anversa
et al., 1998). However, the occurrence of apoptosis
in cardiac myocytes in Chagasic myocarditis has
not been previously investigated by the nick end
labeling technique. In our experience, this method
was more sensitive and specific than electron micro-
scopic study for the detection of apoptosis, because
alterations in the ultrastructure of nuclei of cardiac
myocytes proved extremely difficult to interpret.
In the present study, we observed the mor-
phological and histochemical changes of apoptosis

in cardiac myocytes, but did not find myocyte-
derived apoptotic bodies. The presence of myofibrils
may hinder the fragmentation of adult myocytes
undergoing apoptosis. We have observed abundant
apoptotic bodies in neonatal rat cardiac myocytes,
in cultures in which apoptosis was induced by
transfection with a recombinant adenovirus en-
coding for Id1, a nuclear protein that regulates
differentiation and tissue-specific gene expression.
The overexpression of Id1 was associated with the
increased production of reactive oxygen species by
mitochondria, and by the development of apoptosis
(Tanaka et al., 1998). In this context, apoptosis of
cardiac myocytes also has been associated with the
production of reactive oxygen species at the time
of reperfusion following a period of temporary isch-
emia (Gottlieb et al., 1994), and in the rejection of
transplanted hearts (Szaboles et al., 1996).

The apoptotic myocytes observed in the present
study were not infected by T. cruzi, but frequently
were in contact with macrophages or lymphocytes.
These cells appear to be able to activate the pathway
of programmed cell death in target cells and or-
ganisms (Helgason et al., 1993), probably by re-
leasing various toxic mediators of inflammation.
These findings provide further support to our earlier
postulate (Andrade et al., 1994) that much of the
damage to the myocardium during the acute phase
of T. cruzi infection is mediated indirectly rather
than by direct invasion of the cardiac myocytes by
these parasites. Other studies have shown that
immune reactions directed against various normal
tissue components develop in Chagas’ disease (Milei
et al., 1993). It remains to be determined whether
or not such phenomena can lead to apoptosis of
cardiac myocytes in the chronic phase of this dis-
ease.

Our observations show that both apoptosis and
necrosis of cardiac myocytes occur in acute Cha-
gasic myocarditis. Apoptosis can be induced by
many factors that are released from inflammatory
cells, including TNF-o and other cytokines (Bowen
and Bowen, 1990), nitric oxide (Szabolcs et al.,
1996), reactive oxygen species (Buttke and Sand-
strom, 1994), granzyme B (Heusel et al., 1994) and
various growth factors (Bowen and Bowen, 1990).
The specific causes of the apoptosis observed in
various cell types were not determined in the present
study.

Apoptosis of endothelial cells

Previous studies have demonstrated significant al-
terations, including aggregation of platelets and
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formation of microthrombi, in the myocardial
microvasculature in acute Chagasic myocarditis
(Andrade et al., 1994). The present study shows that
apoptosis of endothelial cells occurs, but relatively
infrequently, in cardiac capillaries and venules in
acute Chagasic myocarditis. These changes were
not associated with invasion of endothelial cells by
T. cruzi (which was observed only rarely). It is
likely that apoptosis of endothelial cells, like that
of myocytes, is triggered by mediators of in-
flammation.

The detachment of endothelial cells from the
underlying extracellular matrix rapidly leads to
apoptosis, and the type of cell death that occurs
under these circumstances has been termed anoikis.
We have shown that this process is associated with
an increase in reactive oxygen species in the affected
endothelial cells, and that this increase is blocked
by N-acetylcysteine, diphenylene iodonium (a
flavoprotein inhibitor) or by expression of a dom-
inant negative form of the small GTPase racl
(1998). These observations are of potential rel-
evance to the apoptosis of endothelial cells in acute
Chagasic myocarditis, since mediators of in-
flammation can cause the detachment of endo-
thelial cells. This can lead to endothelial apoptosis
and to microthrombosis associated with the direct
exposure of the subendothelial connective tissue to
blood.

Apoptosis of immune effector cells

We consider that the apoptosis observed in macro-
phages, lymphocytes and interstitial dendritic cells
in the present study has a different functional sig-
nificance than that found in cardiac myocytes and
endothelial cells. Apoptosis of immune effector cells
is critically important in the regulation and mod-
ulation of inflammatory responses (Golstein et al.,
1991). It would appear that the apoptosis of lym-
phocytes in Chagas’ disease has a very complex
significance. Lopes et al. (1995b) observed apoptosis
in vitro in splenic CD4* T cells of mice infected with

T. cruzi. These authors believed that, after contact
between the parasites and antigen-presenting cells,
an effective immune response would require an
appropriate interaction with parasite-specific CD4*
T cells. Contact of CD4* T cells with antigen at this
critical stage results in their death by apoptosis
(rather than in appropriate activation of the T cells),
leading to failure of the immune response to destroy
the parasites. This would facilitate the persistence
of the parasites in tissues (Lopes et al., 1995b). In
the present study, we observed a high incidence of
apoptosis in both agranular and granular (i.e. CD8*
or cytotoxic) lymphocytes. These findings are in
agreement with those of Lopes et al. (1995b) who
observed apoptosis of both CD4* and CD8™" in vivo
in experimental infection of mice with T. cruzi. The
changes of apoptosis observed in lymphocytes in
the present study can be interpreted as contributing
to the subsidence of the acute inflammatory phase
of the Chagasic myocarditis as well as to the elim-
ination of CD4" cells, as reported by Lopes and
DosReis (1995) and Lopes et al. (1995Db).

We have previously shown (Andrade et al., 1994)
that in the dog model this acute phase is followed
by the indeterminate phase, in which the host-
parasite relationship is one of stable equilibrium,
with only very few foci of continuing inflammation.
It is of special interest to note the frequent oc-
currence of apoptosis in cells that had the mor-
phological characteristics of interstitial dendritic
cells, which are well known to serve as antigen-
presenting and -processing cells. This apoptosis may
be indicative of subsidence of inflammation, or may
be a cause of failure of antigen presentation.

Apoptosis of T. cruzi

Recent studies have demonstrated that certain uni-
cellular organisms can undergo apoptosis (Ameisen
et al., 1995; Welburn et al., 1996), and that they
can induce this phenomenon in target cells, as is
the case in the killing of macrophages and neutro-
phils by entamoeba histolytica (Ragland et al.,

Figure 5 (opposite) Electron micrographs of normal, apoptotic and necrotic amastigotes of T. cruzi. (a) A single
intracellular amastigote appears normal, showing intact nuclear membrane, normal distribution of nuclear chromatin,
and a single mitochondrion with a centrally located kinetoplast; magnification, x 26 000. (b) One of the sides of a
discoid-like kinetoplast shows a high electron density (arrowhead), but the nucleus and the cytoplasm of the parasites
appear normal; magnification, x 12 000. (c) A high electron density is evident at the two ends (arrowheads) of a
dumb-bell shaped kinetoplasts of an intracellular amastigote, the cytoplasm of this amastigote has a normal appearance;
magnification, x 10 000. (d) A cluster of amastigotes is located within the cytoplasm of a cardiac myocyte. Some of
these organisms show cell shrinkage and nuclear and cytoplasmic condensation indicative of apoptosis (arrowheads);
by contrast, some other amastigotes show nuclear and cytoplasmic swelling, electron lucent cytoplasm and many
cytoplasmic vesicles developing necrosis (arrows); magnification, x 9500.
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1994). The occurrence of apoptosis during the
course of the in vitro differentiation of epimastigotes
into trypomastigotes has been demonstrated in T.
cruzi (Ameisen et al., 1995) and in T. brucei rhodes-
iense (Welburn et al., 1996), by in situ nick end
labeling and by agarose gel electrophoresis showing
DNA ladders. The nuclear DNA in trypanosomes
has a less complex organization than that of mam-
malian cells (Hecker et al., 1994). However, the
organization of the mitochondrial DNA (known as
kinetoplasts or kDNA) in T cruzi is much more
complex than that in higher organisms.

T. cruzi contains a large amount of KDNA, which
is unusual in two respects, (1) it contains two
different classes of circular DNA molecules, known
as maxicircles and minicircles, and (2) in each
kinetoplast these molecules are catenated to form a
single, massive network (Stuart and Feagin, 1992).
Each network contains 40-50 maxicircles (each,
33 kb) and 5000-10 000 minicircles (each, 1.4 kb)
(Stuart and Feagin, 1992). This is in contrast to
human mitochondrial DNA, which is composed
of a single class of non-catenated circular DNA
molecules. The maxicircles of T. cruzi kKDNA encode
mitochondrial proteins, as is the case in mito-
chondrial DNA of higher eukaryotic cells. The mini-
circles function in RNA editing, which is extensive
and serves to modulate mitochondrial gene ex-
pression (Stuart and Feagin, 1992). Replicated DNA
is added at the periphery of the KDNA network and
is subsequently redistributed. Alterations or loss of
kDNA can occur rapidly under certain conditions
(exposure to ethidium bromide or acridines) and
may be lethal (Stuart and Feagin, 1992). However,
biochemical changes in kDNA during apoptosis of
trypanosomes have not been studied.

Welburn et al. (1996) reported that the apoptosis
in epimastigotes of T. brucei rhodesiense did not
involve kDNA, as shown by the lack of in situ
nick end labeling in kinetoplasts. This finding is in
agreement with the currently held concept that
apoptosis does not involve mitochondrial DNA
(Murgia et al., 1992; Tepper and Studzinski, 1992).
Nevertheless, Ameisen et al. (1995) found what
they considered to be “background staining” in the
kinetoplasts of non-apoptotic epimastigotes stained
for nick end labeling, and regarded this as due to
the presence of numerous minicircles of DNA in the
kinetoplasts. Their photographs show fluorescence
localized to one or two dots in the cytoplasm of the
epimastigotes, rather than diffuse staining of the
whole bar of the kinetoplasts (Ameisen et al., 1995).
However, we observed both partial and complete
labeling of the kinetoplasts in some of the organisms
that we studied. Furthermore, we detected various

combinations of labeling of the nuclei and the
kinetoplasts of T. cruzi. We attribute the nuclear
staining to apoptosis; however, the significance of
the partial or complete labeling of the kinetoplasts
is uncertain. Fluorescence limited to portion(s)
(usually, one or two dots corresponding to the ends
of the bar) of the kinetoplasts but without coexistent
nuclear fluorescence, is probably a normal finding
(see below).

In electron micrographs of some amastigotes, we
observed increased density of the two lateral ends
of the bar forming the kinetoplasts. However, we
do not know whether these alterations correspond
to KDNA condensation. The nick end labeling that
we observed in some kinetoplasts may have been
related either to the replication of DNA in peripheral
regions of the KDNA network, or strand breaks of
unknown causes in the KDNA. The nuclear labeling
would appear to be indicative of apoptosis, such as
that detected in T. cruzi by the demonstration of
DNA laddering (Ameisen et al., 1995).

Strong nick end labeling of the entire kinetoplasts
were induced in control preparations treated with
DNase I, thus confirming the susceptibility of kKDNA
to hydrolysis by this enzyme (the action of which
is either very similar (Gottlieb et al., 1994) or
identical (Anversa et al., 1998) to that involved in
apoptosis. The studies of Welburn et al. (1996) and
Ameisen et al. (1995) show that epimastigotes of
both species of trypanosomes can undergo either
necrosis or apoptosis, and that each of these pro-
cesses can be induced and modulated independently
by a number of factors. The present study dem-
onstrates that both processes also occur in T. cruzi
in vivo during the acute phase of Chagasic myo-
carditis in dogs. The possibility that the induction
of apoptosis of T. cruzi may become useful in the
therapy of Chagas’ disease remains to be explored
in detail. However, it has already been shown that
apoptosis of T. cruzi can be induced by treatment
with an antibiotic, geneticin (G418). This apoptosis
is controlled by a T cruzi elongation factor 1e,
which is present in the nucleus of the parasite
(Billaut-Mulot et al., 1996).

In conclusion, the light microscopic, ultra-
structural and nick end labeling studies presented
in this report indicate that apoptosis occurs in a
variety of cell types during the acute stage of the
infection produced by T cruzi in the hearts of
dogs. Apoptosis was demonstrated in, (1) cardiac
myocytes; (2) endothelial cells of capillaries and
venules; (3) immune effector cells, that is, macro-
phages, granular and agranular lymphocytes, and
interstitial dendritic cells, and (4) intracellular and
extracellular forms of T. cruzi. Thus, apoptosis is an
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important mechanism of cell death and turnover in
Chagasic myocarditis. The modulation of apoptosis
may have therapeutic implications in Chagas’ dis-
ease.
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