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SUMMARY: Cathepsin D was translocated from lysosomal structures to the cytosol in primary cultures of neonatal rat
cardiomyocytes exposed to oxidative stress, and these cells underwent apoptotic death during subsequent incubation. Temporal
aspects of cathepsin D relocalization, cytochrome c release, and decrease in mitochondrial transmembrane potential (Dcm) were
studied in myocytes exposed to the redox-cycling xenobiotic naphthazarin (5,8-dihydroxy-1,4-naphthoquinone). Immunofluo-
rescence labeling revealed that cathepsin D was translocated to the cytosol after 30 minutes of naphthazarin treatment, and
cytochrome c was released from mitochondria to the cytosol after 2 hours. Western blotting and immunoelectron microscopy
indicated a minor release of cytochrome c after only 30 minutes and 1 hour, respectively. Thereafter, a decrease in Dcm was
detected using the Dcm-sensitive dye JC-1 and confocal microscopy, and ultrastructural analysis indicated apoptotic
morphology. Pretreatment of the cultures with the cathepsin D inhibitor pepstatin A prevented release of cytochrome c from
mitochondria and maintained the Dcm. Moreover, ultrastructural examination showed no apoptotic morphology. These findings
suggest that lysosomal destabilization (detected as the release of cathepsin D) and release of cytochrome c from mitochondria
take place early in apoptosis. Also, the former event probably occurs before the latter during apoptosis induced by oxidative
stress because pretreatment with pepstatin A prevented release of cytochrome c and loss of Dcm in cardiomyocytes exposed to
naphthazarin. (Lab Invest 2001, 81:149–158).

A poptosis occurs through activation of a cell sui-
cide process that is regulated by many different

intracellular and extracellular signals (Steller, 1995).
Stress, hormones, viral infections, and the binding of
ligands to the TNF family receptors are a few exam-
ples of well-studied apoptosis-inducing factors. Apo-
ptosis involves a number of morphological features,
such as cell shrinkage, chromatin condensation, nu-
clear fragmentation, and the formation of apoptotic
bodies. Biochemical characteristics of apoptosis in-
clude changes in the mitochondria, such as the re-
lease of cytochrome c (Skulachev, 1998) and the loss
of mitochondria transmembrane potential (Kroemer et
al, 1997; Zamzami et al, 1995), together with activation
of the caspase cascade. Cytochrome c is a nuclear,
DNA-encoded protein that is found in the intermem-
brane space and on the surface of the inner mem-
brane in mitochondria. Release of this protein from
mitochondria to the cytosol is an important occur-
rence in apoptosis which allows complexation of cy-
tochrome c with cytosolic apoptosis protein-activating
factor 1 (Apaf-1), which, in the presence of deoxyade-
nosine triphosphate (dATP) or ATP, can lead to acti-
vation of procaspase 9 (Cai et al, 1998). Microinjection
of cytochrome c into several different types of cells

has been found to induce apoptosis through a
caspase-dependent pathway (Li et al, 1997; Zhivo-
tovsky et al, 1998).

Naphthazarin, a structural analog of the anticancer
drug adriamycin, is metabolized to its semiquinone form
by intracellular reductases and then reoxidized in a redox
cycle that produces superoxide radicals. Current evi-
dence suggests that increased oxidative stress plays an
important role in mediating the cardiotoxicity of adriamy-
cin (Singal et al, 1997), and it has been proposed that
adriamycin-induced cell death in cardiomyocytes in-
volves both apoptosis and necrosis (Kumar et al, 1999).
Apoptotic death of cardiomyocytes may be involved in
several heart disorders, among others, myocardial in-
farction and congestive heart failure. Narula and co-
workers (1999) studied human cardiomyopathy and
found that cytochrome c accumulates in the cytosol of
cardiomyocytes and that this event is followed by
caspase activation and cleavage of protein kinase C but
not of poly(ADP-ribose) polymerase.

Until recently, little attention has been focused on
the participation of lysosomes and lysosomal en-
zymes in the apoptotic process. However, Wu et al
(1998) have observed that the level of cathepsin D
increased in lymphoid cells during adriamycin-
induced apoptosis and also that apoptosis was
blocked by pepstatin A, which is known to inhibit
aspartic proteases, such as cathepsin D, renin, and
pepsin (Shields et al, 1991). Cathepsin D is a lysoso-
mal aspartic protease that is present in practically all
animal cells, often in relatively high concentrations
(Yamamoto, 1995). This enzyme degrades proteins at
low pH and is believed to play important roles in
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protein catabolism, antigen-processing (Peters et al,
1991), protein targeting (Cantor and Kornfeld, 1992),
and the progression of breast cancer (Rochefort et al,
1996). Using immunocytochemistry and electron mi-
croscopy, our research group (Roberg and Öllinger,
1998a) has previously found that treatment of cardio-
myocytes with naphthazarin caused early transloca-
tion of cathepsin D from lysosomal structures to the
cytosol, resulting in apoptotic cell death. In other
experiments (Roberg et al, 1999), we observed that
the release of cytochrome c preceded early relocal-
ization of cathepsin D in fibroblasts exposed to oxida-
tive stress.

The aim of the present investigation was to deter-
mine the ultrastructural location of cathepsin D and
cytochrome c in cardiomyocytes exposed to oxidative
stress, and to further investigate the participation of
lysosomal enzymes in apoptosis, in particular regard-
ing their relationship to events involving the mitochon-
dria. A pre-embedding immunocytochemical method
was used for ultrastructural analysis of cathepsin D
and cytochrome c in the myocytes. In combination
with ultra-small gold probes and subsequent silver
enhancement, that technique has been shown to
achieve sensitive detection of intracellular proteins in
cultured cells (Roberg and Öllinger, 1998b).

Results

Location of Cathepsin D during Exposure to Naphthazarin

Immunofluorescence analysis revealed substantial
granular staining of control myocytes, indicating the
presence of cathepsin D in lysosomes (Fig. 1A). After
exposure to naphthazarin for 30 minutes, most of the
myocytes exhibited diffuse staining of cathepsin D,
implying translocation of the enzyme from lysosomes

to the cytosol (Fig. 1B). Electron microscopic immu-
nocytochemistry confirmed that cathepsin D was
present in the lysosomes in control cells (Fig. 2, A and
B) at different magnification and was relocalized in a
time-dependent manner in myocytes treated with
naphthazarin (Fig. 2, C and D).

Location of Cytochrome c during Exposure
to Naphthazarin

At a light microscopic level, control cells stained with
monoclonal antibodies against cytochrome c dis-
played a characteristic mitochondrial pattern (Fig. 3A).
This pattern did not change after treatment with naph-
thazarin for 30 minutes (Fig. 3B), whereas after 2 hours
the myocytes were diffusely stained and some of the
mitochondria had changed shape (Fig. 3C). However,
at the electron microscopic level, silver-enhanced
gold particles labeling cytochrome c were observed in
the cytosol after exposure to naphthazarin for 1 hour
(Fig. 4C); after 3 hours, the amount of cytochrome c in
the cytosol increased considerably, although a major-
ity of the particles were found surrounding the mito-
chondria (Fig. 4D).

In both control and naphthazarin-treated cardiomy-
ocytes, the particles labeling cytochrome c were de-
tected around the outer mitochondrial membrane.
Presumably, with the pre-embedding immunocyto-
chemistry technique, the primary antibodies are only
able to penetrate the outer mitochondrial membrane,
and, because the distance between the antigen and
the gold probe on the secondary antibody can be up
to 20 nm, the mitochondria are labeled on the outer
membrane. However, specific staining can be seen in
the control cells in Figure 4A, and the specificity of the
method at higher magnification is clearly demon-
strated by Figure 4B.

Figure 1.
Immunofluorescence detection of cathepsin D in rat cardiomyocytes. The micrographs show control cells (A) and cells exposed to 1.5 mM naphthazarin for 30 minutes
(B). Relocalization of cathepsin D can be seen in the treated cells. Bar 5 30 mm.
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Importance of Cathepsin D in Apoptosis Induced by
Oxidative Stress

Early ultrastructural signs of apoptosis, such as re-
duced cell size and condensed chromatin and mito-
chondria, were observed after 3 hours of naphthazarin
exposure (compare A and B in Fig. 5), but were not
seen in myocytes pretreated with pepstatin A, a spe-
cific inhibitor of cathepsin D (compare C and D in Fig.
5). Moreover, light microscopy revealed that the ca-
thepsin D inhibitor significantly prevented apoptotic
morphology, quantified by counting pyknotic nuclei in
Giemsa-stained cells (Fig. 6).

Furthermore, immunocytochemistry and electron
microscopy of cells pretreated with pepstatin A
showed that, after exposure to naphthazarin for 1
hour, cathepsin D was present in the cytosol (Fig. 7A),
whereas after 5 hours, cytochrome c was still in the
immediate vicinity of the mitochondria (Fig. 7B).

To confirm these results, cytosolic fractions of con-
trol and naphthazarin-treated cells were subjected to
Western blot analysis (Fig. 7C), which showed that

release of cytochrome c occurred after 30 minutes
and became more marked after 2 hours (these find-
ings are supported by the data shown in Figs. 3 and 4).
However, almost no cytochrome c was liberated from
pepstatin-A-pretreated myocytes exposed to naph-
thazarin for 3 hours.

Mitochondrial Membrane Potential during
Oxidative Stress

The lipophilic cationic probe JC-1 was used to mea-
sure the Dcm. This probe has a monomer that emits
light at 527 nm after excitation at 490 nm, and it can
selectively enter mitochondria. Depending on the
membrane potential, JC-1 can form J-aggregates that
are associated with a large shift in emission to 590 nm.
Accordingly, the fluorescence changes from green at
depolarized membrane potentials (positive to 2100
mV) to orange-red at hyperpolarized potentials (more
negative than 2140 mV) (Chen and Smiley, 1993;
Reers et al, 1991). After 2 hours of naphthazarin
exposure, the first cells with decreased Dcm were

Figure 2.
Electron micrographs of typical rat cardiomyocytes subjected to immunocytochemistry of cathepsin D using antibodies tagged with ultra-small gold particles and
subsequent silver enhancement. Silver-enhanced gold particles can be seen in lysosomelike structures (arrowheads) in control cells (A and B), but they are spread
throughout the cytosol (arrows) in cells exposed to 1.5 mM naphthazarin for 1 hour (C) and 3 hours (D), respectively. Bar 5 1 mm.
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observed in the confocal microscope. In cells pre-
treated with pepstatin A before naphthazarin expo-
sure, a significantly smaller number of cells showed
decreased Dcm (Fig. 8).

Discussion

Location of Cathepsin D and Cytochrome c during
Oxidative Stress

An association between apoptosis and translocation
of cytochrome c from the intermembrane space of the

mitochondria to the cytosol has been shown in a
number of studies. Many authors have reported that
such relocalization occurs in several cell systems after
exposure to various stimuli and also that cytochrome
c induces apoptosis when added to cell-free extracts
(Liu et al, 1996). The exact mechanisms of mitochon-
drial cytochrome c release are not known, although
there is increasing evidence that members of the Bcl-2
protein family play an important role in this process.
Overexpression of Bcl-2 and Bcl-xL protects mito-
chondria and inhibits liberation of cytochrome c (Khar-
banda et al, 1997), whereas pro-apoptotic members of
the family, such as Bid and Bax, are believed to induce
formation of pores in the mitochondrial membrane and
thereby participate in the release of cytochrome c
(Desagher et al, 1999). Release of cytochrome c
during apoptosis has been shown mainly by Western
blotting or immunofluorescence techniques, and only
a few investigators have used immunocytochemistry
and electron microscopy to determine the exact loca-
tion of this hemoprotein. Notwithstanding, in the ultra-
structural studies of the location of cytochrome c
during apoptosis that are available in the literature,
only a single or a limited population of mitochondria
was analyzed at one time point in irradiated U-937
cells (Kharbanda et al, 1997) and in human myocytes
obtained after cardiomyopathy (Narula et al, 1999). In
the present investigation, the location of cytochrome c
was determined at different times during apoptosis
using three different techniques, and the temporal
aspects of the release of cathepsin D and cytochrome
c from their respective organelles during the progres-
sion of apoptosis were also examined.

After 30 minutes of exposure to naphthazarin (Fig.
1), immunofluorescence showed a clear relocalization
of cathepsin D, but not cytochrome c (Fig. 3). How-
ever, Western blotting and immunocytochemistry at
an electron microscopic level revealed a limited re-
lease of cytochrome c after naphthazarin treatment for
30 minutes and 1 hour, respectively. All of the meth-
ods used to detect cytochrome c showed that it was
released from the mitochondria in cardiomyocytes
exposed to oxidative stress, although the time at
which the relocalization was first observed varied.
After 3 hours of exposure, Western blotting and elec-
tron microscopy (EM) showed an increased amount of
cytochrome c in the cytosol, but there were still
particles labeling cytochrome c around the outer
membrane of most of the mitochondria (Fig. 4D). By
comparison, in a study of apoptosis in sheets of
granulosa cells cultured for 72 hours without gonado-
tropic support (D’Herde et al, 2000), the cells were
found to exhibit one subset of normal-sized mitochon-
dria that contained cytochrome c and a second subset
of smaller mitochondria that lacked functional cyto-
chrome c; these subsets were ultrastructurally local-
ized by oxidation of diaminobenzidine tetrahydrochlo-
ride. Moreover, in experiments on cardiomyocytes
exposed to H2O2 (Cook et al, 1999), release of mito-
chondrial cytochrome c was shown within 15 to 30
minutes, and this was accompanied by a drop in Dcm

that was partially restored after 1 hour. Our research

Figure 3.
Immunofluorescence detection of cytochrome c in rat cardiomyocytes. The
micrographs show control cells (A) and cells exposed to 1.5 mM naphthazarin
for 30 minutes (B) and 2 hours (C). Bar 5 30 mm.
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team has previously observed a similar course of
events in fibroblasts exposed to oxidative stress (Rob-
erg et al, 1999), and we propose that the early loss of
Dcm leads to the release of a small amount of cyto-
chrome c soon after the onset of apoptosis induced by
oxidative stress. In the present experiments, after 3
hours of treatment with naphthazarin, there was more
extensive relocalization of cytochrome c, and about
20% of the cells showed decreased Dcm. This sizable
release of cytochrome c might have been due to
opening of the mitochondrial permeability transition
pores.

The Role of Cathepsin D in Apoptosis Induced by
Oxidative Stress

In previous studies in our laboratory, pretreatment
with pepstatin A was found to inhibit apoptotic mor-
phology in fibroblasts (Roberg et al, 1999) and in
cardiomyocytes up to 48 hours (Öllinger, 2000) after
naphthazarin exposure. Furthermore, in the latter

cells, activation of caspase-3-like caspases was de-
tected after 6 hours, and this was also inhibited by
pretreatment with pepstatin A (Öllinger, 2000). In ad-
dition, other investigators using HeLa cells with ca-
thepsin D antisense RNA (Deiss et al, 1996) and
cathepsin D2/2 fibroblasts (Wu et al, 1998) have
found a lower frequency of apoptotic cell death after
exposing the cells to known apoptosis-inducing
stimuli.

In the present experiments, inhibition of cathepsin D
prevented both the release of cytochrome c from
mitochondria and a decrease in mitochondrial Dcm,
two events that are necessary for apoptosis. Similarly,
in one of our previous study, inhibition of cathepsin D
in fibroblasts prevented a decrease in intracellular
ATP. However, in the cardiomyocytes, inhibition of
cathepsin D did not prevent relocalization of this
protein (Fig. 7A), indicating that the lysosomes were
affected by oxidative stress. Thus, active cathepsin D
seems to be involved in mediating the apoptotic signal

Figure 4.
Electron micrographs of typical rat cardiomyocytes subjected to immunocytochemistry of cytochrome c using antibodies tagged with ultra-small gold particles and
subsequent silver enhancement. The micrographs show control cells (A and B) and cells treated with 1.5 mM naphthazarin for 1 hour (C) and 3 hours (D), respectively.
Silver-enhanced gold particles are seen on the outer mitochondrial membrane (arrowheads) in both control and treated cells, but only in the treated cells are some
silver-gold particles also spread throughout the cytosol (arrows). Bar 5 1 mm.
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to the mitochondria in this system. No experimental
data have been reported that show a direct effect of
cathepsin D and other lysosomal enzymes on the
mitochondrial membrane, and it is likely that one or
more substrates participate in the apoptotic reaction
pathway comprising the release of lysosomal enzymes
and mitochondrial events. Cathepsin D cleaves next to
a hydrophobic group; hence, it is probably incapable
of directly activating caspases (Yamamoto, 1995).
Some investigators have suggested that the lysoso-
mal cysteine proteases cathepsin B and L are involved
in the apoptotic process (Isahara et al, 1999; Shibata
et al, 1998) and that they activate procaspases (Ish-
isaka et al, 1998; Vancompernolle et al, 1998). How-
ever, cathepsin D seems to be important during apo-
ptosis induced by oxidative stress in fibroblasts and
cardiomyocytes, but its target is unknown and this
needs to be further elucidated.

In summary, important incidents in the mitochon-
dria, such as the release of cytochrome c and the loss
of Dcm, were inhibited by pretreatment with pepstatin

Figure 6.
Analysis of pyknotic nuclei in Giemsa-stained rat cardiomyocytes exposed to
1.5 mM naphthazarin. Pretreatment with 100 mM pepstatin A was initiated 24
hours before exposure to naphthazarin. Values are means 6 SD, n 5 4. Cells
pretreated with pepstatin A before being subjected to oxidative stress
(exposure to naphthazarin) differed significantly from cells exposed solely to
oxidative stress as calculated by the Mann-Whitney U test. * p # 0.05.

Figure 5.
Electron micrographs of rat cardiomyocytes, non-pretreated or pretreated with pepstatin A and then exposed to naphthazarin. The micrographs show a control cell
(A), a cell exposed to 1.5 mM naphthazarin for 3 hours (B), a cell only pretreated with pepstatin A (C), and a cell pretreated with pepstatin A and then exposed to
1.5 mM naphthazarin for 3 hours (D). Note condensed morphology of the mitochondria (arrows) in the cell treated solely with naphthazarin (B). Bar 5 1 mm.
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A. This indicates that lysosomes and lysosomal en-
zymes are necessary for the onset of apoptosis in-
duced by oxidative stress. Furthermore, lysosomal
destabilization was observed, detected as a release of
cathepsin D, suggesting that this is an essential early
event in apoptosis and that it occurs “upstream of” the
release of mitochondrial cytochrome c.

Materials and Methods

Preparation of Cardiomyocytes

Hearts from 2- to 3-day-old male and female Sprague-
Dawley rats were digested in Ca21- and Mg21-free
Hank’s buffer (GIBCO, Paisley, United Kingdom) sup-
plemented with 0.5 mg/ml collagenase I (Worthington,
Freehold, New Jersey), as previously described
(Öllinger and Brunmark, 1994). Cells were resus-
pended in Eagle’s minimum essential medium supple-
mented with 10% dialyzed calf serum, 50 IU/ml pen-
icillin, and 50 mg/ml streptomycin and were then
plated at a density of 100,000 cells/cm2 in culture
dishes (Costar, Cambridge, Massachusetts) previ-
ously coated with 5.0 mg of type I collagen/cm2

(Boehringer, Mannheim, Germany). The cells were
subsequently cultured at 37° C in an atmosphere of
5% CO2 and 95% air. After 24 hours, the medium was
changed to culture medium containing cytosine-b-D-
arabinofuranoside (10 mg/ml) to inhibit the growth of
fibroblasts; this medium was changed every other

day. Cytosine-b-D-arabinofuranoside was omitted the
day before experiments without any detectable in-
crease in the number of fibroblasts.

Exposure to Oxidative Stress

Naphthazarin (5,8-dihydroxy-1,4-naphthoquinone; Al-
drich Chemie, Steinheim, Germany) was dissolved in
ethanol (stock solution 2.0 mM) and added to 5- to
7-day-old cultures in prewarmed Eagle’s minimum
essential medium supplemented with 2 mM glutamine,
and the cultures were subsequently incubated at
37° C. The concentration of naphthazarin (1.5 mM) was
carefully selected to avoid necrotic cell death.

Pepstatin A (100 mM; Sigma, St. Louis, Missouri) was
dissolved in water-free dimethyl sulfoxide (DMSO) and
added to complete cell culture medium at 37° C (final
DMSO concentration, 0.4%). A fresh stock solution of
pepstatin A (25 mM) was prepared every day. Treat-
ment of myocytes with pepstatin A (added in culture
medium) was initiated 24 hours before exposure to
naphthazarin. For light microscopy, round glass cov-
erslips (diameter, 22 mm) were placed in the culture
dishes before cell plating.

Detection of Apoptotic Morphology

Cardiomyocytes were fixed in 4% phosphate-buffered
formaldehyde, stained with a 5% Giemsa solution
(Merck, Darmstadt, Germany), and examined in a light

Figure 7.
Electron microscopy (prepared as in Fig. 2) and Western blot analysis of rat cardiomyocytes pretreated with 100 mM pepstatin A for 24 hours before exposure to
oxidative stress (naphthazarin). The micrographs show the location of cathepsin D (A) and cytochrome c (B) in pepstatin-A-pretreated cells exposed to naphthazarin
for 1 hour and 5 hours, respectively. Notice that cathepsin D was relocalized, but not cytochrome c. The Western blot shows cytochrome c in cytosolic fractions from
control cells and cells exposed to naphthazarin for different amounts of time. Bar 5 1 mm.
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microscope. Cells displaying pyknotic nuclei were
considered to be apoptotic. However, it was difficult
to determine whether apoptosis had actually occurred
because the deaths of individual myocytes were not
synchronized; several cells detected as apoptotic at
early time points might have later ruptured as a result
of secondary necrosis. The trypan blue dye exclusion
test was used to study plasma membrane integrity.
Stained (dead) and unstained (viable or apoptotic)
cells were counted in each culture, using an inverted
microscope at low magnification (3250). The trypan
blue method showed that membrane integrity was lost
in 7% of the cells after 5 hours of exposure to
naphthazarin (data not shown).

Cultures to be subjected to transmission electron
microscopy were prepared as previously described
(Brunk et al, 1995). Briefly, cardiomyocytes in situ in
the plastic culture dishes were fixed by adding 2%
glutaraldehyde in 0.1 M sucrose-sodium cacodylate-
HCl buffer (pH 7.2) and post-fixed in osmium (Johnson
Matthey Chemicals, Roystone, United Kingdom). De-
hydration, followed by en bloc staining with uranyl
acetate, dehydration, and embedding in Epon-812
was also performed in the culture dishes. Thin sec-
tions of the cured blocks were cut with a diamond
knife, stained with lead citrate, and then examined and
photographed in a JEOL 1200-EX electron micro-
scope (Tokyo, Japan) at 80 kV.

Immunofluorescence Detection of Cathepsin D
and Cytochrome c

Cardiomyocytes grown on coverslips were fixed in 4%
paraformaldehyde (Fluka AG, Buchs, Switzerland) in
Dulbecco’s phosphate-buffered saline (PBS) for 20
minutes at 4° C and then processed for immunocyto-
chemistry as described earlier (Brunk et al, 1997).

Briefly, the cells were incubated with a polyclonal
rabbit antihuman cathepsin D antibody (dilution 1:100;
Dakopatts, Älvsjö, Sweden), followed by a goat-
antirabbit immunoglobulin G (IgG) Texas Red conju-
gate (dilution 1:200; Vector Laboratories, Burlingame,
California) or a monoclonal mouse-antihuman cyto-
chrome c antibody, clone 6H2.B4 (dilution 1:50;
Pharmingen, San Diego, California), and subsequently
a mouse anti-IgG Texas Red conjugate (dilution 1:50;
Calbiochem, San Diego, California). Thereafter, the
cells were rinsed in PBS and distilled water, mounted
in Vectashield® Mounting Medium (Vector Laborato-
ries), and examined and photographed in a Nikon
photo microscope, using green exciting light and a red
barrier filter. Controls incubated without anticathepsin
D antibodies or anticytochrome c antibodies did not
stain.

The specificity of the polyclonal rabbit antihuman
cathepsin D antibody was determined by Western
blotting on a 12% SDS-PAGE gel. A major band
detected at 30 kDa was interpreted as the heavy chain
of the two-subunit form of cathepsin D, and a minor
band at 48 kDa was considered to be single-chain
precathepsin D (Deiss et al, 1996).

Immunogold Labeling of Cathepsin D and Cytochrome c

Antibodies coupled to ultra-small gold particles were
used to visualize cathepsin D and cytochrome c, as
described elsewhere (Roberg and Öllinger, 1998b). In
short, myocytes were fixed for 20 minutes at 4° C in a
solution consisting of 4% paraformaldehyde and
0.05% glutaraldehyde (Agar Scientific, Essex, United
Kingdom) in 0.15 M sodium cacodylate buffer (pH 7.6).
The cultures were then immersed in a freshly prepared
solution of 0.05% saponin and 1% glycine in PBS.
Next, the cells were incubated with polyclonal rabbit
antihuman cathepsin D antibodies (dilution 1:100) or
monoclonal mouse antihuman cytochrome c antibod-
ies (dilution 1:50) overnight at 4° C. Thereafter, the
cells were rinsed and incubated with goat or mouse
anti-IgG antibodies tagged with 0.8-nm gold particles
(dilution 1:100; Aurion, Wageningen, The Netherlands)
overnight at 4° C. The immunogold-labeled cells were
fixed for 10 minutes in 2.5% glutaraldehyde in PBS,
rinsed in PBS at room temperature, and finally silver
enhanced for 6 minutes at 26° C, as described by Lah
et al (1990). Control cells, in which the primary anti-
body had been excluded or replaced with an immu-
noglobulin fraction of nonimmune rabbit serum, re-
mained unstained (Roberg and Öllinger, 1998b).
Cultures were embedded in Epon-812, and sections
of immunogold-labeled myocytes were examined in a
JEOL 1200-EX electron microscope at 80 kV.

Analysis of Dcm

A 1 mg/ml stock solution of JC-1 (5,5', 6,6'-
tetrachloro-1,1', 3,3'-tetraethyl-benzimidazolcarbo-
cyanine iodide; Molecular Probes, Eugene, Oregon)
was made up in DMSO. Fresh staining solution (5
mg/ml) was prepared in culture medium and was

Figure 8.
JC-1 vital staining of rat cardiomyocytes exposed to oxidative stress. Non-
pretreated and pepstatin-A-pretreated (100 mM) cells were exposed to 1.5 mM

naphthazarin for various amounts of time and then stained with 5 mg/ml JC-1
for 10 minutes. Mitochondria are green (Dcm m , 2100 mV) and orange-red
(Dcm m . 2140 mV) in control cells but only green in cells with a decreased
Dcm. Cells containing green or red/green mitochondria were counted, and the
illustrated values are means 6 SD, n 5 4 (500 cells/sample). Cells pretreated
with pepstatin A and then subjected to naphthazarin differed significantly from
cells exposed solely to naphthazarin, as calculated by the Mann-Whitney U
test. * p # 0.05.
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subsequently added to the dishes, which were kept in
the dark at room temperature for 10 minutes and then
rinsed twice in PBS. For confocal microscopy, a
coverslip was removed from a Petri dish and inverted
in PBS on a microculture slide. Images were obtained
using a 488 nm argon laser in an LSM 410 confocal
microscope (Zeiss, Jena, Germany). Microscopy was
performed using a green channel (with a 515–560-nm
bandpass filter) and a red fluorescence channel (with a
590-nm barrier filter). A 633/1.4 Plan-Fluotar (Zeiss,
Jena, Germany) objective was used for high-resolution
confocal images. Mitochondria appear as a mixture of
green (Dcm , 2100 mV) and orange-red (Dcm .
2140 mV) structures in control cells, but are almost all
green in cells with a decreased Dcm. To analyze the
number of cells with a decreased Dcm, at least 500
cells containing green or red/green mitochondria were
counted in each sample.

Western Blotting of Cytochrome c

To obtain cytosolic fractions from cardiomyocytes, the
cells in one Petri dish were scraped loose with a
rubber policeman into 250 ml of PBS at 4° C. Sucrose
(500 mM) diluted in PBS was quickly added under
continuous vortexing, and the cells were pelleted by
centrifugation for 60 seconds at 14,000 3g and 4° C.
The protein in the supernatant was precipitated in 5%
TCA and pelleted, and then resuspended in 63 mM

Tris-HCl (pH 6.8), 6 M urea, 10% glycerol, 2% SDS,
5% 2-mercaptoethanol, and 0.05% bromphenol blue.
The protein concentration was determined, and 30-mg
aliquots of the cell lysate were fractionated by 15%
SDS-PAGE. The proteins were subsequently trans-
ferred onto a nitrocellulose membrane that was incu-
bated in a blocking solution (5% skimmed milk and
0.1% Tween-20 in 50 mM Tris buffer supplemented
with 0.15 M NaCl [TBS]) for 1.5 hours at room tem-
perature and then washed in TBS. Thereafter, the
membranes were treated with a mouse antihuman
cytochrome c monoclonal antibody, clone 7H8.2C12
(1:500; Pharmingen), diluted with 0.1% skimmed milk
and 0.05% Tween-20 in TBS. Membranes were
washed and incubated for 1 hour at room temperature
with peroxidase-conjugated goat antimouse (1:1500;
Dakopatts, Älvsjö, Sweden), and the bands were visu-
alized by enhanced chemiluminescence (Amersham
Pharmacia Biotech, Buckinghamshire, England).

Statistical Analysis

All experiments were repeated three to five times.
Results are given as arithmetic means 6 SD. Statistical
significance was calculated using the Mann-Whitney
U test. A p value # 0.05 was considered significant.
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