


ventricle was cut into two halves along the long axis. One
half was fixed in 10% buffered neutral formaldehyde solution
overnight at 4 C̊, embedded in paraffin wax, and then
sections were cut at 5 �m thickness. The other half was snap
frozen in liquid nitrogen for the extraction of DNA and
protein. Serial sections of the same sample were stained with
haematoxylin and eosin (H&E), in situ terminal deoxynu-
cleotidyl transferase mediated nick end labelling (TUNEL),
and immunohistochemistry.

In situ detection of cardiomyocyte apoptosis
After dewaxing, the tissue sections were stained by the
TUNEL method.29 Apoptosis was visualised by means of 3�,3�-
diaminobenzidine staining with H&E counterstaining.
Negative control slides (in which the terminal deoxynucleo-
tidyl transferase (TdT) enzyme was excluded) were processed
at the same time. Positive controls were processed by
incubating with a solution of 200 ng/ml DNAse I at 37 C̊
for 15 minutes, before incubation with biolabelled 21-dUTP
and TdT enzyme in TdT buffer.

DNA gel electrophoresis
DNA was extracted from fresh frozen myocardial tissues
according to the method described by Bialik et al.1 DNA
samples (10 �g) were subjected to electrophoresis on a 2%
agarose gel, stained with ethidium bromide, and photo-
graphed under ultraviolet illumination.

Immunostaining for Fas
We used immunohistochemistry to assess the presence of
Fas, as described previously.30 A rabbit polyclonal antimouse/
rat Fas primary antibody (1/60 dilution of antibody M-20;
Santa Cruz Biotechnology, Santa Cruz, California, USA) was
used, and the samples were incubated at 37 C̊ for 90 minutes
in a humidified chamber. A Zymed HistostainTM-SP kit
(Zymed, South San Francisco, California, USA) was used for
staining, according to the kit instructions. The colour was
developed by means of 3�,3�-diaminobenzidine staining or 3-
amino-9-ethylcarbazole. The slides were counterstained with
haematoxylin. Negative control slides were processed at the
same time with omission of the primary antibodies. Fas
peptide (Fas-M20P; Santa Cruz) was used in another control
slide.

Double stain (TUNEL and immunostaining for Fas)
The sections were first stained with the TUNEL method. The
colour was developed by means of the horseradish peroxidase
substrate system, which produced a brown reaction product.
After blocking of biotin with streptavidin, the sections were
then processed for the immunostaining of Fas by means of
the avidin–alkaline phosphatase substrate system, which
produced a red product.

Western blot analysis
Proteins were extracted from the fresh frozen left ventricular
myocardium. Homogenised myocardial tissue was lysed in a
solution containing 25 mmol/litre Tris/HCl (pH 7.2),
45 mmol/litre NaCl, 0.1% Nonidet P-40, and 0.02% EDTA
with a protease inhibitor cocktail (100 �g/ml PMSF, 1 �g/ml
aprotinin, and 1 �g/ml leupeptin). The protein concentration
was evaluated against standard bovine serum albumin with a
Bio-Rad assay reagent (Bio-Rad, Hercules, California, USA).
Samples (100 mg) of each protein preparation were separated
electrophoretically on a 10% sodium dodecyl sulfate poly-
acrylamide electrophoresis gel and transferred to a nitrocel-
lulose membrane. The membrane was then incubated with
anti-Fas (M-20) antibody (1/200 dilution; Santa Cruz) or
anti-actin (I-19) antibody (1/100 dilution; Santa Cruz)
overnight at 4 C̊. The membrane was washed three times

for 30 minutes each with Tris buffered saline/Tween, then
incubated with peroxidase conjugated goat antirabbit IgG
(heavy plus light chain) (1/1000 dilution; Jackson
ImmunoResearch Laboratories, West Grove, Pennsylvania,
USA) for one hour at room temperature. Western blots were
exposed on an x ray film with western blotting luminol
reagent (sc-2048; Santa Cruz).

RESULTS
Reliability of TUNEL and immunostaining
To validate the reliability of the staining, two serial slides of
the same sample, one for a positive control and another for a
negative control, were used in each staining. Positive and
negative controls for the TUNEL stain comprised treatment
with DNase I and omission of TdT during the enzymatic
reaction, respectively. In the first situation, the nuclei of
cardiomyctes were stained brown (fig 1A), whereas in the
negative controls no labelling was seen (fig 1C). Positive and
negative controls for Fas immunostaining included the
addition or omission of the primary antibody and co-
incubation with the Fas peptide during the reaction. As
shown by immunohistochemistry, Fas was localised primar-
ily on the sarcolemma of cardiomyocytes (fig 1B). No
staining could be detected when the primary antibody was
omitted from the reaction (fig 1D). Furthermore, Fas staining
was abolished by co-incubation with the Fas peptide used for
immunisation (fig 1E), which demonstrated the specificity of
positive staining for Fas.

Spatial dissociation between the expression of Fas
and apoptosis
To show both the relation between the expression of Fas and
apoptosis, and between Fas and ischaemia, serial sections of
the same sample were stained by H&E, immunstaining for
Fas, and the TUNEL method (figs 2 and 3). In the ischaemic/
infarcted groups, from three hours of LAD ligation onwards,
ischaemic myocardium could be detected by H&E staining.
There was no clear eosinophilic region (ischaemic region) 10
minutes after ligation (fig 2A), but obvious eosinophilic
regions could be found in the free wall and septal wall of the
left ventricle from three to 36 hours after ligation (figs 2B,
3C). Collagen tissue without cells, instead of the eosinophilic
region, could be detected by means of H&E staining in the
samples from seven days after ligation (fig 2C). Both
apoptosis and Fas expression could be induced by ischaemia
in the myocardium; however, apoptosis and Fas expression
were found in different regions of the myocardial tissue.
Apoptotic cardiomyocytes could only be found in the
ischaemic region of the myocardium, whereas no apoptotic
cardiomyocytes could be detected in non-ischaemic myocar-
dium (fig 2D–F, 3A). Positive staining for Fas was mainly
seen in the regions surrounding ischaemic myocardium
without apoptosis, not in ischaemic myocardium (fig 2G,
2H, 3A). In the control (data not shown) and 10 minutes of
ligation groups, apoptosis and Fas expression could not be
detected. These results indicate that there was a spatial
dissociation between the expression of Fas and apoptosis.

The results of double staining (immunostaining for Fas
and TUNEL) also showed that Fas was expressed in non-
ischaemic myocardium without apoptosis (fig 3).

The temporal dissociation between expression of Fas
and apoptosis
In the ischaemic/infarcted group, apoptosis occurred from
three to 36 hours after LAD ligation. The expression of Fas
also began at three hours, but continued for seven days after
ligation, as assessed by immunohistochemistry. To verify
these results, DNA gel electrophoresis and western blot
analysis were performed. DNA was isolated from the border
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zones of ischaemia in the three to 36 hours of ligation groups,
and gel electrophoresis showed patterns of DNA laddering
(fig 4). The DNA isolated from the central areas of ischaemia
showed less specific degradation (smears). DNA isolated
from the border zones of ischaemia in the seven days of
ligation group did not show the laddering pattern. Western
blot analysis confirmed that Fas was increasingly expressed
in the ischaemic samples from three hours to seven days.
Western blotting detected only a small amount of Fas
expression in the control and 10 minutes of ischaemia
samples (fig 5).

DISCUSSION
It has been reported that apoptosis and Fas expression can be
induced in cardiomyocytes in response to hypoxia in vitro,16

ischaemia in vivo,2 6 and mechanical stretch.31 All these
studies showed that upregulation of Fas expression was
accompanied by cardiomyocyte apoptosis. However, in these
studies, Fas expression was detected by northern blotting,
western blotting, or immunohistochemistry. The results
could not show the histological relation between cardiomyo-
cyte apoptosis, the expression of Fas, and myocardial
ischaemia, or show the relation between apoptosis and the
expression of Fas at several time points after LAD ligation. In
a study of the effects of Fas on cardiomyocyte apoptosis,
Jeremias and colleagues15 found that hypoxia and reoxygena-
tion caused a pronounced increase in sensitivity to the
apoptotic effects of FasL in primary cultures of adult rat
myocytes. Hearts isolated from mice lacking functional Fas
showed an appreciable reduction in cell death after ischaemia

and reperfusion compared with wild-type controls. Therefore,
it was concluded that Fas was directly involved in cell death
after myocardial ischaemia. However, in that study, the
expression of Fas was not detected, especially by immuno-
histochemical methods, and a histological association
between Fas and apoptosis could not be demonstrated.

Our present study investigated the histological relation
between cardiomyocyte apoptosis and the expression of Fas
in serial sections of the same sample, using TUNEL and
immunohistochemistry at different time points after the
induction of ischaemia (from 10 minutes to seven days);
DNA ladders and western blots were used to validate the
TUNEL and immunohistochemistry results. It was shown
that ischaemia not only resulted in cardiomyocyte apoptosis,
but also induced the expression of Fas. Cardiomyocyte
apoptosis could be detected by the TUNEL method from
three to 36 hours after LAD ligation, but not at seven days.
Fas expression could be detected by immunohistochemistry
from three hours to seven days after ligation, and by western
blots from before ligation to seven days after ligation,
although in the control and 10 minute ischaemic/infarcted
groups, the expression of Fas was too low to be detected by
immunohistochemistry.

Importantly, we found a tempero–spatial dissociation
between the expression of Fas and apoptosis, which appear
in different regions of the myocardium: apoptosis in
ischaemic regions and Fas in the regions surrounding the
ischaemic myocardium. Cardiomyocyte apoptosis and Fas
expression are not synchronised. Whereas cardiomyocyte
apoptosis cannot be detected by seven days after LAD
occlusion, the expression of Fas is still upregulated.

Figure 1 Parts (A and C) and (B, D,
and E) are two sets of serial sections.
(A, C) In situ terminal deoxynucleotidyl
transferase (TdT) mediated nick end
labelling with or without DNAse I and
TdT enzyme and haematoxylin
counterstain, of a sample 24 hours after
ischaemia. (A) Positive control (brown);
(C) negative control. (B, D)
Immunostaining with or without anti-Fas
antibody and haematoxylin
counterstain, of a sample seven days
after ischaemia. (B) Cardiomyocytes
with positive staining for Fas (brown);
(D) negative control for Fas staining. (E)
Co-incubation with the anti-Fas
antibody and the Fas peptide abolished
Fas immunoreactivity.
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Figure 2 Serial sections from three different ischaemic time points: (A, D, G), 10 minutes; (B, E, H), 24 hours; and (C, F, I), seven days. (A–C)
Haematoxylin and eosin staining; (D–F) in situ terminal deoxynucleotidyl transferase mediated nick end labelling staining; (G–I) immunostaining for
Fas. (A, D, G) These serial sections show no eosinophilic regions, no apoptotic cardiomyocytes, and no expression of Fas seen in the 10 minute
ischaemia samples, respectively. (B, E, H) These serial sections show that the ischaemic region is in the left half of the field, normal myocardium in the
right half, and that cardiomyocytic apoptosis and Fas expression are found in different regions of the myocardium: apoptosis (brown) in the ischaemic
region and Fas expression (red) in the regions surrounding the ischaemic myocardium. (C, F, I) These serial sections show that necrotic cardiomyocytes
were absorbed and replaced by scar tissue. Fas (brown) was expressed in the perinecrotic region, and apoptotic cardiomyocytes were not detected in
the sample after seven days of ligation. Arrows point to positive cells.

Figure 3 Double staining
(immunostaining for Fas and in situ
terminal deoxynucleotidyl transferase
mediated nick end labelling (TUNEL))
shows that Fas and TUNEL positivity
were located in non-ischaemic
myocardium without apoptosis and
ischaemic myocardium, respectively.
(A, C) Serial sections from a sample
after 36 hours of ischaemia. (A) Double
staining (red for Fas, brown for TUNEL).
Note that Fas positive cells and TUNEL
positive cells are distinct populations.
Arrows point to the ischaemic region.
(B) Magnification of a region positive
by TUNEL. (D) Magnification of a
region positive for Fas immunostaining.
(C) Haematoxylin and eosin stain.
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‘‘Importantly, we found a tempero–spatial dissociation
between the expression of Fas and apoptosis, which
appear in different regions of the myocardium: apoptosis
in ischaemic regions and Fas in the regions surrounding
the ischaemic myocardium’’

Does Fas regulate the apoptosis of cardiomyocytes induced
by ischaemia? It is hard to give an affirmative reply from the
results of our study. According to the classic pathway of Fas
regulating apoptosis, Fas should be expressed at the
membrane of apoptotic cells. However, in our study Fas
was expressed by non-apoptotic cells, which cannot be
explained by the classic theory of Fas signalling. Our results
indicate that cardiomyocytic apoptosis might not be directly
related to the expression of Fas during ischaemia.
Upregulation of Fas might be a phenomenon in myocardial
ischaemia, but Fas might not regulate the cardiomyocyte
apoptosis induced by ischaemia. So, what is the implication
of upregulation of Fas? The expression of Fas might be
responsible for hypertrophy of non-ischaemic myocardium. A
recent study has shown that Fas receptor signalling could
induce cardiac hypertrophy following pressure overload,22

and that FasL might exert potent anti-inflammatory actions
in the setting of myocardial ischaemia/reperfusion injury.21 If
Fas is indeed involved in apoptosis in this setting, the mode
by which the Fas receptor regulates cardiomyocyte apoptosis
induced by ischaemia might be different from the classic
theory of apoptosis signalling by Fas.

In conclusion, we found a tempero–spatial dissociation
between the expression of Fas and apoptosis during
myocardial ischaemia. Fas might not play an important role

in cardiac apoptosis induced by ischaemia—the expression of
Fas might not directly relate to cardiomyocytic apoptosis
during myocardial ischaemia. The importance of the expres-
sion of Fas during myocardial ischaemia and the pathway of
apoptosis induced by ischaemia will require more detailed
studies.
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Figure 4 Gel electrophoresis shows a
ladder pattern, characteristic of
apoptosis. The DNA isolated from the
control (lane Cont), 10 minute
ischaemic/infarcted sample (lane 10
M), and a region remote from
ischaemia in the three to 36 hour
ischaemic/infarcted sample (lane 6 H/
R) does not show the ladder pattern.
DNA isolated from the border zones of
ischaemia (lanes 6 H/B, 3 H/B, 4.5 H/
B, 12 H/B, 24 H/B, and 36 H/B
represent the six, three, 4.5, 12, 24,
and 36 hour ischaemic/infarcted
groups, respectively) shows the ladder
pattern. DNA isolated from the central
areas of ischaemia (lane 6 H/C) shows
less specific degradation (a smear).
DNA isolated from the border zones in
the seven day ischaemic/infarcted
group shows no ladder pattern (lane 7
D/B). DNA in lanes 6 H/R, 6 H/B, and
6H/C is isolated from the region remote
to ischaemia, border zones, and central
areas of a six hour ischaemic/infarcted
sample, respectively.

Figure 5 Western blotting for Fas.
Only a small amount of Fas can be
detected in the control sample.
Increasing amounts of Fas are
expressed in the ischaemia samples
from 10 minutes to seven days. Actin
was used as a loading control. Except
for the control, all samples of tissue
were from the boundary area and
included half normal and half ischaemic
tissue. One representative example of
five experiments is shown.

Take home messages

N There is a tempero–spatial dissociation between the
expression of Fas and apoptosis during myocardial
ischaemia

N Fas might not directly regulate cardiomyocytic apop-
tosis during myocardial ischaemia

N More work is needed to investigate the importance of
Fas expression during myocardial ischaemia and the
pathway of apoptosis induced by ischaemia
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