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Abstract The post-mortem diagnosis of acute myocardial is-
chemia remains a challenge for both clinical and forensic pa-
thologists. We performed an experimental study (ligation of
left anterior descending coronary artery in rats) in order to
identify early markers of myocardial ischemia, to further ap-
ply to forensic and clinical pathology in cases of sudden car-
diac death. Using immunohistochemistry, Western blots, and
gene expression analyses, we investigated a number of
markers, selected among those which are currently used in
emergency departments to diagnose myocardial infarction
and those which are under investigation in basic research
and autopsy pathology studies on cardiovascular diseases.
The study was performed on 44 adult male Lewis rats,
assigned to three experimental groups: control, sham-operat-
ed, and operated. The durations of ischemia ranged between
5min and 24 h. The investigatedmarkers were troponins I and
T, myoglobin, fibronectin, C5b-9, connexin 43 (dephosphor-
ylated), JunB, cytochrome c, and TUNEL staining. The earli-
est expressions (≤30 min) were observed for connexin 43,
JunB, and cytochrome c, followed by fibronectin (≤1 h), myo-
globin (≤1 h), troponins I and T (≤1 h), TUNEL (≤1 h), and
C5b-9 (≤2 h). By this investigation, we identified a panel of

true early markers of myocardial ischemia and delineated their
temporal evolution in expression by employing new technol-
ogies for gene expression analysis, in addition to traditional
and routine methods (such as histology and immunohisto-
chemistry). Moreover, for the first time in the autopsy pathol-
ogy field, we identified, by immunohistochemistry, two very
early markers of myocardial ischemia: dephosphorylated
connexin 43 and JunB.
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Introduction

Ischemic heart disease (IHD) remains the leading cause of
death worldwide and is the primary cause of sudden cardiac
death (SCD) [1, 2]. Although about 50 % of cardiac arrests
occur in individuals with a known heart disease, many people
suffer from concealed IHD and SCD is the first manifestation
of the disease [1, 2]. The more recurrent substrate of IHD is
atherosclerotic coronary artery disease [3]. In the latter condi-
tion, the triggering factor for arrhythmia responsible for SCD
is a transitory (coronary spasm) or prolonged (occlusive cor-
onary stenosis) myocardial ischemia [4, 5].

In SCD cases, the post-mortem diagnosis of acute myocar-
dial ischemia represents a current challenge for both clinical
and forensic pathologists, especially when death occurs within
a short period of time (minutes to a few hours) after the onset
of the ischemic injury. The earliest light microscopy changes
(wavy fibers, coagulative necrosis including cytoplasmic ho-
mogenization and hypereosinophilia, nuclear alterations)
might be subtle and non-obvious. A most conclusive histolog-
ic change, the neutrophils infiltration, becomes apparent as
early as 6 to 12 h [6–8]. The well-known features of chronic
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inflammation, granulation tissue formation, and fibrosis occur
later, in terms of weeks [7–10].

At present, there is no highly specific and sensitive Bgold
standard^ for the diagnosis of early myocardial ischemia, i.e.,
occurring before the evolution of the histologic changes.
Several attempts, mainly at the morphological level, have
been made in order to find out the proper methodology for
this diagnosis, with no significant results in terms of detection
of truly early myocardial ischemia.

Recent works on post-mortem diagnosis of early myocar-
dial ischemia have investigated, at the immunohistochemical
level, somemarkers that accumulate in (such as fibronectin) or
leak from (such as troponins, myoglobin, and S100A1) the
human cardiomyocyte when the ischemic injury occurs [5,
11–13]. The rationale behind immunohistochemical investiga-
tions is that ischemia damages the cellular membrane, contrac-
tile proteins, cytoskeleton, and subcellular organites in a rela-
tively short time, so antibodies against various components of
the cardiomyocyte can be used. However, the time needed to
observe such a depletion or accumulation in the cardiomyo-
cyte is still too long: at least 1 h should have elapsed from the
onset of symptoms to death to see some histochemical modi-
fications, even using a combination of various markers. The
diagnostic potential of markers/mediators of early inflamma-
tion (CD15, Il-1ß, IL-6, TNF-α, IL-15, IL-8, MCP-, ICAM-1,
CD18, and tryptase) during myocardial infarction has also
been extensively investigated and discussed [14–17].

In forensic and clinical pathology, the role of cardiomyo-
cyte apoptosis as a diagnostic tool in cases of early myocardial
injury has been investigated by TUNEL (terminal
deoxynucleotidyl transferase-mediated dUTP biotin nick
end-labeling) assay, biochemistry (DNA laddering method),
and immunohistochemistry [18–22]. TUNEL assay is sensi-
tive for the detection of ischemia, but not specific, as apoptosis
can be triggered also by non-ischemic events. Moreover, it
allows the detection of ischemia not earlier than 2–4 h in
human post-mortem material and as early as 45 min in exper-
imental models [18–22].

Gene expression studies on rodent myocardium undergo-
ing ischemia in experimental conditions seem to be more
promising. Harpster et al. have shown the early induction of
some genes as soon as 15 min after left anterior descending
(LAD) coronary artery ligation in mice. These genes mainly
encode for the AP-1 (activator protein 1) [23].

In this investigation, we wanted to test some markers of
early myocardial ischemia, selected among those which are
currently used in emergency departments to diagnose myocar-
dial infarction (namely, troponins I and Tand myoglobin) [24]
and those which are under investigation in basic research and
forensic pathology studies on cardiovascular diseases (fibro-
nectin, C5b-9, connexin 43 (Cx43), JunB, TUNEL staining
[5, 10, 11, 18–23, 25–28], and cytochrome c). In order to do
this, we performed immunohistochemistry and gene

expression analysis (using the NanoString nCounter® gene
expression system [29]). The protein expression of Cx43 has
been evaluated by Western blots as well.

We used a rat model of myocardial ischemia (ligation of
LAD [left anterior descending] coronary artery).

Materials and methods

A detailed description is available in Supplementary materials
and methods (see Supplementary material).

Animal model of myocardial ischemia

Permanent occlusion of the LAD coronary artery provides a
model for acute myocardial ischemia/infarction, whereby the
development of an ischemic/infarcted zone in the left ventricle
mimics intra-arterial blockage (e.g., atherogenic thrombosis)
[30]. All applicable international, national, and institutional
guidelines for the care and use of animals were followed and
all procedures were performed in compliance with the Swiss
veterinary law regulations. The study protocol was approved
by the Institutional Animal Care and Use Committee (license
FR 21/09, delivered by the Swiss Federal Veterinary Office).

Forty-four adult male Lewis rats (weighing 250–300 g)
were used for the experiment and assigned to three experimen-
tal groups: control (5 rats), sham-operated (12 rats, i.e., 3 rats
per 4 time points), and operated (27 rats, i.e., 3 rats per 9 time
points). The operated animals underwent complete LAD liga-
tion. The time points after LAD ligation were t = 5’, t = 15’,
t = 30’, t = 1 h, t = 2 h, t = 4 h, t = 7 h, t = 12 h, and t = 24 h. For
the sham operations, we chose only four time points: 30’, 1, 4,
and 12 h.

Tissue processing for light microscopy
and immunohistochemistry

At each time point after LAD ligation and for each experimen-
tal group, the hearts were harvested and cut in two halves at
the level of ligation. The slices cut just below the ligation
(about 3–4 mm thick, including the ischemic part, the border
zone ischemic-free wall, and the free wall) were fixed in para-
formaldehyde 2 % (for 2 h) and then in alcohol 70 %. Tissue
was then embedded in paraffin. Four to five micrometer sec-
tions were prepared from paraffin blocks and either stained
with hematoxylin-eosin (H&E) or with different antibodies
for immunohistochemistry.

Immunohistochemistry

For the antibodies anti-fibronectin, C5b-9, troponin I and T,
and JunB, we used the streptavidin/biotin immunoperoxidase
de tec t ion sys tem (Vector labs) and DAB (3,3 ′ -
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Diaminobenzidine) as a chromogenic substrate, with hema-
toxylin counter-staining. For the anti-myoglobin antibody, a
HRP conjugated secondary antibody was used for reaction
and DAB for its detection. For the anti-unphosphorylated
Cx43 antibody, we used immunofluorescence with a Cy3 con-
jugated secondary antibody.

For the TUNEL assay, we used the in situ cell death detec-
tion kit, POD, from Roche.

Semi-quantitative evaluation of immunohistochemistry
and TUNEL

Each slide was observed by two examiners. The distribu-
t ion of the staining reactions was scored semi-
quantitatively in the ischemic (antero-lateral wall of the
left ventricle) and non-ischemic (right ventricle) regions
of the same heart.

Antigens with accumulation into the cardiomyocyte
(fibronectin, C5b-9) or with an expression within the
gap junctions (Cx43) or the nucleus (JunB) were graded
as 0 = negative, 1 = staining of single cells, 2 = staining of
cell groups, and 3 = large/diffuse staining. Similarly, the
TUNEL assay was graded as 0 = negative, 1 = staining of
single cells, 2 = staining of cell groups, and 3 = large/dif-
fuse staining.

Antigens with loss/depletion from the cardiomyocyte (tro-
ponin I and T, myoglobin) were graded as 0 = negative, 1 =
single cell loss of the reaction, 2 = cell groups loss, and 3 =
diffuse loss.

For myoglobin, the staining could not be assessed in 4 rats
(1 at 30’, 2 at 1 h, and 1 at 2 h of ischemia).

Statistical analyses

When comparing marker values between early (30’–2 h) and
later (4–12 h) ischemia, differences were assessed using
Fisher’s exact tests. For each marker, the values from 0 to 3
of the semi-quantitative evaluation were compared between 9
hearts (rats) in the early (30’–2 h) ischemia and 9 hearts (rats)
in the later (4 h–12 h) ischemia. Statistical significance was
assessed at the 0.05 level for all analyses.

Protein extraction and Western blotting for Cx43

Proteins were extracted from ischemic and non-ischemic
ventricular myocytes exposed to the various durations of
myocardial ischemia in modified RIPA buffer, as previ-
ously described [31]. Western blotting was performed
using antibodies against all Cx43 species irrespective of
the phosphorylation sites (BD Transduction Laboratories),
phosphorylated-Cx43 (Ser 368, from Cell Signaling), and
GAPDH (Chemicon).

Gene expression analysis

To perform the gene expression analysis, we used the
NanoString nCounter® gene expression system [29].

Individual Teg and gene sequences (or gene ID) were
scanned to design a multiplexed probe library, named
CodeSet. These sequences were sent to the NanoString com-
pany, which performed design of optimal oligonucleotides,
and the NanoString nCounter assays were performed as pre-
viously described [32].

As target genes to test in the CodeSet, we chose Junb
(JunB), as it was among the earliest markers to be expressed
at the immunohistochemical level, and Cycs (cytochrome c),
in order to see whether a decrease in induction is observable as
well after myocardial ischemia. Moreover, Cycs is one of the
factors which has been shown to be downregulated after myo-
cardial infarction [33]. Four genes for the normalization pro-
cess were included in the CodeSet.

Results

H&E staining of ischemic hearts

By H&E staining, the first histological changes were ev-
ident already by 30’ after LAD ligation, in terms of
hypereosinophilia of some cardiomyocytes (Fig. 1a, b).
The changes were more evident by 1 h after LAD liga-
t ion, when wavy fibers , inters t i t ial edema, and
hypereosinophilia of some cardiomyocytes were observed
(Fig. 1c, d). By 2 h after LAD ligation, a more pro-
nounced interstitial edema and patchy hypereosinophilic
cardiomyocytes were observed (Fig. 1 e, f). The non-
ischemic zone (right ventricle) is illustrated in Fig. 1g–l
and shows no evident changes at 30’ and 1 h. By 2 h, a
slight ondulation of some fibers was seen in the non-
ischemic (right ventricle) heart (Fig. 1k, l).

Biomarkers in the interval 15–30 min after LAD ligation:
Cx43 and JunB

Avery early immunohistochemical expression was shown for
the antibodies anti-Cx43 (dephosphorylated) and anti-JunB.
In fact, for anti-Cx43, for which we performed immunofluo-
rescence in addition to chromogenic detection, we observed,
as soon as 15’ after LAD ligation, a gap junctional expression
localized in a small ischemic region (Figs. 2b, d and 3a), with
lateralisation (localization of the marker along the long axis of
the cardiomyocyte) in some cardiomyocytes (Fig. 2d). A
slightly more intense expression was observed at 30’ after
LAD ligation (Fig. 3b). A larger involved zone and a more
intense fluorescence signal were observed, proportionally,
with increasing durations of ischemia, as shown in Fig. 3c–
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d. The non-ischemic zone (right ventricle) is illustrated in
Figs. 2a, c and 3e and shows only very few positive
cardiomyocytes, which are scattered in the subendocardium.

For JunB, the expected nuclear staining (as JunB is a tran-
scription factor), limited to some nuclei, was observed as soon
as 30’ after LAD ligation in the subendocardial region
(Fig. 4b, e). A gradient of expression towards the epicardium
was evident with increasing duration of ischemia, as shown in
Fig. 4c, f. The non-ischemic zone (right ventricle) is illustrated
in Fig. 4a, d and shows no staining.

Biomarkers in the interval 1–2 h after LAD ligation:
fibronectin, cardiac troponins I and T, myoglobin, C5b-9

In the ischemic zone (antero-lateral wall of the left ven-
tricle), the antibody anti-total fibronectin showed

accumulation into the cardiomyocytes as early as 1 h after
LAD ligation (Fig. 5b, d). The non-ischemic zone (right
ventricle) is illustrated in Fig. 5a, c and shows no intra-
cellular staining.

The antibodies anti-cTnI, cTnT, and myoglobin showed
depletion from the cardiomyocytes as early as 1 h after
LAD ligation as well (Figs. 6b, d; 7b, d; and 8b, d, re-
spectively). The non-ischemic zones (right ventricles) are
illustrated in Figs. 6a, c; 7a, c; and 8a, c, respectively; any
depletion of the three makers was observed in these
zones.

The staining with the antibody anti-C5b-9 showed
scattered accumulations in single cardiomyocytes as soon
as 2 h after LAD ligation (Fig. 9b, d). No accumulation
was seen in the non-ischemic zone (right ventricle), as
shown in Fig. 9a, c.

Fig. 1 H&E staining of ischemic (a–f antero-lateral wall of left ventricle)
and non-ischemic (g–l right ventricle), control hearts. a, b (30 min after
LAD ligation) Hypereosinophilia of some cardiomyocytes (arrows); b
(×40) is a higher magnification from the rectangle in a (×20). c, d (1 h
after LAD ligation) Wavy fibers (arrowheads), interstitial edema (stars),
and hypereosinophilia of some cardiomyocytes (arrows); d (×40) is a
higher magnification from the rectangle in c (×20). e, f (2 h after LAD

ligation) More pronounced interstitial edema (stars) and patchy,
hypereosinophilic cardiomyocytes (arrows); f (×40) is a higher magnifi-
cation from the rectangle in e (×20). g–l The non-ischemic zone (right
ventricle), with no evident changes at 30’ and 1 h. By 2 h, a slight
ondulation of some fibers (arrowheads in l) was seen (k, l). h, j, l (×40)
are higher magnifications of the rectangles in g, i, and k (×20)
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Fig. 1 continued.

Fig. 2 Cx43 staining
(chromogenic detection) of
ischemic (b, d antero-lateral wall
of left ventricle) and non-
ischemic (a, c right ventricle)
hearts. b (15 min after LAD liga-
tion) Gap junctional expression of
Cx43 in an intramyocardial zone
(×10). d Higher magnification
from the rectangle in b (×40).
Arrows indicate cardiomyocytes
with lateralisation of Cx43. a, c
No expression of Cx43 is seen in
the non-ischemic (right ventricle)
part of the same heart. c (×40) is a
higher magnification of the
rectangle in a (×10)
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TUNEL assay

The TUNEL assay showed nuclear positivities as soon as 1 h
after LAD ligation, as shown in Fig. 10b, d. Surprisingly, we
observed a slight cytoplasmic staining as well by TUNEL
assay, which is apparently in contradiction with most of the
literature reports and with the nuclear localization of the apo-
ptotic process. Nevertheless, this contemporary nuclear and
cytoplasmic TUNEL staining has already been described
and the cytoplasmic localization has been interpreted as a
manifestation of a simultaneous necrotic process [20]. No sig-
nal was detected in the non-ischemic zone (right ventricle), as
illustrated in Figs. 10a, c and 11.

Semi-quantitative evaluation of immunohistochemistry
and TUNEL

The scores of the staining reactions in the ischemic (MI) and
non-ischemic (NI) regions of the same heart for each time
point (3 hearts/rats per time point) are illustrated in Table 1.
No reaction was observed (immunohistochemistry by chro-
mogenic detection) at 15 min of ischemia. For the other time

points, the results for all markers were consistent with the
tendency described in the previous paragraphs.

When analyzing the very early phase of ischemia (ranging
from 30’ to 2 h), at 30’ of ischemia, the only marker for which
all 3 hearts had a score of 3 was Cx43. At 30’ of ischemia, 2
hearts had a score of 2 and 1 heart had a score of 1 for JunB.
For all the other markers, any heart had a score > 1 at 30’ of
ischemia. This confirms Cx43 and JunB as early markers of
myocardial ischemia. By 1 h of ischemia, all 3 hearts still had
a score of 3 for Cx43, and 2 out of 3 hearts had a score of 3 and
1 heart had a score of 2 for JunB, thus indicating a slightly
more pronounced reaction for JunB. By 2 h of ischemia, 2 out
of 3 hearts had a score of 3 and 1 heart had a score of 2 for
Cx43, and for JunB, the 3 hearts had scores of 1, 2, and 3,
respectively. This indicates a slightly less pronounced reaction
for both markers with increasing durations of ischemia.

The graphical representation of the semi-quantitative evalu-
ation in the ischemic myocardium is shown in Table 2. The
results of the comparison of marker values between early
(30’–2 h) and later (4–12 h) ischemia are illustrated in
Table 3. The observed differences between markers were statis-
tically significant for fibronectin (p = 0.002), C5b-9 (p = 0.001),
cTnT (p = 0.047), and myoglobin (p = 0.014), meaning that

Fig. 3 Cx43 immunofluorescence. a (15 min after LAD ligation) Gap
junctional expression in a small ischemic region. b (30 min after LAD
ligation) Slightly more intense expression. A larger involved zone and a

more intense fluorescence signal were observed, proportionally, at 1 h (c)
and 2 h (d) after LAD ligation. No signal was detected in the non-
ischemic zone (right ventricle, e)

Fig. 4 JunB staining of ischemic (b, c, e, f: antero-lateral wall of left
ventricle) and non-ischemic (a, d: right ventricle) hearts. b (30 min after
LAD ligation) Expression of JunB in some nuclei (brown-stained) in the
subendocardial region (×20). En endocardium. e Higher magnification
from the rectangle in b (×40). c (1 h after LAD ligation) A gradient of

expression towards the epicardium is shown (×20). Ep epicardium. f is
higher magnification from the rectangle in c (×40). a, d Only very few,
positive cardiomyocytes are seen in the non-ischemic (right ventricle) part
of the same heart, scattered in the subendocardium. d (×40) is a higher
magnification from the rectangle in a (×20)
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these markers are more expressed in the later phase of ischemia
(by 4 h). Immunohistochemistry was negative (no ischemia was
detected) in all control hearts for each marker.

Western blots

Regarding theWestern blots for Cx43, we observed a temporary
early induction (at 15’ and 30’ after LAD ligation) of phosphor-
ylation on Serine 368 in the C-terminal tail of Cx43 (Fig. 11).

Gene expression analysis

The results of the gene expression analysis were analyzed
using Student’s t test. Statistical significance was set at p <
0.05.

Using a cutoff value of a fold change in expression > 1.5,
we observed that JunB was significantly induced by 120’ of
myocardial ischemia with a fold change of 9.22. On the other
hand, a significant decrease in induction was observed for the

Fig. 5 Fibronectin staining of
ischemic (b, d antero-lateral wall
of left ventricle) and non-
ischemic (a, c right ventricle)
hearts. b (1 h after LAD ligation)
Accumulation of fibronectin in
single cardiomyocytes or in small
groups of them (×10). d Higher
magnification from the rectangle
in b (×40). a, c No intracellular
accumulation of fibronectin is
seen in the non-ischemic (right
ventricle) part of the same heart. c
(×40) is a higher magnification of
a (×10)

Fig. 6 cTnI staining of ischemic
(b, d antero-lateral wall of left
ventricle) and non-ischemic (a, c
right ventricle) hearts. b (1 h after
LAD ligation) Zones of depletion
of cTnI in groups of
cardiomyocytes, mainly in the
subendocardial region (×10). d
Higher magnification from the
rectangle in b (×40). a, c No de-
pletion of cTnI is seen in the non-
ischemic (right ventricle) part of
the same heart. c (×40) is a higher
magnification from the rectangle
in a (×10)
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cytochrome c at 30’ of myocardial ischemia with a fold
change of 0.62.

Discussion

Our results confirm the limits of morphology (H&E stain-
ing) for the detection of very early myocardial ischemic
damage [2, 7, 8, 34, 35]: in fact, in the first minutes/h

following LAD ligation in rats, only subtle and non-
specific modifications have been detected. On the other
hand, immunohistochemical stainings with the antibodies
we tested have given more satisfactory and robust results
and have allowed us to select a panel of markers of early
myocardial ischemia to further apply to autopsy cases of
SCD. The markers we have studied are fibronectin, cTnI,
cTNT, myoglobin, C5b-9, JunB, and Cx43. Moreover, we
performed the TUNEL assay for apoptosis detection.

Fig. 7 cTnT staining of ischemic
(b, d antero-lateral wall of left
ventricle) and non-ischemic (a, c
right ventricle) hearts. b (1 h after
LAD ligation) Zones of depletion
of cTnT in groups of
cardiomyocytes, mainly in the
subendocardial region (×10). d
Higher magnification from the
rectangle in b (×40). a, c No de-
pletion of cTnI is seen in the non-
ischemic (right ventricle) part of
the same heart. c (×40) is a higher
magnification from the rectangle
in a (×10)

Fig. 8 Myoglobin staining of
ischemic (b, d antero-lateral wall
of left ventricle) and non-
ischemic (a, c right ventricle)
hearts. b (1 h after LAD ligation)
Zones of depletion of myoglobin
in groups of cardiomyocytes,
mainly in the subendocardial re-
gion (×10). d Higher magnifica-
tion from the rectangle in b (×40).
a, c No depletion of myoglobin is
seen in the non-ischemic (right
ventricle) part of the same heart. c
(×40) is a higher magnification
from the rectangle in a (×10)
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It has already been shown that no a single marker but a
panel of markers can be useful for the detection of myocardial
ischemia [5]. Immunohistochemical investigations have been
made on various components of the cardiomyocyte, such as
the cytoskeleton [36], the contractile proteins cTnI, cTnT [37,
38], and cTnC [39], and other proteins such as myoglobin
[39–41], heart fatty acid-binding protein (H-FABP) [39], and
desmin [36]. Other antigens have been investigated which
accumulate into the cardiomyocyte after the ischemic damage
of the cell membrane, such as fibronectin [5, 11, 12, 42–45]

and C5b-9 [38–41, 46–48], or leak from it after the ischemic
damage, such as S100A1 protein [13]. Most of these studies
have been performed on human (autopsy) material, and their
common findings were that no single marker is sensitive and
specific enough to detect early myocardial ischemia, and that,
even using a panel of markers, immunohistochemistry does
not allow for the diagnosis of a very early myocardial ische-
mia, i.e., of duration of less than 1 h.

Fibronectin has been shown to be highly expressed in hu-
man [11, 12, 44, 45, 49] and experimental myocardial

Fig. 9 C5b-9 staining of
ischemic (b, d antero-lateral wall
of left ventricle) and non-
ischemic (a, c right ventricle)
hearts. b (2 h after LAD ligation)
Scattered accumulations in single
cardiomyocytes. d Higher mag-
nification from the rectangle in b
(×40). a, c No accumulation of
C5b-9 is seen in the non-ischemic
(right ventricle) part of the same
heart. c (×40) is a higher magni-
fication from the rectangle in a
(×10)

Fig. 10 TUNEL assay of
ischemic (b, d antero-lateral wall
of left ventricle) and non-
ischemic (a, c right ventricle)
hearts. b (1 h after LAD ligation)
Nuclear positivities in groups of
cardiomyocytes. Some signal is
seen in the cytoplasm as well. d
Higher magnification (×40) from
the rectangle in b (×20). a, c No
signal is seen in the non-ischemic
(right ventricle) part of the same
heart. c (×40) is a higher magni-
fication from the rectangle in a
(×20)
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infarction [42–45, 50]. It is produced in a cellular and a plasma
form [28]. During myocardial ischemia, the plasma

fibronectin is most likely to accumulate in the cardiomyocyte,
through loss of integrity of the plasma membrane [28].

The results of the immunohistochemical investigations we
performed in our study show an earlier expression (1 h after
LAD ligation) for the antibody anti-total fibronectin in compar-
ison towhat is reported in the literature concerning experimental
models [42, 43]. On the other hand, our results are more con-
sistent with what is reported in the literature concerning human
(autopsy) material, as a deposition of fibronectin into ischemic
cardiomyocytes has been described as early as 30 min to 1 h
from the onset of symptoms to death [11, 12, 39]. However, our
results are in contrast with those of Campobasso et al., who
reported a significant expression of fibronectin only in cases
with longer survival, i.e., with death occurring, according to
witnesses, 8 to 10 h after the onset of symptoms [5].

Fig. 11 Western blots for Cx43: temporary early induction (at 15 and
30 min after LAD ligation) of phosphorylation on Serine 368 in the C-
terminal tail of Cx43

Table 1 The scores of the staining reactions in the ischemic (MI) and non-ischemic (NI) regions of the same heart/rat at each time point (from 30 min
to 12 h) after LAD ligation

Fibronectin 30’ 30’ 1 h 2 h 4 h 6 h 12 h

Rat 1 Rat 2 Rat 3 Rat 1 Rat 2 Rat 3 Rat 1 Rat 2 Rat 3 Rat 1 Rat 2 Rat 3 Rat 1 Rat 2 Rat 3 Rat 1 Rat 2 Rat 3

MI 1 0 1 2 2 2 2 3 3 3 3 3 3 3 3 3 3 3

NI 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0

C5b-9 30’ 1 h 2 h 4 h 6 h 12 h

Rat 1 Rat 2 Rat 3 Rat 1 Rat 2 Rat 3 Rat 1 Rat 2 Rat 3 Rat 1 Rat 2 Rat 3 Rat 1 Rat 2 Rat 3 Rat 1 Rat 2 Rat 3

MI 0 0 0 0 1 0 0 2 2 3 2 3 3 3 3 3 2 3

NI 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Troponin T 30’ 1 h 2 h 4 h 6 h 12 h

Rat 1 Rat 2 Rat 3 Rat 1 Rat 2 Rat 3 Rat 1 Rat 2 Rat 3 Rat 1 Rat 2 Rat 3 Rat 1 Rat 2 Rat 3 Rat 1 Rat 2 Rat 3

MI 1 1 1 3 3 3 3 3 3 2 3 3 3 2 3 2 3 3

NI 0 0 0 0 1 0 1 0 1 0 1 1 1 1 1 1 1 0

Troponin I 30’ 1 h 2 h 4 h 6 h 12 h

Rat 1 Rat 2 Rat 3 Rat 1 Rat 2 Rat 3 Rat 1 Rat 2 Rat 3 Rat 1 Rat 2 Rat 3 Rat 1 Rat 2 Rat 3 Rat 1 Rat 2 Rat 3

MI 1 1 1 3 2 2 3 3 3 3 3 2 2 2 3 1 1 2

NI 0 0 0 0 0 0 0 0 1 0 1 1 1 1 1 0 0 0

Myoglobin 30’ 1 h 2 h 4 h 6 h 12 h

Rat 1 Rat 2 Rat 3 Rat 1 Rat 2 Rat 3 Rat 1 Rat 2 Rat 3 Rat 1 Rat 2 Rat 3 Rat 1 Rat 2 Rat 3 Rat 1 Rat 2 Rat 3

MI 1 1 3 3 3 3 3 3 3 2 2 2 2 2 2

NI 0 0 0 0 0 1 0 1 1 0 1 1 0 0 1

Cx43 30’ 1 h 2 h 4 h 6 h 12 h

Rat 1 Rat 2 Rat 3 Rat 1 Rat 2 Rat 3 Rat 1 Rat 2 Rat 3 Rat 1 Rat 2 Rat 3 Rat 1 Rat 2 Rat 3 Rat 1 Rat 2 Rat 3

MI 3 3 3 3 3 3 3 3 2 2 3 3 3 3 3 3 2 3

NI 0 1 1 0 0 0 0 1 0 0 0 0 0 0 1 1 0 0

JunB 30’ 1 h 2 h 4 h 6 h 12 h

Rat 1 Rat 2 Rat 3 Rat 1 Rat 2 Rat 3 Rat 1 Rat 2 Rat 3 Rat 1 Rat 2 Rat 3 Rat 1 Rat 2 Rat 3 Rat 1 Rat 2 Rat 3

MI 1 2 2 2 3 3 1 2 3 2 2 2 1 1 0 1 1 0

NI 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0

TUNEL 30’ 1 h 2 h 4 h 6 h 12 h

Rat 1 Rat 2 Rat 3 Rat 1 Rat 2 Rat 3 Rat 1 Rat 2 Rat 3 Rat 1 Rat 2 Rat 3 Rat 1 Rat 2 Rat 3 Rat 1 Rat 2 Rat 3

MI 1 0 0 2 2 2 2 2 2 3 2 2 2 2 3 2 2 1

NI 0 0 1 0 0 0 0 1 2 1 1 1 0 0 2 0 1 0
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Concerning cTnI and cTnT, their measurement in serum is
considered the gold standard test for the clinical diagnosis of
acute myocardial infarction [51]. In post-mortem samples,
they have shown good sensitivity and specificity as

immunohistochemical markers (depletion from the cardio-
myocyte) in cases of myocardial ischemia lasting for a few
hours [5, 39]. In our investigation, we were able to show a
depletion of both cTnI and cTnT from small groups of

Table 2 Semi-quantitative evaluation of staining results for fibronectin,
C5b-9, cTnT, cTnI, myoglobin, Cx43, JunB, and TUNEL at 0.5, 1, 2, 4,
6, and 12 h duration of ischemia. 0 = negative, 1 = staining/loss of
staining of single cells, 2 = staining/loss of staining of cell groups, 3 =

large/diffuse staining/loss of staining. Empty dots represent the number of
hearts evaluated. For myoglobin, the staining was non-assessable in four
rats (one at 0.5 h, two at 1 h, and one at 2 h of ischemia)
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cardiomyocytes as early as 1 h after LAD ligation. This is in
accordance with the results of another experimental study, in
which loss of cTnI and cTnT was shown to occur as early as
1 h after LAD ligation in rats [36]. Cardiac troponin Twas also
investigated by Campobasso et al., and a depletion limited to
small groups of cells was described in cases of coronary

deaths, with less than 1 h from the onset of symptoms to death
[5], similarly to our observations. Cardiac troponin I was in-
vestigated in human ischemic myocardia by Jasra et al. [38],
who showed a clear negative staining only in cases where
infarction occurred for more than 6 h, which was much later
than what our results showed.

Another marker of early myocardial ischemia we tested is
myoglobin, which can be detected in serum as early as 2 h
after the onset of myocardial necrosis [52]. In forensic and
clinical pathology investigations, myoglobin has shown good
sensitivity and specificity for myocardial ischemia lasting for
a few hours [5, 39–41]. We have shown a depletion of myo-
globin from groups of cardiomyocytes as soon as 1 h after
LAD ligation. This is consistent with the results of the study
of Campobasso et al. on human autopsy material, as diffuse
areas of myoglobin depletion were shown in cases in which
death occurred less than 1 h after the onset of symptoms ac-
cording to witnesses. Ortmann et al. showed an even earlier
depletion of myoglobin from cardiomyocytes of a person who
died within 30 min from prodromi [39]. The loss of staining
with the antibody anti-myoglobin has been reported in canine
myocardium as soon as 30 min after LAD ligation as well
[41].

C5b-9 is the final product of the complement cascade and
causes direct cellular damage by opening the pores of the cell
membrane [46]. It can detect myocardial injury as early as
40 min after the beginning of ischemia [47, 53]. In rats, com-
plement activation has been shown to be initiated about 2 h
after LAD ligation, and deposits of C8 and C9 were evident at
3 h [54]. In ischemic human myocardium, C5b-9 has shown a
later expression in comparison to fibronectin [11, 12, 39], but
in one study, it has been demonstrated to react earlier than
fibronectin [5]. Our results are more concurrent with the ma-
jority of other studies, as we have shown an accumulation of
C5b-9 in rat cardiomyocytes as early as 2 h after LAD ligation
and thus later than fibronectin. The reason why C5b-9 reacts
later than all the other markers we studied, including fibronec-
tin, is not known. One explanation could be that assembly and
activation of the complement complex from C3b and C5 to
form C5b-9, then the activation of C5b-9, and finally its de-
position on the cell membrane first and into the cytoplasm
later, may require more time than the Bsimple^ accumulation
of the circulating fibronectin into the cardiomyocyte through
the cell membrane disrupted by ischemia. Another hypothesis
is that C5b-9 deposition occurs as a secondary reaction on an
already irreversibly necrotic cardiomyocyte [48]. The cause of
complement activation on ischemic cardiomyocytes has not
yet been elucidated. One verisimilar hypothesis is that ische-
mia provokes the loss of the cell membrane’s capacity to in-
activate spontaneously deposited C3b, leading to C5 activa-
tion and C5b-9 self-attack of the cell [48].

Another early marker of myocardial ischemia we tested
is the gap junctional protein Cx43. Uncoupling induced

Table 3 Marker values between early (30’–2 h) and late (4–12 h)
ischemia. Differences were assessed using Fisher’s exact test

A B C p valuea

0–2 h 4–12 h

Fibronectin 0 1 0 0.002

1 2 0

2 4 0

3 2 9

C5b-9 0 6 0 0.001

1 1 0

2 2 2

3 0 7

Troponin T 0 0 0 0.047

1 3 0

2 0 3

3 6 6

Troponin I 0 0 0 0.712

1 3 2

2 2 4

3 4 3

Myoglobin 0 0 0 0.014

1 2 0

2 0 6

3 4 3

Cx43 0 0 0 1

1 0 0

2 1 2

3 8 7

JunB 0 0 2 0.150

1 2 4

2 4 3

3 3 0

TUNEL 0 2 0 0.457

1 1 1

2 6 6

3 0 2

Statistical significance was assessed at the 0.05 level. The scores of the
semi-quantitative immunohistochemical evaluation are indicated in col-
umn A (0 = negative, 1 = staining/loss of staining of single cells, 2 =
staining/loss of staining of cell groups, 3 = large/diffuse staining/loss of
staining). Column B is the number of hearts with a given score in the time
interval 30 min–2 h. Column C is the number of hearts with a given score
in the time interval 4–12 h
a Fisher’s exact test
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by ischemia has been shown to be associated with de-
phosphorylat ion of Cx43, accumulation of non-
phosphorylated Cx43 within gap junctions, and
Blateralisation^ (i.e., translocation of Cx43 to the lateral
plasma membranes and eventually translocation from gap
junctions into intracellular pools) [27, 31, 55]. In our in-
ves t iga t ion , we used an an t ibody recogn iz ing
unphosphorylated Cx43 by immunofluorescence. Our re-
sults, showing a local expression of dephosphorylated
Cx43 by 15 min of myocardial ischemia, confirm that this
is the time point by which cell-to-cell uncoupling starts in
the heart, with a signal becoming more and more diffuse
and intense with increasing durations of ischemia, corre-
sponding to more advanced and fully developing
uncoupling [27]. Western blots for total and phosphory-
lated (Ser 368) Cx43 showed that acute ischemia (15 and
30’) was associated with a marked increase of the phos-
phorylation on Serine 368 of the C-terminal part of Cx43,
whereas total Cx43 did not markedly change. This is con-
sistent with another study showing the maximal phosphor-
ylation of Cx43, involving the Serine 368 in the C-
terminal part, after 5’ of incubation of neonatal rat
cardiomyocytes with HDL (high-density lipoprotein) [56].

When comparing our marker values between early (30’–
2 h) and later (4–12 h) ischemia, we observed statistically

significant differences for fibronectin, C5b-9, cTnT, and myo-
globin, meaning that these markers are more expressed in the
later phase of ischemia (by 4 h). This is not surprising for C5b-
9, as it is known to react later than other markers, as already
discussed. Concerning fibronectin, myoglobin, and cTnT, we
observed, respectively, accumulation and depletions starting
by 1 h, but the signals became more pronounced with increas-
ing durations of ischemia, thus making their scores much
higher in the later phase, reflecting the more severe cell mem-
brane damage.

The TUNEL assay was positive by 1 h after LAD li-
gation in our samples. In humans, DNA fragmentation has
been detected by TUNEL assay in myocardial infarctions
after 2 to 4 h [57, 58] and by 45 min after LAD ligation in
rats [21]. The process of apoptosis is rapid in its onset
(within 2 h) and usually completed within 6 h [21]; there-
fore, the TUNEL assay could be considered an early de-
tection method of myocardial ischemia. For this reason,
we wanted to test it in our study, and we have shown an
expression which is comparable to what is reported in the
literature for the same animal model (45 min) [21]. The
role of apoptosis in myocardial ischemic cell death is
quite controversial; it is still debated whether myocardial
cells die during ischemia via apoptosis or oncosis. It
seems that the severity of ischemia determines whether

Table 4 Time clusters of detection of different markers since
myocardial ischemia (in black: data from the literature, in red: data
from the results of the present study). Asterisk represents methods by

which the investigations were performed. IHC immunohistochemistry,
WB Western blots, GE gene expression, BC biochemistry. Double
asterisks decrease in induction

≤ 30 min ≤ 2 h                                      ≤ 4 h                           > 4 h          

AP-1 (Jun B) 
*GE

Connexin 43
* IHC, WB

HIF-1 alpha
*IHC, GE

Connexin 43
IHC, WB

Cytochrome c
GE **

AP-1 (Jun B) 
IHC

Myoglobin
*IHC

Fibronectin
(total)
*IHC, GE 

Cardiac troponins
IHC

Fibronectin
(total) IHC

C5b-9
IHC

Apoptosis 
*TUNEL assay

AP-1 (Jun B) 
GE

C5b-9
*IHC

Cardiac troponins
*IHC

Apoptosis 
*TUNEL assay

Fibronectin
(total)
*IHC, GE 

Fibronectin
(tissular) 
*IHC

Tenascin C
*IHC, GE 

Myoglobin
IHC
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the cardiomyocytes die via apoptosis or oncosis [58].
Many authors agree that both apoptosis and oncosis are
responsible for acute ischemic death of cardiomyocytes
[59].

One of the most promising markers of early myocardial
ischemia that we investigated is JunB, which is a protein
(transcription factor) encoded in humans by the JunB
gene. It belongs to the AP-1 (activator protein 1) family,
a heterodimeric protein which regulates gene expression
in response to a variety of stimuli and cellular processes,
including differentiation, proliferation, and apoptosis [60].
Presently, JunB has not been investigated at the immuno-
histochemical level. As immunohistochemistry is a funda-
mental method in autopsy pathology, we wanted to study
the expression of JunB in ischemic myocardium of rats at
the immunohistochemical level, in addition to the gene
expression analysis. We found a very early nuclear ex-
pression, i.e., as early as 30 min after LAD ligation.
Very interestingly, by 30 min, this expression was limited
to the subendocardial layer, and it gradually became dif-
fused to the myocardium towards the epicardium with the
increasing durations of ischemia. This is in accordance
with the observation that ischemia/necrosis in the myocar-
dium follows a Bwavefront^ from the endocardium to-
wards the epicardium [8]. Why JunB is expressed in the
nuclei of ischemic myocardial cells and why its expres-
sion, almost in parallel with that of Cx43, becomes slight-
ly less pronounced by 2 h of ischemia (as we have shown
in our results) remains to be explained. What is known is
that AP-1 transcription factors are involved in both the
induction and inhibition of apoptosis and that the exact
result is highly tissue and cell-cycle phase specific [61]
and depends also on environmental factors. Whether JunB
in ischemic myocardium has a pro- or anti-apoptotic role
or both is not known. It could be that it acts as a rescue
mechanism in inhibiting the apoptosis of ischemic cells
and, at the same time, in promoting the proliferation of
viable cardiomyocytes [62, 63]. From this point of view,
JunB could be investigated not only as an early marker of
myocardial ischemia but also as a therapeutic target to
enhance or inhibit in patients affected by acute cardiac
events. This deserves further investigations in the basic
research field.

In this investigation, besides the study of early tissular
changes followingmyocardial ischemia, wewanted to explore
the phenomenon at the degree of cell activation as well, and
we did so for two selected markers: JunB (as it was one of the
earliest to be expressed at the immunohistochemical level),
and cytochrome c (as it is one of the factors that has been
shown to be downregulated after myocardial infarction
[33]). Therefore, we performed a gene expression investiga-
tion on those markers by using the NanoString nCounter®
gene expression system.

By this analysis, we observed a significant induction of
JunB at 120 min after LAD ligation. This result is an
apparent contradiction with the early immunohistochemi-
cal expression, which has been shown at 30 min after
LAD ligation. Yet, it can be explained by the fact that
the few positive nuclei showed by immunohistochemistry
represent only a small percentage of the tissue that has
been analyzed by NanoString and that can obviously have
been Boverlooked^ by the system. Nevertheless, this anal-
ysis allowed us to confirm JunB as a reliable marker of
early myocardial ischemia. Moreover, we showed a sig-
nificant, very early (as soon as 30 min after LAD ligation)
decrease in induction of the Cycs gene (cytochrome c).
This result can be explained by the fact that the produc-
tion of reactive oxygen species during ischemia impairs
the expression of genes encoded by the mitochondrial
DNA, with a downregulation of the expression of factors
of the mitochondrial respiratory chain, such as cyto-
chrome c [64].

In order to better illustrate our results and, at the same
time, to compare them with data obtained from the liter-
ature, we created a table of the temporal distribution of
the different markers. We subdivided them into clusters of
time of detection since myocardial ischemia: within
30 min (≤30 min), within 2 h (≤2 h), within 4 h (≤4 h),
and beyond 4 h (>4 h) (Table 4).

In conclusion, we underline the advantages of this study,
which encourage us to set up the next investigations. In fact,
(i) this is a purely experimental study, which allowed us, in
this phase, to identify a panel of true early markers of myo-
cardial ischemia (JunB, Cx43, TUNEL assay, fibronectin,
C5b-9, myoglobin, cTnT, cTnI, and, for its downregulation,
cytochrome c), not influenced by factors such as agony, resus-
citation, or autolysis that normally challenge the investigation
of SCD at post-mortem examination; (ii) in order to achieve
our results, we employed traditional and routine methods,
namely histology and immunohistochemistry, thus confirming
their relevance in forensic and clinical pathology investiga-
tions; (iii) we explored new frontiers by gene expression anal-
ysis, which allowed us to identify the earliest upregulated
(JunB) and downregulated (cytochrome c) markers of myo-
cardial ischemia and which encourage us to apply the
NanoString technology to a larger number of genes of interest.

In the perspective to apply the results of this study to the
investigation of SCD at post-mortem examination, two as-
pects have to be considered: first, in the post-mortem setting,
the morphological, immunohistochemical, and molecular bi-
ology results can be challenged by a lot of factors such as
autolysis, pre-existing ischemic events, myocardial damage
(due to cardiogenic shock, for example), long agony, resusci-
tation, injection of catecholamines and/or drug consumption
as cocaine or ecstasy. Second, in the post-mortem setting, it is
often impossible to identify, macroscopically, the ischemic
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site to investigate. Therefore, sampling at different myocardial
regions will be recommended.
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