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Abstract
Dietary copper deficiency causes cardiac hypertrophy and its transition to heart failure in a mouse
model. Copper repletion results in a rapid regression of cardiac hypertrophy and prevention of
heart failure. The present study was undertaken to understand dynamic changes of cardiomyocytes
in the hypertrophic heart during the regression. Dams of FVB mice were fed copper deficient diet
(0.3 mg Cu/kg) starting from day 3 post delivery and weanling pups were fed the same diet until
copper repletion (6.0 mg Cu/kg) in the diet at 31 days of age. Heart samples were obtained at the
end of copper deficient feeding or at 3, 7, 14 or 28 days after copper repletion. Copper deficiency
resulted in increases in the size and reduction in the number of cardiomyocytes in the heart.
Copper repletion led to regression in the size of hypertrophic cardiomyocytes and normalization of
the total number of cardiomyocytes. Although a direct reduction in the cell size would be
significantly responsible for the regression of heart hypertrophy, some hypertrophied
cardiomyocytes upon copper repletion reentered the cell cycle as determined by Ki-67 staining in
the cardiomyocyte-specific α-sarcomeric actin stained cells and underwent division as determined
by a mitosis-specific marker phosphor-histone H3. Quantitative analysis indicated that the
replication of hypertrophic cardiomyocytes made a contribution about 1/3 to the total mitosis of
the regenerated myocardium. This study suggests that a direct reduction in the size of some
hypertrophied cardiomyocytes and a replication of other hypertrophied cardiomyocytes with
reduced size make a significant contribution to the regression of copper deficient heart
hypertrophy, leading to normalization of the size and the number of cardiomyocytes in the heart.
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Introduction
Copper (Cu) is an essential trace element and dietary Cu restriction leads to cardiac
hypertrophy (1). Cu deficient heart hypertrophy in mouse and rat models has characteristic
structural, biochemical, and signaling alterations resembling those induced by pressure
overload (1), and transits to heart failure (2). We have recently observed that dietary Cu
repletion results in a rapid regression of the hypertrophy and a complete functional recovery
(3). The regression of heart hypertrophy and functional recovery indicate a cytokinetic
change in the hypertrophic cardiomyocytes. Possible mechanisms underlying the change
include apoptosis leading to a clean up of the hypertrophic cardiomyocytes, a reduction in
cellular volume making the hypertrophic myocytes smaller by an unknown mechanism, or
mitosis of the hypertrophic cardiomyocytes with reduced cell size leading to myocardial
regeneration.

Apoptosis of cardiomyocytes in the failing heart is a major cellular event involved in the
pathogenesis (4). Our early studies have shown that dietary Cu deficiency causes myocardial
apoptosis (5), which would be highly responsible for the transition from cardiac hypertrophy
to heart failure. Defective myocardial function is associated with the loss of cardiomyocytes
due to apoptosis. In the regression induced by Cu repletion in Cu deficiency-induced
hypertrophic hearts, the depressed function was completely recovered (3) and myocardial
structures were normalized as examined by both light and electron microscopes (3).
Therefore, it is unlikely that apoptosis can be responsible for the regression of heart
hypertrophy induced by Cu repletion.

Heart hypertrophy developed under physiological stimulations such as exercise-induced
myocardial growth is reversible (6), although molecular mechanisms involved in the
regression of physiological heart hypertrophy have not been fully understood. At the cellular
level, the size of hypertrophied cardiomyocytes has to become smaller or normalized in
order for the regression of heart hypertrophy to occur. This process would be accomplished
by a direct reduction in the size of the hypertrophied cardiomyocytes. Under pathological
condition, heart hypertrophy can also be reversed under different conditions in mice (7,8).
This regression, however, would be more complicated than a simple reduction in the size of
hypertrophied cardiomyocytes under physiological conditions. The functional recovery of
the failing heart would demand myocardial regeneration, which requires repletion of the lost
cardiomyocytes during the transition from cardiac hypertrophy to heart failure.

Myocardial regeneration through mitosis of the hypertrophic cardiomyocytes with reduced
cell size potentially is an attractive mechanism for regression of heart hypertrophy and
recovery of myocardial function observed in the Cu deficient hearts. Although the view of
the adult mammalian heart as a terminally differentiated organ without regenerative capacity
remains dominant (9), recently documented evidence challenges this belief. Several studies
have shown the presence of cycling ventricular myocytes in the adult mammalian heart
under both physiological and pathological conditions (10-12). It is thus important to know
whether or not the Cu repletion-induced regression of heart hypertrophy and recovery of
cardiac function is associated with cell cycle re-entry and mitosis of the cardiomyocytes.

The present study was undertaken to determine (1) cytokinetic changes in Cu-induced
regression of heart hypertrophy in a mouse model and (2) potential contributions of mitosis
of hypertrophic cardiomyocytes to myocardial regeneration. We found that besides a direct
reduction in the size of hypertrophied cardiomyocytes, a replication of hypertrophic
cardiomyocytes would make a significant contribution to the regression of heart
hypertrophy, although differentiation of other types of cells to cardiomyocytes may also play
an important role in the regeneration process.
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Materials and Methods
Experimental animals and procedure

FVB mice obtained from Jackson Laboratory (Bar Harbor, ME) were maintained at the
University of Louisville animal facilities and housed in plastic cages at 22°C on a 12-hr
light/dark cycle. Dams of the pups were fed copper-deficient (CuD) AIN-93 diet containing
0.3 mg Cu/kg or copper-adequate (CuA) diet containing 6.0 mg Cu/kg starting on the third
day after delivery. The AIN-93 powder diet was prepared according to a report published
previously (13). After the pups were weaned at 21 days of age, they were fed the same diet
as their respective dam for seven additional days (31 days of age), at which point some of
the CuD mice were sacrificed and others were fed the same diet or switched to CuA diet for
additional one or two weeks (6-12 mice in each group). Mice had free access to double-
distilled water. Cages, feeding jars, and water bottles were rinsed regularly with water
containing EDTA first and then with distilled water. The parallel CuA mice were sacrificed
at the same time as feeding and age controls. At the conclusion of each feeding experiment,
mice were anesthetized with avertin (0.4 mg/g), and blood was drawn from dorsal vena
cava. Plasma was collected by centrifugation at 10,000 rpm for 10 min and stored at −80°C
until used. Hearts were removed, perfused with PBS, and processed for the analyses below.
All procedures were approved by the University of Louisville IACUC, which is certified by
AAALAC.

Cardiac hypertrophy
At the organ level, whole hearts were fixed with 10% neutral formalin and embedded in
paraplast. Longitudinal sections were cut at 5 μm and stained with hematoxylin and eosin.
Whole heart images were captured using a Nikon steromicroscope. At the cellular level,
cardiomyocytes on histological sections were stained by immunofluorescence with
cytoplasmic marker α-sarcomeric actin. Cross sections of myocardium were rehydrated and
incubated with 5% normal donkey serum for 30 min to block non-specific binding sites.
Sections were stained with a monoclonal mouse anti-α-sarcomeric actin antibody and Cy3-
labeled donkey anti-mouse antibody to detect cardiomyocytes. Digital images with cross-
sectioned cardiomyocytes were captured with 40× objective, and for each histological
section of the myocardium from 6-8 mice, the diameters of 300 cardiomyocytes were
measured and the total number of cardiomyocytes in a 25 mm2 were counted.

Immunofluorescence detection of Ki-67, phospho-histone 3 and myocte enhancing
factor-2 (MEF-2)

Double staining of Ki-67/α-sarcomeric actin and phospho-histone 3/α-sarcomeric actin
were performed for detection of proliferating and mitotic cardiomyocytes. For staining of
Ki-67/α-sarcomeric actin, Ki-67 was first stained by incubation with rabbit anti-Ki-67
antibody (Vector Laboratories, Burlingame, CA) and FITC conjugated donkey anti-rabbit
IgG (Jackson ImmunoResearch Laboratories, West Grove, PA), and then α-sarcomeric actin
was stained by incubation with a monoclonal mouse anti-a-sarcomeric actin antibody and
FITC-labeled donkey anti mouse antibody. For staining of phospho-histone 3/α-sarcomeric
actin, phospho-histone 3 was first stained with rabbit anti-phospho-histone 3 antibody
(Vector Laboratories) and FITC conjugated donkey anti-rabbit IgG (Jackson
ImmunoResearch Laboratories), and then α-sarcomeric actin was stained by incubation with
a monoclonal mouse anti-α-sarcomeric actin antibody and FITC-labeled donkey anti mouse
antibody. For triple staining of phospho-histone 3, MEF-2 and α-sarcomeric actin, the
histological sections were first stained by incubation with rabbit anti-phospho-histone 3
antibody (Vector Laboratories) and FITC conjugated donkey anti-rabbit IgG (Jackson
ImmunoResearch Laboratories), and then stained by incubation of goat anti-MEF-2 antibody
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and AMC-labeled donkey anti-goat antibody, followed by staining with monoclonal mouse
anti-α-sarcomeric actin antibody and Cy3-labeled donkey anti mouse antibody.

Electron microscopy (EM)
Heart tissues used for EM study were obtained through an in situ perfusion procedure
described previously (14). The free wall of left ventricle was cut into about 1-mm3. For
conventional EM, samples were fixed in 3% glutaraldehyde in 0.1 mM sodium cacodylate
buffer, pH 7.4, for 2 h at 4 °C and post-fixed in 1% osmium tetroxide. The samples were
embedded in resin, and ultrathin sections were cut and stained with uranyl acetate and lead
citrate. For immunogold EM, samples were fixed in 2% freshly depolymerized
paraformaldehyde and 0.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4, at 4
°C for 2 hr. After rinsing in sodium cacodylate buffer, the samples were partially dehydrated
with 50% and 70% ethanol and embedded in LR White resin. Ultrathin sections were
incubated with the rabbit anti-ki-67 antibody overnight at 4 °C. After rinsing in 0.01 M PBS
(pH 8.2), the ultrathin sections were incubated in 10-nm gold conjugated goat anti-rabbit
antibody (British BioCell, Cardiff, UK) diluted in 0.01 M PBS (pH 8.2) for 2 hr. The
ultrathin sections were then rinsed in distilled water and counterstained with uranyl acetate
and lead citrate.

TUNEL assay
An ApopTag in situ detection kit was used according to the manufacture’s instruction and
following the procedure described previously (5). Briefly, the histological sections were
pretreated with H2O2 and incubated with the reaction mixture containing TdT and
digoxigenin-conjugated dUTP for 1 hr at 37 °C. Labeled DNA was visualized with
peroxidase-conjugated anti-digoxigenin antibody with DAB as the chromagen. Rat
mammary gland tissue provided in the kit was used as positive control. For negative control,
TdT was routinely omitted from the reaction mixture.

Statistical analysis
Data were analyzed by one-way ANOVA followed by a Duncan’s multiple-range test for
further determination of the significance of differences. Differences among groups were
considered significant at p < 0.05.

Results
Reduction in the size of hypertrophied cardiomyocytes by Cu repletion in hypertrophic
hearts

After mice were fed Cu deficient diet for 4 weeks, the heart size was increased as measured
by heart weight to body weight ratio (9.7 ± 0.5 vs 5.2 ± 0.2 mg/g). Histological sections of
the whole heart showed increased wall thickness (Fig 1). Cu repletion resulted in regression
of the heart size (6.0 ± 0.2 mg/g) and normalized wall thickness (Fig 1). To explore the
cellular events of Cu repletion-induced regression of heart hypertrophy, we measured the
size of cardiomyocytes at different stages of the regression. Histological sections of the
myocardium were stained with α-sarcomeric actin antibody to label cardiomyocytes
specifically. In the hypertrophic myocardium, the average size of cardiomyocytes was
significantly increased (Fig 2). During the regression, a progressive decrease in the number
of hypertrophic myocytes and an increase in the number of normal-sized cardiomyocytes
were observed 3 days and 7 days after dietary Cu repletion. Normalization in the size of the
cardiomyocytes within 2 weeks and in the number within 4 weeks was observed (Fig 2).
Examination through EM we found mitochondrial swelling and disorganization, myofibrillar
damage in cardiomyocytes from the hypertrophic myocardium, and transitional
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improvement in the morphological changes after 3 and 7 days of Cu repletion and a
normalization within 2 weeks of Cu repletion (Fig 3).

Cu repletion-induced cell cycle re-entry of hypertrophic cardiomyocyte
We performed a TUNEL assay to detect apoptotic cardiomyocytes and found that, although
there were a few TUNEL-positive cardiomyocytes in the Cu deficient hearts, no-TUNEL
positive cardiomyocytes were detected in any myocardial tissue sections obtained from the
Cu-replete mice (data not shown), excluding the possibility that apoptosis may be
responsible for the clearance of the hypertrophic cardiomyocytes. Therefore, a direct
reduction in the size would be ascribed to the normalization of the hypertrophied
cardiomyocytes. The normalization of the number of cardiomyocytes in the heart, which had
a reduction in the hypertrophied myocardium, would require repletion of the lost
cardiomyocytes.

Hypertrophic cardiomyocytes may go through mitosis with reduced cell size leading to
normalization in both cellular volume and the total number. To test this, we first used Ki-67,
a nuclear protein present only in proliferating cells (15), to identify the cells in the cell cycle.
This protein is expressed during G1, S, G2 and metaphase, but is neither present in quiescent
cells nor involved in DNA repair (15). We found a few Ki-67-positive cells in the Cu
deficient hypertrophic hearts, but the number of the Ki-67-positive cells was significantly
increased in the myocardium obtained from mice with Cu repletion for 3 days or 7 days (Fig
2C and 4C). There were very few Ki-67-positive cells after 2 weeks of Cu repletion (Fig 2C
and 4C). We also found that the Ki-67-positive cells in Cu-deficient myocardium were
cardiomyocytes, as they were dually labeled with α-sarcomeric actin, whereas Ki-67-
positive cells in Cu-replete hearts likely included other cell types (Fig 2C).

Mitosis of hypertrophic cardiomyocytes induced by Cu repletion
To determine if all or any of these Ki-67-positive cells undergo mitosis, a mitosis-specific
phospho-histone H3 antibody (16) was used. We found non mitotic cells in most cases or
only one mitotic cell for the most in any histological section from the Cu deficient
hypertrophic myocardium, but a large number of mitotic cells from the myocardium of mice
fed Cu-replete diet for 3 days or 7 days (Fig 2D and 4C). Considerably fewer mitotic cells
than Ki-67-positive cells were present at any given time under all the conditions (Fig 2 and
4), but all mitotic cells were Ki-67-positive (Fig 4A). Mitosis of hypertrophic
cardiomyocytes was identified by dual immunohistochemical staining with a-sarcomeric
actin and phospho-histone H3 in hypertrophic cardiomyocytes (Fig 4A). To further define
that duplication of the existing cardiomyocytes plays a role in myocardial regeneration, we
used EM and observed that Ki-67 immunogold staining was localized in the nuclei of
cardiomyocytes (Fig 4B). We also found cardiomyocytes with disorganized organelles in the
process of mitosis (Fig 4B).

We determined quantitatively the contribution of the duplication of hypertrophic
cardiomyocytes to the regenerated myocardium. Only those mitotic myocytes clearly
showing hypertrophy were counted as duplicating cardiomyocytes. Other mitotic nuclei that
were not in the hypertrophied cardiomyocytes were counted only for the total number of the
mitotic nuclei. However, these latter nuclei were found to contain the myocyte-specific
transcription factor, MEF-2, demonstrating that these cells were either of myocyte origin or
readily differentiated to myocyte (Fig 4A). With the exclusion of this type of cells, we found
that about 1/3 of the mitotic cells were hypertrophic cardiomyocytes in the regenerating
myocardium, but none of the mitotic myocytes were present in Cu-deficient hypertrophic
myocardium (Fig 4C).
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Discussion
The results here demonstrate that Cu repletion-induced regression of heart hypertrophy is
associated with normalization of the size of the hypertrophied cardiomyocytes as well as the
total number of cardiomyocytes in the heart. This process is likely accomplished by a
combination of several cellular dynamic changes. It appeared that a direct reduction in the
size of the hypertrophied cardiomyocytes was involved in this process. The division of the
hypertrophic cardiomyocytes with reduced cell size was also detected. In addition, it was
possible that cardiac progenitor cells were involved in the regeneration process.

A direct reduction in the size by Cu supplementation of hypertrophied cardiomyocytes has
been observed in vitro in our recent studies (17). Primary cultures of neonatal rat
cardiomyocytes were treated with phenylephrine (PE) at a final concentration of 100 μM in
cultures and the cells became hypertrophied after the treatment with PE for 48 hrs. In that
study, we have found that the purity of cardiomyocytes in the cultures was more than 95%,
determined by flow cytometry cell sorting of α-sarcomeric actin stained cardiomyocytes.
The hypertrophied cardiomyocytes had increased expression of β-myosin heavy chain
protein, α-skeletal actin, and atrial natriuretic peptide, along with increased cell volume and
protein content. The hypertrophied cardiomyocytes were exposed to Cu sulfate at a final
concentration of 5 μM in cultures. This Cu treatment reduced the size of the hypertrophied
cardiomyocytes, as measured by flow cytometry, protein content in cells and cell volume.
Cell cycle analysis and cell sorting of phosphor-histone H3 labeled cardiomyocytes
indicated that cell division was not involved in the Cu-induced regression of cardiomyocyte
hypertrophy. This in vitro study thus demonstrates that Cu reduces the size of hypertrophied
cardiomyocytes leading to regression of cardiac hypertrophy in the primary cultures of
neonatal rat cardiomyocytes.

Re-entry into cell cycle and mitosis of the hypertrophic cardiomyocytes would make a
critical contribution to the regression of heart hypertrophy in vivo. This contribution to the
regression of heart hypertrophy was not observed in our in vitro studies using primary
cultures of neonatal rat cardiomyocytes. In the hypertrophied heart, the hypertrophic
cardiomyocytes were Ki-67-positive. In the regenerating myocardium, the mitotic
cardiomyocytes were those having increased volume. The time course of the regression of
the hypertrophic cardiomyocytes was coincident with the mitotic active period and closely
correlated with the time course of the myocardial regeneration. At the end of the two-week
regression, the hypertrophic cardiomyocytes disappeared and mitosis ceased, further
indicating the contribution of duplication of hypertrophic cardiomyocytes to myocardial
regeneration.

The rapid regression of heart hypertrophy following Cu repletion was initially observed in
the Cu deficiency-induced heart hypertrophy in mouse model. Our recent studies have
shown that dietary supplementation with physiologically relevant levels of Cu also made a
rapid regression of heart hypertrophy induced by pressure overload in mouse model (18).
These observations suggest that pathological heart hypertrophy would be like physiological
heart hypertrophy in which the regression of the hypertrophy occurs. This notion is also
supported by recent human studies that the implantation of left ventricular assist devices in
cardiac failure patients can result in an improved geometry of the hypertrophied heart at
both organ and cellular levels, thus leading to improved left ventricular function as a result
of a reduction in wall stress and improved mechanical performance (19-21). We show here
that differentiated cardiomyocytes have the capacity for self-regeneration. The potential for
cell replication is likely retained in the cell, but for some reasons is inhibited in the
differentiated cardiomyocytes. In the Cu-deficient heart, the hypertrophic cardiomyocytes
were stimulated to re-enter the cell cycle, but prevented from undergoing mitosis. On Cu
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repletion, some critical factor(s) would be available to trigger, or to remove the inhibition of,
the transition to mitosis. While Cu repletion initiated this mitotic transition in the present
study, mechanical intervention using left ventricular assist devices has apparently caused
analogous changes in patients with failing hearts (19-21).

A clinically relevant question is whether or not Cu supplementation to patients with heart
disease would be beneficial. Previous studies have documented that the hearts of people who
died from ischemic heart disease are low in Cu (22-25), although the mechanism for Cu loss
in the ischemic heart has not been explored. Furthermore, Cu deficiency leads to cardiac
ischemic injury and hypertrophic cardiomyopathy (1,2,26). Multiple signaling pathways and
cross interactions between the pathways are involved in the regulation of cardiac
hypertrophy (27). Therefore, pressure overload and dietary Cu deficiency would activate the
same cascade and once the cascade of signaling transduction that leads to hypertrophy is
activated, cardiac hypertrophy would be a common endpoint. To prevent cardiac
hypertrophy an intervention targeting the etiology would be effective; however, to reverse
the cardiac hypertrophy that has already developed an etiology-targeted approach would not
be effective. Therefore, Cu repletion-induced regression of heart hypertrophy observed in
this study would not be simply explained as a counter action of Cu repletion to Cu
deficiency. This was further elucidated in the study of Cu supplementation reverses pressure
overload-induced heart hypertrophy (20). These results suggest that a shift from the
myocardial remodeling to a reverse remodeling program may be activated by Cu repletion.

In summary, Cu repletion results in a rapid regression of heart hypertrophy and prevents
heart failure induced by dietary Cu restriction. Although a direct reduction in the size of the
hypertrophied cardiomyocytes is importantly involved in the regression of heart
hypertrophy, the hypertrophied cardiomyocytes have the potential to replicate, making an
important contribution to the repletion of the lost cardiomyocytes. The hypertrophied
cardiomyocytes have the potential to re-enter the cell cycle, but undergo mitosis only during
Cu repletion-induced regression. In addition, non-myocyte proliferation and differentiation
to cardiomyocytes may be involved in the regeneration of myocardium. The combination of
these processes in response to Cu repletion contributes to the regression of heart
hypertrophy, including the reduction in the size of the hypertrophied cardiomyocytes and
normalization of the total number of cardiomyocytes.
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Fig 1.
Regression of Cu deficient heart hypertrophy by Cu repletion. Mice were fed Cu-deficient
diet (CuD) along with Cu-adequate controls (CuA) for 4 w, and then switched to Cu-
adequate diet for 2 w. The regression of heart hypertrophy was examined at 1 w (R1w) and
2 w (R2w) after Cu repletion. Hypertrophy was evidenced by increased wall thickness and
decreased chamber lumen and regression evidenced by reversal of the changes.
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Fig 2.
Regression of Cu deficiency-induced cardiomyocyte hypertrophy by Cu repletion. A. α-
Sarcomeric actin staining of cardiomyocytes (red) shows Cu deficiency (CuD) increases the
cell size compared to Cu adequate (CuA). Cu repletion for 3 d (R3d), 1 w (R1w), 2 w
(R2w), or 4 w (R4w) gradually decreases the cell size and increases the number of cells. B.
Quantitative analysis of the diameter and number of cardiac myocytes. Digital images were
captured with 40× objective and for each histological section, the diameter of 300 myocytes
was measured and the total number in a 25 mm2 was counted. The values (mean ± SEM,
n=6-8) do not share the same letter are significantly different (p<0.05). C. Double staining
of α-sarcomeric actin (red) and Ki-67 (green) to visualize co-localization of Ki-67 positive
nuclei and cardiomyocyte cytoplasm. All of the Ki-67-positive nuclei localized in the
cardiomyocytes in Cu deficient heart (CuD). The Ki-67 positive nuclei were also found in
cells that were not stained by α-sarcomeric actin obtained from Cu replete mice (R3d and
R1w). D. Double staining of α-sarcomeric actin (red) and phospho-histone H3 (green) to
identify mitotic nuclei and their co-localization with myocyte cytoplasm. No mitotic nuclei
found in the CuD, but extensively in the R3d and R1w hearts. Reduced intensity of α-
sarcomeric actin staining in the CuD myocardium and gradually regaining the intensity of α-
sarcomeric actin staining in the R3d and R1w hearts and normalizing 2 w after copper
repletion (R2w) were observed in A, C, and D.
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Fig 3.
Electron micrograph of cardiac myocytes obtained from Cu deficient (CuD) mice in
comparison with that obtained from Cu adequate (CuA). Cu repletion for 3 d (R3d), 1 w
(R1w), 2 w (R2w), or 4 w (R4w) caused a progressive recovery of the degenerated changes
in the myocytes. Mitochondrial swelling with vacuolar disorganization and disarray of
cristae were observed in the CuD myocardium and were completely recovered 2 w after Cu
repletion. Myofibrillar damage was also observed. M: mitochondria, Bar: 3 μm.
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Fig 4.
Identification of the origin of mitotic cells in hypertrophic myocardium undergoing
regeneration (cu repletion for 1 w). A. Dual staining of Ki-67 (blue) and phospho-histone
H3 (green) for visualizing co-localization of the mitotic nuclei with the Ki-67 cell cycle-
positive marker (top row). All of the mitotic positive nuclei are Ki-67-positive (arrowheads),
but not vice versa. a, phospho-histone H3 positive nucleus localized in hypertrophic
cardiomyocyte; b, phospho-histone H3 nucleus localized in hypertrophic myocyte with
degenerated cytoplasm (indicated by decreased intensity of α-sarcomeric actin staining); c,
the nucleus stained by phospho-histone H3 but not localized in myocyte. The micrographs
of d, e, and f show a mitotic positive nucleus (d) is also MEF-2 positive, a cardiomyocyte-
specific marker (e), although the nucleus is not localized in myocyte (f). B. Identification of
cell cycle-active nuclei in the myocardium by electron microscope. a, immunogold (20 nm
gold) electron micrograph of Ki-67 in cardiomyocyte, demonstrating the cell cycle active; b,
higher magnification of the framed area of the image a; c, electron micrograph of anaphase
nucleus; and d, early telophase nucleus. The disorganized mitochondria are also shown in c
and d, demonstrating the mitotic nuclei localized in the degenerated cardiomyocyte. C.
Quantitative analysis of Ki-67-positive cells under different conditions as shown in Fig 2C.
D. Mitotic nuclei in hypertrophic cardiomyocytes (CM) were differentiated as described in
the text and the total mitotic nuclei include all phospho-histone H3-positive cells. The
number of the Ki-67- or phospho-histone H3-positive nuclei among 10,000 nuclei in each
histological section was counted. Each data point was obtained from 6 to 8 heart samples
and expressed as means ± SEM, and the mean values do not share the same letter are
significantly different (p<0.05).
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