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Endogenous regeneration has been demonstrated in the mammalian heart after ischemic injury. However, ap-
proximately one-third of cases of heart failure are secondary to nonischemic heart disease and cardiac regeneration
in these cases remains relatively unexplored. We, therefore, aimed at quantifying the rate of new cardiomyocyte
formation at different stages of nonischemic cardiomyopathy. Six-, 12-, 29-, and 44-week-old mdx mice received a
7 day pulse of BrdU. Quantification of isolated cardiomyocyte nuclei was undertaken using cytometric analysis to
exclude nondiploid nuclei. Between 6–7 and 12–13 weeks, there was a statistically significant increase in the
number of BrdU-labeled nuclei in the mdx hearts compared with wild-type controls. This difference was lost by the
29–30 week time point, and a significant decrease in cardiomyocyte generation was observed in both the control
and mdx hearts by 44–45 weeks. Immunohistochemical analysis demonstrated BrdU-labeled nuclei exclusively in
mononucleated cardiomyocytes. This study demonstrates cardiomyocyte regeneration in a nonischemic model of
mammalian cardiomyopathy, controlling for changes in nuclear ploidy, which is lost with age, and confirms a
decrease in baseline rates of cardiomyocyte regeneration with aging. While not attempting to address the cellular
source of regeneration, it confirms the potential utility of innate regeneration as a therapeutic target.

Introduction

Although demonstrated in the mammalian heart after
ischemic injury, cardiac regeneration remains relatively

poorly investigated in nonischemic cardiomyopathies. These
represent 30% of cases of clinical heart failure. The mdx
mouse is a model of Duchenne muscular dystrophy with
myocyte loss, leading to skeletal muscle wasting and a well-
characterized progressive dilated cardiomyopathy [1]. In
response to continuous myocyte loss, skeletal muscle under-
goes cycles of myocyte regeneration, initially maintaining
skeletal muscle function. We investigated whether the heart
responds in a similar manner with the generation of new
cardiomyocytes [2].

While the heart has some capacity to replace cardio-
myocytes during normal aging and after acute injury, the
degree of this potential remains controversial with disparate
rates of cardiomyocyte turnover reported [3–8]. The source of
such cardiomyocyte renewal remains unclear with evidence
for both proliferation of pre-existing cardiomyocytes and
contribution from an indeterminate progenitor population
[8,9]. While conflicting data may be attributed to differences
in methodology, other challenges include accurately identi-

fying and quantifying very low levels of cardiomyoctye
turnover against a background of cells with greater prolifer-
ative rates [10]. Furthermore, as cardiomyocytes have the po-
tential for karyokinesis in the absence of cytokinesis, resulting
in increased polyploidy or binucleation, nucleoside-labeling
methods must account for the DNA replication occurring
during these events, as such cells will incorporate the label
into their nuclei (Fig. 1A). Previous studies have used cell-
cycle markers to quantify cardiomyocyte turnover and re-
generation, but it is increasingly accepted that they have a
number of limitations [10]. Proteins such as Ki67 and the
majority of cyclin-dependent kinases are expressed during the
S, G1 S, and G2 phases of the cell cycle [11] and therefore by
cells undergoing nonproductive DNA replication. Quantify-
ing cardiomyocyte mitosis via expression of proteins required
for cytokinesis, including Aurora B, is an attractive option,
the subcellular localization of which is dependent on cell-
cycle phase, and, as such, it can be used to distinguish between
potential outcomes of progression into M while distinguish-
ing between productive and nonproductive events [12]. Un-
fortunately, the undefined source of cardiomyocyte generation
in the adult and the limited time period of expression during
the cell cycle, the M phase accounts for 2% of the cell cycle
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[13], make such markers unsuitable for this study. In addition,
as expression of Aurora B alone does not identify cytokine-
sis but rather the location of protein expression, histologi-
cal analysis would be required for quantification, a technique
that is criticized due to difficulties in cardiomyocyte identi-
fication [13–16]. Given the controversy regarding the cells
responsible for regeneration and the potential rarity of car-
diomyocyte generation, we used a BrdU-labeling strategy to
quantify cumulative cardiomyocyte renewal irrespective of
source (Fig. 1B). Recognizing the issues surrounding nonpro-
ductive DNA replication, we employed cytometric analysis
of isolated cardiomyocyte nuclei to accurately quantify
BrdU incorporation within the cardiomyocyte population
while simultaneously analyzing ploidy, enabling exclusion
of cardiomyocytes that underwent DNA replication due to
polyploidation (Fig. 1C). Histological and confocal analysis
enabled discrimination between mononucleated and binu-
cleated cardiomyocytes.

Materials and Methods

Animal ethics and BrdU pulse

Animal work was authorized and approved by the New-
castle University Ethics review board. All animal proce-
dures were performed conforming to the guidelines from
Directive 2010/63/EU of the European Parliament on the
protection of animals used for scientific purposes. Only male
animals were used. The experimental group were C57BL/10
mice hemizygous for the mdx mutation (mdx) and C57BL/
10 (wild type) mice used as controls. Six, 12, 29 and 45-
week-old mdx and C57BL/10 control mice were injected
(intraperitoneal) with BrdU (100 mg/g body weight) [17]
once daily every 24 h for 7 consecutive days. After the final
injection, mice were allowed to age for a further 24 h. An-

imal euthanasia was performed by cervical dislocation, and
hearts were removed immediately. More than four animals
were studied for each protocol. Analysis was carried out in a
blinded fashion. A Supplementary and Methods section is
available online at www.liebertpub.com/scd

Cardiomyocyte nuclei isolation
and cytometric analysis

Nuclei were isolated as described [4]. Flow cytometry
experiments were performed using an FACScanto (BD
Biosystems). More than 10,000 events were collected, and
analysis was performed as in Fig. 2 with FACdiva (Beck-
man Coulter, Inc.). BrdU detection was performed with anti-
BrdU antibody kit (BD Pharmingen). Cardiomyocyte nuclei
were identified with anti-pericentriolar material 1 (PCM1;
Atlas Antibodies) [4,18,19]. DNA content was determined
by 4¢,6-diamidino-2-phenylindole (DAPI) staining.

Immunohistochemistry

Ten or 40mm sections were labeled with primary anti-
bodies specific to BrdU (Abcam), PCM1 (Atlas Antibodies),
Vimentin (Abcam), or cardiac Troponin-C (Abcam) and an-
alyzed with a Leica SP5 laser scanning confocal system. Co-
localization was verified by Z-stack imaging; cells were only
considered co-expressing if signals localized to a single
DAPI-labeled nucleus throughout the Z-stack. Quantification
of BrdU-labeled cardiomyocytes was performed in a manner
similar to the cellular counting method previously described
[20]. Myocardial tissue was cryosectioned laterally in 40 mM
sections. Sections were separated by intervals of 200mM,
and all BrdU-labeled cardiomyocytes (CTnC + /PCM1 + )
were counted in each section, creating a representative cross-
section that included all regions of the heart to ascertain the

FIG. 1. Challenges and
strategy for quantifying car-
diomyocyte renewal. (A)
Cardiomyocytes have the po-
tential to undergo ‘‘nonpro-
ductive’’ DNA replication.
(B) Continuous pulsing of
BrdU has the potential to label
the cardiomyocyte generation
regardless of the cellular
source. (C) Isolation of nuclei
allows accurate quantification
of BrdU labeling of cardio-
myocyte nuclei and discrimi-
nation of BrdU incorporation
due to polyploidy. Color ima-
ges available online at www
.liebertpub.com/scd
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total number of BrdU-labeled cardiomyocytes in the heart
experimental group. For each BrdU-labeled cardiomyocyte,
the location was also recorded as being in the left ventricle,
right ventricle, or apex. The percentage of BrdU-labeled
cardiomyocytes was obtained by dividing the total number of
BrdU-labeled cardiomyocytes cells per section by the total
number of cardiomyocyte nuclei, based on the expression of
PCM1, in each section. Quantification of total nuclei was
obtained by multiplying cell density by section area. Both the
density of nuclei and area of the section were quantified using
digital image analysis (ImageJ; U.S. National Institutes of
Health; http://rsbweb.nih.gov/ij/). The results are presented as
means – standard error. This method enables extensive co-
expression analyses, while still demonstrating relative pro-
portions of cell types and changes in them, if not absolute
numbers in individual hearts.

Statistical analysis

Data were analyzed by one-way analysis of variance
followed by a post hoc t-test. A value of P < 0.05 was
considered statistically significant.

Results

BrdU labeling of the diploid cardiomyocyte
population is increased in young mdx hearts

While cardiomyocyte loss occurs in the mdx mice from
embryogenesis [21], cardiac function remains normal until
*14 weeks of age (Supplementary Fig. S1; Supplementary
Data are available online at www.liebertpub.com/scd) [1]. In
mdx hearts between 6–7 and 12–13 weeks, 1.55% – 0.51%
and 2.73% – 1.9% of cardiomyocytes were labeled with
BrdU, respectively. Between the same ages in the control,

0.78% – 0.3% (6–7 weeks) and 1.01% – 0.3% (12–13 weeks)
of cardiomyocytes had incorporated BrdU (Fig. 3). As-
suming that all BrdU incorporation in nuclei with a ploidy
of > 2N is due to polyploidization and not cardiomyocyte
generation, we excluded this population from our calcula-
tions. This demonstrated a significant, 3.14-fold increase in
diploid cardiomyocytes (0.75% – 0.13%) in the mdx hearts
compared with controls (0.24% – 0.05%) between 6 and 7
weeks. A significant 2.4-fold increase in BrdU diploid cardi-
omyocytes was also observed in the mdx hearts between 12 and
13 weeks when compared with the control (1.64% – 0.75% vs.
0.68% – 0.30%). These data indicate that there is an increase in
cardiomyocyte regeneration in the mdx model of cardiomy-
opathy due to chronic cardiomyocyte loss at ages before the
described physiological changes associated with the disease
progression. Furthermore, our data adds weight to the argu-
ment that cardiomyocyte turnover maintains the myocardium
during cardiac homoeostasis as previously suggested [9,17].

The difference in BrdU incorporation is lost
with increased age

We quantified BrdU labeling of cardiomyocytes in mice
between 29 and 30 weeks, an age when histological evi-
dence of the cardiovascular disease can be observed and
between 44 and 45 weeks of age when mdx mice have
been reported to have reduced cardiac function (Supple-
mentary Fig. S1) [1,22]. At 30 weeks in the mdx hearts,
2.45% – 1.0% of cardiomyocytes were BrdU labeled and
1.3% – 1.0% were labeled in the control. At 45 weeks in
mdx hearts, 1.85% – 1.8% of cardiomyocytes were BrdU
labeled whereas only 0.4% – 0.06% were labeled in controls
(Fig. 3). On excluding polyploid cardiomyocytes from cal-
culations, no significant difference in the number of BrdU-

FIG. 2. Gating strategy for cardio-
myocyte nuclei and analysis of ploidy.
(A) Cardiomyocyte nuclei are distin-
guished from debris using a plot of for-
ward scatter versus side scatter. (B) As
it is important that only single nuclei
are included in subsequent analysis,
single nuclei are identified based on
3-355/405/50-area versus 3-355/405/
50-height [after 4¢,6-diamidino-2-
phenylindole (DAPI) labeling]. (C)
Isotype control allows gating for the
identification of pericentriolar material
1-positive (PCM1 + ) cardiomyocyte
nuclei and PCM1 - noncardiomyocyte
nuclei. (D) A histogram plot was cre-
ated using 3-355/405/50-area on a lin-
ear scale for the analysis of the ploidy of
each individual nucleus. As DAPI
binding to DNA is stoichiometric, the
fluorescence intensity is proportional to
the amount of DNA. The majority of
cardiomyocytes are 2N as expected; 4N
nuclei have a fluorescent intensity twice
that of the 2N population, and 8N nuclei
are twice as intense again. All nuclei
with an intensity greater than that of the
2N population were excluded from the
analysis of cardiomyocyte renewal.
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labeled, diploid cardiomyocytes was observed between the
mdx and the control at either 30 or 45 weeks (1.37% – 0.62%
vs. 0.81% – 0.67%) (0.57% – 0.40% vs. 0.11% – 0.1%), re-
spectively. These data demonstrate a significant (P < 0.05)
reduction in the number of BrdU-labeled diploid cardio-
myocytes with age from 13 to 45 weeks in both the mdx
(*3-fold) and control (*6-fold) and suggest that cardio-
myocyte regeneration and turnover declines with age.

Increased incorporation of BrdU is associated with
functional and integrated cardiomyocytes of young
mdx mice and is not a result of bi-nucleation

The 12–13 week mdx animals demonstrated the most
frequent cardiomyocyte generation and the 44–45 indicated
the least; therefore, to validate the flow cytometry data and
investigate the nucleation state of the BrdU-labeled cardi-
omyocyte population, we focused our immunohistological
studies on these ages. As expected, the 13 weeks mdx hearts
contained a larger number of BrdU cells than the 13 week
control; a representative example is shown in Fig. 4A. In
both the 13 and 45 week control hearts, rare BrdU cells were
observed in the myocardium; these cells were not cardio-
myocytes—all lacked expression of cardiac Troponin-C and

FIG. 3. Quantification of BrdU-labeled cardiomyocytes.
(A) Flow cytometry of isolated nuclei showing representa-
tive plots from the 12–13 and 44–45 aged mice. (B) Graphs
showing total BrdU incorporation in the total cardiomyocyte
population (2N and > 4N) or diploid cardiomyocytes only
(2N only). n = 4 animals used for each experimental group.
Error bars – standard error of the mean. FIG. 4. BrdU labeling between 12 and 13 weeks of age.

(A) Anti-BrdU antibody (red) and anti-cardiac Troponin-C
(CTnC) (green). BrdU-labeled cells lacking expression of
CTnC (white arrows). Cardiomyocytes expressing CTnC
and labeled with BrdU were observed only in mdx hearts
(yellow arrows). (B) Representative example of Vimentin
expressing noncardiomyocytes that had incorporated BrdU,
anti-BrdU antibody (red), and anti-Vimentin (green). n = 3
animals used for each experimental group. Cells expressing
Vimentin which are also labeled with BrdU are indicated by
yellow arrows. Color images available online at www
.liebertpub.com/scd
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PCM1. BrdU-labeled cells in the control heart comprised a
heterogeneous population and were found expressing either
CD31 or Vimentin, markers of endothelial cells or cardiac
fibroblasts, respectively (Supplementary Fig. S2). Cells ex-
pressing the hematopoietic lineage marker CD45 were also
observed in the control hearts but were restricted to the
ventricle chambers (Supplementary Fig. S2). In the mdx
hearts at 13 and 45 weeks, the majority of BrdU-labeled
cells were located among interstitial cells of the myocar-
dium and not of cardiomyocyte lineage, predominantly in-

cluding cells expressing the fibroblast marker vimentin
representing a fibrotic response (Fig. 4B and Supplementary
Figs S3 and S4). BrdU-labeled cells expressing the he-
matopoietic marker CD45 were also observed within the
myocardium in the mdx hearts, indicative of the previ-
ously documented immune infiltration that occurs in this
model (Supplementary Figs S1, S3 and S4). BrdU incor-
poration was also observed in the endothelial population
as demonstrated by CD31 co-expression, as in the control
hearts (Supplementary Figs S3 and S4). More than 3,000

FIG. 5. BrdU-labeled cardiomyocytes in mdx hearts between 12 and 13 weeks of age. (A) Higher power image of BrdU+-
labeled cardiomyocytes in mdx hearts using 10mm-thick sections. Cardiomyocytes identified with Anti-CTnC (green) Anti-BrdU
(red). (B–F) Images are Z-stack projections taken from 40mm-thick sections. (B) Solitary PCM1 expressing cardiomyocyte nuclei
(green) that have incorporated BrdU (red), demonstrating BrdU incorporation in a mononuclear cardiomyocyte (C) PCM1
expressing nuclei (cyan) within a CTnC expressing mononucleated cardiomyocyte (green) that has incorporated BrdU (red).
(D) Mononuclear, BrdU-labeled (red), CTnC expressing cardiomyocytes (green) also express gap junction protein Con-
nexin 43. (E) Higher magnification image of cardiomyocyte in (E). (F, i) Demonstrates the mononuclear nature PCM1
expressing cardiomyocyte nuclei (cyan) that has incorporated BrdU (red) using wheat germ agglutinin (WGA) to label cell
plasma membrane (magenta). (F, ii) PCM1 and DAPI removed to highlight BrdU labeling. (F, iii) Image highlights WGA-
labeled plasma membrane with a dotted line. In all images, yellow arrows indicate co-labeled cardiomyocytes. Z-stacks
(ZS), yellow arrows in ZS highlight the cell identified in the main image within the Z and X axis, used to demonstrate co-
labeling is within a single cell and not due to labeling of overlaying cells. In all images, DAPI is used to label nuclei blue.
n = 3 animals used for each experimental group. Color images available online at www.liebertpub.com/scd
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individual cardiomyocytes were analyzed per individual
heart (Fig. 5A–F) and, in the 13 week mdx hearts, rare
BrdU-labeled cardiomyocytes were observed throughout
the myocardium of both ventricles and labeled nuclei
were located within cardiomyocytes expressing the sar-
comeric protein cardiac Troponin-C (CTnC) (Fig. 5A).
The challenges of identification of cardiomyocyte nuclei
using standard epifluorescence techniques are well docu-
mented. To alleviate these problems and to allow accurate
identification of the nucleation state of the labeled cardio-
myocytes, we used confocal Z-stack analysis of 40mm-thick
sections. These techniques were applied using combinations
of antibodies specific to PCM1, CTnC, and the gap junction
protein connexin 43 (Fig. 5B–F and Supplementary Videos
S1a, b–S3a, b). We identified that BrdU was indeed incor-
porated into cardiomyocyte nuclei (expression of PCM1 with
sarcomeric expression of CTnC). The expression of func-
tional proteins CTnC and connexion 43 strongly suggests
these cells represent components of the functional myocar-
dium. In all observed cases, BrdU-labeled cardiomyocytes
were identified as mononuclear, as all labeled cardiomyocyte
nuclei were observed in isolation. The use of wheat germ
agglutinin, a plasma membrane marker, further supported the
mononuclear nature of these cardiomyocytes (Fig. 5F and
Supplementary Video S3a, b). To validate our flow cytometry
data, we quantified the BrdU-labeled cardiomyocyte popula-
tion in these histological sections using confocal microscopy.
BrdU-labeled cells were only considered cardiomyocytes if
co-expressing both Troponin-C and PCM1. Using these strict
criteria, we observed that 0.6% – 0.1% of cardiomyocytes had
incorporated BrdU at 13 weeks. BrdU-labeled cardiomyo-
cytes were found in both left and right ventricles and the apex
of the heart, with no evidence of regional clustering. In the
control hearts at 13 and 45 weeks and mdx hearts at 45 weeks
of age, no BrdU-labeled cardiomyocytes were observed (data
not shown). This supports the flow cytometry data and dem-
onstrates an increase in cardiomyocyte generation in the 13
week mdx hearts. The differences in the absolute frequency
of BrdU-labeled cardiomyocytes in the 13-week-old mdx
hearts when using the two methods and the inability to de-
tect the rare population of BrdU-labeled cardiomyocytes in
the 13-week-old control or the 45-week-old mdx, using
immunohistological-based techniques, highlights the difficul-
ties in the use of histological studies to identify and quantify
rare cell populations. These data, however, demonstrate
increased BrdU incorporation in the cardiomyocyte pop-
ulation in the 13-week-old mdx hearts. Furthermore, it
demonstrates that this BrdU incorporation is not due to
increased binucleation of the cardiomyocyte population.
Together, this provides further evidence or a regenerative
response in the mdx animals.

There is a trend to polyploidy with increasing age

In 13 week animals, there was no significant difference in
the proportion of polyploid BrdU-labeled cardiomyocytes
(BrdU + , PCM1 + > 4N) between mdx and control
(34.21% – 11.4% vs. 33.52% – 15.53%). Interestingly, at the
45 week ages, both control and mdx mice demonstrated a
significant increase in the proportion of BrdU-labeled
polyploid cardiomyocytes (BrdU + , PCM1 + > 4N) compared
with 13 weeks (34.21% – 11.4% vs. 66.0% – 11.16% for the

mdx and 33.52% – 15.53% vs. 71.5% – 6.13% for control).
The difference between mdx and control animals at the latter
time point was not significant. Similarly, both the mdx and
control mice displayed a trend toward an increase in total
(BrdU + and BrdU - , PCM1 + , > 4N) cardiomyocyte ploidy
with age, although not at a significant level. It has previ-
ously been demonstrated that increased ploidy within the
cardiomyocyte population is associated with cardiomyocyte
hypertrophy and remodeling of the myocardium [23]. Fur-
ther, increased ploidy has been associated with age and a
reduced potential for cardiomocyte turnover in humans [24].
These data together with our own suggest a shift from a
regeneration and turnover to that of myocardial remodeling
that is associated with cardiac aging.

Discussion

This study provides further evidence of mammalian car-
diomyocyte renewal, declining with age, and an increase in
cardiomyocyte regeneration after chronic myocyte loss, pre-
viously only demonstrated in acute ischemia. It demonstrates
evidence of cardiomyocyte renewal in a model of cardiomy-
opathy at a stage preceding physiological changes, suggesting
that cardiomyocyte regeneration may initially help maintain
cardiac function despite a constant loss of cardiomyocytes
(Supplementary Fig. S1). Our data also demonstrate that the
histological changes of cardiac disease occur sooner than
previously described [1,22,25–27], providing novel insight
into the disease progression in this model. Moreover, we have
demonstrated that increased cellular turnover likely plays a
role in the pathophysiological process, predominantly through
proliferation in the fibroblastic populations. Cognizant of the
problems associated with cardiomyocytes undergoing karyo-
kinesis in the absence of cytokinesis, we eliminated non-
diploid nuclei from our final results. While not altering the
overall conclusions or statistical significance of our results, it
is worth noting that more than 30% of BrdU labeling could
have been the result of karyokinesis, and not taking this into
account would lead to this being erroneously considered
representative of new cardiomyocytes.

It has previously been suggested that dysfunction in car-
diac regenerative potential may be associated with chronic
cardiac disease and aging [28]. However, evidence to sup-
port this has been limited to indirect assays demonstrating a
reduction in markers associated with proliferation in the
cardiomyocyte population; observations that are confounded
by the kinetics of cardiomyocyte growth as changes in the
rates of binulceation and ploidy will also directly affect
the expression of these markers, or by a reduction in the
‘‘health’’ of putative cardiac stem cell populations [5,29–
32]. Such observations are difficult to interpret due to the
lack of consensus on the cardiac stem cell phenotype and the
more recent observation that during normal aging cardio-
myocyte proliferation and not stem cell differentiation is the
primary mechanism of cardiomyocyte turnover [8,9]. This
study is the first demonstration of a direct reduction in
cardiomyocyte generation with age and disease using tech-
niques that overcome these potential caveats.

Exhaustion of regenerative potential has been implicated
in the pathophysiology of the skeletal disease of mdx mice
as demonstrated by the exacerbated disease phenotype of
mdx mice that have reduced stem cell function due to a lack
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of telomerase activity (mdx/Terc - / - ) [28]. As mdx/Terc - / -

mice developed more severe functional cardiac deficits
compared with mdx/Terc + / + littermates [33], it is intriguing
to speculate that this may reflect a similar mechanism oc-
curring in the heart, supported by our demonstration of a
loss of regeneration at later disease stages. Indeed, it has
been reported that cardiac stem cell function may decline in
end-stage cardiomyopathy in the mdx model [34], although
it is important to highlight the caveat of the yet undefined
nature of any ‘‘true’’ cardiac stem cell population.

This study was not designed to address the cellular source
of cardiomyocyte renewal—future lineage tracing and
knock-out models will further quantify this regenerative
capacity and demonstrate whether the later decline repre-
sents changes within differentiated cardiomyocytes or de-
pletion of a progenitor cell population.

A better understanding of the process of regeneration in
chronic cardiac disease is needed to address two important
questions—to what degree is heart failure fundamentally a
regenerative disease and does the failing heart still contain a
population of cells that retains regenerative potential, pro-
viding a therapeutic target?
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