
Reconstitution of the Myocardium in Regenerating
Newt Hearts is Preceded by Transient Deposition

of Extracellular Matrix Components
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Adult newts efficiently regenerate the heart after injury in a process that involves proliferation of cardiac muscle
and nonmuscle cells and repatterning of the myocardium. To analyze the processes that underlie heart regener-
ation in newts, we characterized the structural changes in the myocardium that allow regeneration after me-
chanical injury. We found that cardiomyocytes in the damaged ventricle mainly die by necrosis and are removed
during the first week after injury, paving the way for the extension of thin myocardial trabeculae, which initially
contain only very few cardiomyocytes. During the following 200 days, these thin trabeculae fill up with new
cardiomyocytes until the myocardium is fully reconstituted. Interestingly, reconstruction of the newly formed
trabeculated network is accompanied by transient deposition of extracellular matrix (ECM) components such as
collagen III. We conclude that the ECM is a critical guidance cue for outgrowing and branching trabeculae to
reconstruct the trabeculated network, which represents a hallmark of uninjured cardiac tissue in newts.

Introduction

Ischemic heart disease and heart failure continue to rep-
resent major medical challenges worldwide despite in-

triguing improvements in diagnosis and therapy. Impaired
blood perfusion of the myocardium in mammals causes car-
diomyocyte cell death and subsequent replacement of the
infarcted area by scar tissue [1–3]. Current therapeutic strat-
egies aim to replace the lost tissue by transplantation of car-
diomyocytes or cardiac progenitor cells either in engineered
tissue grafts or as individual cells. Other approaches are based
on stimulation of endogenous repair processes or improved
protection of the damaged myocardium. However, current
approaches are unlikely to completely restore or regenerate
the damaged or lost myocardium, although structural or
functional improvement is achievable [4,5].

Interestingly, neonatal mice completely regenerate the
heart after amputation of parts of the left ventricle, although
the regenerative potential is lost during the first week of life
[6]. In contrast, teleosts, such as the zebra fish [7,8] or the
Giant danio [9], are able to regenerate cardiac tissue after
damage during adult life. So far, all organisms that are ca-
pable of extensive cardiac regeneration rely on the initiation
of cardiomyocyte proliferation.

Urodele amphibians, such as the newt Notophthalmus vir-
idescens, possess remarkable regenerative capacities [10].

Newts regenerate appendages [11–13], the lens [14], and
parts of the central nervous system [15]. Previous studies of
the amphibian heart regeneration after ventricular apex am-
putation provided evidence for proliferation of cardiomyo-
cytes and neighboring cells. Changes in the cardiomyocyte
morphology included rarefaction and disorganization of
myofibrils, decondensation of chromatin, and increased
amounts of polyribosomes and rough ER [16]. Initial reports
in the newt described only a limited regenerative potential of
the heart concomitant with the formation of scar tissue [17–
19]. However, more recent studies of heart regeneration after
resection of ventricular tissue demonstrated complete regen-
eration, based on proliferation of cardiac cells and transient
upregulation of extracellular matrix (ECM) components dur-
ing an elongated observation time [20].

The three-dimensional (3D) structures of the newt heart
and the cellular processes during the regenerative repatterning
of the ventricular trabecular network have not been investi-
gated so far. In particular, a detailed analysis of morphological
changes during the process of damage and regeneration is
missing. Here, we investigated the cellular fate of cardiac cells
in the injury zone, changes in the ultrastructure of the myo-
cardium during the course of regeneration, and the expression
and spatial localization of distinct ECM components in a
model of mechanical cardiac damage [21]. Our results reveal
that reconstitution of the myocardium in regenerating newt
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hearts is preceded and possibly directed by transient deposi-
tion of ECM components.

Materials and Methods

Animals

Adult red-spotted newts, Notophthalmus viridescens, were
obtained from Charles Sullivan, Nashville, TN, and were
kept in the aquaria at 18�C–20�C and were fed twice a week
with gnat larvae. All animal experiments were done in ac-
cordance with the Guide for the Care and Use of Laboratory
Animals published by the U.S. National Institutes of Health
(NIH Publication No. 85–23, revised 1996) and according to
the regulations issued by the Committee for Animal Rights
Protection of the State of Hessen (Regierungspraesidium
Darmstadt).

Injury model

For pain relief, animals were incubated in Butorphanol
(0.5 mg/L) from 6 h before until 72 h after cardiac surgery.
All invasive interventions were performed under deep an-
esthesia in a 0.1% MS-222 (Sigma) in a 20-mmol NaHCO3

solution (pH 7.4) for 15–20 min. After incision of the skin and
the pericardium, the hearts were fixed in place at the aortic
trunk, and the right halve of the ventricle was damaged
by repeated orthogonal squeezing with fine forceps. After
careful repositioning of the heart into the thoracic cavity, the
wound was sealed with Histoacryl (Braun). Animals were
disinfected in a sulfamerazin bath (5g/L; Sigma), and trans-
ferred into husbandry aquaria after recovery from anesthesia.

Documentation and immunohistochemistry

The injured hearts were investigated either directly or at
defined time points after injury and compared with the un-
injured control hearts. Anesthetized animals were decapi-
tated before the hearts were excised, transferred to a
60% MEM GlutaMAX medium (Gibco), and imaged with a
Stemi SV6 stereomicroscope (Zeiss) and a power shot G6
camera (Canon). Subsequently, the hearts were washed with
phosphate-buffered saline (PBS), longitudinally dissected,
and fixed with 4% paraformaldehyde for 20 min. Non-
cardiomyocytes were stained with a Cy3-coupled antibody
against Vimentin (1:300/Sigma; C9080) for 2 h at room
temperature, followed by F-actin staining with fluorescein
isothiocyanate (FITC)-coupled Phalloidin (1:100/Sigma; Art.-
Nr. P5282) in a 0.1% Triton X-100 (Carl Roth; Art.-Nr. 3051)
solution over night at 4�C. The nuclei were labeled with
DAPI (1:1000/Life technologies; Art.-Nr. D3571) for 30 min
at room temperature.

For immunofluorescence analysis, the hearts were em-
bedded in an O.C.T. compound tissue-freezing medium and
frozen in liquid nitrogen; 16-mm-thick sections were cut with
a Leica CM 3000 cryostat, and slices were fixed with 4%
paraformaldehyde in PBS. Samples were incubated in a 1:100
dilution of anti-collagen III antibody (Biomol, Art.-Nr. 600-
401-105, Hamburg) in 5% bovine serum albumin (SERVA) in
PBS overnight at 4�C. As a secondary detection system, an
Alexa-Fluor-594-labeled antibody against rabbit (1:500/Life
technologies; Art.-Nr. A11012) was used before the sections
were stained for F-actin with FITC-coupled Phalloidin

(1:100/Sigma; Art.-Nr. P5282) for 45 min at room tempera-
ture. Additionally, the nuclei were counterstained with DAPI
(1:1000/Life technologies; Art.-Nr. D3571). The images were
taken with a Leica TCS SP2 AOBS and processed with Leica
Software Suite (Leica) and Adobe CS.

Quantification of the collagen III and F-actin signal

Confocal stacks of injured hearts and hearts without pre-
ceded injury, labeled as described above, were analyzed with
ImageJ. Therefore, the images were transformed in binary
pictures, and the Otsu threshold was used. The ratios of white
and black pixels of the collagen III and the F-actin signal were
calculated and showed as a diagram using GraphPad Prism 6.

Labeling of damaged cells with the
membrane-impermeable dye SYTOX Blue

To analyze the extent of heart injury and removal of
damaged cells, the hearts were perfused via the venous
system with a SYTOX Blue solution (1:200/Life technologies;
S34857) after a preperfusion with PBS. For perfusion, the
abdominal wall of deeply anaesthetized animals was opened
with a microscissor, and a glass needle was inserted into the
caval vein. To control the perfusion process, a second inci-
sion of the skin and the pericardium was performed. After
final perfusion with PBS to remove the remaining SYTOX
Blue, the animals were decapitated. The hearts were re-
moved, transferred to PBS, and imaged with a fluorescence
stereomicroscope M205FA (Leica), followed by image post-
processing with Adobe CS.

Transmission electron microscopy

The hearts were fixed in 4% glutaraldehyde, postfixed in
osmium tetroxyde, dehydrated, and embedded in Epon. The
embedded hearts were cut using an ultramicrotome to gen-
erate semi- and ultrathin sections. Semi- and ultrathin sec-
tions were stained with toluidine blue or uranyl acetate and
lead citrate, respectively. Samples were analyzed using a FEI
Morgagni 268 transmission electron microscope. Images
were postprocessed with Adobe CS.

Scanning electron microscopy

The hearts were fixed with 1.5% glutaraldehyde and 1.5%
paraformaldehyde in 0.15 M Hepes buffer and cut into
halves. Afterward, the samples were incubated with 1% os-
mium tetroxide and dehydrated with 1,2 dimethoxypropan,
followed by critical-point drying. The hearts were mounted
onto the specimen pod with Leit-C and coated with gold
using a sputtering device. The samples were analyzed using
a Philips XL30 scanning electron microscope. Images were
postprocessed with Adobe CS.

Stereological analysis of the trabeculae volume

Semithin sections of Epon-embedded samples at different
time points after injury were prepared and stained with to-
luidine Blue. Using a computer-assisted stereology system
(newCAST; Visiopharm), test fields were obtained by sys-
tematic uniform random sampling and overlaid with a point
grid. Using the point-counting method, the volume fraction
of trabeculae in the ventricle was estimated by
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VV(trabeculae/ventricle) = P(trabeculae)/P(ventricle) [22]

Statistical analysis

All data were shown in diagrams as mean with standard
error of the mean. GraphPad Prism 6 was used for statistical
analysis, using one-way analysis of variance, combined with
Tukey’s multiple comparison test. The differences between
time points were considered significant if P < 0.05.

Results

The newt heart consists of an atrium, a ventricle, and an
aortic trunk. The surface of the heart is covered by mela-
nocytes showing a distinct pattern in different individuals
(Fig. 1A). Damage of the right half of the ventricle by re-
peated squeezing with forceps resulted in a loss of con-
tractions and restricted blood flow in the damaged area
covering ca. 50% of the ventricle during early stages after
injury (Fig. 1B–D). The first signs of recovery of the dam-
aged region were observed 3 weeks after initial damage
(Fig. 1E). Thirty-five days after injury, further improve-
ments were noted as indicated by improved blood flow,
which extended to ca. 75% of the ventricle (Fig. 1F). After
84 days, no macroscopic changes were evident between
the injured hearts and the control hearts without injury
(Fig. 1G–I).

To visualize cells with damaged membranes, SYTOX Blue,
a membrane-impermeable nuclear dye, was used (Fig. 2).
Immediately after squeezing of 50% of the ventricle with
forceps, numerous SYTOX Blue-positive cells were detected
(Fig. 2B), which were also apparent 1 day postinjury (dpi)
(Fig. 2C). The number of SYTOX Blue-positive damaged cells

started to decline at 4 dpi (Fig. 2D). A further reduction was
observed at 7 dpi, leading to a complete removal of damaged
cells at later stages (Fig. 2E, F).

Cardiomyocytes of trabeculae are normally enveloped by
the ECM, which was labeled by immunostaining against
collagen III. Collagen III deposition was also detected at the
epicardium and the lumen of the myocardium (Fig. 3A, E).
Mechanical injury resulted in a severe reduction of F-actin
expression in cardiomyocytes already at 1 dpi, which went
along with the changes in the staining pattern for collagen
III. Increased collagen III deposition was found at the epi-
cardium and the underlying myocardium (Fig. 3B). In ad-
dition, collagen III deposition increased around the
remaining F-actin-positive cardiomyocytes (Fig. 3F and
Supplementary Fig. S1D–F, M; Supplementary Data are
available online at www.liebertpub.com/scd). During
the following weeks, collagen III levels increased, further
resulting in collagen III-positive deposits that crossed the
injured region (Fig. 3C, D, G, H). At 35 dpi, the collagen III
levels reached their peak (Supplementary Fig. S1G–I, M). The
highest concentration was localized around recovered F-
actin-positive cardiomyocytes inside the damaged region
(Fig. 3I, M). Seven weeks later, the majority of cells in the
myocardium regained F-actin expression. Only few patches
in the outer myocardium were monitored that lacked F-actin
expression, but showed large deposits of collagen III. A high
level of collagen III expression was also present at the epi-
cardium (Fig. 3J, N), which did not decline even after 120
days when the myocardium nearly regained the regular
morphology (Fig. 3K, O). Full restoration of the myocardium
and the epicardium, including resolution of collagen III de-
posits, was achieved 200 days after initial injury (Fig. 3L, P
and Supplementary Fig. S1J–L, M).

FIG. 1. Macroscopic over-
view of injured and re-
generating newt hearts. (A)
The newt heart consists of an
atrium (a), a ventricle (v), and
an aortic trunk (t). The sur-
face is partially covered by
melanocytes. (B) Immediately
after mechanical injury of the
right half of the ventricle (0
dpi), the injured region ap-
pears red, probably due to
restricted blood transport.
(C–E) Restricted blood flow is
visible up to 21 dpi when the
size of the injured area de-
creases. (F) Further improve-
ment of the injured area five
weeks after damage. (G–I) At
84 dpi and afterward, no
macroscopic differences be-
tween the damaged and un-
damaged hearts are visible.
Dashed lines separate the in-
jured from the uninjured
region.
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To investigate the effects of mechanical injury and the
regeneration process on the 3D organization of heart tissue,
scanning electron microscopy analysis in combination with
stereological estimation of the trabeculae volumes (Supple-
mentary Fig. S2) was performed at several time points before
and after injury (Fig. 4). Undamaged newt hearts displayed a
small ventricular lumen and a compact trabeculated myo-
cardium (Fig. 4A, B and Supplementary Fig. S2A). Ad-
ditionally, intraventricular trabeculae were seen that crossed
the ventricle in the middle (Fig. 4A). At 1 dpi, a partial loss of
cardiac tissue and a decrease in size of trabeculae in the
injured region were visible (Fig. 4C, D and Supplementary
Fig. S2B), reflected by reduction of the trabecular volume
fraction (Supplementary Fig. S2G). The extent of tissue loss
and the size reduction of remaining trabeculae were also
visible at 7 dpi, resulting in an uneven surface of remaining
trabeculae caused by protruding bodies of subjacent cells
(Fig. 4E, F). First alterations were detectable 14 dpi when
parts of the trabeculae in the border zone did not display
subjacent cells anymore (Fig. 4G, H). One week later, only
the outlines of subjacent cells were visible at the surface of
the trabeculae, and the injured region was replenished by
cardiac tissue, although some gaps in the myocardium were
apparent (Fig. 4I, J). The volume fraction of trabeculae stea-
dily increased during this time period, nearly reaching the
control values by 35 dpi (Supplementary Fig. S2G). At 120
dpi, the myocardium showed a compact organization, and
no significant differences were detected compared to the
control hearts (Fig. 4K, L).

To gain further insights into the processes occurring inside
trabeculae during heart regeneration, we assembled confocal
stacks of control and damaged hearts stained for F-actin and
Vimentin at several time points after injury (Fig. 5). The
undamaged myocardium showed a compact network of
trabeculae consisting of F-actin-positive cardiomyocytes with

myofilaments organized in parallel. Cardiomyocytes were
enveloped by Vimentin-positive endothelial cells (Fig. 5A,
D). One day after injury, the trabeculae inside the damaged
region became disrupted, resulting in a partial loss of F-actin-
positive cardiomyocytes. The border zone between the
damaged and healthy myocardium was characterized by
disorganized myofibrils as indicated by diffuse, uneven
F-actin staining of cardiomyocytes (Fig. 5B, E). At 7 dpi, F-
actin-positive structures were rarefied, although small F-
actin-positive processes projected from the border zone into
the injured region inside the trabeculae (Figs. C, F). At 14 dpi,
a significant increase of F-actin-positive cardiomyocytes was
seen, which started to repopulate remaining trabeculae and
provided long F-actin-positive processes that crossed the
injured region (Fig. 5G, J). Due to continuous repopulation of
the damaged region by cardiomyocytes, the majority of tra-
beculae increased in size and regained myofilaments with
regularly arranged F-actin-positive sarcomeres 49 dpi. (Fig.
5H). Interestingly, we also observed a splitting of trabeculae
at this stage: Trabeculae divided into two thinner branches,
which were both completely covered by Vimentin-positive
cells (Fig. 5K). After 200 days, the remaining gaps in the
recovering myocardium were filled, and trabeculae con-
tained well-organized cardiomyocytes covered by Vimentin-
positive cells (Fig. 5I, L).

We next assessed the ultrastructure of regenerating newt
hearts by transmission electron microscopy (TEM) (Fig. 6).
The uninjured newt myocardium showed a compact orga-
nization of cardiomyocytes inside trabeculae (Fig. 6A) with
clearly defined sarcomeres, characterized by the typical
pattern of Z-lines, I and M bands, as well as H & A zones
(Fig. 6K). Endothelial cells show a flat morphology and el-
liptic nuclei (Fig. 6G). Only a low number of collagen fibres
are present in the interstitial space (Fig. 6T). At 1 dpi, TEM
revealed a reduction of cardiomyocytes inside the trabeculae

FIG. 2. Mechanical injury of the newt ventricle causes damage of the plasma membranes. The cell membrane-impermeable
dye SYTOX Blue stains DNA of cells with damaged membranes. (A) Control hearts show no staining of cells in the ventricle
(v), but signals in the atrium (a) and the aortic trunk (t), which is caused by preparation artifacts. (B) The right half of the
ventricle contains numerous SYTOX Blue-labeled cells immediately after injury and one day later (C), indicating a high
degree of damage. (D) Three days later, only a few SYTOX Blue-labeled cells remain. (E–F) After 7 dpi, no SYTOX Blue-
labeled cells are present in the injured area anymore. Dashed lines separate the injured from the uninjured region; Arrows
indicate SYTOX Blue-positive cells in the ventricle. Scale bar: 600 mm.
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(Fig. 6B). The remaining cardiomyocytes contained necrotic
nuclei (Fig. 6Q) and swollen mitochondria with fewer and
smaller cristae (Fig. 6R). The organization of sarcomeres was
disrupted, and intercalated disks between cardiomyocytes
were broken (Fig. 6L). Both cardiomyocytes and endothelial
cells suffered from defects in membrane integrity (Fig. 6S).
Further, the nuclei of endothelial cells were arched and
spherical (Fig. 6H). At 7 dpi, TEM disclosed a decline of the
number of cardiomyocytes inside damaged trabeculae (Fig.
6C). Myofibrils of cardiomyocytes in the border zone ac-
quired a fusiform shape without intact Z-lines (Fig. 6M). At
14 dpi, the remaining trabeculae started to fill with cardio-

myocytes, although gaps in the myocardium and inside
trabeculae were still abundant (Fig. 6D). Some myofibrils
inside the border zone contained no Z-lines, but were usually
aligned to myofibrils containing Z-lines (Fig. 6N). In contrast
to cardiomyocytes, endothelial cells have already regained a
normal morphology at this stage with roundup to elliptic-
shaped nuclei. Continuous improvement of tissue morphol-
ogy was monitored between the 5th and 7th week of the
regeneration process. The myocardium still showed gaps, but
trabeculae were replenished with cardiomyocytes (Fig. 6E)
containing normal sarcomeres (Fig. 6O). Despite the normal
morphology of regenerated cardiomyocytes, we observed a

FIG. 3. Increased deposition of extracellular matrix (ECM) during newt heart regeneration. (A, E) Control hearts display
collagen III immunofluorescence around F-actin-positive cardiomyocytes and underneath the epicardium. Additionally,
collagen III covers the ventricular lumen. (B, F) Increase of collagen III deposition at the outside of the injured region and
around remaining cardiomyocytes at 1 dpi. (C, D, G, H, I, M) Collagen III deposits increase up to 35 dpi. Increased signal
intensity is obvious around small F-actin-positive patches. ( J, N) Reduced presence of collagen III after 84 dpi mainly in the
outer myocardium. (K, O) After 120 dpi, collagen III levels decline with the exception of some deposits at the epicardium and
the subjacent myocardium. (L, P) At 200 dpi, no significant differences to the control hearts are visible anymore. Arrows
indicate the regions with higher collagen III levels at 84 and 120 dpi. F-actin: green; collagen III: red; DAPI: blue; scale bar:
(A–D; I–L) 300 mm; (E–H; M–P) 50 mm.
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high concentration of collagen fibres in the ECM (Fig. 6U). No
significant changes between the regenerated and control
hearts were observed by TEM at 200 dpi, marking completion
of the regeneration process (Fig. 6F, P, V).

Discussion

Complete regeneration of the newt myocardium
within 200 days after mechanical damage

Our detailed morphological assessment of newt heart re-
generation revealed that the newt myocardium undergoes
complete regeneration within 200 days after mechanical
damage, resulting in a complete restoration of the trabecular
network of cardiomyocytes covered by endothelial cells

[18,23–25] that mainly constitute the newt heart. Moreover,
the interstitial area between cardiomyocytes that contains
collagen fibrils [23–26], fibroblasts, and nerve fibers [18,23–
25] was completely reconstituted. We did not find evidence
of interstitial blood vessels within the myocardium similar to
previous studies [23–25], indicating that infiltrating cells and
nutrients required for regeneration were directly delivered
from the ventricular lumen.

Necrotic cell death and not dedifferentiation
dominates the first phase of heart
regeneration in newts

So far, most studies on the damage and regeneration of the
newt heart were based on the removal of cardiac tissue, thus

FIG. 4. Large structural defects in the myocardium after mechanical injury. (A, B) Scanning electron microscopy analysis of
newt hearts reveals a small ventricular lumen and a compact trabeculated myocardium with a smooth surface. Individual
trabeculae cross the ventricle. (C, D) At 1 dpi, a partial loss of cardiac tissue and a decrease in size of trabeculae in the injured
region are apparent. (E, F) Large structural defects are visible at 7 dpi. The size of the remaining trabeculae is reduced,
exposing the nuclei of subjacent cells (red arrows indicate thin trabeculae after 1 and 7 dpi). (G, H) At 14 dpi, tissue defects are
still apparent. Parts of trabeculae in the border zone (bz) have regained a normal morphology, while the surface of trabeculae
in the injured zone (iz) still show off the nuclei of underlying cells (red arrows indicate the cells under the surface of trabeculae
in the injured region) (I, J) At 21 dpi, subjacent cells are still visible at the surface of the trabeculae, but the overall trabecular
surface has smoothened. The injured region is replenished with cardiac tissue, but still shows gaps. (K, L) At 120 dpi, the
myocardium shows a compact organization. No significant differences compared to the control hearts are evident. Red dashed
lines indicate the injured region; scale bar: (A, C, E, G, I, K) 500 mm; (B, D, F, H, J, L) 50 mm.

1926 PIATKOWSKI ET AL.



limiting insights about the fate of injured cells in vivo [16,18–
20,27–29]. We have employed a mechanical damage model
that allowed us to analyze the reconstitution of the myo-
cardium in the damaged area. The intense SYTOX Blue
staining of the damaged region demonstrated that a large
number of cardiac cells experienced severe damage, which
was accompanied by a loss of contractile function. Most of
the SYTOX Blue stain was removed one week pi, indicating
fast and efficient removal of damaged cells, which also re-
sulted in a massive reduction of the size and number of re-
maining cardiomyocyte-containing trabeculae. Injured
cardiomyocytes showed a loss of nuclear membrane integ-
rity, swelling of mitochondria, etc. that are all features of
necrotic death [30]. Similarly, endothelial cells showed pro-
nounced fragmentation. Previously, we reported that dam-

aged cardiomyocytes loose the contractile material in
response to mechanical injury and concluded that cardio-
myocytes primarily undergo dedifferentiation in response to
injury [21]. Our new data indicate that dedifferentiation of
cardiomyocytes, although present in the border zone of the
damaged area, is not the predominant reaction. Instead,
damaged cardiomyocytes primarily undergo necrotic cell
death and are later replaced by immature cardiomyocytes.
This hypothesis is also supported by our scanning electron
microscopy data, which revealed large defects devoid of any
cellular material in the damaged area when cleared of
erythrocytes. At present, it is difficult to judge whether
newly forming partially differentiated cardiomyocytes arise
from damaged cells or from healthy cardiomyocytes that are
recruited into the damaged area by secondary events.

FIG. 5. Repopulation of re-
maining trabeculae by imma-
ture cardiomyocytes. (A, D)
Immunofluorescence staining
of the newt myocardium re-
veals a compact network of
trabeculae filled with F-actin-
positive cardiomyocytes and
parallel-organized myofila-
ments. Cardiomyocytes are
covered by Vimentin-positive
endothelial cells. (B, E) At 1
dpi, the injured area contains
disorganized trabeculae. Car-
diomyocytes in the border
zone (bz) shows an irregular
pattern of F-actin staining (ar-
row) with partial loss of the
F-actin signal inside the re-
maining trabeculae of the in-
jured zone (iz) (arrow head). (C,
F) Decline of F-actin expres-
sion in the iz at 7 dpi. Small F-
actin-positive processes pro-
ject from the border zone into
the injured area (arrow). (G, J)
At 14 dpi, the remaining tra-
beculae fill with F-actin-posi-
tive cells containing rare, thin
myofibrils (arrow). (H, K)
After 49 dpi, F-actin-positive
myofibrils repattern, but gaps
in the myocardium are still
apparent. Some trabeculae
split into two thinner bran-
ches, which are both covered
by Vimentin-positive cells (ar-
row). (I, L) At 200 dpi, regen-
eration is completed, and the
myocardium has regained a
compact network of tra-
beculae with well-organized
cardiomyocytes covered by
Vimentin-positive cells. F-
actin: green; Vimentin: red;
DAPI: blue; e: epicardium.
Scale bar A–C & G–I: 300mm;
D–F & J–L: 50mm.
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Myocardial regeneration in newts can be divided
in three distinct steps

Our study identified three different phases of myocardial
regeneration in newts, eventually leading to complete res-
toration of cardiac structure and function.

Removal of damaged cardiac structures. In the mammalian
heart, after myocardial infarction, necrotic cell death is usu-
ally accompanied by an inflammatory response, which
results in infiltration of the damaged tissue by monocyte-
derived macrophages to remove the injured cells [31]. In
newts, we detected the first macrophages at the surface of
the remaining trabeculae on day 1 pi. The number of mac-
rophages at the trabecular surface decreased at later stages,
presumably because of infiltration of macrophages into re-
maining trabeculae. Simultaneously, with the infiltration by
macrophages, the number of SYTOX Blue-positive cells de-
creased, most likely caused by phagocytosis of necrotic cells
inside the trabeculae. The highest levels of SYTOX Blue-
positive nuclei were detected directly after injury and 24 h pi
just before emergence of macrophages and decreased until 7
dpi. Our data suggest that macrophages are instrumental for
the removal of the necrotic cardiomyocytes, which charac-
terizes the first phase of cardiac regeneration in newts.

Rebuilding of a new ECM scaffold. In mammals, myocar-
dial infarction leads to cardiac remodeling, including an
upregulation of ECM components, mainly collagens [32–34].
In newts, we found a strong deposition of collagen III within
the remaining trabeculae and a strong collagen III expression
below the epicardium 1 day after mechanical injury, which
presumably stabilizes the damaged region and prevents
ventricular rupture [35]. The level of collagen III continu-
ously increased during regeneration and peaked at 35 dpi,
when the damaged region became populated by cardio-
myocytes and contraction of the myocardium improved.
Collagen levels declined only after refilling of trabeculae by
cardiomyocytes was completed. This intriguing correlation
suggests that deposition of ECM proteins does not only serve
a mechanical function but also supply a guidance scaffold for

cardiomyocytes, which is well in line with the proposed
function of matrix components for tissue reconstitution [36].
The ECM not only is a complex network of fibrillar and
nonfibrillar proteins [1,32] providing mechanical support
[1,32] but also strongly influences cellular properties [37],
including cell adhesion, proliferation, migration, differentia-
tion, and survival [37]. Clearly, the positional information
provided by the ECM [1,37] and its content of growth factors
and cytokines [37,38] is of utmost importance for tissue re-
generation.

Repopulation of the trabecular structures with cardiomyo-
cytes. The ability of the injured newt heart to replace lost
cells with new cardiomyocytes has been demonstrated in
earlier studies [19–21]. Moreover, it was shown that a certain
fraction of newt cardiomyocytes, located within the border
zone between the injured and uninjured region, undergoes
DNA synthesis and mitosis [18,20,27]. However, the phe-
notype of proliferating cardiomyocytes is controversially
discussed and ranges from highly differentiated cells with
intercellular junctions [19] to relatively undifferentiated cells
[19–21] with scattered myofilaments [16] or disorganized
arrangements of myofilaments [16,18,27]. Our study re-
vealed temporally and spatially distinct morphologies of
cardiomyocytes: 1 dpi, we identified cardiomyocytes with a
low number of sarcomeres and myofibrils arranged in dif-
ferent directions. At this early time point, numerous cells
underwent necrosis in the injured region. Thus, these
morphological changes might represent a prelude of
damage-induced degradation of cardiomyocytes. At day 7
pi, cardiomyocytes in the border zone showed a relatively
normal morphology. Only cardiomyocytes in the injury zone
were characterized by a reduction of myofibrils, although
most of them already realigned in parallel to the long axis of
the trabeculae. Obviously, cardiomyocytes do not need to
acquire a high degree of dedifferentiation before initiating
DNA synthesis. Similar results were obtained in vitro where
cardiomyocytes undergoing cell division only partially lost
their normal characteristics [21]. Proliferation of cardiomyo-
cytes within the trabecular was accompanied by smoothing

FIG. 6. Ultrastructural changes of the newt myocardium after mechanical damage. (A-F) Transmission electron microscopy
analysis of the regenerating myocardium. (A) The undamaged myocardium of the ventricle shows compact organization of
cardiomyocytes inside the trabeculae. (B) At 1 dpi, reduction of cardiomyocytes inside trabeculae is apparent. The majority of
damaged cardiomyocytes is removed until 7 dpi (C). (D) At 14 dpi, repatterning of ventricular structures has started as
indicated by repopulation of the remaining trabeculae with cardiomyocytes. Gaps in the myocardium and inside trabeculae
are still visible. At 49 dpi, regeneration led to continuous improvement of tissue morphology. Most trabeculae are populated
by cardiomyocytes with only few exceptions (E). (F) At 200 dpi, regeneration is completed. No differences between the
injured and uninjured hearts are visible. (G-J) Morphological alterations of endothelial cells immediately after damage. (G)
Endothelial cells in the control hearts are flat with elliptic nuclei. (H) At 1 dpi, the nuclei of endothelial cells in the injured area
are arched and spherical. After 14 dpi, the nuclei of endothelial cells regain a normal round (I) to elliptic shape, which is
maintained at later stages ( J). (K-P) Mechanical injury induces massive damage of myofibrils inside cardiomyocytes. (K)
Myofibrils of the hearts without injury display clearly defined sarcomeres as indicated by the typical pattern of Z-lines, I and
M bands, as well as H & A zones. (L) Loss of sarcomere integrity and intercalated disks 1 dpi (red arrow). (M) Fusiform
myofibrils without intact Z-lines after 7 dpi. (N) Some myofibrils in the border zone contain no Z-lines, although myofibrils
are aligned to myofibrils with Z-lines. (O) At 49 dpi, myofibrils show a normal morphology despite some gaps in the
myocardium. (P) Regeneration is complete after 200 dpi. (Q-S) Necrosis of different cell types after mechanical injury of the
ventricle. (Q) At 1 dpi, cardiomyocytes in the injured area contain necrotic nuclei and (R) swollen mitochondria with fewer
and smaller cristae. (S) Membrane integrity of cardiomyocytes and endothelial cells is compromised (indicated by red arrows).
(T–V) Changes in collagen deposition during regeneration. (T) The control hearts maintain low levels of collagen fibres in the
interstitial space. (U) Increasing deposition of collagen fibres until 35 dpi. After 35 dpi, the collagen level drops until normal
concentrations are reached at 200 dpi when regeneration is complete (collagen fibres are indicated by red arrows) (V). Scale
bars: A–F: 10 mm; G–H: 2mm; K–P: 1mm; Q: 2mm; R: 200 nm; S: 500 nm; T–V: 1mm
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of the trabecular surface at 14 dpi, most likely caused by the
increasing distance between endothelial cell nuclei, which
are pushed apart by the enlarged number of cardiomyocytes
within trabeculae.

Day 49 after damage defined a new morphological event:
regenerated trabeculae split into two, initially parallel-
aligned thinner parts, marking branching of the trabecular
network. We reason that repopulation of the remaining tra-
beculae with cardiomyocytes is not sufficient to reconstitute
the 3D architecture of the trabecular network. Hence, it
seems essential that new trabeculae form, which is accom-
plished by splitting and branching. Subsequent maturation
of newly formed trabeculae and remodeling of the myocar-
dium were protracted over a relatively long time period (up
to 120 day), which was nearly three times longer than the
initial reconstitution phase characterized by resorption,
proliferation, and morphogenesis. It is tempting to speculate
that the need to rapidly regain a preliminary functional state
is higher than a complete reversal of the pathogenetic state,
which might yield only incremental improvements.

During the course of our study we did not find evidence
for the presence of embryonic reserve or undifferentiated
cardiomyoblast-like cell types, which is in agreement with
previous studies [16,18]. The high plasticity and potential of
newt cardiomyocytes to proliferate [21] suggest that the
ability of cardiomyocytes to proliferate, even in a partially
dedifferentiated state, is sufficient to reconstitute a fully
functional myocardium. However, we cannot exclude that
newly emerging cardiomyocytes were derived from pro-
genitor cells or a population of partially differentiated, im-
mature cardiomyocytes, although no morphological signs for
the existence of such cells in the newt myocardium were
obtained. To definitively answer this question, transgenic
techniques need to be applied that allow long-term labeling
of different cell types and lineage tracing [39,40]. Heart re-
generation via proliferation of cardiomyocytes has also been
observed in fish [7–9,41–43] and in fetal [44] and neonatal
mice [6], suggesting that a stem cell-based mode of heart
regeneration was not favored during evolution.
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