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Summary
A common principle of tissue regeneration is the reactivation of previously employed
developmental programs [1–3]. During zebrafish heart regeneration, cardiomyocytes in the
cortical layer of the ventricle induce the transcription factor gene gata4 and proliferate to restore
lost muscle [4–6]. A dynamic cellular mechanism initially creates this cortical muscle in juvenile
zebrafish, where a small number of internal cardiomyocytes breach the ventricular wall and
expand upon its surface [7]. Here, we find that emergent juvenile cortical cardiomyocytes induce
expression of gata4 similarly as during regeneration. Clonal analysis indicates that these
cardiomyocytes make biased contributions to build the ventricular wall, whereas gata4+

cardiomyocytes have little or no proliferation hierarchy during regeneration. Experimental
microinjuries or conditions of rapid organismal growth stimulate production of ectopic gata4+

cortical muscle, implicating biomechanical stress in morphogenesis of this tissue and revealing
clonal plasticity. Induced transgenic inhibition defined an essential role for Gata4 activity in
morphogenesis of the cortical layer and the preservation of normal cardiac function in growing
juveniles, and again in adults during heart regeneration. Our experiments uncover an injury-
responsive program that prevents heart failure in juveniles by fortifying the ventricular wall, one
that is reiterated in adults to promote regeneration after cardiac damage.

Results and Discussion
gata4 Expression is Activated in Emergent Cortical Cardiomyocytes of the Growing
Juvenile Zebrafish Ventricle

As juvenile zebrafish mature into adults, a layer of cortical muscle encapsulates the
ventricle. Multicolor clonal analysis demonstrated that this cortical muscle is created by a
small number (~8) of proliferative cardiomyocytes (Figure 1A–1C; Figures S1A and S1B).
These cells emerge from inner trabecular muscle through the overlying primordial layer in
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rare breaching events, before proliferating upon the ventricular surface (Figure 1A) [7]. To
characterize these emergent cardiomyocytes, we examined whether they express the
transcription factor gata4, a marker induced in a subpopulation of cardiomyocytes that
regenerates lost muscle after resection of the adult ventricular apex [5]. The functions of
Gata4 have been extensively studied in murine cardiomyocytes during embryonic cardiac
patterning, pathological remodeling, and reprogramming [8–13].

We did not detect fluorescence in primordial or trabecular cardiomyocytes of 5 weeks post-
fertilization (wpf) juvenile gata4:EGFP ventricles (Figures S1C and S1D). By contrast, at 6
wpf, the onset of cortical layer formation, gata4:EGFP was evident in a small population of
emergent cortical cardiomyocytes positioned between epicardial cell layers at the base of the
ventricle near the outflow tract (Figures 1D and 1E; Movie S1). By 8 wpf, gata4:EGFP was
present in cortical cardiomyocytes that spanned to the chamber midpoint. Myocytes closer to
the apex displayed a gradually stronger EGFP signal, indicating higher levels of gata4
expression (Figure 1F). Thus, gata4 regulatory sequences are activated in emergent cortical
muscle, resembling their activation during adult heart regeneration.

Clonal Analysis of gata4+ Cardiomyocytes during Cortical Morphogenesis and
Regeneration

In previous clonal analysis experiments, we consistently observed a large cortical clone at
the base of the adult ventricle that could cover 30–60% of the ventricular surface [7]. To
directly test whether juvenile gata4+ cardiomyocytes at the ventricular base are the source of
the adult cortical layer, we performed a clonal lineage trace of these cells. gata4:ERCreER
transgenic zebrafish [5] were crossed to different priZm multicolor lineage-tracing lines.
One line was identified that enabled recombination only in the presence of 4-HT, Tg(β-
act2:Brainbow1.0L)pd50 (referred to hereafter as priZm2). To label gata4+ cardiomyocytes at
the ventricular base, we pulsed 6 wpf gata4:ERCreER; priZm2 animals with 4-HT.
Ventricles were analyzed in 90 dpf adults, and 9 of 32 ventricular surfaces contained labeled
(non-red) clones of cortical muscle, often spanning into the apical portion (Figure 1G). No
labeling of trabecular muscle was detected. These fate-mapping results indicate that gata4+

cardiomyocytes at the base of the 6 wpf ventricle proliferate to create the adult cortical
layer.

Upon quantification, we identified a clear proliferation bias, with several large clones
apparent among many smaller clones (Figure 1H). Analysis of these data indicated that
clone sizes did not follow a normal distribution. Rather, they were more consistent with a
model of two distinct cell populations with low and high proliferative capacities (Figures
S1E and S1F). These populations appeared to be regionally separable, as clones positioned
toward the apex were on average over 10 times larger than clones located at the base (9.8%
surface area vs. 0.8%; Figure 1H; Figure S1G). Thus, emergent cardiomyocytes that induce
gata4 show proliferative heterogeneity, with cardiomyocytes that generate apical muscle
making larger contributions. From our fatemapping experiments (and Figure 4 experiments),
we expect that gata4+ myocytes make the primary contribution to cortical layer formation,
but we cannot exclude minor contributions from other source cardiomyocytes.

To examine whether gata4+ cardiomyocytes display similar hierarchical proliferation
dynamics during adult heart regeneration, we resected ventricular apices of adult
gata4:ERCreER; priZm2 zebrafish and gave animals a 4-HT pulse at 5 dpa (Figure 1I). 4-
HT-treated ventricles displayed no recombination in the absence of injury (Figure 1J). At 30
dpa, we observed many small clones in the regenerates and no obvious proliferation bias
(Figure 1K and 1L). Within most sections through the regenerates, over 15 distinct clones
could be identified. To confirm these results, we performed analogous experiments using a
pan-cardiomyocyte labeling strategy. When recombination was initiated 5 days prior to
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injury in cmlc2:CreER; priZm animals, 18–30 distinct color clones were observed in serial
sections of 60 dpa regenerates (Figure S1H–S1K). Thus, unlike initial cortical
morphogenesis, cortical muscle regenerates through the similar proliferative activities of
many gata4+ cardiomyocytes. The differences in proliferation dynamics during these events
might be the result of different mitogenic signals, distributions of such signals, or a
reflection of different patterns of cardiomyogenesis.

Experimental Injuries Stimulate Precocious Cortical Morphogenesis
Juvenile heart morphogenesis and adult regeneration are distinguished by their initiation,
with the latter involving a major injury. To examine whether the emergence of gata4+

cortical myocytes in juveniles can be stimulated by injury in an analogous manner as
regeneration, we pierced the ventral apical surface of 30 dpf ventricles with a fine tungsten
needle. This region is not normally covered by cortical muscle until 8–9 wpf; however, we
postulated that this micropuncture might encourage events that resemble natural wall
breaching and cortical morphogenesis. We analyzed ventricular surfaces for precocious
cortical muscle, which is distinguishable from primordial muscle by external location, cell
shape, and subcellular striation pattern (Figure S2), at 6 wpf.

First, we labeled the cardiomyocytes of 2 dpf cmlc2:CreER; priZm embryos with diverse
color tags [7]. We then applied the microinjury at 30 dpf. Nearly half of the ventricles
acquired an ectopic surface cortical clone in the vicinity of the pierce by 42 dpf (15 of 33
pierced, vs. 0 of 39 uninjured; Figures 2A–2C). We repeated this procedure with
gata4:EGFP animals and examined ventricular surfaces for ectopic gata4:EGFP+ cortical
regions. Indeed, we found that gata4:EGFP specifically marked a small focus of cortical
muscle in approximately half of the ventricles at the location of injury (12 of 23 pierced, vs.
0 of 20 uninjured; Figures 2D–2F). Notably, although triggered by injury, the cortical
muscle observed in these experiments was not a result of regeneration, the replacement of
lost tissue. Rather, cortical muscle was generated on the surface de novo and thus represents
precocious morphogenesis.

Second, we used a genetic Cre/loxP-based system to ablate cardiomyocytes at 30 dpf [14],
before visualizing surface gata4:EGFP expression at 6 wpf. This injury model lesions
trabecular and primordial muscle throughout the ventricle via stochastic induction of
diphtheria toxin A expression. Nearly all animals treated with 4-HT exhibited large regions
of ectopic gata4:EGFP+ cortical cardiomyocytes spanning both ventricular sides (15 of 16
animals, vs. 0 of 14 controls; Figures 2G–2I). These experiments revealed that injury can
serve as a stimulus for cortical layer morphogenesis, as it does for adult heart regeneration.

Accelerated Juvenile Growth Increases Mechanical Stress and Stimulates Ectopic Cortical
Morphogenesis

Although experimental microinjuries induced gata4 and ectopic morphogenesis, they might
not resemble endogenous influences. During juvenile growth, stress upon the heart is sensed
as increased wall tension, caused by rising organismal mass and circulatory volume.
Consistent with this, we observed relatively high expression of the cardiac stress and injury
markers nppa and nppb [15–18] in growing juvenile zebrafish ventricles, compared to little
or no detectable expression in adult ventricles possessing a complete cortical layer (Figures
S3A–S3H). Expression of the retinoic acid-synthesizing enzyme raldh2, which is activated
by injury in zebrafish and mammalian hearts [19–22], was also higher in growing juvenile
ventricles than in adults (Figure S3I–S3O). Accordingly, we postulated that the
biomechanical stress of growth is a natural parallel to the microinjuries described above, and
that wall breaches and cortical emergences may be outcomes of this stress. To test this idea,

Gupta et al. Page 3

Curr Biol. Author manuscript; available in PMC 2014 January 08.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



we examined whether precocious cortical morphogenesis occurs in the context of
physiologic increases in biomechanical stress.

First, in an attempt to increase biomechanical stress, we lowered aquarium density during
growth, a procedure that accelerates animal growth [23]. As expected, we found that raising
zebrafish at a density of one animal per 2 liters (accelerated growth; AG) elevated
expression of nbbp at 5 wpf, compared to a standard density of 6 animals per 2 liters
(normal growth; NG; Figures S3P and S3Q).

Next, we used multicolor clonal analysis to test whether these conditions altered breach
patterns and cortical muscle morphogenesis. Previous findings indicated that each cortical
clone represents a separate event in which a trabecular clone has breached the ventricular
surface [7]. As such, the total number of cortical clones serves as a measure of the number
of breaching events. After labeling cmlc2:CreER; priZm animals with 4-HT at 2 dpf and
subjecting them to either NG or AG conditions, we collected ventricles at juvenile and adult
stages. Histological analysis at 6 wpf revealed that NG animals had one or two detectable
cortical clones at the ventricular base, whereas AG animals had more than triple the number
of basal cortical clones, as well as clones near the chamber midpoint (4.1 ± 0.8 clones/heart
AG vs. 1.3 ± 0.5 clones/heart NG; Figures 3A–3C). Clones were of comparable size within
the two growth conditions. We also performed experiments in which we raised labeled
cmlc2:CreER; priZm juveniles at an increased temperature, a treatment that raises the basal
heart rate [24]. Similar to AG, 12 days of growth at 32°C (versus 25°C for control juveniles)
caused ventricles to acquire more cortical clones at 6 wpf (4.0 ± 0.6 clones/ventricle at 32°C
vs. 1.1 ± 0.4 clones/ventricle at 25°C; Figures S3R–S3U).

We then examined ventricles from AG and NG groups at 70 and 90 dpf, respectively, ages
at which animal size was comparable. We calculated the areas covered by clones in
ventricles with recombined (non-red) clones comprising greater than 50% of the total
surface area, as previously defined [7]. In each group, about half met this criterion (9 of 18
ventricles, NG; 11 of 20, AG). Extrapolating for unrecombined cortical muscle, there was an
average of 8.1 ± 0.7 clones comprising the cortical layer in NG animals, with each ventricle
containing one or two clones larger than 20% of the surface area (Figures 3D, 3F, 3H, and
3I). By contrast, AG ventricles had a larger average number of clones, 20.4 ± 1.3 clones per
animal (Figures 3E, 3G, 3I, and Figure S3V–S3Y). These clones were smaller on average
(89037 µm2 AG vs. 173569 µm2 NG; p < 0.05); only 4 of 11 AG ventricles contained a
clone larger than 20% (Figure 3H). We found that the total surface area from ventricles of
each group was not significantly different, indicating that the difference in clones was not an
effect of ventricular size (1716390 µm2 AG vs. 1392466 µm2 NG; p = 0.28). These findings
reveal that conditions of rapid organismal growth, accompanied by a physiologic increase in
biomechanical stress, boost breaching events and clonal contributions to the cortical layer.
Remarkably, although animals under the two growth conditions initiated cortical layer
development with a ~2.5-fold difference in the number of source cardiomyocytes, plasticity
in the system generated similar myocardial structures.

Gata4 Inhibition Blocks Cortical Layer Formation and Regeneration
To determine the significance of the injury-related gata4 response in zebrafish
cardiomyocytes, we constructed a transgenic line that enabled inducible, tissue-specific
expression of a dominant-negative Gata4 (g4DN) cassette (Tg(bactin2:loxP-mTagBFP-
STOP-loxP-mCherry-2a-sr-gata4)pd62; referred to as β-act2:BSg4DN; Figure S4A). This
g4DN protein blocks wild-type Gata4 from interacting with its target sequences. We found
that myocardial g4DN overexpression in early zebrafish embryos caused heart looping
defects, a phenotype that mirrors cardiac defects caused by an antisense morpholino against
gata4, but not defects caused by morpholinos against gata5 or gata6 (Figure S4F) [25]. We
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crossed this line to cmlc2:CreER to allow 4-HT-inducible, Cre-mediated g4DN expression
in cardiomyocytes.

To test late myocardial requirements of Gata4, we pulsed zebrafish with 4-HT at juvenile
(30 dpf) and adult (90 dpf) stages. g4DN expression for 30 days did not impact the survival
or gross appearance of adult fish. By contrast, when g4DN expression was induced in 30 dpf
juveniles, just prior to gata4+ cortical cardiomyocyte emergence, survival dropped to 73% at
7 wpf, and to just 16.3% after 30 days of g4DN expression (Figure 5A). Within 2–3 weeks
of 4-HT treatment, most juvenile animals developed overt signs of heart failure, including
lethargy, gasping behavior, and edema (Figures 4B and 4C; Movies S2 and S3).

Notably, histological examination revealed no evidence of cortical muscle in juvenile
cmlc2:CreER; β-act2:BSg4DN animals. While g4DN expression did not increase indicators
of apoptosis, the ventricular wall was thinned with many areas of discontinuity (Figures 4D
and 4E; Figures S4G and S4H). Visualization of epicardial cells indicated a heightened
response, with areas of epicardial penetration into gaps within the wall (Figures 4F and 4G).
We also observed particularly strong nppb expression compared to controls, consistent with
increased biomechanical stress (Figures S4B and S4C). These data indicate that juvenile
zebrafish require myocardial Gata4 activity to form the ventricular cortical layer and sustain
cardiac function during growth.

To examine Gata4 function in the injured adult zebrafish heart, we induced g4DN
expression, partially resected ventricles, and assessed regeneration 30 days later. Strikingly,
g4DN expression blocked muscle regeneration and caused severe scarring at the injury site
(Figures 4H–4K). The proliferation of trabecular myocytes was not significantly different
between experimental groups; yet, animals with cardiomyocyte g4DN expression displayed
a ~73% reduction in cortical cardiomyocyte proliferation (Figure 4L; Figures S4D and S4E).
These data indicate that the Gata4 requirement for cardiomyocyte proliferation during
regeneration is not pan-myocardial, but is preferential to cortical muscle, analogous to its
requirement in juvenile cortical layer formation.

Conclusions
Regeneration links an injury stimulus with developmental programs used earlier in life.
Here, we examined juvenile zebrafish heart morphogenesis to determine if gene expression
and function during this phase might be recalled for adult cardiac regeneration. Our study
identifies a Gata4-driven program that is specifically activated in cardiomyocytes forming
the cortical layer, and is required for both cortical layer morphogenesis and adult
regeneration. Cortical layer formation occurs in the context of biomechanical stress and, like
regeneration, can be stimulated by injury.

Juvenile growth programs can involve genes first used during embryogenesis, but in a
physiologic context more similar to adult tissue. Our evidence indicates that a
cardiomyogenic Gata4 program can be attenuated and re-induced multiple times during the
lifetime of an animal for distinct morphogenetic events like looping, cortical wall formation,
and cardiac regeneration. It is possible that the reiteration of juvenile programs during adult
tissue regeneration is a recurring theme. In support of this idea, a recent study showed that
the transcription factor and satellite cell marker Pax7 is required for skeletal muscle
regeneration in neonatal mice, but is dispensable for regeneration during juvenile and adult
stages [26].

Multiple studies have implicated patterns of organ stress in the construction of vertebrate
organs [27–29]. Our study supports a model in which cortical muscle emergence during
juvenile growth functions as a stochastic repair mechanism to reinforce possible weak points
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on the single cardiomyocyte-thick wall, relieving wall stress. After breaching, gata4+

cortical cardiomyocytes proliferate on the ventricular surface to form muscle patches, and
individual surface clones merge into a contiguous layer that fortifies the wall. As might be
predicted by this model, growing juvenile animals under myocardial Gata4 blockade fail to
form cortical muscle and develop heart failure. Adult zebrafish, upon cardiac injury, appear
to repurpose key aspects of this injury-activated juvenile morphogenesis program to enact
heart regeneration.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

- A Gata4-dependent program creates the cortical layer during juvenile growth

- Multicolor clonal analysis defines contributions of individual gata4+

cardiomyocytes

- Cortical layer morphogenesis can be activated by injury

- Heart regeneration reiterates key aspects of the juvenile Gata4 program
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Figure 1. gata4 Marks and Traces Emerging Juvenile Cortical Cardiomyocytes and
Regenerating Cardiomyocytes
(A) The 30 dpf ventricle is comprised of an outer primordial layer of single cardiomyocyte
thickness. By ~6 weeks post fertilization (wpf), inner trabecular cardiomyocytes (Tr) (green)
breach the primordial layer (Pr) to establish a cortical cardiomyocyte clone (Cor) at the base
of the ventricle. (Top) Histologic section from multicolor clonal analysis, indicating
breaching (arrows) of the primordial layer (arrowheads) by a trabecular myofiber (green).
(B) During maturation, the initial basal clone (green) expands while other clones emerge on
the ventricular surface.
(C) (Bottom) Cortical layer development is completed by adulthood, with a small number of
clones contributing to the entire cortical layer. (Top) The adult ventricle retains an
architecture with 3 muscle types.
(D–F) Tissue sections of 6 (D and E), and 8 (F) weeks post-fertilization (wpf) ventricular
portions, assessed for tcf21:DsRed2+ epicardial cells (red) and gata4:EGFP+ cardiomyocytes
(green). At 6 wpf, a cluster of gata4:EGFP+ surface myocytes is visible at the base of the
heart in an area of dense epicardial tissue (arrow in (D)). By 8 wpf, gata4:EGFP+ cortical
myocytes are detected at the ventricular midpoint with cortical gata4:EGFP expression
strongest in cardiomyocytes closer to the apex (arrow), and weaker in basal myocytes
(arrowhead) (n = 8–12). Tr, trabeculae. Oft, Outflow tract.
(G) gata4:ERCreER; priZm2 animals were pulsed with 4-HT at 6 wpf, and ventricles are
analyzed at 90 dpf. Image shows surface muscle from a ventricle in these experiments with
arrows indicating large clones.
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(H) Percentage surface area (SA) occupied by each clone from experiments in (G), (96 total
counted clones from 9 ventricular halves).
(I) Cartoon of lineage-tracing experiments to determine clonal contributions in regenerating
gata4+ cardiomyocytes.
(J) Section through a ventricle from an uninjured animal 10 days after 4-HT treatment,
indicating no recombination in the absence of injury.
(K) Section through a ventricular apex at 30 dpa, visualizing multiple colored
cardiomyocyte clones in regenerated muscle. Over 15 colors can be distinguished in this 10-
micron section of the regenerate. A maximum projection image from confocal slices is
shown (n = 6).
(L) Higher magnification view of regenerate shown in (K). Arrows indicate 3 differently
colored multicellular clones.
Scale bars = 100 µm (D–G); 50 µm (J–L).

Gupta et al. Page 10

Curr Biol. Author manuscript; available in PMC 2014 January 08.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Experimental Injuries Stimulate Ectopic Cortical Muscle Formation
(A) cmlc2:CreER; priZm zebrafish were labeled at 2 dpf and assessed at 42 dpf, and indicate
no signs of cortical cardiomyocytes on the ventral ventricular surface.
(B) When this region of the ventricle was pierced with a fine needle at 30 dpf, a small
cortical clone (outlined in white; Cor) was detected at 42 dpf at the injury site in nearly half
of the animals.
(C) Section indicating a cortical clone (arrow) at 42 dpf, in a ventricle that had been pierced
at 30 dpf. Arrowheads indicate the single cardiomyocyte-thick primordial layer.
(D and E) 30 dpf priZm; gata4: EGFP ventricles were pierced as in (A–C), with β-actin2-
expressing cells indicated in red. Uninjured animals had no gata4:EGFP+ cardiomyocytes on
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the ventral surface of the ventricle at 42 dpf (D). By contrast, approximately half of the
animals pierced at 30 dpf displayed a focus of gata4:EGFP+ cortical muscle at the site of
trauma (E, arrow).
(F) Higher magnification confocal projection of injury site in (E).
(G and H) Partial genetic ablation of cardiac muscle was initiated by brief 4-HT treatment at
30 dpf, and analyzed 12 days later. 4-HT-treated Cre(−) ventricles contained no
gata4:EGFP+ surface cardiomyocytes (G). By contrast, the ventricular surfaces of 4-HT-
treated Cre(+) animals contained large amounts of gata4:EGFP+ cortical muscle (H). (I)
gata4:EGFP+ cortical cardiomyocytes (arrow) are located on the outside of the primordial
layer (arrowheads).
Scale bars = 100 µm (A, B, D–H); 50 µm (C); 25 µm (I).
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Figure 3. Accelerating Growth Leads to Increased Contributions to the Cortical Layer
(A–C) Sections of 6 wpf ventricles of cmlc2:CreER; priZm zebrafish that were labeled at 2
dpf and grown at normal (A) or accelerated growth conditions (B and C). NG fish contained
one or two small cortical clones at the base of the ventricle (A, arrow) outside the primordial
layer (arrowheads). Multiple small cortical clones were seen in AG (B, arrows), including
those breaching (C, outlined) the primordial layer (B and C, arrowheads).
(D and E) Surface muscle of adult cmlc2:CreER; priZm ventricles after normal (D) or
accelerated growth (E) conditions. More cortical clones are generated during AG.
(F and G) Confocal slices through ventricles after normal (F) or accelerated (G) growth,
indicating a higher number of cortical clones (arrows) after accelerated growth.

Gupta et al. Page 13

Curr Biol. Author manuscript; available in PMC 2014 January 08.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(H) Percentage surface area (SA) occupied by clones after normal (51 clones, 9 ventricles)
or accelerated growth (153 clones, 11 ventricles).
(I) Extrapolated number of surface clones per ventricle from data in (H).
Scale bars = 100 µm (C–G); 50 µm (A and B); 25 µm (C).
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Figure 4. Gata4 Inhibition Blocks Juvenile Cortical Layer Formation and Adult Heart
Regeneration
(A) Survival of zebrafish after induction of a dominant-negative Gata4 construct (g4DN) for
30 days in cardiomyocytes at either 30 or 90 dpf. g4DN induction at 30 dpf sharply reduced
survival of juveniles (n = 23–43), whereas g4DN induction at 90 dpf did not affect survival
(n = 8–16).
(B) Cre (−) control animal exposed to 4-HT at 5 wpf, appearing normal at 7 wpf.
(C) A Cre (+) clutchmate exposed to 4-HT at 5 wpf, with flared scales indicative of edema
(arrows).
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(D and E) Sections of the 7 wpf ventricular wall after g4DN induction at 5 wpf, stained for
Myosin heavy chain (MHC). Control animals have cortical muscle at the base of the heart,
while the wall is thinned and disrupted after g4DN induction (n = 4).
(F and G) Maturing juvenile ventricles visualized for tcf21:nucEGFP+ epicardium (green),
g4DN (red), and β-actin2:BFP (blue). The 6 wpf control ventricle (F) has an contiguous wall
and normal epicardial cell distribution. g4DN induction at 5 wpf results in wall gaps
(arrows) and increased epicardial cell presence at 6 wpf (G) (n = 6–9).
(H–K) g4DN was induced in adults, and ventricular apices were resected, before analysis of
regeneration at 30 dpa. Control animals (H and I) regenerated muscle with little or no
scarring (blue indicates collagen), while g4DN induction blocked muscle regeneration (J)
and induced scarring (K).
(L) Quantification of proliferation of trabecular and cortical cardiomyocytes in 7 dpa
ventricles of g4DN-expressing animals versus controls (n = 12–15). **P < 0.005, Student’s
t-test.
Scale bars = 50 µm.
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