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Abstract

Objective—Although the mammalian heart's ability to fully regenerate is debated, its potential to
extensively repair itself is gaining support. We hypothesized that heart regeneration relies on rapid
angiogenesis to support myocardial regrowth and sought to characterize the timeline for
angiogenesis and cell proliferation in regeneration.

Methods—One-day-old CD-1 mice (P1, N =14; 60) underwent apical resection or sham surgery.
Hearts were explanted at serial time points from 0 to 30 days post-resection and analyzed with
immunohistochemistry to visualize vessel ingrowth and cardiomyocyte migration into the resected
region. Proliferating cells were labeled with 5-ethynyl-2”-deoxyuridine injections 12 hours before
explant. 5-Ethynyl-2”-deoxyuridine—positive cells were counted in both the apex and remote areas
of the heart. Masson's trichrome was used to assess fibrosis.

Results—By 30 days postresection, hearts regenerated with minimal fibrosis. Compared with
sham surgery, apical resection stimulated a significant increase in proliferation of preexisting
cardiomyocytes between 3 and 11 days after injury. Capillary migration into the apical thrombus
was detected as early as 2 days postresection, with development of mature arteries by 5 days
postresection. New vessels became perfused by 5 days postresection as evidenced by lectin
injection. Vessel density and diameter significantly increased within the resected area over 21
days, and vessel ingrowth always preceded cardiomyocyte migration, with coalignment of most
migrating cardiomyocytes with ingrowing vessels.

Conclusions—Endothelial cells migrate into the apical thrombus early after resection, develop
into functional arteries, and precede cardiomyocyte ingrowth during mammalian heart
regeneration. This endogenous neonatal response emphasizes the importance of expeditious
angiogenesis required for neomyogenesis.
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Graphical abstract

Arteriogenesis precedes cardiomyocyte migration in regeneration after apical resection.
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Hearts of lower vertebrates, such as zebrafish and newts, have robust regenerative potential.
1-3 However, mammalian cardiomyocytes have long been thought to permanently exit the
cell cycle shortly after birth with concurrent loss of proliferation, a process known as
“terminal differentiation.” Further cardiac growth is provided by hypertrophy and not
hyperplasia.

Within the first week of life, mammalian cardiomyocytes replicate their DNA and become
binucleated.> Concurrently, the foramen ovale closes with atrial septation.® Before this, the
mammalian heart resembles the single circulation of the mononucleated hearts of adult
zebrafish. This resemblance has led scientists to hypothesize that mammalian hearts have
conserved regenerative potential in early life. Although highly controversial,”8 recent
findings suggest that neonatal mice regenerate their heart during the first week of life if
exposed to injury in the form of apical resection or myocardial infarction.%:10

Reestablishing blood flow to an ischemic territory of the heart after myocardial infarction is
essential and may be a major limitation of tissue-engineered and cell-based therapies.11-13
Prevascularization of ischemic myocardium before cell transplantation has been shown to
increase transplant survival.1* A better understanding of the processes driving angiogenesis
in neonatal heart regeneration may facilitate novel therapies for revascularization of
ischemic myocardium.
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Aurora and colleagues 1° recently demonstrated that macrophage depletion impaired cardiac
angiogenesis after myocardial infarction and that affected hearts failed to regenerate despite
preserved cardiomyocyte proliferation. Additional work in nerve regeneration found that
bridging capillaries guide Schwann cells to reapproximate severed axons.1® This suggests
that cardiac angiogenesis may be necessary for cardiac regeneration; new vessels are likely
required to support new cardiomyocytes and may even guide cardiomyocytes to the site of
injury. In the present study, we confirm the regenerative potential of the neonatal murine
heart and investigate the timeframe for angiogenesis after apical resection.

Materials and Methods

Animal Handling

All experiments described in this study conformed to the “Guide for the Care and Use of
Laboratory Animals,” published by the US National Institutes of Health (8th ed, 2011) under
the supervision of the Stanford Administrative Panel on Laboratory Animal Care (protocol
28921), Stanford's Institutional Animal Care and use Committee, which is accredited by the
Association for the Assessment and Accreditation of Laboratory Animal Care.

Apical Resection

Resections of the ventricular apex of neonatal mice were performed as described previously.
17 Briefly, 1-day-old CD-1 mice (P1), delivered from pregnant CD-1 mice (Charles River
Laboratories, Wilmington, Mass), were subjected to apical resection or sham surgery (Video
1). With the use of ice, neonates were anesthetized by hypothermic circulatory arrest, which
induces apnea and asystole, preventing excessive blood loss. Neonates were then placed
supine under an operating microscope (Zeiss, Oberkochen, Germany), and the chest was
sterilized with povidone-iodine (Betadine, Purdue Products LP, Stamford, Conn). A left
anterolateral thoracotomy was performed at the fifth intercostal space to expose the
ventricular apex. Further exposure was achieved by applying gentle pressure on the
abdomen, thus pushing the heart to the exterior of the chest cavity. With the use of
microscissors, the apex along with the overlying pericardium was gradually resected over
several incisions until the left ventricular cavity was exposed, leaving a thin sheet of
myocardium between the left ventricular cavity and the exterior. This thin cell sheet and the
hyperthermia-induced circulatory arrest alleviate the concern for air embolism or need for
manual compression to achieve hemostasis. The chest wall and skin were closed in separate
layers with interrupted 6-0 polypropylene suture. Sham controls underwent anterolateral
thoracotomy without cardiac resection. Animals were then rapidly rewarmed and cleaned of
residual blood or Betadine to minimize the risk of maternal cannibalization. In addition,
neonates were removed and returned to their mother as an entire litter to further reduce the
risk of maternal cannibalization or neglect. The operative survival for the procedure was
88%.

Heart Explants

Neonates were euthanized via hypothermia followed by decapitation. P5 and older mice
were anesthetized with isoflurane before decapitation. After decapitation, the chest cavity
was exposed via median sternotomy and the heart was explanted.
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In Vivo Injections

For cell proliferation measurements, 5-ethynyl-2-deoxyuridine (EdU) labeling was
performed using Click-iT Imaging Kit (Invitrogen, Thermo Fisher Scientific, Waltham,
Mass) per the manufacturer's instructions. Briefly, EdU was injected intraperitoneally 12
hours before cardiac explant. EAU positivity was assessed with immunohistochemistry.

For assessment of vessel perfusion, lectin conjugated to a far-red fluorophore was injected
into the right ventricle of anesthetized mice 2 minutes before decapitation and heart
explantation to allow for adequate circulation of lectin.

Immunostaining

After heart explantation, specimens were rinsed with phosphate-buffered saline (PBS) and
embedded in optimum cutting temperature freezing medium before being frozen in dry ice;
10-um sagittal sections were then created using a cryostat (Cryo Star NX70, Thermo Fisher
Scientific).

Sections were fixed in 4% paraformaldehyde for 10 minutes, permeabilized in PBS
containing 0.5% Tween for 15 minutes, and then blocked in 10% fetal bovine serum for 1
hour at room temperature. Next, primary antibodies diluted in PBS were added and
incubated for 90 minutes at 37°C. The following primary antibodies were used for
immunohistochemistry staining at the indicated dilutions: a-smooth muscle actin at 1:200
(ab5694, ab5694, and ab7817; Abcam plc, Cambridge, United Kingdom), sarcomeric a-
actinin at 1:200 (ab9465, Abcam), troponin | at 1:200 (ab56357, Abcam), and vascular
endothelial cadherin at 1:600 (ab33168, Abcam). Appropriate secondary antibodies diluted
in PBS at 1:200 were then added and incubated for 45 minutes at 37°C. Finally, nuclear
staining was performed using DAPI (Thermo Fisher Scientific) or Hoechst 33342 (Thermo
Fisher Scientific). Sections were washed in PBS 3 times between each step. EdU labeling
was performed using the Click-iT Imaging Kit (Thermo Fisher Scientific) according to the
manufacturer's instructions.

For whole mount staining, neonatal hearts were explanted, rinsed with PBS, and then put
into 4% paraformaldehyde for 1 hour before being washed 3 times in PBS containing 0.2%
Triton X-100 (phosphate-buffered saline containing TritonX-100 [PBS-Tx]) for 10 minutes.
Primary antibodies diluted in 0.2% PBS-Tx were added and allowed to incubate on a rocker
at 4°C for 48 hours. Thereafter, hearts were washed 3 times in 0.2% PBS-Tx for 10 minutes
each and then every 2 hours for the next 6 hours. The following day, secondary antibodies,
diluted in 0.2% PBS-Tx, were added and allowed to incubate on a rocker at 4°C for 48
hours. Subsequently, hearts were washed 3 times in 0.2% PBS-Tx and every 2 hours
thereafter for the rest of the day. The next day, hearts were put in Vectashield (\Vector
Laboratories, Burlingame, Calif) and imaged.

Masson's Trichrome Staining

Frozen sections were acquired as described previously. Sections were thawed for 20 minutes
at 4°C and then rinsed in 100% ethanol before being fixed in Bouin's solution for 3 hours at
room temperature. Excess stain was rinsed off in running water until water ran clear. Slides
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were stained in Biebrich Scarlet-Acid Fuchsin before being washed in running water for 2
minutes. Thereafter, slides were stained in phosphotungstic/phosphomolybdic acid solution
for 15 minutes and Aniline Blue solution for 20 minutes. Next, slides were placed in 1%
acetic acid solution for 5 minutes before being rinsed in running water for 2 minutes. Last,
slides were dehydrated in 95% ethanol, 100% ethanol, and xylene for 2 minutes each.
Cytoseal 60 (Thermo Fisher Scientific) was used to attach slides to cover slips.

Confocal Imaging and Analysis

Confocal images were obtained using a Zeiss LSM 780 confocal microscope and Zen
imaging software. The area of the resected apex was imaged using the tile scan feature,
using the same acquisition settings and number of z-stacks for each sample and experiment.
Maximum intensity projections of the z-stacks were acquired using Fiji software.

Blood vessel, smooth muscle, and fibrotic area measurements were obtained using Fiji
software. For vessel and smooth muscle measurements, the area of apical thrombus was
selected and the signal of interest isolated. Images were converted to 8-bit greyscale TIFF,
thresholded, made binary, and measured using the measurement function. For measuring
fibrosis, the apical area was first selectively cropped; next, the whole apical area and
fibrotic-only area were independently measured with the color threshold function. Apical
thrombosis percentage was calculated by dividing the size of the fibrotic area by the total
area of the heart.

Cardiomyocyte Isolation and Cardiomyocyte/Endothelial Cell Co-Culture

Cardiomyocyte isolation was performed using the Pierce Primary Cardiomyocyte Isolation
Kit (Thermo Fisher Scientific) according to the manufacturer's instructions. Briefly, hearts
from P1-P3 mice that constitutively express green fluorescent protein (GFP) under the
chicken beta-actin promoter were explanted under sterile conditions. Atria were removed
from the explanted hearts and the ventricles placed in 500 gL ice-cold Hanks' balanced salt
solution (HBSS). Ventricles were then minced into 1- to 3-mm?3 pieces using scissors and
washed in ice-cold HBSS twice for 5 minutes, being centrifuged briefly at full speed
between washes. Thereafter, HBSS was aspirated and 200 L of digestive enzyme solution
1, containing papain, and 10 gL of digestive solution 2, containing thermolysin, were added.
Cells were allowed to incubate at 37°C for 35 minutes before being washed twice for 5
minutes in ice-cold HBSS, being briefly centrifuged at full speed between washes. HBSS
was aspirated, and Dulbecco's Modified Eagle Media containing 10% fetal bovine serum
was added. Cell yield and viability were determined using Trypan Blue staining with a
hemocytometer. Next, a 24-well tissue culture plate was coated with 100 zL of Matrigel per
well and allowed to incubate at 37°C for 1 hour. Next, 25,000 human umbilical vein
endothelial cells were plated onto the Matrigel and incubated for 12 hours at 37°C to allow
tubules to form. Next, 25,000 GFP-positive cardiomyocytes were seeded onto the tubules.
Images were acquired every 10 minutes over 12 hours using time-lapse microscopy.

Statistical Analysis

All data are presented as mean + standard error of the mean unless otherwise specified. The
Wilcoxon test was used to compare differences between 2 groups. The Kruskal-Wallis test
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was used to compare difference between multiple groups. The Conover test with Bonferroni
correction was used as a post hoc test. All statistical tests were 2-tailed.

Results

Murine Heart Regenerates With Minimal Fibrosis

After apical resection, a thrombus quickly forms to seal the cut myocardium and exposed
ventricular cavity, preventing exsanguination. Over time, the thrombus organizes and by 11
days postresection becomes fibrotic. Gradually, the fibrotic area is replaced by myocardium;
by 30 days postresection the heart has regenerated with minimal fibrosis (Figure 1, A).
Quantification of the apical fibrotic area demonstrates that from 11 to 30 days postresection,
apical fibrosis reduces significantly (3.37% % 0.48% vs 1.03% = 0.40%, respectively, P=.
010) (Figure 1, B). Sham hearts (0.14% + 0.03%) were significantly less fibrotic than hearts
11 days postresection (3.37% + 0.48%, P=.002) and 14 days postresection (2.78%

+ 0.19%, P=.010); however, no significant difference in fibrosis was noted between sham
hearts and hearts explanted 21 and 30 days postresection. (1.49% + 0.66% and 1.03%

+ 0.40%, respectively) (Figure 1, B). To measure cell proliferation, EAU injections were
performed 12 hours before explant to label proliferating cells within the heart. EAU-positive
cells were counted in both the apex and remote areas of the heart. To see if resected hearts
were more proliferative than sham controls, the number of EdU-positive cells was compared
between the 2 groups. Although no difference was noted at 2 days postresection between
animals treated with apical resection and sham surgery, animals 3 to 11 days postresection
demonstrated a sustained increase in proliferative cardiomyocytes (Figure 2, A and B).
Measurements of proliferating endothelial cells revealed that 32% of the migrating
endothelial cells were EdU positive.

Vessels Migrate Into the Apical Thrombus and Become Functional Early

To visualize revascularization of the apex after resection and to see if blood vessel ingrowth
precedes cardiomyocyte migration, immunohistochemical staining was performed and
vessel density measurements of the resected region were performed using Fiji software.
Numerous sagittal sections of hearts from 0 to 21 days postresection were analyzed.
Migrating vessels were first observed 2 days postresection within the apical thrombus
(Figure 3, A). Arteries, characterized by a surrounding smooth muscle cell layer, developed
within the thrombus in 1 of 5 hearts by 5 days postresection (Figure 3, B). By 7 days
postresection and onward, all resected hearts contained true smooth muscle cell-supported
arteries in the region of thrombus (Figure 3, C). Experiments with lectin perfusion revealed
that blood vessels in the resected region become functional by 5 days postresection (Figure
3, D). By using whole mount staining, capillary plexus formation at 7 days postresection
was observed in the apical thrombus, characteristic of vessel remodeling (Figure E1).
Together, endothelial cells invade the apical thrombus early and grow into functional arteries
over time as part of the regenerative response.

After apical resection, vascular density of the apical thrombus continuously increased over
time (Figure 4, A). Likewise, smooth muscle density increased over time, with significant
increase from 0.12% + 0.09% at 5 days postresection to 2.19% + 0.83% at 11 days
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postresection (P=.019) (Figure 4, B and D). Last, maximal vessel diameter increased over
time, with significant increase from 13.45 + 3.45 ym? at 5 days postresection to 65.70
+10.27 1m? at 11 days postresection (2= .043) (Figure 4, C and D).

Vessel Ingrowth Precedes Cardiomyocyte Migration

Migrating cardiomyocytes, characterized by cellular protrusions or processes,!8 were first
observed at 2 days postresection. Of note, vessel ingrowth preceded cardiomyocyte
migration in all sections. In fact, most migrating cardiomyocyte processes were observed
along the border of migrating blood vessels (Figure 5, A). For quantification, the distance
between the furthest part of a cardiomyocyte process and the nearest vessel in the apical
thrombus was measured. Measurements from 215 cardiomyocyte processes showed that
69% of cardiomyocyte processes were within 15 4m of the nearest vessel, a distance
representing the average diameter of 2 nuclei. The average distance between a
cardiomyocyte process and its nearest blood vessel was 12.4 + 0.9 gm. This proximity was
replicated in vitro by co-culturing GFP-positive murine cardiomyocytes and human
umbilical vein endothelial cells, which demonstrated that the majority of cardiomyocytes co-
aligned with the endothelial network (Figure 5, B).

Discussion

Our findings support previous reports that the heart regenerates after resection.9 Although
highly controversial and publicly debated,’8 the heart may regenerate completely after
apical resection.?10 Although we noted some fibrosis in hearts 30 days postresection, the
amount of apical fibrosis did not significantly differ from sham hearts. Therefore, despite
this limited fibrosis, our results do suggest that the regenerative potential of the neonatal
heart is real and robust. Furthermore, cell proliferation was increased relative to sham
controls from 3 to 11 days postresection. This suggests that the stimulus for regeneration
does not augment cardiomyocyte proliferation beyond the standard immediate postnatal rate.
Rather, the stimulus sustains high levels of proliferation for 1 week beyond that of normal
postnatal development. Immunohistochemical staining showed that angiogenesis preceded
cardiomyocyte migration in the apical thrombus. Additionally, the vascularity, maximal
vessel diameter, and arterial maturation significantly increased within the resected region
over time. Capillary formation in the apical thrombus was first observed at 2 days
postresection and arteries at 5 days postresection.

The formation of larger arteries, characterized by a surrounding smooth muscle layer, within
the apical thrombus by 5 days postresection is suggestive of de novo arteriogenesis.
Microvessels appeared to remodel to form larger vessels. Blood vessels are already perfused
within 5 days postresection, suggesting that increased blood flow might stimulate vessel
remodeling. This is consistent with arteriogenesis after arterial occlusion, where sheer stress
from increased blood flow may contribute to collateral artery remodeling.1® In addition,
hemodynamic forces in the mouse yolk-sac have been shown to be both sufficient and
necessary for vessel maturation.20

The fact that angiogenesis precedes cardiomyocyte migration is consistent with findings in
other organ systems. Recent studies using a rat and mouse model have shown that peripheral
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nerve regeneration after sciatic nerve transection is dependent on macrophage-induced
angiogenesis between the 2 cut ends of a transected nerve. The newly formed vessels form a
bridge between the stumps, which Schwann cells use as a physical guide to regenerate
axons. Whether heart regeneration follows a similar pathway is unknown. By using
immunochemical staining, we showed that the majority of migratory cardiomyocytes are in
close proximity to endothelial cells. Our estimates of the relationship between
cardiomyocyte processes and endothelial cells are limited by the fact that 10 gm-thick
sections were used for staining. Whole mount staining might further clarify whether all
migratory cardiomyocytes are found along growing vessels.

The mechanisms governing neoangiogenesis and cardiomyocyte migration in neonatal mice
after apical resection still remain to be elucidated. A study using ventricular amputation in
zebrafish demonstrated that epicardial-derived stromal-derived factor (SDF)-1a induces
cardiomyocyte migration.2! Of note, the SDF-1a receptor CXCR4b was expressed in
cardiomyocytes but not endothelial cells. Furthermore, blocking the CXCR4b receptor
resulted in defective cardiomyocyte migration without affecting endothelial cells. SDF-15, a
different isoform expressed in zebrafish but not mammals, directs endothelial cells during
coronary artery formation in zebrafish.21.22 Therefore, the close proximity of migrating
cardiomyocytes and blood vessels that we observed could be due to the presence of a
common chemoattractant, such as SDF-1a, which stimulates both endothelial and
cardiomyocyte migration. In fact, transgenic mice with a fluorescent reporter knocked into 1
SDF-1a allele demonstrate that arterial endothelial cells strongly express SDF-1a.23
Because cardiomyocytes and arterial endothelial cells both express CXCR4, it is possible
that arterial endothelial cell-derived SDF-1a guides a cascade of sprouting angiogenesis,
arteriogenesis, and cardiomyocyte migration after myocardial injury. This may also explain
the close proximity of migratory cardiomyocytes and endothelial cells noted in our study.

The mechanism and cell source of the blood vessels that invade the apical thrombus
postresection remain unknown. Studies have shown that bone marrow—derived stem cells
contribute to neovascularization through paracrine signaling, but do not directly incorporate
into the endothelial layer.24-27 Another possible source for endothelial progenitors in the
heart is the epicardium. Epicardial cells have been shown to undergo epithelial-to-
mesenchymal transition and contribute to neovascularization of the apical thrombus.28
However, whether the epicardium is a rich-enough source of progenitors to reconstitute the
majority of the vasculature is unlikely; the most probable candidate cells for repopulation of
the apical vasculature are preexisting endothelial cells. Lineage-traced coronary endothelial
cells in zebrafish reconstituted the vasculature in the neo-apex after ventricular amputation.
29 Our analysis of cell proliferation demonstrated that a large number of endothelial cells
within the apical thrombus are proliferative and suggests that preexisting endothelial cells
may also repopulate the vasculature in mice after myocardial injury. However, a similar
lineage-tracing study in neonatal mice is required to better confirm this process.

After initial vascularization in embryos, larger vessels form a perivascular mural layer in a
process termed “arteriogenesis.” Studies using arterial ligations in mice and rabbits have
demonstrated collateral vessels form from remodeling preexisting arterioles, and not by
capillary maturation.19:30.31 |n apical resection models, preexisting vasculature is removed;
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therefore, arteries found within the apical thrombus are likely derived from maturation and
remodeling of invading capillaries.

Our findings suggest that the heart is still proliferative during the first days of life and that
myocardial injury does not augment postnatal proliferation but rather prolongs the initial
proliferative period. Alternatively, the stimulus for cardiomyocyte proliferation might not be
initiated until 2 to 3 days after injury, potentially because the cells that induce
cardiomyocyte proliferation are not found within the apical thrombus until then. These
might be activated epicardial cells, inflammatory cells, such as macrophages, or bone
marrow—derived stem cells, all of which have been shown to play a key role in heart
regeneration,1%:32,33

Study Limitations

Our results must be interpreted in the context of several limitations. The model of apical
resection may differ significantly from that of myocardial infarction, because tissue and
underlying extracellular matrix are removed in apical resection rather than left in situ as in
myocardial infarction. This may directly affect the extent of the local inflammatory
response. Whether our results can be applied to revascularization and regeneration after
myocardial infarction is unknown. Furthermore, our data are obtained from histologic
sections of hearts explanted at different time points; without in vivo microscopy, we cannot
observe regeneration in the same heart over time.

Conclusions

Our findings provide insight into the process by which the heart regenerates in neonates and
confirms the heart's transient regenerative potential. Reestablishing the vasculature is
paramount to not only support cardiomyocytes but also guide them to the area of injury.
Mimicking this support and guidance may be important for the success of cell-based
therapies focused on remuscularizing infarcted myocardium or even therapies focused on in
situ reprogramming. Whether similar modes of repair can be induced after myocardial
infarction, however, remains to be determined.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations and Acronyms

EdU 5-ethynyl-2-deoxyuridine

FGF fibroblast growth factor

GFP green fluorescent protein

HBSS Hanks’ balanced salt solution

MMP matrix metalloprotease

PBS phosphate-buffered saline

PBS-Tx phosphate-buffered saline containing
TritonX-100 SDF stromal-derived factor
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Central Message

After apical resection in neonatal mice, angiogenesis and arteriogenesis precede
cardiomyocyte migration in the newly forming apex of regenerating hearts.
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Perspective

. Mounting evidence in recent years suggests that neonatal murine hearts have a
robust regenerative potential. Angiogenesis is a vital part of the regenerative
process and could be a future therapeutic target for myocardial infarction or
heart failure. We characterize the timeline for angiogenesis and cell
proliferation in regenerating mammalian hearts.
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Figure 1.
The neonatal heart regenerates with minimal fibrosis after apical resection. A, Masson's

trichrome staining of hearts at 0, 11, and 30 days postresection. For comparison, sham-
operated hearts, harvested 30 days after surgery, are included. A magnified image of each
apex is provided below. An apical thrombus quickly formed after resection and became
fibrotic by 11 days postresection. By 30 days postresection, the heart had regenerated with
minimal fibrosis. B, Quantification of fibrotic area in the apex after apical resection at 11,
14, 21, and 30 days postresection. For comparison, sham-operated hearts harvested 30 days
after surgery are included. Values are represented as percentage fibrosis of the apical area.
Fibrosis in the apex consistently decreased over time. This suggests that fibrosis is gradually
replaced by myocardium as heart regeneration progresses. Red bars represent median value
for each timepoint. Asterisks denote statistical significance at **P< .01.
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Apical resection prolongs window of cardiomyocyte proliferation. A, Proliferative
cardiomyocytes were identified by staining for a-actinin (green), EAU (red), and Hoechst
33342 (blue). The number of EdU-positive cells in the apex 3 days after operation is
compared between sham and apical resection groups. EdU staining represents
cardiomyocytes that have gone through at least 1 cell cycle of replication. B, EdU
measurements comparing the number of proliferating cells in the apex and remote
myocardium of resected hearts and sham controls at each time point. Cardiomyocyte
proliferation is increased relative to sham controls at 3 days postresection in both the apex
and remote area of the heart compared with sham-operated animals and is sustained for over
1 week in the apex. Red bars represent median value for each timepoint. Asterisks denote
statistical significance at *P <.05 and **P<.01. £dU, 5-Ethynyl-2-deoxyuridine.
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Figure 3.
Vessel ingrowth into the apical thrombus precedes cardiomyocyte migration after resection.

Histologic analysis of sagittal heart sections demonstrated that vessels enter the apical
thrombus early and mature over time. Endothelial cells always extended deeper into the
thrombus than cardiomyocytes. A, Migrating endothelial cells in the apical thrombus,
visualized by vascular endothelial cadherin staining. Capillary formation was first noted in
the apical thrombus at 2 days postresection. B, An artery characterized by a smooth muscle
layer in the apical thrombus at 5 days postresection. Arteries in the apical thrombus were
first noted at 5 days postresection, but did not consistently appear until 7 days postresection.
C, A large ingrowing artery within the apical thrombus at 7 days postresection. Arteries
were found within apical thrombus of all hearts treated with apical resection at 7 days
postresection and onward. D, A lectin-perfused vessel in the apical thrombus at 5 days
postresection. This suggests that ingrowing vessels become functional by 5 days
postresection. Green=14; a-actinin, red=14; vascular endothelial cadherin, req,
magenta=14; smooth muscle actin, b/ue =14; DAPI, white =14;lectin. All scale bars
represent 25 zm. SMA, Smooth muscle actin; VE, vascular endothelial; DAP/, 4 ,6-
diamidino-2-phenylindole.
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The apical thrombus becomes more vascularized over time to ultimately regrow apical
coronary arteries. A, Vascular density of apical thrombus consistently increased from the
time of resection to 9 days postresection, after which it plateaued. B, Percentage of smooth
muscle cell area in the apical thrombus. C, Maximal vessel diameter in the apical thrombus.
For comparison, measurements of apices of sham-operated hearts are provided for all
graphs. D, Comparison of arterial formation in the apical thrombus of resected hearts 5 and
11 days postresection. Note the increased arterial density and vessel diameter at 11 days
postresection compared with 5 days postresection. Green=14; troponin |, magenta=14;
smooth muscle actin, b/ue =14; DAPI. Scale bar represents 25 pym. Red bars represent
median value for each timepoint. Asterisks denote statistical significance at *P<.05, **P<.
01, and ***P<.001. SMA, Smooth muscle actin.
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Figure 5.
Migratory cardiomyocytes in the regenerating apex are in close proximity to endothelial

cells. A, Immunohistochemical staining of apical thrombus 3 days postresection. After
apical resection, endothelial cells migrate into the apical thrombus ahead of cardiomyocytes.
Most migrating cardiomyocytes were observed in close proximity to ingrowing vessels.
Note the close proximity of cardiomyocyte processes to migrating vessels in the apical
thrombus (arrows). Green=14; a-actinin, red=14; vascular endothelial cadherin, b/ue =14;
DAPI. Scale bars represent 25 gm. B, In vitro co-culturing of murine GFP-positive
cardiomyocytes and human umbilical vein endothelial cells. Nearly all cardiomyocytes co-
align with the endothelial network. Scale bars represent 25 ym. Together, this suggests that a
strong relationship exists between the 2 cell types. VE, Vascular endothelial; DAPI, 4’ 6-
diamidino-2-phenylindole.
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