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  Article  

 Introduction  

 A sudden occlusion of the left coronary artery leads to 
an acute myocardial infarction (MI) of the left ventricle 
followed by an infl ammatory reaction in the ischemic 
region and replacement of the necrotic muscle tissue 
with a fi brous scar.  1 , 2   As a consequence of thinning 
and distension of the infarcted region, the left ventricu-
lar (LV) cavity dilates causing systolic dysfunction that, 
in turn, triggers global and regional LV remodeling.  3 , 4 

Although the progressive changes in LV chamber 
geometry and intrinsic myocardial tissue properties 
play initially a compensatory role, with time, such alter-
ations become maladaptive and eventually lead to 

systolic heart failure.  5   Therefore, prevention of 
MI-induced ventricular wall thinning with various scar-
modifying approaches has become one of the funda-
mental therapeutic strategies that have been 
extensively explored over the last two decades.  6      –  9   It is 
important to emphasize that despite substantial 
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  Summary 
 This study was aimed to understand the mechanism of persistent cardiac myocyte (CM) survival in myocardial infarction 
(MI) scars. A transmural MI was induced in 12-month-old Sprague – Dawley rats by permanent coronary artery ligation. 
The hearts were collected 3 days, 1, 2, 4, 8, and 12 weeks after MI and evaluated with histology, immunohistochemistry, 
and quantitative morphometry. Vasculature patency was assessed in 4-, 8-, and 12-week-old scars by infusion of 15-micron 
microspheres into the left ventricle before euthanasia. The infarcted/scarred area has a small continually retained population 
of surviving CMs in subendocardial and subepicardial regions. Surprisingly, whereas the transverse area of subepicardial 
CMs remained relatively preserved or even enlarged over 12 post-MI weeks, subendocardial CMs underwent progressive 
atrophy. Nevertheless, the fractional volume of viable CMs remained comparable in mature scars 4, 8, and 12 weeks after 
MI (3.6 ± 0.4%, 3.4 ± 0.5%, and 2.5 ± 0.3%, respectively). Despite the opposite dynamics of changes in size, CMs of both 
regions displayed sarcomeres and gap junctions. Most importantly, surviving CMs were always accompanied by patent 
microvessels linked to a venous network composed of Thebesian veins, intramural sinusoids, and subepicardial veins. Our 
findings reveal that long-term survival of CMs in transmural post-MI scars is sustained by a local microcirculatory bed. 
  (J Histochem Cytochem 66:99 – 120, 2018)  
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differences among the methodological approaches 
and therapeutic targets, an ultimate goal for the major-
ity of such strategies is the restoration of the functional 
myocardium in place of the inert scar tissue.

Traditionally, rats have been routinely utilized in an 
animal model of experimental MI to study myocardial 
healing and scar formation.10–16 More recently, they 
have become a major subject in evaluating various 
regenerative, scar-reducing therapies.17,18 There are 
two unique features that make rats highly suitable for 
such purpose. First, rats have an ability to survive after 
a large MI for an extended period of time permitting the 
dynamic observation of functional and structural altera-
tions that take place within the damaged area during 
the post-MI period.13,16,18 Second, because in the rat 
heart, the right and left coronary arteries lack intercoro-
nary anastomoses, the permanent ligation in a proxi-
mal segment of the left coronary artery always produces 
a well-demarcated, large, transmural MI.12,19–21 The lat-
ter feature has been proven to be advantageous in 
detailing a step-by-step chain of cellular and humoral 
events that underlies the normal healing process in the 
infarcted myocardium.10,15 Most importantly, the use of 
a large and reproducible MI in a rat coronary artery 
ligation model has been extremely valuable in recog-
nizing the principal methodological challenges encoun-
tered by most if not all cell-based regenerative 
approaches aiming to rebuild the functional myocar-
dium within the ischemic ventricular wall.17,18

Considering the persistent failure of various regen-
erative strategies to quickly and sustainably revascular-
ize a large, chronically ischemic region as well as to 
either produce the mature cardiac myocytes de novo or 
continuously retain the transplanted pro-myogenic 
cells, it is surprising that little attention has been 
devoted to a comprehensive study of the spared rem-
nants of the viable myocardium, particularly those seen 
in a central segment of the transmural scars from post-
MI rats.14,15,22–24 Although the regions with viable car-
diac myocytes have also been documented within 
post-MI scars from other animal species, such as 
mice,25 cats,26 dogs,27–29 rabbits,26 sheep,30 as well as 
humans,31,32 in the majority of cases, the survival of 
cardiac myocytes in such areas has been primarily 
attributed either to continuing arterial blood supply from 
the non-infarcted myocardium33 or to a rapid reestab-
lishment of coronary blood flow through the original 
artery after a brief period of ischemia.28,30 However, the 
mechanism of cardiac myocyte survival in a rat model 
of chronically ischemic LV myocardium remains poorly 
understood. Moreover, there has been no attempt 
made to comprehensively investigate a phenotype of 
such cardiac myocytes and, more important, the 

microenvironment in which they have resided at differ-
ent time points after MI.

Therefore, this study was undertaken to character-
ize the progressive changes in cardiac myocytes that 
were able to survive in the LV free wall for an extended 
period of time after permanent ligation of the left cor-
onary artery. Furthermore, a special emphasis has 
been made on investigation of the regional microen-
vironment, particularly, the source of nourishing 
blood supply that would facilitate long-term survival 
of adult cardiac myocytes in large, fibrous transmural 
post-MI scars.

Materials and Methods

All experimental procedures were performed in accor-
dance with the Guide for the Care and Use of 
Laboratory Animals published by the National Institutes 
of Health (NIH Publications No. 85-23, revised 1996).

Animals and Experimental Protocol

A large transmural MI was induced in 12-month-old 
male (n=52) Sprague–Dawley rats (Charles River 
Laboratories, Inc.; Wilmington, MA) under ketamine 
(100 mg/kg intraperitoneal [i.p.]) and xylazine (10 mg/
kg i.p.) anesthesia by permanent ligation of the left 
anterior descending coronary artery near its origin, as 
previously detailed elsewhere.12,15 Sham-operated rats 
(n=6) served as age-matched controls. Following sur-
gery, the rats were housed under climate-controlled 
conditions at a 12-hr light/dark cycle, and provided 
with standard rat chow and water ad libitum. The mor-
tality rate among post-MI rats was ~30% with all death 
occurring within the first 48 hr. The survived rats were 
euthanized 3 days, 1, 2, 4, 8, and 12 weeks after MI 
(n=6 per experimental group), and their hearts were 
collected for further evaluation.

In three groups of post-MI rats (4, 8, and 12 weeks 
after surgery) in which the formation of scar tissue has 
been completed,15 shortly before collecting the hearts, 
non-radioactive microspheres, 15 µm in diameter, 
were delivered into the LV chamber of beating hearts 
to assess the potency of blood vessels in the scars. 
Briefly, each rat was anesthetized with 3% isoflurane 
in pure oxygen, and a polyethylene catheter (PE-50), 
attached to a fluid-filled, blood pressure transducer, 
was inserted into the right common carotid artery and 
advanced into the left ventricle under the guidance of 
a pressure waveform. Approximately 1 million micro-
spheres in 0.4 ml of saline (BioPAL, Inc.; Worcester, 
MA) were infused over 5 sec into the LV chamber with 
a syringe.



Viable Cardiac Myocytes in Transmural Post-MI Scar 101

At the end of each time period, rats under isoflu-
rane anesthesia were weighed, and the hearts were 
arrested in diastole by an intracardiac injection of 
potassium chloride, excised from the thorax, attached 
to a Langendorff apparatus and were perfusion-fixed 
with 4% paraformaldehyde (PFA) in phosphate-buff-
ered saline (PBS) for 20 min at constant pressure (100 
mmHg). Then, the hearts were immersed in a fresh 
portion of 4% PFA solution and stored at +4C for 48 hr, 
before being processed for infarct size measurements 
and tissue sampling.

Post-MI rats were included in the final evaluation 
only if the size of the transmural infarct zone/scar was 
equal or greater than 50% of the LV free wall. 
Furthermore, the quantitative assessment of the LV 
chamber remodeling, scar thinning, and the fractional 
volume of the cardiac myocytes surviving within the 
scars were only conducted 4, 8, and 12 weeks after MI, 
because at these time periods the transmural scars 
had a relatively similar level of maturation.

Determination of Infarct Size and Tissue 
Sampling

In each heart, the atria and the right ventricular free 
wall were removed, and the left ventricle, including 
septum, was cut transversely from apex to the base 
into five parallel slices with a blade guillotine. Then, the 
LV slices were briefly blotted dry with filter paper and 
weighed.

To determine the infarct/scar size, all LV slices from 
the heart were digitized into a computer using a Motic 
K-400L stereo microscope (Motic Instruments, Inc.; 
Richmond, BC, Canada) equipped with an Olympus 
DP70 digital camera (Olympus America, Inc.; Center 
Valley, PA) and then measured with Image-Pro Analyzer 
7.0 software (Media Cybernetics, L.P.; Silver Spring, 
MD), as detailed previously.13 Briefly, in each digitized 
slice, the lengths of the entire free wall and its infarcted/
scarred portion (both obtained at the mid-wall level) 
were determined. The extent of the transmural infarcted/

scarred area in each LV slice was estimated as the 
ratio between the length of the infarcted zone/scar and 
the length of the total free wall, and then the mean of 
these ratios was calculated. Finally, the infarct size was 
expressed as a percentage of the LV free wall.

From each heart, the two midventricular LV slices 
were processed into paraffin blocks for histological 
analysis.

Histology and Immunohistochemistry

Transverse, 8.0-µm-thick serial sections were cut from 
the paraffin-embedded LV slices onto microscope 
slides. From each LV slice, several sections were rou-
tinely stained with Masson’s trichrome and hematoxy-
lin and eosin (H&E) stains.

Other serial sections were subjected to immunola-
beling with various combinations of the primary 
(Table 1) and secondary (Table 2) antibodies or 
stained with Griffonia Simplicifolia isolectin IB

4
 (GS-

IB
4
). Briefly, sections were deparaffinized and antigen 

retrieval was performed by enzyme digestion either 
with 0.025% trypsin (cat. T4424; Sigma, St. Louis, 
MO) or with 20 mg/ml proteinase K (cat. P4850; Sigma, 
St. Louis, MO) in Dulbecco’s PBS containing calcium 
and magnesium ions (cat. 14040; Life Technologies, 
Carlsbad, CA) for 20 min at 37C. Incubation with pri-
mary antibodies was conducted for 2.0 hr followed by 
labeling with fluorophore-conjugated secondary anti-
bodies or GS-IB

4
 lectin for 45 min at 37C in a moist 

chamber. The sections were coverslipped with ProLong 
Gold antifade mounting medium (cat. P36931; 
Molecular Probes, Inc., Eugene, OR) containing DAPI 
(4′,6-diamidino-2-phenylindole) to counterstain the 
nuclei. Omission of primary antibodies or GS-IB

4
 lectin 

served as negative controls.

Microscopy and Quantitative Morphometry

The entire profiles of the LV cross-sections stained 
with Masson’s trichrome and H&E were captured onto 

Table 1. Primary Antibodies Used for Immunostaining.

Antigen Host Clone Isotype Dilution Catalog No. Source

Actin, cardiac Mouse AC1-20.4.2 IgG1 1:100 A9357 Sigma; St. Louis, MO
Alpha-Smooth 

Muscle Actin
Mouse 1A4 IgG2a 1:600 A2547 Sigma; St. Louis, MO

Connexin 43 Mouse — IgG1 1:300 MAb3068 Millipore; Temecula, CA
Desmin Mouse DE-U-10 IgG1 1:80 D1033 Sigma; St. Louis, MO
Laminin Rabbit — — 1:60 L9393 Sigma; St. Louis, MO
Myosin, cardiac 

(b-isoform)
Mouse NOQ7.5.4D IgG1 1:1000 M8421 Sigma; St. Louis, MO
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a computer using a Motic K-400L stereo microscope 
(Motic Instruments, Inc.) equipped with an Olympus 
DP70 digital camera (Olympus America, Inc.) and 
then measured with Image-Pro Analyzer 7.0 software 
(Media Cybernetics, L.P.), as detailed previously.13 The 
following planimetric parameters of the left ventricle 
were acquired using these images: the cross-sectional 
areas (CSAs) of the left ventricle and its cavity, and the 
average thicknesses of the septum and the scar. From 
these measurements, the scar thinning ratio and 
expansion index (a parameter that reflects the degree 
of LV dilatation and scar thinning) were determined as 
follows: The scar thinning ratio was calculated as the 
ratio between average thickness of the scar and the 
average thickness of the septum, whereas the expan-
sion index was calculated as (LV cavity area/LV area) 
× (septal wall thickness/scar thickness).

The LV cross-sections stained with Masson’s tri-
chrome were examined under the Olympus BX53 
microscope (Olympus America Inc.) and, in each sec-
tion, the series of high-resolution images covering the 
entire scar region were captured with an Olympus 
DP72 digital camera. Digital assembly of the complete 
scar profiles from the captured images was done using 
Adobe Photoshop CC software (Adobe Systems; San 
Jose, CA). Using a reconstructed, high-resolution 
image of each individual scar, the total profile of the 
scar was thoroughly outlined, and its area was mea-
sured with Image-Pro Analyzer 7.0 software. Finally, a 
color image segmentation technique was applied to 
each scar to determine the fractional volume of the 
surviving cardiac myocytes within the scar, as 
described previously.14 Briefly, a digital color image of 
the scar stained with Masson’s trichrome was parti-
tioned by using Image-Pro Analyzer 7.0 software into 
discrete segments based on color similarity between 
the areas occupied with viable muscle cells. Utilizing 
this approach, the total area of surviving cardiac 

myocytes was determined in each scar, and then the 
fractional volume of surviving cardiac myocytes was 
expressed as a percentage of the total scar volume.

The double and triple fluorescence labeled sections 
were examined under the Olympus BX53 fluorescence 
microscope, and individual images were captured onto 
a computer with an Olympus DP72 digital camera. 
Finally, separate, single-color images of the same fields 
were combined using Olympus cellSens Standard 
1.4.1 digital imaging software (Olympus America Inc.) 
to produce the multicolored composites.

The merged digital images from the sections co-
stained with the antibodies against b-cardiac myosin 
and laminin, and counterstained with DAPI, were used 
to determine the mean CSA of cardiac myocytes sur-
viving in subendocardial and subepicardial regions of 
the transmural scars. To avoid the analysis of cardiac 
myocytes that could be still connected to viable myo-
cardium at the edges of the scar, only areas of the 
transmural scars remote from the remaining myocar-
dium by at least 1.5–2 mm were used in this assess-
ment. Briefly, the laminin-outlined profiles of b-cardiac 
myosin-positive myocytes were electronically traced 
by using an Image-Pro Analyzer 7.0 software (Media 
Cybernetics, L.P.), and their diameters, aspect ratios, 
and CSAs were measured. In average, about 60–100 
cardiac myocyte profiles per subendocardial and sub-
epicardial regions were analyzed in each scar. Finally, 
to estimate the mean CSA of surviving myocytes, only 
cells with an aspect ratio of less than 2.5 times and 
containing a round-shaped nucleus were used.

At the same time, the merged digital images from 
the sections co-stained with a GS-IB4 lectin and an 
antibody against α-smooth muscle (SM) actin, and 
counterstained with DAPI, were utilized to determine 
the diameter of blood vessels accompanying the sur-
viving cardiac myocytes in subendocardial and sub-
epicardial regions of the transmural scars. Briefly, the 

Table 2. Fluorophore-Conjugated Secondary Antibodies and Lectins Used for Fluorescence Staining.

Description Dilution Catalog No. Source

Alexa Fluor 488-conjugated goat anti-mouse IgG (H + L) 1:200 A-11001 Molecular Probes; Eugene, OR
Alexa Fluor 594-conjugated goat anti-mouse IgG (H + L) 1:400 A-11032 Molecular Probes; Eugene, OR
Alexa Fluor 488-conjugated goat anti-rabbit IgG (H + L) 1:200 A-11008 Molecular Probes; Eugene, OR
Alexa Fluor 594-conjugated isolectin GS-IB

4
10 µg/ml I21413 Molecular Probes; Eugene, OR

Alexa Fluor 488-conjugated isolectin GS-IB
4

20 µg/ml I21411 Molecular Probes; Eugene, OR
Rhodamine Red-X-conjugated goat anti-mouse IgG (H + L) 1:200 115-295-146 Jackson ImmunoResearch Lab.; 

West Grove, PA
Cy3-conjugated goat anti-mouse IgG (F

Cγ
 subclass 2a) 1:400 115-165-206 Jackson ImmunoResearch Lab.; 

West Grove, PA
Cy3-conjugated goat anti-mouse IgG (H + L) 1:400 115-165-166 Jackson ImmunoResearch Lab.; 

West Grove, PA

Abbreviation: GS-IB
4
, Griffonia Simplicifolia isolectin IB

4
.
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lumen of lectin- and/or α-SM actin-outlined vascular 
profiles were electronically traced by using an Image-
Pro Analyzer 7.0 software (Media Cybernetics, L.P.), 
and their diameters were calculated.

Statistical Analysis

Data are expressed as the Mean ± SD. Statistical anal-
ysis was performed using Prism 6 software package 
(IBM Corp.; Armonk, NY). A one-way analysis of vari-
ance (ANOVA) followed by the Tukey’s post hoc tests 
were performed for multigroup comparisons. A one-
tailed unpaired Student’s t-test was used to assess the 
difference between two groups. A probability of p≤0.05, 
p≤0.01, and p≤0.001 were considered to indicate dif-
ferent levels of statistical significance.

Results

Considering the highly dynamic nature of structural 
changes within the infarcted region, several sequen-
tial time points, including 3 days, 1, 2, 4, 8, and 12 
weeks post-MI, were used to evaluate cardiac myo-
cyte survival in progression, during scar formation, 
and remodeling. Because at the edges of the scar the 
surviving cardiac myocytes could still receive uninter-
rupted arterial blood supply from the vessels originat-
ing in adjacent non-infarcted regions, the principal 
focus was on cells remaining in a central zone of the 
scars, which were evidently remote from the scar 
edges and, thereby, had no access to a conventional 
route of arterial blood supply. Furthermore, to deter-
mine whether scar maturation could affect the long-
term viability of the remaining cells, the fractional 
volume of surviving cardiac myocytes as well as the 
functional potency of the blood vessels associated 
with them have been assessed in mature 4-, 8-, and 
12-week-old post-MI scars.

Cardiac Myocytes Are Capable of Long-Term 
Survival in Large Transmural Post-MI Scars

The evaluation of post-MI hearts throughout 12 weeks 
following permanent ligation of the left coronary artery 
revealed that large transmural scars of the left ventri-
cle contained a sparse population of viable cardiac 
myocytes (Figs. 1, 2, and 3). At all time periods, a 
majority of surviving cardiac myocytes was noticed as 
thin discontinuous layers in 2 distinct regions of each 
scar, one beneath the endocardium and another 
beneath the epicardium (Figs. 1A, B; 2A, C, and 3A). 
Furthermore, in the subepicardial region, large clus-
ters of viable cardiac myocytes were often associated 
with large subepicardial veins with a mean diameter of 

98.2 ± 19.5 µm (Figs. 1D, 2B, D, and 3B), whereas, in 
subendocardial regions, the isolated groups of surviv-
ing cardiac myocyte were occasionally seen around 
the venous channels resembling Thebesian vessels 
(Fig. 1C). Moreover, during the first few weeks of scar 
formation, the viable cardiac myocytes were periodi-
cally detected deep in intramural regions where they 
surrounded thin-walled sinusoidal vessels with a mean 
diameter of 25.5 ± 4.2 µm (Fig. 2A: asterisks).

Most importantly, the quantitative assessment of 
mature scars demonstrated that the fractional volume 
of surviving cardiac myocytes remained relatively 
comparable between the fourth and twelfth post-MI 
weeks in hearts that had similar-sized infarcts and the 
analogous scale of LV chamber remodeling (Table 3).

Cardiac Myocytes Remaining in Subepicardium 
and Subendocardium of Post-MI Scars 
Demonstrate the Region-Dependent Dynamics 
of Changes in Size

Despite the fact that viable cardiac myocytes were 
concurrently present in two specific areas of each 
transmural scar, that is, subendocardial and subepi-
cardial regions, the quantitative assessment of their 
transverse profiles revealed that the cells in these two 
areas have undergone markedly different alterations in 
size during the course of 12 post-MI weeks. While the 
cardiac myocytes residing in subepicardium preserved 
and, to some degree, even increased their CSAs, 
compared with the cells from the similar areas in con-
trol hearts, the cardiac myocytes remaining in suben-
docardium exhibited noticeable atrophy (Fig. 4).

Viable Cardiac Myocytes of Post-MI Scars 
Persistently Maintain Sarcomeric Organization 
and Expression of Gap Junction Protein 
Connexin 43

The examination of longitudinal and oblique profiles of 
the cardiac myocytes surviving in subepicardial and 
subendocardial regions of the post-MI scars has 
revealed that a substantial number of remaining cells 
were able to preserve the characteristic arrangement 
of contractile and supporting proteins into organized 
sarcomeres (Fig. 5). Moreover, the noticeable atrophy 
seen in subendocardial myocytes did not prohibit the 
long-term maintenance of sarcomeric organization of 
the contractile apparatus in such cells (Fig. 5C and D).

In addition, the immunodetection of gap junction pro-
tein connexin 43 in viable cardiac myocytes remaining 
in subendocardial and subepicardial regions of post-MI 
scars demonstrated that connexin 43 proteins were 
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Figure 1. Distribution of surviving cardiac myocytes in a representative 1-week-old transmural post-MI scar visualized with Masson’s 
trichrome stain (dark red color in A) and double immunofluorescence staining (B–D) with antibodies against cardiac MHC b-isoform 
(red color) and laminin (green color). In C and D, nuclei are counterstained with DAPI (blue color). (A) Transverse section through 
the midventricular level of the post-MI heart demonstrating the presence of viable cardiac myocytes in subendocardial (arrows) and 
subepicardial (arrowheads) regions of the scar. Note that muscle-specific staining (dark red color) seen within the middle region of the 
scar is associated entirely with the remnants of dead mummified myocytes. (B) Immunofluorescence micrograph of the area outlined by 
a black box in A showing the viable cardiac myocytes in subendocardial (arrows) and subepicardial (arrowheads) regions of the same scar 
obtained on an adjacent serial section. Note that remnants of dead mummified myocytes located in the middle region of the scar remain 
unstained with antibody against cardiac MHC b-isoform (red color), although most of them continue to be outlined by laminin-positive 
basement membranes. (C) High-power view of the subendocardial region outlined by a white box in B demonstrating the arrangement 
of viable cardiac myocytes in the discontinuous layer just beneath the endocardium (arrows) as well as in the isolated cluster around 
a small, thin-walled venous-like vascular channel, which resembles a Thebesian vein or vessel (asterisk). (D) High-power view of the 
subepicardial region outlined by a white box in B showing the groups of viable cardiac myocytes beneath the epicardium (white dotted 
line) in close proximity to a large subepicardial vein (V). Scale bars are 600 µm (A, B) and 50 µm (C, D). Abbreviations: MI, myocardial 
infarction; MHC, myosin heavy chain; DAPI, 4′,6-diamidino-2-phenylindole.
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consistently distributed on the interfacing surfaces 
between adjacent myocytes in the pattern seemingly 
resembling typical gap junctions (Fig. 6: arrowheads).

Cardiac Myocytes Surviving in Post-MI Scars 
Are Supported by Functional Microvascular 
Networks

The progressive evaluation of two discontinuous lay-
ers of surviving cardiac myocytes located in subendo-
cardial and subepicardial regions of the transmural 

scars has revealed that at all time periods examined, 
the viable cardiac myocytes were surrounded by the 
networks of functional microvessels, which were pre-
dominantly composed of capillaries and postcapillary 
venules (Fig. 7). Moreover, in both regions, the well-
organized microvascular beds were always seen within 
clusters of surviving myocytes surrounding large veins. 
More importantly, the microvascular network support-
ing the viable cardiac myocytes throughout 12 post-MI 
weeks remained relatively unaffected by the process 
of scar maturation during which a majority of newly 

Figure 2. Distribution of surviving cardiac myocytes in the representative 2-week-old (A, B) and 4-week-old (C, D) transmural post-MI 
scars visualized by double immunofluorescence staining with antibodies against desmin (red color) and laminin (green color). In all micro-
graphs, nuclei are counterstained with DAPI (blue color). (A and C) Low-power views of the transmural scars demonstrating the discon-
tinuous layers of viable cardiac myocytes beneath the endocardium (arrows) and epicardium (white dotted line). In A, a few isolated clusters 
of surviving cardiac myocytes are seen intramurally, surrounding the thin-walled sinusoidal vessels (asterisks). It is important to note that in 
comparison with subepicardial veins (V), the walls of large coronary arteries (A) are composed of desmin-positive vascular smooth muscle 
cells. Furthermore, a patchy pattern of red immunofluorescence staining detected in the middle portion of the scar extending along the 
compact laminin-positive bundles presumably belongs to the desmin-expressing myofibroblasts. (B and D) High-power views of the sub-
epicardial regions outlined by the corresponding white boxes in A and C, respectively, demonstrating the large groups of surviving cardiac 
myocytes just beneath the epicardium (white dotted line) and near the large subepicardial veins (V). Scale bars are 500 µm (A), 100 µm (C), 
and 50 µm (B, D). Abbreviations: MI, myocardial infarction; DAPI, 4′,6-diamidino-2-phenylindole; MHC, myosin heavy chain.
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Figure 3. Distribution of surviving cardiac myocytes in a representative 12-week-old transmural post-MI scar visualized by double 
immunofluorescence staining with antibodies against cardiac MHC b-isoform (red color) and laminin (green color). In all micrographs, 
nuclei are counterstained with DAPI (blue color). (A) Low-power view of the scar demonstrating the discontinuous layers of viable 
cardiac myocytes beneath the endocardium (arrows) and epicardium (white dotted line). Note that viable cardiac myocytes are present 
around a large vein (V), whereas they are completely absent in the vicinity of coronary arteries (A). (B) High-power view of the subepi-
cardial region outlined by the white box in A showing the viable cardiac myocytes beneath the epicardium (white dotted line) and around 
the large subepicardial vein (V). (C) High-power view of the subendocardial region outlined by a white box in A demonstrating the viable 
cardiac myocytes beneath the endocardium. Scale bars are 100 µm (A) and 50 µm (B, C). Abbreviations: MI, myocardial infarction; MHC, 
myosin heavy chain; DAPI, 4′,6-diamidino-2-phenylindole.

Table 3. Left Ventricular Structural Parameters and Fractional Volume of Surviving Cardiac Myocytes in the Transmural Myocardial 
Infarction Scars.

n

4wkMI 8wkMI 12wkMI

6 6 5

Infarct size (% of LVFW) 64.9 ± 11.8 63.3 ± 10.1 61.6 ± 6.4
LV weight/BW ratio (mg/g) 2.23 ± 0.29 2.38 ± 0.21 2.51 ± 0.31
LV CSA (mm2) 100.5 ± 16.8 108.9 ± 11.6 114.9 ± 15.8
LV cavity CSA (mm2) 48.9 ± 9.8 50.5 ± 4.5 55.3 ± 14.4
Septal wall thickness (mm) 1.80 ± 0.32 1.98 ± 0.34 2.14 ± 0.56
Scar thickness (mm) 0.88 ± 0.16 0.93 ± 0.30 0.92 ± 0.22
Scar thinning ratio 0.49 ± 0.09 0.48 ± 0.16 0.47 ± 0.17
Expansion index 1.02 ± 0.25 1.07 ± 0.36 1.12 ± 0.34
Scar CSA, mm2 12.9 ± 2.7 11.6 ± 2.9 14.5 ± 2.4
Surviving CM per scar, % 3.6 ± 1.2 (1.7–5.7) 3.4 ± 1.3 (1.8–5.1) 2.5 ± 0.9 (1.2–4.1)

Values are Mean ± SD; Scar thinning ratio = scar thickness/septal wall thickness; Expansion index = (LV cavity CSA/LV CSA) × (septal wall thickness/
scar thickness). Abbreviations: n, number of rats; MI, myocardial infarction; LVFW, left ventricular free wall; LV, left ventricular; BW, body weight; CSA, 
cross-sectional area; CM, cardiac myocytes.
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formed capillaries disappeared from the granulation 
tissue when it had transformed in an avascular fibrous 
scar tissue (Fig. 7C–H).

At the same time, immunostaining against α-SM 
actin has shown that although small arteriolar-type 
resistance vessels became almost undetectable 
among surviving cardiac myocytes in 3-day-old MI 
(data not shown), they have clearly reappeared in the 
transmural scars beginning with week 1 following per-
manent coronary artery ligation and then remained 
identifiable for the duration of 12 post-MI weeks (Fig. 
8). However, based on the phenotypic appearance of 
these newly developed resistance-like microvessels, it 
seemed that the vast majority of such vessels did not 
belong to typical arteriolar vessels (Fig. 8A: double 
arrow), but rather resembled arterialized thin-walled 
venous vessels, such as postcapillary venules with a 
mean diameter of 15.2 ± 4.2 µm (Fig. 8: arrowheads) 
and small veins (Fig. 8: asterisks).

Blood Vessels Supplying Viable Cardiac Myocytes 
in Post-MI Scar Are Coupled With the Venous 
System Composed of Thebesian Veins, Venous 
Sinusoids, and Subepicardial Veins

The further assessment of macrovascular structures 
seen in close proximity with the surviving cardiac myo-
cytes in the transmural scars revealed that they belong 
to the various elements of the preexisting venous 

system of the LV wall that were spared during MI. The 
most obvious elements of such system were intramu-
ral venous sinusoids (Figs. 9A, C, and 10A, B) and 
large subepicardial veins (Fig. 9B), whereas the ori-
fices linking the Thebesian veins or venous channels 
with LV cavity were relatively rare (Fig. 10: arrows). The 
close association between either subendocardial 
microvessels or thin-walled sinusoids, which were sur-
rounded by viable cardiac myocytes, and Thebesian 
veins originating from the LV lumen (Fig. 10: arrow-
heads), suggest probable functional coupling between 
these vascular structures.

Vascular Beds Accompanying Viable Cardiac 
Myocytes in Post-MI Scars Retain Potency 
for Persistent Blood Flow in the Presence of 
Permanently Ligated Left Coronary Artery

To verify that in transmural scars, the residual venous 
system was capable of sustainable blood delivery into 
the vascular beds supporting viable cardiac myocytes 
in both subepicardial and subendocardial regions, 
15-micron microspheres were infused in LV cavity 4, 8, 
and 12 weeks following permanent ligation of the left 
coronary artery. The microspheres were persistently 
detected in the venular vessels (Fig. 11: arrows) either 
adjacent to or within the clusters of surviving cardiac 
myocytes located in subendocardium as well as sub-
epicardium of the transmural scars (Fig. 12: asterisks). 
This suggests the existence of a patent route for arte-
rial blood circulation from the LV cavity, via Thebesian 
vessels, toward subepicardial veins.

Discussion

The key findings of this study were as follows: (1) adult 
(mature) cardiac myocytes residing in subendocardial 
and subepicardial regions of the LV free wall of middle-
aged rats were capable of prolonged survival within a 
large, transmural post-MI scar caused by permanent 
ligation of the left coronary artery; (2) the fractional vol-
ume of viable cardiac myocytes remained relatively 
similar in scars between 4 and 12 post-MI weeks, 
although cells surviving in subendocardium had under-
gone substantial atrophy compared with those in sub-
epicardial region; (3) the viable cardiac myocytes seen 
in remote, isolated groups continued to demonstrate a 
mature phenotype for the duration of 12 post-MI weeks, 
including the organized array of sarcomeres and con-
nexin 43-positive gap junctions; (4) in all regions of the 
scar, the groups of surviving cardiac myocytes were 
always accompanied by a network of patent microves-
sels; (5) the microcirculatory beds supplying the viable 

Figure 4. Time course of changes in CSA of the cardiac myo-
cytes surviving in subepicardial and subendocardial regions of 
the transmural scar during 12 post-MI weeks. Data are Mean ± 
SD; *p<0.05, **p<0.01, and ***p<0.001 versus cardiac myocytes 
in corresponding groups of the control rats (C); ††p<0.01 and 
†††p<0.001 versus cardiac myocytes in subendocardial region of 
the same rats. Abbreviations: CSA, cross-sectional area; MI, myo-
cardial infarction.
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Figure 5. Immunofluorescence micrographs demonstrating the organized sarcomeric striations in cardiac myocytes surviving within 
4-week-old (A–D) and 8-week-old (E, F) transmural post-MI scars. The viable cardiac myocytes (red color) are visualized using double 
immunostaining with antibodies against either cardiac actin (A, B, C, and D) or desmin (C, D) and laminin (green color). In all micrographs, 
nuclei are counterstained with DAPI (blue color). (A, C, E) Low-power views of the scars demonstrating the discontinuous layers of viable 
cardiac myocytes beneath the endocardium (arrows) and epicardium (white dotted line in A and C). Note that, in all scars, the clusters 
of surviving cardiac myocytes are present in close proximity to the large venous vessels (V). It is important to notice that desmin-positive 
immunostaining in the walls of large coronary arteries (A) is associated with the presence of vascular smooth muscle cells. (B, D, F) High-
power views of the regions outlined by the corresponding white boxes in A, C, and E, respectively, exposing the sarcomeric striations in 
viable cardiac myocytes (arrowheads) surviving beneath the endocardium (arrows in D) and near the large venous vessels (V) located in 
the subepicardial area. Scale bars are 50 µm. Abbreviations: MI, myocardial infarction; DAPI, 4′,6-diamidino-2-phenylindole.
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cardiac myocytes within the scars were functionally 
coupled with the residual system of venous vessels 

composed of Thebesian veins or venous channels, 
intramural sinusoids, and subepicardial veins.

Figure 6. Immunofluorescence micrographs displaying the gap junctions between cardiac myocytes surviving within 2-week-old (A) 
and 4-week-old (B) transmural post-MI scars. The viable cardiac myocytes are outlined using an antibody against laminin (green color), 
whereas the locations of gap junctions are visualized with an anti-connexin 43 antibody (red color). In both micrographs, nuclei are 
counterstained with DAPI (blue color). (A) High-power view showing surviving cardiac myocytes beneath the endocardium (arrows). 
(B) High-power view demonstrating surviving cardiac myocytes in close proximity to a large venous vessel (V) beneath the epicardium 
(white dotted line). Note that in A and B, the connexin 43 is accumulated on the lateral sides of viable cardiac myocytes displaying the 
typical gap junction arrangement along the interfacing surfaces of adjacent myocytes (arrowheads). Scale bars are 50 µm. Abbreviations: 
MI, myocardial infarction; DAPI, 4′,6-diamidino-2-phenylindole.
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Figure 7. Immunofluorescence micrographs demonstrating the presence of functional capillaries among the viable cardiac myocytes 
in 1-week-old (A, B), 2-week-old (C, D), 8-week-old (E, F), and 12-week-old (G, H) transmural post-MI scars. The cardiac myocytes 
surviving within subendocardial (A, C, E, G) and subepicardial (B, D, F, H) regions of the corresponding scars are visualized using immu-
nostaining with an antibody against cardiac MHC b-isoform (red color), whereas capillaries (arrowheads) and other vascular structures, 
including veins (V) and arteries (A), are revealed with the GS-IB

4
 lectin staining (green color). Note that in the wall of a former coronary 

artery, the GS-IB
4
 lectin-positive staining is associated with both endothelial and smooth muscle cells. In all micrographs, nuclei are coun-

terstained with DAPI (blue color). In A, C, E, and G, arrows point to the endocardium, whereas in F and H, the white dotted lines mark 
the epicardial border. Furthermore, in A and B, a white solid line separates the groups of surviving cardiac myocytes from the highly 
vascularized granulation tissue. It is important to emphasize that all clusters of long-term surviving cardiac myocytes seen beneath the 
endocardium (A, C, E, G) and epicardium (B, D, F, H), including those surrounding the large veins (A–D and F), expose the presence of 
well-organized capillary networks. Moreover, the capillary beds accompanying the viable cardiac myocyte for the duration of 12 post-MI 
weeks remain generally preserved even during maturation of the granulation tissue—a process associated with the disappearance of a 
majority of microvessels from the scar. Scale bars are 20 µm (A–D, G, and H) and 50 µm (E, F). Abbreviations: MI, myocardial infarction; 
MHC, myosin heavy chain; GS-IB

4
, Griffonia Simplicifolia isolectin IB

4
; DAPI, 4′,6-diamidino-2-phenylindole.

Are Long-Term Surviving Cardiac Myocytes 
in Transmural Post-MI Scar Similar to Those 
in Chronically Ischemic, “Hibernating” 
Myocardium?

The presence of surviving cardiac myocytes within 
post-MI regions has been repeatedly documented in 
humans31,32 as well as in laboratory animals,25–30,33 
particularly in rats.11,14,15,18,22–24,34–37 Moreover, the 
majority of these reports have shown that viable car-
diac myocytes were predominantly seen in two distinct 
regions of the transmural scars, specifically, in the sub-
endocardium and subepicardium of the LV wall. 
Therefore, the fact that viable cardiac myocytes 
remaining in these two regions of the scar had under-
gone noticeably opposite changes in transverse 
dimensions during the course of 12 post-MI weeks is a 
fundamental finding of this study. Taking into consider-
ation our current, as well as previous findings,14 we 
believe that progressive atrophy of subendocardial 
myocytes could be a result of excessive deposition of 
fibroelastic tissue around individual cells that may 
interfere with their access to nutrients and oxygen and, 
thus, lead to progressive cell starvation. However, the 
apparent enlargement of subepicardial myocytes may, 
to an extent, be due to cell dedifferentiation similar to 
that described in cardiac myocytes surviving in the MI 
border zone.38,39 It is important to emphasize that 
because nearly the same array of heterogeneous 
structural alterations has been previously reported 
among viable cardiac myocytes from “hibernating” 
myocardium,40–42 it seems reasonable to suggest that 
adult cardiac myocytes surviving in the transmural 
scar resemble those seen in chronically ischemic but 
viable myocardium.

Furthermore, although we did not examine the func-
tional capability of surviving cardiac myocytes, the 
continual protein expression of contractile and muscle-
specific intermediate filaments, as well as the presence 

of organized sarcomeres, serve as a confirmation that 
even in “functional isolation,” viable myocytes of the 
scar can maintain their contractile apparatus for an 
extended period of time. In addition, the persistent 
expression of connexin 43 protein and its accumulation 
between adjacent cells in a pattern resembling gap 
junctions suggests that surviving cardiac myocytes 
within the scars continue to preserve intercellular ionic 
coupling, typical of a functional syncytium. Taken 
together, these findings support the idea that the 
spared groups of cardiac myocytes surviving in trans-
mural post-MI scars might be capable of recovering 
from their dormant state after the reestablishment of 
adequate arterial blood perfusion, analogous to chroni-
cally ischemic, “hibernating” myocardium.41

Can the Residual Coronary Venous System 
in Transmural Post-MI Scar Provide a Route 
for Nutritive Blood Supply to Viable Cardiac 
Myocytes?

It is important to emphasize that, according to our 
results, the fractional volume of surviving cardiac 
myocytes remained relatively comparable in scars 
between 4 and 12 post-MI weeks, suggesting that the 
regional microenvironment in certain areas of the 
mature scar was able to facilitate the extended sur-
vival of adult cardiac myocytes. Taking into consider-
ation the fact that in our rat model of a chronic MI, as 
well as in similar studies done by others,11,15,22–24 the 
left coronary artery remained permanently occluded 
for the duration of the experimental period, the pres-
ence of surviving cardiac myocytes, especially in 
remote areas of the large transmural scar, remains 
not fully understood. These observations are even 
more puzzling recognizing the fact that adult rats do 
not have patent collateral vessels between left and 
right coronary arteries.19–21 In this regard, it is impor-
tant to stress that mature post-MI scars were shown 
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Figure 8. Immunofluorescence micrographs demonstrating the presence of resistance microvessels accompanying the viable cardiac 
myocytes in 1-week-old (A, B), 2-week-old (C, D), 4-week-old (E, F), and 8-week-old (G, H) transmural post-MI scars. The cardiac myo-
cytes surviving within subendocardial (A, C, E, G) and subepicardial (B, D, F, H) regions of the corresponding scars are visualized using 
immunostaining with an antibody against cardiac MHC b-isoform (green color), whereas the resistance microvessels are identified with 
an antibody against α-SM actin (red color in A–G and bright green color in H). Note that in addition to small resistance microvessels 
(arrowheads and asterisks), the α-SM actin-positive immunostaining is present in the walls of a former coronary artery (A in micrograph 
C) and large subepicardial veins (V) as well as within the layer of subendocardial myofibroblasts in E and G. In all micrographs, nuclei 
are counterstained with DAPI (blue color). Furthermore, in A, C, E, and G, arrows point to the endocardium, whereas in B, D, F, and 
H, the white dotted lines mark the epicardial border. It is important to highlight that although the existence of α-SM actin expression 
in these microvessels suggests their belonging to resistance vasculature, primarily to small- and medium-sized arterioles, phenotypically, 
most of them resemble the arterialized thin-walled venous vessels, such as postcapillary venules (arrowheads) and small veins (aster-
isks). The latter assumption is also corroborated by the fact that according to the pattern of α-SM actin-positive immunoreactivity, such 
“resistance-like” microvessels often display a discontinuous and relatively thin muscular wall in comparison with their luminal diameter. 
For comparison, the double arrow in micrograph A points to a relatively typical arteriolar vessel seen inside the developing granulation 
tissue. Scale bars are 20 µm (A–H). Abbreviations: MI, myocardial infarction; MHC, myosin heavy chain; SM, smooth muscle; DAPI, 
4′,6-diamidino-2-phenylindole.

Figure 9. Immunofluorescence and Masson’s trichrome stained 
micrographs displaying the viable cardiac myocytes in the vicin-
ity of intramural sinusoidal vessels within 1-week-old (A) and 
4-week-old (B, C) transmural post-MI scars. (A) High-power 
view of an immunofluorescence micrograph from the intramu-
ral region of a 1-week-old scar showing the viable cardiac actin-
positive myocytes (red color) around the thin-walled sinusoidal 
vessels (S), which are outlined with the laminin-positive basement 
membranes (green color). Nuclei are counterstained with DAPI 
(blue color). Note that one of two depicted sinusoidal vessel 
(arrowheads) extends for a relatively long distance within the 
scar. (B) Low-power view of a representative transversal section 
through a 4-week-old scar stained with Masson’s trichrome stain 
demonstrating the typical sites of cardiac myocytes survival (dark 
red color), including the areas beneath the endocardium (arrows) 
and epicardium, particularly around the large subepicardial veins 
(V), and, most importantly, along the intramural venous sinusoids 
(S). Notice a complete absence of viable cardiac myocytes around 
the arterial vessels (A). (C) High-power view of the area outlined 
by a black box in B showing the presence of viable cardiac myo-
cytes intramurally, along the thin-walled sinusoidal vessels (S). 
It is important to emphasize that long-term survival of mature 
cardiac myocytes around such vascular structures suggests their 
functional potency for persistent blood perfusion. Scale bars are 
50 µm (A), 500 µm (B), and 100 µm (C). Abbreviations: MI, myo-
cardial infarction; DAPI, 4′,6-diamidino-2-phenylindole.

to have a large number of patent venous vessels, 
particularly in subepicardial and subendocardial 
regions of the scar,36 which were often seen sur-
rounded by viable cardiac myocytes.14,15,22,35,36,43,44 
Our current observations have further substantiated 
these findings by demonstrating that the residual 
veins surrounded by viable cardiac myocytes could 
persist in the scar for weeks following permanent 
ligation of the coronary artery. The latter suggests 
that the nutritive and oxygen content of the blood 
present inside these venous vessels could be suffi-
cient to support the long-term viability of adjacent 
cardiac myocytes. However, the question concerning 
the origin and direction of the blood flow in such (continued)
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Figure 10. High-power micrographs demonstrating the existence of the vascular orifices (arrows), probably from Thebesian veins or 
venous channels, on the endocardial surface of 3-day-old (A, B), 1-week-old (C, D), and 2-week-old (E, F) transmural post-MI scars that 
connect the subendocardial vascular network associated with surviving cardiac myocytes to the LV cavity. The representative micro-
graphs are stained either with hematoxylin and eosin (A) or immunofluorescence (B–F). In all micrographs, asterisks denote the profiles 
of the vascular structures, including venous microvessels and sinusoids, whereas arrowheads expose the vascular channels linking endo-
cardial orifices to subendocardial vessels. In immunofluorescence micrographs B, C, D, and F, the viable cardiac myocytes (red color) 
are visualized using double immunostaining with antibodies against either cardiac actin (B, D, and F) or cardiac MHC b-isoform (C) and 

(continued)
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vascular structures, particularly those associated 
with viable cardiac myocytes, remains debatable.

For almost a century, it has been known that the 
architecture of the coronary venous system is more 
complex than that of the arterial bed.45,46 In the left 
ventricle, along with conventional cardiac veins, this 
system includes intramyocardial sinusoids, subendo-
cardial and subepicardial venous plexuses as well as 
Thebesian veins (valveless venous channels), which 
directly connect the coronary venous system to the 
LV cavity.47,48 Considering the fact that the residual 
vessels in mature scars continued to be perfused 
with blood several weeks after permanent ligation of 
the left coronary artery,18,22,34,43 it seems reasonable 
to assume that Thebesian veins might serve as a 
potential route for arterial blood inflow into the coro-
nary veins of the LV wall, particularly following liga-
tion of the left coronary artery. However, until now, the 
origin of arterial blood inflow into the vessels remained 
poorly specified. Taking into consideration the fact 
that we found patent orifices of Thebesian veins on 
the endocardial surface of the transmural scars, 
which appeared analogous to those reported previ-
ously by others,49 we have hypothesized that the 
venous vessels of the scar might be supplied with the 
arterial blood through these channels. Moreover, our 
finding that microspheres injected into the LV cavity 
of post-MI rats could be found inside the lumen of 
venular-type vessels in the scars further supports 
this idea. In addition, the presence of surviving car-
diac myocytes around thin-walled venous sinusoids 
within the intramural region of the infarcted LV wall 
might indicate the existence of patent vascular routes 
throughout the thickness of the scar.

Is Preservation of the Functional Microvascular 
Bed Imperative for Persistent Survival of Cardiac 
Myocytes in Transmural Post-MI Scar?

One of the important observations that was made in 
our current study has proven the earlier findings 
reported by us14 and others18,29,34,43 that the viable car-
diac myocytes in transmural scars continued to be 
supported by a well-organized network of perfused 

capillaries, even when positioned in close proximity to 
the LV cavity or large “nourishing” veins. These data 
clearly indicate that blood circulating through a local 
microcirculatory bed, rather than simple diffusion from 
LV lumen and veins, has been primarily responsible for 
the continual delivery of the nutrients and oxygen to 
the residual cardiac myocytes in post-MI scars.

Although it has become common knowledge that 
after MI, new microvessels form in the infarcted region 
to assist in resorption of necrotic myocytes and to 
nourish the developing granulation tissue,15,25,26 it 
remains highly uncertain as to their potential involve-
ment in the survival of remaining cardiac myocytes. In 
our current study, we also found that the highly vascu-
larized granulation tissue became distributed through-
out the scar by the end of first post-MI week. However, 
a few weeks later, the majority of newly formed capil-
laries had disappeared from the maturing fibrous tis-
sue in the sequence that was previously reported.15,25 
This finding suggests that the neovasculature associ-
ated with granulation tissue could not provide a sus-
tainable route for delivery of nutrients and oxygen to 
viable cardiac myocytes in the scars. In this regard, it is 
important to emphasize that the microvessels seen in 
the vicinity of viable cardiac myocytes between 3 days 
and 12 weeks post-MI remained unaffected by the pro-
cess of scar maturation. This finding evidently sup-
ports the idea that these two microcirculatory beds 
have different anatomical origins as well as a source of 
blood perfusion.

The above hypothesis can be further corroborated 
by the fact that almost all arteriolar-like (α-SM actin-
positive) vessels seen in microcirculatory beds associ-
ated with the viable cardiac myocytes did not appear to 
be typical small diameter, thick-walled arterioles, but 
rather resembled the large diameter, thin-walled 
venules that have undergone a remodeling process 
called arteriolization. Taking into account that such pro-
cess, that is, the acquisition of the arteriolar-like pheno-
type by the venular-type vessels, can primarily be 
caused by the increased hemodynamic load on the 
vessel wall,50 it is reasonable to propose that ligation of 
the coronary artery might redistribute the blood pres-
sure gradient inside the remaining coronary vascular 

laminin (green color). In immunofluorescence micrograph E, the viable cardiac myocytes (green color) are visualized using immunostain-
ing with an anticardiac MHC b-isoform antibody, whereas vascular structures (red color) are revealed with the GS-IB

4
 lectin staining. In 

all immunofluorescence micrographs, nuclei are counterstained with DAPI (blue color). Note, in micrographs A, B, and C, besides the 
subendocardial region, the surviving cardiac myocytes are also seen intramurally, extending deeper along the venous vascular structures, 
most likely Thebesian veins and venous sinusoids, which are directly linked to LV cavity. Scale bars are 200 µm (A), 50 µm (C), and 20 
µm (B, D, E, and F). Abbreviations: MI, myocardial infarction; MHC, myosin heavy chain; LV, left ventricular; GS-IB

4
, Griffonia Simplicifolia 

isolectin IB
4
; DAPI, 4′,6-diamidino-2-phenylindole.

Figure 10. (continued)
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system in a way that permits significant retrograde 
inflow of arterial blood from the LV cavity into subendo-
cardial and subepicardial microcirculatory beds through 
patent Thebesian vessels. In this regard, our current 
hypothesis is in accord with a model previously pro-
posed by others26,28,48 who consider sustainable retro-
perfusion of preexisting microvessels in subendocardial 
and subepicardial regions with oxygenated and nutri-
ent-rich arterial blood from LV lumen as an essential 
mechanism preserving the small population of adult 
(mature) cardiac myocytes during acute and chronic 
phases of a large transmural MI caused by a perma-
nent obstruction of the left coronary artery.

Study Limitations

This study has several major limitations. First, taking 
into account that long-term survival of cardiac myo-
cytes in the scar could be caused by their functional 
and metabolic adaptations to the markedly diminished 
nutritive supply, it would be important to examine a 
dynamic pattern of their metabolism. Second, consid-
ering the fact that the level of oxygen was not directly 
assessed in the venous vessels of the scar, it has 
remained undetermined whether the residual venous 
network in the scar had a higher content of oxygen-
ated blood compared with the veins in non-infarcted 
myocardium. Third, we did not perform angiographic or 
cast-based evaluation of the entire coronary arterial 
tree in the infarcted hearts to confirm it lacks anasto-
moses between coronary arteries and microvascular 
beds supplying the viable cardiac myocytes in the 
scars. Fourth, it would be of a great value to test the 
coupling of subepicardial veins to subendocardial 
plexuses via Thebesian vessels by retrograde infusion 
of the microspheres into the cardiac sinus or the great 

Figure 11. Hematoxylin and eosin–stained micrographs dem-
onstrating the presence of a microsphere within a venular-like 

microvessel associated with the group of viable cardiac myocytes 
in representative 8-week-old transmural post-MI scar. (A) Low-
power view of the subepicardial region revealing a microsphere 
(arrows) surrounded by surviving cardiac myocyte. (B) High-
power view of an area outlined by a black box in A displaying 
the same microsphere (arrows) in a microvessel surrounded by 
three viable cardiac myocytes (asterisks). (C) High-power view 
of the same region shown in B (obtained from an adjacent serial 
section) demonstrating a profile of the microvessel in which a 
microsphere (arrows) has been detected. In all micrographs, 
arrows point to the location of a microsphere, whereas in B and 
C, the asterisks indicate the same cardiac myocytes located in the 
vicinity of the microsphere-containing microvessel. It is important 
to emphasize that the microsphere-containing microvessel has an 
apparent phenotypic resemblance of a venule. A and V indicate an 
artery and a vein, respectively. Scale bars are 50 µm (A) and 30 
µm (B, C). Abbreviation: MI, myocardial infarction.

Figure 11. (continued)
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cardiac vein. Finally, the absence of a comprehensive 
ultrastructural evaluation of the arteriolar-like vessels 
accompanying the viable cardiac myocytes that have 
been seen containing microspheres does not allow for 
definitive validation of their true nature. Nevertheless, 
we believe that the findings provided in our current 
investigation are an important addition to the wealth of 
knowledge that may one day lead to the development 
of an optimal strategy to restore the functional myocar-
dium in the place of fibrous post-MI scar.

Taken together, our data demonstrate that the long-
term survival of mature cardiac myocytes in transmural 
post-MI scars of middle-aged rats relied on the preser-
vation of local, functionally patent microcirculatory 
beds. These microcirculatory beds remained cohesive 
with the remnants of the preexisting venous system, 
which probably operated as a trans-scar conduit for 
oxygenated blood exchange between LV cavity and 
subepicardial veins. Furthermore, we believe that the 
regions of the scar showing the presence of surviving 
cardiac myocytes accompanied by patent microvascu-
lar networks can be a primary target for scar-modifying 
therapies, especially those geared toward using an 
endogenous source of contractile cells to restore func-
tional myocardium in infarcted areas.
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