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INVITED REVIEW

Infarct scar as living tissue

Abstract Infarctscar tissue haslongbeen considered inert (acellular, com-
posed simply of fibrillar collagen) and whose function is simply to restore
structural integrity to infarcted myocardium and to provide tensile strength
that prevents tissue rupture. Technologies of cellular and molecular biology
have altered this perspective. Infarct scar is now recognized as living tissue:
composed of a persistent population of fibroblast-like cells whose ongoing
activity includes a regulation of collagen turnover and scar tissue contraction
and which are nourished by a neovasculature. Herein we briefly review these
various components of the infarct scar that provide for its dynamic nature
and which is relevant to today’s interest in preventing heart failure through
a rebuilding (regrowing) of myocardial tissue at the infarct size.
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Introduction

For over a century, the scar that appears at the site of
myocardial infarction (MI) has been considered inert:
acellular tissue composed simply of woven fibrillar col-
lagen; its purpose to merely provide tensile strength to
the infarct site and thereby resist tissue deformation and
prevent myocardial rupture. Despite this simplistic view-
point, earlier reports recognized that connective tissue
continued to accumulate at the infarct site for years after
MI and scar tissue was vascularized (17-19). How could
this be if there were no fibroblasts present and why per-
fuse acellular tissue?
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Today, the transmural infarct scar is recognized as
living tissue (7, 28). It is composed of a population of
fibroblast-like cells termed myofibroblasts (myoFb)
because of their expression of a-smooth muscle actin
and resultant contractile behavior. These cells are per-
sistent at the infarct site for years; they do not disappear
after the scar has formed (35, 28), as is the case in skin
where programmed cell death, or apoptosis, accounts for
their disappearance (11). Not only are they persistent,
but myoFb of the infarct scar continue to turn over type
I and III fibrillar collagens long after scar tissue has
restored the structural integrity of the infarcted myo-
cardium. In order to carry out these functions, these cells
must be nourished. This is accomplished by a neovascu-
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lature. Moreover, this structural protein scaffolding is
innervated by postganglionic nerve fibers.

MyoFb collagen turnover is regulated by substances
they elaborate de novo. These include angiotensin (Ang)
II and transforming growth factor-f, (TGF-B,). These
substances are soluble and therefore able to traverse
the heart’s common interstitial space, where they can
enhance fibroblast collagen synthesis at sites distant to
the MI. The resultant fibrosis that appears over time at
sites remote to the infarct represents the majority of con-
nective tissue found in ischemic cardiomyopathy. It is
considered the major component of the adverse struc-
tural remodeling found in the failing human heart of
ischemic origin (2).

Herein we briefly review these various components of
the infarct scar that provide for its dynamic nature and
define it as living tissue and which are relevant to
“regrowing” myocardial tissue at the infarct site.

Tissue repair at the site of infarction

A highly orchestrated process of tissue repair follows the
necrotic loss of cardiomyocytes. It begins with an activa-
tion of latent matrix metalloproteinases (MMPs) that
degrade the existing extracellular matrix and coronary
vasculature (8). This proteolytic activity declines by the
end of week 1 postMI coincident with the increased
expression of MMP inhibitors, termed tissue inhibitors
of MMPs, or TIMPs (30). Circulating inflammatory cells
that include neutrophils and monocytes/macrophages
arrive at the infarct site soon after MI. They respectively
contribute to the proteolytic digestion and phagocytosis
of infarcted tissue. These inflammatory cells home to
the site of MI drawn there by adhesion molecules and
chemoattractant cytokines (or chemokines) expressed
by endothelial cells of coronary vasculature that borders
on the infarct site. Their migration into the infarct site is
facilitated by MMP proteolytic activity while their ability
to gain access to the infarct site is determined by the
nature of the collateral circulation. Inflammatory cells
disappear from the infarct site within weeks following
MI, a consequence of their programmed cell death.

Fibrillar collagen in scar tissue

Scar tissue is composed predominantly of type I and III
fibrillar collagens. Whittaker et al. (34) have examined
the alignment of collagen fibers forming the infarct scar
and found them to course in an essentially circumferen-
tial direction concordant with the predominant align-
ment of cardiac muscle fibers (23). Figure 1 A identifies
the dense fibrillar collagen network found in the infarct
scar 4 wks after MI in the rat heart.

Scar myofibroblasts

Myofibroblasts are found at the infarct site soon after the
arrival of inflammatory cells. Cells which account for the
appearance of myoFb are uncertain. They may include
the following: interstitial fibroblasts; adventitial fibro-
blasts; pericytes; a population of circulating fibroblasts
known as fibrocytes; or circulating monocytes or circu-
lating bone marrow-derived progenitor cells that trans-
differentiate at the infarct site. It is presumed that
TGEF-B,, elaborated by macrophages, governs the appear-
ance of the myoFb phenotype (10).

MyoFb are first found at the infarct site on day 3 - 4
postMI. They are responsible for formation of the scar via
their expression (at mRNA and protein levels) of type I
and III fibrillar collagens (9, 28). Their growth and the
alignment of fibrillar collagen are spatially regulated by
their expression of a tissue polarity gene, frizzled-2, also
found in Drosophila and which accounts for planar
polarity, such as alignment of limbs and wings during
embryonic development (3).

MyoFb remain at the infarct site and do not undergo
apoptosis, as is the case in other injured tissues (e.g.,
skin) which have the capacity to regenerate parenchyma.
In postmortem infarcted human heart tissue, myoFb
have been found at the infarct site years after MI (35). In
the infarcted rodent heart, we have observed myoFb at
the infarct site 6 months postMI (28). Figure 1B identi-
fies the presence of a-smooth muscle actin-positive
myoFb residing in the matrix of the 4-wk-old scar of the
infarcted rat heart.

Scar myofibroblast metabolic activity

Scar myoFb have a diverse portfolio of metabolic activi-
ties. In situ hybridization, in vitro autoradiography and
immunohistochemistry have shown that these cells
express renin, angiotensin converting enzyme (ACE),
and angiotensin receptors at the infarct site (16, 21,
25-27,29).

Studied in culture under serum-deprived conditions,
which eliminates circulating renin, angiotensin convert-
ing enzyme (ACE) and Angl, myoFb obtained from the
4-wk-old infarct scar are found to express angiotensino-
gen, cathepsin D, ACE and AnglI receptors (15). In the
infarcted rat heart these receptors are found to be
predominantly of the AT, subtype (15, 16, 27). In an
autocrine manner, AnglI regulates myoFb expression of
TGF-B, and it is this cytokine that regulates myoFb
collagen turnover (4, 15).

In vivo, AnglI-induced expression of TGF-3, is also
involved in the regulation of fibroblast collagen synthe-
sis at the infarct and remote sites and which is abrogated
by AT, receptor antagonist (31). The continued expres-
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Fig. 1 Collagen deposition, myofibroblasts and blood vessels in a four-week-old
infarct scar of the infarcted rat heart. Picrosirius red-stained fibrillar collagen, when
viewed under polarized light, appears birefringent or yellow in color (A). Alpha-
smooth muscle actin-positive myofibroblasts (MF) are found within the infarct scar
(B). A carmine red cast of the neovasculature shows vessels of variable dimensions
(€). The functionality of these vessels is suggested by the presence of red blood cells
(arrowheads) within their lumen (D, hematoxylin & eosin stain). Alpha-smooth
muscle actin labeling found in the vascular smooth muscle cells (SMC) and myofi-
broblasts residing in the adventitia (arrow) of vessels that border on the infarct (E).

sion of ACE and AT, receptors and active TGF-f3; is
observed in the infarcted rodent heart months after MI
and underscores their persistent metabolic activity.

Morphology of scar neovasculature

A vascular network begins to form at the infarct site on
day 3 postML. Little is known about its evolution, its ulti-
mate morphologic features and its capacity to deliver
and exchange oxygen by conductance and exchange
vessels, respectively. Figure 1C provides a carmine red
“cast” of the scar neovasculature seen at week 4 postMI.
Figure 1D demonstrates the network as seen by light
microscopy. Figure 1E identifies a-SMA positive cells
found by immunohistochemistry in the neovasculature
and which includes vascular smooth muscle cells of arte-
rioles and myoFb present in the perivascular space (or
adventitia) of these vessels.

This vascular network is likely derived from several
sources: endothelial cell sprouting from neighboring
capillaries (angiogenesis); a transdifferentiation of bone

marrow progenitor cells into endothelial cells (vasculo-
genesis); and an enlargement of neighboring collateral
vessels (arteriogenesis).

The scar neovasculature nourishes myoFb and pro-
vides for their metabolic activity. The capacity of this
network to deliver oxygen and nutrients and the oxygen
requirements of myoFb have not been investigated.
However, they likely are modest given the ability of
fibroblasts to withstand hypoxia (20, 37) and compared
to the native coronary circulation it replaced and which
formerly had nourished contractile cardiac myocytes,
obligate aerobic cells.

Vasomotor reactivity of scar neovasculature

The vasomotor reactivity of the coronary circulation
found in the infarct rat heart, including the scar vascula-
ture, was examined by Kalkman et al. (14). Using radio-
labeled microspheres and an isolated perfused heart
preparation, these investigators found total coronary
blood flow to be nearly 10 mL/min with flow to 4-wk-old
infarct scar to be approximately 1 mL/min. The low per-
fusion of scar tissue was evident when coronary flow was
expressed per unit tissue weight and when compared to
viable, contracting myocardium. These investigators fur-
ther found an impaired vasodilator reserve to nitroprus-
side and marked vasoconstriction to vasopressin in the
vasculature of scar tissue. In response to vasopressin,
flow to the scar was barely detectible. Light microscopy
revealed thicker walls of resistance arteries found in scar
tissue. Whether this hyperreactivity is related to con-
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tractile myoFb of the scar and their presence in the scar
neovasculature (Fig. 1 E) has not been addressed.

Scar innervation

Soon after MI and as part of early proteolytic digestion of
infarcted tissue, postganglionic neurons are lost at the
infarct site. They are regenerated by week 2 and are
formed by nerves sprouting from the surrounding non-
infarcted myocardium (5, 32). The reinnervation process
may even be excessive representing a hyperinervation of
the infarct scar (32). Postganglionic nerve fibers with
storage granules are entwined within fibrillar collagen
that forms the infarct scar (32). Their function remains
unknown, but their presence calls into question a poten-
tial contribution of catecholamines to scar tissue con-
traction and arrhythmogenicity.

Scar contractile behavior

MyoFb and their a-SMA microfilaments are joined to
one another through gap junctions and to the scar’s fib-
rillar collagen network via fibronexi. This creates a con-
tractile scar tissue assembly. The now classic study of
Gabbiani et al. (13) demonstrated the contractile behav-
ior of scar tissue. Others have confirmed these findings
(1, 12). Given the presence of a-SMA in myoFb, present
also in vascular smooth muscle cells, it is not surprising
that AnglI, catecholamines, endothelin-1, serotonin and

vasopressin promote scar tissue contraction while
papaverine induces its relaxation. As noted earlier, AngII
receptors are present in myoFb of the infarct scar (16, 27)
and one would presume other receptors for these ligands
are as well, as is the case for myoFb, found in heart valve
leaflets (6, 22, 24, 36). The contribution of infarct scar
tonus to diastolic dysfunction and scar tissue contraction
to the appearance of sudden pulmonary edema has been
suggested (33), but remains unknown.

Summary and future directions

Scar tissue that appears following MI is a living tissue. It
consists of persistent, metabolically active and contrac-
tile myoFb that reside within its fibrillar collagen scaf-
folding nourished by a neovascular network. Under-
standing the evolution and maturation of this tissue,
including the architecture of its fibrillar collagen scaf-
folding and the composition and behavior its vascular
network, will be essential if today’s interest in rebuilding
the infarcted heart is to prove successful. Whether by the
grafting of exogenous cardiomyocytes, derived from fetal
heart muscle cells or stem cells, or by the homing and
transdifferentiation of bone marrow-derived progenitor
cells into cardiomyocytes, rebuilt myocardium must ulti-
mately consist of anatomically appropriate, viable and
functional myocardial tissue. Such “tissue engineering”
will take place in the interstices of the living infarct scar.
When and how best to accomplish this goal should prove
interesting challenges.
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