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Light microscopic immunobistochemical studies
were performed to evaluate the distribution of fi-
bronectin in paraffin sections of p-formaldebyde-
Jfixed normal rat bearts and the bearts of rats that
bad undergone ligation of the left coronary artery.
A peroxidase-labeled antibody technique was used,
together with appropriate immunobistochemical
control procedures, for the localization of fibro-
nectin in normal bearts and in the bearts of sham-
operated animals. Fibronectin was localized in the
interstitial space between myocytes, and beneath
arterial, venous, and capillary endothelium. At 4
hbours after coronary ligation, fibronectin was lo-
calized in a patchy fashion in the cytoplasm and
interstitial space of some of the myocytes in the
area supplied by the ligated vessel. At 24 bours,
there was more intense, homogeneous staining in
necrotic myocytes in the infarcted area and in the
capillary endothelium in the border zone. At 48
hours, the intensity of staining for fibronectin was
maximal in and between the necrotic myocytes in
the center of the infarct and in proliferating and
migrating capillaries and fibroblasts in the border
zone. Similar patterns of localization were ob-
served at 3 and 7 days after coronary ligation, but
with progressive decreases in the intensity of stain-
ing. Two sources of fibronectin appeared to bhave
contributed to these changes: plasma fibronectin
diffusing through damaged blood vessels would ac-
count for the early staining observed in necrotic
myocytes in the center of the infarct, whereas de
novo synthesis of fibronectin by connective tissue
cells and endotbelial cells in sprouting capillaries
would be responsible for the subsequent staining
observed in viable capillaries in the border zone of
the infarct. Known properties of fibronectin in vi-
tro, combined with these in vivo observations, indi-

cate that fibronectin may influence the thrombotic,
inflammatory, angiogenic, and fibrotic processes
involved in infarct bealing. (Am J Pathol 1990,
137:801-810)

In recent years, the extracellular matrix has been recog-
nized for its important role in the control of cellular attach-
ment, migration, proliferation, and differentiation.'® One
of the best studied and most abundant components of
the extracellular matrix is the family of glycoproteins
known as fibronectins.” The fibronectin genes of several
species have been well characterized. Alternative splicing
of RNA transcripts may give rise to fibronectins with some
organ-specific variability, but no major functional differ-
ences are known thus far. The fibronectin monomer has
molecular weight of 279,000 daltons (including carbohy-
drate residues); however fibronectin is usually found as a
disulfide-linked dimer, or as multimers comprising extra-
cellular fibrils. Fibronectins have binding domains for col-
lagens, fibrin, heparin sulfate, and heparan sulfate, and
for many types of cells, including platelets. One domain
has homology to tissue plasminogen activator.5’

Fibronectins have been little studied in the heart. Em-
bryonic heart cells, including cardiac myocytes, fibro-
blasts, and endothelial cells,®® like many other embryonic
cells,’ migrate on fibronectin. After embryogenesis, fi-
bronectin in cardiac muscle decreases in amount.® In the
adult rat heart, fibronectin immunoreactivity has been de-
tected in the interstitium and on the surfaces of myo-
cytes."

Angiogenesis is required for wound healing for the tis-
sue repair process after myocardial infarction, and per-
haps also for coronary collateral development.'? The pres-
ence of fibronectin in blood vessels of adult hearts has
not been reported. In blood vessels of other organs, fi-
bronectin immunoreactivity has often,'3'* although not al-
ways,"® been detected in the basement membranes of
capillaries and arterial endothelium, smooth muscle cells,
and adventitial fibroblasts, much of which could be due
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to deposited plasma fibronectin.'®"7 In vitro, many types
of endothelial cells synthesize fibronectin, but bovine car-
diac valve endothelial cells synthesize almost none.® Fi-
bronectin has been found to enhance attachment,
spreading, and migration of cultured capillary and aortic
endothelial cells'2' and fibroblasts,?>? but conflicting
data also have been reported both in vitro*?® and in
vivo.1#1526-28 |n contrast to this, the importance of fibro-
nectin in wound healing is undisputed.? There is consid-
erable evidence that fibronectin, from plasma, fibroblasts,
and macrophages, not only serves as a chemoattractant
for these two cell types and for epithelial cells but also
functions as a template for collagen deposition. The addi-
tion of fibronectin to skin wounds has often been reported
to enhance the healing process.?® Fibronectin links fibro-
blasts to collagen fibrils, thus mediating the contraction of
the healing wound by fibroblasts.®

There have been few studies of myocardial infarction
as a healing wound, and none involving fibronectin. Cur-
rent therapies for myocardial infarction, such as tissue
plasminogen activator,®' streptokinase,® heparin,33-%
calcium antagonists,”” and catecholamines,®%® are
known to influence cell migration and proliferation in vitro,
and thus already may be altering infarct healing and the
development of coronary collaterals.

Revascularization and thrombolytic therapies also
may influence infarct healing.*®*' These techniques could
be a means by which drugs, including recombinant
growth factors and extracellular matrix glycoproteins,
could be delivered specifically to the infarct to facilitate
angiogenesis and healing. These considerations make it
timely to study the role of fibronectin in myocardial infarc-
tion.

Materials and Methods

Coronary Artery Ligation and
Preparation of Tissues

Sprague-Dawley rats of either sex, weighing from 180 to
200 g, were used in these experiments according to a
protocol approved by the NHLBI Animal Care and Use
Committee. The animals were anesthetized with diethyl
ether; a thoracotomy was made and the left coronary ar-
tery then was ligated at the level of the tip of the left atrial
appendage according to the technique of Selye et al*?
and Fishbein et al,*® and the animals (50% of whom sur-
vived) were allowed to recover. The morphologic studies
described below were made on rats killed at 4 (n = 4), 24
(n=4),48 (n = 4), 72 (n = 3) hours, and 7 days (n = 3)
after the operation. Unoperated rats (n = 4) and sham-
operated rats (n = 2 for each period) served as controls.

Figure 1. Normal, unoperated rat. Intense staining is localized
in area surrounding arterial endothelium. Less intense stain-
ing is observed in interstitium around cardiac myocytes and
surrounding fibroblasts in arterial adventitia; arterial medial
layers are minimally stained; X 400.

At the time of killing, the animals were anesthetized with
an intraperitoneal injection of pentobarbital, (50 mg/kg).
The aorta then was cannulated and the heart was fixed
by retrograde perfusion with 4% p-formaldehyde in 0.1
mol/l (molar) phosphate-buffered saline, pH 7.4, at room
temperature, at a pressure of 80 mm Hg, for 15 minutes.
The tissues were allowed to remain in fixative for 24 hours
atroom temperature and then were dehydrated with etha-
nol and embedded in paraffin. Histologic sections were
cut at a thickness of 5 4 and mounted without adhesive
on glass slides.

Immunohistochemical Staining
for Fibronectin

For immunohistochemical staining the sections were de-
paraffinized and rehydrated. Endogenous peroxidase ac-
tivity was quenched by treatment with 0.6% hydrogen
peroxide in methanol for 30 minutes at room temperature.
The sections then were washed with 0.25% Brij 35 (Sigma
Chemical Co., St. Louis, MO) in 0.01 mol/l TRIS-HCI-
buffered saline, pH 7.4 (washing buffer), at room tempera-
ture. Then sections were incubated in 0.4% pepsin (P-
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Figure 2. Normal unoperated rat. Cross section showing stain-
ing of cytoplasm and adjacent matrix of capillary and endo-
cardial endothelial cells, and of matrix surrounding the myo-
cytes; X630.

7125, Sigma) in 0.01 N HCI at 37°C for 15 minutes, and
rinsed with washing buffer. A blocking step with normal
rabbit serum was not used because the fibronectin pres-
ent in normal serum might give a false-positive reaction.'
The primary antibody then was applied. This antibody
(goat anti-rat serum fibronectin, #3416531, Calbiochem
Corporation, La Jolla, CA) recognizes rat serum and tis-
sue fibronectins, but not fibrin, in Western blots (data on
file at Calbiochem). Based on our pilot studies, we used
a dilution of 1/800, in 0.01 mol/l TRIS-buffered saline, pH
7.4, overnight at 4°C. The sections then were rinsed with
washing buffer at room temperature. The secondary anti-
body (biotinylated rabbit anti-goat IgG, Vector Labora-
tories, Inc., Burlingame, CA), diluted 1:200 with 0.01 mol/
| TRIS-buffered saline, pH 7.4, then was allowed to react
for 1 hour at room temperature in a humidified staining
box. Then ABC complex (Vectastain ABC kit, Vector Lab-
oratories), prepared according to the manufacturers’ in-
structions, was applied for 1 hour at room temperature.
The slides then were rinsed with washing buffer, and
treated with a freshly prepared solution containing 0.05%
diaminobenzidine hydrochloride (#D-5637, Sigma) and
0.1% hydrogen peroxide in 0.05 mol/l TRIS-buffered sa-
line, pH 7.4, at room temperature for 5 minutes. After rins-
ingin distilled water for 3 minutes, the slides were counter-
stained with modified Harris’ hematoxylin, dehydrated,
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and mounted in Permount (Fisher Scientific, New
York, NY).

Immunohistochemical Control Procedure

The following immunohistochemical control procedures
were performed: 1) Engelbreth-Holm-Swarm tumor cells,
known not to contain fibronectin,® were subjected to the
staining procedure for fibronectin; 2) fibronectin peptide
adsorption test was performed as follows: 187.5 ul of a
solution containing 1 mg of fibronectin (rat serum fibro-
nectin, #341648 Calbiochem) per milliliter of 0.1 mol/l
TRIS-buffered saline, pH 7.4, was added to 12.5 ul of a 1:
800 dilution goat anti-rat serum fibronectin, at room tem-
perature, and allowed to react overnight at 4°C. After cen-
trifugation for 10 minutes at 48,0009 to remove the fibro-
nectin-antibody complex, the supernatant was used in-
stead of the primary antibody for immunohistochemical
staining; and 3) incubation with preimmune (normal) goat
serum instead of primary antibody was used as an addi-
tional control. Omission of the primary antibody likewise
gave no background staining.

Results
Normal, Unoperated Rats

In myocardium of normal, unoperated rats, fibronectin im-
munoreactivity was detected in the interstitial space be-

Figure 3. Four hours after coronary ligation. Center of infarct
showing patchy increased staining in the cytoplasm of necrotic
myocytes; X 40.
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Figure 4. Twenty-four hours after coronary ligation. Center of
infarct shows diffuse, moderately increased staining in the cy-
toplasm of necrotic myocytes, and capillaries. Myocyte nuclei
have disappeared except for one pyknotic nucleus; X630.

tween myocytes, and in the cytoplasm and surrounding
extracellular matrix of capillary, arterial, and venous endo-
thelial cells (Figures 1, 2). Staining in areas where the en-
dothelium was partially denuded (presumably by the pep-
sin digestion) suggested that at least some of the fibro-
nectin was localized to the subendothelial matrix. Vascu-
lar smooth muscle cells were usually unstained. A mild
reaction was observed in the matrix surrounding fi-
broblasts in the adventitia of blood vessels, but the cyto-
plasm and nuclei of these cells showed no staining. A
positive reaction for fibronectin was not observed in the
nuclei of any cell type either in normal myocardium or in
myocardium at any of the stages studied after coronary
ligation.

Rats with Coronary Artery Ligation

A marked increase in staining for fibronectin was ob-
served at the various time points studied after coronary
artery ligation. An increase in the intensity of staining for
fibronectin was first detected at 4 hours after coronary
artery ligation, at which time it was localized in a patchy
fashion in the cytoplasm, Z bands, and interstitial space of
some of the myocytes in the area supplied by the ligated
vessel (Figure 3). In the adventitia of blood vessels in both

the border zone and the infarct zone, only the matrix sur-
rounding the fibroblasts was positive. Smooth muscle
cells were negative at this stage and at all subsequent
stages studied after infarction. In both the infarct center
and the border zone, the cytoplasm and matrix of capil-
lary, venous, and arterial endothelial cells were immunore-
active. At 24 hours, similar patterns of fibronectin localiza-
tion were observed. Immunostaining for fibronectin was
more homogeneous in the infarcted area (Figure 4). There
was an increase in intensity of staining in the cytoplasm
of necrotic myocytes. The staining of capillary endothelial
cytoplasm and matrix was intense in the border zone (Fig-
ure 5). At 24 hours, and at subsequent stages, a few scat-
tered capillary endothelial cells in the central regions of
the infarcts showed intense staining for fibronectin and
did not appear to be necrotic.

At 48 hours, there was a further increase in the inten-
sity of staining for fibronectin in the cytoplasm of necrotic
cardiac myocytes and in capillary endothelium at the bor-
der zone (Figure 6). Compared with the findings at 24
hours, there were no changes in the intensity of staining
in areas surrounding the fibroblasts, and venous or arterial
endothelium. In the center of the infarct there was uniform
staining in the cytoplasm of the necrotic myocytes; the
capillaries and extracellular matrix were lightly stained. In
the border zone of the infarct, staining for fibronectin was
present in the extracellular matrix of the myocytes and
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Figure 5. Twenty-four hours after coronary ligation. The
darkly stained zone (top) corresponds to necrotic myocar-
dium; the central area, to border zone; and the bottom, to the
normal myocardium; X 400.



Figure 6. Forty-eight hours after coronary ligation. Border
zone shows numerous intensely stained capillaries, some with
sprouts penetrating necrotic area. Necrotic myocytes are
darkly, homogenously stained; X 250.

capillaries, and in the cytoplasm of capillary endothelial
cells, including the capillary sprouts that were beginning
to penetrate into the necrotic area (Figures 6, 7). (Capillary
sprouts were distinguished by the morphologic criteria de-
veloped in a previous study'?: small vessels, 1 to 4 u in
diameter, which were found by electron microscopy to
have thickened cytoplasm with abundant ribosomes and
processes reminiscent of the lamellipodia seen in migrat-
ing endothelial cells in vitro. The lumina of such vessels
were very narrow and often contained electron-dense ma-
terial that evidently had failed to clear with perfusion fixa-
tion, suggesting that these are blind-ended pouches). At
no time did viable myocytes show fibronectin immunore-
activity. Fibronectin-positive endothelial cells undergoing
mitosis were found with relative frequency at this stage
(Figure 8).

At 72 hours, the staining for fibronectin in the center
and the border zone of the infarct was less intense than
at 48 hours, but showed a similar pattern of localization
(Figure 9).

At 7 days, the cytoplasm of necrotic myocytes and of
capillary endothelial cells in the center of the infarct was
positive for fibronectin, but less intensely stained than at 3
days; interstitial areas were weakly positive. In the border
zone, the extracellular matrix of nonnecrotic myocytes,
and capillary sprouts invading the necrotic area were
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stained for fibronectin. Evidence suggestive of both ex-
pansion and coalescence of new capillaries, with forma-
tion of larger blood vessels, was observed in the border
zone at this stage (Figure 10). Immunohistochemical
staining for fibronectin was negative in neutrophils and
positive in macrophages at all stages of infarction studied.

Immunohistochemical Control Procedures

A marked decrease in the intensity of the immunostaining
was observed when the primary antibody was either omit-
ted or replaced by preimmune (normal) goat serum (Fig-
ure 11) or by a primary antibody that had been pread-
sorbed with fibronectin (Figure 12).

Discussion

The histochemical and electron microscopic changes oc-
curring in the heart in myocardial infarction have been the
subject of extensive studies*; however little is known of
the roles of growth factors and related macromolecules
in the pathophysiology of myocardial infarction. The re-
sults of this study in the rat demonstrate that fibronectin

Te
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Figure 7. Forty-eight hours after coronary ligation. High mag-
nification view of border zone shows intensely stained capil-
lary sprouts similar to those in Figure 6. The diameters of these
sprouts are much smaller than those of normal capillaries
(compare with Figure 2); X 630.
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Figure 8. Forty-eight bours after coronary ligation. Cytoplasm
of endothelial cell undergoing mitosis shows positive staining
Sfor fibronectin; X 630.

accumulates in areas of myocardial infarction, as shown
by an increase in the intensity of immunostaining. In the
center of the infarct, this staining is already increased at
4 hours after coronary ligation and increases further at
24 hours, becoming maximal at 48 hours and decreasing
thereafter. A similar pattern of change in the intensity of
staining for fibronectin is evident at the border zone of the
infarct. Nevertheless, the timing and microscopic patterns
of localization of fibronectin are different in these two re-
gions of the infarct. In the central zone, fibronectin stain-
ing is noted within 4 hours and is most prominently local-
ized within the cytoplasm of necrotic myocytes. In con-
trast to this, fibronectin in the border zone is associated
with the connective tissue matrix surrounding myocytes
and endothelial cells, and particularly with endothelial
sprouts penetrating into the periphery of the necrotic zone
from 24 to 48 hours after ligation.

Diffusion of plasma-derived*® and platelet-derived*
fibronectin through damaged or retracted endothelial cells
is probably responsible for the early staining observed in
central regions of the infarct. This concept is in accord
with observations showing that other plasma proteins
diffuse into necrotic cardiac myocytes.*® In addition to
binding to fibrin, another likely binding site for fibronectin
within damaged cardiac myocytes is suggested by the
high degree of affinity of this protein for actin.*’ It is possi-

ble that the tensile strength of the infarcted ventricular wall
is increased by the binding of fibronectin to actin in ne-
crotic myocytes and to remaining collagen in their sur-
rounding interstitium. It is also likely that this fibronectin
acts both as a chemotactic stimulus for inflammatory cells
to invade areas of myocyte necrosis, and as a scaffold on
which endothelial cells and fibroblasts grow and migrate.
In addition, this fibronectin may function as a template for
the deposition of collagen during healing of the infarct.
Finally, given the evidence that fibronectin enhances
platelet aggregation,*® it is likely that fibronectin contri-
butes to the release of platelet products such as trans-
forming growth factor (TGF) beta-1,* platelet-derived en-
dothelial cell growth factor,® and platelet-derived growth
factor®! as well as serotonin and an array of procoagulant
factors.5?

De novo synthesis by endothelial cells and connective
tissue cells would appear to be the second source of the
increased amounts of fibronectin found in myocardial in-
farcts. This is suggested by the accumulation of immuno-
reactive material within the cytoplasm of endothelial cells
in sprouting capillaries, in subendothelial spaces, and in
the matrix surrounding connective tissue cells at the bor-
ders of the infarcts. At 48 hours after coronary ligation, at
which time their staining for fibronectin was maximal, the

Figure 9. Seventy-two hours after coronary ligation. Nonne-
crotic myocardium (left) is adjacent to border zone (center)
with sprouting capillaries and proliferating fibroblasts and ne-
crotic myocytes (right). The matrix of the fibroblasts is in-
tensely stained. The necrotic myocytes are less intensely
stained than at 48 bours; X250.



Figure 10. Seven days after coronary ligation. Fibronectin-pos-
itive capillaries appear to be expanding (large arrow) and co-
alescing (small arrow) to form larger vessels; X 630.

endothelial cells at the border zone also showed marked
proliferation, as demonstrated by the presence of mitotic
figures and by the incorporation of 3H-thymidine.'? Fibro-
nectin may be capable of stimulating these endothelial
cells and connective tissue cells to undergo proliferation
and migration, as has been inferred from immunohisto-
chemical observations of the healing of skin wounds.**
However causation can not be proved without the use
of an intervention such as blocking antiserum. Thus, it
remains difficult to relate these results to in vitro studies
that report either enhancement'®-2"5 or inhibition?*5455 of
endothelial migration and proliferation. However the con-
centrations used in those studies suggest that low con-
centrations of fibronectin (such as those at the wound
edge) may activate endothelial cells, while higher concen-
trations (as appear to exist deeper in the infarct) may in-
hibit the cells, encouraging differentiation and preventing
uncontrolled growth.

In several respects the border zone of an infarct might
be considered analogous to the edge of a healing skin
wound, and the changes in distribution of fibronectin oc-
curring in the border zone of an infarct have a distinct
similarity to those in the skin wound. However an infarct
should be considered to be a wound under phasic ten-
sion. Tension has been shown to increase the likelihood
of infarct expansion,>® which is associated with a higher
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mortality rate,” and tension influences cell proliferation in
vitro.53%8
Our observations also show that some endothelial

Figures 11 and 12. Histochemical control preparations. Only a
Jfaint reaction is evident in sections that were incubated either
with normal goat serum (Figure 11) or with fibronectin-ad-
sorbed antibody (Figure 12) instead of the usual primary anti-
body. Hematoxylin counterstain, X 250 (Figure 11) and X400
(Figure 12).
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cells do survive in the center of the infarct, where they
also can contribute to the local synthesis of fibronectin.
Nevertheless most of the fibronectin associated with vas-
cular components in the infarct is localized in close prox-
imity to the sprouting capillaries in the border zone. Thus,
these observations emphasize the likely importance of fi-
bronectin in the angiogenesis that occurs at the border
zone of myocardial infarct.

The function of the small amount of fibronectin nor-
mally present in myocardial interstitium is unknown. The
absence of fibronectin immunoreactivity within the myo-
cytes and the lack of published reports of fibronectin syn-
thesis by cultured myocytes suggests that cardiac inter-
stitial fibronectin is derived from a combination of two
sources: 1) a normal process of insudation of plasma pro-
teins, and 2) synthesis by connective tissue cells and en-
dothelial cells. In this context, consideration should be
given to the possibility that at least some of this fibronectin
is bound and stored in the interstitium in a functionally
inactive form, in which it also may be protected from deg-
radation. This is the case with basic fibroblast growth fac-
tor, which by being bound to proteoglycans in the intersti-
tium is immobilized; it thus may be prevented from bind-
ing to receptors, or the receptors may be unable to
coalesce and be internalized.*®

It is of interest to compare the results of the present
study of the distribution of fibronectin with those observed
in a recent investigation of the localization of TGF-81 in
the same model of experimental myocardial infarct.® In-
tracellular staining for TGF-81 was lost from necrotic car-
diac myocytes very early after coronary ligation; however
such staining increased gradually in nonnecrotic myo-
cytes at the infarct border zone. The initial release of solu-
ble TGF-81 and the accumulation of TGF-81 at the infarct
border zone may play a role in promoting the local synthe-
sis of fibronectin by connective tissue cells and sprouting
capillaries in this zone, particularly because TGF-81 is
known to stimulate the synthesis®' and binding®? of fibro-
nectin in other circumstances.

In conclusion, we interpret the observations in the
present study as indicating that both tissue fibronectin
and plasma fibronectin contribute to the accumulation of
fibronectin that occurs in infarcted myocardium. Plasma
fibronectin tends to accumulate in necrotic myocytes and
interstitium, where it may contribute to platelet aggrega-
tion, may increase the mechanical strength of the in-
farcted wall, and may provide a scaffold for the penetra-
tion of connective tissue cells and inflammatory cells and
for the deposition of collagen. At the border zone of the
infarct, local synthesis of fibronectin by sprouting endo-
thelial cells and by connective tissue cells appears to play
a role in the angiogenesis that characterizes the infarct
healing.
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