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Repair of Myocardial Necrosis
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Osteopontin is a secretedglycoprotein implicated
in a variety offunctions, including cell adhesion
and migration. Because thesefunctions may be of
general importance in the response of tissue to
injuty, we examined osteopontin expression
after experimental cardiac injury and human
myocardial infarction. Rat hearts were injured by
transdiaphragmatic freeze-thaw and examined
from I to 28 days after injury. Osteopontin was
absent from normal myocardium by immunocy-
tochemistry, Western blotting, and in situ hybrid-
ization. On days 1 and2 after injury, osteopontin
mRNA andprotein were expressed at high levels
by macrophages infiltrating necrotic myocar-
dium. Double labeling with the macrophage
marker ED), however, demonstrated that only a
subset of macrophages expressed osteopontin.
Western blot analysis showed a single 66-kd band
in injured myocardium that was absentfrom con-
trol tissue. Although macrophages remained
abundant in the ensuing granulation response
and scar tissueformation, the expression of os-
teopontin was diminished on day 4 and markedly
downregulated at 1 and 4 weeks after injury, with
only rare ceUs expressing the message orprotein.
In a human heart with an 8-day-old myocardial
infarct, there was abundant expression of os-
teopontin mRNA and protein in macrophages
within the necrotic and granulation tissue. Tran-
sient expression of osteopontin was also ob-
served in a subset of macrophages infiltrating
lung, skin, and skeletal muscle injured during the
experiment, indicating the response was not lim-
itedto the heart. Thus, synthesis ofosteopontin by
macrophages appears to be a generalized re-
sponse in the reaction to tissue injury. Although

macrophages persist in these lesions, osteopon-
tin is dramaticaly downregulated as healingpro-
ceeds. These results provide the first evidence
that osteopontin may be important in healing
after tissue injury, possibly in cellular adhesion,
chemotaxis, and/or phagocytosis. (Am J
Pathol 1994, 145:1450-1462)

Myocardial infarct repair is a multistep process,
wherein necrotic muscle is infiltrated by inflammatory
cells, phagocytosed, and replaced initially by granu-
lation tissue and later by dense fibrocollagenous scar
tissue. The morphological features of infarct repair
have long been known at the light microscopic level,1
and have more recently been defined by electron
microscopy.2-5 From such studies we have recently
learned that many so-called fibroblasts in myocardial
scars have features of smooth muscle cells, including
abundant cytoplasmic a-actin filaments, peripheral
dense bodies, and investment by basal lamina. As
such, they represent a new phenotype of muscle in
the injured heart, possibly relating to the repetitive
mechanical stress in the scar. Despite detailed knowl-
edge of such structural features, we know much less
about the key molecules that regulate infarct repair.

Because of the resemblance of the fibroblasts in
myocardial scars to smooth muscle cells, we consid-
ered the possibility that infarct repair might be com-
parable to the process of neointima formation after
experimental balloon angioplasty. Recent studies
have shown that smooth muscle cells of the injured
wall increase expression of platelet-derived growth
factor A and B chains, elastin, collagen l(al), and
osteopontin, as the media is repaired and a muscular
neointima is formed6`9 (also V. Lindner et al, manu-
script submitted). Osteopontin is of particular interest
as a molecule that might control cell migration. This
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secreted glycoprotein contains the tripeptide se-
quence arginine-glycine-aspartate (RGD). The RGD
moiety is involved in adhesion of many matrix mol-
ecules to cell surface integrin receptors.10 Binding of
osteopontin to integrin receptors has been shown to
promote cell adhesion, chemotaxis, and signal trans-
duction in a variety of cell types.11-13 This combina-
tion of matrix and cytokine-like effects suggests that
osteopontin may play an important role in tissue repair
in vivo. In the current study we began to compare the
repair of myocardial necrosis with neointima forma-
tion by studying expression of osteopontin in necro-
tizing cardiac injuries.

Materials and Methods
Experimental Cardiac Injury

Adult male Sprague-Dawley rats weighing 350 to 400
g were anesthetized with methoxyflurane, and a mid-
line abdominal incision was made. Cardiac freeze-
thaw was induced by placing a 1-cm aluminum rod,
precooled with liquid nitrogen, against the membra-
nous portion of the diaphragm for approximately 12
seconds. This procedure reproducibly causes a disc-
shaped region of necrosis, 2 to 3 mm deep, in the
posterior wall of the heart.14 Intervening tissues such
as the diaphragm and a small amount of lung are also
injured. The freeze-thaw lesion induces typical co-
agulation necrosis, which is followed by an acute in-
flammatory response and phagocytosis of necrotic
debris. Granulation tissue formation begins by day 4
and progresses as necrotic debris is cleared. By 4
weeks the lesions consist of young scar tissue. The
cellular events in healing of these freeze-thaw lesions
are very similar to those of myocardial infarct repair.
Because freeze-thaw lesions are smaller and are not
transmural, however, there is not the extensive wall
remodeling and compensatory hypertrophy that is
typically seen with infarction. Animals (n = 4 per
group) were allowed to survive for 1, 2, 4, 7, or 28 days
to permit healing of the lesions. After sacrifice under
anesthesia, the heart and other tissues were fixed in
3:1 methanol-acetic acid for immunocytochemistry or
3.5% paraformaldehyde for in situ hybridization and
immunoelectron microscopy. All experiments were
approved by the institutional animal care committee
and were in accordance with federal guidelines.

Human Heart Analysis

Myocardial tissue was obtained from a 53-year-old
male who developed a ventricular septal defect 6
days after an extensive posterior wall myocardial in-

farct. The patient developed cardiogenic shock but
then underwent cardiac transplantation 2 days after
the rupture of his interventricular septum. Multiple
samples of myocardium were obtained from the in-
farcted region and the grossly normal anterior free
wall and processed within 60 minutes of cardiectomy.
Tissue samples were frozen in liquid nitrogen for RNA
extraction or placed in methyl Carnoy's medium for
morphological analysis.

Immunocytochemistry

After paraffin embedding, 4-p tissue sections were
deparaffinized and endogenous peroxidases
blocked with 0.3% hydrogen peroxide in cold metha-
nol for 25 minutes. After washing in phosphate-
buffered saline (PBS), nonspecific binding was mini-
mized by blocking with 1% normal horse serum for 1
hour. For rat osteopontin localization, either the mono-
clonal antibody MPIIIB10 (Developmental Studies
Hybridoma Bank, Iowa City, IA) at a titer of 1 :1000 (1 1
ng/ml) or the goat polyclonal antibody OP199 at a titer
of 1:2000 (1 pg/ml) were used. The polyclonal OP199
antibody, raised against rat smooth muscle-derived
osteopontin, has been characterized extensively in a
previous report. 12 The monoclonal and polyclonal an-
tibody preparations gave identical results, and the
figures show MPIIIB10 staining. Monocyte-macro-
phages were identified with the monoclonal antibody
ED1 (Harlan Bioproducts for Science, Indianapolis,
IN), which specifically identifies all cells of the
monocyte-macrophage lineage,15 at a titer of 1:500.
The primary antibody incubations were done at room
temperature in PBS containing 0.1% bovine serum
albumin for 60 minutes. After rinsing in PBS, horse
anti-mouse biotinylated secondary antibodies in PBS
and 0.1% albumin were applied at room temperature
for 30 minutes. Detection was accomplished with an
ABC kit from Vector Laboratories (Burlingame, CA)
with diaminobenzidine as substrate. Sections were
counterstained with methyl green. Double immuno-
staining was performed by using ED1 with diamino-
benzidine detection as described, followed by
OP199, using streptavidin-conjugated alkaline phos-
phatase with New Fuchsin substrate for detection. In
one additional animal the heart was fixed in paraform-
aldehyde and osteopontin localized by immunoelec-
tron microscopy by using 1), gold-labeled secondary
antibody on Lowicryl-embedded thin sections; and
2), en bloc immunoperoxidase staining followed by
Epon embedding and thin sectioning, as described in
detail previously.2,5
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In Situ Hybridization
After overnight fixation in 3.5% paraformaldehyde,
tissue samples were routinely dehydrated and em-
bedded. Five-micron sections were deparaffinized,
rehydrated, and post-fixed in 3.5% paraformalde-
hyde for 10 minutes. They were then incubated with
proteinase K (1 mg/ml in 0.5 mol/L NaCI and 10
mmol/L Tris buffer, pH 8.0) for 7.5 minutes at 37 C,
followed bya 10-minutewash in 0.5x standard saline
citrate (SSC; 1 x SSC = 150 mmol/L NaCI and 15
mmol/L sodium citrate) at room temperature. Sections
were then prehybridized (50% formamide, 0.3 mol/L
NaCI, 20 mmol/L Tris, pH 8.0, 1 x Denhardt's solution,
1 0 mmol/L dithiothreitol, and 1 0% dextran sulfate) for
2 to 4 hours at 55 C in a humid environment. Sense
and antisense [35S]-labeled riboprobes were pre-
pared from the rat osteopontin cDNA clone 2B7,39
which contains the full protein coding sequence, with
a transcription kit from Promega (Madison, WI) ac-
cording to the manufacturer's specifications. Probe
was applied to the hybridization mixture to achieve a
final specific activity of 300,000 cpm/ml. The sections
were hybridized overnight at 55 C. The next morning
they were washed twice in 2x SSC for 10 minutes
each and then immersed in a buffer containing 20
mg/ml RNAse A for 30 minutes at 37 C. Sections were
again washed at low stringency in 2x SSC at room
temperature, followed by a high stringency wash in
0.1 x SSC at 55 C for 2 hours. After the high stringency
wash, sections received two 1-minute washes in 5x
SSC and then were dehydrated and dried overnight.
Slides were dipped in Kodak NTB2 emulsion, dried,
and exposed for 7 days.

Western Blot Analysis
Six additional animals were studied, five on day 1 after
freeze-thaw injury and one sham-operated animal.
After sacrifice and removal of the heart, the aorta was
cannulated and perfused with PBS until the effluent
was clear. The injured tissue from the posterior wall
was excised with a razor blade, carefully trimmed to
remove adjacent viable tissue, and frozen in liquid
nitrogen. Uninjured myocardium from the anterior wall
was similarly obtained and frozen. Samples were later
pulverized under liquid nitrogen and extracted in a
lysis buffer containing 0.05 mol/L Tris, pH 6.8, 1% so-
dium dodecyl sulfate, and 10% glycerol. After cen-
trifugation, protein concentration was determined in
the supernatants by using the Micro BCA protein as-
say kit with bovine serum albumin as a standard
(Pierce Chemical Co., Rockford, IL). Aliquots contain-
ing 30 pg total protein were boiled in sample buffer
and loaded onto a 9% polyacrylamide gel. Duplicate
gels were stained with Coomassie blue to verify equal

protein loading. Electrophoresis under reducing or
nonreducing conditions yielded identical results, and
results from nonreduced gels are shown. Gels were
transferred to a polyvinylidene difluoride membrane
(DuPont/New England Nuclear, Wilmington, DE) with
an electroblot system (Bio-Rad Laboratories, Rich-
mond, CA). Western blotting was accomplished by
using the goat polyclonal antibody OP199 at a con-
centration of 2.7 pg/ml. Secondary detection was ac-
complished with peroxidase-conjugated rabbit anti-
goat IgG (Jackson ImmunoResearch Laboratories,
West Grove, PA) and a chemiluminescence kit
(DuPont/New England Nuclear).

Northern Blot Analysis
Frozen myocardial samples were pulverized under
liquid nitrogen and then homogenized in a solution
containing 4 mol/L guanidinium isothiocyanate. Total
RNA was extracted by the acid-phenol technique of
Chomczynski et al.16 Fifteen micrograms of RNA per
lane were electrophoresed on a 1.2% agarose gel
containing formaldehyde, transferred to Hybond-N
membranes (Amersham), and immobilized by baking
for 2 hours at 80 C. A [32P]-labeled DNA probe was
prepared with the use of a random priming kit (Am-
ersham, Arlington Heights, IL) from the human os-
teopontin cDNA clone OP1 0. This clone was obtained
from Dr. Larry Fisher (Bone Research Branch, NIH)
and contains the entire osteopontin coding se-
quence, as well as 5' and 3' flanking sequences.17 To
assess potential variation in gel loading and transfer,
the blots were subsequently probed with a [32P]-end-
labeled oligonucleotide directed to the 28S ribosomal
RNA subunit, with the sequence 5' GCG AGA GCG
CCA GCT ATC CTG AGG 3'. Membranes were pre-
hybridized for 4 hours and then hybridized overnight
at 44 C. The blots were washed three times for 5 min-
utes each at room temperature in a low stringency
buffer (2x SSC with 0.1% sodium dodecyl sulfate),
followed by two 20-minute washes in a high strin-
gency buffer (0.2x SSC with 0.1% sodium dodecyl
sulfate at 65 C for the osteopontin probe and 55 C for
the end-labeled 28S probe. Autoradiography was
performed at -70 C with Kodak XAR film.

Results

Microscopic Evolution of Cardiac
Freeze-Thaw Injury
The transdiaphragmatic freeze-thaw procedure pro-
duced uniform, disc-shaped lesions on the diaphrag-
matic surface of the heart, extending 2 to 3 mm into
the myocardium (data not shown). Microscopically,
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the early lesions (days 1 and 2 after injury) showed
typical features of coagulation necrosis, with a promi-
nent inflammatory infiltrate composed predominantly
of macrophages and to a lesser extent neutrophils. By
day 4 the process of organization had begun, with
removal of necrotic myocytes and ingrowth of fibro-
blasts and capillaries, characteristic of granulation
tissue. At 1 week after injury nearly all necrotic myo-
cardium had been resorbed, and the entire lesion
consisted of granulation tissue containing numerous
macrophages. At 4 weeks after injury the lesions were
composed largely of scar tissue. The scars were
much less cellular than the granulation tissue and had
retracted to occupy a smaller volume than either the
original myocardium or the granulation tissue. The ul-
trastructural features of the injury and repair process
in this model have been described in detail
previously.2-5

Osteopontin in Cardiac
Freeze-Thaw Injury

Osteopontin was not detected in a sham-operated
heart or in uninjured myocardium remote from areas
of freeze-thaw. In sharp contrast, abundant osteopon-
tin protein was detected in the injured hearts at the
early time points after necrotizing injury. On the first
day after injury, immunostaining demonstrated that
osteopontin was present in many cells located in a
band-like pattern at the interface of viable and ne-
crotic myocardium and in substantially fewer cells
scattered in the deeper regions of the injured tissue
(Figure 1A). Osteopontin staining was cytoplasmic
and typically polarized to an eccentric perinuclear lo-
cation suggestive of localization in the Golgi appa-
ratus. Staining of an adjacent section with the macro-
phage marker ED1 demonstrated that most of the
nucleated cells in this region were macrophages (Fig-
ure 1 B), although some neutrophils were present as
well. To verify that the osteopontin-producing cells
were indeed macrophages, double immunolabeling
was performed. All cells expressing osteopontin also
expressed the ED1 antigen (data not shown). Many
EDl-positive cells, however, did not express os-
teopontin. The osteopontin-negative macrophages
were found both deep in the lesion and on the epi-
cardial surface, where little osteopontin was de-
tected, and at the interface of the lesion with viable
myocardium, where osteopontin was abundant. By
day 2 there was extensive macrophage permeation of
the necrotic tissue, with loss of the dense band at the
interface with viable myocardium. Osteopontin-
positive cells were still present in a diffuse band at the

edge of the lesion, but by this time they were also
found throughout the necrotic muscle. As was seen
on day 1, more cells stained with the macrophage
marker ED1 on day 2 than stained with anti-
osteopontin antibodies.

By day 4 after injury there was a notable decrease
in the number of osteopontin-positive cells (Figure
1C), despite the fact that macrophages remained
abundant components of the granulation response
(Figure 1D). Macrophages containing osteopontin
were most prominent around areas of residual ne-
crotic tissue and were also scattered throughout the
granulation tissue. Smooth muscle cells and endo-
thelial cells in repairing vessels were occasionally
noted to contain osteopontin protein as well (not
shown). At 7 days after injury there was a further dimi-
nution in the number of osteopontin-positive cells,
with only occasional cells in the injured region posi-
tive. In one heart there was a collection of
osteopontin-positive cells around a focus of un-
resorbed necrotic myocardium. Examination of 28-
day-old injuries, composed largely of scar tissue,
showed only rare osteopontin-positive cells (Figure
1 E). In several hearts no osteopontin was detected.
Despite this, numerous macrophages were seen in
the scars by ED1 staining (Figure 1 F). At no time was
significant osteopontin staining observed in the fibro-
blasts of granulation or scar tissue, and no osteopon-
tin was detected in the extracellular space.

In situ hybridization was performed to determine
which cells were actively synthesizing osteopontin
and to examine the time course of the mRNA induc-
tion in response to injury. All sections hybridized with
the control, sense osteopontin riboprobe showed
very low signal (comparable with that shown below in
Figure 7B). In agreement with the immunostaining re-
sults, no osteopontin mRNA was detected in unin-
jured myocardium with the antisense riboprobe. In
contrast, there was intense hybridization in the injured
tissue that followed a similar spatial and temporal
course to that seen for the protein. On the first day
after injury there was an intense, band-like osteopon-
tin signal at the interface between viable and necrotic
myocardium (Figure 2A, B). Positive cells were also
seen throughout the injured region, but at lower den-
sity. By day 2 the signal had spread throughout the
lesion but was of similar intensity. On day 4 after injury
(Figure 2C, D) fewer cells expressed osteopontin
message, although a very strong signal was seen
over the individual positive cells. The fact that fewer
cells in a given microscopic field had overlying silver
grains allowed better spatial resolution, and os-
teopontin signal could be definitively associated with
inflammatory cells and focally with cells in artery
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Figure 1. Osteopontin expression and macrophage infiltration in rat heart at 1, 4, and 28 days ajterJreeze-thauw injury. A: 1)ay 1, nsteopntin-
positive cells are concentrated in a band alonig the interface of injured (In) and normal (N) myocardium. Scattered cells deeper in the lesion also
express the protceini. Iniset, high power micrograph shows immunostaining concentrated in perinuclear zones, consistent u'ith Golgi apparatuis. A
granuclocyte is present but does not contain osteopontin. B: Day 1, ED1-positive macrophages are concentrated in a similar bauid at the interface of
injuired (In) and normal (N) myocardium. Numerous macrophages are also present deeper in the necrotic lesion. Inset, high power micrograph
shous dfifuse cytoplasmic immunostaining with EDI. A trio of neutrophils in the center does not containt the ED1 epitope. C: Day 4, osteopontin-
positive cells are dispersed throughout the granulation tissue, but the density ofpositive cells is notably diminished versus day 1. D: Day 4, numer-
ous EDl-positive macrophages persist in the granulation tissue. E: Day 28, virtually no osteopontin-positive cells are detected by immunostaining in
the injured region (In), now composed of scar tissue. N, normal myocardium. F: Day 28, EDI-positive macrophages remain abundant compo-
nents ofscar tissue within the area of injury (In). N, normal myocardiunm. Macrophage-s wvere marked with EDI monoclonal altibodv. Osteoponttin
protein uwas stained with MPIIIBIO inonoclonal antibody. All figuire-s are niagiiffie-d .323, except C anid D uhich are X 646.

walls. By 1 week there was a further diminution in the
number of positive cells, again with strong signal per-
sisting over individual cells. At this time osteopontin
signal was associated with scattered inflammatory
cells, arterial smooth muscle cells, and also focally
with vascular endothelium. After 4 weeks of healing

(Figure 2E, F) there was very little osteopontin signal
detected, consisting of two to three cells in one heart.

Immunoelectron microscopy was performed by
using two complementary methods: 1), immunogold
labeling of Lowicryl-embedded thin sections; and 2),
immunoperoxidase labeling of small tissue blocks fol-
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Figure 2. In situL hybridization jbr osteopontin in mYocardium 1, 4, or 28 days afterfreeze-thaw injury. A: Day 1, bright field image showing in-
tense bybridizatinot ini cells infiltratitng inijutrecd mocardiunm (Ini), Normal myocardinim (N) is virtuallVfree ofsignal. B: Day 1, darkjfield iniage of
samne section. The dark patches within the inljured tissue are due to satulrationz of the photographic emtulsioni andfiil/ure to scatter incident light. C:
Dca 4, bright field imnage of interface between injured (In) and niortmial (N) tissue. Hybridization signal is less initenise than on day I and more

conicentrated at the center of'the lesion, prescent at the right of'the photograph. D: Day 4, dark field image of sanme section. Ostecoponitin hYbridiza-
tion signal ispresent throughout the inbured regioni buit diminished relative to dav 1. E: Day 28, Bright field image shous rare cells expressing os-
teopontini mnRNA (arrows) itn the in-jutred region (In). N, niormal myocardium. F: Day 28, Darkfield iniage of'samne section. Positii'e cells indicated
by arrou's. Allfigures are magnified X32,3. Osteopontin in Sitli hybridization with antisense PIS/-labeled cRNA from rat probe 2B7. In situ hybrid-
ization ivith sense cRNA probes gave very loun backgroutnd signal, similar to that in Figuire 7B.

lowed by traditional embedding and thin sectioning.
Osteopontin was located in cells morphologically
consistent with macrophages (Figure 3A-D). These
cells were frequently located within the residual basal
lamina sheaths of necrotic myocytes. No other cell
types were seen to express this protein on day 1, and
no localization to the extracellular matrix was noted.
Both methods showed osteopontin located in
membrane-bound cytoplasmic vesicles, consistent

with secretory vesicles. This was in agreement with a

study of osteoblasts by Hultenby et al,18 who also
noted osteopontin localization to membranous
vesicles.

Western blotting was performed on injured and
control myocardium from five rats 1 day after freeze-
thaw injury (Figure 4). In all five animals, a polyclonal
antibody to osteopontin (OP199, also used for some
of the immunostaining) detected a single broad band
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Figure 3. Immunoelectron microscopic detec-
tion ofosteopontin within a macrophage 1 day
afterfreeze-thaw injury to rat myocardium. A:
Relatively low magnification electron micro-
graph (x 11,80) of a macrophage located
within the residual basal lamina sheath (ar-
rows) of a necrotic myocyte. Necrotic cell de-
bris is located both within the basal lamina
compartment and external to it. B: Higher
power (x 24,800) micrograph of region boxed
in A. The macrophage contains gold particles
localized to electron-dense and electron-lucent
structures consistent with secretory vesicles (ar-
rows) shown at higher magnification
(X 41,300) in C and D. Nu, nucleus.

66kD-

Figure 4. Western analysis of osteopontin in control and injured rat
myocardium. Osteopontin was detected as a broad band at 66 kd in
the inijured regions (I) offive hearts examined 1 day after freeze-
thaw. No protein was detected in the uninjured control regions (C) of
the same hearts or in hearts subjected to a sham procedure (S). 0, os-
teopontin standard punfied from cultured rat pup aortic smooth
muscle cells.

at an apparent molecular weight of 66 kd in the injured
tissue, which was absent in uninjured myocardium
from the same hearts. No band was present in
samples from a sham-operated animal. The bands
from injured myocardium were indistinguishable from
samples of osteopontin purified from cultured rat pup

smooth muscle cells. Control blots from which either
the primary or secondary antibodies were omitted
gave no bands (data not shown).
We studied one injured human heart by Northern

blotting and immunocytochemistry (Figure 5). The
8-day-old infarct contained a mixture of necrotic
muscle, inflammatory cells (macrophages and neu-
trophils), and granulation tissue. The anterior wall
appeared grossly normal but had patchy, focal col-
lections of macrophages microscopically. Although
the normal tissue expressed detectable levels of
osteopontin, there was a marked increase in the os-
teopontin message in the infarcted human tissue as
determined by Northern analysis (Figure 5A). Im-
munostaining (Figure 5B) demonstrated numerous
osteopontin-positive cells in the granulation tissue,
morphologically consistent with macrophages. A few
scattered inflammatory cells in the non-infarcted an-
terior wall were also noted to contain osteopontin (not
shown) and were likely the source of osteopontin
message detected by Northern analysis from this
region.
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C I I I by 1 and 4 weeks. The skeletal muscle injuries, both
incisional and freeze-thaw as well as the pulmonary
freeze-thaw injury, contained predominantly mac-
rophages at all time points (data not shown).

In uninjured skin and skeletal muscle no osteopon-
tin protein or mRNA were observed. Focal osteopon-
tin protein and mRNA expression were seen in bron-
chial epithelium. Notably, no osteopontin was
detected in alveolar macrophages in uninjured lung.
Osteopontin mRNA and protein also were absent from
cells of the monocyte-macrophage lineage in normal
spleen, liver, lymph node, and thymus (data not
shown).

In general, the expression patterns of osteopontin
in the lung, skin, and skeletal muscle paralleled that
in the heart. On days 1 and 2, numerous infiltrating
macrophages expressed osteopontin message and
protein (as shown for the skin in Figure 6A). As in the
heart, more cells stained with the macrophage marker
ED1 (Figure 6B) than stained with osteopontin anti-
bodies, indicating that induction was limited to a sub-
set of macrophages. Osteopontin expression was not
detected in neutrophils in the skin exudate. There

Figure 5. Detection of osteopontin in hbcman heart 8 daYs after in-

fi.rction. A: iVortberni analysis demonstrated a fainit osteoponltin
(OPN) signial in conitrol myocardium (:C) and marked upregulation
oj osteopontin message in thr-ee samples of inftircted ¢2ocardium (I)
ajier- a 3-boocr anttoracidiographic exposinre. The signal in cotntrol myo
cardinini was mtiore apparen1t with loniger^ exposure. Hybridization

witb a 28S ribosomiial RAA probe conlfirnied equal loadinig of lanes. B:
immuninn,staininig witb antlibody LF7 localized osteopontin pr^oteini to

cells consisteiit with niacropbagevs in granulation tissuse. Mlagnifica-
tion7, X 1300.

Osteopontin in Skin, Pulmonary, and
Skeletal Muscle Wounds

The surgical approach for inducing cardiac freeze-
thaw injury produced incisional wounds in the ab-
dominal wall, including the skin and rectus abdomi-
nus muscle. Additionally, freeze-thaw injury was also
induced in the diaphragm and small amounts of in-
tervening lung tissue. To determine whether the pat-
terns of osteopontin expression seen in the heart were
unique to myocardium or part of a generalized injury
response, we performed immunocytochemical and in
situ hybridization analysis of osteopontin expression
in these tissues as well. All injured tissues contained
a prominent inflammatory infiltrate. The incisional skin
wounds were infiltrated initially by a mixture of neu-

trophils and macrophages on days 1 and 2, which
converted to predominantly macrophage infiltrates

Figure 6. Osteopontinl anid macrophages in skinl wound I day1 after
in/ury. A: (Osteoponlitn stainin1g was present predoniinantly in niiac-

rophages in Iecrotic skeletal mnutscle (Vt). Little staining was present
in subcutaneous ftit(F). Imimunostaining withbI'IPIII0. Jlagnifica-
tion, X 323 B: Adcocenit section shooing niacrophages dijjij,sely in/il-
tr-atin,g nIecrotic skeletal niuiscle (M:) and ftit (F) in sulbcuitanieouis
wound. Immunostaining with ED .Mlagnification, X323.

A

OPN

28S
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was, however, abundant mRNA and protein expres-
sion in macrophages involved in foreign body reac-
tions to suture. In the lung, both macrophages and
regenerating bronchiolar epithelium were synthesiz-
ing osteopontin. By day 4 after injury, osteopontin ex-
pression was notably diminished in all injured tissues,
despite no appreciable decline in the number of ED1 -
positive macrophages. A striking finding at this time
was an intense in situ hybridization signal in some
regions of injured skeletal muscle (Figure 7). Protein
was also detected, although the intensity was less
impressive. The injured muscle had signal localized
at regular intervals along the cell periphery, often in a
perinuclear distribution. This could represent expres-
sion by satellite cells. By 1 week (not shown) there
was a further decline in the number of cells containing
osteopontin protein. mRNA signal was also dimin-
ished but to a lesser extent than seen for protein. Fo-
cal collections of osteopontin-positive macrophages
were present in the basal lamina sheaths of skeletal
muscle and in foreign body reactions to sutures. Nu-
merous macrophages persisted in all injured regions
at this time. At 4 weeks after injury (not shown) only
very rare cells contained osteopontin protein or

Figure 7. Osteopontin expression in regenerating skeletal muscle 4
days after incisional wound. A: Antisense cRNA probe to osteopontin
showed extensive hybridization to the perinuclear regions of regener-
ating skeletal myocytes, possibly involving satellite cells. B: Sense
cRNA probe to osteopontin demonstrates very low background signal
in adjacent section.

mRNA in any of the lesions, the only exception being
persistent strong expression in foreign body reac-
tions. As was observed in the heart, EDl-positive
macrophages were still abundant components of the
lesions at 4 weeks.

Discussion
To our knowledge, these studies provide the first evi-
dence that osteopontin may be of general importance
in the reaction of tissue to injury. We were prompted
by previous studies showing upregulation of os-
teopontin by arterial smooth muscle after balloon in-
jury8 9 and the phenotypic similarities between vas-
cular smooth muscle and the stromal so-called
fibroblasts of cardiac repair.5 Although the fibroblasts
did not express osteopontin, both protein and RNA
were present at strikingly high levels in macrophages
in early human and rat cardiac lesions. Despite the
persistence of macrophages throughout the healing
response, production of osteopontin diminished dra-
matically as the necrotic lesions evolved toward scar
tissue. This response was not unique to the heart or
freeze-thaw injury, because high levels of osteopontin
expression by macrophages also were seen in the
early stages of repair in injured lung, skeletal muscle,
and incisional skin wounds as well as in human myo-
cardial infarction. Osteopontin expression was also
induced transiently by injury in other cell types, in-
cluding skeletal myocytes, arterial smooth muscle
cells, endothelial cells, and bronchiolar epithelial
cells.

Although first described as a component of bone
matrix,19 osteopontin is now known to be more widely
expressed. For example, in normal adult tissues it is
present in the epithelium and secretions of many exo-
crine glands, renal tubular epithelium and urine, pe-
ripheral nerves, decidualized endometrium, and
placenta.20 27 We have also observed increased ex-
pression during corpus luteum formation (unpub-
lished observations). Notably, osteopontin is not
present in normal skin or skeletal or cardiac muscle
and is restricted to bronchial epithelium in lung (24
and this study). The function of osteopontin is best
understood in bone, in which it appears to anchor
osteoclasts to the hydroxyapatite matrix via integrin-
RGD adhesion as well as signal bone resorption by
these cells.28,29 Expression of osteopontin by osteo-
blasts is increased by vitamin D3 and reduced by
parathyroid hormone,30 33 consistent with a role in
calcium homeostasis. Osteopontin production in-
creases rapidly during repair of simple bone frac-
tures34,35 and repair of mechanical marrow abla-
tion.36
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Recent studies also have shown that osteopontin
expression is increased in vascular and renal dis-
ease. Experimental balloon injury greatly stimulates
its production by arterial smooth muscle cells during
medial repair and neointima formation,8'9 consistent
with a role in smooth muscle migration or proliferation.
In human atherosclerosis, osteopontin is synthesized
at high levels in plaque smooth muscle cells, mac-
rophages, and endothelial cells of the plaque vasa
vasorum. Osteopontin is also found at high levels in
plaque matrix, particularly in regions of calcifica-
tion9'37'38 (also O'Brien et al, manuscript submitted).
In the rat kidney, osteopontin protein and mRNA are
elevated in angiotensin 11-induced tubulointerstitial
nephritis.39

Osteopontin expression has been shown to be up-
regulated in parallel with induction of cell proliferation
in several circumstances. Treatment of cultured
smooth muscle cells with several different growth fac-
tors induces osteopontin expression (see below).40
Tumor-promoting phorbol esters induce osteopontin
production in mouse epidermis,41,42 and H-rastrans-
formation of cultured fibroblasts is associated with in-
creased osteopontin production.43 We did not meas-
ure cell proliferation in this study, and therefore cannot
address a potential link between osteopontin and pro-
liferation directly. The predominant cell producing os-
teopontin in the heart was the tissue macrophage,
and to our knowledge, macrophage proliferation in
healing heart lesions has not been studied. It is con-
ceivable that macrophages proliferate in heart le-
sions, however, inasmuch as these cells have been
shown to proliferate in atherosclerotic plaques.4445
At this point, the significance of osteopontin induction
with cell proliferation is not clear.

The factors that induce osteopontin in wound mac-
rophages are not known. In vitro, monocytic cells in-
crease osteopontin expression in response to lipopo-
lysaccharide, phorbol ester, crude lymphokines, and
interleukin-146.47 (also Giachelli and Urieli-Shovall,
unpublished observations). All of these agents in-
duce macrophage activation, ie, they stimulate the
cell to perform more complex, differentiated functions
such as phagocytosis and tumor killing.849 In ad-
dition to the calcitropic hormones mentioned above,
a variety of peptide ligands such as basic fibroblast
growth factor,9'33 transforming growth factor-J39 50-53
angiotensin 11,9 and, in one report, platelet-derived
growth factor40 have been shown to increase os-
teopontin expression in cells other than macro-
phages. To the best of our knowledge, the effects of
these agents on macrophages have not been inves-
tigated. It seems likely, however, that some of these
growth factors are present in the injured tissue. Trans-

forming growth factor-f, for example, is increased in
myocytes adjacent to infarct zones.54
What is the function of macrophage-derived os-

teopontin in wound healing? This central question
cannot be answered definitively with available data.
On the basis of what is known about macrophages in
wound repair and osteopontin in other systems, how-
ever, three related functional properties seem pos-
sible: 1), cell adhesion and migration; 2), chemotaxis;
and 3), phagocytosis. These properties could involve
macrophages only or might also affect other cells in
wound repair, eg, fibroblasts, smooth muscle cells, or
endothelial cells.

The best described role for osteopontin is as an
extracellular adhesion molecule and a substrate for
cell migration. A wide range of cells, including mac-
rophages, endothelial cells, and smooth muscle cells
have the capacity to bind to it via RGD-dependent
mechanisms.12'55'56 The most extensively studied re-
ceptor for osteopontin is the integrin complex av133,
which also binds vitronectin. Recent studies from our
laboratory have demonstrated that, in addition, os-
teopontin can bind to smooth muscle cells via the
avf35 and avj3l complexes (Liaw et al, manuscript
submitted). The receptors for osteopontin on mac-
rophages have not yet been defined, although mac-
rophages have been shown to make avf33.57 Some
investigators have proposed that osteopontin may
function as an autocrine adhesion factor for tumor
cells, promoting their adhesion during invasion and
metastasis.11'42 A similar function for macrophage-
derived osteopontin can be envisioned, for which in-
filtrating cells elaborate a matrix molecule that facili-
tates their adhesion, retention, and migration within
the injured tissue. (For a theoretical discussion of in-
tegrins and cell migration, the reader is referred to the
recent article by Tooney et al.58)

Chemotactic properties of osteopontin have been
observed in multiple cell types. It is produced by nor-
mal T cells in response to concanavalin-A stimula-
tion59 and when injected subcutaneously induces
macrophage accumulation.56 Deficient production of
osteopontin has been implicated in rickettsial sus-
ceptibility in mice.59 In a rat model of tubulointerstitial
nephritis, Giachelli et a139 have shown that macro-
phages clustered around tubules that had elevated
osteopontin production. In addition to its effects on
macrophages, osteopontin has recently been shown
to be chemotactic for cultured smooth muscle cells12
and chemokinetic for endothelial cells.60 Chemotac-
tic activity is RGD dependent, suggesting it is medi-
ated by integrins (Giachelli, unpublished observa-
tions). Thus, osteopontin could function as a
chemotactic factor, recruiting additional macroph-
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ages into the lesion or, alternatively, attracting fibro-
blasts and endothelial cells for formation of granula-
tion tissue.
A third possibility the function of for osteopontin is

facilitation of phagocytosis. Although this idea has not
been tested directly, there is at least circumstantial
evidence from the current study. Osteopontin was ex-
pressed at high levels when abundant necrotic myo-
cardium was present, and its levels declined as this
tissue was resorbed. In several hearts studied 4 and
7 days after injury, osteopontin-positive macro-
phages were definitely clustered around foci of re-
sidual necrotic muscle. In skin wounds osteopontin
expression similarly declined with removal of necrotic
tissue, and at 1 and 4 weeks the predominant site of
synthesis was in macrophages involved in foreign
body reactions to suture, a site where attempts at pha-
gocytosis are likely to persist. There is also precedent
in the literature for a matrix molecule functioning like
an opsonin. Fibronectin enhances phagocytosis of
antibody-coated streptococci by macrophages and
neutrophils via RGD-dependent mechanisms.61 Fur-
thermore, phagocytosis of apoptotic cells by mac-
rophages occurs via the avf33 receptor. The ligand for
this process has not yet been defined, but it requires
an RGD motif.57,62

Virtually all known information about osteopontin
suggests its function resides in the extracellular
space. Despite this, we were unable to demonstrate
osteopontin protein in the extracellular matrix. All im-
munostaining was cytoplasmic. We do not know with
certainty why no extracellular protein was detected.
Our working explanation is that extracellular levels are
below the threshold of detection by immunocyto-
chemistry, whereas intracellular stores are readily de-
tectable. It seems less likely that epitopes could be
masked in the extracellular space, inasmuch us we
found identical staining patterns with both mono-
clonal and polyclonal antibodies. It is possible that
osteopontin has an unrecognized function as an in-
tracellular molecule, but again, there is no evidence
to support this notion. These possibilities will be ad-
dressed by future studies that neutralize extracellular
osteopontin.

The generalized and abundant expression of os-
teopontin after injury suggests to us that this protein
may be widely important in tissue repair and remod-
eling. In most normal and pathological states in which
osteopontin is made, the tissue is in flux (eg, cell mi-
gration, proliferation, death, or matrix remodeling),
whereas most static tissues (eg, heart, brain, or skel-
etal muscle) do not synthesize it. If osteopontin is re-
quired for cell and tissue turnover, it might be possible

to enhance healing or control inflammation by aug-
menting or blocking its effects.
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