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Abstract
Cardiac plasmin activity is increased following myocardial ischemia. To test the hypothesis that
macrophage-derived uPA is a key mediator of repair following myocardial infarction we
performed myocardial infarction on mice with macrophage specific over-expression of uPA (SR-
uPA mice). SR-uPA+/0 mice and wild-type littermates were sacrificed at 5 days or 4 weeks after
infarction and cardiac content of macrophages, collagen, and myofibroblasts was quantified.
Cardiac function and dimensions were assessed by echocardiography at baseline and at 4 weeks
post-infarction. At 4 weeks after myocardial infarction, macrophage counts were increased in SR-
uPA+/0 mice in the infarct (13.1 vs. 4.9 %, P < 0.001) and distant uninfarcted regions (5.9 vs.
2.4%, P < 0.001). Infarct scar was thicker in SR-uPA+/0 mice (0.54 ± 0.03mm vs. 0.45 ± 0.03mm,
P <0.05) and infarct cardiac collagen content was increased (72.4 ± 3.3% vs. 63.0 ± 3.6%, P <
0.06). Functionally, these changes resulted in mildly improved fractional shortening in SR-uPA+/o

mice compared to controls (24.6 ±1.68 vs. 19.8 ± 1.3% P = 0.03). At 5 days after infarction there
was increased collagen content in the scar without increases in macrophages or myofibroblasts. To
understand the mechanisms by which macrophage derived uPA increases collagen, cardiac
fibroblasts were treated with macrophage conditioned medium or plasmin and expression of
ColIα1 measured by qPCR. Conditioned media from SR-uPA+/o or plasmin-treated nontransgenic
macrophages but not plasmin alone increased collagen expression in isolated cardiac fibroblasts.
We hypothesize that plasmin generation in the heart in response to injury may induce activation of
macrophages to a profibrotic phenotype to allow rapid formation of collagenous scar.
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1. Introduction
Because of the heart’s unique mechanical stresses, repair of injured myocardium must be
both rapid and durable [1–3]. Current data support a model in which in response to injury
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chemokines are immediately released to stimulate the immigration of neutrophils into the
myocardium. Neutrophils then promote the influx and accumulation of bone marrow-
derived monocytes that subsequently differentiate into macrophages. Early after injury these
monocyte-derived macrophages produce proteineases that degrade damaged tissue and later
elaborate factors that stimulate collagen deposition in the scar by fibroblasts [4]. This
balance of tissue degradation and matrix deposition is critical to both preventing cardiac
rupture and avoiding excess matrix deposition and resultant cardiac fibrosis.

The plasminogen activator/plasminogen system is hypothesized to have a key role in
myocardial repair. Plasmin activity is increased in chronically ischemic human hearts and in
animal models of acute ischemia [5–7]. Genetic absence of urokinase plasminogen activator
(uPA–which converts plasminogen to the active zymogen plasmin) or plasminogen, inhibits
macrophage accumulation, degradation of injured tissue, and collagen deposition following
myocardial infarction [8,9]. These findings appear to depend on plasmin activation within
the cardiac extracellular matrix as mice deficient in tissue plasminogen activator (tPA–
which is limited predominantly to the intravascular compartment) have preserved cardiac
repair [8]. These data have led to the model that plasmin mediated degradation of injured
matrix is critical for macrophage and fibroblast migration to the area of injury. In the
absence of fibroblasts, a collagenous matrix cannot be formed.

Studies to elucidate the downstream mediators of plasmin-directed cardiac repair have
focused on matrix degradation by selective members of the matrix metalloproteinase (MMP)
family. Some MMP’s may be activated by plasmin in vivo or function in plasmin-MMP
cascades [9–11]. Furthermore, a substantial literature has linked plasmin-dependent
activation of MMP–2 and –9 with cardiac repair [12]. However, evidence that these two
MMP’s play a significant role in matrix turnover is scant, at best, and MMP activation has
been associated with both increased and decreased cardiac collagen accumulation [13–15].
Moreover, MMP’s may serve other roles in cardiac repair such as regulation of vascular
integrity [16].

Because uPA is abundantly produced by macrophages–a cell at the crux of the repair
process–we hypothesized that macrophage-derived uPA is a critical regulator of plasmin
activation in the injured heart. Moreover, we hypothesized that macrophage-derived uPA
can directly mediate fibroblast and matrix accumulation in response to cardiac injury. To
test this hypothesis, we utilized two lines of transgenic mice with macrophage-specific over-
expression of murine uPA. We have previously reported that the M87 line, which has very
high levels of uPA expression, develops spontaneous, plasminogen-dependent cardiac
collagen deposition by 15 weeks of age [17,18]. Here we describe studies using the lower
expressing M29 line, which does not develop early spontaneous fibrosis. These mice
underwent myocardial infarction to determine if moderate increases in macrophage derived
uPA can accelerate cardiac repair without promoting cardiac rupture. We found that not only
is macrophage-derived uPA a critical determinant of matrix accumulation in the infarcted
myocardium, but it also contributes to matrix accumulation in distant uninjured
myocardium. In addition, contrary to previous models, macrophage derived uPA does not
increase fibroblast number or MMP activation in the infarct. Rather, increased plasmin
activation promotes increased numbers of macrophages that exhibit a novel profibrotic
phenotype.

2. Materials and Methods
2.1 Transgenic mice

Generation of SR-uPA+/0 mice has been previously described [19]. Three lines with various
levels of transgene expression were originally generated using the human scavenger receptor
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A promoter (SR) to target mouse uPA expression to macrophages. For these studies, we
used the M29 line that has detectable but lower levels of transgene expression than the M87
line we described [19]. This line was selected because it does not develop spontaneous
cardiac fibrosis. All mice were backcrossed into the C57BL/6 background greater than 8
generations.

2.2 Cell Culture
Isolation of peritoneal macrophages—Macrophages were collected by peritoneal
lavage three days after injection with 3 ml of a 4% thioglycollate solution. Cells were plated
and after 3 hours non-adherent cells removed. To generate macrophage-conditioned media,
plating media was replaced with serum free media M199. Cells were incubated overnight
and the following day cultured medium was removed and immediately used for fibroblast
stimulation studies.

Isolation of cardiac fibroblasts—We cultured cardiac fibroblasts from nontransgenic
mice as described by Haudek et al [20]. Hearts of nontransgenic mice were harvested and
minced. The cells were dispersed using repetitive digestions with Liberase Blendzyme 4.
Dispersed cells were plated and non-adherent cells washed off after 3 hours. Fibroblasts
were cultured until ~80% confluent at which point the fibroblast media was replaced with
conditioned media from peritoneal macrophages from SR-uPA+/0 or SR-uPA0/0 mice for 24
hours or M199 with or without plasmin (Sigma). Fibroblast mRNA was then isolated using
RNAeasy (Qiagen).

2.3 Taqman Quantitative PCR
cDNA was produced using the Superscript First-Strand Synthesis System for RT-PCR
(Invitrogen: cat# 11904-018) according to the manufacturer’s instructions. Primer/probe sets
for ColIα1 (Mm00801666_g1) were pre-validated sets obtained from Applied Biosystems
(Inventoried TaqMan® Gene Expression Assays: cat# 4331182). qPCR was performed
using the Taqman® Universal PCR Mastermix from Applied Biosystems (cat# 4304437).
All PCR reactions were normalized internally using either an eukaryotic 18S RNA primer
set (Applied Biosystems; cat# 4319413E) or GAPDH RNA primer set as an endogenous
control and run in triplicate. Quantitative Taqman PCR was performed using the Applied
Biosystem 7500 Real Time PCR System and analyzed using the Applied Biosystem 7500
System sequence detection software, version 1.3.

2.4 Myocardial infarction model and echocardiography
Hearts from 35 SR-uPA+/0 and 41 SR-uPA0/0 littermates at 12–16 weeks of age were
infarcted by permanent ligation surgery with a goal to infarct 20–40% of the myocardium.
This procedure generates sufficient ventricular remodeling to respond to therapeutic
interventions [21,22]. Surgeons were blinded to the genotype of the mice. 8 mice were
harvested at 5 days post infarction and 48 mice harvested at 4 weeks post infarction.
Echocardiographic images were obtained at 48 hours and 4 weeks after infarction. The
animals were lightly anesthesized using 1% isofluorane and echocardiographic images were
obtained with a GE Vivid 7 system using a 13 MHz linear transducer (General Electric
Healthcare) [23]. Parasternal long axis and short axis images at the mid-papillary level were
obtained to acquire M-mode measurements of the left ventricular end-diastolic (LVEDD)
and systolic dimensions (LVESD). Data were averaged from 3–5 cardiac cycles. Fractional
shortening was calculated from the LVEDD and LVESD by using the formula: (LVEDD-
LVESD)/LVEDD × 100. All measurements were made in accordance with guidelines
approved by the American Society of Echocardiography and were determined by a single
reader, who was blinded to the genotypes and time-points of the study.
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2.5 Immunohistochemistry and morphometry
For histologic studies, hearts were obtained at 5 days or 4 weeks following infarction. Hearts
were fixed in 4% paraformaldehyde, sectioned into four transverse slices of equal thickness,
and paraffin-embedded. Sections (5 µm) were cut and stained with H & E for morphometry,
Picrosirius red with fast green counterstain for collagen, or immunohistochemistry (IHC)
was performed for macrophages (Mac 3 antibody, 1:1000, Pharmingen) or smooth muscle
alpha actin (smooth muscle alpha actin, 1:50, Dako) using 3-3’diaminobenzidine chromogen
(DAB) and Hematoxylin nuclear staining. Infarct size was measured by taking the areas of
the infarct region and the left ventricle from cross sections of the heart from apex to the
ligation area and averaged. Collagen content was measured by imaging the cross section of
the heart containing the maximal infarct area and quantifying the picrosirius red-stained area
using computer-assisted image analysis (Image Pro 3.0 software, Media Cybernetics). The
collagen content of the uninjured septal region opposite the infarct was also measured.
Macrophages were counted by taking 3–5 areas of the infarct and septum directly away from
the infarct using a 100 µm2 grid at 40× objective and counting all cells with nuclei. The
percent macrophages were determined by taking the total number of positive Mac 3 cells in
the 100 µm2 region. Alpha-smooth muscle actin (α-SMA) positive cells were also manually
counted at 10× objective in the infarct region and area away from the infarct using a 100
µm2 grid. In order to determine whether differences in ventricular remodeling were due to
myocyte hypertrophy in the region away from the infarct, the diameter of the
cardiomyocytes in the septum were measured using Image J program (NIH).
Cardiomyocytes were measured in long axis at the level of the nucleus. All images used for
analysis were photographed using CapturePro camera. All histologic quantification was
performed by observers blinded to genotype.

2.6 OmniMMP assay
Hearts were harvested 2 weeks following infarction and protein extracted in 50 mM HEPES,
10 mM CaCl2, 0.05% Brij-35, 10 µM ZnCl2, pH 7.0. Protein was quantified and equivalent
samples aliquoted in a 96-well plate in triplicates. OmniMMP MCA peptide (Biomol
International, Plymouth Meeting, MA) was added to a final concentration of 0, 5, 10, 15, or
20 µM (100 µl total volume). Samples were excited at 328 nm and fluorescence output was
read at 393 nm in 30 sec intervals for 30 min with a SpetraMax 250 plate reader (Molecular
Devices, Sunnyvale, CA). Initial velocity (Vi) for each reaction was determined with using
SoftmaxPro 4.6 plate reader software and was used to calculate Km and Vmax values.

2.7 Statistics
Data that are normally distributed are presented as mean ± SEM and are compared with
Student’s t-test. Data that were not normally distributed are presented as median (25–75%
range) and group medians were compared with the Mann-Whitney rank-sum test.

2.8 Statement of Responsibility
The authors had full access to the data and take responsibility for its integrity. All authors
have read and agree to the manuscript as written.

3. Results
3.1 M29 SR-uPA+/o mice do not have spontaneous cardiac fibrosis

We have previously shown that mice with high levels of macrophage-derived uPA develop
spontaneous cardiac fibrosis by 15 weeks of age [17]. To examine the role of uPA in
myocardial repair without the confounding variable of existing fibrosis, we used a second
line of mice generated for these studies, referred to as the M29 line. Quantitative PCR of
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mRNA for uPA shows that M29 SR-uPA+/0 peritoneal macrophages have 100 fold increased
expression of uPA compared to macrophages from non-transgenic littermates. These levels
are 8 fold less than the previously reported M87 line (Figure 1A). In contrast to that seen in
M87 mice, M29 SR-uPA+/0 mice have no statistically significant increase in cardiac
collagen content at 12–16 weeks of age compared to nontransgenic mice (0.9±0.2 vs
0.68±0.3% picrosirius red area, P = 0.5, Figure 1 B, C, D). At baseline, there were no
differences in echocardiographic measurements between SR-uPA+/0 and non-transgenic
mice (Supplemental Table 1).

3.2 Survival and rupture
A total of 76 animals were infarcted for this study (N=35 SR-uPA+/o and N=41 non-
transgenic). There was no significant difference in survival between SR-uPA+/o and
nontransgenic littermates post infarction. Mice infarcted early in the study had a high intra-
operative mortality due to intermittent ventilator dysfunction. After obtaining a new
ventilator, mortality was less than 15% in both groups. At 5 days, 22 of 35 SR-uPA+/o mice
and 26 of 41 non-transgenic mice had survived myocardial infarction (P = 1.0 by Fisher
Exact Test). Late mortality was infrequent, occurring in 2 of 28 and 1 of 33 mice aged to 4
weeks following infarction. Myocardial rupture was not seen in either group.

3.3 SR-uPA+/0 mice have thicker infarct scars
Hearts were harvested 4 weeks after myocardial infarction and morphometric analysis of
histology was performed. Although there was no difference in infarct size between SR-
uPA+/0 and non-transgenic mice (21.0±1.9% vs. 24.7 ± 4.2% infarcted area, respectively,
p=NS), SR-uPA+/o mice had significantly thicker scars compared to nontransgenic mice
(0.54 ± 0.03mm vs. 0.45 ± 0.03mm, P <0.05, Figure 2). Thicker scars were not due to
increased cardiomyocyte hypertrophy. Analysis of the uninjured myocardium of infarcted
mice revealed that cardiomyocytes in both the transgenic and non-transgenic mice had
comparable cardiomyocyte diameter (15.1 ± 1.0 µm vs. 14.0 ± 0.6 µm, n= 15–18, P = 0.8).

3.4 SR-uPA+/0 mice have increased cardiac macrophage accumulation late after
myocardial infarction

To test the hypothesis that excess macrophage-derived uPA would increase the
accumulation of macrophages in infarcts, we quantified macrophages in hearts of SR-uPA+/0

and nontransgenic mice 4 weeks after myocardial infarction. Macrophages were more
abundant in the infarct in the SR-uPA+/0 mice compared to nontransgenic littermates [13.1
(11.2–19.3%) vs. 4.9 (3.9–8.5%) Mac-3 positive cells, n=12–14, P < 0.001, Figure 3]. In
addition, higher macrophage content was seen in the uninfarcted myocardium in SR-uPA+/0

mice compared to non-transgenic mice [5.9(4.3–8.1%) vs. 2.4(1.5–2.9%) Mac-3 positive
cells, n=12, P < 0.001, Figure 3]. In five mice harvested two weeks following myocardial
infarction, there was no difference in macrophage counts between groups (data not shown).

3.5 SR-uPA+/0 mice have increased cardiac collagen content late after myocardial
infarction

To test the hypothesis that excess macrophage derived uPA would be associated with
increased collagen after injury, we quantified collagen in scar and uninjured myocardium.
There was a trend towards more collagen in the infarct region of transgenic mice (72.4 ±
3.3% vs. 63.0 ± 3.6%, P < 0.06, Figure 4). In remote uninjured myocardium, SR-uPA+/o

mice had a significantly higher percentage of collagen compared wild-type littermates
(17.8± 2.0% vs. 8.3 ± 3.3%, P < 0.005, Figure 4) or to hearts of uninfarcted M29 mice
(0.9±0.2%, P = 0.002). To determine if increased collagen was due to increased numbers of
activated fibroblasts, we stained sections for α-smooth muscle actin to detect
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myofibroblasts. There was no difference in the percentage of α-smooth muscle actin positive
cells in the infarct region (4.0 ± 0.2% vs. 4.0 ± 0.5%, n=10–13, P = 0.9) or in the uninjured
septal region (3.7 ± 0.3% vs. 3.3 ± 0.2%, n=13, P = 0.4) between SR-uPA+/0 and non-
transgenic mice.

3.6 SR-uPA+/0 mice have improved fractional shortening late after myocardial infarction
Echocardiographic data were obtained from 13 SR-uPA+/0 and 16 nontransgenic mice at 48
hours and 15 SR-uPA+/0 and 18 nontransgenic mice 4 weeks post myocardial infarction.
Echocardiography done at 48 hours post infarction showed no significant difference in
fractional shortening between SR-uPA+/0 and non-transgenic mice (37.7 ± 1.2 versus 33.3 ±
2.1% fractional shortening, P = 0.1, Table 1). These data confirm comparable initial infarct
sizes between the groups. At 4 weeks following myocardial infarction, echocardiographic
measurements demonstrate significantly higher fractional shortening of SR-uPA+/0 mice
compared to non-transgenic mice (24.6 ±1.68 vs. 19.8 ± 1.3% fractional shortening,
respectively; P = 0.03, Table 1). There was a trend towards less ventricular dilatation in the
transgenic group at 4 weeks in both the diastolic (0.4 ± 0.02cm vs. 0.43 ± 0.01cm, P = 0.2)
and systolic measurements (0.3 ± 0.02cm vs 0.34 ± 0.01cm, P = 0.09, Table 1).

3.7 Total MMP activity is not increased after infarction in SR-uPA+/0 hearts
Because activity of MMP’s –2 and –9 is critical for macrophage accumulation in response to
injury[8] and SR-uPA+/0 hearts had increased macrophages, we tested the hypothesis that
MMP activity is increased in hearts of SR-uPA+/0 mice following infarction. An additional 5
mice were infarcted and the apical portion of the infarcted ventricle was flash frozen in
liquid nitrogen then protein extracted for assay of total MMP activity. Uninfarcted
nontransgenic hearts were used as a negative control. All infarcted hearts had increased
MMP activity in comparison to uninfarcted hearts. There were no differences in MMP
activity between any infarcted hearts, SR-uPA+/0 or nontransgenic (Supplemental Figure 1).

3.8 SR-uPA+/0 mice have increased collagen deposition early after infarction
It is hypothesized that increased protease activity facilitates early migration of fibroblasts to
the infarction. To determine if increases in collagen in late remodeling were due to early
increases in scar myofibroblast density in SR-uPA+/0 mice, we examined the characteristics
of early infarct healing in SR-uPA+/0 mice. A total of 10 mice (6 SR-uPA+/0 and 4
nontransgenic) underwent LAD ligation and hearts were harvested at 5 days post infarction.
One mouse in each group died prior to harvest.

Histologic evaluation showed increased collagen in infarcted myocardium of SR-uPA+/0

mice in comparison to non-transgenic mice (11.3 ± 0.05% versus 2.6 ± 0.01% picrosirius
red area, Figure 5A,B) without increases in myofibroblasts (31.3 ± 8.1% versus 32.6 ± 4.0%
α-smooth muscle actin positive nuclei, Figure 5C,D) or macrophages (25.2 ± 4.1% versus
26.9 ± 3.7% Mac-3 positive nuclei, Figure 5E,F). In contrast to histologic findings late after
infarction, neither group had appreciable increases in macrophages, myofibroblasts or
collagen in uninfarcted myocardium.

3.9 SR-uPA+/0 macrophages promote transcription of collagen by cardiac fibroblasts
Because hearts of SR-uPA+/0 mice had increased collagen deposition following myocardial
infarction in the absence of increased numbers of myofibroblasts, we tested the hypothesis
that SR-uPA+/0 macrophages can directly stimulate collagen production by isolated cardiac
fibroblasts. To establish the degree to which collagen expression can be upregulated in vitro,
isolated cardiac fibroblasts were treated with serum free medium (M199) alone or with
TGF-β1 (20ng/ml). In addition, cardiac fibroblasts (n=4 donors) were treated with M199
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conditioned by nontransgenic or SR-uPA+/0 macrophages for 18 hours. Taqman quantitative
PCR was used to measure expression of the alpha 1 chain of collagen I (ColIα1), the
predominant collagen in the heart. Fibroblasts treated with SR-uPA+/0 macrophage-
conditioned medium had significantly more ColIα1 mRNA than did fibroblasts treated with
nontransgenic macrophage conditioned medium [6.7 (4.6–8.4) fold increase, n=4 mice each
genotype, P < 0.03, Figure 6B]. Moreover, the stimulation of collagen expression by SR-
uPA+/o macrophage-conditioned medium was greater than the stimulation mediated by
TGF-beta1, a well-established fibrogenic cytokine (1.67 ± 0.03 fold increase versus M199
alone, P < 0.03, Figure 6A).

3.10 Plasmin stimulates fibroblast collagen transcription via a macrophage-derived factor
To test the hypothesis that increased plasmin activity alone is sufficient to promote collagen
expression by cardiac fibroblasts, we first determined the plasmin activity generated by SR-
uPA+/0 macrophages in the presence of plasminogen. Plasmin activity using the
chromogenic substrate S-2251 was measured in conditioned medium from SR-uPA+/0

macrophages and on serial dilutions of human plasmin (Hematologic Technologies).
Conditioned media from SR-uPA+/0 macrophages generated PA activity equivalent to 5.3 ±
1.9 nM of plasmin. Therefore we treated isolated cardiac fibroblasts with 5nM of plasmin in
M199 overnight and measured expression of ColIα1 mRNA levels. Cardiac fibroblasts
treated with plasmin had no increase in collagen expression with plasmin treatment [n = 6
fibroblast donors, median fold increase 1.1 (0.9–1.4), P = 0.4 by Mann Whitney; P = 0.8 for
paired t test of ColIα1 CT normalized to 18S CT, Figure 6C]. Experiments using higher
doses of plasmin to directly treat cardiac fibroblasts failed to stimulate increased
transcription of collagen (data not shown).

Based on these results and our previous data showing that SR-uPA+/0 induced cardiac
fibrosis is dependent on plasminogen, we hypothesized that increased plasmin activity
promotes a macrophage-derived profibrotic factor [18]. To test this hypothesis we cultured
wild-type murine peritoneal macrophages in M199 medium with or without plasmin (5nM)
overnight, and added the resultant conditioned medium to isolated cardiac fibroblasts.
Macrophage conditioned media from plasmin treated macrophages significantly increased
expression of ColIα1 in cardiac fibroblasts compared to conditioned medium from untreated
macrophages [n = 9 macrophage donors and 9 fibroblast donors, median fold increase 1.46
(1.1–5.8), P = 0.05 by Mann Whitney; P = 0.04 for paired t test of ColIα1 CT normalized to
18S CT, Figure 6D].

3.11 Macrophages with excess uPA do not express excess pro-inflammatory cytokines
A major characteristic of macrophages is the production of pro-inflammatory cytokines such
as IL-1beta, and previous studies have implicated these cytokines with cardiac collagen
accumulation in response to infarction [24,25]. To determine if over-expression of uPA
alters production of pro-inflammatory cytokines by macrophages, we measured expression
of the prototypic inflammatory cytokine IL-1beta in un-stimulated and LPS-stimulated
peritoneal macrophages from 5 SR-uPA+/0 and 5 littermate nontransgenic mice. There were
no differences in baseline expression of IL-1beta between nontransgenic and SR-uPA+/0

macrophages (n = 5 donors per genotype, 7.2 ± 0.8 versus 7.6 ± 1.6, arbitrary units
normalized to GAPDH, P = NS). In addition, macrophages from both SR-uPA+/0 and
nontransgenic mice showed robust upregulation of IL-1 beta in response to LPS (2584 ±
1755 versus 1804 ± 436 fold increase in IL-1 beta expression, P = NS).
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4. Discussion
We investigated the role of macrophage-derived uPA in repair following myocardial
infarction. In this paper we demonstrate that macrophage-derived uPA regulates collagen
deposition at several stages of cardiac repair. In SR-uPA+/0 mice, the most dramatic changes
in collagen were in the healing scar early after infarction (over a 300% increase versus non-
transgenic) and late after infarction in the heart distant to the site of injury (114% increase
versus non-transgenic). In contrast, scar collagen late after infarction increased by 15%.
These changes indicate an important role for macrophage-derived uPA in both early infarct
repair and compensatory remodeling post myocardial infarction.

Macrophage accumulation is increased in SR-uPA+/0 mice concurrent with increased
collagen in both injured and un-injured myocardium late after infarction. However, in early
injury, macrophage derived uPA does not promote increases in macrophage density. This
finding indicates that uPA may mediate macrophage mediated collagen deposition by
different mechanisms in acute versus chronic injury. One potential mechanism is via
macrophage specific elaboration of potent fibrogenic factors. Here we demonstrate that
exposure of macrophages to excess plasmin activity, either via overexpression of uPA or
direct plasmin treatment, promotes generation of a product that directly stimulates
transcription of ColIα1 by isolated cardiac fibroblasts.

Plasminogen activity is increased in the heart with myocardial infarction or ischemia, and
mice that are deficient in uPA or plasminogen have decreased adsorption of injured tissue
[5–8]. Our data indicate that macrophages–a cell abundant in injured myocardium–can be
activated by plasmin to induce collagen expression in cardiac fibroblasts. In combination,
these data support a model in which plasmin generation in response to accumulation of uPA
secreting macrophages is critical to both matrix degradation and collagen accumulation
(Figure 7). This mechanism may–in part–underlie the heart’s ability to rapidly respond to
ischemic injury without rupture.

Functionally, SR-uPA+/0 mice had mild improvements in fractional shortening late after
myocardial infarction. Potential benefits of thicker, more compact scars in SR-uPA+/0 mice
were likely limited by the increased accumulation of collagen in uninjured myocardium. In
addition, increased macrophages in these areas may contribute negative inotropic stimuli,
such as nitric oxide. We hypothesize that limiting up-regulation of macrophage derived uPA
to the immediate post infarction period will result in more dramatic improvements in
ventricular remodeling and function. Further experiments with a temporally regulated uPA
transgene cassette could address this hypothesis.

Inflammation is crucial to the wound repair process following myocardial infarction, and
macrophages, in particular, are essential to infarct repair. Van Amerongen et al
pharmacologically depleted macrophages using clodronate--an agent that induces
macrophage apoptosis--and demonstrated significantly reduced collagen deposition in
cryoinjured mouse myocardium with macrophage depletion [26]. Our data support that
macrophage derived products can regulate collagen deposition early after injury.
Macrophages are also associated with collagen deposition in chronic cardiac repair and
inhibition of macrophage accumulation is associated with decreased collagen deposition
[27]. Here we show that uPA mediates both increased macrophage accumulation and
collagen in areas of chronic stress. These data lead us to hypothesize that in chronic injury
uPA/plasmin activates a factor that stimulates both macrophage and collagen accumulation.

The mechanisms by which macrophages promote collagen accumulation in the heart may
depend on the stage of injury at which they are active. Nahrendorf et al demonstrated that
Ly-6hi monocytes–the circulating precursor to macrophages–play an important role in the
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proteolytic function after infarction peaking during the acute phase of repair and tapering
down by day 5. The Ly-6lo subset appeared later and was important for angiogenesis,
myofibroblast accumulation, and collagen deposition [28]. Although, we did not
differentiate the monocyte subsets in our current study, we did find differential increases in
collagen deposition between time-points and locations in the heart. These data suggest that
monocyte subsets may be susceptible to different macrophage activation pathways by local
factors (cytokines, growth factors, wall stress) once recruited to the heart. In addition, our
data support the hypothesis that increased plasmin activity is an important regulatory of
these activation states. Further studies will be necessary to test this hypothesis.

The precise mechanism(s) by which macrophage-derived uPA promotes collagen deposition
in the heart are as yet unknown. The lack of increase in myofibroblast numbers imply that
increased cardiac collagen is due to increased collagen production by myofibroblasts in
hearts of SR-uPA+/0 mice. Whether plasmin is activating a pre-formed pro-fibrotic
macrophage factor via cleavage or inducing de novo production of a specific factor is
unknown. Others have shown a role for the macrophage derived profibrotic factor
transforming growth factor beta-1 (TGF-beta1) in collagen deposition early after infarction
[29]. However, our previous data indicate that TGF-beta1 is not a proximal mediator of
uPA-induced cardiac fibrosis [18]. Here we show that that conditioned media from uPA
expressing macrophages can directly increase collagen production by cardiac fibroblasts.
These data support our hypothesis that macrophage derived uPA–via paracrine effects on
macrophages–promotes collagen production in the heart. In this study we demonstrate an in
vivo dose-response between macrophage uPA expression and the rate of development of
cardiac fibrosis. High levels of macrophage-derived uPA induce fibrosis at 15 weeks of age,
however, lower expressing M29 SR-uPA+/0 mice do not have spontaneous cardiac fibrosis
at the same time-point [18]. These data suggest a dose response between plasmin activity in
the heart and production of macrophage derived profibrotic factors. In vitro studies
combined with genomic and proteomic strategies will be necessary to determine the identity
of this profibrotic factor.

Consistent with our previous data, we demonstrate that plasmin activity is a critical mediator
of macrophage accumulation in the heart. It remains uncertain, however, by what
mechanism plasmin promotes macrophage accumulation. Here we show that MMP activity
is increased in the infarct in comparison to uninfarcted myocardium. However, excess
macrophage derived uPA did not further increase MMP activity. These data are consistent
with our previous report that high levels of macrophage-derived uPA did not increase
activity of MMP-2 or -9 in the heart, and others who have questioned the role of plasmin
activation of MMP’s in vivo [18,30]. It is possible that small changes in MMP were not
detectable in the number of mice studied. An alternative hypothesis is that increased plasmin
generates production of a factor that homes macrophages to the myocardium. Determining if
plasmin treated macrophages preferentially traffic to the heart would be critical to test this
hypothesis.

Finally, our experiments point to the utility of expressing proteins in macrophages as a
means to target infarct repair. Macrophages naturally home to sites of injury and survive
well in the harsh infarct environment. Macrophages are well suited for protein secretion and
persist throughout the process of infarct repair. Once repair is complete, the majority of
macrophages die off or exit the tissue, naturally limiting the duration of transgene delivery.
Therefore, delivery of therapeutic products to the infarct via genetically modified
macrophages seems a promising technique to pursue.

In summary, macrophages play a key role in infarct repair and cardiac fibrosis and
macrophages are regulated by the presence of uPA. Early after infarction, macrophages in
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SR-uPA+/0 mice are not elevated but are associated with increased scar collagen. At 4 weeks
after infarction, high levels of macrophages in SR-uPA+/0 mice were associated with thicker
scar and attenuated dilation of the ventricle but also with increased collagen in uninjured
myocardium. This finding suggests that initially, stimulation of robust scar formation by
uPA may be beneficial to prevent ventricular remodeling. However, persistent plasminogen
activation may underlie the deleterious fibrotic changes seen in uninjured myocardium late
after myocardial infarction. Plasminogen activation appears to be a critical link between the
accumulation of macrophages and collagen production in the heart in response to injury.
Understanding these mechanisms may allow the development of targeted macrophage based
cell therapies to improve repair both early and late after cardiac injury.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expression of uPA and collagen content in M29 SR-uPA+/0 mice
A. Quantitative Taqman PCR for uPA mRNA in isolated peritoneal macrophages from
nontransgenic, SR-uPA M29 and SR-uPA M87 mice. B. Percent fibrillar collagen in
uninfarcted nontransgenic and SR-uPA M29 hearts. Picrosirius red stain of uninfarcted
hearts at 3 months of age from C. nontransgenic, and D. SR-uPA M29 mice.
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Figure 2. Infarct scar thickness in SR-uPA+/0 versus nontransgenic mice post myocardial
infarction
A. Infarct thickness measured on picrosirius red stained sections in non-transgenic (NTG)
mice and SR-uPA+/0 mice 4 weeks after myocardial infarction (n = 11–15, P <0.05). Data
are mean ± SEM. B. Picrosirius red stain of hearts four weeks after myocardial infarction.
Picrosirus red staining delineates collagenous scar as red. Fast-green counterstain highlights
non-collagen tissue. Scale bar = 10 µm.
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Figure 3. Macrophage content in hearts of SR-uPA+/0 versus nontransgenic mice late post
myocardial infarction
Macrophage content (Mac-3 immunostain) in the infarct region and the area distant to the
infarct 4 weeks after myocardial infarction in the SR-uPA+/0 mice and non-transgenic (SR-
uPA0/0) littermates (n = 12–16), horizontal lines are group medians.
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Figure 4. Collagen content in SR-uPA+/0 versus nontransgenic mice late post myocardial
infarction
Percent fibrillar collagen content in area of infarction and uninfarcted distant myocardium
measured by picrosirus red 4 weeks after myocardial infarction. There was a significant
increase in collagen in the septal region away from the infarct in the SR-uPA+/0 group
compared to the non-transgenic (17.8 ± 2.0% vs. 8.3±3.3%, p<0.0005) and a trend towards
more collagen deposition in the infarct region (72.4 ± 3.3% vs. 63.0 ± 3.6%, p<0.06).
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Figure 5. Collagen, myofibroblast, and macrophage content early post myocardial infarction
Serial sections from a SR-uPA+/0 (A, C, E) or nontransgenic (B, D, F) heart five days
following myocardial infarction. Sections are stained for collagen with picrosirius red (A,B),
myofibroblasts with IHC to alpha smooth muscle actin (C,D) or macrophages with IHC to
Mac-3.
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Figure 6. Collagen production by isolated cardiac fibroblasts
Quantitative Taqman PCR for ColIα1 mRNA from isolated cardiac fibroblasts treated with
A. TGF-β1 (20ng/ml), n=4 B. conditioned media from nontransgenic (NTG) or SR-uPA+/0

macrophages, n=4 each group, C. plasmin (5nM), n=7, D. conditioned media from
nontransgenic (NTG) macrophages treated with M199 alone or M199 with plasmin (5nM),
n=9. Data represent mean ± S.D. of fibroblasts from individual mice treated with
macrophages from different individual mice.
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Figure 7.
Model of the role of plasmin in macrophage mediated repair post-myocardial infarction.
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Table 1
Summary of echocardiographic data at 48 hours and 4 weeks post-infarction

Cardiac function and remodeling post myocardial infarction. Fractional shortening, left ventricular end-
diastolic (LVEDD) and left ventricular end-systolic (LVESD) dimensions measured by echocardiography at
48 hours (baseline) and 4 weeks after myocardial infarction in non-transgenic (NTG) and SR-uPA+/0 mice.
Data represent mean ± SEM of n=13–16 mice at 48 hours and n=15–18 mice at 4 weeks.

LVEDD
(cm)

LVESD
(cm)

FS(%) HR
(bpm)

48 hours

NTG 0.34±0.01 0.23±0.01 33.3±2.1 475±52

TG 0.34±0.01 0.21±0.01 37.7±1.2 480±56

4 WEEKS

NTG 0.43±0.01 0.34±0.01 19.8±1.3 523±49

TG 0.40±0.02 0.30±0.03 24.6±1.7* 474±44

*
= p<0.05
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