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Abstract

Angiogenesis, an essential component of a variety of physiological and pathological processes, 

offers attractive opportunities for therapeutic regulation. We hypothesized that matrix 

metalloproteinase-9 genetic deficiency (MMP-9−/−) will impair angiogenesis triggered by tissue 

ischemia, induced experimentally by femoral artery ligation in mice. To investigate the role of 

MMP-9, we performed a series of biochemical and histological analyses, including zymography, 

simultaneous detection of perfused capillaries, MMP-9 promoter activity, MMP-9 protein, and 

macrophages in MMP-9−/− and wild-type (WT) mice. We found that ischemia resulted in doubling 

of capillary density in WT and no change in the MMP-9−/− ischemic tissues, which translated into 

increased (39%) perfusion capacity only in the WT at 14 days after ligation. We also confirmed 

that capillaries in the MMP-9−/− presented significantly (P<0.05) less points of capillary 

intersections, interpreted by us as decreased branching. The combined conclusions from 

simultaneous localizations of MMP-9 expression, capillaries, and macrophages suggested that 

macrophage MMP-9 participates in capillary branching. Transplantation of WT bone marrow into 

the MMP-9−/−, restored capillary branching, further supporting the contribution of bone marrow–

derived macrophages in supplying the necessary MMP-9. Our study indicates that angiogenesis 
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triggered by tissue ischemia requires MMP-9, which may be involved in capillary branching, a 

potential novel role for this MMP that could be exploited to control angiogenesis.
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Angiogenesis, the growth of new capillaries from existing ones, is a process necessary for 

regulation and repair during wound healing and after ischemic injury of tissue. However, 

angiogenesis also facilitates grave pathological processes such as tumor progression and 

metastasis,1 macular degeneration,2 and atheroma progression toward plaque instability.3 

Oxygen deprivation, or tissue ischemia, is a potent stimulus of angiogenesis through both 

humoral and inflammatory processes.4

Angiogenesis is a complex process that involves the activation of vascular cells through a 

balance of pro- and antiangiogenic factors.4 The growth of new capillaries is thought to 

occur mainly through capillary splitting, also known as intussusception, or capillary budding 

leading to branching.5 As growth of capillaries likely necessitates invasion of existing 

tissues, the potential enabling action of matrix metalloproteinases (MMPs), a family of 

enzymes capable of degrading the extracellular matrix components, has come under scrutiny.
6 In fact, the antiangiogenic action of nonspecific MMP inhibitors in vivo7 and in vitro8 is 

thought to be of major importance for their anticancer activity.9 However, these chemical 

agents have also undesirable effects.10

Two members of the MMP family, MMP-2 and MMP-9, known to degrade nonfibrillar 

collagens, a major component of the basement membrane, have been implicated in macular 

degeneration due to the angiogenic response to hyperoxia11 and ischemic reperfusion 

damage in a rat model of hindlimb ischemia.5 Genetic MMP-9 deficiency was found to 

result in retarded bone growth attributed to inhibition of angiogenesis.12 The potential 

involvement of MMPs in angiogenesis is further suggested by the discovery that MMPs have 

the ability to expose cryptic signaling sites on extracellular matrix components,13 and to 

release14 and activate matrix-bound growth factors.15 However, the specific processes 

controlled by MMP-9 remain unknown partially due to lack of adequate investigative 

methods.

Through using a combination of conventional and new technological tools, we were able to 

implicate the macrophage MMP-9 in the angiogenic response to ischemia resulting. We 

suggest its specific contribution to be enabling of capillary branching.

Materials and Methods

Mouse Strains

Several mouse strains were used in this study: MMP-9−/− mice12 in the 129 SvEv 

background (kindly provided by Drs Robert Senior and Mike Shipley, Washington 

University in St Louis, Mo) or in the C57BL6/J background and their strain-matched wild-

type (WT) mice; Gelatinase B (GelB)/LacZ Tg mice, in which LacZ expression is driven by 
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the MMP-9 promoter;16 and WT mice that express the rare CD45.1 allele (Jackson Labs, 

Bar Harbor, Maine), useful for in vivo leukocyte tracking.17

Ischemia-Induced Angiogenesis Murine Model

Mice underwent ligation and segmental resection of femoral vessels as described previously.
18 The femoral artery and vein of the left hindlimb were exposed in mice anesthetized with 

ketamine (87 mg/kg) and xylazine (13 mg/kg). The superficial femoral artery and vein were 

ligated immediately distal to the deep and superficial femoral bifurcation, and the saphenous 

artery and vein were ligated just proximal to the tarsalis. To ensure complete cessation of 

flow, the artery and vein were resected between the ligatures, after which the wound was 

sutured. Experimental animals were euthanized without ligation (labeled as nonischemic) or 

at 1, 3, 7, or 14 days after surgery for either biochemical, histological, or fluorescence 

microangiographic analyses. For proliferation analysis, animals were injected 

intraperitoneally with 250 μg BrdU (Sigma) per day for 14 days.

Rescue experiments were done to assess the contribution of bone marrow–derived 

macrophages to angiogenesis. For tracking of donor bone marrow–derived leukocytes, we 

transplanted the bone marrow of WT C57BL6/J that express the rare leukocyte CD45.1 

allele17 into the MMP-9−/− mice. Briefly, 2 days after irradiation with two doses of 5.5 Gy, 

bone-marrow transplantation was performed by retro-orbital injection of isolated bone 

marrow at 5 million cells per mouse. The level of bone-marrow engraftment determined by 

FACS17 4 weeks after transplantation indicated >90% engraftment in all transplanted mice. 

Thus, ischemic tissue was examined by double immunohistochemistry to confirm the bone 

marrow (donor) origin of leukocytes by detection of the rare CD45.1 allele expression, 

whereas the macrophage type was confirmed by detection of the specific Mac-3 antigen as 

previously described.17 The Emory University Institutional Animal Care and Use 

Committee approved all animal protocols.

Histological and Immunohistochemical Analyses

For paraffin embedded sections, mice were euthanized and perfused with saline followed by 

10% buffered formalin (Fisher Scientific) through the left ventricle. The ischemic hindlimb 

was removed and decalcified in 5% acetic acid for 48 hours. Subsequently, the sample was 

dehydrated and embedded in paraffin. Sections were obtained for analysis from within 100 

μm of the distal ligation. For frozen sections, mice were euthanized and perfused with saline. 

The excised adductor muscle was frozen in OCT (Sakura Finetek USA) in liquid nitrogen 

and stored at −80°C until sectioned. Affinity histology to identify endothelium was 

performed using biotinylated Griffonia simplicifolia lectin (Vector Labs) followed by FITC-

conjugated streptavidin (Jackson ImmunoResearch Laboratories). Proliferating cells were 

identified using a rat anti-BrdU antibody (Abcam) followed by Rhodamine Red X–

conjugated (RRX) goat anti-rat IgG (Jackson ImmunoResearch Laboratories). Macrophages 

were identified using a rat anti-mouse Mac-3 antibody (Pharmingen) followed by RRX-goat 

anti-rat IgG (Jackson ImmunoResearch Laboratories) or Alexafluor 488–conjugated goat 

anti-rat IgG (Molecular Probes). MMP-9 was identified using a rabbit anti-mouse MMP-9 

antibody (Chemicon) and RRX-donkey anti-rabbit IgG (Jackson ImmunoResearch 

Laboratories). LacZ expression was detected using a rabbit anti-LacZ (Molecular Probes) 
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and RRX-donkey anti-rabbit IgG (Jackson ImmunoResearch Laboratories). Donor-derived 

leukocytes were detected with RRX-mouse anti-CD45.1 (Pharmingen). Staining for mouse 

FLK-1 (A-3, Santa Cruz) and α-actin (1A4, Sigma), followed by Rhodamine Red X–

conjugated goat anti-mouse (Jackson ImmunoResearch), was used for identification of 

endothelial cell precursor19 and pericytes,20 respectively. All histological samples were 

counterstained with Hoechst 33258 (Sigma) for nuclei. Capillary density was quantified 

from 7-mm thick paraffin sections as the number of lectin-positive capillary profiles per 

high-powered field. Three fields from the adductor muscle groups were taken for each 

animal (considered an independent sample), with four samples per time point per condition.

Fluorescence Microangiography

Mice were euthanized and perfused with 10 mL heparinized saline (10 U/mL) injected 

through the left ventricle. To identify capillaries with the capacity to be perfused through the 

circulatory system, we infused 0.1 μm Fluospheres (Molecular Probes) at a 1:20 dilution in 

heparinized saline. The hindlimb adductor muscle group was dissected and tissue was either 

examined as a whole mount specimen by confocal microscopy, or processed by 

homogenization for tissue fluorescence assays. Visualization of perfused microvasculature 

and quantification of capillary branching was done by fluorescence microangiography using 

a confocal microscope (Zeiss). Capillary intersection points were counted per 100× field for 

4 to 6 mice per group. Simultaneous detection of MMP-9 promoter activation was done in 

GelB/LacZ Tg mice 3 days after ligation by injecting ImaGene Red C12RG LacZ substrate 

kit (Molecular Probes) retro-orbitally 24 hours before euthanasia. In this case, fluorescence 

microangiography was performed as above but with a 1:200 dilution of Fluospheres. For 

quantification of perfusion capacity, fluorescence was extracted from tissues of additional 

animals (4 per time point) by dissolving the Fluospheres contained in homogenized tissues 

using 100 μL of xylene (Fisher Scientific) for 48 hours, and fluorescence was measured with 

a CytoFluor 3000 plate reader (Applied Biosystems) and normalized by muscle weight to 

obtain an average perfusion capacity for 4 mice per time point.

Biochemical Analysis

Mice were euthanized using a lethal dose of CO2 and exsanguinated by perfusion with saline 

through the left ventricle. The adductor muscle group of the upper hindlimb between the 

ligations was excised, snap frozen in liquid nitrogen, and homogenized in lysis buffer.21 

Protein concentration was determined using the Biorad DC protein assay kit. MMP-2 and 

MMP-9 activities were determined using SDS-PAGE gelatin zymography,22 using 15 μg 

protein per sample. The samples contained both latent and activated forms, revealed in the 

presence of SDS. After incubation, zymographies were imaged and quantified using GelDoc 

1000 (Biorad). Gelatinolytic activities were separately normalized in regards to the standard 

loaded in each gel. Western blotting was performed using 15 μg protein per sample using a 

rabbit anti-mouse MMP-9 antibody (Chemicon). Mouse MMP standards were obtained by 

affinity chromatography separation: MMP-2 from the conditioned culture medium of mouse 

MMP-9−/− smooth muscle cells, and MMP-9 respectively from the conditioned culture 

medium of WT mouse macrophages; and used to standardize samples across gels. VEGF 

was assayed in tissue homogenates using western blotting with a goat anti-mouse antibody 

(Santa Cruz Biotechnology, Santa Cruz, CA).
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Statistical Analysis

All quantifications were performed using 4 to 6 mice (each being considered an independent 

sample) per group. All values are given as mean±SEM. Comparisons were made using the 

Student’s t test or analysis of variance. Differences were considered significant if P<0.05.

Results

Tissue Ischemia Induces MMP-9

Protein Expression—Ligation of the femoral artery, an experimental model for 

peripheral occlusive vascular disease, creates upper hindlimb muscle ischemia resulting in 

an angiogenic reaction.18 The rapid (24 hour) postischemic induction of MMP-9 expression 

and activity in tissue homogenates of WT muscles (Figure 1), with activity peaking at 3 days 

and returning to baseline at 7 days, supported MMP-9 role in the early phase of ischemia-

induced angiogenesis (0% for nonischemic versus 141±68% gelatinolytic activity of an 

MMP-9 standard at 3 days after ischemia, P<0.01, versus 14±4% at day 7 and 0% at day 14 

after ischemia). As expected, MMP-9 was not expressed in any of the MMP-9−/− tissue 

homogenates, nor was there compensation by other gelatinases as illustrated in Figure 1. For 

a detailed separate analysis of MMP-2 and MMP-9 in WT and MMP-9−/− tissues see online 

Figure 1, available in the online data supplement at http://www.circresaha.org.

MMP-9 Deficiency Inhibits

Ischemia-Induced Angiogenesis—Quantification of capillary staining with endothelial 

specific Griffonia simplicifolia lectin (Figure 2) indicated similar baseline nonischemic 

capillary density in the nonischemic upper hindlimb of MMP-9−/− and WT mice (287±36 

versus 289±11 capillaries/mm2 for MMP-9−/− versus WT). At 14 days after ischemia, 

capillary density was doubled in the upper hindlimb adductor muscle group of WT mice 

(128±18% increase at 14 days versus nonischemic; P<0.05), whereas capillary density was 

unchanged in MMP-9−/− ischemic tissue (5.5±3.1% increase at day 14 versus nonischemic; 

NS). Furthermore, identification of cell proliferation by incorporation of the thymidine 

analog, BrdU (Figure 2) in the WT, but not in the MMP-9−/− ischemic muscle was also 

consistent with the blunting of the angiogenic response due to MMP-9 deficiency. As a 

potential mediator of angiogenesis, we assayed for VEGF in ischemic tissue lysates; 

however, we did not find differences between levels of VEGF in the WT and MMP-9−/− 

(data not shown).

MMP-9 Deficiency Results in Diminished

Microvascular Perfusion Capacity—Histological analysis of the ischemic areas 

suggested effects of MMP-9 deficiency on the angiogenic response, but could not provide 

information regarding perfusion of microvascular structures. Perfusion of fluorescent 

microspheres postmortem indicated that both WT and MMP-9−/− nonischemic muscle had a 

high microvascular perfusion capacity, as illustrated by fluorescence micrographs and 

fluorescence levels recovered from tissue homogenates (Figure 3). After onset of ischemia, 

capillary perfusion capacity decreased significantly in both WT and MMP-9−/− with partial 

recovery by 7 days in WT tissues and actually exceeded baseline capacity after 14 days 
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(1715±198 AU at day 14 versus 1238±34 AU for nonischemic; P<0.05), indicating an 

efficient angiogenic response. Fluorescence microangiography additionally indicated an 

increased number of points of intersection in the capillary structures, which we considered 

to be a measure of branching (226±10 branches per mm2 at 14 days versus 144±10 branches 

per mm2 for nonischemic; P<0.01) and increased tortuosity in the WT ischemic tissues. On 

the other hand, perfusion capacity of MMP-9−/− tissues was only partially recovered after 14 

days (821±47 AU at day 14 versus 1126±125 AU for nonischemic; P=0.088). Furthermore, 

visualization of the microstructural capillary characteristics suggested a drop in capillary 

branching in the MMP-9−/− tissues compared nonischemic tissue (73±7 branches per mm2 at 

day 14 versus 153±15 branches per mm2 for nonischemic; P<0.05) as well as WT tissues, all 

confirmed by quantification (Figure 3).

Macrophage MMP-9 Likely Contributes to Ischemia-Induced Angiogenesis

The association of MMP-9 expression and capillary branching was further supported by the 

detection of MMP-9 promoter activity in GelB/LacZ transgenic mice localized 

perivascularly at early time points (day 3) after onset of ischemia (Figure 4). Macrophages 

were detected in the extracapillary space in the WT but not in the MMP-9−/− ischemic 

muscle, suggesting an association with the ischemia-induced angiogenic capillary branching. 

We specifically investigated the macrophages as the source of MMP-9, by combining 

observations from cell-specific immunohistochemistry, LacZ detection of promoter activity, 

and confirmation of MMP-9 protein production by macrophages using double 

immunohistochemistry in ischemic WT femoral tissues (Figure 4).

WT Bone Marrow Rescues Capillary Branching in MMP-9−/−

To confirm our observations suggesting a role for macrophage-derived MMP-9 in capillary 

branching, we tested the possibility of rescuing the angiogenic response in the MMP-9−/− 

mice by transplantation of WT bone marrow. Three days after inducing ischemia in the 

MMP-9−/− mice with engrafted WT bone marrow, we were able to identify MMP-9–positive 

donor macrophages in the ischemic tissue (Figure 5). Importantly, fluorescent 

microangiography in these transplanted mice confirmed the rescue of the angiogenic 

response, as reflected by the recovery of branching density to levels similar to those found in 

WT mice after ischemia (355±22 branches per mm2 for MMP-9−/− with WT bone marrow 

versus 355±41 branches per mm2 for WT, NS, versus 163±11 branches per mm2 for 

MMP-9−/−; P<0.01). Because other bone marrow–derived cells may contribute to the 

process of angiogenesis, we also performed staining for Flk-1 (online Figure 2), one of the 

markers used for endothelial cell progenitors.19 However, the level of staining was too low 

to draw any conclusions regarding potential differences between the WT and MMP-9−/− 

ischemic tissues. We also stained for pericytes20 but did not observe any differences between 

WT and MMP-9−/− tissues.

Discussion

Previous studies suggested multiple potential mechanisms through which MMPs may assists 

angiogenesis, but the nature of the MMPs involved and their specific roles remain uncertain. 

Impaired bone growth in MMP-9−/− mice was attributed to decreased release of matrix-
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bound VEGF.12 Similarly, MMP-9 ability to cleave latent tumor growth factor-β was related 

to induction of angiogenesis and tumor growth.15 Other work investigating tumor 

angiogenesis indicated that both MMP-2 and MMP-9 are upregulated in tumor growth,23 

whereas retarded growth of implanted tumors likely due to decreased angiogenesis was 

reported in MMP-9−/−, but not in MMP-2−/− mice.7,24 On the other hand, lentiviral delivery 

of PEX, a peptide fragment mimicking a noncatalytic fragment of both MMP-2 and MMP-9, 

suppressed angiogenesis.25 Other recent investigations support the involvement of 

membrane-type 1 MMP in the upregulation of VEGF induction of angiogenesis.26 In our 

experimental model, we did not find differences between levels of VEGF in the WT and 

MMP-9−/− ischemic tissues.

Using a novel method that provides both quantitative and visual information about the 

capillary perfusion capacity, we have found that MMP-9 is necessary for ischemia-induced 

angiogenesis. Our results support the conclusion that the recovery of the infiltration of bone 

marrow–derived macrophages into ischemic tissues may be the source of MMP-9 and 

appears to be related to restoration of points of intersections in microvasculature in the 

MMP-9−/− with transplanted WT bone marrow. The effect of MMP-9 is reminiscent of 

previous observations implicating MMPs in the budding and branching of other systems, eg, 

MMP-3 during in vitro branching of mammary epithelial cells,27 and MMP-2 and MT-1-

MMP during in vivo and in vitro morphogenesis of lung tissues. An investigation of the ex 

vivo sprouting and outgrowth of capillaries from arterial rings embedded in collagen gels 

also supported the role of MMPs through the use of a nonspecific MMP inhibitor.28 We 

attribute the in vivo loss of points of capillary intersections in our experiments to inhibition 

of capillary branching due to MMP-9 deficiency. Although branching is most likely a 

necessary event in angiogenesis, and thus may be turned off by other factors that impair 

angiogenesis, our study suggests a connection between MMP-9 availability in the ischemic 

tissue, as well as its specific localization in the initial stages of capillary branching. We 

found MMP-2 levels to be similar in WT and MMP-9−/− tissues, both at baseline and after 

ischemia, with no compensatory increase in MMP-9−/− tissues, whereas the angiogenic 

inhibitory effect was significant in the MMP-9−/− tissues, suggesting that the observed effect 

was not associated with MMP-2 levels. However, our data do not exclude the possibility that 

MMP2 may also contribute to ischemia-induced angiogenesis, but its individual function 

remains to be determined using genetic or other type of specific inhibition.

We additionally questioned the potential cellular source of MMP-9 at the time before 

branching in ischemia-induced angiogenesis. Investigation of potential candidates, such as 

pericytes or endothelial cell progenitors, did not reveal conclusive differences between WT 

and MMP-9−/− tissues (online Figure 2). On the other hand, the combined results from our 

experiments using fluorescent microangiography in a transgenic mouse carrying an MMP-9 

promoter-LacZ reporter system, immunohistochemistry to identify donor bone marrow–

derived leukocytes and macrophages, and the ability to rescue branching in the MMP-9−/− 

by WT bone-marrow transplantation all are consistent with the notion that the necessary 

MMP-9 activity was provided by bone marrow–derived macrophages. In fact, the 

inflammatory response to hypoxia has come under recent scrutiny for its ability to facilitate 

angiogenesis. Administration of monocyte chemoattractant protein-1 in mice was found to 

increase ischemia-induced angiogenesis and atherosclerotic plaque growth.29 Macrophages, 
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as well as mast cells and neutrophils produce MMP-9,30 and are thought to facilitate 

angiogenesis.23,24,31 Matrix degradation by secreted proteases may besides directly facilitate 

migration of endothelial or precursors cells, potentially by “drilling tunnels,”32 also expose 

cryptic sites enhancing angiogenesis,13 or release matrix bound proangiogenic growth 

factors.14 Reconstitution of WT splenic macrophages23 or bone marrow24 increased tumor 

angiogenesis and growth in MMP-9−/− mice. Downregulation of MMP-9 expression was 

also implicated as an explanation for the antiangiogenic effect of the antiinflammatory 

cytokine interleukin-10 (IL-10), found to decrease angiogenesis in response to hypoxia.33 

Proangiogenic collagen type IV cryptic sites13 could be exposed by MMP-9 derived from 

macrophages infiltrating the subendothelial capillary space, as suggested by experiments 

with macular degeneration in response to hyperoxia in neonatal MMP-9−/− mice.11

Interestingly, through these experiments, we also found strain-related differences in the 

extent of capillary branching. Specifically, both WT and MMP-9−/− mice in the C57BL6/J 

background (Figure 5) had higher capillary branching density compared with mice in the 

129SvEv background (Figure 3).

Although our experiments demonstrated the participation of macrophages to ischemia-

induced angiogenesis, the potential contribution of other bone marrow–derived cells, 

including endothelial cell progenitors, cannot be ruled out. Interestingly, a recent report 

indicates that progenitor cells including endothelial precursor and hematopoietic stem cells 

require MMP-9 for release from the bone marrow and processing of a differentiation factor.
34 This novel function of MMP-9 suggests potential impairment of macrophage recruitment 

from the bone marrow in the MMP-9−/− mice, also consistent with our finding that 

macrophages populated WT but not MMP-9−/− tissues soon after the onset of ischemia.

Quantification of microangiography indicated that revascularization after ischemia resulted 

in moderate resolution of perfusion capacity, but not in increased vascular capacity in the 

MMP-9−/− as in the WT ischemic tissue. Furthermore, microvascular pattern visualization 

suggested that blood flow was reestablished in the MMP-9−/− most likely through 

recanalization of existing capillary beds.

Taken together our results support the notion that MMP-9 is necessary for capillary 

branching and suggest the macrophages to be a likely source. This novel function for 

MMP-9 may be exploited for the therapeutic control of angiogenesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
MMP-9 expression and activity are induced at early time points in hindlimb muscle tissues 

exposed to ischemia. MMP-9 protein expression was assayed in the nonischemic (day 0) or 

ischemic (1, 3, 7, and 14 days) WT adductor muscle tissue lysates using SDS-PAGE gelatin 

zymography (top) and Western blotting (middle). Both indicate early induction of MMP-9 

(day 1), with levels peaking at 3 days and returning to baseline by 7 days after ischemia 

(latent “Pro” MMP-9 and activated MMP-9). Quantification of total gelatinolytic activity 

associated with MMP-9 or MMP-2 (both pro- and activated bands) in WT and MMP-9−/− 

tissue lysates, normalized using standards (“MMP Stds”) (n=4 animal for each time point), 

illustrates the significant early induction of MMP-9 in response to ischemia in the WT, and 

similar induction of MMP-2 in the WT and MMP-9−/−. *P<0.05 vs 0 day time point. For a 

detailed separate analysis of MMP-2 and MMP-9, see online Figure 1.
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Figure 2. 
Capillary histochemical affinity staining indicates lack of an ischemia-induced angiogenic 

response in MMP-9−/− mice. Examination of tissue cross-sections stained with endothelial 

specific Griffonia simplicifolia lectin (green) indicates that capillary density increases in 

WT, but not in MMP-9−/− tissues in response to ischemia (scale bar=20 μm). All nuclei 

counterstained with Hoechst (blue). Insets illustrate in addition BrdU-positive (red) 

immunodetection of proliferating cells (pink, due to localization to nuclei counterstained in 

blue) with capillary staining (green), as well as a negative control with no primary antibody 

(“No 10”). Proliferating cells were found only in ischemic WT tissues supporting the 

presence of a robust angiogenic response. Quantification of capillary density displays a 

significant increase in capillary number within WT but not within MMP-9−/− ischemic 

tissues (n=4 for each point, *P<0.05 vs MMP-9−/−), supporting MMP-9 role in ischemia-

induced angiogenic response.
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Figure 3. 
MMP-9 deficiency decreases restoration of microvascular perfusion capacity in response to 

ischemia. Time course of perfusion capacity imaged on whole-mount tissue specimens using 

fluorescence microangiography (scale bars=200 μm). Nonischemic muscle contains 

numerous perfused capillaries with no apparent differences between WT and MMP-9−/− 

mice. The number of perfused capillaries drops dramatically after femoral artery ligation, 

illustrated at day 3 in both WT and in MMP-9−/− tissues, in spite of existing anatomical 

structures (illustrated by specific staining in Figure 2). Perfusion capacity is significantly 

better restored in WT tissues compared with the MMP-9−/− tissues (day 7), and actually 

becomes higher than the baseline at day 14, whereas it remains deficient in MMP-9−/− 

tissue, supporting the role of MMP-9 for proper revascularization. In addition, note the 
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increased number of points of capillary intersections, indicative of branching, and increased 

tortuosity in WT compared with MMP-9−/− ischemic tissue (day 14) or compared with 

nonischemic tissues. Vascular perfusion capacity of adductor muscle (left graph), quantified 

as fluorescence extracted from tissue homogenates (n=4 animals per point), dropped 

dramatically after femoral artery ligation in both WT and MMP-9−/− tissue. By 14 days, WT 

vascular perfusion capacity surpassed initial capacity, indicating robust revascularization and 

angiogenesis, whereas in the MMP-9−/− ischemic tissues, perfusion capacity remained lower 

than initial capacity (*P<0.05 vs WT 14 day), illustrating blunted revascularization. 

Quantification of capillary branching density (from confocal microscope images of tissues, 

n=4 animals for each point) indicated a significant increase in branching density in the WT 

after 14 days compared with normal nonischemic tissues (*P<0.05 vs nonischemic). On the 

other hand, MMP-9−/− ischemic tissues had a decreased density of branches at 14 days 

(*P<0.05 vs WT), suggesting that lack of capillary branching contributed to decreased 

perfusion capacity.
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Figure 4. 
Detection of capillaries, MMP-9 promoter activity and protein, as well as macrophages 

suggests a role for macrophage MMP-9 in the early angiogenic response to ischemia. Left, 

Visualization by fluorescence microangiography of perfused capillaries (green) and MMP-9 

promoter activity (red) in the GelB/LacZ Tg mice in nonischemic and ischemic tissue (day 

3), indicates a perivascular localization of cells actively transcribing MMP-9 (arrows) in 

ischemic tissues. Inset, Typical finding of MMP-9 promoter activity at branching points. 

Middle, Positive detection for macrophages (red) in ischemic WT tissues was frequently 

observed at points of capillary (green) intersections. On the other hand, no macrophages 

were detected in MMP-9−/− ischemic tissues. Inset, Negative control for staining with no 

primary antibody (No 10). All nuclei are counterstained with Hoechst (blue). Right, Double 

immunohistochemistry illustrates colocalization (arrows) of (top) macrophages (green) and 

MMP-9 promoter activity (red, GelB/LacZ Tg mouse), as well as (bottom) macrophages 

(green) and MMP-9 protein (red, WT mouse). Insets demonstrate the specificity of 

immunostaining, ie, consecutive sections processes without primary antibody (No 10) and 
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the lack of MMP-9–positive signal in ischemic tissues harvested from the MMP-9−/− mice. 

All scale bars=20 μm. Taken together, the results of these analyses suggest a link between 

MMP-9, macrophages, and angiogenic branching in ischemic tissues.
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Figure 5. 
Transplantation with WT bone marrow rescues ischemia-induced angiogenic capillary 

branching in the MMP-9−/− mice. Nonischemic tissues illustrate similar levels of capillary 

perfusion capacity in the WT or MMP-9−/−. Left, Fluorescence microangiography. Middle, 

Increased perfusion capacity was detected in WT ischemic tissues, whereas MMP-9−/− 

ischemic tissues showed an impaired perfusion (day 14), consistent with inadequate 

angiogenesis. Transplantation (Tx) of WT bone marrow to MMP-9−/− mice (right) rescued 

perfusion capacity, as suggested by the high capillary tortuosity and branching in the 

MMP-9−/− ischemic tissue (top right). All scale bars=100 μm. Bottom right, MMP-9 (red)–
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positive macrophages (green) were detected (arrows) at early time points in the MMP-9−/− 

ischemic tissues of mice transplanted with WT marrow by double immunohistochemistry 

(scale bar=20 μm). Inset, Demonstration that macrophages (green) are bone marrow–derived 

because they are positive for the donor rare allele CD45.1 (red). All nuclei are 

counterstained with Hoechst (blue). Graph, Quantification of capillary branching by 

fluorescence microangiography confirms increased branching in WT (solid bar) ischemic 

tissue (P<0.05 vs nonischemic) and decreased branching in MMP-9−/− (white bar) ischemic 

tissue (P<0.05 vs nonischemic) and demonstrates that transplantation (Tx) of WT bone 

marrow into MMP-9−/− mice (striped) increases capillary branching in MMP-9−/− ischemic 

tissues vs MMP-9−/− nonischemic tissues (*P<0.05), as well as ischemic tissues of 

nontransplanted MMP-9−/− (*P<0.05), bringing it to levels comparable to WT ischemic 

tissues (P=NS).
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