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Abstract

Angiogenesis plays a critical role in wound healing after spinal cord injury. Therefore, 

understanding the events that regulate angiogenesis has considerable relevance from a therapeutic 

standpoint. We evaluated the contribution of matrix metalloproteinase (MMP)-2 to angiogenesis 

and vascular stability in spinal cord injured MMP-2 knockout and wildtype (WT) littermates. 

While MMP-2 deficiency resulted in reduced endothelial cell division within the lesioned 

epicenter, there were no genotypic differences in vascularity (vascular density, vascular area, and 

endothelial cell number) over the first two weeks post-injury. However, by 21 days post-injury 

MMP-2 deficiency resulted in a sharp decline in vascularity, indicative of vascular regression. 

Complementary in vitro studies of brain capillary endothelial cells confirmed MMP-2 dependent 

proliferation and tube formation. As deficiency in MMP-2 led to prolonged MMP-9 expression in 

the injured spinal cord, we examined both short-term and long-term exposure to MMP-9 in vitro. 

While MMP-9 supported endothelial tube formation and proliferation, prolonged exposure 

resulted in loss of tubes, findings consistent with vascular regression. Vascular instability is 

frequently associated with pericyte dissociation and precedes vascular regression. Quantification 

of PDGFrβ+pericyte coverage of mature vessels within the glial scar (the reactive gliosis zone), a 

known source of MMP-9, revealed reduced coverage in MMP-2 deficient animals. These findings 

suggest that acting in the absence of MMP-2, MMP-9 transiently supports angiogenesis during the 
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early phase of wound healing while its prolonged expression leads to vascular instability and 

regression. These findings should be considered while developing therapeutic interventions that 

block MMPs.

Keywords

Matrix metalloproteinases; contusion injury; PDGFrβ positive pericytes; angiogenesis; vascularity; 
vascular regression; proliferation

Introduction

Angiogenesis is a complex multistep process involving endothelial cell activation, sprouting, 

regression, and maturation (Wietecha et al., 2013). The matrix metalloproteinases (MMPs) 

MMP-2 and -9 are integral to these processes (Verslegers et al., 2013). They participate in 

the degradation of the extracellular matrix (ECM) that in turn facilitates detachment of 

pericytes, and the subsequent directed migration of endothelial cells along a pro-angiogenic 

gradient (Carmeliet and Jain, 2011). MMPs also regulate endothelial cell proliferation, 

differentiation, and unmasking of cryptic sites to release pro/anti-angiogenic factors (Roy et 

al., 2006) and vascular stabilization (Davis and Saunders, 2006; Zhu et al., 2000). Though 

their contributions to angiogenesis have been studied in detail in other organ systems 

(Kessenbrock et al., 2010), there is little known about the participation of these MMPs in 

angiogenesis during wound healing in the injured spinal cord. We have previously shown 

that MMP-2 is expressed during the angiogenic phase of wound healing after spinal cord 

injury (SCI) and deletion of MMP-2 results in poorer functional outcomes (Hsu et al., 2006).

SCI causes direct physical damage to the vascular network resulting in progressive 

hemorrhagic necrosis beginning in the central gray matter and expanding into the pericentral 

white matter (Simard et al., 2007). Angiogenesis, presumably resulting from the sprouting of 

surviving vessels, begins 3-4 days after injury within the central-most part of the damaged 

cord, and peaks at 7 days, where it reaches control levels or higher (Benton et al., 2008; 

Casella et al., 2002; Loy et al., 2002; Whetstone et al., 2003). These vessels, surrounded by 

macrophages, predominantly bear an immature phenotype (Benton et al., 2008; Casella et 

al., 2002; Loy et al., 2002; Whetstone et al., 2003); they are characterized by abnormal 

leakiness, the absence of the glucose-1 transporter protein, and paucity of perivascular 

investments including astrocytes and pericytes (Goritz et al., 2011; Whetstone et al., 2003). 

In the injured murine spinal cord, these immature vessels are localized to heterodomains, a 

term used to describe the unique environment imposed by focal collections of macrophages 

that are entrapped by glial scarring (Whetstone et al., 2003). The presence of immature 

vascular phenotypes in heterodomains contrasts that of the environment within the 

surrounding glial scar where blood vessels express the glucose-1 transporter, and are 

associated with astrocytic endfeet that are in close proximity to the endothelial basal lamina 

(Whetstone et al., 2003).

Inherent to angiogenesis is vascular stabilization (von Tell et al., 2006). Pericytes, which 

share a common basement membrane with endothelial cells, play a key role in conferring 

vascular stability (von Tell et al., 2006) through the deposition of matrix and/or by the 
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release, presentation and activation of signals that promote endothelial cell differentiation 

and quiescence (Armulik et al., 2005). Disruption of pericyte-endothelial cell relationships 

leads to vascular destabilization, which is characterized by increased permeability, as well as 

loss of vascular integrity and regression (Simonavicius et al., 2012). While MMP-2 and -9 

are implicated in angiogenesis (Verslegers et al., 2013) including vascular stabilization 

(Davis and Saunders, 2006; Zhu et al., 2000), their relative contributions to this event in the 

injured spinal cord are unknown.

Here we consider the roles of MMP-2 and -9 in modulating angiogenesis in the injured 

spinal cord during wound healing when gelatinase activity is notably prominent within 

angiogenic regions of the contused spinal cord (Goussev et al., 2003; Noble et al., 2002). 

Our data suggest that vascular stability and vessel maturity are dependent on MMP-2 

expression, and that an imbalance in the expression of MMP-2 and MMP-9 results in long-

term vascular regression and instability.

Materials and Methods

Breeding

To minimize genetic variances, homozygous MMP-2 knockout (KO) mice and their wild-

type (WT) littermates were generated by breeding heterozygous males and females on a 

C57BL/6 background as previously described (Itoh et al., 1997). The genotypes of animals 

were confirmed by PCR using specific oligonucleotide primers on genomic DNA (Hsu et al., 

2006).

Randomization and Blinding

Congenic littermates were genotyped after weaning and housed till adulthood (3 months of 

age). Since only female mice that had homozygous expression were used in this study, we 

randomly allocated animals to the different time points and the order of injury. The surgeon 

was blinded to the genotype. All histological assessments were performed by an observer 

blinded to injury and genotype of these mice.

Animal Model

All procedures were approved by the Institutional Animal Care and Use Committee at the 

University of California, San Francisco. All surgeries were performed blinded to the 

genotype and randomized across genotypes and post-surgery survival time-points. Adult 

female WT and KO mice (n = 56) were anesthetized with 2.5% Avertin (0.02 ml/g body 

weight, intraperitoneally (i.p.), Sigma, St. Louis, MO) and maintained at 37°C throughout 

surgery and during recovery by use of a warming pad. A contusive injury was produced as 

described previously (Hsu et al., 2006). Briefly, using aseptic techniques, the spinous 

process and the lamina of the 8th thoracic vertebra (T8) were removed and a circular region 

of the dura mater (~ 2.4 mm in diameter) was exposed. After stabilization of the vertebral 

column, a 3-g weight was dropped from a height of 5 cm onto the exposed dura mater. 

Following injury, the skin was closed with wound clips. Post-operative care included 

subcutaneous administration of trimethoprim/sulfonamide (Tribrissen), at 30mg/kg, twice a 
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day for 10 days post-injury and manual expression of the bladder twice/day till the end of 

the study.

Systemic BrdU Injections

Animals (n= 5/genotype/time point) were administered bromodeoxyuridine [(BrdU, Sigma, 

St. Louis) (100 mg/kg, i.p.)] 24 hours prior to euthanasia at 0, 3, 7, 14, or 21 days post-

injury.

Histological Analyses

Tissue Preparation—Mice were perfused with 4% paraformaldehyde (PFA) and the 

spinal cord was excised and post-fixed for 4 hours at 4°C, followed by incubation in 20% 

sucrose for 3-5 days at 4°C. A segment, 1.5 cm in length and centered over the site of injury, 

was cryoprotected in tissue embedding medium (Triangle Biomedical Sciences, Durham, 

NC). Spinal cords were sectioned longitudinally at 30-μm thickness on a cryostat, then thaw 

mounted on Superfrost microscope slides (Fisher, Pittsburgh, PA) and stored at −80°C.

Immunohistochemistry—Every fifth longitudinal section per animal was used for 

analysis. To minimize variability, replicates from injured animals and one uninjured animal 

were processed together. Sections were stained with Armenian Hamster anti-platelet 

endothelial cell adhesion molecule 1 (CD31) Ab (Hamster anti mouse, Millipore, Bellerica, 

MA; 1:500), anti-bromodeoxyuridine (BrdU Ab, polyclonal sheep, Abcam, Cambridge, 

MA; 1:1000), Rabbit anti-platelet derived growth factor receptor-beta (PDGFrβ, Rabbit 

monoclonal anti human, Abcam; 1:100), and Rabbit anti-glial fibrillary acidic protein 

(GFAP, Rabbit polyclonal anti cow, Dako, Carpinteria, CA; 1:500). Secondary antibodies 

used were, Cy-3 conjugated Goat x Armenian Hamster IgG (Jackson Immunoresearch, West 

Grove, PA; 1:200), FITC conjugated Donkey x Sheep IgG (Jackson Immunoresearch; 

1:500), Cy-3 conjugated Goat x Rabbit IgG (Jackson Immunoresearch; 1:200), AlexaFluor 

488 conjugated Goat x Armenian Hamster IgG (Jackson Immunoresearch; 1:200), and Alexa 

Fluor-647 conjugated Donkey x Rabbit IgG (Jackson Immunoresearch; 1:200). Nuclei were 

visualized with DAPI (Invitrogen, Carlsbad, CA; at 300 nM concentration).

Image Acquisition—Images were captured at the epicenter, defined as the region of 

maximal damage. The epicenter was subdivided into 3 zones; a central “core” composed 

primarily of macrophages, endothelial cells, and PDGFrβ+ pericyte scarring (Figures 1 and 

2), the surrounding glial scar (Zone 1) and the region immediately adjacent to the glial scar 

(Zone 2), that includes reactive astrocytes (Figure 1). An internal control consisted of two 

images, taken at approximately 8 mm rostral and caudal to the epicenter, where the spinal 

cord showed no overt damage.

All measurements of vascularity as defined by vascular density, area, and number of 

endothelial cells, were restricted to the core (Figure 2). Three non-overlapping images per 

section for a total of 8 sections per animal were captured with a 20x objective using a Zeiss 

LSM 510 confocal microscope (Zeiss, Thornwood, NY) using the following lasers: 405 nm 

for DAPI/Hoechst (10%); 488 nm for FITC/Alexa 488 (Argon tube current ~5.5A 5%); 543 

nm for CY3 (80%). The Z-stage interval was set at 2 μm intervals. For the uninjured spinal 
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cord, the same numbers of images were captured per section from the same segmental level 

of the spinal cord. Images were acquired using identical exposures for all groups and 

imported into the MetaMorph® Microscopy Automation and Image Analysis software 

(Molecular Devices, Downingtown, PA).

Non-overlapping images (635μm × 635μm) within Zones 1 and 2 (Figure 1) were captured 

with a Nikon C2 confocal microscope, equipped with 4 lasers (Nikon Inc., Melville, NY) for 

evaluation of pericyte investment of blood vessels and endothelial apoptosis. The Z-stage 

interval was set to a 1μm interval setting. The core was excluded from these analyses due to 

the dense expression PDGFrβ+ pericytes that obscured profiles of vessels.

Quantitative Analysis of Endothelial Cell Proliferation—All image analyses were 

performed blinded with respect to sample origin, and a total of 21 - 24 images per animal 

were evaluated. CD31, BrdU, and DAPI+ nuclei were identified using the Count Nuclei 

Module and the color combine function in MetaMorph® software. Set threshold parameters 

were used to identify BrdU+ and DAPI+ nuclei in CD31+ endothelial cells. Minimum and 

maximum nuclei width was set up by identifying positive nuclei in 6-8 images/animal. 

These set values were then used for all image analyses to obtain segmented images that 

identified only BrdU and DAPI+ nuclei. These three images (segmented-BrdU, segmented-

DAPI and unmodified-CD31) were then overlaid using the color combine function. The total 

number of CD31+ cells that co-localized with BrdU and DAPI+ nuclei were counted using 

Metamorph®’s Count Nuclei Module. Proliferating endothelial cells are expressed as per 

μm2 CD31+ vascular area. Vascularity measurements for total numbers of endothelial cells 

(CD31+ cells with DAPI+ nucleus) were also counted in these images using a similar 

method of analysis.

Quantitative Analysis of Vascular Density—Intensity measurements were performed 

using MetaMorph® software. Vessel density, determined from CD31+ vessels, was based 

upon pixel intensity (Baluk et al., 2004) that was estimated using a set threshold (Benton et 

al., 2009; Benton et al., 2008; Fassbender et al., 2011; Lutton et al., 2012; Myers et al., 

2011; Myers et al., 2012). Six to eight images per animal at 7 and 14 day time points (time 

points when we observed maximum CD31 staining) were used to set threshold parameters. 

Minimum pixel intensity was set such that most of the vessels were detected with minimum 

background detection while maximum pixel intensity was set to 255. An average of the 

minimum pixel intensity (determined to be 119 in this study) was then used as the minimum 

pixel intensity value for analyses of all images. Total intensity of each image was estimated 

by setting the minimum pixel intensity to 0 and maximum intensity to 255. Percentage 

vessel density was defined as (threshold pixel intensity/total pixel intensity)*100.

Quantitative Analysis of Vascular Area—Vascular area was defined as CD31+ area 

(Mahoney et al., 2009; Myers et al., 2012) and analyzed using the Angiogenesis Tube 

Formation application within MetaMorph®. Values for three parameters (minimum width, 

maximum width, and intensity above local background) were established for each time point 

after injury. The same settings were used for all images and data were expressed as the 

percentage (%) area covered by vessels [(Vascular area/total image area)*100].
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Quantitative Analysis of Pericyte Coverage—Pericyte coverage of vessels was 

analyzed at 14 and 21 days post-injury. Images from a Nikon C2 confocal microscope were 

imported into Metamorph® and analyzed using the Manually Count Objects Module, where 

total numbers of vessels with and without pericyte coverage were determined. Percentage of 

vessels with pericyte coverage was calculated and compared within each zone between WT 

and KO.

Gelatin Zymography—Spinal cord lysates from 5mm segments, prepared from the 

epicenter (from sham and 21 days post-injury) were prepared as described previously (Hsu 

et al., 2006) and subjected to gelatin zymography. Equal amounts of protein (30 μg) were 

loaded on a 10% zymogram gel. For in vitro assays, conditioned media from cultured 

RBCEC-4 cells or activated RBCEC-4 cells were collected and subjected to gelatin 

zymography. Culture supernatants were concentrated using a 50 K Microcon filter 

(Millipore, Bellerica, MA), and equal amounts of protein (5 μg) were loaded on a 10% 

zymogram gel. After electrophoresis, the gel was incubated with renaturing buffer (Bio-Rad 

Laboratories, Hercules, CA) at room temperature for 30 min to restore the gelatinolytic 

activity of the proteins, and then incubated with developing buffer (Bio-Rad Laboratories) at 

37°C for 48 h. The gel was then stained with Coomassie Blue and destained until clear 

bands became evident.

In Vitro Endothelial Cell Assays

Cell Lines and Culture Conditions—Rat brain capillary endothelial cells (RBCEC-4) 

(Blasig et al., 2001) were propagated in endothelial cell growth medium (Medium 131, 

Cascade Biologics, Portland, Oregon; 10% heat inactivated, fetal bovine serum, Hyclone, 

Logan, UT; 1X microvascular growth supplement (MVGS), Cascade Biologics; and 1X 

penicillin/streptomycin, UCSF Cell Culture Facility) on tissue culture dishes that were 

coated with 0.2 mg/ml of rat tail Collagen, Type I (Sigma, St. Louis, MO). The MMP-2 

specific inhibitor, cis-9-octadecenoyl-N-hydroxylamide (OA-Hy, Calbiochem, San Diego, 

CA; Ki=1.7 μM) was dissolved in dimethylsulfoxide (DMSO) and used at a final 

concentration of 25 μM. MMP-9 inhibitor I (Calbiochem, C50 = 5 nM), MMP-1 (IC50 = 1.05 

μM) and MMP-13 (IC50 = 113 nM), was dissolved in DMSO and used at a final 

concentration of 1 μM. DMSO served as the vehicle control. Endothelial cells were activated 

with 10 ng/ml tumor necrosis factor-alpha (TNF-α) and in some experiments (tube 

formation or proliferation) were exposed to purified recombinant human MMP-9 (Abcam, 

Cambridge, MA) at 10 pg/ml, 50 ng/ml or 100 ng/ml for 2h or 24h.

BrdU Assay—Endothelial cell proliferation was determined using a BrdU ELISA kit 

(Chemicon, Bellerica, MA) following a protocol recommended by the vendor. Cells were 

plated at the same conditions as described above in 96-well plates. MMP-9 was induced in 

cells by addition of 10 ng/ml TNF-α. Cultures were exposed to MMP-9 at 50 ng/ml in the 

absence of serum or growth factors, or MMP-2 or -9 specific inhibitors (25 μM OA-Hy or 1 

μM MMP-9 inhibitor I in DMSO overnight). The following day BrdU was added and cells 

incubated at 37°C/5% CO2 overnight. Fixative/Denaturing Solution (Chemicon kit) was 

added to each well, followed by incubation with anti-BrdU antibody and Goat anti-Mouse 

IgG HRP Conjugate. The color was developed by addition of Substrate Solution and Stop 
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Solution to each well. Absorbance was measured at dual wavelengths of 450-540 nm with a 

Thermomax plate reader (Molecular Devices, Sunnyvale, CA). Each assay was repeated 

twice with 4 wells/condition and absorbance normalized to medium or medium plus TNF-

α / MMP-9.

Endothelial Cell Migration Assay—Migration was measured using Transwell culture 

chambers (polycarbonate filter with 8 μm pore size, 6.5 mm insert diameter (Costar, 

Corning, NY). Transwell chambers were coated with 0.2 mg/ml Collagen Type I and placed 

in a 24-well plate containing 600 μl of endothelial cell growth medium (Medium 131, 

Cascade Biologics, 10% heat inactivated, fetal bovine serum, Hyclone, 1X microvascular 

growth supplement (MVGS), Cascade Biologics; and 1X penicillin/streptomycin, UCSF 

Cell Culture Facility). 1×105 cells resuspended in serum free medium, medium containing 

DMSO or medium containing OA-Hy were placed in the upper compartment of the chamber 

and incubated at 37°C for 18-20 h to allow cell migration (3 Transwells per condition). F-10/

alpha MEM medium without FBS was used as a negative control. Cells were fixed on the 

membrane with 4% PFA and stained with DAPI. All images were captured on a fluorescence 

microscope (Optiphot EF-D3; Nikon, Tokyo, Japan) equipped with a SPOT camera 

(SPOT™ Imaging solutions, Sterling Heights, MI) using the same exposure setting. The 

number of endothelial cells on the lower surface of the filter was determined by counting 

five randomly selected fields per membrane (100x magnification) using MetaMorph®’s 

Count Nuclei Module. Each experiment was performed three times using triplicate wells and 

migration was expressed as relative cells migrated as compared to medium alone.

Endothelial Tube Formation Assay—Matrigel tube formation assays were performed 

in 96-well plates, coated with 50 μl Matrigel/well (BD Biosciences, Bedford, MA), and 

incubated at 37°C/5%CO2 incubator for 1 hour. Cells were plated at a density of 1.5 × 104 

cells per well in endothelial cell basal medium containing 0.1% BSA, in the presence and 

absence of OA-Hy (25 μM). Endothelial cells were activated with 10 ng/ml TNF-α or 

incubated with MMP-9 at 10 pg/ml, 50 ng/ml or 100 ng/ml for 2h or 24h. MMP-9 inhibitor I 

(1 μM) was used with activated endothelial cells. Images were digitally captured on an 

inverted microscope (Olympus, Center Valley, PA) equipped with a SPOT camera (SPOT™ 

Imaging solutions) and analyzed using Angiogenesis Tube Formation Module 

(MetaMorph®). Total tube length, number of segments and number of branch points were 

determined. Each assay was repeated two to three times with 4-5 wells/condition and values 

normalized to medium or medium plus TNF-α/ MMP-9.

Statistical Analyses

Statistical analyses were performed using GraphPad Prism (Version 6.0, GraphPad Software, 

San Diego, CA). Unless otherwise stated, data showed a normal distribution based upon the 

Shapiro-Wilk test. All in vivo quantifications were analyzed by two-way analysis of variance 

(ANOVA) and where appropriate Sidak’s multiple comparisons test was used for within 

group and between group comparisons. For in vitro assays, 2 group comparisons were 

analyzed using unpaired two-tailed t-tests, whereas analyses of 3 or more groups were by 

one-way ANOVA and where appropriate, the Tukey’s post-hoc test. All data are represented 

as means + standard error of the mean with significance defined as p ≤ 0.05.
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Results

Appearance of the injured epicenter

The epicenter of both MMP-2 KO and WT animals is comprised of a central “core”, 

composed of endothelial cells and macrophages that reside within a rich network of 

processes created by PDGFrβ+ pericyte scarring (Figures 1 and 2), the surrounding glial 

scar (Zone 1) and the region immediately adjacent to the glial scar (Zone 2) that include 

some reactive astrocytes (Figure 1).

Endothelial proliferation is dependent on MMP-2

We have previously reported a differential pattern of MMP-9 and MMP-2 expression 

following SCI in wild type mice. While both are expressed during angiogenesis, MMP-9 

expression is most prominent within the acute period (up to 3 days post-injury) (Goussev et 

al., 2003; Noble et al., 2002), whereas MMP-2 exhibits pronounced expression from 3 up to 

at least 28 days post-injury (Goussev et al., 2003; Hsu et al., 2006; Noble et al., 2002). The 

prolonged expression of MMP-2 coincides with an increase in vascular density (Whetstone 

et al., 2003). To dissect out the roles of individual MMPs in supporting angiogenesis, we 

examined this wound healing process in the spinal cord injured MMP-2 KO. To determine 

the dependency of angiogenesis on MMP-2, we first evaluated endothelial proliferation 

within the lesion core (Figures 1-2), which is devoid of astrocytes and contains non-neural 

cells that are derived from intrinsic perivascular fibroblasts and pericytes, proliferating 

endothelial progenitors, and infiltrating fibrocytes (a bone marrow–derived precursor present 

in the systemic circulation) and inflammatory cells (Burda and Sofroniew, 2014; Faulkner et 

al., 2004; Goritz et al., 2011; Kawano et al., 2012; Silver and Miller, 2004; Silver et al., 

2015; Soderblom et al., 2013; Wanner et al., 2013). The number of BrdU+CD31+DAPI+ 

endothelial cells, normalized to vascular area, was compared between genotypes (Figure 

3A). Proliferation in the WT group increased over time and on average the values for the 

WT group were greater than that of the KO group [(two-way ANOVA, interaction, 

p=0.5934, F (4, 39) = 0.7049; effect of genotype, p=0.0083, F (4, 39) = 3.871; effect of time 

p=0.0096, F (1, 39) = 7.736)]. Main effects analysis revealed a significant effect of both time 

and genotype. Figures 3B-I are representative images from WT and KO mice showing the 

presence of BrdU+CD31+ cells in the WT but not in KO mice. Whereas, endothelial cell 

proliferation was observed in the WT group at 14 and 21 days post-injury, similar 

differences were not apparent in the KO group, suggesting that MMP-2 is critical to this 

process.

MMP-2 deficiency results in vascular regression

Given reduced endothelial cell proliferation in the KO group, we next determined if indices 

of vascularity (vascular density, vascular area, and number of endothelial cells) were 

likewise altered within the core over a period of 3 weeks post-injury (Figure 4). As there 

were no genotypic differences in vascular density in uninjured spinal cords, all 

measurements were normalized to their respective uninjured values.

We performed a two way ANOVA that compares two variables, time and genotype. Since we 

observed a significant interaction between the variables, post-hoc tests for within group 
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changes (time dependent effect) were performed to analyze the effect of time. In WT and 

MMP-2 KO group individually we asked the question as to how each of the vascular 

measures evolved over time. There was a significant genotype by time interaction in vascular 

density [(two-way ANOVA, interaction, p<0.0001, F (3, 67) = 9.284)] (Figure 4A). Within 

group comparisons revealed no differences over time in the WT group (Sidak’s multiple 

comparison test, p>0.05). In contrast, there was a transient increase in vascular density by 7 

days in the KO group (p≤0.01), followed by a decrease at 21 days relative to all other time 

points (p≤0.05, 3 hours; p<0.0001, 7 and 14 days). Comparison of vascular density between 

genotypes at each of the time-points (Sidak’s multiple comparison test) demonstrated a 

robust increase in vascular density at 7 (p≤0.01) and 14 (p≤0.05) days post-injury followed 

by sharp decline by 21 days in the KO group (p≤0.01).

Analysis of vascular area across time-points showed a genotype by time point interaction 

[(two-way ANOVA, interaction, p=0.0009, F (3, 67) = 6.228)]. Vascular area increased over 

time relative to 3 days post-injury in WT mice (7 days, p<0.0001; 14 days, p≤0.01; 21 days, 

p≤0.05; Sidak’s multiple comparison test, Figure 4B). In the KO group, vascular area was 

transiently elevated (7 and 14 days, p<0.0001; 21 days, p>0.05) relative to 3 days with a 

marked decline in vascular area by 21 days relative to 7 and 14 days post-injury (p<0.0001). 

Whereas between genotype comparisons revealed no differences between WT and KO mice 

at 3, 7, and 14 days (p>0.05, Sidak’s multiple comparison test), there was a reduction in 

vascular area at 21 days post-injury in the KO relative to the WT group (p<0.05).

Next, the number of endothelial cells was compared across time-points and between 

genotypes (Figure 4C). There was a significant genotype by time interaction [(two-way 

ANOVA, interaction, p<0.0001, F (3, 67) = 12.76)]. In WT mice, there was an increase in 

the number of endothelial cells at all time points relative to 3 days post-injury (p<0.0001, 

Sidak’s multiple comparison test) (Figure 4C). In contrast, this increase was transient in the 

KO mice (7, 14, and 21 days vs. 3 days, p<0.0001), as evidenced by a reduction in 

endothelial cell number at 21 days post-injury as compared to early time periods post-injury 

(7 days, p<0.05; 14 days, p<0.0001). Comparisons between genotypes at each of the time-

points (Sidak’s multiple comparison test) showed a significant reduction in endothelial cell 

number at 21 days post-injury in the KO relative to the WT group (p<0.0001) with no group 

differences at earlier time points (p>0.05).

Together these in vivo findings demonstrate that while MMP-2 is a determinant of 

endothelial cell division, formation of new vessels at early time-points proceeds in the 

absence of this protease. However, longer-term deficiency in MMP-2 culminates in vascular 

regression, as evidenced by a reduction in vascular density, area, and endothelial cell 

numbers.

Upregulation of MMP-9 in the injured spinal cord

We have previously reported a compensatory increase in MMP-9 at 1 and 2 weeks post-

injury in the spinal cord injured MMP-2 KO (Hsu et al., 2006), a period of time 

corresponding to angiogenesis (Whetstone et al., 2003). Here we show that MMP-9 is 

likewise elevated at 3 weeks post-injury (Figure 4D) and as such may not only support 

angiogenesis in the absence of MMP-2, but may contribute to vascular regression. Here we 
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dissect out the MMP-directed pathways that modulate angiogenesis after spinal cord injury. 

In the in vitro assays we are mimicking the wound-healing phase of spinal cord injury, 

where MMP-2 expression dominates. To determine if MMP-2 is involved in endothelial cell 

proliferation and angiogenesis as assayed by tube formation, we perform in vitro assays 

using endothelial cells that constitutively express MMP-2.

MMP-2 and MMP-9 exhibit both redundant as well as unique roles in angiogenesis

We have previously shown that MMP-9 protein immunolocalizes with blood vessels (Noble 

et al., 2002) and prominent gelatinase activity, which consists of both MMP-2 and MMP-9, 

is observed in the blood vessels at the injury epicenter up to 21 days post-injury (Goussev et 

al., 2003). Thus, using an in vitro system where we can isolate the different gelatinase 

activities we are able to address the role of each of the gelatinases in modulating 

angiogenesis. To determine the dependency of angiogenesis on MMP-2 and MMP-9, cell 

proliferation, migration, and tube formation were evaluated in an immortalized rat brain 

capillary endothelial cell line (RBCEC-4) (Blasig et al., 2001) that constitutively expresses 

MMP-2 in the absence of MMP-9 (Figure 5A). Both cell proliferation, as assessed by BrdU 

incorporation, and cell migration were reduced by 92% and 40%, respectively, in the 

presence of the selective MMP-2 inhibitor, OA-Hy [(Cell proliferation: Unpaired two-tailed 

t-test for proliferation, p<0.001, t=70.31, df=6; Figure 5B and Cell migration: One-way 

ANOVA p<0.0001, F (2, 126) = 21.35, Bonferroni’s multiple comparisons test, p<0.001 

OA-Hy vs. vehicle or medium, Figure 5C-D)].

Next, we examined the contribution of MMP-2 to tube formation. RBCEC-4 cells were 

plated on BD Matrigel in the presence of vehicle (DMSO) or OA-Hy. Blockade of MMP-2 

resulted in an 18-22% decrease in tube length (Figure 5E-F), [(One-way ANOVA p=0.0002, 

F (2, 20) = 12.94, Bonferroni’s multiple comparisons test, p<0.01 OA-Hy vs. vehicle; 

p<0.001 OA-Hy vs. medium)]. Inhibition of MMP-2 also affected the number of segments 

and branch points. There was a 22% loss in number of segments (Figure 5G), [(One-way 

ANOVA, p=0.0011, F (2, 20) = 9.800, Bonferroni’s multiple comparisons test, OA-Hy vs. 

medium or vehicle, p<0.01)], and 24% reduction in the number of branch points (Figure 

5H), [(One-way ANOVA, p=0.0002, F (2, 20) = 13.74, Bonferroni’s multiple comparisons 

test, OA-Hy vs. medium or vehicle, p<0.0001)]. Together, these in vitro data demonstrate 

that angiogenesis, as defined by proliferation, migration and tube formation, is modulated by 

MMP-2.

To evaluate the effect of MMP-9, RBCEC-4 cells were activated with TNF-α to induce 

expression of this protease (Figure 6A). Endothelial proliferation was unchanged in activated 

endothelial cells treated with an MMP-9 inhibitor I at a concentration of either 1 μM 

[(Figure 6B, Mann Whitney test, p=0.7428)] or10 μM of this inhibitor (data not shown). In 

contrast, exposure to the MMP-2 selective inhibitor, OA-Hy, reduced proliferation of 

activated endothelial cells [(Figure 6B, Unpaired two-tailed t-test, p<0.0001; t=77.51, 

df=14)]. These data confirm that MMP-9 is not required for cell proliferation, whereas, 

MMP-2 is able to sustain endothelial cell proliferation in the absence of MMP-9. These data 

are consistent with in vivo findings of reduced endothelial cell proliferation in MMP-2 KO 

mice that overexpress MMP-9.
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To determine the contribution of MMP-2 and MMP-9 to the formation of vascular tubes, 

activated RBCEC-4 cells (expressing both MMP-9 and MMP-2) were plated on BD 

Matrigel in the presence of vehicle, OA-Hy, or both inhibitors (OA-Hy and MMP-9 inhibitor 

I). The MMP-2 inhibitor OA-Hy had no effect on tube length of activated endothelial cells 

(Figure 6C), [(One-way ANOVA, p=0.0025, F (2, 25) = 7.684, Tukey’s multiple 

comparisons test, p>0.05 vs. vehicle)], the number of vascular segments, (Figure 6D), 

[(One-way ANOVA, p=0.0131, F (2, 25) = 5.184, Tukey’s multiple comparisons test, p>0.05 

vs. vehicle)], or the relative number of branch points, (Figure 6E), [(One-way ANOVA, 

p=0.0093, F (2, 25) = 5.676, Tukey’s multiple comparisons test, p>0.05 vs. vehicle)]. 

Inhibition of both MMPs resulted in reduction in tube formation for all the outcomes 

measured, tube length (Figure 6C) [(Tukey’s multiple comparisons test, p<0.01 vs. vehicle)], 

the number of vascular segments, (Figure 6D) [(Tukey’s multiple comparisons test, p<0.05 

vs. vehicle)], and the relative number of branch points, (Figure 6E) [(Tukey’s multiple 

comparisons test, p<0.05 vs. vehicle)]. Figures 6C to 6E middle bar represents tube 

measures in the absence of MMP-2 but in the presence of MMP-9. There is no difference 

between vehicle treated group and OA-Hy treated wells, suggesting that tube formation 

proceeds normally in the absence of MMP-2, but in the presence of MMP-9. These data are 

consistent with our in vivo observations, where we reported similar vascularity between WT 

and MMP-2 KO early after injury, suggesting that MMP-9 may be compensating for this 

early angiogenic response. Thus, while MMP-9, in the absence of MMP-2, supports tube 

formation, inhibition of both proteases (Figure 6C-6E, third bar) results in a reduction in 

tube length, number of segments and branch points. These data suggest that both proteases 

may be involved in tube formation.

To study the long-term consequences of MMP-9 on tube formation, RBCEC4 cells were 

activated with TNF-α, which induced MMP-9. Prolonged expression of MMP-9 resulted in 

a substantial decrease in vessel length [(Figure 7A, unpaired two-tailed t-test p<0.0001, 

t=5.624, df=15)], number of segments [(Figure 7B, unpaired two-tailed t-test p<0.0001, 

t=6.018, df=15)], and number of branch points [(Figure 7C, unpaired two-tailed t-test 

p<0.0001, t=5.50,7 df=15)] as compared to non-activated cells. As TNF-α may also induce 

expression of other proteins beyond MMP-9 that may be involved in angiogenesis, similar 

outcomes were evaluated in cultures exposed to recombinant MMP-9. MMP-9 did not alter 

cell proliferation [(Figure 7D, One-way ANOVA, p=0.8867, F (2, 12) = 0.1215)]. While 

short-term exposure (2h) had no effect on tube formation [(One-way ANOVA, p=0.3614, F 

(3, 11) = 1.181)], as demonstrated by similar tube lengths between treated and untreated 

cells, prolonged exposure to MMP-9 (24h) led to decreased tube length [(One-way ANOVA, 

p=0.0003, F (3, 11) = 15.07, Tukey’s multiple comparisons test, 10pg/ml vs. 0pg/ml, 

p≤0.001; 50ng/ml or 100ng/ml vs. 0pg/ml, p≤0.01; Figure 7E)].

Together, in vivo and in vitro findings demonstrate a temporal specificity of MMP-9 - 

directed angiogenesis. While early exposure to this protease supports this wound healing 

event, prolonged exposure results in loss of vascular structures. Such findings may at least in 

part explain vascular regression that is seen in the epicenter core of the MMP-2 KO by 21 

days post-injury.
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MMP-2 deficiency is associated with a loss of pericytes surrounding vessels in the glial 
scar

Given the emergence of regression within vessels in the core that lack barrier properties 

(Whetstone et al., 2003), we next examined the consequences of MMP-2 deficiency on 

vascular stability within Zone 1, a region immediately adjacent to the lesion core that is 

comprised of a mature, newly proliferative astrocyte scar (Wanner et al., 2013) and 

expresses abundant MMP-9 (Hsu et al., 2008; Hsu et al., 2006) and the adjacent Zone 2 that 

contains hypertrophic astrocytes (Figure 1).

Stabilization of endothelial cells is dependent upon pericytes (Bergers et al., 2003; 

Kessenbrock et al., 2010; von Tell et al., 2006) and destabilization is a hallmark of vascular 

regression (Hammes et al., 2004; Pfister et al., 2010). Thus, we evaluated PDGFrβ pericyte/

vessel contact (Figures 8A-F) and quantified the percentage of vessels with pericyte 

coverage across time-points and between genotypes (Figure 8G-I). Representative images 

from zones 1, 2 and internal control at 21 days post-injury from WT and KO mice are shown 

in figures 8A-F. The morphology of PDGFrβ positive cells at zones 1 and 2 differed from 

pericytes in control region, often showing a ramified morphology and bridging between 

different vessels (Figure 8c). In zone 1 from WT mice pericytes with a normal phenotype are 

in direct contact with vessels (Figure 8a). In contrast in KO mice, pericyte staining is only 

punctate and no pericytes are attached to the vessels (Figure 8b). In zone 2, attached 

pericytes were observed in both WT and KO mice and had normal as well as ramified 

phenotypes. In a region away from the damaged area (internal control), all vessels displayed 

pericyte attachment (Figure 8E-F). Pericyte coverage of endothelial cells was similar 

between genotypes and across time-points in Zone 2 (Figure 8H) [(Two-way ANOVA, 

Interaction, p=0.0523, F (1, 15) = 4.441; effect of time, p=0.7880, F (1, 15) = 0.07495; 

effect of genotype, p=0.9364, F (1, 15) = 0.006577)] and the internal control (Figure 8I) 

[Two-way ANOVA, Interaction, p=0.0305, F (1, 15) = 5.705, ns post hoc analysis]. In 

contrast, there was a significant effect of genotype in Zone 1 (Figure 8G) [(Two-way 

ANOVA, Interaction, p=0.1065, F (1, 13) = 3.008; effect of time, p=0.1071, F (1, 13) = 

2.997; effect of genotype, p=0.0128, F (1, 13) = 8.324)]. Post-hoc analyses (Sidak’s multiple 

comparisons test) revealed a loss of pericyte coverage over time in the KO group (p<0.05) 

and a greater loss of pericyte coverage at 21 days post-injury in the KO as compared to WT 

group (p<0.01). These findings, demonstrating a progressive loss of pericyte coverage of 

blood vessels between 14 and 21 days post injury in the KO group, suggests the emergence 

of vascular instability. As MMP-9 is prominently expressed within astrocytes in Zone 1 in 

the MMP-2 KO mice (Hsu et al., 2008; Hsu et al., 2006), this protease may be a candidate 

mediator of pericyte detachment.

Discussion

While MMP-9 and MMP-2 have established roles in disruption of the barrier, degradation of 

myelin and glial scar formation in the injured spinal cord, no studies to date have considered 

their contributions to angiogenesis and vascular stability. This study addresses the temporal 

contributions of MMP-2 and -9 to angiogenesis in the injured spinal cord, as reestablishment 

of vascular network is paramount to a fully functional spinal cord. In vitro studies reveal 
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redundancy of these proteases in supporting endothelial tube formation and this may account 

for the ability of early angiogenesis to proceed in the injured cord in the absence of MMP-2. 

However, in vitro and in vivo studies demonstrate that prolonged expression of MMP-9 in 

the absence of MMP-2 results in vascular instability and regression. Collectively, these 

findings suggest that angiogenesis in the injured spinal cord is dependent upon the 

coordinated activity of both MMPs in order to achieve a stable vascular network.

Angiogenesis and SCI

We addressed the contribution(s) of MMP-2 and MMP-9 to angiogenesis during wound 

healing in the injured spinal cord, focusing on the lesion core and the surrounding astrocytic 

scar. SCI results in loss of blood vessels at the injury epicenter. Beginning several days after 

SCI, there is proliferation of endothelial cells (Casella et al., 2002) and the subsequent 

emergence of fibrotic scar forming cells (Goritz et al., 2011) and scar-forming astrocytes 

(Burda and Sofroniew, 2014). The final phase of tissue remodeling begins at the end of the 

first week within the lesioned segment and is characterized by the formation of a well-

organized, compact astrocytic scar that serves as a protective barrier, segregating 

inflammatory cells and blood vessels from segments immediately rostral and caudal to the 

injury (Bush et al., 1999; Faulkner et al., 2004; Wanner et al., 2013). Both MMP-2 and 

MMP-9 are elevated during this period of wound healing, where they are expressed in 

astrocytes, and in the case of MMP-9, in both endothelial cells and infiltrating macrophages 

(Goussev et al., 2003; Hsu et al., 2008; Hsu et al., 2006; Zhang et al., 2011). Thus, these 

proteases may be critical to the formation of a stable vascular network.

Our data suggest that MMP-2 acts as a regulator of angiogenesis and not as a pro-angiogenic 

molecule or switch and is also important for vascular stabilization. MMP-2 is one of the 

ligands that bind to αvβ3 receptor to activate angiogenesis (Silletti et al., 2001) and leads to 

activation of P13K/AKT pathway to induce expression of VEGF, a known pro-angiogenic 

factor (Chetty et al., 2009). Consistent with our study, activation of αvβ3 integrin has been 

shown to rescue angiogenesis after SCI. It is also noteworthy that this activation also 

resulted in improved white matter sparing and locomotor function (Han et al., 2010), 

outcomes that highlight the importance of angiogenesis to both structural and functional 

recovery.

Our in vivo and in vitro studies revealed the dependency of endothelial cell proliferation on 

MMP-2. However, we also found that indices of vascularity (vascular density, vascular area, 

and number of endothelial cells) proceeded in the absence of MMP-2, for up to two weeks 

post-injury. The process of angiogenesis need not be dependent on endothelial cell 

proliferation. Sprouting angiogenesis, which involves endothelial cell division and 

migration, is only one of many mechanisms that promote angiogenesis (Folkman, 2003). 

Intussusceptive angiogenesis (Mentzer and Konerding, 2014), vasculogenic mimicry (Soda 

et al., 2013), vessel cooption (Alameddine et al., 2014), and recruitment of endothelial 

progenitor cells (Hillen and Griffioen, 2007) are not dependent upon endothelial cell 

proliferation. Regarding the latter, bone marrow derived endothelial progenitor cells have 

been shown to participate in SCI-induced neovascularization (Kamei et al., 2012). These 

cells are recruited to the injured cord as early at 3 days post-injury and markedly increase by 
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7 days post-injury (Kamei et al., 2012). As we find a significant increase in vascular density 

at 7 days post injury, it is conceivable that this increase is at least in part attributed to the 

recruitment of endothelial progenitor cells. Furthermore, MMP-9 may be critical to this 

recruitment. There is precedent for this protease in the mobilization of circulating 

endothelial progenitor cells from the bone marrow after myelosuppression (Heissig et al., 

2002). And, in a model of cortical cerebral ischemia, systemic administration of endothelial 

progenitor cells, results in an MMP-9 dependent enhanced vascular density in the peri-

infarcted area (Morancho et al., 2015).

MMPs and vascular regression

We found that MMP-2 deficiency resulted in vascular regression within the injured core. The 

extended expression of MMP-9 in the injured spinal cord may serve to signal this vascular 

regression. This hypothesis is supported by in vitro studies showing that prolonged exposure 

of endothelial cell cultures to MMP-9, resulted in reduced endothelial tube formation. 

Macrophages, major constituents of the core, express MMP-9 (Hsu et al., 2006) and thus 

have opportunity to interact with the local vasculature and influence vascular integrity.

MMP-directed regression is exemplified in diverse biological processes including involution 

of the corpus luteum (Duncan et al., 1998), developmental remodeling of the vasculature 

(Baluk et al., 2004; Benjamin, 2000) and during the process of lactation in the mammary 

gland (Ambili and Sudhakaran, 1998). In each of these events regression is necessary to 

prune newly formed leaky vessels to yield stable, well-perfused vessels that confer 

homeostasis (Wietecha et al., 2013). However, excessive MMP-9 activity directs pathologic 

vascular regression through mechanisms that are primarily related to degradation of the 

extracellular matrix. Such a relationship is seen in a 3-dimensional angiogenesis model 

where MMP-9 triggered collagen proteolysis resulted in capillary regression and endothelial 

cell loss (Davis et al., 2001). Similarly in a model of angiogenesis using the aorta, excessive 

and prolonged exposure to MMP-9 leads to the reabsorption of the neovasculature (Zhu et 

al., 2000). Recent studies reported an increase in MMP-9 activity in the brain after chronic 

mild hypoxia that corresponds to post-hypoxic vascular pruning resulting from the 

degradation of both laminin and claudin-5 (Boroujerdi et al., 2015).

Vascular regression may occur by a variety of MMP-9 directed proteolytic activities, 

including the generation of soluble and extracellular matrix-derived anti-angiogenic 

mediators. Anti-angiogenic factors such as endostatin, (Heljasvaara et al., 2005), arresten, 

canstatin, and tumstatin (Mundel and Kalluri, 2007) inhibit endothelial cell proliferation, 

migration, and tube formation, and induce endothelial apoptosis (Panka and Mier, 2003). 

These anti-angiogenic peptides may competitively bind to the free integrin receptors on 

endothelial cells, initiating anti-angiogenic signaling pathways (Nyberg et al., 2005). In 

addition, MMPs promote the instability of extracellular contacts with endothelial cell 

integrins (Wietecha et al., 2013), and widespread proteolysis of various components of the 

extracellular matrix scaffold, resulting in loss of support to the vascular network, and the 

resultant vascular regression (Davis and Saunders, 2006).
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MMPs and vascular instability

Vascular instability precedes vascular regression (Saint-Geniez and D'Amore, 2004) and is 

characterized in part by the loss of pericyte/endothelial contacts (Geevarghese and Herman, 

2014). Pericytes play a critical role in the formation, maturation, and maintenance of the 

blood-brain barrier (Daneman et al., 2010; Winkler et al., 2012) and in promoting vascular 

stability (Geevarghese and Herman, 2014). The latter occurs through multiple bidirectional 

signaling pathways between endothelial cells and pericytes (Armulik et al., 2011; von Tell et 

al., 2006). Recruitment of PDGFRβ-positive pericytes to vessels is regulated by PDGF 

(produced by the migrating tip cells), an important vascular stabilizing factor, that induces 

upregulation of MMP-2 (Risinger et al., 2010). In addition, several other ligand–receptor 

systems, including, TGFβ, Ang 1 and 2, Sprouty2, and endosialin have been implicated in 

regulating vascular maturation and stability through signaling between endothelial cells and 

pericytes (von Tell et al., 2006).

Here we examined the pericyte investments of blood vessels within the astrocytic scar. In 

previous studies of wild type mice we noted that these vessels exhibit features consistent 

with a mature phenotype including astrocytic investments and expression of the glucose-1 

transporter (Whetstone et al., 2003). In the current study, we also found that these vessels 

display pericyte investments. These findings are in sharp contrast to the MMP-2 KO where 

there is reduced endothelial-pericyte association by 21 days post injury. While pericyte 

detachment is common to diverse disease models including glioblastoma (Du et al., 2008), 

diabetic retinopathy (Hammes et al., 2004; Pfister et al., 2010), and Alzheimer’s disease 

(Halliday et al., 2015), this is the first study to show that deficiency in MMP-2 in the injured 

spinal cord, likewise culminates in delayed pericyte detachment in the glial scar.

Excess expression of MMP-9 in astrocytes comprising the astrocytic scar (Hsu et al., 2008) 

is a likely mechanism underlying reduced pericyte coverage. In transgenic mice expressing 

APOE4, a model of Alzheimer’s disease, increased MMP-9 activity leads to breakdown of 

tight junction and basement membrane proteins, resulting in diminished pericyte coverage 

(Bell et al., 2012; Halliday et al., 2015). In addition, NG2, a proteoglycan, expressed on the 

surface of pericytes, is a substrate for MMP-9. Increased expression of MMP-9 in pericytes 

leads to cleavage of NG2 and pericyte detachment from endothelial cells (Schultz et al., 

2014).

Conclusion

Together our in vivo and in vitro studies support redundancy of MMP-9 and -2 in supporting 

angiogenesis. However, deficiency in MMP-2 results in altered wound healing characterized 

by vascular regression and instability. While the mechanisms underlying these changes 

remain unclear, we speculate that prolonged exposure to MMP-9, known to be expressed in 

macrophages and the astrocytic scar (Hsu et al., 2008; Hsu et al., 2006; Zhang et al., 2011), 

promotes vascular regression of immature vessels in the macrophage-rich core and 

destabilization of mature vessels in the glial scar. Vascular regression and instability may 

result in loss of functional recovery and reduced white matter sparing observed in MMP-2 

KO mice (Hsu et al., 2006).
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Highlights

• There are both redundant and diverse roles for MMP-2 and MMP-9 in 

angiogenesis.

• Genetic deletion of MMP-2 results in long-term vascular instability and 

regression.

• Prolonged expression of MMP-9 may generate this aberrant wound 

healing.

• Our study warrants a cautionary note for drugs intended to inhibit these 

MMPs.

Trivedi et al. Page 21

Exp Neurol. Author manuscript; available in PMC 2017 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. The epicenter of the contused spinal cord at 3 weeks post-injury is characterized by 
distinct regions, defined by glial and pericyte scarring
A, This montage illustrates the typical appearance of the core and Zones 1 and 2, 

demarcated by white lines. The core typically consists of scattered CD31+ vessels and 

PBGFrβ+ pericytes, enclosed within a prominent pericyte scar. This pericyte scar is 

surrounded by Zone 1, consisting of dense GFAP+ glial scarring. Zone 2 represents the 

region immediately peripheral to the astrocyte scar and consists of both grey and white 

matter structures. Arrows indicate orientation of the cord as dorsal (d) and caudal (c).

B, An internal control, located approximately 6700-8000 μm from core, represents baseline 

expression and distribution of blood vessels, pericytes, and astrocytes.

C-E, Examples of Zones 1 and 2, noting distance from the core, with white lines delineating 

the boundary between Zone 1 and the core.

GM: gray matter, WM: white matter
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Figure 2. The epicenter core of the contused spinal cord at 3 weeks post-injury is primarily 
comprised of macrophages and thick pericyte scarring
This montage illustrates the core of the epicenter where there is a characteristic dense 

accumulation of F4/80+ macrophages (white arrows), CD31+ vascular structures and 

pronounced pericyte scarring (yellow arrows).
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Figure 3. Endothelial cell proliferation is reduced in the spinal cord injured MMP-2 KO
A, Endothelial proliferation is significantly lower in MMP-2 KO as compared to the WT 

group [(two-way ANOVA, effect of genotype, p=0.0083, Values are means + SEM, (n = 5 

animals/genotype/time-point)].

B-E, A representative image from the core of the epicenter of a WT at 7 days post-injury. 

Note the presence of both proliferating endothelial cells (BrdU+, Dapi+, and CD31+ 

vessels) (white arrows, E) and non-endothelial cells (yellow arrow). Enclosed box in E is 

shown at higher magnification in e, illustrating the co-localization of BrdU+ Dapi+ CD31+ 

in a vascular segment.

F-I, A representative image from the core of the epicenter of a KO at 7 days post-injury. 

While there are prominent CD31+ vessels, none appear to co-localize with BrdU and there is 

evidence for BrdU+ CD31-cells (yellow arrow, I). Enclosed box in I is shown at higher 

magnification in i.
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Figure 4. Loss of MMP-2 results in long-term vascular regression and increased expression of 
MMP-9
Vascularity was analyzed by densitometric (A) and morphometric (B, C) analyses within the 

core of the epicenter. Change in vascularity, expressed relative to uninjured mice, was 

analyzed over time across genotypes (two-way ANOVA followed Sidak’s multiple 

comparisons test).

A, While vascular density is increased in the MMP-2 KO at 7 (**p<0.01) and 14 (*p<0.05) 

days post injury relative to the WT group, there is a loss of vascular density by 21 days 

(**p<0.01).

B-C, There is a significant loss of vascular area (B, *p<0.05), and endothelial cells (C, 

****p<0.0001) at 21 days post-injury in the MMP-2 KO mice. Values are mean + SEM, 

(n=5 animals/time point/genotype).

D, Gelatin zymography confirms greater expression of MMP-9 proforms (105kDa) in the 

injured (inj) MMP-2 KO at 21 days post-injury as compared to injured WT mice and sham 

(sh) controls.

Note that only the proenzyme form of MMP-9 protein is detected by zymography, an in vivo 
finding consistent with other studies (Hsu et al., 2008; Hsu et al., 2006; Wang et al., 2000). 

This is not surprising as the ability to detect active MMP-9 may be compromised by its rapid 

degradation after binding to the cell surface (Yu and Stamenkovic, 1999).

Purified human MMP-2 and MMP-9 served as MMP standards (MMP STD).
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Figure 5. MMP-2 induces endothelial cell proliferation and migration and facilitates tube 
formation in vitro
A, While RBCEC-4 cells endogenously express MMP-2 at high levels by gelatin 

zymography, MMP-9 is not detected (RBCEC4, lanes 1 and 2). In contrast, bone marrow 

derived macrophages (BMDM, lanes 3 and 4) express high levels of MMP-9 but no 

detectable levels of MMP-2.

B, RBCEC-4 cell proliferation, based upon BrdU ELISAs, is reduced in the presence of an 

MMP-2 inhibitor (OA-Hy), whereas an MMP-9 inhibitor (Inh.I) has no detectable effect. 

(unpaired two-tailed t-test, ***p<0.001).

C, Representative images of migrating RBCEC-4 cells on a transwell membrane in the 

presence of the MMP-2 inhibitor, OA-Hy, or vehicle (DMSO).

D, Migrating RBCEC4 cells, expressed relative to medium alone, are reduced in the 

presence of the MMP-2 inhibitor, OA-Hy, relative to vehicle (DMSO), [(one-way ANOVA 

followed by Bonferroni’s multiple comparisons test, ###p<0.001 vs. medium, ***p<0.001 

vs. vehicle)]. Bars represent mean + SEM averaged over 5 fields/membrane, 3 transwells/

condition, and 3 independent experiments.

E, Representative images of RBCEC-4 cells plated on Matrigel and treated with the MMP-2 

inhibitor, OA-Hy, or vehicle (DMSO).

F-H, Tube formation is attenuated in the presence of the MMP-2 inhibitor OA-Hy relative to 

the vehicle, DMSO (one-way ANOVA followed by Bonferroni’s multiple comparisons test), 

as assessed by F, measures of tube length (###p<0.001 vs. medium, **p<0.01 vs. vehicle), 

G, number of segments (##p<0.01 vs. medium, **p<0.01 vs. vehicle) and H, number of 

branch points (###p<0.001 vs. medium, ***p<0.001 vs. vehicle). Values were normalized to 
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medium alone. Bars represent mean + SEM averaged over 4 wells/condition and 3 

independent experiments.
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Figure 6. MMP-9, in the absence of MMP-2, does not modulate endothelial cell proliferation but 
does support endothelial tube formation
A, By gelatin zymography, MMP-9 is upregulated in RBCEC-4 cells in the presence of 

TNF-α. Molecular weight markers (M) and purified MMP-2 and MMP-9 served as controls 

(C), and medium was prepared from RBCEC-4 cells, treated with (+) and without (-) TNF-

α.

B, Whereas inhibition of MMP-9 (Inh. I) has no effect on proliferation of activated (TNF-α 
treated) RBCEC-4 cells, OA-Hy inhibits cell proliferation in both the presence and absence 

of Inh I. (Unpaired two-tailed t-test, ***p<0.001, ****p<0.0001). Absorbance was 

normalized to medium + TNF-α wells.

C-E, Inhibition of MMP-2 with OA-Hy in activated (MMP-9-expressing) RBCEC-4 cells 

has no effect on tube formation (p>0.05), whereas inhibition of both MMP-2 and MMP-9 

resulted in a decrease (one-way ANOVA followed by Tukey’s multiple comparisons test) in 

C, tube length (**p<0.01 vs. medium, #p<0.05 vs. OA-Hy), D, number of segments 

(*p<0.05 vs. medium, #p<0.05 vs. OA-Hy) and E, number of branch points (*p<0.05 vs. 

medium, #p<0.05 vs. OA-Hy). All measures were normalized to medium + TNF-α wells. 

Bars represent mean + SEM averaged over 4 wells/condition and 3 independent 

experiments.
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Figure 7. Prolonged exposure to TNF-α or exogenously added MMP-9 leads to a decrease in tube 
formation but does not alter endothelial cell proliferation
A-C, There is a reduction in tube length, number of segments and number of branch points 

in response to prolonged MMP-9 expression (unpaired two-tailed t-test, ****p<0.0001). All 

measures were normalized to medium alone. Bars represent mean + SEM averaged over 4 

wells/condition and 3 independent experiments.

D, Proliferation of RBCEC-4 cells, exposed to exogenously added MMP-9 for 24 hours, was 

analyzed by BrdU ELISA. Long-term exposure to MMP-9 did not alter cell proliferation 

(one-way ANOVA, p>0.05). Absorbance was normalized to medium. Bars represent mean + 

SEM averaged over 8 replicates.

E, Formation of tubes by RBCEC-4 cells was analyzed by a Matrigel assay after either 

short-term (2h) or prolonged (24h) exposure to MMP-9. Prolonged exposure to MMP-9 

leads to a decrease in tube length (one-way ANOVA followed by Tukey’s multiple 

comparisons test, ***p<0.001; **p<0.01). Measures of tube length were normalized to 

medium alone. Bars represent mean + SEM, averaged over 8 replicates.
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Figure 8. Blood vessels associated with pericytes within the glial scar of the MMP-2 KO are 
reduced in numbers by 21 days post-injury
A-F, Immunolocalization of CD31+ endothelial cells and PBGFrβ+ pericytes within Zone 1, 

Zone 2, and in an internal control in representative sections, prepared from spinal cord 

injured WT and KO mice. Enclosed boxes are shown at higher magnification in a, c, and e 

(WT) and b, d, and f (KO) showing CD31+ vessels and PBGFrβ+ pericytes. Filled arrows 

(c, e and f) show pericytes in close proximity to blood vessels. Open arrows (c, d) delineate 

ramified pericytes. G, Blood vessels in the MMP-2 KO mice show reduced pericyte 

coverage of vessels in Zone 1 as compared to WT mice at 21 days post-injury (**p<0.01) 

and over time (*p<0.05, 21 days post-injury as compared to 14 days post-injury) [(two-way 

ANOVA followed by Sidak’s multiple comparisons test)]. H-I, No differences in pericyte 

coverage was observed in both genotypes over time (14 and 21 days post-injury) or between 

WT and MMP-2 KO mice at each of the time points in zone 2 or the internal control. Bars 

represent mean + SEM, (n=5 mice/genotype/time-point).
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