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Chronic limb-threatening ischemia is a devastating
disease with limited surgical options. However, in-
ducing controlled angiogenesis and enhancing reper-
fusion holds therapeutic promise. To gain a better
understanding of the mechanisms that contribute to
limb reperfusion, we examined the temporal bio-
chemical and structural changes occurring within the
extracellular matrix of ischemic skeletal muscle. Both
the latent and active forms of MMP-2 and -9 signifi-
cantly increased during the active phase of limb
reperfusion. Moreover, small but significant alter-
ations in tissue inhibitors of metalloproteinase levels
also occurred during a similar time course, consistent
with a net increase in extracellular matrix remodel-
ing. This temporal increase in MMP activity coincided
with enhanced exposure of the unique HU177 cryptic
collagen epitope. Although the HUIV26 cryptic colla-
gen epitope has been implicated in angiogenesis, lit-
tle is known concerning such epitopes within isch-
emic muscle tissue. Here, we provide the first
evidence that a functionally distinct cryptic collagen
epitope (HU177) is temporally exposed in ischemic
muscle tissue during the active phase of reperfusion.
Interestingly, the exposure of the HU177 epitope was
greatly diminished in MMP-9 null mice, correspond-
ing with significantly reduced limb reperfusion.
Therefore, the regulated exposure of a unique cryptic
collagen epitope within ischemic muscle suggests an
important role for collagen remodeling during the
active phase of ischemic limb reperfusion. (Am J
Pathol 2005, 167:1349—-1359)

Severe peripheral arterial occlusive disease is a devas-
tating condition that results in gangrene, chronic ulcer-

ation, rest pain, and amputation." Current therapeutic
options are limited for successful treatment of peripheral
arterial occlusive disease-induced limb-threatening arte-
rial insufficiency. Therapeutic angiogenesis remains a
promising alternative, although current approaches using
growth factors have failed to conclusively yield long-term,
clinically significant improvements in blood flow. There-
fore, a better understanding of the cellular and molecular
mechanisms regulating revascularization and reperfu-
sion after ischemic injury is of great importance.

Angiogenesis is the proliferation of new capillaries via
sprouting from existing vessels or through bridging and
intussusception of existing capillaries.®® This complex
physiological process likely contributes, in part, to isch-
emic limb reperfusion.*~® A second, distinct process that
also contributes to enhanced blood flow following isch-
emia is arteriogenesis. Arteriogenesis is the process
whereby latent but existing bypasses, known as collateral
vessels, are activated in response to limb ischemia
caused by occlusion of a main axial artery.”® Although a
number of stimulators of both angiogenesis and arterio-
genesis have been evaluated clinically for the treatment
of ischemic diseases, failed human trials have empha-
sized the shortcomings in our understanding of sponta-
neous revascularization.®'© Thus, a more fundamental
understanding of the molecular mechanisms controlling
reperfusion is of paramount importance for overcoming
this clinical problem.

Previous studies have documented the critical impor-
tance of growth factors, growth factor receptors, and
various proteolytic enzymes in creating a permissive mi-
croenvironment for blood vessel growth.?"''3 Interest-
ingly, studies have provided evidence that the extracel-
lular matrix (ECM) plays an important role in regulating
angiogenesis.'® ¢ In particular, proteolytic remodeling
of genetically distinct forms of collagen can expose cryp-
tic regulatory elements that are normally inaccessible to
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cells.'*17=19 Cellular interaction with these cryptic ele-
ments may initiate unique signaling cascades required
for new blood vessel growth.'*'® In fact, a monoclonal
antibody (mAb) directed to a cryptic regulatory site within
collagen type IV (HUIV26) potently inhibits new blood
vessel growth in multiple in vivo models. Interestingly,
recent studies have defined a second cryptic site
(HUI77) shown to be present within a variety of distinct
forms of collagen, including collagen types | to V."® Ex-
posure of this unique cryptic epitope has been detected
within the basement membrane of angiogenic blood ves-
sels and within the interstitial matrix of malignant tumors.
Little, if any, HU177 has been detected within normal
tissues.'® Importantly, exposure of these cryptic sites can
be modulated by proteolysis as well as radiation.?° In this
regard, members of the matrix metalloproteinase (MMP)
family such as MMP-2 and MMP-9 have been shown to
specifically cleave triple helical collagen-1V, the predom-
inant form of collagen found in vascular basement mem-
branes.?'?? Because MMP-mediated remodeling of the
collagenous microenvironment contributes to angiogen-
esis, it is likely that ECM remodeling also contributes to
revascularization and reperfusion of ischemic tissues.
Although studies have examined the expression and
functional significance of MMPs in ischemic tissues,?®2*
little is known concerning the exposure of cryptic
epitopes during this process. Previous studies have es-
tablished that successful murine limb revascularization
occurs over a time course of 30 to 35 days after induction
of severe ischemia in a murine hindlimb model.?® Collat-
eral vessel enlargement (arteriogenesis) and angiogen-
esis are thought to contribute to the revascularization
observed within this model.*2° Therefore, to gain a more
complete understanding of the mechanisms that regulate
reperfusion of ischemic limbs, an analysis of the bio-
chemical and structural changes occurring within the
ECM of ischemic skeletal muscle was carried out. In
particular, the functional and temporal expression of spe-
cific MMPs and their respective endogenous inhibitors,
tissue inhibitors of metalloproteinases (TIMPs), were ex-
amined within the ischemic hindlimb. Here, we provide
evidence, for the first time, that the unique cryptic colla-
gen epitope, HU177, is specifically exposed within isch-
emic muscle tissue in a time-dependent manner and may
be dependent, in part, on the availability of MMP-9.

Materials and Methods

Antibodies and Reagents

MMP-2 and MMP-9 levels (active and total) in muscle
lysates were measured using Biotrak Activity assay sys-
tems (Amersham Biosciences, Piscataway, NJ). Purified
MMP-2 and MMP-9 (Amersham Biosciences) were used
as controls. Enzyme-linked immunosorbent assay
(ELISA) kits (Amersham Biosciences) were used to mea-
sure TIMP-1 and TIMP-2 levels in muscle lysates. Purified
TIMP-1 and TIMP-2 (Amersham Biosciences) were used
as controls and to derive standard curves. Muscle frag-
ments were embedded in OCT compound (Tissue Tek;

Sakura Finetek USA, Inc., Torrance, CA) for the prepara-
tion of frozen sections. Development of the mAb HU177
through subtractive immunization has been previously
described.™ mAb QH2b is a humanized version of the
mAb HU177 and was provided as a gift by Cancervax
(Carlsbad, CA). mAb QH2B was used to stain for the
HU177 cryptic collagen epitope on frozen sections of
muscle. A goat anti-human IgG horseradish peroxidase
(HRP) conjugate (BioSource, Camarillo, CA) was the sec-
ondary antibody used in the mAb QH2B staining exper-
iments. Peroxidase Substrate kit (Vector Laboratories,
Inc., Burlingame, CA) was used to develop the HRP in the
immunohistochemical staining experiments. Harris he-
matoxylin (EMD Biosciences, Inc., La Jolla, CA) was used
to counterstain the frozen sections to better define histol-
ogy. Permount (Fischer Scientific, Fair Lawn, NJ) was
used to fix slips on the frozen sections. Rat anti-mouse
monoclonal CD31 antibody (Pharmingen, Franklin Lakes,
NJ) was used for the costaining experiments with mAb
QHZ2B. Goat anti-rat biotin-conjugated antibody (Pharm-
ingen) and alkaline phosphatase-labeled streptavidin
(Ventana Medical Systems, Tucson, AZ) were used to
label the mAb CD31 on tissue sections. HRP-labeled
goat anti-human antibody (Sigma-Aldrich, St. Louis, MO)
was used to label the mAb QH2B in the costaining
experiments.

Animals

Several different mouse strains were used in this study.
FVB/N mice (Taconic Farms, Germantown, NY) 6 to 8
weeks of age and weighing 20 to 30 g were used for all
experiments involving quantification of MMP-2, MMP-9,
TIMP-1, TIMP-2, and serial measurement of HU177 cryp-
tic site exposure. MMP-9 null mice in a 129SvEv back-
ground were kindly provided by Drs. Robert Senior and
Michael Shipley (Washington University, St. Louis, MO).2®
Backbreeding of the MMP-9 null mice was performed
periodically to prevent genetic drift. 129SvEv mice (Tac-
onic Farms) were used as background-matched control
animals in all experiments involving MMP-9 null mice.
Protocols were approved by New York University School
of Medicine’s Institutional Animal Care and Use Commit-
tee. The animals were anesthetized with 0.12 to 0.15 ml of
an anesthesia cocktail [1.5 ml of ketamine (100 mg/ml;
Fort Dodge Animal Health, Fort Dodge, IA); 0.5 ml of
acepromazine (10 mg/ml; Boehringer Ingelheim, St. Jo-
seph, MO); and 1.5 ml of xylazine (20 mg/ml; Ben Venue
Laboratories, Inc., Bedford, OH) in 8.5 ml of phosphate
buffered saline (PBS)] intraperitoneally before the surgi-
cal procedure. Postoperatively, the animals were
warmed, administered 3.0 ml of sterile 0.9% normal sa-
line solution (Abbott Laboratories, Chicago, IL) to correct
iatrogenic volume depletion, and closely monitored.

Hindlimb Ischemia Model

Operative intervention was performed to create unilateral
hindlimb ischemia in the mice. Exposure was obtained by
performing a skin incision in the right groin. The neuro-



vascular bundle was located, and the femoral artery was
then identified and dissected free. The femoral artery, in
the most proximal portion of the hindlimb, was ligated
and then divided. The skin was closed using interrupted
6-0 nylon sutures. To document changes in blood flow
preoperatively, postoperatively, and during the recovery
period, laser Doppler imaging was used.

Laser Doppler Imaging

Laser Doppler imaging (LDI) to determine limb blood flow
has been described previously.?® Briefly, the lower torso
and both hindlimbs were scanned with a Moor LDI VR
laser Doppler (Moor Instruments Limited, Wilmington,
DE) in a raster pattern for detection of a Doppler shift from
the moving blood in the microvasculature of the skin and
the underlying arterioles and venules. Blood flow was
represented in a color-coded digital image and reported
numerically, using proprietary Moor LDI Perfusion Mea-
surement software (v3.09; Moor Instruments Limited). A
black-and-white digital image was simultaneously ob-
tained, and both color-coded and black-and-white im-
ages were stored on a laptop computer (Winbook Z1;
Winbook Computer Corporation, Hilliard, OH). Whole-
limb blood flow was determined using Moor LDI Image
Processing software (v3.09; Moor Instruments Limited).
To compute whole-limb blood flow, the entire hindlimb
was digitally outlined based on anatomical landmarks in
the image. The Image Processing software was then
used to calculate the mean flow of blood within the des-
ignated area. Blood flow in the ischemic limb was in-
dexed against that within the nonischemic limb. The non-
ischemic limb served as an internal control to account for
any variability in blood flow due to extraneous factors
such as systemic hemodynamic factors, animal surface
vasoreactivity, and external environmental changes such
as ambient temperature. As part of the measurement
procedure, animals were anesthetized, as described
above, before LDI. LDI was performed before and imme-
diately after femoral artery ligation to document the level
of arterial insufficiency rendered. Reperfusion studies
were performed through serial LDI measurements at de-
fined time points.

Muscle Lysate Preparation

Immediately after harvesting, 30- to 50-mg fragments of
hindlimb calf muscle were snap-frozen on dry ice and
then stored at —80°C until the protein was extracted.
Muscle fragments were placed in 1 ml of extraction buffer
on ice containing 50 mmol/L Tris-HCI (pH 7.5), 300
mmol/L NaCl, and 1% Triton X-100. The tissue was
minced and homogenized on ice, using a PCU 11 Poly-
tron (Kinematica Ag, Littau-Lucerne, Switzerland). The
specimens were centrifuged at 10,000 X g at 4°C for 20
minutes, and the supernatant was decanted and filtered
using a 50-um filter column (Fisher Scientific, Pittsburgh,
PA). All muscle lysate specimens were then stored at
—80°C until assayed.
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Bioactivity Assays for MMIP-2 and -9

Bioactivity assays were performed using Biotrak’s activity
assay system (Amersham Biosciences) according to the
manufacturer’s protocol. Briefly, muscle lysate samples
were placed in 96-microtitre well plates coated with anti-
MMP-2 (100 wpl/well). The plates were incubated over-
night at 4°C. The following day, the plates were washed
four times with washing buffer. P-Aminophenylmercuric
acetate was added to samples from which the “total”
MMP-2 (ie, total latent and active MMP-2) was measured.
Buffer alone was added to samples prepared for mea-
suring “active” (ie, endogenous active MMP-2) levels of
MMP-2. Detection agent was then added to all wells (50
wliwell), and the plate was read at 405 nm (t = O minutes)
and again after a 3-hour incubation at 37°C. The same
procedure was followed to evaluate the amount of endog-
enous active MMP-9 and the total MMP-9. Purified MMP-2
and MMP-9 (Amersham Biosciences) were used, as pos-
itive and negative controls. Standard curves generated
from known quantities of MMP-2 and MMP-9 were used to
calculate the concentration of active MMP-2 or MMP-9 in
these samples.

ELISA Measurement of TIMP-1 and TIMP-2

Commercially available ELISA kits (Amersham Bio-
sciences) were used to measure TIMP-1 and TIMP-2
levels in muscle lysates according to the manufacturer’s
instructions. Briefly, standards and samples were incu-
bated in microtitre wells coated with anti-TIMP-1 and
anti-TIMP-2 antibody, respectively. Peroxidase-labeled
antibody directed to the respective TIMPs was added to
each well. The amount of peroxidase was determined by
the addition of a TMB substrate followed by addition of
100 wl of 1 mol/L sulfuric acid. The plates were read at
450 nm. Standard curves were generated from known
quantities of TIMP-1 and TIMP-2 (Amersham Bio-
sciences) to calculate the concentration of TIMP-1 and
TIMP-2 in the samples.

Immunohistochemical Staining for Cryptic
Collagen Epitope, HU177

Calf muscle from ischemic and nonischemic limbs was
harvested, and 3 X 3 mm? muscle sections were imbed-
ded in OCT compound (Tissue Tek; Sakura Finetek USA,
Inc.). The blocks were snap frozen and stored at —80°C
until sectioned. Four-micrometer sections were cut on a
Microtome Cryostat (Microm HM 505E; Microm Interna-
tional GmbH Robert/Boschster, Walldorf, Germany) and
fixed in a 50:50 solution of methanol (VWR International,
West Chester, PA) and acetone (Fischer Scientific, Fair
Lawn, NJ) for 3 minutes at room temperature. The sec-
tions were then dried for 90 to 120 minutes at room
temperature and washed with a 0.05 mol/L ethylenedia-
mine tetraacetic acid/PBS solution. Each section was
then treated with 3% hydrogen peroxide for 10 minutes to
reduce endogenous peroxidase activity, washed as
above, and then blocked with 1% bovine serum albumin
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(BSA) (Sigma-Aldrich, Inc.) for 1 hour at room tempera-
ture. The sections were then washed twice with the same
ethylenediamine tetraacetic acid/PBS solution and incu-
bated with mAb QH2B (100 ng/ml in 1% BSA) (Cancer-
vax) at 4°C overnight. The sections were then washed
with PBS, blocked with 1% BSA for 30 minutes, and then
washed twice with PBS all at room temperature. Goat
anti-human 1IgG HRP conjugate (BioSource) was diluted
in 1% BSA (1:1000) and was applied to each section for
30 minutes at room temperature. The slides were washed
twice with PBS, and then DAB was applied for 1 to 3
minutes (Peroxidase Substrate kit, Vector Laboratories,
Inc.). The slides were washed with PBS and counter-
stained with Harris hematoxylin (EMD Biosciences, Inc.).
The sections were then dehydrated through graded al-
cohols (ie, 70 to 100% ethanol), preserved with xylene,
and then mounted with Permount (Fischer Scientific).

Quantitation of mAb QH2B Staining of HU177
Cryptic Sites in Hindlimb Muscle Sections

Stained sections were analyzed on an Olympus BX51
microscope (Olympus Corporation, Tokyo, Japan), and
representative areas were digitally photographed with a
Sony DXC-S500 (Sony Corporation, Tokyo, Japan) high-
resolution digital camera. The images were stored on a
Power Macintosh G4 computer (Apple Computer, Cuper-
tino, CA). The images were analyzed and scored for
staining intensity with Adobe Photoshop 6.0 (Adobe Sys-
tems, Inc., San Jose, CA) by two blinded observers.
Briefly, total pixel number for each image was measured,
and the background pixels (eg, white and non-muscle)
were then subtracted from the total pixel number to de-
termine the pixel count representing total muscle tissue.
Staining was then measured, the number of pixels repre-
senting positively stained tissue was compared with
the pixel count representing total muscle tissue, and a
percentage was calculated (www.musc.edu/cando/earth-
kam/measure/Measuring.html). Muscle sections from
three animals at each time point were examined, and
three to five representative microscopic fields per animal
were analyzed.

Costaining for Cryptic Collagen Epitope,
HU177, and Endothelial Cells (CD31)

Frozen sections were cut and dried as described above.
Each section was treated with 3% hydrogen peroxide for
10 minutes to reduce endogenous peroxidase activity
and then washed with Tris-HCI (Ventana Medical Sys-
tems). Using an automated immunohistochemical slide-
staining system (NexES, Ventana Medical Systems) co-
staining for CD31 and HU177 was accomplished.
Staining for CD31 was carried out using rat anti-mouse
monoclonal CD31 antibody (Pharmingen) followed by in-
cubation with goat anti-rat biotin-conjugated antibody
(Pharmingen) and alkaline phosphatase-labeled strepta-
vidin (Ventana Medical Systems). For detection of the
HU177 cryptic epitope, tissue was incubated with mAb
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Figure 1. Laser Doppler imaging of ischemic hindlimb after surgical ligation
of the femoral artery (ie, hindlimb ischemia). Wild-type mice 6 to 8 weeks of
age underwent surgical ligation of the femoral artery. Blood flow was as-
sessed by laser Doppler imaging before ligation (day 0) and at days 1, 3, 7,
14, 21, and 28 after surgery. Blood flow in the ischemic calf is expressed as
a ratio of the blood flow in the contralateral nonischemic limb. Data repre-
sent an average value for all animals at each time point (2 = 7). Blood flow
decreases to 20% after arterial ligation and then recovers to 66%. Error bars
represent the SEM.

QHZ2B followed by incubation with HRP-labeled goat anti-
human antibody (Sigma-Aldrich). All slides were then
manually counterstained with Harris hematoxylin and
mounted as described above.

Statistics

Unpaired t-test with Welch correction was performed us-
ing GraphPad InStat version 3.0b for Macintosh (Graph-
Pad Software, San Diego, CA). P < 0.05 was considered
significant. Error bars in all figures represent the SEM.

Results

Laser Doppler Analysis of Spontaneous
Hindlimb Reperfusion after Ischemia

A more in-depth understanding of the molecular alter-
ations occurring within the vascular microenvironment of
ischemic skeletal muscle is of great importance to the
development of more effective approaches for treating
arterial insufficiency. To study specific molecular
changes in the ECM of ischemic skeletal muscle, a mu-
rine model of hindlimb ischemia was used.?® As shown in
Figure 1, proximal ligation of the femoral artery in the
murine hindlimb leads to an acute 80% decrease in ar-
terial blood flow within 24 hours of surgery compared with
the normal contralateral hindlimb. Beginning approxi-
mately 48 hours later, an active phase of recovery begins
with an increase in blood flow observed in the ischemic
limb that ultimately plateaus with blood flow stable at
approximately 66% of the contralateral non-ischemic
limb. Blood flow in the calf of the ischemic limb remains
relatively stable from 14 to 28 days after injury (Figure 1).
Importantly, little if any change in this stabilized blood
flow was observed throughout an 8-week time period
after arterial ligation (data not shown). These findings are
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Figure 2. Effect of ischemia over time on MMP-2 and MMP-9 levels both total and active for 30 days after onset of hindlimb ischemia. MMP-2 and -9 levels were
assessed by quantitative bioactivity assays of muscle tissue taken from the ischemic and nonischemic limbs of wild-type mice on days 0 (pre-op), 1, 3, 7, 14, and
30. For both MMP-9 and MMP-2, total levels increased markedly within 3 days and then diminished by 30 days after surgery compared with nonischemic calf
muscle. Active MMP-9 and MMP-2 remain markedly elevated in the ischemic calf muscle compared with the nonischemic muscle between 3 and 14 days after
surgery when reperfusion by LDI was most marked. A: Total levels of MMP-2 including both the latent and the active forms in the ischemic and nonischemic
muscle tissue (72 = 8) at each time point. The error bars in the nonischemic data are narrow and obscured by the associated data point. B: Level of active MMP-2
present in the ischemic and nonischemic muscle tissue (7 = 8) at each time point. The error bars for the nonischemic data do not exist because active MMP-2
was not detectable in the nonischemic calf muscle. C: Represents the total level of MMP-9, including both the latent form and the active forms, in the ischemic
and nonischemic muscle tissue (72 = 8) at each time point. D: Represents the level of active MMP-9 present in the ischemic and nonischemic muscle tissue (72 =
8) at each time point. For A through D the asterisk denotes a significant difference (P < 0.05) between the ischemic and the contralateral nonischemic limb at
the same time point. Error bars represent the SEM.

extracts were prepared. The combined level of latent and
active MMP-2 or MMP-9 (total MMP) as well as the level of
endogenously active MMP (active MMP) was quantified
within both ischemic and nonischemic skeletal muscle.
As shown in Figure 2A, a rapid increase in levels of total
MMP-2 in ischemic muscle was observed beginning 24
hours after arterial ligation with peak levels detected at 3
days. In fact, total MMP-2 levels were significantly (P <
0.001) increased by approximately four- to sixfold from 3
to 14 days after arterial ligation compared with nonisch-

consistent with previously reported results®® and suggest
that while blood flow returns, complete recovery to the
level observed before the injury fails to occur.

Altered Levels and Functional Activity of MMPs
within Ischemic Skeletal Muscle
Previous studies have suggested that angiogenesis and

arteriogenesis may contribute to the reperfusion ob-
served in ischemic limb models.* Moreover, studies also

suggest that MMPs play crucial roles in angiogenesis
and arteriogenesis.?®?” To this end, we analyzed the
temporal levels and functional activity of MMP-2 and
MMP-9 within ischemic skeletal muscle. After proximal
ligation of the femoral artery, tissue samples of calf mus-
cle were collected over a 30-day time course, and tissue

emic muscle. Interestingly, this elevated level of total
MMP-2 returned to levels approaching those observed in
nonischemic muscle by day 30. A time-dependent in-
crease in proteolytically active MMP-2 was also observed
over the same time course exhibiting a significant (P <
0.001) four- to eightfold increase compared with that
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within the control nonischemic muscle (Figure 2B). In
similar experiments, the levels of both total and active
MMP-9 were also quantified within these tissues. As was
observed with MMP-2, a rapid increase in total and pro-
teolytically active MMP-9 was observed in ischemic mus-
cle beginning approximately 24 hours after arterial liga-
tion (Figure 2, C and D). Levels of both total and active
MMP-9 were significantly (P < 0.002) increased at its
peak by approximately eight- to ninefold (3 days) com-
pared with nonischemic muscle. Importantly, these ele-
vated levels of total and active MMP-9 returned to levels
observed in the nonischemic muscle by day 30.

Temporal Changes in Levels of Tissue Inhibitors
of Metalloproteinase in Ischemic Muscle

The functional activity of proteolytic enzymes such as
MMPs is thought to be controlled, in part, by endog-
enously available inhibitors.?® Interestingly, TIMPs, en-
dogenous tissue inhibitors of MMPs, have been sug-
gested to regulate ECM remodeling as well as
angiogenesis.?? In particular, TIMP-1 is a preferential
regulator of MMP-9 whereas TIMP-2 is known to regulate
MMP-2 activity.?® Therefore, to gain additional insight into
the temporal regulation of both MMP-2 and 9 within isch-
emic muscle, we examined the levels of both TIMP-1 and
-2 within skeletal muscle over a time course of 30 days.
After proximal ligation of the femoral artery, tissue sam-
ples of calf muscle were collected, and tissue extracts
were prepared. Levels of both TIMP-1 and -2 were quan-
tified within both ischemic and nonischemic skeletal mus-
cle by solid phase ELISA.2° As shown in Figure 3A, little
if any significant change in the levels of TIMP-1 was
observed within the first 3 days after arterial ligation.
Interestingly, a significant (P < 0.05) 2-fold increase in
TIMP-1 levels was detected at day 7 after arterial ligation
that returned to baseline levels by 30 days. In contrast, no
significant change in TIMP-2 levels was detected over the
entire 30-day time course (Figure 3B). These findings,
taken together with the time-dependent increase in func-
tionally active MMPs is consistent with the possibility that
elevated levels of ECM remodeling may occur during
recovery of blood flow to the ischemic limb.

Temporal Exposure of the HU177 Cryptic
Collagen Epitope within Ischemic Muscle

It is well documented that proteolytically active MMPs
such as MMP-2 and MMP-9 can cleave basement mem-
brane-associated triple helical collagen type IV.2"28 In-
terestingly, previous studies have suggested that proteo-
lytic exposure of the HUIV26 cryptic epitope within
collagen type IV may be facilitated by MMPs such as
MMP-2 and MMP-9 in vitro and in vivo.'* Although previ-
ous studies have documented the exposure and func-
tional relevance of the HUIV26 cryptic epitope ™ '8 during
angiogenesis in vivo, little is known concerning the expo-
sure of the HU177 cryptic epitope in vivo and more spe-
cifically, during reperfusion of ischemic skeletal muscle.
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Figure 3. Effect of ischemia over time on TIMP-1 and TIMP-2 levels for 30
days after onset of hindlimb ischemia. ELISAs were used to measure total
TIMP levels in the muscle tissue of ischemic and nonischemic limbs of
wild-type mice on days 0 (pre-op), 1, 3, 7, 14, and 30 after ischemia. A:
TIMP-1 levels measured by ELISAs. Each time point represents an average
value (7 = 8). The asterisk indicates a significant difference (P < 0.05)
between the ischemic and the contralateral nonischemic muscle tissue at the
same time point. TIMP-1 levels increased at day 7 at the same time that total
MMP-9 levels decreased. B: TIMP-2 levels measured by ELISA. Each time
point represents an average value (n = 8). There was no significant differ-
ence in levels between ischemic and nonischemic limbs at any time point.

To this end, we studied the exposure of the HUI77 cryptic
collagen epitope within skeletal muscle over a time
course of 30 days. After proximal ligation of the femoral
artery, tissue samples of calf muscle were collected,
snap frozen, sectioned, and analyzed by immunohisto-
chemistry using mAb QH2B, a humanized mAb directed
to the HUI77 cryptic epitope. Although some muscle
necrosis was evident in the ischemic calf after arterial
ligation, muscle integrity was largely preserved at all time
points. As shown in Figure 4A, little if any exposure of the
HUI77 cryptic epitope is present within the nonischemic
calf muscle (day 0). Importantly, a time-dependent in-
crease in exposure of the HUI77 cryptic epitope was
detected within the ECM of ischemic muscle tissue (Fig-
ure 4A). Exposure of the HUI77 epitope was predomi-
nately localized within the ECM between muscle cells as
well as around blood vessels, as indicated by co-local-
ization with CD31* vessels. (Figure 4B). To quantify the
relative exposure levels of the HUI77 epitope over the
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HU177 Staining of Ischemic Muscle
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Figure 4. Location and time course of HU177 cryptic collagen epitope exposure after onset of hindlimb ischemia. A: Frozen sections (X40) of ischemic muscle
harvested at days 0 (pre-op), 1, 3, 7, 14, and 30 days were stained for the HU177 cryptic collagen epitope using mAb QH2B. Sections were counterstained with
horseradish peroxidase for detection of antibody. B: Frozen sections (X40) of ischemic muscle harvested at day 7 were costained for the cryptic collagen epitope,
HU177, and the endothelial cell marker, CD31. HU177 is denoted with the brown horseradish peroxidase staining, whereas CD31 is indicated by the red alkaline
phosphatase staining. The solid arrows indicate CD31 staining of blood vessel endothelial cells in the ECM between ischemic skeletal muscle cells. The
arrowheads indicate HU177 staining in the ECM, which colocalizes with and surrounds CD31" endothelial cells. C: Quantification of HU177 staining was
performed using digital images of stained sections. Sections were analyzed by blinded observers using Adobe Photoshop. The number of mAb QH2B-stained
pixels in each image was determined and expressed as a ratio of the total number of pixels of muscle tissue present in each slide. Each time point is the average
value obtained from analyzing three to five representative microscopic fields from muscle sections from animals at each time point (2 = 3) for HU177 staining.
HU177 exposure parallels increased MMP-9 and MMP-2 activity and limb reperfusion. The asterisk denotes a significant difference (P < 0.05) between
nonischemic tissue at day 0 (preoperative) and ischemic tissue at days 7 and 30.

30-day time course, stained (mAb QH2B) tissue samples
were scanned by digital image analysis and the pixel
density of positively stained specimens was quantified.
As shown in Figure 4C, exposure of the HUI77 epitope
was elevated by approximately sixfold by day 7 after
arterial ligation compared with the contralateral non-isch-
emic muscle. Interestingly, increased exposure of the
HUI77 epitope occurred during the same period as MMP

direct proof, these findings are consistent with a possible
role for MMPs in the exposure of the HUI77 cryptic col-
lagen epitope within ischemic muscle tissue.

Reduction in Spontaneous Ischemic Hindlimb
Reperfusion in MMP-9 Null Mice

levels were elevated (days 3 to 14). Although exposure of
the HUI77 epitope was still evident by 30 days following
arterial ligation, the relative levels were reduced com-
pared with earlier time points (Figure 4C). Although not

Our temporal and quantitative studies of active MMPs
within the ischemic muscle during recovery of blood flow,
as well as previously published findings, suggest a po-
tential role for MMPs in ischemic limb revascularization
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Figure 5. Comparison of blood flow between MMP-9 null and wild-type
mice for 14 days after onset of hindlimb ischemia. 129SvEv mice (wild-type)
and MMP-9 null mice underwent surgical ligation of the femoral artery. Blood
flow in the calf/foot was assessed by laser Doppler imaging before ligation
(day 0) and at days 1, 3, 5, and 14 after surgery. Blood flow in the ischemic
limb was expressed as a ratio of the blood flow in the contralateral nonisch-
emic limb. Blood flow in the distal limb of the MMP-9 null mice was
significantly diminished, compared with the wild-type controls, during the
first 2 weeks after induction of ischemia. Each time point represents the
average value for all animals at each time point (7 = 9). The asterisk denotes
a significant difference (P < 0.05) between ischemic limb reperfusion in
wild-type versus MMP-9 null mice.

and reperfusion.?®24 In particular, previous studies have
suggested that MMP-9 plays an important role in the
initiation of the angiogenic switch as well as facilitating
exposure of cryptic collagen epitopes in vivo. 82426 Be-
cause angiogenesis and MMPs likely contribute to the
return of blood flow within ischemic muscle, we examined
the rates of blood flow recovery within MMP-9 null and
control wild-type mice. Limb reperfusion was monitored
over a 30-day time course following femoral artery liga-
tion. As shown in Figure 5, proximal ligation of the femoral
artery in the murine hindlimb leads to an approximate
80% decrease in arterial blood flow compared with the
normal contralateral hindlimb within 24 hours of injury in
both wild-type and MMP-9 null mice. Consistent with our
previous studies, blood flow within the skeletal calf mus-
cle recovers to approximately 70% of that observed in the
control nonischemic muscle by 14 days and remains
stable thereafter. Interestingly, during the active recovery
period from days 3 through 7, a significant (P < 0.05)
2-fold reduction in blood flow was detected within the
ischemic limbs of MMP-9 null mice compared with the
ischemic muscle of wild-type control mice (Figure 5).
These data are consistent with a role for MMP-9 within the
active reperfusion recovery phase of the ischemic limb.

Reduced Exposure of the HU177 Cryptic
Collagen Epitope within Ischemic Muscle of
MMP-9 Null Mice

Previous studies have suggested that MMP-mediated
proteolysis of collagen results in exposure of the cryptic
collagen epitopes both in vitro and in vivo.''® Given
these findings, in conjunction with our current results
indicating a temporal increase in both MMPs and the

HUI77 cryptic epitope in ischemic muscle, we analyzed
the relative exposure of the HUI77 cryptic epitope in
ischemic muscle during the active blood flow recovery
phase within wild-type and MMP-9 null mice. As shown in
Figure 6A, the HUI77 cryptic epitope was readily de-
tected within the ECM of ischemic skeletal muscle from
wild-type mice. Consistent with our previous studies, el-
evated levels of the HUI77 cryptic epitope were detected
within the ischemic muscle of wild-type mice at days 3
and 7 after arterial ligation compared with nonischemic
muscle (data not shown). In contrast, the exposure of the
HUI77 cryptic epitope was markedly decreased in isch-
emic muscle from MMP-9 null mice compared with wild-
type controls (Figure 6A). In fact, quantification of the
HU177 epitope in these ischemic muscle samples (day
7) from MMP-9 null mice indicated an approximate four-
fold reduction in relative exposure of the HUI77 epitope
compared with ischemic wild-type controls (Figure 6B).
By day 14 when stabilized blood flow had returned, little
change in exposure of the HU177 epitope was observed
between wild-type and MMP-9 null mice (data not
shown). These data are consistent with a possible role for
MMP-9 in the proteolytic exposure of the HUI77 cryptic
collagen epitope within ischemic muscle.

Discussion

Critical limb ischemia, if unresolved, results in amputation
in most patients. Unfortunately, many patients with critical
limb ischemia are unable to undergo reperfusion through
percutaneous angioplasty or arterial bypass surgery. The
ability to induce controlled and localized angiogenesis
may significantly improve the treatment of patients suf-
fering from lower extremity arterial occlusive disease. Not
only could critical, limb-threatening ischemia, be ad-
dressed, but impaired walking due to intermittent claudi-
cation might also be treated. However, the promise of
effective therapeutic angiogenesis has yet to be realized.

It is likely that to accommodate local physiological
reperfusion and revascularization within ischemic mus-
cle, endothelial cells may acquire specialized character-
istics. For example, distinct endothelial cell types have
been found in liver, kidney, and lung tissue.*%*" Studies
aimed at determining whether this diversity is genetically
preprogrammed or a result of the tissue microenviron-
ment suggest that there are novel tissue-specific path-
ways that regulate endothelial cell function in response to
signals from the local microenvironment.®? In fact, numer-
ous molecules have been identified that effect endothelial
cells and angiogenesis associated with distinct vascular
beds.®®2* For example, in av-null mice, most vascular
beds appear normal while the brain and intestine exhibit
some vascular defects. These findings emphasize the
concept that different regulatory mechanisms may func-
tion to control angiogenesis in distinct tissue microenvi-
ronments. Given this diversity, a better understanding of
the microenvironment and potential mechanisms govern-
ing reperfusion in ischemic limb skeletal muscle is of
critical importance.
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Previous studies have documented the importance of
MMPs in the control of angiogenesis and tissue remod-
eling.222” In this regard, cleavage of triple helical colla-
gen enables migration and invasion of endothelial cells
within the ECM. This proteolytic remodeling not only re-
moves physical barriers to migration but also exposes
unique regulatory elements essential for cellular migra-
tion and angiogenesis to occur.'*'#2° Moreover, MMPs
may also release matrix bound growth factors including
vascular endothelial growth factor, basic fibroblast
growth factor, and insulin-like growth factor.?"%

Given the multiple functions of MMPs during angiogen-
esis, understanding the unique temporal patterns and
activity of these enzymes, along with the response of their
endogenous inhibitors during the active phase of isch-
emic limb reperfusion is critical for developing novel ap-
proaches for the treatment of tissue ischemia. To this
end, we®® and others®*3® have shown that MMP levels
significantly increase after induction of hindlimb isch-
emia. However, only limited information is available on
the temporal regulation of proteolytically active MMPs
within the ischemic limb milieu during active reperfusion.

MMP-9 Null

Figure 6. A comparison of HU177 staining of ischemic calf muscle tissue in
MMP-9 null mice versus wild-type mice. A: Frozen sections (X40) of ischemic
muscle tissue harvested 7 days after onset of ischemia were stained with mAb
QH2B for the cryptic collagen epitope HU177. Sections were counterstained with
horseradish peroxidase for detection of antibody. The ECM of the ischemic
skeletal muscle of the MMP-9 null mice exhibit markedly less HU177 cryptic site
exposure. B: Digital images were analyzed by a blinded observer using Adobe
Photoshop. The number of pixels stained was determined and expressed as a
ratio of the total number of pixels of muscle tissue present in each slide. Muscle
sections from the ischemic calf of wild-type (WT) (12 = 3) and MMP-9 null (nz =
3) mice were examined, and four representative microscopic fields per animal
were analyzed. Each data point is the average value obtained from analyzing
these representative microscopic fields. Error bars represent the SEM.

In this report, we have shown that levels of both the latent
and active forms of MMP-9 are immediately increased in
the calf muscle of the ischemic murine hindlimb. This
marked increase in MMP-9 levels may be due in part to
increased production from muscle and/or inflammatory
cells.?” Consistent with this possibility, we have previ-
ously shown that MMP-9 levels are diminished after hind-
limb ischemia if anti-neutrophil antibodies are adminis-
tered before femoral artery ligation.®” Additionally, others
have shown that macrophages are also an important
source of MMP-9 after hindlimb ischemia.?* Importantly,
MMP-9 likely contributes to the activation of satellite cells,
which are essential for the regeneration of injured mus-
cle.®® Limited muscle injury and regenerative skeletal
muscle satellite cells are consistently observed within
histological sections of ischemic calf muscle during
reperfusion.

MMP-2 levels were also increased significantly after
hindlimb ischemia, although in a somewhat delayed fash-
ion when compared with total MMP-9 levels. Interestingly,
MMP-2 has been previously shown to play an important
role in regulating the integrity and composition of the
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ECM in skeletal muscle.?” MMP-2 is also necessary for
myofiber proliferation, differentiation, fiber healing after
injury, and maintenance of the surrounding connective
tissue.?”?® Thus, it is not surprising that a prolonged
increase in MMP-2 levels was observed in ischemic skel-
etal muscle.

Previous studies have provided evidence that the pro-
teolytic activity of MMPs can be controlled in part by
TIMPs.22:27:28 |n fact, TIMPs not only play an important
role in the inhibition of proteolytic activity but also may
facilitate cell surface activation of MMP-2 by a mecha-
nism involving formation of a trimolecular complex.839
Therefore, a balance between the expression of TIMPs
and MMPs is likely crucial for regulating ECM remodeling
in vivo. In this regard, we provide evidence for a small but
significant increase in TIMP-1 expression but not TIMP-2
within ischemic skeletal muscle during the active phase
of reperfusion. Taken together with the significant in-
crease in both MMP-2 and MMP-9, it is possible that the
net proteolytic balance within the ischemic muscle favors
controlled ECM remodeling. Consistent with this possibil-
ity, elevated exposure of the unique HUI77 cryptic colla-
gen epitope was observed during the active phase of
reperfusion.

Interestingly, previous studies have implicated MMP-2
and MMP-9 in facilitating exposure of the HUIV26 cryptic
epitope present in collagen type IV."*'8 Although MMP-2
was able to facilitate exposure of the HUIV26 cryptic
collagen epitope in vitro, exposure of this regulatory ele-
ment during retinal angiogenesis in vivo appeared to de-
pend primarily on MMP-9."8 Here, we provide evidence
that MMP-9 may also play a role in the exposure of the
HU177 cryptic epitope in vivo, because the relative levels
of this epitope were significantly reduced in MMP-9 null
mice during the active phase of reperfusion. Furthermore,
MMP-9 null mice also had significantly diminished reper-
fusion during the same time period in which there was
reduced HU177 exposure, suggesting a possible role
for type IV collagen remodeling for ischemic limb
reperfusion.

Reperfusion within ischemic muscle tissue is clearly a
complex process that likely involves angiogenesis as well
as arteriogenesis. Previous attempts at improving blood
flow have focused largely on growth factors known to
induce endothelial cell proliferation and blood vessel
sprouting.*®*! However, because ECM remodeling plays
a crucial role in angiogenesis, it is likely that ECM remod-
eling also contributes to efficient ischemic limb reperfu-
sion. Consistent with this possibility, our studies indicate
a temporal increase in the exposure of the HUI77 cryptic
collagen epitope during the active phase of ischemic
muscle reperfusion. Moreover, exposure of this cryptic
epitope, paralleling MMP activity, decreased as reperfu-
sion stabilized. The absence of MMP-9 was associated
with both diminished cryptic collagen epitope exposure
and reperfusion. Although only correlative in nature,
these findings are consistent with a possible functional
role for the HU177 cryptic epitope in ischemic limb reper-
fusion. In fact, current studies are now underway to ex-
amine this possibility.
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