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Abstract
Objective—We examined the effects of exogenously delivered thrombin on cell recruitment in
skeletal muscle and the formation of new collateral arterioles in the microvasculature in response
to ligation-induced ischemia.

Methods—Thrombin or vehicle was locally applied to both ligated and non-operated Balb/c
spinotrapezius muscles which were harvested after three or seven days, imaged using confocal
microscopy, and analyzed.

Results—Thrombin treatment resulted in accelerated arterialization of collateral capillaries and
accelerated tissue reperfusion in ischemic muscles. Uninjured muscle treated with thrombin
displayed increased vascular cell adhesion molecule 1 expression on arteriole and venule
endothelium, increased expression of smooth muscle α-actin on capillary-sized vessels, increased
infiltration by CD11b+ leukocytes, and mast cell infiltration and degranulation.

Conclusion—Exogenous delivery of thrombin enhances microvascular collateral development
in response to ischemic insult and accelerates tissue reperfusion. Elicited responses from multiple
cell types likely contribute to these effects.
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Introduction
Collateral arteries are high conductance artery-to-artery anastomoses that confer protection
against obstructive vascular disease43, 47. Evidence in animal models and humans suggests
that individual variability exists in the number of native collateral arteries, and this
variability renders some individuals more susceptible to ischemic diseases than others8, 36.
A treatment to induce the formation of new collateral arteries, particularly in diseased or
aged tissues that lack the propensity to form new collateral vessels could be highly effective
in conferring protection against ischemia for patients suffering from peripheral arterial
disease and heart disease.

Thrombin, a serine protease involved in the coagulation cascade, has mitogenic effects on
vascular cells23, 24, 35 and is a known inducer of inflammation (for review see44). In cultured
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vascular endothelial cells, thrombin has been demonstrated to upregulate expression of E-
selectin25, ICAM-126, 50, IL-825, MCP-112, 55, PDGF15, P-selectin50, and VCAM-126. In
cultured vascular smooth muscle cells, thrombin has been demonstrated to upregulate
bFGF13, HIF-119, MCP-112, 55, TGF-β13, and VEGF7. In addition, thrombin has been
shown to activate some leukocyte populations5, 39 and to induce MCP-1 production in
monocytes12.

It was recently shown that exogenous intramuscular delivery of thrombin promoted
collateral development and reperfusion in a rabbit hind-limb model of ischemia27. This
study examined large collateral arteriole (>500 µm diameter) formation and reperfusion
after injury but did not examine the microcirculation at the capillary level or the effects of
thrombin on microvasculature in healthy non-ischemic muscle.

In the Balb/c mouse spinotrapezius, collateral capillaries (capillaries connecting separate
arteriolar watersheds31) undergo arterialization in response to ischemic injury, whereby they
undergo diameter increase and recruit SMA positive mural cells, thus becoming new
arterioles31. We hypothesized that thrombin would enhance capillary arterialization in the
mouse spinotrapezius ligation model of ischemia. Most studies examining the effects of
thrombin on various cell types have been performed in vitro. This paper builds upon that
literature by examining for the first time the effects of exogenous thrombin on the formation
of new collateral arterioles from capillaries in response to ischemia, its effect on reperfusion
in the spinotrapezius following ischemic injury, and its effects on the recruitment of select
leukocyte populations and perivascular mural cells in vivo.

Materials and Methods
Mice and study overview

All surgical protocols were approved by the Animal Care and Use Committee of the
University of Virginia. Male BALB/cAnNHsd (Harlan) mice (age 8–12 weeks) were
utilized because of their tendency to have unconnected arborized arteriolar watersheds
which form arterialized collaterals in response to ligation-induced ischemia31. Female mice
were included in the 7-day ligation groups and were distributed equally across treatments;
we have previously shown that both genders have similar innate microvascular network
architectures and exhibit comparable abilities to undergo microvascular remodeling31.

To establish the effects of thrombin on the arteriogenesis of collateral capillaries in response
to ischemic injury, ligation of a main feeding arteriole was performed on a single
spinotrapezius muscle per animal as described below and previously published4, 31, and
thrombin or vehicle control was perfused over the muscle before suturing.

To establish the effects of thrombin in the absence of both ischemia and inflammation
induced by ligation surgery, thrombin or vehicle control was injected subcutaneously over a
single spinotrapezius per animal posterior to the fat pad.

Right and left spinotrapezius muscles were harvested after either three or seven days.
Manipulated muscles were stained with immunofluorescent markers for vascular structures
and leukocytes, whole-mounted, imaged using a confocal microscope, and analyzed as
described below. Unmanipulated muscles were used for unstained and fluorescence-minus-
one controls. Fluorescence-minus-one controls lacked one conjugated antibody from the
group of conjugated antibodies used to label test specimens, thus allowing us to determine
levels of autofluorescence.
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Ligation Surgery
All mice were anesthetized with an intraperitoneal (i.p.) injection of ketamine/xylazine/
atropine (60/4/0.2 mg/kg). Ligation surgeries were performed as previously described4, 31.
Briefly, a small incision was made on the dorsum above the lateral edge of the right
spinotrapezius at the edge of the fat pad. The fascia was separated from the top of the
muscle and the fat pad moved before isolating an anatomically reproducible feeding
arteriole entering the muscle from below. This feeding arteriole was ligated with 10-0 non-
absorbable suture in two places and cut. The fat pad and fascia were moved back into
position and the skin incision sutured with 8-0 non-absorbable suture.

Thrombin Delivery
Bovine thrombin (Sigma-Aldrich, St. Luis, MO) was diluted in sterile saline to a
concentration of 1 NIH unit /µl. Immediately following ligation, 1 µl per gram of body
weight was perfused over the spinotrapezius muscle and under its lateral edge using a 27-
gauge insulin syringe prior to the fascia and fat pad being returned to position and the skin
incision being sutured. Controls received sterile saline vehicle only. Non-operated mice
received identical thrombin or vehicle dose by subcutaneous injection over the caudal
portion of the right spinotrapezius muscle posterior to the fat pad.

Perfusion Labeling
To visualize loss of perfusion in ligated muscles, anesthetized mice were administered an
intra-jugular injection of fluorescently-labeled isolectin in phosphate buffered saline (IB4-
Alexa647, Sigma, St. Louis, MO) ten minutes before euthanization. The jugular was
surgically exposed before a volume of 250 µl at a concentration of 0.1 mg/ml was delivered
slowly using a 27-guage insulin syringe. A solution of adenosine (70mg/L) in phosphate
buffered saline was applied topically to the spinotrapezius prior to injection to dilate the
blood vessels. We examined perfusion three days post-surgery since we have previously
shown it to be fully restored by seven days post-surgery31.

Harvest and Immunostaining
Mice were euthanized either three or seven days post-treatment by overdose i.p. injection of
ketamine/xylazine/atropine (120/8/0.4 mg/kg). These time points were chosen based on
considerations for monocyte recruitment during arteriogenesis2 and muscle reperfusion
following ligation-induced ischemia31. The vasculature was then flushed with an
intracardiac infusion of 0.9% heparanized saline followed by an intracardiac infusion of 4%
paraformaldehyde in phosphate buffered saline. Spinotrapezius muscles were stripped of
fascia, undermined, excised, and stored in cold phosphate buffered saline prior to staining.
In solution, the muscles were washed, permeabilized in 0.1% saponin (Sigma-Aldrich, St.
Luis, MO), and stained for a combination of smooth muscle α-actin (SMA) [mural cell stain,
IA4-Cy3 (Sigma, St. Luis, MO), 1:300], isolectin [endothelial cell stain, IB4-Alexa647
(Invitrogen, Carlsbad, CA), 1:200], CD11b [leukocyte stain, M1/70.15-Alexa488
(Invitrogen, Carlsbad, CA), 1:300], and VCAM-1 [activated endothelial cell stain, 429
(MVCAM.A)-Alexa647 (Biolegend, San Diego, CA),1:200] overnight at 4°C. All muscles
analyzed for CD11b+ leukocytes were blocked with 5% normal mouse and 5% normal rat
serum (eBioscience, San Diego, CA) prior to immunostaining.

Determination of Presence of Collateral Capillary Arterialization
After staining, all ligated muscles were first examined for collateral vessels undergoing
diameter expansion in areas bordering the ligated arteriolar watershed (Figure 1A). Muscles
lacking this feature invariably had one to two large arteriole collaterals supplying redundant
blood flow to the ligated arteriolar watershed (Figure 1B). Based on their relatively large
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diameters (38–62 µm), their apparent remodeling in the form of increased tortuosity
compared to neighboring arterioles, and the lack of collateral vessels undergoing diameter
expansion on the borders of the ligated arteriolar watershed, we concluded these large
arteriole collaterals to be preexisting. Muscles which lacked evidence of collateral capillary
arterialization were excluded from the analyses of this process.

Imaging and Data Analysis
Digital images of immunolabeled whole-mount spinotrapezius tissue were acquired using
confocal microscopy (Nikon, Model TE200-E2; 4x, 10x, 20X, and 60X objectives).
Analyses of the confocal images were conducted using ImageJ (NIH, Bethesda, MD)
imaging software to quantify all lengths and diameters.

The largest-diameter collateral in each muscle was located by visual inspection of isolectin
and SMA staining. 100X and 200X volume renders from full-vessel-thickness Z-stacks
using 10X and 20X objectives and a 2 µm Z-step size were generated. In cases of sparse
SMA+ mural cell coverage, collateral diameters were measured at the mid-point between
opposing arteriolar watershed arteriole terminals using isolectin staining. In cases of
complete or near-complete SMA+ mural cell coverage, collateral diameters were measured
at their midpoints using isolectin staining where the collateral ends were defined as the first
branching in each direction to exceed 10 µm in diameter and have SMA+ mural cell
coverage.

To quantify perfusion, montages of the ligated arteriolar watershed were constructed from
40X images. These montages were quantified for visible SMA length and visible isolectin
length and a ratio of the two generated.

To quantify CD11b+ leukocyte recruitment, 100X volume renders from full-muscle-
thickness Z-stacks using a 10X objective and 2 µm Z-step size were generated in areas of
the muscle displaying collateral capillary arterialization. These images were thresholded to
identical pixel-intensity values to eliminate background then converted to black and white.
Finally, the images were analyzed for percent MAC-1 positive pixels using Matlab
(MathWorks, Natick, MA).

To quantify VCAM-1 levels, 100X volume renders from full-muscle-thickness Z-stacks
using a 10X objective and 2 µm Z-step size were generated from areas in the caudal
spinotrapezius containing an arteriole/venule pair. These images were thresholded to
identical pixel-intensity values to eliminate background then converted to black and white.
Finally, the images were analyzed for percent VCAM-1 positive pixels using Matlab
(MathWorks, Natick, MA).

In non-operated muscles, areas of capillary-sized vessels expressing SMA at arteriole
terminals were located by visual inspection. 100X volume renders were generated from full-
muscle-thickness Z-stacks using a 10X objective and 2 µm Z-step size. Arteriole terminals
in control muscles were then imaged in anatomically matched locations. The pixel lengths of
SMA coverage on vessels 10 µm and less in diameter were measured and added to generate
a sum total for each image.

In ligated muscles, regions of the largest developing collateral which were covered in SMA+
mural cells around the entire visible vessel circumference were measured for SMA length
and these lengths summed. Then a ratio of this SMA length to the length of the entire
collateral was generated. When measuring total length, collateral ends were defined as the
first branching in each direction to exceed 10 µm in diameter and have SMA+ mural cell
coverage. The same 100X volume renders used for diameter analyses were used.
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To quantify the number of collateral capillaries undergoing arterialization after three days in
100X fields containing the largest diameter collateral, a line was drawn perpendicular to the
remodeling collaterals midway between the opposing arteriole terminals. In cases of newly
formed collateral arterioles displaying complete SMA+ mural cell coverage, the line was
placed so it intersected the midpoints of the collaterals where the collateral ends were
defined as the first branching in each direction to exceed 10 µm in diameter and have SMA+
mural cell coverage. Each vessel in question was then examined at the portion where the line
intersected it for SMA expression and a sum generated for the total number of SMA+
intersections per field of view.

Statistical Analysis
Statistical analysis was performed using SigmaStat 3.1 software (Systat Software, Inc., San
Jose, CA). Significance of differences was tested using 2-way ANOVA, unpaired Student’s
t-test, or the Mann-Whitney Rank Sum test as appropriate. Statistical significance was
asserted at p<0.05.

Results
Thrombin activates the microvascular endothelium

Thrombin-treated, non-operated muscles displayed significant up-regulation of VCAM-1 in
both arterioles and venules compared to vehicle-treated, non-operated controls three days
post-injection (Figure 2). Thrombin treatment increased expression by more than 10-fold
after three days as estimated by positive pixel counts.

Unpublished data (not shown) from our group indicates that in ligated muscles lacking
exogenous thrombin, VCAM-1 expression is similarly upregulated on arterioles and venules
adjacent to the ligated arteriolar watershed at one day post-surgery, but this upregulation is
lost by two days post-surgery.

Thrombin promotes leukocyte infiltration
Vehicle-treated, non-operated muscles lacked substantial infiltration of CD11b+ cells
(Figure 3A&B). CD11b+ leukocytes were significantly increased in thrombin-treated, non-
operated muscles three days post-injection (Figure 3A&C). In ligated muscles, there was no
significant difference (p=0.48) in CD11b+ cell infiltration between treatments (Figure 3D,
E, &F). CD11b+ cells were concentrated in the first 50 µm of the muscle as measured from
the superficial surface, which is where collateral capillaries undergoing arterialization and
areas of capillaries expressing SMA were predominately observed.

Thrombin-treated groups exhibited substantial mast cell infiltration which was not observed
in vehicle-treated groups (Figure 3G). Mast cells were often closely associated with
arterioles and venules and were undergoing degranulation in some instances (Figure 3H).
These cells were visualized in non-blocked muscle by non-specific binding of anti-SMA
(IA4-Cy3) and their presence was further confirmed by toluidine blue staining in sectioned,
paraffin-embedded, muscles (data not shown).

Thrombin promotes SMA+ mural cell investment
Thrombin treatment in non-operated muscles resulted in capillary-sized vessels displaying
increased SMA coverage compared to vehicle-treated non-operated muscles. This effect was
most prominent in the thin posterior-most portion of the spinotrapezius. Comparisons of
same-sized fields of view matched for anatomical location showed an approximately 4-fold
increase in SMA pixel length on vessels with diameters of 10 µm and less in thrombin-
treated muscles three days post-injection versus those receiving vehicle (Figure 4A, B, &C).
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At the border between SMA+ arterioles and SMA- capillaries in these areas, individual
SMA+ cells in contact with the endothelium were visible in thrombin-treated muscles but
not in vehicle-treated (Figure 4D & E).

In ligated muscles, thrombin treatment resulted in increased average mural cell investment
on the largest collaterals undergoing arterialization after three days compared to vehicle-
treated. This difference did not reach statistical significance (p = 0.08) but only the
thrombin-treated group contained collaterals exhibiting total SMA+ mural cell coverage
after only three days (Figure 4F, G, & H). Remodeling collaterals of both treatment groups
displayed full SMA+ mural cell coverage by seven days post-surgery.

Thrombin accelerates collateral capillary arterialization in the presence of ischemia
In ligated muscles where microvascular remodeling was observed in collateral vessels
connecting to the ligated arteriolar watershed, thrombin treatment significantly increased
maximum collateral diameters achieved after both three and seven days, relative to vehicle
control. Maximum diameters achieved increased significantly with time in both vehicle-
treated and thrombin-treated groups (Figure 5A).

Thrombin-treated groups possessed fewer parallel remodeling collaterals in 100X fields of
view containing the largest-diameter collateral as measured by SMA+ intersections. The
number of these intersections increased significantly between days three and seven in
vehicle-treated, but not thrombin-treated, muscles (Figure 5B). Furthermore, isolectin
staining of endothelium three days post-surgery commonly revealed individual collaterals
which were much larger than their parallel neighbors in thrombin-treated (4 out of 5
individuals), but not vehicle-treated muscles (Figure 5C & D).

The average diameter of the largest collateral capillaries undergoing arterialization in
thrombin-treated muscles was more than double that of vehicle-treated after three days
(Figure 5A, E, & F). At this time, most thrombin-treated collaterals had diameters too large
to be classified as capillaries yet lacked the complete SMA+ mural cell coverage of mature
arterioles. Given another four days to develop, remodeling collaterals in both groups had
increased significantly in diameter from the 3-day time point and could now be classified as
arterioles due to their diameters and complete SMA+ mural cell coverage. The average
diameter of the largest thrombin-treated collaterals was 63% greater than that of the largest
vehicle-treated collaterals after seven days (Figure 5A, G, & H).

Thrombin accelerates reperfusion of ischemic regions
Thrombin treatment significantly increased reperfusion of ligated arteriolar watersheds by
three days post-ligation compared to vehicle treatment. Average reperfusion was 31%
greater in the thrombin-treated group (Figure 6).

Discussion
Our results demonstrate that exogenous thrombin treatment with a dose of 1 NIH unit/gram
body weight results in both accelerated formation of new collateral arterioles from collateral
capillaries and accelerated tissue reperfusion in the ischemic mouse spinotrapezius.
Thrombin-elicited responses in multiple cell types are likely involved in these effects. In
uninjured mouse spinotrapezius, thrombin treatment results in the activation of the
microvascular endothelium, along with increased leukocyte and mural cell recruitment and/
or proliferation.

Exogenous thrombin delivery induces a more persistent upregulation of VCAM-1 than
ligation-induced ischemia alone. Upregulation of VCAM-1 in arterioles and venules
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adjacent to the ligated arteriolar watershed in muscles receiving ligation alone had subsided
by two days post-surgery. In contrast, upregulation of VCAM-1 induced by exogenous
thrombin was still present three days post-treatment. Prolonged upregulation of adhesion
molecules may increase recruitment of some cell populations in thrombin-treated muscle.

Thrombin-treated non-operated muscles displayed increased infiltration of CD11b+ cells
compared to vehicle-treated non-operated muscles. However, this effect was not observed in
ligated muscles. This could be due to our small sample size or due to a recruitment plateau
for these cells which is attained following ligation-induced ischemia and which the effects of
thrombin can not exceed. Regardless, we are unable to conclude that monocyte recruitment
induced by exogenous thrombin is additive with monocyte recruitment induced by ischemic
injury. The literature suggests that exogenous thrombin should increase monocyte
recruitment. Thrombin is known to induce MCP-1 production in endothelial cells12. Also,
Popovic et al. demonstrated that thrombin induced up-regulation of membrane-anchored
CX3CL1 in endothelial cells. This resulted in increased monocyte adhesion and the release
of MCP-1 from adhered monocytes45. Thrombin receptor (PAR-1) activation has been
shown to be necessary for MCP-1 dependant leukocyte recruitment in vivo9. The importance
of monocyte recruitment in arteriogenesis is well documented2, 16, 22, 40, 41.

Thrombin treatment resulted in substantial mast cell infiltration of both non-operated and
ligated muscles. Thrombin has been implicated in mast cell activity49 and induces mast cell
degranulation46. Mast cells are thought to promote arteriogenesis through cytokine signaling
resulting in the recruitment of bone marrow cell populations and the enhancement of
vascular cell proliferation and differentiation (for review see 37). MCP-1 and its receptor,
CCR2, play important roles in mast cell migration11. In culture, thrombin has been
demonstrated to increase MCP-1 production in vascular pericytes20, endothelial cells12, and
smooth muscle cells29.

The origin of the SMA+ perivascular mural cells recruited to thrombin-treated capillaries
remains unclear. Endothelial-mesenchymal transdifferentiation of endothelial cells, as well
as recruitment and/or proliferation of vascular pericytes, smooth muscle cells, and
circulating myeloid progenitor cells are all possibilities that remain to be studied in more
detail. Collateral capillaries undergoing arterialization often displayed unconnected patches
of SMA+ mural cells across their entire lengths on day three post-surgery. Therefore, it does
not appear that smooth muscle cells were proliferating and/or migrating in a linear fashion
along the endothelium and onto developing collaterals from neighboring arteriole terminals.
A subpopulation of endothelial cells has been shown to have the capacity to undergo
endothelial-mesenchymal transdifferentiation in vitro, becoming smooth muscle-like cells
that express SMA and other markers of smooth muscle differentiation17. Thrombin and
PAR1 have been implicated as participants in this process1. Vascular pericytes are smooth
muscle-like mural cells involved in vessel stability (for review see 54). Thrombin has been
demonstrated in vitro to up-regulate PDGF secretion from endothelial cells21 and
macrophages52, and PDGF is required for vascular pericyte recruitment53. Thrombin is also
known to induce smooth muscle cell proliferation306, 24, 35 and migration42 in vitro while
blocking its main receptor, PAR1, has been shown to attenuate smooth muscle cell
accumulation in response to vascular injury in vivo28, 51. Progenitor cells of myeloid origin
capable of differentiation into smooth muscle-like cells have been shown to be present in
circulating blood38, 48. Martin et al. demonstrated that these cells can be induced to
differentiate into smooth muscle-like cells by thrombin through PAR1 activation32 in vitro.
However, the ability of these cells to differentiate into definitive smooth muscle cells in vivo
remains controversial (see 14 for review). Thrombin-induced effects on mural cells may
contribute to the observed accelerated collateral development by providing increased
stability to remodeling endothelium. Though we observed SMA+ capillary-sized vessels in
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non-operated, thrombin-treated muscles, they lacked substantial diameter increases. It is
unlikely that thrombin-induced cell recruitment and proliferation could result in substantial
diameter increases in the absence of fluid shear stress changes.

The number of SMA+ intersections did not increase significantly between days three and
seven in the thrombin-treated group. Also, examinations of isolectin staining in areas of
collateral capillaries undergoing diameter expansion in thrombin-treated muscle after three
days often revealed individual remodeling collaterals that were much larger than their
parallel neighbor collaterals. Therefore, it does not appear that the difference in numbers of
newly formed arteriole collaterals observed at day seven are the result of regression of
mature arteriole collaterals in the thrombin-treated group. Rather, these findings imply a
thrombin-induced effect on the endothelium of collateral capillaries which results in select
capillaries remodeling at a pace greater than that possible in the absence of exogenous
thrombin, but at the expense of diameter expansion in parallel collateral capillaries. The
reperfusion results demonstrate that this structural remodeling of the microvascular network
is beneficial, underscoring that a few large vessels are better than many small vessels for
supplying blood flow.

Care must be taken when delivering exogenous thrombin near large vessels. We first
attempted to administer a higher dose (1.8 NIH unit/gram body weight) similar to that used
in the rabbit hind-limb model by Katsanos et al.18, 27 to undermined spinotrapezius muscles
with main vessels exposed beneath, but anesthetized mice stopped breathing almost
immediately. We presume this was due to pulmonary embolism, but we did not verify this.
Doses of 1NIH unit/gram body weight never had this effect. Because of the inherent risk of
thrombin delivery with regards to its role in clotting, more work is needed to determine
effective yet safe doses and to examine the use of other downstream effectors of thrombin as
the correct combination of downstream effectors (e.g. MCP-1, PDGF, etc.) could mimic
thrombin’s arteriogenic effects without its inherent dangers.

The applicability of results from studies using young healthy animals is often questionable
in regards to treating human diseases which commonly manifest in aged individuals.
Westvik et al. found that decreased functional recovery in old mice following hind-limb
ischemia was due not to impaired angiogenesis, but to impaired arteriogenesis56. It is
unknown whether the arteriogenic effects of thrombin observed in this study would be
applicable in aged individuals, but a treatment to enhance arteriogenesis in these individuals
could speed reperfusion following ischemic events and lessen tissue damage.

It is unknown what contribution the induction of small arterioles from capillary collaterals
might have to overall tissue reperfusion in peripheral arterial disease. New techniques for
examining remodeling of smaller caliber microvessels in hind-limb ischemia models may
eventually help address this question. It is logical to speculate that the effects of thrombin on
microvasculature remodeling were likely present in the rabbit hind-limb ischemia study27

and could have contributed in some way to the observed difference in reperfusion following
femoral artery excision. The original size of the vessels from which the observed large
arteriole collaterals were derived is still unknown. There is no evidence to suggest that small
arterioles can not remodel to become high conductance collateral arteries under the right
circumstances.

The fact that only one large redundancy in arteriolar flow is sufficient to protect against
occlusion is important and is consistent with a computational model prediction previously
made by our group31. It would not be necessary to induce collaterals in multiple locations to
provide protection against ischemic insult. Local delivery of arteriogenic agents to specific
points could be effective for inducing collateral development while avoiding systemic
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effects of treatment. In particular, local delivery of exogenous thrombin to developing
collaterals would be necessary to avoid undesirable side-effects in aged and diseased
individuals, as thrombin-induced mitogenic and chemotactic effects could detrimentally
contribute to atherosclerosis (for review see33, 34) and restenosis10.

Perspectives

Exogenous thrombin delivery accelerates the formation of collateral arterioles from
collateral capillaries in the Balb/c mouse spinotrapezius muscle model of ischemia. This
results in accelerated tissue reperfusion following ischemic injury, which may have
implications for future treatments of peripheral artery disease and heart disease.
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List of Abbreviations

bFGF basic fibroblast growth factor

CCR2 chemokine (C-C motif) receptor 2

CX3CL1 chemokine (C-X3-C motif) ligand 1

ICAM-1 intercellular adhesion molecule-1

IL-8 interleukin-8

HIF-1 hypoxia-inducible factor 1

MCP-1 monocyte chemoattractant protein-1

PAR1 protease-activated receptor 1

PDGF platelet-derived growth factor

SMA smooth muscle α-actin

TGF-β1 transforming growth factor β-1

VCAM-1 vascular cell adhesion molecule-1

VEGF vascular endothelial growth factor
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Figure 1. Pre-existing arteriole collaterals prevent collateral capillary arterialization
A. 40X Balb/c spinotrapezius three days post surgery exhibiting remodeling of collateral
capillaries. B. 40X Balb/c spinotrapezius exhibiting a single pre-existing arteriole collateral
in the ligated arteriolar watershed. Note lack of remodeling collateral capillaries. X denotes
the entry point of the ligated feeder arteriole. O denotes the entry point of a redundant
feeding arteriole. The orange solid line denotes the boundaries of the ligated arteriolar
watershed. Green dotted lines denote areas of collateral capillaries undergoing diameter
expansion. The insets show remodeling at 100X. Red staining is smooth muscle α-actin and
blue staining is isolectin. Scales bars = 500 µm and 50 µm (inset).
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Figure 2. Thrombin activates the microvascular endothelium
A. Thrombin injection (TI, N=4) increases VCAM-1 expression in non-operated arterioles
and venules compared to vehicle injection (VI, N=4) as measured by positive pixels in 100X
fields of view after three days (D3). * denotes p<0.05. B. Smooth muscle α-actin (SMA) and
VCAM-1 expression of a vehicle-injected arteriole/venule pair after three days. C. SMA and
VCAM-1 expression of a thrombin-injected arteriole/venule pair after three days. VCAM-1
expression is markedly upregulated. Error bars = standard error. Scales bars = 50 µm.
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Figure 3. Thrombin promotes leukocyte infiltration
A. Thrombin injection (TI, N=4) in non-operated muscles significantly increases CD11b+
leukocyte infiltration compared to vehicle injection (VI, N=4) as measured by positive
pixels in 100X fields of view after three days (D3). * denotes p<0.05. B. CD11b staining in
VI D3 (100X field, caudal spinotrapezius). C. CD11b staining in TI D3 (100X field, caudal
spinotrapezius displaying mural cell recruitment to capillary-sized vessels). D. CD11b+
leukocyte infiltration in 100X fields containing microvascular remodeling was not
significantly different between vehicle-treated ligated (VL, N=5) and thrombin-treated
ligated (TL, N=5) muscles after three days (D3). p=0.48. E. CD11b staining in VL D3
(100X field containing remoldeling collaterals). F. CD11b staining in TL D3 (100X field
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containing remoldeling collaterals). G. 100X image displaying mast cell infiltration induced
by thrombin treatment. Arrows indicate mast cells. H. 600X image of mast cells
degranulating adjacent to an arteriole in thrombin-treated muscle. Large arrows indicate
mast cells. Small arrows indicate released granules. Error bars = standard error. Scale bars
(B, C, E, F, G) = 50 µm, (H) = 20 µm.
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Figure 4. Thrombin promotes SMA+ mural cell investment
A. Thrombin injection (TI, N=4) in non-operated muscles increases smooth muscle α-actin
(SMA)+ pixel length on vessels 10 µm and less in diameter compared to vehicle injection
(VI, N=4) in 100X fields of view after three days (D3). * denotes p<0.01. B. Capillary-sized
vessels at arteriole terminals in VI D3 posterior spinotrapezius lack investment of SMA+
mural cells. C. Capillary-sized vessels at arteriole terminals in TI D3 posterior
spinotrapezius display investment of SMA+ mural cells. D. VI D3 do not display SMA+ cell
bodies in contact with the endothelium at borders between SMA+ and SMA− vessels in
600X fields. E. TI D3 display SMA+ cell bodies (arrows indicate locations) in contact with
the endothelium at borders between SMA+ and SMA− vessels in 600X fields. F. SMA+
mural cell investment tended to be greater on the largest remodeling collaterals in thrombin-
treated ligated (TL, N=5) versus vehicle-treated ligated (VL, N=5) three days (D3) post-
ligation. p = 0.08. G. Example VL D3 displaying average SMA+ (red) mural cell coverage.
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H. Example TL D3 displaying increased SMA+ (red) mural cell coverage. Blue staining is
isolectin. Error bars = standard error. Scale bars (B, C, G, H) = 50 µm, (D, E) = 20 µm.
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Figure 5. Thrombin accelerates collateral capillary arterialization in the presence of ischemia
A. Thrombin treatment significantly increased maximum collateral diameters achieved after
both three and seven days. Maximum diameters achieved increased significantly with time
in both treatment groups. VL = vehicle-treated ligated, TL = thrombin-treated ligated, D3 =
three days, D7 = seven days. VL D3 N=5, TL D3 N=5, VL D7 N=4, TL D7 N=3. * denotes
p<0.05. B. Smooth muscle α-actin (SMA) + intersections increase with time in VL but not
TL in 100X fields containing the largest collateral per muscle. The number of parallel SMA
+ collaterals in fields containing the largest collateral per muscle is significantly less in TL
D7 than VL D7. * denotes p<0.05. C. Isolectin staining of VL D3 endothelium displaying
typical numerous parallel collaterals of similar diameter. D. Isolectin staining of TL D3
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endothelium displaying typical selective enlargement of few parallel collaterals. E, F, G, H.
Representative remodeling collaterals from each treatment and time point. Note the
increased diameters and decreased number of remodeling parallel collaterals in TL versus
VL. The arrow in F indicates the remodeling collateral. Error bars = standard error. Scale
bars = 50 µm.
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Figure 6. Thrombin accelerates reperfusion of ischemic regions
A. Thrombin treatment (TL, N=5) significantly increased reperfusion of the ligated arteriolar
watershed after three days (D3) compared to vehicle treatment (VL, N=5). * denotes p<0.05.
B. Smooth muscle α-actin (SMA) and isolectin staining showing reperfusion in VL D3. The
black lines denote the boundary of the ligated arteriolar watershed. C. SMA and isolectin
staining showing increased reperfusion in TL D3. The black lines denote the boundary of the
ligated arteriolar watershed. Error bars = standard error. Scale bars = 50 µm.
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