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Abstract

Objective—Aurteriogenesis represents the maturation of pre-formed vascular connections in
response to flow changes and shear stress. These collateral vessels can restore up to 60% of the
native blood flow. Shear stress and vascular injury can induce the release of nucleotides from
vascular smooth muscle cells and platelets that can serve as signaling ligands, suggesting they may
be involved in mediating arteriogenesis. The nucleotide receptor P2Y ;R has also been shown to
mediate smooth muscle migration and arterial remodeling. Thus, we hypothesize that the P2Y,
nucleotide receptor (P2Y2R) mediates arteriogenesis in response to ischemia.

Methods—Hindlimb ischemia was induced by femoral artery ligation (FAL) in C57BI/6NJ or
P2Y ;R negative mice (P2Y,-/-). Hindlimb perfusion was measured with laser Doppler imaging
(LDPI) in comparison to the sham-operated contralateral limb immediately and at 3, 7, 14, 21, and
28 days post-ligation. Collateral vessel size was measured by Microfil casting. Muscle specimens
were harvested and analyzed with immunohistochemistry for Ki67, VCAM-1, macrophages, and
muscle viability by H&E.

Results—Hindlimb ischemia as induced by FAL in C57BI/6NJ mice resulted in significant
ischemia as measured by LDPI. There was rapid recovery to near normal levels of perfusion by 2
weeks. In P2YoR negative mice (P2Y,-/-), arterial ligation resulted in severe ischemia with greater
tissue loss. Recovery of perfusion was impaired, achieving only 40% of wild type mice by 28
days. Collateral vessels in the P2Y»-/- mice were underdeveloped with reduced vascular cell
proliferation and smaller vessel size. The collaterals were ~65% the size of WT collateral vessels
(P=0.011). Angiogenesis at 28 days in the ischemic muscle, however, was greater in the P2Y o-/-
mice (P<0.001), possibly related to persistent ischemia leading and angiogenic drive. Early
macrophage recruitment was reduced by nearly 70% in P2Y,-/- despite significantly more
myocyte necrosis. However, inflammation was greater at the 28 day time point in the P2Y5-/-
mice.
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Conclusions—P2Y;R deficiency does not alter baseline collateral vessel formation. However, it
does significantly impair collateral maturation with resultant persistent limb ischemia despite
enhanced angiogenesis. These findings reinforce the importance of arteriogenesis in the recovery
of perfusion in ischemic tissues as compared to angiogenesis. They also support the role of P2Y,R
in mediating this process. The mechanism by which P2Y ;R mediates arteriogenesis may involve
the recruitment of inflammatory cells to the ischemic tissues which is essential to arteriogenesis.
Approaches to target P2Y,R may yield new therapeutic strategies for the treatment of arterial
occlusive disease.
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Introduction

Cardiovascular disease is the leading cause of morbidity and mortality in the developed
world,! accounting for myocardial infarction, stroke and peripheral vascular disease.
However, the arterial system has the innate ability to adapt to occlusive disease through
arteriogenesis.2 Arteriogenesis is an adaptive response to flow changes involving the
development of functional collateral arterioles that circumvent arterial occlusion and
restores continuous flow to the affected downstream tissues and organs to a degree that often
approximates normal blood flow. These collateral arteries arise from pre-existing inter-
arteriolar connections that form during development and are critical to the preservation of
tissue perfusion. The absence of these preexisting networks or an impairment in
arteriogenesis results in severe ischemic changes following vascular occlusion.34

Arteriogenesis is a complex process that is still poorly understood. It involves vascular cell
activation, proliferation, migration, and inflammatory cell recruitment that ultimately result
in outward vessel growth.? It is driven by the mechanical forces that accompany the
hemodynamic shifts following arterial occlusion rather than tissue ischemia. When
occlusion of a conductance vessel occurs, large pressure gradients rapidly develop across
small arteriolar connections, increasing flow and fluid shear stress that provide the
mechanical impetus for remodeling of these vessels into functional collaterals. These
collaterals have a much greater capacity for blood delivery than angiogenesis.® Therefore,
approaches that enhance arteriogenesis may be more effective in the treatment of
vasoocclusive disease than those that focus on angiogenesis. Physiologic flow-induced shear
stress stimulates the release of nucleotides into the extracellular space, thereby altering their
tightly regulated pericellular concentrations.5-8 Mechanisms for nonlytic release of
nucleotides from certain cells, such as endothelial cells (EC), include vesicular transport or
passage through electrochemical pores.?-10 Extracellular nucleotides such as adenosine-5’-
triphosphate (ATP) and uridine-5’-triphosphate (UTP) then activate cell surface nucleotide
receptors which can mediate cellular processes such as proliferation and migration. Vascular
cells as well as bone marrow-derived inflammatory cells express the P2 class of nucleotide
receptors.1! In particular, the P2Y, receptor (P2Y5R) is upregulated in vascular cells
exposed to increased shear stress and following vascular injury in vitro and in vivo.12:13
These receptors mediate intimal hyperplasia in rabbits2 and smooth muscle cell (SMC)

J Vasc Surg. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McEnaney et al.

Methods

Page 3

proliferation and migration.14 Thus, we hypothesize that P2Y,R and nucleotides may
mediate arteriogenesis in the setting of vascular occlusion. In this study, the role of P2Y,R
was investigated in a murine model of hindlimb ischemia, focusing on collateral maturation
and limb perfusion. Our findings suggest that this receptor may play an important role in
effective collateral growth and the recovery of perfusion.

Animal Models

All animal procedures were performed in accordance with the Institutional Animal Care and
Use Committee of the University of Pittsburgh (Protocol 0911093B-5). Adult C57BI1/6 NJ
(WT) or P2Y,R knockout on C57BI/6 NJ background (P2Y, -/-; strain B6.129P2-
P2ry2!miBhk/ 3y mice (20-25 gm; Jackson Labs; Bar Harbor, ME) were used. The absence of
P2Y R expression in the P2Y,-/- mice was confirmed by PCR. Mice were anesthetized with
intraperitoneal sodium pentobarbital (75 mg/kg) and inhalational isoflurane. Femoral artery
ligation (FAL) was performed on the right hindlimb via a transverse skin incision. The
femoral artery was ligated with 6-0 silk immediately distal to the deep femoral artery and at
the proximal popliteal artery. A sham exposure was performed on the contralateral leg
without ligation. Buprenorphine (0.1 mg/kg) was given for post-operative analgesia.

Laser Doppler Perfusion Imaging (LDPI)

LDPI (Perimed 11, Perimed; North Royalton, OH) was used to assess perfusion of the
mouse hindlimb as described.1> Mice were anesthetized using an isoflurane regulator and
positioned on a warming pad. Measurements were obtained at 1 hour and 3, 7, 14, 21, and
28 days post-FAL in each animal with a total of 8 mice per strain Regions of interest for
perfusion measurements encompassed the plantar surface of the foot. Mean perfusion was
represented as a ratio of the ligated limb to the contralateral, nonischemic limb.

Tissue processing

Mice were sacrificed after 3, 7, or 28 days and limbs were perfused in situ with phosphate
buffered saline (pH 7.4) and 4% paraformaldehyde via the abdominal aorta. Tissue
specimens were then collected en bloc and fixed in 4% paraformaldehyde at 4°C overnight.
Thigh adductor and tibialis anterior (TA) muscles were cryoprotected in 30% sucrose at 4°C
for 24 hours. Tissues were frozen with 2-methylbutane and liquid nitrogen and then
sectioned (7um thickness). The superficial thigh muscles were used for collateral vessel
immunohistochemistry while the TA was used for general histology and
immunohistochemistry. H&E staining was performed on TA sections, spaced ~200um apart,
for a total of 3 sections per animal, and 4 animals per group. Images were obtained with an
Olympus Provis microscope (Tokyo, Japan).

Immunohistochemistry

Immunohistochemistry was performed with antibodies against CD45 (cat# ab10558),
VCAM-1, and a-actin (1:100, Abcam; Cambridge, MA); CD31(cat# 550274) and Ki67
(1:200, BD Pharmingen; San Diego, CA); and F4/80 (1:1000, Abcam). Cryosections were
blocked with 2% BSA, incubated with primary antibody for 1 hour, washed, and then
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incubated with fluorophoreconjugated secondary antibody for 1 hour (goat anti-rabbit or
goat anti-rat, Cy3 or Alexa fluor 488, 1:1000 dilution; Amersham). Nuclei were
counterstained with 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI; Sigma; St.
Louis, MO) for 30 seconds. Images were acquired using an Olympus Fluoview 1000
confocal microscope (Tokyo, Japan). Quantification of positive staining was expressed as a
ratio to either DAPI positive structures or myocytes. Muscle necrosis was determined as
cells with cytoplasmic vacuoles. Regenerating cells had centrally located nuclei.

Microfil injection and morphometric analysis of collaterals:

To assess collateral vessel formation, half of the mice (N=4/strain) were sacrificed on day 28
and perfused through the left ventricle with PBS plus 10U/mmol/L heparin. The descending
thoracic aorta was cannulated and Microfil (MV120-blue, Flow Tech Inc.; Carver, MA) was
injected with a flow pump until it flowed out through the vented I\VVC. Aorta and IVC were
ligated and the Microfil was allowed to polymerize overnight at 4°C as described.16
Specimens were dissected free of surrounding tissues, leaving vascular structures and
muscles intact, and cleared using graded ethanol immersion for 24 hours each followed by
methyl salicylate (12 hours). Collateral vessels were imaged at 6X magnification. Vessel
diameters were measured using a calibrated optical micrometer using Image J (NIH) by a
blinded observer.

Statistical Analysis

Results

Results are expressed as mean = SEM. Differences among multiple groups were analyzed
with one-way analysis of variance and the Holm-Sidak method was employed for all pair-
wise comparisons (SigmaStat;SPSS). Differences between two groups were analyzed using
the Student's t-test. Statistical significance was indicated by a P value < 0.05.

Impaired recovery of hindlimb perfusion following femoral ligation in P2Y5 -/- mice

FAL markedly reduced foot perfusion in all mice as measured by LDPI with similar levels
of cutaneous perfusion in WT and P2Y-/- mice at day 0 (Figure 1A,B). Perfusion gradually
recovered in both strains of mice. By day 7, we observed a sharp divergence in the recovery
curves where the P2Y»-/- mice experienced little improvement in perfusion beyond that time
point while the WT mice continued to improve (Figure 1B). By day 28, WT mice exhibited
full perfusion recovery while the P2Y,-/- mice reached <40% of the perfusion levels of the
contralateral limb (Figure 1B).

All mice had impaired motor function of the ischemic hindlimb with paresis and clawing of
the foot immediately after FAL but it was more severe in the KO mice. WT mice had a more
rapid recovery of limb function than the P2Y,-/- mice. By day 14, 50% of P2Y, -/- mice
developed toe gangrene and tissue loss while none of the WT mice did (Figure 1C). The
mice with toe gangrene went on to autoamputate while those with ulceration showed some
evidence of healing at 28 days. No new lesions developed after the 14 day time point. All
mice recovered near normal function of the ischemic hindlimb by day 28 despite persistently
reduced perfusion in the P2Y,-/- mice.
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Increased inflammation and skeletal muscle regeneration in P2Y,-/- mice at day 28

TA muscle collected 28 days post-FAL was analyzed by immunohistochemistry for CD45
as a nonspecific marker of inflammation (Figure 2A,B). The number of CD45+ cells in
muscle sections was similar in the nonischemic hindlimbs from WT and P2Y5-/- mice. In
muscle from the ischemic hindlimb of WT mice, there was minimal inflammatory
infiltration detected at this late time point. In contrast, there was a three-fold increase in
inflammatory cells in the P2Y,-/- mice (P<.001), suggesting an increased inflammatory
response to FAL in the absence of P2Y R function (Figure 2A,B) at 28 days.

By H&E, the TA muscles exhibited preserved muscle architecture in WT and P2Y ,-/- mice
with no evidence of muscle necrosis by 28 days. However, the muscle from P2Y, -/- mice
showed a predominance of regenerating myocytes, noted by centrally located nuclei in 3 of
4 animals (Figure 2C, arrow). Only 1 of 4 WT mice had evidence of active muscle
regeneration with the majority of the cells appearing to be mature myocytes (Figure 2C,
arrowhead) as indicated by peripherally located nuclei. These findings suggest near full
recovery from the muscle ischemia in the WT mice while the KO mice experienced
persistent inflammation and ongoing myocyte regeneration.

P2Y,-/- mice exhibited greater angiogenesis in TA muscle following FAL

CD31 staining of the TA muscle collected at 28 days following FAL was performed to
detect ECs and capillary formation (Figure 3A). These structures were quantified by
calculating a CD31* structure/ myocyte ratio (Figure 3B). In WT mice, there was a modest
increase in CD31 positive structures following hindlimb ischemia. In P2Y,-/- mice, the
capillary density in the ischemic hindlimb was significantly increased compared with the
WT group (N=4 mice/group; 1.97 £ 0.25 vs. 1.31 £ 0.06 fold increase, P<.05). These
findings support increased angiogenesis in the P2Y,-/- mice. CD31 is also expressed on
leukocytes but at a much lower level. The intensity of the staining suggests that the CD31
positive structures are EC structures but may include some inflammatory cells.

Collateral maturation in WT mice was more pronounced than in P2Y,-/- mice

Three days after FAL, the superficial adductor muscles were evaluated for collateral artery
development in the ischemic and control hindlimbs. Sections of muscle were stained for
Ki67 to quantify proliferation of the resident vascular cells as a marker of collateral vessel
maturation. Three collateral vessels per animal were analyzed for Ki67 staining (Figure 4A).
There was significantly more Ki67 staining cells in the collateral vessels of the ischemic
adductor muscle from WT mice versus P2Y, -/- mice (Figure 4B, P<.001). VCAM-1 has
been shown to be upregulated in the setting of arteriogenesis and recruits the inflammatory
cells that are required for collateral maturation.18:24 Thus, adductor sections were stained for
VCAM-1. Among collateral vessels in WT mice, diffuse VCAM-1 staining was often found
in the endothelium. However, VCAM-1 staining was reduced in the collateral ECs in P2Y,
-/- mice (Figure 5).

Collateral vessel anatomy and morphometric analysis

At 28 days post-FAL, vascular casts of the collateral vessels were created with Microfil and
used for morphometric analysis. In the nonischemic limbs, preexisting inter-arteriolar
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connections were similar between the WT and KO mice (data not shown), suggesting that
the P2Y9R deletion did not alter the embryologic development of these collaterals.
Following ischemia, there was no apparent difference in collateral vessel numbers or
location between the two strains (Figure 6). The superficial adductor collaterals were
significantly larger in diameter in WT mice than in the P2Y,-/- mice (Table I). The
diameters of collaterals in the ischemic hindlimb were also compared to the undeveloped
collaterals of the contralateral sham limbs. The P2Y, -/- mice exhibited a significantly
blunted maturation of these vessels compared to the WT animals.

Reduced early macrophage recruitment following ischemia in P2Y,-/- mice despite
increased muscle necrosis

Muscle from the ischemic hindlimbs of WT and P2Y,-/- mice at day 7 were stained for
F4/80 to determine macrophage recruitment (Figure 7). There were significantly more
macrophages in the ischemic muscle from WT than the P2Y»-/- mice (Figure 7A,B).
Interestingly, there was marked muscle necrosis observed in the KO muscle as denoted by
cells with vacuolization versus the WT muscle (Figure 7B). Despite this difference in
necrosis, early macrophage recruitment was increased in the WT. These findings suggest
that P2Y,R may play a role in macrophage recruitment in the setting of ischemia. While
muscle regeneration appeared to be increased in the WT mice versus P2Y»-/- mice, this was
not statistically significant (Figure 7C).

Discussion

The development of novel therapies for tissue ischemia arising from vaso-occlusive disease
has mainly been directed toward the stimulation of angiogenesis with growth factors or stem
cell administration. However, the human body has a built-in mechanism to restore tissue
perfusion after major arterial occlusion through pre-existing collateral connections that can
mature into significant arterial channels.2 Driven by changes in fluid shear stress, these
collaterals mature into large diameter vessels that can restore up to 40% of the maximal
conductance of a normal artery.17:18 Thus, there is potential benefit to deciphering the
mechanical and biochemical stimuli that drive arteriogenesis. This understanding may allow
us to harness these pre-existing vascular connections to overcome limb ischemia.

In this study, we demonstrated a role for the P2Y,R in arteriogenesis. Mice deficient in
P2Y ;R exhibited profound early ischemia with tissue loss and delayed functional recovery
following FAL versus WT mice. The absence of P2Y R did not alter baseline collateral
vasculature but arteriogenesis was significantly impaired with reduced collateral vessel
growth in response to ischemia. This deficient collateral development resulted in delayed
muscle regeneration and increased inflammation. When we examined macrophage
recruitment at 7 days post-FAL, we found reduced macrophage accumulation in the P2Y »-/-
mice. Together with the 28 day findings, this suggests that there is a delay in the
inflammatory response in these knockout mice. By the end of 28 days, there was less than
40% recovery in cutaneous perfusion in the ischemic hindlimb of P2Y,-/- mice as compared
to WT mice, supporting the significant contribution of collateral maturation to the recovery
of tissue perfusion.
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P2Y5R is a G-protein coupled receptor which is activated equally by ATP and UTP. Its
canonical signaling pathway involves phospholipase C activation and the release of
intracellular calcium stores. P2Y ;R is upregulated in vascular cells in response to
mechanical stimulation or injury in vitro!3 as well as in injured arteries in vivo.12 P2Y5R
has been reported to mediate vessel remodeling and the growth of vascular EC and
SMC.19-21 Nuycleotides such as ATP and UTP are released from these cells in response to
shear stress and vascular injury and stimulates both EC and SMC proliferation and
migration®811-14 vy et al reported that UTP can stimulate SMC migration through
intracellular P2Y, R interactions with filamin A,14 supporting the relevance of this receptor
in vascular responses and remodeling. Similarly, P2Y,R stimulation with UTP increased
intimal hyperplasia in rodents through the promotion of proliferative activity.1? In parallel
with this role in mechanotransduction, P2Y ;R associates with v 3/5 integrins by virtue of an
integrin binding motif, Arg-Gly-Asp (RGD), located on the first extracellular loop22 and can
transactivate integrin signaling pathways.2% v 3 integrins have an established role in vascular
remodeling and SMC migration and growth,23:24 and have recently been linked to
arteriogenesis.2° In keeping with these reports, we demonstrated that P2Y,-/- mice exhibited
reduced proliferation in the collateral vessel wall with smaller resulting arterioles,
supporting reduced growth/maturation of these vessels as compared with WT mice. Taken
together, our data suggest a local release of nucleotides in response to ischemia or shear
stress following arterial ligation that may mediate arteriogenesis through P2Y7R. We
identified large numbers of capillaries in the distal calf muscle of the P2Y,-/- mice as
compared with WT, suggesting enhanced angiogenesis in the KO mice. A plausible
explanation is that reduced collateral vessel maturation results in prolonged ischemia of the
distal leg that then drives angiogenesis. It has been reported that when arteriogenesis is
efficient in compensating for an initial arterial occlusion, the angiogenic response in the
distal limb is inhibited.2 An important limitation is that the EC marker CD31 is also
expressed on inflammatory cells such as monocytes and neutrophils, raising the possibility
that the angiogenesis we detected may represent inflammatory cells. However, the CD31
expression is greatest in the ECs26 and suggests that most of the structures we detected
represent endothelial structures. Despite greater capillary development, the tissue perfusion
remained reduced in the P2Y ,-/- mice, providing further demonstration of the inferiority of
angiogenesis compared to arteriogenesis in reestablishing tissue perfusion. Our findings
support a greater emphasis should be placed on promoting arteriogenesis.

The responses of P2Y,-/- mice to FAL are very similar to reported observations in Balb/C
mice.13 Different strains of mice have variable ischemic responses to FAL. C57BI6 mice,
the parent strain for the P2Y,-/-, develop modest ischemic injury with a great capacity to
recover, achieving baseline levels of perfusion and negligible tissue loss.1° In contrast,
Balb/C mice develop severe ischemia with frequent gangrene and necrosis.? It has been
suggested that the increased susceptibility to ischemia of this strain is due to an inherent lack
of collateral density.327 We found that the baseline collateral density of P2Y -/- mice was
similar to the C57BI6 strain, whereas we observed decreased collaterals in Balb/C mice
(data not shown). The lack of pre-formed collateral pathways forms the basis for the severe
ischemic injury seen in Balb/C mice.2’ Similar to our findings in the P2Y,-/- mice, FAL in
Balb/C mice results in very high angiogenic activity in the distal calf muscles. These
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findings again support the very important role that proximal collaterals play in regulating
angiogenesis. While the P2Y»-/- mice do possess a normal network of immature collateral
vessels, the inability of these networks to mature properly in the setting of ischemia likely
contributed to the exaggerated distal angiogenesis. Genetic studies identified a locus
associated with the ischemia susceptibility traits of the Balb/C mice on chromosome 7, near
the mapped location of the P2Y,R gene.328 Our preliminary studies revealed that Balb/C
mice express full-length P2Y,R mRNA transcripts similar to WT mice (data not shown).
However, the defect in Balb/C mice might be located in regulatory elements that control
P2Y R expression or responses to ischemia and needs to be further investigated.

Inflammatory cell recruitment is necessary for the outward remodeling process.2%:30 van
Weel et al demonstrated that T lymphocytes and NK cells are required for arteriogenesis
with impaired arteriole maturation in mice depleted of these cells.3% They also showed that
Balb/C mice exhibit very different T lymphocyte and NK cell responses to infection,
suggesting this may be the mechanism behind the poor collateral vessel formation in these
mice. More recently, Bastiaansen et al3! reported on the essential role of inflammation and
monocytes in arteriogenesis. Mice lacking the transcriptional co-activator p300-CBP-
associated factor (PCAF), a histone acetyltransferase that facilitates the regulation of
inflammatory genes, experience reduced monocyte recruitment to perivascular tissues and
impaired arteriogenesis following ischemia. Following FAL, mononuclear cells infiltrate the
remodeling collateral wall early to promote maturation.32 P2Y,R may facilitate this
infiltration during arteriogenesis by mediating adhesion molecule and cytokine expression.
The stimulation of P2Y ;R on vascular cells has been shown to upregulate VCAM-1 and
ICAM-1 as well as lymphotoxin-alpha expression, all of which promote leukocyte
recruitment.33:34 We demonstrated early luminal VCAM-1 expression in maturing collateral
vessels of WT mice but to a much lower degree in the P2Y»-/- mice, suggesting that P2Y ;R
participates in the inflammatory response required for vascular remodeling. Similarly, we
identified a significant reduction in early macrophage recruitment to the ischemic hindlimb
in these mice. This finding was contrary to our expectations given the marked muscle
necrosis detected in the P2Y,-/- mice which should have promoted inflammation. Thus,
P2Y >R may mediate the early inflammation that is critical to collateral maturation.

Our study has important limitations. Although P2Y ;R was observed to mediate
arteriogenesis in the present study, the use of global knockout mice does not allow us to
determine which cells have the greatest influence in this response. For example, leukocytes
are important in arteriogenesis. Purinergic signaling is an integral part of autocrine and
paracrine signaling of inflammatory cells, and P2Y, -/- mice are known to have impaired
neutrophil chemotaxis with susceptibility to pulmonary infections. The use of bone marrow
chimeras or cell type-specific knockout mice would aid in differentiating the influence of
P2Y,R signaling in resident vascular cells versus inflammatory cells. We were also unable
to quantify the release of nucleotide ligands in the hindlimb ischemia model because of the
complexities of isolating extracellular fluids from the hindlimb muscle. Future studies will
elucidate the impact of these specific molecular pathways upstream and downstream of
P2Y,R activation on regulating collateral remodeling.
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In conclusion, these studies demonstrate the importance of the P2Y R for arteriogenesis in a
murine model of FAL, potentially through the early regulation of inflammatory responses to
ischemia and muscle necrosis. The impaired arteriogenesis in P2Y»-/- mice delayed muscle
regeneration and reduced perfusion recovery which provided ongoing stimulus for

angiogenesis and inflammation. The greater capacity for restoring adequate distal perfusion
arteriogenesis versus angiogenesis is the impetus for continued investigation into this

process and the molecular signals involved. This understanding may yield pharmacological

therapies that target collateral maturation as a treatment for severe arterial occlusive disease.
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Clinical Relevance

Many patients with advanced cardiovascular disease have limited or no options for
revascularization. Unfortunately, no effective medical therapies exist to improve
perfusion in these patients. Arteriogenesis is the process by which collateral arteries
develop from preexisting vessels and is more effective at restoring perfusion than
angiogenesis, the process of growing new vessels. The mechanisms of arteriogenesis,
though, are not well understood. We aim to identify a key molecular signal in this
adaptive phenomenon. With a better understanding of the mechanisms governing
arteriogenesis, pharmacological targets that could enhance collateral formation and
improve limb salvage may be identified.
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Figure 1.
P2Y »-/- mice have blunted perfusion recovery and develop ischemic wounds following

hindlimb ischemia. A) Representative Laser Doppler Perfusion Imaging at days 0 and 28
following right femoral artery ligation in WT and P2Y,-/- mice. B) Perfusion was calculated
from the LDPI of the plantar foot immediately post-ligation and then at 3, 7, 14, 21 and 28
days. Perfusion was expressed as a ratio of the ischemic/nonischemic (R/L) limbs (N=8
animals/group, mean = SEM). Significant differences were observed between groups from
day 14 through day 28 (one-way ANOVA,; *P<.001 vs. all other groups). C) Representative
photographs of the ischemic foot at day 14 demonstrated gangrene and tissue loss in the

P2Y »-/- mouse. 50% (N=4/8) of the P2Y, -/- animals developed wounds or gangrene of the
ischemic foot.
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Figure 2.
P2Y »-/- mice exhibited increased inflammation and muscle regeneration in the ischemic

hindlimb compared with control mice. A) Representative photomicrographs of TA muscle
stained with anti-CD45 (red) and DAPI (blue) at 60x magnification. B) Representative
photomicrograph of TA muscle stained with H&E. WT mice exhibited normal muscle
architecture and normal-appearing mature myocytes with peripheral nuclei (arrowhead).
Muscle from P2Y, -/- mice had a high predominance of regenerating myocytes which are
characterized by centralized nuclei (arrow) (N=4/group, 3 sections analyzed per animal). C)
CD45 positive cells were counted and expressed as number per high power field. There were
significantly more CD45 positive cells identified in the P2Y,-/- ischemic muscles than in
WT muscle (N=4/group, 3 sections analyzed per animal; *P<.001 vs. all other groups).
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Figure 3.
Angiogenesis was increased in P2Y»-/- mice following FAL. TA muscles from WT and

P2Y »-/- mice were sectioned and stained at 28 days following hindlimb ischemia.
Endothelial cell and capillary structures were stained with anti-CD31. A) Representative
confocal photomicrographs of TA muscle sections stained with anti-CD31 (green) and DAPI
(blue) and imaged at 60x. B) CD31 positive structures were counted and expressed as a ratio
to number of total myocytes per section (N=4/group; 4 sections per animal; p<0.05).
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Figure 4.
Proliferative activity in the collateral vessels was increased in WT mice compare to P2Y»-/-

mice. Collateral vessels were examined 3 days following FAL. Tissue sections were stained
for Ki67 (red), CD31 (green), and DAPI (blue). A) Representative confocal
photomicrographs are shown at 100x magnification. B) Quantification of Ki67 positive cells
in the collateral vessels, expressed as % total number of perivascular cells (N=5 mice/group,
three sections analyzed per animal; *P<.001 vs. all other groups).
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Figure 5.
VCAM-1 expression is collateral vessels following hindlimb ischemia was increased in WT

versus P2Y ,-/- mice. Sections made muscle isolated 3 days following FAL were stained for
VCAM-1 (red) and a-smooth muscle actin (green), and DAPI (blue). Collateral vessels were
imaged via confocal microscopy at 100x magnification. Representative images are shown
for WT and P2Y, -/- animals. Endothelial staining for VCAM-1 was seen in the collateral
vessels from WT mice (arrow) but not the P2Y5 -/- mice. (N=5 mice/ group, three sections
analyzed per animal)
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P2Y, -/-

Figure 6.
Representative photomicrographs of Microfil casting of the hindlimb arterial system are

shown. Animals were casted at 28 days following FAL. Collateral vessels are noted by
arrows showing similar distributions between WT and P2Y,-/- mice but less robust
development in the P2Y ,-/- mice (see Table I for quantification)(N=4 mice/group).
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Figure 7.
Early inflammation was reduced in the ischemic hindlimb from P2Y ,-/- mice compared to

WT mice at 7 days post-FAL. However, myocyte necrosis was increased in the P2Y5-/-
mice. A) Representative photomicrographs demonstrating F4/80 (macrophages, yellow) and
DAPI (blue) staining of WT and P2Y,-/- hindlimb muscle at day 7. Myocyte necrosis was
denoted by vacuolated cells (solid white arrow) while regenerating myocytes had centrally
located nuclei (open arrow) (N=4-5 mice/group, 3 sections per animal). B) Quantification of
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macrophage infiltration is reported as number of macrophages/total myocyte per HPF and
expressed as percent (mean + SEM). C) Quantification of myocyte necrosis is reported as
number of necrotic myocyte/total myocyte per HPF. D) Quantification of regenerating
myocyte is reported as number of regenerating myocyte/total myocyte per HPF. (N=4-5
mice/group, 3 sections per animal; *P>0.05)
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Table | Quantification of collateral vessel growth following hindlimb ischemia in WT and P2Y, —/- mice.

WT P2Y, -/- | Pvalue

Diameter (um) 532467 | 345+28 | .011

Percent Growth (%) | 77.7+28.1 | 11.6+4.38 .041

Quantification of collateral artery size at 28 days by microfilm casting. Values are mean + SEM. Four animals per treatment group and 3 collaterals
were assessed per mouse. Comparisons were made to the sham operated contralateral vessel. Statistical analysis was performed using Student's t-
test.
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