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ABSTRACT 

Therapeutic revascularization of ischemic tissue in Peripheral Arterial Disease (PAD) is 

presently inadequate, leaving many of those affected with advancing limb ischemia 

and/or loss of limb function.  In order to examine processes of vascular development in 

PAD, we built upon our previous work which established a role for the sympathetic 

neurotransmitter, Neuropeptide Y (NPY), in ischemic angiogenesis.  NPY is potently 

angiogenic via its Y2 receptor (R) and is also a mitogen for vascular smooth muscle cells 

via Y1R.  The purpose of this study was to further characterize the role of NPY in 

arteriogenesis and angiogenesis in hindlimb ischemia following femoral artery ligation 

(FAL) in rodents.  We sought to determine the role of endogenous NPY and the time 

course in activation of the NPY system – the peptide, its receptors, and a serine protease, 

DPPIV.  We also investigated the contribution of platelet-derived NPY to ischemic 

revascularization in 129Sv mice.   In NPY+/+ Wistar rats, NPY-immunoreactivity (-ir) of 

platelet-poor plasma, reflective of sympathetic nerve release of the peptide, was increased 

by 24 hours post-FAL.  This was followed by a rise in Y2R mRNA levels in 

gastrocnemius muscle, which remained ischemic within the first week.  However, 

spontaneous recovery was observed via immunohistochemistry by 14 days, in parallel 

with increased platelet-rich plasma NPY-ir, which reflect platelet levels of the 
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peptide.  Simultaneously, Y1R mRNA expression in adductor muscle was 

upregulated.  Recovery in ischemic NPY-/- mice was delayed within the first week and 

by 14 days, marked impairment in capillary angiogenesis was observed (P<0.01).  

Angiogenic response to FAL was similarly inhibited in NPY-/- and thrombocytopenic 

NPY+/+ mice.  However, transfer of NPY+/+ platelets into NPY-/- mice fully restored 

the capillarity in ischemic tissue indicating that platelets are a complete angiogenic 

source of the peptide. These data suggest that endogenous NPY is important early in 

ischemic recovery and that there is temporal coordination in the NPY system between 

circulating NPY and local receptor expression.  Furthermore, this is the first study to 

demonstrate platelet-derived NPY is critical for ischemic capillary angiogenesis in 129Sv 

mice, in part, due to enhanced proliferation of endothelial cells. 
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INTRODUCTION 

Whether myocardial, cerebral, or peripheral in nature, the revascularization of ischemic 

tissue is of great importance to cardiovascular medicine.  Although our understanding is 

evolving rapidly, our knowledge of how to generate in vivo new, normal vessels remains 

inadequate. Successful revascularization requires first of all, development from pre-

existing, or formation of new, collateral arteries to bypass the vascular occlusion; this 

process, known as arteriogenesis, is driven by shear-stress and requires the proliferation 

and differentiation of both endothelial and vascular smooth muscle cells.   

Revascularization also requires capillary formation in the ischemic tissues themselves; 

this process, referred to as capillary angiogenesis, is stimulated by ischemia and involves 

endothelial cells and pericytes. 

Neuropeptide Y (NPY), a sympathetic neurotransmitter, originally known in the 

periphery as a vasoconstrictor, has recently emerged as a vascular growth factor, acting in 

a receptor- and cell-specific manner.  It is potently angiogenic by activating its Gi-

coupled receptors (Rs), Y2 and Y5 [1, 2], and mitogenic for vascular smooth muscle cells 

via Y1 and Y5Rs [3].  In addition to sympathetic nerves, there are at least two extra-

neuronal sources of NPY.  The endothelium possesses an autocrine system - the peptide, 

a serine protease, dipeptidyl peptidase IV (DPPIV), which forms NPY3-36, as well as NPY 

receptors – that is involved in endothelial cell proliferation, migration, and differentiation 

[1].  Also, in some species such as rats, the peptide can be derived from megakaryocytes 

and released from platelets at sites of vascular remodeling [4, 5]. Our lab, along with 
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others, has shown that exogenously added NPY and NPY3-36 are potently angiogenic in 

both in vitro [6] and in vivo [7, 8] models of ischemia and tumors, and that the inhibition 

or loss of Y2Rs and DPPIV severely impairs capillary angiogenesis in these situations.  

In neural crest-derived tumors, NPY stimulated the formation of vessels, which contained 

endothelial and smooth muscle cells, resembling normal vessels [9].  While these studies 

have established NPY as an angiogenic factor, it has been recently shown that the Y2R 

can also increase collateral-dependent blood flow [10], suggesting a role in the 

development of collateral vessels. 

Bone marrow-derived cells have been shown to play a critical role in the formation of 

neovasculature [11, 12] and collateral vessel development [13, 14] associated with tissue 

ischemia. Hematopoietic stem cells (HSCs), in particular, endothelial progenitor cells 

(EPCs), have been suggested to be mobilized, home, and incorporate into the site of 

injury [12, 15, 16].   Recently, another cell type within rodent bone marrow, 

megakaryocytes (MKs), has been linked to the angiogenic response via the production of 

platelets, which release many growth factors [17].  The presence of NPY in MKs of some 

species [4], along with platelet-mediated [18, 19] and platelet-rich plasma-induced [20] 

angiogenesis, suggest a possible coordinated ischemic response of the entire NPY system 

in association with the bone marrow of rodents. 

The purpose of these studies was to characterize the role of NPY and its receptors in the 

ischemic response and determine platelet-specific mechanisms of action in the 

revascularization process. 
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AIM 1: To determine the role of endogenous NPY in ischemic revascularization: 

collateralization and capillary angiogenesis. 

AIM 2: To characterize the time course of “NPY angiogenic system” expression in a 

proximal ligation model of hindlimb ischemia. 

AIM 3: To determine whether or not platelet NPY contributes to angiogenesis; and 

whether or not they are critical to ischemic revascularization in rodents. 
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BACKGROUND 

Peripheral Arterial Disease 

Peripheral Vascular Disease (PVD) refers to the disease of blood vessels outside the heart 

and brain, often with regard to the extremities.  The American Heart Association 

distinguishes an organic type of PVD, one that is caused by structural changes in the 

blood vessels (i.e., inflammation or tissue damage), as Peripheral Arterial Disease, most 

commonly affecting the circulation of the lower limbs.  Occurring secondarily to 

Atherosclerosis, PAD affects over 12 million Americans, with more than 20% of people 

over the age of 70 afflicted by the disease (AHA).  Severity of the disease spans a wide 

range; analogous to silent coronary ischemia, PAD can be asymptomatic at rest or present 

with Intermittent Claudication (IC) due to walking/exercise, progressing through 

intermediate stages of Critical Limb Ischemia (CLI) and Acute Limb I (ALI) ischemia, to 

the extreme case of amputation  in up to 3% of IC patients [21].  Incidence of amputation 

increases with clinical presentation [22].   Medical treatment includes anti-thrombotics, 

vasodilators and vascular interventions such as superficial femoral artery percutaneous 

transluminal angioplasty and surgical bypass grafting [23].  However, the management of 

PAD is currently unsatisfactory, leaving many patients with progressively advancing 

limb ischemia and/or loss of limb function.  Consequently, attempts are being made to 

develop more effective, non-surgical means of revascularizing the ischemic tissue, i.e., 

the use of angiogenic factors such as vascular endothelial growth factor (VEGF) and 

basic Fibroblast Growth Factor (bFGF or FGF2) to stimulate the growth of new vessels.  
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Initial studies with VEGF and bFGF made great strides; however, therapeutic approaches 

have yet to provide sufficient revascularization and have revealed several inadequacies, 

briefly summarized below [24-29].  

Firstly, the status quo in therapeutic angiogenesis, via intramuscular and intra-arterial 

gene or recombinant protein delivery, results in insufficient or incomplete 

revascularization.  It is in this context that we will explore the therapeutic possibility for 

NPY or Y2 receptor agonist as an agent for complete vascularization.  Practically, the 

cost of such VEGF/bFGF therapy and susceptibility to degradation is high; in contrast, 

the NPY-Y2 agonist is an inexpensive, smaller molecule.  The potential for gene therapy 

is limited, due to concerns regarding a poor ability to regulate the concentration of the 

expressed protein, its expression outside targeted areas, the regression and short duration 

of expression, and inflammatory reactions.  Concerning their expression outside the 

targeted areas, bFGF and VEGF have profound a hypotensive effect.  Systemic delivery 

of a NPY-Y2 agonist does lower blood pressure, but only in large doses, far greater than 

the angiogenic need; while full-length NPY acts a vasoconstrictor via Y1.  There has also 

been concern that bFGF and VEGF may stimulate pathological angiogenesis, known to 

occur in the neovascularization of an atherosclerotic plaque, leading to an accelerated 

atherosclerosis and plaque rupture.  While NPY has been shown to mediate neointimal 

formation in atherosclerotic-like lesions in the rat [30], this process appears to be 

primarily driven by the Y1 receptor.  Thus, it is plausible that Y2 receptor-specific 

treatment could address vascularization of ischemic tissue downstream from an 

occlusion, without exacerbating plaque development.  Some specific limitations of these 
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angiogenic molecules have also been raised.  VEGF, vascular permeability factor, 

induces vascular permeability and edema.  Therefore, though VEGF treatment of 

ischemic legs may lead to improvement, it may not restore legs to a healthy state, with 

extravasated blood causing discoloration and edema.  NPY, on the other hand, does not 

induce vascular permeability.  Furthermore, VEGF-induced capillary angiogenesis is 

associated with angiomas, which may cause bleeding.  In contrast, NPY-induced 

vascularization appears to lead to the formation of capillaries and normally looking 

muscular vessels.  This is due to, perhaps, the ability to stimulate both endothelial and 

vascular smooth muscle cell proliferation and differentiation, resulting in quality 

vasculature.  Putting forth another “magic bullet” theory is not the purpose of this study.  

Our aim is to further understand the pattern of collateralization and its relationship to the 

surrounding tissue and factors involved, in order to expand the existing knowledge of 

angiogenesis and possibly, for the development of new therapies. 

NPY  

NPY, a 36 amino-acid peptide, the most abundant peptide in the heart and brain, is 

widely distributed throughout the central and peripheral nervous systems [31].  NPY has 

a wide range of activities as a co-transmitter, neurohormone, and neuromodulator, 

mediating functions such as appetite, reproduction, anxiety, and cardiovascular regulation 

[31].  NPY is a potent vasoconstrictor of small resistance vessels, acting both directly on 

and also potentiating the action of norepinephrine [32].  Sympathetic nerve activation 

stimulates the co-release of NPY, together with catecholamines [33, 34], however, this 

ratio can vary with different stressors [35-39], as well as intensity and length of 
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stimulation.  NPY is preferentially released after more intense and prolonged periods of 

nerve activation and is also more stable than NE; thus, in the tissues and plasma relative 

to catecholamines, NPY serves as a good indicator of sympathetic activity [34].  Sources 

of NPY include sympathetic nerves and the adrenal gland - primarily the chromaffin cells 

of the adrenal medulla. Adrenal release of NPY is regulated by splanchnic nerve activity, 

mediated by acetylcholine/nicotinic receptor activation [40].  However, it is thought that 

adrenal gland secretion of NPY acts more as a paracrine agent, rather than a major 

contributor to plasma NPY levels [40-43].  Also implicated to function in a 

paracrine/autocrine manner, NPY from endothelial cells have been shown to store, 

produce, and respond to NPY [1, 44].  In some species though, rats and certain strains of 

mice, platelets can contribute significantly to NPY plasma levels [5, 45].  In humans, 

platelets have been shown to have NPY-like immunoreactivity [46, 47].  This extra-

neuronal source of NPY can be released during aggregation [46] and upregulated in 

response to stress [48]. Given these sources of NPY, sympathetic nerves appear to be the 

major source of plasma NPY levels [40, 41, 43, 49].  Sympathetic nerve-activated release 

of NPY is caused by stress, exercise, myocardial ischemia, congestive heart failure, as 

well as certain forms of hypertension [50]. 

Regulation of NPY Expression 

In vitro studies with PC12 rat pheochromocytoma cells and N18TG-2 mouse 

neuroblastoma cells have shown NPY mRNA expression to be positively regulated by 

cAMP and glucocorticoids [51].  In vivo, dexamethasone (DEX) treatment induces 

peptide expression in islet cells of the rat [52, 53] and in adipose tissue of mice under 
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stress and high-fat diet [54].  Further, Myrsen et al. showed that this cellular induction of 

NPY may also be under control of adrenergic nerves [55].  Steroidal regulation of NPY 

extends to the sex hormones, especially with regard to expression in the brain.  

Testosterone increased hypothalamic NPY gene expression in castrated male rats [56, 

57], while a similar effect was observed in estradiol  (E2)–treated ovariectomized female 

rats [58].  Furthermore, E2 treatment was able to enhance NPY actions during the estrous 

cycle via induction of Y1 receptor gene expression [59, 60].  These central effects of 

gonadal steroid regulation of NPY extend to circulating plasma levels, especially within 

the context of the stress response.  Male rats [36, 38] and men [36] have greater cold 

stress-induced pressor and plasma NPY responses than females.  This sex difference in 

rats was eliminated by gonadectomy but not ovariectomy, and testosterone treatment 

restored the male response [48], suggesting a testosterone-driven NPY expression and 

response to stress.  Thus, males may be particularly sensitive to stress-induced changes in 

NPY. 

 As mentioned above, peripheral sympathetic nerve terminals are the primary source for 

circulating NPY levels.  Neurotrophin interaction is imperative for the maintenance and 

regeneration of these sympathetic nerves.  Such agents responsible for neuronal survival 

and differentiation include Nerve Growth Factor (NGF) and Brain-Derived Neurotrophic 

Factor (BDNF) [61, 62].  In vitro, both factors have been shown to increase NPY 

expression in NPY-producing neurons [63, 64].  In vivo, there is a concomitant decrease 

in NGF and NPY expression following axotomy in the superior cervical ganglia (SCG) 

[65].  Furthermore, NGF and BDNF have both been shown to promote the vascular 
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processes of angiogenesis and arteriogenesis in mouse ischemic limbs [66, 67].  Thus, the 

role of sympathetic-derived neuronal factors can be important in the revascularization 

process.  It is in this context that we will be studying the role of NPY.  However, much of 

what we know about NPY revolves around its central effects, while its actions in the 

periphery are not as well-characterized.  In order to better understand NPY and its 

multiple physiological actions, we must look to its receptors. 

NPY Receptors 

To date, there are 5 cloned NPY receptors (Y1, Y2, Y4, Y5, and y6) [68, 69], with all but 

y6 linked to Gi/o-proteins and the inhibition of adenylyl cyclase [70].  These receptors 

mediate the action of not only NPY, but its two other family members, as well; the gut 

hormones, Pancreatic Peptide (PP) and Peptide YY (PYY).  Though pharmacological 

agents are available, having multiple receptors and a variety of physiological effects, 

isolating the individual effects of each receptor has been greatly enhanced by the aid of 

receptor knockout models.  Multiple Y receptor-specific knockouts exist, differing in 

target strategies and background strain of mice [2].  However, the following are the 

receptor-mediated processes generally associated with each particular receptor. 

Centrally, Y1 receptors prevalent in major nuclei of the hypothalamus have been 

associated with NPY-stimulated food intake, though no changes were observed in basal 

food intake of Y1-/- mice [71].  Analysis of double knockouts for Y1and the leptin gene 

(Y1-/-, ob/ob) display a decreased bodyweight [72], suggesting a role for the Y1 receptor 

in food metabolism.  Although contradictory results have been presented with regard to 
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Y1 central aspects, it does appear that the Y1 receptor is a mediator of energy 

homeostasis.  Also present among its central effects, specifically within the amygdala, is 

the Y1R-mediated anxioytic effects.  Through this receptor, NPY has been shown to 

decrease anxiety-related behaviors in several animal models [73-75].  In blood vessels, 

the predominant type of NPY receptor is Y1, which is the main vasoconstrictive receptor 

[70].  Pedrazzini et al. demonstrated complete abolition of the NPY-stimulated 

vasoconstrictive effect on blood vessels in Y1-/- mice [76].  In addition to 

vasoconstriction, Y1 has also been implicated in VSMC proliferation [77, 78].  Recently, 

our group has shown that the Y1 receptor, along with Y5 (see below), mediates 

neointimal formation following balloon-angioplasty [30] and that chronic-stress 

exacerbates this process via Y1 [79].  In order for NPY to elicit the aforementioned 

effects via   the Y1 receptor, the peptide must be in its native form, NPY1-36 [68, 80]. 

Y2 has also been shown to play a major role in Y receptor-mediated energy homeostasis, 

as well as mediate bone deposition [81, 82].  It is prevalent in the arcuate nucleus and is 

exposed to circulating factors.  Receptor knockout models suggest Y2 increases food 

intake and bodyweight fat deposition [83] [84].  Interestingly, two different phenotypes 

have been described for the two different mouse lines, with Lin et al. postulating that 

these differences attributed to the Y2 receptor could be due to the targeting strategy for 

the Y2 gene and background strain of mice [85]. These confounding results in knockout 

models were also reported with pharmacological Y2 treatment.  Specifically, Y2 agonist 

administration in mice inhibited food intake and reduced body weight gain [86].  This is 

in contrast to peripheral Y2-mediated adipogenesis and fat angiogenesis demonstrated by 
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Kuo et al [54].  Peripherally, the Y2 receptor has also been shown to be angiogenic in in 

vivo models of wound-healing [7], hindlimb ischemia [6] and tumor growth [9].   

In order for NPY to lose its activity at the Y1 receptor, but yet mediate its non-Y1 

receptor mediated effects, it must first be cleaved at its N-terminal by dipeptidyl 

peptidase IV (DPPIV), an immune-cell and endothelium derived cell surface (CD26) 

antigen [1, 87].  This peptidase, acting in this scenario as a subsequent “Y1 antagonist,” 

creates a C-terminal fragment of NPY3-36 [1], the second major form of circulating NPY, 

following the native form.  This cleavage eliminates NPY’s ability to bind Y1, thereby 

inhibiting its function as a vasoconstrictor but resulting in the formation of a Y2/Y5-

receptor specific agonist [70]. 

The third of the cloned Y receptors is Y4, which has the highest ligand affinity for PP.  

Germ-line deletion of this receptor resulted in reduced food intake and bodyweight [88]. 

Y2-/-/Y4-/- double knockouts further reduced food intake and bodyweight, revealing 

synergistic pathways of these receptors.  This has also been demonstrated with increased 

osteoblastic activity, relative to Y2-/- alone [81].  Sainsbury et al. was able to show an 

improvement in fertility in the Y4-/-, ob/ob double knockout, suggesting a role of Y4 in 

reproduction [88]. 

Pharmacological analysis of central Y5 has suggested its role in increasing basal [89] and 

NPY-induced food intake [71, 90].  However, in Y5 receptor knockout models, no major 

changes in basal food intake were observed [90].  As mentioned in the Introduction and 

in the discussion of the Y1 receptor, Y5 is able to work in conjunction with other Y 
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receptors.  Not only does it contribute to the Y1-mediated post-angioplasty neointimal 

formation [30], but Y5 has been shown to be mitogenic for VSMCs, as well [3].  Along 

with Y2, it has also been shown to be angiogenic [8, 91].  Thus, the Y5 receptor appears 

not to work on its own, but as an amplifier of Y1 and Y2 receptor action. 

The final Y receptor is y6, differentially expressed in mammals, though functional only 

in mice [68]. Hitherto, the role of the y6 receptor has yet to be clearly defined. 

Angiogenesis / Arteriogenesis 

Two processes have become the focus of therapeutic approach to PAD; arteriogenesis 

and angiogenesis.  In brief, angiogenesis is a complex process that begins with the 

degradation of extracellular matrix, followed by the migration, proliferation and 

differentiation of pre-existing endothelial cells, resulting in capillary formation and 

ultimately, new capillary network [92].  It is important to note that recent developments 

suggest hematopoietic stem cells (HSCs) or bone marrow-derived cells, contribute to this 

ischemic process by de novo incorporation into the developing vasculature [93-95] or as 

supporting cells to the area of revascularization [96]. This process is aided by multiple 

factors and is largely driven by tissue ischemia, a situation where insufficient blood 

supply leads to oxygen deprivation [92].  One such factor to become activated in 

response to this stimuli is hypoxia-inducible factor-1 alpha protein (HIF-1α), recently 

shown to mediate endothelial cell adhesion and migration, as well as capillary tube 

formation [97].  Furthermore, HIF-1α has been shown to regulate the expression of 

several angiogenic genes, including VEGF and one of its receptors [98], flt-1, as well as 
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the FGF receptor 1 (FGFR1) gene, neuropilin-1, angiopoietin 1, and nitric oxide 

synthase, to name a few [99, 100].  In PAD, ischemia of the distal muscle bed 

(gastrocnemius muscles) stimulates angiogenic response as a result of an interruption in 

blood flow of a major conductance artery.  In contrast, an arteriogenic response takes 

place in the proximal bed (adductor muscles) and is driven by Fluid Shear-Stress (FSS) 

forces on the endothelium of the developing vessels [101, 102]. 

As presented by Heil and Schaper [103, 104], arteriogenesis, or remodeling of the 

collateral vessel briefly entails: monocyte release of growth factors to induce the 

proliferation of endothelial and smooth muscle cells, as well proteases (MMP) for the 

degradation of the extracellular matrix, which leads to the release of additional matrix-

bound growth factors (bFGF) and upregulation of growth factor receptors.  Essential to 

this process is the breakdown of elastin in the elastic lamina, which normally prevents 

SMC cell proliferation, whereas elastin fragments can stimulate SMC growth.  Lastly, 

SMCs migrate and rearrange according to lumen size and wall thickness, with collaterals 

achieving a mature state following elastin and extracellular component rearrangement. 

As with arteriogenesis/collateral development [105, 106], inflammation via monocyte 

and macrophage activation and the release of growth factors contributes to the process of 

angiogenesis, as well [107].  However, obvious differences do exist in the processes.  In 

general, the generation of a capillary network, a process highly VEGF-driven, 

predominately takes place with angiogenesis [108], while arteriogenesis attempts to 

bypass the existing occlusion with the development of pre-existing collateral vessels into 

mature, muscular conductance arterioles, with profound activation of the FGF signaling 
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cascade [109].  Specifically, exogenous bFGF has been shown to effectively increase 

collateral blood flow in animal models of peripheral ischemia [57, 110].  Furthermore, in 

animals undergoing unilateral femoral artery occlusion, bFGF-induced collateral 

development exceeded that of VEGF [111].  While angiogenesis relies heavily on 

endothelial cells, it is the smooth muscle cells and their proliferation and differentiation 

that are the focal point of arteriogenesis.  It is this “muscularization” of the nascent 

vasculature that is necessary for collateral development to effectively contribute as a 

resistance vessel.   

In the area of the developing neovasculature, one cannot ignore the seemingly 

intertwined “wiring” of the neural network.  This co-localization, along with the 

similarities among axonal growth cones and endothelial “tip” cells navigating the growth 

of their respective networks, nerve-vessel cross-talk appears almost inevitable [112].  In 

brief, vessels elicit signals such as netrins in order to cue parallel axonal growth [113], 

while VEGF is a well known factor derived from nerves that can guide developing blood 

vessels [114].  Furthermore, semaphorins and neuropilin receptors are able to control 

both nerve and vessel growth patterns [115, 116].  As mentioned above, NGF falls into 

this category of growth factors that are both neurogenic and vasculogenic.  NPY, via its 

Y1 receptor, has been shown to be neuroproliferative for precursor cells and stimulate 

neurogenesis in the hippocampus [117, 118].  Together with its angiogenic capability and 

release from sympathetic nerve terminals, NPY is well-poised to coordinate the 

stimulation of ECs and VSMCs alongside the nerves.   
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Bone Marrow 

As briefly mentioned above, another aspect to consider in the revascularization process is 

the contribution of cells from the bone marrow.   Briefly, one paradigm involving the 

activation of granulocyte colony-stimulating factor (G-CSF) [119-121] proposes initially, 

that resident hematopoietic stem and progenitor cells (HSCs, HPCs) mobilize from the 

bone marrow to the peripheral circulation due to specific chemotactic signals.  Several 

studies have suggested the migration of bone marrow progenitors and the subsequent 

incorporation into new vessels in response to tissue ischemia [11-13, 15, 122].  However, 

more recent studies [123, 124] have shown agreement with Ziegelhoeffer et al. [96] 

demonstrating bone marrow-derived cells do not incorporate into the developing 

vasculature, but rather function as supporting cells for this process.  In either scenario, 

however, there is an improvement in collateral and capillary growth and most 

importantly, blood flow. 

While much has been made regarding the role of endothelial progenitor cells (EPCs) in 

arterio-/angiogenic processes, the bone marrow provides another avenue of 

revascularization via platelet production by megakaryocytes.  Platelets are well-known 

mediators of hemostasis.  Upon activation, these granular-filled anuclear cells undergo 

upregulation of cell-surface receptors (GPIIbIIIa) [125], cytoskeletal rearrangement, and 

ultimately, the release of its granular contents (releasate) via exocytosis.  Three types of 

granules exist in the platelet: dense core (δ) granules carrying small molecules, such as 

ADP and serotonin, which participate in vasoconstriction and the activation of other 

platelets; alpha (α) granules consisting of proteinaceous polypeptide components with a 
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wide variety of functions, e.g., coagulation factors (fibrinogen), angiogenic factors 

(PDGF), adhesion molecules (vWF, P-selectin, fibronectin); and lysosomes, containing 

enzymes such as cathepsins and hexosaminidase which participate in clot remodeling and 

platelet activation.  While not a comprehensive list or description of platelet contents and 

function, the abovementioned does provide a foundation to appreciate the multi-faceted 

nature and immense potential to initiate and/or enhance cellular processes. 

Platelet production and thus, platelet packaging of its granules, begins with its cell 

precursor, the megakaryocyte.  Organization and progression of platelet content involves 

several processes which include differential biosynthesis and packaging of its granular 

components, particularly with the α-granule.  One example is with fibrinogen, a 

glycoprotein responsible for clot formation, that is made in the liver to be later taken up 

(endocytosis) by megakaryocytes and circulating platelets [126, 127].  However, another 

α-granule factor, von Willebrand’s Factor (vWF) is synthesized in the megakaryocyte 

itself [128].  Seghal et al (2007) elegantly demonstrated this heterogeneity of α-granule 

population in human platelets, using these same two coagulation factors [129], supporting 

the possibility of differential α-granule content and release.  This idea of selective 

activation of distinct α-granule populations was beautifully shown by Italiano et al. [130], 

characterizing the organization and release of angiogenic regulatory proteins.  In 

particular, they demonstrated that in response to specific proteinase-activated receptor 

(PAR) agonist stimulation, explicit α-granule release of either VEGF (pro-angiogenic) or 

endostatin (angiogenesis inhibitor) occurred, but not both in response to the same stimuli.  

Specifically, PAR1 activation selectively released VEGF, whereas PAR4 released 
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endostatin [131]. Furthermore, it has been recently demonstrated by Klement et al. that 

platelets can selectively sequester angiogenic regulators in vivo (tumor model) and in 

vitro [132].  They were also able to show that there is further α-granule selective 

stimulation and release among pro-angiogenic proteins.  Specifically, both ADP and 

thrombin as platelet agonists stimulated minimal to no release of either VEGF of bFGF 

from aggregated platelets.  Thus, the relationship of platelets with the endothelium not 

only provides a foundation for the coagulation cascade, but due to α-granule contents 

such as positive mediators VEGF, bFGF, and PDGF [133-141], and negative regulation 

with thrombospondin and platelet factor 4 [142, 143], platelets are crucial to de novo 

angiogenesis. 

As a rich source of angiogenic growth factors, Pinedo et al. first hypothesized a role for 

circulating platelets in tumor angiogenesis, in part, as an explanation of the effectiveness 

of anticoagulants in cancer therapy [144].  Well-documented and studied  in tumor 

angiogenesis since then, circulating platelets have been shown to provide delivery of 

arterio-/angiogenic factors under ischemic conditions as well [17, 18].  Local injection of 

platelets into an ischemic limb was shown to induce collateral vessel formation in rats 

and improve blood flow through VEGF [18].  Furthermore, peripheral leukocyte and 

platelet local injections into rat ischemic hindlimb were able to induce angiogenesis [19].  

However, in this case, it was bFGF released from platelets and not VEGF that showed a 

significant increase in the ischemic muscle (tissue ELISA) following leukocyte and 

platelet injection.  Interestingly, in patients with PAD, there is an observed increase in 

platelet activation [145, 146].  This would suggest not only a pro-thrombotic state, but a 
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condition under which platelets could deliver angiogenic factors to stimulate vessel 

growth.  Furthermore, pre-clinical models have demonstrated a therapeutic approach to 

PAD [147] and/or myocardial ischemia [148] with platelets via gene therapy and platelet 

transfusion [18, 20].   These studies suggest that upon platelet activation there would be 

the subsequent delivery of stored factors which contribute to both the hemodynamic-

driven arteriogenic process, as well as the ischemic-driven angiogenic process. 

Hindlimb Ischemia Model 

As a preclinical model to study Peripheral Arterial Disease, hindlimb ischemia via 

ligation of the femoral artery has been widely used to study vascular remodeling.  In 

particular, as described and demonstrated in work from Ronald Terjung’s Laboratory 

[110, 149-154], hindlimb ischemia serves as an appropriate model for PAD due to, in 

general, decreased blood flow to the distal hindlimb with an absence of symptoms at rest.  

Only upon a challenge, e.g., a treadmill in rats, do they observe gross deficiencies in limb 

usage or appearance.  In general, with our model of hindlimb ischemia, we do not 

observe severe necrosis or limb pathology.  This is similar to patients experiencing pain 

only upon walking, intermittent claudication.  However, this presentation in rodents begs 

qualification by the surgical approach used to induce hindlimb ischemia.   In a 

comparison of five surgical approaches, differing in location of femoral artery ligation 

(proximal and distal), number of ligations (two or three), or excision of the femoral artery 

all together, Shireman and Quinones found single ligations to be at the milder end of the 

spectrum with respect to the restoration of hindlimb perfusion, while triple ligation and 

excision of the femoral artery caused the most severe ischemia and necrosis of tissue 
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[155].  With regard to milder-induced hindlimb ischemia, post-operative perfusion was 

greater in mice with distal ligation, as compared to those with a proximal ligated femoral 

artery, though the difference did not reach statistical significance.  Recovery up to 28 

days was similar between the two approaches after the initial measurement.  Here, in 

collaboration with Dan Chalothorn and James Faber, we will study endogenous NPY in 

arteriogenesis using a double ligation model (Figure 1), where the ligations are located 

distal (below) the SEA and on the SEA itself.  This model is well-established in their 

laboratory and has been used to characterize collateral development in 2 specific pre-

existing anastomoses in the gracilis muscles of the superficial adductor muscle [156-158].  

We also use a single ligation model (Figure 2), proximally (above the superficial 

epigastric artery, SEA) located on the femoral artery to study endogenous NPY in 

ischemic capillary angiogenesis.  This model was previously used in our laboratory to 

establish NPY in ischemic angiogenesis [6].  Finally, it is important to note that while we 

used two different models to study two separate processes, both arteriogenesis and 

angiogenesis are occurring following hindlimb ischemia. 

Blood flow through the hindlimb vasculature, as disrupted by femoral artery ligation, will 

result in a pressure gradient above and below the occlusion, which enables the 

recruitment of pre-existing vascular anastomoses [159, 160] to circumvent the 

obstruction.  This recruitment of bypass vessels results in the collateral circuit.   The 

hemodynamic consequences of resistance to blood flow through a vessel can be described 

by Poiseuille’s Law:  

Q (flow) = πr4ΔP(pressure)/l(length of vessel)n (viscosity). 
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In the context of pre-existing arterial-arterial anastomoses, this equation demonstrates 

that an increase in the pressure gradient will increase the flow, Q, thru a collateral vessel 

that connects areas above and below an occlusion.  Here, we also observe the exponential 

impact of changes in the internal radius, r, such that small increases in the luminal 

diameter will largely increase blood flow; blood flow is proportional to r4.  These 

changes in physical forces mark the stimuli that result in the expansion of luminal 

diameter in pre-existing arterial anastomoses and development/remodeling of the vessel 

wall, ultimately diverting the primary blood flow to the distal tissues [159].  Blood flow 

through a collateral vessel itself provides the very stimulus it needs for arteriogenesis, 

fluid shear-stress.   As previously described [161] , fluid shear-stress (τ) can be calculated 

by 4η (blood viscosity) x Q (blood flow) / πr3 (radius of a vessel):    

τ = 4η x Q / πr3. 

This equation demonstrates the positive relationship between flow and shear-stress, 

where, as flow increases through a collateral, as does FSS.  However, we also observe an 

inverse relationship with the internal radius of the vessel.  In this case, as the lumen 

diameter of the collateral increases, the stimulus for arteriogenesis decreases.  Therefore, 

changes in the internal radius of a vessel can have a severe impact on both flow and FSS.  

Fluid shear-stress was recently shown to be the main driving force in arteriogenesis, 

increasing collateral conductance beyond levels due to growth factors (VEGF, bFGF, 

PDGF, MCP-1) [162, 163].  Thus, there is positive regulation of flow and vessel 

development that has an upper limit dictated primarily by radius size. 
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Figure 1.  Distal ligation of femoral artery as a model for hindlimb ischemia.  This double ligation 
(X) approach for hindlimb ischemia focuses on 2 particular collateral vessels of the ventral 
adductor muscle.  Specifically, primary blood flow is redirected through the lateral caudal 
femoral artery into pre-existing arterial-arterial anastomoses/collaterals (blue) of the anterior and 
posterior gracilis muscles with re-entry into the saphenous artery. 
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Figure 2.  Proximal ligation of femoral artery as a model for hindlimb ischemia.  This single 
ligation (X) approach for hindlimb ischemia has been primarily used in our laboratory for the 
study of capillary angiogenesis.  However, though not shown, pre-existing collateral vessels do 
exist and contribute to the redirection of blood flow.  In particular, the perforating artery has been 
shown to originate from the internal iliac artery and connect with the distal femoral artery, just 
prior to bifurcation with the popliteal artery. 
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Role of NPY in Angiogenesis 

NPY and NPY3-36 are potent angiogenic factors in a number of in vitro models - 

endothelial cell adhesion, migration, proliferation, differentiation into capillary tubes and 

aortic sprouting [1, 164].  In vivo, NPY was found to mediate neovascularization of 

athermoa [30, 79] in rats, and be potently angiogenic in oxygen-induced retinopathy 

[165] and in hindlimb ischemia in rodents [6].  In the latter; administration of NPY via a 

slow-release pellet locally into ischemic hindlimb fully restored tissue blood flow and 

calf muscle contractile function.  The restoration of flow and capillary angiogenesis in 

ischemic hindlimb, both spontaneous [6] and NPY-induced [91], is markedly reduced in 

Y2-/-, in comparison to Y2+/+ mice.  This would indicate that the Y2 receptor is a major 

contributor to revascularization.  Interestingly, the vascular density of the non-ischemic 

hindlimb is also impaired in Y2-/- mice, while it is significantly increased in rats over-

expressing the NPY gene [6].  This would indicate that NPY and/or the Y2 receptor are 

also essential for normal vascularization of muscles during development and growth in 

these mice.  Furthermore, collateral-dependent blood flow has been shown to increase 

with Y2 activation [10].  With regard to PAD occurring as a secondary disease to 

atherosclerosis, it is important to note what Epstein et al. [166] observed in their work: a 

constant tradeoff between enhanced collateralogenesis with exacerbated atherogenesis, or 

antiatherosclerotic intervention with impaired revascularization.  The ability of NPY to 

mediate both these processes in a receptor mediated manner – Y1: neointimal formation, 

Y2: revascularization – makes an attractive target for therapeutic investigation.  Finally, 

the recent findings in our laboratory demonstrating platelet-derived NPY to mediate 
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neointimal growth following vascular injury (Ken Abe, unpublished data), suggests it 

may also play a critical role in NPY-mediated revascularization in hindlimb ischemia.  

While previous studies in our laboratory have focused locally on the skeletal muscle and 

the specific receptor involvement during hindlimb ischemia, the temporal relationship of 

angiogenic NPY system expression, source contribution of megakaryocytes/platelets, as 

well as endogenous NPY itself, to the overall arterio- / angiogenesis has yet to be 

determined. 
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Materials and Methods 

Experimental Design and Surgical Procedure 

a. in vivo studies 

i. Animals 

The following male animals were used: 4-12 week old NPY-/- and their wildtype control 

129S1/SvImJ (The Jackson Laboratory, Bar Harbor, Maine, USA), 6-8 week old 

129X1/SvJ (The Jackson Laboratory, Bar Harbor, Maine, USA); and Wistar rats (150–

175g; Charles River Boston, Mass.).  All protocols were approved by the Animal Care 

and Use Committees of Georgetown University for Ethics in Animal Experiments, 

University of North Carolina Institutional Animal Care and Use Committee, and Animal 

Care and Use Committee of the MedStar Research Institute. 

ii. Unilateral Hindlimb Ischemia 

Animals were anesthetized with ketamine (100 mg/kg im) and xylazine (15 mg/kg im) or 

Avertin (250 mg/kg) intraperitoneally. Hair was removed from the hindquarters with 

depilating cream, with care taken to avoid erythema. Body temperature was maintained at 

37.0 ± 0.5°C.  The femoral artery was exposed aseptically through a 2-mm incision and 

isolated from the femoral vein and nerve, with care taken to avoid damage to vessels or 

nerve. For native collateral analysis (distal ligation), the femoral artery was ligated with 

7-0 suture just distal to the bifurcation of the anterior epigastric and lateral caudal femoral 

arteries (LCFA). A similar procedure was carried out for sham controls without ligation 
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of the femoral artery.  The wound was irrigated with sterile saline, the incision was 

closed, and antibiotic (cefazolin, 50 mg/kg im) and antimicotic (furazolidione, topical) 

were administered [156].  To study the effect on capillary angiogenesis (proximal 

ligation), the femoral artery was ligated with 6-0 suture proximal the bifurcation of the 

profundus and femoral arteries.  In rats, at the time occlusion, either Placebo or NPY (a 

total of 1 μg per pellet delivered over 14 days) (Innovative Research of America, 

Sarasota, Florida) pellet was placed in the popliteal fossa. 

iii. Platelet depletion and transfer 

An adaptation of Kuter et al.’s [167] non-immune method of sustained thrombocytopenia 

followed by platelet transfusion to study neointimal hyperplasia [168], established in our 

laboratory by Ken Abe (unpublished data), was used here to isolate the effect platelet-

derived NPY on ischemic capillary angiogenesis.  Chemical-induced thrombocytopenia 

was established and maintained with Busulfan (Sigma) (25 mg/kg) injections at days -4, -

2, +1, +8, relative to FAL day 0.  Based on previous cell counts, platelets were transfused 

at the time of surgery and on day +7 at 4x106 platelets/mL via tail vein injection.  

Experimental groups consisted of: 

 

 

 

 

 



27 
 

GROUP MOUSE 
GENOTYPE 

FEMORAL 
ARTERY 

LIGATION 

BUSULFAN PLATELETS 
TRANSFUSED 

1 (control) NPY+/+ - - - 

2 (control) NPY-/- - - - 

3 NPY+/+ Ischemia - - 

4 NPY-/- Ischemia - - 

5 (control) NPY+/+ Ischemia Thrombocytopenia NPY+/+ 

6 (control) NPY-/- Ischemia Thrombocytopenia NPY-/- 

7 NPY+/+ Ischemia Thrombocytopenia NPY+/+ 

8 NPY-/- Ischemia Thrombocytopenia NPY-/- 

 

b. in vitro studies 

i. Endothelial Cell Culture 

Cell culture  

Adult human dermal microvascular endothelial cells (HMVEC-dAd) were purchased 

from the Lombardi Cancer Center (LCC) at passage 6 and cultured up to passage 8 in 

EBM-2MV media in a 5% CO2 humidified incubator. HMEVCs were split at a 1:5 ratio 

after each passage and allowed to grow to confluence.  

DNA synthesis assay 

HMVECs were plated onto 96-well dishes (1,500 cells/well), cultured for two days, 

growth-arrested in serum-free media for 24h and then treated with media supplemented 

with 1.5% of PPP, PRP or collagen-activated PRP plasma derived from NPY+/+ and 

Table 1.  Experimental groups for platelet depletion and transfer study. 
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NPY-/- mice (for preparation of plasma, see Methods, Blood below). Serum free media 

and standard EBM-2MV media served as negative and positive controls, respectively. 4 h 

after treatment, 0.5 µCi [3H] thymidine/well was added. 20 h later, the cells were washed 

twice in PBS, trypsinized and lysed by freezing and thawing under hypotonic conditions. 

Then, the cell lysates were transferred to filtermats (Wallac, Turku, Finland) in a 96-well 

harvester (Tomtec Harvester 96 Mach II, Orange, Conn.) and radioactivity counted in a 

Betaplate Liquid Scintillation Counter (Wallac, model 1205). The levels of proliferation 

were normalized to serum free control. 
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Methods 

Blood 

Immediately before sacrifice, blood was collected from the vena cava (1mL syringe with 

23G needle) and processed for ELISA -   platelet-rich plasma (PRP): 150g for 10 min @ 

4°C; platelet-poor plasma (PPP): 10,000g for 2 minutes @ 4°C.  For platelet treatment of 

endothelial cells with collagen-activated PRP: following isolation of PRP, this fraction 

was transferred to a fresh tube and incubated with collagen (Chrono-Log Corporation) at 

5µg/µl for 6 min at RT, inverting throughout incubation.  The mixture was then 

centrifuged at 2000g for 10 min @ 4°C.  The supernatant was then collected and snap 

frozen. 

Tissue processing, immunohistochemistry and image analysis 

Skeletal muscle samples were frozen with liquid nitrogen (Roberts Oxygen).  Slides with 

5 micron sections were prepared using a cryostat and stored at -80°C.  Morphology was 

studied using sections stained with hematoxylin-eosin.  Immunostaining was carried out 

according to the manufacturer’s protocols using the following Antibodies (Ab): 

CD31/PECAM-1 (1:100) (BD Pharmingen – anti-rat and anti-mouse with 2° Ab – (1:25) 

biotinylated goat anti-mouse and (1:100) biotinylated goat anti-rat (BD Pharmingen), 

respectively; SMC α-actin (DAKO) (1:100) with (1:25) goat anti-mouse (BD 

Pharmingen).  Subsequently, staining with streptavidin-biotin complex technique was 

used for visualization.  The sections were collected and evaluated using a Nikon eclipse 

E600 photomicroscope (Nikon, Inc., Melville, NY). 
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Immunohistochemistry 

Staining with the aforementioned Abs was performed on frozen slides with biotin-avidin 

peroxidase (ABC Kit; Vector Laboratories Inc., Burlingame, California, USA) for 

visualization.  Detection of cd31 (PECAM-1) staining was performed using mouse anti-

cd31 antibody (BD Pharmingen California, USA).  Slides were examined under a bright-

field microscope (Nikon Inc., Melville, New York, USA) and images analyzed using NIH 

Scion Image software (Scion Corp., Frederick, Maryland, USA). 

Assessment of Revascularization. Capillary vascularization was determined by the 

density of PECAM-1/CD31 positively-stained vessels, quantified as the number of 

capillaries per fiber in four to six fields per muscle (400x).  Collateralization in ischemic 

hindlimb was measured by counting the number of arterioles positively stained with SMC 

α-actin by counting the number of arterioles per field in four to six fields per muscle 

(200x). 

qRT-PCR of NPY, NPY receptors, and DPPIV mRNA’s 

RNA was isolated using Tri Reagent (Sigma) and cDNA synthesized by Superscript II 

Reverse Transcriptase (Invitrogen Life Technologies, Carlsbad, CA) using random 

hexamers (Perkin Elmer, Foster City, CA) or iScript (Biorad).  The cDNA was amplified 

by PCR 40 cycles (94°C for 1 minute, 60°C for 1 minute 20 seconds, and 72°C for 1 

minute) using Taq DNA polymerase (Promega Corp., Madison, Wisconsin, USA).  The 

reactions were carried out in the presence of primers specific for the sequences of the 

investigated genes: NPY, Y1, Y2, Y5, and DPPIV.  Primers for 18S rRNA were added to 
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each reaction as an internal control.  PCR products were analyzed by DNA 

electrophoresis on a 2.5% agarose gel and visualized by ethidium bromide staining.  

Quanitative RT-PCR was performed using the iCycler iQ Real-time PCR detection 

system (Biorad, Hercules, CA).  Samples were run in duplicate, each consisting of 2 uL 

of cDNA(obtained from total RNA as previously described), and was amplified in 20uL 

of 1X Taqman Universal PCR Master Mix (Applied Biosystems, Foster City, CA) 

containing primers (300nM each) and FAM-labeled TaqMan MGB probe (200nM).  

Primers and probes: NPY: 5′ -TACCCCTCCAAGCCGGACAA-3′ and 5′-

TCTCATTTCCCATCACCACATG-3′; Y1: 5′-CTCTTGCTTATGGRGATGTGA-3′ and 

5′-CTGGAAGTTTTTGTTCAGGAAYCCA-3′; Y2: 5′-

CCTACTGCTCCATCATCTTGC-3′ and 5′-GTAGTTGCTGTTCATCCAGCC-3′; Y5: 

5′-ATGGAGTTTAAGCTTGAGGAGC-3′ and 5′-TGTGTAGGCAGTGGATAAGG G-

3′; DPPIV: 5′-GTCCTGGAGGACAATTCTGC-3′ and 5′-

TGGAGATCTGAGCTGACTGC-3′; and 18S rRNA: 5′-

TCAAGAACGAAAGTCGGAGG-3′ and 5′-GGACATCTAAGGGCATCACA-3′ were 

designed and synthesized by Applied Biosystems (Assay-on-Demand).  Primers (see 

above) and probes were amplified by PCR for 40 cycles (denaturing at 95° C for 45° sec, 

annealing at 58° C for 45 sec, and extension at 60° C for 1 min) using TaqMan Universal 

PCR Master Mix.  The results were analyzed using iCycler iQ software, version 3.0, 

provided by BioRad and expression levels were calculated by the comparative CT 

method using β-actin as an endogenous reference gene, according to the Applied 

Biosystems’ ABI PRISM 7700 User Bulletin #2. 
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Laser-Doppler perfusion imaging (LDPI) 

As previously described for collateral model [156] and the more severe model of 

hindlimb ischemia [14], noninvasive measurements of superficial hindlimb perfusion 

were obtained before ligation, immediately after ligation, and 1, 3, 7, 14, and 21 days 

after ligation using a scanning laser-Doppler perfusion imager (model LDI2-IR, Moor 

Instruments, Wilmington, DE). Calculated perfusion was expressed as the ratio of the 

ischemic to contralateral non-ischemic limb (LDPI ratio). 

In Vivo Assessment of Limb Function and Ischemic Damage (Clinical observations) 

Semiquantitative assessment of impaired use of the ischemic limb was performed serially 

(3=dragging of foot, 2=no dragging but no plantar flexion, 1=plantar flexion, and 

0=flexing the toes to resist gentle traction on the tail) [169].  Semi-quantitative 

measurement of the ischemic damage was also assessed (0=no difference from the right 

hindlimb, 1=mild discoloration, 2=moderate discoloration, 3=severe discoloration or 

subcutaneous tissue loss or necrosis, and 4=any amputation) [105]. 

Histomorphometry 

Tissue preparation, histological procedures, and measurements were carried out 

according to [156].  Briefly, lumen diameters of collaterals in the anterior and posterior 

gracilis muscles were measured in the collateral midzone of the adductor.  21 days after 

femoral ligation, animals were cannulated via the descending aorta, heparinized, 

perfusion-cleared at 100 mmHg with phosphate-buffered saline (PBS, pH 7.4) containing 

adenosine (10 mg/ml) and papaverine (4 mg/ml), followed by fixation with 4% 
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paraformaldehyde (PFA).  Hindquarters were post-fixed and tissue sections of the medial 

adductor and calf from the ligated and sham-ligated limbs were blocked and embedded in 

paraffin for sectioning (5 microns, modified cyano-Massons elastin stain). Sections were 

digitized at 40x magnification. Areas were determined as follows (ImageJ, V1.30, NIH): 

lumen area = (lumen circumference)2 / 4π, intima-media area = area between the lumen 

and external elastic laminus (EEL), and circumference = length of EEL. Thickness of 

intima-media was calculated as: [(circumference of EEL ÷ 2π) – (circumference of lumen 

÷ 2π)]. Thicknesses were calculated because, in the absence of hypertrophy, wall areas 

change secondary to geometric changes in vessel circumference. Thus, increased area 

may not equate with hypertrophy.  Diameters of collaterals at their ~midpoints in the 

anterior and posterior gracilis muscles were determined acutely and 21 days after femoral 

artery ligation.  Acute ligation was carried out in the contralateral hindlimb just prior to 

sacrifice (following LDPI scan, but prior to perfusion fixation). 

Post-mortem X-ray arteriograms 

Mice were perfusion-cleared, heparinized, maximally dilated (10 mg/ml adenosine and 4 

mg/ml papaverine, freshly prepared), fixed with 4% paraformaldehyde (PFA) at 100 

mmHg, and placed in a positioning mold.  The vasculature was injected with X-ray 

opaque latex (MV-122, Flow Tech Inc, Carver, MA) with a viscosity sufficient to 

minimize capillary transit (8:1 latex-to-diluent) was injected into the cannulated 

abdominal aorta and allowed to cure. After post-fixation overnight, the skin was removed 

and arteriograms were obtained (MX-20, 22kV, 6s; Faxitron X-ray Corporation, 

Wheeling, IL). Films were digitized, and a Rentrop-like line analysis was performed by 
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counting detectable arteries intersecting a vertical line beginning at the midpoint between 

the proximal and distal ligations of the femoral artery and extending through the CZ to 

the posterior edge of the thigh (index of pre-existing collateral number in the acutely 

ligated limb and remodeled collaterals in the acute and 21 day ligated limbs). 

NPY EIA 

NPY Enzymatic ImmunoAssay (EIA) Kit (S-1145) was purchased from Bachem 

(Torrance, CA) and the measurements were performed according to the manufacturer’s 

procedure.  Prior to assay, plasma extraction with C-18 Sep-columns from Bachem 

(Torrance, CA) was performed according to the manufacturer’s procedure. 

Platelet count 

Harvested blood, as described above, from the inferior vena cava was centrifuged at 150g 

for 10 minutes @ 4°C in order to isolate the PRP.  PRP was then centrifuged at 2000g for 

10 minutes @ 4°C and the supernatant discarded.  The remaining pellet (platelets) was 

washed and resuspended with 1X PBS.  Resuspended platelets were diluted and counted 

on a hemacytometer using a phase contrast microscope. 

Statistical Analysis 

All data are presented as means ± SE with the exception of clinical observations, which 

are presented as medians with the range of each group. Based on comparison, data were 

analyzed by One-way or Two-way (Repeated-Measures) ANOVA with post hoc multiple 

comparison t tests using Dunnet’s, Bonferroni’s or Tukey’s test  using GraphPad Prism 

version 5.00 for Windows, GraphPad Software, San Diego California USA, 
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www.graphpad.com P < 0.05 was considered statistically significant for the indicated n 

per group. Unless stated otherwise, *P<0.05, **P<0.01, and ***P<0.001.  For mRNA 

analysis with qRT-PCR, genes from individual samples not detected were not included in 

the statistical analysis, which resulted in a decreased “n” per treatment group. 
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RESULTS 

AIM 1: TO DETERMINE THE ROLE OF ENDOGENOUS NPY IN 

ISCHEMIC REVASCULARIZATION: COLLATERALIZATION AND 

CAPILLARY ANGIOGENESIS. 

Hypothesis:  In response to hindlimb ischemia, mice lacking endogenous NPY will 

demonstrate impaired revascularization with respect to both collateralization and 

capillary angiogenesis, which will result in deficiencies in perfusion and function of the 

ligated hindlimb. 

Rationale:  NPY is a mitogenic factor for both Vascular Smooth Muscle Cells (VSMCs) 

and Endothelial Cells (ECs) [1], acting via the Y1 and Y2 receptors, respectively.  

Hindlimb ischemia has been shown to increase mRNA expression of these receptors, as 

well as the related peptidase, DPPIV, in ischemic rat gastrocnemius muscle [6].  

Furthermore, levels of NPY derived from neuronal and extra-neuronal sources increase in 

response to vessel injury [30, 79], with the subsequent NPY eliciting its mitogenic effects 

on VSMCs.  Rats and some mouse species (e.g. SV129) express NPY in MKs and 

platelets [46], and this source of NPY has been shown to play a major role in post-

angioplasty vascular remodeling in mice (Ken Abe, unpublished data).  Here, we will 

investigate the effects of the loss of endogenous NPY on the response to femoral artery 

ligation (FAL) using two models of hindlimb ischemia.  First, we will use a distal ligation 

model of ischemia (Figure 1), established in James Faber’s Laboratory, in order to 
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analyze the effect on collateralization in the upper hindlimb [156]. This model of 

ischemia is well-established in their laboratory and focuses the analysis on two-specific 

pre-existing collateral vessels located in the anterior and posterior gracilis muscles in the 

adductor region of the upper hindlimb.  Then, we will use a proximal ligation model of 

hindlimb ischemia (Figure 2), one that has been previously established in our laboratory 

and used to investigate the effects of tissue ischemia in the lower hindlimb [6].  

Furthermore, previous work with this model demonstrated an increase in NPY and its 

receptors following FAL, as well as NPY-mediated revascularization of ischemic tissue 

and recovery of function in the rat. 
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Specific Aim 1A: To characterize the NPY system in non-ischemic limbs of NPY 

knockout and wildtype mice. 

Hypothesis:  Characterization of the NPY system in non-ischemic limb will reveal a 

predisposition to impaired revascularization in NPY-/- mice.  In particular, these mice will 

have decreased expression of NPY’s angiogenic receptors, Y2 and Y5. 

Rationale:  Previously, our lab has established that exogenous NPY can improve 

revascularization of ischemic hindlimbs [6].  To further understand the NPY angiogenic 

system, the endogenous contribution of the peptide and its receptors will be studied.  

Upon confirmation of a reproducible in vivo model to investigate NPY ischemic 

angiogenesis, we used murine NPY knockout models to characterize the differences in 

vascularization of non-ischemic limbs in NPY-null mice.  This model will lead to further 

studies of NPY in the revascularization processes of arteriogenesis and angiogenesis as 

defined in the Introduction. 
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Figure 3.  Experimental outline for a baseline comparison between NPY-/- and wildtype 
mice.  Ten week old NPY-/- mice (n=4) and their wildtype controls, 129S/SvImJ (n=4), 
underwent sham operation for a baseline comparison between the two groups prior to 
femoral artery ligation (FAL).  A schematic of the hindlimb vasculature is provided for 
reference.  CIA: common iliac artery. IIA: internal iliac artery.  FA: femoral artery.  PA: 
popliteal artery.  SA: saphenous artery.  IHC: immunohistochemistry. 
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Results 

NPY-/- mice 

First, we compared sham-operated wildtype and NPY knockout mice in order to establish 

a baseline to the femoral artery ligation response, which is the focus of this work.  Ten 

week old NPY-/- mice (Sv129 background) and their respective controls (129S1/SvImJ) 

were purchased from Jackson Labs (n = 4 per group), subjected to sham operation and 

sacrificed after 14 days.  Due to the commercial availability (lack of) of NPY-/- mice, we 

have a relatively low number of experimental animals per experiment.  

Adductor and gastrocnemius muscles were harvested and processed for mRNA analysis 

of the NPY angiogenic system and PECAM-1, with data quantified as the expression 

relative to β-actin.  The adductor muscle is the site of fluid shear-stress-induced 

arteriogenesis triggered by femoral artery occlusion.  Thus, expression of the NPY 

system in this muscle can give us insight into the potential role of NPY in this process.  

Wildtype mice expressed mRNA for all elements of the NPY system, as well as for 

PECAM-1 (Figure 4).  However, Y5 mRNA expression was detected in only 1 mouse at 

very low expression levels.  NPY-/- mice, on the other hand, had unexpected results.  

Contrary to Erickson et al. [170],  which described the knockout phenotype to not 

generate mRNA in brain or protein product  in brain or adrenal tissue, 3 out of 4 NPY 

knockout mice had detectable levels of NPY mRNA, albeit at the very lowest of 

detection levels.  The difference in NPY expression, however, did not reach statistical 

significance with respect to wildtype mice (P=0.0763).  However, this particular strain of 
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CCGCATCCCACCGGTGGATCTCTTCTCTCACAGAGGCAC
CCAGAGCAGAGCACCCGCCGCTCAGCGACGACTGCCCGC
CCGCCACGATGCTAGGTAACAAGCGAATGGGGCTGTGTG
GACTGACCCTCGCTCTATCTCTGCTCGTGTGTTTGGGCAT
TCTGGCTGAGGGGTACCCCTCCAAGCCGGACAATCCGGG
CGAGGACGCGCCAGCAGAGGACATGGCCAGATACTACT
CCGCTCTGCGACACTACATCAATCTCATCACCAGACAGA
GATATGGCAAGAGATCCAGCCCTGAGACACTGATTTCAG
ACCTCTTAATGAAGGAAAGCACAGAAAACGCCCCCAGA
ACAAGGCTTGAAGACCCTTCCATGTGGTGATGGGAAAT
GAAACTTGTTCTCCCGACTTTTCCAAGTTTCCACCCTCAT
CTCATCTCATCCCCTGAAACCAGTCTGCCTGTCCCACCAA
TGCATGCCACCACTAGGCTGGACTCCGCCCCATTTCCCTT
GTTGTTGTTGTTGTATATATGTGTGTTTAAATAAAGTACC
ATGCATTC 

Figure 5.  cDNA sequence for Neuropeptide Y.  The NPY gene consists of four exons 
(marked by alternating colors). The portion of the sequence highlighted in green 
corresponds to Exon2, which is the region that encodes the signal peptide and 35 amino 
acids, and was replaced by a lacZ-neo fusion gene in the NPY knockout.  The sequences 
of the primers (underlined) and probe used for qRT-PCR (italic, underlined) are located 
within exons 3 and 4. Thus, the amplified region (highlighted in yellow) is located behind 
the knocked out part of the gene.  Given the probing sequence used, it is possible for 
residual transcription from exons 3 and 4 to occur in NPY knockout mice. This could 
explain our detection of NPY mRNA in these mice. 
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NPY knockout mice was generated by replacing exon2 with a lacZ-neo fusion gene, 

while the region amplified in our RT-PCR  reaction is located in exons 3 and  4, outside 

of  the knocked out site  ( Figure 5 ).   Thus, despite the fact that the NPY gene is non-

functional, some residual transcription for exons 3 and 4 is possible and may explain our 

observations.  No significant differences between the two groups exist in the expression 

of smooth muscle and endothelial cell mitogen mediators, Y1 and Y2, respectively, nor in 

the processing enzyme DPPIV.   Y5 is essentially not expressed in either group, 

suggesting a lack of compensatory response to low NPY levels.  Equal PECAM-1 levels 

suggest no differences in muscle vascularity of capillaries. 

The gastrocnemius muscle was evaluated for similar genes, with the intent to uncover 

potential differences in the capillary angiogenesis response to severe hindlimb ischemia 

(Figure 6).  NPY mRNA was detectable once again, though at very low levels and was 

statistically lower than in the wildtype group (P= 0.0088).  Interestingly, there is a strong 

trend (P=0.0550) for decreased levels of Y2 mRNA in NPY-/- mice, the main angiogenic 

receptor for NPY.   No other differences were detected between the two groups.  

However, contrary to the adductor muscle, Y5 mRNA was detected at very low levels in 

the gastrocnemius.  Frozen sections of the gastrocnemius muscle were also processed for 

IHC analysis with PECAM-1/CD31 (Figure 7).  Capillary to muscle fiber ratio was 

calculated similarly as above.  Confirming mRNA results of PECAM-1, no baseline 

differences were observed between the two groups with IHC (wildtype: 1.613 ± 0.104 

and NPY-/-: 1.506 ± 0.281).   
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Summary 

Analysis of non-ischemic hindlimb vascularization in sham-operated wildtype and NPY-/- 

mice revealed no stark differences in mRNA of the NPY system or in skeletal muscle 

capillarity between the two groups.  However, in the gastrocnemius muscle, NPY-/- mice 

showed a decrease in Y2 mRNA, perhaps reflecting NPY regulation of its own receptors.  

Contrary to expectation, these mice had detectable, though lower (adductor P= 0.0763), 

levels of NPY mRNA in both skeletal muscle beds.  These findings were explained based 

on the sequence amplified during qRT-PCR and the region of the NPY sequence knocked 

out in this mouse line. Relative receptor expression is also of note, with Y1 essentially 

being the lone receptor expressed in the adductor, while all 3 receptors are expressed in 

the gastrocnemius muscle.  Furthermore, Y2 expression is comparable to that of Y1, at 

least in wildtype mice.  Given the limited availability of NPY-/- mice and their according 

wildtypes, we collaborated with groups (Jim Faber, Mary Susan Burnett) specializing in 

these vascular processes to characterize the role of NPY in ischemic revascularization, a 

process which includes both capillary angiogenesis and the collateralization of pre-

existing vessels. 
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Specific Aim 1B: To determine the role of endogenous NPY in collateral vessel 

development following hindlimb ischemia 

Hypothesis:  Following femoral artery ligation, mice lacking endogenous NPY will 

demonstrate marked impairment in perfusion and function associated with a delayed 

recovery in comparison to wildtype mice due to a decrease in both the number of pre-

existing collateral vessels and the remodeling of the medial layer of these vessels. 

Rationale:  Having established a baseline characterization and comparison between 

wildtype and NPY knockout mice in terms of the NPY system (pertaining to ischemic 

revascularization); here, we will investigate the role of endogenous NPY in collateral 

vessel remodeling comparing the same groups of mice from AIM1A.  Chalothorn et al. 

[156] demonstrated a potential role for catecholamines in augmenting collateral vessel 

growth, as well as angiogenesis, in tissue ischemia, while others have shown a role for 

the adrenergic system in vascular wall remodeling [171] [172], as well as a mitogenic 

effect on VSMCs [173].  These data, along with the co-release of NPY with 

norepinephrine from sympathetic nerves and its mitogenic effects on VSMCs provide the 

theoretical basis for the role of NPY in collateralization.  In collaboration with Jim 

Faber’s group at UNC Chapel Hill, we will test our hypothesis using germ-line systemic 

NPY knockouts (129S1/SvImJ background) and their according wildtypes (10-11 wks. 

old, n = 10 per group) over 21 days following hindlimb ischemia.  As described earlier, 

this model via ligation of the distal femoral and superficial epigastric arteries, shifts 

primary blood flow into the lateral caudal femoral artery and ultimately through pre-
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existing collateral vessels.  The resulting increase in fluid shear-stress from the shunted 

blood flow provides the stimulus for collateral remodeling. 
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Figure 8.  Experimental outline for collateral vessel analysis following distal ligation of 
the femoral artery.  Ten-eleven week old NPY-/- mice (n=10) and their wildtype controls, 
129S/SvImJ (n=10), underwent double ligation (X) of the femoral artery (FAL) for 
specific analysis of pre-existing collaterals (blue) of the superficial adductor muscle.  A 
schematic of the hindlimb vasculature is provided for reference.  FA: femoral artery.  
LCFA: lateral caudal femoral artery.  SEA: superficial epigastric artery.  PA: popliteal 
artery.  SA: saphenous artery.  Included are the methods of analysis that pertain to this 
study. LDPI: laser Doppler perfusion imaging. EIA: enzyme immunoassay.  PRP: 
platelet-rich plasma. PPP: platelet-poor plasma. 
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Results 

Collateralization following distal hindlimb ischemia 

Hindlimb perfusion following distal femoral artery ligation is an indication of 

collateralization.  To evaluate the possible role of endogenous NPY in this process, serial 

blood flow measurements were acquired by laser Doppler perfusion imaging (LDPI) of 

the ventral adductor region containing the superficial pre-existing collaterals in the 

gracilis muscle.  The data is presented as a ratio of blood perfusion of the ligated to non-

ligated hindlimb (Figure 9).  Immediately after surgery, NPY-/- mice did not suffer as 

drastic a decrease in blood flow as their wildtype counterparts (0.7597 ± 0.0455 versus 

0.6070 ± 0.0471, respectively, P = 0.0315).  However, within the first week knockout 

mice demonstrated a blunted, yet adequate (perfusion ration greater than 1) rebound, as 

compared to wildtype controls (3 days: 1.011 ± 0.0698 versus 1.216 ± 0.0868, and 7 

days: 1.377 ± 0.0794 vs. 1.692 ±0.1208, P = 0.0559).  This decreased perfusion in the 

adductor region of the ischemic limb continued thru 14 days (1.288 ± 0.0731 vs. 1.568 ± 

0.1397), whereby at 21 days post-FAL, the two groups demonstrated similar perfusion 

ratios (1.347 ± 0.1418 vs. 1.408 ± 0.1369).  Evaluation of ventral adductor perfusion in a 

collateral model of hindlimb ischemia revealed early differences in NPY-/- mice, 

suggesting a minor role for NPY in the acute response to distal femoral artery ligation up 

to a week post-ligation. 

Corresponding distal perfusion of the plantar foot region in the mouse hindpaw was also 

measured following this distal FAL (Figure 10). In line with our observations of adequate 
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blood flow in the ventral adductor, serial blood flow measurements of the mouse hindpaw 

revealed similar patterns of recovery between the two groups.  Following an initial drop 

in perfusion immediately after ligation (NPY+/+: 0.1729 ± 0.0311 versus NPY-/-: 0.2282 ± 

0.0286), both groups improved to ~50% of basal values by 3 days (0.4786 ± 0.0577 

versus 0.5112 ± 0.0652), reached 75-80% (0.7686 ± 0.0634 versus 0.8346 ± 0.0430) by 1 

week, at which point relative perfusion remained thru 21 days (14 days: 0.8296 ± 0.0351 

versus 0.8699 ± 0.0298 and 21 days: 0.7883 ± 0.0609 versus 0.9095 ± 0.03569).  Given 

the adequate perfusion in the proximal hindlimb and minimal differences detected 

between both groups of mice early on; our findings of no significant changes of blood 

flow in the distal tissue do not come as a surprise.  These results, however, while subtle, 

suggest that endogenous NPY may play a role in early collateralization, one that may be 

masked by sufficient compensation in its absence. 

Gross observations and functional correlates of FAL-induced ischemia in mice lacking 

NPY 

Serial blood flow measurements were accompanied by clinical observations of the mouse 

hindpaw and scored relative to the contralateral hindpaw.  Thus, we were able to observe 

any perturbations in appearance or usage of the ligated hindpaw in this mild model of 

hindlimb ischemia.  These clinical parameters were evaluated using a scoring system 

from 0-4 for appearance [169] and 0-3 for usage [105], corresponding to descriptive 

observations, and are presented as the median with the range of each group at each 

timepoint.  Gross observation revealed no significant differences in appearance between 

ligated and non-ligated hindpaws following ligation in either group (Figure 11).  
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Consistent with perfusion results of the distal hindpaw, no differences between knockout 

and wildtype groups were observed.  These results in appearance translate well into the 

lack of impairment in hindpaw usage (Figure 12) due to ligation and between the two 

groups.  Clinical observation of these mice reveals no effect of endogenous NPY on 

appearance and usage following this model of distal femoral artery ligation. 
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Collateral remodeling in NPY-/- mice 

We next looked at vessel remodeling between the two groups by comparing structural 

differences in pre-existing collateral vessels immediately after and at 21 days following 

distal FAL.  To do so, analyses of histological sections and x-ray arteriograms were 

carried out.  Following blood flow measurements, mice were subjected to acute ligation 

of the contralateral hindlimb prior to sacrifice.  Histomorphometry was conducted in pre-

existing collateral vessels of the anterior and posterior muscles of the gracilis muscle in 

NPY-/- mice and their according wildtype controls.  As observed by Scholz et al. [174], 

pre-existing collaterals in mouse gracilis muscles can be identified in conjunction with a 

somatic nerve and venule (Figure 13), a characteristic distinct from arterioles.  Femoral 

artery ligation induces outward remodeling or the enlargement of pre-existing 

anastomoses [92, 159, 175, 176] into conductance vessels that bypass the site of 

interrupted blood flow in order to deliver blood to the distal tissues.  Comparing acute 

and 21 day ligations, vascular lumen diameter in both the wildtype and knockout groups 

significantly increased; 23.00 ± 3.01µm to 59.1 ± 4.19µm (P = 0.0004) and 36.40 ± 

3.91µm to 62.57 ± 3.58µm (P = 0.0066) (Table 2), respectively.  Interestingly, NPY-/- 

mice had a larger luminal diameter acutely following ligation (P = 0.0177), which 

corresponded to a blunted drop in ventral adductor perfusion immediately after ligation, 

as observed above.  Furthermore, only NPY-/- mice demonstrated significant thickening 

of the medial wall over the 21 days, 3.60 ± 0.25µm to 5.05 ± 0.27µm, (P = 0.0024) 

versus the NPY+/+ group, 4.26 ± 0.46µm to 4.82 ± 0.30µm (Table 2).  Given the ligation- 
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induced changes in pressure within vessels distal to the ligation sites, we morphologically 

assessed   the restructuring   and/or   vasomotor   activity    (i.e.,  effect  on  blood  flow  

due  to  vasoconstriction,  hypertrophy ) within these vessels of the gracilis muscles using 

the media wall-to-lumen ratio [177] using the values below (Table 2).  As compared to 

wildtype controls, NPY-/- mice have a significantly decreased wall-to-lumen ratio acutely 

following ligation, 0.224 ± 0.05 versus 0.103 ± 0.01 (P = 0.0272).  Moreover, at 21 days 

post-ligation, wildtype mice have decreased in this ratio by 62% (0.084 ± 0.01, P = 

0.0330), while knockout mice show little responsiveness (0.084 ± 0.01) in vasomotor 

activity over time.  Adventitial/Perivascular thickness was also assessed, with both 

groups similarly increasing over the post-ligation period (NPY+/+ 7.10 ± 1.49 to 11.21 ± 

1.68, P = 0.0046 versus NPY-/- 5.89 ± 0.98 to 11.69 ± 1.45, P = 0.0043) (Table 2). 

Observations of the medial area of remodeled collaterals were also associated with mild, 

but significant, differences in cellularity (number of nuclei as marker of 

proliferation/hyperplasia) of this area with wildtype mice increasing from 3.28 ± 0.38 to 

4.56 ± 0.48 (P = 0.0144) (NPY-/-: 3.17 ± 0.41 to 4.17 ± 0.50 (P = 0.2211) (Table 2).  

However, when normalized to medial cross-sectional area, nuclear density over 21 days 

in both groups was reduced, approximately 52% in wildtype mice (P = 0.0003) and 45% 

in knockout mice (P = 0.0018).  Moreover, there was a trend towards an increased density 

following acute ligation in wildtype (107.8 ± 14.03) versus knockout (82.75 ± 7.48) mice 

(P = 0.0857) (Table 2).  This decrease in nuclear density, primarily due to an increased 

medial  cross-sectional  area,  suggests cell  hypertrophy and/or  an increase  in the  extra- 
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cellular matrix of both groups.   These values suggest decreased remodeling in mice 

lacking NPY in response to femoral artery ligation. 

These differences observed in collateral vessel morphology following a model of distal 

ligation, summarized in Table 2, support the ventral adductor perfusion differences 

observed between the two groups within the first week after ligation.  However, the 

similar recovery profile between the two groups in plantar foot perfusion, along with the 

adequate perfusion ratios in the adductor, suggests a response(s) beyond the quality of the 

vessel wall remodeling in individual collateral vessels (hypertrophy, hyperplasia) 

contributed to the recovery from this obstruction of blood flow. 

For further analysis of collateral remodeling, we also looked at the quantity of collateral 

vessels.   Specifically, we counted the total number of vessels occupying the adductor 

collateral zone, a method consistent with other methods of quantifying pre-existing 

collateral vessels in the hindlimb [178].  X-ray arteriograms (performed with an X-ray 

opaque lead-based latex with a viscosity sufficient to minimize capillary transit) showed 

that in response to femoral artery ligation no differences in the number of perfused 

vessels in the collateral zone of the acutely ligated hindlimb (NPY+/+: 6.63 ± 1.48 versus 

NPY-/-: 7.67 ± 0.92) exist (Figure 14).  Thus, lacking endogenous NPY does not appear to 

affect the number of native collaterals.   This is confirmed in the chronically ligated 

hindlimb, where the total number of perfused vessels increases similarly in the presence 

or absence of endogenous NPY, 13.10 ± 1.09 and 13.56 ± 1.16, respectively.  The 

number of perfused vessels identified in the collateral zone reflects the adequate 
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perfusion observed in the ventral adductor, both of which are consistent with similar 

blood flow measurements in the distal tissue among the two groups. 
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Differences in circulating NPY levels 

To determine if systemic NPY levels change in response to hindlimb ischemia, blood was 

harvested from both groups and platelet-rich and platelet-poor fractions of plasma were 

isolated from whole blood at the terminal point of 21 days post-ligation.  Interestingly, 

platelets demonstrated an increased NPY-immunoreactivity (-ir) versus the plasma 

fraction alone (P=0.0004) (Figure 15), representing an additional source of the peptide 

circulating in the blood, bone marrow-derived  and the   well known neuronally-derived 

NPY, respectively.   Contrary to genotyping results (data not shown) and Erickson et al.’s 

description of the mouse phenotype (Nature ’96), NPY-ir was detected in NPY knockout 

mice, albeit at the lower level of the detection range.  PRP and PPP fractions with NPY-ir 

from these knockout mice were not found to be statistically different from each other, in 

contrast to what was observed in NPY+/+ mice.  Moreover, possible cross-reactivity with 

PYY in this assay (NPY EIA) was also ruled out by the addition of PYY and resulting 

lack of NPY-ir detection.  Subsequent assays with other NPY-/- mice resulted in similar 

findings.  Therefore, these inexplicable, though consistent, findings are assumed to be 

non-specific reactivity or “background noise.”  Despite NPY-ir detection in NPY 

knockout mice, wildtype data demonstrates 2 possible contributing sources of NPY 

circulating in the blood, both of which have been reported by our [79] and other labs 

[179], that may augment any local contributions from the endothelium [1] and immune 

cells [180], in response to femoral artery ligation. 
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Summary 

In this study, using a model of hindlimb ischemia that focuses specifically on collateral 

development, we demonstrated a subtle role for endogenous NPY in response to distal 

femoral artery ligation, one that appears to be sufficiently compensated for.  Histological 

analysis provided intriguing insight into the multi-faceted role for NPY in vascular 

biology.  Firstly, immediately after ligation, we observed that NPY-/- mice do not suffer 

as drastic a decrease in perfusion relative to their controls as shown by a lumen diameter 

that was 58% larger in NPY-null mice.  Secondly, while nuclei density demonstrated that 

both groups underwent medial hypertrophy and/or expansion of the extracellular matrix, 

the wall : lumen ratio suggests that less hypertrophy occurred in the NPY knockout 

group.  Together, less reduction in blood flow and decreased  hypertrophy  suggest  that  

pre-existing  collaterals in mice  lacking NPY  are  less vasoactive.  Also, it was 

originally postulated that NPY’s role in Y1/Y5-mediated proliferation of VSMCs would 

predispose NPY-/- mice to insufficient collateralization following ligation.  We observed 

possible evidence for this with the number of nuclei increasing only in wildtype mice, 

suggesting increased proliferation of vascular cells.  Thus, in response to distal FAL, 

NPY-/- mice would undergo slightly impaired collateral remodeling. 

With X-ray arteriograms showing a similar number of vessels in the collateral zone 

between the two groups, it is suggested that the lack of NPY affects not the quantity, but 

rather the quality of vessels remodeling after FAL.  Nonetheless, both groups of mice 

demonstrate a perfusion ratio greater than 1 by 3 days post-ligation.  This adequate 
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perfusion in toto would account for the lack of differences in plantar perfusion, as well as 

the minimal perturbations in appearance and function in NPY-null mice. 

Finally, with 2 possible sources of circulating NPY to contribute to this response; 

sympathetic nerve-derived and post-ligation platelets, reflected in the PPP and PRP, 

respectively, a lack of NPY early on may be actually protective, decreasing 

vasoconstriction of collateral vessels that bypass the occlusion.   

In conclusion, these data between the two groups appear to show mild differences during 

the early phase of collateralization, but are similar by 21 days post-ligation.  As dictated 

by blood flow recovery in the ventral adductor, it may very well be possible that the 

critical point of an NPY effect may be occurring within the first week following distal 

FAL.  Thus, further understanding of the role for NPY in pre-existing collateral vessel 

remodeling could be possibly obtained from a shorter time course of study. 
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Specific Aim 1C: To determine the role of endogenous NPY in capillary angiogenesis 

in a model of hindlimb ischemia. 

Hypothesis:  Following proximal femoral artery ligation, NPY-/- mice will demonstrate a 

delayed recovery in perfusion and function of the hindpaw associated with a lack of 

upregulation in the NPY angiogenic system and a decreased capillarity in the ischemic 

tissue. 

Rationale:  Along with arteriogenesis, capillary angiogenesis is required for complete 

revascularization of ischemic tissue.  To study angiogenesis, a different model from AIM 

1B will be used.  Here, this model differs from AIM 1B in that there is only one point of 

ligation, which is located more proximal along the femoral artery.   This proximal 

ligation of the femoral artery is similar to that used in previous studies [6, 91] in our 

laboratory.   In collaboration with Mary Susan Burnett at Washington Hospital Center, 

we will determine whether or not NPY impairs the ischemic response in distal tissue 

following femoral artery ligation, comparing systemic knockouts and their according 

wildtypes over 14 days (n = 6 per group).  However, due to a lack of availability with 

these mice, instead of 10 week old mice as used previously, we will obtain and use 4-6 

weeks old mice (NPY+/+; n=6, six weeks old and NPY-/-; n=4 six weeks old and n=2, four 

weeks old) for this study.  The following parameters will be examined during the two 

week period following proximal FAL: time course of plantar foot perfusion and clinical 

observations of appearance and function; and, in comparison to sham-operated mice 

(AIM1A), mRNA expression of the NPY system in local skeletal muscle (adductor and 
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gastrocnemius muscles) and capillary/muscle fiber ratio in the ischemic tissue of 

gastrocnemius muscle. 
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Figure 16.  Experimental outline for analysis of capillary angiogenesis following 
proximal ligation of the femoral artery.  Four-six week old NPY-/- mice (n=6) and their 
wildtype controls, 129S/SvImJ (n=6), underwent single ligation (X) of the femoral artery 
(FAL) for analysis of capillary angiogenesis in the gastrocnemius muscle.  A schematic 
of the hindlimb vasculature is provided for reference.  FA: femoral artery.  CIA: common 
iliac artery.  IIA: internal iliac artery.  PA: popliteal artery.  SA: saphenous artery.  
Included are the methods of analysis that pertain to this study. LDPI: laser Doppler 
perfusion imaging. IHC: immunohistochemistry.  EIA: enzyme immunoassay.  PRP: 
platelet-rich plasma. PPP: platelet-poor plasma. 
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Results 

Plantar foot reperfusion in NPY-/-mice 

Similar to our approach above, plantar foot perfusion was measured in both hindpaws and 

presented as a ratio of the ligated to non-ligated hindpaw (Figure 17).  In general, Two-

way RM ANOVA of the perfusion ratio over time revealed no statistical difference 

between wildtype and NPY knockout mice (P = 0.1585).  Immediately following 

occlusion, blood flow in the ligated hindpaw of both groups dropped to approximately 

26% of their non-ligated contralateral hindpaw (0.2619 ± 0.0185 NPY+/+ vs. 0.2621 ± 

0.0282 NPY-/-).  At 3 days, NPY+/+ mice perfusion improved to 0.7693 ± 0.0486, while 

their counterparts in the NPY-/- group increased to only 0.5213 ± 0.0536.  By 7 days, the 

NPY-/- group’s perfusion recovery matched that of the NPY+/+ group (0.7791 ± 0.1056 vs. 

0.7809 ± .1010, respectively).  At termination of the experiment, both groups remained 

unable to recover to basal levels, though were similar to one another (NPY+/+ 0.5735 ± 

0.1052 and NPY-/- 0.5585 ± 0.0685).  Thus, NPY-null mice seem to only slightly deviate 

from their wildtype counterparts with respect to distal perfusion following ligation, 

particularly at day 3. 

Gross observations of ischemia and function in mice deficient in NPY 

Over the same period of time, clinical observations of appearance and usage of the 

hindpaw in relation to the non-ligated contralateral side were conducted with the two 

groups.  To assess appearance of the hindpaw, mice were examined at each timepoint  
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and a clinical score from 0-4 was given.  The median with the range of each group at 

each timepoint is shown in Figure 18.   

Throughout the duration of hindpaw observations, NPY-/- mice responded worse than 

NPY+/+ mice, with the groups demonstrating significant differences at day 3 (1-mild 

discoloration vs. 0-normal, respectively, P = 0.0313).  Perfusion differences, though not 

statistically significant, appeared to affect the hindpaw.  In addition, usage of the hindpaw 

was also significantly different (Figure 19).  Mice were given a clinical score from 0-3 

assessing the function of the hindpaw at each timepoint.  NPY-/- mice failed to display 

full usage of the ligated hindpaw by experiment’s end, with significant differences 

observed at day 7, (NPY-/- 2-plantar flexion vs. NPY+/+ 0-normal, P = 0.009).  Thus, 

appearance and usage of hindpaw following femoral artery ligation were delayed in mice 

lacking endogenous NPY. 

Impaired angiogenesis in NPY-/- mice 

To determine if these significant differences in response to FAL within the first week 

were associated with endpoint differences at the tissue level, IHC of gastrocnemius 

muscle of the ligated hindlimb with PECAM-1/CD31 was conducted for evaluation of 

capillary angiogenesis.  As depicted in Figure19, in response to femoral artery ligation, 

NPY+/+ mice increased the capillary to fiber ratio over and above the values in sham-

operated mice by 14 days (2.472 ± 0.036, P<0.01 versus sham, 1.613 ± 0.104).  However, 

this rebound revascularization of the gastrocnemius muscle at 14 days appears to be 

completely ablated in NPY-/- mice (1.771 ± 0.061), not differing from that of sham- 
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operated knockout mice (1.506 ± 0.281).  Moreover, in comparison to their wildtype 

controls at 14 days, knockout mice have decreased capillarity (P<0.01) in this distal 

tissue.  Thus, NPY-/- mice have a decreased capacity for capillary angiogenesis in 

response to ischemia. 

mRNA analysis of the NPY angiogenic system in skeletal muscle following ischemia 

To determine if these impairments in function and appearance are associated with 

corresponding changes in the NPY system, we showed mRNA expression of DPPIV, 

NPY and its receptors, as well as PECAM-1, in the adductor and gastrocnemius muscles 

at 14 days post-ligation.  Strikingly, in comparison to baseline, there was a strong trend 

for FAL-induced upregulation of Y2 in adductor of wildtype mice (P=0.0587) (Figure 

21).  In the upper hindlimb, no significant differences are observed between the two 

groups due to shear-stress by 14 days post-ligation, though the expression Y2 mRNA was 

slightly lower in NPY-/- mice (P = 0.0605).  Interestingly, Y2 expression in the knockout 

group is mildly increased (P=0.0953) following hindlimb ischemia.  Interestingly, in 

NPY-/- mice at baseline, Y5 expression was not detectable, whereas after ligation, tissue 

from all 4 mice expressed Y5.  In wildtype mice, 2 of the 4 mice had detectable levels at 

14 days compared to only 1 mouse at baseline.  No significant differences were observed 

in any of the other genes assayed.  Though, PECAM-1/CD31 mRNA slightly decreased 

following ligation in wildtype mice (P=0.0667).  Once again, NPY mRNA is detected in 

NPY-/- mice (in 2 of 4) (P=0.0321 versus NPY+/+ at 14 days).  NPY mRNA is also present 

in the gastrocnemius muscle of 1 NPY knockout mouse at 14 days. 
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From this distal tissue (Figure 22), we were only able to detect Y2R mRNA in 1 NPY-/- 

mouse following femoral artery ligation.  On the other hand, Y5 mRNA was not detected 

whatsoever in the knockout group and was so in only 1 wildtype mouse.  While there is 

no difference between the two groups at day 14, PECAM-1 mRNA expression is 

decreased in NPY-/- mice as compared to basal levels (P = 0.0026).  These results 

corresponded with the decreased capillarity with PECAM-1 / CD31- staining in  the  

gastrocnemius  muscle above.   As observed  in the  adductor Y1 and DPPIV mRNA 

expression in the gastrocnemius muscle does not appear to be affected by ligation at day 

14 in comparison to basal levels. 
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Summary 

To determine whether or not changes in the NPY system contributed to this impaired 

ischemic response in NPY-/- mice, we looked at local mRNA expression of the adductor 

and gastrocnemius muscles.  Oddly enough, these mice, which are not supposed to 

generate NPY mRNA or protein, had detectable levels of NPY mRNA expression in a 

few samples, similar to what was observed in sham-operated mice above.  Proximal 

ligation of the femoral artery appeared to have upregulated Y2 and Y5 expression in the 

adductor muscle in both groups, with higher expression in wildtype mice, though these 

increases did not reach statistical significance.  However, decreased ischemic capillary 

angiogenesis in the knockout group suggests that this process is NPY-mediated.  This 

notion is supported by decreased PECAM-1 mRNA expression in the gastrocnemius 

muscle of knockout mice following femoral artery ligation, and was then confirmed with 

decreased PECAM-1/CD31+-vessels in this distal tissue.   

These subtle differences in Y2 and Y5 mRNA expression in the adductor of mice lacking 

NPY resulted in slightly delayed overall perfusion to the hindpaw of the ligated hindlimb.  

At day 3, wildtype mice recovered to ~75% of their blood flow in non-ligated hindpaw, 

whereas the knockout group increased it to only ~50%.  Though, by 7 days post-ligation, 

NPY-/- mice equilibrated their response to that of NPY+/+ mice.  As observed in our study 

of collaterals above, endogenous NPY appears to play an early role in revascularization.  

This was indicated by impairments in appearance of the distal hindpaw, which reached 

mild discoloration by day 3, to be likely due to the decreased perfusion.  This significant 
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difference in blood flow was then followed by markedly impaired usage of the ligated 

hindpaw at day 7. 

In summary, an inability of NPY-/- mice to compensate for a proximally ligated femoral 

artery early on resulted in decreased capillarity in the gastrocnemius muscle by 14 days, 

as well as delayed perfusion to and impaired function of the distal hindpaw within the 

first week.  Both models of femoral artery ligation used to evaluate the role of 

endogenous NPY in ischemic revascularization suggest an effect that is occurring early 

on, possibly within the first week, and one that is compensated for at the later timepoints 

of 14 and 21 days studied here. 
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AIM 2: TO CHARACTERIZE THE TIME COURSE OF “NPY 

ANGIOGENIC SYSTEM” EXPRESSION IN A PROXIMAL LIGATION 

MODEL OF HINDLIMB ISCHEMIA. 

Hypothesis:  During hindlimb ischemia, NPY and its angiogenic system will be 

upregulated and activated, with NPY stimulating revascularization.  Specifically, this will 

result from hindlimb and circulating NPY levels increasing not only by local release of 

NPY within the skeletal muscles, but a systemic response, as well: ischemia-induced 

activation of sympathetic nerves and bone marrow megakaryocytes will lead to increased 

plasma platelet NPY levels, respectively, and peptide delivery to the site of injury. 

Rationale:  NPY is a mitogenic factor for both Vascular Smooth Muscle Cells (VSMCs) 

[50] and Endothelial Cells (ECs) [1], primarily mediated by the Y1 and Y2 receptors, 

respectively.  Hindlimb ischemia via proximal ligation of the femoral artery has been 

shown to increase mRNA expression of these receptors, as well as the related peptidase, 

DPPIV [6].  Furthermore, neuronal and extra-neuronal sources of NPY increase in 

response to vessel injury [6, 30], with the subsequent NPY eliciting its mitogenic effects 

on VSMCs.  Rats and some mouse species (e.g. Sv129) express NPY in MKs and 

platelets [46], and this source of NPY has been shown to play a major role in post-

balloon angioplasty vascular remodeling (Ken Abe., unpublished data).  From our work 

in mouse models (proximal and distal ligation of the femoral artery) discussed above; in 

response to femoral artery ligation, there appears to be early impairment in mice that lack 
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NPY.  Here, we will use a rat hindlimb ischemia model in order to characterize the time 

course of the NPY response both locally and systemically. 
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(same animals were used for specific aims 2A and 2B) 

Figure 23.  Experimental outline for a time course study on “NPY angiogenic system” 
expression in rats following proximal ligation of the femoral artery.  Six-eight week old 
Wistar rats with placebo or NPY pellet (1µg/14 days) administration  (n=3-8/group) 
underwent single ligation (X) of the femoral artery (FAL) for time course analysis of 
local and circulating levels of the NPY system.  A schematic of the hindlimb vasculature 
is provided for reference.  FA: femoral artery.  CIA: common iliac artery.  IIA: internal 
iliac artery.  PA: popliteal artery.  SA: saphenous artery.  Included are the methods of 
analysis that pertain to this study. IHC: immunohistochemistry.  EIA: enzyme 
immunoassay.  PRP: platelet-rich plasma. PPP: platelet-poor plasma. 
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Specific Aim 2A. What is the systemic response of NPY in circulating platelets and 

plasma in relation to ischemic revascularization? 

Hypothesis:  NPY released from sympathetic nerves will lead to increased circulating 

plasma levels of the peptide, characterizing the early response to tissue ischemia, whereas 

an increase in NPY levels from platelets derived from megakaryocytes in the bone 

marrow represent the late response, coinciding with a more complete revascularization 

response. 

Rationale:  As mentioned earlier, rats are a species that express high levels of NPY in 

platelets [5], thereby allowing us a greater range to evaluate changes over time in 

response to femoral artery ligation.  Also, we are able to harvest more blood in rats.  

Furthermore, this animal model was shown by our laboratory to have robust NPY-

dependent angiogenesis [6].  Here, we will determine which sources of NPY are activated 

by tissue ischemia and when these sources contribute to the circulating plasma and 

platelet NPY responses via proximal ligation of rat femoral artery using 6-8 wk. old 

Wistar rats (150-175g) from Charles River Laboratories. 
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Results 

Circulating NPY levels in the rat 

To investigate the time course of the NPY ischemic response, we initially analyzed NPY-

ir in platelet-rich and platelet-poor plasma of rats prior to and 1, 2, 7 and 14 days 

following ligation.  In PPP, levels of NPY- immunoreactivity (-ir) were increased 1 day 

(9.07 ± 2.02 ng/mL vs. sham, 1.76 ± 0.21 ng/mL, P < 0.0001) after femoral artery 

occlusion before returning to basal levels (Figure 24).  This peak 1 day after ligation was 

most likely an acute sympathetic response and thus, would reflect the neuronal discharge 

in response to femoral artery ligation [34].  In contrast to this rapid, expected response in 

PPP, we also observed a peak response later on in the platelet-rich plasma (Figure 24).  

Interestingly, PRP NPY-ir levels appeared to be rising by 7 days post-ligation and were 

markedly increased by 14 days (44.84 ± 15.08 ng/mL vs. sham, 10.07 ± 1.32 ng/mL, P= 

0.0307).  As mentioned previously, rodent platelet turnover is approximately 7 days, 

which coincided with our observations here.  Analysis (Two-way ANOVA, P < 0.0001) 

of response curves from the different plasma fractions over time confirmed 2 distinct 

sources and phases of the NPY ischemic response.  

In rats with a slow-release pellet added at the time of surgery, locally-delivered, 

exogenous NPY did not affect circulating levels of NPY in either fraction of plasma 

(Two-way ANOVA) beyond those levels due to ischemia alone (Figure 25).  However, 

only a subtle increase in NPY-ir (7.96 ± 3.37 versus sham, 1.76 ± 0.21 ng/mL, P = 

0.0956) presented in the PPP at 1 day post-ligation.  On the other hand, NPY-ir in PRP 
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similarly increased by 14 days post-ligation (42.32 ± 14.48 versus sham, 10.07 ± 1.32 

ng/mL, P=0.0404). 
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Summary   

In this study to determine the time course of response in circulating NPY levels to 

unilateral hindlimb ischemia, we looked at the immunoreactivity of NPY in PPP and PRP 

of rats up to 14 days post-occlusion, with and without exogenous NPY.  Having done so, 

we uncovered three interesting aspects in circulating NPY-ir.  Firstly, we observed an 

early and late response to proximal ligation of the femoral artery comprised of PPP and 

PRP, respectively.  As plasma levels have been previously determined to depend 

primarily on sympathetic nerve activation, the early peak most likely represents this 

response.  This sympathetic nerve release of NPY acutely was followed by upregulation 

of bone marrow-derived, platelet NPY.  Next, these levels of NPY-ir were not affected by 

locally-delivered, exogenous NPY.  This observation demonstrated that local 

administration of NPY does not affect circulating levels of the peptide.  Finally, with a 

significantly increased NPY-immunoreactivity in the PRP, as compared to PPP, 

following femoral artery ligation, platelet-derived peptide may be able to contribute more 

so to revascularization of the ischemic limb.  This last notion will be investigated in 

AIM3.  Having demonstrated these changes in circulating NPY-ir, we then explored the 

local response within the skeletal muscle for a coordinated change in the NPY angiogenic 

system. 
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Specific Aim 2B: What are the local changes in the NPY System in the ischemic 

hindlimb? 

Hypothesis:  Within the first week of response to femoral artery occlusion, local 

expression of NPY, its receptors and DPPIV will be upregulated in the ischemic hindlimb 

- in the area of collateral formation and ischemic capillary angiogenesis.  These increases 

in the NPY system will be amplified by exogenous NPY treatment, thus enhancing the 

arteriogenic response in the adductor muscle and capillary angiogenesis in the 

gastrocnemius muscle, subsequently rescuing the ischemic hindlimb via NPY-mediated 

revascularization. 

Rationale:  Previous studies in our lab have shown hindlimb ischemia in the rat to 

upregulate mRNA expression of the NPY system in the gastrocnemius muscle, as well as 

show NPY’s ability to induce capillary angiogenesis in the ischemic tissue [6].  

Furthermore, NPY itself has been shown to upregulate expression of its receptors [164].  

Also, as mentioned above, Jan Rosenbaum’s group demonstrated Y2-mediated increases 

in collateral-dependent blood flow in rats [10].  Thus, NPY, primarily acting through the 

Y2 receptor, revascularizes ischemic tissue following femoral artery ligation.  The 

changes in circulating levels of NPY-ir, in addition to mRNA analysis at 14 days in mice 

(AIM1), have focused our attention on the local response to femoral artery ligation within 

particular skeletal muscle beds, particularly within the first week.  This experiment will 

characterize the time course of this response in the NPY-receptor system within the 

collateralization area of the adductor muscle and the capillary angiogenesis zone of the 

gastrocnemius muscle due to hindlimb ischemia, as well as assess the vascularity of these 
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tissues due to ischemia alone and with exogenous NPY, using markers for arterioles and 

capillaries. 
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Results 

mRNA expression in skeletal muscle 

To determine the local response of the NPY system in response to proximal ligation of 

the femoral artery, we looked at mRNA expression in adductor and gastrocnemius 

muscles of the ligated hindlimb.  Quantitative RT-PCR analyses of mRNA levels 

normalized to β-actin expression and compared to sham-operated tissues revealed 

changes in the NPY system following ligation. 

Starting with the peptide itself, no significant changes in either tissue (Figure 26) were 

observed in rats (n=3-8/treatment group) with ischemia or ischemia plus NPY pellet.  As 

shown in Figure 27, Y1 is increased in the adductor muscle (P= 0.0049) and followed a 

similar pattern in the gastrocnemius muscles due to ischemia alone by 14 days.  This 

moderate rise appeared to be quelled with exogenous NPY.  Moving on to the Y2 

receptor, ischemia appeared to drive mRNA expression early on in the gastrocnemius 

muscle, specifically at 2 days post-ligation (P=0.0179) (Figure 28).  After this early Y2 

up-regulation, it gradually decreased by 14 days.  In the adductor muscle, shear-stress did 

not significantly alter Y2 expression, however with the addition of exogenous NPY, we 

did observe an up-regulation at day 2 (P=0.0040).  Interestingly, the increased expression 

observed in the gastrocnemius muscle with ischemia alone is completely ablated with 

NPY treatment, which coordinated temporally with the Y2 increase in the adductor 

muscle at 2 days. 
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Associated with NPY activation of the Y2 receptor is the enzymatic cleavage of the 

peptide by DPPIV.  In general, no significant changes were observed in either tissue bed, 

regardless of NPY treatment (Figure 29).  Nonetheless, it is not surprising that the 

expression patterns of DPPIV observed in these tissues correlate with our observations in 

increased Y2R expression, specifically at 2 days.  Exogenous NPY appears to prevent 

any changes in DPPIV expression following hindlimb ischemia. 

Revascularization of the rat hindlimb 

Immunohistological analyses revealed no differences in vascularity (α-smooth muscle 

actin, marker for arterioles and PECAM-1/CD31, a marker for endothelial cells, 

identifying capillaries) at 14 days in the spontaneous and NPY response following 

occlusion (data not shown).  Based on these observations and the peak activation of 

mRNA expression at 2 days post-occlusion, we looked at the response in rats at 5 days.  

Analysis of adductor and gastrocnemius muscle mRNA levels showed no significant 

increases in the NPY system following ischemia alone or with exogenous NPY relative to 

sham-operated animals at 5 days post-occlusion (Figure 30).  Thus, no further changes in 

mRNA of the NPY system were observed beyond those at 2 days post-ligation.  In the 

adductor muscle, shear-stress alone did not increase significantly in arterioles and/or 

collateral vessels (α-SMA), while exogenous NPY treatment reached significance, as 

compared to baseline (10.93 ±0.4208 vs. 6.183 ± 0.0397, P=0.0164) (Figure 31).   

Ischemia decreases the capillarity (PECAM-1/CD31) in the gastrocnemius (4.835 ± 

0.0853 vs. 4.106 ± 0.1140, P= 0.0002) (Figure 32), whereby exogenous NPY was able to 

restore the number of capillaries per muscle fiber ratio (5.005 ± 0.1525, P=0.0002) to that 



99 
 

of sham-operated hindlimbs.  Thus, exogenous NPY was able to restore capillarity in the 

ischemic tissue, while shear-stress alone was not sufficient to significantly increase the 

number of arterial vessels in the adductor muscle, the addition of NPY stimulated a 

significant increase in arterial vessels. 
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Summary 

To evaluate the time course of local changes in the NPY system following a proximal 

model of femoral artery ligation, we analyzed mRNA expression in adductor and 

gastrocnemius muscles of rat ischemic hindlimbs.  In conjunction with AIM2A, temporal 

analysis revealed an early response consisting of sympathetic release of NPY into 

circulating plasma (PPP) and an increase in Y2 mRNA in the gastrocnemius muscle.  By 

5 days post-ligation, vascularity in the gastrocnemius was compromised by ischemia, 

while shear-stress increased (not statistically significant) the number of arterioles in the 

adductor muscle. By 14 days post-ligation, Y1 mRNA increased in the adductor muscle 

compared to day 0, while circulating levels of NPY-ir were increased in platelets (PRP).  

Thus, proximal ligation of rat femoral artery increased expression of the NPY angiogenic 

system, specifically, early Y2 in the gastrocnemius muscle and late Y1 in the adductor 

muscle.  Moreover, there were trends for increased expression in DPPIV mRNA, which 

coordinated with the Y2 receptor.  Together, it is plausible that these changes in 

circulating NPY-ir levels and local mRNA expression of the NPY angiogenic system aid 

in the spontaneous recovery observed at 14 days.  

Based on the above changes in both local and circulating NPY systems, exogenous NPY 

treatment was administered in order to test whether or not we could accelerate this 

spontaneous recovery and complete revascularization to 5 days post-ligation.  

Interestingly, it appeared that NPY treatment shifted activation of the NPY system to the 

adductor muscle.  Specifically, ischemia-induced Y2 mRNA expression at 2 days in the 

gastrocnemius returned to pre-ligation expression levels; while at the same timepoint, Y2 
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is significantly increased in the adductor muscle.  Perhaps this exogenous NPY treatment 

mimicked a late phase platelet-NPY delivery to ischemic sites, which by 5 days would 

result in the increased vascularity in both skeletal muscle beds of the ischemic limb 

observed at 14 days and interpreted as complete revascularization, as we have 

demonstrated here. 
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AIM 3: TO DETERMINE WHETHER OR NOT PLATELET NPY 

CONTRIBUTES TO ANGIOGENESIS; AND WHETHER OR NOT 

THEY ARE CRITICAL TO ISCHEMIC REVASCULARIZATION IN 

RODENTS. 

Hypothesis:  NPY derived from megakaryocytes/platelets is a critical angiogenic source 

of the peptide.  This platelet-derived NPY will be important for ischemic capillary 

angiogenesis following proximal ligation of the femoral artery. In vitro, the presence of 

NPY in platelets will enhance the proliferation of endothelial cells. 

Rationale:  Arterio- and angiogenesis involve resident vascular cells, as well as bone 

marrow-derived cells, including megakaryocytes, and ultimately, platelets.  

Megakaryocytes are responsive to tissue ischemia, as suggested by the increase in platelet 

levels of NPY observed in AIM 2A.  Moreover, megakaryocytes/platelets have been 

shown to mediate blood flow recovery and capillary angiogenesis in acute hindlimb 

ischemia of mice [17].   Also, several groups have demonstrated platelet-derived growth 

factors, such as bFGF, VEGF, and MMPs to mediate arteriogenic and angiogenic 

processes in humans and in animal models of PAD [111, 181].  Thus, it is possible that 

NPY would contribute in a similar manner to revascularization.  Here, we will study the 

overall effect of platelets, both containing and void of NPY, on angiogenesis. 

 

 



107 
 

Specific Aim 3A: To determine the role of megakaryocyte/platelet-derived NPY in 

ischemic revascularization. 

Hypothesis:  Hindlimb ischemia will activate megakaryocytes, producing platelets rich 

in NPY, subsequently leading to an increased platelet delivery of NPY to sites of injury 

which contributes to capillary angiogenesis.  In particular, mice lacking NPY in platelets 

will demonstrate impaired capillary angiogenesis, while the transfer of NPY-containing 

platelets will rescue this impaired response in NPY-/- mice. 

Rationale:  Platelet activation is increased in patients with peripheral arterial disease 

[145], corresponding with the ability of platelets to stimulate angiogenesis [17] and 

collateral development [18].  Platelet activation is also supported by our findings from 

AIM 2B, showing PRP levels of NPY-ir increasing following femoral artery ligation.  

This data, coupled with the presence of NPY in MKs [4], suggests megakaryocyte 

activation and its NPY expression in response to hindlimb ischemia.  Also, our laboratory 

(Ken Abe, unpublished data) has demonstrated, using a platelet depletion/transfer model 

[167, 168] between NPY-/- mice and their wildtypes, that platelet NPY mediates vascular 

remodeling following balloon-angioplasty.  An adaptation of this experimental model 

following proximal ligation of the femoral artery will be used to determine the role of 

activated platelet-NPY in ischemic capillary angiogenesis. 
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Figure 33.  Experimental outline for platelet depletion transfer study.  Six-eight week old 
NPY-/- mice and their wildtype controls, 129S/SvImJ, were subjected to Busulfan-induced 
(25mg/kg) thrombocytopenia, followed by single ligation (X) of the femoral artery (FAL) in 
order to study the contribution of platelet NPY to ischemic capillary angiogenesis.  The 
following treatment groups (n=4-14 per group) were compared, but not run in parallel due to 
availability of mice: 1) sham (wildtype and knockout); 2) wildtype ischemia; 3) knockout 
ischemia; 4) wildtype ischemia + Busulfan; 5) knockout ischemia + Busulfan; 6) wildtype 
ischemia + Busulfan + transfer platelets from wildtype mice 7)  knockout ischemia + 
Busulfan + transfer platelets from knockout mice; 8) wildtype ischemia + Busulfan + transfer 
platelets from knockout mice; 9) knockout ischemia + Busulfan + transfer platelets from 
wildtype mice.  A schematic of the hindlimb vasculature is provided for reference.  FA: 
femoral artery.  CIA: common iliac artery.  IIA: internal iliac artery.  PA: popliteal artery.  
SA: saphenous artery.  Included are the methods of analysis that pertain to this study.  IHC: 
immunohistochemistry.  EIA: enzyme immunoassay.  PRP: platelet-rich plasma. PPP: 
platelet-poor plasma. 
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Results 

 Bone Marrow Upregulation of NPY 

In a separate study, a control group of mice (129X1/SvJ, 6-8 wks. old, n=4 per group) 

underwent severe hindlimb ischemia and were observed at 2 and 14 days post-ligation (1 

sham-operated mouse died during surgery).  From each mouse, whole bone marrow was 

harvested from the ischemic limb and then processed for RNA isolation.  NPY mRNA 

levels was normalized to β-actin expression and is presented in Figure 34.   NPY 

expression in bone marrow from the ligated hindlimb (P=0.1627, n = 3 (sham), 4 (day 2), 

4 (day 14) did not significantly increase.  It is important to recognize that these results 

were from femur whole bone marrow isolates.  Our group has found that removal of 

megakaryocytes from isolated whole bone marrow eliminated detection of NPY mRNA 

expression from the tissue.  Thus, it is suggested that these cells are primarily associated 

with bone marrow-derived NPY production.  Although this increase in production from, 

presumably, megakaryocytes was not significant, there was a significant increase in 

circulating NPY-ir levels in the PRP (Figure 35).  By 14 days post-ligation, NPY-ir 

increased from 4.027 ± 0.543 (n=3) at day 2 to 10.04 ± 1.308 (n=4) (P=0.0161) (5.094 ± 

0.8765 (n=2) at baseline).  Due to poor harvest of blood (hemolysis and low volume), the 

group “n” was compromised at baseline and day 2.  Assuming megakaryocytes to be 

responsible for changes in NPY mRNA, along with the fact that these cells are the 

precursors to anucleated platelets, unilateral hindlimb ischemia appears to be associated 

with bone marrow production of NPY. 
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In a separate group of wildtype mice (129S1/SvImJ) (10wks. old, n=3 sham, n=4 

ischemia), we sought to determine whether or not femoral artery ligation increased the 

number of platelets in our model of hindlimb ischemia.   Again, poor harvesting of the 

blood (coagulation) led to a loss of 1 sample in the sham group.  However, these platelet 

counts were taken at 21 days post-ligation, as we originally intended to compare proximal 

and distal models at the three week timepoint.  Indeed, hindlimb ischemia increases the 

platelet count, more than doubling the number of circulating platelets 21 days post-

ligation (Figure 36).  This could, in part explain the increase in NPY-ir in PRP observed 

here.  Another possible explanation is that the amount of NPY per platelet could have 

increased in response to femoral artery ligation, which is what Abe et al. (unpublished 

data) has observed in a mouse model of balloon angioplasty-induced neointima 

formation.  Whether or not platelet NPY plays a role in the response to ischemia, 

specifically, capillary angiogenesis is explored below. 

Platelet-NPY stimulates capillary angiogenesis 

Using a murine platelet depletion and transfer model, a method established by Kuter et al. 

in rabbits and Sirois et al. in rats [167, 168], adapted for use in our laboratory by Ken 

Abe (unpublished data), we applied this approach to investigate the role of platelet-

derived NPY in stimulating angiogenesis.  Platelets were administered via tail vein 

injection at approximately 4x106 cells/mL in 1X PBS, based on previous platelet levels 

established prior to the study .  In a separate group of mice (129X1/SvJ), we quantified 

the Busulfan effect on platelet levels.  As expected, Busulfan (25 mg/kg) induced a  
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thrombocytopenic state, decreasing platelet levels to 45% that of basal counts (Figure 

37).  (However, normal basal counts in mice from whole blood preparations are 

approximately 1 x 109 platelets per mL, thus it is assumed the low counts were related to 

methodology and were not physiological, i.e., our platelet counts are from isolated PRP 

rather than whole blood, whereby further processing and handling of the platelets could 

account for the drop in value.  Similar basal counts were obtained above, Figure 36.)  

Thus, confirming a Busulfan - induced  drop  in  platelet  levels  in  mice,  we  could  

proceed  with  the  platelet depletion/transfer model.    In these experiments, NPY-/- mice 

and their according wildtype controls (129S1/SvImJ) were once again used.  Given the 

intensive nature of the procedures involved, as well as the number of treatment groups 

needed for comparison, several separate experiments were conducted over the course of 

12 months and the data, based on experimental design and similar treatment groups, have 

been combined for presentation below.   

Similarly to the studies above, circulating platelet NPY-ir was detected by NPY EIA in 

wildtype mice following different treatments (Figure 38) at 14 days post-ligation 

(including sham controls).  However, due to space limitations of the assay plate, only 

certain groups were simultaneously processed and compared within the same plate.  

Because of the variability associated with the plasma extraction procedure, along with 

fluctuations in absolute circulating levels of NPY due to sympathetic release [48] (e.g., 

animal handling), data from only 1 experiment is presented here.  Our purpose with 

measuring circulating NPY-ir was to obtain an understanding of the relative NPY levels 
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between treatment groups and observe any correlation with ischemic capillary 

angiogenesis, via PECAM-1/CD31-staining in the gastrocnemius muscle. 

Relative to sham controls, femoral artery ligation increased platelet NPY-ir in wildtype 

mice from 1.116 ± 0.119 to 1.753 ± 0.152 ng/mL, though it did not reach statistical 

significance. Chemical depletion of platelets via Busulfan induced thrombocytopenia 

(45% of basal platelet levels, Figure 37) and decreased basal NPY-immunoreactivity in 

platelet-rich plasma by 70% in wildtype mice (0.341 ± 0.034 ng/mL) (Figure 38).  These 

levels were an 81% decrease from ischemia-only mice  (P  <  0.0001).  In 

thrombocytopenic mice, replenished with platelets from NPY-/- mice, we detected NPY-ir 

levels of 0.973 ± 0.146 (P<0.001 versus ischemia and P<0.05 versus Busulfan-treated).  

Here, NPY-ir is similar to that found at baseline.  Thus, assuming platelet-NPY levels to 

positively correlate with ischemic capillary angiogenesis; we would predict that in the 

NPY+/+ groups, femoral artery ligation would increase the vascularity in ischemic tissue, 

relative to sham controls, and be near basal levels in thrombocytopenic mice with 

transfused NPY-null platelets.   

To determine whether or not changes in platelet-NPY affect ischemic angiogenesis, we 

looked to ischemic tissue of the gastrocnemius muscle in these mice.  

Immunohistochemistry with PECAM-1/CD31 revealed corresponding capillary 

angiogenesis in the above treatment groups, as well as others, at 14 days post-ligation (18 

days following initial Busulfan injection) (Figure 39).  As mentioned above, data has 

been combined from several experiments over a 12-month period.  In all experiments, the  
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according genotype-matched sham controls were used.  As demonstrated in AIM1A, 

there were no differences in basal vascularity between wildtype and NPY knockout mice.  

Thus, here, “sham” consists of combined data from both genotypes.  Statistical 

comparisons presented (ANOVA with post hoc Bonferroni’s Test) are between groups 

that differ only by one variable as described in the key located below the graph.   

In response to femoral artery ligation, wildtype mice (n=4) increased the capillary to 

muscle fiber ratio in gastrocnemius muscle relative to sham-operated mice (n=14) (3.292 

± 0.190 versus 1.896 ± 0.136, P < 0.001 versus sham, grey asterisks).  However, this 

response was completely ablated in NPY-/- mice (n=11) (2.316 ± 0.109, P < 0.01 versus 

wildtype ischemia, black asterisks).  Thrombocytopenia further compromised ischemic 

angiogenesis in both NPY+/+ (n=4) and NPY-/- (n=4) groups (1.596 ± 0.084, P < 0.001, 

black asterisks and 1.080 ± 0.185, P<0.001, red asterisks, respectively).  When 

thrombocytopenic wildtype mice were given NPY-null platelets (n=9), capillary to 

muscle fiber ratio was increased (2.243 ± 0.109, P<0.01, black pound signs), yet similar 

to that of the ischemic knockout group.  This result demonstrated the angiogenic effect of 

platelets, in general.  Finally, the addition of NPY-containing platelets into ischemic 

NPY-/- mice (n=4) increased the vascularity to that observed in wildtype mice following 

proximal femoral artery ligation (3.006 ± 0.086, P<0.001, red pound signs).  These 

results demonstrated not only the importance of platelets to the ischemic response, but in 

addition, the necessity of platelet-derived NPY for a full angiogenic response in this 

murine model. 
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Summary 

To determine whether hindlimb ischemia-induced upregulation of platelet-NPY is 

associated with increased capillary angiogenesis, mice were subjected to unilateral, 

proximal ligation of the femoral artery with and without alterations in platelet content, 

followed by analysis of ischemic tissue.  Bone marrow NPY mRNA increases at 14 days 

post-ligation corresponded with increased circulating NPY-ir levels, which, at least in 

part, may be due to increased circulating platelets.  Thus, hindlimb ischemia activates the 

bone marrow, specifically megakaryocytes, resulting in increased NPY in platelets, 

serving as a delivery mechanism of this endothelial and smooth muscle cell mitogen to 

tissue in need of revascularization.  Furthermore, using a platelet depletion/transfer model 

we demonstrated the need of platelets, in general, and platelet-derived NPY to ischemic 

capillary angiogenesis.  And, in certain wildtype mice, we show that circulating NPY-ir 

in PRP corresponded with revascularization.  Interestingly, these results revealed that the 

contribution from other, non-platelet sources for NPY to ischemic angiogenesis is 

insufficient in mimicking the response observed in wildtype mice, as demonstrated in 

thrombocytopenic NPY+/+ mice with transfused NPY-null platelets.  We then investigated 

whether or not this source of NPY would directly stimulate angiogenesis in cultured 

endothelial cells. 
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Specific Aim 3B: To determine the role of platelet-derived NPY in endothelial cell 

proliferation. 

Hypothesis:  PRP isolated from ischemic mice 14 days post-ligation will induce 

endothelial cell proliferation.  NPY-null platelets will induce less endothelial cell 

proliferation than NPY+/+ platelets.  Specifically, while PRP null for NPY will be able to 

induce proliferation in endothelial cells, NPY-containing PRP will demonstrate an 

increased mitogenic response. 

Rationale:  The angiogenic potential of platelets has been well established [130, 144, 

182, 183], with both pro- [131, 132, 184] and anti- [185, 186] angiogenic factors being 

released from platelets.  Furthermore, this potential has been recently extended to 

platelet-rich plasma both in vitro and in vivo (mouse ischemic limb) [20].  Our laboratory 

has shown NPY to be a potently angiogenic growth factor for endothelial cells [1, 8, 

164].  Moreover, the above in vivo studies in the previous aims have shown that proximal 

ligation of the femoral artery upregulates NPY production in bone marrow 

megakaryocytes and a subsequent increase in NPY-ir of circulating platelets, as reflected 

in the NPY mRNA and PRP, respectively.  Furthermore, AIM3A demonstrated an 

enhanced revascularization in ischemic mice with platelets containing NPY.  We 

therefore initiate an investigation of a possible mechanism of action, testing the capacity 

to induce endothelial cell proliferation with PPP, PRP and collagen-activated PRP from 

wildtype and NPY-/- mice following 14 day hindlimb ischemia.  As carried out above, 

blood from these mice at the time of sacrifice will be harvested and the different plasma 

fractions will be isolated.  However, rather than assaying for NPY-immunoreactivity, 
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PPP and PRP from both groups will be used for in vitro analysis of the effect of 

circulating NPY on endothelial cells (AIM3).  As demonstrated by Myers et al. [5], 

collagen-stimulation of platelet release results in NPY release following platelet 

aggregation.  As described in the Methods, PRP will be incubated with collagen 

(5μg/mL) for activation of platelets and the release of presumed α-granule contents into 

the plasma.  This fraction, along with non-activated PRP and PPP will be used to treat 

HMVECs in order to induce EC proliferation. 
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Figure 40.  Experimental outline to investigate a mechanism of platelet NPY-induced 
angiogenesis.  Plasma harvested from ischemic wildtype and NPY knockout mice (from 
AIM1C) were used to treat human microvascular endothelial cells (HMVECs). 3H-
thymidine assay was used to test for proliferation of HMVECs.  Platelet-poor, platelet-
rich, and collagen-activated platelet-rich plasma were used as treatment. 
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Results 

Platelet-derived NPY as endothelial cell mitogen 

Isolated platelet and plasma fractions from blood of mice 14 days following severe 

hindlimb ischemia were used to investigate a possible mechanism of action in vitro.  The 

platelet fraction from both wildtype and NPY knockout mice was further separated into 

collagen-activated and non-collagen activated preparations for treatment of HMVECs 

(Figure 40) with the resulting data expressed as the percent increase relative to low 

serum-treated wells.  PPP (data from 1 experiment, n=6 wells per treatment) did not 

significantly induce endothelial cell proliferation.  On the other hand, PRP (data from 2 

experiments, n=12 wells per treatment in total) was able to elicit a mitogenic response, 

independent of platelet NPY content (wildtype PRP: P < 0.001, knockout PRP: P < 0.01).  

It should be pointed out that the levels of increase observed with PRP were similar to that 

in PPP-treated endothelial cells.  Interestingly, collagen-activation of PRP (data from 3 

experiments, n=18 wells per treatment in total) from both treatments induced 

proliferation (NPY+/+: P < 0.001 and NPY-/-: P < 0.05) with PRP from NPY+/+ mice 

demonstrating an increased mitogenic potential relative to NPY-null PRP treated wells.  

In an inter-experiment comparison between PRP treatment and collagen-activated PRP 

treatment, there appears a trend for increased proliferation with collagen-activated NPY-

containing PRP, but not with collagen-activated NPY-null PRP. 
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Summary 

Using 3H-thymidine uptake as an in vitro model for endothelial cell proliferation 

(HMVECs), we explored the angiogenic potential in two different NPY-containing 

fractions, PPP and PRP, in mouse plasma following 14 day hindlimb ischemia.  

Moreover, the platelet-containing fraction was further separated by collagen-activation to 

determine if further activation (beyond ischemia) is required to release an NPY and other 

angiogenic factors from platelets.  Finally, these treatment groups were isolated from 

wildtype and NPY-/- mice in order to determine the angiogenic contribution from platelet-

derived NPY.  Here, we demonstrated that PPP, irrespective of NPY genotype, was not 

able to significantly induce endothelial proliferation, though similar to levels of increases 

observed in PRP-treated wells.  As expected, PRP, reflecting platelets, was shown to be 

mitogenic, though no differences were observed based on NPY content.  Following 

collagen-activation, however, NPY-containing PRP significantly increased endothelial 

cell proliferation beyond that observed with knockout PRP treatment.  Surprisingly, 

collagen-activation on NPY-null PRP does not appear to further increase the proliferative 

effects beyond PRP alone.  This data suggests that the presence of NPY in platelets 

allows for greater revascularization following femoral artery ligation, which is in line 

with our observations in AIM3A showing increased ischemic capillary angiogenesis in 

mice with circulating platelet-NPY.  While we need to repeat this study, we can draw 

some interesting preliminary conclusions from our results.  As expected, activated 

platelets in PRP with presumed release of angiogenic growth factors from α-granules 

stimulated EC proliferation.  Furthermore, NPY content in platelets enhanced this 
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mitogenic effect.  Thus, it is indeed possible that the differences observed in ischemic 

capillary angiogenesis in mice differing in platelet-NPY content can be attributed to this 

platelet-derived capacity to stimulate proliferation in ECs. 
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DISCUSSION 

The overall goal of this work was to characterize the role of endogenous NPY in response 

to hindlimb ischemia.  In particular, we looked at the role of the peptide in 

collateralization and ischemic capillary angiogenesis.  These experiments suggested a 

role for NPY in the early response to hindlimb ischemia and led to a study of the time 

course of activation of the NPY angiogenic system.   Altogether, we found that 

endogenous NPY affects both arteriogenesis and angiogenesis in response to femoral 

artery ligation, primarily within the first week.   The activation of the Y2 receptor early 

on suggests that this receptor mediates these NPY effects on revascularization.  One of 

the novel and intriguing findings from this study was the discovery of 

megakaryocytes/platelets as an angiogenic source of NPY.  We determined that 

megakaryocyte/platelet-derived NPY contributed to the stimulation of ischemic capillary 

angiogenesis.  Finally, findings from in vitro studies with platelet treatment suggest that 

platelet NPY serves as an angiogenic source of the peptide, essential to ischemic capillary 

angiogenesis in rodents. 

The role of endogenous NPY in ischemic revascularization 

In order to evaluate the contribution of endogenous NPY to ischemic revascularization, 

we first characterized the NPY angiogenic system in non-ischemic hindlimbs of NPY-/- 

mice, as compared to their wildtype counterparts.  Interestingly, contrary to the initially 

described phenotype in Ericsson et al. [4], we detected trace levels of NPY mRNA 

(quantitative RT-PCR) in both the adductor and gastrocnemius muscles (significantly 
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decreased expression versus wildtype) of NPY-/- mice.  However, comparison of the 

probe sequence used for amplification with the NPY sequence that remained in the NPY 

knockout line used here revealed that transcription is possible.   Independent of NPY 

expression, mRNA levels of the NPY system in skeletal muscle of 129S1/SvImJ mice 

hindlimb was relatively low at less than one percent of β-actin expression.  Nonetheless, 

even at these levels, we observed some interesting trends in mRNA expression of its 

receptors.  This is somewhat expected, as Trivedi et al. found differential NPY receptor 

expression in the brain of NPY-/- mice, particularly with Y2 [187].  Lower levels of NPY 

receptor expression in NPY knockout may also reflect the fact that NPY has been found 

to stimulate its own receptor expression [3, 164].  In both tissues of skeletal muscle, Y1 

expression was similar between the NPY knockout and wildtypes.  As a mitogen for 

VSMCs [3], this receptor could play an important role in collateral remodeling in the 

adductor muscle.  Upper hindlimbY2 expression was very low (10-4) compared to that of 

β-actin expression in both groups.  Given that the Y2 receptor has been shown to mediate 

collateral-dependent blood flow [10] and capillary angiogenesis [6] following femoral 

artery ligation, we expected an upregulation in expression due to hindlimb ischemia.  In 

the gastrocnemius muscle, however, a strong trend (P=0.0587) for decreased Y2 

expression in NPY-/- mice was observed.  This observation of decreased Y2 expression 

suggests endogenous NPY regulates the expression of its receptors, similar to we have 

observed with endothelial cells [164] and in ischemic rat tissue [6].   

Worth noting are the overall low levels of Y5 mRNA expression in the adductor and 

gastrocnemius muscles in both groups of mice.  Its relevance is based on its role 
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supplementing the mitogenic effects of the Y1 and Y2 receptors on VSMCs and 

endothelial cells, respectively.  Our lab has shown that an upregulation of Y5 receptor, 

induced by exogenous NPY was shown to augment ischemic angiogenesis [6].  DPPIV 

levels were similar between the groups in both tissue beds after femoral artery ligation. 

As mentioned above, this membrane-bound prolyl peptidase is part of the autocrine NPY 

system derived from the endothelium [1].  DPPIV-mediated cleavage of NPY results in a 

non-Y1 receptor-binding and Y2/Y5 receptor-preferring agonist [188], NPY3-36, that has 

been associated with endothelial cell proliferation, migration, and differentiation [1, 164].  

DPPIV has also been shown to be tumorigenic in neural crest-derived tumors by 

promoting angiogenesis via the Y2 receptor, and preventing Y1-mediated apoptosis in 

Ewing’s sarcoma [9].  Furthermore, along with facilitating tissue repair via angiogenesis, 

this serine protease has also been shown to promote wound healing via gelatin 

degradation in support of fibroblast migration [189].   

No differences between NPY+/+ and NPY-/- mice were detected in PECAM-1/CD31 

mRNA expression, a marker of endothelial cells used to detect capillaries.  This result 

was confirmed with IHC (PECAM-1/CD31) showing similar vascularity between the two 

groups. This comes as a bit of a surprise given our previous findings showing decreased 

basal vascularity in Y2-/- mice and increased basal vascularity in NPY-Tg rats [6].  

However, the NPY and Y2 knockout  mice strains are on different background strains, 

with the latter being a hybrid of 129SV x Balb/c mice [83].  Balb/c mice have been 

shown to have decreased vascularity in the hindlimb at baseline and have the poorest 

response to femoral artery ligation, as compared to 129SV [174] and C57Bl/6 [174, 178, 
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190].  Thus, the genetic contribution of the Balb/c genetic strain may compromise 

vascularity in the non-ischemic limb of Y2-/- mice, while the less diluted 129S1/SvImJ 

genetic background of the NPY-/- mice remains uncompromised in capillary/muscle fiber 

ratio, even in the absence of NPY. 

Decreased vascularity and response to ischemic challenge in the Balb/c strain of mice 

may be due to not only an anatomical predisposition, but may be dependent on the 

relative expression of certain growth factors, VEGF, bFGF, and angiopoietin.  In 

particular, it has been shown that Balb/c mice have decreased expression of VEGF as 

compared to C57Bl/6 mice, as well as the potential for poor VEGF-A signaling [178]. 

VEGF-A is an angiogenic growth factor known to be elevated in the plasma of patients 

with PAD [191-193] [194].  Moreover, Fukino et al, in a similar comparison between 

mouse strains, showed poor collateral formation in response to intramuscular gene 

transfer of VEGF due to the decreased expression of VEGF receptor [190].  We 

previously have shown that NPY-mediated aortic sprouting proceeds through eNOS and 

in part, via VEGF signaling [6].  Furthermore, preliminary work in vitro has suggested 

NPY to be upstream of VEGF and bFGF signaling mechanisms in endothelial cell 

proliferation (Joanna Kitlinska, personal communication).  Both these factors have been 

shown, with various degrees of efficacy, to enhance vascularization in PAD patients 

[195-197], as well as in ischemic myocardium [198-200] and hindlimb [201-203].  

Furthermore, preclinical models have demonstrated the synergistic improvement in 

collaterals and capillary network with these growth factors [111, 204-206].  Thus, the 

potential activation of multiple arterio-/angiogenic pathways makes NPY-Y2 
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revascularization an attractive avenue of therapeutic investigation to explore.  Similarly, 

constitutively active HIF-1α transgene therapy has been shown to be effective in Phase I 

clinical trials in patients with Critical Limb Ischemia [207], presumably through its 

activation of pro-angiogenic vascular endothelial growth factors.  Thus, suggesting a 

horizontal approach of multiple angiogenic factors, perhaps via upstream control, may 

increase the benefits of growth factor treatment. 

Although not a “master switch” of this proposed horizontal approach, NPY, due to its 

various effects and receptor specificity, make its characterization in ischemic 

revascularization a worthwhile endeavor.  Beginning with an evaluation of non-ischemic 

hindlimb in mice lacking endogenous NPY, subtle decreases in the angiogenic receptors, 

Y2/Y5, have been revealed.  However, this depression in Y2/Y5 mRNA expression did 

not result in any differences in capillary development.  This is somewhat expected, as, in 

general, the NPY knockout phenotype remains “normal,” not displaying any gross 

physical abnormalities [4].  However, when a physiological system involving NPY is 

severely challenged, such as the case with cold stress and high fat diet [54], the response 

to NPY can be augmented.  Therefore, we investigated the role of endogenous NPY in 

hindlimb ischemia, studying both arteriogenesis and capillary angiogenesis. 

Endogenous NPY and collateral development 

In collaboration with James Faber’s laboratory, we looked at NPY in collateral 

development in mice deficient in NPY and their according wildtypes over 21 days using a 

model for hindlimb ischemia.  This model is well-established in their laboratory [156, 
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158] and focuses on two pre-existing collateral vessels, located in the anterior and 

posterior gracilis muscles.  However, other native collaterals have been examined 

following femoral artery ligation.  In particular, characterization of the perforating artery 

is presented in wonderful detail from Ronald Terjung’s laboratory [151, 153, 203]. The 

specific pre-existing arterial-arterial anastomoses examined in their work originate from 

the proximal femoral artery, develop and open up over time; thus, in doing so, ultimately 

redirect blood flow to re-enter at the distal saphenous artery.  In the model studied in this 

thesis dissertation, collaterals redirect blood flow from the lateral caudal femoral artery to 

the saphenous artery.  Histomorphometry of these native collaterals, acutely following 

femoral artery ligation and at 21 days after, revealed a decreased nuclear density in the 

medial layer of NPY-/- mice, as well as a decreased in the number of nuclei in the media, 

as compared to NPY+/+ mice.  These observations would suggest that endogenous NPY 

plays a role in hypertrophy and hyperplasia, respectively, specifically with VSMCs in the 

medial layer of the vessel wall.  However, the striking differences between the NPY 

knockout and wildtype mice occur primarily during acute ligation, as compared to the 

subtle differences observed over 21 days.  Thus, in order to draw conclusions from 

differences at this acutely ligated state, with regard to vascular responsiveness, we would 

need the basal or pre-ligated characteristics of these collateral vessels.  In the absence of 

these data, we therefore look to the literature for possible insight into these observations. 

Firstly, NPY-regulated vasoconstrictor activity relates to its co-release with 

norepinephrine from sympathetic nerves located in the adventitial and perivascular space 

of the blood vessels, as well as Y1 receptor expression on vascular smooth muscle cells.  



134 
 

This scenario would result in NPY-mediated potentiation of NE vasoconstriction, as well 

as direct Y1 receptor-mediated vasoconstriction.  As Taylor et al. [152] has shown in rats, 

sympathetic vasoconstriction via α-adrenergic receptor (α1 and α2) activation elicits 

heavy influence over collateral circuit conductance immediately after FAL by decreasing 

collateral circuit conductance, which is further augmented by NPY-Y1 activation [153].  

Hence, in mice lacking NPY, less vasoconstriction would be presumably observed after 

FAL.  Our perfusion data addresses two important questions: 1) Is there a difference in 

the pre-existing collateral conductance between the two groups? 2) Is there a difference 

in remodeling of the collaterals between the two groups?  A comparison of pre- and post-

operative perfusion between NPY knockout and wildtype mice addresses the first matter 

in question.  Indeed, there was significantly increased perfusion of the ventral adductor in 

NPY-/- mice, suggesting differences, primarily, in collateral number and/or diameter 

between the two groups.  While X-ray arteriograms did not reveal any differences in 

collateral number, histomorphometry did show a significantly increased lumen diameter 

in the NPY knockout group.  This could suggest that acutely following femoral artery 

ligation, a lack of NPY could be protective, decreasing vasoconstriction in this area, 

thereby increasing collateral circuit conductance.  Also, it has been shown that resistance 

vessels, similar to those that would make up the collateral circuit, are rich in α-adrenergic 

receptors [208], supporting sympathetic influence over the collateral circuit.  In further 

support of sympathetic vasoconstrictive (adrenergic and Y1 receptor-mediated) control of 

the native collateral circuit, Taylor et al. also compared the vasoresponsiveness of 

isolated collateral vessels immediately after femoral artery occlusion, a condition that 
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would mimic endothelial-dependent metabolic dilation in this area of the hindlimb [152].  

At luminal pressures characteristic of the distal femoral artery before and immediately 

after femoral artery occlusion, collateral vessels were shown to be less responsive to Ach 

at the lower, post-occlusion-like pressure and peaked at ~25% dilation of that achieved at 

the higher pressure, while vasoconstriction to phenylephrine (α1 receptor agonist) did not 

differ across pressures.  Moreover, this decrease in vascular responsiveness, reflective of 

metabolic dilation observed in active muscle with exercise, may not even come into play. 

Since the adductor muscle (and thigh as a whole) is relatively free from ischemia 

following femoral artery ligation, there would be minimal stimulus for this endothelial-

dependent metabolic dilation in this area of the hindlimb.  However, there remains 

another stimulus for vascular dilation as it relates to changes in flow and intravascular 

pressure.   

While the adductor muscle may not experience ischemia following femoral artery 

ligation, the distal tissue, on the other hand, indeed will become hypoxic/ischemic.  This, 

in turn, would cause metabolic dilation of the vessels in the distal tissue, thereby 

decreasing the resistance in the arterial bed of the gastrocnemius muscle, as well 

increasing the pressure gradient relative to above the collateral circuit.  These changes in 

resistance and pressure should increase the flow from the supplying bed, the collateral 

circuit.  An increase in blood flow through these collaterals, or conduit vessels, would 

stimulate flow-mediated dilation [209, 210].  Vasodilation of collaterals was suggested, 

in one of first studies of hemodynamics within the collateral circuit, by Rosenthal and 

Guyton [211] in anesthetized dogs.  Within two minutes of occlusion, following the 
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initial drop in pressure and flow, both parameters increased to a level that was 

approximately maintained for the duration of the study (one hour).  With far greater 

increases in flow relative to pressure and an overall increase in collateral conductance,  

C = Qanterior tibial a. / Pfemoral – P anterial tibial a; 

it was presumed that the ability to receive this increased load (blood flow) despite a 

disproportional increase in pressure was due to immediate collateral vasodilation.  Thus, 

blood flow to the collateral-dependent distal tissues (gastrocnemius muscle/hindpaw) is 

also regulated by a harmonious balance between vasoconstrictive and vasodilitative 

changes in vascular tone.  As mentioned above, we are limited by the lack of pre-

occlusion histomorphometry data in NPY knockout and wildtype mice to compare to the 

acutely ligated results and therefore, cannot state whether there was changes in the above 

mentioned structural parameters in response to femoral artery ligation.  Thus, we are 

unable to exclude differential vasodilation in the collateral circuit to explain the 

differences in adductor perfusion and lumen diameter, acutely in NPY-/- mice.  However, 

our PECAM-1/CD31 comparison of these two groups of mice prior to femoral artery 

ligation revealed similar capillarity in the gastrocnemius muscle.  Thus, it could be 

assumed that there would not be a difference in metabolic need/dilation in the distal 

tissue post-ligation.  As described above, this would result in similar flow-mediated 

dilation of the collaterals.  Recent findings on adrenergic and Y1 receptor control of 

collateral conductance indicate that NPY-/- mice have increased pre-existing collateral 
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conductance, as compared to NPY+/+ mice, due to decreased vasoconstriction, as 

suggested by perfusion in the ventral adductor and lumen diameter analysis. 

To address the second question of differences in collateral remodeling, we looked at 

blood flow recovery following femoral artery ligation and its development over time. 

This revealed a trend (P=0.0857) for decreased remodeling in NPY-/- mice.  As discussed 

above, fluid shear-stress is the stimulus for arteriogenesis and has an inverse relationship 

with vessel diameter, i.e., the smaller the diameter, the greater force/tension on the vessel 

wall due to fluid shear-stress.  Thus, while there would be increased blood flow resulting 

in less downstream ischemia, acutely, in NPY knockouts, there is a decreased stimulus 

for collateral remodeling in these mice over time.  This vessel wall stress is also a 

stimulus for vascular wall remodeling, specifically, hypertrophy and hyperplasia.  As 

originally postulated by W.M. Bayliss [212], myogenic tone in systemic resistance 

vessels (arterioles) describes the local relationship between intravascular pressure and 

vasoconstriction, as mediated by membrane depolarization, or “functional 

autoregulation.”  As later experiments found, increases in transmural pressure cause 

vasoconstriction and are countered by tissue vasodilator factors in order to regulate blood 

flow [213].  This notion is consistent with Laplace’s law in maintaining wall tension (T 

= P x ri/w, where P-pressure, ri – lumen radius, and w-wall thickness) and thus, 

increases/decreases in pressure results in decreases/increases in lumen diameter, 

subsequently changing the wall/lumen ratio.  When increased, this ratio serves as a 

structural marker for medial hypertrophy.   This scenario developing over time and 
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affecting the systemic resistance of an area, e.g., in hypertension, is referred to as 

“structural autoregulation [213].”  Thus, the presumed decrease in fluid shear-stress due 

to a larger luminal diameter observed in NPY-/- mice would result in decreased 

hypertrophy and hypoplasia compared to NPY+/+ mice - an observation in ischemic 

vessels, in comparison to non-ischemic vessels, of patients with critical limb ischemia 

[214].  Structural characterization of hypertrophy was used here with the wall-to-lumen 

ratio and nuclei density of the medial layer; whereas the nuclei count in the medial layer 

reflected cellular proliferation/hyperplasia.  While the vessels in both groups 

hypertrophied over 21 days, there is a trend for decreased hypertrophy in mice lacking 

NPY, suggested by the nuclei density values, as compared to wildtype values.  Acute 

ligation values of the wall-to-lumen ratio were markedly lower in NPY-/- mice versus 

NPY+/+ mice.  This would suggest less hypertrophy in NPY-/- mice.  Though, without 

non-ligation values to compare with, we cannot state with certainty whether or not a lack 

of NPY resulted in decreased acute hypertrophy following femoral artery ligation.  

However, given the relationship of hemodynamic forces with the vascular wall 

previously described, along with the trend for decreased nuclei density, it isn’t too 

farfetched to suppose that mice deficient in NPY would demonstrate decreased medial 

hypertrophy in native collaterals following FAL.  An increase in the number of nuclei in 

the medial layer suggested hyperplasia in wildtype mice, but not in knockout mice.  By 

21 days, there is a significant decrease in the wall-to-lumen ratio in NPY+/+ mice, 

compared to acute ligation, while NPY knockout mice did not appear responsive, 

showing little change in this value.  This lack of response over time is in line with our 
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observations thus far in NPY-/- mice.  Furthermore, this corresponds with the ventral 

adductor perfusion data, showing less of a drop immediately after surgery and a slow or 

delayed rise in blood flow by the first week, as compared to NPY+/+ mice.   By 21 days, 

the 2 groups have near identical ventral adductor perfusion ratios.  Furthermore, the 

number of vessels in the collateral zone was similar between the two groups acutely and 

after 21 days.  The perfusion of the plantar foot is due to collateral-dependent blood flow 

and can be used as another marker of collateral development.  Since the perfusion ratios 

of both groups reached adequate (greater than 1) levels by day it was no surprise that the 

plantar foot ratios increased similarly between the two groups.  Thus, gross observations 

of the hindpaw corresponded with no observed differences between the two groups. 

However, similar to what was postulated by Lin et al. to explain differences in phenotype 

of two different Y2 knockout murine models (Introduction), the role of background of 

strain appears to be also relevant to the response following hindlimb ischemia in mouse 

models.  According to several groups [174, 178, 190, 215], in a spectrum of arterio- and 

angiogenic responses to this model of ischemia, a consensus exists placing C57Bl/6 mice 

at the high end, displaying a strong revascularization response, being highly resistant to 

ischemia; and Balb/c mice at the low end, poorly responding, extremely susceptible to 

ischemic conditions and even developing necrosis in the distal tissue.  These variances in 

ischemic recovery have been shown to be due to anatomical differences (number of pre-

existing vessels), the rate of outward collateral remodeling, VEGF expression, and in 

development of the capillary network; all of which contribute to increasing blood flow to 

the distal tissue.  Between these two extreme genetic strains lies an intermediate strain, 
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129S2/Sv (versus 129S1/SvImJ, in this study) [174, 215].  Therefore, along with the 

timepoint of 21 days post-ligation being too late to detect NPY-dependent differences 

occurring earlier on, perhaps the “intermediate response” nature of these129Sv mice 

provides a difficult backdrop to study a peptide like NPY, one that elicits increasing 

influence with severity of the challenge/insult on the system.   

Based on the structural observations of these collaterals vessels, we conclude that mice 

lacking NPY are less responsive overall to femoral artery ligation-induced ischemia.  

This lack of responsiveness begins with less impairment of blood flow, presumably due 

to lower vasoconstriction acutely following ligation.  This would result in the observed 

increase in lumen diameter of the collateral vessels and subsequently, would lead to less 

fluid shear-stress against the vessel wall.  Most importantly, this would lead to a 

decreased primary stimulus for arteriogenesis/collateral development.  Though subtle, 

differences in wall-to-lumen ratio and in the medial wall layer suggest decreased 

hypertrophy and hyperplasia in NPY-/- mice.  However, 21 day values all appear more or 

less equilibrated between the two groups.  Therefore, with differences based on acute 

ligation values, along with the delayed perfusion in the ventral adductor by 7 days, we 

then conclude that in response to FAL, endogenous NPY appears to play a role in the 

early phase of collateral remodeling, delicately balancing its roles as a vasomodulator and 

vascular mitogen.  Thus, further investigation is needed at these early timepoints within 

the first week after femoral artery ligation in order to clearly define the response of NPY. 
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Endogenous NPY in ischemic capillary angiogenesis 

In collaboration with Mary-Susan Burnett’s laboratory, we again looked at the role of 

NPY in ischemic revascularization, however, with more of a focus on the capillary 

angiogenesis aspect.  Also, a different ligation model was used here, with proximal 

ligation of the femoral artery as opposed to a distal ligation in the previous study.  This 

model is consistent with the model of hindlimb ischemia used in our laboratory 

previously [6, 91].  While not studied here, it is important to note that pre-existing 

collaterals also play a role in this model, with collaterals originating from the common 

iliac artery, in particular the perforating artery which re-enters just distal to the femoral-

popliteal bifurcation [151].  This study of endogenous NPY in a proximal femoral artery 

ligation model for hindlimb ischemia showed that mice null for NPY were slightly 

delayed in their response, due to hindpaw discoloration and impairment within the first 

week.  However, limited by their commercial availability, we used younger mice (4-6 

wks. old), perhaps within an age-range of relatively higher angiogenic potential than 

those (10-11 weeks old at time of surgery) used in the previous studies.  Though 

differences in NPY-dependent [8] and –independent [216-218] angiogenesis occur with 

aging, to our knowledge, there are no studies which show differences in angiogenic 

potential between these relatively close age-ranges.  Yet, it may be possible that in a 

comparison of 4-6 wk. old and 10-11 wk. old mice, the younger mice may recover 

better/faster than the relatively older mice.  Thus, in an age-matched comparison, the 

actual differences in the ischemic response due to a lack of endogenous NPY may be 

more salient than what we observed in this study at 14 days.  Given these caveats, there 
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were marked deficiencies in ischemic revascularization of NPY-/- mice, as compared to 

their wildtype controls. 

Beginning with perfusion to the plantar foot, we see there was a delay in blood flow 

recovery of mice deficient in NPY, compared with wildtype mice, though not statistically 

significant.  As mentioned earlier, a pre-/post-ligation comparison will reflect differences 

in pre-existing collateral conductance primarily due to collateral number and/or lumen 

diameter.  In addition, to a much lesser extent, capillary density may play in role, 

especially in the distal tissues such as the hindpaw.  As observed in plantar foot perfusion 

above, we did not observe any differences between the two groups.  However, as 

measured by flow recovery over time, a slight blunted response curve in NPY-/- mice 

reflected differences in collateral remodeling.  Using clinical correlates, established by 

Rutherford et al [169] and later modified by Stabile et al. [105], to translate the level of 

ischemia from tissue and blood flow analysis, we assessed the usage and appearance of 

the ischemic hindpaw.  It is possible that while the delay in blood flow recovery in the 

plantar foot did not reach statistical significance, it may related to the mild discoloration 

observed in the appearance of NPY-/- mouse hindpaw.  These data at 3 days, in turn, 

could result in the significantly impaired usage of NPY-/- mouse hindpaw that we 

observed by 7 days post-FAL.  As with our observations in the previous study with a 

distal femoral ligation, a deficiency in NPY appeared to play a significant role during the 

first week after FAL, but was then compensated for at the two week timepoint. 

In this study, collateral analysis with Micro CT was available; however, this process 

would not allow for mRNA analysis of the skeletal muscle.  Based on these limitations 
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and our previous collateral analysis above, we did not proceed with this option in order to 

study changes in the NPY angiogenic system (mRNA) following FAL.  Having done so, 

this allowed us to evaluate capillarity in the distal gastrocnemius muscle.  

Immunohistochemistry with PECAM-1 revealed a significant decrease in 

capillary/muscle fiber ratio in NPY-/- mice.  Specifically, ischemic capillary angiogenesis 

in this particular genetic strain was found to be dependent on NPY. 

To determine the mechanism of the marked impairment in ischemic capillary 

angiogenesis of NPY-/- mice at 14 days, we looked at mRNA levels of the NPY 

angiogenic system.  Corresponding with our IHC data that demonstrates complete 

ablation of the angiogenic response in the gastrocnemius muscle of NPY-/- mice, 

PECAM-1 mRNA expression decreased over 14 days only in mice lacking NPY.  As 

mRNA levels generally precede protein expression, our observation of seemingly 

basally-maintained levels of capillary/muscle fiber ratio in NPY-/- mice is within reason.  

In wildtype mice, mRNA levels were not significantly different, possibly because of 

increases in mRNA of PECAM-1 prior to 14 days, resulting in the increased capillarity 

observed with IHC.   Furthermore, this may be due to the differences in Y2 and, to a 

lesser extent, Y5 expression between NPY+/+ and NPY-/- groups, though these differences 

did not reach statistical significance.  While Y2 mRNA expression is not altered 14 days 

post-ligation, the relative expression in NPY+/+ mice is higher than in the knockout group.  

This relationship of endogenous NPY, the Y2 receptor and capillary angiogenesis was 

demonstrated in our lab previously [6], showing decreased capillary density in ischemic 

hindlimb in Y2-/- mice compared with wildtype ischemic hindlimb.  We confirmed these 
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findings and established the hindlimb ischemia model showing decreased 

capillary/muscle fiber ratio in the same mice [Supplementary Figure 1].  We also looked 

at the role of Y5 using Y5-/- mice, however, due to confounding factors related to its 

background genetic strain (C57Bl/6), this data was inconclusive for the role of Y5 

receptor in ischemic capillary angiogenesis (Supplementary Figure 2). 

The most striking changes occurred within the upper hindlimb.  Analysis of the NPY 

system revealed the adductor muscle as a site of Y2/Y5 activation independent of NPY 

expression, supporting Cruze et al.’s findings of Y2-mediated collateral-dependent blood 

flow following femoral artery ligation [10].  Although neither group had significant 

increases in the expression of Y2 or Y5, both of these receptors remain increased from 

baseline in the adductor muscle at 14 days.  While this may be to aid in collateral circuit 

conductance, it may also be on a decline from an earlier peak.  Interestingly, DPPIV 

mRNA expression patterns in both skeletal muscle beds did not quite follow our initial 

expectations; specifically, there would be coordinated increases in this processing 

enzyme along with the Y2 (especially) and Y5 receptors.  However, this may have been 

due to relatively low expression levels of one of its substrates, NPY. It is possible that 

basal levels of DPPIV expression may be sufficient for cleavage of the peptide and 

subsequent receptor activation.  Furthermore, not analyzed in this study was the 

contribution of immune cells to the ischemic response, such as monocytes [219], T 

lymphocytes [105, 106], MCP-1[220], SDF-1α [221-223] and IL-20 [224], which 

contribute primarily through the release of growth factors and cytokines to promote 

revascularization.  Within this population of immune/inflammatory cells that aid the 
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ischemic response, there exist cells which, along with NPY, are substrates for DPPIV.  

Specifically, DPPIV activity has been shown to activate macrophages [180] and T-cells 

via RANTES [225].  Thus, a discussion of DPPIV in response to ischemia would not be 

complete without consideration given to its relationship with these key mediators of 

inflammation/immune system.  In any event, these changes in mRNA expression of the 

NPY system over 14 days have resulted in an increased capillary/muscle fiber ratio and 

have revealed that early ischemic angiogenesis is NPY-mediated, as demonstrated in the 

impaired response of NPY-/- mice. 

An increase in capillarity 2 weeks post-ligation has also been reported in other mouse 

strains by other groups [174, 226].  These observations were in C57Bl/6 mice, which 

have a higher number of pre-existing collaterals [178, 215] and have a higher angiogenic 

potential, perhaps due to higher VEGF expression [178, 190].  Thus, the increase in 

capillary/muscle fiber ratio in 129SV NPY+/+ wildtype mice observed in this study (AIM 

3A) does not come as a surprise.  In contrast, complete ablation of this increase was 

associated with deletion of NPY. These results suggested that ischemic capillary 

angiogenesis is an NPY-mediated response.   Though, the timepoint of observation must 

once again be considered.   

In the previous studies mentioned, a majority of the differences observed between 

C57Bl/6 and Balb/c mice were more striking early on at 7 days.  And, while there was 

significantly impaired revascularization at 14 days, it would be interesting to observe the 

role of NPY at earlier timepoints.  Chalothorn et al. observed the number of arteries in the 

collateral zone to be increased at 7 days, only to return in to baseline values in both 



146 
 

genetic strains.  Though capillary density in gastrocnemius muscle increased at 7 days in 

both strains, there was no statistical difference by 21 days in both these mice.  Couffinhal 

et al. previously showed, in C57Bl/6 mice, that capillary density similarly increased by 7 

days and stay elevated until 35 days post-ligation [226].  Interestingly, this correlated 

well with perfusion of the hindpaw.  Furthermore, they found endothelial cell 

proliferation to also correlate well with capillary density, showing increases as early as 2 

days and peaking at 7 days, returning to baseline by 21 days.  In this same study, VEGF 

mRNA and protein were elevated as early as 4 days in skeletal muscle of ischemic mouse 

hindlimb, while others have shown activation  as early as 6 hours and VEGF Rs (Flt-1 

and Flk-1) as early as 1 day [190].  Furthermore, circulating VEGF is increased by 2 days 

in patients with critical limb ischemia [227].  Not only is this data with VEGF important 

with respect to angiogenesis, in general, but our laboratory has also shown NPY to be 

upstream of VEGF signaling in vitro [6] [Joanna Kitlinska, unpublished data].  Ischemic 

models of heart [228-230] , brain [231, 232] and limb [181, 233] have shown many 

arterio-/angiogenic mediators to be activated within hours to days of vascular occlusion 

with differences in structure and/or blood flow observed within 7 days of the response.  

These examples illustrate that angiogenic and arteriogenic processes are being activated 

very early on in response to femoral artery ligation.   

As was temporally observed with the distal ligation model, this lack of more robust 

changes detected in the NPY system at 14 days could be due to too long of an 

observation period.  It is possible that we may have missed variations in activity of the 

NPY system due to ischemia by only observing at 14 days, particularly considering our 
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perfusion measurements and clinical observations which showed disparities between 

NPY-/- mice and their wildtypes within the first week following proximal femoral artery 

ligation.  Therefore, our next aim examined the NPY system in a time course study up to 

14 days following femoral artery ligation.  

The time course of NPY system in hindlimb ischemia 

Our investigation of the role of endogenous NPY in ischemic revascularization showed 

that this sympathetic neurotransmitter is able to affect both processes of arteriogenesis 

and angiogenesis, possibly mediated by the Y2 receptor.  In the latter process, 

endogenous NPY appears essential to ischemic capillary angiogenesis on the whole, 

while data on blood flow perfusion, gross observation and functional correlates reveal 

delayed and/or impaired recovery within the first week in both models of hindlimb 

ischemia.  Thus, we performed a time course study of the changes in the NPY system in 

ischemic revascularization in a rat model.  We chose a rat model for this purpose based 

on 3 reasons.  First, it allowed us to harvest more blood and secondly, rats, like 129SV 

mice, have higher circulating NPY levels due to an additional platelet source [4, 5].  

Finally, we have use the rat model in previous studies in order to establish NPY in 

ischemic revascularization [6], using a similar model of hindlimb ischemia - proximal 

ligation of the femoral artery. 

As previously shown, there exists two fractions of NPY in the blood; one circulating in 

the plasma which reflects, primarily, neuronal/sympathetic activity [34, 234, 235] and the 

other within platelets, reflecting megakaryocyte/platelets [5, 45].  As discussed above, 
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sympathetic receptor activation (adrenergic and Y1 receptors) occurs within hours of 

femoral artery ligation [152, 153], decreasing collateral circuit conductance.  Our 

findings of increased NPY-ir in PPP 24 hrs post-ligation seem to support this notion of 

increased neuronal NPY release due to femoral artery ligation.  By day 2, PPP NPY-ir 

returns to baseline.  Previously, the combined inhibition of the α-receptor and Y1 

receptor was shown to increase the collateral circuit and, more so, calf muscle 

conductance relative to α-receptor inhibition alone, immediately following femoral artery 

ligation [153].  Increased circulating NPY derived from sympathetic activation, may act 

to minimize vasoconstriction locally by decreasing Y1 receptor expression, as seen by the 

trends in lower Y1 mRNA at the 24 hour timepoint in both muscles.  This scenario of 

seemingly opposing forces systemically and locally is similar to that seen in exercise, 

where increases in global sympathetic output in order to increase blood flow to active 

muscle occur simultaneously with cellular signals promoting local vasodilation to 

conduct more blood flow.  This is especially true of the distal gastrocnemius muscle, 

where Y1-mediated vasoconstriction following femoral artery ligation is more prominent 

[153].  Decreasing resistance in this tissue bed increases the conductance of the collateral 

and conduit circuit, nourishing the gastrocnemius muscle.  Thus, the earliest response to 

femoral artery ligation observed, 1 day in this study, in the local NPY system appears to 

revolve around a global sympathetic response, contributing primarily to vasomotor 

function.  With increased circulating NPY in the plasma, the decreased Y1 expression 

could then decrease the amount of vasoconstriction within the local tissue. 
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Following this response at 1 day, ischemia then upregulated (peaked) Y2 receptor mRNA 

expression in both the adductor and gastrocnemius muscles at 2 days post-FAL.  While 

obvious in the ischemic gastrocnemius muscle, given the angiogenic potential of the Y2 

receptor, endothelial cell proliferation is also important in developing collaterals [174, 

236].  This could be a possible mechanism to explain the increases in collateral-

dependent blood flow following Y2 agonist administration [10], increasing perfusion 

pressure upstream and decreasing vascular resistance downstream.  The upregulation of 

angiogenic factors and receptors have been shown within 2-4 days after femoral artery 

ligation [226, 233], corresponding with our findings here, with capillary density 

increasing by 7 days [174].  Though it did not reach statistical significance, DPPIV 

mRNA corresponded well with the increases observed with Y2 expression.  Thus, these 

increases in Y2 and DPPIV would most likely be preparing the tissues for angiogenic 

processes, such as endothelial cell proliferation, upon ligand arrival to initiate these 

revascularization events.  This could be the role of the slowly increasing, over the course 

of 14 days, platelet NPY levels.  As represented in PRP NPY-ir, given the turnaround 

time of platelets to be ~5 days in rodents [237], the gradual ischemia-induced increases in 

NPY-ir make sense, reaching statistical significance by 14 days.  This 

megakaryocyte/platelet-derived NPY could serve as the source of the peptide that is 

cleaved by DPPIV, which then activates the angiogenic Y2 receptors, thereby furthering 

arteriogenesis in the adductor muscle and capillary angiogenesis in the gastrocnemius 

muscle.  As mentioned above, DPPIV is a regulator of angiogenesis [9] and has been 
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shown to cleave inflammatory chemokines, which contribute to an ischemic response 

[180, 225, 238]. 

Ischemia-induced changes in the NPY system demonstrated an interesting relationship 

between circulating and local systems.  The initial response, 1 day in this study, revealed 

an increase in presumably, neuronal NPY release, as reflected in PPP NPY-ir.  In line 

with our previous findings of the peptide upregulating its own receptors [164], this 1 day 

NPY peak in bioavailability increased Y2 mRNA by 2 days.  This scenario is not unique 

to the NPY system, as many cytokines upregulate their own receptors; a frequent 

situation with a limited receptor pool.  However, by 7 days, perhaps the circulating NPY 

levels are not quite increased enough to elicit another upregulation in Y2 receptor.  

However, other angiogenic mechanisms may have been upregulated; for instance, VEGF 

and Flk-1 have been shown to be increased during the first week [226].  This could then 

explain why at 14 days, we observed no differences in capillary density between ischemic 

and non-ischemic hindlimbs, spontaneous recovery due to other multiple angiogenic 

pathways activation.  At this later phase of the NPY response to ischemia, Y1 mRNA is 

increased in the adductor muscle, gradually increasing from its initial drop at day 1.  Y1 

expression could then contribute to the proliferation of VSMCs in later remodeling of 

collateral vessels, facilitated by platelet NPY.  

When we administered exogenous NPY via slow-release pellet in attempt to increase the 

revascularization of the hindlimb at 14 days, we observed a shift in mRNA expression of 

the NPY system in the skeletal muscle.  Local administration of NPY did not result in 

any detectable changes in circulating levels of NPY.  However, local NPY receptor 
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expression was upregulated.  The most striking and statistically relevant changes occur 

with Y2 receptor.  Specifically, the ischemia-induced upregulation in the gastrocnemius 

muscle is completely ablated.  Simultaneously, adductor muscle expression of Y2 mRNA 

is significantly upregulated.  However, DPPIV values did not deviate from basal levels in 

either tissue throughout the 14 days.  This preference for the adductor muscle is in line 

with the notion that the desired therapeutic mechanism for the revascularization of 

ischemic tissue would be arteriogenesis, rather than capillary angiogenesis [181, 239, 

240].  Thus, increasing collateral conductance via Y2 activation [10] would then attend to 

the downstream ischemia.  Nonetheless, revascularization at 14 days, as determined by 

capillary density (PECAM-1/CD31), was similar with exogenous NPY treatment in the 

adductor and gastrocnemius muscles as compared with ischemia alone which recovered 

spontaneously.  Since we were unable to hypervascularize the distal tissue with 

exogenous NPY by 14 days, we examined whether or not the rate of revascularization 

was enhanced in the gastrocnemius muscle. 

Based on these time course data, we looked for acceleration of revascularization in the 

ischemic limb at 5 days post-ligation.  Here, femoral artery ligation-induced shear-stress 

increased the number of collaterals in the adductor muscle, though it did not reach 

statistical significance.  This is likely due to the low number of rats per treatment group 

used in this particular study (n=3-4).  Furthermore, ischemia is evident in the 

gastrocnemius muscle as suggested by the decreased capillary/muscle fiber ratio.  

Exogenous NPY treatment did not shift mRNA expression of the NPY system of either 

tissue at 5 days, but did rescue the gastrocnemius muscle, returning capillarity to that of 
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the sham-operated rat.  In the adductor muscle, exogenous NPY did increase the number 

of collaterals in the field of view, reaching statistical significance in comparison to sham 

controls, but not relative to femoral artery ligation alone.  While other groups have shown 

increased arteriogenesis by day 7 with femoral artery ligation alone [159, 178], it is 

possible that exogenous NPY is not increasing the quantity of vessels, but participating in 

the remodeling of individuals vessels. 

Our observations in the time course of mRNA expression of the NPY system support our 

hypothesis regarding the Y2 receptor based on our studies with NPY-/- mice.  We believe 

the Y2 receptor plays an early role (within first week) in revascularization of ischemic 

hindlimb as a vessel wall cell mitogen, carefully balancing the peptide’s effects with the 

immediate (within 24 hours) role as a vasomotor modulator.  Spontaneous recovery in the 

gastrocnemius muscle of ischemic rats (PECAM-1/CD31), along with increased Y1 

mRNA in the adductor muscle, corresponded with increases of NPY-ir in circulating PRP 

at 14 days.  These data suggest that this source of NPY from the platelets is able to 

mediate NPY-induced capillary angiogenesis in the gastrocnemius muscle, as well 

activate late phase (7-14 days) collateral remodeling in the adductor muscle.  Thus, we 

propose that exogenous NPY mimics these actions of late phase, platelet-derived NPY, 

resulting in the accelerated rescue of ischemic limb.  Thus, our next step was to test 

whether or not megakaryocytes/platelet-derived NPY could indeed facilitate the 

revascularization of ischemic limb. 
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Platelets as an angiogenic source of NPY 

Our investigation of endogenous NPY in revascularization revealed a delayed 

arteriogenic and angiogenic response in mice deficient in NPY within the first week; as 

well as identified 2 circulating sources of NPY in the plasma.  These findings led to a 

time course study in rats following femoral artery ligation in which we found differential 

upregulation in the NPY system; an early phase consisting of a rise of NPY-ir in platelet-

poor plasma, followed by increased local Y2 mRNA expression within 2 days of femoral 

artery ligation, as well as a late phase marked by increases in Y1 mRNA and most 

interestingly, NPY-ir of platelet-rich plasma at 14 days.  It is this last finding, the 

upregulation of platelet NPY in response to femoral artery ligation that we further 

investigated, resulting in the discovery of ischemia-activated megakaryocyte/platelet-

derived NPY as an angiogenic source in ischemic revascularization. 

Ischemia, in both pre-clinical [185, 241, 242] and clinical models [243-245] of PAD, has 

been shown to activate platelets.  Furthermore, platelet storage and release of potently 

angiogenic growth factors has been well-characterized [17, 130, 134, 140, 184].  Our 

novel findings here suggest an addition to this list of pro-angiogenic platelet-derived 

growth factors.  In our model of hindlimb ischemia, megakaryocytes were highly active 

in response to femoral artery ligation; as suggested by the increased NPY mRNA 

expression in whole bone marrow, which corresponded with increased NPY-ir in PRP at 

14 days, and an increase in circulating platelet numbers on the whole.  This later increase 

in NPY-ir in PRP temporally corresponds with platelet turnover time of approximately 

seven days. In support of augmented megakaryocyte activation in hindlimb ischemia, our 
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laboratory has recently found that vascular injury (balloon-angioplasty) increased 

megakaryocyte NPY mRNA and demonstrated that the corresponding increases in NPY-

ir of the PRP were due to both an increase in the number of circulating platelets and NPY 

per platelet (Ken Abe, unpublished data).  We used these present data to suggest that 

upregulated megakaryocyte production of NPY and platelets as support for platelet NPY-

mediated revascularization of ischemic hindlimb. 

Platelet-derived growth factors have been similarly shown to increase vascularity in 

ischemia models [18, 246].  Circulating with a wealth of these critical mediators of 

angiogenesis, platelets, in general, were shown to play a critical role in ischemic 

revascularization [17].  Amano et al. demonstrated this significance of platelets to 

ischemia with the deletion of thrombopoietin (TPO), which promotes megakaryocyte 

proliferation and differentiation, and its receptor, c-mpl, in separate knockout mouse 

models (TPO-/-, c-mpl-/-).  The systemic deletion of either of these factors that regulate the 

megakaryocyte-platelet pathway, the recovery following hindlimb ischemia was severely 

blunted and then later restored with adenoviral gene transfer of TPO (TPO-/- only) and 

VEGF (separate experiment) intramuscular injections.  It has been further demonstrated 

that platelet-induced angiogenesis is mediated by its granular contents in vitro, 

specifically VEGF, bFGF, and PDGF [247]. With the use of platelet microparticles in a 

rat model of myocardial ischemia, this same group demonstrated growth factor-specific 

regulation of ischemic angiogenesis [184] . 

With these data demonstrating the physiologic benefit of platelets and its contents, and 

despite its potent and primary role in hemostasis, in addition to its granular containment 



155 
 

of anti-angiogenic factors, we further investigated the role of NPY in platelet-mediated 

ischemic revascularization.  We adapted a model of platelet depletion/transfer [167, 168] 

that was established in our laboratory by Ken Abe (unpublished data), in order to 

investigate the angiogenic capability of platelet NPY in ischemic capillary angiogenesis.  

As shown in a previous study above (AIM 1C), NPY+/+ mice demonstrate increased 

vascularization of the gastrocnemius muscle 14 days following femoral artery ligation, 

while mice lacking NPY displayed ablation of such ischemic capillary angiogenesis.  We 

then demonstrated that this response was platelet-mediated and strikingly, NPY-

dependent in the platelet depletion/transfer study (AIMA 3A).  This was shown by the 

increased capillary/muscle fiber ratio in platelet-depleted NPY knockout mice that 

received NPY+/+ platelet transfusion, in which the increased capillarity observed in 

wildtype mice was then restored in these ischemic NPY knockouts.  In contrast, platelet-

depleted wildtype mice transfused with NPY-/- platelets demonstrated similar capillarity 

to that of sham-operated controls.  However, it is interesting that presumably non-

activated platelets from non-ligated donor mice elicited these differences.  It is possible, 

since patients with PAD demonstrate increased platelet and coagulatory activity [243, 

245], that in the present study donor platelets were activated post-transfusion.  This could 

be due to recipient ischemic mice presumably having activated endothelium and platelets, 

which could in turn, activate donor platelets via cell-cell interactions. 

These data suggest that following megakaryocyte upregulation of the total number of 

circulating platelets in response to femoral artery ligation, NPY release from activated 

platelets can revascularize ischemic limbs via capillary angiogenesis. This data regarding 
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megakaryocytes/platelets, in general, were in line with the findings of Amano et al, 

showing that the transfusion of platelets enhances the angiogenic response [17].  More 

importantly, they also showed that the endogenous angiogenic response is mediated by 

megakaryocytes/platelets, with the deletion of TPO and megakaryocyte differentiation 

and platelet release through the c-mpl receptor.  However, a similar caveat to 

atherosclerotic therapy as that purported by Epstein et al. [166] is raised, “Given the 

secondary nature of PAD to vessel occlusion due to atherosclerotic plaques, will 

enhanced platelet activity and delivery of NPY in this pro-thrombotic state exacerbate 

existing lesions, progressing symptoms in limb ischemia?”  This has specific relevance, 

given that this source of NPY in the platelets has been shown to augment Y1-mediated 

neointimal vascularization in atherosclerotic-like lesions [79] (Ken Abe, unpublished 

data).  These findings raise concerns with pro-atherosclerotic (Y1) and pro-angiogenic 

(Y2) pathways simultaneously being activated.  These complications with specific 

growth factors have been raised by others, citing VEGF [248]- and FGF [249]-induced 

neoplasms and enhancement of plaque size and instability as therapeutic limitations, the 

Janus phenomenon [166]. However, like most physiological processes there is 

equilibrium between pro- and anti- that is achieved through allostasis.   

In the case of platelets, there exists this fine balance between its thrombotic and 

angiogenic processes.  In particular, it has been shown that anticoagulant drugs early on 

following hindlimb ischemia impair angiogenesis in rodents [250].  In contrast, it has 

been recently reported in a rabbit model of hindlimb ischemia that thrombin promoted the 

formation of large collateral vessels and improved the perfusion of distal ischemic tissue 
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[251].  Furthermore, thrombin was demonstrated to be more efficacious than VEGF or 

bFGF, at the particular concentrations used.  Another important factor in hemostasis, 

fibrin (crushed fibrin particles delivered via intramuscular injection), a product of 

thrombin activation, has also been shown to be augment collateral development and 

capillary angiogenesis in a rabbit model of hindlimb ischemia [252].  In a pilot 

randomized control study, fibrin, as an angiogenic factor or carrier molecule (VEGF165), 

administered via intramuscular injection to patients resulted in clinical improvement 

[253].  While these studies demonstrate efficacy with direct administration, there has also 

been varied success with gene therapy with common platelet-derived factors, as 

mentioned above. 

Consideration of platelet NPY to revascularize ischemic tissue in the face of underlying 

atherosclerotic lesions begins with the peptide’s ability to elicit its effects in a receptor-

specific manner, Y2-mediated arterio-/angiogenic versus Y1-mediated neointimal 

vascularization.  Perhaps this distinct, late-rising source of circulating NPY participates 

in the angiogenic response, as suggested by platelet NPY-mediated ischemic capillary 

angiogenesis demonstrated in the platelet depletion/transfer study in mice.  Therefore, by 

mimicking an increase in NPY bioavailability with local, exogenous NPY treatment early 

on, we were able enhance the rate of recovery to 5 days.  Though, the exact mechanism 

for megakaryocyte/platelet-derived NPY has yet to be determined. 

For insight into this novel process of platelet NPY-mediated ischemic revascularization, 

we looked to the role of NPY and it angiogenic effects on endothelial cells [1, 6, 164].  

As mentioned above, in vitro studies have shown platelets, its releasate, and specific 
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granular contents to induce different aspects of angiogenesis including proliferation [20, 

254], migration [139], and capillary sprouting [247].  Here, we found that PRP, in 

general, isolated from ischemic mice was able to induce endothelial cell proliferation.  

Furthermore, collagen-activation of platelets revealed that NPY released from platelets 

enhances this proliferative effect.  It has been shown in patients with coronary and 

peripheral artery disease that circulating platelets are, indeed, activated [255, 256].  

Furthermore, our laboratory has shown that platelets are activated (GPIIB/IIIa 

expression/upregulation) due to vascular injury (Ken Abe, unpublished data).  Thus, 

presumably, isolated PRP from ischemic mice here contained activated platelets.  

However, it is possible that these isolated platelets from wildtype and knockout mice 

resemble those during primary aggregation, a state causing only a minor release of NPY 

[5].  Myers et al. has shown that collagen-induced platelet release of NPY parallels the 

granular release observed in secondary aggregation [5], which appears to be the case 

here.  Thus, in a system modeling an advanced state (secondary) of aggregation; 

enhanced proliferation of endothelial cells following collagen-activation of platelet-rich 

plasma suggests that platelet release of NPY from granular storage requires a 

hyperactive, hyper-coagulative state, in order to mediate ischemic capillary angiogenesis.  

However, it is important to note that these cells were under normoxic conditions.  This 

may have contributed to the less than robust proliferative response by these endothelial 

cells following all treatments, especially PRP and collagen-activated PRP.  It has been 

recently shown that even intermittent hypoxia can induce a pro-angiogenic state in 

endothelial cells, inducing migration tube formation via HIF-1α upregulation [257]. Thus, 
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endothelial cells are equally important in regulating platelet-induced angiogenesis.  

Endothelial cell surface expression is critical to platelet adhesion, activation and 

ultimately, the release of its contents.  Thus, simulating ischemic conditions with 

activated platelets and endothelium may uncover a greater NPY effect on proliferation.  

Finally, another consideration with our in vitro experiments was the proliferative 

capability of endothelial cells, as it relates to age (senescence).  In particular, we received 

these cells at passage 6 and experiments were conducted at a minimum of passage 7-8.  

The responsiveness of endothelial cells is relatively poor at these upper passages, with 

endothelial cells resembling senescent cells in morphology, large and rounded.  While 

these in vitro experiments need further confirmation, these preliminary results provide 

promising support for megakaryocyte/platelet NPY as a crucial mediator of ischemic 

revascularization. 
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SUMMARY 

In conclusion, the work presented here has demonstrated an important role for 

endogenous neuropeptide Y in ischemic revascularization in rodents, mediating both 

arteriogenesis and angiogenesis (Figure 42).  Essential to this ischemic response, 

specifically, capillary angiogenesis, is the megakaryocyte production and subsequent, 

platelet release of NPY.  The immediate release of sympathetic-derived NPY was 

insufficient to rescue ischemic tissue by 5 days, though the angiogenic Y2 receptor and 

processing enzyme, DPPIV peaked in the gastrocnemius muscle soon after this release of 

NPY, supporting two important relationships within the NPY system: NPY is able to 

regulate the expression of its own receptors and that the Y2 receptor is required for NPY-

mediated ischemic revascularization.  On the other hand, basal capillarity was achieved 

following local, exogenous NPY treatment by 5 days. In contrast, no effect of exogenous 

NPY on capillary/muscle fiber ratio was observed beyond the spontaneous recovery 

achieved at 14 days in the rat. This spontaneous recovery corresponded with a marked 

increase in NPY-ir of platelet-rich plasma and adductor muscle expression of Y1 mRNA.  

At this same timepoint of spontaneous recovery in rats, we also observed hyper-

vascularization in mice by 14 days post- ligation.  More importantly, we observed for the 

first time that ischemic activation of megakaryocytes provides late angiogenic phase 

delivery of NPY via platelets, which demonstrated near absolute regulation of capillary 

angiogenesis in ischemic tissue. A possible mechanism for this rescue of ischemic tissue 

was suggested by increased endothelial cell proliferation with platelet-release of NPY.  

And, it is this platelet-mediated response that was mimicked by local exogenous NPY 
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treatment, accelerating the rescue to 5 days.  Thus, we propose that this later delivery of 

NPY by circulating platelets drives NPY-mediated ischemic revascularization, in part, by 

inducing endothelial cell proliferation.   

Also, interesting observations in collateral vessels of mice suggest the peptide’s role in 

hemodynamics via its Y1 receptor, as it relates to vasomotor tone and vascular 

remodeling.  This was alluded to by our studies with NPY-/- mice by an increased lumen 

diameter and decreased structural hypertrophy of the medial wall within minutes of 

femoral artery ligation in collateral vessels located in the ventral adductor, a region with 

increased blood flow immediately post-ligation, as compared with NPY+/+ mice.  While 

the increased luminal diameter of collateral vessels may lessen the severity of ischemia in 

the downstream tissue by allowing for an increase in blood flow, there would presumably 

be decreased fluid shear-stress acting on these vessels, too.  This reduction in fluid shear-

stress translates to a decrease in the primary stimulus for collateral remodeling.  Without 

endogenous NPY, which serves as a mitogen for VSMCs, part of the overall remodeling 

process, however, has also been attenuated.  We interpret these data to suggest that 

endogenous NPY, as a sympathetic neurotransmitter, enhances sympathetic tone early on, 

but later, acts as a VSMC mitogen in collateral development.  Time course of NPY-ir and 

Y1R mRNA in the rat support this response and coordination of the NPY system.  

Endogenous NPY also appears to regulate the expression of its receptors, specifically, 

Y2/Y5Rs.  Amazingly, transfusion of NPY+/+ platelets alone is sufficient to overcome the 

predisposed decrease in Y2/Y5 expression and revascularize ischemic gastrocnemius 

muscle.  In this study characterizing the complex response of the NPY system following 
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femoral artery ligation, it is the discovery that megakaryocyte/platelet-derived NPY 

drives endogenous NPY-mediated ischemic revascularization that is the most striking. 

Fundamentally, it is a scientific phenomenon that begs further investigation into the exact 

mechanisms which underlie these platelet-NPY mediated actions.  Of further interest is 

its clinical application to patients with Peripheral Arterial Disease, a complex disease 

with a wide ranging clinical presentation based on distal ischemia, commonly in the 

limbs.  Revascularization of this ischemic tissue is required to alleviate complications 

arising from PAD. Thus, from the work presented here, mechanisms of particular interest 

include NPY administration to overcome depressed receptor expression, perhaps by 

directly inducing its own receptor expression and/or coordinating the NPY system on the 

whole, with differential regulation of its multiple receptors. Local administration or 

receptor specific agonists would then address the Januss phenomenon [166], i.e., Y2-

mediated arterio-/angiogenic benefits below the occlusion without exacerbation of Y1-

mediated neointimal vascularization or vasoconstriction.  Secondly, while potential NPY 

treatment via conventional intramuscular injection may be sufficient, perhaps the unique 

delivery and release mechanisms of platelets under more extreme conditions, possibly 

like that of the increased platelet and coagulatory activity found in PAD patients [138, 

255] is crucial to its beneficial effects.  As platelet granular release of its contents is now 

understand to not be an “all or none” process, perhaps we can draw upon the rapidly 

developing knowledge behind the intricacies of not only differential packaging of 

platelets, but release mechanisms, as well.  Conceivably, further characterization of 

preclinical platelet NPY expression, and especially in PAD patients, would allow for this 
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understanding, thereby enhancing the therapeutic potential of NPY in ischemic 

revascularization. 
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The novel findings of this study are listed below. 

1.  The lack of endogenous NPY in germ-line knockout mice immediately after distal 

ligation of the femoral artery results in an increased lumen diameter of collateral vessels, 

presumably from decreased vasoconstriction, allowing for increased perfusion through 

the collateral circuit in mice. 

2.  This immediate benefit of perfusion, suggests there is a decreased stimulus for 

collateral development, leading to a slight delay in collateral circuit perfusion within the 

first week of recovery. 

3.  129S1/SvImJ mice contain two separate fractions of circulating NPY in the blood, in 

plasma and in platelets. 

4. The lack of endogenous NPY in germ-line knockout mice following proximal ligation 

of the femoral artery results in impaired ischemic capillary angiogenesis in the 

gastrocnemius muscle and delayed recovery in blood flow perfusion to the distal tissue. 

5.  This delayed perfusion recovery and impaired capillary angiogenesis result in marked 

deficiencies in appearance and impaired function of the hindpaw. 

6.  Time course study in rats revealed an early phase ischemic response marked by 1 day 

peak NPY-ir in PPP, reflecting neuronal-derived NPY, as well as an upregulation of Y2 

and DPPIV in the gastrocnemius muscle at 2 days; there is also a late phase, with NPY-ir 

of the PRP rising by 7 days and increased by 14 days, in addition to the upregulation of 

Y1 mRNA at the same timepoint.  These observations corresponded to spontaneous 

recovery at 14 days. 
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7. Exogenous NPY is able to revascularize ischemic tissue by 5 days post-ligation. 

8. Megakaryocytes are activated by hindlimb ischemia in mice as evidenced by increased 

circulating platelet counts and an upregulation in whole bone marrow NPY mRNA at 14 

days, which corresponded with increases in NPY-ir of PRP. 

9. Platelets depletion/transfer revealed NPY in platelets are essential to ischemic capillary 

angiogenesis at late phase in our murine model. 

10.  Further activation of platelets, similar to that seen in secondary aggregation, is 

required to release NPY from its granular storage in order to elicit the NPY-dependent 

enhanced proliferation of endothelial cells.  This provides one possible angiogenic 

mechanism for megakaryocyte/platelet-derived NPY to mediate the ischemic 

revascularization. 
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Future Studies 

1. To examine the time course of endogenous NPY in ischemic revascularization 

within the first week after femoral artery ligation in NPY-/- mice, including NPY-

mediated inflammatory mechanisms. 

Our studies in AIM 1A and 1B revealed a delayed response to hindlimb ischemia due to a 

lack of NPY within the first week after femoral artery ligation.  However, at the 

endpoints chosen (21 and 14 days, respectively), NPY-dependent deficiencies in NPY-/- 

mice, as compared to NPY+/+, were then compensated for, with the exception of capillary 

angiogenesis.  Repeating these studies at early timepoints will provide the background in 

which we can better understand how the lack of endogenous NPY delays the ischemic 

response.  Also, while not addressed in this work, the role of inflammatory/immune 

response mechanisms are also critical components to revascularization [105, 106, 222, 

224, 258].  A complex role of NPY in these mechanisms has been recently described, 

with contrasting effects mediated by the Y1 receptor, in regard to macrophage [259] and 

T cell activation [180].  Furthermore, Y1-mediated anti-inflammatory effects were shown 

to be enhanced by DPPIV inhibition, once again showing DPPIV as a key modulator of 

NPY activity [259].  It is this potential of the NPY system with macrophages and as one 

of the ligands for DPPIV, in addition to cytokines RANTES (T-cell receptor) [238] and 

SDF-1 [260] that makes investigation of NPY in inflammation critical to understanding 

NPY-ischemic revascularization. 
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2. To determine whether or not megakaryocyte/platelet-derived NPY is able to 

mediate arteriogenesis. 

Platelet depletion/transfer experiments can be used to identify whether or not regulation 

similar to that observed in AIM 3A with ischemic capillary angiogenesis occurs with 

collateral development.  Here, perhaps increasing the number/frequency of platelets 

transfused or the use of activated platelets (from ischemic donor) can be implemented, 

taking advantage of platelets as a carrier molecule.  This experimental set up may also 

provide an opportunity to look at other megakaryocyte/platelet-derived factors in this 

process.  Depending on the results of the previous time course study proposed, the peak 

of NPY efficacy would be indentified and used in this study. 

 

3. To determine the exact role of the Y2 receptor, the relative contribution of other 

its receptors (Y1 and Y5), and DPPIV activity in NPY-mediated ischemic 

revascularization. 

The Y2-/- mice have been previously used to initially establish and characterize the role 

ofNPY in ischemic revascularization [91].  In addition, along with the upregulation of Y2 

mRNA in local skeletal muscle to reaffirm its role capillary angiogenesis, it would be of 

interest to characterize its contribution to collateral development.  Furthermore, the use of 

receptor-specific (ant)agonist would also help to clarify its role. 
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4. To characterize the relationship of (platelet) NPY with other angiogenic factors in 

endothelial cells (hypoxic conditions), as well to determine the effect of platelet NPY 

on VSMCs and identify signaling pathways responsible for NPY-mediated ischemic 

revascularization. 

Along with repeating the in vitro experiments presented in AIM 3B, determining the 

effect of platelet NPY under hypoxic conditions is a necessity.  Furthermore, we 

previously showed angiogenic NPY to be regulated, in part, by VEGF [6].  Expression 

profiles of other growth factors in relation to the NPY system would be critical to 

understanding the paracrine/autocrine mechanisms regulating endothelial cells in 

angiogenesis.  As multiple growth factors are activated in response to ischemia/hypoxia 

[98, 184, 226], understanding the relationship with other mediators of angiogenesis will 

help to characterize the overall role of NPY in this process.  Finally, NPY via Y1 is a 

mitogen for VSMCs [3], and with a late phase increase in Y1 mRNA and platelet NPY-ir 

in rats in AIM 2, suggests a role in late collateral development via hyperplasia and/or 

VSMC proliferation. 
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SUPPLEMENTARY FIGURES 
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