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ABSTRACT 

Control of blood flow to skeletal muscle is essential to maintain the overall 

homeostasis of an organism.  The primary route that skeletal muscle uses to 

accommodate an increased metabolic demand associated with physical activity is to 

increase its blood flow through functional hyperemia.  The importance of functional 

hyperemia in ensuring proper skeletal muscle function spurred 130 years of investigation 

into the mechanism(s) regulating its occurrence.   

Despite not identifying the essential factor(s) for controlling skeletal muscle blood 

flow, the last century of investigation has uncovered much about the process; including 

the observation that skeletal muscle functional hyperemia is impaired with ischemic 

disease.  In patients, this can result in immobility, chronic ulcerations, gangrene, and at 

worst, amputation.  To develop efficacious therapies, we as scientists must develop a 

better understanding of the molecular mechanisms underlying impaired vascular function 

during ischemia.   

The goal of this work was to lay the foundation for investigations examining the 

role of specific gene products involved in modulating blood flow control during ischemic 

revascularization by assessing vascular function in the mouse following an ischemic 

event.  Unique among research animals, the mouse is routinely accessible for targeted 

genetic disruption, which allows investigators to assess the requirement of specific gene-

products in a physiological process.  Unfortunately, to date, no publication that I am 

aware of describes blood flow measurement to contracting mouse skeletal muscle 
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following an ischemic/revascularization event.  Therefore, the primary objective of this 

work was to assess vascular function in genetically unaltered animals.   

I found that unlike other species thus far examined, vascular dysfunction is not an 

obligatory response to hindlimb ischemic revascularization in the mouse.  Ex vivo 

vasodilation responses to acetylcholine were statistically significantly impaired in the 

muscular branch artery 14 days following an ischemic event.  However, using a newly 

developed fluorescent microsphere-based approach for determining skeletal muscle blood 

flow, I found that functional hyperemia was similar for the gracilis posterior muscle 

between non-ischemic and day-14 ischemic animals.  In light of the primary literature, 

these findings suggest that vascular growth, and not ischemia per se is the primary 

regulator of vascular function during health and disease.   
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1.  INTRODUCTION 

 

Portions of this Dissertation were published in Vascular Pharmacology (Cardinal and 

Hoying, 2007) 

 

The capacity to control the volume of blood delivered to skeletal muscle by 

modulating resistance vessel diameter is essential for maintaining the homeostasis of that 

organ, as well as the organism.  Thus, to maintain normal functioning, skeletal muscle 

must increase or decrease the delivery of blood depending on the activity of the muscle 

fibers.  Although extravascular pathways for decreasing blood flow are present, most 

often, baseline blood flow is determined by resting metabolic demand of the muscle 

fibers and by vascular dependent processes.  Additionally, the immediate deleterious 

effects of an inability to increase blood flow to metabolically active skeletal muscle are 

much greater than oversupplying the tissue with blood.  Therefore, most investigations 

(including the work presented here) focus on the mechanisms skeletal muscle uses to 

increase its blood flow so that it can match the metabolic demand of its - a process 

termed functional hyperemia (also known as exercise hyperemia or active hyperemia).   

Skeletal muscle is not the only organ to utilize functional hyperemia.  Other 

examples of functional hyperemia include increased cerebral blood flow during cognitive 

tasks or increased intestinal blood flow during digestion.  However, because the focus of 

this work resides with skeletal muscle and because other tissue likely utilize different 

pathways to increase blood flow (Brecht et al., 1969), from here forward I will use the 



 

13

term “functional hyperemia” to refer specifically to increases in blood flow to skeletal 

muscle.   

In skeletal muscle, the mechanisms of functional hyperemia are poorly 

understood, despite over 100 years of investigation that began with the observation that 

stimulation of a muscle’s nerve elicited an increase in venous effluent at the same time 

that it caused the muscle to contract (Gaskell, 1877).   

As we now know, hyperemia associated with muscle contraction is due to the 

vasodilation of resistance vessels (arterioles and small arteries).  Therefore, the ultimate 

determinant of skeletal muscle blood flow is vascular smooth muscle tone.  A multitude 

of factors are capable of cause hyperemia (by increasing in arteriolar diameter through 

vasodilation), such as mechanical compression of arterioles by skeletal muscle fibers, 

high osmolarity, high K+, purines, and neurotransmitters, among others (Gorman M.W. 

and Sparks H.V., 1991).  However, understanding the mechanism controlling functional 

hyperemia have been greatly limited by the observation that none of the aforementioned 

factors seems to be required for functional hyperemia to develop during muscle activity 

(Gorman M.W. and Sparks H.V., 1991).  Despite the lack of a clear regulatory 

molecule(s), recent work suggests that functional hyperemia is controlled by the 

endothelium (Duza and Sarelius, 2004;Murrant et al., 2004).  Additionally, it also appears 

that the mechanisms of functional hyperemia are malleable, as vasodilatory mechanisms 

differ with age (Samora et al., 2007) and pathology (Kelsall et al., 2001;Meurice et al., 

1997).   
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Of particular interest is the observation that endothelial-dependent vasodilation 

(Kelsall et al., 2004) and functional hyperemia (Hudlicka et al., 1994) are impaired 

following an ischemic event.  As most research activity in the field of ischemic repair is 

focused on the mechanisms accounting for vascular growth following ischemia, very 

little is known about the functional aspects of revascularization, such as the 

mechanism(s) accounting for the impairment of endothelial dependent vasodilation.  

Although little is known about how ischemic revascularization impairs vascular function, 

the evidence that does exists suggests that inflammation arising from the ischemic insult 

plays a role in the etiology of the dysfunction by reducing nitric oxide (NO) 

bioavailability (Xu et al., 2006).   

Similarly, at the distal end of the repair process, very little is known about what 

mechanisms regulate the restoration of endothelial-dependent vasodilation and functional 

hyperemia following an ischemic revascularization.  However, this process is likely 

regulated by paracrine signaling, as fibroblast growth factor 2 (FGF2) (Laham et al., 

1998;Sellke et al., 1994;Yang et al., 1996) and vascular endothelial growth factor 

(Walder et al., 1996) are capable of restoring endothelial-dependent vasodilation 

following myocardial and peripheral ischemia.  Interestingly, both of these factors are 

most often implicated in vascular growth (Presta et al., 2005); however, work done in this 

lab indicates that endogenous FGF2 is not required for vascular growth following 

ischemia (Sullivan et al., 2002) and thus may be important in modulating vascular 

function during and following ischemic revascularization.  Understanding how ischemic 

revascularization modifies vascular function in mice will open the door for investigations 
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into the role of endogenous gene products, such as FGF2, in this process.  Specifically, 

experiments in mice will allow scientists to describe which gene products are required for 

modifying vascular function following an ischemic event.   
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Ischemic Disease 

Ischemic disease, specifically defined as an insufficient blood flow to a given 

tissue, is typically due to the presence of atherosclerotic lesions on major arteries and 

results in elevated resistance and reduced blood flow to the distal tissue.  Vascular 

function (i.e. vasodilation and blood flow control) is impaired with ischemic disease.  In 

the case of peripheral vascular disease, this impairment in vasodilation and blood flow 

control (Weiss et al., 2002) results in impaired skeletal muscle functioning during 

exercise or locomotion (McDermott et al., 2007).  Exercise therapy can be used to 

improve vascular function in the context of ischemic disease (Brendle et al., 2001).  

Unfortunately, the mechanism of action allowing exercise to produce a therapeutic effect 

is largely unknown (Haskell, 2003).  To improve specificity and effectiveness of exercise 

prescription, work must be done to understand at the molecular level how exercise 

improves vascular function.  However, to understand how exercise is producing a 

therapeutic effect, we must first recognize the potential molecular targets of exercise 

therapy and therefore must develop some understanding of which gene product(s) are 

involved in producing the impaired vascular function following an ischemic event.   

Unfortunately, the studies needed to address molecular mechanism of most 

physiological processes cannot ethically be performed in humans.  Additionally, a human 

experiencing impaired vascular function in the context of ischemic disease likely has a 

variety of other pathologies, such as hyperglycemia, dyslipidemia, obesity, etc., all of 

which can produce vascular dysfunction.  Therefore, to dissect the role of ischemia (or 

any of these effectors), specifically of ischemic vascular growth (i.e. ischemic 
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revascularization), in producing vascular dysfunction, scientists use research models.  

Once we understand the effect of a pathological event such as ischemic revascularization 

on vascular function, we can use more complex disease models in which we examine the 

interaction between different pathologies and their overall effect on vascular function.  In 

this way, scientists can build an ever more complex picture, while at the same time 

understanding how different pathologies contribute to vascular dysfunction.   

 

Skeletal Muscle Blood Flow Control 

Blood flow control refers to the capacity of a tissue to regulate its blood supply to 

meet metabolic demand.  Blood flow to skeletal muscle (or any other tissue) is dependent 

on the resistance and pressure of that vascular segment:   

pressureflow = 
resistance
P     Q = 
r  

Because blood pressure modulation through changes in cardiac output or 

modification of fluid retention by renal hormones are relatively slow and systemic, blood 

flow to a given tissue is modulated by changes in vascular resistance, r, which in turn is 

primarily affected by changes in vessel diameter as: 

 

 

where R is resistance, η is blood viscosity, l is vessel length, and r is vessel radius. 

Resistance is primarily a function of vascular diameter (radius) as viscosity and vascular 

4

8 = lR
r

η
π
⋅ ⋅
⋅
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length are relatively constant.  In animals, blood flow resistance to skeletal muscle is 

determined by the diameter of arterioles within the tissue (Proctor and Parker, 2006) as 

well as extra-parenchymal feed arteries (Lash, 1994).  It should be noted that capillary 

pericytes may also contribute to regulation of blood flow, but this has only been seen 

with in vitro brain slices (Peppiatt et al., 2006).   

Ultimately, vessel diameter is determined by the contractile state of vascular 

smooth muscle.  However, vascular smooth muscle tone during skeletal muscle 

contraction is determined intrinsically by the cell itself as well as extrinsically, by the 

endothelium, neurons, and paracrine factors.   

 

Blood flow control & homeostasis 

The purpose of the vascular system is to provide convective and diffusive 

pathways for the delivery of O2 and other nutrients, as well as the removal of CO2 and 

wastes in tissues that cannot rely on simple diffusion to exchange these molecules.  Thus, 

some tissues, with limited vascular supplies, such as the cornea, are sufficiently thin, 

while other tissues, such as cartilage, are sufficiently acellular and do not require a 

vascular supply (Scott, 1992).  All other tissues maintain homeostasis by exchanging 

nutrients and wastes with their vasculature.  However, under conditions of metabolic 

demand, such as contraction by skeletal muscle, tissues can dramatically increase the 

requirements for nutrient delivery and waste removal.   

Muscle fibers can meet an increased metabolic demand by increasing the 

extraction and delivery of nutrients, such as oxygen, from the blood.  Because oxygen 
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extraction is not 100% at rest, increasing the amount of oxygen extracted from capillaries 

is one route to maintain supply in metabolically active tissues.  Although a decrease in 

venous partial pressure of oxygen (Po2) is seen during muscle activity (Poole et al., 

2005), increases in oxygen extraction cannot reach 100% without eliminating the 

diffusion gradient for oxygen transport at the venous end of the capillary (McGuire and 

Secomb, 2001).  Therefore, an increase in the delivery of oxygen through an increase in 

blood flow is essential to match the oxygen demand in metabolically active skeletal 

muscle.    

Increased blood flow is due to vasodilation of arterioles and resistance arteries, 

and forms the basis for functional hyperemia (also known as active hyperemia and 

exercise hyperemia).  It should be noted that although increased blood flow is required to 

meet the demand of metabolically active skeletal muscle, increases in blood flow are 

finite.  Thus, in situations of very high oxygen demand, e.g. maximal exercise; oxygen 

supply is inadequate, and the length of time that this metabolic level can be maintained is 

on the order of seconds.   

 

Blood flow control: vascular smooth muscle 

 Blood flow to a given tissue is determined by the contractile state of the vascular 

smooth muscle cells (VSMC) encircling the resistance arteries (Lash, 1994) and/or 

arterioles (Proctor and Parker, 2006) of that tissue.  Although the contractile state of a 

VSMC is regulated by a variety of factors (see subsequent sections) the ultimate 

determinant of VSMC tone is intracellular Ca+2.  In short, elevated intracellular Ca+2 will 
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promote tension development while decreased intracellular Ca+2 will have the opposite 

effect.  In the VSMC, intracellular Ca+2 will bind calmodulin (CaM), which will in turn 

bind and activate myosin light chain kinase (MLCK).  MLCK phosphorylates and 

activates the regulatory myosin light chain, found on the head of the myosin II molecule.  

In addition to activating MLCK, CaM will also bind and inhibit caldesmon and calponin, 

which are found on the actin filaments of smooth muscle and inhibit myosin II activity.  

With the myosin light chain phosphorylated as well as caldesmon and calponin inhibited, 

myosin is allowed to form cross-bridges with actin and generate tension.  In general, 

factors that cause vasoconstriction will potentiate one or more of these processes, while 

factors that cause vasodilation will attenuate one or more of these processes.   

 

Blood flow control: endothelial-dependent vasodilation 

The endothelium is the inner lining of all blood vessels, the heart, and lymphatics.  

The primary function of the endothelium, in non-proliferative or non-inflammatory 

situations, is to actively inhibit blood coagulation and to control vessel diameter by 

modulating the contractile state of vascular smooth muscle.  Interestingly, both processes 

depend on the production of an overlapping set of agents, including prostacyclin (PGI2) 

and nitric oxide (NO).  The production of endothelial-derived vasodilation agents is 

activated by a variety of stimuli, including shear stress, paracrine factors, and cellular 

coupling.    

The most commonly studied endothelial derived vasodilator is nitric oxide, 

previously known as endothelial derived relaxing factor or EDRF.  Nitric oxide is 
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produced in endothelium by endothelial nitric oxide synthase (eNOS or NOS3), or iNOS 

in situations of inflammation, through the oxidation of L-arginine, with citrulline as a by-

product (Fleming and Busse, 1999).  In an acute fashion, eNOS is activated by 

calmodulin binding, which in turn is activated by an elevation in intracellular Ca+2 (Sessa, 

2004).  eNOS activity is also regulated by phosphorylation (Sessa, 2004) and subcellular 

localization (Zhang et al., 2006).  Once produced in the endothelium, NO freely diffuses 

into the vascular smooth muscle cell, where it binds and activates soluble guanylyl 

cyclase (sGC) (Boron WF and Boulpaep EL, 2003).  Activated sGC produces cyclic 

guanine monophosphate (cGMP) from GTP; cGMP activates protein kinase G (PKG), 

which phosphorylates and inactivates myosin light chain kinase, causing a reduced 

phosphorylation of myosin light chain and thus reducing vascular smooth muscle tone 

(Boron WF and Boulpaep EL, 2003).  PKG will also activate a Ca+2-ATPase, a Ca+2 

pump on the sarcoplasmic reticulum, which reduces intracellular Ca+2, also impairing 

vascular smooth muscle tone.     

The second most studied endothelial-derived vasodilator is prostacyclin (PGI2).  

Prostacyclin, an eicosanoid from the prostaglandin H synthase (PGHS, also known as 

COX) pathway, is produced by the enzyme prostacyclin synthase (PGIS), in the vascular 

endothelium.  An eicosanoid, PGI2 is derived from arachidonic acid, which is formed 

following cleavage of the plasma membrane phospholipids and then oxidized by 

cyclooxygenase and peroxidase activities of PGHS to form prostaglandin H2, which 

serves as a substrate for PGIS to produce prostacyclin (Davidge, 2001). Prostacyclin, 

diffuses from the endothelium to activate the IP receptor (IPR), a cell-surface Gs-protein 
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coupled receptor (Tanaka et al., 2004).  Activation of IP causes the stimulation of 

adenylyl cyclase and thus increases cyclic adenosine monophosphate (cAMP) production.  

cAMP activates protein kinase A (PKA), which through unknown mechanisms elicits 

relaxation of vascular smooth muscle through membrane hyperpolarization and a 

reduction in intracellular calcium (Tanaka et al., 2004).     

Although NO and PGI2 are the dominant endothelial derived vasodilators, 

inhibition of NOS & PGHS enzymes does not eliminate vasodilation in response to 

paracrine agonists such as acetylcholine and adenosine triphosphate (ATP) (Feletou and 

Vanhoutte, 2006).  Because the remaining vasodilation under these conditions is 

associated with vascular smooth muscle hyperpolarization, the vasodilation was termed 

to be caused by endothelial-dependent hyperpolarization factor (EDHF).  Although the 

molecular identity (or identities) of EDHF is unknown, EDHF-dependent vasodilation is 

associated with an increase in endothelial intracellular Ca+2, an activation of Ca+2-

dependen K+ channels, and hyperpolarization of vascular smooth muscle (Feletou and 

Vanhoutte, 2006).  Currently, the most popular candidate(s) for EDHF include 

epoxyeicosatrienoic acids (EETs), which are produced by cytochrome P-450 enzymes 

(Huang et al., 2000).   

Activation of endothelial-dependent vasodilation pathways occur through a 

variety of stimuli, including shear stress, paracrine signaling, cellular coupling, and 

counter-current exchange.  The mere act of blood moving in the vasculature produces a 

shear stress on the endothelium.  Transmission of this shear stress, which requires the 

presence of the ATP receptor P2X4 (Yamamoto et al., 2006), platelet-endothelial cell 
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adhesion molecule (PE-CAM) and vascular endothelial growth factor receptor 2 

(VEGFR2) (Tzima et al., 2005), results in the activation of eNOS, as described above.  

Thus, shear stress determines basal NO levels and consequently basal vascular diameter 

and blood flow.  Although shear is typically mediated through NO production, in the 

absence of eNOS (eNOS-/-), up-regulation of the COX2 enzyme causes an increase in 

PGI2 production following exposure to shear ex vivo (Sun et al., 2006).  This adaptive 

response likely occurs in vivo, but may be specific to skeletal muscle arterioles or may 

not fully compensate for other functions of NO, as eNOS-/- are hypertensive (Shesely et 

al., 1996) due to elevated peripheral resistance, likely caused by reduced diameter of 

peripheral vessels (Huang et al., 2000).  In addition to maintaining basal vascular 

diameter, the capacity to respond to shear stress is also required for the outward 

remodeling of arterial segments in response to increased blood flow(i.e. collateral 

enlargement) (Yamamoto et al., 2006), as will be discussed in greater detail in a 

subsequent section (Vascular growth: collateralization and arteriogenesis).  Despite its 

key role in maintaining baseline vascular diameter and supporting outward remodeling, it 

is unlikely that shear stress-induced vasodilation plays a key role in acute blood flow 

control, at least in skeletal muscle, as increases in blood flow are predominately due to 

increases in PGI2 production, as opposed to increases in NO production (Saito et al., 

1994a).     

Probably the most commonly studied process by which the endothelium initiates 

vasodilation is following the activation of cell surface receptors by paracrine factors.  The 

list of paracrine factors capable of initiating endothelial dependent vasodilation seems to 
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expand constantly, and includes the prototypic vasodilator acetylcholine (Ach), as well as 

other neurotransmitters such as serotonin and vasoactive intestinal peptide (VIP), adenine 

and uracil nucleotides such as ATP and UTP, and even peptides such as bradykinin and 

vascular endothelial growth factor (VEGF).  Aside from ATP and Ach, little is known 

about the role, if any, that these other factors play in regulating blood flow to skeletal 

muscle (as will be discussed in greater detail in Blood flow control: functional 

hyperemia).  Although the role of paracrine factors in initiating vasodilation during 

situations of repair and inflammation is well established (Aird, 2007), most often 

experiments examining vasodilation use these agents to asses the functionality of the 

endothelium (Kelsall et al., 2004) or to describe novel vasodilation pathways (Kadota et 

al., 1995). 

In addition to shear stress and paracrine factors, endothelial cells are able to 

initiate vasodilation due to their coupling to other endothelial cells in a process termed 

conducted vasodilation (Figure 1.1).  First observed at the microvascular level by Brian 

Duling (Duling and Berne, 1970), conducted vasodilation describes the process in which 

a local vasodilation is followed by a vasodilation at a remote, upstream (and downstream) 

site along the vessel.  The importance of conducted vasodilation lies in the role this 

process could have in coordinating blood flow regulation throughout a vascular bed 

(discussed further in Blood flow control: functional hyperemia).   

From a mechanistic standpoint, conducted vasodilation is thought to be mediated 

by endothelial gap junctions (Gustafsson and Holstein-Rathlou, 1999;Segal, 2005).  

Interestingly, the gap junction inhibitor halothane has no effect on conducted vasodilation  
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Figure 1.1  Schematic of conducted vasodilation.  Note that local site can serve as 

location for muscle contraction or agonist application.  Modified from (Murrant and 

Sarelius, 2002), used with permission.   
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(Murrant and Sarelius, 2000), while targeted deletion of Connexin40 (a gene whose 

product comprises endothelial gap junction channels) significantly impairs conducted 

responses (de et al., 2000).  Understanding the mechanism for conducted vasodilation is 

further complicated by the observation that conduction is inhibited by the anesthetic 

lidocaine (Duling and Berne, 1970), suggesting neural involvement for conducted 

responses.  Additionally, although tetrodotoxin (TTX, voltage-gated Na+ channel 

blocker) (Murrant and Sarelius, 2000) has no effect on conducted vasodilation, sensory 

neurons may still play a role in conducted vasodilation.  Recent experiments provide 

evidence for the anatomical presence of intrinsic sensory neurons that are insensitive to 

TTX, but their inhibition with CGRP8-37 (a calcitonin gene-related peptide receptor 

blocker) impairs conducted responses (Thengchaisri and Rivers, 2005).  

The final pathway for endothelial-dependent vasodilation is a counter-current 

exchange pathway in which diffusion of endothelial-derived agents from venular 

endothelium act on the smooth muscle of a paired, nearby arteriole (Saito et al., 1994b).  

Due to the diffusion limitations in skeletal muscle, this pathway is only effective for 

closely paired arterioles and venules.  However, if this condition is met, the functional 

ablation of venular endothelium by an air embolus results in impaired functional 

hyperemia, suggesting functional relevance for venular-endothelial derived vasodilators 

(Saito et al., 1994b).   The pathways responsible for stimulating venular production to 

endothelial-derived vasodilators during muscle contraction are not known, but are likely 

similar to those that initiate the production of endothelial derived vasodilators in the 

arteriole (see above) and likely involve ATP (Collins et al., 1998).   
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Blood flow control: endothelial-independent vasodilation 

In contrast to the mechanisms described above, endothelial-independent 

vasodilation involves direct reduction of vascular smooth muscle tone without 

stimulating endothelial production of NO, PGI2, or EDHF.  This can be accomplished 

through a variety of mechanisms acting directly on smooth muscle, including; 

parenchymal metabolites and paracrine factors as well as the autonomic nervous system.   

Probably the most popular hypothesis for vasodilation in skeletal muscle is that 

AMP, released from contracting fibers, is cleaved by ecto-nucleotidases to form 

adenosine, which activates cell surface G-protein coupled receptors on vascular smooth 

muscle, elevating intracellular cAMP and reducing intracellular Ca+2, thus inhibiting 

smooth muscle contraction (Clifford and Hellsten, 2004).  However, recent evidence 

suggests that in some skeletal muscles, adenosine may actually activate cell surface 

receptors on the endothelium (Duza and Sarelius, 2003).  Other products of increased 

skeletal muscle metabolism, such as lactate, PO4
-, and K+ are also capable of eliciting 

vasodilation (Gorman M.W. and Sparks H.V., 1991).  In addition to by-products of 

metabolism, metabolically active tissue can also modulate vascular smooth muscle 

tension directly through the release of paracrine factors.  One such example is the release 

of NO and eicosanoids as a result of nNOS and PGHS (COX) activity in skeletal muscle 

fibers (Clifford and Hellsten, 2004).   

In addition to parenchymal metabolites, recent literature indicates that vascular 

smooth muscle tone is regulated by intravascular factors, such as S-nitrosohemoglobin 

(SNO)(Allen and Piantadosi, 2006).  SNO is made when sulfur from cysteine 93 on the 
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hemoglobin β subunit is nitrosylated or reacted with nitric oxide (NO).  Typically, heme 

centers from the hemoglobin molecule scavenge free NO.  However, the oxygenated 

hemoglobin conformation in the lung promotes the nitrosylation of free sulfur R groups; 

when in peripheral tissue, the deoxygenated conformation of hemoglobin promotes the 

release of NO (Jia et al., 1996).  This mechanism allows SNO to modulate cerebral 

perfusion by increasing NO release with hypoxia (and hence increase blood flow through 

vasodilation) and scavenging NO with hyperoxia (and hence decrease blood flow by 

reducing basal diameter) (Stamler et al., 1997).  Unfortunately, we are still unaware of 

the mechanism by which NO is transferred from hemoglobin to soluble guanylyl cyclase 

(Sonveaux et al., 2007). 

In addition to factors from the parenchymal tissue and intravascular space, 

vasodilation is also controlled by autonomic neurons that innervate the vascular smooth 

muscle.  Autonomic-induced vasodilation is elicited by the parasympathetic activation on 

such tissues as the penis during erection (Andersson and Stief, 2000).  Parasympathetic 

stimulation relies on the release of acetylcholine (Ach) from pre-synaptic neurons to 

activate endothelial production of nitric oxide as described above.  The sympathetic 

nervous system can also initiate vasodilation at the skin through the release of Ach by its 

cholinergic fibers (Kellogg, Jr., 2006); however noradrenergic fibers generally initiate 

vasoconstriction as will be described in greater detail below (Blood flow control: 

vasoconstriction).   

It is important to note, that a commonly held misconception is that sympathetic 

adrenergic fibers mediate vasodilation of skeletal muscle feed arteries during skeletal 
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muscle contraction.  This misconception is likely due to the fact that sympathetic outflow 

to skeletal muscle is increased during muscle activity and is associated with an increase 

in blood flow.  However, noradrenergic innervation of skeletal muscle arterioles does in 

fact produce a vasoconstriction that is typically overpowered by vasodilatory input 

dependent on skeletal muscle metabolism.  Interestingly, the noradrenergic input to 

skeletal muscle becomes important at very high workloads to prevent potentially 

dangerous drops in peripheral resistance that is driven by high tissue metabolism (Calbet 

et al., 2004).  

 

Blood flow control: vasoconstriction 

The two major pathways that produce vasoconstriction in skeletal muscle are the 

myogenic response and the sympathetic nervous system, which are intrinsic and extrinsic 

to the vessel, respectively.  The myogenic response is a vasoconstriction following an 

increase in transluminal pressure, and conversely, a vasodilation following a decrease in 

transluminal pressure (Meininger and Davis, 1992).  Thus the myogenic response serves 

an autoregulatory role to ensure that, over a physiological range, blood flow to a tissue 

can be maintained constant despite changes in arterial pressure (Johnson, 1989).  

Additionally, the myogenic response is important in determining basal vascular diameter 

(Meininger and Davis, 1992).  Although it is obvious that the myogenic response results 

in an increase in vascular smooth muscle cell tone, the pathways leading to that response 

have remained elusive.  It is thought that the distension associated with an increase in 

transluminal pressure results in the opening of stretch-activated channels, which then 
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leads to depolarization and activation of voltage-gated Ca+2 channels (Meininger and 

Davis, 1992).  Indeed, increased VSMC Ca+2 seems to mediate the constriction response 

(Schubert and Mulvany, 1999).  Additionally, it appears that the myogenic response is 

intrinsic to the VSMC (Sun et al., 1994).  However it is interesting that inhibition of 

endothelial-derived epoxyeicosatrienoic acids (arachidonic metabolites produced by 

cytochrome P450 enzymes) impairs the myogenic response in skeletal muscle arterioles 

(Roman, 2002).   

Aside from the myogenic response, vasoconstriction to skeletal muscle 

vasculature is also mediated by the sympathetic nervous system.  Sympathetic fibers 

innervate skeletal muscle arterioles and resistance arteries and initiate a vasoconstriction 

response by releasing nor-epinephrine, which activates α-adrenergic receptors (Segal, 

2005).  Following the binding of nor-epinephrine, the α-adrenergic receptors elicit an 

increase in vascular smooth muscle tone by increasing intracellular Ca+2 through 

activation of voltage-gated channels at the plasma membrane and IP3 receptors on the 

sarcoplasmic reticulum (Segal, 2005).  Interestingly, α1 receptors on the feed arteries 

seem to be more resistant to metabolic inhibition of sympathetic tone (sympatholysis) 

than α2 receptors on more distal arterioles (Segal, 2005).  The functional implications for 

this heterogeneity are not known, as inhibition of either receptor has little effect on 

vascular conductance when exercise intensity is above moderate (DeLorey et al., 2006).  

Additionally, an enhancement of sympathetic tone appears to play an important role in 

the reduction of resting blood flow and functional hyperemia with aging (Dinenno et al., 

2005).   
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Blood flow control: functional hyperemia 

Although scientists understand a great deal about the various processes that are 

capable of contributing to vessel diameter (see previous sections), we are still at a loss to 

explain which of these processes controls the increase in blood flow commensurate with 

muscle activity, i.e. functional hyperemia (Joyner, 2006).  Experimental data exists 

supporting the role of all pathways for regulating vessel diameter, save for endothelial-

dependent vasoconstriction, during functional hyperemia.  For most of the last century, 

the dominant hypotheses were that functional hyperemia is determined by endothelial-

independent vasodilation by muscle fiber-derived adenosine (Hellsten et al., 1998;Proctor 

and Duling, 1982) and K+ (KJELLMER, 1965).  However, these hypotheses have been 

questioned recently.  In the case of K+, lower concentration of K+ in the venous effluent 

of humans (Wilson et al., 1994) as compared to rabbit and cat (Hnik et al., 1976), 

undermine the likelihood that K+ plays a dominant role in human functional hyperemia.  

Additionally, inhibition of adenosine signaling has little effect on functionally hyperemia 

in humans (Martin et al., 2007), suggesting that adenosine is not a dominant player in 

functional hyperemia.   

Despite these short-comings, several important findings are crucial to the 

emerging hypothesis for how functional hyperemia is controlled.  First, vasodilation in 

response to muscle stimulation is nearly eliminated upon local disruption of the 

endothelium, as well as by simply inhibiting changes in endothelial Cai
+2 (Murrant et al., 

2004).  Additionally, disruption of the endothelium inhibits conducted vasodilation and 

functional hyperemia (Segal and Jacobs, 2001).  More specifically, the role of the 
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endothelial cell in functional hyperemia seems to involve the production of prostacyclin, 

as opposed to NO (Kilbom and Wennmalm, 1976;Saito et al., 1994a).  The major missing 

piece of information in this puzzle is the identity (or identities) of the factor(s) that 

stimulate the endothelium to produce prostacyclin during muscle stimulation.  One 

hypothesis is that acetylcholine (Ach) release from the neuromuscular junction diffuses to 

the endothelium to initiate arteriolar vasodilation and functional hyperemia (Welsh and 

Segal, 1997).  However, this process seems to only be relevant in specific muscles 

(Clifford and Hellsten, 2004), such as those with intrafasciculating fibers and multiple 

motor end plates for the release of Ach (Welsh and Segal, 1997).  A second hypothesis 

for how the endothelium is stimulated to release vasodilating agents is through the release 

of ATP by erythrocytes (Ellsworth et al., 1995).  This model is based on the observation 

that erythrocytes will release ATP in the same proportion as O2 (Gonzalez-Alonso et al., 

2002).  If this same process occurs in vivo, it would provide a very precise mechanism of 

regulating vessel diameter.  Additionally, vasodilation by erythrocyte-derived ATP would 

help explain how metabolism is directly coupled to blood flow (Berg et al., 1997) in a 

manner that is consistent with the observation that the endothelium is necessary for 

vasodilation during muscle contraction (Duza and Sarelius, 2004).  Support for this 

model includes the observation that in vitro, an isolated perfused arteriole will not 

vasodilate in response to hypoxic extravascular fluid unless erythrocytes are present in 

the lumen; this vasodilation is associated with an increase in ATP (Dietrich et al., 2000).  

Additionally, it appears that O2-dependent release of ATP from erythrocytes is involved 

in functional hyperemia in humans (Gonzalez-Alonso et al., 2002).  An initial criticism of 
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this model is that when taking a Kroghian view, that all O2 is off-loaded at the capillary, 

the concomitant release of ATP would have no opportunity to stimulate arteriolar 

endothelium.  However, O2 (and thus ATP) is released from the erythrocyte at the 

arteriole as well as the capillary (ML Ellsworth et al., 1994).  Additionally, ATP 

stimulation of capillary or venular endothelium will initiate a vasodilation at the in-flow 

arteriole via the conducted response (Collins et al., 1998), as well as possibly by counter-

current exchange of venular endothelial-derived vasodilation agents with arteriolar 

vascular smooth muscle (Saito et al., 1994b).  Despite abundant circumstantial evidence, 

it is not known if erythrocyte-derived ATP is necessary for functional hyperemia; in other 

words, an impairment of functional hyperemia has not been demonstrated following an 

inhibition of ATP dependent vasodilation.   

In addition to providing a pathway for flow regulation in a single microvascular 

unit (feeding arteriole, draining venule, and associated capillaries), conducted 

vasodilation would be hugely important in regulating blood flow throughout a 

microvascular network (Segal, 2005).  Conducted vasodilation provides a mechanism to 

allow an increase in blood flow following the vasodilation of a terminal arteriole by 

eliciting a vasodilation in vessels further upstream, which is required for arteriolar 

vasodilation to produce more than just a cursory increase in blood flow, just as further 

loosening of a hose valve will allow elevated flow from a maximally opened hose nozzle.  

Additionally, reliance on conducted vasodilation, as opposed to generalized metabolic 

vasodilation, provides a pathway to elicit vasodilation of feed arteries, which are outside 

of the metabolic field, but vasodilate in response to muscle activity and contribute to 
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functional hyperemia (Lash, 1994;Segal, 2000).  Lastly, conducted vasodilation improves 

the network efficiency of a vasculature by allowing an increase in blood flow only to 

active fibers.  Indeed, activation of fibers underlying an arteriole will not lead to 

vasodilation of that arteriole if it does not feed those fibers (Berg et al., 1997).  Similar to 

the role of ATP in functional hyperemia, substantial corollary evidence exists for the 

importance of conducted vasodilation.  However, it is not known if conducted 

vasodilation is required for functional hyperemia; again, no reports have demonstrated an 

impairment of functional hyperemia following specific inhibition of conducted 

vasodilation.    

One final complication in regards to understanding what is required for 

vasodilation during functional hyperemia is that the mechanism responsible for initiating 

vasodilation may not be the same as the mechanism(s) that maintains vasodilation during 

muscle activity.  This is because the initiation of functional hyperemia is biphasic (i.e. 

two plateaus), while the cessation of functional hyperemia is monophasic (Gorman M.W. 

and Sparks H.V., 1991).  This observation also raises the question of whether these two 

supposed pathways function independently or interact in the initiation and maintenance 

of functional hyperemia.      

Although it may seem counterintuitive, vasoconstricting pathways are also 

activated during functional hyperemia, specifically endothelial-independent 

vasoconstriction mediated by the sympathetic adrenergic neurons.  From a systemic 

perspective, activation of the sympathetic nervous system plays an important role in 

elevating cardiac output and thermoregulation during exercise.  Although at first glance it 
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seems that blood flow to contracting skeletal muscle would be impaired so that increases 

in heart rate and evaporative cooling could take place; the enhanced sympathetic activity 

to exercising skeletal muscle has two very beneficial consequences.  First, enhanced 

sympathetic tone to exercising skeletal muscle does not impair vasodilation during 

functional hyperemia at submaximal exercise, as sympathetic activity is inhibited by the 

metabolic vasodilation in a process termed sympatholysis (Tschakovsky and Hughson, 

2003).  However, the enhanced sympathetic tone will cause a decrease in blood flow to 

non-exercising skeletal muscles (and the viscera), effectively shunting blood to the active 

skeletal muscle and myocardium, where it is most needed (Puvi-Rajasingham et al., 

1997).  Additionally, at near maximal exercise intensities, the enhanced sympathetic tone 

is required to maintain systemic vascular resistance, and hence mean arterial pressure, in 

the face of maximally dilating skeletal muscle vasculature (Calbet et al., 2004).  

To summarize, the mechanisms accounting for functional hyperemia are not fully 

understood.  However, functional hyperemia involves endothelial-dependent 

vasodilation, likely stimulated by paracrine factors (Ellsworth et al., 1995), endothelial-

independent vasoconstriction from the sympathetic nervous system (Segal, 2000), and 

possibly endothelial-independent vasodilation through hydrolyzed purines such as 

adenosine (Proctor and Duling, 1982) (Table 1.1).  Additionally, it is likely that 

conducted vasodilation plays an important role in regulating blood flow during functional 

hyperemia (Segal, 2005).    
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Table 1.1  Summary of pathways implicated in skeletal muscle functional hyperemia 
 

Agent 
 

Receptor Effector Response 

Acetylcholine (Ach) Muscarinic g-
protein coupled 
receptor (mAchR) 
 

Nitric oxide (NO), 
prostacyclin (PGI2), 
& endothelial 
derived 
hyperpolarizing 
factor (EDHF) 
 

Vasodilation 

Adenosine 
triphosphate (ATP) 

Purinoceptor 2Y g-
protein coupled 
receptor (P2Y) 
 

NO & PGI2 Vasodilation 

Potassium (K+) Potassium inward 
rectifier channel 2.1 
(Kir2.1) 

Vascular smooth 
muscle 
hyperpolarization 
 

Vasodilation 

Adenosine (Ado) Adenosine Receptor 
(P1) 

Increase smooth 
muscle cAMP 
 

Vasodilation 

Nor epinephrine 
(NE) 

α-adrenergic g-
protein coupled 
receptor (α-R) 
 

Increase smooth 
muscle Ca+2 

Vasoconstriction 
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Blood flow control: methods of assessing blood flow 

Assessing functional hyperemia and interrogating its mechanism requires a 

method to measure blood flow to skeletal muscle.  For animals larger than rodents, many 

options are available.  The simplest method involves measuring venous runoff from a 

skeletal muscle into a volumetric measurement device (Gaskell, 1877).  Of slightly 

greater complexity is venous occlusion plethysmography, in which a draining vein (to a 

muscle or entire limb) is occluded and arterial in-flow is determined by the deformation 

of a cuff around the tissue or limb (Hnik et al., 1976).  For reasons related to the small 

size and small blood volume of the mouse, neither of these methods is appropriate.   

The blood flow measurement techniques that are appropriate to the mouse fall 

into two categories- imaging approaches and deposition approaches.  Imaging approaches 

include techniques based on laser reflection, light microscopy, ultrasound reflection, and 

orthogonal polarization spectroscopy (OPS), among others.  Deposition approaches 

include techniques that utilize either radioactive or fluorescent microspheres.   

The most common imaging approach for measuring tissue blood flow is laser 

Doppler perfusion imaging (LDPI) (Briers, 2001).  LDPI calculates a global tissue 

perfusion based on the erythrocyte velocity (determined by the Doppler shift of reflected 

laser light) and erythrocyte content (hematocrit).  Thus, LDPI does not in fact give a true 

blood flow measurement (volume per time per mass of tissue), but rather an 

approximation of blood flow based on velocity and hematocrit.  Additionally, the velocity 

assessment is an averaged vector, such that the values obtained in chaotic or irregular 

vascular arbors are likely underestimated.  LDPI measurements are typically made from 
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regions-of-interest determined post hoc from scans of a tissue field (Sullivan et al., 2002), 

but can also be determined using probes that assess tissue perfusion in a discrete location 

(Yu et al., 2005).  Unfortunately, due to the high scattering of laser light, LDPI 

measurements are limited to superficial tissues, even when utilizing deep-penetrating 

probes (Chalothorn et al., 2005b;Yu et al., 2005).   

The second most commonly utilized imaging modality to assess blood flow is 

ultrasound.  Two approaches are used to determine blood flow by the reflection of sound 

waves.  First, a computer reconstruction of ultrasound reflection generates an image 

based on the reflected sound waves (Foster et al., 2000) through systems such as those 

produced by VisualSonics.  Such strategies are used to obtain blood flow measurements 

(Jensen, 2007) in vessels as small as 50µm and can achieve much better depth-of-

penetration than laser-based technologies.  The primary benefit of these systems is their 

fairly high resolution, non-invasive measurements.  However, this benefit is associated 

with a very large monetary cost.  Additionally, these systems are limited to measuring 

flow in larger feeding vessels, as opposed to regional vascular beds, such as an individual 

skeletal muscle.   

Reflected ultrasound can also assess the Doppler shift and volume of blood 

moving through a vascular structure, such as with Transonic flow probes.  The gold 

standard in blood flow measurements, Transonic Doppler ultrasound probes provide 

highly accurate determinations of blood flow, but are limited to large caliber vessels, with 

the smallest probe designed for the mouse femoral artery, which is approximate 300-400 

µm.  Thus, Doppler ultrasound can only obtain blood flow to large tissue volumes, e.g. 
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the hindlimb, the kidney (Boffa and Arendshorst, 2005), or the head (Sullivan and 

Hoying, 2002).  An advantage of these systems is the capacity to implant flow probes and 

obtain conscious blood flow through an exteriorized wiring system (Janssen et al., 2004).     

Blood flow can also be determined with imaging modalities that allow direct 

measurements of vascular diameter and blood velocity (which are used to calculate 

volumetric flow), such as intravital microscopy (Hudlicka et al., 1994).  With intravital 

microscopy, a special, long-working distance microscope objective is used to collect light 

from epifluorescent (Hudlicka et al., 1994) or transilluminated tissue (Murrant et al., 

2004).  The resulting image is then analyzed offline to calculate blood flow based on 

vascular diameter and blood velocity.  The major limitation to this procedure is that 

velocity measurements can only be made accurately when the vessel of interest is within 

a single plane, thus flow measurements are often made using sheet-like muscles such as 

the hamster cheek-pouch retractor muscle (Murrant and Sarelius, 2002) or rodent 

cremaster muscles (Duza and Sarelius, 2004), which have questionable physiological 

relevance to locomotor skeletal muscle.  Furthermore, in non-sheet-like muscles, 

epifluorescent illumination is limited to only the most superficial vessels, as the optical 

density of skeletal muscle results in substantial light scattering.   

Other less common methods of assessing blood flow through imaging include 

MRI, which is severely limiting in monetary cost, but can provide non-invasive blood 

flow measurements throughout the mouse hindlimb, at resolutions similar to ultrasound 

(Streif et al., 2003).  Additional methods, such as orthogonal polarization spectroscopy 

can achieve better depth-of-penetration than laser-based approaches with less 
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instrumentation than ultrasound-based approaches, but are limited in their capacity to 

quantify blood velocities (Lindert et al., 2002).   

For all their sophisticated, non-invasive strategies (save for intravital 

microscopy), the imaging based approaches are limited in that they assess blood flow at 

either a single vessel or a global tissue field.  This limitation is alleviated by using blood 

deposition markers, as described below. 

The final approach to assess tissue blood flow is with deposition approaches that 

rely on fluorescent or radioactive microspheres (Prinzen and Bassingthwaighte, 2000).  

For these experiments, microspheres (typically 15µm in diameter) are injected into the 

left ventricle, where they are ejected with the freshly oxygenated arterial blood.  Once 

ejected from the ventricle, microspheres travel with the arterial blood until they lodge in 

the distal microvasculature, as they are too large to pass through capillaries.  The number 

of microspheres that lodge in a given tissue is directly proportional to the amount of 

blood moving through that tissue.  To calculate absolute blood flows, the investigator 

must make a reference measurement by sampling arterial blood at a fixed rate during the 

course of the microsphere injection.  The arterial blood sample serves as a referencing 

value, e.g. if the tissue of interest has the same number of microspheres as the arterial 

blood sample, then blood must have been flowing through that tissue at the same rate as 

the arterial reference sample was taken.  This is illustrated by the equation below, used to 

determined absolute blood flow based on arterial blood withdrawal rate, arterial blood 

fluorescent microsphere content, and tissue fluorescent microsphere content.   

 1     min   
  

arterial blood reference flow tissue fluorescencevol
arterial blood fluorescence

− ⋅
⋅ =
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The soundness of a microsphere-based blood flow measurement is dependent 

upon uniform mixing of the microspheres within the arterial blood; uniform mixing is 

assumed if paired organs, such as the kidneys or adrenal glands have approximately 

equivalent microsphere content.  Additionally, it is essential that the arterial content of 

microspheres is similar between the tissue of interest and the site of arterial blood 

sampling.  Similarity arterial microsphere content between sampling site and the tissue of 

interest is determined through pilot experiments or assumed for bilateral tissues, such as 

when measuring blood flow to left hindlimb tissue and sampling arterial blood from the 

right femoral or iliac artery.   

When using radioactive microspheres, tissues of interest and blood are analyzed 

for radioactivity in a scintillation counter.  With fluorescent microspheres (FMS), tissue 

is digested before the fluorescent dye within the microsphere is released and measured 

with a fluorescence spectrometer.  The obvious disadvantage of assessing blood flow 

with deposition markers is its invasiveness.  Although temporally serial measurements 

with microspheres are possible, as tissue will retain microspheres for long durations 

(Hoffmann et al., 2002), the placement of catheters is invasive and determination of 

blood flow is ultimately destructive, as it requires tissue removal and animal 

euthanization.  Despite this disadvantage, deposition markers represent the most 

efficacious method to determine blood flow throughout an individual tissue, organ, or 

vascular network.   

For tissue like the kidney, with a single large feeding artery, the limitation of 

measuring blood flow through one artery is inconsequential for determining total tissue 
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blood flow.  However, the restriction of blood flow measurements to a single large vessel 

(or superficial tissue fields) when utilizing imaging-based approaches prevents sound 

measurement of skeletal muscle blood flow, in which each muscle typically has several 

small feeding arteries.  Additionally, deposition approaches are the only methods that can 

successfully be used to measure blood flow during skeletal muscle activity, as they are 

unaffected by the tissue movement that forces imaging-based approaches to only be used 

during rest or immediately following muscle contraction.   

Unfortunately, radioactive microsphere use comes with safety issues and 

challenges with obtaining institutional approval, while traditional FMS-based approaches 

have limited tissue resolution in mice.  Statistical models indicate that 200-400 FMS must 

lodge in a tissue to accurately measure blood flow (Prinzen and Bassingthwaighte, 2000) 

when using fluorimetry, the most commonly used tool for determining tissue 

fluorescence.  This usually requires harvesting most or all hindlimb skeletal muscle to 

obtain enough FMS to perform a sound measurement (Kubis et al., 2002b).  Additionally, 

FMS have not been used to measure resting blood flow and hyperemia in the same 

mouse, except when alternative referencing approaches are used (Maxwell et al., 1998).  

This is probably due to the fact that multiple arterial withdrawals have not been 

successfully taken from mice (Richer et al., 2000), likely due to their low blood volume, 

~2ml.   

Resolving blood flow to individual tissue elements is essential because of the 

experimental model of chronic hindlimb ischemia our laboratory utilizes (Sullivan et al., 

2002) to examine the mechanisms controlling ischemic revascularization.  The model of 
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chronic hindlimb ischemia results in a  revascularization event that is spatially 

segregated; microvascular growth (angiogenesis & arteriolarization) occurs 

predominately in the lower leg and large vessel remodeling (collateralization) occurs 

predominately in the thigh (Sullivan et al., 2002).  Because feed arteries and arterioles 

may utilize different molecular pathways to restore proper vascular reactivity following 

ischemia, it is essential to assay blood flow in specific regions undergoing known 

vascular repair processes.   

In summary, none of the currently available methods for blood flow measurement 

enable resolution of resting blood flow and functional hyperemia to individual skeletal 

muscles throughout the murine hindlimb.  However, FMS present the best alternative in 

that they can be used to obtain a true volumetric blood flow measurement in all skeletal 

muscles, superficial or deep.   
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Ischemic Revascularization 

Ischemic revascularization describes the growth and expansion of micro and 

macro vascular structures in response to a chronically insufficient blood supply.  The end 

result of a properly regulated revascularization event is the restoration of tissue 

oxygenation levels.  To accomplish this end, the revascularization processes progresses 

through two phases- vascular growth and vascular maturation.  Vascular growth events 

can involve angiogenesis, arteriolarization, and collateralization.  Angiogenesis is the 

growth of new capillaries from existing capillaries through sprouting or intussusception.  

In arteriolarization, capillaries outwardly remodel and gain a smooth muscle perivascular 

cell layer typical of arterioles.  Finally, collateralization described the outward 

remodeling of existing large arterioles and small arteries to become conduit vessels.  

Vascular maturation events, still largely undefined in the literature seem to involve two 

main processes- network remodeling and the restoration of vascular reactivity.  Network 

remodeling involves the pruning and architectural modification of expanded 

microvascular beds to generate efficiently arborizing networks.    

Angiogenesis, or the expansion of capillary networks, is essential to maintain 

proper tissue oxygenation (Degens et al., 2006).  Arteriolarization generally accompanies 

angiogenesis and is important for the proper regulation of blood flow into expanded 

capillary beds (Brown, 2003).  Collateralization is important when the capacity of conduit 

or feed vessels is not sufficient to meet the blood flow needs of the distal tissue.  Because 

large arteries will outwardly remodel in response to chronic exercise (Brown, 2003), 

collateralization is most important when existing conduits are diseased or experimentally 
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resected (Scholz et al., 2002).  Network remodeling is thought to produce efficient 

arborizing flow paths from a newly expanded microvascular bed in which flow paths are 

chaotic and inefficient (Shepherd et al., 2004), while restoring vascular reactivity 

improves the ability of the repaired tissue to regulate blood flow in response to tissue 

need (Kelsall et al., 2004).   

Considering these broad functions, revascularization is integral to many 

physiological process, such as embryonic and juvenile growth as well as adaptation to 

exercise training (Badr et al., 2003).  Additionally, revascularization plays a large role in 

many pathological events, such as ischemic disease and cancer (Carmeliet, 2005).  

Interestingly, although the basic processes of revascularization occur in many situations, 

the context of the vascular growth event places its own imprint on the process.  For 

example, angiogenesis in the myocardium appears to be regulated differently then 

angiogenesis in skeletal muscle (Hudlicka, 1991).  In light of this observation, the 

following background will focus on experimental data generated during skeletal muscle 

vascular growth as much as possible.   

 

Vascular growth: angiogenesis   

Angiogenesis is the growth of new capillaries from existing capillaries and can be 

divided into two forms, sprouting angiogenesis and intussusceptive angiogenesis (Peirce 

and Skalak, 2003) (Figure 1.2).  Sprouting angiogenesis involves a neovessel abluminal 

sprout from an existing capillary, while intussusceptive angiogenesis involves a 

longitudinal, luminal splitting of an existing capillary into two new capillaries. 
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Figure 1.2  Angiogenesis by sprouting and intussusception.  (A) schematic of sprouting 

angiogeneis, modified from (Jones and Sleeman, 2006), used with permission.  (B) 

schematic of intussusceptive angiogenesis, modified from (Djonov et al., 2003), used 

with permission.   

A 

B 
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The principle role of angiogenesis is to expand the capillary network and ensure 

adequate tissue oxygenation (Degens et al., 2006); therefore the dominant force driving 

angiogenesis is thought to be a difference between metabolic demand and blood supply.  

However, it is important to note, that although hypoxia is very capable of driving 

angiogenesis through the activation of the transcription factor hypoxia inducible factor 1 

(HIF-1) (Pajusola et al., 2005), the presence of hypoxia is not requisite (nor is it 

observed) during angiogenesis in trained muscle (Hudlicka, 1991).  Thus the role of 

hypoxia may be more critical to pathological forms of angiogenesis such as in tumors or 

following chronic ischemia.  Additionally, aside from metabolic stimuli, other factors, 

such as elevated blood flow will also promote angiogenesis (Hudlicka, 1991).   

Study of these various pro-angiogenic stimuli in isolation or in combination 

produced the following observations: elevations in metabolic demand and stretch results 

in sprouting angiogenesis; elevations in blood flow results in intussusceptive 

angiogenesis; a combined elevation of tissue metabolism and blood flow results in both 

sprouting and intussusceptive angiogenesis (Egginton et al., 2001).  Although no studies, 

to my knowledge, have examined the type of angiogenesis occurring with ischemia, it is 

likely that the hypoxic environment will drive sprouting angiogenesis.  However the 

eNOS-/- mouse is incapable of undergoing proper revascularization in response to tissue 

ischemia (Murohara et al., 1998), but eNOS is not required for sprouting angiogenesis 

(Williams et al., 2006), suggesting that intussusceptive angiogenesis may be involved in 

the revascularization response following ischemia.  Although, it is also possible that even 

though sprouting angiogenesis may not be driven by blood flow, it is still dependent on 



 

48

blood flow, as improvement in collateral perfusion rescues revascularization in the eNOS-

/- (Yu et al., 2005).   

Although the anatomical features of angiogenesis, e.g. sprouting versus 

intussusception, and the contexts in which the different forms of angiogenesis occur is 

fairly well defined, the largest gap in our understanding resides in understanding the 

molecular and biochemical pathways that transduce a signal such as hypoxia into a new 

capillary (Peirce and Skalak, 2003).  Some aspects of the process have begun to be 

clarified, mostly in regards to sprouting angiogenesis, due to its role in tumor biology.  

For example, following stimulation by cytokines, hypoxia, or both, sprouting 

angiogenesis is initiated when a localized disruption of the basement membrane by 

matrix metalloproteinase (MMP’s) allows capillary endothelium to migrate from the 

vessel structure (Jain, 2003).  In an in vivo setting, leaky endothelial junctions allow 

plasma proteins such as fibrin to extravasate the vessel lumen and form a provisional 

matrix for sprouting endothelial cells (Jain, 2003).  However, fibrin extravasation is not 

required, as angiogenesis will commence in the absence of blood components, utilizing 

collagen to form a provisional matrix (Hoying et al., 1996).  In the presence of a 

proangiogenic signal, such as VEGF, the delta/notch ligand/receptor system determines 

the location of the sprout, and prevents excessive sprout formation (Hellstrom et al., 

2007).  Once a sprout is formed, recruitment of perivascular cells is mediated through 

platelet derived growth factor-β (PDGF-β) signaling while specification to arterial or 

venous phenotype is determined by eph/ephrin signaling (Jain, 2003).  At the end of the 

process, work from the tumor angiogenesis area has demonstrated a need for factors such 
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as VEGF to maintain endothelial cells following an angiogenic event (Mancuso et al., 

2006), suggesting that overly oxygenated tissues will produce little if any endothelial 

trophic factors.   

Unfortunately, very little is known about the processes between the development 

of a neovessel sprout and the maintenance of a microcirculation.  Processes such as 

extension of a vessel sprout and eventual functional incorporation of the sprout into the 

microvascular network are still largely undefined.   

Intussusceptive angiogenesis, which occurs following an increase in blood flow 

(elevated shear stress) occurs by one of two processes: cytoplasmic protrusion or 

vacuolization (Zhou et al., 1998).  With cytoplasmic protrusion, long cytoplasmic 

processes invade the capillary lumen and eventually produce a pillar that divides the 

capillary in half.  Subsequently, the capillary wall is remodeled such that the pillar 

dividing the lumen becomes hollow and fills with interstitial collagen and myofibroblasts 

that appear to generate tension to separate the new daughter capillaries (Djonov et al., 

2003).  Intussusceptive angiogenesis may also proceed following extensive vacuolization 

of the endothelial cytoplasm to form a second lumen that must then merge with the 

existing lumen to form a functional daughter capillary (Zhou et al., 1998).  

Intussusception provides a far more efficient process to grow new capillaries than 

sprouting due to low cellular proliferation and migration (Djonov et al., 2003).  

Additionally, intussusception allows direct remodeling of microvascular beds through 

arborization and branch remodeling (Djonov et al., 2003) (discussed in greater detail 

below Vascular maturation: network remodeling).   



 

50

Most studies of intussusception have been morphological examinations of 

capillary ultrastructure; therefore the molecular and biochemical regulation is less well 

described than sprouting.  However, because shear seems to be the principle controller of 

intussusception, shear response elements such as purinoceptor (Yamamoto et al., 2006) 

and VEGF receptor (Tzima et al., 2005) are likely involved.  Once new capillaries are 

formed through either sprouting or intussusception, the pathways controlling recruitment 

of perivascular through platelet derived growth factor-β (PDGF-β) and specification of 

arterial-venous identity through EphB4/EphrinB2 signaling (Jain, 2003) are probably 

similar.  The presence of excessively large vessels and abundant capillary pillars with 

angiopoeitin and VEGF over-expression is consistent with these molecules playing a role 

in intussusception as well as sprouting (Thurston et al., 1999).   

 

Vascular growth: arteriolarization 

Arteriolarization is the process by which capillaries outwardly remodel and 

become encircled by vascular smooth muscle perivascular cells (Peirce and Skalak, 

2003).  Because arterioles are the primary modulators of vascular resistance, increasing 

their number is important for long term regulation of blood flow to an expanded capillary 

bed.  Although arteriolarization occurs after capillary formation in the developing 

organism, arteriolarization in the adult is more diverse.  In the adult context of hindlimb 

ischemia, arteriolarization occurs along a similar time course as angiogenesis (Sullivan et 

al., 2002).  However, in a model of elevated metabolic load and stretch that induces 

sprouting angiogenesis, production of new arterioles precedes that of new capillaries 
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(Hansen-Smith et al., 2001).  Additionally, elevated mean arterial pressure will drive 

arteriolar rarefaction without any changes in capillary number (Kubis et al., 2002a). 

Due to the wide variety of contexts for arteriolarization, it is difficult to select a 

primary regulator of the process.  Thus it is likely that many signals are capable of 

inducing arteriolarization, including intrinsic cues stemming from ligand gradients in the 

developing organism (Lanner et al., 2007), hypoxia in the chronically ischemic hindlimb 

(Sullivan et al., 2002), elevated metabolism (Hansen-Smith et al., 2001), and elevated 

flow (Price and Skalak, 1998).  It seems then that arteriolarization represents a dynamic 

process, capable of being initiated by a variety of factors depending on the environmental 

stimuli.   

Despite a wide variety of signals that initiate arteriolarization, the response to that 

signal is likely very similar across different situations.  The outward remodeling of 

capillaries will involve activation of matrix metalloproteinase enzymes (MMP’s) to 

degrade the basement membrane (Van Gieson and Skalak, 2001).  Additionally, 

proliferation of endothelium commensurate with the outward remodeling likely involves 

endothelial mitogens such as VEGF and angiopoeitin (Peirce et al., 2004).  Recruitment 

of perivascular cells, which involves the differentiation of fibroblasts into vascular 

smooth muscle cells (Price and Skalak, 1998), likely relies on signaling through platelet 

derived growth factor-β (PDGF-β) (Jain, 2003). 
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Vascular growth: collateralization & arteriogenesis 

Collateralization is the process by which existing small arteries or large arterioles 

outwardly remodel to form conduit vessels that rescue perfusion to distal tissue (Scholz et 

al., 2002) (Figure 1.3).  Because conduit vessels will enlarge to support chronically 

elevated blood flow to distal tissues (Hudlicka, 1991), collateralization is generally a 

pathological process.  Historically, collateralization has been most studied in the heart, 

where it is required to rescue myocardial function following coronary occlusion (Peirce 

and Skalak, 2003).  Formation of large arteries in a physiological context, such as the 

developing organism, occurs by arteriogenesis, which is a continuation of 

arteriolarization where muscularized microvessels (i.e. microvessels with vascular 

smooth muscle covering) undergo outward remodeling to form larger and larger 

structures.  Arteriogenesis may play a role in pathological processes, in which a capillary 

produced by angiogenesis undergoes arteriolarization and subsequent arteriogenesis to 

form a conduit vessel (Buschmann et al., 2003).   

Despite the potential role for arteriogenesis in vascular expansion, conduit vessels 

are primarily formed in a pathological situation, such as ischemic revascularization, by 

collateralization.  The primary stimulus for outward remodeling seen in collateralization 

is the interruption of blood flow through a primary conduit vessel.  This interruption 

elevates hemodynamic forces such as pressure, flow, and shear in vessels branching 

before the site to flow interruption (Schaper and Scholz, 2003).  Of these hemodynamic 

properties, elevated shear rate seems to be the most important force driving collateral 

enlargement (Koller, 2006).   
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Figure 1.3  Collateral enlargement during ischemic revascularization.  (A) 

microangiograms taken before, immediately after, 14 and 35 days after ligation and 

resection of the femoral and saphenous artery-vein pair.  (B) quantification of (A).  

Modified from (Sullivan et al., 2002), used with permission.   
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Although the role of shear as a primary regulator of collateralization is well 

established, uncovering the pathways that transmit an elevated shear signal into outward 

remodeling is an active area of investigation.  It is known the elevated endothelial shear 

leads to nitric oxide (NO) release and vasodilation (Sun et al., 2006) and it seems that 

continual release of NO in response to elevated shear is essential for collateralization 

(Matsunaga et al., 2000).  Vascular wall remodeling in the intima (Tyagi et al., 1996), 

media (Cai et al., 2004), and adventitial layers involves matrix degradation by matrix 

metalloproteinase enzymes (MMP’s) and proteases derived from monocytes that adhere 

and diapedes through an endothelium activated by high shear stress (Scholz et al., 2001).  

Endothelial proliferation during wall remodeling is likely driven by VEGF, which can 

increase collateral cross sectional area (Greve et al., 2006).  Additionally, VEGF receptor 

activity is required for exercise-induced collateralization following femoral ligation 

(Lloyd et al., 2005) and VEGF expression remains inappropriately elevated during 

inhibition of NO production (Matsunaga et al., 2000), suggesting that NO is downstream 

to VEGF in the collateral enlargement response.  Smooth muscle proliferation during 

vascular wall expansion may involve epidermal growth factor (EGF) signaling 

(Chalothorn et al., 2005a), and along with fibroblasts, likely plays an important role in 

new matrix protein production (Unthank et al., 1996).  Catecholamines, such as 

epinephrine or nor epinephrine, also regulate wall remodeling, as they are required for 

vascular smooth muscle hypertrophy and adventitial expansion during collateralization 

(Chalothorn et al., 2005b).   
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Vascular maturation: network remodeling 

Network remodeling was first observed by anatomists in the developing embryo 

at the end of the 19th century (Eichmann et al., 2005) and describes the process by which 

a nascent vascular plexus is structurally remodeled into the typical branching vascular 

tree (Figure 1.4).  Because network remodeling is poorly described in the adult, I will 

initiate my discussion around network remodeling in the developing embryo, where it is 

better described.  Following angioblast (endothelial precursor cell) differentiation and 

coalescence into endothelial tubes, newly formed capillaries undergo extensive sprouting 

events to form a vascular plexus with a visual appearance similar to criss-crossing city 

streets (Eichmann et al., 2005).  While a plexus-like structure is efficient for automobile 

traffic in which numerous “flow paths” are taken simultaneously, it is not efficient for the 

delivery and return of blood, which requires a single flow path.  Although the capillary 

plexus will develop by sprouting angiogenesis in the absence of flow, remodeling of that 

network requires a shear component, and thus seems to involve a switch from sprouting 

to intussusceptive angiogenesis (Djonov et al., 2003).  Through intussusceptive capillary 

splitting and shear-induced outward remodeling, the plexus is remodeled into an 

arborizing network (Djonov et al., 2000).   

Although the morphological aspects of the process are well described by beautiful 

plastic vascular casts (Djonov et al., 2002), the molecular and biochemical control of 

network remodeling is poorly understood.  Vascular endothelial growth factor (VEGF) is 

critical for vascular cell specification and endothelial proliferation (Eichmann et al., 

2005), but its role in network remodeling is less understood, especially in light of the fact  
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Figure 1.4  Network remodeling through intussusception.  Adapted from (Djonov et al., 

2003), used with permission. 
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that intussusceptive angiogenesis involves substantially less proliferation than sprouting 

angiogenesis (Djonov et al., 2003).  However, the absence of embryonic vascular 

remodeling in angiopoeitin-1 (Ang-1) null mice implicates this as a important factor in 

network remodeling of the developing animal (Suri et al., 1996).  Additionally, 

application of exogenous platelet derived growth factor-β (PDGF-β) leads to overly large 

arterioles & venules, suggesting it may play a role in the outward remodeling associated 

with network remodeling (Oh et al., 1998).  While the molecular and biochemical control 

of network remodeling in the embryo is still being sorted out, the main driving forces for 

this process, first hypothesized at the end of the 19th century, appears to be shear and 

circumferential wall stress (Djonov et al., 2002).  An important force in shaping the 

vasculature, shear is also capable of determining arterial-venous differentiation during 

vascular remodeling (le et al., 2004).   

Although network remodeling is well described in the embryo, as mentioned 

above, the evidence for this process in the adult following an angiogenic event is much 

more limited.  This is likely because microvascular expansion is most often assessed by 

counting capillaries in a histological cross section; appropriate assessment of 

microvascular architecture requires either 3-D reconstruction of tissue sections or 

analysis of sheet like tissues where the entire microcirculation is essentially in one plane 

(e.g. the early chick embryo).   

Network remodeling, as seen in the embryo does occur in the adult animal during 

tissue repair (Patan et al., 2001a).  Interestingly, typical network remodeling by 

intussusception is impaired during tumor vascularization by the imposition of sprouting 
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activity that likely contributes to poor perfusion and hypoxia (Patan et al., 2001b).  

Although it seems very likely that microvascular network remodeling plays an important 

role in ischemic revascularization, this has not been demonstrated in the literature.  The 

presence a plexus-like network in the adult organism has very important implications for 

tissue health, as a plexus-like microvascular network results in impaired oxygen delivery 

and blood flow control, due to the elevated resistance in these microvascular beds.   

Indirect evidence for the involvement of network remodeling during ischemic 

revascularization comes from data collected in our laboratory.  For example, following 

chronic hindlimb ischemia in the mouse, capillary density in the gastrocnemius 

approximately doubles within the first week following the insult to levels that are 

maintained for at least five weeks (Sullivan et al., 2002).  However, despite maximal 

capillary number at day seven, resting calf perfusion does not approach baseline levels 

until day thirty-five (Sullivan et al., 2002).  These data suggest that following the robust 

angiogenic growth in the calf, microvascular remodeling is required to produce an 

efficient, arborizing network.  Although the calf is too thick for routine examination of 

microvascular architecture, en bloc imaging of the extensor digitorum longus (EDL) from 

the ischemic rat hindlimb provides the only evidence I have seen for the formation of a 

capillary plexus following an ischemia-induced angiogenic event (Hansen-Smith et al., 

1996).  In this situation, network remodeling would be required to restore normal 

microvascular blood flow.     

Like the developing embryo, it is likely that hemodynamic forces such as shear 

stress drive the reorganization of expanded microvascular beds.  Further, from a 
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molecular and biochemical perspective, shear sensors and actuators such as purinoceptor 

2X4 (P2X4) (Yamamoto et al., 2006) and nitric oxide (NO) (Sun et al., 2006) likely play 

an important role.  Additionally, complimentary to the role of Ang-1 in embryonic 

remodeling, Ang-2 seems to play an important role in vascular remodeling following 

injury in the adult (Maisonpierre et al., 1997).   

 

Vascular maturation: blood flow control & vasodilation 

Following the vascular growth phase, in which vasodilation pathways appear 

refractory (Yu et al., 2005), control of vessel diameter and blood flow is dysfunctional.  

For example, resting blood flow (Hudlicka et al., 1994) and/or functional hyperemia 

(Brevetti et al., 2001;Hudlicka et al., 1994) in the distal hindlimb (tibialis anterior and 

extensor digitorum longus) are impaired following chronic ischemia.  Interestingly, blood 

flow still manages to increase in the ischemic tibialis anterior despite a vasoconstriction 

of terminal arterioles in response to muscle contraction (Hudlicka et al., 1994).  The 

proximal hindlimb, which typically undergoes more of a collateralization response, in 

contrast to the microvascular expansion of the distal hindlimb, also suffers an impairment 

of blood flow control following chronic ischemia in rats (Song et al., 2004).  

Additionally, increases in skeletal muscle blood flow in the distal hindlimb following 

chronic stimulation of proximal hindlimb skeletal muscles is impaired in the ischemic 

mouse (Yu et al., 2005).   

The blood flow defects observed following chronic ischemia are likely due to 

abnormalities in both endothelial and smooth muscle control of vascular diameter.  
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Interestingly, this dysfunction is temporally dynamic.  For example, in the distal hindlimb 

(extensor digitorum longus or EDL) arterioles undergo normal constrictions to nor-

epinephrine (activating α-adrenergic receptors) as well as dilations to sodium 

nitroprusside (donating NO to activate cGMP production) and adenosine at two weeks, 

but responses to both agents are impaired after five weeks, indicating progressive 

deterioration of smooth muscle function (Kelsall et al., 2001).  Some of the impairment in 

smooth muscle control of vessel diameter may be due to a proliferative/synthetic smooth 

muscle (Kawai-Kowase and Owens, 2007).  Thus during vascular remodeling, the act of 

smooth muscle proliferation may result in impaired diameter control.  However, it seems 

odd that smooth muscle would shift from a synthetic (prior to two weeks) to a contractile 

and then back to a synthetic phenotype.  Not wanting to be outdone by the smooth 

muscle, endothelial dependent dilations to acetylcholine and bradykinin are impaired in 

the distal hindlimb at both two and five weeks, with acetylcholine actually producing 

mild vasoconstrictions (Kelsall et al., 2001).   

There are also changes in the signaling molecules used by the endothelium to 

control vascular smooth muscle tone.  In the ischemic coronary circulation there is an 

increased reliance on prostacyclin, and less so on nitric oxide (Altman et al., 1993).  In 

regards to mechanisms initiating decreases in vascular diameter, pathologies such as 

diabetes are associated with elevated endothelin concentrations (endothelial derived 

vasoconstrictor) that increases vascular resistance (Rask-Madsen and King, 2007).   

The mechanisms accounting for impaired blood flow control following ischemia 

are poorly understood.  However, inflammation may play an important role in uncoupling 
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nitric oxide signaling (Xu et al., 2006).  Additionally, it is tempting to hypothesize that 

the endothelium may present with dichotomous cellular phenotype- functional or 

proliferative, similar to vascular smooth muscle.   

Although little in known about why newly grown/repaired vascular beds have 

impaired blood flow control, restoration of this dysfunction is better understood.  From a 

molecular perspective, both VEGF (vascular endothelial growth factor) and FGF2 

(fibroblast growth factor 2) are capable of restoring endothelial-dependent vasodilation 

(Bauters et al., 1995;Sellke et al., 1992;Sellke et al., 1994) and blood flow control 

(Laham et al., 1998;Walder et al., 1996;Wright, 2002) following chronic ischemia.  

Additionally, chronic muscle stimulation is capable of restoring both blood flow control 

(Hudlicka et al., 1994) and endothelial-dependent vasodilation (Kelsall et al., 2004) 

following chronic ischemia.  These two mechanisms of restoring blood flow control 

following ischemia may be linked by the observation that exercise increases transcript 

(Olfert et al., 2001) and protein (Nemet et al., 2002) expression of both VEGF and FGF2.  

Thus, the impairment in blood flow control may simply be due to tissue disuse.  It is also 

possible that paracrine factor production concomitant with satellite-cell mediated muscle 

repair is important for restoring blood flow control to ischemic muscle.  However, a 

chronic stimulation protocol that induced greater muscle damage than the one described 

above did not restore blood flow control (Hudlicka et al., 1994).   

In summary, chronic ischemia results in vascular expansion that includes 

angiogenesis, arteriolarization, and collateral enlargement.  This expansion is associated 

with impaired blood flow control.  However, it is not known if the impairment of blood 
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flow control associated with revascularization is similar in areas of microvascular growth 

(angiogenesis and arteriolarization) and collateral enlargement, because both resistance 

arteries and arterioles are involved in regulating tissue blood flow.  Additionally, it is 

unknown what gene product(s) are required for modulating blood flow control pathways 

during ischemia as well as those restoring blood flow control following ischemia.   
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Significance and Research Plan 

The overall goal of this project was to test the hypothesis that vasodilation and 

functional hyperemia are impaired following ischemic revascularization in the 

mouse.  Based on previous reports in other species, it is apparent that chronic ischemia 

causes an impairment of vascular function, such that functional hyperemia (Hudlicka et 

al., 1994) and endothelial-dependent vasodilation (Kelsall et al., 2001) are reduced or 

dysfunctional.  Additionally, these models have suggested an important role for paracrine 

factors such as VEGF (Wright, 2002) and FGF2 (Laham et al., 1998) in the restoration of 

vascular function following ischemia.  However, addressing the question of which 

endogenous paracrine factors are involved in modulating vascular function versus which 

exogenous factors are simply sufficient to modify the process is not practical in these 

models.  Fortunately, targeted disruption (viz. gene knock out) in the mouse, which 

specifically eliminates the expression or function of an endogenous gene product, 

provides an experimental tool to dissect required proteins/peptides versus those that 

simply have an exogenous effect.  In fact, the original goal for this work was to use 

targeted disruption to examine the role of FGF2 in vascular function, because as stated 

above, exogenous FGF2 is capable of restoring endothelial function following ischemia 

(Sellke et al., 1994) and targeted disruption of Fgf2 eliminates reactive hyperemia in the 

ischemic hindpaw (Sullivan C.J., 2002).  However, upon embarking on this goal, it 

became quickly apparent that not only were we lacking the technology to address 

questions related to functional hyperemia, but we were also unprepared to design and 

interpret our proposed experiments due to the dearth of information available on vascular 
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function in the ischemic mouse.  Despite numerous reports addressing vascular growth in 

the ischemic mouse, not a single publication, to my knowledge, has specifically 

examined functional hyperemia and vasodilation in ischemic mouse skeletal muscle.   

Therefore, we developed a method of blood flow assessment to be used in 

conjunction with an established ex vivo examination of single vessel reactivity to assess 

the effect of chronic hindlimb ischemia on vascular function.  This work will have two 

important impacts.  First, it will lay the foundation for future investigations of vascular 

function in the ischemic mouse.  Second, it will contribute to the understanding of 

comparative vascular biology by providing information from this species in a context not 

yet examined.   

 

Specific Aim 1.  Assess the effect of ischemic revascularization on endothelial 

dependent vasodilation.  Previous work in other species consistently demonstrates an 

impairment of endothelial function following chronic ischemia (Kelsall et al., 

2004;Sellke et al., 1992).  However, endothelial-dependent vasodilation has not been 

examined following chronic ischemia in the mouse.  Considering the potential advances 

by using targeted disruption to assess the contribution of endogenous genes to the 

revascularization process (a tool only widely available in mouse), it is imperative to 

understand how endothelial function in mice is modified by ischemia.  A mouse model of 

chronic hindlimb ischemia was used to initiate a revascularization event that involves 

both collateral enlargement (thigh) and microvascular expansion (lower leg).  Following 

ischemia, we used an ex vivo approach to measure vasodilation in a pressurized feed 
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artery that typically undergoes collateral enlargement, the distal muscular branch of the 

femoral artery.  Although no known reports have examined individual vessel reactivity in 

the thigh, based on reports in the rat, in which a less invasive vascular resection than the 

one used on these studies lead to a marked reduction in hyperemia in the thigh (Song et 

al., 2004) and dysfunction of endothelial-dependent vasodilation in the lower leg 

(Hudlicka et al., 1994), we were confident that our model of chronic hindlimb ischemia 

would impair vasodilation in individual vessels from the mouse thigh.  This aim tested 

the hypothesis that endothelial-dependent vasodilation is impaired following chronic 

ischemia in the mouse hindlimb.   

 

Specific Aim 2.  Develop method to assess blood flow to individual mouse skeletal 

muscles.  The first step to assessing blood flow control in the mouse is to develop a 

method that allows blood flow measurement in this small animal.  Unfortunately, none of 

the currently available methodologies allow blood flow measurements to individual 

mouse skeletal muscles.  This level of resolution is important because the model of 

chronic hindlimb ischemia used for this work produces a revascularization event that is 

spatially heterogeneous, with arterial collateral enlargement occurring in specific muscles 

of the thigh and microvascular expansion occurring to different degrees in muscles of the 

lower leg.  By measuring blood flow to an individual muscle, it is possible to more 

precisely correlate blood flow control with vascular morphology and gene and protein 

expression.  Blood flow was assessed by counting (under epifluorescence) the deposition 

of intra-arterially injected fluorescent microspheres in single skeletal muscles at rest and 
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following muscle contraction.  This is a terminal procedure, as the fluorescent 

microspheres are counted in muscles following their dissection from the animal.   

Fluorescent microspheres have been used to measure resting and hyperemic blood 

flow in the rat, when using fluorimetry to assess fluorescence levels.  Due to the small 

size of the mouse, insufficient numbers of fluorescent microspheres deposit in an 

individual skeletal muscle to quantify with fluorimetry.  Blood flow measurements to 

very small volume tissues (e.g. the rat cochlea) are possible using radioactive 

microspheres which can be resolved to the individual sphere with a scintillation counter 

(Hillerdal et al., 1987).  Therefore, because epifluorescent visualization of fluorescent 

microsphere-containing tissues has a resolution of one sphere, we were confident that 

consistent blood flow measurements were possible.  This objective of this aim was to 

measure blood flow at rest and during hyperemia in individual mouse skeletal 

muscles.     

 

Specific Aim 3.  Assess the effect of ischemic revascularization on blood flow 

control.  Previous work in other species consistently demonstrates an impairment of 

vascular function following chronic ischemia (Hudlicka et al., 1994).  However, blood 

flow control has not been examined following chronic ischemia in the mouse.  

Considering the extensive use of mouse models (due to the technology of targeted 

disruption) to assess the revascularization process (a tool only widely available in 

mouse), it is imperative to understand how blood flow in mice is modified by ischemia.  

A mouse model of chronic hindlimb ischemia was used to initiate a revascularization 
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event that involves both arterial collateral enlargement (thigh) and microvascular 

expansion (lower leg) (Sullivan et al., 2002).  Following ischemia, a fluorescent 

microsphere-based approach was used to measure blood flow to muscles undergoing 

collateral enlargement at rest and during muscle contraction.  Based on reports in the rat, 

in which a less invasive vascular resection than the one used on these studies lead to a 

marked reduction in skeletal muscle hyperemia (Song et al., 2004), we were confident 

that our model of chronic hindlimb ischemia would impair activated blood flow in the 

mouse.  This aim tested the hypothesis that functional hyperemia is impaired in the 

mouse hindlimb following chronic ischemia.   
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2.  METHODS 

Animals 

 Most experiments utilized male and female hybrid mice (50% Black Swiss and 

50% 129 SV) wild type (Fgf2+/+ or Fgf2+/-) and null (Fgf2-/-) for Fgf2 (Zhou et al., 1998) 

between 2 and 5 months of age.  Male and female FVB/N transgenic mice, between 2 and 

6 months of age, that express green fluorescent protein (GFP) in vascular endothelium 

(Motoike et al., 2000) were used to develop the protocol for measuring blood flow with 

fluorescent microspheres to individual muscles.  Both sets of animals were obtained from 

breeding colonies maintained at the University of Arizona on a 12:12 light:dark cycle and 

given water and rodent chow ad libitum.  Additionally, experiments were performed 

according to protocols approved by the University of Arizona Institutional Animal Care 

and Use Committee.   

 

Genotyping 

Shortly after weening, mice from the Fgf2 colony were briefly anesthetized while 

ear tagged and tail tipped.  The 2-3 mm tail tip was placed in 350µl of Tail Lysis Buffer 

plus 15µl Proteinase K and rocked overnight at ~50°C.  Tail lysate was centrifuged at 

16,000 x g for 7.5 minutes, and the precipitate discarded.  An aliquot from the 

supernatant containing genomic DNA (gDNA) was diluted 1:10 with nuclease-free water 

and used as the template for PCR amplification.  Diluted gDNA was amplified to detect 

the Fgf2+/+ allele with the following primers: forward- GCTGTACACTCAAGGGGCTC 

and reverse- CGCCGTTCTTGCAGTAGAG.   Diluted gDNA was amplified to detect the 
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Fgf2-/- allele with the following primers: forward- TCCAAAGCCTGACTTGATCC and 

reverse CTGACTAGGGGAGGAGTAGAAGG.  Amplified gDNA was electrophoresed 

through 1% agarose gels containing 0.0033% ethidium bromide and visualized with UV 

illumination.  For additional details on genotyping, please see Appendix 8.   

 

Surgical instruments 

 S&T forceps (angled 45º), Dumont forceps (#5-45), Castroviejo needle holder, 

Metzenbaum scissors, Iris scissors (curved, 11.5cm), S&T clamp applying forceps, and 

S&T vascular clamp (B-1) were obtained from Fine Science Tools (Foster City, CA, 

USA).   

 

Hindlimb ischemia surgery 

Chronic hindlimb ischemia was induced through unilateral ligation of the left femoral and 

saphenous artery-vein pair, from just upstream to the medial circumflex artery to halfway 

between the knee and ankle, as described (Murohara et al., 1998) with some 

modifications, see Appendix 5.  Animals were anesthetized in an anesthesia box with 5% 

isoflurane (Abbott, Abbott Park, Illinois, USA) administered through an isoflurane 

vaporizer and balanced with oxygen flowing at ~3.5 l·min-1 (VT-110 & VT525, JD 

Medical, Phoenix, AZ, USA).  Following induction, anesthesia was maintained 

throughout animal preparation and surgery with 1-2% isoflurane balanced with oxygen 

flowing at 0.5-1.0 l·min-1 though a small animal anesthesia mask (Harvard Apparatus, 

Holliston, MA, USA).  Prior to surgery, left hindlimb hair was removed with trimming 
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clippers and depilatory cream (Nair, Princeton, NJ, USA) and sprayed with chlorhexidine 

diacetate to disinfect.  The skin incision was closed with 7-0 polypropylene suture 

(Ethicon, San Angelo, TX, USA).  Following surgery animals were given buprenorphine 

analgesic subcutaneously at a dose of 0.075mg·kg-1 and allowed to recover under a heat 

lamp. 

 

Measurement of ex vivo vessel diameter 

At 14-days following the hindlimb ischemia surgery, once the vascular growth 

events of ischemic revascularization were complete, mice were anesthetized with 2.5% 

Avertin (0.15ml·10g-1).  The primary arteriole of the gracilis anterior muscle, which is 

contiguous with the feed artery of the gracilis posterior muscle, was dissected from the 

day 14 ischemic left hindlimb of the treatment group and the non-ischemic hindlimb of 

control animals, as described (Sun et al., 1994).  Following dissection, the arteriole was 

separated from the neurovascular bundle and cleaned of adipose and connective tissue in 

a PSS solution maintained at below 10°C.  PSS was composed of the following (in mM) 

119 NaCl, 4.7 KCl, 1.2 MgSO4, 1.7 KH2PO4, 1.6 CaCl, 5 glucose, 18 NaHCO3.  Cleaned 

arterioles were cannulated in an organ chamber with glass micropipettes attached to 

micromanipulators mounted on steel stage.  Tied nylon suture maintained the vessels in 

position following cannulation cannulated vessel.  The vessel was then warmed to 

between 34 and 35°C and pressurized to 80 mmHg to induce the development of 

myogenic tone.  Once myogenic tone was established, dose responses were generated by 

applying increasing concentrations of Ach and SNP, from 10-8 to 10-3M.  Ach and SNP 
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were prepared in at 10-1M in PSS and frozen until use.  Arterioles were viewed through 

an inverted Olympus microscope projecting through a video monitor.  Diameter 

measurements were made during the experiments with Colarado video calipers and 

recorded by hand.    

 

Animal preparation for blood flow measurements 

 All mice were initially anesthetized in an anesthesia box with 5% isoflurane 

(Abbott, Abbott Park, Illinois, USA) administered through an isoflurane vaporizer and 

balanced with oxygen flowing at ~3.5 l·min-1 (VT-110 & VT525, JD Medical, Phoenix, 

AZ, USA).  Following induction, anesthesia was maintained throughout animal 

preparation and experimentation with 1-2% isoflurane balanced with oxygen flowing at 

0.5-1.0 l·min-1 through a small animal anesthesia mask (Harvard Apparatus, Holliston, 

MA, USA).  The mask was modified by removing the mask portion and repositioning the 

rubber diaphragm over the fitting port to improve access to the ventral surface of the neck 

during carotid artery catheterizations.  Prior to experimentation, hair on the ventral neck 

and hindlimbs was removed with trimming clippers.   During experiments, body 

temperature was maintained with a water-circulating thermal pad (Gaymar, Orchard Park, 

NY, USA).  Additionally, we found it important to cover the animal with two to three 

gauze sponges or a small towel to prevent ventral heat loss which likely causes 

hypothermic vasoconstriction and other cardiovascular complications.  
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Arterial catheterizations for blood flow measurement protocol development 

 Following exposure from its neurovascular bundle, the right common carotid 

artery (RCCA) was catheterized with a polyethylene 50 (427411, Thomas Scientific, 

Swedesboro, NJ, USA) catheter that was tapered over heat to the approximate diameter 

of the vessel, ~ 0.5mm (Figure 2.1).  The catheter was placed through a small incision 

made ½-way through the artery at ~45° to the longitudinal axis.  Temporary placement of 

a vascular clamp downstream to the catheterization site and ligation of the RCCA near 

the internal & external bifurcation with 6-0 silk suture (Harvard Apparatus, Holliston, 

MA, USA) prevented blood loss during catheter insertion.  Once inserted, the catheter 

was advanced to near the aortic arch, secured with 6-0 silk suture, and flushed with 

100U·ml-1 heparinized saline (Associated Medical, Scottsdale, AZ, USA) to prevent 

coagulation.  This same approach was repeated for the left common carotid artery 

(LCCA).  The right femoral artery (RFA) (Figure 2.1) was catheterized in a similar 

fashion to the carotid arteries and advanced to the iliac artery; the RFA was not 

catheterized when determining relative blood flows.  For catheterization of the RFA, it 

was especially important to advance the catheter beyond the site of the temporary 

vascular clamp, which caused vasospasm and impairs blood referencing.  Additionally, 

placement of the catheter further upstream reduces the chance that hypothermic-

vasoconstriction will impair blood referencing by positioning the catheter closer to the 

warmer core of the animal.  Catheterization sites were covered with plastic wrap to 

prevent desiccation (Ellsworth et al., 1995).  
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Modified stopcock used in all blood flow measurement experiments 

The LCCA and RFA catheters were attached to a modified stopcock, designed to 

reduce void volume (Figure 2.2).  The reduced void volume has several advantages.  

First, a lower void volume allows for fewer FMS to be injected, which reduces the cost of 

experiments.  Second, the reduced void volume creates a space that is easier to flush, 

which is important for removing blood from the reference stopcock and for removing 

FMS from the injection stopcock prior to the second FMS injection.  Third, and likely 

most importantly, the reduced void volume greatly reduces the volume of arterial blood 

that must be sampled and should preserve the cardiovascular integrity of the mouse, 

which can suffer a significant decrease in MAP following the removal of only 210µl of 

arterial blood (Rao and Verkman, 2000).  

 

Blood pressure measurement used for all in vivo experiments 

 The RCCA catheter was attached to a pressure transducer (DTX™ Plus DT-XX, 

BD, Franklin Lakes, NJ, USA) with a blunt cannula.  A computer running Ponemah 

Physiology Platform (v4.40) collected a conditioned blood pressure signal (Transducer 

6600) through an acquisition interface unit (ACQ-16), all of which were purchased from 

legacy Gould, now DSI (Arden Hills, MN, USA).  Mean arterial pressure and heart rate 

were monitored throughout all in vivo experiments.   

 



 

74

Fluorescent microsphere protocol for absolute blood flow protocol development 

Following catheterizations and electrode placement (see below), the animal was 

given 30 minutes to stabilize.  At the end of the stabilization period red FMS (15µm, 

Molecular Probes/Invitrogen, Carlsbad, CA, USA) were prepared by vortexing for 30 

seconds to resuspend the FMS, sonicating for 5 minutes to disperse any FMS aggregates, 

and vortexing for another 30 seconds to ensure homogenous suspension of FMS.  Prior to 

sonication, the ultrasonic device (1510-DHT, Branson, Danbury, CT, USA) was degassed 

for 5 minutes.  One-hundred µl of FMS were drawn into a glass syringe (1750-LT, 

Hamilton, Reno, NV, USA), placed in a syringe pump (BS-8000, Braintree Scientific, 

Braintree, MA, USA), and injected at 200µl•min-1 through the LCCA catheter (Figure 

2.1).  Because the LCCA catheter was not placed in the left ventricle, we used a longer 

injection time than is common with other murine fluorescent microsphere protocols to 

increase the likelihood that FMS would be uniformly distributed in the arterial blood.  

Just prior to injecting FMS, patency of the right femoral artery catheter was determined 

by drawing a small volume of blood into the catheter and flushing it back into the artery.  

Withdrawal of arterial blood with a syringe pump at 170µl·min-1 began when FMS had 

been injected through the 30µl void volume of the LCCA catheter and continued for one 

minute.  Following completion of the FMS injection, the LCCA catheter was flushed 

with 100µl of heparinized saline (HS).  The LCCA catheter port was then closed, the 

stopcock detached from the glass syringe, and the rear stopcock port flushed with HS to 

remove any red FMS.  After completing the reference collection, blood in the void 

volume of the RFA catheter (~70µl) was flushed back into the animal with HS, resulting 
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in a total of only 100µl of blood permanently withdrawn from the animal.  The rear port 

of the RFA catheter stopcock was then flushed as just described with the LCCA catheter 

to remove any FMS and arterial blood.  The contents of the reference syringe were 

transferred to a microcentrifuge tube, the syringe flushed with saline, repositioned in the 

syringe pump, and attached to the RFA catheter via a stopcock.  To induce a functional 

hyperemia, the gracilis posterior muscle, the muscle chosen to be investigated, was 

electrically stimulated (see below).  Immediately following muscle stimulation, green 

FMS were prepared, injected, and sampled as described for red FMS.  Following 

injection of green FMS, the gracilis posterior was dissected with care to avoid blood loss 

and potentially FMS loss.  Both kidneys were also dissected to confirm uniform 

distribution of the FMS in the arterial blood; the animals were exsanguinated after 

removing the kidneys.  Following determination of the gracilis posterior and arterial 

blood FMS content (see below), absolute blood flow was calculated with the following 

equations: 

 

 

Fluorescent microsphere protocol for relative blood flow protocol development 

The experimental approach for measuring relative blood flow was identical to the 

absolute blood flow protocol, except that the RFA catheter was not inserted and an 

arterial reference sample was not taken.  Thus, FMS deposition in the right gracilis 
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posterior served as the reference for determining relative blood flow to the left gracilis 

posterior that was electrically stimulated.  Following determination of the gracilis 

posterior FMS content, relative blood flow was calculated with the following equation: 

 

 

 

Muscle stimulation for blood flow protocol development 

Following catheterizations, a small skin incision was made on the medial surface 

of the left thigh to expose the gracilis posterior muscle (Figure 2.1). We chose the 

gracilis posterior muscle because its central artery is known to form a collateral vessel 

following chronic ischemia (Sullivan et al., 2002) and the muscle belly is amenable to 

stimulation. A stimulating electrode (1-5µm tip diameter and 250µm shaft diameter from 

Frederick Haer Co., Bowdoinham, ME, USA) was rested on the muscle, which was then 

covered with plastic wrap to prevent desiccation and hyperoxic vasoconstriction 

(Ellsworth et al., 1995). A grounding electrode was placed subcutaneously in the medial 

lower-leg near the Achilles tendon and a brief set of contractions was induced to confirm 

proper placement of the stimulating electrode.  Prior to the second fluorescent 

microsphere injection, we stimulated the left posterior gracilis with 0.2ms square waves 

of 6V at 4 Hz for two minutes using a Grass SD-9 (Grass-Telefactor, West Warwick, RI, 

USA).  This stimulation frequency produces maximal hyperemia in rat skeletal muscle 

(Hawker and Egginton, 1999) and is of sufficient time for sufficient functional hyperemia 

to develop (Yu et al., 2005).  Maintenance of electrode placement throughout the 
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procedure was determined with a brief set of stimulation contractions following the green 

FMS injection.     

 

Determination of FMS concentration for blood flow protocol development 

Immediately following completion of the procedure, arterial blood from the 

reference syringe was vortexed for 30 seconds and collected by brief centrifugation.  The 

arterial blood was then thoroughly mixed with a pipette, 10µl transferred to a tared glass 

slide to obtain the weight of the blood sample, and cover-slipped; 3 x 10µl samples were 

prepared in this fashion.  FMS in arterial blood were counted by epifluorescent 

microscopy (Figure 2.3D), and averaged between the three slides.   

Dissected skeletal muscles were blot-dried, weighed, and fixed in 2% 

paraformaldehyde overnight at 4°C.  Skeletal muscle was then rinsed 3x with cold 

phosphate-buffered saline and stored in glycerol to clarify.  Glycerol displaces the water 

within the skeletal muscle and serves to “clear” the muscle because its refractive index is 

more similar to tissue.  Clarified muscle was placed on a glass slide and compressed with 

a cover-slip; the FMS in skeletal muscle were counted by epifluorescent microscopy 

(Figure 2.3A & B).  FMS counts were averaged between cover-slip-side up and cover-

slip-side down.  Because of their resistance to photo-bleaching, no care was made to 

prevent exposure of intact FMS to light.   

Dissected kidneys were stored in saline at 4°C prior to digestion and fluorescence 

measurement, as described (Powers et al., 1999).  If the right and left total kidney 

fluorescence values were not within 25% of each other, the animal was eliminated from 
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the study due to lack of homogenous arterial FMS distribution.  One animal was removed 

from each group due to lack to homogenous FMS distribution; one additional animal was 

removed from the relative blood flow group due to lack of FMS deposition in the right 

gracilis posterior.      

 

Functional hyperemia during ischemic revascularization 

At day 14 following ischemia, we measured blood flow in the gracilis posterior at 

rest and following skeletal muscle activity using fluorescent microspheres (FMS) as 

described previously (ref), with some modifications, see Chapter 2 and Appendix 1.  

Before (red) and during (green) muscle contraction, 150,000 FMS were delivered through 

a ventricular catheter over 1-minute.  The catheter was advanced into place from the right 

common carotid artery under continuous pressure monitoring.  Uniform distribution of 

FMS was confirmed by comparing the FMS content of right and left adrenal glands.  

 

Muscle stimulation during ischemic revascularization  

Following catheterizations, a small skin incision was made on the medial surface 

of the left thigh to expose the gracilis posterior muscle, the central artery of which is 

known to form a collateral vessel following chronic ischemia (Sullivan et al., 2002). A 

stimulating electrode (1-5µm tip diameter and 250µm shaft diameter from Frederick Haer 

Co., Bowdoinham, ME, USA) was rested on the muscle, which was then covered with 

plastic wrap to prevent desiccation and hyperoxic vasoconstriction (Ellsworth et al., 

1995). A grounding electrode was placed subcutaneously in the medial lower-leg near the 
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Achilles tendon and a brief set of contractions was induced to confirm proper placement 

of the stimulating electrode.  Prior to the second fluorescent microsphere injection, we 

stimulated the left posterior gracilis with 0.2ms square waves of 6mA at 4 Hz for two 

minutes using a Grass S88 and stimulus isolation unit (Grass-Telefactor, West Warwick, 

RI, USA).  This stimulation frequency produces maximal hyperemia in rat skeletal 

muscle (Hawker and Egginton, 1999) and is of sufficient time for sufficient functional 

hyperemia to develop (Yu et al., 2005).  Stimulation was ceased after the green FMS 

injection was complete.  Maintenance of electrode placement throughout the procedure 

was determined with a brief set of stimulation contractions following the green FMS 

injection.     

 

Statistical analysis 

Data are presented as mean ± SEM.  Statistical significance was set at p ≤ 0.05.  

For the isolated vessel experiments, differences were initially assessed by two-way 

repeated measures ANOVA, followed by a post-hoc t-test.  For the blood flow protocol 

development experiments, differences between mean blood flow values and averaged 

MAP values were determined by Student’s t-test.  Differences between resting blood 

flow and hyperemia were assessed by paired t-test.  Differences in mean MAP between 

samples from the beginning of experiment to the end were assessed by ANOVA, 

followed by a Tukey post hoc test.  For experiments measuring blood flow during 

revascularization, differences in blood flow values within treatment groups were assessed 

by paired t-test.  Differences in blood flow, heart rate, and mean arterial pressure values 
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between treatment groups were assessed by repeated measures ANOVA followed by a 

Tukey post hoc test. 
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Figure 2.1  Experimental setup for the determination of absolute blood flow using a 

reference-catheter approach.  Adapted from (Cardinal and Hoying, 2007).   
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Figure 2.2  Modified stop-cock used for the delivery of fluorescent microspheres and 

sampling of arterial blood.  Adapted from (Cardinal and Hoying, 2007).     
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Figure 2.3  Representative micrographs of fluorescent microspheres deposited in situ. 

(A) red FMS in the gracilis posterior muscle; 1x magnification. (B) green FMS in the 

same gracilis posterior muscle as in (A); 1x magnification.  (C)  Merged micrograph of a 

red fluorescent microsphere deposited in a microvessel expressing green fluorescent 

protein in its endothelium; 40x magnification.  (D) Representative micrograph of green 

fluorescent microspheres in an arterial blood sample; 4x magnification.  Adapted from 

(Cardinal and Hoying, 2007).     
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3.  RESULTS 

Measurement of ex vivo vessel diameter 

Previous reports in the rat indicates that endothelial-dependent vasodilation in 

resistance arteries the thigh (Takeshita et al., 1998) and arterioles of the leg (Kelsall et al., 

2001) is impaired following ischemic revascularization.  However, understanding the 

molecular mechanisms responsible for this alteration in vascular responsiveness is limited 

in this species, due to the paucity of genetic engineering approaches available.  Therefore, 

I set out to assess endothelial-dependent vasodilation in the distal muscular artery, (a 

resistance artery in the thigh) of the mouse following ischemic revascularization, as the 

mouse is the only species for which genetic engineering is routinely available.   

For this study, I examined the vasodilatory capacity of isolated distal muscular 

branch arteries at 14-days following ligation and resection of the femoral and saphenous 

artery-vein pair (6 animals) and in untreated mice (3 animals).  As expected, there was a 

statistically significant impairment of endothelial-dependent vasodilation, as assessed by 

responses to Ach, in vessels taken from day-14 ischemic hindlimbs (Figure 3.1).   

Interestingly, the larger standard error in the day-14 ischemic data suggests a 

greater heterogeneity in this group.  Indeed, examination of individual diameter response 

curves suggests the presence of two distinct sub-populations in the day-14 ischemic 

group, Figure 3.2.   

Although there was a significant impairment of endothelial-dependent 

vasodilation in resistance arteries following 14-days of ischemia, it was not known if total 

blood flow control to skeletal muscle in collateralizing regions would be impaired.  
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Therefore, to determine is impaired endothelial-dependent vasodilation affected blood 

flow to the distal tissue we set out to measure blood flow to the muscle fed by the distal 

muscular branch at rest and during muscle contraction.  In addition to providing an 

assessment of how endothelial dysfunction in a single vessel modifies whole tissue blood 

flow, measuring blood flow during muscle contraction provides a more physiologically 

relevant assessment of blood flow control.   

 

Absolute flood flow 

Before blood flow could be assessed to the gracilis posterior muscle, which is fed 

by the distal muscular branch artery, I needed to develop an approach with sufficient 

resolution to allow me to measure blood flow to a single skeletal muscle in the mouse.  

As described above, I chose a technique based on the tissue deposition of intra-arterially 

injected fluorescent microspheres.  Using this approach, I calculated absolute blood flow 

to the left gracilis posterior by comparing the deposition of fluorescent microspheres 

(FMS) with the FMS content of an arterial blood sample that was calculated at a fixed 

rate (see Methods for equation).  Absolute blood flow to the left gracilis posterior at rest 

was 1.04 ± 0.12 ml·min-1·g-1 (Figure 3.3A).  Absolute blood flow to the gracilis posterior 

muscle immediately following muscle contraction (functional hyperemia) was 5.94 ± 

1.33 ml·min-1·g-1 (Figure 3.3A).  These measurements are based on raw data in which 

between four and ten FMS deposited in the muscle at rest, while between twenty-one and 

thirty-two FMS deposited in the muscles during hyperemia.   
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Relative blood flow 

In addition to using sampled arterial blood as a reference for determining absolute 

gracilis posterior blood flow, I also used the contralateral muscle as a reference for 

determining relative gracilis posterior blood flow.  As expected, relative resting blood 

flow (left:right FMS ratio) for the left gracilis posterior was approximately one, 0.92 ± 

0.08 (Figure 3.3B).  During functional hyperemia, immediately following two minutes of 

muscle contraction, the relative blood flow to the gracilis posterior was 5.85 ± 1.62 

(Figure 3.3B).   

Although relative blood flows are technically easier to collect and are more useful 

in comparing to the primary literature (which most commonly contains hindpaw 

perfusion ratios determined by laser Dopper perfusion imaging), the measure is not 

appropriate to use if the approach yields a value different than that calculated when 

measuring absolute blood flow.  Therefore, to determine if relative blood flows are 

similar to absolute blood flows, we compared the percent increase with hyperemia 

determined by the two methods.  The percent increase in absolute blood flow from 

resting to hyperemia of 521.93 ± 216.76% was not significantly different from the 

increase in relative blood flow from resting to hyperemia of 555.24 ± 213.82% (p = 

0.64), (Figure 3.3C).   

 

Mean arterial pressure during blood flow measurements 

Because the withdrawal of arterial blood to measure absolute blood flows may 

impact mean arterial pressure (MAP) due to a reduction in blood volume, we monitored 
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MAP throughout all experiments.  Interestingly, despite equivalent determinations of 

hyperemia between measurements of absolute and relative blood flows, mean arterial 

pressure (MAP) over the course of the experiment was significantly lower when arterial 

blood was withdrawn to measure absolute blood flow, 90.7 ± 6.08 mmHg versus 105.3 ± 

2.87 mmHg (Figure 3.4A).  As shown in Figure 3.4B, this difference is due to a 

significant (p < 0.05) decrease in mean arterial pressure from the first 5 minutes of the 

experiment (once MAP had stabilized following catheter insertion) to the last 5 minutes 

of the experiments measuring absolute blood flow, from 102.7 ± 2.18 to 75.5 ± 9.71 

mmHg.   

 

Functional hyperemia during revascularization 

Once I had developed an approach that allowed me to measure blood flow to a 

single skeletal muscle in the mouse, I set off to assess the effect of ischemic 

revascularization on blood flow control.  Considering the observation that endothelial-

dependent vasodilation to the gracilis posterior feed artery was impaired in day-14 

ischemic animals (Figure 3.1) and based on previous work in the rat (Song et al., 2004), I 

expected that hyperemia would be impaired following an ischemic event.  To test this 

hypothesis, I measured blood flow to the gracilis posterior muscle at rest and during 

muscle contraction in both treatment (day-14 following induction of hindlimb ischemia) 

and control (non-ischemic) mice.  Unexpectedly, chronic ischemia did not result in an 

impaired functional hyperemia response, Figure 3.5.   
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Cardiovascular parameters during revascularization 

To determine if any differences in blood flow between non-ischemic and day-14 

ischemic mice was due to differences in vascular resistance (i.e. vasodilation), I 

monitored the animals cardiovascular performance during the experiments in which I 

measured gracilis posterior blood flow, through a left common carotid artery catheter.  

There was no difference between day-14 ischemic and non-ischemic for mean arterial 

pressure and heart rate values averaged throughout the experiment, Table 3.1.  

Additionally, there were no differences between day-14 ischemic and non-ischemic 

animals for mean arterial pressure and heart rate values determined during the resting and 

hyperemic microsphere injections, Table 3.1.  
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Figure 3.1  Dose response curve to Ach for gracilis posterior feed arteries (distal 

muscular branch).  Vessels were pressurized to 80 mmHg (baseline) and developed 

myogenic tone before exposure to the initial dose of Ach (10-8M).  Myogenic tone is 

represented as 0%, while maximal passive vasodilation is represented as 100%.   
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Figure 3.2  Diameter changes of individual vessels in response to Ach; the mean values 

of these data points were presented in Figure 3.1.  Myogenic tone is represented as 0%, 

while maximal passive vasodilation is represented as 100%. 
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Figure 3.3  Blood flow measurements at resting and following muscle contraction. (A) 

absolute resting blood flow (left bar) and functional hyperemia (right bar) in the left 

gracilis posterior, * = p < 0.05 for hyperemia versus resting, n = 3.  (B) relative resting 

blood flow (left bar) and functional hyperemia (right bar) in the gracilis posterior 

muscles, * = p < 0.05 for hyperemia versus resting, n = 3.  (C) percent increase from 

resting blood flow to functional hyperemia for absolute blood flow measurements (left 

bar) and relative blood flow measurements (right bar).  Adapted from (Cardinal and 

Hoying, 2007).       
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Figure 3.4  Blood pressure during blood flow measurements.  (A) representative blood 

pressure trace from right common carotid artery.  (B) mean arterial pressure when 

measuring absolute blood flow (left bar) and when measuring relative blood flow (right 

bar) averaged throughout the entire experiment, * = p < 0.05 for ratio-based versus 

reference based.  (C) mean arterial pressure when measuring absolute blood flow for 5 

minutes after stabilization from catheterizations (far left bar) and during last 5 minutes of 

the experiment (middle left bar); mean arterial pressure when measuring relative blood 

flow for 5 minutes after stabilization from catheterizations (middle right bar) and during 

last 5 minutes of the experiment (right bar), * = p < 0.05 for last 5 minutes of absolute 

blood flow experiments versus all other values.  Adapted from (Cardinal and Hoying, 

2007).  
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Figure 3.5  Blood flow at rest and following muscle contraction during revascularization.  

Left bar- measurements in non-ischemic animals.  Middle bar- measurements in animals 

14-days following ischemia.  
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Table 3.1  Cardiovascular parameters assessed during blood flow measurements.   
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4.  SUMMARY & DISCUSSION 

The primary objective of the work presented in this dissertation was to assess the 

effect of ischemic vascular growth on vascular function in the mouse.  To achieve this 

objective, I completed three specific aims designed to determine the effect of chronic 

ischemia on the vasodilation of individual arteries from the mouse hindlimb, to establish 

a method for measuring blood flow in individual mouse skeletal muscles, and to assess 

the effect of chronic ischemia on skeletal muscle functional hyperemia in the mouse 

hindlimb.   

Results from Specific Aim 1 demonstrate that similar to other species examined, 

the mouse suffers a statistically significant impairment of endothelial-dependent 

vasodilation in skeletal muscle resistance arteries.  Interestingly, the heterogeneity of 

vasodilation responses in these arteries suggests that under some circumstances ischemia 

does not result in impaired vascular function (see later discussion).  Although impaired, 

the response of arteries from the ischemic region was greater than expected, based on 

experiments examining collateral arteries (Takeshita et al., 1998) and arterioles (Kelsall 

et al., 2001) from the ischemic rat.  These results suggest an improved healing response 

in mice, and also highlight a potential differential regulation of repair in arterioles and 

resistance arteries that may have important implications for understanding vascular repair 

and tissue healing.   

Results from the Specific Aim 2 established the feasibility of making blood flow 

measurements to individual skeletal muscles in the mouse hindlimb at rest and following 

muscle contraction.  In addition to enabling the completion of Specific Aim 3, the 
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approach developed in Specific Aim 2 provided an important new tool in assessing 

vascular function in tissues of low volume, as well as in anatomically deep tissues that 

are undetectable with most blood flow measurement approaches.   

The results from Specific Aim 3 demonstrated that unlike all other species thus 

far examined, the mouse has no impairment of functional hyperemia in ischemic skeletal 

muscle in a region undergoing collateralization.  From an experimental standpoint, the 

implications of this result will form the foundation for future investigations into murine 

blood flow control during ischemic vascular growth, such as examination of animals with 

targeted disruption or co-morbidities (e.g. hypercholesterolemia).  Additionally, from a 

therapeutic perspective, the results from this aim have important implications for using 

the mouse model of chronic hindlimb ischemia to understand what factors and forces are 

responsible for normalizing skeletal muscle blood flow control following a repair event.   
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Development of Blood Flow Measurement Protocol  

Blood flow measurements  

We measured absolute and relative blood flows at rest and during functional 

hyperemia to a single skeletal muscle in the same mouse.  Although, both approaches 

measure roughly equivalent changes in blood flow, the relative measure would be 

preferred, as it does not result in a decrease in mean arterial pressure (MAP) and might 

prevent unknown confounding conditions.  Extrapolating from data obtained with both 

radioactive and fluorescent microspheres from other studies that measured blood flow in 

larger tissue volumes (e.g. all skeletal muscle or entire hindlimb) skeletal muscle blood 

flows were found to be 0.25 ml·min-1·g-1 (Kubis et al., 2002b) or 0.71 ml·min-1·g-1 (Sarin 

et al., 1990) or 3.2 ml·min-1·g-1 (Maxwell et al., 1998).  These are in reasonable 

agreement with the blood flow value we measured in the gracilis posterior of 1.04 ± 0.40 

ml·min-1·g-1.  The similarity between the blood flow values suggests that our approach 

produces realistic measurements of skeletal muscle blood flow.  Cardiac output values for 

exercising mice were not available to extrapolate the absolute blood flow in the only 

study to date to use FMS to measure functional hyperemia in mice (Maxwell et al., 1998), 

but it is likely that if we are measuring realistic resting blood flow that our functional 

hyperemia values are also realistic 

 

Effect of arterial withdrawal on mean arterial pressure 

Although our measurements of absolute blood flow appear to be realistic, the 

decrease in mean arterial pressure during the experiment raises concern about the 
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cardiovascular integrity of the mouse when measuring absolute blood flows.  Even 

though only ~200µl of arterial blood, approximately 10% of the mouse blood volume, is 

permanently removed from the animal, cardiovascular complications are produced.  

However, because the decrease in mean arterial pressure did not appear to affect gracilis 

posterior blood flow (Figure 3.3), the pressure measured through the right common 

carotid artery may not be representative of the arterial pressure experienced at the gracilis 

posterior.  It is also possible that a lower resistance in the gracilis posterior during 

measurements of absolute flow maintained blood flow equivalent to that during relative 

measurements.  Likewise, the observed drop in mean arterial pressure may not be 

sufficient to significantly change the driving force of blood flow to this muscle.   

 

Absolute versus relative blood flow 

Considering the effect on mean arterial pressure and the additional experimental 

challenge of catheterizing the right femoral artery, determining absolute blood flow may 

only be necessary for a handful of applications.  For example, absolute flows would be 

needed to incorporate blood flow data into mathematical models (Pries et al., 2001) or 

when calculations of resistance/conductance are desired.  However, for most applications, 

measuring relative blood flow provides several advantages over measuring absolute 

blood flow.  First, because a reference blood sample is not required, there is no risk of 

affecting an animal’s mean arterial pressure through excessive arterial sampling.  Second, 

measuring relative blood flow allows the contralateral hindlimb to serve as an internal 

control that can reduce animal-to-animal variability.  Third, a relative blood flow that is 
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based on left:right ratios allows the investigator to more easily compare results with a 

primary literature that most commonly utilizes LDPI to determine perfusion ratios in 

mouse hindlimbs.   

 

Application of the approach 

Measuring blood flow in individual skeletal muscle of the mouse increases the 

utility of this species for assaying blood flow and blood flow control.  Specifically, we 

can now measure blood flow in select, individual skeletal muscles throughout the 

hindlimb, superficial or deep, as well as in small volume tissues.  For our interests in 

blood flow control following ischemic revascularization, we can use the features of this 

method to take advantage of the heterogeneity in vascular repair seen with mouse models 

of chronic hindlimb ischemia (Sullivan et al., 2002).  Because collateralization occurs 

mainly in the thigh while microvascular growth & repair occurs predominately in the 

lower leg, we can measure blood flow in muscles with a known vascular response in 

either region.  This allows us to determine any differences in blood flow control due to 

the type of vascular element that has undergone growth or repair.  Additionally, this 

method could be used to assay differences in blood flow control for skeletal muscles of 

differing fiber types, innervation patterns, function, or location.   

As presented in the introduction, a popular hypothesis for the mechanism of 

functional hyperemia in skeletal muscle is through the release of ATP by erythrocytes in 

the same proportion as the release of oxygen by the hemoglobin molecule (Ellsworth et 

al., 1995).  This model fits well with type I and type IIa muscle fibers that rely heavily on 
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molecular oxygen for metabolism.  However, in predominately type IIb muscle tissue, 

where capillarity and oxygen extraction are low, the model does not fit as well.  It is 

possible that ATP dependent vasodilation is still an important factor in functional 

hyperemia to type IIb muscle tissue, and that the vasculature in these areas may have 

elevated sensitivity to the ATP that is released in their lumen, potentially due to a greater 

concentration of P2Y receptors (endothelial ATP receptor) or more efficient coupling of 

these receptors to downstream signaling molecules (e.g. phospholipases enzymes) as 

compared to type I/IIa muscle tissue.  Another possibility is that type IIb muscle fibers 

rely more on glycolytic metabolites to drive functional hyperemia through endothelial-

independent vasodilatory pathways.  In reality, most skeletal muscles are composed of 

mixed fiber types.  Thus if type I/IIa and IIb fiber regions utilize different vasodilatory 

pathways, these pathways are likely operating simultaneously in exercising skeletal 

muscle.  However, assessing functional hyperemia in muscles that are composed of a 

single fiber type (predominately), such as the soleus (type I) or the epitrochlearis (type 

IIb), would allow investigators to examine the pathways utilized by the different fiber 

types in vasodilation.  Combining the strategy of measuring blood flow in individual 

muscles of a predominate fiber type with targeted disruption of gene-products thought to 

be involved in functional vasodilation provides an important tool for investigators to 

refine functional hyperemia models by incorporating the influence of muscle fiber type 

on vasodilation.   

In addition to ATP, the neurotransmitter acetylcholine (Ach) is a popular 

candidate for inducing functional hyperemia during skeletal muscle contraction (Welsh 
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and Segal, 1997).  The primary limitation of this model is that it depends upon a 

sufficiently small distance between the neuromuscular junction and feeding arteriole to 

allow Ach to diffuse from the synaptic boutons to its cell-surface receptors on the 

endothelium.  Although a significant portion of the vascular tree is in within close 

proximity of nerve fibers (Bearden and Segal, 2005) the portion of arterioles within 

diffusive range of synaptic boutons is likely low in most muscles.  An example where the 

diffusive distance between synaptic boutons and arterioles may be intrafasciculating 

muscles with multiple motor-end plates (Paul and Rosenthal, 2002).  Intrafasciculating 

muscles are rare, especially in humans (Paul and Rosenthal, 2002), but examining blood 

flow to these muscles in mice with targeted disruption of muscarinic acetylcholine 

receptors (mAchR) in combination with studies that involve motor neuron stimulation 

during neuromuscular junction blockade will likely shed light on the role of endogenous 

Ach in functional hyperemia.   

In addition to properties related to the muscle fiber and innervation, Investigators 

can use FMS to assess the influence of vascular supply on functional hyperemia.  During 

normal conditions, skeletal muscle vasculature is fairly homogenous, with one or more 

feed arteries eventually draining into microvascular beds that maintain oxygen tension 

within the tissue (Degens et al., 2006).  However, perturbations such as exercise training 

(Hudlicka, 1991) and chronic ischemia (Scholz et al., 2002) modify existing vascular 

beds in a heterogeneous fashion.  Some forms of exercise training result in a 

predominately arteriolarization response (Binder et al., 2007), while others lead to 

angiogenesis (Egginton et al., 2001).  During chronic ischemia, muscles of the lower leg 
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undergo microvascular expansion, while muscles of the thigh undergo collateral 

enlargement (Sullivan et al., 2002).  Using FMS to assess blood flow to individual mouse 

skeletal muscles, investigators can assay the effect of physiological (exercise training) or 

pathological (ischemic revascularization) vascular modification on blood flow control.   

An additional point regarding the use of fluorescent microspheres to asses skeletal 

muscle functional hyperemia is that compared to other available approaches, FMS based 

approaches, such as that presented in Chapter 2, can be used to make blood flow 

measurements during steady-state muscle contractions, as opposed to during recovery.   

Aside from skeletal muscle, the FMS approach presented in Chapter 2 can be used 

to assess blood flow in tissues such as tumors, where chaotic vascular arbors likely result 

in under-represented perfusion assessment by laser Doppler perfusion imaging.  The 

efficacy of both anti-tumor and anti-angiogenic cancer therapies is partially determined 

by the blood flow delivered to the tissue.  Thus, determining tumor blood flow with FMS 

can help researchers assay therapies designed at normalizing tumor perfusion.   

Other applications include assessing the effect of epicardial grafts (i.e. heart 

patch) on myocardial perfusion.  Epicardial grafts are known to improve ventricular 

function following ischemia (Kellar et al., 2005); however, the dependence of this 

improvement on elevations in ventricular blood flow is unknown.  In murine models of 

epicardial graft implantation, where the affected ventricular region is relatively small 

(that is too small for determining FMS content via fluorimetry), the FMS-based approach 

presented here could be used to assess myocardial blood flow directly under and 

surrounding the pericardial graft, as well as within the graft itself.   
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In addition to examining blood flow control, the capacity for measuring blood 

flow in individual muscles can be used to assay the effects of cellular, biological, and 

pharmaceutical therapeutics on the restoration of tissue perfusion or blood flow control 

following ischemia.  Again, the segregation of collateralization and microvascular growth 

in mouse models of hindlimb ischemia provides an opportunity to determine the effect of 

therapeutic agents on the restoration of blood flow in muscles that have undergone 

differing forms of vascular repair.  This may lead to more specific therapies for patients 

with ischemic disease, who may not experience dysfunction in all vascular elements.   

 

Limitations of the approach 

The primary limitation of our approach is its invasiveness, which prevents 

temporally serial measurements that are possible with non-invasive blood flow 

measurement strategies, such as laser Doppler perfusion imaging or MRI.  However, it is 

possible to apply chronic, in-dwelling catheters that are exteriorized through the dorsal 

neck for conscious studies (Barbee et al., 1992;Maxwell et al., 1998).  Chronic 

catheterization, combined with the observation that other species will retain trapped 

fluospheres within peripheral tissue for many weeks with no obvious cardiovascular 

complications (Hoffmann et al., 2002) suggests the possibility of performing serial 

experiments with multiple FMS wavelengths.   

Additionally, while laser Doppler flow imaging continuously measures perfusion 

(an index of blood flow) over many minutes, our FMS approach is limited to determining 

blood flow at discrete times.  Thus, if multiple changes in blood flow are expected or if 
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determining the kinetics of an increase in blood flow is desired, our approach is not ideal.  

It is possible that more than two injections of FMS could be made in a single experiment, 

but pilot studies would be necessary to determine the effects of multiple FMS injections 

on pressure and resistance in the tissue of interest.   

Aside from the invasiveness of the method, our approach shares a limitation with 

any deposition technique in that an insufficient number of FMS may lodge in the tissue of 

interest.  Although we have improved the floor of detection, from the FMS content of 

~50 microspheres that is required for a fluorimeter (Richer et al., 2000) to 1 FMS, some 

tissues may be sufficiently small as to not receive even 1 FMS during a majority of 

experiments.  Additionally, even if a tissue regularly receives FMS, blood flow 

variability will increase as fewer FMS are deposited.  For example, the difference in 

blood flow between 15 and 14 FMS is likely negligible, while the difference between 1 

and 2 FMS is also likely negligible, or at least much less than the 100% difference in 

flow that would be calculated.  A low number of FMS deposited in the given tissue may 

be ameliorated by injecting a larger volume or more concentrated volume of FMS.  

However, pilot studies should be performed to determine any effects of modifying the 

FMS injection parameters.   
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Vascular Function Following Ischemic Revascularization 

The overall aim of these experiments was to assess the effect of chronic hindlimb 

ischemia on blood flow control in the mouse.  Based on previous reports in the rat, we 

expected that both functional hyperemia (Hudlicka et al., 1994;Song et al., 2004) and 

endothelial dependent vasodilation (Kelsall et al., 2001) would be impaired following 

chronic ischemia in the mouse.  Additionally, we expected the absence of FGF2 would 

further impair vascular function following ischemia, as exogenous FGF2 improves 

perfusion capacity (Laham et al., 1998) and endothelial dependent vasodilation (Sellke et 

al., 1994) following myocardial ischemia as well as perfusion capacity following 

hindlimb ischemia (Yang et al., 1996).  FGF2 also restores endothelial-dependent 

vasodilation during hypercholesterolemia (Meurice et al., 1997), suggesting a broad role 

for FGF2 in maintaining vascular reactivity during situations of repair and inflammation.   

Quite unexpectedly, only endothelial-dependent vasodilation, but not function 

hyperemia, was impaired following ischemia, Figure 3.1 & 3.5.  The normal functional 

hyperemia in ischemic animals does not appear to be due to general cardiovascular 

differences, as heart rate and mean arterial pressure were similar between the treatment 

groups during blood flow measurements, Table 3.1.   

Considering the data collected in wild-type mice, there are several potential 

explanations for why only an impairment in endothelial-dependent vasodilation but not 

an impaired functional hyperemia was observed following an ischemic event.  First, it is 

possible that type II error was made, in that no difference was detected in functional 

hyperemia between the ischemic and non-ischemic skeletal muscle when in fact, one is 
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truly present.  The second possibility is that no error was made, the results are real, and 

mice undergo a more rapid restoration of vascular function following ischemia; viz. 

mouse vasculature heals more rapidly that other species.  Third, it is possible that 

impaired endothelial-dependent vasodilation of a resistance artery is not sufficient to 

modify total tissue blood flow during muscle contraction.  I will argue that there is 

evidence for all possibilities, and that the real answer likely lies somewhere in between.   

 

Considering sources of error & variability 

There are several ways to make a type II error in interpreting the results of the 

experiments described in this dissertation.  First, regarding the blood flow measurements, 

it is possible that the workload imparted on the gracilis posterior muscle (0.2ms 

contractions at 4Hz) was not sufficient to unmask an impairment of functional 

hyperemia.  Skeletal muscle blood flow is directly proportional to muscle metabolism, 

with increases in flow following increasing work loads (Berg et al., 1997).  Therefore, 

there may be an impairment of further increases in flow that would be expected during 

longer duration contractions or contractions at a greater frequency.  Testing this 

possibility would be straightforward, and simply involve measuring blood flow during a 

panel of different work loads.  However, it is unlikely that in this context, higher blood 

flow would unmask a dysfunction, as the linear increase in blood flow with workload 

should result in an significant impairment (or at least a definite trend) at all intensities 

examined (Berg et al., 1997).   
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In terms of the experiments examining endothelial-dependent vasodilation 

following ischemia, the committing a type II error is possible because only one 

endothelial-dependent agonist was examined.  Although I drew the conclusion that 

endothelial-dependent vasodilation is impaired following chronic ischemia, based on the 

results presented in Figure 3.1, it would be more precise to say that acetylcholine-

dependent vasodilation is impaired following chronic ischemia.  Thus, it is possible that 

other endothelial-dependent vasodilation pathways are not impaired, and that 

acetylcholine mediated vasodilation is not representative of overall endothelial function.  

Testing this possibility would be straight forward, and involve collecting diameter 

responses to a panel of endothelial-dependent vasodilation agents.  However, endothelial 

dysfunction typically results in impaired dilation to all paracrine factors examined, and 

does not seem to be selective for individual agents (Kelsall et al., 2001;Sellke et al., 

1992), making it unlikely that acetylcholine produces an abnormal vasodilation while 

some other factors would produce a normal response.  Further, during situations of 

endothelial dysfunction, not only is vasodilation to Ach impaired, but vessels respond to 

this agent with vasoconstriction (Kelsall et al., 2001) or no change in diameter (Takeshita 

et al., 1998).  This observation makes Ach an ideal candidate for assessing endothelial 

dysfunction and suggests that if any impairment were present, the best way to uncover it 

would be through assessing responses to Ach.   

Another way to make a type II error in interpreting the results presented in this 

dissertation is by assessing vascular function in a heterogeneous population.  That is to 

say that an impairment of vascular function may be present in a subgroup of mice, but 
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that impairment is masked when the subgroup is examined within the context of a larger 

population.  The most likely causes of heterogeneity in the mice examined for my 

dissertation work are differences in genetic background and/or differences in vascular 

architecture/collateralization response.   

Unlike most mice used in laboratory research, which are inbred to the point of 

genetic homozygosity, the mice I used to examine vascular function following ischemia 

were on a hybrid genetic background that combined in inbred 129Sv strain with the out-

bred Black Swiss mouse (BS-129).  Typically in biomedical research, genetically 

homozygous mice are used to reduce the impact of genetic differences on the response to 

an experimental treatment.  However, targeted disruption (knock out) in inbred mouse 

strains can lead to strain-specific phenotypes that are more related to the genetic 

background of the animal than the function of a particular gene product (Sanford et al., 

2001).  Therefore, we assess targeted disruption in a hybrid strain to increase the 

likelihood that all phenotypes will be detected (Doetschman, 1999).  Namely, more 

phenotypes are likely to be detected on a mixed genetic background, improving the 

ability to detect the biological function of a particular gene (Doetschman, 1999).    

At the same time that using mice on a mixed genetic background improves the 

likelihood of detecting the required function of a gene product, it also potentially 

introduces biological variability that is not due to the experimental treatment.  It is 

possible that subgroups of mice in this mixed genetic population have gene 

polymorphisms that result in either more rapid or impaired inflammatory/healing 

responses.  Everything from leukocyte extravasation to cytokine production to 
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endothelial migration could affect the healing response, making a comprehensive 

examination of the influence of genetic variability on healing very challenging.  

However, based on the variability seen in previous reports (Sullivan et al., 2002;Sullivan 

and Hoying, 2002), it is unlikely that marked differences in overall healing would be 

found from mouse to mouse on the BS/129 mixed genetic background.   

If variable genetic profiles (e.g. gene polymorphisms) play a role in producing a 

type II error when examining vascular function during revascularization, it is likely to be 

due to differences in vascular architecture.  Vascular tree structure is highly dependent on 

genetic background (Glenny et al., 2007), suggesting that mice of mixed genetic 

background may have subtle difference in their vascular arbor.  Indeed, through the 

course of my experiments I observed two different configurations of the gracilis posterior 

feed artery that were generally consistent within litters.  In most animals, the gracilis 

posterior is fed by the distal muscular branch artery (i.e. femoralis profundus), while in 

some animals, this muscle is fed by a deep artery that also feeds the semitendinosus 

muscle (immediately deep to the gracilis posterior) and may arise from the femoral 

circumflex artery deep in the pelvis.  Furthermore, in addition to known differences in the 

collateralization response between mouse strains (Helisch et al., 2006), recent evidence 

indicates that even genetically homozygous mice undergo ischemic collateralization to 

different degrees based on subtle difference in vascular architecture and the presence of 

innate collaterals (Zbinden et al., 2007).   

In previous studies, mouse strains with fewer collateral vessels suffered 

significant, perpetual (up to 5 weeks) reduction in hindpaw perfusion (Helisch et al., 
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2006;Scholz et al., 2002) and greater necrosis (indicative of diminished revascularization 

response) following ischemia (Zbinden et al., 2007).  Unlike these examples, very little 

variability was noted in the BS/129 response to ischemia, in terms of ambulation and 

tissue salvage (personal observations) or perfusion recovery (Sullivan et al., 2002).  This 

suggests that despite likely differences in innate collateral architecture, BS/129 mice 

undergo global collateralization and distal hindpaw rescue to similar degrees.  However, I 

would argue that subtle differences in collateralization response could explain why an 

impairment of vascular function is actually present when none was detect in my 

experiments.   

For my studies, I examined vascular function in the gracilis posterior muscle 

because microscopic and angiographic analysis indicate that its feed artery and central 

arteriole appear to form a primary collateral conduit to deliver blood to the distal 

hindlimb following femoral & saphenous artery-vein removal (Gruionu et al., 

2004;Sullivan et al., 2002).  However, these arteries did not always form primary 

collaterals, as they sometimes lacked the characteristic corkscrew appearance of 

collateral arteries (personal observation).  These situations did not result in failed 

revascularization, as determined by excessive distal necrosis, suggesting that collateral 

enlargement of vessels investing the gracilis posterior is not an obligatory component of 

the overall collateralization response seen in the thigh following an ischemic insult.  

Under circumstances where an ischemic insult is present, but a growth or collateralization 

event does not occur I would expect those vessels would not suffer any dysfunction.  

Indeed, endothelial-dependent vasodilation in the last gracilis posterior feed artery I 
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examined was nearly 100%; during the dissection of that vessel, it was obvious that the 

central arteriole of the gracilis posterior was not a primary collateral (a conduit vessel) 

supplying the distal hindlimb.  However, because no systematic assessment of gracilis 

arteriole tortuousity (assessment of collateralization) was made, I can only speculate that 

the absence of active remodeling is responsible for the normal functional hyperemia 

response seen in my experiments.   

There are two approaches to test the hypothesis that active remodeling, and not 

just ischemia, is required to impair vascular function during ischemic revascularization.  

The first option involves utilizing the same surgical approach that I performed to initiate 

a revascularization event, in which the femoral artery is resected proximal to the 

muscular branch artery (that typically feeds that gracilis posterior muscle).  Prior to 

excision of the femoral & saphenous artery-vein pair, I could make a resting and maximal 

diameter measurement in muscular branch artery.  Then, when an assessment of vascular 

function is made on that animal, I could make a second measurement of resting and 

maximal diameter in the muscular branch artery.  If the diameter in the muscular branch 

artery increased significantly between the surgery and the assessment of vascular 

function, then it is likely that his vessel is a collateral artery and has recently undergone, 

or is undergoing, vascular remodeling.  Other assessments, such as gracilis arteriole 

tortuousity, could be made to increase the confidence that the vessels investing that 

muscle were functioning as collateral conduits in supplying the distal hindlimb with 

blood flow, viz, vessels within the muscle are undergoing growth and repair.  In the 
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context of a tortuous gracilis arteriole and significantly increased muscular branch artery, 

I would predict an impairment of functional hyperemia.   

The second way to test the hypothesis that active remodeling, and not just 

ischemia per se, is required to induce vascular dysfunction involves modifying the 

surgery used to generate the ischemic hindlimb.  A modified ischemic protocol in which 

the femoral and saphenous artery-vein pair was resected just distal to the muscular branch 

artery (the artery that feeds the gracilis posterior) would maintain a patent connection 

between the iliac/femoral artery and the muscular branch (Gruionu et al., 2004).  This 

would ensure that the muscular branch and gracilis posterior longitudinal arteriole would 

undergo collateral enlargement.  Under these circumstances I predict that endothelial-

dependent vasodilation and functional hyperemia to the gracilis posterior muscle would 

be impaired.   

Additionally, it is important to consider that the site of blood flow measurement 

can affect the assessment of an impaired vascular function.  For example, measuring 

blood flow in the iliac artery (Murohara et al., 1998) is more likely to detect impaired 

vascular function as it feeds most or all collateral vessels, while measuring blood flow to 

a single muscle will only unmask an impairment of vascular function if the feed vessel is 

actively remodeling.  Therefore, the resolution possible with our FMS model necessitates 

that we ensure that a remodeling event occurs in the tissue of interest.   
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Rapid healing in mice 

Even if you assume that I committed a type II error in interpreting the results of 

my studies, vascular function in the mouse following chronic ischemia is more robust 

than expected.  This is most notable in the measurement of single-vessel endothelial-

dependent vasodilation.  Although diameter changes to acetylcholine were statistically 

significantly impaired, the impairment was less than expected based on previous 

experiments in collateral arteries (Takeshita et al., 1998) and arterioles (Kelsall et al., 

2001), in which acetylcholine produces no response or a vasoconstriction, respectively.   

This observation suggests that mouse endothelium regains function (or heals) more 

rapidly than endothelium from other species.   

The response to arterial ligation seems to be very consistent across species, with 

the single ligation in a peripheral artery of the mouse (Scholz et al., 2002), rat (Paskins-

Hurlburt and Hollenberg, 1992), rabbit (Wright, 2002), or dog (Orlandi et al., 1986) 

resulting in a robust collateralization response in the thigh and a modest, 20-30% increase 

in capillary density in the leg.  Despite the similarities between species, there is 

variability within species, as the Balb/C mouse strain undergoes a robust angiogenic 

response, increasing capillary density in the calf by 60% following ligation of the femoral 

artery, while C57Bl/6 mice undergo a modest 30% increase in capillary density (Scholz 

et al., 2002).  It seems that to achieve a robust angiogenic response, a large segment of 

the femoral artery much be removed from mouse (Couffinhal et al., 1998), rat (Suzuki et 

al., 2003), and dog (Graham et al., 1989).  Under this more severe ischemic insult, calf 

capillary density increases nearly 100% in the mouse and rat.  A key difference between 
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these two rodents, which supports the hypothesis that mice heal more rapidly than other 

species, is that the near doubling of capillary density takes four weeks in the rat (Suzuki 

et al., 2003), while in mice, the near doubling occurs within seven (Sullivan et al., 2002) 

to fourteen (Murohara et al., 1998) days.  Additionally, work in our laboratory 

demonstrated that outward remodeling of the central arteriole form the gracilis anterior 

muscle reaches a plateau by 14-days (Gruionu et al., 2004). This data suggests that even 

in the context of an active remodeling event, growth is essentially complete after two 

weeks, which may foster the return of normal vascular function more rapidly than 

expected.  These observations suggest that a more rapid repair process in the mice used 

for my studies may partially explain why functional hyperemia was preserved following 

chronic ischemia.  Interestingly, although capillary density peaks more rapidly in BS-129 

mice, restoration of hindpaw perfusion is more complete in C57Bl/6 mice at 35-days, 

suggesting that more rapid angiogenesis in BS-129 mice does not seem to extend to all 

aspects of the revascularization response.   

Testing the hypothesis that revascularization in the mouse, and specifically in the 

BS-129 hybrid strain, occurs more rapidly than other species would involve assessing 

vascular function at time points earlier than two weeks in multiple mouse strains as well 

as rats that underwent similar disruption of the femoral artery.  If mice do in fact heal, or 

undergo revascularization more rapidly than rats (or other species) then restoration of 

functional hyperemia would occur earlier in this species.      

If experiments demonstrate my hypothesis to be correct, and mice do in fact 

revascularize more rapidly than other species such as rat, the mechanism accounting for 
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this difference will still remain to be determined.  Assessing what feature of the mouse 

could confer a more rapid revascularization response has important implications for 

understanding vascular biology as well as for presenting a potential therapeutic target for 

the clinical treatment of ischemic peripheral vascular disease.  Based on the observation 

that elevated shear stress is capable of restoring endothelial function following ischemia 

(Dawson et al., 1990), I would argue that if the mouse did in fact revascularize more 

rapidly than the rat, that this feature would be due a more rapid restoration of blood flow 

and shear stress.  Barring any difference in the proliferative or migratory capacities of 

vascular cell types between mouse and rat, a quicker restoration of shear stress in the 

mouse would likely be due to smaller size of the animal and smaller distance between the 

intact circulation and the ischemic tissue.   

 

Site of vascular resistance 

Even after considering the possibility that a heterogeneous vascular architecture 

may prevent an ischemic insult from driving the distal muscular branch into becoming a 

collateral conduit or a rapid healing response in mouse may restore vascular function 

more rapidly than other species, one would still expect an impaired functional hyperemia 

in the gracilis posterior when vasodilation to the distal muscular branch artery (feed 

vessel for gracilis posterior) is impaired (Figure 3.1).  There are several scenarios that 

would explain how impaired vasodilation in a feed artery would not affect functional 

hyperemia to the invested muscle.  First, it is possible that vasodilation ex vivo to 

acetylcholine (Ach) is not predictive of vascular function in vivo.  This hypothesis is 



 

116

based on the supposition that Ach would not dilate the vessel in situ, or that Ach 

mediated vasodilation pathways are distinct from those utilized during functional 

hyperemia.  The cell surface receptor is likely the only unique component of Ach-

mediated vasodilation, as compared to other endothelial-derived dilating agents; it is 

possible that mAchR expression is down-regulated while the expression of other 

receptors is maintained.  However, at least in the distal hindlimb, arterioles that respond 

abnormally to Ach also respond abnormally to muscle contraction (Hudlicka et al., 

1994;Kelsall et al., 2001).   

It is also possible that the ex vivo assessment of vasodilation is in fact predictive 

of the response of the distal muscular branch to paracrine factors in vivo.  However, if the 

second-messenger cascades and endothelial-cell coupling were maintained, it would be 

possible for the resistance artery of a muscle to be refractory to paracrine agents, but still 

capable to dilating by way of a conducted response from the intramuscular 

microvasculature.  This argument implies that following an ischemic event, the central 

arteriole and feed artery of the gracilis posterior undergo a growth & remodeling event 

while the distal arteriolar network does not and thus retains normal function.  Although 

the thigh is known to undergo collateralization following resection of the femoral and 

saphenous artery-vein pair (Sullivan et al., 2002), the microvascular (angiogenic and 

arteriolarization) responses are unknown.  Therefore, we cannot be sure that arteriole 

remodeling is absent, but we can say that remodeling were absent, it is likely that 

arteriole function would be maintained.   
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Although we do not know whether or not arteriole remodeling (arteriolarization) 

occurs in the gracilis posterior following ischemia, the idea begs the question of what is 

different about collateral enlargement and arteriolarization.  On the surface, collateral 

enlargement and arteriolarization are similar in that they both represent outward 

remodeling events (see introduction).  Expansion of vascular smooth muscle during 

outward remodeling would then be expected to involve a transformation of the smooth 

muscle cells from a contractile to synthetic (proliferative, migratory, and matrix 

secreting) phenotype (Buus et al., 2001).  Thus it seems likely that both collateralization 

and arteriolarization would be associated with impaired modulation of vascular tone.  

Surprisingly, smooth muscle dependent modulation of arteriole tone (in skeletal muscle 

typically associated with microvascular expansion) following chronic ischemia in the rat 

is unaltered, while endothelial-dependent vasodilation is impaired during the first two 

weeks following an ischemic insult (Kelsall et al., 2001).  These data indicate that 

endothelial dysfunction, and not a smooth muscle synthetic phenotype, underlies 

impaired arteriolar vascular function following ischemia.  In collateral arteries of the rat 

(Takeshita et al., 1998;Takeshita et al., 1997) and rabbit (Murohara et al., 1998;Ward and 

Angus, 1995), vasodilation to both endothelial-dependent and -independent agonists is 

impaired, suggesting either endothelial or smooth muscle dysfunction following chronic 

ischemia.  Greater smooth muscle proliferation in collateral arteries as compared to 

newly formed arterioles would explain this observation (Buus et al., 2001).  However, in 

the context of myocardial ischemia, microvessels but not arteries suffered from impaired 

endothelial-dependent vasodilation and hyper-contractility (Sellke et al., 1992).  Even 
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more surprising is the observation that uterine arteries, outwardly remodeled during 

pregnancy, exhibit enhanced shear-induced dilation (Hilgers et al., 2003).  The primary 

literature is definitely split on this subject of collateral artery function, as studies in 

canine (Orlandi et al., 1986), rat (Paskins-Hurlburt and Hollenberg, 1992), and rabbit 

(Bauters et al., 1995) hindlimb ischemia models report impaired endothelial function.  

Furthermore, in the rabbit, reactive hyperemia can be normal (Ward and Angus, 1995) or 

impaired (Schirmer et al., 2004) following an ischemic event.     

Thus, although both newly formed/repaired arterioles and collateral arteries can 

experience impaired vascular function, this observation is more consistent in arterioles.  

This suggests that arteriolarization and collateral enlargement involve physiologically 

distinct processes.  Although it is possible that these processes are governed by different 

molecular cues, I would argue that the heterogeneity seen with vascular function of 

collateral arteries is more likely due to differences in the site of ligation and/or blood 

flow measurement.  Unlike microvascular growth, which seems to be driven at least in 

part by hypoxia (Jain, 2003), collateral enlargement is determined by changes in 

hemodynamic forces such as pressure and shear (Koller, 2006).  The results shown in 

Figure 3.2 support this hypothesis, in that arteries distal to the ischemic insult did not 

necessarily form collateral conduits, likely because they did not experience an increase in 

shear stress.  If hypoxia or inflammation drove collateralization, then all arteries 

downstream to the site up proximal ligation would be expected to undergo collateral 

enlargement.   
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Continuing with the argument that collateral enlargement may involve different 

processes that arteriolarization, I need to address that question of what is different 

between these two vascular segments.  Greater dysfunction in newly formed/repaired 

arterioles as compared to collateral arteries could be due to a variety of factors, including 

hypoxia, inflammation, and shear-dependent processes.  

Unlike the thigh where collateral enlargement is predominant in rodent models of 

hindlimb ischemia (Couffinhal et al., 1998) the leg undergoes microvascular expansion 

associated with hypoxia (Scholz et al., 2002).  It is possible that hypoxia-induced 

elevations in free radicals and oxidant stress (Clanton, 2007) may induce endothelial 

dysfunction.  Hypoxia-mediated necrosis of parenchymal tissue (muscle fibers) may also 

promote endothelial dysfunction by initiating an inflammatory response (Scholz et al., 

2003).  Elevated shear stress also increases vascular inflammation by recruiting 

monocytes to aid in the outward remodeling process (Schaper and Scholz, 2003).  

However, it is unlikely that this monocyte extravasation can explain the differences 

between vascular function in collateral arteries and repaired arterioles because both 

would undergo outward remodeling and monocyte recruitment.  Determining the role of 

hypoxia in arteriolar dysfunction following ischemia could be done by housing mice in 

high O2 and or hyperbaric environments in an attempt to restore hindlimb arterial PO2.   

The more severe vascular dysfunction of arterioles in the leg may also be related 

to the distal location of these vessels and a longer time to normalization of blood flow 

and endothelial shear stress.  Resting blood flow in ischemic skeletal muscles is impaired 

for many weeks after induction of hindlimb ischemia (Janda et al., 1974), suggesting that 
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lower shear rates may be responsible of endothelial dysfunction and impaired 

vasodilation.  Indeed, abnormal shear profiles are known to modify endothelial gene 

expression and induce endothelial dysfunction (Helmke, 2005).  Additionally, reduced 

hindlimb blood flow (and presumably reduced shear) following myocardial infarction is 

associated with reduced arteriolar diameter and reactivity (Thomas et al., 1998).  The role 

of shear stress in regulating endothelial health is supported by the observation that 

exercise training, which elevates flow (and shear) to ischemic vascular beds, restores 

endothelial dysfunction following ischemia (Kelsall et al., 2004).  However, it should be 

noted that exercise training also up-regulates paracrine factors known to improve 

vascular function following ischemia (Brown and Hudlicka, 2003).  Dissecting these two 

possibilities would be possible with chronic vasodilator treatment, which elevates shear 

stress in the ischemic hindlimb without up-regulating muscle-derived paracrine factors.  

It seems that elevated/normalizing shear stress may restore endothelial dysfunction, as 

chronic treatment with torbafylline (a xanthine derivative that appears to elevate blood 

flow) restores resting blood flow, arteriolar reactivity, and oxygen tension to the distal 

hindlimb (Dawson et al., 1990).  It would be desirable to confirm this hypothesis by 

assessing vascular function and tissue oxygenations after chronic administration of a 

well-characterized vasodilator such as the α1-adrenergic antagonist prazosin.  The role of 

shear stress in modulation vascular dysfunction following ischemia could also be 

assessed by exercise training ischemic skeletal muscle in the presence of vasoconstrictor 

stimuli, to allow elevated paracrine factor production while preventing increases in blood 

flow (& shear) with muscle contraction.   
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Arteriolar vasodilation, in response to exogenous agonists (Kelsall et al., 2001) 

and muscle contraction (Hudlicka et al., 1994), is impaired in regions of the hindlimb 

undergoing microvascular expansion; this impairment is likely due to abnormally low 

shear stress, as described above.  However, it is likely that arteriolar dysfunction is not 

the only explanation for impaired functional hyperemia to skeletal muscle undergoing 

microvascular expansion.  The other process likely impairing blood flow through tissues 

undergoing microvascular expansion is angiogenesis and network remodeling.  Although 

a robust increase in capillary number follows ligation and resection of the femoral and 

saphenous artery-vein pair in the mouse (Couffinhal et al., 1998;Sullivan et al., 2002), it 

is not known what type of angiogenic event (sprouting or intussusception) accounts for 

this increase.  Despite a dearth of information on microvascular network architecture 

following ischemia, it does appear that angiogenesis in the distal hindlimb of the rat 

results in a plexus-like network (Brown and Hudlicka, 2003) that would need to be 

remodeled into an efficient vascular arbor to restore normal blood flow, as discussed in 

Chapter 1.  Very strong indirect evidence for the importance of network remodeling in 

the mouse is the observation that following induction of ischemia capillary density in the 

calf peaks at day-7 (collateral artery content peaks at day-14) following surgery, while 

perfusion in the calf and hindpaw does not approach normal levels until day-35 following 

surgery (Sullivan et al., 2002).   

Irrespective of arteriolar function, a plexus like microvascular network in 

ischemic skeletal muscle would dramatically increase resistance and impair blood flow to 

that tissue.  The first step in testing the hypothesis that microvascular architecture 
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contributes to elevated blood flow resistance would involve measuring blood flow to a 

skeletal muscle in the leg (which should undergo microvascular expansion) at rest and 

during muscle contraction.  Due to the complexities associated with assessing vascular 

architecture in three-dimensional tissues, blood flow measurements should be done in a 

thin muscle, such as the soleus or extensor digitorum longus.  If blood flow were 

impaired to either of the muscles, the next step would be to asses the microvascular 

architecture throughout the revascularization process.  Architecture assessment could be 

performed by two ways.  First, following India-ink perfusion and staining of vascular 

endothelium, non-vascular tissue would be clarified methyl salysilate and examined with 

light microscopy (Shepherd et al., 2004).  Second, following methyl-methacrylate 

intravascular casting and tissue digestion, scanning electron microscopy could be used to 

assess microvascular architecture (Djonov et al., 2003).    

If network remodeling were evident based on the assessment of vascular 

architecture, a study combining both experimentation and computational modeling would 

then be performed.  For the experimental component, and intravital approach could be 

used to collect measurements of vascular diameter and blood velocity at rest and 

immediately following muscle contraction, as described for rats (Heap et al., 2006).  

Ideally, a servo-null system would also be used to measure microvascular pressures at 

rest and following muscle contraction.  Measuring blood pressure with a servo-null 

system involves impaling the lumen with a micropipette; arterial pressure is then 

calculated as the amount of pressure the system must exert to prevent blood from flowing 

into the micropipette lumen, analogous to a voltage clamp.  If such a system were 
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unavailable, microvascular pressure could be estimated computationally.  Combining 

flow and pressure data with measurements of vascular diameters and branching angles 

should allow for a computational assessment of resistance.  Using such an approach, we 

could determine the contribution of feed vessels, arterioles, and microvascular 

architecture to the overall vascular resistance following a vascular growth event.        

Based on the following argument, I would not expect an arteriole remodeling 

process to occur in the gracilis posterior muscle following an ischemic event. Therefore, 

the maintenance of normally functioning arterioles that conduct a vasodilation response 

to the distal muscular branch would explain how whole muscle functional hyperemia 

could be maintained in light of feed artery dysfunction.   

Finally, it is possible that impaired vasodilation in the distal muscular branch 

artery would not affect whole muscle blood flow if that feed artery was not a major site 

of resistance to blood flow entering the muscle.  In the rat spinotrapezius, the feed 

arteries and intramuscular arterioles each contribute about 50% of the overall resistance 

to muscle blood flow (Lash, 1994).  If this situation were similar in the mouse gracilis 

posterior muscle, then I would certainly expect an impaired functional hyperemia, even if 

arteriole function was normal.  However, because resistance is determined by vascular 

diameter and architecture, it is possible that the architecture in the gracilis posterior 

muscle is sufficiently different than the rat spinotrapezius to place a majority of the 

resistance to blood flow with the intramuscular arterioles.  If this were the case, then I 

would not expect an impaired functional hyperemia even if vasodilation at the feed artery 

were impaired.   
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FGF2 dependent blood flow control 

The impetus for this dissertation work is the observation that 14-days following 

the removal of the femoral and saphenous artery-vein pair, mice null for Fgf2 (Fgf2-/-) are 

unable to increase blood flow to the calf and thigh following a 10-minute occlusion of the 

iliac artery.  The interpretation of this result is that FGF2 is somehow required for 

maintaining the functional capacity of a vasculature following ischemia.  Because arterial 

pressure was not different between wild type and Fgf2-/- mice, it is inferred that the 

inability to increase blood flow is due to an inability to dilate resistance vasculature, 

arterioles and feed arteries.  However, addressing this hypothesis was hampered by the 

absence of literature investigating blood flow control in the chronically ischemic mouse 

hindlimb.  Thus, before investigating a mechanism accounting for the absence of reactive 

hyperemia in the day-14 ischemic hindpaw of Fgf2-/- mice, I set out to perform an initial 

characterization of blood flow control in the ischemic hindlimb of wild type mice.  

As described above, I observed an impairment only of endothelial-dependent 

vasodilation but not functional hyperemia following chronic ischemia in the mouse.  

When I revisited blood flow control in Fgf2-/- mice, I found that functional hyperemia in 

a (presumably) collateralizing vascular bed was not impaired, Figure 4.1.  In light of the 

reactive hyperemia experiment, this results suggests that either vascular function in the 

thigh (collateral vessels) and leg (microvascular expansion) are different, or that 

functional and reactive hyperemia different.  Vasoactivity in newly formed/repaired 

collaterals and arterioles is definitely different (as  
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Figure 4.1  Fgf2+/+ & Fgf2-/- Blood flow at rest and during muscle contraction following 

revascularization.  Left bar- measurements in non-ischemic animals.  Middle bar- 

measurements in animals 14-days following ischemia.  Right bar- measurements in 

animals 14-days following ischemia.  
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described above), but pilot experiments indicate that leg muscles in Fgf2-/- are at least 

capable of functional hyperemia.  Further experiments need to be performed to determine 

the capacity for functional hyperemia in the muscles of the leg.  Thus it would seem that 

functional hyperemia and reactive hyperemia occur by sufficiently different mechanisms, 

such that only reactive hyperemia uncovers a phenotype in the ischemic leg of Fgf2-/- 

mice.  Testing this hypothesis would involve using fluorescent microspheres to measure 

blood flow following muscle stimulation and iliac occlusion in ischemic leg muscles of 

wild type and Fgf2-/- mice.  Based on pilot experiments, I would anticipate that only 

reactive hyperemia would be impaired (or absent) in repairing leg muscles of Fgf2-/- 

mice.   

This hypothesis is based on the assumption that functional and reactive hyperemia 

occur by distinct mechanisms.  Dogma would state that functional hyperemia is due to 

the build-up of metabolites that occurs with active metabolism, while reactive hyperemia 

is due to the build-up of metabolites that occurs with basal metabolism.  However, based 

on the material presented in the introduction, this traditional view is unlikely to be 

entirely correct (Gorman M.W. and Sparks H.V., 1991), especially based on the 

observation that reactive and functional hyperemia seem to be regulated by different 

mechanisms (Tominaga et al., 1973).  Additionally, the upstream occlusion used to 

induce a reactive hyperemia results in a transient anoxia (Klabunde and Johnson, 1977), 

which is likely to result in the hydrolysis of ATP to adenosine of other vasoactive 

metabolites.  Conversely, although functional hyperemia results in an increased 

utilization of O2, oxygen tension is still maintained above 5 mmHg (Gorczynski and 



 

127

Duling, 1978), and so vasodilation in this context must be dependent on pathways that are 

capable of sensing elevated O2 consumption, such as erythrocyte derived ATP (Dietrich 

et al., 2000).  Thus, I would hypothesize that ATP dependent modulation of arteriolar 

diameter is unaffected by the absence of FGF2, while adenosine-dependent modulation of 

arteriolar diameter is impaired (or eliminated) in the absence of FGF2.   

There is also the possibility that the absence of reactive hyperemia in the ischemic 

calf and hindpaw of Fgf2-/- is due to architecture abnormalities and not impaired control 

of vascular tone.  Laser Doppler perfusion imaging (LDPI, the method used to collect the 

reactive hyperemia data) determines perfusion based on hematocrit and the summed 

vectors of erythrocyte velocity.  Thus, a chaotic microvascular network could potentially 

undergo an increase in volumetric blood flow, but not an increase in perfusion as 

determined by LDPI.  There is in vitro support for this hypothesis, in that endothelial 

migration, but not proliferation is impaired in the absence of FGF2 (Pintucci et al., 2002).  

However, if network architecture were abnormal, you would expect reduced resting 

perfusion as well, but this is not the case.   
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5.  CONCLUSIONS 

The data presented in this dissertation represents the first investigation of vascular 

function in the ischemic mouse hindlimb as well as the first demonstration of blood flow 

to an individual mouse skeletal muscle.  We expected an absent response to acetylcholine 

and an impaired functional hyperemia to vasculature investing skeletal muscle in the 

thigh, which undergoes collateralization.  To our surprise, only acetylcholine-mediated 

vasodilation was impaired in this region.  Summarizing the discussion above, the 

maintenance of functional hyperemia could be due to a variety of factors, including 

heterogeneous revascularization, more rapid revascularization in the mouse, and 

maintenance of arteriole function in the gracilis posterior muscle of the thigh.     

The common thread between all these explanations seems to lie with vascular 

growth.  The heterogeneity found in the vascular function data support the observation 

(Scholz et al., 2002) that the presence of a vascular growth event, and not an ischemic 

insult, is what induces collateral enlargement and the concomitant vascular dysfunction.  

Additionally, the more rapid angiogenic response in mice (Sullivan et al., 2002;Suzuki et 

al., 2003) suggests that this species undergoes growth and maturation (restoration of 

function) more rapidly than other rodents or larger animals.  Finally, the apparent 

differences in collateralization and arteriolarization suggest that arteriole function, and 

thus functional hyperemia, would be preserved in the gracilis posterior muscle.   

Testing these hypotheses will involve assessing collateral artery function at 

several time points in the context of active remodeling as well as assessing murine 

arteriole function in the distal hindlimb, before and after chronic vasodilator treatment.   
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Although many processes seem to be involved in structural remodeling of the 

vasculature (Pries et al., 2005), the role of shear stress in modulating vascular function 

during ischemia is a particularly attractive, especially in light of the observation that 

pharmacological treatment with an agent that apparently increases blood flow (and thus 

shear stress) is capable of restoring vascular function following ischemia (Dawson et al., 

1990).  Other situations in which reduced blood flow and shear stress may play an 

important role is with the reduced angiogenesis observed with aging (Rivard et al., 1999).  

Elevated blood flow (and thus shear stress) is capable of driving angiogenesis (Egginton 

et al., 2001).  Therefore, it is possible that the reduced blood flow (and thus shear stress) 

seen with aging-induced elevations in sympathetic tone (Proctor and Parker, 2006) is 

some way responsible for the impaired angiogenic response see with aging.   

Examining the role of changes in shear stress modulating vascular function could 

be done by targeted disruption of genes whose products are known to be important in 

sensing shear stress.  The requirement of the purinoceptor ionotropic channel P2X4 in 

shear-induced dilation and outward remodeling (Yamamoto et al., 2006) certainly suggest 

this to be a potential target in understanding the role of shear stress in the regulation of 

vascular function.  In silico investigation as well as large scale gene expression analysis 

in the context of hindlimb ischemia, as well as other models of revascularization, will 

likely uncover additional molecules central to the regulation of vascular function 

following growth and repair events.  Once the identity and role of these molecules in 

regulating vascular function is determined, their role can be examined in more clinically 
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relevant models, such that more efficacious screening and therapeutic approaches can be 

taken in the prediction and treatment of ischemic disease, respectively.   
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APPENDIX A.  FLUORESCENT MICROSPHERE CHECKLIST & PHOTOGRAPHS 
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APPENDIX B.  DETAILED DESCRIPTION OF MODIFIED STOP-COCK 
CONSTRUCTION 

 
1. Use the Dremel to cut the rear female leur port off a transparent stopcock 

a. trim the rear port such that the Hamilton (glass 500µl) syringe tip is flush 
with the end 

b. use UV glue to re-attached the shorter rear port 
i. back fill a syringe with UV glue & apply with a needle  

ii. illuminate the fresh glue for 2-3 minutes 
2. Use the Dremel to cut the front male leur port off of stopcock  
3. Use a razor to cut the female leur hub from a blunt cannula (24G for PE50 tubing) 

as indicated by the dashed line below 
a. use UV glue to attach the cannula to the stop cock where the front male 

hub had been 
i. apply glue & expose as described above 
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APPENDIX C.  BLOOD PRESSURE CALIBRATION & MEASUREMENT 
 

1. Turn on amplifier & signal conditioner 
2. Turn on computer 

a. Login and open Ponemah Physiology Platform 
b. Select “Open Protocol” and direct to “FMS Blood Pressure Protocol” 
c. Select data acquisition and data set name 
d. Name data file and direct to storage location 
e. Select perform calibrations 

3. Using the stopcock port, fill the pressure transducer with saline 
a. Open the stop cock to the side port & rear port 
b. Release the leak valve (by pulling up on the white piece of rubber) and 

flush the transducer lumen with saline 
c. Once flushed, seal the rear port, distal to the leak valve, with the plastic 

screw piece to prevent leakage 
d. Switch the stop cock to open the side and front port 
e. Flush saline to end of front port 
 

***Ensure all bubbles are removed from the transducer lumen following saline flush*** 
 
f. Switch stopcock to close off side port 
g. Apply manometer stopcock to transducer front port 
h. Open manometer stopcock such that transducer lumen is open to air 
i. In the Calibration screen, type 0 for the low value 
j. Depress “auto balance” button on the signal conditioner, this should bring 

the 0mmHg value to near 0mV 
k. Click box to right of 0 value once mV has stabilized near 0mV (usually 

between -7 and 20) 
l. Switch manometer stopcock such that transducer lumen is open to the 

manometer lumen 
m. In the Calibration screen, type 250 for the high value 
n. Pressurize manometer to 250mmHg and click box to the 250 value 
o. Attach catheter stop cock to front port of pressure transducer (be sure to 

ensure no bubbles are present in the catheter lumen) 
4. Once the catheter is places, select Data Acquisition, State Acquisition 

a. Select the Record Data button 
 
5. Upon completion of data recording, select Stop Acquisition 
6. Although the Ponemah system has analysis modules for analyzing cardiovascular 

data, I was never able to figure out how to use this feature.  To collect average 
MAP, HR, etc, I would select Replay Last Acquisition, highlight the 5-second 
averaged raw data cells, and copy and paste them into Excel.  From Excel it is 
very straight forward to get averages, and delete segments when the transducer 
port was closed.   
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APPENDIX D.  OPERATION INSTRUCTIONS FOR ISOFLURANE ANESTHESIA 
MACHINE 

 
1. Place animal into anesthesia box 
2. Make sure anesthesia machine is connected to building oxygen line or the e-tank 

oxygen cylinder is open 
3. Check the isoflurane vaporizer fluid level, should be above lower line 
4. Attach Y-tube to anesthesia box 
5. Using flow meter, turn oxygen to max and dial isoflurane to 5% 
6. Once animal is anesthetized, turn oxygen down to between 0.5 and 1.0l/min, and 

dial the isoflurane to between 1 and 2% 
7. Remove Y-tube from anesthesia box & affix anesthesia mask 
8. Tape the Y-tube to the table and place the animal supine on the table with its nose 

in the mask (rodents utilize predominately nasal ventilation, so getting the mask 
over the mouth is not necessary) 

9. Once the animal hair is removed, place animal back in anesthesia box and move 
anesthesia machine to the surgical bench 

10. Fix the Y-tube in position on the surgical bench with a chemistry clamp 
11. Place the animal supine on a heating pad and place its nose the anesthesia mask 
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APPENDIX E.  HINDLIMB ISCHEMIA SURGERY 
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APPENDIX F.  GENE EXPRESSION ANALYSIS 
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APPENDIX G.  PERFUSION FIXATION 
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APPENDIX H.  FGF2 COLONY GENOTYPING 
 

 
 
 

1. Place mice from single cage in anesthesia box 
2. Dial maximal flow rate and %isoflurane until mice are anesthetized 
3. Remove mice from the cage, one at a time to apply ear clip (using special 

applicator) & cut 1-3mm segment from the end of the tail 
4. Return mouse to cage after ear tagging and tail tipping 
5. Use forceps to place tail tip in latching microcentrifuge tube (Fisher 0566932) 
6. Rinse scalpel & forceps with Nolvasan to prevent contamination of subsequent 

tail tips 
7. Transfer 350µl of Tail Lysis Buffer to each microcentrifuge tub 
8. Apply 15µl of Proteinase K to each microcentrifuge tube 
9. Rock tubes overnight at 50°C 
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APPENDIX I.  ISOLATED VESSEL CHECKLIST & PHOTOS 
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APPENDIX J.  ABBREVIATIONS 
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APPENDIX K.  FIGURE PERMISSIONS 
 
Figures 1.1 & 1.3 
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Figure 1.2 (A) 
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Figures 1.2 (B) & 1.4 
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Figures 2.1, 2.2, 2.3, 3.3, and 3.4 as well as text within dissertation 
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