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ABSTRACT 

Skeletal muscle has a remarkable capacity to regenerate following injury, and 

although muscle regeneration has been studied extensively, little is known about 

the recovery of the skeletal muscle microcirculation during regeneration. To 

determine the restoration of blood flow regulation during skeletal muscle 

regeneration, this dissertation explored the recovery of vasomotor responses to 

physiological agonists and of functional vasodilation in response to muscle 

contraction. A novel injury model in the mouse gluteus maximus muscle was 

developed to study the microcirculation in vivo using intravital microscopy at well-

defined time points (5, 10, 21 and 35 days) post injury compared to uninjured 

Control muscles. Studies encompassed feed arteries and the principal branches 

(1st, 2nd and 3rd order) of arteriolar networks comprising the resistance vasculature. 

Vasomotor responses to agonists and active force developed by muscle fibers 

recovered by 21d, however functional vasodilation required ~35d to recover. This 

research provides novel insight into when and to what extent blood flow regulation 

is restored during skeletal muscle regeneration and provides novel perspective 

towards developing therapeutic strategies for restoring skeletal muscle function 

during recovery from injury. 
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CHAPTER 1 

 

INTRODUCTION 

 

SKELETAL MUSCLE MICROCIRCULATION 

The role of the microcirculation of skeletal muscle is to supply the myofibers with 

oxygen and various nutrients and to remove waste products generated during 

metabolism. The microcirculation begins with a small feed artery (FA) located 

external to the muscle that branches into arterioles within the muscle. The 

arterioles are classified based on their branching hierarchy and diameters such 

that they increase in branch order number as they decrease in diameter. When a 

FA enters a muscle, it gives rise to first order arterioles (1A), and when 1A 

bifurcates, the two daughter branches become second order arterioles (2A) (48, 

80, 110). The number of branch orders depends on the muscle studied and can 

range from 4A to 6A before becoming terminal arterioles (TAs). The TAs each give 

rise to capillary networks. Collecting venules arise from capillaries that merge to 

become larger venules that transport blood back to the heart. All capillaries 

(approximately 20 – 30) perfused by one TA and empty into the collecting venule 

define the microvascular unit, which is the smallest functional unit for blood flow 

regulation in skeletal muscle (19, 41). The TAs are typically oriented perpendicular 

to muscle fibers while capillaries run parallel to muscle fibers to maximize the 

exchange of gas and solutes. Whereas capillaries are composed of a single layer 
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of endothelial cells (ECs), the EC (intimal) layer of arterioles and venules is 

surrounded by a layer smooth muscle cells (SMCs), (46, 61, 71, 105). 

 

 

SKELETAL MUSCLE INJURIES 

Injury to skeletal muscle can result from a variety of events. For example, blast 

injuries in armed conflicts and trauma in road traffic accidents account for millions 

of injuries every year (89, 120). In addition, injuries occurring through lacerations, 

contusions and strains are extremely common in sports (7, 13, 27, 72). Skeletal 

muscle damage is also observed in degenerative diseases such as muscular 

dystrophies (38) and occur as a consequence of surgical procedures (e.g., 

transplantation) involving both cosmetic and functional reconstruction of injured 

tissue.      

 

 

SKELETAL MUSCLE REGENERATION FOLLOWING INJURY 

Mammalian skeletal muscle has a remarkable capacity to regenerate following 

injury, which entails a synchronized process involving the activation of multiple 

cellular and molecular responses. Regeneration of skeletal muscle occurs in 

interrelated and time-dependent phases. Although the phases of regeneration are 

similar between rodent models and humans, the time course is more rapid in 

rodents and depends on the particular muscle damaged, extent of damage and 

muscle injury model used (30, 67, 75, 83). 
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Injury to skeletal muscle results in rapid necrosis of myofibers, and the myofiber 

sarcolemma is disrupted resulting in increased permeability (67). Necrosis 

involves the influx of calcium ions (Ca2+), loss of myonuclei and contractile proteins 

and dissolution of cellular organelles that collectively lead to amorphous debris. 

These initial events trigger an inflammatory response during the next phase, where 

neutrophils invade the tissue within approximately 2 hours post injury. The 

neutrophils release high concentrations of free radicals and proteases, secrete 

proinflammatory cytokines and recruit monocytes and macrophages (49, 99, 118). 

Macrophages increase within 24 hours following injury and are the predominant 

inflammatory cell type in the damaged region of tissue. Macrophages play a role 

in removing tissue debris and activating skeletal muscle stem cells, which are 

known as satellite cells (SCs) (99, 119).  

 

The next phase is the regeneration phase. Quiescent SCs reside between the 

basal lamina and sarcolemma of myofibers and serve as the primary adult stem 

cell type that becomes activated in response to myofiber injury and are central to 

the regeneration process (16, 29, 37, 67, 83). In response to injury, SCs proliferate 

and differentiate to give rise to myocytes, which fuse with damaged myofibers for 

repair or with each other to form multinucleated myotubes for new myofiber 

formation (60, 67). In addition, during the regeneration phase, macrophages 

change from a pro-inflammatory (M1) phenotype into an anti-inflammatory (M2) 

phenotype, thereby facilitating myofiber regeneration (16, 29, 83, 120). During the 
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remodeling phase, which follows the regeneration phase, there is an 

overproduction of extracellular matrix proteins; collagens, fibronectin, elastin, 

proteoglycans and laminin serving to stabilize the tissue and guide the formation 

of neuromuscular junctions (67, 83). The regeneration process is complete when 

newly regenerated myofibers regain their functional performance and contractile 

apparatus. In the final phase of regeneration, myofibers become effectively 

innervated by axons projecting from α-motor neurons in the spinal cord, new 

neuromuscular junctions are formed and become functional (83).  

 

As summarized through these stages, skeletal muscle regeneration is a complex 

process that involves multiple cell populations, precise regulation of gene 

expression, including those for growth factors and of connective tissue 

components, with each playing an important role in facilitating muscle regeneration 

and functional recovery following injury (16, 29, 67, 83, 119, 120).  

 

 

THE MICROCIRCULATION DURING SKELETAL MUSCLE REGENERATION  

Skeletal muscle injury disrupts the integrity of its microcirculation and the proper 

structural and functional recovery of these microvessels is necessary to restore 

muscle function. Microvascular damage with loss of local blood flow due to muscle 

injury create a hypoxic environment that triggers the generation of new 

microvessels through the process of angiogenesis in supplying oxygen and 

nutrients to regenerating myofibers.  
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In response to hypoxia, a key pro-angiogenic factor; vascular endothelial growth 

factor (VEGF) mRNA expression increases and VEGF-A is secreted by myofibers 

to promote angiogenesis (9, 59, 61, 71). Endothelial tip cells (nonproliferating ECs 

with filopodia extensions located at the tip of capillary sprouts) contain VEGF 

receptors such as VEGFR1 (also known as Flt-1) and VEGFR2 (also known as 

Flk-1) (98) in sensing these VEGF signals, which help guide the nascent EC 

sprouts towards the angiogenic stimulus. Endothelial stalk cells, which form the 

trunk of a nascent capillary sprout, proliferate as they follow behind a tip cell, 

thereby elongating the sprout. When tip cells from two or more capillary sprouts 

converge at the source of VEGF secretion, they fuse and form a continuous lumen 

that enables the flow of blood. New capillary formation thereby results in the 

restoration of muscle perfusion and oxygen delivery. As hypoxia is resolved, VEGF 

levels decrease along with the stimulus for angiogenesis (2, 53, 124). 

 

In addition to angiogenesis, muscle injury and resulting ischemia also trigger 

arteriogenesis, which entails: 1. arterialization (de novo formation of small arteries 

and arterioles from new or preexisting capillaries) and 2. enlargement of 

preexisting collateral vessels  (57, 90, 103). Perivascular cells are recruited and 

differentiate into contractile SMCs during the process of arteriogenesis (12, 90). 

During collateral vessel enlargement, basement membrane degrades, SMCs 

acquire a proliferative phenotype to increase vessel wall thickness and return to a 

contractile phenotype when collateral vessel enlargement in complete (57).      
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Following ischemic injury in the mouse extensor digitorum longus muscle, 

regenerated microvascular networks exhibit abnormal morphology including 

asymmetric arteriolar bifurcations, trifurcations and quadrifications that differ from 

symmetrical bifurcations characteristic of uninjured skeletal muscle 

microvasculature (8). Symmetrical arteriolar bifurcations are important to the 

microcirculation in distributing blood flow evenly to limit hypoxia, thus abnormalities 

in the structure of regenerated microvasculature may contribute to impaired tissue 

perfusion. Arteriole-venule shunts, which are typically not observed in healthy 

muscle, were also observed at locations where arterioles were unable to branch 

into capillary networks (8). Further, while SMCs are circumferentially wrapped 

around ECs to form a continuous layer in normal arterioles, the SMC layer of 

regenerated arterioles were discontinuous and displayed architectural defects (8), 

which may further contribute to impaired blood flow regulation and skeletal muscle 

perfusion.   

 

Chronic hypoxic conditions resulting from skeletal muscle injuries can also 

increase the number of TAs supplying capillaries, as well as increased branching 

and anastomoses of the arteriolar network along with the development of collateral 

vessels through angiogenesis and/or arteriogenesis (8, 12, 71, 91, 103). Because 

structural modifications can result in functional changes of the microcirculation, 

evaluating microvascular function, particularly in branches of the resistance 
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network that controls muscle blood flow, is fundamental to understanding the 

recovery of tissue perfusion during skeletal muscle regeneration following injury.      

 

 

REGULATION OF SKELETAL MUSCLE BLOOD FLOW BY THE 

RESISTANCE VASCULATURE  

The resistance vasculature is comprised of small arteries and arterioles that 

regulate the distribution of blood to tissues of the body according to metabolic 

demand. For skeletal muscle, small FAs that are located external to the muscle 

control the volume of blood flowing into arteriolar networks that control blood flow 

distribution within the muscle and regulate capillary perfusion, where oxygen and 

nutrients are exchanged with tissue parenchymal cells (68). FAs account for 30 – 

50% of the total resistance to blood flow, such that perfusion pressure of arterioles 

is ~half of systemic arterial pressure, thus FAs are a significant site for blood flow 

control (11, 68, 105). Vascular resistance and perfusion pressure (i.e., the 

difference between arterial and venous pressure) determine tissue blood flow, and 

because arterial pressure is tightly controlled in the cardiovascular system, 

vascular resistance is a critical determinant in regulating blood flow. Poiseuille’s 

law:  

Q = DP r4 p 
        8 h L 

 
(Q = flow rate, DP = Pressure difference, r = radius, h = fluid viscosity, L = length 

of tube) explains factors that affect flow rate in a blood vessel. Although vessel 

length and blood viscosity affect vascular resistance, it is the cumulative changes 
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in vessel radii (more typically measured as diameter) that control moment-to-

moment changes in vascular resistance as changes in blood viscosity or vessel 

length are typically negligible. Because blood flow varies with fourth power of the 

radius, small changes in vessel diameter results in large changes in tissue 

perfusion (68). Thus, SMCs regulate vessel diameter by either contracting or 

relaxing to decrease or increase diameter, respectively, and thereby influence the 

amount of blood flow received by a muscle or particular region of a muscle. In turn, 

ECs play a major role in relaxing SMCs through the release of vasodilatory 

substances, and thus indirectly control vessel diameter.  

 

 

REGULATION OF SKELETAL MUSCLE BLOOD FLOW VIA ENDOTHELIUM-

DEPENDENT VASODILATION 

The release of nitric oxide (NO), prostacyclin (PGI2) and endothelium-derived 

hyperpolarization (EDH) leads to SMC relaxation, resulting in vasodilation (15, 34, 

51, 68). NO is generated from L-arginine via the enzymatic activity of endothelial 

nitric oxide synthase (eNOS) in ECs, while also generated via the catalyzing 

effects of inducible NOS (62) and neuronal NOS (nNOS) present in skeletal 

muscle. This gaseous signaling molecule can then diffuse to the underlying SMC 

and activate soluble guanylyl cyclase to produce cyclic guanosine-3,5-

monophosphate (cGMP). cGMP subsequently activates protein kinase G, leading 

to vasodilation by phosphorylating myosin light chain phosphatase, by activating 

potassium (K+) channels to cause hyperpolarization, and by the inhibition of Ca2+ 
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channels to lower intracellular Ca2+ concentration ([Ca2+]i) (15, 35, 114). 

Prostacyclin (PGI2) is a potent vasodilator produced from arachidonic acid 

liberated from membrane phospholipids by phospholipase A2. Cyclooxygenase 

(COX-1 and COX-2) converts arachidonic acid to prostaglandin H2, which serves 

as a substrate for the formation of PGI2, via prostacyclin synthase (68). PGI2 then 

diffuses into SMCs and increases cAMP to activate protein kinase A (PKA), which 

then phosphorylates and activates ATP sensitive K+ channels causing 

hyperpolarization and relaxation of SMCs (85, 114). In addition, an increase in EC 

[Ca2+]i activates small and intermediate Ca2+ activated K+ channels (SKCa and 

IKCa), resulting in the efflux of K+ and hyperpolarization of ECs. This 

hyperpolarization is then conducted into neighboring ECs and into surrounding 

SMCs via gap junctions to relax SMCs by closing voltage-gated Ca2+ channels (15, 

34, 52).   

 

Acetylcholine (ACh) is a neurotransmitter and a potent endothelium-dependent 

vasodilator that has been used experimentally in evaluating endothelium-

dependent dilation (EDD) in larger conduit arteries, small resistance arteries and 

arterioles (10, 21, 48, 51). The binding of ACh to muscarinic receptors of ECs 

results in the generation of NO, PGI2 and EDH (25). The generation of these 

vasodilator signaling events in the endothelium collectively lead to relaxation of 

SMCs resulting in vasodilation and thereby increase skeletal muscle blood flow.  
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REGULATION OF SKELETAL MUSCLE BLOOD FLOW VIA SYMPATHETIC 

VASOCONSTRICTION  

Sympathetic vasoconstriction is integral to regulating vascular resistance and 

blood flow to skeletal muscle. Sympathetic nerve activity releases norepinephrine 

(NE) from perivascular sympathetic nerve terminals that acts on α adrenergic 

receptors (αARs) present on SMCs to cause contraction, resulting in 

vasoconstriction and restriction of blood flow (47, 78-80). Two major αAR subtypes 

are found in the resistance vasculature: α1 and α2; both are G-protein coupled 

receptors. When α1AR is activated, Gq protein activates phospholipase C to 

generate inositol triphosphate (IP3) and diacylglycerol (DAG). IP3 stimulates Ca2+ 

release from internal stores and influx through Ca2+ channels located on the 

plasma membrane, thereby increasing [Ca2+]i and activating myosin light chain 

kinase, with phosphorylation of myosin light chains promoting cross-bridge 

interaction and SMC contraction. In contrast, when α2AR is activated, Gi protein 

inhibits adenylyl cyclase and decreases the production of cAMP, which increases 

myosin light chain kinase activity leading to vasoconstriction (43). Vascular SMCs 

can also express β2ARs whereby the activation of this receptor results cytosolic 

increases in cAMP, PKA and activation of ATP sensitive K+ channels resulting in 

vasodilation (1, 80, 85).  

 

Studies have shown that the functional distribution of αAR subtypes varies with 

branch orders in the resistance vasculature (47, 80), and that the pattern of 

subtype distribution among branch orders also varies between different skeletal 
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muscles (e.g. gluteus maximus vs cremaster muscle) (47, 80, 87). In contrast, the 

functional distribution of β2ARs appeared to be uniform in the different branches of 

the resistance vasculature of the gluteus maximus muscle (GM) (80). Thus, the 

distribution of αAR subtypes along the resistance vasculature is integral to how 

sympathetic nerve activity regulates the magnitude and distribution of blood flow 

to and within skeletal muscle.  

 

 

FUNCTIONAL VASODILATION DURING SKELETAL MUSCLE 

CONTRACTION 

With the onset of exercise, increased sympathetic neural activity increases cardiac 

output and produces vasoconstriction in tissues and organs that are not involved 

in exercise (e.g. kidney, intestines, non-exercising skeletal muscle) resulting in 

redistribution of cardiac output to contracting skeletal muscle (68). As a result, 

skeletal muscle exhibits one of the most dramatic changes in tissue perfusion as 

blood flow to contracting muscle can increase 50 to 100-fold to supply the 

metabolic demands of activity (28, 32, 105). This increase in blood flow in response 

to the contractile activity of myofibers is termed functional vasodilation, and the 

magnitude of functional vasodilation is proportional to the intensity of muscle 

contractile activity (81).  

 

At the onset of exercise of sufficient intensity there is a concomitant rise in muscle 

blood flow. This initial hyperemic response occurs within 1 – 2 s following a single 
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brief contraction and has become recognized as “rapid onset vasodilation” (ROV) 

(31, 32, 36, 55, 84, 100, 109, 123). Although ROV increases with the intensity and 

duration of a single contraction, the exact mechanism(s) and signaling pathways 

that mediate ROV are not fully understood. It has been proposed that mechanical 

factors such as the muscle pump (via compression and relaxation of vessels 

embedded within myofibers) and vasodilators released from contracting skeletal 

muscle contribute to ROV (31, 32, 86, 101, 122). One of the main substances 

associated with ROV is K+ that is released from contracting muscle fibers during 

repolarization from the action potential. Following myofiber contraction, K+ diffuses 

through voltage-dependent K+ channels, thereby increasing interstitial K+ 

concentration ([K+]o) surrounding the microvasculature. This increase in [K+]o 

hyperpolarizes SMCs via activation of inward rectifying K+ channels and  Na+/K+ 

ATPase in the plasma membrane (5, 32, 55). Adenosine produced during muscle 

contraction may also contribute to ROV. Evidence suggests that adenosine formed 

on the extracellular side of skeletal muscle cells via membrane bound ecto-5’ 

nucleotidase increases interstitial adenosine concentration. The binding of 

adenosine to its receptors on SMCs activates cAMP, increases PKA activity, which 

then phosphorylates Ca2+-activated K+ channels to hyperpolarize SMCs and 

induce vasodilation (32, 97, 102).  

 

In contrast to ROV, moderate exercise such as walking and cycling, elicit a slower 

and gradual increase in vasodilation and blood flow which is maintained at a 

“steady-state” level that is proportional to the tissue metabolic demand. This slower 
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rise in vasodilation is termed slow onset vasodilation (SOV) (20, 48, 86, 112). 

Vasoactive metabolites such as adenosine, hydrogen ion, and lactate produced by 

the contracting muscle can act to relax SMCs as their concentration increases in 

the extracellular fluid, while an increase in shear stress acting on the endothelium 

(e.g. via release of NO and PGI2) further contribute to the progressive dilation of 

blood vessels during SOV (32, 82, 101).   

 

 

Skeletal muscle blood flow is regulated by vasodilation and vasoconstriction 

through the interaction of SMCs with ECs and sympathetic nerves surrounding the 

resistance microvasculature. Vasodilatory substances produced in the 

endothelium contribute to vasodilation, while the release of NE from sympathetic 

nerves contribute to sympathetic vasoconstriction in regulating blood flow. During 

exercise, blood flow can increase 50-100 fold in meeting the metabolic demand of 

muscle fibers, and this increase in blood flow is proportional to the intensity of their 

contractile activity. Blood flow regulation is impaired as a consequence of skeletal 

muscle injury and evaluating the extent and time course of recovery of blood flow 

regulation during skeletal muscle regeneration would provide definitive new insight 

as to when these mechanisms of vasodilation and vasoconstriction are restored in 

the microvasculature supplying skeletal muscle.   
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PRELIMINARY STUDIES 

Development of GM injury model: To study the microcirculation in regenerating 

skeletal muscle I developed an injury model in the GM of C57BL/6J mice (4 month 

old) using BaCl2 (56). In developing a reproducible GM injury, I initially injected 

different volumes of a 1.2% BaCl2 solution into the space between the GM and 

gluteus medius muscle, creating a “bubble of fluid” in the injection site that injured 

GM myofibers and its vascular networks. Starting with injection of 25 µl and 

increasing the volume to 50 µl resulted in only a partial and inconsistent injury to the 

GM. Therefore, I increased the volume to 75 µl and was able to reproducibly damage 

myofibers surrounding the vascular networks studied. Although the animal survived 

following unilateral injury to the left GM, bilateral GM injuries using 150 µl of 1.2% 

BaCl2 was often lethal to the mouse. I therefore decided to conduct unilateral injuries 

in my criterion experiments. Saline controls (75 µl) were performed to evaluate 

whether the local delivery of fluid by this method resulted in GM damage. I found no 

damage to the GM following saline injection at 1 day (d), 2d, and 5d. Therefore, I 

utilized uninjured Control (referred to as 0d) to compare with experimental groups at 

different time points following BaCl2 injury.   

 

Defined time points of study: Tissue histology was performed using hematoxylin 

and eosin staining at 0d, 1d, 2d, 3d, 4d and 5d post injury in paraffin-embedded GM 

tissue sections (thickness, 5 µm) to determine the timeline for degeneration and 

necrosis of the GM with BaCl2 injury. Tissue sections were also stained for 

hematoxylin and eosin at 10d, 21d, and 35d post injury to determine when new 
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myofibers were formed and increased in size. In a separate set of experiments, 

frozen tissue sections (thickness, 20 µm) were immunolabeled at 5d, 10d and 21d 

post injury and in Control for laminin to identify the basal lamina defining muscle cell 

borders and embryonic myosin heavy chain (eMHC) to label regenerating 

myofibers, with loss of eMHC indicating maturation of newly formed myofibers. 

Staining with DAPI identified centrally located nuclei characteristic of regenerating 

myofibers in contract to nuclei located at the periphery of uninjured control 

myofibers. I then utilized the histology data to help define key time points for studying 

the microcirculation during skeletal muscle regeneration.  

 

Contribution to other projects: Development of the novel GM injury model has led 

to vascular network mapping studies in regenerating skeletal muscle. Thus, to 

visualize the microvasculature for mapping, I injected fluorescent wheat germ 

agglutinin (WGA) retro orbitally (129) upon completion of my intravital experiments 

that day. The WGA binds to N-acetyl-D-glucosamine and sialic acid residues on the 

surface of ECs, which thereby labels vascular networks and enables visualization of 

these networks for high resolution mapping of network topology using appropriate 

image acquisition and analysis instrumentation. My studies have also been used as 

a reference in utilizing transgenic mice to study skeletal muscle and microvascular 

regeneration in collaboration with the Cornelison laboratory.  
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SPECIFIC AIMS 

The microcirculation is damaged following injury to skeletal muscle, however little is 

known about the restoration of blood flow regulation during the regeneration 

process. My working hypothesis is that skeletal muscle regeneration and 

recovery of contractile function coincide with restoration of the structure and 

function of its microcirculation. Based upon my preliminary experiments in the 

mouse GM, the recovery of blood flow regulation is evaluated in vivo at key time-

points: 5 days (d), 10d, 21d and 35d post injury compared to an uninjured control 

(0d).   

 

AIM 1: Evaluate vasomotor control during skeletal muscle regeneration: 

Sympathetic vasoconstriction and endothelium-depended vasodilation regulate 

blood flow in skeletal muscle by constriction and relaxation of SMCs, respectively. 

AIM 1 evaluated when and to what extent vasomotor tone, vasoconstriction and 

vasodilation recover during regeneration following skeletal muscle injury 

(CHAPTER 2).  

 

AIM 2: Evaluate the coupling between active force production and functional 

hyperemia during Skm regeneration:  

Though integral to physical activity, the ability of the microcirculation to meet the 

demands of regenerating muscle fibers is unexplored. AIM 2 evaluated when and to 

what extent the coupling between contractile function and functional hyperemia 

recover during regeneration following skeletal muscle injury (CHAPTER 3). 
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CHAPTER 2 

 

RECOVERY OF VASOMOTOR REACTIVITY AND BLOOD FLOW CONTROL 

DURING SKELETAL MUSCLE REGENERATION  

 

 

INTRODUCTION 

 

Skeletal muscle is a highly vascularized tissue that comprises approximately 40% 

of lean body mass (64, 66, 86).  This dense vasculature participates in metabolic 

homeostasis by supplying oxygen and nutrients to active muscle fibers and 

removing the byproducts of metabolism (71, 88, 105). Traumatic skeletal muscle 

injuries occur in contact sports, in road traffic accidents, with usage of heavy 

machinery and in combat (113, 121). With injury to muscle, significant damage 

also occurs in the muscle’s vascular supply. Skeletal muscle’s remarkable capacity 

to regenerate following injury has been studied for years (13, 16, 30, 45, 83), 

however, little is known about the recovery of its microcirculation during 

regeneration of myofibers. In a 1987 study, Burton and Faulkner (24) reported 

increased resting blood flow with decreased vasomotor tone in regenerating 

arterioles in the extensor digitorum longus (EDL) muscle grafts in cats. Diminished 

responses were observed to the vasodilators adenosine and verapamil, and to the 

vasoconstrictors norepinephrine and K+, leading to the conclusion that the 

diminished responses were due to abnormalities in the vascular smooth muscle 
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layer. In a 2017 study by Arpino et al (8), demonstrated that although a robust 

angiogenic response is observed after ischemic injury in the mouse EDL, the 

reconstructed vascular network is flawed in structure with impaired vasomotor 

control. With little else known about the recovery of the microcirculation after injury, 

there is a paucity of studies that have evaluated the recovery of vasomotor 

responses in the microvascular network that regulates blood flow during skeletal 

muscle regeneration following injury.  

 

Several models of acute skeletal muscle injury have been developed by 

researchers and offer appealing systems to study interactions between various cell 

and tissue components in skeletal muscle during regeneration. My goal was to 

apply such a model to study the microcirculation during recovery following acute 

injury to myofibers. The gluteus maximus (GM) muscle is an extensor muscle of 

the hip and, due to its superficial location and overall thinness in the mouse (≤ 200 

μm), makes it well-suited for studying the microcirculation using intravital 

microscopy (14, 48). For my research, I developed a new injury model based on 

the GM using BaCl2 to damage its muscle fibers and study the recovery of the 

microcirculation during myofiber regeneration. Administration of BaCl2 in skeletal 

muscle causes degeneration and necrosis of myofibers while preserving their 

resident stem “satellite” cells (SCs) and basement membranes (26, 56), which may 

serve as scaffolds for regenerating myofibers. Quiescent SCs that reside between 

the basal lamina and sarcolemma of myofibers become activated in response to 

injury, proliferate and differentiate into myocytes, and these myocytes fuse to form 
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myotubes in repairing and replacing damaged myofibers (16, 29, 37, 56). Using 

intravital imaging and tissue histology, I confirmed that local injection of BaCl2 led 

to degeneration of myofibers and disruption of their microvasculature. To identify 

key time points to study the recovery of vasomotor function during regeneration of 

the GM, I performed fluorescence imaging of fluorescent dyes injected into the 

circulation to determine the earliest time point for recovery of tissue (capillary) 

perfusion. My working hypothesis is that recovery of tissue perfusion is critical 

during the regeneration process for repairing and restoring muscle function. With 

perfusion restored, evaluating when, where and to what extent vasomotor 

reactivity and the resulting blood flow control recover during the sequential phases 

of muscle regeneration defines fundamental questions to be answered by my 

research.   

 

The resistance vasculature of skeletal muscle, including the GM, begins with small 

feed arteries (FAs) located external to the muscle and proximal to the microvessels 

that are embedded in the tissue. Once FAs enter the muscle, they give rise to first-

order arterioles (1A) and the branching of 1As give rise to second-order (2A) and 

third-order arterioles (3A), which ultimately branch into the smallest terminal 

arterioles that give rise to capillary networks oriented parallel to muscle fibers. 

Capillaries then converge into venules that remove blood from the muscle and 

carry it back towards the heart (71, 104). Proximal branches of the network such 

as FAs and 1As regulate the amount of blood that enters the muscle, smaller 
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downstream branches such as 2A and 3A regulate flow distribution within the 

tissue and terminal arterioles regulate capillary perfusion (61, 104). 

 

Skeletal muscle blood flow control is a dynamic process whereby multiple stimuli 

influence the contractile activity of SMCs in resistance vessels either directly or 

indirectly through ECs (15, 107). For example, sympathetic nerve fibers that 

surround FAs and arterioles release NE and the binding of the neurotransmitter 

onto aARs on SMCs causes vasoconstriction (79, 80). In contrast, the generation 

of NO and hyperpolarization in ECs contribute to SMC relaxation and vasodilation 

(25, 47, 80). The goal of this study was to evaluate when and to what extent 

vasoconstriction (via activation of aARs on SMCs) and vasodilation via 

endothelium-dependent signaling recover during skeletal muscle regeneration. I 

tested the hypothesis that vasomotor responses recover in parallel with myofiber 

regeneration.   

 

 

METHODS 

 

Barium Chloride-induced skeletal muscle injury: All animal procedures were 

conducted according to protocols approved by the Animal Care and Use 

Committee of the University of Missouri, Columbia. Male C57BL/6J mice were 

obtained from Jackson Laboratory (Bar Harbor, ME, USA) at ~3.5 months of age 

and acclimated at the University of Missouri animal care facilities at least 1 week 
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prior to study. On a given day, a mouse was anesthetized with an intraperitoneal 

injection of ketamine/xylazine (100/10 mg/kg) in sterile saline. Dorsal skin overlying 

the GM was shaved, the mouse was placed on an aluminum warming plate to 

maintain body temperature, and the site was sterilized with Betadine Solution 

(Purdue Products L.P. Stamford, CT, USA) followed by wiping with 70% alcohol. 

A ~5 mm incision was made through the skin and, using a Hamilton syringe and 

needle (32 gauge, 0.5” long, 300 tip bevel; Reno, NV, USA) 75 µl of 1.2 % (w/v) 

BaCl2 (LabChem, Zelienople, PA, USA) solution was injected into the space 

between the GM and gluteus medius muscle to injure GM myofibers and 

microvasculature (Figure 2.1). The incision was closed with VetClose surgical glue 

(Henry Schein, Dublin, OH, USA) and the mouse was kept warm and monitored 

closely until it regained consciousness and resumed activity. The mouse was 

monitored daily for 4 consecutive days to ensure proper healing of the incision.  

 

Time-points of study: Based on my preliminary studies while developing the 

model, analysis of resistance network branches was conducted in regenerating 

GM at 5 days (d), 10d and 21d post injury and was compared to an uninjured 

Control (0d). The selection of these time-points of study was based on recovery of 

tissue perfusion and histological analyses. To evaluate recovery of tissue 

perfusion, fluorescein isothiocyanate-dextran (FITC-dextran; 70 kDa to 

approximate the size of albumin, 2 mg/ml) was administered via a retro-orbital 

injection (129) to label circulating plasma. Tissue cross-sections (20 µm thick) were 
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immunolabeled for eMHC and DAPI to identify regenerating myofibers and 

centralized nuclei in newly formed myofibers, respectively. 

 

Surgical procedures: The GM was prepared for intravital microscopy as 

described previously (48, 63, 110). Briefly, a mouse was anesthetized with an 

intraperitoneal injection of pentobarbital sodium (60 mg/kg). The dorsal skin 

overlying the GM was shaved to remove hair and the mouse was placed on the 

warming plate in the prone position to maintain body temperature (37°C) 

throughout experiments. While viewing through a stereomicroscope, the overlying 

skin and connective tissue were removed using microdissection while the exposed 

GM was continuously superfused with a bicarbonate-buffered physiological salt 

solution (PSS; 340C, pH 7.4) containing (in mM) 131.9 NaCl, 4.7 KCl, 2 CaCl2, 1.17 

MgSO4, and 18 NaHCO3 equilibrated with 5% CO2/95% N2. The GM was dissected 

along the spine from its origins (lumbar fascia, sacrum and iliac crest) and reflected 

away from the body to expose its vascular supply then spread onto the surface of 

a transparent rubber pedestal (Sylgard 184; Dow Corning, Midland, MI, USA) and 

pinned at the edges to approximate in situ dimensions. Supplemental doses (20 

mg/kg) of pentobarbital sodium were given throughout experiments to maintain 

anesthesia. At the end of each day’s experiment the mouse was euthanized with 

an overdose of pentobarbital sodium followed by cervical dislocation.     

 

Intravital microscopy: Upon completion of surgery, the GM preparation was 

transferred to a fixed stage of an intravital microscope based on an Olympus 
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MVX10 Stereo Zoom platform (Center Valley, PA, USA) and equilibrated for 30 

min. During the 30 min period of equilibration, a sketch was made of the resistance 

network and respective vessel branches (FA, 1A, 2A, 3A) were identified for study, 

with the FA corresponding to the inferior gluteal artery. Images were acquired 

through a MV PLAPO 2XC objective (numerical aperture = 0.5) coupled to a 

megapixel CCD camera (Stanford Photonics, Palo Alto, CA, USA) and displayed 

on a video monitor at 1000X final magnification. Digital images were recorded at 

30 frames per second using Piper Controlled Imaging Desktop Software (Simi 

Valley, CA, USA). Internal diameters (IDs) were measured off-line as the width of 

the red blood cell column using video calipers using custom Labview software 

(National Instruments, Austin, TX) provided by Dr. Michael J. Davis (University of 

Missouri, Columbia, MO).  

 

Diameters and vasomotor tone: Internal resting diameters (IDrest) of FA, 1A, 2A 

and 3A were measured at the end of the 30 min equilibration. Upon completion of 

the day’s experiments, maximal IDs (IDmax) were measured for each branch during 

equilibration with sodium nitroprusside (SNP; 10-4 M) added to the superfusion 

solution to maximally dilate all branch orders (48, 111). Vasomotor tone of 

respective branch orders was quantified by calculating the difference between 

resting and maximal diameters compared to maximal diameter. The present 

experiments were performed in Control mice (0d) and at 5, 10 and 21 of GM 

regeneration following BaCl2 injury; respective time points were studied in a 

randomized order. 
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Reactivity to agonists: At each time point studied, after the initial 30 min 

equilibration period, endothelium-dependent vasodilation (EDD) was evaluated in 

response to the physiological agonist acetylcholine (ACh) (48) by cumulative 

addition (10-9 M to 10-5 M in 0.5 log increments) to the superfusion solution. The 

IDs of respective vessel branch orders were recorded at each ACh concentration 

to generate concentration-response curves at each time point studied. The use of 

NE in preliminary experiments to evaluate aAR vasoconstriction resulted in vessel 

“sausaging” or “ballooning” where segments of vessel branches constricted while 

other segments dilated making it difficult to obtain a clear measure. Therefore, 

vasoconstriction to α1AR stimulation with the pharmacological agonist 

phenylephrine (PE) was evaluated at the four defined time points during muscle 

regeneration by cumulative addition (10-9 M to 10-5 M in 0.5 log increments). The 

order in which PE and ACh evaluated was alternated across experiments; with the 

preparation superfused with control PSS for 30 min between respective agonists 

to restore vessels back to IDrest.  

 

Immunohistochemistry and imaging: For frozen sections, the GM muscle was 

processed as in (116) in the Cornelison laboratory. Following completion of 

intravital experiments, the GM tissue was excised and embedded in OCT (optical 

cutting temperature) freezing medium (Tissue Tek; Torrance, CA, USA) and frozen 

in isopentane cooled with liquid nitrogen. Specimens were then cryosectioned at 

20 μm thickness and blocked in 10% normal goat serum in phosphate-buffered 
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saline (PBS) 1% NP40 for 15 min. The primary antibody was then diluted in 10% 

goat serum in PBS (without detergent) and sections were incubated overnight at 4 

0C. Subsequently, samples were washed first with PBS and then with PBS 

containing 0.5% Tween20 (PBST). Concentrations of primary antibodies used 

were rabbit anti-laminin (Sigma) at 1:200 and mouse anti-eMyHC (DSHB) at 

1:5. Samples were then incubated with secondary antibody in 10% goat serum in 

PBS for 3-5 hours, washed with PBS and PBST, fixed in 4% PFA for 5-10 

mins, and mounted in Vectashield. Images were acquired on an Olympus BX-61 

microscope using Slidebook software (Intelligent Imaging Innovations), UPlanFL 

N objectives (0.50 NA), and a Retiga QImaging CCD camera (BC, Canada).	

	

Data analysis and statistics: Spontaneous vasomotor tone was calculated as the 

difference between maximal and resting diameter normalized to maximal diameter 

[(IDmax – IDrest)/(IDmax)] X 100% (48). Vasodilation and vasoconstriction were 

calculated as the change in ID from baseline at each respective agonist 

concentration. Data were analyzed with one- or two-way analysis of variance and 

post-hoc Bonferroni tests were conducted in cases of significant main effects. 

Summary data are presented as means ±  S.E. with P < 0.05 accepted as 

statistically significant. 
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RESULTS 

 

Local delivery of BaCl2 injured GM myofibers and microvasculature. At 1d 

post injury, injection of the fluorescent marker, FITC-dextran, revealed dark, 

unperfused regions of the GM indicative of microvascular disruption with loss of 

blood flow in the affected region (Figure 2.2). At this early time point, leakage of 

FITC-dextran (70 kDa) from residual microvessels further illustrated the loss of 

microvascular structural integrity. At 5d post injury, the presence of intravascular 

FITC-dextran in the lumen of microvessels confirmed that capillary perfusion was 

restored, and that dye leakage was minimal. Robust proliferation of capillaries was 

also apparent based upon FITC-dextran labeling.  

 

Histological analysis indicated regeneration and recovery of GM myofibers 

after injury. The GM was sampled at 0d (control) and at 5d, 10d and 21d to define 

the time course of myofiber regeneration using histological markers. Myofiber 

borders were viewed by labeling for the basement membrane protein, laminin 

(green) and nuclei (blue) (Figure 2.3). For Control myofibers, diameter 

approximated 75 µm with nuclei located at the periphery. Myofiber diameter was 

greatly reduced 5d post injury, with centralized nuclei in a small fraction of 

myofibers. Myofiber diameter then increased at 10d and by 21d appeared similar 

to Control. Centrally located nuclei in 10d and 21d sections confirmed newly 

regenerated myofibers post injury. Myofibers in the early stages of regeneration 

were identified by staining with eMyHC (red), a developmental myosin isoform that 
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is distinct from adult myosin isoforms. At 5d, clusters of small myofibers expressed 

eMyHC, while at 10d, the fading of eMyHC in some myofibers and disappearance 

of eMyHc in other myofibers with central nuclei indicated that the initial stages of 

regeneration were nearing completion. The absence of eMyHC at 21d in myofibers 

with central nuclei indicated that they had matured and expressed adult MHC.         

 

Elevated resting diameter and diminished vasomotor tone with muscle 

injury. The GM was prepared for intravital experiments as described in Methods 

and four branch orders of the resistance network were studied (Figure 2.4). 

Resting diameter was significantly elevated 5d post injury in all branch orders 

compared to Control. Although resting diameter began to decrease at 10d, it 

remained elevated in all branch orders compared to Control. At 21d post injury, 

resting diameters were not different from Control (Figure 2.5A). Maximal diameter 

measured during equilibration with SNP (10-4 M) in the superfusion solution was 

not different between Control, 10d and 21d in all branch orders but was decreased 

in 1A and 2A at 5d compared to Control (Figure 2.5B). Vasomotor tone was 

significantly impaired at 5d in all branch orders compared to Control and remained 

so in FA and 1A at 10d. Vasomotor tone improved between 5d and 10d post injury 

and recovered to control by 21d in all branch orders (Figure 2.5C). 

 

Endothelium-dependent vasodilation to ACh. Endothelium-dependent 

vasodilation was evaluated in FAs and arterioles (1A, 2A and 3A) (Figure 2.4) 

using concentration-response curves to ACh (Figure 2.6). In Control networks, 
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vasodilation increased in a sigmoidal, concentration-dependent manner for each 

branch order. During early regeneration at 5d, respective branch orders failed to 

respond to ACh, thus vasodilation was significantly impaired compared to Control 

throughout the network. At 10d, ACh evoked only a slight dilation of FAs and the 

amount of dilation at this time point increased with branch order. By 21d, all branch 

orders dilated in a concentration-dependent manner to ACh and were not different 

from respective Control responses (Figure 2.6).    

 

Adrenergic vasoconstriction to α1 AR stimulation. Vasoconstriction to α1 AR 

stimulation was evaluated in FAs and arterioles (1A, 2A and 3A) (Figure 2.4) using 

concentration-response curves to PE (Figure 2.7). In Control networks, 

vasoconstriction increased sigmoidally with [PE]. At 5d, vasoconstriction was 

significantly impaired in FAs and attenuated in arterioles compared to Control. At 

10d, vasoconstriction was impaired in FAs but was greater than observed for 

Control in arterioles, which may be attributable to lower resting tone at this time 

point. By 21d, vasoconstriction recovered in all branch orders and was not different 

from Control.  

 

 

DISCUSSION 

 

Using a novel model of skeletal muscle injury in the mouse, this was the first study 

to evaluate when and to what extent the microvascular resistance network 
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recovers during regeneration. In response to acute injury of the GM induced by 

local injection of BaCl2, microvascular perfusion was disrupted 1d post injury and 

restored at 5d with an abundance of capillary proliferation. Resting diameters of 

arterioles and their feed arteries were elevated through 5d and 10d, as reflected in 

the loss of spontaneous vasomotor tone. By 21d post injury, vasomotor tone was 

restored throughout the network, coincident with myofiber regeneration. 

Endothelium-dependent vasodilation and a-adrenergic vasoconstriction were 

abolished coincident with myofiber injury and degeneration, were ineffective at 5d 

post-injury and 21d were not different from Control. These are the first data to 

define the time course for recovery of function in microvascular networks that 

regulate blood flow during regeneration of skeletal muscle following acute injury.   

 

Importance of vasomotor tone  

Resistance vessels in resting skeletal muscle maintain a partially constricted state 

known as basal vasomotor tone, reflecting spontaneous contraction of SMCs of 

the vessel wall in response to transmural pressure (68). An increase in transmural 

pressure results in vasoconstriction and a decrease in pressure results in 

vasodilation in accord with the myogenic response (58, 61). In resting muscle, 

spontaneous vasomotor tone establishes an operating point from which the 

resistance vasculature can either dilate to increase flow or constrict to reduce flow 

in response to vasoactive stimuli (68). In the present study, vasomotor tone was 

impaired throughout the network at early regeneration time-points, especially at 5d 

post injury (Figure 2.5), suggesting SMCs were incapable of regulating blood flow 
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during early stages of recovery from muscle injury. Thus, in association with 

myofiber injury, damage to SMCs of the microvessel wall explains the loss of 

vasomotor tone in my experiments.  

 

The loss of blood flow with muscle injury results in tissue hypoxia (61, 91). Under 

hypoxic conditions, the release of ATP from red blood cells increases NO 

production in vascular ECs and vasodilation (70). With injury and inflammation, 

inducible NOS is expressed by macrophages that predominate in damaged and 

regenerating skeletal muscle to regulate and facilitate myogenic precursor cells in 

muscle healing (95). With activation of iNOS and the generation of NO required for 

new myofiber formation from muscle SCs (3, 95, 117), it is likely that tissue levels 

of NO are elevated in the injured GM, which would promote vasodilation and loss 

of vasomotor tone. I tested for such an effect at 5d using the NO synthase inhibitor 

L-NAME (1 mM, 30 min incubation). However, this treatment was without effect 

(data not shown), suggested that additional factors (e.g., SMC damage) contribute 

to the loss of vasomotor tone. Thus, future studies are needed to determine why 

vasomotor tone is impaired in resistance networks during the early stages of 

skeletal muscle injury.  

 

Endothelium-dependent vasodilation in regulating muscle blood flow 

The vascular endothelium plays an integral role in mediating vasodilation through 

the release of substances that affect the relaxation of vascular SMCs. 

Acetylcholine is a physiological agonist that, along with its analogues (e.g., 
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carbachol), has been used widely to evaluate endothelium-dependent relaxation 

of vascular SMCs (10, 21, 44, 48, 51). The binding of ACh to muscarinic (M3) 

receptors of ECs stimulates phospholipase C to liberate inositol triphosphate (IP3), 

increase [Ca2+]i and generate NO by activating eNOS. This gaseous signaling 

molecule and vasodilator, NO, hyperpolarize SMCs and cause relaxation by 

activating soluble guanylyl cyclase and increasing cGMP leading to PKG 

phosphorylation and activation of calcium-dependent potassium channels and the 

stimulation of Na+/K+ ATPase activity in SMC membranes (4, 34, 54, 68). Because 

inhibiting NO and other endothelium-dependent vasodilators such as prostacyclin 

(PGI2) can only partially attenuate vasodilation, particularly in the resistance 

vasculature, an alternative signaling pathway entails endothelium dependent 

hyperpolarization (EDH) of SMCs to cause their relaxation (15, 34, 52, 68). In such 

manner, an increase in intracellular Ca2+ concentration within ECs activates small 

and intermediate Ca2+-activated K+ channels, with efflux of K+ resulting in EC 

hyperpolarization (15, 25, 52). In turn, hyperpolarization spreads along the 

endothelium and into surrounding SMCs via myoendothelial gap junctions (15, 34, 

44, 52).  

 

With impaired spontaneous vasomotor tone (Figure 2.5) and negligible 

vasodilation to ACh at 5d post injury in all branch orders and in proximal branches 

(FA and 1A) at 10d (Figure 2.6), further studies are needed in determining whether 

impaired vasodilation is due to damaged signaling in ECs or to the response of 

SMCs to signals originating in ECs upon administration of ACh. Since the 
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inflammatory response to muscle injury contributes to elevate NO production as 

discussed above (3, 95, 117), it may be expected that stimulation with ACh would 

not cause additional vasodilation. Further studies are also needed in determining 

to what extent BaCl2 injury in the GM results in damage to both the EC and SMC 

layers of the microvessel wall resulting in impaired endothelium-dependent 

vasodilation. There are no previous studies that have evaluated endothelium-

dependent vasodilation during regeneration after skeletal muscle injury. My 

experiments are the first to show loss of endothelium-dependent vasodilation 

coincident with myofiber degeneration, which then gradually recovers to Control 

by 21d post injury, providing a timeline for recovery of vasodilatory mechanisms 

that contribute to blood flow regulation in skeletal muscle. 

 

Adrenergic vasoconstriction in regulating muscle blood flow 

Although multiple membrane receptors and ion channels are involved in SMC 

contraction through several signaling pathways, I focused on vasoconstriction 

regulated by vascular ARs because of their role in regulating arterial blood 

pressure through the release of NE from perivascular sympathetic nerve terminals 

(68, 80). The binding of NE to α1AR and α2AR increases [Ca2+]i in response to Ca2+ 

influx through the cell membrane or its internal release from the sarcoplasmic 

reticulum, resulting in vasoconstriction (68, 115). Due to difficulties in measuring 

vasoconstriction with NE (vessels exhibited “sausaging” with segments of 

constriction alternated with segments of dilation; not shown), my studies 

specifically focused on evaluating recovery of vasoconstriction to α1AR stimulation 
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with PE, where uniform vasoconstriction of a segment is achieved from liberation 

of IP3 via phospholipase C activity and increases in [Ca2+]i (43). As the functional 

distribution of α1AR subtype varies with branch order in resistance networks of 

skeletal muscle (80), I investigated sympathetic vasoconstriction in four 

successive branch orders of the resistance network to determine when and to what 

extent vasoconstriction via α1AR stimulation recover during regeneration. My data 

suggest that due to muscle injury, sympathetic vasoconstriction in response to α1 

receptor stimulation is impaired in all branch orders studied during the early stages 

of regeneration (e.g. 5d) (Figure 2.7).  

 

With local injury induced by BaCl2, tissue damage likely encompasses perivascular 

sympathetic nerves as well as SMCs. Thus, adrenergic vasoconstriction may be 

expected to be impaired during regeneration. However, by 10d post injury 

sympathetic vasoconstriction was restored indicating that, with completion of initial 

phase of muscle regeneration (Figure 2.3), vasoconstriction in response to α1AR 

stimulation has also recovered. By 21d post injury, α1AR-mediated 

vasoconstriction was not different from Control (Figure 2.7), confirming restoration 

of this signaling pathway. An early study evaluating vasoconstriction in the 

presence of NE (α1AR and α2AR agonist) in hamster cheek pouch skeletal muscle 

grafts reported diminished responses to NE that recovered over 3-4 months after 

grafting, and concluded that impaired vasoconstriction was due to discontinuity in 

the SMC layer or from irregularities in its organization (24). Further studies are 
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needed in evaluating structural damage to sympathetic nerve terminals and SMC 

αARs to explain functional data acquired through my experiments.    

 

SUMMARY AND CONCLUSION 

Using an in vivo mouse model in evaluating vascular reactivity and blood flow 

regulation, the present study provides new insight into when and to what extent 

microvascular resistance network function recovers during regeneration following 

injury to skeletal muscle. Spontaneous vasomotor tone in resting muscle allows 

the resistance vasculature to either dilate or constrict in response to vasoactive 

stimuli and to thereby regulate muscle blood flow. The diminished vasomotor tone 

observed at early stages of regeneration suggests that muscle blood flow 

regulation is impaired with skeletal muscle injury. The elevated resting diameter 

observed in all branch orders studied may be integral to maximizing blood flow to 

deliver oxygen and nutrients needed for myofiber regeneration as well for the 

removal of cellular debris and byproducts from damaged tissue. Although impaired 

at 5d during early regeneration, vasomotor tone improved when initial stages of 

myofiber restoration neared completion at 10d and had recovered by 21d when 

myofibers matured as shown in my histological studies. These findings support my 

hypothesis that restoration of flow control coincides with maturation and recovery 

of myofibers. Similar to recovery of vasomotor tone, EDD improved at 10d and 

recovered by 21d suggesting that recovery of vasomotor tone is requisite to the 

manifestation of EDD. Gradual recovery of EDD also suggests recovery of EC 

function and vasodilatory mechanisms, especially in distal arterioles recovering 



  

 35 

sooner than proximal vessels aiding in regulating the distribution of blood flow 

within the muscle. Although impaired at 5d, the ability to constrict at 10d with PE 

suggests that SMC responses to α1AR stimulation is restored. With vasomotor 

tone recovered by 21d and vasoconstriction to PE not different from Control in the 

branch orders studies, it can be stated that SMC function is restored by 21d. Future 

studies are required to understand mechanisms of impaired vasomotor tone, EDD 

and vasoconstriction with injury. Such insight will contribute towards developing 

appropriate therapeutic interventions to facilitate recovery of blood flow regulation 

in accord with the metabolic demands of skeletal muscle recovering from injury.     
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FIGURES 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. 1. BaCl2 injury of mouse GM.  
A ~ 5 mm incision was made through the skin overlying the GM and 75 µl of 1.2 % BaCl2 solution 
was injected into the space between the GM and gluteus medius muscles to damage GM myofibers 
and its microvasculature. 
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Figure 2. 2. In vivo fluorescence imaging showing microvascular damage with BaCl2.  
FITC-dextran (70 kDa) labeling (via a retro-orbital injection) of the microvascular network in control 
(left), loss of capillary perfusion with disruption of the microvasculature at 1d following 
administration of BaCl2 (middle) and recovery of capillary perfusion at 5d (right) post injury. Note 
greater number and tortuousity of capillaries along regenerating myofibers vs Control. Scale bar = 
100 µm and applies to all panels. 
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Figure 2. 3. Histology of regenerating skeletal muscle.  
Cross sections of GM immunostained for the extracellular matrix protein laminin (green) and 
embryonic myosin heavy chain (eMHC, red) to identify regenerating muscle fibers at 5d and 10d 
post injury compared to Control (0d). Note central location of nuclei (blue, DAPI) in regenerating 
fibers and loss of eMHC by 21d with persistence of central nuclei. Scale bars = 100 µm (Credits: 
Rylie White, Cornelison laboratory)    
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Figure 2. 4. GM muscle preparation and branch orders of study.  
The GM is dissected free along lumbar vertebrae and iliac crest, reflected away from the mouse, 
pinned onto a transparent Sylgard pedestal and irrigated with PSS at 350C (left). Schematic 
corresponding to region within broken circle showing inferior gluteal artery external to the GM, 
defined as the feed artery (FA), which enters the muscle (horizontal broken line) and becomes a 
first-order (1A) arteriole, which gives rise to second-order (2A) and then third-order (3A) arterioles 
(remaining network branches not depicted for clarity).   
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Figure 2. 5. Resting diameters, 
maximal diameters and vasomotor 
tone.  
(A) Resting internal diameters were 
increased at 5d and 10d and recovered 
by 21d post injury. (B) Maximal 
diameters during topical sodium 
nitroprusside (10-4 M) were maintained 
throughout recovery except for a 
transient reduction in arterioles at 5d. 
(C) Vasomotor tone was decreased at 
5d and 10d post injury and recovered 
by 21d. Summary data are means ± 
SE; n=5/group. # P<0.05, main effect of 
time. Φ P<0.05, main effect of branch 
order. * P<0.05 vs. Control 
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Figure 2. 6. Concentration-response 
curves to ACh.  
Endothelium-dependent vasodilation 
was depressed at 5d in all branch 
orders. At 10d, vasodilation was 
depressed in FA and 1A but improved 
with increasing branch order. At 21d, 
vasodilation was not different from 
Control for all branch orders. Summary 
data are means ± SE; n = 5 per group. 
# P<0.05, main effect of time. Δ P<0.05, 
main effect of [ACh]. *P<0.05 vs. 
Control FA 1A 2A 3A
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Figure 2. 7. Concentration-response 
curves to PE.   
Vasoconstriction to α1AR stimulation 
decreased at 5d vs. Control in all 
branch orders. At 10d, vasoconstriction 
was decreased in FA but increased with 
branch order. By 21d, vasoconstriction 
was not different from control in all 
branch orders. Summary data are 
means ± SE; n = 5 per group. #P<0.05, 
effect of time. ΔP<0.05, effect of [PE]. * 
P<0.05 vs Control. 
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CHAPTER 3 

 

RECOVERY OF FUNCTIONAL VASODILATION DURING SKELETAL 

MUSCLE REGENERATION  

 

 

INTRODUCTION  

 

Functional vasodilation entails the increase in blood flow to contracting skeletal 

muscle in accord with the intensity and duration of physical activity. A hallmark of 

musculoskeletal health is the ability to quickly match muscle blood flow to 

metabolic demand (63, 68, 81, 86, 126). Skeletal muscle injuries result from 

overexertion and physical trauma, exposure to myotoxic agents (e.g. venomous 

reptile bites) and ischemia, with the majority of injuries related to strains, 

contusions and lacerations (42, 65, 67, 92). Fortunately, skeletal muscle has 

resident muscle-specific stem cells known as satellite cells, that are activated, 

proliferate and differentiate to enable regeneration of myofibers (29, 39, 45, 67, 

83), Although many studies have investigated myofiber regeneration, little is known 

regarding the recovery of functional vasodilation. The microvasculature within 

skeletal muscle is damaged with muscle injury, therefore understanding when and 

to what extent functional vasodilation recovers during muscle regeneration is 

integral to supplying the oxygen and nutrients needed for muscle repair, removal 
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of cellular debris and metabolic by-products, and restoring the ability to engage in 

physical activity.    

 

Muscle blood flow increases rapidly with the onset of exercise and plateaus at a 

steady-state that is proportional to the level of contractile activity (32, 84, 109, 123), 

which under experimental conditions (e.g., electrical stimulation) is controlled 

through changing stimulation frequency and the duration of contraction (63, 81, 

125). A key determinant of muscle force production is motor unit recruitment via 

the firing of alpha motor neurons in the spinal cord, and vasodilation increases in 

direct proportion to motor unit recruitment (125). The rapid onset vasodilation 

(ROV) observed upon initiating exercise can be evoked by a single tetanic 

contraction, whereas slow onset (i.e., steady-state) vasodilation (SOV) observed 

during sustained activity can be evoked by rhythmic twitch contractions (63). Thus, 

varying stimulation parameters enables evaluation of respective mechanisms of 

functional vasodilation and the ensuing increases in muscle blood flow. Previous 

studies have evaluated recovery of skeletal muscle force generation after injury 

(22, 96, 108, 127), however there are no studies of the coupling between active 

force production and functional vasodilation during skeletal muscle regeneration in 

vivo, particularly with respect to microvessels that actually control muscle blood 

flow.  

 

The gluteus maximus muscle (GM) is common to both sexes, found in all 

mammalian species and, as a powerful extensor of the hip, is recruited during 
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locomotion. In the mouse, the thinness of the GM and its superficial location make 

it an ideal muscle to study mechanisms of functional vasodilation in vivo using 

intravital microscopy (48, 111). With respect to the control of muscle blood flow, 

feed arteries (FA) which are located external to the muscle enter the tissue and 

become first order arterioles (1A), which branch into second order arterioles (2A), 

which branch into third order arterioles (3A). Proximal arterioles (FA and 1A) 

regulate the amount of blood flow entering the muscle whereas distal arterioles 

(2A and 3A) regulate the distribution of blood flow within the muscle (104). As 

respective branches of the resistance network are readily observed in the GM 

prepared for intravital imaging, it provides the opportunity to study their response 

to muscle injury with reference to the regeneration of myofibers. To injure the GM 

and its microvasculature, I used local injection of barium chloride (BaCl2), which is 

myotoxic yet preserves muscle satellite cells, thereby enabling myofiber 

regeneration to occur following injury (56, 96). I studied defined branches of the 

microvascular resistance network at key time points defined in my preliminary 

studies. Using electrical field stimulation, I evaluated the recovery of ROV and SOV 

by manipulating the frequency and duration of muscle contraction. To gain insight 

into corresponding changes in skeletal muscle function, I evaluated the frequency 

force relationship at respective time-points to test the hypothesis muscle active 

force and functional vasodilation recover in parallel during skeletal muscle 

regeneration.     
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METHODS 

 

Barium Chloride injury and time points of study: All animal procedures were 

conducted according to protocols approved by the Animal care and Use 

Committee of the University of Missouri, Columbia. Male C57BL/6J mice were 

obtained from Jackson Laboratory (Bar Harbor, ME, USA) at ~3.5 months of age 

and acclimated at the University of Missouri animal care facilities at least 1 week 

prior to study. For barium chloride (BaCl2) injury, a mouse was anesthetized with 

ketamine/xylazine (100/10 mg/kg; intraperitoneal injection) and hair was shaved 

from the skin overlying the GM. The area was sterilized with Betadine Solution 

(Purdue Products L.P. Stamford, CT, USA), wiped with 70% alcohol, and then a 5 

mm incision was made through the skin. With this access, 75 µl of 1.2 % (v/v) of 

BaCl2 (LabChem, Zelienople, PA, USA) solution was injected using a Hamilton 

syringe and needle (32 gauge, 0.5” long, 300 tip bevel; Reno, NV, USA) into the 

space between the GM and underlying gluteus medius muscle to damage 

myofibers and microvascular networks of the GM. The incision was closed with 

VetClose surgical glue (Henry Schein, Dublin, OH, USA) and monitored closely 

until animals regained consciousness and for 4 consecutive days post injury to 

ensure healing of the incision and resumption of normal activity. The 

microcirculation of the GM was studied at 5, 10, 21 and 35d post injury with 

reference to uninjured Control (0d). 
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Intravital microscopy: The GM was prepared for intravital microscopy as 

described (48, 80, 111). On the day of an experiment, a mouse was anesthetized 

using an intraperitoneal injection of pentobarbital sodium (60 mg/kg), dorsal skin 

over the left GM was shaved and the mouse was placed on a warming plate in the 

prone position to maintain body temperature (37°C) throughout experiments. While 

viewing through a stereomicroscope, the skin and connective tissue overlaying the 

GM were removed while the exposed tissue was continuously superfused at ~3 

mL/min with a bicarbonate-buffered physiological salt solution (PSS; 340C, pH 7.4) 

containing (in mM) 131.9 NaCl, 4.7 KCl, 2 CaCl2, 1.17 MgSO4, and 18 

NaHCO3 equilibrated with 5% CO2/95% N2. The GM was dissected along its 

insertion (lumbar vertebra and iliac crest) and secured at the edges with stainless 

steel pins (diameter: 0.2 mm) onto a transparent rubber pedestal (Sylgard 184; 

Dow Corning, Midland, MI, USA) to approximate in situ dimensions (48). The 

completed preparation was transferred to the stage of an intravital microscope 

based on an Olympus MVX10 Stereo Zoom platform (Center Valley, PA, USA) and 

equilibrated for 30 min. Images were acquired through a MV PLAPO 2XC objective 

(numerical aperture = 0.5) coupled to a megapixel CCD camera (Stanford 

Photonics, Palo Alto, CA, USA) and displayed on a video monitor at 1000X final 

magnification. Digital images were recorded at 30 frames per second using Piper 

Controlled Imaging Desktop Software (Simi Valley, CA, USA) and internal 

diameters (IDs) were measured using video calipers. Images were analyzed using 

custom Labview software (National Instruments, Austin, TX, USA) provided by Dr. 

Michael J. Davis (University of Missouri, Columbia, MO). Supplemental doses (20 
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mg/kg) of pentobarbital sodium were given (intraperitoneal injection) to maintain a 

stable plane of anesthesia throughout experiments and the mouse was euthanized 

at the end of experiments with an overdose of pentobarbital sodium followed by 

cervical dislocation.     

 

Diameters and vasomotor tone: During the 30 min period of equilibration, a 

sketch was made of the resistance network and respective vessel branches were 

identified for study, with the FA corresponding to the inferior gluteal artery. Resting 

diameters (IDrest) of FA, 1A, 2A and 3A were measured at the end of the 30 min 

equilibration. Upon completion of the day’s experiments, maximal IDs (IDmax) were 

measured for each branch during equilibration with sodium nitroprusside (SNP; 10-

4 M) added to the superfusion solution to maximally dilate all branch orders (48, 

111). Vasomotor tone of respective branch orders was measured by calculating 

the difference between resting and maximal diameters normalized to maximal 

diameter.  

 

Contraction protocol: Contraction of the GM was evoked with electrical field 

stimulation using platinum-iridium (90%–10%) electrodes (diameter: 250 μm) 

positioned on each side of the muscle. Monophasic pulses (8V, 0.1 ms) were 

delivered from an S48 stimulator coupled to a SIU5 stimulation isolation unit (Grass 

Instruments West Warwick, RI, USA). Tetanic contractions for ROV and rhythmic 

twitch contractions for SOV were randomized across experiments, however 

contraction duration (100, 250 and 500 ms for ROV) and contraction frequency (2 
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Hz and 4 Hz for SOV) were always applied in increasing order. Separate stimuli 

were given for each vessel branch and the sequence in which respective branch 

orders was also randomized across experiments. Active force measurements 

required clamping of the muscle, which compressed microvessels within the 

clamped region. Therefore, vasomotor responses to muscle contraction and active 

force measurements were evaluated in separate experiments.  

 

Tetanic contractions and rapid onset vasodilation: A single brief tetanic contraction 

was elicited at 100 Hz (48, 63, 86) which elicits maximal tetanic force. Individual 

contractions were 100, 250 and 500 ms in duration with IDs recorded at rest and 

in response to contraction. Resting and peak response IDs were measured off line 

from recordings of respective contraction durations. Vessels returned to their 

resting baseline diameters within a few seconds after each contraction and allowed 

a 2 – 3 min recovery period before eliciting the next contraction.  

 

Rhythmic contractions and slow onset vasodilation: Slow onset vasodilation was 

measured by contracting the GM at 2 Hz and 4 Hz, each for 30 s, and peak ID was 

measured at 30 s after reaching a plateau at 15-20 s. Stimulation at these 

frequencies generated unfused twitch contractions. Following each 30 s period 

contraction, all vessel branch orders returned to baseline within 4 – 5 min.  

 

Active force production: In separate experiments, the GM was prepared for 

active force measurements (14, 48). While irrigated continuously with PSS at 34-
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35°C, the GM was dissected as described above, clamped across its entire width, 

perpendicular to myofiber orientation, using an atraumatic clamp. The clamp was 

secured to a load beam (LCL-1136; Omega, Stamford, CT, USA) coupled to a 

Transbridge amplifier (TBM-4; World Precision Instruments, Sarasota, FL, USA). 

The load beam was attached to a micrometer that enabled muscle length to be 

adjusted to elicit peak twitch tension (Lo), determined for each experiment by 

adjusting the length of the muscle during twitch contractions (1 Hz, 20 V) (48). To 

define the frequency-force relationship, the GM was stimulated at 10 – 120 Hz in 

20 Hz increments (each for 1 s) with peak force reached within 200 ms. Maximal 

active force (g) was measured by calculating the difference between peak force 

for each contraction and the preceding resting force. Following force 

measurements, the GM was severed along the edge of the clamp and cut from its 

origin, blotted of excess moisture and its wet weight (Ww) was measured (± 0.01 

mg) on a microbalance (XS105; Mettler Toledo, Columbia, OH, USA). Muscle 

cross-sectional area (CSA) (mm2) was calculated as: Ww/(Lo · muscle density) with 

muscle density = 1.06 mg · mm−3 (106).  Active force produced by the GM was 

plotted as a function of stimulation frequency for values measured in g and after 

normalization to muscle mass or CSA (mm2).  

 

Histological assessment with hematoxylin and eosin: At the end of an 

experiment, the excised GM was fixed in 10% formalin. Muscles were embedded 

in paraffin and 5 μm-thick sections were stained with hematoxylin and eosin 

(IDEXX, Columbia, MO, USA). Sections were imaged using Köhler illumination 
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with a 20X objective (NA, 0.5) on an E800 microscope using NIS Elements 

Advanced Research software (Nikon, Tokyo, Japan).   

 

Data analysis and statistics: For each vessel branch, spontaneous vasomotor 

tone was calculated as the difference between maximal and resting diameter 

normalized to maximal diameter [(IDmax – IDrest)/(IDmax)] X 100% (48, 111). 

Vasodilation was expressed as the actual change in diameter recorded for each 

vessel branch: (IDresp – IDrest), where IDresp is the peak (ROV) or plateau (SOV) ID 

for a given contraction and IDrest is the preceding resting ID.  To compare relative 

responses across time points and vessel branch orders, respective changes in 

diameter were calculated as the difference between IDresp and IDrest normalized to 

IDmax: [(IDresp – IDrest)/IDmax ]X 100%. To measure temporal aspects of ROV (at 500 

ms contraction duration in FA, 1A, 2A and 3A branch orders at 5d, 10d, 21d, 35d 

post injury and Control) change in diameter was measured every s for the first 11 

s and thereafter every two s (2 data points) and then five s (1 data point) post 

contraction. Diameter at time point 0 s was measured at the cessation of 

contraction due to tissue displacement during contraction. Data were analyzed with 

one- or two-way analysis of variance (GraphPad Prism 5; GraphPad, La Jolla, CA, 

USA), and when F-ratios were significant, post-hoc Bonferroni post-hoc tests were 

performed. Summary data are presented as means ± S.E. with P < 0.05 accepted 

as statistically significant. 
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RESULTS 

 

Regenerating myofibers have centralized nuclei. As shown with hematoxylin 

and eosin staining, damaged myofibers were observed at 5d along with nuclei of 

(presumably) inflammatory cells, confirming BaCl2 injury to the GM. This 

pathological state precluded evaluation of active force or functional vasodilation at 

5d. At 10d, new myofibers were present throughout the GM cross-section, 

characterized by smaller diameter and centralized nuclei. Myofiber diameter 

increased at 21d compared to 10d, consistent with maturation of nascent 

myofibers. By 35d, a subpopulation of myofibers with central nuclei appeared 

larger in diameter when compared to Control (Figure 3.1).   

 

Recovery of resting diameter and vasomotor tone during myofiber 

regeneration. Resting diameters were significantly greater than Control at 5d in 

all branch orders. Although beginning to recover at 10d, resting diameters 

remained greater than Control. At 21d, resting diameters were no longer different 

from Control and were maintained at 35d (Figure 3.2 – A). With 2 exceptions (2A 

and 3A at 5d), maximal diameters were not different between time-points across 

branch orders (Figure 3.2 – B). Spontaneous vasomotor tone was significantly 

impaired in all branch orders at 5d post injury compared to control and although 

improved from 5d, was still significantly impaired at 10d.  Vasomotor tone 

recovered by 21d, maintained at 35d and was not different from Control at these 

later time points (Figure 3.2 – C).  
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Recovery of rapid onset vasodilation (ROV) during myofiber regeneration.  

Compared to Control, the peak response diameter during ROV was impaired at 5d 

in FA, 1A, 2A and 3A branch orders at all contraction durations (100, 250 and 500 

ms) evaluated (Figure 3.3). Although improved relative to 5d, ROV was still 

impaired at 10d. Peak responses during ROV improved further at 21d and 

recovered to approximate control by 35d in all branch orders at all contraction 

durations. (Figure 3.3 and Figure 3.4). Relative responses increased with branch 

order and over time within each branch order. The time course of ROV at 500 ms 

contraction duration, particularly the time-to-peak response, appeared delayed 

compared to Control at 5d and became progressively more rapid at 10d, 21d and 

35d (Figure 3.5).     

 

Recovery of slow onset vasodilation (SOV) during myofiber regeneration. 

Compared to Control, the peak response during SOV was also impaired at 5d in 

all branch orders at both contraction frequencies (2 and 4 Hz).  SOV improved at 

10d when compared to 5d but was still attenuated compared to Control. Peak 

responses during SOV improved further at 21d and recovered by 35d in all branch 

orders at both contraction frequencies compared to Control. (Figure 3.6 and 

Figure 3.7). As seen with ROV, relative responses for SOV increased with branch 

order and over time within each branch order. 
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Recovery of active force during myofiber regeneration.  Active force (g) 

produced by the GM when stimulated at 80 – 120 Hz (Figure 3.8) was impaired 

by ~40% at 10d vs. Control, recovered by 21d and maintained at 35d (Figure 3.9 

– A). When normalized to muscle mass (Figure 3.9 – B), active force was 

significantly impaired at all time-points of regeneration vs. Control (e.g., by 47% at 

10d, 32% at 21d and 27% at 35d when stimulated at 100 Hz to evoke maximal 

tetanic tension). When normalized to muscle CSA, specific tension was impaired 

by 46% at 10d, 31% at 21d and 23% at 35d vs. Control (each at 100 Hz; Figure 

3.9 – C). Muscle mass was greater than Control at all time-points during 

regeneration, thereby increasing muscle CSA and reducing normalized force 

(Table 1). 

 

 

DISCUSSION 

 

This study is the first to evaluate the time course and extent of recovery for 

functional vasodilation in the microvascular resistance network during skeletal 

muscle regeneration. Following acute injury to the GM, elevated resting diameters 

with impaired vasomotor tone prevailed in all branch orders at 5d yet all branches 

recovered to Control values by 21d post injury. In response to single tetanic 

contraction and in response to rhythmic twitch contractions, both ROV and SOV 

were impaired during early regeneration (e.g. 5d), improved gradually through 10d 

and 21d and recovered by 35d. The active force produced by the GM was 60% of 
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Control at 10d post injury and recovered to Control by 21d. Thus, functional 

vasodilation required longer to recover than did force production (or vascular 

reactivity – see Chapter 2). I suggest that the time course for recovery of functional 

vasodilation begins with the formation of new muscle fibers and improves as their 

contractile function matures.   

 

 

Maximal tetanic contractions and rapid onset vasodilation  

ROV is considered an important initiating event to functional hyperemia at the 

onset of exercise, where muscle blood flow increases within a second following a 

brief contraction (31, 33, 36). The mechanisms underlying ROV are not fully 

resolved. In practice, ROV occurs too quickly to be a result of an accumulation of 

vasoactive metabolites (23, 32, 128). Recent findings in mice (112), hamsters (97) 

and humans (40) point to an integral role for the activation of K+ channels in the 

vascular wall. Efflux of K+ during repolarization of myofibers after each contraction 

increases interstitial [K+], which surrounds the microvasculature. Vascular cells 

hyperpolarize as a result of increased [K+]o via activation of inward rectifying K+ 

channels and the Na+/K+ ATPase in the plasma membrane (5, 32). Adenosine has 

long been known to be produced from the contraction-induced breakdown of 

adenine nucleotides and is formed on the extracellular side of myofibers via 

membrane bound ecto-5’ nucleotidase (17, 18), thereby increasing interstitial 

adenosine concentration during muscle contraction. Through binding to its 
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receptors on smooth muscle, adenosine plays a role in vasodilation (32) and has 

been implicated as a mediator of ROV if generated with sufficient rapidity (97). 

 

Rapid onset vasodilation was impaired across branch orders during early time 

points of regeneration (e.g. 5d). Although improved, ROV remained attenuated at 

10d (Figure 3.3) when new myofibers had formed (Figure 3.1). This may be 

explained by the deficit in active muscle force at 10d (Figure 3.9). With maturation 

of regenerating myofibers at 21d (Figure 3.1) [as also shown by others (56, 83)], 

ROV improved but had not yet recovered to Control. Extending the duration of 

recovery to 35d illustrates that ROV further improved to where this response was 

no longer different from Control across vessel branch orders. Although vasomotor 

tone recovered by 21d (Figure 3.2 – C), as did reactivity of ECs and SMCs to 

agonists (Chapter 2), the delay in recovery for ROV in response to GM contraction 

suggests that signaling between myofibers and the resistance vasculature requires 

additional time to recover. The signaling events underlying delayed time to peak 

of ROV observed especially during early regeneration time points (Figure 3.5) 

should be explored in future studies focused on understanding temporal aspects 

of ROV and its recovery during muscle regeneration.      

 

Rhythmic twitch contractions and slow onset vasodilation  

In contrast to ROV, rhythmic twitch contractions elicit vasodilation that is slower to 

develop, with muscle blood flow increasing gradually to a steady-state level in 

accord with the metabolic demand of active myofibers (6, 20, 86). Slow onset 
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vasodilation is attributable to vasodilator metabolites produced and released 

during muscle contractions (32, 68). The vasodilator nitric oxide (NO) is generated 

via endothelial nitric oxide synthase (eNOS) in ECs and by neuronal NOS (nNOS) 

found in skeletal muscle. The binding of physiological agonists such as bradykinin, 

acetylcholine and ATP on ECs,  or an increase in luminal shear stress can 

stimulate the generation of NO from the endothelium, while increases in calcium 

in contracting myofibers can generate NO via activation of nNOS; both may 

contribute to SOV during rhythmic twitch contractions (32, 68, 101). Vasodilator 

prostanoids such as prostaglandin and prostacyclin are also produced in myofibers 

and ECs, which can then act on SMCs to cause relaxation and vasodilation to 

increase muscle blood flow during exercise (32, 101).  

 

As observed for ROV in response to tetanic contraction, SOV in response to 

rhythmic twitch contractions at 2 Hz and 4 Hz was also impaired during early 

regeneration at 5d post injury across branch orders (Figure 3.6 and Figure 3.7). 

SOV improved progressively during regeneration as new myofibers formed and 

matured (56, 67, 83) (Figure 3.1) such that by 35d post injury, SOV was not 

different from Control. Collectively, these data provide the first timeline for recovery 

of functional vasodilation while illustrating that SOV and ROV recover with a similar 

time course during skeletal muscle regeneration after acute injury. For both types 

of contraction, the absolute changes in diameter were similar across branch 

orders. However, when expressed relative to maximal diameter, vasodilation 

increased with branch order as vessels decreased in size. For all branch orders, 
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functional vasodilation improved with time during recovery, indicating that 

irrespective of the underlying signaling events for ROV vs SOV, the ability of the 

resistance vasculature to respond to myofiber contraction follows a similar time 

course of recovery. 

 

Active force during skeletal muscle regeneration 

Muscle function is recovered when new muscle fibers are formed, matured and 

reinnervated (30, 83, 96). To underscore my studies of how functional vasodilation 

recovers during regeneration, I evaluated the time course and extent for restoration 

of active force production by GM myofibers after BaCl2 injury. Since muscle fibers 

were just beginning to regenerate at 5d with many fibers still damaged, active force 

was expected to be negligible and was therefore not evaluated until fiber integrity 

was restored (at 10d). When new GM muscle fibers were clearly present at 10d, 

maximum tetanic force (g) was ~60% of Control and recovered to Control by 21d, 

when myofibers had enlarged and appeared similar to Control in size. Active force 

was maintained at 35d, confirming recovery of the GM in this capacity (Figure 3.9 

– A). However, when normalized to muscle mass (g force/g muscle) (Figure 3.9 – 

B) or to muscle cross-sectional area (CSA, mN/mm2) (Figure 3.9 – C), maximal 

force plateaued at ~75% of Control at 21 and 35d. The increase in muscle mass 

and CSA (Table 1) in the regenerating GM contributed to the decrement observed 

in normalized active force at respective time points of recovery. Since muscle mass 

and total CSA of a given muscle includes intracellular and extracellular tissue 

components (along with changes in composition), changes in fluid content, 
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connective tissue and intracellular total protein content contribute to changes in 

muscle mass and cross section area. A previous study demonstrated that 

decreased specific tension in soleus muscle grafts (108) was a result of increased 

fluid content and noncontractile tissue components. Therefore, factors such as 

increased fluid content and noncontractile tissue components could potentially be 

contributing to increased muscle mass and decreased normalized active force 

observed in my study at 21 and 35d post injury compared to Control. Further 

studies are needed to resolve the nature of tissue composition in the regenerating 

GM, particularly when active force has stabilized. The ability of regenerated muscle 

to sustain activity (i.e., fatigability) should also be defined as a reference for 

therapeutic intervention aimed at restoring muscle function in vivo.   

 

SUMMARY AND CONCLUSION 

Using a novel muscle injury model in evaluating functional vasodilation at different 

contraction durations and contraction frequencies, this study for the first time 

provides novel insight into when and to what extent functional vasodilation and 

muscle active force recover in the GM during regeneration following acute injury. 

The need for additional recovery time for functional vasodilation (35 days) 

compared to recovery of vasomotor tone (21 days) suggests that signaling 

between muscle fibers and resistance vessels during vasodilation in response to 

muscle contraction takes longer to recover than does vasomotor tone and vascular 

reactivity to pharmacological agonists (Chapter 2). Despite markedly different 

signaling pathways, ROV and SOV recovered in parallel, and although total active 
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force recovered by 21d, specific tension was still impaired at 35d, requiring future 

studies to determine the basis of such differences. The findings in this study point 

to how ROV and SOV recover during regeneration, when new myofibers are 

formed and their function is regained and provides a reference for when physical 

activity can be resumed post muscle injury. Future studies are needed to 

understand mechanisms underlying impaired functional vasodilation and active 

force with injury to the GM, which will advance our understanding of recovery of 

muscle blood flow in contracting muscle and designing of future therapeutic 

interventions in facilitating recovery.      
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FIGURES 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 1. Hematoxylin and eosin staining of uninjured GM muscle fibers (Control) and 
regenerating GM muscle fibers at 5, 10, 21 and 35d after BaCl2 injury.  
Note damaged muscle fibers at 5d and regenerating muscle fibers (with centrally located nuclei) at 
10d. Regenerated muscle fibers at 21d and 35d retain central nuclei. Scale bars = 50 µm.  
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Figure 3. 2. Resting and maximal 
diameters and vasomotor tone for FA, 
1A, 2A and 3A during regeneration of 
the GM. 
(A) Following GM injury with BaCl2, resting 
diameters increased at 5d and recovered 
by 21d in all vessel branch orders. (B) 
Maximal diameters (sodium nitroprusside, 
10-4M) were not different across time 
except in 2A and 3A at 5d post injury. (C) 
Spontaneous vasomotor tone decreased 
at 5d and recovered by 21d in all vessel 
branch orders. Summary data are means 
± S.E.; n = 5 per group. #P<0.05, effect of 
time. ΦP<0.05, effect of branch order. 
*P<0.05 vs Control. 
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Figure 3. 3. Rapid onset vasodilation 
(ROV) during muscle regeneration: 
Diameter change 
In response to a tetanic contraction (100 
Hz) for 100, 250 or 500 ms duration, ROV 
was impaired at 5d in all branch orders, 
improved progressively at 10d and 21d, 
and was similar to control at 35d. Summary 
data are means ± S.E.; n = 5 per group. 
#P<0.05, effect of time. yP< 0.05, effect of 
contraction duration. *P<0.05 vs Control.     
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Figure 3. 4. Rapid onset vasodilation 
(ROV) during muscle regeneration: 
Normalized data 
In response to a tetanic contraction (100 
Hz) for 100, 250 or 500 ms duration, ROV 
was impaired at 5d in all branch orders, 
improved progressively at 10d and 21d, 
and was similar to control at 35d. Summary 
data are means ± S.E.; n = 5 per group. 
#P<0.05, effect of time. yP< 0.05, effect of 
contraction duration. *P<0.05 vs Control.     
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Figure 3. 5. Time course of Rapid onset 
vasodilation (ROV) at 500 ms 
contraction duration.  
In response to a tetanic contraction (100 
Hz, 500 ms), the time course and 
amplitude of ROV were attenuated at 5d in 
all branch orders, then became 
progressively greater and faster at 10d, 
21d, and 35d. Summary data are means ± 
S.E.; n = 5 per group. 
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Figure 3. 6. Slow onset vasodilation 
(SOV) during muscle regeneration: 
Diameter change  
In response to rhythmic twitch contractions 
at 2 Hz and 4 Hz for 30s, SOV was 
impaired at 5d in all branch orders, 
improved progressively at 10d and 21d, 
and was similar to control at 35d. Summary 
data are means ± S.E.; n = 5 per group. 
#P<0.05, effect of time. yP< 0.05, effect of 
contraction frequency. *P<0.05 vs Control.     
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Figure 3. 7. Slow onset vasodilation 
(SOV) during muscle regeneration: 
Normalized data 
In response to rhythmic twitch contractions 
at 2 Hz and 4 Hz for 30s, SOV was 
impaired at 5d in all branch orders, 
improved progressively at 10d and 21d, 
and was similar to control at 35d. Summary 
data are means ± S.E.; n = 5 per group. 
#P<0.05, effect of time. yP< 0.05, effect of 
contraction frequency. *P<0.05 vs Control.     
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Figure 3. 8. Preparation of the GM for active force measurements.  
Platinum wire electrodes are positioned on either side of the muscle for electrical field stimulation 
with the GM secured in an atraumatic clamp connected to a force transducer while continuously 
irrigated with PSS.  
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Table 1. Muscle mass and Cross-Sectional Area (CSA) of the GM during regeneration at 10d, 
21d and 35d compared to Control.  

Summary data are means ± S.E.; n = 5 per group. Mass and CSA were greater (*P<0.05) at 10d, 
21d and 35d vs Control. (n=5/group). CSA = Muscle mass / (Muscle Length X Density)].  
 

 

  

 Control 10d 21d 35d 

Muscle Mass   54.2 ± 2.3 *66.6 ± 7.6 *76.7 ± 3.2 *70.8 ± 2.8 

CSA (mm2) 5.1 ± 0.2 *6.2 ± 0.6 *7.2 ± 0.4 *6.4 ± 0.4 
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Figure 3. 9 Frequency-force 
relationships during regeneration of the 
GM.  
 (A) Maximal active force (g) during 
electrical stimulation was ~60% of Control 
at 10d, recovered by 21d and was 
maintained through 35d. Normalized to (B) 
muscle mass (g/g) or to (C) cross-sectional 
area (CSA, mN/mm2), maximal force 
plateaued at ~75% of Control during 
regeneration. Summary data are means ± 
S.E.; n = 5 per group. #P<0.05, effect of 
time. ΩP<0.05, effect of stimulation 
frequency.  *P<0.05 vs Control.     
 
 

A 

B 
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CHAPTER 4 

 

DISCUSSION 

 

SUMMARY  

My dissertation research has investigated when blood flow is restored and 

becomes functionally regulated in regenerating skeletal muscle following injury. To 

investigate the functional recovery of the microcirculation in vivo using intravital 

microscopy, I developed a new model of acute injury using the mouse GM. I used 

local injection of BaCl2 to kill myofibers and to then evaluate recovery of vasomotor 

responses of the microvascular resistance network in response to to physiological 

agonists and to functional vasodilation in response to muscle contraction. To 

understand whether recovery of microvascular function parallels the recovery of 

skeletal muscle function, I evaluated active force produced by the GM at the key 

time-points of study defined by my experiments. These physiological 

measurements enabled me to determine when and to what extent the coupling 

between contractile function and functional vasodilation recover during 

regeneration following acute injury to skeletal muscle in the mouse.     

 

Chapter 2 describes the application of my GM injury model to study the recovery 

of microvascular perfusion and vasomotor responses to pharmacological agonists 

in regulating blood flow to skeletal muscle. By injecting 75 μl of a 1.2% BaCl2 

solution under the GM, I was able to kill myofibers and damage their microvascular 
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networks including the feed artery (defined anatomically as the inferior gluteal 

artery) and arterioles that control blood flow and the capillaries surrounding each 

myofiber. Chapter 2 answers the key question: When is tissue perfusion restored 

during regeneration following acute injury? I administered a fluorescent probe, a 

70 kDa FITC-dextran, via a retro-orbital injection to label plasma systemically and 

by observing the regenerating microcirculation. I found that tissue perfusion was 

restored by 5d post injury by confirming fluorescent plasma within the arteriolar 

network and capillaries. Histologically, tissue cross-sections labeled with 

embryonic myosin heavy chain revealed initiation of muscle regeneration at 5d, 

completion of new fiber formation at 10d and mature myofibers at 21d post injury 

that were similar in size to Control myofibers. Therefore, these time-points were 

selected in studying the recovery of the microcirculation to determine when and to 

what extent vasomotor control recovered during respective stages of myofiber 

regeneration.  

 

I found that spontaneous vasomotor tone was impaired at 5d and 10d post injury, 

attributable to a significant increase in resting diameter of FA, 1A, 2A and 3A 

branch orders of the resistance network; maximal diameters were generally not 

different from Control. Spontaneous vasomotor tone recovered by 21d, suggesting 

that mechanisms regulating vasomotor tone are recovered when myofibers have 

matured. Endothelium-dependent vasodilation, evaluated by recording diameter 

responses to increasing concentrations of ACh applied topically, was also impaired 

at 5d in all branch orders. However, by 21d, endothelium-dependent vasodilation 
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recovered and was no longer different from Control (Figure 4.1). Interestingly, 

differences in the recovery of the branch orders were observed at 10d, where 

smaller distal 2A and 3A branches recovered sooner than larger proximal FA and 

1A, suggesting a distal-to-proximal gradient in the recovery of endothelium-

dependent vasodilator signaling. This leads me to suggest that vessel structures 

(endothelial and smooth muscle cell layers) of smaller branches recover sooner 

when compared to larger arterioles and FA, therefore their function in regulating 

regional flow distribution recovers sooner than the ability to regulate total blood 

flow entering the muscle. Sympathetic vasoconstriction to cumulative increases in 

the concentration of the α1 adrenoreceptor stimulation with PE was also impaired 

at 5d in all branch orders. At 10d, all branch orders exhibited constriction with PE 

and by 21d sympathetic vasoconstriction was no longer different from Control. 

Collectively, my data suggest that spontaneous vasomotor tone, endothelium-

dependent vasodilation and sympathetic vasoconstriction recover gradually and 

progressively in concert at each stage of muscle regeneration.  

 

Chapter 3 describes the recovery of functional vasodilation during skeletal muscle 

regeneration following BaCl2 injury in FA, 1A, 2A and 3A branch orders of the GM 

resistance network. In these experiments, I evaluated the hyperemic response to 

varying intensities and durations of myofiber contraction (i.e., metabolic demand) 

at 5d, 10d, 21d and 35d compared to uninjured Control. To simulate a brief, intense 

increase in metabolic demand, ROV was evaluated by contracting the GM with 

single tetanic contractions at 100 Hz with at durations of 100, 250 and 500 ms. I 
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found that ROV was impaired at 5d post injury in all branch orders. Although 

showing improvement, ROV was still impaired at 10d (vs Control) and improved 

further by 21d post injury in all branch orders across contraction durations. 

However, ROV was not restored to Control by 21d, so I extended the period of 

recovery and evaluated ROV at 35d post injury. My data from this later time point 

indicate that ROV had recovered in all branch orders. To simulate a moderate, 

sustained increase in metabolic demand, slow onset vasodilation was evaluated 

by contracting the GM with rhythmic twitch contractions at 2 and 4 Hz for 30 s and 

peak dilation was measured in all branch orders at 5d, 10d, 21d and 35d post 

injury. I found that SOV was impaired at 5d in all branch orders and improved 

progressively at 10d and 21d, with recovery to Control values at 35d post injury. 

Thus, SOV and ROV appear to recover in parallel despite differences in their 

signaling pathways.  

 

My findings show that, while spontaneous vasomotor tone and the reactivity of ECs 

and SMCs to physiological agonists had recovered by 21d, functional vasodilation 

in response to myofiber contraction required more time to restore the signaling 

events involved in the hyperemic responses to different exercise intensities 

(Figure 4.1). Histological analysis (hematoxylin & eosin staining) of GM cross-

sections following BaCl2 injury showed extensive damage to myofibers at 5d with 

a few having central nuclei; new myofiber formation was pronounced throughout 

the muscle at 10d as confirmed by their having centralized nuclei. These newly-

formed myofibers increased in size at 21d and 35d, showing maturation of the 
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newly regenerated muscle when embryonic myosin was no longer being 

expressed (Figure 2.3).  

 

Recovery of muscle force production was evaluated by contracting the GM at 

increasing frequencies from 10 Hz to 120 Hz in 20 Hz increments and measuring 

active force generated at the respective contraction frequencies.  Since muscle 

fibers were just beginning to regenerate at 5d, force measurements were not 

evaluated until 10d, with additional studies at 21d and 35d. Compared to Control, 

active force (as measured in grams) was impaired at 10d, recovered by 21d and 

was maintained at 35d (Figure 4.1). When active force was normalized to muscle 

weight or cross-sectional area, active force recovered to ~75% of control at 21d 

and remained at this level through 35d. In light of the greater weight of the 

regenerated GM compared to Control, my evaluation of active force production 

implies that increased fluid content, non-contractile tissue components and/or 

decreased intracellular protein content may contributing to the increase in muscle 

mass and decrease in normalized active force observed at 21 and 35d post injury 

compared to Control. My findings in chapter 3 suggest that although vasomotor 

tone recovers by 21d, additional time is needed for recovery of ROV and SOV as 

well as recovery of specific tension of the GM.    
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IMPLICATIONS OF CURRENT FINDINGS 

Understanding the time course and extent for the recovery of blood flow regulation 

by the endothelium and smooth muscle of the resistance microvasculature provides 

novel insight needed for understanding the recovery of signaling mechanisms 

involved in endothelium-dependent vasodilation and sympathetic vasoconstriction 

at each phase of muscle regeneration studied following injury. Impairment in 

vasomotor tone observed with injury and during early regeneration at 5d can now 

be targeted in understanding what factors contribute to this impairment and develop 

effective strategies in facilitating recovery of vasomotor tone and thereby 

accelerating recovery of blood flow regulation in regenerating skeletal muscle. 

Current research has identified delivery of growth factors (13, 22, 60, 74, 131) as 

well as adult and pluripotent stem cells (50, 72, 76, 77, 130) as treatment options in 

facilitating skeletal muscle recovery from injury. Therefore, understanding when and 

to what extent the microcirculation recovers during the different phases of 

regeneration provides important new information applicable to selecting appropriate 

treatment options in facilitating recovery.        

 

Understanding when and to what extent the coupling between contractile function 

and functional vasodilation recover during regeneration following skeletal muscle 

injury will also provide insight into signaling mechanisms that are impaired with 

injury and the time required for their recovery. The data from my research will 

therefore aid in understanding when physical activity, especially in athletes where 
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tissue perfusion is crucial in meeting the metabolic demands of championship 

performance, can be resumed after injury. Studies have investigated the role of 

exercise/contractile activity as therapy after skeletal muscle injury and shown how 

exercise increases skeletal muscle mass and CSA of regenerating muscle (69, 93, 

94). Exercise is known to initiate transcription of antioxidant genes and specific 

signaling pathways that results in increased production of antioxidant enzymes that 

could facilitate muscle remodeling (73). Therefore, the data from my research 

provide a time course with respect to when muscle function and functional 

vasodilation mechanisms are recovered and when physical activity can be 

resumed to further facilitate recovery of skeletal muscle during regeneration 

following acute injury. Further, these data provide a reference for investigating how 

signaling events involved in recovery of the microcirculation during regeneration are 

affected during cardiovascular disease (e.g., diabetes and advanced age), and how 

recovery of microvascular function may be prolonged in such disease states.  

 

 

FUTURE DIRECTIONS   

Future studies should be aimed at investigating the extent of structural damage to 

the GM microvascular network with BaCl2 injury, especially in the FA, 1A, 2A and 

3A branch orders of the resistance network. Of particular interest is the structure 

and integrity of endothelial and smooth muscle layers of these branch orders 

during the different phases of regeneration. Because structure defines function, 

investigating structural recovery of the microvasculature will provide critical insight 
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into trends of functional recovery apparent from my research. For example, it would 

be important to identify whether elevated vasomotor tone during early regeneration 

at 5d is due to smooth muscle structural damage and loss of contractility versus 

increased production of NO or other vasodilator agents. 

 

With injury and inflammation, iNOS is expressed by macrophages in damaged and 

regenerating skeletal muscle to regulate and facilitate myogenic precursor cells in 

the healing process (95). The resulting generation of NO via activation of iNOS 

appears to be required for the formation of new myofibers (3, 95, 117) and could 

potentially be contributing to vasodilation and impaired vasomotor tone. Therefore, 

future studies could be aimed at inhibiting macrophages during skeletal muscle 

regeneration following injury. These experiments would determine whether NO 

generation via activation of iNOS contributes to impaired vasomotor tone. Because 

iNOS expressed in macrophages also facilitates myogenic precursor cell function 

during regeneration, inhibiting macrophages could impair skeletal muscle 

regeneration. With my data for reference, appropriate experiments can now be 

designed to address these key relationships.     

 

The arteriolar branches of the microcirculation are innervated by the sympathetic 

nervous system and sympathetic nerve activity can elevate vasomotor tone (61, 

68). Therefore, future studies could be designed in labeling perivascular 

sympathetic nerves at the different phases of regeneration, especially during early 

phases of regeneration, in determining whether loss of sympathetic tone 
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contributes to impaired tone and resulting blood flow regulation. These 

experiments will provide valuable insight as to why vasomotor functions are 

impaired immediately following injury and during early regeneration when 

myofibers are beginning to regenerate. One hypothesis that could be readily tested 

using immunostaining and perivascular nerve stimulation is that restoration of 

vasomotor tone accompanies regeneration of perivascular sympathetic nerves. 

 

With respect to recovery of vasodilation during skeletal muscle regeneration and 

understanding signaling mechanisms involved in ascending vasodilation of 1A and 

FA branches that results in increased blood flow into skeletal muscle, future 

studies could be aimed at understanding when and to what extent these signaling 

mechanisms recover during regeneration. Feed arteries of the hamster retractor 

muscle have been used previously in demonstrating two distinct and 

complementary signaling pathways involved in SMC relaxation to focal delivery of 

ACh (44). The first was recognized as electromechanical conduction of 

vasodilation with spread of hyperpolarization along the endothelium and into SMCs 

via activation of IKCa
 and SKCa channels in ECs. The second was identified as 

pharmacomechanical conduction mediated by Ca2+ waves and the release of 

autocoids (e.g. NO and PGl2) along the endothelium (44). Recent studies (112) 

have also shown that vasodilation ascends from downstream arterioles into 

upstream FAs in response to GM contraction by both rapid and slow onset 

signaling, thereby demonstrating physiological relevance of both signaling 

pathways during exercise. Therefore, using isolated arteries and/or arterioles, or 
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the intact microcirculation in response to GM contraction, it would be interesting to 

explore these mechanisms in understanding when ascending vasodilation 

recovers following skeletal muscle injury.   

 

My dissertation research studies have identified fundamental relationships 

between myofibers and microvessels during skeletal muscle regeneration and 

have provided a new foundation in raising future mechanistic questions in 

determining recovery of blood flow regulation in regenerating skeletal muscle.     
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Vasomotor tone                  Impaired                Improved                                              Recovered  
EDD                                    Impaired                Improved                                              Recovered 
Vasoconstriction (a1)          Impaired                Improved                                              Recovered 
Functional vasodilation        Impaired                Improved                                              Improved                   Recovered                                                                                                                                                                                 
Active force (g)      NA                      Impaired                                              Recovered                  Recovered                                                                                                                                                                                   
                                                                                                                                                                                  
Figure 4. 1. Recovery of vasomotor responses and muscle function during skeletal muscle regeneration following injury. 
Following BaCl2 injury of the GM, initial regeneration of myofibers began at ~5d post injury. Vasomotor tone, endothelium-dependent dilation 
(EDD), sympathetic vasoconstriction and functional vasodilation were impaired during initial regeneration at 5d. Vasomotor responses 
improved at 10d when new myofibers were formed and initial regeneration nearing completion. Vasomotor tone, EDD and sympathetic 
vasoconstriction recovered by 21d during maturation of newly formed muscle fibers. Although improved at 21d, functional vasodilation 
recovered at 35d. Muscle active force (g) was impaired at 10d, however it recovered by 21d and recovery was maintained at 35d post injury.     

Time post          
 Injury      0d                           5d                            10d                                                                21d                          35d 
 

BaCl2             Degeneration                 Regeneration                                          Maturation and Functional recovery  
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