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ABSTRACT 

Rapid onset vasodilation (ROV) initiates hyperemia via relaxation of smooth muscle cells 

(SMCs) of proximal feed arteries (FAs) and downstream arterioles. SMCs integrate inputs 

from perivascular sympathetic nerves via α-adrenoceptors (αARs) and from intimal 

endothelium. Enhanced sympathetic nerve activity and endothelium dysfunction may 

underlie the deficits muscle blood flow with advanced age. This dissertation explores the 

roles of adrenergic and endothelial signaling during vasomotor control to understand how 

aging affects ROV in the resistance vasculature of skeletal muscle network. Using intravital 

microscopy of the mouse gluteus maximus muscle, contractions were evoked by motor nerve 

stimulation. In FA and arteriolar networks, αAR subtypes mediating vasoconstriction and 

endothelium dependent dilation were resolved using selective α1ARs vs. α2ARs 

pharmacological interventions and acetylcholine. Aging altered the functional distribution of 

αAR subtypes within resistance networks, with α2ARs most effective in attenuating ROV of 

FA. An essential role for the endothelium in the conduction of ROV from arterioles in to FA 

was resolved using light-dye treatment with pharmacological manipulations of autacoid 

production and ion channel activation. This research provides definitive new insight into 

signaling pathways underlying the regulation of skeletal muscle blood flow. These findings 

can be translated into more effective strategies to restore muscle blood flow with aging and 

improve quality of life.  
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CHAPTER 1 

INTRODUCTION 

 

FUNCTIONAL HYPEREMIA  

Skeletal muscle is a unique organ as the blood flow through it can change over a broad 

range. During physical activities, muscle blood flow can increase  50- to 100-fold (21) in 

active muscles and is closely matched with metabolic demand (24, 80, 138).  Functional 

hyperemia during exercise is distinct from reactive hyperemia, which is a quick response 

to restore blood flow following a transient occlusion. Reactive hyperemia involves multiple 

mechanisms (95) including accumulation of vasodilator metabolites (2, 101), low PO2 

(158), myogenic relaxation during the reduced transmural pressure (4, 59) as well as  

passive mechanisms due to distention when blood flow is restored from upstream vessels 

(95). In contrast, functional or exercise hyperemia describes the increase in muscle blood 

flow in response to contractile activity of skeletal muscle. The earliest study recorded the 

increase of blood flow responses to muscle contraction was done by Gaskell in 1877 (57), 

through measuring the effluent blood flow from the vein of dog hindlimb during 

electrically stimulated contractions. 

Vasodilation in contracting muscle is the principal phenomenon driving local blood flow 

increase to muscular exercise. Traditionally, this has been explained by the production of 

vasodilator metabolites such as adenosine, ATP, K+ and CO2 (13, 60, 80, 149). More 

recently, an electrical basis has been proposed. Evidence for such regulation was obtained 

from dog hindlimb muscle,  where K+ infusion blocked the iliac blood flow increase in 
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response to 1s contraction, by eliminating hyperpolarization of smooth muscle cells 

(SMCs) as a mechanism of vasodilation (64).    

 

VASODILATION IN RESISTANCE NETWORKS DURING  

FUNCTIONAL HYPEREMIA  

The regulation of local blood flow through vasomotor control of resistance vessels is 

substantial because small adjustments in their diameters produce robust changes in muscle 

blood flow according to Poiseuille's law, whereby flow increases with the 4th power of 

radius. For example, a doubling of vascular diameter predicts a 16-fold increase in blood 

flow through the vessel at constant perfusion pressure. 

Under resting conditions, all branches of resistance vessel networks in skeletal muscle are 

constricted relative to their maximum diameters. Such intrinsic or spontaneous tone is the 

integrated effects of multiple stimuli including myogenic, sympathetic, endothelial and 

local metabolic factors.  During exercise, rapid onset vasodilation (ROV) can be evoked in 

response to a single muscle contraction (1, 29, 30, 102, 105, 161) across all vascular branch 

orders and initiates rapid hyperemia (28), followed by a steady-state vasodilation (SSV) 

that sustains the elevation in blood flow (23) during functional hyperemia.  

All vascular branch orders in a resistance network are involved (138) in local blood flow 

regulation; the dilation of proximal feed arteries (FA) and its downstream primary (1A) 

arterioles contribute to the increased magnitude of total blood flowing into an active 

muscle, while the distal daughter branches, referred to herein as the second-order (2A) and 
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third- order (3A) arterioles, dilate in accord with the regional distribution of blood flow. 

Coordinating vasodilation (87, 138, 141) among branch orders is the key feature of 

resistance networks in local blood flow regulation. Therefore, effective regulation of 

reactivity at individual vascular branch orders and the coordination of vasomotor responses 

among distal and proximal vessels (87, 138, 141) appear integral to functional hyperemia 

and its local distribution according to the nature of exercise. 

 

VASCULAR REACTIVITY 

In respective vascular branch orders, reactivity is manifested through activation or 

relaxation of vascular SMCs in response to a variety of stimuli. Thus, SMCs receive input 

from the perivascular sympathetic nerves, which release norepinephrine (NE) to activate 

α-adrenergic receptors (ARs) (49) and promote vasoconstriction. Concomitant input from 

the intimal endothelial cells (ECs) promotes vasodilation through release of autacoids 

[nitric oxide (NO), prostaglandins] and endothelium-derived hyperpolarization (EDH) 

(56). EDH is initiated by the activation of small (KCa 2.3)- and intermediate (KCa 3.1)- 

conductance Ca2+-activated K+ channels (17, 26, 51, 72). effected by myoendothelial 

(SMC: EC) coupling through gap junctions (47). During blood flow regulation in resistance 

networks, changes in vessel diameter reflect the interaction between signaling events 

generated in SMCs, endothelial cells and perivascular nerves along with the products of 

metabolic activity in the surrounding tissue as discussed earlier for functional hyperemia. 

In addition to the response of microvessels to changes in oxygen availability (45, 77), α-

adrenergic vasoconstriction and endothelium dependent vasodilation establish baseline 
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levels of vasomotor control in respective branch orders. Regional variability in the 

functional distribution of α1ARs and α2ARs has been demonstrated across arteriolar branch 

orders in rat and mouse cremaster muscles (106, 114) as well as the mouse gluteus maximus 

muscles (GM) (106). Branch order effects are also manifest in endothelium dependent 

vasodilation, where autacoid production (e.g., NO and prostaglandins) predominates in 

some vessel branches (typically larger conduit arteries) while electrical signaling (EDH) 

predominates in other vessel branches (typically smaller resistance arteries and arterioles) 

(130, 143). The endothelium may also play a greater role in the dilation of large arterioles 

than of smaller arterioles (86, 116, 150). 

 

RAPID ONSET VASODILATION 

ROV increases blood flow immediately (<1s) (109, 144, 157) at the onset of exercise or 

transition to more intense activity (133). The magnitude of ROV is proportional to muscle 

fibers recruitment, muscle contraction intensity and durations (55, 156, 161). Multiple 

signaling pathways involved in vasomotor control and functional hyperemia have been 

proposed to mediate ROV (24, 33, 129). These include neurogenic (81, 164), metabolic 

(13, 60, 67, 125, 127, 149), mechanical (25, 55, 142) and myogenic (4, 104) responses. 

However, respective vasodilations took 5 seconds or longer to occur, while ROV is 

initiated much more rapidly (< 1s). The exact stimulus for ROV remains unknown (24, 33, 

129). A primary goal of this dissertation research is to push forward our understanding in 

the initiating and regulatory mechanism(s) of ROV.  
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ROV occurs in both FA and arterioles (1, 29, 30, 102, 105, 161) across the entire resistance 

network. In contrast to the arterioles embedded within the muscle fibers, proximal FA are 

external to muscle fibers and do not receive direct effects from active muscles. Thus, 

vasodilation in FA following muscle contraction reflects ascending vasodilation (AVD) 

(141) that originates in downstream arterioles. However, the mechanism of AVD has not 

been resolved with respect to the time course of its response kinetics nor whether the 

signaling pathway of AVD may vary with the nature of physical activity. My dissertation 

explores this relationship using well-defined contraction protocols designed to elicit either 

ROV in response to brief intense contraction (as in power lifting) or SSV in response to 

sustained rhythmic contractions (as in walking or cycling).  

 

AGING ATTENUATES MUSCLE BLOOD FLOW AND ROV  

Advanced age is a major risk factor for cardiovascular disease (89, 110, 112, 136). Regular 

physical activity (i.e., muscular exercise) prevents or delays functional aging (15) by 

promoting a favorable cardiovascular state through preserving endothelial functions (35), 

and amelioration of impaired blood flow in vascular related disease such as hypertension 

and diabetes (132). Nevertheless, aging impairs muscle blood flow (20) thus diminishes 

exercise capacity. ROV initiates the blood flow increase to active muscle fibers and 

facilitates the transition from rest to physical activity. Remarkably, ROV is blunted in 

human subjects (22, 38) and in mice (75) during advanced age. Functionally, ROV reflects 

the near-instantaneous relaxation of SMCs of the resistance vasculature in response to 

skeletal muscle contraction (28, 102, 157, 161). With aging, enhanced sympathetic nerve 
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activity (SNA) (22, 38) and endothelium dysfunction (43, 50, 68, 136) may be 

complementary mechanism(s) underlying the deficit muscle blood flow in advanced age. 

Thus, insight into the potential roles of α-adrenergic modulation and endothelial signaling 

in ROV at each branch order of the resistance network, and the respective changes with 

aging may provide a key towards understanding how aging attenuates ROV and limits 

muscle blood flow.  

 

FUNCTIONAL SYMPATHOLYSIS AND SYMPATHETIC NERVE ACTIVITY 

Sympathetic vasoconstriction restricts muscle blood flow away from inactive skeletal 

muscles and diverts blood flow from other organs, e.g., renal and splanchnic vascular beds 

to supply active skeletal muscle. In contracting muscle, the ability of sympathetic nerves 

to induce vasoconstriction is blunted during muscular activity and this phenomenon has 

become recognized as “functional sympatholysis” (121). Such blunting of sympathetic 

vasoconstriction in exercising muscles serves to optimize the matching of blood flow with 

the metabolic needs in active muscle fibers (121, 151). In the resistance vascular network, 

sympatholysis occurs more readily in distal arterioles when compared with proximal 

resistance vessels (54, 159), where sympathetic vasoconstriction is preserved to maintain 

peripheral resistance and arterial blood pressure. Nevertheless, insufficient functional 

sympatholysis would result in the restriction of blood flow and oxygen delivery to skeletal 

muscle during exercise (128).  
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 Functional sympatholysis is impaired in humans with advanced age (>60 years) (39) along 

with the ability to rapidly increase muscle blood flow in response to muscle contraction 

when compared to younger (~20-30 years) subjects (20, 22). As shown with 

microneurography in human subjects, SNA increases with exercise intensity and active 

muscle mass (134, 135). The autonomic nervous system remains active under resting 

conditions and the background level of SNA increases with advanced age (38, 52). 

Enhanced SNA during advanced age is also manifest in rodents. For example, release of 

NE from sympathetic nerves into the circulation was greater at rest and during 

immobilization stress in aged (24 months) compared to young adult (3 months) male 

Fischer-344 rats (100). Further, the tyrosine hydroxylase activity, which governs NE 

synthesis, was ~2-fold higher in adrenal glands of Old (24 months) compared to Young (4 

months) male rats and mice (120). How increased SNA with aging affects vascular 

reactivity in αadrenergic vasoconstriction at respective branch orders remains 

underappreciated, thus little is known of how or where respective adrenergic signaling 

pathways are affected by advanced age. Another key goal of this research project is to 

provide such insight in resistance networks controlling blood flow to skeletal muscle. 

 

ADRENERGIC VASOCONSTRICTION AND AGING 

Sympathetic vasoconstriction is mediated through the activation of post-synaptic αARs on 

vascular SMCs, of which there are 2 major subtypes: α1 and α2 (49). Both subtypes are G-

protein coupled receptors; however, upon activation, the intracellular signaling pathways 

leading to vasoconstriction are distinct. The α1AR pathway is predominantly coupled Gq 
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protein to activate phospholipase C and result in formation of inositol triphosphate (IP3) 

and diacylglycerol (DAG). DAG further stimulates protein kinase C and IP3 acts on the 

IP3 receptor in endoplasmic reticulum to release stored calcium and increase the Ca2+ influx 

to cause SMCs contraction. In contrast, the α2-AR pathway is negatively couple to Gi 

protein to inhibit adenylyl cyclase thus decreases the production of cAMP. However, its 

role in mediating vasoconstriction is not clear and may involve multiple cellular pathways 

(40). For example, activation of α2AR can increase IP3 formation and activate protein 

kinase C (58, 167) and couple to Gi protein signaling to increase influx of extracellular 

Ca2+  through voltage-operated Ca2+ channels (115). 

 As the functional distributions of α1ARs and α2ARs exhibit regional differences along 

arteriolar networks in rat and mouse cremaster muscles (106, 114) and the mouse GM 

(106), it is important to understand where these respective signaling pathways are most 

effective in controlling vascular resistance and tissue blood flow.  

Attenuated muscle blood flow with diminished vascular conductance can reflect elevated 

muscle SNA and the activation of αARs (22, 38). With aging, the sensitivity of 

neuroeffector signaling pathways may be altered. For example, the attenuated reductions 

in forearm blood flow in older vs. younger men during tyramine infusion (to evoke release 

of endogenous norepinephrine) were attributed to reduced responsiveness of α1ARs (37), 

while reductions in leg blood flow during tyramine infusion were also attenuated in older 

(~62 years) vs. younger (~24 years) men and attributed to the attenuation of both α1AR- 

and α2AR-mediated responses with aging (147). Consistent with this interpretation are the 

effects of αAR inhibition and activation on ROV. Thus, blocking αARs with phentolamine 
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restored ROV to forearm muscle contractions in old adults (~69 years), whereas increasing 

SNA (via lower body negative pressure) impaired ROV in younger subjects (~27 years) 

(22). Remarkably, similar effects of enhanced αAR activation during advanced age on 

ROV are also manifest in the mouse. Thus, attenuated ROV of distributing arterioles (2A) 

in the GM of old (20 months) was restored to that of young (3-4 months) male mice by 

topical phentolamine, while attenuation of ROV could be induced in young mice by topical 

application of NE at a concentration (1 nM) that is well below what is needed for 

vasoconstriction (75). In light of the nonuniform distribution of αAR subtypes along 

arteriolar networks of the mouse GM (106), the role of adrenergic modulation (α1AR vs 

α2AR)  in ROV of defined branch orders within resistance network remains to be resolved, 

particularly from the perspective of aging.  Providing this insight is integral to my research 

as developed in this dissertation. 

 

ENDOTHELIUM DEPENDENT DILATION AND AGING 

Impaired endothelium dependent dilation (EDD) has been well-characterized in large 

arteries of older human subjects (43, 46, 68, 89, 136). In the microcirculation, early studies 

of the rat cremaster muscle found impaired dilation of 1A and 2A order arterioles to 

adenosine (27), while constriction to norepinephrine was maintained. However, the 

cremaster muscle is not a true skeletal muscle because it neither attaches to the skeleton 

nor is it involved in locomotion. Consistent with reduced blood flow to skeletal muscle 

with aging in humans (38, 44, 119), the blood flow response to contraction of the plantar 

flexor (i.e., calf) muscles was impaired in senescent rats (73). Contributing to the restriction 
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of skeletal muscle blood flow, 1A isolated from rat soleus and gastrocnemius muscles 

demonstrated impairment in EDD with aging (7, 108) as did FA isolated from the soleus 

muscle (155, 165). However, little is known of how aging affects EDD in respective 

branches of resistance networks during their actual control of tissue blood flow in vivo. 

Again, providing this insight is a key component of my dissertation research.  

 

ASCENDING VASODILATION 

In FA, ROV reflects AVD from downstream arterioles. A conceivable cellar pathway of 

this response entails conduction of a vasodilator signal (e.g., hyperpolarization) along the 

endothelium (48, 97, 141). This is enabled by gap junctions between neighboring ECs as 

well as their surrounding SMCs, which readily conduct electrical signals. In such manner, 

once EDH (56) is initiated, hyperpolarization can travel from cell to cell with high speed 

(cm/s) over considerable distances (42). As dilation occurs along arterioles, the fall in 

downstream resistance will increase flow through proximal FA and thereby induce flow 

mediated dilation (FMD) (117, 146) by releasing of NO and/or prostaglandins from 

endothelium (84, 101, 117). However, FMD is slower in onset (~8-16s) (83, 87, 146) 

suggests that the FMD is less likely to initiates rapid hyperemia, but may contribute to 

sustain the steady-state vasodilation (SSV) that sustains the elevated muscle blood flow 

during dynamic exercise.  

In arterioles located downstream and embedded within the muscle fibers, abundant and 

redundant vasodilator signals can induce dilation (24). Such changes that occur with 
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muscle contractions include a fall in pO2 and pH, a rise in osmolality and CO2 and the 

release of vasodilators including adenosine, ATP, K+ and NO have been proposed as 

mediators of exercise hyperemia (13, 60, 80, 149). Many of these “classic” vasodilators 

can also interact with endothelium to evoke EDD by stimulating the release of autacoids 

(e.g., NO and prostaglandins) or electrical signaling via EDH, best represented by 

activation of potassium channels, particularly KCa 2.3 and KCa 3.1 (17, 26, 51, 72). In such 

manner, the use of ACh to evoke EDD in resistance vessels provides an established “tool” 

for evaluating the initiation and conduction of EDH (48, 56) as well as AVD (138). In 

human subjects, the inhibition of autacoids attenuated SSV only slightly during rhythmic 

knee extensions (16) but had more pronounced effects in attenuating ROV to single 

contractions of the forearm (29), suggesting that the nature of contraction my affect 

underlying signaling events that produce vasodilation.  Recent evidence from humans 

implicates a role for K+ (29) in rapid ROV, consistent with an underlying electrical signal. 

Genetic deletion of KCa 2.3 impaired arteriolar ROV in mouse cremaster muscles (103), 

implicating a role for ion channels known to cause EC hyperpolarization. Although the 

exact stimulus of ROV remains unclear, the endothelium has emerged as an important site 

for vasomotor control in response to muscle contractions (80, 138). 

 

GAPS EXIST IN CURRENT UNDERSTANDINGS 

The role of branch order on vascular reactivity and ROV with aging in microvascular 

resistance networks of skeletal muscle has received little attention in the literature. 

However, all vascular branch orders dilate to increase local muscle blood flow in response 
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to increased oxygen demand during muscle contractions and respective branches can differ 

in signaling pathways that govern their function. The volume of blood flow entering a 

muscle is governed by proximal vessels upstream, while the distribution of blood flow 

within a muscle is regulated by the smaller daughter arteriolar branches downstream (138). 

Due to the inability perform invasive procedures in humans for the purpose of direct 

observation of the microcirculation, little is known of what happens with aging in vascular 

reactivity in vivo, particularly in smaller 2A and 3A branches. Indeed, such studies have 

focused on larger arterioles following isolation for in vitro studies (34, 108). When 

studying blood flow responses to contractile activity in skeletal muscle of human subjects, 

dynamics of the actual site(s) in resistance vessels cannot be resolved. While the cremaster 

muscle has been a favored model for intravital microscopy of “skeletal muscle”, it neither 

attaches to the skeleton nor is it involved in locomotion. To address these limitations, we 

have developed the mouse GM preparation for intravital imaging of the microcirculation. 

The GM is a powerful hip extensor of mixed fiber type (90, 98) which is typical of human 

skeletal muscle (93, 127). Earlier studies using mouse GM resolved the attenuated ROV of 

2A with aging (75), but did not address other branches of the network. As blood flow 

regulation requires coordinated activity among upstream and downstream branches, a more 

comprehensive understanding of respective branch orders is required.  
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GENERAL METHODS 

All experiments are performed using intravital microscopy of the mouse GM (6, 75, 106). 

Detailed methods including application of reagents and control experiments are described 

in chapters 2, 3 and 4. The surgical techniques of isolating and stimulating the GM for 

viable intravital microscopy took several month’s practice to acquire, along with the skills 

required to control superfusion rate, temperature and uniformity over the tissue. Key 

criteria include being able to maintain and recover the resting diameters and vascular tone 

within GM networks throughout the 5-6 hours period of experimentation. Before collecting 

the criterion data presented chapters 2-4 and used for my publications, it was essential to 

demonstrate consistent results with repeated control experiments. For example, 

reproducible concentration-response curves to ACh and phenylephrine were obtained with 

each protocol repeated for 4 times on a given GM preparation with washout and recovery 

of resting diameters following each protocol. For ROV controls, I ensured that vasomotor 

responses to single tetanic muscle contractions remained stable throughout 4 series of 

motor nerve stimulation protocols (4 contraction durations x 4 vessel branches, a total of 

64 tetanic contractions with recovery in between each contraction). These controls verified 

my ability to obtain control responses and to study the effect of 1 or 2 experimental 

interventions in a given preparation and are included as a supplemental figure in Chapter 

3. In addition, to obviate the possibility of order effects, the sequence of treatments and of 

observation sites (branch orders) was randomized between experiments. The rationale for 

selected pharmacological treatments and chosen concentrations are described in the 

methods section of respective chapters in which they are used.  
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PURPOSE OF DISSERTATION RESEARCH 

This dissertation research centers on exploring the role of adrenergic and endothelial 

signaling in ROV, to gain insight into how aging affects ROV in skeletal muscle network. 

To provide a foundation for these studies, Chapter 2 centers on determining how aging 

affect vascular reactivity. I evaluated diameter changes of respective branch orders in the 

GM during changes in PO2, selective activation of AR subtypes and during EDD, and 

determined how aging influences the microcirculation of skeletal muscle in vivo. Chapter 

3 centers on determining the role of adrenergic modulation on ROV. I characterized ROV 

in all branch orders in the intact microvascular resistance in vivo in young and old mice 

along with the effects of selective activation or inhibition of α1ARs and α2ARs. The goal 

of Chapter 4 was to resolve the role(s) of endothelial signaling pathways of ROV in light 

of potential differences from SSV according to the nature of skeletal muscle contraction 

(i.e., brief and intense as in power lifting vs. sustained rhythmic activity as in walking or 

cycling). The role of endothelium in AVD and ROV of FA was tested using light-dye 

treatment to selectively disrupt intercellular conduction along the vessel wall, while ROV 

and SSV at all branch orders are evaluated using selective pharmacological interventions 

focused on endothelial cell signaling pathways. Chapter 5 provides a brief general 

discussion and a summary of major conclusions from my research findings along with my 

perspective for future studies.   
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PEER REVIEWED PUBLICATIONS 

This dissertation research encompasses three peer reviewed publication (chapters 2-4). 

Below listed the title, authorship, journals, and key contents. 

1. Aging alters reactivity of microvascular resistance networks in mouse gluteus 

maximus muscle.  

Authors: Shenghua Y. Sinkler and Steven S. Segal.  

Journal: American Journal of Physiology, Heart and Circulatory Physiology (vol. 307: 

pp. H830-839, 2014). 

This paper (Chapter 2) compared microvascular reactivity in EDD and α1- vs. α2-

adrenoreceptors mediated vasoconstriction along resistance networks in the GM of old 

(24 months) and Young (4-6 months) male C57BL/6 mice.  

2. Differential adrenergic modulation of rapid onset vasodilatation along resistance 

networks of skeletal muscle in old versus young mice.  

Authors: Shenghua Y. Sinkler and Steven S. Segal.  

Journal: Journal of Physiology (submitted and reviewed, in preparation for 

resubmission).  

This paper (Chapter 3) encompassed novel analysis of ROV kinetics (magnitude and 

kinetics) among respective branches of the resistance network with an emphasis on 

resolving the differential effects of α-adrenergic modulation (i.e., activation vs. 

inhibition, α1 vs. α2) of ROV in the GM of old compared to young mice. 
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3. Role of endothelium in conduction and initiation of rapid onset vasodilation in 

mouse skeletal muscle.  

Authors: Shenghua Y. Sinkler and Steven S. Segal.  

Journal: Journal of Physiology (in preparation for submission).  

This paper (Chapter 4) investigated the role of endothelium with respect to the initiation 

and conduction of ROV in light of SSV according to the nature of GM contraction.   
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CHAPTER 2 

AGING ALTERS REACTIVITY OF MICROVASCULAR RESISTANCE 

NETWORKS IN MOUSE GLUTEUS MAXIMUS MUSCLE 

 

ABSTRACT 

Aging occurs with enhanced sympathetic nerve activity and endothelium dysfunction 

however little is known of how successive branches of microvascular resistance networks 

are affected in vivo. We questioned whether vascular reactivity is altered differentially 

along resistance networks with advanced age. The left gluteus maximus muscle of 

anesthetized Young (4 mo) and Old (24 mo) male C57BL/6 mice was exposed for intravital 

microscopy and superfused with physiological salt solution (3 ml/min; pH 7.4, 34°C). 

Spontaneous vasomotor tone increased progressively from proximal feed arteries (FA) and 

first-order (1A) arterioles through distal second- (2A) and third- (3A) order arterioles and 

was ~15% greater in 2A and 3A of Old vs. Young. Vasoconstriction during elevated 

superfusion PO2 increased with branch order and to a greater extent in Young. Peak 

constrictions to phenylephrine (α1AR agonist) were similar for FA and 1A of both ages 

and ~20% greater for 2A and 3A of Young. Across arterioles (but not FA), constrictions to 

UK 14304 (α2AR agonist) were depressed ~30% in Old vs. Young. Thus advanced age 

attenuated vasoconstriction to O2 throughout networks while blunting vasoconstriction to 

α1AR and α2AR activation in arterioles. With acetylcholine, endothelium-dependent 

dilation (EDD) was ~20% greater in FA of Young yet was ~two-fold greater for 2A and 

3A of Old. Sodium nitroprusside evoked maximal dilations similar to acetylcholine. Thus 
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while EDD was attenuated with advanced age in FA, EDD was robust in distal arterioles 

having enhanced vasomotor tone. We conclude that advanced age differentially alters 

reactivity among branches of microvascular resistance networks.  

 

INTRODUCTION 

Advanced age is a major risk factor for cardiovascular disease (89, 110, 112, 136). While 

impaired endothelium-dependent dilation (EDD) has been well-characterized in large 

arteries of older human subjects (43, 46, 68, 89, 136), how aging affects reactivity in the 

microvessels that govern skeletal muscle perfusion is less well-defined. Early studies in the 

cremaster muscle of male rats found impaired dilation of first- (1A)- and second- (2A) 

order arterioles to adenosine (27), while constriction to norepinephrine was maintained. 

However, the cremaster muscle is not a true skeletal muscle because it neither attaches to 

the skeleton nor is it involved in locomotion. Consistent with reduced blood flow to skeletal 

muscle with aging in humans (38, 44, 119), the blood flow response to contraction of the 

plantar flexor muscles was impaired in senescent rats (73). Contributing to the restriction 

of skeletal muscle blood flow, 1A isolated from rat soleus and gastrocnemius muscles 

demonstrated impairment in EDD with aging (7, 108) as did feed arteries (FA) isolated 

from the soleus muscle (155, 165). In the gluteus maximus muscle (GM) of mice, which 

also has FA that give rise to branching arteriolar networks, impaired dilation and perfusion 

of 2A in response to muscle contraction was attributed to constitutively enhanced 

activation of α-adrenoreceptors (αARs) (75). These findings in rodents are consistent with 

restricted muscle blood flow and enhanced sympathetic nerve activity (SNA) in older 
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humans (22, 38). Whereas studies in humans have shown impaired α-adrenergic 

vasoconstriction in the forearm  (37) and leg (44, 147), the actual site(s) of such responses 

within the vascular supply remain obscure.  

In response to increased oxygen demand, the volume of blood flow entering a muscle is 

governed by FAs and proximal (1A) arterioles upstream, while the distribution of blood 

flow within a muscle is regulated by the smaller daughter 2A and third-order (3A) arteriolar 

branches downstream (138). A key feature of resistance networks is their ability to 

coordinate vasomotor responses among vessel branches. For example, ascending 

vasodilation of FAs arises from signals originating from arterioles embedded within the 

muscle fibers (141). The wall of arterioles and their proximal FA is comprised primarily 

of a single layer of smooth muscle cells (SMCs) surrounding the endothelial cell monolayer 

in contact with the blood. In turn, all branches of the resistance network are surrounded by 

sympathetic nerve fibers coursing through the adventitia. During blood flow regulation, 

changes in vessel diameter reflect the interaction between signaling events generated in 

SMCs, endothelial cells and perivascular nerves. Sympathetic vasoconstriction is mediated 

through the activation of αARs on vascular SMCs, of which there are 2 major subtypes: α1 

and α2 (49). Regional variability in the functional distribution of α1ARs and α2ARs has 

been demonstrated along arteriolar networks in rat and mouse cremaster muscles (106, 

114) and the mouse GM (106). Remarkably, little is known of how or where respective 

adrenergic signaling pathways are affected by advanced age. Whereas the effect of aging 

on EDD has been evaluated in FAs and 1As extensively in vitro (7, 108, 165, 166), little is 

known of what happens in vivo, particularly in smaller 2A and 3A branches.  
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The response of microvessels to changes in oxygen availability can be evaluated by altering 

PO2 in the superfusion solution bathing the tissue. The role of α1ARs and α2ARs in 

mediating vasoconstriction and of the endothelium in mediating vasodilation can be 

evaluated using selective agonists. Thus, α1AR-mediated responses are evoked by 

phenylephrine (PE) while α2AR-mediated responses are evoked by UK 14304 (65, 106). 

In turn, agonist-mediated EDD is most readily studied with acetylcholine (ACh) via 

activation of muscarinic receptors on endothelial cells (7, 46, 108, 165). The mouse GM 

preparation enables direct visualization of respective microvessel branch orders (e.g. FA, 

1A, 2A, and 3A) using intravital microscopy (6, 75, 106). Therefore, evaluating diameter 

changes of respective branch orders in the GM during changes in PO2, selective activation 

of AR subtypes and during EDD provides an experimental approach for determining how 

aging influences the microcirculation of skeletal muscle in vivo. In the present study, we 

tested the hypothesis that advanced age differentially alters reactivity throughout 

microvascular resistance networks of skeletal muscle using the mouse GM as an 

experimental model. 

 

METHODS 

Animal care and use. All procedures were approved by the Institutional Animal Care-Use 

Committee of the University of Missouri (Columbia, MO, USA) and were performed in 

accordance with the National Research Council's Guide for the Care and Use of 

Laboratory Animals (2011). Male C57BL/6 mice; Young (4-mo, n=5) and Old (24-mo 

n=5) were obtained from National Institute on Aging colonies (Charles River Laboratories; 
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Wilmington, MA, USA). These age groups correspond to In humans in their mid-20’s and 

late 60’s, respectively (53). Mice were housed in animal care facilities of the University of 

Missouri maintained at ~24 oC on a 12h-12h light-dark cycle with food and water available 

ad libitum for at least a week before being studied. On the morning of an experiment, a 

mouse was anaesthetized by intraperitoneal injection of pentobarbital sodium (60 mg/kg) 

with supplemental doses (20mg/kg) as needed to maintain a stable plane of anesthesia as 

confirmed by lack of withdrawal to toe pinch. Throughout surgical preparation and the 

experimental protocol (Figure 2.1), esophageal temperature was maintained at ~37 οC by 

placing the mouse on an aluminum warming plate (5 cm X 11 cm). Upon completion of 

the experimental protocol (duration, 5-6 h), the mouse was killed by an overdose of 

pentobarbital sodium (intraperitoneal injection) followed by cervical dislocation. 

Intravital microscopy. The GM was prepared as described (6, 75, 106).  Briefly, after 

carefully shaving the surgical area, the mouse was placed in the prone position on the 

warming plate. While viewing through a stereomicroscope, the overlying skin was 

removed and the GM was superfused continuously (3 ml/min) thereafter with bicarbonate-

buffered physiological salt solution (PSS; 34 °C, 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. 

Chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA). To 

expose the resistance vasculature, the GM was carefully dissected from the lumbar fascia 

and iliac crest, spread over a transparent pedestal (Sylgard® 184; Dow Corning, Midland, 

MI, USA) and the edges were pinned to approximate in situ muscle dimensions. The 

completed preparation was transferred the fixed stage of an intravital microscope (Nikon 

E600FN; Melville, NY, USA) mounted on an X-Y translational stage (Gibraltar; Burleigh 
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Instruments, Fishers, NY USA). The image was acquired through a Nikon SLWD 20X 

(numerical aperture=0.35) objective onto a color camera (KP-D50U CCD; Hitachi-Denshi, 

Japan) and observed at a final magnification of 1200X on a video monitor; spatial 

resolution was < 1 µm.  The internal diameter (ID) of vessels was measured as the widest 

distance between luminal edges using a video caliper (Microcirculation Research Institute; 

Texas A&M University; College Station, TX, USA) calibrated against a stage micrometer 

(0.01×100=1 mm; Graticules Ltd, Tonbridge Kent, England). The output of the caliper was 

sampled at 40Hz Hz using a Powerlab/400 system (ADInstruments; Colorado Springs, CO, 

USA) coupled to a personal computer.  

Branch order. The branch order of arterioles and FA were defined as follows. FA: the 

inferior gluteal artery before it enters the muscle; 1A: continuation of the same vessel 

embedded within the muscle; 2A: a branch originating from 1A; 3A: a branch originating 

from 2A. Branch angles were typically ~120°). One vessel from each branch order was 

studied in each GM; IDs were measured at the same locations (midway along respective 

branches) throughout experiments. The order in which respective branch orders were 

observed was varied across experiments as was the age group studied. Three-dimensional 

mapping with quantitative analyses have shown that the architecture of arteriolar networks 

supplying the GM of male C57BL/6 mice is conserved during aging (6, 106), substantiating 

direct comparisons between respective branch orders between Old and Young.   

Experimental protocol. Observation sites for each network were defined during a 30-min 

equilibration following surgery (Figure 2.1) and maintained throughout the experimental 

protocol. Extensive preliminary experiments defined our protocol and confirmed that 
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completed GM preparations remained stable with reproducible responses for at least 5 h 

(106).  

Oxygen reactivity. To evaluate the vasomotor response to a rise in PO2, the O2 

content of the superfusion solution was increased by equilibrating the PSS with 21% O2, 

5% CO2 and 74% N2 for ~5 min and ID values were recorded (Figure 2.1). The PSS was 

then re-equilibrated with 5% CO2 and 95% N2 for the remainder of the protocol. 

Empirically, reactivity to changes in PO2 is a sensitive index of the viability of a 

preparation for intravital microscopy (45, 77, 106).  

Concentration-response relationships. Respective agonists (PE, UK 14304, ACh) 

were added (≤ 500 µl) to the 50-ml chamber containing PSS in a cumulative fashion to 

achieve final agonist concentrations that started at 10-9 M and increased to 10-5 M in 0.5 

log increments; steady state IDs were recorded during min 2-8 at each concentration. The 

order of superfusion with respective agonists was randomized across experiments, with a 

30-min equilibration following each agonist to restore resting ID (Figure 2.1). At the end 

of each protocol, the GM preparation was superfused with 10-4 M sodium nitroprusside 

(SNP) for 5 min to obtain values for maximal internal diameter (IDmax) (106). In some 

cases (irrespective of age) the maximal diameter in response to 10-5 M ACh was slightly 

greater than that evoked by SNP (Table 1). Therefore, the IDmax (Figure 2.2) was defined 

as the maximal value for ID obtained with either 10-5 M ACh or 10-4 M SNP.  

Data analyses and Statistics. For each vessel branch order, spontaneous vasomotor tone 

was calculated as the difference between resting and maximal ID and expressed relative to 

maximal ID. Thus, vasomotor tone (%) = [(IDmax-IDrest)/IDmax] × 100% where IDrest = 
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resting baseline (control) ID. The response to elevated O2 was calculated as the magnitude 

of vasoconstriction during equilibration of the superfusion solution with 21% O2 and 

expressed relative to resting ID. Thus, O2 response (%) = [(IDrest-IDO2)/IDrest] × 100%, 

where IDO2 = ID during superfusion with 21% O2. To evaluate reductions in ID from 

control during AR activation, vasoconstriction was expressed relative to respective resting 

IDs. Thus, vasoconstriction (%) = [(IDrest-IDssr)/IDrest] × 100%, where IDssr = ID of the 

steady-state response to a given agonist concentration and 100% vasoconstriction indicates 

closure of the vessel lumen.  

To evaluate the sensitivity of EDD for respective vessel branches in response to ACh, 

vasodilation was normalized to the respective maximal change in ID. Thus, “vasodilator 

capacity” (%) = [(IDssr-IDrest)/(IDmax-IDrest)] × 100%. This definition spans from 0 to 

100% for all vessels irrespective of actual diameter values and thereby enables relative 

differences in sensitivity to be evaluated for a given agonist. Thus EC50 values can be 

determined for each vessel on the same relative scale. However, this normalization does 

not account for changes in diameter as they pertain to vascular conductance and blood flow 

regulation. Therefore to evaluate the functional increase in diameter relative to control 

conditions at rest, vasodilation was normalized to IDrest. Thus, “functional vasodilation” 

(%) = [(IDssr-IDrest)/IDrest] × 100%. For example a 100% increase indicates a doubling of 

ID from the resting baseline and predicts (according Poiseuille's law) a 16-fold increase in 

blood flow through the vessel at constant perfusion pressure.    

Data were analyzed using two-way analysis of variance (GraphPad Prism 5; La Jolla, CA, 

USA) to evaluate the main effects of age and vessel branch orders. Bonferroni tests were 
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performed for post-hoc comparisons. Summary data are expressed as means ± standard 

error (SE). Differences were accepted as statistically significant with P<0.05.  

 

RESULTS 

All GM preparations included in this study exhibited spontaneous vasomotor tone 

throughout their resistance networks. Each vessel that was studied underwent constriction 

during superfusion with elevated O2, confirming the viability of all preparations for further 

study. 

Diameters, vasomotor tone and O2 response. At rest under control conditions, ID 

decreased as branch order increased from proximal FA to distal 3A (P<0.05) with no 

difference between Old and Young for any branch order (Figure 2.2A). During maximal 

dilation, IDs of Old were slightly but consistently greater than Young across vessel branch 

orders (P<0.05; Figure 2.2B). Spontaneous vasomotor tone was not different for FA or 1A 

between age groups but was greater (P<0.05) in 2A and 3A of Old vs. Young (Figure 2.2C). 

Vasoconstriction during elevated PO2 of the superfusion solution increased with branch 

order from FA to 3A (P<0.05) but was reduced in Old compared to Young across vessel 

branches (P<0.05; Figure 2.2D). 

Vasoconstriction to PE. Selective activation of α1ARs with PE induced concentration-

dependent vasoconstriction of each branch order (Figure 2.3). From 10-9 to 10-6 M, PE 

induced constrictions within each branch order that were similar in Old and Young (Figure 

2.3), though an effect of age was apparent. Peak constrictions in Old were less than in 
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Young, particularly in 2A and 3A where closure occurred in Young (confirmed by absence 

of red blood cells and disappearance of the lumen) but not in Old (where sluggish 

movement of red blood cells persisted). The EC50 values for PE were similar between Old 

and Young across branch orders, with differences between age groups consistently within 

0.5 log units (Table 2.2). 

Vasoconstriction to UK 14304. Selective activation of α2ARs with UK 14304 induced a 

concentration-dependent constriction across vessel branches. The efficacy of α2AR- 

mediated constrictions increased with branch order from FA to 3A and were greater in 

Young vs. Old in 1A, 2A and 3A (P<0.05; Figure 2.4). The EC50 values for UK 14304 

were similar between Old and Young across branch orders, with differences between age 

groups typically within 0.5 log units (Table 2.2). 

Effects of selective α1AR vs. α2AR activation. Throughout the resistance network of the 

GM, the magnitude of constriction increased with vessel branch order. Activation of α1ARs 

with PE consistently produced ~2-fold greater constriction than did activation of α2ARs 

with UK 14304 (Figures 2.3 and 2.4). Whereas α2AR-mediated constriction was attenuated 

in all arteriolar branch orders of Old compared to Young (Figure 2.4), α1AR responses 

were maintained in Old though 2A and 3A were resistant to closure (Figure 2.3).  

Endothelium-dependent dilation. Acetylcholine evoked concentration-dependent 

vasodilation in all vessel branches of Old and Young GM (Figures 2.5 and 2.6). When 

expressed relative to vasodilator capacity for respective branches to evaluate sensitivity, 

FA and 1A responses were not different between Young and Old, while EDD of 2A and 

3A in Old were shifted slightly (< 0.5 log unit) but significantly to the left when compared 
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to Young (Table 2.2 and Figure 2.5). When expressed relative to respective resting control 

diameters, the magnitude of EDD of FA was less (P<0.05) in Old compared to Young 

(Figure 2.6). In contrast, EDD of 2A and 3A was ~2-fold greater (P<0.05) in Old compared 

to Young (Figure 2.6).  

Branch order differences. In addition to differences between Old and Young within 

individual branch orders, vasomotor responses to respective agonists exhibited differences 

between branch orders within age groups. In Young, [PE] > 10-7 M induced greater α1AR-

mediated constriction in distal vs. proximal branches such that 3A>2A>1A>FA (Figure 

2.7). In Old, this effect of branch order was maintained though less robust. For [UK 14304] 

> 10-8 M, α2AR-mediated constriction also increased with vessel branch order with 

3A>2A>1A>FA and this relationship was also maintained (though less robust) in Old 

(Figure 2.7). For EDD, the trend was reversed from that seen during vasoconstriction such 

that the sensitivity to ACh was greatest in proximal vessels with FA>1A>2A>3A. As seen 

with vasoconstriction, differences between branch orders were more robust in Young than 

in Old (Figure 2.7).  For each agonist, there was a significant effect (P<0.05) of vessel 

branch order as well as concentration. 

Maximal responses to agonists. To evaluate how advanced age influenced the dynamic 

range of vasoconstriction and vasodilation in respective vessel branch orders, maximal 

responses to the activation of α1ARs (PE), α2ARs (UK 14304) and muscarinic receptors 

(ACh) are presented for respective agonists in Figure 2.8. Across vessel branch orders, PE 

consistently evoked ~2-fold greater vasoconstriction than did UK 14304. Maximal 

vasoconstriction to the activation of either α1ARs or α2ARs was reduced in Old vs. Young 
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(P<0.05), particularly in arterioles. EDD increased with branch order in arterioles of Old 

but not in arterioles of Young.  Irrespective of age group, maximal diameters with ACh 

were similar to those with SNP (Table 1). 

 

DISCUSSION 

The present study has defined microvascular reactivity along resistance networks of 

skeletal muscle in Young (4-mo) and Old (24-mo) male C57BL/6 mice. Using intravital 

microscopy to study the mouse GM, we evaluated internal vessel diameters, vasomotor 

tone and responses to defined vasoactive stimuli. Under resting conditions, Young and Old 

mice exhibited similar diameters for feed arteries and respective arteriolar branches. 

During maximal dilation, diameters of distal arterioles (i.e., 2A and 3A) tended to be larger 

in Old compared to Young mice, reflecting greater spontaneous vasomotor tone. 

Nevertheless, vasoconstriction in response to elevated O2 was attenuated throughout the 

networks of Old compared to Young mice. Further, while α1ARs were twice as effective 

as α2ARs in evoking constrictions, advanced age attenuated responses to both AR 

subtypes, particularly in distal arterioles. Remarkably, with similar resting diameters, 

vasodilation to ACh (i.e., EDD) was greater in distal arterioles of Old compared to Young. 

Thus the effect of advanced age on the reactivity of microvessels supplying skeletal muscle 

varies with branch order and nature of the vasoactive stimulus. 
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Vessel diameters 

In accord with Poiseuilles’ law, the IDs of resistance arteries and arterioles are principal 

determinants of both tissue perfusion and peripheral resistance. Consistent with previous 

studies of microvascular resistance networks (14, 99, 106), vessel diameter decreased as 

branch order increased with FA>1A>2A>3A in Young and Old (Figure 2.2). At rest under 

control conditions, the IDs of respective branch orders were not different between age 

groups (Figure 2.2A). While these hierarchical relationships were maintained during 

maximal dilation, arteriolar diameters tended to be larger in Old compared to Young mice 

as branch order increased (Figure 2.2B). As a consequence, and despite no difference in 

resting diameters, vasomotor tone increased with vessel branch order, particularly in 2A 

and 3A of Old when compared to those in Young (Figure 2.2C). This scenario contrasts 

with hypertension and diabetes, where thickening, narrowing and rarefaction of arterioles 

(with tissue ischemia) are found (70, 71, 123, 124). Recent findings have shown no 

difference in systolic blood pressure in male C57BL/6 mice at 3 vs. 24 months (154), thus 

the present data appear most applicable to “healthy” aging in contrast to conditions 

associated with vascular disease. 

Oxygen response  

As O2 delivery increases relative to demand, resistance vessels constrict as a mechanism 

of negative feedback. Raising the O2 content of the superfusion solution provides a source 

of O2 in addition to that carried in the bloodstream (45, 94, 158). In turn, constriction of 

arterioles in response to elevating superfusion PO2 is an exquisitely sensitive index of the 

functional integrity of exposed microvessels (45, 77, 106). Typically, O2 responses are 
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evaluated in a single arteriole within a preparation prior to beginning experiments to assess 

viability of the preparation (6, 75, 106). Consistent with such criteria, constriction of each 

branch of the GM resistance network during equilibration with 21% O2 confirmed the 

integrity of our preparations irrespective of age group. As the O2 “sensor” may be located 

within the tissue (76), our finding that constriction during elevation of superfusion PO2 

encompassed FAs external to the muscle is consistent with the ability of O2 to depolarize 

arteriolar SMCs (163) and evoke conducted vasoconstriction (76). Through evaluating 

entire resistance networks, we demonstrate that the relative magnitude of constriction in 

response to elevated PO2 increased with vessel branch order, from FA to 3A (Figure 2.2D). 

Consistent with earlier findings focused on 2A of the GM (6, 75), the O2 response was 

depressed in all branch orders in Old vs. Young mice (Figure 2.2D). Thus the ability of O2 

to evoke constriction is attenuated throughout the resistance vasculature with aging. Given 

the similarities in vessel IDs at rest between age groups (Figure 2.2A), greater spontaneous 

vasomotor tone in 2A and 3A of Old vs. Young mice (Figure 2.2C) suggests that the role 

of PO2 in governing SMC activation is reduced in advanced age. In light of tissue 

oxygenation being integral to capillary perfusion and blood flow regulation (45, 94, 158), 

attenuated O2 responses in Old mice (Figure 2.2D) imply alterations in the regulation of 

muscle blood flow during advanced age; e.g., as manifested through a greater role for 

reactive oxygen species (9, 107, 136). 

Adrenergic reactivity 

In human subjects, femoral arterial blood flow and vascular conductance were 30-40% 

lower in older (~63 years) compared to young (~28 years) males in association with tonic 
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elevation of muscle SNA and the activation of αARs (22, 38). Though comparable 

recordings of SNA with aging are lacking in mice, the activities of key enzymes governing 

catecholamine synthesis (e.g., tyrosine hydroxylase) were ~2-fold higher in the adrenal 

glands of Old (28 mo) compared to Young (4 mo) male mice and rats (120). Independent 

studies found norepinephrine release from sympathetic nerves to be greater at rest and 

during stress in Old (24 mo) vs. Young (3 mo) male Fischer-344 rats (100). In light of 

enhanced constitutive αAR activation in GM of Old (6, 75, 106), findings collectively 

suggest a greater level of SNA in Old vs. Young mice. Adrenergic vasoconstriction is 

mediated postsynaptically by two AR subtypes on vascular SMCs, α1ARs and α2ARs (49, 

106). The selectivity of PE and UK 14304 on respective αAR subtypes has been confirmed 

in the mouse GM (106). In both Young and Old mice studied here, the activation of α1ARs 

with PE constricted all vessel branches to a greater extent than did activation of α2ARs 

with UK 14304 (Figures 2.3 and 2.4). Thus while both receptor subtypes mediate 

vasoconstriction in the GM microcirculation, α1ARs consistently displayed ~2-fold greater 

efficacy when compared to α2ARs. Further, while the ability of α1ARs and of α2ARs to 

evoke constriction increased with vessel branch order (Figure 2.8), there were no consistent 

differences between age groups in their sensitivity (i.e., EC50 values) to respective agonists 

(Table 2.2). 

In humans, reductions in forearm blood flow during α1AR activation (via intra-arterial 

infusion of PE) were blunted in older (~65 yr) compared to younger (~26 yr) males while 

blood flow reductions to α2AR activation with clonidine infusion were similar between age 

groups (37). Thus attenuated reductions in forearm blood flow in older vs. younger men 

during tyramine infusion (to evoke release of endogenous norepinephrine) were attributed 
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to reduced responsiveness of α1ARs (37). During exposure to PE, our finding that 2A and 

3A of Old mice were unable to constrict to the same extent observed in Young mice (Figure 

2.3). This new finding illustrates an important functional limitation that may help to explain 

the reduced response to activation of α1ARs in the human forearm with aging. In turn, the 

inability to fully constrict 2A and 3A of Old during maximal activation of α1ARs (Figure 

2.3) may reflect tissue remodeling with aging (169). For example, an increase in the 

amount, orientation and/or stiffness of the extracellular matrix (88, 92) may resist lumen 

closure of smaller arterioles in Old mice that are otherwise able to do so in younger animals. 

Further studies at the ultrastructural level are required to provide greater insight into the 

nature of this adaptation to aging.  

During tyramine infusion into the femoral artery, reductions in leg blood flow were also 

attenuated in older (~62 yr) vs. younger (~24 yr) men and attributed to the attenuation of 

both α1AR- and α2AR-mediated responses with aging (147). The effect of aging on 

reducing maximal constriction was greater for α2AR vs. α1AR activation in the mouse GM 

(Figure 2.8). α1ARs were more efficacious than α2ARs in evoking vasoconstriction and 

were relatively less affected by advanced age, particularly in FA and 1A (Figure 2.8). Thus, 

AR activation is still able to restrict muscle blood flow. Indeed, relative to attenuated 

α2AR-mediated constriction of arterioles with aging, α1AR-mediated constriction was 

maintained at all but the highest PE concentrations (Figure 2.3) which may help to ensure 

the maintenance of peripheral resistance and arterial blood pressure during exercise (152).  
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Endothelium dependent dilation  

As demonstrated in humans (43, 68, 136)  and in resistance vessels isolated from rats (7, 

108, 165, 166), advanced aging is associated with attenuated EDD, typically characterized 

by activating muscarinic receptors on the endothelium. Nevertheless, intravital studies of 

the mouse GM had indicated no difference in the ability of ACh to dilate 2A of Young vs. 

Old mice in vivo (6). To investigate the effect of advanced age on EDD along resistance 

networks, we quantified responses to ACh in two ways. First, to address the sensitivity of 

EDD, changes in ID at each ACh concentration were normalized to the corresponding 

maximal change in ID.  These data indicate that the “vasodilator capacity” of FA and of 

arterioles in Old mice was not different from that of Young mice (Figure 2.5). Further, 

there was a trend for greater sensitivity to ACh in 2A and 3A of Old mice compared to 

Young mice (Figure 2.5). Finding that the maximal ID of each branch order to ACh was 

similar to that evoked by the nitric oxide donor SNP (Table 2.1) indicates that the 

endothelium lining resistance networks of Old mice were fully able to drive vascular 

smooth muscle relaxation. In contrast, as an index for the dynamic range of blood flow 

control, normalizing ID changes to respective resting diameters (i.e., “functional 

vasodilation”) revealed that EDD was depressed significantly in FA of Old mice while 

enhanced in 2A and 3A of the same networks (Figure 2.6). Whereas reduced EDD in FA 

of Old vs. Young is consistent with impaired EDD of conduit and resistance arteries with 

advanced age (46, 136, 162), enhanced EDD of the smaller downstream arterioles in Old 

mice suggests that the effect of advanced age on EDD varies with microvessel branch order 

in vivo. Such regional differences within the microcirculation have not been documented 

previously. In part this is attributable to the focus on FA and 1A in previous studies (7, 
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108, 155, 165). Further, in vivo studies evaluating ACh-induced EDD in human skeletal 

muscle with aging were based on changes in limb blood flow (43, 44, 68). In such cases, 

specific branch orders within the microcirculation as emphasized here could not be 

accounted for.  

 

SUMMARY AND PERSPECTIVE 

Studies in humans have illustrated that skeletal muscle blood flow is reduced with 

advanced age in association with augmented SNA (38, 52) along with impaired EDD (43, 

136). However, such studies are based primarily upon evaluating diameter and velocity in 

conduit (e.g., brachial and femoral) arteries, where changes in blood flow reflect regulatory 

events occurring further downstream; i.e., in the microcirculation. Such measurements in 

humans are thereby limited by the inability to directly observe those vessels actually 

responsible for controlling tissue perfusion and peripheral resistance. Thus, using rodents 

as a model system provides an opportunity to extend direct observations of blood flow 

control into the mammalian microcirculation. The effect of aging on resistance 

microvessels of rats has focused on FAs (155, 165, 166) and the large arterioles (e.g., 1A) 

(7, 108). These proximal microvessels are most readily isolated and studied in vitro because 

they are of sufficient diameter and length to enable microdissection and cannulation for 

evaluation using pressure myography. Where the effect of aging on arterioles has been 

studied in vivo, observations have focused on 1A and 2A in muscles of rats and mice (6, 

27). In contrast, this study is the first to examine the effects of aging on vascular reactivity 
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throughout microvascular resistance networks of skeletal muscle in vivo, from proximal 

feed arteries through third-order arterioles.  

Using the GM preparation in male C57BL/6 mice, we report that advanced age (i.e., 24 vs. 

4 mo) blunted the sensitivity to O2 throughout networks with the greatest effect in distal 

(2A, 3A) arterioles. Aging also prevented closure 2A and 3A arterioles during maximal 

activation of α1ARs, which may be explained by associated changes in the extracellular 

matrix. Nearly all constrictions to α2AR activation were attenuated throughout arteriolar 

networks but not in FAs, highlighting regional differences in microvascular adaptations to 

aging. We speculate that the loss of arteriolar α2AR reactivity with aging may result from 

a tonic increase in receptor activation (75, 120), consistent with findings in humans (22, 

38). Remarkably, whereas constriction of the smaller (2A, 3A) arterioles was impaired 

consistently in Old vs. Young mice, these same arteriolar branches in Old mice exhibited 

enhanced EDD and greater spontaneous vasomotor tone. Thus distal arterioles exhibiting 

the greatest attenuation of constrictor responses simultaneously exhibited the greatest 

dilator responses. Nevertheless, maintained constriction (or impaired EDD) of proximal 

FA can restrict muscle blood flow even when distal arterioles are dilated maximally (75, 

160).  Unlike studies in humans, which have relied on indirect measurements of limb blood 

flow, intravital studies in mice enable direct observations of respective microvessels that 

control flow magnitude (FA, 1A) as well as its distribution within the tissue (2A, 3A).  

The consistency of our present findings in the mouse GM with those from earlier studies 

of human subjects suggests that the GM is a viable model for investigating how aging 

affects the microcirculation of skeletal muscle. As typical of human skeletal muscles (93, 
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127), the mouse GM is of mixed fiber type (90, 98). Thus the insight gained from 

understanding where and how advanced age affects adrenergic vasoconstriction, EDD and 

blood flow control in respective microvascular branch orders of the mouse GM in vivo may 

well be applied towards developing selective therapeutic strategies for promoting muscle 

blood flow in aging humans. 
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Figure 2.1. Experimental protocol for evaluating diameters and reactivity in microvascular resistance 

networks of mouse gluteus maximus muscle. Once anesthesia was induced, surgery required ~1 h. 

Evaluation of vasoconstriction in respective vessel branch orders (FA, 1A, 2A, 3A) during equilibration with 

21% oxygen (O2) in the superfusion solution required ~15 min. The superfusion was then re-equilibrated 

with 0% O2 for another 20 min before proceeding (E 20’). Cumulative concentration-response relationships 

(10-9 to 10-5 M) required ~40 min to evaluate each agonist (PE, UK14304, ACh) across vessel branch orders 

followed by 30 min washout and equilibration (E 30’) with control PSS to restore spontaneous vasomotor 

tone. Each preparation experienced all stimuli with the order of agonist treatment and the sequence in which 

vessel branch orders were studied randomized across preparations. An entire experiment required 5-6 h to 

complete. ID, internal diameter; ssr, steady state response at each [agonist]; max, maximal; SNP, sodium 

nitroprusside. 
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Vessel branch 
Young Old 

SNP ACh SNP ACh 

FA 57 ± 2 60 ± 2* 61 ± 4 62 ± 5 

1A 50 ± 2 51 ± 2 55 ± 5 56 ± 5 

2A 35 ± 3 35 ± 2 44 ± 3 44 ± 4 

3A 23 ± 2 23 ± 1 32 ± 3 31 ± 4 

 

Table 2.1.  Maximal internal diameters (µm) for FA and arterioles in Young and Old mice. One vessel 
from each branch order was studied in each GM preparation. Maximal IDs were obtained during superfusion 
with 10-4 M SNP and with 10-5 M ACh. Summary data are means ± SE, n=5 per group. *P<0.05, ACh vs. 
SNP.   
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Figure 2.2.  Diameters, vasomotor tone and O2 response in feed artery and arterioles of Young and 
Old mice. A. Resting diameters decreased from proximal to distal vessels as branch order increased from 
FA to 3A in both age groups. B. Maximal diameters decreased as in A and were slightly but consistently 
greater in Old vs. Young. C. Spontaneous vasomotor tone (%, calculated as [(IDmax-IDrest)/IDmax] × 100%) 
of 2A and 3A was greater in Old vs. Young. IDrest = resting ID and IDmax = maximal ID to 10-4 M SNP or 
10-5 M ACh.  D. Vasoconstriction (%) to 21% O2 in the superfusion solution (calculated as [(IDrest-
IDO2)/IDrest] × 100%) was reduced throughout network branches in Old compared to Young. IDrest = as in 
B, IDO2 = ID during 21% O2. Summary data are means ± SE, n=5 per group.  #P<0.05, main effect of age; 
ΔP<0.05, main effect of vessel branch order; *P < 0.05, Old vs. Young.   
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Figure 2.3. Response curves to phenylephrine in feed artery and arterioles of Young and Old mice. 

Advanced age attenuated peak vasoconstriction to α1AR activation and this effect increased with vessel 

branch order. Vasoconstriction (%) calculated for each branch order as: [(IDrest-IDssr) / IDrest] × 100%, where 

IDrest = resting ID and IDssr = steady-state response ID. Summary data are means ± SE, n=5 per group. 
#P<0.05, main effect of age group. *P<0.05, Old vs. Young. 
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Vessel 
branch 

PE UK 14304 ACh 

Young Old Young Old Young Old 

FA -6.4 ± 0.1 -6.4 ± 0.1 -6.2 ± 0.2 -6.4 ± 0.3 -7.5 ± 0.1 -7.4 ± 0.1 

1A -6.3 ± 0.1 -6.3 ± 0.1 -6.5 ± 0.2 -6.3 ± 0.2 -7.0 ± 0.1 -6.9 ± 0.1 

2A -5.9 ± 0.1 -6.4 ± 0.1 -6.7 ± 0.1 -6.5 ± 0.2 -6.4 ± 0.1 -6.9 ± 0.1 

3A -6.4 ± 0.1 -6.5 ± 0.1 -7.2 ± 0.2 -6.5 ± 0.2 -6.2 ± 0.1 -6.7 ± 0.1 

 

Table 2. 2.  Log EC50 values for PE, UK 14304 and ACh for FA and arterioles in Young and Old mice. 

One vessel from each branch order was studied in each GM preparation. With EC50 values as an index, 

vascular sensitivity to PE, UK and ACh was not significantly different between age groups as determined 

using 2-way ANOVA. Summary data are means ± SE, n=5 per group. 
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Figure 2.4. Response curves to UK 14304 in feed artery and arterioles of Young and Old mice. 

Advanced age attenuated vasoconstriction to α2AR activation throughout the arteriolar network despite 

negligible effect in FA. Vasoconstriction (%) calculated as in Figure 2.3. Summary data are means ± SE, n=5 

per group. #P<0.05, main effect of age. *P<0.05, Old  vs. Young. 
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Figure 2.5. Response curves to ACh in feed artery and arterioles of Young and Old mice relative to 

maximal changes in diameter. Vasodilator capacity (%) was calculated as: [(IDssr-IDrest)/(IDmax-IDrest)] × 

100% and was preserved with advanced age across vessel branches with greater potency for Old vs. Young 

in 2A and 3A. IDrest = resting ID, IDssr = steady-state response ID, IDmax = maximum ID with 10-5 M ACh 

or 10-4 M SNP, whichever was greater. Summary data are means ± SE, n=5 per group.  #P<0.05, main effect 

of age. *P<0.05, Old vs. Young. 
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Figure 2.6. Response curves to ACh in feed artery and arterioles of Young and Old mice relative to 

resting diameters. “Functional vasodilation” (%) was calculated as: [(IDssr-IDrest)/IDrest] × 100% and 

increased with branch order from FA to 3A (note difference in ordinate scales). IDrest and IDssr, as in Figure 

2.5. Whereas EDD of FA was attenuated in Old vs. Young, EDD in arterioles was enhanced with advanced 

age, particularly in 2A and 3A. Summary data are means ± SE, n=5 per group.  #P<0.05, main effect of age. 

*P<0.05, Old vs. Young.  
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Figure 2.7. Branch order differences in reactivity to agonists in Young and Old mice. In Young (left), 

α1AR mediated constriction increased with PE >10-7 M and was greater in distal vs. proximal branches 

(3A>2A>1A>FA). With lower efficacy, a similar trend resulted from α2AR-mediated constriction in 

response to [UK 14304]. In contrast, proximal vessels exhibited greater sensitivity during EDD with [ACh] 

such that FA>1A>2A>3A. In Old (right), respective patterns of branch order differences persisted but 

encompassed a smaller range. Summary data are means ± SE, n=5 per group. ΔP<0.05, main effect of branch 

order. Data from Figures 3-5 are re-plotted here to facilitate comparisons across branch orders for respective 

age groups and agonists. Respective EC50 values are given in Table 2.2. 
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Figure 2.8. Maximal responses to agonists in feed arteries and arterioles of Young and Old mice. 

Maximal vasoconstrictions to PE (from Figure 2.3) and to UK 14304 (from Figure 2.4) were attenuated 

throughout the resistance network of GM in Old vs. Young; this effect increased with arteriolar branch order. 

Maximal dilation to ACh (from Figure 2.6) was depressed in FA of Old vs. Young; in arterioles, maximal 

vasodilation increased with branch order with Old progressively greater than Young. Summary data are 

means ± SE, n=5 per group.  ΔP<0.05, main effect of branch order; *P<0.05, Old vs. Young.   
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CHAPTER 3 

DIFFERENTIAL ADRENERGIC MODULATION OF RAPID ONSET 

VASODILATATION ALONG RESISTANCE NETWORKS OF  

SKELETAL MUSCLE IN OLD VERSUS YOUNG MICE 

 

KEY POINTS 

• Rapid onset vasodilatation (ROV) initiates functional hyperemia upon skeletal muscle 

contraction and is attenuated during ageing via α-adrenoreceptor (αAR) stimulation. 

However it is unknown where this effect predominates in resistance networks. 

• In the gluteus maximus muscle of young (4 months) and old (24 months) male 

C57BL/6 mice, a brief tetanic contraction initiated ROV while observing feed arteries 

and arterioles. ROV increased with contraction duration, peaked later in upstream 

versus downstream branches and was attenuated throughout networks with advanced 

age. 

• Inhibiting αARs improved ROV in old mice while activating αARs attenuated ROV in 

young mice. Modulating ROV through αAR activation was greater in upstream feed 

arteries and arterioles compared to downstream arterioles, with α2ARs more effective 

than α1ARs.   

• ROV is coordinated along resistance networks supplying skeletal muscle and 

modulated differentially between young and old mice via αARs. With advanced age, 

attenuated dilatation of upstream branches will restrict muscle blood flow.   
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ABSTRACT  

Rapid onset vasodilatation (ROV) in skeletal muscle is attenuated during advanced age via 

α-adrenergic receptor (αAR) activation however it is unknown where such effects 

predominate in the resistance vasculature. Studying the gluteus maximus muscle (GM) of 

anesthetized young (4 months) and old (24 months) male C57BL/6 mice (n=6/group), we 

tested the hypothesis that attenuation of ROV during advanced age is most effective in 

proximal branches of microvascular resistance networks. Diameters of a feed artery (FA), 

first (1A), second (2A) and third (3A) - order arteriole were studied in response to single 

tetanic contractions (100Hz, 100-1000ms). ROV began within 1s and peaked sooner in 2A 

and 3A (2-3s) than in 1A or FA (3-4s). Relative amplitudes of dilatation increased with 

contraction duration and with vessel branch order (FA<1A<2A<3A). In old mice, 

attenuation of ROV was greater in FA and 1A compared to 2A and 3A. Inhibiting αARs 

(phentolamine; 10-6M) improved ROV of FA and 1A in old mice while subliminally 

stimulating αARs in young mice (noradrenaline; 10-9M) depressed ROV of FA and 1A 

more than for 2A and 3A. In young mice, stimulating α1ARs (phenylephrine; 10-7M) and 

α2ARs (UK 14304; 10-7M) attenuated ROV primarily in FA. In Old mice, inhibiting 

α2ARs (rauwolscine; 10-7M) restored ROV more effectively for FA and 1A than did 

inhibiting α1ARs (prazosin; 10-8M). With temporal and spatial coordination along 

resistance networks, attenuation of ROV with advanced age is most effective in proximal 

branches via constitutive activation of α2ARs.   
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INTRODUCTION 

Rapid onset vasodilatation (ROV) reflects the near-instantaneous relaxation of smooth 

muscle cells (SMCs) of the resistance vasculature in response to skeletal muscle 

contraction (28, 102, 157, 161). Through initiating the increase in blood flow to active 

muscle fibers, ROV facilitates the transition from rest to physical activity. These same 

vessels are surrounded by sympathetic nerves which release noradrenaline (NA) to evoke 

vasoconstriction that increases with the level of α-adrenoreceptor (αAR) activation (49, 

99). As shown with microneurography in human subjects, sympathetic nerve activity 

(SNA) increases with exercise intensity and active muscle mass (134, 135).The autonomic 

nervous system remains active under resting conditions and the background level of SNA 

increases with advanced age (38, 52). Enhanced SNA during advanced age is also manifest 

in rodents. For example, release of NA from sympathetic nerves into the circulation was 

greater at rest and during immobilization stress in aged (24 months) compared to young 

adult (3 months) male Fischer-344 rats (100). Further, the tyrosine hydroxylase activity, 

which governs NA synthesis, was ~2-fold higher in adrenal glands of Old (24 months) 

compared to Young (4 months) male rats and mice (120). Such similarities support these 

species as a model to understand how advanced age affects the role of SNA in modulating 

muscle blood flow. 

Functional sympatholysis describes the inhibition of sympathetic vasoconstriction during 

muscular activity (121) and is impaired in humans with advanced age (39). Further, the 

ability to rapidly increase muscle blood flow in response to muscle contraction is attenuated 

in older (>60 years) compared to younger (~20-30 years) humans (20, 22). Attenuated 
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muscle blood flow with diminished vascular conductance can reflect elevated muscle SNA 

and the activation of αARs (22, 38). Thus, blocking αARs with phentolamine restored ROV 

to forearm muscle contractions in old adults (~69 years), whereas increasing SNA (via 

lower body negative pressure) impaired ROV in younger subjects (~27 years) (22). The 

effect of enhanced αAR activation during advanced age on ROV is also manifest in the 

mouse. Thus, attenuated ROV of distributing arterioles in the gluteus maximus muscle 

(GM) of old (20 months) was restored to that of young (3-4 months) male mice by topical 

phentolamine (75). However, these initial studies did not address other branches of the 

network and blood flow regulation requires coordinated activity among upstream and 

downstream branches (138). In such manner, volume flow into the muscle is governed by 

proximal feed arteries (FAs) and first-order (1A) arterioles with regional distribution 

governed by second- (2A) and third-order (3A) arteriolar branches; the latter give rise to 

terminal arterioles and capillaries. Whilst sympathetic vasoconstriction reflects the 

activation of αARs on SMCs, the functional distribution of α1AR and α2AR subtypes vary 

with vessel branch order along microvascular resistance networks (14, 41, 49, 106). With 

advanced age (24 versus 4 months) in the mouse GM, response curves to progressive α1AR 

activation were maintained in FAs and 1As while being attenuated in 2A and 3A branches. 

During α2AR activation, the efficacy of constriction decreased as vessel branch order 

increased (145). Such regional differences in adrenergic reactivity suggest that modulation 

of ROV by α1AR versus α2AR activation may vary among upstream and downstream 

branches. However, it is unknown how the activation or inhibition of αARs may affect 

ROV in respective branch orders, nor how these relationships are affected by advanced 

age.  
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A limitation when studying blood flow responses to contractile activity in skeletal muscle 

of human subjects is the inability to resolve the dynamics of the actual site(s) of vascular 

resistance. To elucidate such behaviour requires invasive methods, for which the mouse 

GM is well-suited (6, 145). The GM is a powerful hip extensor of mixed fiber type (90, 98) 

which is typical of human skeletal muscle (93, 127). Using the GM, the goal of this study 

was to evaluate ROV in proximal FA and 1A as well as distal 2A and, 3A of intact 

microvascular resistance networks controlling blood flow to skeletal muscle fibres in vivo. 

Diameter responses of respective branch orders to graded single tetanic contractions were 

recorded in young and old mice before and during selective activation or inhibition of 

α1ARs and α2ARs. We tested the hypothesis that ROV is attenuated most effectively in 

proximal branches of the resistance network during advanced age.  

 

METHODS 

Animal care and use 

Experimental protocols were approved by the Animal Care and Use Committee of 

University of Missouri and were performed in accordance with the National Research 

Council's Guide for the Care and Use of Laboratory Animals (2011).  Young (4 months; n 

=12, 30.9 ± 0.5 g) and old (24 months; n=12, 32.3 ± 0.7g) C57BL/6 male mice were 

obtained from National Institute on Aging colonies (Charles River Laboratories, 

Wilmington, MA). Respective age groups in mice correspond to humans in their middle 

20’s and late 60’s (53). For the data presented in this study, a total of 12 mice of each age 
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group were acclimated in animal care facilities of the University of Missouri for at least 

one week before being studied. Room temperature was maintained at ∼24°C on a 12h: 12h 

light: dark cycle with food and water available ad libitum. On the morning of an 

experiment, a mouse was anaesthetized by intraperitoneal injection of pentobarbital 

sodium (60 mg kg-1)  which was supplemented as needed (20 mg kg-1) to maintain 

anesthesia as confirmed by lack of withdrawal to toe pinch (monitored every 15 min during 

surgery and throughout experimental protocols). Esophageal temperature was maintained 

at ∼37°C by placing the mouse on an aluminum warming plate (5 cm × 11 cm). Upon 

completion of the experimental protocol (duration, ~5-6 h), the mouse was euthanized by 

an overdose of pentobarbital sodium (intraperitoneal injection) followed by cervical 

dislocation. 

Gluteus maximus muscle preparation for intravital microscopy  

The GM was prepared by shaving the left hindquarter then placing the mouse in the prone 

position on the warming plate. The skin and connective tissue overlying the left GM was 

removed and exposed tissue was superfused continuously at 3 ml/min with bicarbonate 

buffered physiological salt solution (PSS) that contained (in mM): 131.9 NaCl, 4.7 KCl, 2 

CaCl2, 1.17 MgSO4, 18 NaHCO3 and equilibrated with 5% CO2/95% N2 (34-35°C, pH 

7.4). Viewing through a stereomicroscope, the left GM was carefully dissected away from 

its the lumbar fascia and iliac crest, reflected away from the hindquarter onto a transparent 

rubber pedestal (Sylgard 184; Dow Corning, Midland, MI) and the edges pinned to 

approximate its dimensions in situ. Superficial connective tissue and fat were carefully 

removed to expose the resistance network including the FA (i.e., the inferior gluteal artery 
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before it enters the muscle), which becomes the 1A upon entering the muscle, and the 

downstream 2A and 3A branches. The inferior gluteal motor nerve bundle was cut 

proximally and the free end aspirated into an insulated borosilicate glass microelectrode 

filled with PSS (105). To minimize stray current, the interface between the nerve and 

suction electrode was insulated with Kwik-Cast Sealant (World Precision Instruments, Inc. 

USA). The completed preparation was transferred to the fixed stage of an intravital 

microscope (Nikon E600FN; Melville, NY) mounted on an X-Y translational stage 

(Gibraltar; Burleigh Instruments, Fishers, NY). Images were acquired through a Nikon 

SLWD 20X objective (numerical aperture = 0.35) focused onto a FireWire color charge-

coupled device camera (DFK 21AF04; The Imaging Source, Charlotte, NC). Spatial 

resolution on the video monitor was ~1 μm. Digital images were recorded at 30 frames per 

second (fps) using LabView software (National Instruments, Austin, TX) provided by Dr. 

Michael J. Davis (University of Missouri). The internal diameter (ID) of each vessel 

studied was measured frame-by-frame during playback using a video caliper integrated 

into the software. Each GM preparation was equilibrated for 30 min before evaluating 

ROV. Data were acquired only from preparations exhibiting robust vasomotor tone under 

resting conditions (145). At the end of each experiment, maximal vasodilatation was 

recorded during superfusion with sodium nitroprusside (SNP; 10-4 M).  

Motor nerve stimulation 

Single tetanic contractions of the inferior GM were induced by electrical stimulation of the 

motor nerve (30V, 100Hz, 0.1 ms pulse) for durations of 100, 250, 500 and 1000 ms; 

stimulation at 100 Hz evokes maximal tetanic contraction (6). One vessel (FA, 1A, 2A, or 
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3A) was observed for each set of 4 contractions, with the order of respective branches 

randomized across experiments. Each vessel was allowed to recover to its resting baseline 

diameter following a given contraction. Thus, evaluating ROV to 4 contraction durations 

in 4 branch orders during a given condition required a series of 16 contractions and 3 series 

of contractions (control + 2 experimental treatments) were studied in each GM preparation. 

Preliminary control experiments performed when designing this study confirmed that 

vasomotor tone and ROV remained stable throughout 4 series of contractions performed 

in this manner (Supplemental Figure 3.1).   

Pharmacology 

All pharmacological treatments were added to the superfusion solution for topical 

application at the designated concentration (145). Nonselective activation of αARs used 

10-9 M NA, this concentration of NA activates αARs at a subthreshold level; i.e., without 

eliciting obvious vasomotor response (75). Nonselective inhibition of αARs used 10-6 M 

phentolamine, this concentration of phentolamine has been verified to effectively block 

αARs response on the same GM preparation in previous studies in our laboratory (75, 106). 

The effects of selective inhibition of α1ARs or α2ARs on ROV was investigated using 10-

8 M prazosin (PZ) or 10-7 M rauwolscine (RW) (106); the respective concentration has been 

verified in a previous study from our laboratory using the same GM preparation studied 

here (106). The effects of selective activation of α1ARs and α2ARs on ROV was 

investigated using 10-7 M phenylephrine (PE) and 10-7 M UK 14304 (UK) respectively. To 

ensure that PE and UK were exerting effects, each was applied at a concentration (10-7 M) 

that I found to just begin to elicit vasoconstriction (145). The order of respective treatments 
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varied across experiments. Reagents were obtained from Sigma Chemical Co. (St. Louis, 

MO) unless indicated otherwise. 

Immunofluorescence 

To confirm the presence of perivascular sympathetic innervation,  individual FAs were 

dissected and pinned in a Sylgard-coated Petri dish, fixed in 4% paraformaldehyde for 20 

min, blocked with 10% normal goat serum and incubated overnight at 4°C with primary 

antibodies for tyrosine hydroxylase (TH; dilution, 1:250; #T2928, Sigma) to identify 

sympathetic nerves (96) and for protein gene product 9.5 (PGP 9.5; dilution, 1:400; 

UltraClone Ltd., Isle of Wight, England) to identify all perivascular nerves (153). Vessels 

were incubated with secondary antibodies for 90 min at room temperature (Alexa Fluor-

488 or -546; Molecular Probes/Life Technologies; Carlsbad, CA; USA) each at 1:500 

dilution then transferred to a glass slide and mounted with ProLong Gold (Invitrogen). 

Cover slips were applied and sealed with clear nail polish. Between each step, vessels were 

rinsed 3 times in phosphate-buffered saline (PBS; #P5368, Sigma). Primary and secondary 

antibodies were diluted in PBS + 0.2% Triton X-100. Labeled vessels were imaged on a 

Leica SP5 confocal microscope using a HCX PL APO 40X oil immersion objective 

(numerical aperture, 1.25) with a 2X optical zoom and 1 μm Z-slices. 

Data analysis 

Diameter responses of FA, 1A, 2A, and 3A during ROV were obtained using frame by 

frame measurements of internal diameter (ID, defined as the widest distance between edges 

of the lumen) during offline analyses of video recordings. “Peak” vasodilatation refers to 
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the largest ID recorded in response to a contraction and is used to express the amplitude of 

ROV. Thus, diameter change = IDpeak – IDrest, where IDrest = baseline resting ID. To 

facilitate comparison of responses across vessel branch orders, vasodilatation is expressed 

as % of respective maximal IDs during superfusion with 10-4 M SNP and calculated as: 

vasodilatation (% max) = [(IDresponse-IDrest)/(IDmax-IDrest)] × 100%, where IDresponse = ID 

at designated time point(s) following contraction and IDmax = maximal ID during SNP. 

Temporal aspects of ROV are defined by the onset of dilatation and the time required to 

attain peak diameter upon cessation a given contraction. Due to tissue displacement during 

contraction, “onset” was evaluated at 1 s post-contraction, as this was the earliest time we 

were able to consistently refocus vessel images. Time to peak was defined as the interval 

between the end of contraction and peak ID.   

Statistics 

Data were analyzed with two-way analysis of variance (ANOVA) and linear regression to 

evaluate the effect of vessel branch order and age on ROV. Two-way repeated measures 

ANOVA was used to evaluate main effects of pharmacological interventions with respect 

to vessel branch order. Post-hoc comparisons were performed using Bonferroni tests. 

Summary data are expressed as means ± SE. Differences were considered statistically 

significant with P<0.05. 
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RESULTS 

Resting and maximal diameters are similar for GM of young and old mice 

Internal diameters were similar between young and old mice across all branch orders at 

rest and during maximal dilatation with 10-4 M SNP (Figure 3.1). Spontaneous vasomotor 

tone at rest was similar between age groups; however slightly larger resting diameters for 

1A of old mice was reflected in significantly lower spontaneous tone in this branch order 

(Figure 3.1C). Nonselective inhibition of αARs with 1 µM phentolamine had no effect on 

resting diameters, nor did subliminal activation of αARs with 1 nM NA (Table 3.1). 

ROV is blunted during advanced age throughout resistance networks 

Single tetanic contractions evoked ROV in all vessel branch orders of both young and old 

mice (Figure 3.2). Expressed relative to respective maximal vasodilatations with SNP, 

peak ROV tended to increase with branch order, with FA<1A<2A<3A. Within each branch 

order, ROV increased with contraction duration, such that 100<250<500<1000 ms. While 

the effects of branch order and contraction duration were similar between age groups, 

respective ROV responses in old mice were generally depressed relative to those in young 

mice. Maximal force produced by the GM (e.g., at 100 Hz) is not different between young 

and old C57BL/6 mice (6).   

Because of tissue movement and vessel displacement during muscle contraction, it was not 

possible to precisely determine the time of dilatation onset. As an alternative approach, the 

initial response was evaluated at 1 s post-contraction, i.e. immediately upon refocusing the 

vessel image. At this first time point, the increase in diameter was greatest in the smaller 
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downstream branches compared to larger upstream branches, with 3A>2A>1A>FA 

(Figure 3.3). The initial response also increased with the duration of muscle contraction 

and these relationships were maintained with responses expressed in either absolute or 

relative terms (Figure 3.3, left and right panels, respectively). Despite maintaining graded 

responses to contraction duration, dilatations were attenuated by ~half in arterioles of old 

mice compared to young mice, with the inhibitory effect of advanced age most apparent in 

FA (Figure 3.3).    

Expressed in absolute values, peak dilatations were greater in arterioles than in FA and 

were similar across branch orders for 1A, 2A and 3A within each age group (Figure 3.4, 

left panels). However responses in old mice were consistently lower by ~half when 

compared to responses in young mice. Relative to maximal diameters with SNP, peak 

dilatations during ROV increased with vessel branch order from FA to 3A and with the 

duration of tetanic contraction yet were attenuated consistently in old mice compared to 

young mice (Figure 3.4, right panels). These differences in ROV between age groups were 

manifest despite similar resting and maximal diameters between age groups (Figure 3.1). 

The depression of peak ROV with advanced age was greatest in FA, which control the total 

volume of blood flow into arteriolar networks. In 3A of young mice, peak vasodilatation 

to 1000 ms contraction approximated maximal diameter with SNP.  

Temporal dynamics of ROV are not affected by ageing 

Peak ROV was attained within ~4 s across branch orders (Figure 3.5). Within respective 

branch orders, the time-to-peak for ROV was remarkably consistent across contraction 

durations. However, the time-to-peak ROV was longer in FA (~4 s) and 1A (~3.5 s) 
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compared to 2A and 3A (~3 s) and this temporal delay for proximal versus distal branches 

was manifest across durations of muscle contraction. Respective time-to-peak values for 

ROV was not different between age groups (Figure 3.5). 

Sympathetic innervation 

Sympathetic innervation was tested by labeling with a nonspecific neural marker (PGP9.5) 

and with a selective marker of sympathetic nerves (TH), which overlapped with each other 

for FAs (Figure 3.6). It was impossible to obtain definitive staining of arterioles embedded 

within the GM however our findings are confirmatory in nature as perivascular sympathetic 

nerves are known to course along arteriolar networks of skeletal muscle (14, 99).  

Differential modulation of ROV by αARs in Young versus Old mice  

To investigate the role of subtle αAR activation, 10-9 M NA was added to the superfusion 

solution; alternatively, to investigate the role of constitutively activated αARs, 10-6 M 

phentolamine was added (75). Neither treatment affected resting diameter in either age 

group (Table 3.1). Further, neither treatment affected the onset of ROV in either age group 

(i.e., not different from Figure 3.3. Nevertheless, peak ROV was affected differentially in 

the GM of young versus old mice, respectively.  

 Activation of αARs attenuates peak ROV in Young mice. Across vessel branch 

orders and contraction durations, subthreshold stimulation with NA attenuated peak ROV 

in resistance networks of Young mice (Figure 3.7, left panels), particularly in proximal 

FAs and 1As compared to 2A and 3A further downstream. In contrast, there was little effect 
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of NA on peak ROV in respective vessels of old mice (Figure 3.7, right panels), which 

was attenuated (compared to young mice) under control conditions.  

 Inhibition of αARs improves peak ROV in Old mice. Across vessel branch orders 

and contraction durations, nonselective inhibition of αARs with phentolamine enhanced 

peak ROV in old mice (Figure 3.8, right panels). However, phentolamine had negligible 

effect in young mice (Figure 3.7, left panels).  

The functional distribution of α1ARs and α2ARs varies with branch order in 

arteriolar networks of the GM (106). With NA having the greatest effect in young mice 

and phentolamine having the greatest effect in Old mice, we used differential approach to 

investigate the role of αAR subtypes under respective conditions.    

Selective stimulation of α1ARs or α2ARs attenuates peak ROV of Young mice. In 

the GM of young mice, selective stimulation of α1ARs with 10-7 M PE or of α2ARs with 

10-7 M UK [i.e. using concentrations slightly above respective thresholds for 

vasoconstriction (145)], attenuated peak ROV across contraction durations, particularly in 

proximal branches (Figure 3.8). Nevertheless, this effect of αAR stimulation diminished 

as contraction duration increased (Figure 3.8). In downstream 3A, peak ROV in 3A 

“escaped” attenuation during activation of either αAR subtype. Thus, activation of either 

α1ARs or α2ARs can blunt peak ROV of proximal branches in GM resistance networks of 

young mice.  

Selective inhibition of α1ARs or α2ARs enhances peak ROV of Old mice. In the GM 

of old mice, selective inhibition of α1ARs with 10-8 M PZ or of α2ARs with 10-7 M RW 
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(106) increased peak ROV of FA across contraction durations (Figure 3.9). Further 

downstream, α2AR inhibition with RW increased peak ROV in 1A but not in 2A or 3A, 

while α1AR inhibition with PZ had no effect on peak ROV in any arteriolar branch order. 

Thus, constitutive activation of respective αAR subtypes exerts the greatest inhibitory 

effect on peak ROV in FA, with the effect of α2ARs extending into 1A. In contrast, peak 

ROV in 2A and 3A were unaffected by selective inhibition of either αAR subtype. 

 

DISCUSSION 

Dilatations of the resistance vasculature to single brief muscle contractions illustrate the 

regulatory events at exercise onset that facilitate transitioning from rest to physical activity; 

i.e., the rapidity with which blood flow and oxygen delivery can be increased to active 

skeletal muscle fibres and promote ATP generation through oxidative phosphorylation. 

Advanced age is known to restrict muscle blood flow, in part through the activation of 

αARs. This study has defined the kinetics and magnitude of ROV along microvascular 

resistance networks controlling blood flow to the mouse GM. Further, we have resolved 

differential modulation of ROV through αARs in young versus old male mice. In response 

to single tetanic contractions, ROV typically began within 1 s of muscle contraction and 

reached peak dilatation within 4 s post-contraction throughout the networks of young and 

old mice. The relative magnitude of ROV increased from proximal to distal branches 

(FA<1A<2A<3A) and increased with contraction duration (100-1000 ms) in all branch 

orders. Nevertheless, ROV was depressed in all vessel branches of old compared to young 

mice. Whereas subthreshold stimulation of αARs with NA depressed ROV only in young 
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mice, inhibition of αARs with phentolamine improved ROV only in old mice yet neither 

intervention affected resting diameters. Thus, subtle manipulation of αARs has significant 

physiological consequences that vary with age. With pharmacological interventions 

selective for α1ARs versus α2ARs, activating either AR subtype attenuated ROV in young 

mice while inhibiting α2ARs was most effective (versus α1ARs) in restoring ROV for old 

mice. Integration of these findings uniquely illustrates differential modulation of ROV by 

ARs in young versus old skeletal muscle. While manifest throughout resistance networks, 

the modulation of ROV through αARs is most effective in upstream branches (FA, 1A) 

that govern the volume of blood flowing into arteriolar networks. In contrast, the 

downstream 2A and 3A, which control regional distribution of flow to capillary beds, are 

less susceptible to modulation through αARs, particularly as contraction duration 

increases.  

ROV across branch orders    

With peak ROV quantified as the actual change in vessel ID, dilatations increased with 

contraction duration but were similar in magnitude across arteriolar branch orders for each 

contraction duration (Figure 3.4). For a given change in diameter, the net effect on blood 

flow increases with resting ID. In branching networks, the number of segments increases 

with each branch order, thus the increase in flow through a parent vessel is distributed 

among its smaller daughter branches. In contrast, expressing ROV as a percentage of 

maximal vasodilatation within each branch order (i.e. relative to the dynamic range 

between resting ID and maximal ID) enables comparison of reactivity across vessels that 

differ in size and branch order. With such perspective, the present data illustrate the trend 
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for ROV to increase with branch order (FA<1A<2A<3A) for each contraction duration and 

with the duration of contraction across branch orders. Thus, 2A and 3A approach maximal 

ID in response to our longest contraction duration (Figure 3.2). Consistent with findings 

in hamsters (161) and rats (113) these findings confirm that ROV is more robust in distal 

compared to proximal branches of the resistance network (54, 61). Nevertheless, ROV was 

attenuated throughout networks of old mice compared to those of young mice (Figure 3.2). 

While consistent with initial studies focused on distributing (2A) arterioles (75), the present 

data demonstrate that the effect of advanced age encompasses the entire resistance network 

but does so in a graded manner. Thus, FA dilatations are consistently less than observed in 

arterioles, underscoring the importance of maintaining resistance to blood flow external to 

the muscle even as intramuscular arterioles approach maximum dilatation. As functional 

sympatholysis is most effective in distal branches of the resistance vasculature (54, 159), 

restricting muscle blood flow by inhibiting ascending vasodilatation through αAR 

activation (66) effectively maintains peripheral resistance and arterial perfusion pressure 

when intramuscular arterioles dilate. This role for αAR activation becomes especially 

important when the energy requirements of aerobic activity become limited by cardiac 

output (126).     

Initiation of ROV in downstream microvessels ascends into proximal feed arteries 

Recording individual branches at 30 fps throughout each response to GM contraction 

enabled temporal resolution of vasomotor responses with high fidelity (Figure 3.2). With 

tissue displacement during contraction and time required to refocus, 1 s post-contraction 

was the first time point in which ID was resolved effectively across all durations (Figure 
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3.3). These data illustrate that the initiation of ROV occurs in the distal branches, i.e. the 

3A and 2A or their dependent terminal arterioles and capillaries even further downstream. 

Indeed, only the most distal branches began dilating at 1 s post-contraction in response to 

the shortest (100 ms) contraction. As contraction duration increased, proximal branches 

were “recruited” in this initial response, albeit to a lesser extent as compared to distal 

branches. Nevertheless, with almost negligible differences in IDs or vasomotor tone 

(Figure 3.1), respective branches of networks supplying the GM of old mice were 

consistently less responsive than those of young mice (Figure 3.3). Although this distal-

to-proximal evolution of ROV is more subtle during peak dilatation (Figure 3.4), the 

inhibitory effect of advanced age is manifest throughout. The present data reveal a temporal 

gradient along the network, with peak ROV occurring progressively later in more proximal 

branches (Figure 3.5). This coordinated behavior documents ascending vasodilation 

within arteriolar networks leading up to the parent FA , which has otherwise been presented 

as originating within the muscle and ascending into the proximal arterial supply (54, 69, 

141, 161). A key finding here is the consistency of time-to-peak ROV within each branch 

order across contraction durations (Figure 3.5), even while response  amplitude increases 

with contraction duration (Figures 3.2 and 3.4) [(75, 113, 161)]. As this temporal 

relationship is maintained during advanced age, we suggest that the signal(s) mediating the 

onset and time course of ROV are unaffected by ageing even while response amplitude is 

attenuated.  

When the kinetics of ROV in the mouse GM (Figure 3.2) are compared to ROV kinetics 

recorded in human subjects performing single contractions of the forearm (20, 22, 29) or 

knee extensors (30), respective time courses are remarkably similar, peaking in ~4-5 s post-
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contraction across respective ranges of contraction intensities. While the temporal 

correspondence of these integrated responses is apparent, the distal-to-proximal gradient 

in time-to-peak ROV along the resistance network is resolved here for the first time 

(Figure 3.5). If such a gradient occurs along resistance networks in humans, it is masked 

by evaluating ROV based upon blood flow responses in the principal artery (e.g., brachial 

or femoral) supplying musculature in the active limb. Nevertheless, the overall 

correspondence of ROV kinetics between mice and humans supports the mouse as a model 

to gain mechanistic insight into how advanced age attenuates ROV. A key feature and 

unique advantage of observing the microcirculation directly is the ability to determine what 

happens where and when along the resistance networks that control muscle blood flow. 

Attenuated ROV with advanced age and the effect of vessel branch order 

Resting conditions. Our improved surgical approach enabled exposure of the inferior 

gluteal artery (the FA studied here) along with arteriolar networks embedded within the 

GM. Because FAs are external to the tissue, they are not directly affected by active (i.e. 

contracting) muscle fibers. Thus ROV in FA reflects ascending vasodilation initiated 

within the muscle fibers in response to muscle contraction. The ~1 s delay between peak 

ROV in proximal FAs (~4 s) compared to peak ROV in distal 3As (~3 s) strengthens this 

interpretation. Further, ROV occurs first in the smallest arterioles located furthest 

downstream (Figures 3.2 and 3.5), which in turn may reflect signals originating from 

terminal arterioles and capillaries (5, 12, 137, 148) most intimately associated with skeletal 

muscle fibers. Thus, dilatation of distal arterioles will promptly increase capillary perfusion 

while total flow increases as dilatation ascends the resistance network (139). The rapid 
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onset of vasodilation and its ability to ascend into FA are reminiscent of conducted 

vasodilation initiated via hyperpolarization of the endothelium (48, 141). Thus, ROV may 

entail activation of membrane ion channels in microvessels responding to muscle fiber 

contraction. Indeed, on likely signal for the initiation of ROV is membrane 

hyperpolarization of the microvessel wall through activation of K+ channels (1, 29). At the 

earliest time point we resolved (1 s post-contraction), vasodilatation was blunted 

throughout networks of old mice compared to young mice. This effect of advanced age was 

most pronounced in FA (Figure 3.3). These data illustrate that advanced age delays ROV, 

particularly in proximal branches and lower contraction duration. Thus, the coupling 

between contractile activity and the rapid onset of vasodilation loses sensitivity with 

ageing, which points to a defect in the underlying signaling events. Supporting this 

conclusion are the reductions in peak ROV for each branch order at each contraction 

duration in old compared to young mice (Figures 3.2 and 3.4). Recent findings show that 

activation of KCa channels in  the endothelium of old mice dissipated electrical signals 

through “leaky” membranes more effectively when compared to young (4 months) mice 

(9). In light of the present data, such an effect on electrical signaling would blunt the 

initiation of hyperpolarization and restrict conducted vasodilatation [as shown in the GM 

(6)] as well as ascending dilatation of FA. Further studies are required to resolve the role 

of the endothelium and of particular K+ channels in the initiation of ROV and ascending 

vasodilation of FAs. 

Nonselective manipulation of αARs. In the GM of young mice, stimulation of ARs with 

NA attenuated peak ROV across all branch orders and did so at a concentration (10-9 M) 

that had no effect on resting diameters (Table 3.1). This effect of “subliminal” stimulation 
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was greatest in proximal FA and 1A branches while nearly absent in distal 3A branches 

(Figure 3.7, left panels). This behaviour is consistent with the ability of distal branches to 

more readily escape from sympathetic vasoconstriction during muscle contraction when 

compared to proximal arterioles or FAs (54, 159) likely due to their being more intimately 

associated with active muscle fibers and vasodilator metabolites. In contrast, 10-9 M NA 

had no effect on ROV of vessels in the GM of Old mice under control conditions, 

suggesting that the attenuation of ROV (compared to young mice) was due to a preexisting 

level of αAR activation no less than that of 1 nM NA  (Figures 3.4 and 3.7). However, 

nonselective inhibition of ARs with phentolamine improved peak ROV in old (but not 

young) mice and this effect was greater in proximal versus distal branches (Figure 3.7, 

right panels).  

Previous studies implicating a role for αAR stimulation in the attenuation of ROV with 

advanced age (22, 75). The present data uniquely illustrate that ROV is inhibited to the 

greatest extent in proximal FA and 1A branches. Thus, restoration of ROV during αAR 

inhibition was greatest in FAs, which are positioned to control the total volume of blood 

flowing into the arteriolar networks regulating blood flow within the tissue. That FAs are 

a key site for restricting ROV during advanced age is consistent with blood flow in 2A 

branches remaining significantly lower in old compared to young mice despite no 

difference in 2A diameters or levels of dilatation during rhythmic contractions (75). The 

activation of αARs inhibits conducted (ascending) vasodilation of FAs (66, 160) and may 

well explain the attenuation of conducted vasodilation  along arterioles in old mice (6). 

Such a conclusion is supported by the inability of vasodilation to spread from the active 

(inferior) to inactive (superior) region of the GM until αARs were inhibited by 
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phentolamine (105). In turn we suggest that constitutively enhanced SNA (38) and αAR 

stimulation (22, 75) during advanced age effectively restrict muscle blood flow by 

attenuating ascending dilatation and ROV of FAs.  

Roles of α1ARs and α2ARs. In light of the nonuniform distribution of αAR subtypes along 

arteriolar networks of the mouse GM (106), finding that stimulation of αARs attenuated 

ROV in young mice while inhibiting αARs restored ROV in old mice led us to resolve the 

contribution of αAR subtypes for respective age groups. Thus, by addition to the 

superfusion solution, agents selective for stimulating α1ARs (PE) versus α2ARs (UK) were 

tested in young mice while agents selective for inhibiting α1ARs (PZ) versus α2ARs (RW) 

were tested in old mice, with the efficacy and selectivity of respective agents confirmed in 

previous studies (106, 145). To ensure that PE and UK were exerting effects, each was 

applied at a concentration (10-7 M) that just begins to elicit vasoconstriction (145). In young 

mice, stimulating either α1ARs with PE or α2ARs with UK attenuated ROV similarly. 

Across contraction durations, this effect was greatest in FAs and decreased as branch order 

increased, with negligible effect in 3A (Figure 3.8). In old mice, the inhibition of either 

α1ARs or α2ARs had similar effects on restoring ROV in FAs. However, in 1A branches 

only the inhibition of α2ARs improved ROV, which is consistent with constriction to NA 

(i.e., the nonselective physiological agonist) being dominated by α2ARs in this branch 

order of the GM (106). Unlike the ability of phentolamine to improve ROV in nearly all 

branch orders of the GM in old mice (Figure 3.7, right panels), neither of the selective 

αAR antagonists affected ROV in 2A or 3A branches (Figure 3.9). Thus, constitutive 

activation of either αAR subtype alone can attenuate ROV in these distal branches of GM 

networks in old mice.  
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SUMMARY AND PERSPECTIVE    

The present findings illustrate that advanced age depressed ROV in all branch orders of 

resistance networks controlling blood flow to the mouse GM. In old mice, this effect was 

attenuated by the inhibition of αARs and recapitulated in young mice by stimulating αARs. 

The concentrations of αAR agonists and antagonists used in our experiments were based 

on finding them to have little or no effect on vessel diameters (106, 145). Our data thereby 

illustrate a subtle yet physiologically significant role for αARs in modulating ROV. While 

consistent with earlier findings of attenuated ROV with ageing in animals (75) and human 

subjects (22), this is the first study to identify where the effects of α1ARs and α2ARs 

predominate among branches of microvascular resistance networks. By stimulating the 

inferior gluteal nerve in anesthetized mice, contractions were restricted to the inferior 

region of the GM and thus avoided potentially confounding effects of central command 

(74). Further, our manipulations of αAR stimulation and inhibition were constrained to the 

GM by the addition of respective agents to the superfusion, thereby avoiding systemic 

effects and the possibility of evoking systemic cardiovascular reflexes. In such manner, our 

experimental paradigms emulate local infusion of αAR agonists and antagonists into the 

human forearm performing contractions of a relatively small muscle group (22, 37).  

Unlike the human forearm, where αAR stimulation contributes to vasomotor tone in a 

manner that decreases with ageing (37), the level vasomotor tone in the mouse GM at rest 

is independent of αAR activation, nor were there consistent differences in resting or 

maximal diameters between age groups. Prior studies in humans have implied that 

functional sympatholysis is impaired during advanced age (39, 82). Consisted with this 
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interpretation, the present findings suggest that inhibition of ROV by αAR stimulation are 

exerted throughout the resistance network and vary with vessel branch order. Thus, 

attenuation of ROV is greatest in FAs due to constitutive activation of both αAR subtypes. 

Because FA are external to the muscle, these proximal vessels avoid the direct effects of 

active muscle fibers on promoting vasodilatation (i.e. functional sympatholysis) and 

thereby maintain peripheral resistance upstream from arteriole networks embedded within 

the muscle. In young mice, ROV of 2A and 3A branches is robust and these vessels readily 

escape the inhibitory effect of exogenous (1 nM) NA. In old mice, ROV in the same 

branches is attenuated due to constitutive stimulation of αARs. While this attenuation can 

be reversed pharmacologically, both αAR subtypes must be inhibited for the greatest effect. 

We conclude that a subtle level of αAR stimulation attenuates the ability of the resistance 

vasculature to respond rapidly to the onset of muscle contraction. In proximal branches, 

this effect will restrict the volume of blood entering the muscle, while in distal branches 

the attenuation of ROV can adversely affect blood flow distribution and capillary 

perfusion. These concerted effects help to explain the impairment in functional 

sympatholysis that is manifest during advancing age, which contributes to the difficulty in 

transitioning from rest to physical activity or to increase from moderate to more intense 

levels of exercise. 
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Table 3.1. Resting diameters are maintained during manipulation of αARs. Compared to 
Control, phentolamine (Phentol, 10-6 M) or noradrenaline (NA, 10-9 M) had no significant effect on 
resting diameters of any branch order in the GM of either young or old mice. Summary data are 
means ± S.E., n=6 per age group.   

  

  Young 
_________________________ 

 Old 
_________________________ 

  Control Phentol NA  Control Phentol NA 

FA  38 ± 2 36 ± 3 38 ± 1  43 ± 3 42 ± 3 43 ± 3 

1A  30 ± 2 29 ± 1 29 ± 1  34 ± 2 33 ± 2 34 ± 2 

2A  20 ± 1 19 ± 1 2 0 ± 1  21 ± 1 20 ± 1 21 ± 1 

3A  10 ± 1 9 ± 1 10 ± 1  9 ± 1 9 ± 1 9 ± 1 
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Figure 3.1. Internal diameters and spontaneous tone in GM feed arteries and arterioles are similar for 
young and old mice. Resting diameter (A) and maximal diameter (B) decreased as vessel branch order 
increased for both age groups (FA>1A>2A.3A). Spontaneous tone (C; see Methods) increased with vessel 
branch order. Summary data are means ± S.E., n=6 per age group.  #P<0.05, main effect of age. ΔP<0.05, 
main effect of vessel branch order; *P<0.05, old vs. young mice for designated branch order.  
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Figure 3.2. With similar time course, ROV is depressed throughout resistance networks of old versus 
young mice. For single tetanic contractions of 100, 250, 500, or 1000 ms duration (key applies to all panels), 
vasodilatation (expressed in relative terms as % max; see Methods) tended to increase with vessel branch 
order (FA<1A<2A<3A) and with contraction duration (100<250<500<1000 ms). Across branch orders, ROV 
was lower for GM in old compared to young mice. Summary data are means ± S.E., n=6 per age group.  
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Figure 3.3. Initiation of ROV at 1 s post-contraction increases with contraction duration and branch 
order but is diminished with advanced age. Following each contraction duration, vasodilatation increased 
with branch order (FA<1A<2A<3A), whether expressed as absolute diameter change (µm, left panels) or 
relative responses (% max, right panels) at 1 s post-contraction. These initial responses were attenuated for 
all branch orders in GM of old mice compared to young mice. ΔP< 0.05, main effect of branch order; #P< 
0.05, main effect of age. *P< 0.05, old vs. young mice within respective branch order. Summary data are 
means ± S.E., n=6 per age group. 
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Figure 3.4. Peak ROV increases with contraction duration and branch order but is diminished with 
advanced age.  Following each contraction duration, peak vasodilatation expressed as absolute diameter 
change (µm, left panels) was similar across branch orders while relative responses (% max, right panels) 
increased with branch order (FA<1A<2A<3A). Both absolute and relative peak ROV increased with 
contraction duration for all branch orders in both age groups, however Peak ROV was diminished 
consistently in all branch orders for old mice compared to young mice with the greatest effect in FA.  ΔP< 
0.05, main effect of branch order; #P< 0.05, main effect of age, *P< 0.05, old vs. young within respective 
branch order. Summary data are means ± S.E., n=6 per age group. 



77 
 

                        

            

                                                                                                                                                                                                                      

 
 
Figure 3.5. ROV peaks earlier in downstream branches of the resistance network. The time-to-peak for 
ROV decreased as branch order increased (FA>1A>2A>3A) in GM of both young mice (R2=0.950) and old 
mice (R2=0.986). For each branch order, the time-to-peak ROV was consistent across contraction durations 
for both age groups. Note lag between downstream 3A and upstream FA, particularly in old mice for 100 ms 
contraction. Each data point represents the mean value for given duration from n=6 mice; horizontal bar for 
each branch indicates mean time-to-peak across respective contraction durations. 
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Figure 3.6. Sympathetic innervation of GM feed arteries for young and old mice.  A. Representative 
immunofluorescent staining of all perivascular nerves (protein gene product 9.5, PGP9.5) and of sympathetic 
nerves (tyrosine hydroxylase, TH) in GM feed arteries of young and old mice. B. Innervation per vessel 
surface area (% innervation) for PGP9.5 and TH was not different between FA of young and old mice. 
Summary data are means ± S.E., n=4 per age group.   
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Figure 3.7. Differential modulation of ROV in GM branch orders by αARs in young versus old mice. 
Peak ROV (% max) in FA, 1A, 2A and 3A following 100, 250, 500 and 1000 ms contraction in the GM of 
young and old mice. Peak ROV increased as GM contraction duration increased in both age groups. 
Stimulation of αARs with NA (10-9 M) attenuated peak ROV in young but not in old. In contrast, inhibition 
of αARs with phentolamine (Phentol, 10-6 M) enhanced peak ROV in old but not in young. The effect of αAR 
modulation on peak ROV tended to be greater in FA and 1A than in 2A and 3A. ΔP<0.05, main effect of 
branch order. #P< 0.05, main effect of Phentol or NA. ψP< 0.05, NA vs. Control in designated branch order. 
ΦP< 0.05, Phentol vs. Control in designated branch order. Summary data are means ± S.E., n=6 per age group.   
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Figure 3.8.  Selective activation of α1ARs or α2ARs attenuates ROV in upstream branches of GM in 
young mice. Peak ROV (% max) in FA, 1A, 2A and 3A following 100, 250, 500 and 1000 ms contraction 
in the GM of young mice. Across contraction durations, selective activation of α1ARs (PE, 10-7 M) or of 
α2ARs (UK, 10-7 M) attenuated ROV (% max) in FA, 1A and 2A but had no effect on ROV in 3A. ΔP< 0.05 
main effect of branch order; #P< 0.05 main effect of treatment; ΦP< 0.05, PE vs. Control, ψP< 0.05, UK vs. 
Control. Summary data are mean ± S.E. for n=6 young mice.  
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Figure 3.9.  Selective inhibition of α1ARs or α2ARs improves ROV in upstream branch orders of GM 
in Old mice. Peak ROV (% max) in FA, 1A, 2A and 3A following 100, 250, 500 and 1000 ms contraction 
in the GM of old mice. Across contraction durations, selective inhibition of α1ARs (PZ, 10-8 M) or of α2ARs 
(RW, 10-7 M) improved ROV in FA while inhibition of α2ARs improved ROV in 1A. However, selective 
inhibition of either αAR subtype alone had no effect in 2A or 3A.  ΔP< 0.05 main effect of branch order; #P< 
0.05, main effect of treatment; ΦP< 0.05, PZ vs. Control, ψP< 0.05, RW vs. Control. Summary data are mean 
± S.E. for n=6 old mice.  
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Supplemental figure 3.1 Time control study of ROV in GM. In 4 female C57BL/6 mice (6-10 months), 
electrical stimulation of motor nerves was applied and the peak ROV of all 4 vessel branch orders for 4 
complete sets of stimulation protocols was recorded. Each panel represents the repeated vascular response 
from an animal; In each panel, each data point represent a ROV following a tetanic muscle contraction at a 
given branch order. With the sequence of contraction durations (100, 250, 500, 1000 ms) and observation 
sites (FA, 1A, 2A, 3A) randomized, the ROV response was highly reproducible and remained stable 
throughout the protocols. 
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CHAPTER 4 

ROLE OF ENDOTHELIUM IN CONDUCTION AND INITIATION OF RAPID 

ONSET VASODILATION IN MOUSE SKELETAL MUSCLE 

 

 

ABSTRACT 

In response to contractile activity, ascending vasodilation (AVD) of proximal feed arteries 

(FAs) reflects signals initiated from arterioles embedded within active muscle fibers. We 

tested the hypothesis that the mechanism of AVD differs with the nature of skeletal muscle 

contraction. The resistance microvasculature supplying the gluteus maximus muscle (GM) 

of anesthetized male C57BL/6J mice (3-4 months old) was studied using intravital 

microscopy. Under control conditions, single maximal tetanic contraction (100Hz, 500ms) 

evoked rapid onset vasodilation (ROV) in FAs and primary (1A) arterioles (< 1s onset, ≤ 

4s peak response). In contrast, during 4 Hz twitch contractions, FA and 1A dilations began 

after 10-15s and plateaued by 30s. Microiontophoresis of acetylcholine onto a 1A increased 

diameter locally and evoked conducted vasodilation of upstream FA. Light-Dye Treatment 

(LDT) disrupted the endothelium between 1A and FA and eliminated ROV in FA but not 

1A. Nevertheless, FA dilated during rhythmic contractions until nitric oxide synthesis was 

inhibited (L-NAME; 10-4M). In intact GM preparations, superfusion of UCL1684 (10-6M) 

and TRAM34 (10-5M) to block KCa2.3 and KCa3.1 channels attenuated ROV by ~half in 

proximal FA and 1A with negligible effects on arteriolar dilations downstream. 

Superfusion of L-NAME (10-4M) and indomethacin (10-5M) to inhibit NO and prostacyclin 

had little effect on ROV across branch orders. We conclude that ROV of FAs reflects 
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hyperpolarization initiated from endothelium in downstream arterioles and conducted 

along the endothelium. During rhythmic contractions, AVD reflects NO release from 

elevated shear stress during functional dilation of downstream arterioles, where metabolic 

vasodilator signaling prevails.   

 

INTRODUCTION 

Muscle blood flow increases immediately (<1s) at the onset of exercise (109, 144, 157) 

and plateaus at a steady state according to the level of sustained contractile activity (24). 

Rapid onset vasodilation (ROV) can be evoked in response to a single muscle contraction 

(1, 29, 30, 102, 105, 161) and initiates hyperemia, followed by a steady-state vasodilation 

(SSV) that sustains the elevation in blood flow (23). Coordinated vasodilation among all 

branch orders of the microvascular resistance network, including proximal feed arteries 

(FA) and primary arterioles (1A) along with downstream [e.g., second (2A)- and third 

(3A)-order] arterioles is essential for muscle blood flow to increase in accord with local 

metabolic demands (24, 138). Because they are located external to muscle fibers, feed 

arteries (FAs) do not receive direct stimulation from active muscle fibers. Instead, dilation 

of FA reflects “ascending vasodilation” (AVD) that originates in the downstream arterioles 

embedded within the active muscle fibers (141). The mechanism(s) underlying AVD 

during ROV and SSV remain unclear, as do the respective vasodilator signals initiating 

these responses in downstream arterioles. 
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The endothelium has come to be recognized as an integral mediator of vasomotor control 

in response to muscle contractions (80). For example, rapid electrical signaling in response 

to endothelium-derived hyperpolarization (56)] is attributable to the conduction of the 

signal from cell to cell along the endothelium (8, 10). Thus, the endothelium is the apparent 

pathway for conduction of vasodilation induced by acetylcholine (ACh) (48, 140) and 

AVD in response to skeletal muscle contraction (141). In downstream arterioles embedded 

within the muscle, there are redundant stimuli for vasodilation that include substances 

released during muscle contractions. These substances include  vasodilator metabolites 

such as adenosine, ATP and K+ (13, 24) as well as changes in pO2, pCO2 and pH associated 

with exercise hyperemia (60, 80, 149). Many of these “classic” vasodilators can exert their 

effects through endothelium dependent vasodilation through stimulating the release of 

autacoids [e.g., nitric oxide (NO) and prostaglandins (mainly PGI2)] or electrical signaling 

via EDH initiated by the activation of small (KCa2.3,)- and intermediate (KCa3.1)- 

conductance Ca2+-activated K+ channels (17, 26, 51, 72). While the inhibition of autacoids 

in humans performing rhythmic knee extensions attenuated hyperemia reflecting SSV (16), 

such interventions did attenuate ROV to single contractions of the forearm (29). Thus, 

distinct signaling pathways are apparent that may vary with the nature of muscle 

contraction. Recent evidence implicates a role for K+ (29) in ROV and the genetic deletion 

of KCa2.3 impaired arteriolar ROV in mouse cremaster muscles (103). Collectively, these 

findings from studies of humans and animals support an integral role for the endothelium 

in exercise hyperemia. 

In the current study, we utilized intravital microscopy to study intact microvascular 

resistance networks of the mouse gluteus maximus muscle (GM). By manipulating 
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electrical stimulation of the inferior gluteal motor nerve to evoke single tetanic maximal 

contractions (75, 105)  or moderate rhythmic twitch contractions (6, 75), we were able to 

elicit either ROV or SSV, respectively. Our surgical approach enabled exposure of the 

inferior gluteal FA (145) and to thereby evaluate AVD as well as dilation in downstream 

arterioles of the same GM preparations in vivo. Conduction of vasodilator signals along the 

endothelium was tested using light-dye treatment (LDT) to selectively damage the 

endothelium (3, 18, 141) at an anatomically defined site located midway between a FA and 

1A. Selective pharmacological interventions were performed to resolve the role of EDH 

and ion channel activation (KCa2.3 + KCa3.1) vs. autacoids (NO and prostaglandins). To 

gain insight into signals governing muscle blood flow regulation at the onset of exercise 

vs. sustained activity from the perspective of regional differences in vasomotor control 

within the resistance network (138), we tested the hypothesis that the mechanism of 

vasodilation differs with the nature of skeletal muscle contraction.  

 

METHODS 

Animals: Experimental protocols were approved by the Animal Care and Use Committee 

of University of Missouri. C57BL/6 male mice from Jackson Laboratory were 

anaesthetized by intraperitoneal injection of pentobarbital sodium (60mg/kg), and 

supplemented as needed (20mg/kg) by checking the toe withdraw and pupil reflex every 

15 min to maintain anesthesia for the duration of each experiment.  
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Intravital gluteus maximus muscle preparation: After shaving the skin of surgical area 

overlying the left GM, the mouse was placed in a prone position on a heating plate with 

body temperature maintained at 37°C. Viewing through a stereomicroscope, the skin 

overlying the left GM was carefully removed. With the exposed tissue superfused 

continuously with bicarbonate-buffered physiological salt solution (PSS, 3 ml/min, 35°C, 

pH 7.4, equilibrated with 5% CO2 and 95% N2), the left GM was carefully dissected away 

from its the lumbar fascia and iliac crest. The muscle was reflected away from the 

hindquarter and spread over a transparent rubber pedestal (Sylgard 184, Dow-Corning; 

Midland, MI, USA) with the edges pinned to approximate in situ dimensions. The entire 

microvascular resistance network was thereby exposed (145), including the FA (i.e., the 

inferior gluteal artery before it enters the muscle), which becomes the 1A upon entering 

the muscle, and the downstream 2A and 3A branches (Figure 4.1). The inferior gluteal 

motor nerve bundle was then carefully isolated and cut proximally to leave a stump that 

was aspirated into an insulated borosilicate glass microelectrode filled with PSS (105). The 

interface between the electrode and surrounding tissues was sealed with Kwik-Cast Sealant 

(World Precision Instruments Inc, Sarasota, FL, USA).   

Imaging: The completed GM preparation was transferred to the fixed stage of an intravital 

microscope (Nikon E600FN; Melville, NY) mounted on an X-Y translational stage 

(Gibraltar; Burleigh Instruments, Fishers, NY). A FireWire color charge-coupled device 

camera (DFK 21AF04; The Imaging Source, Charlotte, NC) acquired the image at 30 

frames/s through a Nikon SLWD X20 objective (numerical aperture =0.35). The image 

was displayed onto a personal computer monitor with spatial resolution of ~1 µm calibrated 

with a stage micrometer. Digital images were recorded at 30 frames per second (fps) using 
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LabView software (National Instruments, Austin, TX) provided by Dr. Michael J. Davis 

(University of Missouri). The preparation was equilibrated for 30 min before beginning 

data acquisition. Respective vessel branch orders were studied in each GM preparation as 

described below. Prior to beginning motor nerve stimulation, a map of the resistance 

network was drawn and observation sites were identified for each vessel branch with 

reference to anatomical landmarks.  

Motor nerve stimulation: The motor nerve was stimulated (30V, 0.1ms pulses) at 10-fold 

greater voltage than the threshold determined for evoking a muscle twitch to evoke GM 

contractions. The nature of muscle contraction was controlled as follows. A stimulus train 

of 100Hz for 250 or 500 ms duration induced single tetanic contractions that evoked ROV. 

For SSV, rhythmic twitch contractions were evoked at 4Hz for 30s. For each stimulation, 

recording was initiated prior to the onset of contraction and maintained throughout 

recovery to resting diameter.  The order in which respective branches were studied was 

randomized across experiments. In preliminary time controls (n=4; Supplemental Figure 

3.1), we performed electrical stimulations and recorded vasomotor responses of all 4 vessel 

branch orders for 4 complete sets of stimulation protocols to confirm that vasomotor tone 

recovered and remained stable throughout criterion protocols.  

Light-dye treatment: Fluorescein isothiocyanate conjugated to dextran (FITC-Dextran, 

70 kDa) was injected retro-orbitally (168) into the systemic circulation to reach a final 

plasma concentration of ~2 mg/ml by estimating blood volume as ~10% of body weight 

(122). This concentration has been used in previous studies, and was verified with the in 

vitro studies of erythrocytes photohemolysis. The hemolysis was completed within 7 min 
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which is a reasonable time frame for our purpose of selective damage of endothelium in 

vivo (Supplemental Figure 4.1). The site where FA enters into muscle fibers and becomes 

the 1A (Figure 4.2) was illuminated (excitation, 460-500 nm) using a mercury arc lamp 

through a Nikon SLWD X20 objective (numerical aperture =0.35), thereby restricting 

damage to a ~300 µm segment. Photon intensity was ~0.3 mW (PM100D, Thorlabs Inc., 

Newton, NJ, USA). Preliminary experiments established that a 7-9 min period of 

illumination damaged ECs within the site of illumination while preserving the integrity of 

surrounding smooth muscle cells (SMCs).  

Microiontophoresis: For each experiment, successful disruption of ECs was tested 

through by local delivery of the endothelium-dependent vasodilator ACh or the SMCs 

agonist phenylephrine (PE) using micoiontophoresis at the site of LDT. Loss of dilation to 

ACh confirmed disruption of the endothelium, while maintenance of constriction to (PE) 

confirmed the integrity of SMCs (3). A borosilicate glass micropipette (~1 µm tip ID) was 

filled with 1M ACh or 1M PE and secured in a holder mounted in a micromanipulator. A 

silver wire (diameter, 0.010”) inserted into the micropipette was connected to the positive 

terminal of a microiontophoresis programmer (Model 260, World Precision Instruments 

(WPI); Sarasota, FL, USA), where a retain current of 400 nA prevented leakage of ACh. 

For the reference electrode, a second silver wire was secured at the edge of the GM and 

immersed in the superfusion solution. With the tip of the micropipette positioned adjacent 

to the site of LDT, the criterion stimulus was delivered using positive current (1000 nA, 1s 

pulse) to eject ACh or PE; respective agents are positively charged in solution.  
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Pharmacological treatment: All pharmacological agents were dissolved in PSS and 

superfused over the entire GM preparation. Indomethacin (10-5M) and L-NAME (10-4M) 

were applied to inhibit release of prostaglandins and nitric oxide, respectively. The 

synthetic ion channel antagonists UCL1684 (10-6M) and TRAM 34 (10-5M) were applied 

to block KCa3.1 and KCa2.3 channels, respectively. The order of treatments was rotated 

across experiments. To evaluate the impact of NO during SSV, L-NAME (10-4M) was also 

applied following LDT. At the end of each experiment, maximal vasodilation was induced 

by 10-4M sodium nitroprusside (SNP) superfusion.  

Experimental Protocols 

Light Dye Treatment: Vasodilation to GM contractions and ACh microiontophoresis were 

observed downstream in the 1A and upstream in the FA before and following LDT at a site 

midway between respective segments; i.e., where the FA enters the GM to become a 1A 

(Figure 4.2).  First, ROV and SSV were evaluated in respective branches under control 

conditions. Next, ACh was delivered onto the 1A at ~500 µm downstream from where 

LDT was to be performed. The response to ACh was observed locally at the site of 

stimulation and in the FA ~500 µm upstream from the site of LDT (i.e., 1000 µm upstream 

from the ACh micropipette; Figure 4.3). The FITC-dextran was then injected and the ACh 

micropipette was repositioned to the site of LDT. The local response to ACh was evaluated 

then LDT was performed. The local response to ACh was re-evaluated to confirm 

endothelial damage and the ACh micropipette was replaced with a PE micropipette to 

evaluate the response of SMCs at the LDT site. Responses of the 1A and FA to tetanic 

(ROV) and rhythmic (SSV) contractions were re-evaluated, as were local and conducted 



91 
 

responses to ACh delivered at the 1A downstream.  In separate experiments, L-NAME was 

added after determining the effect of LDT to evaluate any contribution of NO (Figure 4.4). 

Pharmacological combinations: In each branch of the network (FA, 1A, 2A, and 3A; 

Figure 4.1) ROV and SSV in were recorded under control conditions. The combination of 

indomethacin (10-5M) + L-NAME (10-4M) was then superfused to inhibit the synthesis of 

autacoids (NO and prostaglandins) or the combination of UCL1684 (10-6M) + TRAM 34 

(10-5M) were superfused to block electrical signaling (EDH) through KCa2.3 and KCa3.1 

channels (i.e., “KCa”) (19, 56). Respective concentrations of UCL and TRAM were 

confirmed to inhibit hyperpolarization to ACh in endothelial tubes isolated from skeletal 

muscle feed arteries (E. Behringer, unpublished). Following 20 min equilibration, ROV 

and SSV were re-evaluated in each vessel branch during continuous superfusion of 

respective antagonists. The complementary pair of inhibitors was then added to the 

superfusion solution so that all 4 agents were present and equilibrated for 20 min then ROV 

and SSV were evaluated a final time throughout the network. Thus, each pair of inhibitors 

was studied alone and in combination with the second pair of inhibitors (Figure 4.6). The 

same protocol was also used to evaluate its effects on concentration-response curves to 

ACh (Figure 4.7).  The order of respective treatment combinations was varied across 

experiments. At the end of the day’s experiments, the preparation was superfused with 10-

4 M sodium nitroprusside (SNP) to obtain maximal internal diameter (IDmax) at each site 

of observation.  

Data acquisition: Following the 30 min equilibration, resting internal diameter (IDrest) 

was recorded for FA, 1A, 2A and 3A using a video caliper integrated with the software. 
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Vasomotor responses were recorded under each of the conditions described respective 

protocols and the IDresponse of each vessel branch was measured at designated time points 

during playback of the video recordings. To facilitate comparisons among respective 

branch orders having different resting and maximal diameters, vasodilation was 

normalized to maximal change in diameter during superfusion with 10-4M SNP. Thus, 

vasodilation (% maximal response) = (IDresponse-IDrest)/(IDmax-IDrest) X 100% (145). 

The magnitude of ROV was quantified as the peak vasodilation attained following a given 

tetanic contraction. The magnitude of SSV was quantified during the plateau of the steady-

state response during rhythmic muscle contractions. Only preparations with robust 

spontaneous vasomotor tone were included in data analysis (145). 

Statistics: The effects of LDT at the site of illumination were analyzed using repeated 1-

way ANOVA with Tukey tests performed for post-hoc comparisons. Differences in 

vasodilation among vascular branch orders with respect to the effects of LDT or 

pharmacological treatments were analyzed using 2-way ANOVA with Bonferroni tests for 

post-hoc comparisons. Summary data are presented as means ± S.E. Differences were 

accepted as statistically significant with P < 0.05.   

 

RESULTS 

Selective disruption of endothelium. In GM resistance network, the FA is external to the 

muscle while arterioles are embedded within the muscle fibers (Figure 4.1). 

Microiontophoresis of ACh at the site where a FA enters the GM and becomes the 1A 
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(Figure 4.2A) evoked an instant vasodilation. After performing LDT to disrupt the 

endothelium, an identical ACh stimulus no longer evoked a response. Nevertheless, 

microiontophoresis of PE at the same site constricted the FA by ~40% while superfusion 

of SNP dilated the FA by similar amount, confirming the integrity of surrounding SMCs 

(Figure 4.2B).    

Conducted vasodilation to ACh is blocked by LDT.  Microiontophoresis of ACh onto 

the 1A at ~500 µm downstream from the site of LDT (Figure 4.3A) evoked vasodilation 

at the site of stimulation and this response conducted upstream into the FA recorded ~500 

upstream from the site of LDT. After LDT, local vasodilation of the 1A in response to ACh 

was maintained; however conducted vasodilation no longer occurred in the FA upstream 

from the site of endothelial damage (Figure 4.3B). Nevertheless, superfusion with SNP 

evoked maximal dilation at respective sites.   

Rapid onset vasodilation in FA is blocked by LDT.  Stimulation of the GM motor nerve 

to evoke a tetanic contraction (100 Hz, 500 ms) resulted in ROV of 1A and FA (Figure 

4.4A). After LDT, ROV was maintained in 1A but was abolished in FA. Nevertheless, both 

sites dilated maximally in response to SNP.  

Steady state vasodilation of FA remained intact following LDT until inhibition of NO 

production. In contrast to ROV, dilation of FA in response to 4Hz contractions was not 

affected by LDT. As observed under conditions, SSV began within 10-15s after initiating 

contractile activity and plateaued by 30s in all branches. However, when L-NAME was 

added following LDT, vasodilation was maintained in 1A but abolished in FA.  



94 
 

Vasomotor tone and the effect of pharmacological interventions. Resting IDs decreased 

as branch order increased from proximal FA to distal 3A, as did maximal diameters (Figure 

4.5). All branch orders exhibited robust spontaneous vasomotor tone that increased with 

branch order (from 40% in FA to 60% in 3A). Equilibration with either I+L (to inhibit 

autacoids) or T+U (to inhibit KCa) constricted FA significantly, as did the combination of 

I+L+T+U (Table 4.1). For 1A, only the combination of all 4 agents produced a significant 

constriction. In contrast, resting diameters of 2A and 3A were relatively unaffected by any 

of these agents. Thus, resting tone was enhanced only in proximal vessels during inhibition 

of respective signaling pathways. 

Effects of pharmacological interventions on endothelium dependent vasodilation. To 

evaluate the contribution of endothelium-derived autacoids (NO + prostaglandins) or KCa 

in mediating vasodilation to ACh, concentration-response curves were evaluated in the 

presence of respective inhibitors relative to control (Figure 4.6). In FA, inhibiting either 

autacoids (with I+L) and/or KCa channels (with T+U) shifted the ACh concentration-

response curves 1-2 log units to the right and their combined inhibition had the greatest 

effect. In downstream arterioles, inhibition of autacoids also shifted the ACh response 

curves to the right though KCa inhibition had negligible effect. The ~100% efficacy of 

vasodilation with 10-5M ACh was attenuated only in 3A when all 4 inhibitors were present 

(Figure 4.6). Under these conditions, 10-4M ACh was able to evoke 100% dilation of 3A 

in the presence all inhibitors (data not shown).  

Effects of pharmacological interventions on ROV.  A single tetanic contraction evoked 

ROV in all branch orders (Figure 4.7). Under control conditions, ROV was manifest within 
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1s post-contraction and attained peak values within 4s in all vessel branches; response 

amplitude increased with branch order and was ~10% greater following 500 ms compared 

to 250 ms contraction duration. In proximal FA and 1A, inhibition of KCa (with T+U) 

attenuated ROV to a greater extent than did autacoid inhibition (with I+L) while the 

combination of all 4 inhibitors had the greatest effect. In distal 2A and 3A, respective 

treatments produced more subtle attenuation and delay of ROV (Figure 4.7). For either 

contraction duration, evaluating ROV at 1s post-contraction illustrates the trend for a 

diminished initial response in the presence of respective inhibitor combinations, 

particularly in proximal FA and 1A (Figure 4.8). The time-to-peak for ROV decreased as 

branch order increased (FA>1A>2A>3A, P<0.05) for both contraction durations, 

indicating that vasodilation occurred earlier in more distal branches. In the presence of all 

inhibitors, ROV was delayed such that the time-to-peak nearly doubled (Figure 4.9). 

 To evaluate the role of autacoids and KCa on the amplitude of ROV, we compared 

peak ROV across vessel branch orders before and during respective pharmacological 

interventions. Peak ROV increased with contraction duration (P<0.05). Figure 4.10, left 

vs. right panels). With either contraction duration, peak vasodilation increased with branch 

order from FA to 3A. Superfusion of T+U attenuated peak ROV in proximal FA and 1A 

following both 250 ms and 500 ms tetanic contractions, whereas I+L had no significant 

effect. The combination of I+L+T+U had the greatest effect in FA, with ~65% attenuation 

following 250 ms contractions. In downstream 2A and 3A, peak ROV was unaffected by 

respective pharmacological treatments. 
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Subtle effect of pharmacological interventions on SSV. Following LDT, L-NAME 

superfusion abolished SSV in FA during rhythmic contractions (Figure 4.4B). For intact 

resistance networks, superfusion of I+L or T+U had no effect on SSV in any branch order 

(Figure 4.11). The combination of I+L+T+U tended to decrease SSV in FA and 1A but 

this effect was not significant.  

 

DISCUSSION 

In response to contraction of the mouse GM skeletal muscle, all branch orders of resistance 

vessels dilated coordinately to enable the increase in blood flow and fulfill muscle 

metabolic needs. By evoking contractions that differ in nature in mouse GM (e.g., single 

tetanic contraction vs. rhythmic twitch contractions), the ensuing ROV and SSV represent 

the vasodilator events that occur at exercise onset and during sustained activity, 

respectively. Application of LDT to selectively disrupt the endothelium segment between 

FA and 1A blocked conducted vasodilation of FA initiated by local stimulation of the 

downstream 1A with ACh microiontophoresis. In contrast, SSV of the FA during twitch 

contractions was not affected by LDT however the inhibition of NO synthase following 

LDT was effective in preventing FA dilation during rhythmic contractions. In the intact 

resistance network of the GM, inhibition of EDH through selective KCa2.3 and KCa3.1 

blockers significantly attenuated peak ROV in upstream FA and 1A yet had only subtle 

effects in downstream 2A and 3A; blockade of autacoids (NO and prostacyclin) had little 

effect on peak ROV across all vascular branch orders. Remarkably, simultaneous inhibition 

of NO, prostacyclin and EDH significantly attenuated the onset of ROV and delayed the 
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peak response across all vascular branch orders. In contrast, neither EDH nor autacoid 

inhibition attenuated SSV, though the combination of blocking EDH, NO synthase and 

prostacyclin production tended to decrease SSV in proximal vessels. The present findings 

thereby resolve distinct mechanisms of AVD for ROV compared to SSV for brief tetani 

compared to sustained rhythmic contractions. Thus, ROV in FA following tetanic 

contraction reflects conducted vasodilation along the endothelium initiated by EDH in 

downstream arterioles, while SSV of FA during continuous rhythmic contraction is 

mediated by NO release. Consistent with classic findings, additional vasodilator signaling 

prevails in downstream arterioles to ensure that muscle oxygen supply meets the metabolic 

needs of active muscle fibers. 

Role of the endothelium in conducted vasodilation 

Endothelial cells are oriented longitudinally along the axis of FA and arterioles, with 

abundant homocellular gap junctions expressed between neighboring cells (62, 97, 131). 

These structural properties explain why the endothelium is the favored pathway for 

conducting vasodilation along resistance vessels and, in turn, to relax surrounding SMCs 

rapidly through myoendothelial coupling via heterocellular gap junctions (47). In contrast, 

SMCs have circumferential orientation and lack effective SMC: SMC coupling through 

gap junctions (36, 63, 97). In FAs from hamster retractor muscle (48) and arterioles of 

mouse cremaster muscle (97), selective disruption of endothelium with LDT blocked 

conducted vasodilation to ACh beyond the site of damage, while the effect of selective 

SMC damage on conducted vasodilation was negligible (48). In the current study, LDT 

was used to interrupt the endothelium as a conduction pathway between the FA external to 
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muscle fibers and downstream arterioles embedded within muscle fibers (Figure 4.2). For 

this purpose, LDT could be performed anywhere along the FA. For example, in hamster 

retractor muscle with relatively long FA segments (several mm) located external to muscle 

fibers (141). However, applying LDT in vivo with the mouse GM preparation was more 

difficult anatomically due to the much shorter segment of FA that could be exposed (≤1 

mm) . Thus, LDT was performed at the transition of the FA into the 1A to ensure that a 

long enough segment of FA (>500 µm) was visible for vasomotor studies in vivo. 

Following selective disruption of the endothelium at the designated site, there was no 

longer vasodilation in response to local delivery of ACh, while SMCs remained able to 

contract and relax to PE and SNP, respectively (Figure 4.3). Consistent with earlier 

observations, the present data confirm that conducted vasodilation along the wall of FA in 

skeletal muscle relies on integrity of endothelium, but not SMCs (48, 141). 

Conduction of ROV along endothelium 

Light-dye treatment enables disruption of the endothelium within a defined segment of a 

vessel as determined by the presence of fluorescein within the vessel lumen (constrained 

to the vascular compartment by conjugation to 70-kDa dextran) and the optics of 

illumination (3, 48). In the present experiments, disruption of the endothelium within a 

~300 um segment located midway proximal FA was confirmed to be selective for ECs 

(Figure 4.2) and to inhibit conducted vasodilation to ACh (Figure 4.3), which requires 

integrity along the entire vessel to provide cellular pathway for conducting 

hyperpolarization and, thereby, vasodilation (48). As substantiated by these controls, the 

selective elimination of ROV in proximal FA shown here (Figure 4.4) is the first 
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demonstrate that ROV of FA reflects conduction of an electrical signal along the 

endothelium in response to skeletal muscle contraction. However, this is not the first study 

to address the coupling of endothelium conducted vasodilation and muscle contraction. An 

earlier study in hamster retractor muscle found that LDT prevented vasodilation evoked by 

muscle contractions in response longer periods (60-100s) of stimulus trains (400–800 ms  

@ 40–70 Hz, 0.5 Hz) quite different from those used here (141). Moreover, these previous 

experiments did not resolve AVD from SSV, which was a key goal of the present study. 

Nevertheless, respective findings are consistent in supporting a key role for conduction 

along the endothelium in coordinating vasodilation among proximal and distal branches of 

the resistance network – particularly at the onset of contractile activity. In such manner, 

the increase in blood flow is able to peak rapidly (within 4s, Figure7). It is reassuring to 

note that these temporal dynamics are remarkably similar to those recorded in human 

subjects performing single contractions of the forearm (Carlson et al., 2008; Casey & 

Joyner, 2012; Crecelius et al., 2013) or knee extensors (Credeur et al., 2015).  

In our preceding experiments (Sinkler and Segal, 2016; Chapter 3), we resolved 

the temporal pattern of ROV across respective vascular branch orders in GM and found 

that only the most distal branches initiated ROV with the shortest contraction duration (100 

ms) and that with longer durations (e.g, 500 ms as used here), peak ROV was attained more 

rapidly (2-3 s) in 2A and 3A than in proximal 1A and FA (3-4s). A similar distal-to-

proximal gradient in onset was observed in the present study as well (Figure 4.9). Taken 

together, these data illustrate that ROV is initiated in downstream arterioles and then 

conducted into proximal vessels. A corollary to this finding is that ROV is not initiated at 

the level of FA, which is located external to muscle fibers and thereby avoids direct 
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exposure to vasodilator signals from active muscle fibers. Because SMCs remained intact 

following LDT while ROV of FA was abolished, the present data further exclude SMCs as 

an effective pathway for AVD in response to brief tetanic contractions of skeletal muscle. 

Whether the endothelium initiates ROV within the intramuscular arteriolar networks is 

addressed below. 

Endothelial signaling and vasodilation in GM resistance networks 

Endothelium dependent vasodilation with ACh. Relaxation of SMCs during endothelium 

dependent vasodilation is mediated by 2 primary signaling pathways: release of autacoids 

[NO and prostaglandins (particularly prostacyclin, PGI2)] and electrical coupling through 

gap junctions (17, 26, 51, 72), with EDH initiated through activation of KCa2.3 and/or 

KCa3.1 (19, 56). In cannulated mouse cremaster arterioles concentration-response curves 

to ACh showed a modest shift to the right following superfusion of indomethacin (10-5M) 

+ L-NAME (10-4M), however maximal vasodilation was maintained until KCa inhibitors 

(apamin and charybdotoxin) were added to the superfusate (118). Thus, EDH appeared to 

be the predominant mechanism of endothelium dependent vasodilation in cremaster 

arterioles. In the current study, we chose  the synthetic inhibitors [UCL1684 and TRAM 

34] instead of apamin and charybdotoxin because of their smaller size and greater 

lipophilicity, thereby facilitating access to microvessels imbedded within the striated 

muscle fibers of the GM. Combined superfusion of indomethacin (10-5M) + L-NAME (10-

4M) as well as combined superfusion of UCL1684 (10-6M) + TRAM 34 (10-5M) over the 

entire in vivo GM network, caused a significant shift to the right of concentration-response 

curves to ACh in FA and 1A and this effect of indomethacin + L-NAME extended into 
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distal 2A and 3A. Nevertheless, maximal dilation to the highest concentration of ACh was 

attained at each branch irrespective of pharmacological inhibitions (Figure 4.6). This was 

the case even when the concentrations of UCL1684 and TRAM 34 were increased 3-fold 

(data not shown). The difference in response to ACh and inhibitors of GM arterioles studied 

here compared to cremaster arterioles studied by others (118) here may be explained by 

differences in experimental approach (cannulated vs. in vivo), regional differences in 

vascular networks (GM vs. cremaster muscle) and the activation of additional signaling 

pathways [e.g., cytochrome P450 metabolites (32)]. Nevertheless, the rightward shift in 

response to defined concentrations of ACh in the presence of our pharmacological 

inhibitors indicated that NO, prostaglandins and KCa effectively contribute to endothelium 

dependent vasodilation in the resistance network controlling blood flow to the mouse GM. 

Role for endothelium dependent hyperpolarization in ROV.  In the human forearm, 

combined inhibition of NO and prostaglandins attenuated ROV in response to single 

handgrip contractions (29), while in the mouse cremaster muscle, genetic deletion of 

KCa2.3 impaired ROV of arterioles (resting diameter, 10-15 μm) in response to muscle 

contraction (103). In FA and 1A, we quantified ROV as the actual change in diameter to 

compare responses before vs. after LDT (Figure 4.4). In contrast, to enable comparison of 

vasodilation across vessel branches that differ in diameter (Figure 4.5), ROV was 

expressed as the percentage of maximal vasodilatation within each branch order (i.e. 

relative to the difference between resting and maximal IDs). Under control conditions, the 

kinetics of ROV from initiation through recovery (Figure 4.7) exhibited the distal-to-

proximal gradient as described above. When the inhibitors of autacoids and EDH were 

present, ROV had slower onset in FA and 1A (Figure 4.7) and the initiation of ROV (e.g. 
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at 1s post-contraction) was depressed (Figure 4.8), while the time-to-peak nearly doubled 

(Figure 4.9). While these findings implicate a role for autacoids as well as EDH in ROV, 

the ~50% attenuation in peak ROV of FA with EDH inhibition (T+U; Figure 4.10) but not 

autacoid inhibition (I+L, Figure 4.10) points to a key role for EDH in the initiation AVD 

with tetanic contraction. Inhibiting EDH was similarly effecting in attenuating peak ROV 

of 1A which, unlike FA, is embedded within muscle fibers. Thus 1A may initiate ROV as 

well as receive signals from downstream branches.  

Initiation of ROV in distal arterioles. In downstream 2A and 3A, inhibition of autacoids 

and EDH had little effect on the magnitude of ROV (Figures 4.7 & 4.10). However, under 

these conditions all branches experienced similar delays in their time-to-peak (Figure 4.9), 

as illustrated by data obtained at 1s post-contraction, the earliest time point that could be 

accurately resolved for analysis (due to the time required to refocus the image following 

contraction). Attenuation of vasodilation at this early time point in the distal arterioles is 

thereby associated with the signaling that initiates ROV. Although the fastest component 

of ROV was disrupted, finding that the amplitude of ROV was maintained implies that 

additional vasodilator signaling prevails in distal arterioles.  For example, the activation of 

inward rectifying K+ channels (Kir) (29) in either ECs or SMCs (the latter via 

myoendothelial coupling) would contribute outward K+ current (hyperpolarization) to 

initiate or augment the spread of hyperpolarization (78, 111). With the exact stimulus that 

initiates ROV still to be resolved, ROV may well involve redundant mechanisms (24, 33, 

129, 161). In such a manner, when one or more key stimuli are ineffective, other 

vasodilators [e.g., metabolites produced by contracting muscle fibers (80)] could initiate 

ROV to increase muscle blood flow. 
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SSV and NO mediated vasodilation 

During rhythmic muscle twitch contractions, SSV was observed in all branches of the 

resistance networks studied here. With data normalized to account for differences in 

diameter, SSV increased with vessel branch order from FA to 3A (Figure 4.11). A key 

finding was that, in contrast to ROV (Figure 4.4A), SSV in FA was not affected by LDT 

(Figure 4.4B) that otherwise eliminated conducted responses along the endothelium. Thus, 

SSV appears to occur independent of signals conducted from downstream branches. When 

NO availability was then eliminated with L-NAME, SSV in FA no longer occurred, thereby 

indicating critical role for NO in mediating AVD of FA during SSV (Figure 4.4B). In light 

of increased blood flow through FA as downstream arterioles undergo dilation, the increase 

in shear stress on FA endothelium thereby stimulate NO synthase via flow mediated 

vasodilation (31, 79, 83). Nevertheless, superfusion of indomethacin + L-NAME onto 

intact networks of the GM failed to inhibit SSV in FA (Figure 4.11). Thus, rather than 

identifying NO as the mediator of FA dilation during rhythmic contractions, we suggest 

either endothelium-derived autacoids or the conduction of EDH can mediate SSV as 

complementary signaling pathways that may fully compensate for each other. In support 

of this interpretation is the tendency for SSV to be attenuated in FA when autacoids and 

EDH were inhibited simultaneously (Figure 4.11). Because the inhibition of these same 

signaling pathways had no apparent effect on SSV in downstream arterioles, and SSV 

reflects a much slower (10-15s) onset and plateau (25-30s) during continuous rhythmic 

muscle contractions, many other vasodilators directly associated with metabolic activity 

may contribute (e.g., adenosine, ATP and CO2), consistent with redundancy in mediators 
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of functional vasodilation during muscular exercise (24, 80). Under such conditions, when 

the efficacy of one vasodilator is compromised, another is ready to take over. 

 

SUMMARY AND PERSPECTIVES 

Using intravital microscopy of mouse skeletal muscle, two type of muscle contractions, 

tetanic maximal contractions (simulating brief intense activity, e.g. sprinting and 

powerlifting) vs. rhythmic twitch contractions (simulating moderate rhythmic activity, e.g. 

walking and cycling) were induced via motor nerve stimulation. Using LDT to selectively 

disrupt the endothelium and pharmacological interventions to inhibit different components 

of endothelium dependent vasodilation, we resolved distinct vascular signaling pathway 

involved in exercise hyperemia. Our findings illustrate that the ROV following tetanic 

contraction initiates rapid rise of muscle blood flow at the onset of exercise to facilitate the 

transition from sedentary to active, while SSV that develops during the rhythmic 

contraction contributes to the sustained blood flow elevation during steady-state exercise. 

Resolving these respective components of functional vasodilation underscores differences 

in the nature of vasodilation required to fulfill different needs of muscle fibers in accord 

with the nature of contractile activity. In turn, the time course of vasodilation and regulation 

of muscle blood flow should be considered with respect to how muscles may be recruited 

during different types of activity.   

The temporal resolution of ROV is fundamental to identifying the most rapid (i.e., 

initiating) vasodilator signals from the redundancy in vasodilator substances mediating 
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SSV. Such temporal resolution of respective aspects of vasodilation along microvascular 

resistance network is a unique feature of the present study. In addition to the effects of LDT 

on ROV, the distal-to-proximal temporal gradient in attaining peak ROV (occurring sooner 

in distal compared to proximal branches) and the effect of KCa inhibition provide strong 

evidence supporting the initiation and conduction of ROV from small arterioles located 

downstream to larger vessels located upstream. Furthermore, combined inhibition of 

endothelium derived autacoids and EDH depressed the initial response and delayed peak 

of ROV at all vascular branch orders, further supporting an integral role for the 

endothelium in the initiation as well as the conduction of ROV.   

In skeletal muscle network, the magnitude of blood flowing into a muscle is controlled by 

FA and 1A (138), ROV of these proximal vessels is integral to increasing blood flow at 

exercise onset while ROV of distal branches ensures greater perfusion of dependent 

capillary networks surrounding active muscle fibers. Thus, impairment of endothelium 

function limits effective regulation of muscle flow by attenuating both the initiation of 

ROV in small arterioles and the conduction of ROV into proximal vessels. Our present 

findings are consistent with evidence that the dysfunction of the endothelium with aging 

(20), obesity (11, 85) and diabetes (91) are associated with impaired muscle blood flow 

and exercise capacity. Thus, from a translational perspective, the present findings shed new 

light towards understanding key aspects of endothelial signaling and how it may be affected 

under different (patho)physiological conditions.   

We conclude that ROV of feed arteries in response to a tetanic contraction reflects AVD 

initiated by endothelium in downstream arterioles that is conducted rapidly as EDH along 
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the endothelium. AVD of feed arteries during rhythmic twitch contractions can also be 

mediated by NO release, consistent with elevated luminal shear stress during functional 

hyperemia and dilation of downstream arterioles. For arterioles embedded within the 

muscle, additional vasodilator signaling prevails.   
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Figure 4.1. Experimental preparation of the mouse GM. 
The resistance vessel network supplying inferior GM includes feed artery (FA) external to the muscle (solid 
lines) and downstream arterioles (1A, 2A, 3A) embedded within muscle fibers (dotted lines). Following 
muscle contraction evoked by stimulating the motor nerve using a suction electrode, vascular response were 
recorded in vessel each branch order.  
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Figure 4.2. Light-Dye Treatment selectively disrupted the endothelium.  
A. The site of LDT was located where a FA enters the GM and becomes the 1A. LDT was restricted to a 
~300 µm segment. Damage was verified through local delivery of ACh and PE at the site of LDT using 
microiontophoresis.  
B. Selective damage of the endothelium was confirmed when ACh no longer increased diameter. The 
reduction in diameter in response to PE and dilation to SNP confirmed integrity of smooth muscle cells. 
Summary data are means ± SE, n=6. *P<0.05 vs rest before LDT, ΔP<0.05 vs. ACh before LDT; #P< 0.05 
vs. rest after LDT. 
  

A B 



109 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.3. Light-Dye Treatment of endothelium blocked conducted vasodilation to ACh. 
A. ACh micropipette positioned at 1A located ~500 µm downstream from site of LDT, Arrows indicate local 
and upstream sites of observation in 1A and FA during microiontophoresis of ACh. 
B. Before LDT, ACh triggered local dilation of 1A that conducted upstream into FA. After LDT, local 
dilation of the 1A was intact while conducted vasodilation of FA was abolished. Both sites dilated to 
respective maximal diameters during SNP superfusion. Summary data are means ± SE, n=6. *P<0.05, before 
vs. after LDT. 
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Figure 4.4. Rapid onset vasodilation of FA was blocked by LDT while SSV remained intact until 
inhibition of NO production. The GM motor nerve was stimulated as in Figure 4.1 to evoke tetanic 
contraction (100 Hz for 500 ms). A. Before LDT: Following contraction, ROV peaked within 4s in 1A and 
FA (see Figure 4.6). Following LDT, ROV remained intact in 1A but was abolished in FA. B. During 4 Hz 
twitch contractions, SSV remained intact in 1A and FA following LDT. However, ensuing superfusion of L-
NAME (10-4 M) blocked SSV in FA but not 1A. Summary data are means ± SE, n=6. *P<0.05 vs. before 
respective interventions.   
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Figure 4.5. Resting and maximal internal diameters.  Diameters decreased and vasomotor tone increased 
as vessel branch order increased. Summary data are means ± SE; n=12.   
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Branch order Control I+L T+U I+L+T+U 

FA 38 ± 2 32 ± 1  29 ± 2*  30 ± 2* 
1A 30 ± 1 27 ± 2 30 ± 2  25 ± 2* 
2A 19 ± 1 15 ± 1 19 ± 2 19 ± 2 
3A   9 ± 1   7 ± 1 10 ± 1   9 ± 1 

 

 
 
 
 
Table 4.1. Effect of pharmacological agents on resting diameters. Internal vessel diameters at rest 
decreased significantly from Control in FA during superfusion of I+L, T+U, I+L+T+U and in 1A during 
superfusion of I+L+T+U. In contrast, downstream 2A and 3A were not significant affected. I+L: 
indomethacin + L-NAME; T+U: TRAM34 + UCL1684; I+L+T+U: indomethacin + L-NAME + TRAM34 
+ UCL1684. *P<0.05 vs. control. n=12 for control, n=6 for I+L, n=5 for T+U, n=9 for I+L+T+U. 
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Figure 4.6. Concentration response curves to ACh in FA and arterioles during inhibition of endothelial 
autacoids and KCa channels. In FA, superfusion of I+L to inhibit endothelial autacoids (NO + 
prostacglandins), and superfusion of T+U to inhibit KCa (EDH) shifted the response curve of FA to the right, 
with the effect of I+L+T+U > I+L > T+U. Superfusion of I+L also shifted the response curves in 1A and 2A 
without further effects of I+L+T+U combined. Maximal vasodilation by 10-5M ACh was attenuated only in 
3A during I+L+T+U. Ctrl: Control; IL: indomethacin + L-NAME; TU: TRAM34 + UCL1684; ILTU: 
indomethacin + L-NAME + TRAM34 + UCL1684; TRAM34 + UCL1684; *P< 0.05, main effect of 
treatment. Summary data are means ± SE; n=12 for control, n=5 for I+L, n=8 for T+U, n=6 for I+L+T+U. 
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Figure 4.7. Magnitude and time course of ROV: Effect of pharmacological treatments.  ROV peaked 
within 4s for all branches in response to a single 250 ms or 500 ms tetanic contraction.  In proximal FA and 
1A, superfusion with I+L or T+U decreased ROV and combining I+L+T+U further decreased ROV while 
slowed initiation and delayed peak response. Respective treatments had more subtle effects on distal 2A and 
3A. Abbreviations: Ctrl: Control; IL:  indomethacin + L-NAME; TU: TRAM34+UCL1684; ILTU: 
indomethacin + L-NAME + TRAM34 + UCL1684; *P< 0.05; n=10 for Control, n=5 for I+L and T+U, n=8 
for I+L+T+U.  
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Figure 4.8. Inhibition of autacoids and EDH attenuates the initiation of ROV. Following 250 ms and 
500 ms contraction duration, the initiation of ROV at 1s post-contraction increased with branch order 
(FA<1A<2A<3A, P< 0.05). These initial responses were attenuated overall (P<0.05), particularly in proximal 
1A and 2A, with any combination of inhibitors. Ctrl: Control; IL:   indomethacin + L-NAME; TU: TRAM34 
+ UCL1684; ILTU: indomethacin + L-NAME + TRAM34 + UCL1684. *P< 0.05, vs. control within 
respective branch order. Summary data are means ± S.E.; n=10 for Control, n=5 for I+L and T+U, n=8 for 
I+L+T+U. 
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Figure 4.9. Combined inhibition of autacoids and EDH delayed peak ROV. The time-to-peak for ROV 
decreased as branch order increased (FA>1A>2A>3A, P<0.05) following 250 ms and 500 ms GM tetanic 
contractions, indicating that vasodilation occurred earlier in more distal branches. Combined inhibition of 
autacoids and EDH doubled the time-to-peak ROV throughout the resistance network. Ctrl: Control; IL:   
indomethacin + L-NAME; TU: TRAM34 + UCL1684; ILTU: indomethacin + L-NAME + TRAM34 + 
UCL1684. #P< 0.05, main effects of branch orders; ΔP< 0.05, main effect of treatment; *P< 0.05, vs. control 
within respective branch order. Summary data are means ± S.E.; n=10 for Control, n=5 for I+L and T+U, 
n=8 for I+L+T+U. 
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Figure 4.10. Inhibition of EDH decreased Peak ROV in FA and 1A but not 2A or 3A. Peak ROV 
increased with branch order from FA to 3A (P<0.05). Whereas I+L did not change peak ROV throughout the 
resistance network. Superfusion of TU decreased peak ROV in FA and 1A but not in 2A or 3A for both 
contraction durations; the addition of I+L to T+U had no further effect. Control; IL:   indomethacin + L-
NAME; TU: TRAM34+UCL1684; ILTU: indomethacin + L-NAME + TRAM34 + UCL1684. *P<0.05 vs 
Control. Summary data are means ± SE; n=10 for Control, n=5 for I+L and T+U, n=8 for I+L+T+U.   
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Figure 4.11. Steady state vasodilation was not affected by pharmacological interventions.  Steady state 
vasodilation increased with branch order from FA to 3A (P<0.05). Superfusion of I+L or T+U had no effect 
on SSV in any branch order. Combined superfusion of I+L+T+U tended to decrease SSV in FA and 1A 
however the effect was not statistically significant. Ctrl: Control; IL:   indomethacin+L-NAME; 
TU:TRAM34+UCL1684; ILTU:indomethacin+L-AME+TRAM34+UCL1684. Summary data are means ± 
SE, n=10 for Control, n=5 for I+L and T+U, n=8 for I+L+T+U. 
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Supplemental Figure 4.1.  Time course of erythrocytes photohemolysis. The fresh blood samples were 
collected from C57BL/6 mice (21, 23 months old) in heparinized tube. After centrifugation and removal of 
the plasma and buffy coat, erythrocytes were re-suspend in 0.9% NaCl to a hematocrit of 8%. After mixed 
with FITC-Dextran (70kD), 20 µL of 4% hematocrit of erythrocytes solutions was loaded on the 
hemocytometer. The time course of the erythrocyte photolysis with the activation of FITC was shown. The 
final concentration of FITC was 4 mg/ml (top panel), 2 mg/ml (middle panel), and 1 mg/ml (bottom panel) 
respectively.  In each panel, the first image was the onset of hemolysis, the following images were captured 
at every 30s until the completion of hemolysis shown in the last image. The concentration of LDT at 2 
mg/ml was chosen in our final LDT protocol.   
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CHAPTER 5 

CONCLUSIONS 

 

SUMMARY  

My dissertation research has investigated the effects of aging on microvascular reactivity 

in skeletal muscle, from the perspectives of α-adrenergic modulation and endothelial 

signaling pathways with an emphasis on gaining insight into ROV. By resolving the 

functional contribution and regulation of respective branch orders of the resistance network 

governing the regulation of blood flow, my dissertation research encompasses 3 chapters 

that are based upon intravital microscopy of mouse gluteus maximus muscle.  

Chapter 2 has defined microvascular reactivity along resistance networks of skeletal 

muscle in young and old male C57BL/6 mice, by measuring the internal vessel diameters, 

vasomotor tone and responses to defined vasoactive stimuli. Under resting conditions, 

young and old mice exhibited similar diameters for feed arteries and respective arteriolar 

branches. During maximal dilation, diameters of distal arterioles (i.e., 2A and 3A) tended 

to be larger in old compared to young mice, reflecting greater spontaneous vasomotor tone. 

Nevertheless, vasoconstriction in response to elevated O2 was attenuated throughout the 

networks of old compared to Young mice. Further, while α1ARs were twice as effective as 

α2ARs in evoking constrictions, advanced age had the effect of attenuating α2AR-mediated 

vasoconstriction to the greatest extend. Remarkably, with similar resting diameters, 

vasodilation to ACh (i.e., EDD) was greater in distal arterioles of old compared to young. 
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Thus the effect of advanced age on the reactivity of microvessels supplying skeletal muscle 

varies with branch order and nature of the vasoactive stimulus.  

Chapter 3 defined the kinetics and magnitude of ROV along microvascular resistance 

networks controlling blood flow to the mouse GM, and resolved the differential modulation 

of ROV through αARs in young versus old male mice. In response to single tetanic 

contractions, ROV typically began within 1 s of muscle contraction and reached peak 

dilatation within 4 s post-contraction throughout the networks of young and old mice. The 

relative magnitude of ROV increased from proximal to distal branches (FA<1A<2A<3A) 

and increased with contraction duration. ROV was depressed in all vessel branches of old 

compared to young mice. Subtle manipulation of αARs had significant physiological 

consequences that vary with age: Subthreshold stimulation of αARs with NE depressed 

ROV only in young mice, inhibition of αARs with phentolamine improved ROV only in 

old mice. With pharmacological interventions selective for α1ARs versus α2ARs, 

activating either AR subtype attenuated ROV in young mice, while inhibiting α2ARs was 

more effective (versus α1ARs) in restoring ROV for old mice. Integration of these findings 

uniquely illustrates differential modulation of ROV by ARs in young versus old skeletal 

muscle. While manifest throughout resistance networks, the modulation of ROV through 

αARs is most effective in upstream branches (FA, 1A) that govern the volume of blood 

flowing into arteriolar networks. In contrast, the downstream 2A and 3A, which control 

regional distribution of flow to capillary beds, are less susceptible to modulation through 

αARs, particularly as contraction duration increases. 
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Chapter 4 has defined the role of endothelium in AVD of ROV in FA and in ROV initiation 

in downstream arterioles while resolving its differences from SSV, a slower mechanism 

for vasodilation during sustained exercise. By differing the nature of GM contractions 

(single tetanic maximal contraction vs. rhythmic twitch contractions) to evoked ROV or 

SSV in all branch orders, I was able to separate the “fast” and “slow” vascular responses 

contributing to exercise hyperemia. Using LDT to selectively disrupt the endothelium 

segment between FA and 1A, I was able to block conducted vasodilation of FA in response 

to stimulating a downstream 1A with ACh. Importantly, LDT also eliminated ROV in FA 

following single tetanic contraction, demonstrating for the first time that ROV is conducted 

along the endothelium as a mechanism of AVD. In contrast, the SSV with rhythmic twitch 

contractions was not affected by LDT, but was blocked by further inhibition of NO 

production – thereby identifying a distinct signaling pathway for AVD. In intact GM 

networks, inhibition of EDH through selective KCa2.3 and KCa3.1 blockers attenuated 

ROV in upstream FA and 1A with only subtle effects in downstream 2A and 3A. In 

contrast, blockade of autacoids (NO and prostaglandins) had little effect on peak ROV 

across all vascular branch orders. Remarkably, simultaneous inhibition of NO, 

prostaglandins and EDH significantly attenuated the onset vasodilation and delayed peak 

ROV across the entire network. In contrast, inhibition of autacoids or EDH failed to 

attenuate SSV, except for a tendency to attenuate SSV when EDH and autacoids were 

inhibited at the same time. Collectively, these findings have distinguished different 

signaling pathways for AVD in ROV vs. SSV in accord with different types of contractile 

activity. Thus, ROV in FA following tetanic muscle contractions reflects conducted 

vasodilation along the endothelium initiated by EDH in downstream arterioles, while SSV 
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in FA following rhythmic muscle twitches can also be mediated by NO release. Consistent 

with findings reported in earlier classic studies, additional vasodilator signaling prevails in 

downstream arterioles to ensure the muscle oxygen supply meets local metabolic needs. 

 

INTEGRATION OF FINDINGS  

Vascular reactivity and vasomotor responses to muscle contraction with advanced age was 

characterized in the mouse GM.  Compared to young mice, EDD was attenuated in feed 

arteries of the GM but was enhanced in distal arterioles in association with greater 

vasomotor tone. The α1AR-mediated vasoconstriction was attenuated only in distal 

arterioles of the GM in old mice, while the α2AR-mediated vasoconstriction was attenuated 

across the entire resistance network. For ROV, the ability of the resistance vasculature to 

respond rapidly to the onset of muscle contraction was attenuated across the GM network 

in old vs. young mice and this attenuation was greater in proximal vessels (FA and 1A) 

compared to distal vessels (2A and 3A). From the perspective of systemic hemodynamic 

regulation, the chief sites for controlling total blood flow entering the muscle are the 

proximal resistance vessels. My findings thereby explain why muscle blood flow is 

attenuated during advanced age.  In contrast, the local distribution of blood flow within the 

muscle is controlled by downstream arterioles that are embedded within the muscle and 

influenced directly by the surrounding tissue (80, 138). My findings suggest that these 

smaller branches of the resistance network are less affected by advanced age, thus may still 

function to distribute blood flow according to local metabolic demand within the muscle.  
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Sympathetic (adrenergic) modulation of ROV is most strongly manifested at proximal 

vessel branches of GM, where a subtle level of αAR stimulation attenuates ROV. Both 

α1AR and α2AR activation are able to attenuate ROV.  However, while α1AR activation is 

nearly twice as effective as α2AR activation in mediating vasoconstriction, the inhibition 

of α2ARs is more effective on rescuing the attenuated ROV during advanced age than is 

the inhibition of α1ARs. Aging depressed α2AR but not α1AR mediated vasoconstriction 

with aging. These findings suggest a differential role for α1ARs and α2ARs in blood flow 

regulation. In such manner, the maintenance of α1AR-mediated constriction serves to 

ensure the maintenance of peripheral resistance and arterial blood pressure during exercise 

(152). In contrast, α2AR signaling involving multiple cellular pathways (40, 58, 115, 167), 

serves as regulatory mechanism for responding to functional sympatholysis during exercise 

or more long-term adaptations such as aging.  A key finding from my dissertation research 

is that enhanced constitutive activation of αARs contributes to ROV attenuation with aging 

and that rescuing such an effect occurs primarily through the inhibition of α2ARs at 

proximal vessel branches.  

My experiments also provide definitive new insight into endothelial mechanisms 

underlying ROV (Figure 5.1).  Selective damage of endothelium between the FA and the 

downstream arterioles eliminates the ROV, confirming that this response conducts from 

downstream arterioles into proximal FA. Pharmacological inhibition of EDH attenuated 

peak ROV by approximately half in FA and 1A while significantly delaying the time to 

peak dilation. Thus, ROV of feed arteries reflects AVD initiated by hyperpolarization of 

endothelium in downstream arterioles that is conducted rapidly from cell to cell along the 

endothelium. In distal arterioles, endothelium is integral to ROV initiation by generating 
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EDH through activation of KCa2.3 and KCa3.1 channels. However, the actual signal that 

initiates EDH in response to tetanic muscle contraction was not resolved in my 

experiments.  Nevertheless, I was able to resolve 2 distinct signaling pathways for AVD. 

The first entails conducted vasodilation along the endothelium and is most effectively 

initiated by brief intense contraction. I used single maximal tetanic contractions for this 

purpose. The second involves the release of nitric oxide and was most effectively resolved 

using sustained repetitive contractions of moderate intensity. In turn, resolving such 

differences may provide a foundation for developing more specific therapeutic 

interventions to promote and restore muscle blood flow during advanced age. The ability 

to engage in physical activity, including daily tasks, will enhance the quality of life of those 

most affected. 

My findings collectively illustrate that ROV of the resistance vasculature supplying 

skeletal muscle is initiated by EDH and conducted along the vascular wall through the 

endothelium (Chapter 4). Importantly, ROV is regulated by signaling pathways that 

involve αARs in a manner that differs with vessel branch order (Chapter 3). Thus, aging 

may attenuate ROV through (but need not be restricted to) the mechanisms summarized in 

Figure 5.1. With enhanced SNA, the constitutive activation of α1ARs and α2ARs 

attenuated ROV in FA while activation of α2ARs attenuated ROV in 1A. In addition to its 

well-known effect of vasoconstriction, sympathetic activation also decreases endothelium 

conduction of vasodilation (65, 66, 105). These effects contribute to attenuated ROV in the 

proximal vessels. With endothelium dysfunction, blunted EDH will attenuate the initiation 

and conduction of ROV along the resistance network. As EDD was attenuated in proximal 

vessels, while in distal vessels it was surprisingly enhanced (Chapter 2), it is likely that 
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additional vasodilator signaling events may compensate for endothelium dysfunction to 

minimize the attenuation of ROV in distal vs. proximal vessels. By recording frame-by-

frame from video recordings, I was able to resolve a temporal gradient in the onset of ROV 

along the resistance network, thereby illustrating that ROV occurs sooner in the distal 

branches (Chapter 3), consistent with AVD originating downstream and then 

encompassing more proximal branches. From the perspective that principal sites for the 

regulation of peripheral resistance, distribution of cardiac output and tissue blood flow are 

within the proximal vessels, the concerted effects that impair ROV help to explain the 

deficiency in functional sympatholysis during advancing age. Indeed, such loss of function 

causes difficulty in transitioning from rest to physical activity or to increase from moderate 

to more intense levels of exercise (133).  

 

IMPLICATIONS OF CURRENT FINDINGS 

Current understanding of endothelium dysfunction is based primarily on impaired EDD of 

large conduit arteries or in vitro studies of isolated vessels. Our findings that EDD is 

actually enhanced in distal arterioles in vivo provides valuable new insight into therapeutic 

strategies designed to adjust EDD – for example to improve endothelial conduction rather 

than augment vasodilation through the release of autacoids such as nitric oxide.  

The endothelium is integral to both the initiation and conduction of ROV, thus serves as 

the key signaling pathway for rapidly increasing blood flow with exercise onset and 

transition to more strenuous activity. I found that ROV - but not SSV - was attenuated with 
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inhibitors that interfere with EDD. Therefore, for individuals at advanced age or in diseases 

with endothelium dysfunction, the extended period of “warm up” and moderate intensity 

exercise is recommended when performing physical activity or exercise training.   

Because constitutive activation of α2ARs contributes to the attenuated ROV at proximal 

vessels with aging, selective intervention of α2AR signaling would appear most likely to 

exhibit better effects in improving muscle blood flow with less effects in arterial pressure 

and peripheral resistance changes compared to targeting α1AR signaling. For this purpose, 

selective and targeting drug delivery system is needed. For example, a local infusion with 

nanoparticles loaded with selective α2AR inhibitors could be ideal for safe and convenient 

application for individuals, who are at advanced age or in other conditions with enhanced 

SNA, before or during muscular exercise, in order to improve ROV and their ability to 

transition to activity. 

 

FUTURE DIRECTIONS  

In light of evidence supporting the role of endothelium in the rapid vascular response to 

muscle contraction, and the changes in EDD along with endothelium dysfunction in 

advanced age, future studies should evaluate the role of endothelial conduction and the 

respective endothelial vasodilator (NO, prostaglandins and EDH) in old mice to determine 

whether changes in EDD with aging reflect the attenuated ROV or whether signaling 

pathways (e.g., reactive oxygen species) may be involved as an adaptation to advanced 

age. Further, because aging is inevitable in both males and females, the relationships 
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investigated here in male mice should also be examined in female mice. Unlike the 

cremaster muscle, which is unique to males, the GM used in my studies is integral to 

locomotion in both sexes thus is an ideal model to pursue such studies in the future. My 

current findings have also shed a light on endothelial mechanisms in initiating ROV in 

downstream arterioles. Nevertheless, the exact signal(s) evoking EDH or the conducted 

response during muscle contraction is not clear and requires further studies. Thus, 

molecular and genetic approaches may prove useful to selectively modify the proteins 

involved in the cellular signaling pathway of KCa 2.3 and KCa 3.1 channel opening. 

Examples include those mediating Ca2+ entry through the plasma membrane and those 

mediating Ca2+ release from internal stores.  In addition, new experimental approaches are 

needed to resolve mechanism(s) that activates AVD and endothelial signaling further 

downstream from the smallest arterioles studied here. Key questions center on what signals 

may be generated from the active muscle fibers and from within capillary networks to effect 

vasomotor responses of proximal arterioles that govern their perfusion with red blood cells.  

 

FINAL COMMENTS 

The insight gained in this dissertation research is from utilizing a mouse model to directly 

observe and thereby study microcirculation in skeletal muscle in vivo, thereby overcoming 

the limitations of human studies. The mouse GM is of mixed fiber type (90, 98) and thereby 

consistent with the composition of human skeletal muscles (93, 127). Intravital microscopy 

of the microcirculation in mouse skeletal muscle allows direct observation and evaluation 

defined branch orders of vascular networks, and acquisition of measurements that cannot 
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be obtained from human subjects. Thus our understanding where and how advanced age 

affects vascular reactivity and blood flow control in respective microvascular branch orders 

of the mouse GM in vivo may well be applied towards developing selective therapeutic 

strategies for promoting muscle blood flow in aging humans. 
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