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The current project sought to characterize the interaction of neural and local 

mechanisms of skeletal muscle blood flow control through exogenous and endogenous a

adrenoreceptor activation. We hypothesized that a 1- and aradrenoreceptors in the human 

leg would exhibit differential distribution and responsiveness, and that unilateral knee-

extensor exercise would attenuate a-adrenoreceptor-mediated vasoconstriction in an 

intensity-dependant manner. We also hypothesized that carotid baroreflex (CBR)

mediated sympathoexcitation would provoke less vasoconstriction during exercise than at 

rest. Intra-arterial infusion of phenylephrine (PE, a1-agonist) or BHT-933 (aragonist) 

reduced femoral blood flow (FBF) by approximately 60% at rest, but during exercise 

(27W) the degree of vasoconstriction evoked by PE and BHT was significantly reduced. 

During ramped (7W-37W) exercise, BHT did not reduce FBF at any intensity, while 

some degree of PE-induced vasoconstriction was evident at all but the highest exercise 

intensity. Using sinusoidal neck pressure, CBR-mediated changes in heart rate (HR), 

arterial blood pressure (ABP) muscle sympathetic nerve activity (MSNA), FBF, and 

tissue oxygenation (TOm) were seen at rest. During 7W exercise, CBR-mediated control 

of ABP, FBF, and TOm was attenuated. We conclude that exercise attenuates a

adrenergic responsiveness to exogenous and endogenous activation to ensure sufficient 

muscle blood flow while maintaining systemic ABP homeostasis. 
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CHAPTER I 

INTRODUCTION 

Historical perspective. 

In 1628, William Harvey first observed that the human circulatory system is organized as 

a continuous circuit (Harvey, 1628), a finding which has resulted in almost 400 years of 

fruitful scientific research in the area of cardiovascular physiology. The specific role of 

the nervous system as a controller of the blood vessels was established by Claude 

Bernard, who demonstrated vasodilation in the rabbit ear when the ipsilateral sympathetic 

nerve from the cervical ganglia was severed (Bernard, 1858). This landmark study 

inspired many specific areas of research regarding control of the vasculature, with a 

progression of subsequent discoveries regarding specific neurotransmitters (Loewi, 

1921), mechanisms of humoral (Oliver and Schafer, 1894), myogenic (Bayliss, 1902), 

and metabolic (Cohnheim, 1872) control, and more recently signal transduction pathways 

(ltoh, 1991; Laughlin & Korzick, 2001). However, much still remains unknown 

regarding the integration of control mechanisms which collectively govern the peripheral 

circulation. 
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Mechanisms of peripheral vascular control in humans. 

The peripheral vasculature is an exceptionally dynamic network, continually exposed to 

the milieu of circulating vasoactive substances as well as constant neural outflow directed 

towards the smooth muscle surrounding the vessels. These neural and humoral factors act 

together to vary the degree of vascular smooth muscle "tone", which ultimately 

determines the diameter of the blood vessel. Since blood flow is the product of vessel 

diameter and blood velocity, the degree of vascular tone is a key determinant of 

"downstream" tissue perfusion. Changes in vessel diameter also influence systemic 

arterial pressure (ABP) according to Ohm's law; mean arterial pressure= cardiac output 

I total vascular conductance. Thus, tight regulation of these resistance vessels is crucial 

to ensure concomitant delivery of blood to the tissue and adequate systemic ABP. 

Vascular tone is regulated by three principal control mechanisms; neural, 

humoral, and myogenic. It is well-known that neural sympathetic activation of the 

vascular smooth muscle is achieved through the release of norepinephrine (NE), which 

binds to membrane-bound post-junctional a-adrenergic receptors on the vascular smooth 

muscle, inducing vasoconstriction. In addition, the vascular smooth muscle is influenced 

by circulating humoral factors, which work through pharmaco-mechanical coupling to 

promote contraction or relaxation. Vascular smooth muscle tone is also controlled by an 

inherent constriction in response to stretch, normalizing changes in pressure across the 

vessel wall via the myogenic mechanism. Collectively, these regulatory factors maintain a 

relatively constant blood flow to the resting tissue. However, during conditions such as 

exercise, compensatory changes in the neural and humoral inputs to the vascular smooth 
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muscle are modulated by vasoactive waste products from the exercising muscle tissue. 

The addition of a metabolic component to the underlying neural and humoral control 

mechanisms results in a net increase in vascular conductance that is coordinated with the 

control of systemic ABP. However, details regarding this interaction between local 

metabolic and systemic vascular control mechanisms are not well known. 

Regulation of the vasculature during exercise. 

The practical importance of a strict regulation over the peripheral vessels becomes 

apparent during exercise, an event which may significantly challenge cardiovascular 

homeostasis. At the onset of exercise, the sympathetic nervous system produces several 

cardiovascular adjustments, including increases in ABP, heart rate (HR), and regional 

vascular resistance (Sal tin et a/., 1998). These adjustments are required to match oxygen 

delivery to the metabolic demands of exercising skeletal muscle and prevent perfusion 

mismatch (Laughlin, 1996). During exercise, accumulation of the metabolic byproducts 

of skeletal muscle contraction activate chemically-sensitive afferent fibers to initiate 

efferent muscle sympathetic nerve activity (MSNA), a phenomenon commonly referred 

to as the muscle metaboreflex (McCloskey & Mitchell, 1972). Metabolites also diffuse 

into the interstitial space and resistance arterioles, directly causing vasodilation through 

an interaction with the vascular smooth muscle. However, the vascular receptors 

influenced by these metabolites and the potential impact of these metabolites on 

sympathetically-mediated vasoconstriction have not been elucidated. Thus, two distinct 

factors must be considered; the interactions by which local metabolites are directly 

3 



•'<:·· . 

changing vascular conductance, and how these metabolites may alter the vascular 

response to neural sympathetic stimulation. 

Functional sympatholysis. 

In 1962, Remensnyder et a/. coined the term "functional sympatholysis" to describe the 

observation that sympathetic vasoconstriction in active skeletal muscle may be 

overridden by local control factors (Remensnyder, 1962). Since that time, several studies 

have reported that sympathetic vasoconstriction is well preserved in the exercising 

muscle (Secher et a/., 1977; O'Leary et a/., 1991), while others have observed an 

attenuation of sympathetic activation by the local metabolites produced during exercise 

(Richardson eta/., 1995; Hansen et al., 1996; Hansen eta/., 2000b; Rosenmeier eta/., 

2003). These seemingly conflicting results are not mutually exclusive, since metabolic 

blunting of sympathetic vasoconstriction does not exclude residual sympathetic effects, 

but rather implies less vasoconstriction than would be expected for a given sympathetic 

input. Nevertheless, the underlying mechanisms of sympatholysis are incompletely 

understood, and remain a topic of many ongoing investigations. 

a-adrenoceptors and exercise. 

We hypothesize that the common link between neural sympathetic and local metabolic 

control of skeletal muscle blood flow is the post-junctional a-adrenergic adrenoreceptors. 

Vasoconstriction of the skeletal muscle vasculature via sympathetic activation is achieved 

through release of NE, which binds to post-junctional a-adrenergic receptors of the 
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vascular smooth muscle. Signal transduction of a-adrenoreceptors is dependant upon the 

subtype (figure 1). The a1-adrenoreceptors are coupled to Gqt11 membrane proteins, 

which stimulate phospholipase C (PLC) activity, promoting hydrolysis of 

phosphatidylinositol bisphosphate 

to 

trisphosphate 

diacylglycerol 

produce 

(IP3) 

(DAG). 

inositol 

and 

These 

molecules act as second messengers 

mediating intracellular calcium 

(Ca) release from the 

sarcoplasmic reticulum (SR) and 

activating protein kinase C (PKC), 

which mcreases influx of 

ca++ . . . 

FIGURE 1: Simplified model of adrenergic 
signal transduction. 

extracellular Ca ++ (Hieble et a!., 1995; Guimaraes & Moura, 2001 ). Less is known about 

the vascular aradrenoreceptors, although it appears the Gi/0-protein is activated to 

promote Ca ++ availability and subsequent vasoconstriction without PLC activation 

(Docherty, 1998). 

The a-adrenoreceptors are anatomically located in a position that is 

simultaneously exposed to sympathetic input and exercise-induced metabolites, and are 

logically a putative site of sympatholysis. Indeed, several recent lines of evidence point to 

inhibition of post-junctional adrenergic signaling via metabolites from active skeletal 

muscle. Using reflex increases in MSNA, direct sympathetic neural stimulation, and 

5 



•"{:..::· 

intra-arterial directly acting a.-agonists, recent studies in animals (Thomas et al., 1994; 

Buckwalter & Clifford, 2001; Ruble et al., 2002) and humans (Hansen et al., 1999; 

Tschakovsky et al. , 2002; Dinenno & Joyner, 2003; Rosenmeier et al., 2003) have all 

demonstrated a reduction in a.-adrenoreceptor responsiveness during exercise. 

Tschakovsky et al. (2002) administered intra-arterial tyramine to the forearm, provoking 

local endogenous norepinephrine (NE) release from the presynaptic nerve terminals at 

rest and during rhythmic handgrip exercise. Compared to rest, the vascular response to 

endogenous NE release was attenuated with exercise in an intensity-dependent manner. 

Similar results were reported in a parallel animal study with a dynamic exercise protocol 

(Ruble et al., 2002). These and other studies have identified diminution in post-junctional 

a.-adrenoreceptor responsiveness as an important factor in the modulation of skeletal 

muscle blood flow during exercise. 

A wide array of factors contributing to the observed alteration in vascular 

responsiveness have been proposed, including vasoactive substances such as adenosine 

(Laughlin et al., 1989; Saltin et al., 1998; Radegran & Hellsten, 2000), prostaglandins 

and thromboxanes (Karamouzis et al., 2001 ), and the indirect effect of increased muscle 

temperature (Cooke et a/., 1984), hypoxia (Hansen et a/., 2000a), and acidosis 

(McGillivray-Anderson & Faber, 1990). These factors are not mutually exclusive. In 

several different protocols in both rodents and human skeletal muscle, production of 

nitric oxide (NO) has also been identified as an important metabolic event, since lack of 

skeletal muscle NO synthase or pharmacologic blockade of NO production is 

accompanied by loss of metabolic inhibition of sympathetic vasoconstriction (Thomas & 
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Victor, 1998; Sander et a/., 2000; Chavoshan et a/., 2002; Thomas et a/., 2003). 

However, the specific interaction of NO with a-adrenoreceptors in the human forearm 

vasculature has recently been called into question (Dinenno & Joyner, 2003). 

Few studies have considered molecular aspects of the interaction between the 

above metabolites and the various vasoconstrictor pathways in the vascular smooth 

muscle. In the dog hind limb, exercise attenuates vasoconstriction produced by 

administration of a-adrenergic agonists (Buckwalter et a/., 2001) but not exogenous 

application of vasopressin (Buckwalter, personal communication). Since a 1-adrenergic 

and vasopressin (V t) membrane-bound receptors share a common Gq-protein-mediated 

signal transduction pathway, this finding identifies a metabolic attenuation that is specific 

for a-adrenoreceptors. Others have demonstrated that systemic hypoxia (Dinenno et al., 

2003), exogenous adenosine infusion (Tschakovsky eta/., 2002), and local NO synthase 

blockade (Dinenno & Joyner, 2003) do not attenuate a-adrenergic vasoconstriction 

during exercise. Thus, while it seems the metabolic influence on local blood flow is not 

entirely indiscriminate, the interaction of metabolites with specific membrane-bound 

receptors and associated signal transduction pathways are not well understood. 

a-adrenoreceptor subtypes. Alpha adrenoreceptors are classified according to 

subtypes, based on pharmacologic binding studies. The primary post-junctional vascular 

smooth muscle subtypes are a 1 and a 2, and it is generally accepted that these subtypes 

are distributed heterogeneously within the arterial vessels of the skeletal muscle 

circulation. Current evidence exists in the animal model for a predominance of a 2 
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receptors in the small, nutrient arterioles, and a combination of a 1 and a 2 receptor 

subtypes in the larger, resistance arterioles (McGillivray-Anderson & Faber, 1990; 

Anderson & Faber, 1991). In animals it has been postulated that the reflex control of 

systemic blood pressure is maintained by the upstream resistance arterioles, while control 

of microvascular blood flow is managed primarily by the smaller nutrient arterioles. 

Dinenno et al. (2002b) examined the role of a-adrenoreceptor subtypes in the 

differential control of basal vascular tone in the human forearm using selective a-

. adrenoreceptor blockade to create "pharmacological sympathectomy". They observed ... .,-,, . 

that the calculated increase in forearm blood flow and forearm vascular conductance after 

removal of a2-vasoconstrictor tone was greater than after removal of a~, with the a 2-

adrenoreceptors representing -63% of basal sympathetic tone. These data suggest a small 

but significant differentiation of a-adrenoreceptor subtypes in the control of basal 

vascular tone, and also raises the question of whether this differential control might 

impact skeletal muscle blood flow and ABP regulation during exercise. 

a-adrenoreceptor subtypes and exercise. 

The functional consequence of the heterogeneous subtype distribution may be seen 

during exercise, since the a-adrenoreceptors of the microvasculature are in close 

proximity to the active muscle and thus may be more susceptible to the influence of the 

local metabolic byproducts produced in the active skeletal muscle. Indeed, in animal 

studies the sensitivity to metabolites produced during exercise appear greater in the a2-

adrenoreceptor compared to the a 1-adrenoreceptor (Thomas eta/., 1994). Isolated vessel 
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studies suggest a relative insensitivity of the a.1-adrenoreceptor to changes in pH 

(Medgett eta/. , 1987; Tateishi & Faber, 1995), hypoxia (McGillivray-Anderson & Faber, 

1990), and ischemia (McGillivray-Anderson & Faber, 1991) compared to the a.r 

adrenoreceptor. Recently, selective agonists for a.1-adrenoreceptors (PE, phenylephrine) 

and a.2-adrenoreceptors ( clonidine) were applied to resting and exercising (low and high 

intensity) dog hind limb to consider the differential vascular conductance changes of the 

receptor subtypes (Buckwalter et a/., 2001). Following PE (a.1-agonist), decreases in 

-.'t.s femoral artery conductance were seen, and the response was attenuated only during 

heavy exercise. In contrast, attenuation of vascular conductance changes in response to 

clonidine ( a.ragonist) was observed even at low-intensity exercise. Conversely, 

Rosenmeier et a/. (2003) used similar sympathomimetic drugs to demonstrate 

comparable responses between a.1- and a.2-adrenoreceptor-mediated vasoconstriction in 

the human forearm at rest, and also reported similar attenuation of a.-adrenoreceptor

mediated vasoconstriction between subtypes during handgrip exercise. 

These disparate findings have put forth the idea that while a.-adrenoreceptor

mediated vasoconstriction may be attenuated to different degrees among receptor 

subtypes, this relationship may be attributed to differences among species or even the 

location of the vascular bed under investigation. We suggest that interpretation of these 

findings must take into account the limitations of animal hind limb and human forearm 

measurements, since recent findings have shown the arm and leg skeletal muscle 

vascUlature in humans may exhibit markedly different hemodynamic and vascular 

responsiveness to sympathetic nerve stimulation, suggesting both a greater (Pawelczyk & 
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Levine, 2002) and lesser (Jacob eta/., 2000) response to pharmacologic a 1-adrenergic 

stimulation (PE) in the leg compared to the ann. Therefore, it is possible that these limbs 

also exhibit a differential vascular response to the metabolic by-products produced during 

exercise. Exercise models are also an important consideration, since forearm blood flow 

increases only 6-fold during strenuous handgrip exercise, while leg extension exercise 

may increase femoral blood flow up to 20-fold (Saltin et a/., 1998). The leg indeed 

represents a "sleeping giant" (Andersen & Saltin, 1985), with a vascular bed that may 

vasodilate to such a degree that it challenges maintenance of systemic ABP during 

exercise (Saltin et a/., 1998; Volianitis et a/., 2003). However, the impact of 

sympatholysis on the leg vasculature and how this event may influence cardiovascular 

homeostasis remains unknown. 

To our knowledge, no human studies have examined the concept of functional 

sympatholysis by directly measuring blood flow responses of a large ambulatory muscle 

group during graded, dynamic exercise. Furthermore, the existence and functional 

importance of a-adrenoreceptor subtype distribution in the leg vasculature has not been 

considered in humans. In chapter 2, we present findings from a series of protocols which 

utilized direct femoral intra-arterial infusion of selective a-agonists to specifically 

address the role of the a 1- and a 2-adrenoreceptors in the control of skeletal muscle blood 

flow at rest and during various levels of dynamic leg exercise. 
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Interaction of neural reflex and local metabolic control mechanisms. 

While the role of metabolic vasodilation as a means of ensuring ample oxygen delivery to 

the exercising tissue is well-recognized, the effect of this event on reflex control of 

systemic ABP is not well known. The importance of local metabolic events on ABP 

regulation is underscored by the fact that changes in vascular conductance in the skeletal 

muscle vascular bed produce more pronounced systemic effects as blood flow in the 

exercising muscle increases (O'Leary, 1991; Buckwalter & Clifford, 2001 ), making the 

skeletal muscle vascular bed more hemodynamically significant to overall cardiovascular 

homeostasis. The impact of metabolic vasodilation is of particular interest in the human 

leg vasculature, when muscle blood flow can increase up to 100-fold during intense 

exercise (Sal tin et al. , 1998). Thus, effective reflex control of the muscle vasculature is 

crucial to ensure adequate tissue perfusion is achieved without sacrificing systemic ABP. 

However, the relationship between reflex and local mechanisms of blood flow control in 

humans remain unclear. 

Experimentally, the neural control of vasomotion may be evaluated usmg 

conditions that alter sympathetic nerve activity, which will cause a associated change in 

vascular conductance of both resting and exercising muscle (Seals, 1989). Acute changes 

in carotid sinus transmural pressure are known to evoke changes in MSNA (Fadel eta!., 

2001b) and vascular conductance (Ogoh eta/., 2002; Keller eta!., 2003). In the resting 

skeletal muscle, reflex sympathetic activation produces vasoconstriction (Seals, 1989). 

Thus, it appears that the carotid baroreceptors contribute directly to the neural control of 

vasomotion and skeletal muscle blood flow through alterations in sympathetic outflow, 
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both at rest and during exercise. However, the functional consequence of a reflex change 

in sympathetic activity in the exercising skeletal muscle has become a subject of 

considerable debate. 

During exercise, the carotid baroreceptors are exposed to perpetual fluctuations in 

ABP, and so must provide adequate changes in efferent activity on a beat-to-beat basis. 

Previous studies have established that carotid baroreflex (CBR) control of R-R interval 

(RRI) (Eckberg, 1977) and ABP (Bevegard & Shepherd, 1966; Potts et a/., 1993) is 

preserved from rest to exercise in humans. More recently, CBR control of MSNA (Fadel 

eta/., 2001a) and leg vascular conductance (Keller eta/., 2003) during exercise have also 

been demonstrated. Using the static variable pressure neck chamber technique, these 

studies have elegantly evaluated the degree of cardiac and hemodynamic responsiveness 

to a single, static pulse of neck pressure (NP, CBR unloading) and neck suction (NS, 

CBR loading) during exercise. However, two important aspects of reflex control during 

exercise have yet to be considered; the role of the CBR in control of the peripheral 

circulation, and the emerging model of evaluating the dynamic properties of CBR 

regulation. 

CBR control of the peripheral vasculature. 

Studies in animals (Collins eta/., 2001) and humans (Keller eta/., 2003) have utilized 

reflex maneuvers to evaluate CBR control of limb blood flow, with equivocal results. In 

the exercising dog, Collins et a/. (2001) determined that CBR-mediated changes in 

vascular conductance in the exercising dog hind limb became greater as exercise intensity 
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increased. Using single bouts of NP and NS in humans, Keller eta/. (2003) identified 

attenuation of CBR-mediated changes in vascular conductance in the exercising leg 

during unilateral knee extension exercise. However, in both studies vascular conductance 

calculations are based on blood flow measurements taken in large, conduit vessels to 

estimate limb blood flow, which includes vessels supplying muscle, skin, and bone. Thus, 

this measurement does not necessarily reflect blood flow solely in the skeletal muscle 

microcirculation, where blood flow is heterogeneous and influenced by multiple control 

mechanisms. Recently, near-infrared (NIR) spectroscopy has been utilized for 

determination of skeletal muscle tissue oxygenation (TOm) in conjunction with 

established blood flow measurements to provide an index of oxygen delivery to the 

microcirculation, allowing an estimate of microcirculatory blood flow (Boushel & 

Piantadosi, 2000; Hansen eta/., 2000b). We have adopted this methodological approach 

to extend the established paradigm of efferent CBR control over cardiovascular function 

to the level of the skeletal muscle microcirculation, where local metabolic influences may 

directly influence reflex control of blood flow. 

Dynamic properties of CDR control. 

The CBR is by nature a dynamic system, regulating cardiovascular function through a 

complicated feedback control system that has intrinsic nonlinearity (Eckberg, 1980b; 

Zhang et a/., 2001 ). As such, recent evidence suggests alternate models may be more 

appropriate to evaluate the dynamic nature of the CBR (Bernardi et al., 1997; Keyl et al., 

2000; Zhang et a/., 2001 ). Unique modeling of dynamic reflex control has been achieved 

13 
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by providing an oscillating input to the CBR and measuring changes at the end-organ 

using spectral analysis of end-organ variability. Oscillatory CBR stimulation has been 

applied in studies investigating respiratory sinus arrhythmia (Keyl et al., 2000) and CBR 

control of muscle sympathetic outflow (Bath et al., 1981) using neck suction. These 

studies have demonstrated an apparent "entrainment" of RRI, MSNA, and ABP 

corresponding to the oscillatory frequency of the neck chamber pressure. However, the 

effect of oscillating CBR-mediated sympathoexcitation (NP) on ABP regulation and 

skeletal muscle hemodynamics has not yet been considered. Furthermore, the degree of 

CBR control of peripheral blood flow during exercise is not well understood. 

Repeated oscillations in carotid sinus transmural pressure produced by the neck 

chamber technique provide the opportunity for unique quantification of CBR reflex 

control using spectral analysis techniques. Cross-spectral analysis methods are now 

widely used to evaluate the transfer function of RRI and ABP variability as an index of 

both static and dynamic baroreflex gain (Clayton et al., 1995; Sleight et al., 1995). Others 

have utilized spectral power analysis of RRI, ABP, and MSNA in the frequency domain 

to estimate autonomic balance in response to pharmacologic (Saul et al., 1990; Nakata et 

al., 1998) and reflex (Bernardi et al., 1997) changes in carotid sinus pressure. However, 

to our knowledge the spectral analysis technique has not been applied to analyze dynamic 

CBR modulation of hemodynamic control at the level of the skeletal muscle 

microcirculation using measures of femoral blood velocity (FBV) and skeletal muscle 

tissue oxygenation (TOm). Furthermore, cross-spectral analysis of HR, ABP, MSNA, 
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FBV, and TOm for analysis of the temporal relationship between end-organs has not been 

considered. 

The extent of CBR control over the skeletal muscle vasculature of the leg in 

humans is not well understood. This vascular bed is of particular interest because of an 

enormous vasodilatory capacity during intense exercise, which may challenge 

cardiovascular homeostasis. Furthermore, details regarding the dynamic properties of 

CBR control of cardiovascular function at rest and during exercise are not known. In 

chapters 3 and 4, we present findings from a series of protocols which sought to 

determine the effect of dynamic oscillatory neck chamber pressure on peripheral 

hemodynamics at rest and during moderate-intensity knee extension exercise. 
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Summary and hypotheses. 

The current project sought to characterize the interaction of neural and local mechanisms 

of skeletal muscle blood flow control through exogenous (selective agonist drugs) and 

endogenous (CBR-mediated sympathoexcitation) post-junctional a-adrenoreceptor 

activation. We hypothesized that a 1- and a2-adrenoreceptors in the human leg would 

exhibit differential distribution and responsiveness to selective a-agonist drug 

administration. Furthermore, we hypothesized that exercise would attenuate a-

.... ~. · adrenoreceptor-mediated vasoconstriction due to the influence of metabolites emanating 

from the exercising muscle tissue, and that this effect would be intensity-dependant. 

Finally, we hypothesized that carotid baroreflex-mediated sympathoexcitation would 

provoke less vasoconstriction during exercise than at rest due to a metabolic attenuation 

of a-adrenoreceptor function, but that some degree of reflex control over the vasculature 

would persist to ensure adequate control of ABP. 
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In order to test these hypotheses, we have established the following specifiC aims: 

Specific Aim 1: To test the hypothesis that a.1 and <.x.z adrenergic receptor subtype 

function is related to receptor distribution in the skeletal muscle vasculature (Chapter 2). 

Specific Aim 2: To test the hypothesis that a.-adrenoreceptor-mediated vasoconstriction 

induced by sympathomimetic drug infusion is attenuated by the local metabolic 

influences during graded, dynamic exercise (Chapter 2) . 

Specific Aim 3: To test the hypothesis that a.1 and a.z-adrenoreceptor subtypes exhibit 

differential sensitivity to the metabolic byproducts produced during exercise (Chapter 2). 

Specific Aim 4: To test the hypothesis that skeletal muscle blood flow and tissue 

oxygenation are directly controlled by the carotid baroreflex (CBR) (Chapter 3). 

Specific Aim 5: To test the hypothesis that dynamic CBR control of skeletal muscle 

blood flow is attenuated by local metabolic factors during dynamic exercise (Chapter 4). 

To address these hypotheses and specific aims, three separate experimental protocols 

were performed. The findings from these studies are presented in the following chapters, 

in traditional manuscript format as submitted for publication. 
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SUMMARY 

The mechanisms underlying metabolic inhibition of sympathetic responses within 

exercising skeletal muscle remain incompletely understood. The aim of the present study 

was to test whether a.2-adrenoreceptor-mediated vasoconstriction was more sensitive to 

metabolic inhibition than a.1- vasoconstriction during dynamic knee-extensor exercise. 

We studied healthy volunteers using two protocols: 1) Wide dose-ranges of the a.

adrenoreceptor agonists phenylephrine (PE, Ut selective) and BHT-933 (BHT, a.2 

"'~selective) were administered intra-arterially at rest and during 27W knee-extensor 

exercise (n=13); 2) Flow-adjusted doses of PE (0.3 J..Lg.kg-1.r 1.min-2) and BHT (15 J..Lg.kg-

1.r1.min-2) were administered at rest and during ramped exercise (7W-37W) (n=lO). 

Ultrasound Doppler and thermodilution techniques provided direct measurements of 

femoral blood flow (FBF). PE (0.8 J..Lg.kg"1.min"1) and BHT (40 J..Lg.kg"1.min-1) produced 

comparable maximal reductions in FBF at rest (-58±6 vs. -64±4%). Despite increasing 

the doses, PE (1.6 J..Lg.kg-1.min"1) and BHT (80 J..Lg.kg-1.min-1) caused significantly smaller 

changes in FBF during 27W-exercise (-13±4 vs. -3±5%). During ramped exercise, 

significant vasoconstriction at lower intensities (7 and 17W) was seen following PE (-

16±5 and -16±4%), but not BHT (-2±4 and -4±5%). At the highest intensity (37W), FBF 

was not significantly changed by either drug. Collectively, these data demonstrate 

metabolic inhibition of a.-adrenergic vasoconstriction in large postural muscles of healthy 

humans. Both a.1- and a.2-adrenoreceptor agonists produce comparable vasoconstriction 

in the resting leg, and dynamic thigh exercise attenuates Ut- and a.rmediated 
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vasoconstriction similarly. However, a 2-mediated vasoconstriction appears more 

sensitive to metabolic inhibition, because a2 is completely inhibited even at low 

workloads, whereas at becomes progressively inhibited with increasing workloads. 

INTRODUCTION 

Vascular tone is controlled by interactions of sympathetic nervous and local vascular 

control mechanisms (Laughlin, 1996). In resting muscle, the importance of sympathetic 

activity for vascular tone is exemplified by the 50-100% increase in blood flow following 

sympathetic denervation or a-adrenergic blockade (Delp & Armstrong, 1988; Laughlin, 

1996; Delp & Laughlin, 1998; Dinenno et a/., 2002b ). In exercising muscle, metabolites 

accumulate and become involved in the control of local blood flow. During exercise the 

need for dramatic increases in perfusion and oxygen delivery to the contracting units are 

met by increased cardiac output and redistribution of blood flow. The latter is 

accomplished primarily by increasing sympathetic vasoconstriction in internal organs as 

well as resting muscle vascular beds. The increased sympathetic vasoconstrictor stimulus 

is delivered in parallel to the exercising muscle (Hansen et a/., 1994), but the 

effectiveness of this stimuli in the face of local metabolic vasodilation has been a matter 

of some controversy. In some models of exercise, evidence of sympathetic 

vasoconstriction has been reported (Secher et al., 1977; O'Leary, 1991), whereas other 

studies find evidence for metabolic blunting of sympathetic vasoconstriction in the 

exercising muscle (Thomas eta/., 1994; Richardson eta/., 1995; Hansen eta/., 1996; 

Thomas et al., 1998; Sander et a/., 2000). These seemingly conflicting results are not 
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mutually exclusive, since metabolic blunting of sympathetic vasoconstriction does not 

exclude residual sympathetic effects, but rather implies less vasoconstriction than would 

be expected for a given sympathetic input. 

In recent years there seems to be a growing consensus that metabolic inhibition of 

sympathetic vasoconstriction is a factor in several models of exercise in both animals and 

humans. Although the underlying mechanisms are incompletely understood, several lines 

of evidence point to inhibition of post-junctional adrenergic signaling via metabolites 

from active skeletal muscle. The a.-adrenergic receptors can be divided into the a.1 and a.2 

subtypes, each with vasoconstrictor properties in vivo. Microvascular preparations have 

identified a.1-adrenoreceptors primarily in proximal and a.2-adrenoreceptors primarily in 

the distal vasculature of skeletal muscle (McGillivray-Anderson & Faber, 1990; 

Anderson & Faber, 1991). In both isolated microvascular preparations and intact animal 

models, a.2-mediated vasoconstriction seems more sensitive to metabolic inhibition than 

a.1-vasoconstriction (Anderson & Faber, 1991; Thomas eta/., 1994). However, the role of 

a.-adrenoreceptor subtypes in humans remains unclear. 

Previous studies considering the effect of exercise on a.-adrenoreceptor-mediated 

vasoconstriction have been limited to the animal hind limb muscles (Buckwalter et a/., 

2001), and the human forearm during rhythmic handgrip (Rosenmeier et a/., 2003). 

However, to our knowledge no previous human studies have examined a.-adrenergic 

function in a large postural muscle group such as the quadriceps during graded, dynamic 

exercise. This is an important consideration, since the leg represents a vascular bed with 

the potential to vasodilate to such a degree that it may challenge maintenance of systemic 

28 



arterial blood pressure during exercise (Saltin eta/., 1998; Volianitis eta/., 2003), and so 

may be considered more hemodynamically significant than smaller muscle vascular beds. 

The aims of this study were to test the following hypotheses: 1) metabolic 

inhibition of a-adrenergic vasoconstriction is evident in exercising human thigh muscle, 

and 2) a2-mediated vasoconstriction is more sensitive than a1-mediated vasoconstriction 

to metabolic inhibition in exercising human thigh muscle. To accomplish this, femoral 

blood flow was measured directly at rest and during steady-state knee-extensor exercise 

. with superimposed administration of the selective a-receptor subtype agonists 
..-\"l,'t~ -

phenylephrine (PE, an a1-agonist) and BHT-933 (BHT, an a2-agonist). 

METHODS 

Subjects and general procedures~ Seventeen healthy young men (25±1yrs) participated 

in the present study. Written informed consent was obtained from all participants, and 

experiments were approved by the local ethics committee of Copenhagen and 

Frederiksberg and conformed to the Declaration of Helsinki. All studies were performed 

in a thermoneutral environment, with subjects in a semi-recumbent position 

(approximately 30 degrees reclined). Heart rate (HR) was recorded from an ECG 

(ADinstruments), and respiratory excursions from a strain gauge belt (Respitrace, 

ADinstruments). Blood pressure was determined both non-invasively by automated 

sphygmomanometry (Dinamap), and invasively (see below). Knee-extensor exercise with 

one leg was performed at 60 RPM on a modified cycle ergometer as described previously 
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(Andersen eta/., 1985). The knee extensor force and rhythm was recorded via a strain 

gauge attached to the ergometer lever arm (Customized signal processor, FBJ Industries). 

All measurements at rest were performed during vascular occlusion of the lower leg 

(pneumatic cuff below the knee inflated to 280 mmHg). With this procedure, a very large 

fraction of blood flow measured at the level of the groin is supplying the thigh muscle 

vascular bed. 

'"*' Catheterization The femoral artery and vein of the exercising leg were cannulated under 

local anesthesia (Lidocain, 5 ml, 20 mg/ml). The arterial (Arrow, 20 gauge) and venous 

(Cook, 18 gauge) catheters were inserted in the proximal direction -5 em below the 

inguinal ligament. The arterial catheter was used for intra-arterial infusions of drugs and 

phasic invasive blood pressure measurements (calibrated to the mid-axillary level, and 

blood pressure corrected for pump pressure artifacts during infusions). The venous 

catheter was used to perform thermodilution measurements of leg blood flow, as 

described below. 

Blood flow measurements 

Thermodilution. A sterile tip-thermistor (model 94-030-2.5-Fr, Baxter) was inserted 

through the femoral venous catheter and positioned 8 em proximal to the catheter tip (at 

the leve1 of the inguinal ligament). Another thermistor was placed at the venous catheter 

inlet and both thermistors were connected to a customized dual temperature signal 

processor. This allows continuous measurements of blood temperature during constant 
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infusion of a sterile iced saline solution (around 2-3°C at the venous inlet) administered 

at 100 mllmin by a modified Harvard pump for periods of 20 seconds. Dilution of this 

indicator in the vein of the exercising leg causes blood temperature to decrease by 0.5-

3°C, depending on blood flow. This thermodilution procedure has been described and 

validated in detail previously and provides very accurate and reproducible measurements 

of leg blood flow during knee extensor exercise (Andersen & Sal tin, 1985). During rest, 

thermodilution was not used, because the method is unsuited for determination of very 

low levels of blood flow, as expected during vasoconstrictor infusions. Femoral blood 

flow (FBFm) was calculated by the formula: 

FBF = F • Chi • Pb! • (tbri- t;c) 
TD sal C ( ) 

sal • Psa/ fbb - fbd 

where Fsa1 is saline flow; Cb1 and C5a1 are specific heats for blood and saline, respectively; 

Pbl and Psal are specific densities for blood and saline, respetively; tbb and tbd are 

temperatures of blood before and during the saline infusion, respectively; tic is the saline 

infusate temperature, corrected to the level of the catheter tip. 

Ultrasound imaging and Doppler. The ultrasound machine (model CFM 800, GE 

Medical) was equipped with a mechanical sector transducer operating at an imaging 

frequency of 7.5 MHz. V esse I diameter was determined at a perpendicular angle along 

the central axis of the scanned area, where the best spatial resolution is achieved (best 

theoretical resolution around 0.1 mm). The femoral artery was insonated distal to the 

inguinal ligament for dynamic recordings of diameter throughout a cardiac cycle. The 
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maximum diameter (systole) was used for calculation of blood flow, because systole is 

the phase of blood propulsion in large arteries. The blood velocity profile was obtained 

using the same transducer with a Doppler frequency of 4.0-6.0 MHz, operated in the 

high-pulsed repetition frequency mode (4-36 kHz) with a sample volume of 5 mm in 

depth. Care was taken to avoid aliasing especially during exercise. All blood velocity 

measurements were obtained with the probe at a constant 46 degree (or in some subjects 

50 degree) angle to the femoral artery during simultaneous real time 2D vessel 

visualization to maintain insonation angle constant and sample volume centered. At all 

sample points we obtained both diameter ofthe femoral artery (FAD) and, approximately 

20-30 seconds later, an angle-corrected, time- and space-averaged, and intensity-

weighted mean blood velocity (V mean) (Echopac Software, GE Medical and Power Lab, 

ADinstruments). Using FAD and Vmean, femoral artery blood flow (FBFo) was calculated 

from: 

The Doppler method has been reported to yield reproducible femoral artery blood flow 

measurements at rest and during knee-extensor exercise, previously used at up to 70% of 

maximal work (Radegran, 1997a). We obtained FBFo both during rest and exercise. 

However, a priori the thermodilution method was chosen as the method of choice during 

exercise, since variability for the thermodilution method was expected to be less 

compared to the Doppler method. Thus, for the present study, blood flow values during 

rest are from ultrasound Doppler measurements, while values during exercise are from 
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the thermodilution technique. A direct comparison of the results obtained from the two 

methods during exercise was performed (see results section). 

Drugs. Phenylephrine (PE) (Danish county pharmaceutical corporation, SAD) was used 

as a specific at-adrenergic agonist. BHT-933 (BHT) (Sigma-Aldrich, Denmark) was 

used as a specific a2-adrenergic agonist. Propranolol (Prop) (Astra Zeneca, Sweden) was 

used as a non-specific ~-adrenergic antagonist. In validation experiments, isoproterenol 

.. ~!O'(Iso) (Danish county pharmaceutical corporation, SAD) was used as a non-specific ~

adrenergic agonist, while yohimbine (Sigma-Aldrich, Denmark) was used as an a 2-

adrenergic antagonist. Drugs were dissolved and diluted as appropriate with normal 

saline, except yohimbine, which was diluted with sterile water. Intra-arterial infusion 

rates ranged from 0.2-6 mllmin. 

Experimental Protocols. To address the aims of the present study, four separate 

protocols were performed. Graphic presentations of the protocols are presented in figure 

1. Protocols 1 and 2 were designed to validate the drugs administered for ~-adrenergic 

blockade and a 2-adrenoreceptor activation, respectively. In Protocol3, wide dose-ranges 

of the a 1-agonist PE and a 2-agonist BHT were administered at rest and during one level 

of moderate intensity (27W) exercise. This design allows evaluation of the doses required 

to obtain a maximal drug response. In Protocol4, one flow-adjusted dose ofPE and BHT 

was administered at rest and during ramped (7W-37W) exercise. This design allows 

evaluation of the exercise intensity required to attenuate each drug at a concentration 
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which was shown to yield sub-maximal effects at rest. Details regarding the specific 

objectives and measurements for each protocol are described below. 

Protocol I : Validation of a-adrenergic blockade. 

~-blockade in the leg was used in the dose-response exercise protocol (protocol 3), 

because PE previously has been shown to have ~-adrenergic agonist properties (Torp et 

al., 2001). Intra-arterial administration of propranolol (Prop) has previously been shown 

... .,:) o produce effective ~-blockade in the human forearm after 10 minutes (Johnsson, 1967), 

and in validation experiments we extended this finding to the leg. The purpose of the 

present protocol was to validate the assumption that the maintenance dose of propranolol 

used in protocol 3 would sustain the ~-blockade in the leg for several hours. We tested 

this in nine resting subjects by measuring blood pressure, HR and FBF during challenges 

with intra-arterial Isoproterenol (Iso) (1, 2, 4, and 8 ng!kg/min, 2-min on each dose) 

before and after 150 minutes of intra-arterial administration of Prop (2.5 ).lg/kg/min for 5-

min as bolus, followed by 0.125 J.lg/kg/min as maintenance). This dosing regimen for 

Prop was identical to that used in protocol3 of the present study. 

Protocol 2: Validation of a2-adrenergic specificity of BHT-933. 

The a.-adrenergic receptor subtype specificity of PE has been studied quite extensively. 

In contrast, the specificity of BHT has only been documented sparingly in humans (Jie et 

al., 1984). The purpose of this protocol was to validate the assumption that BHT in the 

dose-range used is specific for a.2-adrenergic receptors in the human leg. We tested this in 
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7 resting subjects by measuring blood pressure, HR and FBF during intra-arterial BHT 

(20 and 40 !J.g/kg/min each for 2-min) and PE (0.4 and 0.8 !J.g/kg/min each for 2-min) 

before and during the last 1 0 minutes of concomitant intra-arterial infusion of the a.2-

adrenergic antagonist Yohimbine (5 IJ.g/kg/min for 20 min). If BHT specifically acts as 

an a.2-adrenergic receptor ligand, we would predict that yohimbine would inhibit the 

BHT -response without affecting the PE response. All subjects participating in protocol 2 

also participated in protocol 1 on the same day, and thus a.-adrenergic activation and 

. .inhibition was performed during concomitant ~-blockade . 
.,;t":· 

Protocol3: Subtype specific a-adrenergic agonists during rest and exercise. 

The purpose of this protocol was two-fold: First, to determine to which degree metabolic 

inhibition of a.-adrenergic vasoconstriction is evident in a large muscle mass during 

dynamic exercise in humans; Second, to determine whether a.2-vasoconstriction is more 

sensitive to metabolic inhibition than a.1-vasoconstriction at a given workload. Intra-

arterial Prop was used to obtain local ~-adrenergic blockade. In 13 subjects, we measured 

blood pressure, HR, and FBF at rest and during 27W one-leg knee-extensor exercise 

before and during intra-arterial administration of PE (0.025-1.6 !J.g/kg/min, 7 doses, 2-

min each dose) and BHT (2.5-80 !J.g/kg/min, 6 doses, 2 min each dose). At rest, the 

highest dose of PE (1.6 !J.g/kg/min) and BHT (80 !J.g/kg/min) were only administered to a 

subset of the subjects (n=4) due to systemic spillover effects. The wide range of drug 

doses allowed evaluation of saturation kinetics at rest and during exercise, and post-hoc 

comparison of doses normalized to flow, i.e. a calculation for similar drug-concentration 
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in femoral arterial blood despite large changes in pre-drug steady-state blood flow. The 

two agonists were separated by at least 15 minutes to allow washout and restoration of 

baseline haemodynamic values, and the sequence of drug application was alternated. In 

this protocol, only the FBF measurements at rest could be performed during vascular 

occlusion of the lower leg, because in pilot experiments it was determined that prolonged 

lower leg ischemia (around 15 minutes was needed for completion of the multiple doses 

of each drug) was too painful during knee-extensor exercise. During exercise, the first 1 0 

minutes were without measurements to allow ample time for blood flow, HR and MAP to 

reach steady-state levels (Radegran & Saltin, 1998). The exercise lasted a total of 80 

minutes. 

In pilot experiments, two prolonged infusions of BHT and PE were performed 

during supine rest with 60-90 minutes between infusions with no indication of 

tachyphylaxis towards these two drugs. This is in accordance with previously published 

results which do not indicate development of tolerance towards intra-arterial 

administration of these a-agonists within the same study day (Jie et a/., 1984; Lembo et 

a/., 1994; Lembo eta/., 1997). 

Protocol 4: a-adrenergic vasoconstriction during different levels of exercise. 

The purpose of this protocol was to determine whether metabolic inhibition of a-

adrenergic vasoconstriction in the exercising thigh is dependent on exercise intensity. 

This protocol was performed without ~-adrenergic blockade. In 10 subjects, we measured 

blood pressure, HR, and FBF at rest and during 7W, 17W, 27W, and 37W one leg knee-
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extensor exercise before and during intra-arterial administration of PE (flow-adjusted 

dosing to 0.3 J.lg/kg/1, 3-min infusions), and BHT (flow-adjusted dosing to 15 J.lg/kg/1, 3-

min infusions). In a subset of the subjects (n=5), the responses to increased doses of PE 

(0.6 J.lg/kg/1) and BHT (30 J.lg/kg/1) were determined during 7W. This was done to 

determine if the responses seen during exercise were maximal. The brevity of drug 

infusions during this protocol allowed FBF measurements both at rest and during exercise 

to be performed during vascular occlusion of the lower leg. The subjects performed two 

separate bouts of exercise lasting 75-80 minutes, with 90 minutes rest between bouts. 

Subjects exercised for 12-15 minutes at each level (7W-37W) using an incremental 

protocol. Blood flow was allowed to reach steady-state during the first 10 minutes of 

exercise at each level before measurements and drug administration began. The sequence 

of drug administration was alternated. 

Data Analysis and Statistics. All data underwent analog-to-digital conversion and were 

sampled at 400Hz, recorded on a PC, and analyzed offiine with signal processing 

software (PowerLab, ADinstruments). Mean arterial pressure was derived from the 

arterial pressure waveform and the sphygmomanometer readings (MAP = diastolic BP + 

113 pulse pressure). Femoral vascular conductance (FVC) was calculated by the formula: 

FVC = FBF I MAP. During the last 30 seconds of each baseline or drug dose FBFm is 

averaged over 5-10 seconds; FBF0 over 8 seconds; and MAP, HR over at least 30 

seconds. Within group differences were assessed by paired Student's t-test and one- or 
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two-way ANOVA for repeated measures (i.e. , repeated measures for both drug and dose). 

Post-hoc analysis was performed by Dunnett's procedure for one-way ANOV A, and by 

Tukey's HSD procedure for two-way ANOVA. The Doppler and thermodilution data 

obtained during the exercise protocols were compared by paired Student's !-tests. Data 

are expressed as mean ± SEM, except when comparing the Doppler and thermodilution 

methods, where the mean± 95% confidence intervals were used. Statistical significance 

was set at P<O.OS, adjusted by the Bonferroni method as appropriate. 

RESULTS 

Lasting f3-blockade in the human thigh (protocol I). 

The propranolol bolus and maintenance dose provided virtually complete blockade of 

isoproterenol-induced vasodilation, even 150 minutes after initiation (fig 2). 

a-2 adrenergic specificity of BUT -933 in the human thigh (protocol 2). 

The local vasoconstrictor responses to high doses of BHT and PE both caused resting 

femoral blood flow to decrease from about 250 ml/min to 80 mllmin, a 60 % decrease in 

flow (fig 3). During concomitant yohimbine administration to provide arblockade, 

resting blood flow doubled. However, despite this increase in resting flow PEstill caused 

flow to decrease to about 80 ml/min, while the effect of BHT was significantly depressed 

to accomplish only a 20% decrease in flow (fig 3). 
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Dose-response relationships for PE and BHT at rest and during 27W exercise 

(protocol 3). 

PE and BHT dose-response at rest. The a.-adrenoreceptor agonist dose response 

relationships at rest and during 27W dynamic knee extensor exercise are presented in 

figures 4 and 5, respectively. There were no significant changes in blood pressure or heart 

rate (HR) during infusion of the agonist drugs at rest. FAD diameter decreased following 

PE administration (8.8±0.2 to 5.6±0.4mm, rest vs. PE 0.8 llg/kg/min, p<O.Ol), while 

BHT caused a much smaller FAD change (from 8.9±0.2 to 7.8±0.3mm, rest vs. 40 

llglkg/min, p<O.OS). The change in FAD was significantly greater during PE compared to 

BHT (p<O.Ol). The highest doses of PE and BHT produced comparable reductions in 

FBF (-58.5±6.3 vs. -64.4±4.3%, PE 0.8 vs. BHT 40) and FVC (-57.4±6.6 vs. -62.4±4.1%, 

PE 0.8 vs. BHT 40), with a clear plateau at the highest doses (fig 4). 

For higher doses of PE, the decrease in FAD dominated blood flow changes. For 

example, mean blood velocities during baseline and PE 0.8 llg/kg/min were not 

significantly different (7.7±0.8 vs. 7.6±1.0 cm/s, p=ns), and despite similar decreases in 

flow, the mean blood velocity was significantly higher during PE 0.8 llg/kg/min 

compared to BHT 40 llg/kg/min (7.6±1.0 vs. 2.9±0.4 cm/s, p<0.05). We also observed a 

transient decrease (about 10 mmHg) in blood pressure and sleepiness following the 

highest dose ofBHT, both lasting around 30 minutes with some individual variation. 
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PE and BHT dose-response during exercise. Moderate intensity knee-extensor 

exercise (27W) was accompanied by an increase in HR (58±2 to 78±2 beats/min, rest vs. 

exercise, p<0.01) with no significant change in MAP (86±2 to 83±2 mmHg). Exercising 

FBF reached about 3000 mllmin with no change in FAD (8.9±0.2 vs. 9.0±0.2mm, rest vs. 

exercise). MAP, HR and FBF remained at steady-state levels throughout each exercise 

bout. 

During 27W exercise, PE infusion produced a small but statistically significant 

change in FAD (9.1±0.2 vs. 8.7±0.3mm, rest vs. exercise, PE 0.8 Jlg/kg/min, p<0.05), 

and significantly decreased FBF and FVC (Fig 5a). However, the relative change in flow 

to the highest dose of PE (0.8 Jlg/kg/min) was significantly smaller than the response at 

rest (-58±6 vs. -12±5%, rest vs. exercise, p<0.01), while the absolute change tended to be 

higher (-188±33 vs. -380±141 ml/min, rest vs. exercise, p=ns). During the highest PE 

doses (PE 0.8 and 1.6 Jlg/kg/min) we observed significant increases in MAP (9±2 and 

15±4 mmHg), with concomitant decreases in HR (-9±1 and -14±2 beats/min). In contrast, 

BHT infusion during exercise produced no significant changes in MAP, HR, FAD, FBF, 

or FVC (Fig SB). The difference in FBF response between PE and BHT did not reach 

significance at this level of exercise. However, the changes in FVC were significantly 

larger for the last 3 doses of PE vs. BHT (Fig Sb ). 

Post-hoc "flow-adjustment" was performed to calculate the drug doses yielding 

similar femoral arterial drug concentration at rest vs. exercise. For PE, drug 

concentrations of0.025, 0.05 and 0.1 (rest) vs. 0.4, 0.8 and 1.6 f.Lg/kg/min (exercise) were 

used, which resulted in theoretical drug deliveries of 0.12, 0.29 and 0.70 vs. 0.13, 0.29 
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and 0.60 J.Lg/kg/1, respectively, p=ns. Similarly for BHT, 2.5 and 5 (rest) vs. 40 and 80 

J.Lg/kg/min (exercise) gave deliveries of 12 and 32 vs. 15 and 29 J.Lg/kg/1, respectively, 

p=ns. When comparing the responses to these flow-adjusted doses, the PE-induced 

changes in FAD were significantly smaller during exercise compared to rest for all doses 

(fig 6a). However, only the FBF response to the highest flow-adjusted dose of PE was 

statistically reduced during exercise, and FVC responses at rest and during exercise were 

not statistically different for PE (fig 6a). In contrast, the FBF and FVC responses to both 

flow-adjusted doses of BHT were significantly reduced during exercise (fig 6b ). 

Responses of PE and BHT at rest and during ramped exercise (protocol 4). 

The responses of a single, flow-adjusted dose of the a-agonists PE (0.3 J.Lg/kg/1) and BHT 

(15 J.Lg/kg/1) during rest and ramped exercise from 7W-37W are presented in figure 7a 

and 7b, respectively. At rest, FAD changed significantly during both PE (9.4±0.3 to 

8.2±0.5 mm, p<0.01) and BHT (9.5±0.3 to 8.9±0.3 mm, p<0.01). The change in FAD 

was significantly greater with PE compared to BHT (p<0.05). PE and BHT produced 

comparable reductions in FBF (-44±7 vs. -50±5%, PE vs. BHT) and FVC (-44±7 vs. -

50±5%, PE vs. BHT). 

Ramped exercise at 7-37W significantly increased HR (57±4 at rest to 65±2, 

72±3, 77±2 and 82±2 beats/min during 7, 17, 27, and 37W) with no significant change in 

MAP. FBF increased during exercise to approximately 1250, 2000, 2750 and 3400 

mllmin (7, 17, 27 and 37W, respectively) with no significant differences between the two 

bouts of exercise. 
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PE significantly reduced FAD at 7W and 17W, decreased in FBF at 7W and 17W, 

and reduced FVC at 7W, 17W, and 27W (fig 7a). At the highest workload (37W), the 

effects of PE were abolished. The doses of PE used in this protocol caused no significant 

changes in MAP or HR. In contrast, BHT caused no significant differences in FAD, FBF 

or FVC at any intensity (fig 7b). BHT caused small (3-4 mmHg) but statistically 

significant decreases in MAP at 17W and 27W without changing HR. While the relative 

changes in FBF and FVC were significantly attenuated at all levels of exercise compared 

to rest for both agonist drugs, the differences between PE and BHT reached statistical 

significance only at the 7W intensity (fig 8). 

In a subset of subjects (n=5), the effects of an additional double-dosing of PE and 

BHT were studied during 7W exercise. For all parameters, this doubling of doses caused 

no significant changes in the responses to the drugs, indicating that the effects seen with 

the doses chosen were already near maximal. 

Comparison of ultrasound Doppler and thermodilution for measuring femoral 

blood flow during exercise. 

Femoral blood flows measured during exercise with ultrasound Doppler (FBF0 ) and 

thermodilution (FBFm) were always performed within the same minute of steady state 

exercise. The average FBFm and FBF0 during 27W exercise before drug infusions were 

2960±240 mllmin and 2890±400 ml/min (mean±95% confidence intervals) (p=ns). The 

PE and BHT -induced changes were small during exercise with both methods, and at no 

measurement point did the two methods yield significantly different results ~0.29 for 
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all paired t-tests before Bonferroni correction). The difference in FVC between PE and 

BHT did not reach statistical significance when using FBFo as the basis for calculating 

FVC, but the PE-effect remained significant. The two methods also yielded very similar 

results during the ramped exercise protocol, which at no measurement point were 

statistically different (p2:0.11 for all paired t-tests before Bonferroni correction). The 

individual and summary data for simultaneous measurements of FBF using Doppler and 

thermodilution during the first bout of ramped exercise at 7, 17, 27, and 37W are 

compared in figure 9. As in protocol 3, FBFm showed less variability within the group 

than FBFo with the exception of 37W, where the variability was similar. The PE and 

BHT -induced changes in blood flow were not different when comparing the two 

methods, and the PE-induced decreases in FBFo and FVC during 7 and 17W remained 

significant. The difference between PE and BHT -responses for FBF n during 7W did not 

reach statistical significance. 
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DISCUSSION 

There are several major new findings from the present study. First, in dose-response 

studies a.1- and a.radrenoreceptor agonists produce comparable maximal 

vasoconstriction in the resting leg. Second, the small a.2-mediated compared to the large 

a.1-mediated decrease in femoral artery diameter provides functional evidence that a.r 

receptors are located predominantly distal in the vascular tree. Third, we demonstrate for 

the first time metabolic inhibition of both a.1- and a.rmediated vasoconstriction in the 

,.,Jl.uman leg. Finally, we show that a.2-mediated vasoconstriction is more sensitive to 

metabolic inhibition in the exercising human thigh, since a.2 is completely inhibited even 

at low workloads, whereas a.1 becomes progressively inhibited with increasing 

workloads. Collectively, these findings provide novel insight regarding the contribution 

of a.-adrenoreceptor subtypes to the control of muscle blood flow at rest and during 

exerctse. 

Evidence for heterogeneous distribution of a. -adrenoreceptors. 

Our finding that femoral artery diameter (FAD) was reduced to a much larger extent 

following a.1-compared to a.2-agonist administration provides functional evidence of a 

heterogeneous distribution of a.-adrenoreceptors in the skeletal muscle vasculature of the 

human leg. This extends observations in the rat (Anderson & Faber, 1991) demonstrating 

a predominance of a.1-adrenoreceptors in the upstream, conduit arteries and a.2-receptors 

in the resistance arterioles of the microcirculation. Thus, the present study has advanced 
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the concept first identified in animals (McGillivray-Anderson & Faber, 1990; Anderson 

& Faber, 1991; McGillivray-Anderson & Faber, 1991) that large upstream arteries 

contain both a.I- and a.2-receptors for the control of arterial blood pressure, while the 

nutrient arterioles contain predominantly a2-receptors for the fine control of tissue 

perfusion. 

a.1- vs. a.2-mediated vasoconstriction at rest. 

The maximal reduction in resting FBF following a.2-agonist (BHT) application was 
""-"t? .'· 

similar to that seen following <XI-agonist (PE) administration. This extends similar 

observations in the dog hind limb following intra-arterial agonist infusion of PE 

(selective for a.I) and clonidine (selective for a.2) at rest (Buckwalter & Clifford, 2001). 

Conversely, local administration of selective a-antagonist agents in the resting human 

forearm indicated an apparent dominance of a2-adrenoreceptor-mediated vascular tone 

(63% of basal tone) over a.I (Dinenno eta/., 2002b). However, calculated differences in 

control of resting flow do not exclude similar maximal responses to a. I- vs. a.2-agonists. 

Furthermore, dissimilar <XI-responsiveness has recently been reported in the human arm 

and leg (Jacob et a/., 2000; Pawelczyk & Levine, 2002), suggesting that these two limbs 

exhibit differences in a.I-adrenoreceptor sensitivity and distribution. 
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Metabolic inhibition of local vasoconstriction in exercising muscle. 

To our knowledge, we have provided the first pharmacologic evidence of metabolic 

attenuation of a.-adrenergic vasoconstriction during dynamic exercise in the human thigh. 

These findings extend results from studies in the human forearm (Tschakovsky et al., 

2002). However, we believe there are several major advantages of using knee-extensor 

exercise over handgrip in this context. First, direct and accurate measurements of blood 

flow during exercise are feasible by the thermodilution and ultrasound Doppler methods 

(Andersen & Saltin, 1985; Walloe & Wesche, 1988; Radegran & Saltin, 1998). Second, 

the fraction of blood flow in the femoral artery reaching the thigh muscles during knee-

extensor exercise is more than 95% while using an occlusive cuff below the knee (Savard 

et al., 1988). In contrast, rhythmic handgrip cannot be sustained with an occlusive wrist 

cuff (Tschakovsky et a/., 2002), and the fraction of brachial artery blood flow reaching 

contracting muscle at low intensity exercise is below 90% (Wahren, 1966). Third, knee-

extensor exercise up to 30W (around 40% of maximum) can be sustained for several 

hours with steady state blood flow and pressure, without fatiguing, and with no 

significant activation of the sympathetic nervous system as measured by plasma 

norepinephrinee (Turcotte et al., 1992; Steensberg et al., 2002). In contrast, to sustain 

rhythmic hand grip for more than 10 minutes requires very low intensities (I 0% of 

maximum) (Wahren, 1966; Rosenmeier et a/., 2003). At higher intensities fatigue and 

evidence of increasing activation of muscle sympathetic nerve activity quickly become 

apparent (Tschakovsky et al., 2002). In the present study, these unique attributes of the 

human knee-extensor model of exercise allowed both definition of the level of intensity 
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required for metabolic inhibition of sympathetic vasoconstriction and definition of the 

pharmacological dose-responses at a given exercise intensity. 

Previous studies in humans and animals have pointed to a post-junctional site of 

interaction between skeletal muscle metabolic events and a-adrenergic vasoconstriction. 

In this regard, responses to reflex-mediated increases in muscle sympathetic nerve 

activity, direct sympatho-neural stimulation, indirect acting sympathomimetics 

(tyramine) and intra-arterial directly acting a.-agonists are all attenuated during exercise 

(Ruble et a/., 2002; Tschakovsky et a/., 2002; Keller et a/., 2003; Rosenmeier et a/., 

2003). A wide array of factors contributing to the observed alteration in vascular 

responsiveness during exercise have been proposed, including vasoactive substances such 

as adenosine (Laughlin et a/., 1989; Sal tin et a/., 1998; Radegran & Hellsten, 2000), 

prostaglandins and thromboxanes (Karamouzis et a/., 2001 ), the indirect effect of 

increased muscle temperature (Cooke eta/., 1984), hypoxia (Hansen eta/., 2000a), and 

acidosis (McGillivray-Anderson & Faber, 1990). These factors are not mutually 

exclusive. It is noteworthy that several different protocols performed in both rodents and 

humans have identified skeletal muscle production of nitric oxide as an important 

metabolic event. Lack of skeletal muscle nitric oxide synthase or pharmacological 

blockade of nitric oxide production has been accompanied by loss of metabolic inhibition 

of sympathetic vasoconstriction (Thomas & Victor, 1998; Sander eta/., 2000; Chavoshan 

eta/., 2002; Fadel eta/., 2003; Thomas eta/., 2003). However, recent evidence suggests 

no significant differences in the effects of a.-agonists infused intra-arterially in the human 

forearm during handgrip exercise before and after pharmacological blockade of nitric 
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oxide synthesis (Dinenno & Joyner, 2003). This study clearly demonstrates exercise-

induced inhibition of sympathetic vasoconstriction during handgrip and therefore 

suggests that nitric oxide may not be the only important signaling molecule mediating 

metabolic inhibition of sympathetic vasoconstriction. 

Stimulation of the a-receptors in the exercising limb has often produced some 

degree of vasoconstriction. This was also the case in the present study for phenylephrine 

during lower exercise intensities. Conflicting evidence exists regarding the importance of 

fimctional sympatholysis versus sympathetic vasoconstriction in exercising skeletal 

muscle, and has been the subject of several comprehensive reviews (Laughlin, 1996; 

Rowell, 1997; Delp & Laughlin, 1998; Buckwalter & Clifford, 2001). The principal point 

of contention centers on the paradox of vasoconstriction of the exercising muscle 

vasculature, which seems counterproductive to the effort of increasing blood flow to meet 

the metabolic demands of the muscle. Several studies have addressed whether blood flow 

to exercising muscle or blood pressure is prioritized during heavy exercise of large 

muscle groups, with conflicting results (Secher eta!., 1977; Savard eta!., 1989; Richter 

et a!., 1992; Strange, 1999). However, it is now well accepted that perfusion of the 

contracting skeletal muscle is ultimately a balance between metabolic vasodilation and 

sympathetic vasoconstriction (Joyner & Thomas, 2003). The underlying mechanisms 

guarding this balance are still incompletely understood. 
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a 1- vs. a 2-mediated vasoconstriction during exercise. 

Experimental evidence in microvascular and animal preparations have suggested that a 2-

mediated vasoconstriction is more sensitive to metabolic inhibition than at-mediated 

vasoconstriction (McGillivray-Anderson & Faber, 1990; Anderson & Faber, 1991 ; 

Buckwalter et al., 2001; Ruble et al. , 2002; Joyner & Thomas, 2003). Thus, the 

vasoconstrictor responses to specific aragonists such as UK 14304 and clonidine were 

more effectively inhibited during exercise than at-agonists such as phenylephrine and the 

,J,Wn-specific agonist norepinephrine. Microvascular studies in rats have identified a 

heterogenous distribution of a-adrenoreceptors, with a 2-adrenoreceptors located 

predominantly in the peripheral vascular bed (McGillivray-Anderson & Faber, 1990; 

Anderson & Faber, 1991). Taken together, these findings have prompted the hypothesis 

that preserved at-responsiveness would help to maintain blood pressure by keeping 

vascular tone in arteries and large arterioles, while attenuation of a2-responsiveness in 

smaller arterioles would help increase nutrient blood flow to the exercising muscle fibers. 

In humans, mild handgrip exercise was recently shown to attenuate both 

phenylephrine and clonidine-mediated vasoconstriction compared to rest (Rosenmeier et 

al., 2003). However, this study used only one level of exercise and one dose (flow

adjusted) of each drug, and therefore was not powered to detect differences between the 

attenuation of at- vs. a2-mediated vasoconstriction. The present study extends these 

findings to the human leg, because we also found evidence for attenuation of both at

and armediated vasoconstriction, and our dose-response curves provide evidence that 
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even the maximal responses are attenuated. Using the ramped exercise protocol, we also 

demonstrated a residual vasoconstriction to phenylephrine (at-agonist) at low and 

moderate exercise intensity, whereas BHT-933 (a.2-agonist) did not produce 

vasoconstriction at any exercise intensity. Thus, a major contribution of the present study 

is the demonstration of a greater sensitivity of a.2- than a.1-adrenoreceptor subtypes to the 

metabolic byproducts produced during exercise in the human thigh. 

pegree of exercise-induced inhibition of a.-adrenergic responses. 
~:a; .. __ I 

Previous studies and the present study have demonstrated seemingly different degrees of 

exercise-induced attenuation of a.-adrenergic vasoconstriction. For non-specific a.-

adrenergic or a.1-adrenergic agonists some previous animal studies have shown very little 

exercise-induced attenuation of the response (Thomas et al., 1994; Buckwalter et al., 

1998b ). In contrast, more recent animal studies conclude that phenylephrine-responses 

are attenuated during exercise (Buckwalter et al., 2001 ). Furthermore, recent human 

forearm studies (Dinenno & Joyner, 2003; Rosenmeier et al., 2003) and the present study 

agree that even mild exercise causes attenuation of the phenylephrine-response such that 

maximal responses seen during exercise are around 10-20% of blood flow, compared to 

50-60% at rest. The reason for this apparent development of results from earlier to more 

recent studies is not clear. For a.2-adrenergic agonists, animal studies do differ with 

regards to degree of exercise-induced attenuation of the response. In rat hind limb, heavy 

evoked exercise caused a complete inhibition of the response to the a.2-agonist UK14304 

(Thomas et al., 1994), whereas in the conscious dog, the hind limb response to the a.2-
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agonist clonidine remained significant, around 15% at heavy running (Buckwalter & 

Clifford, 2001). The differences in these studies were several, including species and 

choice of a.2-agonist. Regarding the latter, in vitro studies have identified UK14304 as a 

full agonist but clonidine as a partial agonist (Wise et a/., 1997). In the recent human 

handgrip studies, the response to clonidine also remains at around 15% of brachial blood 

flow during mild exercise (Dinenno eta/., 2003; Rosenmeier eta/., 2003), whereas in the 

present study there was no detectable response in the thigh circulation to BHT-933 even 

during mild exercise. The obvious differences between these studies include the choice of 

limb and a.2-agonist. The choice of limb may explain part of the difference, because non-

exercising muscle and tissue like the skin receive a larger proportion of brachial blood 

flow during handgrip than femoral blood flow during knee-extensor exercise. The choice 

of a.2-agonist is also likely to be important, because clonidine has been reported less 

specific compared to BHT-933 (Jie eta/., 1984). Thus, the higher flow-adjusted doses of 

clonidine used during exercise in other studies may cause a.1-adrenergic receptor 

stimulation. 

Significance of Functional Sympatholysis in the leg. 

The leg represents a large muscle mass with an enormous capacity to vasodilate during 

exercise, reaching up to 2.5 liters/kg/min (Andersen & Saltin, 1985) and often receiving 

the majority of cardiac output (Rowell, 1993). Others have observed that the increase in 

skeletal muscle blood flow accompanied by the increase in fraction of cardiac output with 

exercise means that small changes in vascular conductance can greatly influence arterial 

51 



pressure (O'Leary, 1991; Tschakovsky eta/., 2002). Thus, exercise produces a condition 

that demands a precise balance between neural and metabolic control of flow to maintain 

homeostasis. The vascular bed of the leg has been described as a "sleeping giant" that 

may necessitate a hemodynamic response unique to this large muscle group (Andersen & 

Saltin, 1985). Accordingly, the observed attenuation of a-adrenergic vasoconstriction 

may be a protective mechanism, insuring adequate blood flow to the exercising tissue in 

the face of increased sympathetic outflow. 

As noted above, muscle sympathetic nervous activity, measured by plasma 

norepinephrine, does not increase significantly at knee-extensor exercise intensities 

below 30W (Turcotte et a/., 1992; Steens berg et a/., 2002). Since metabolic attenuation 

of a-adrenergic vasoconstriction is evident in the present study even at intensities well 

below 30W, it would seem sympathetic neural activation does not occur until well after 

the thigh muscle is "protected" by functional sympatholysis. This extends similar 

findings in studies of handgrip exercise (Hansen et a/., 1996). 

Experimental Limitations. 

The potential experimental limitations of the present study are related to the use of 

exogenous vasoconstrictors administered luminally. Physiological control of peripheral 

adrenergic receptors takes place at the abluminal side, where norepinephrine released 

from sympathetic boutons primarily act on proximate receptors located on vascular 

smooth muscle cells. Sympathetic boutons are more abundant at the level of the 

resistance arterioles compared to large arteries. When agonists are administered intra-
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arterially both luminal endothelial receptors and abluminal smooth muscle receptors are 

activated. However, in previous studies in the human forearm the responses to direct 

acting adrenergic agonists and the indirect sympathomimetic tyramine are attenuated to 

similar degrees during handgrip (Tschakovsky eta/., 2002; Rosenmeier eta/., 2003). 

In these human studies, as well as in some animal studies, the sympathomimetic 

dosing has been "flow-adjusted" to achieve similar intra-arterial drug-concentration 

(Buckwalter eta/., 1998b; Ruble eta/. , 2002; Tschakovsky eta/., 2002; Rosenmeier et 

a/., 2003). Furthermore, in several studies a.-adrenergic responses during exercise have 
·~.'C' ··· 

been compared with the responses seen during local pharmacological vasodilation 

administered to match exercise hyperemia (Tschakovsky et a/., 2002; Rosenmeier et a/., 

2003). When phenylephrine, clonidine and tyramine are superimposed on adenosine or 

nitroprusside-induced vasodilation, the result has invariably been large decreases in blood 

flow. This approach has served to validate that the diminished vasoconstrictor responses 

during exercise are not related to changes in drug delivery during increases in blood flow. 

It should be noted that flow-adjusting the dose of sympathomimetic does not secure 

adjustment of drug-concentration in the vascular wall interstitium or receptor occupancy. 

The higher absolute drug dose would tend to lower transit time and decrease receptor 

occupancy when using flow-adjusted dosing during exercise. This may be a concern, 

especially when the drugs are administered as bolus-injections (Buckwalter et a/. , 1998a; 

Ruble eta/., 2002; Tschakovsky eta/., 2002). Another caveat to flow-adjusted doses is 

that the resultant intra-arterial a.-agonist concentration will be different during the latter 

part of drug administration in a condition where flow does not change much in response 
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to the agonist drug (i.e. exercise) compared to a condition where flow decreases by about 

50% in response to the agonist drug (i.e. resting pharmacologic vasodilation) 

(Rosenmeier et al., 2003). In the present study, the wide dose-response ranges in 

combination with flow-adjusted dosing (both by design and post-hoc) have minimized 

these potential concerns of using intra-arterial infusion of agonists. 

When using pharmacological tools, the specificity of the drugs should always be 

considered. Phenylephrine has the ability to activate ~-adrenergic receptors (Torp et al., 

2001). This effect is unlikely to be of major importance in the present study, since 

exercise attenuated phenylephrine-responses to similar degrees both with and without 

complete beta-blockade by the non-specific ~-blocker propranolol (protocols 3 and 4). 

We chose phenylephrine, because it is well accepted to be a relatively specific a 1-agonist. 

We chose BHT -93 3 as an a2-agonist rather than the classic drug clonidine, because in a 

previous study the actions of clonidine were inhibited by both the a 1- (prazosin) and a 2-

(yohimbine) antagonists, whereas BHT-933 actions are only inhibited by yohimbine (Jie 

et al., 1984). Our data (protocol2) supported the specificity ofPE for a 1-receptors since 

the a 2-antagonist yohimbine caused no decrease in the response to PE, and provided the 

first evidence in humans that BHT actions in the human thigh are largely inhibited by an 

a2-antagonist. 

One disadvantage of using the knee-extensor exercise model is that the maximal 

drug-doses during exercise may have minor systemic effects. The highest intra-femoral 

doses of PE caused significant changes in blood · pressure and heart rate during exercise, 

but not during rest. The explanation for this differential effect is likely related to the 
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different transit time of PE during the two conditions. At rest the mean transit time during 

PE-administration in the thigh is likely to be more than 15 seconds in the leg alone, while 

during exercise the transit time is decreased to 5 seconds (Bangsbo et al., 2000). Thus, 

the uptake and degradation of PE may be incomplete during exercise. It is worth 

emphasizing that such a "flow through phenomenon" is unlikely to explain the exercise-

induced inhibition of a-agonist effects, because simply increasing flow and lowering 

transit time by vasodilators in other studies have not been sufficient to inhibit a-agonist 

vasoconstriction (Dinenno & Joyner, 2003; Rosenmeier et al., 2003). 

For the present study, the dose-response and ramped exercise protocols both 

included the responses to phenylephrine 0.3J.!g/kg/l and to BHT-933 l5J.!g/kg/l at rest and 

during 27W knee-extensor exercise. In both protocols, the overall findings were similar, 

because phenylephrine and BHT -933 caused large decreases in femoral blood flow and 

conductance at rest, and visibly smaller responses during exercise. It should be noted, 

however, that the blood flow decrease in response to phenylephrine during exercise 

reached significance only in the dose-response protocol, whereas the response to 

phenylephrine during exercise vs. rest was only significant in the ramped exercise 

protocol. The reason for this difference in the responses to phenylephrine in the two 

protocols is unclear, but could be related to the difference in the duration and total dose 

of the phenylephrine-infusion. The responses to BHT-933 during 27W exercise were very 

similar in both protocols. 
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Conclusions and Potential Clinical Significance. 

We have identified a functionally differential distribution of a.-adrenoreceptor subtypes in 

the vasculature of the human leg. Furthermore, we have demonstrated a higher sensitivity 

of a.2-mediated vasoconstriction compared to a.1-mediated vasoconstriction to the 

metabolic events taking place during mild thigh muscle exercise. Strikingly, we have 

observed that moderate intensity knee-extensor exercise completely inhibits the 

vasoconstrictor actions of intra-arterially administered exogenous sympathomimetics. 

Knowledge of these mechanisms may provide the clinician with a better understanding of 
·~:· 

the functional consequences of pathological vascular disorders associated with age, 

diabetes, heart failure, and hypertension, and present possible diagnostic techniques and 

methods of treatment. For example, an age-related reduction in a.-adrenergic 

responsiveness specific to a.1-receptors has recently been described (Dinenno et al., 

2002a). This emphasizes the need for a better understanding of subtype contributions to 

peripheral vascular control. Furthermore, it has been demonstrated that patients suffering 

from congestive heart failure experience diminished skeletal muscle perfusion at rest and 

during sub-maximal and maximal exercise, with accompanying increased vascular 

resistance (Sullivan et al., 1989). Recent experimental and clinical trials indicate that this 

relative hypo-perfusion is related to an inability of the skeletal muscle to adequately 

vasodilate in opposition to the increased sympathetic nerve activity that accompanies 

exercise (Johnson et al., 1999; Notarius et a/;, 1999). Since these patients might benefit 

from exercise as prophylaxis and as part of a cardiac rehabilitation program (Monchamp 

56 



& Frishman, 2002), knowledge of a-adrenoceptor contribution to the control of blood 

flow might provide a therapeutic target in this population. 
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FIGURE LEGEND 

FIGURE 1: Experimental protocols 1-4 represented graphically in 4 panels. Time-

courses are given in minutes on the top axis of each panel. Protocol 1: the ~-receptor 

agonist isoproterenol (1, 2, 4, and 8 ng/kg/min, 2-min infusions) was administered before 

and after 150 minutes of ~-blockade with propranalol (12.5 llg/kg bolus and 0.125 

llg/kg/min maintenance). Protocol 2: the selective a 2-adrenoreceptor agonist BHT-933 

(BHT, 20 and 40 !lg/kg/min, 2-min infusions) and the selective a 1-agonist phenylephrine 

~El 0.4 and 0.8 llg/kg/min, 2-min infusions) were applied before and during the last 10 ...... 
minutes of a 20 minute infusion of the a 2-antagonist yohimbine (5 !lg/kg/min). Protocol 

3: Dose-response for BHT (2.5-80 llglkg/min, 2-min infusions) and PE (0.025-1.6 

llglkg/min, 2-min infusions) at rest and during 27W knee extensor exercise. Protocol 4: 

Flow-adjusted administration of BHT (15 llglkg/L/min2
, 3-min infusions) and PE (0.3 

llglkg/L/min2
, 3-min infusions) at rest and during ramped exercise. 

FIGURE 2: Femoral blood flow (FBF) during infusion of the non-selective ~-agonist 

isoproterenol ( 1-8 nglkg/min) before (black bars), and 150 min after initiation of non-

selective ~-blockade with propranolol (grey bars). Propranolol provided virtually 

complete blockade of isoproterenol-mediated vasodilation (n=9). *, p<0.05 compared to 

baseline and compared to responses after propranolol. 

FIGURE 3: Specificity ofBHT for aradrenoreceptors was validated by measurements 

of femoral blood flow before and after selective a 2-blockade with yohimbine. Top 
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Panel: Administration of the selective a2-agonist BHT (20 and 40 ~g/kg/min) produced 

significant vasoconstriction (grey bars), and this effects was abolished following 

yohimbine (5 ~g/kg/min) (hatched bars). Bottom Panel: The selective a 1-agonist 

phenylephrine (PE, 0.4 and 0.8 ~g/kg/min) produced significant vasoconstriction both 

before (black bars) and after administration of yohimbine (n=7) (hatched bars).*, p<0.05 

compared to baseline; 8, p<0.05 compared to BHT-responses after yohimbine. 

FIGURE 4: Dose-response relationships for intra-arterial PE and BHT at rest. Panel 

A: During incremental doses ofPE, femoral artery diameter (FAD, top) decreased 35%, 

with concomitant reductions in femoral blood flow (FBF, middle) and femoral vascular 

conductance (FVC, bottom). Panel B: During incremental doses of BHT, FAD decreased 

only slightly and only at the highest doses. However, FBF and FVC both decreased 

significantly, and of similar magnitudes to the responses seen during PE. *, p<0.05 

compared to resting baseline,§, p<0.05 between comparable doses ofPE and BHT. 

FIGURE 5: Dose-response relationships for intra-arterial PE and BHT during 27W 

exercise. Panel A: During exercise, PE reduced FAD only at the highest dose (top). The 

changes in FBF (middle) and FVC (bottom) during PE were blunted compared to rest. A 

significant change in FVC occurred at the highest doses of PE compared to baseline and 

compared to the highest dose of BHT, and FBF also fell slightly during high doses of PE. 

Panel B: During exercise, the response to BHT was completely abolished, with no 
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significant change in FAD, FBF, or FVC, even at the highest dose.*, p<0.05 compared to 

exercising baseline,¥, p<0.05 between comparable doses ofPE and BHT. 

FIGURE 6: Post-hoc flow-adjusted doses for PE and BHT at rest (triangles) and during 

27W exercise (circles). Panel A: PE-induced reduction in FAD (top) was significantly 

smaller during exercise compared to rest for all flow-adjusted doses. However, only the 

FBF response (middle) to the highest flow-adjusted dose of PE was statistically reduced 

during exercise, and FVC responses (bottom) at rest and during exercise were not ..... 
statistically different during flow-adjusted doses of PE. Panel B: BHT -induced reduction 

in FAD (top) was attenuated at the lower flow-adjusted dose, and the FBF (middle) and 

FVC (bottom) responses to both flow-adjusted doses of BHT were significantly reduced. 

¥, p<0.05 compared to flow-adjusted dose-response at rest. 

FIGURE 7: Absolute FBF and FVC during ramped exercise of 7-37W with 

superimposed administration of PE (A) and BHT (B). Both PE and BHT were flow-

adjusted to the exercise-induced increase in FBF. Panel A: At lower workloads (7 and 

17W), PE-induced decreases in FBF and FVC were seen (black bars), and this response 

was abolished at higher intensities. Panel B: BHT administration caused no changes in 

FBF or FVC (grey bars) at any exercise intensity. *, p<0.05 compared to pre-drug value 

for each level of exercise. 

72 



FIGURE 8: Changes in FBF (top) and FVC (bottom) during ramped exercise of 7-

37W with superimposed administration of PE (black bars) and BHT (grey bars). All 

responses to BHT and PE during exercise were significantly smaller than at rest. At lower 

exercise intensities, PE produced significant changes in FBF and FVC, and these 

responses were significantly larger than the response to BHT at 7W. §, p<O.OS between 

PE and BHT at same level of exercise. 

FIGURE 9: Comparison of Ultrasound Doppler and thermodilution techniques for 

""*'' 
determining femoral blood flow during knee-extensor exercise. The individual data 

shown by small solid black circles are obtained within the same minute for the two 

methods in 10 subjects during increasing levels of exercise intensity from 7-37W before 

administration of alpha-agonists. The mean values obtained by the two methods, shown 

in larger solid black circles, did not differ significantly at any intensity of exercise. The 

variation of the data obtained by the Doppler method were generally larger than the 

variation of the thermodilution data. Summary data are shown as mean ± 95% confidence 

intervals. 
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Figure 4b 
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FIGURE5b 
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ABSTRACT 

While carotid baroreflex (CBR) control of heart rate (HR) and arterial blood pressure 

(ABP) have been well defined, reflex control of peripheral hemodynamics has not been 

studied extensively in humans. Furthermore, the dynamic properties of CBR function are 

not well understood. Therefore, we sought to use oscillatory CBR unloading to gain new 

insight into the dynamic neural control of the peripheral circulation. In ten volunteers, we 

measured HR, ABP, muscle sympathetic nerve activity (MSNA), femoral blood velocity 

(FBV), and skeletal muscle tissue oxygenation (TOm) before and during +40 mmHg 

sinusoidal neck pressure (NP) at O.lHz. We performed spectral and cross-spectral 

analysis of all measurements in the low frequency (LF 0.085-0.115) to quantify the 

degree of CBR-mediated entrainment and to establish transfer function gain, coherence, 

and phase relationships. Compared to baseline, sinusoidal NP provoked a significant 

increase in LF spectral power for R-R interval (RRI), ABP, MSNA, FBV, and TOm. 

Transfer function analysis in the LF showed high coherence (>0.5) and a negative phase 

shift for all measurements; the phase delay was very short for MSNA (-6.1±4.7 degrees) 

and RRI (-19.4±3.9 degrees), followed by FBV (-30.1±3.6 degrees), ABP (-72.2±6.9 

degrees), and finally TOm (-93.3±11.1 degrees). These data have demonstrated 

simultaneous entrainment of all CBR efferent measurements, ranging from cardiac 

chronotropic effects to alterations at the level of the skeletal muscle microcirculation. 

Furthermore, we provide new insight into CBR signal transduction by defining the 

temporal relationship between CBR unloading and end-organ responsiveness. 
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INTRODUCTION 

Reflex control of cardiovascular function is by nature designed to maintain adequate 

arterial blood pressure on a beat-to-beat basis through alterations in heart rate and 

peripheral vasomotor tone. The carotid baroreceptor component of the arterial baroreflex 

has been well characterized using techniques that mechanically alter the pressure 

surrounding the carotid receptors (i.e. variable pressure neck chamber) and observing 

subsequent changes at the end organ (Parry, 1957; Eckberg et al., 1975; Potts et al., 1993; 

Ogoh eta/., 2002; Fadel eta/., 2003). In humans, baroreflex-mediated changes in efferent 

activity have traditionally been evaluated using measurements of heart rate (HR) 

(Eckberg, 1977) and arterial blood pressure (ABP) (Mancia et a/., 1984 ), and more 

recently muscle sympathetic nerve activity (MSNA) (Sanders eta/., 1989; Fadel et al., 

2001a) and vascular conductance (Ogoh et al., 2002; Keller et a/., 2003). While these 

measurements have elegantly characterized individual end-organ components of the 

carotid baroreflex (CBR), the direct influence of the CBR on peripheral hemodynamic 

control has not been established. Moreover, the CBR-mediated changes in HR, ABP, 

MSNA, and peripheral blood flow have not been assessed collectively to examine the 

temporal relationship between all cardiovascular variables of this complex, closed-loop 

control system. 

Carotid baroreflex testing has traditionally been performed statically, as described 

by a sigmoid-shaped curve relating R-R interval (RRI), HR, or ABP to carotid sinus 

transmural pressure following the standard neck pressure (NP) and neck suction (NS) 

technique (Eckberg, 1980a). However, recent evidence suggests alternate models are 
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more appropriate to evaluate the true dynamic nature of the CBR. First utilized by Bath 

et al ( 1981 ), oscillatory changes in neck chamber pressure across several minutes 

provoke static changes in carotid sinus transmural pressure in a dynamic (i.e. 7.5-sec on, 

7 .5-sec off) cycle pattern. Oscillatory CBR loading with neck suction has since been 

applied in studies investigating respiratory sinus arrhythmia (Keyl et al., 2000), the role 

of the CBR in modulation of cutaneous blood flow (Bernardi et al., 1997), and CBR 

control of muscle sympathetic outflow (Bath et al., 1981; Furlan eta/., 2003). These 

studies have demonstrated an apparent "entrainment" of RRI, MSNA, and ABP 

corresponding to the oscillating frequency of the neck chamber pressure, providing direct 

evidence of dynamic CBR control on these measured variables. However, this dynamic 

model has not been utilized to assess CBR control of the peripheral circulation. Based on 

the success of the oscillatory neck suction technique, in the present study we have for the 

first time introduced sinusoidal NP to create oscillatory sympathoexcitation and assess 

CBR control of the peripheral circulation. 

Repeated oscillations in carotid sinus transmural pressure produced by the neck 

chamber technique also provide the opportunity for unique modeling of CBR reflex 

control using spectral analysis techniques. Cross-spectral analysis methods are now 

widely used to evaluate the transfer function of RRI and ABP variability as an index of 

both static and dynamic baroreflex gain (Clayton et al., 1995; Sleight et al., 1995). Others 

have utilized spectral power analysis of RRI, ABP, and MSNA in the frequency domain 

to estimate autonomic balance in response to pharmacologic (Saul et al., 1990; Nakata et 

al., 1998) and reflex (Bernardi et al., 1997) changes in carotid sinus pressure. However, 
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to our knowledge the spectral analysis technique has not been applied to analyze dynamic 

CBR modulation of hemodynamic control at the level of the skeletal muscle 

microcirculation using measures of femoral blood velocity (FBV) and skeletal muscle 

tissue oxygenation (TOm). Furthermore, cross-spectral analysis of HR, ABP, MSNA, 

FBV, and TOm for analysis of the temporal relationship between end-organs has not been 

considered. Therefore, we sought to determine whether application of sinusoidal NP 

would provoke concomitant entrainment of HR, ABP, MSNA, FBV, and TOm in humans, 

to evaluate the relative degree of CBR control for each effector measurement, and to 

establish the temporal relationship between these efferent cardiovascular variables. 

METHODS 

Experimental Protocol 

Ten young (18-35 yrs) volunteer subjects free from obvious cardiopulmonary and 

neuromuscular disease participated in the study. Written informed consent was obtained 

from all participants, and experiments were approved by the local Institutional Review 

Board at the University of North Texas Health Science Center and the local ethics 

committees of Copenhagen and Frederiksberg, Denmark. All subjects were familiarized 

with the procedures prior to the experimental day, which included evaluation of CBR 

responsiveness to ensure the variable pressure neck chamber technique could adequately 

alter carotid sinus transmural pressure (Querry eta/., 2001). All studies were performed 

in a quiet, thermoneutral environment, with subjects in a semi-recumbent position 

(approximately 30 degrees reclined). Continuous measurements of heart rate (HR), 
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arterial blood pressure (ABP, fmger photoplethysmography), femoral blood velocity 

(FBV, ultrasound Doppler), and tissue oxygenation (TOm, near-infrared spectroscopy) 

were collected. The peroneal nerve was instrumented for continuous recordings of muscle 

sympathetic nerve activity (MSNA). Following all instrumentation, 5-min data segments 

were collected before and during 5-sec pulses of neck pressure (NP) at +40 Torr applied 

in a oscillating sinusoidal manner (0.1 Hz, i.e. 5-secs on, 5-secs off for 5-min) using a 

traditional neck collar. 

TECHNIQUES OF MEASUREMENT 

Sinusoidal Neck Pressure Technique. The traditional neck collar technique alters 

neck chamber pressure using either a pulsatile (R-wave gated) or static stimulus, 

producing a sigmoid curve relating R-R interval or ABP to carotid sinus pressure 

(Sleight, 1992). However, recent studies analyzing the dynamic relationship of the CBR 

suggest that a more sophisticated, non-linear mathematical model may be better suited to 

describe the intrinsic nature of the system (Zhang et al., 2001 ). Complex modeling 

restricts the techniques which can be used to provide CBR loading and unloading, and in 

the case of spectral analysis a relatively long, steady-state stimulus is required. To meet 

these criteria, we have introduced a sinusoidal NP technique that may be applied in an 

oscillating manner over several minutes. This sympathoexcitatory stimulus creates 

fluctuations in carotid sinus transmural pressure at a pre-determined frequency, and the 

modifications in efferent CBR activity are then evaluated using end-organ measurements 

of HR, ABP, MSNA, FBV, and TOm. We reasoned that the degree of efferent activity 
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may be quantified by analyzing the variability of the above-mentioned cardiovascular 

variables in response to sinusoidal NP stimuli. 

Ultrasound Doppler. Ultrasound Doppler technology has been used in a number of 

investigations to accurately determine femoral blood velocity and calculated leg blood 

flow at rest. (Walloe & Wesche, 1988; Shoemaker et a/., 1994; Radegran, 1997b; 

MacDonald et a/., 1998; Saltin et al., 1998; Hoelting et a/., 2001). Femoral blood 

velocity (FBV) was determined at the common femoral artery distal to the inguinal 

ligament but above the bifurcation into the superficial and profund femoral branch, and 

was insonated at a fixed perpendicular angle (45 degrees). FBV was measured with a 

bidirectional Doppler transducer operating at 5 MHz (model MD6, D.E. Hokanson, Inc., 

Bellevue, WA, USA) and calculated according to the formula fa= 64.9Vcos0Hz, where 

fa is the audio frequency, 0 is the angle of insonation, and V is the blood velocity in 

em/sec. This procedure of blood velocity measurement has previously been validated and 

shown to produce accurate absolute values (Radegran, 1997a). Since it has been 

demonstrated that femoral artery diameter does not change significantly in response to 

+40 Torr neck pressure (Keller eta/., 2003), femoral blood flow was not calculated, and 

thus power spectral analysis was performed using the raw FBV signal. 

Near-Infrared (NIR) Spectroscopy. NIR spectroscopy is based upon the relative ease 

with which infrared light (700-1 000 nm) passes through biological tissue, and on the 02-

dependant absorption changes of hemoglobin and myoglobin. Tissue oxygenation 
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measurements are limited to the skeletal muscle microcirculation due to the low 

probability that photons of light will emerge from arteries and veins (Beer's law), and 

therefore provide a beat-to-beat index of skeletal muscle tissue oxygen delivery relative 

to its use. For the present study, two fiber optical bundles with an optode separation of 4-

em were placed on the skin over the vastus lateralis muscle, 15-20 em above the knee 

along the major axis of the muscle. The probe was secured with adhesive tape and 

covered with an elastic bandage to shield ambient light and minimize movement artifact. 

NIR signals at four different wavelengths were sampled concurrently at a rate of 1Hz, 

converted to optical densities by using known algorithms, and stored digitally for analysis 

(NIRO 300, Hamamatsu Photonics, Hamamatsu City, Japan). The NIR Hb02 signal 

(expressed in arbitrary units) was used as an index of tissue oxygenation (TOm) and as an 

indirect indication of microcirculatory blood flow (Hansen et a/., 1996; Sander et a/., 

2000). 

Sympathetic Nerve Recordings. Postganglionic MSNA was recorded with standard 

microneurographic techniques as described previously (Wallin & Eckberg, 1982). 

Briefly, a tungsten microelectrode was inserted into the peroneal nerve near the fibular 

head. The nerve signal was processed by a preamplifier and an amplifier (model662C-3, 

Nerve Traffic Analyzer; University of Iowa Bioengineering, Iowa City, lA) with a total 

gain of 90,000. Amplified signals were band-pass filtered (700-2,000 Hz), rectified, and 

integrated by a resistance-capacitance circuit with a time constant of 0.1 s. MSNA 

recordings display a pulse-synchronous burst pattern and an increase in burst frequency 

94 



with end-expiratory breath holds and Valsalva maneuvers. However, there is no response 

to arousal or skin stroking. These characteristics were used to discriminate between 

muscle and skin sympathetic nerve fibers. For baseline comparisons, sympathetic nerve 

activity was expressed as burst frequency. 

Data Analyses. 

To evaluate the influence of the CBR on hemodynamic variables, sinusoidal neck 

pressure (NP) at +40 Torr was produced to evoke sinusoidal oscillations in carotid sinus 

transmural pressure at a frequency of 0.1 Hz. This dynamic input to the CBR at a 

constant period is presumably transduced to all efferent variables influenced by the CBR, 

effectively forcing entrainment of these cardiovascular and hemodynamic variables 

(figure 1 ). Such CBR entrainment is quantified at the end organ via the degree of change, 

i.e. "variability'', in the measured signal. End-organ variability associated with CBR 

entrainment is best analyzed using power spectral analysis, which provides a sensitive 

measure of variability in the frequency domain, creating a discrete spectral peak at the 

frequency with which sinusoidal NP was applied. This technique also provides the 

opportunity for cross-spectral analysis to evaluate the linear and temporal relationship 

between variables (Saul et al., 1991). 

Fast Fourier transformation was performed to calculate spectral power of the R-R 

interval, ABP, MSNA, FBV, and TOm time series, as described previously (Cooke et al., 

1999). Briefly, beat-to-beat changes in ABP, MSNA, FBV, and TOm were linearly 

interpolated and resampled at 5Hz to convert the unequally spaced beat-to-beat time 
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series to a uniformly spaced time series for spectral and transfer function analysis. Five 

minute data sets (1500 samples) were evaluated using a 60-sec window sliding every 10 

seconds. These data were detrended, Hanning-filtered, and fast-Fourier transformed to 

their respective frequency representations. The area under the low frequency (LF, 0.085-

0.115 Hz) peak was integrated and averaged for all subjects. 

The transfer function (TF) phase, gain, and coherence between neck chamber 

pressure and ABP, MSNA, FBV, and TOm was estimated using the cross-spectral method 

(Saul et a/., 1991 ). The TF analysis reflects the relationship between two measured 

signals by comparing the amplitude of variability over a specific frequency range. The TF 

between the two signals was calculated as; TF = Sxy(f) I Sxx(f), where Sxx(f) is the 

autospectrum of neck chamber pressure and Sxy{f) is the cross-spectrum between the 

autospectrum for neck chamber pressure and the autospectrum for the selected end-organ 

measurement (Zhang et a/., 1998). Transfer function gain values evaluate the relative 

magnitude between the changes in chamber pressure and the end-organ, while transfer 

function phase values reflect the relative time relationship between any two measured 

signals (Saul et a/., 1991; Zhang et a/., 1998). Using phase delay, the latency from 

changes in chamber pressure to each signal was calculated according to the equation; 

time delay (sec) =phase (deg) I 360 *frequency (Hz) . The assumption of linearity and 

reliability of the transfer function estimation was confirmed by coherence (COH) testing 

of LF spectral power, with coherence values >0.50 considered as confirmation of a 

significant linear relationship between any two measured variables (Saul eta/., 1991). 
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Statistical Analysis. 

Because the power spectrum of some measured signals exhibited a skewed distribution, 

natural logarithm (In) transformation was performed before statistical testing, as 

described previously (Bernardi et al., 1997; Cevese et al., 2001). The effect of sinusoidal 

NP was evaluated after data was natural log transformed, resulting in an estimate of 

spectral power based on the raw signal variability. For the absolute power spectral values 

less than 1, ln transformation produced a negative value. Student paired t-test (baseline 

versus sinusoidal NP) analysis was performed to test for a significant main effect of 
11At"-· 

sinusoidal NP on HR, ABP, MSNA, FBF, and TOm. Coherence (COH) function in the LF 

(0.085-0.115) was used as a statistical test to confirm significant linearity between 

measurements for transfer function gain and phase analysis, with coherence values ~0.50 

considered significant (as described above). All results are expressed as mean± standard 

error and statistical significance was set at P < 0.05. 

RESULTS 

Frequency-domain spectral analysis of the Sinusoidal NP response. 

Spectral analysis was performed to identify changes in the variability of each signal in the 

LF (0.085-0.115 Hz) band during baseline and 0.1 Hz sinusoidal NP conditions. The 

baseline activity for raw signals and the resulting power spectra for one subject is 

presented in figure 2a and 2b, respectively. During sinusoidal NP, the sympathoexcitation 

due to positive neck chamber pressure evoked an increase in efferent activity as measured 

by changes in RRI, MSNA, FBV, ABP, and TOm. The visible entrainment of raw signals 
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and the power spectra for one subject during sinusoidal NP is presented in figure 3a and 

3b, respectively. Compared to baseline, sinusoidal NP caused a significant increase in LF 

spectral power of RRI (5.92±.29 vs. 8.11±0.31 ln ms2
, P<0.001), ABP (-0.15±0.20 vs. 

2.11±0.27 ln mmHg2
, P<0.001), MSNA (-4.11±1.36 vs. -2.45±1.34 In AU2

, P=0.001), 

FBV (-10.08±0.44 vs. -7.69±0.73 ln AU2
, P<0.001), and TOm (-6.38±0.55 vs. -4.73±0.56 

In mV2
, p<0.001), see figure 4. 

Cross-spectral transfer function analysis. 

Cross-spectral analysis was performed to identify the relationship between variables and 

address the temporal aspects of the efferent responses. Based on the modeled sequence of 

signal transduction (see figure 1), we performed transfer function analysis using neck 

chamber pressure (CP) as it is the only open-loop "input" to the carotid baroreceptors, 

and thus all transfer function analysis was arranged accordingly; CP-RRI, CP-ABP, CP-

MSNA, CP-FBV, and CP-TOm. During baseline conditions, LF (0.085-0.115 Hz) 

coherence values were well below 0.5 for all cross-spectral comparisons, suggesting that 

no significant linear relationship exists in the LF range. In contrast, during sinusoidal NP, 

LF COH was >0.50 for all signals, allowing evaluation of transfer function gain and 

phase (table 1). All phase measurements lagged behind CP changes, i.e. all were negative 

phase shifts (figure 5). The phase delay for RRI was established after subtraction of one 

half-period (i.e. subtraction of 180 degrees) to ensure that the RRis preceding CP changes 

were not used in · the calculation, as described previously (Keyl et al., 2000; Keyl et al., 

2001). The phase delay was very short for MSNA (-6.1±4.7 degrees or -291±138 ms), 
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and RRI (-19.4±3.9 degrees or -537±109 ms), followed by FBV (-30.1±3.6 degrees or-

965±70 ms) and then ABP (-72.2±6.9 degrees or 1909±192 ms), and TOm (-93.3±11.1 

degrees or -2742±376 ms). 

DISCUSSION 

Using sinusoidal NP as a dynamic sympathoexcitatory stimulus, the present study has 

demonstrated simultaneous entrainment of all CBR efferent measurements, ranging from 

cardiac chronotropic effects to alterations at the level of the skeletal muscle 

microcirculation. Furthermore, we have established the influence of the CBR on 

peripheral hemodynamic control through beat-to-beat modulation of skeletal muscle 

perfusion and tissue oxygenation. Finally, using cross-spectral analysis we have 

established the sequential relationship between CBR unloading and end-organ responses, 

providing new information regarding temporal aspects of CBR signal transduction to the 

peripheral circulation during dynamic sympathoexcitation. 

Simultaneous entrainment of cardiovascular variables. 

The present study has for the first time identified the simultaneous control of HR, ABP, 

MSNA, FBV, and TOm following CBR-mediated sympathoexcitation. These findings 

extend previous studies aimed at evaluation of individual components of the efferent 

CBR response (Parry, 1957; Eckberg eta/., 1975; Potts eta/., 1993; Ogoh eta/., 2002; 

Fadel eta/., 2003). Early studies in humans (Bevegard & Shepherd, 1966) identified 

direct CBR control of RRI and ABP, while more recent studies have begun to consider 
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CBR control of the peripheral circulation (Keller et al., 2003). MSNA has been measured 

using the variable pressure neck chamber to provide an index of CBR-mediated 

alterations in sympathetic outflow to the skeletal muscle vasculature (Sundlof & Wallin, 

1978; Wallin & Eckberg, 1982; Rea & Eckberg, 1987; Fadel et al., 2001a). Recently, 

beat-to-beat ultrasound Doppler measurements have been made in humans to demonstrate 

changes in femoral blood flow (FBF) and femoral vascular conductance (FVC) following 

neck pressure (NP) or neck suction (NS), providing direct evidence for CBR control of 

the peripheral circulation (Keller et al., 2003). However, FVC calculations are based on 

blood flow measurements taken in large, conduit vessels and do not necessarily reflect 

blood flow in the skeletal muscle microcirculation, where blood flow is heterogeneous. In 

the present study, inclusion of tissue oxygenation (TOm) offers unique insight into CBR 

control by providing an index of oxygen delivery to the microcirculation, allowing an 

estimate of microcirculatory blood flow (Hansen et al., 2000b ). The observed 

entrainment of all measurements during sinusoidal NP demonstrate that the CBR exerts 

concomitant, wide-ranging control at all levels of the cardiovascular system, extending 

from cardiac chronotropic effects to the alterations at the level of the skeletal muscle 

microcirculation. 

Sinusoidal NP technique and evaluation of dynamic CBR control. 

Previous studies investigating CBR function have applied NS and NP as a single 5-sec 

pulse and assessed the response to this static change in carotid sinus pressure (Eckberg, 

1977; Potts et al., 1993; Fadel et al., 2001a; Ogoh et al., 2003a). While providing 
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pertinent information regarding the cardiovascular response to CBR loading and 

unloading, this technique does not evaluate the dynamic characteristics of CBR control. 

Zhang et a/ (200 1) have developed a more dynamic model of CBR control that applies 

dynamic system analysis to evaluate the relationship between HR and ABP changes 

following acute hypotension. In a recent study, Parati et a/ (2001) proposed the 

evaluation of spontaneous changes in RRI and ABP as a more appropriate technique to 

evaluate dynamic baroreflex control, analyzed using time-domain and spectral analysis 

approaches. 

Based on the concepts put forth in these studies, in the present study we have 

introduced the oscillatory neck pressure technique, which utilizes the classic carotid 

baroreceptor unloading in a dynamic 0.1Hz pattern across several minutes. Oscillatory 

neck suction (carotid baroreceptor loading) has been applied in previous studies 

investigating respiratory sinus arrhythmia (Keyl et a/., 2000), the role of the CBR in 

modulation of cutaneous blood flow (Bernardi et a/., 1997) and CBR control of muscle 

sympathetic outflow (Bath et a/., 1981; Furlan et a/., 2003). However, considering that 

increases of sympathetic activity during NP may be greater than reductions of 

sympathetic activity during NS (Rea & Eckberg, 1987; Keller eta/., 2003), we believe 

sinusoidal NP is a more appropriate technique to effectively measure changes in the 

peripheral circulation. This robust sympathoexcitatory signal increases the likelihood of a 

detectable measurement at the microcirculation, where natural dampening may occur due 

to the inherent physical properties of the vasculature (i.e. windkessel effect). 

Furthermore, the application of an oscillatory CBR stimulus for five minutes provides the 
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advantage of an average estimation of the CBR response and allows evaluation of the 

non-linear characteristics of the system. 

Spectral analysis and hemodynamic control. 

Frequency-domain spectral analysis provided a unique means for quantifying the degree 

of CBR control over each measured variable, with the supposition that more tightly 

regulated measurements create a larger spectral power. A progressive reduction in the LF 

power spectra is evident as the end-organ measurements are viewed together (see figure 

4), suggesting that the influence of the CBR is dampened in the peripheral 

microcirculation. This observation may be attributed to the physical properties of the 

vasculature, since the TOm measurement is an estimate of relative changes in 

microcirculatory perfusion, downstream from arterial resistance vessels. Nonetheless, a 

discreet spectral peak is evident for the TOm signal, which in conjunction with the FBV 

measurement estimates CBR control on both "sides" of the resistance vessels. Together 

with MSNA measurements, this novel approach provides insight into the signal 

transduction of efferent CBR outflow to the skeletal muscle microcirculation. 

Temporal aspects of CBR signal transduction. 

In conjunction with the spectral "power for each measurement, cross-spectral comparison 

of each measurement against the CP "input" has provided insight into the sequence of 

events as the sympathoexcitatory stimuli is transduced through the efferent limb of the 

CBR to the various end-organs (see figure 1). Although transfer function analysis may 
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theoretically be performed between any two measurements, we reasoned that analysis 

with CP against the remaining measurements would prevent the confounding effect of 

negative feedback influence from the previous pulse of NP during the 5-min sinusoidal 

NP period. For all measurements, LF coherence values were well above the a priori 

significance criteria of 0.5, indicating a stable relationship between input and output and 

providing further quantitative evidence of CBR-mediated entrainment of skeletal muscle 

hemodynamic measurements. 

Transfer function gain (TFG) provided a quantitative index of the ratio between 

changes in neck chamber pressure and end-organ measurements in the LF (0.085-0.115). 

While the TFG between RRI and ABP has been reported previously as an index of 

baroreflex gain (Saul et al., 1991 ), TFG has not been reported for measurements of the 

peripheral circulation. Similar to the LF power spectra, LF TFG values indicate a 

diminished but discernable relationship between CBR unloading and measurements of 

MSNA, FBV, and TOm (see table 1), suggesting a substantial degree of CBR influence at 

the level of the peripheral microcirculation. 

The present study has also delineated the time delay following sinusoidal NP as 

the efferent nerve activity is measured first by changes in RRI and MSNA, followed by 

alterations in vasomotion which lead to changes in ABP, FBV and finally TOm. Previous 

attempts to characterize this time delay using direct sinus nerve stimulation (Borst & 

Karemaker, 1983), mathematical modeling (deBoer et al., 1987) and more recently 

oscillatory neck suction (Keyl et a/., 2001) have reported a baroreflex latency of 500-

600ms, and our findings for calculated RRI phase latency agree with these values. 
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However, few studies have attempted to identify temporal aspects of the peripheral blood 

flow response, though an allusion to the "sluggishness" of the peripheral vascular beds 

appears in the discussion of early studies utilizing the oscillatory NS technique (Bath et 

al., 1981 ). Our findings agree with this hypothesis, showing a progressively increasing 

phase delay as CBR-mediated efferent activity moves from the carotid sinus to the 

peripheral vasculature (see figure 5). These data identify a sequential delay in signal 

transduction as sympathetic activity is recorded first at the peroneal nerve and heart, 

transduced to the vasculature, and after approximately 700 ms measured via changes in .... 
ABP and FBV. A final delay of almost 2 seconds was observed between changes in FBV 

and TOm, which may be associated with the transit time for oxygen from the 

microcirculatory vessels to the muscle tissue. To our knowledge, this is the first report of 

the time delay associated with signal transduction from the carotid baroreceptor to the 

skeletal muscle microcirculation in humans. The stability of this phase shift (verified by 

high coherence values) across an extended (5-min) period of measurement confirms 

phase and TFG calculations, and further emphasizes the role of the CBR as a key 

component in the dynamic control of the peripheral circulation. 

Potential limitations. 

One of the potential limitations of the present study regards the use of near-infrared 

spectroscopy as an index of microcirculatory blood flow. NIRS does not directly measure 

tissue blood flow, but instead provides a qualitative index of tissue oxygenation. Recent 

studies indicate that the contribution of myoglobin (Seiyama et al., 1988; Mancini et al., 
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1994) and skin blood flow (Hampson & Piantadosi, 1988; Mancini et al., 1994) to the 

NIRS oxygenation signal is minimal, and that NIRS measurements are highly 

reproducible (Bhambhani et al., 2001 ). Others have demonstrated that under steady-state 

conditions, NIR spectroscopy measurements may be used to detect decreases in oxygen 

supply, such as the decrease that occurs during sympathetically induced vasoconstriction 

(Mancini et al., 1994; Hansen et al., 1996; Hansen et a/., 2000a). In addition, other 

studies have demonstrated a close correlation between blood flow values measured by 

plethysmography, the Fick method, and NIRS (Edwards et al., 1993; Van Beekvelt eta/., 

2001 ). Recent validation studies report a high correlation between NIRS and 

conventional ultrasound Doppler measurements in rat hind limb (Fadel et al., 2002) and 

human forearm (Keller, 2003). Together, these studies support the use of TOm as an 

indirect index of microcirculatory blood flow in the present study. 

CONCLUSION 

The present study has demonstrated for the first time the dynamic CBR-mediated 

entrainment ofHR, ABP, MSNA, FBV, and TOm in humans. This observed entrainment 

of all measurements during sinusoidal NP demonstrated that the CBR exerts concomitant, 

wide-ranging control at all levels of the cardiovascular system. Furthermore, by using 

simultaneous measurements of ultrasound Doppler and near-infrared spectroscopy, we 

were able to identify the CBR as a key component in the dynamic control of the 

peripheral circulation. Finally, through cross-spectral analysis we have established the 

temporal relationship between CBR unloading and end-organ responsiveness, extending 
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from cardiac chronotropic effects to alterations at the level of the skeletal muscle 

microcirculation, providing new insights into CBR signal transduction. 
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TABLE 1 - Frequency domain results from cross-spectral analysis. 

BASELINE SINUSOIDAL NP 

LF LF LF LF LF LF 
TFG COH PHASE TFG COH PHASE 

CP-RRI (mmHglms) <0.5 3.111±0.621 0.78±0.05 -19±3.9 
CP-ABP (mmHglmmHg) <0.5 0.135±0.033 0.77±0.04 -69±6.9 
CP-MSNA (mmHglmV) <0.5 0.043±0.015 0.61±0.07 -11±4.9 
CP-FBV (mmHg/mV) <0.5 0.002±0.000 0.86±0.02 -35±2.5 
CP-TOm (mmHglmV) <0.5 0.006±0.002 0.75±0.05 -99±13.5 

Results from cross-spectral analysis between chamber pressure (CP) and the end-organ 
measurements of R-R interval (RRI), arterial blood pressure (ABP), muscle sympathetic 
nerve activity (MSNA), femoral blood velocity (FBV), and tissue oxygenation (TOm). 
Tr~er function gain (TFG), coherence (COH), and phase were calculated in the low 
frequency (LF, 0.085-0.115) during baseline and sinusoidal NP conditions. All LF 
coherence values fell well below 0.5 in the baseline condition, indicating no significant 
linear relationship between measurements. Values are mean± standard error. 
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FIGURE LEGEND 

FIGURE 1: Control system model for carotid baroreflex (CBR) influence on cardiac 

and hemodynamic responses. Sinusoidal neck pressure (NP) provides an external input to 

the carotid baroreceptors, which sense an error signal and modify efferent output in an 

attempt to return the system to the homeostatic set point. Note the closed-loop 

relationship, with arterial blood pressure providing negative feedback. Abbreviations: 

CBR=carotid baroreflex, RRI=R-R interval, ABP=arterial blood pressure, 

MSNA=muscle sympathetic nerve activity, FBV=femoral blood velocity, TOm=tissue 

oxygenation. 

FIGURE 2: Individual tracing of beat-to-beat measurements during baseline (panel A) 

and the power spectra derived from baseline measurements (panel B). No spectral peak is 

evident in the LF (0.085-0.115) band. 

FIGURE 3: Individual tracing of beat-to-beat measurements during 0.1 Hz sinusoidal 

neck pressure (panel A) and the power spectra derived from the 5-min Sinusoidal NP 

period (panel B). The 0.1 Hz oscillations neck chamber pressure created a clear 

entrainment of all measurements, which produced a discreet spectral peak in the LF. 

FIGURE 4: LF spectral power of all measurements during baseline (black bars) and 

during sinusoidal NP (grey bars) after natural log (In) data transformation. Sinusoidal NP 

produced a significant increase in LF power of all signals, confirming carotid baroreflex 
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control of all hemodynamic measurements. (*) Significantly different than baseline, 

P<O.Ol. 

FIGURE 5: Phase analysis revealed a clear latency from chamber pressure (CBR input) 

to changes in RRI, MSNA, FBV, ABP, and TOm. This phase delay (left axis) reflects the 

time lag (right axis) that exists as the efferent sympathoexcitation is transduced from the 

carotid baroreceptor to the skeletal muscle microcirculation. 
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SUMMARY 

We sought to determine the relationship between carotid baroreflex (CBR}·mediated 

control and local control of the skeletal muscle vasculature during dynamic exercise. In 

twelve subjects (18-35 yrs), oscillatory NP (+40 Torr) was applied at 0.1 Hz (i.e. 5-sec 

on, 5-sec off) for five minutes to determine the degree of CBR control over heart rate 

(HR), arterial blood pressure (ABP), muscle sympathetic nerve activity (MSNA), femoral 

blood velocity (FBV), and skeletal muscle tissue oxygenation (TOm) at rest and during 

7W dynamic knee-extension exercise. TOm measurements on both the exercising (EL) 

and non-exercising leg (NEL) were evaluated. Fast Fourier transformation was performed 

on 5-min segments to calculate spectral power of the R-R interval, ABP, MSNA, FBV, 

and TOm time series. The low-frequency (LF, 0.085-0.115) power spectra were compared 

to evaluate the degree of CBR control of end-organ measurements. At rest, sinusoidal NP 

significantly increased LF spectral power ofRRI, ABP, MSNA (n=6), and FBV. During 

exercise, the change in spectral power from baseline to sinusoidal NP was similar to rest 

for RRI and MSNA, while CBR-mediated changes in ABP and FBV were attenuated. 

Changes in spectral power of TOm during sinusoidal NP were similar between the EL and 

NEL at rest. However, during exercise the changes in TOm power were significantly less 

in the EL, while changes in the NEL were similar to rest. We conclude that exercise 

attenuates CBR control of peripheral hemodynamics, suggesting a shift towards more 

predominant local control over the exercising muscle vasculature, but without complete 

abolition of systemic ABP control. 
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INTRODUCTION 

During exercise, the vasculature of active skeletal muscle is influenced by the opposing 

effects of neural sympathetic input and locally-produced vasodilatory metabolites. In 

1962, Remensnyder et al. coined the term "functional sympatholysis" to describe the 

observation that sympathetic vasoconstriction in active skeletal muscles may be 

overridden by local control factors (Remensnyder, 1962). Many studies in animals 

(Thomas et al., 1998; Buckwalter et al., 2001; Dinenno & Joyner, 2003) and humans 

(Hansen et al., 1999; Dinenno & Joyner, 2003; Rosenmeier eta/., 2003) have considered 

the influence of metabolic factors on sympathetic control of the skeletal muscle 

vasculature during exercise. However, the interaction of this sympatholytic event with 

reflex arterial blood pressure (ABP) control mechanisms remains unclear. 

The importance of local metabolic events on ABP regulation is underscored by 

the fact that as blood flow in the exercising muscle increases, changes in vascular 

conductance in the skeletal muscle vascular bed produce more pronounced systemic 

effects (Buckwalter & Clifford, 2001; Collins eta/., 2001). Thus, effective reflex control 

of the exercising muscle vasculature is crucial to ensure adequate tissue perfusion is 

achieved without sacrificing systemic arterial pressure. It is well established that carotid 

baroreflex (CBR) control of R-R interval (RRI) (Eckberg, 1977) and ABP (Bevegard & 

Shepherd, 1966; Potts et al., 1993) is preserved from rest to exercise in humans. More 

recently, continued CBR control of MSNA (Fadel et al., 2001a) and leg vascular 

conductance (Keller et al., 2003) during exercise have also been demonstrated. Using the 

variable pressure neck chamber, these studies have established the cardiac and 
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hemodynamic responsiveness to a single, static pulse of neck pressure (NP, CBR 

unloading) and neck suction (NS, CBR loading). However, the extent of CBR control at 

the level of the skeletal muscle microcirculation in the face of exercise-induced local 

metabolic influences has not been investigated. 

It is well known that the CBR is by nature a dynamic system with intrinsic 

nonlinearity (Eckberg, 1980b; Zhang et a/., 2001). As such, recent evidence suggests 

alternate models may be more appropriate to evaluate the dynamic nature of the CBR, 

using more prolonged, dynamic stimuli such as oscillatory NS (Bernardi eta/., 1997; 

Keyl et al., 2000; Zhang et al., 2001). To our knowledge, CBR-mediated control of 

cardiovascular function during oscillatory CBR unloading (NP) has not been 

demonstrated during dynamic exercise. Evaluation of the dynamic properties of CBR 

control with oscillatory NP may be achieved using nonlinear frequency domain analysis. 

With this technique, unique modeling of reflex control is possible by providing an 

oscillating input to the CBR (i.e. sinusoidal NP) ·and measuring changes at the end-organ 

using spectral analysis of signal variability. In addition, cross-spectral methods allow 

evaluation of the linear relationship between measurements using the transfer function 

technique, now widely used as an estimate of baroreflex gain (Clayton et al., 1995; 

Sleight et al., 1995) and autonomic balance (Saul eta/., 1990; Bernardi et a/., 1997; 

Nakata eta/., 1998). However, the spectral analysis technique has not been applied to 

analyze dynamic CBR modulation of hemodynamic control at the level of the skeletal 

muscle microcirculation using measures of femoral blood velocity (FBV) and skeletal 

muscle tissue oxygenation (TOm)· These end-organ measurements are of particular 
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interest, since exercise-induced metabolites are known to profoundly influence vascular 

control during exercise. 

In the present study we sought to determine the relationship between CBR-

mediated reflex control and local metabolic control of the skeletal muscle vasculature 

during dynamic exercise. Oscillatory NP was applied to determine the degree of CBR 

control over hemodynamic function at rest and during moderate-intensity knee extension 

exercise. We hypothesized that dynamic CBR-mediated sympathoexcitation would 

produce similar changes in RRI, ABP, and MSNA at rest and during exercise, but that 
~· 

metabolites from the exercising muscle would attenuate CBR control of peripheral 

hemodynamic measurements ofFBV and TOm. 

METHODS 

Experimental Protocol 

Twelve young (18-35 yrs) volunteer subjects free from obvious cardiopulmonary and 

neuromuscular disease participated in the study. Written informed consent was obtained 

from all participants, and experiments were approved by the local Institutional Review 

Board at the University of North Texas Health Science Center. All subjects were 

familiarized with the procedures prior to the experimental day, which included evaluation 

of CBR responsiveness to ensure the variable pressure neck chamber technique could 

adequately alter carotid sinus transmural pressure (Querry et al., 2001 ). All studies were 

performed in a quiet, thermoneutral environment, with subjects in a semi-recumbent 

position (approximately 30 degrees reclined). Continuous measurements of heart rate 
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(HR), arterial blood pressure (ABP, finger photoplethysmography), femoral blood 

velocity (FBV, ultrasound Doppler), and tissue oxygenation (TOm, near-infrared 

spectroscopy) were collected. The peroneal nerve of the non-exercising leg was 

instrumented for continuous recordings of muscle sympathetic nerve activity (MSNA, 

n=6). Following all instrumentation, 5-min data segments were collected before and 

during 5-sec pulses of neck pressure (NP) at +40 Torr applied in a oscillating sinusoidal 

manner (0.1 Hz, i.e. 5-secs on, 5-secs off for 5-min) using a traditional neck collar. After 

resting measurements, unilateral knee-extension exercise was performed at 30 kicks per 

minute (7W) on a modified cycle ergometer, as described previously (Andersen et a/., 

1985). After five minutes of exercise to achieve steady-state conditions, sinusoidal NP 

was again applied for 5-min, followed by 5-min of steady-state exercise measurements. 

TECHNIQUES OF MEASUREMENT 

Sinusoidal Neck Pressure Technique. The traditional neck collar technique alters 

neck chamber pressure using either a pulsatile (R-wave gated) or static stimulus, 

producing a sigmoid curve relating R-R interval or ABP to carotid sinus pressure 

(Sleight, 1992). However, recent studies analyzing the dynamic relationship of the CBR 

suggest that a more sophisticated, nonlinear mathematical model may be better suited to 

describe the intrinsic nature of the system (Zhang et a/., 2001). Complex modeling 

restricts the techniques which can be used to provide CBR loading and unloading, and in 

the case of spectral analysis a relatively long, steady-state stimulus is required. To meet 

these criteria, we have utilized a sinusoidal NP technique that may be applied in an 
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oscillating manner over several minutes. This syrnpathoexcitatory stimulus creates 

fluctuations in carotid sinus transmural pressure at a pre-determined frequency, and the 

modifications in efferent CBR activity are then evaluated using end-organ measurements 

of HR, ABP, MSNA, FBV, and TOm. We reasoned that the degree of efferent activity 

may be quantified by analyzing the variability of the above-mentioned cardiovascular 

variables in response to sinusoidal NP stimuli. 

Ultrasound Doppler. Ultrasound Doppler technology has been used in a number of 

investigations to accurately determine femoral blood velocity and calculated leg blood 

flow at rest. (Walloe & Wesche, 1988; Shoemaker et a/., 1994; Radegran, 1997b; 

MacDonald et a/. , 1998; Saltin et a/., 1998; Hoelting et a/., 2001 ). Femoral blood 

velocity (FBV) was determined at the common femoral artery distal to the inguinal 

ligament but above the bifurcation into the superficial and profund femoral branch, and 

was insonated at a fixed perpendicular angle (45 degrees). FBV was measured with a 

bidirectional Doppler transducer operating at 5 MHz (model MD6, D.E. Hokanson, Inc., 

Bellevue, WA, USA) and calculated according to the formula fa = 64.9V cos0Hz, where 

fa is the audio frequency, 0 is the angle of insonation, and V is the blood velocity in 

em/sec. This procedure of blood velocity measurement has previously been validated and 

shown to produce accurate absolute values (Radegran, 1997a). It has been demonstrated 

that femoral artery diameter does not change significantly in response to +40 Torr neck 

pressure (Keller et al., 2003) or during 7W knee-extensor exercise (Wray et al. 2003, in 
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press), and in the present study we confirm these findings. Thus, femoral blood flow was 

not calculated, and power spectral analysis was performed using the raw FBV signal. 

Near-Infrared (NIR) Spectroscopy. NIR spectroscopy is based upon the relative ease 

with which infrared light (700-1 000 nm) passes through biological tissue, and on the 0 2-

dependant absorption changes of hemoglobin and myoglobin. Tissue oxygenation 

measurements are limited to the skeletal muscle microcirculation due to the low 

probability that photons of light will emerge from arteries and veins (Beer's law), and ... 
therefore provide a beat-to-beat index of skeletal muscle tissue oxygen delivery relative 

to its use. For the present study, two fiber optical bundles with an optode separation of 4-

em were placed on the skin over the vastus lateralis muscles of both legs, 15-20 em above 

the knee along the major axis of the muscle. The probe was secured with adhesive tape 

and covered with an elastic bandage to shield ambient light and minimize movement 

artifact. NIR signals at four different wavelengths were sampled concurrently at a rate of 

1 Hz, converted to optical densities by using known algorithms, and stored digitally for 

analysis (NIRO 300, Hamamatsu Photonics, Hamamatsu City, Japan). The NIR Hb02 

signal (expressed in arbitrary units) was used as an index of tissue oxygenation {TOm) 

and as an indirect indication of microcirculatory blood flow (Hansen et a/., 1996; Sander 

et a/., 2000). 

Sympathetic Nerve Recordings. Postganglionic MSNA was recorded with standard 

microneurographic techniques as described previously (Wallin & Eckberg, 1982). 
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Briefly, a tungsten microelectrode was inserted into the peroneal nerve near the fibular 

head. The nerve signal was processed by a preamplifier and an amplifier (model 662C-3, 

Nerve Traffic Analyzer; University of Iowa Bioengineering, Iowa City, lA) with a total 

gain of 90,000. Amplified signals were band-pass filtered (700-2,000 Hz), rectified, and 

integrated by a resistance-capacitance circuit with a time constant of 0.1 s. MSNA 

recordings display a pulse-synchronous burst pattern and an increase in burst frequency 

with end-expiratory breath holds and Valsalva maneuvers. However, there is no response 

to arousal or skin stroking. These characteristics were used to discriminate between 

muscle and skin sympathetic nerve fibers. For baseline comparisons, sympathetic nerve 

activity was expressed as burst frequency. 

Data Analyses. 

To evaluate the influence of the CBR on hemodynamic variables, sinusoidal neck 

pressure (NP) at +40 Torr was produced to evoke sinusoidal oscillations in carotid sinus 

transmural pressure at a frequency of 0.1 Hz. This dynamic input to the CBR at a 

constant period is presumably transduced to all efferent variables influenced by the CBR, 

effectively forcing entrainment of these cardiovascular and hemodynamic variables. Such 

CBR entrainment is quantified at the end organ via the degree of change, i.e. 

"variability", in the measured signal. End-organ variability associated with CBR 

entrainment is best analyzed using power spectral analysis, which provides a sensitive 

measure of variability in the frequency domain, creating a discrete spectral peak at the 

frequency with which sinusoidal NP was applied. This technique also provides the 
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opportunity for cross-spectral analysis to evaluate the linear and temporal relationship 

between variables (Saul et al., 1991). 

Fast Fourier transformation was performed to calculate spectral power of the R-R 

interval, ABP, MSNA, FBV, and TOm time series, as described previously (Cooke et al., 

1999). Briefly, beat-to-beat changes in ABP, MSNA, FBV, and TOm were linearly 

interpolated and resampled at 5Hz to convert the unequally spaced beat-to-beat time 

series to a uniformly spaced time series for spectral and transfer function analysis. Five 

minute data sets (1500 samples) were evaluated using a 60-sec window sliding every 10 

seconds. These data were detrended, Hanning-filtered, and fast-Fourier transformed to 

their respective frequency representations. The area under the low frequency (LF, 0.085-

0.115 Hz) peak was integrated and averaged for all subjects. 

The transfer function (TF) phase, gain, and coherence between neck chamber 

pressure and ABP, MSNA, FBV, and TOm was estimated using the cross-spectral method 

(Saul et al., 1991 ). The TF analysis reflects the relationship between two measured 

signals by comparing the amplitude of variability over a specific frequency range. The TF 

between the two signals was calculated as; TF = Sxy(j) I Sxx(j), where Sxx(f) is the 

autospectrum of neck chamber pressure and Sxy(f) is the cross-spectrum between the 

autospectrum for neck chamber pressure and the autospectrum for the selected end-organ 

measurement (Zhang et al., 1998). Transfer function gain values evaluate the relative 

magnitude between the changes in chamber pressure and the end-organ, while transfer 

function phase values reflect the relative time relationship between any two measured 

signals (Saul et al., 1991; Zhang et al., 1998). Using phase delay, the latency from 
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changes in chamber pressure to each signal was calculated according to the equation; 

time delay (sec) =phase (deg) I 360 *frequency (Hz). The assumption of linearity and 

reliability of the transfer function estimation was confirmed by coherence (COH) testing 

of LF spectral power, with coherence values >0.50 considered as confirmation of a 

significant linear relationship between any two measured variables (Saul et al., 1991). 

Statistical Analysis. 

Because the power spectrum of some measured signals exhibited a skewed distribution, 
....... 

natural logarithm (In) transformation was performed before statistical testing, as 

described previously (Bernardi et al., 1997; Cevese et a/., 2001 ). The effect of sinusoidal 

NP was evaluated after data was natural log transformed, resulting in an estimate of 

spectral power based on the raw signal variability. For the absolute power spectral values 

less than 1, In transformation produced a negative value. Since exercise produced an 

increase in signal variability and thus a new baseline, comparisons were made between 

baseline and sinusoidal NP at rest and during exercise separately. A paired student t-test 

was performed to test for a significant difference between baseline and sinusoidal NP 

conditions for LF power of HR, ABP, MSNA, FBF, and TOm at rest and during exercise. 

Coherence (COH) function in the LF (0.085-0.115) was used as a statistical test to 

confirm significant linearity between measurements for transfer function gain and phase 

analysis, with coherence values ~0.50 considered significant (as described above). All 

results are expressed as mean ± standard error and statistical significance was set at 

P<0.05. 
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RESULTS 

Baseline cardiovascular measurements. 

During the resting condition, sinusoidal NP significantly increased HR (60.6±2.1 vs. 

66.9±2.3 bpm), MAP (90.5±2.1 vs. 100.9±2.8 mmHg), FBV (6.3±0.5 vs. 7.6±0.5 cm/s), 

and TOm (0.1 02±.03 vs. 0.176±0.05 AU) with no significant change in MSNA burst 

frequency. Exercise significantly increased baseline HR (from 60.6±2.1 to 73.4±3.1 

bpm), MAP (90.5±2.1 to 103.9±2.9 mmHg), and FBV (6.3±0.5 to 22.7±1.1 cm/s), with 

no significant change in MSNA. Absolute TOm did not significantly change in the 

exercising or non-exercising leg. During exercise, sinusoidal NP significantly increased 

HR (73.4±3.1 vs. 77.3±2.7 bpm) and MAP (104.9±2.3 vs. 109.9±2.1 mmHg), with no 

significant change in FBV or MSNA burst frequency. Exercising sinusoidal NP did not 

significantly change TOm of the exercising leg, but significantly decreased TOm in the 

non-exercising leg (0.21±0.06 to 0.15±0.06 AU). 

Frequency-domain spectral analysis. 

Spectral analysis was performed to identify changes in the variability of each signal in the 

LF (0.085-0.115 Hz) band during baseline and 0.1 Hz sinusoidal NP conditions. During 

sinusoidal NP, the sympathoexcitation due to positive neck chamber pressure evoked an 

increase in efferent activity as measured by changes in RRI, MSNA, FBV, ABP, and 

TOm. Figure 1 presents the visible entrainment of raw signals and the power spectra for 

one subject during sinusoidal NP at rest and during exercise. 
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Compared to baseline, application of sinusoidal NP at rest significantly increased LF 

spectral power ofRRI (5.43±0.32 vs. 7.81±0.24ln ms2
), ABP (-0.17±0.17 vs. 1.81±0.31 

lnmmHg2
), MSNA (0.36±0.15 vs. 1.91±0.34ln AU2

, n=6), FBV (-10.8±0.2 vs. -8.6±0.2 

ln AU2
), and TOm (-11.2±0.3 vs. -8.9±0.2 ln AU2

), see figure 2. During exercise, 

sinusoidal NP also augmented LF spectral power compared to exercising baseline for 

RR1 (5.18±.027 vs. 7.33±0.22 ln ms2
, P), ABP (0.58±0.24 vs. 1.64±0.28 ln mmHg2

, P), 

MSNA (-0.009±0.57 vs. 1.77±0.58 ln AU2
, n=6, P), and FBV (-8.57±0.2 vs. -7.58±0.14 

In AU2
), see figure 3. The change from baseline to sinusoidal NP was similar between 

rest and exercise for RRI and MSNA, while exercise attenuated the effect of sinusoidal 

NP on ABP and FBV (figure 4). 

Using near-infrared optodes on both the exercising leg (EL) and non-exercising 

leg (NEL), we were able to distinguish CBR-mediated changes in TOm in both active and 

inactive tissue. At rest, TOm baseline values and changes during sinusoidal NP were 

similar between EL and NEL. During exercise, sinusoidal NP increased LF spectral 

power in both ELand NEL TOm (-9.6±0.2 vs. -8.2±0.2 AU2 and -10.5±0.4 vs. -8.9±0.3, 

respectively). However, when the effect of sinusoidal NP between rest and exercise is 

compared, the degree of CBR-mediated entrainment is significantly reduced in the EL, 

with no significant change in the NEL (figure 5). 

Cross-spectral transfer function analysis 

Cross-spectral analysis was performed to identify the relationship between variables and 

address the temporal aspects of the efferent responses. We performed transfer function 
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analysis using neck chamber pressure (CP) as it is the only open-loop "input" to the 

carotid baroreceptors, and thus all transfer function analysis was arranged accordingly; 

CP-RRI, CP-ABP, CP-MSNA, CP-FBV, and CP-TOm. During both resting and 

exercising baseline conditions, LF (0.085-0.115 Hz) coherence values were well below 

0.5 for all cross-spectral comparisons. In contrast, during resting and exercising 

sinusoidal NP, LF COH was >0.50 for all signals, allowing evaluation of transfer 

function gain and phase. For both rest and exercise, all phase measurements lagged 

behind CP changes, i.e. all were negative phase shifts. The phase delay for RRI was .. 
established after subtraction of one half-period (i.e. subtraction of 180 degrees) to ensure 

that the RRI preceding CP changes were not used in the calculation, as described 

previously (Keyl eta/., 2000; Keyl eta/., 2001). 

At rest, the phase latencies for MSNA (-22.7±4.6 degrees or -631±128 ms), RRI 

(-24.5±6.4 degrees or -679±178 ms) and FBV (-31.2±5.9 degrees or 840±154 ms) were 

followed by ABP (-78.5±11.2 degrees or -2.39±0.31 s) and TOm (-113.5±11.3 degrees or 

-2.67±0.42 s). Exercise caused a significant shift in phase latency for RRI (-24.5±6.4 to-

67.1±8.8 degrees, rest vs. exercise), while the phase shift for ABP, MSNA, FBV, and 

TOm were similar to rest. Transfer function gain values were similar between rest and 

exercise for all end-organ measurements. 
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DISCUSSION 

Using a dynamic sympathoexcitatory stimulus, the present study has demonstrated some 

degree of carotid baroreflex (CBR)-mediated entrainment of all end-organ measurements 

during dynamic knee-extension exercise. However, spectral analysis of hemodynamic 

measurements revealed an attenuated CBR entrainment of arterial blood pressure (ABP), 

femoral blood velocity (FBV), and tissue oxygenation (TOm) of the exercising muscle, 

with no attenuation in the resting muscle tissue. Collectively, these measurements have 

identified a significant and specific attenuation of end-organ responsiveness to CBR
..,. 

mediated sympathoexcitation in the vasculature of the exercising muscle. These data 

suggest a shift towards more predominant local control over the exercising muscle 

vasculature, but without complete abolition of systemic arterial blood pressure control. 

While it is well-established that the CBR remains effective during exercise 

(Bevegard & Shepherd, 1966; DiCarlo & Bishop, 1992; Potts et al., 1993; Fadel et al., 

2001a; Keller et al., 2003; Ogoh et al., 2003b), we believe the present study adds 

significant new insight into reflex cardiovascular control. Using a prolonged, oscillating 

NP stimuli rather than a static single pulse of NP, we were able to characterize the 

dynamic nature of CBR control during exercise. Furthermore, inclusion of peripheral 

hemodynamic measurements extends previous findings by evaluating the influence of 

exercise-induced metabolites on CBR control of skeletal muscle blood flow and tissue 

oxygenation. Finally, the use of spectral analysis techniques has provided a novel 

approach for quantifying the magnitude and temporal relationship of CBR control of 

peripheral hemodynamics. 

136 



Most CBR studies in animals and humans provoke static changes in carotid sinus 

transmural pressure, producing a sigmoid-shaped curve relating R-R interval or ABP to 

carotid sinus transmural pressure. Using this technique, an upward and rightward 

resetting of the curve during exercise has been identified, with no change in CBR-ABP 

gain (DiCarlo & Bishop, 1992; Potts eta/., 1993). Others have evaluated the individual 

end-organ components of the CBR, showing control ofRRI (O'Leary & Seamans, 1993), 

ABP (Strange et a/., 1990), and MSNA (Fadel eta/., 2001a; Ogoh et a/., 2003b) is 

unchanged from rest to exercise. However, during exercise the carotid baroreceptors are ..... 
exposed to perpetual fluctuations in ABP, and so must provide adequate changes in 

efferent activity on a very dynamic, beat-to-beat basis. As such, we presumed that the 

carotid baroreceptors might respond differently to an oscillating NP stimulus than to a 

single pulse of static NP. Thus, while some of the current findings are in contrast to 

studies using static CBR stimuli (pharmacologic or mechanical), we believe that 

significant additional information regarding the dynamic nature of CBR control during 

exercise becomes apparent when an extended period of oscillating input is applied and 

the average response across several minutes are considered. 

Spectral analysis of peripheral hemodynamic control. 

In the present study, frequency-domain spectral analysis provided a unique means for 

quantifying the degree of CBR control over each measured variable. We observed a 

similar degree of entrainment between rest and exercise for the end-organ measurements 

of RRI and MSNA, indicating preservation of CBR control for these measurements. 
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However, during exercise the LF spectral power of ABP, FBV, and TOm were reduced 

compared to rest, indicating a diminution in CBR-mediated entrainment of these 

variables. These findings are consistent with the concept of an altered end-organ 

responsiveness caused by metabolic byproducts emanating from the exercising muscle, 

i.e. functional sympatholysis. 

Many previous studies have used a pharmacologic approach to assess the 

metabolic influence on the skeletal muscle vasculature by blocking or activating the post-

junctional a-adrenergic receptors. Pharmacologic studies evaluating the responsiveness of 
..... 

these receptors are directly relevant to the present study, as the sympathoexcitation from 

sinusoidal NP is transduced to the vascular smooth muscle via post-junctional a-

adrenoreceptors. The exercise intensity used in the present study has been shown to 

significantly reduce responsiveness of the vascular a-adrenoreceptors in the human leg 

(Wray et a/., 2003 in press). Attenuation of a-adrenoreceptor responsiveness has also 

been reported from studies using the selective exogenous agonists in the rat (Anderson & 

Faber, 1991; Thomas eta/., 1994), dog hind limb (Buckwalter eta/., 2001), and human 

forearm (Rosenmeier eta/., 2003) during exercise. Data from the present study extend 

these observations of attenuated end-organ responsiveness to a sympathoexcitatory 

stimulus, but do so through the distinct use of a reflex "endogenous" CBR-mediated 

sympathoexcitation, which provides a more physiologic stimulus to the vasculature of the 

exercising muscle. In addition, the current study had the advantage of provoking reflex 

NE release across several minutes, which may more closely emulate the events that occur 

naturally during normal exercise conditions. 
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Studies in animals (Collins eta/., 2001) and humans (Keller et a/., 2003) have 

also utilized reflex maneuvers to evaluate CBR control of skeletal muscle blood flow, 

with differing results. Using single bouts of NP and NS, Keller eta/. (2003) identified 

attenuation of CBR-mediated changes in vascular conductance during unilateral knee 

extension exercise. In dogs, Collins et a/. (200 1) evaluated the change in vascular 

conductance of the hind limb and renal vascular bed following carotid sinus hypotension 

at rest and during ramped treadmill exercise. They reported an increased CBR-mediated 

change in vascular conductance in the exercising hind limb compared to rest and the renal 

vascular bed, confirming the importance of the active muscle vasculature in the 

maintenance of systemic arterial blood pressure during exercise hyperemia. Data from 

the present study extend these findings with the additional measurements of MSNA and 

TOm, providing a comprehensive assessment of CBR control, ranging from reflex 

autonomic effects to changes at the level of the skeletal muscle microcirculation. 

Surprisingly, CBR entrainment of ABP was reduced during exercise, which 

appears inconsistent with previous findings of a preserved CBR gain from rest to exercise 

(Bevegard & Shepherd, 1966; Potts et a/., 1993). This disparity may be explained by 

considering differences in the technique of CBR perturbation and in the methods of data 

analysis. Previous studies using the variable pressure neck chamber have used a static, 

single NP applied for five seconds and measured the peak change in HR and ABP. Using 

this static stimulus at several different degrees of neck chamber pressure, the full range of 

the CBR response has been characterized by a sigmoid-shaped curved using a logistic fit 

model (Kent et al., 1972). In contrast, the present study utilized an oscillatory NP 
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technique that alters carotid sinus transmural pressure in a dynamic manner, so that both 

the "on" and "off' response to the CBR unloading is measured. This approach extends 

beyond the acute response to a single pulse of NP, characterizing the degree of CBR 

control across several minutes, and thus providing a more averaged ABP response to 

alternating changes in carotid sinus transmural pressure. 

Importantly, while the degree of CBR-mediated entrainment of ABP, FBV, and 

TOm was reduced during exercise, a discreet spectral peak was nonetheless evident for all 

measurements. This observed preservation of some degree of peripheral hemodynamic 
..... 
control is consistent with the traditional definition of sympatholysis, which suggests a 

reduced but not ablated responsiveness of the active skeletal muscle vasculature to 

sympathoexcitation (Remensnyder, 1962; Buckwalter & Clifford, 2001; Joyner & 

Thomas, 2003). This is a significant observation when considering the functional 

importance of local blood flow control, since any change in vascular conductance will 

alter systemic ABP more profoundly as blood flow increases, in accordance with Ohm's 

law (mean arterial pressure= cardiac output I total vascular conductance). As such, the 

observed reduction in CBR-mediated entrainment of ABP, FBV and TOm does not 

necessarily have a negative impact on cardiovascular homeostasis during exercise. On the 

contrary, the attenuation in end-organ responsiveness may serve to prevent robust CBR-

mediated vasoconstriction in skeletal muscle blood flow that could jeopardize oxygen 

delivery to the tissue. Thus, the observed attenuation in CBR control at the end organ 

may in fact serve a protective role, modulating sympathetic input to ensure adequate 

tissue perfusion while simultaneously supporting ABP during exercise. 
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Cross-spectral analysis of CDR-mediated sympathoexcitation. 

In conjunction with the spectral power for each measurement, cross-spectral comparison 

of each measurement against the chamber pressure (CP) "input" has provided insight into 

temporal aspects of CBR efferent activity to the various end-organs. For all 

measurements, LF coherence values were well above the a priori significance criteria of 

0.5, indicating a stable relationship between input and output. Transfer function gain 

(TFG) provided a quantitative ratio of changes in neck chamber pressure and all end-

organ measurements in the LF (0.085-0.115 Hz), which remained coherent both at rest 
...... 
and during exercise. 

Phase analysis provided an index of latency from the onset of NP to the 

corresponding response of all end-organ measurements. Previous studies have utilized 

direct sinus nerve stimulation (Borst & Karemaker, 1983), static NP and NS (Fagius & 

Wallin, 1980; Wallin & Eckberg, 1982), mathematical modeling (deBoer eta/., 1987) 

and more recently oscillatory NS (Keyl et a/., 2001) to evaluate baroreflex latency 

periods. Collectively, these studies have demonstrated a short delay for RRI (~500ms) 

with a greater latency for MSNA from the peroneal nerve (around 1-sec). At rest, we 

report a similar latency for RRI and a somewhat shorter MSNA latency ( 631 ms) than 

previously reported, which may be attributed to methodological differences (i.e. direct 

recordings versus spectral analysis). 

While these cardiovascular latencies have been addressed previously, temporal 

aspects of CBR-mediated changes in the peripheral blood flow response have not been 

investigated. In the present study, we observed a progressively increasing phase delay as 
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CBR-mediated efferent activity moves from the carotid sinus to the peripheral 

vasculature at rest. Phase latency of MSNA, ABP, FBV and TOm did not change 

significantly from rest to exercise, supporting the concept of intact CBR signaling to 

these end-organs during exercise. Compared to resting values, exercise produced a 

significant increase in RRI latency in response to the sinusoidal NP. This shift does not 

reflect an alteration in signaling, but instead is likely due to a shift from fast-acting vagal 

withdraw! at rest to a more sympathetically-mediated increase in RRI during exercise. To 

our knowledge, this is the first comprehensive report of latencies from the carotid 
....... 
baroreceptors to the skeletal muscle microcirculation during exercise in humans. 

Potential limitations. 

One of the potential limitations of the present study regards the use of near-infrared 

spectroscopy as an index of microcirculatory blood flow. NIRS does not directly measure 

tissue blood flow, but instead provides a qualitative index of tissue oxygenation. 

However, recent studies have demonstrated a close correlation between blood flow values 

measured by plethysmography, the Fick method, and NIRS (Edwards eta/., 1993; Van 

Beekvelt et a/. , 2001). In addition, validation studies have reported a high correlation 

between NIRS and conventional ultrasound Doppler measurements in rat hind limb 

(Fadel eta/., 2002) and human forearm (Keller, 2003). Together, these studies support 

the use of TOm as an indirect index of microcirculatory blood flow in the present study. 

The relatively light exercise intensity used in the present study was necessary to 

minimize movement artifact that would prevent continuous MSNA recording in the non-
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exercising leg, and thus caused only a modest increase in HR with no increase in MSNA 

burst frequency, though blood flow increased approximately 4-fold to the exercising leg. 

In a recent study we have identified profound reduction in vascular responsiveness during 

very light exercise (Wray eta/. 2003, in press), while others have observed attenuated 

vascular responses even during the first few contractions of an exercise bout (DeLorey et 

a/., 2002). These previous findings led us to conclude that the exercise intensity we 

employed increased metabolism to an extent that would allow adequate evaluation of the 

influence of metabolic factors on CBR-mediated control of the peripheral circulation . 
..... 

CONCLUSION 

Using a dynamic sympathoexcitatory stimulus, the present study has demonstrated CBR 

control of RRI, ABP, MSNA, FBV, and TOm during one leg knee-extension exercise. 

Spectral analysis techniques have identified an attenuated degree of CBR entrainment for 

all measurements of the peripheral circulation during exercise, suggesting a diminution in 

end-organ responsiveness. Collectively, these measurements have identified a significant 

and specific attenuation of end-organ responsiveness to CBR-mediated 

sympathoexcitation in the vasculature of the exercising muscle. These data suggest a shift 

towards more predominant local control of the exercising muscle vasculature, but without 

the loss of control over systemic arterial blood pressure. 
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FIGURE LEGEND 

FIGURE 1. Sample tracing for R-R interval (RRI), muscle sympathetic nerve activity 

(MSNA), arterial blood pressure (ABP), femoral blood velocity (FBV), and tissue 

oxygenation (TOm) during sinusoidal NP (O.lHz) at rest (left panel) and during 7W 

exercise (middle panel). Right panel indicates the corresponding spectra at rest (black 

fill) and during exercise (gray fill). Note that spectral power of RRl and MSNA are 

similar between rest and exercise, and are thus superimposed at the LF (0.085-0.115 Hz) 

frequency range. 

FIGURE 2. Resting LF (0.085-0.115 Hz) power of all end-organ measurements during 

baseline (black bars) and O.lHz sinusoidal NP (grey bars) after natural log data 

transformation. Note that values for FBV are TOm become negative following natural log 

transformation since starting value is <1. (*) significantly different than baseline, P<0.05. 

FIGURE 3. Natural log LF (0.085-0.115 Hz) power of all end-organ measurements 

during baseline (black bars) and O.lHz sinusoidal NP (grey bars) during 7W knee 

extension exercise. (*)significantly different than baseline, P<0.05. 

FIGURE 4. Changes in natural log power of all measurements in response to sinusoidal 

NP at rest (solid grey bars) and during exercise (hatched grey bars). (§) significantly 

different than resting sinusoidal NP, P<0.05. 
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FIGURE 5. Changes in natural log power of TOm in the exercising leg and non

exercising leg at rest and during unilateral knee extension exercise. (*) Significantly 

different than rest, P<0.05 . 

... 
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CHAPTERV 

CONCLUSION 

The current project evaluated the interaction of neural and local mechanisms of skeletal 

muscle blood flow control through exogenous (selective agonist drugs) and endogenous 

(CBR-mediated sympathoexcitation) post-junctional a-adrenoreceptor activation . .... 
Through selective sympathomimetic drug administration we have identified a 

functionally differential distribution of a-adrenoreceptor subtypes in the leg skeletal 

muscle vasculature. Furthermore, we have identified a higher sensitivity of a 2-mediated 

vasoconstriction compared to a, vasoconstriction during exercise, which is dependant on 

exercise intensity. When oscillatory neck pressure was applied to provoke carotid 

baroreflex-mediated sympathoexcitation, entrainment of all cardiovascular measurements 

was seen. However, during exercise CBR control of peripheral hemodynamic 

measurements were attenuated. Based on these observations, we conclude that exercise 

attenuates a-adrenergic responsiveness to both exogenous and endogenous activation. 

This apparent shift in dominance from neural to local control of skeletal muscle blood 

flow during exercise may ser\re a protective role, ensuring sufficient muscle blood flow 

while maintaining systemic ABP homeostasis. 
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CHAPTER VI 

FUTURE DIRECTIONS 

Data from the current studies have raised a series of compelling questions suitable 

for future research efforts. While the current study included selective a-adrenoreceptor 

agonists to evaluate receptor responsiveness, another interesting approach would involve 
..... 
a similar protocol using selective a-receptor blockade. However, in the human leg even 

local a-adrenoreceptor blockade produces significant hypotensive effects, making this 

approach technically difficult. In addition, while we have observed a diminution in a-

adrenoreceptor responsiveness with exercise, the impact of exercise-induced metabolites 

on other endogenous vasoconstrictor substances such as vasopressin and angiotensin II 

have not been evaluated in humans. These and other putative regulatory pathways must 

be investigated before a comprehensive understanding of functional sympatholysis may 

be achieved. The ongoing interest in physiological processes that differ according to 

gender and age also present potential avenues for future research. 

Information regarding the interaction of neural and local mechanisms of skeletal 

muscle blood flow control may have direct relevance in the clinical setting. Patients 

afflicted with diseases such as congestive heart failure and type II diabetes frequently 

experience peripheral vascular disorders, with an associated loss of a-adrenoreceptor 

responsiveness. This complication may severely limit the normal sympatholytic events 

158 



that occurs during muscle contraction to augment muscle blood flow, so that these 

patients are unable to sustain any challenging exercise for more than a few minutes. 

Since this patient population may benefit from exercise as part of a rehabilitative 

treatment program, future studies should consider the pathology that leads to altered a.

adrenoreceptor function in these individuals. 

159 



CHAPTER VII 

INCLUSIVE BIBLIOGRAPHY 

ANDERSEN, P., ADAMS, R. P., SJOGAARD, G., THORBOE, A. & SALTIN, B. (1985). 
Dynamic knee extension as model for study of isolated exercising muscle in humans. J 
Appl Physio/59, 1647-1653. 

ANDERSEN, P. & SALTIN, B. (1985). Maximal perfusion of skeletal muscle in man. J 
~hysio/366, 233-249. 

ANDERSON, K. M. & FABER, J. E. (1991 ). Differential sensitivity of arteriolar alpha 1- and 
alpha 2-adrenoceptor constriction to metabolic inhibition during rat skeletal muscle 
contraction. Circ Res 69, 17 4-184. 

BANGSBO, J., KRUSTRUP, P., GONZALEZ-ALONSO, J., BOUSHEL, R. & SALTIN, B. (2000). 
Muscle oxygen kinetics at onset of intense dynamic exercise in humans. Am J Physiol 
Regul Integr Camp Physio/279, R899-906. 

BATH, E., LINDBLAD, L. E. & WALLIN, B. G. (1981). Effects of dynamic and static neck 
suction on muscle nerve sympathetic activity, heart rate and blood pressure in man. J 
Physio/311, 551-564. 

BAYLISS, W. M. (1902). On the local reactions of the aterial wall to changes of internal 
pressure. J Physio/28. 

BERNARD, C. (1858). De !'influence de deux ordres de nerfs qui determinent les variations 
de couleur du sang veineux dans les organes glandulaires. C.R. Acad. Sci (Paris) 41. 

BERNARDI, L., HA YOZ, D., WENZEL, R., PASSINO, C., CALCIA TI, A., WEBER, R. & NOLL, 
G. (1997). Synchronous and baroceptor-sensitive oscillations in skin microcirculation: 
evidence for central autonomic control. Am J Physio/213, H1867-1878. 

BEVEGARD, B. S. & SHEPHERD, J. T. (1966). Circulatory effects of stimulating the carotid 
arterial stretch receptors in man at rest and during exercise. J Clin Invest 45, 132-142. 

160 



BHAMBHANI, Y., MAIKALA, R. & ESMAIL, S. (2001). Oxygenation trends in vastus 
lateralis muscle during incremental and intense anaerobic cycle exercise in young men 
and women. Eur J Appl Physio/84, 547-556. 

BORST, C. & KAREMAKER, J. M. (1983). Time delays in the human baroreceptor reflex. J 
Auton Nerv Syst 9, 399-409. 

BousHEL, R. & PIANTADOSI, C. A. (2000). Near-infrared spectroscopy for monitoring 
muscle oxygenation. Acta Physiol Scand 168,615-622. 

BUCKWALTER, J. B. & CLIFFORD, P. S. (2001). The paradox of sympathetic 
vasoconstriction in exercising skeletal muscle. Exerc Sport Sci Rev 29, 159-163. 

BUCKWALTER, J. B., MUELLER, P. J. & CLIFFORD, P. S. {1998a). alpha1-adrenergic
receptor responsiveness in skeletal muscle during dynamic exercise. J App/ Physiol 85, 
~77-2283. 

BUCKWALTER, J. B., NAIK, J. S., VALIC, Z. & CLIFFORD, P. S. {2001). Exercise attenuates 
alpha-adrenergic-receptor responsiveness in skeletal muscle vasculature. J Appl Physiol 
90, 172-178. 

BUCKWALTER, J. B., RUBLE, S. B., MUELLER, P. J. & CLIFFORD, P. S. {1998b). Skeletal 
muscle vasodilation at the onset of exercise. J Appl Physiol 85, 1649-1654. 

CEVESE, A., GULLI, G., POLATI, E., GOTTIN, L. & GRASSO, R. {2001). Baroreflex and 
oscillation of heart period at 0.1 Hz studied by alpha-blockade and cross-spectral analysis 
in healthy humans. J Physio/531, 235-244. 

CHAVOSHAN, B., SANDER, M., SYBERT, T. E., HANSEN, J., VICTOR, R. G. & THOMAS, G. 
D. (2002). Nitric oxide-dependent modulation of sympathetic neural control of 
oxygenation in exercising human skeletal muscle. J Physio/540, 377-386. 

CLAYTON, R. H., BOWMAN, A. J., FORD, G. A. & MURRAY, A. {1995). Measurement of 
baroreflex gain from heart rate and blood pressure spectra: a comparison of spectral 
estimation techniques. P hysio/ Me as 16, 131-13 9. 

COHNHEIM, J. (1872). Untersuchungen uber die embolischen processe (Investigation on 
the embolic process). Hirschwald, Berlin. 

COLLINS, H. L., AUGUSTYNIAK, R. A., ANSORGE, E. J. & O'LEARY, D. S. (2001). Carotid 
baroreflex pressor responses at rest and during exercise: cardiac output vs. regional 
vasoconstriction. Am J Physiol Heart Circ Physio/280, H642-648. 

161 



COOKE, J.P., SHEPHERD, J. T. & VANHOUTIE, P.M. (1984). The effect ofwanning on 
adrenergic neurotransmission in canine cutaneous vein. Circ Res 54, 547-553. 

COOKE, W. H., HOAG, J. B., CROSSMAN, A. A., KUUSELA, T. A., TAHVANAINEN, K. U. & 
EcKBERG, D. L. (1999). Human responses to upright tilt: a window on central autonomic 
integration. J Physio/511 ( Pt 2), 617-628. 

DEBOER, R. W., KAREMAKER, J. M. & STRACKEE, J. (1987). Hemodynamic fluctuations 
and baroreflex sensitivity in humans: a beat-to-beat model. Am J Physio/253, H680-689. 

DELOREY, D. S., WANG, S. S. & SHOEMAKER, J. K. (2002). Evidence for sympatholysis at 
the onset offoreann exercise. J Appl Physio/93, 555-560. 

DELP, M. D. & ARMSTRONG, R. B. (1988). Blood flow in normal and denervated muscle 
during exercise in conscious rats. Am J Physio/255, H1509-1515. 

-· DELP, M.D. & LAUGHLIN, M. H. (1998). Regulation of skeletal muscle perfusion during 
exercise. Acta Physiol Scand 162,411-419. 

DICARLO, S. E. & BISHOP, V. S. (1992). Onset of exercise shifts operating point of 
arterial baroreflex to higher pressures. Am J Physio/262, H303-307. 

DINENNO, F. A., DIETZ, N. M. & JOYNER, M. J. (2002a). Aging and foreann 
postjunctional alpha-adrenergic vasoconstriction in healthy men. Circulation 106, 1349-
1354. 

DINENNO, F. A., EISENACH, J. H., DIETZ, N. M. & JOYNER, M. J. (2002b). Post-junctional 
alpha-adrenoceptors and basal limb vascular tone in healthy men. J Physiol 540, 1103-
1110. 

DINENNO, F. A. & JOYNER, M. J. (2003). Blunted Sympathetic Vasoconstriction in 
Contracting Skeletal Muscle of Healthy Humans: is nitric oxide obligatory? J Physiol. 

DINENNO, F. A., JOYNER, M. J. & HALLIWILL, J. R. (2003). Failure of systemic hypoxia to 
blunt alpha-adrenergic vasoconstriction in the human foreann. J Physiol549, 985-994. 

DocHERTY, J. R. (1998). Subtypes of functional alpha1- and alpha2-adrenoceptors. Eur J 
Pharmacol361, 1-15. 

ECKBERG, D. L. (1977). Baroreflex inhibition of the human sinus node: importance of 
stimulus intensity, duration, and rate of pressure change. J Physiol269, 561-577. 

ECKBERG, D. L. (1980a). Arterial baroreceptor-cardiac reflex physiology in normal man. 
Acta Physiol Pol 31 Suppl 20, 119-131. 

162 



ECKBERG, D. L. (1980b ). Nonlinearities of the human carotid baroreceptor-cardiac reflex. 
Circ Res 41,208-216. 

ECKBERG, D. L., CAVANAUGH, M.S., MARK, A. L. & ABBOUD, F. M. (1975). A simplified 
neck suction device for activation of carotid baroreceptors. J Lab Clin Med 85, 167-1 73. 

EDWARDS, A. D., RICHARDSON, C., VANDERZEE, P., ELWELL, C., WYATT, J. S., COPE, 
M., DELPY, D. T. & REYNOLDS, E. 0. (1993). Measurement of hemoglobin flow and 
blood flow by near-infrared spectroscopy. J Appl Physiol15, 1884-1889. 

FADEL, P. 1., 0GOH, S., WATENPAUGH, D. E., WASMUND, W., 0LIVENCIA-YURVATI, A., 
SMITH, M. L. & RAVEN, P. B. (2001a). Carotid baroreflex regulation of sympathetic nerve 
activity during dynamic exercise in humans. Am J Physiol Heart Circ Physiol 280, 
H1383-1390 . 

.... 
FADEL, P. 1., STROMSTAD, M., HANSEN, J., SANDER, M., HORN, K., 0GOH, S., SMITH, M. 
L., SECHER, N. H. & RAVEN, P. B. (2001b). Arterial baroreflex control of sympathetic 
nerve activity during acute hypotension: effect of fitness. Am J Physiol Heart Circ · 
Physio/280, H2524-2532. 

FADEL, P. J., STROMSTAD, M., WRAY, D. W., SMITH, S. A., RAVEN, P. B. & SECHER, N.H. 
(2003). New insights into differential baroreflex control of heart rate in humans. Am J 
Physiol Heart Circ Physiol284, H735-743. 

FADEL, P. 1., WANTANABE, H. & THOMAS, G. D. {2002). Parallel modulation of 
sympathetic neural control of blood flow and tissue oxygenation in contracting muscle. 
Medicine and Science in Sports and Exercise 34, S 132. 

FAGIUS, J. & WALLIN, B. G. (1980). Sympathetic reflex latencies and conduction 
velocities in normal man. J Neural Sci 47, 433-448. 

FURLAN, R., DIEDRICH, A., RlMOLDI, A., PALAZZOLO, L., PORTA, C., DIEDRICH, L., 
HARRIS, P. A., SLEIGHT, P., BIAGIONI, I., ROBERTSON, D. & BERNARDI, L. {2003). Effects 
of unilateral and bilateral carotid baroreflex stimulation on cardiac and neural 
sympathetic discharge oscillatory patterns. Circulation 108, 717-723. 

GUIMARAES, S. & MouRA, D. (2001). Vascular adrenoceptors: an update. Pharmacal Rev 
53,319-356. 

HAMPSON, N. B. & PIANTADOSI, C. A. {1988). Near infrared monitoring of human 
skeletal muscle oxygenation during forearm ischemia. J Appl Physiol64, 2449-2457. 

163 



HANSEN, J., SANDER, M., HALD, C. F., VICTOR, R. G. & THOMAS, G. D. (2000a). 
Metabolic modulation of sympathetic vasoconstriction in human skeletal muscle: role of 
tissue hypoxia. J Physio/527 Pt 2, 387-396. 

HANSEN, J., SANDER, M. & THOMAS, G. D. (2000b). Metabolic modulation of 
sympathetic vasoconstriction in exercising skeletal muscle. Acta Physiol Scand 168, 489-
503. 

HANSEN, J., SA YAD, D., THOMAS, G. D., CLARKE, G. D., PESHOCK, R. M. & VICTOR, R. 
G. (1999). Exercise-induced attenuation of alpha-adrenoceptor mediated vasoconstriction 
in humans: evidence from phase-contrast MRI. Cardiovasc Res 41, 220-228. 

HANSEN, J., THOMAS, G. D., HARRIS, S. A., PARSONS, W. J. & VICTOR, R. G. (1996). 
Differential sympathetic neural control of oxygenation in resting and exercising human 
skeletal muscle. J Clin Invest 98, 584-596 . ... 
HANSEN, J., THOMAS, G. D., JACOBSEN, T. N. & VICTOR, R. G. (1994). Muscle 
metaboreflex triggers parallel sympathetic activation in exercising and resting human 
skeletal muscle. Am J Physiol266, H2508-2514. 

HARVEY, W. (1628). Exercitatio Anatomica de Motu Cordis et Sanguinis in Animalibus 
(On The Motion Of The Heart And Blood In Animals). Frankfort. 

HIEBLE, J. P., BONDINELL, W. E. & RUFFOLO, R. R., JR. (1995). Alpha- and beta
adrenoceptors: from the gene to the clinic. 1. Molecular biology and adrenoceptor 
subclassification. J Med Chem 38, 3415-3444. 

HOELTING, B. D., SCHEUERMANN, B. W. & BARSTOW, T. J. (2001). Effect of contraction 
frequency on leg blood flow during knee extension exercise in humans.PG - 671-9. J 
Appl Physio/91. 

ITOH, T. (1991). Pharmacomechanical coupling in vascular smooth muscle cells--an 
overview. Jpn J Pharmacol55, 1-9. 

JACOB, G., COSTA, F., SHANNON, J., ROBERTSON, D. & BIAGGIONI, I. (2000). Dissociation 
between neural and vascular responses to sympathetic stimulation : contribution of local 
adrenergic receptor function.Hypertension 35, 76-81. 

JIE, K., VAN BRUMMELEN, P., VERMEY, P., TIMMERMANS, P. B. & VAN ZWIETEN, P. A. 
(1984). Identification of vascular postsynaptic alpha 1- and alpha 2-adrenoceptors in 
man. Circ Res 54,447-452. 

164 



JOHNSON, W., LUCAS, C., STEVENSON, L. W. & CREAGER, M. A. (1999). Effect of 
intensive therapy for heart failure on the vasodilator response to exercise. JAm Col/ 
Cardiol33, 743-749. 

JOHNSSON, G. (1967). The effects of intra-arterially administered propranolol and H 56-
28 on blood flow in the forearm--a comparative study of two beta-adrenergic receptor 
antagonists. Acta Pharmacal Toxicol (Copenh) 25, 63-74. 

JOYNER, M. J. & THOMAS, G. D. (2003). Having it both ways? Vasoconstriction in 
contracting muscles. J Physiol550, 333. 

KARAMOUZIS, M., LANGBERG, H., SKOVGAARD, D., BULOW, J., KJAER, M. & SALTIN, B. 
(200 1 ). In situ microdialysis of intramuscular prostaglandin and thromboxane in 
contracting skeletal muscle in humans. Acta Physiol Scand 171,71-76 . 

...i'ELLER, D. M., FADEL, P.J., RAVEN, P.B., AND THOMAS, G.D. (2003). Does reflex 
sympathoexcitation evoke corresponding chnages in blood flow and tissue oxygenation in 
human forearm? Med Sci Sports Exerc 35, S109. 

KELLER, D. M., WASMUND, W. L., WRAY, D. W., 0GOH, S., FADEL, P. J., SMITH, M. L. & 
RAVEN, P. B. (2003). Carotid baroreflex control of leg vascular conductance at rest and 
during exercise. J Appl Physiol94, 542-548. 

KENT, B. B., DRANE, J. W., BLUMENSTEIN, B. & MANNING, J. W. (1972). A mathematical 
model to assess changes in the baroreceptor reflex. Cardiology 57,295-310. 

KEYL, C., DAMBACHER, M., SCHNEIDER, A., PASSINO, C., WEGENHORST, U. & BERNARDI, 
L. (2000). Cardiocirculatory coupling during sinusoidal baroreceptor stimulation and 
fixed-frequency breathing. Clin Sci (Land) 99, 113-124. 

KEYL, C., SCHNEIDER, A., DAMBACHER, M. & BERNARDI, L. (200 1 ). Time delay of 
vagally mediated cardiac baroreflex response varies with autonomic cardiovascular 
control. J Appl Physiol91, 283-289. 

LAUGHLIN, M. H., KLABUNDE, R. E., DELP, M.D. & ARMSTRONG, R. B. (1989). Effects of 
dipyridamole on muscle blood flow in exercising miniature swine. Am J Physiol 257, 
H1507-1515. 

LAUGHLIN, M. H., KORTHUIS, R. J., DUNCKER, D.J., BACHE, R.J. (1996). Control of blood 
flow to cardiac and skeletal muscle during exercise. In Handbook of Physiology. 
Exercise: Regulation and Integration of Multiple Systems., pp. 705-769. Oxford 
University Press, New York. 

165 



LAUGHLIN, M. H. & KoRZICK, D. H. (2001). Vascular smooth muscle: integrator of 
vasoactive signals during exercise hyperemia. Med Sci Sports Exerc 33, 81-91. 

LEMBO, G., IACCARINO, G., RENDINA, V., VOLPE, M. & TRIMARCO, B. (1994). Insulin 
blunts sympathetic vasoconstriction through the alpha 2-adrenergic pathway in humans. 
Hypertension 24, 429-438. 

LEMBO, G., IACCARINO, G., VECCHIONE, C., BARBATO, E., Izzo, R., FONTANA, D. & 
TRIMARCO, B. (1997). Insulin modulation of an endothelial nitric oxide component 
present in the alpha2- and beta-adrenergic responses in human forearm. J Clin Invest 100, 
2007-2014. 

LOEWI, 0. (1921). Ober humorale Obertragbarkeit der Herznervenwirkung (On humoral 
transmission of the action of heart nerves). Pflugers Arch Ges Physio/189. 

~CDONALD, M. J., SHOEMAKER, J. K., TSCHAKOVSKY, M. E. & HUGHSON, R. L. (1998). 
Alveolar oxygen uptake and femoral artery blood flow dynamics in upright and supine 
leg exercise in humans.PG- 1622-8. J Appl Physio/85. 

MANCIA, G., GRASSI, G., BERTINIERI, G., FERRARI, A. & ZANCHETTI, A. (1984). Arterial 
baroreceptor control of blood pressure in man. J Auton Nerv Syst 11, 115-124. 

MANCINI, D. M., BOLINGER, L., LI, H., KENDRICK, K., CHANCE, B. & WILSON, J. R. 
(1994). Validation of near-infrared spectroscopy in humans. J Appl Physiol 77, 2740-
2747. 

MCCLOSKEY, D. I. & MITCHELL, J. H. (1972). Reflex cardiovascular and respiratory 
responses originating in exercising muscle. J Physio/224, 173-186. 

MCGILLIVRAY -ANDERSON, K. M. & FABER, J. E. (1990). Effect of acidosis on contraction 
of microvascular smooth muscle by alpha 1- and alpha 2-adrenoceptors. Implications for 
neural and metabolic regulation. Circ Res 66, 1643-1657. 

MCGILLIVRAY-ANDERSON, K. M. & FABER, J. E. (1991). Effect of reduced blood flow on 
alpha 1- and alpha 2-adrenoceptor constriction of rat skeletal muscle microvessels. Circ 
Res 69, 165-173. 

MEDGETT, I. C., HICKS, P. E. & LANGER, S. Z. (1987). Effect of acidosis on alpha 1- and 
alpha 2-adrenoceptor-mediated vasoconstrictor responses in isolated arteries. Eur J 
Pharmaco/135, 443-447. 

MONCHAMP, T. & FRISHMAN, W. H. (2002). Exercise as a treatment modality for 
congestive heart failure. Heart Dis 4, 110-116. 

166 



NAKATA, A., TAKATA, S., YUASA, T., SHIMAKURA, A., MARUYAMA, M., NAGAI, H., 
SAKAGAMI, S. & KOBAYASHI, K. (1998). Spectral analysis of heart rate, arterial pressure, 
and muscle sympathetic nerve activity in normal humans. Am J Physiol 274, H1211-
1217. 

NOTARIUS, C. F., ANDO, S., RONGEN, G. A. & FLORAS, J. S. (1999). Resting muscle 
sympathetic nerve activity and peak oxygen uptake in heart failure and normal subjects. 
Eur Heart J 20, 880-887. 

OGOH, S., FADEL, P. J., HARDISTY, J. M., WASMUND, W. L., KELLER, D. M., RAVEN, P. B. 
& SMITH, M. L. (2003a). Does pulsatile and sustained neck pressure or neck suction 
produce differential cardiovascular and sympathetic responses in humans? Exp Physiol 
88, 595-601. 

0GOH, S., FADEL, P. J., MONTEIRO, F., WASMUND, W. L. & RAVEN, P. B. (2002) . 
.Uaemodynamic changes during neck pressure and suction in seated and supine positions. 
J Physio/540, 707-716. 

0GOH, S., FADEL, P. J., NISSEN, P., JANS, 0., SELMER, C., SECHER, N.H. & RAVEN, P. B. 
(2003b). Baroreflex-mediated changes in cardiac output and vascular conductance in 
response to alterations in carotid sinus pressure during exercise in humans. J Physiol 550, 
317-324. 

O'LEARY, D. S. (1991). Regional vascular resistance vs. conductance: which index for 
baroreflex responses? Am J Physio/260, H632-637. 

O'LEARY, D. S., ROWELL, L. B. & SCHER, A. M. (1991). Baroreflex-induced 
vasoconstriction in active skeletal muscle of conscious dogs. Am J Physio/260, H37-41. 

O'LEARY, D. S. & SEAMANS, D.P. (1993). Effect of exercise on autonomic mechanisms 
ofbaroreflex control ofheart rate. J Appl Physio/75, 2251-2257. 

PARRY, J. E. A. D. (1957). Some observations on the effects of stimulating the stretch 
receptors of the carotid artery in man. J. Physio/137, 45-46. 

PAWELCZYK, J. A. & LEVINE, B. D. (2002). Heterogeneous responses of human limbs to 
infused adrenergic agonists: a gravitational effect? J Appl Physio/92, 2105-2113. 

POTTS, J. T., SHI, X. R. & RAVEN, P. B. (1993). Carotid baroreflex responsiveness during 
dynamic exercise in humans. Am J Physio/265, H1928-1938. 

QUERRY, R. G., SMITH, S. A., STROMSTAD, M., IDE, K., SECHER, N.H. & RAVEN, P. B. 
(200 1 ). Anatomical and functional characteristics of carotid sinus stimulation in humans. 
Am J Physiol Heart Circ Physio/280, H2390-2398. 

167 



RADEGRAN, G. (1997a). Ultrasound Doppler estimates of femoral artery blood flow 
during dynamic knee extensor exercise in hwnans. J Appl Physiol83, 1383-1388. 

RADEGRAN, G. & HELLSTEN, Y. (2000). Adenosine and nitric oxide in exercise-induced 
hwnan skeletal muscle vasodilatation. Acta Physiol Scand 168, 575-591. 

RADEGRAN, G. & SAL TIN, B. (1998). Muscle blood flow at onset of dynamic exercise in 
hwnans. Am J Physiol214, H314-322. 

REA, R. F. & EcKBERG, D. L. (1987). Carotid baroreceptor-muscle sympathetic relation in 
hwnans. Am J Physio/253, R929-934. 

REMENSNYDER, J. P., MITCHELL, J.H., SARNOFF, S.J. (1962). Functional sympatholysis 
during muscular activity. Circ Res 11, 370-380 . ... 
RICHARDSON, R. S., KENNEDY, B., KNIGHT, D. R. & WAGNER, P. D. (1995). High muscle 
blood flows are not attenuated by recruitment of additional muscle mass. Am J Physiol 
269, H1545-1552. 

RICHTER, E. A., KIENS, B., HARGREAVES, M. & K.JAER, M. ( 1992). Effect of arm-cranking 
on leg blood flow and noradrenaline spillover during leg exercise in man. Acta Physiol 
Scand 144,9-14. 

ROSENMEIER, J. B., DINENNO, F. A., FRITZLAR, S. J. & JOYNER, M. J. (2003). {alpha} l
and {alpha} 2-adrenergic vasoconstriction is blunted in contracting hwnan muscle. J 
Physiol. 2003 Mar 15;547(Pt 3):971-6. 

ROWELL, L. B. (1993). Human cardiovascular control. Oxford University Press, New 
York. 

ROWELL, L. B. (1997). Neural control of muscle blood flow: importance during dynamic 
exercise. Clin Exp Pharmacal Physiol24, 117-125. 

RUBLE, S. B., VALIC, Z., BUCKWALTER, J. B., TSCHAKOVSKY, M. E. & CLIFFORD, P. S. 
(2002). Attenuated vascular responsiveness to noradrenaline release during dynamic 
exercise in dogs. J Physiol 541, 637-644. 

SALTIN, B., RADEGRAN, G., KOSKOLOU, M.D. & ROACH, R. C. (1998). Skeletal muscle 
blood flow in hwnans and its regulation during exercise. Acta Physiol Scand 162, 421-
436. 

SANDER, M., CHAVOSHAN, B., HARRIS, S. A., IANNACCONE, S. T., STULL, J. T., THOMAS, 
G. D. & VICTOR, R. G. (2000). Functional muscle ischemia in neuronal nitric oxide 

168 



synthase-deficient skeletal muscle of children with Duchenne muscular dystrophy. Proc 
Natl Acad Sci US A 91, 13818-13823. 

SANDERS, J. S., MARK, A. L. & FERGUSON, D. W. (1989). Importance of aortic baroreflex 
in regulation of sympathetic responses during hypotension. Evidence from direct 
sympathetic nerve recordings in humans. Circulation 19, 83-92. 

SAUL, J. P., BERGER, R. D., ALBRECHT, P., STEIN, S. P., CHEN, M. H. & COHEN, R. J. 
(1991 ). Transfer function analysis of the circulation: unique insights into cardiovascular 
regulation. Am J Physiol261, H1231-1245. 

SAUL, J.P., REA, R. F., ECKBERG, D. L., BERGER, R. D. & COHEN, R. J. (1990). Heart rate 
and muscle sympathetic nerve variability during reflex changes of autonomic activity. Am 
J Physiol258, H713-721 . 

. ~AVARD, G. K., NIELSEN, B., LASZCZYNSKA, J., LARSEN, B. E. & SALTIN, B. (1988). 
Muscle blood flow is not reduced in humans during moderate exercise and heat stress. J 
Appl Physiol64, 649-657. 

SAVARD, G. K., RICHTER, E. A., STRANGE, S., KIENS, B., CHRISTENSEN, N.J. & SALTIN, 
B. (1989). Norepinephrine spillover from skeletal muscle during exercise in humans: role 
of muscle mass. Am J Physiol251, H1812-1818. 

SEALS, D. R. (1989). Sympathetic neural discharge and vascular resistance during 
exercise in humans. J Appl Physiol66, 2472-2478. 

SECHER, N.H., CLAUSEN, J.P., KLAUSEN, K., NOER, I. & TRAP-JENSEN, J. (1977). Central 
and regional circulatory effects of adding arm exercise to leg exercise. Acta Physiol 
Scand 100,288-297. 

SEIY AMA, A., HAZEKI, 0. & TAMURA, M. (1988). Noninvasive quantitative analysis of 
blood oxygenation in rat skeletal muscle. J Biochem (l'okyo) 103, 419-424. 

SHOEMAKER, J. K., HODGE, L. & HUGHSON, R. L. (1994). Cardiorespiratory kinetics and 
femoral artery blood velocity during dynamic knee extension exercise.PG - 2625-32. J 
Appl Physiol11. 

SLEIGHT, D. E. A. P. (1992). Human Baroreflexes in Health and Disease. Oxford. 

SLEIGHT, P., LA ROVERE, M. T., MORTARA, A., PINNA, G., MAESTRI, R., LEUZZI, S., 
BIANCHINI, B., TAVAZZI, L. & BERNARDI, L. (1995). Physiology and pathophysiology of 
heart rate and blood pressure variability in humans: is power spectral analysis largely an 
index ofbaroreflex gain? Clin Sci (Lond) 88, 103-109. 

169 



STEENSBERG, A., VAN HALL, G., KELLER, C., 0SADA, T., SCHJERLING, P., PEDERSEN, B. 
K., SAL TIN, B. & FEBBRAIO, M.A. (2002). Muscle glycogen content and glucose uptake 
during exercise in humans: influence of prior exercise and dietary manipulation. J 
Physiol 541, 273-281. 

STRANGE, S. (1999). Cardiovascular control during concomitant dynamic leg exercise 
and static arm exercise in humans. J Physio/514 ( Pt 1), 283-291. 

STRANGE, S., ROWELL, L. B., CHRISTENSEN, N.J. & SALTIN, B. (1990). Cardiovascular 
responses to carotid sinus baroreceptor stimulation during moderate to severe exercise in 
man. Acta Physiol Scand 138, 145-153. 

SULLIVAN, M. J., KNIGHT, J.D., HIGGINBOTHAM, M. B. & COBB, F. R. (1989). Relation 
between central and peripheral hemodynamics during exercise in patients with chronic 
heart failure. Muscle blood flow is reduced with maintenance of arterial perfusion 

.pressure. Circulation 80, 769-781. 

SUNDLOF, G. & WALLIN, B. G. (1978). Human muscle nerve sympathetic activity at rest. 
Relationship to blood pressure and age. J Physio/274, 621-637. 

TATEISHI, J. & FABER, J. E. (1995). Inhibition of arteriole alpha 2- but not alpha 1-
adrenoceptor constriction by acidosis and hypoxia in vitro. Am J Physiol 268, H2068-
2076. 

THOMAS, G. D., HANSEN, J. & VICTOR, R. G. (1994). Inhibition of alpha 2-adrenergic 
vasoconstriction during contraction of glycolytic, not oxidative, rat hindlimb muscle. Am 
J Physio/266, H920-929. 

THOMAS, G. D., SANDER, M., LAU, K. S., HUANG, P. L., STULL, J. T. & VICTOR, R. G. 
(1998). Impaired metabolic modulation of alpha-adrenergic vasoconstriction in 
dystrophin-deficient skeletal muscle. Proc Nat/ Acad Sci US A 95, 15090-15095. 

THOMAS, G. D., SHAUL, P. W., YUHANNA, I. S., FROEHNER, S.C. & ADAMS, M. E. (2003). 
V asomodulation by skeletal muscle-derived nitric oxide requires alpha-syntrophin
mediated sarcolemmal localization of neuronal Nitric oxide synthase. Circ Res 92, 554-
560. 

THOMAS, G. D. & VICTOR, R. G. (1998). Nitric oxide mediates contraction-induced 
attenuation of sympathetic vasoconstriction in rat skeletal muscle. J Physiol 506 ( Pt 3), 
817-826. 

TORP, K. D., TSCHAKOVSKY, M. E., HALLIWILL, J. R., MINSON, C. T. & JOYNER, M. J. 
(2001). beta-Receptor agonist activity of phenylephrine in the human forearm. J Appl 
Physio/90, 1855-1859. 

170 



TSCHAKOVSKY, M. E., SUJIRAITANAWIMOL, K., RUBLE, S. B., VALIC, Z. & JOYNER, M. J. 
(2002). Is sympathetic neural vasoconstriction blunted in the vascular bed of exercising 
human muscle? J Physio/541, 623-635. 

TuRCOITE, L. P., RICHTER, E. A. & KIENS, B. (1992). Increased plasma FFA uptake and 
oxidation during prolonged exercise in trained vs. untrained humans. Am J Physiol 262, 
E791-799. 

VAN BEEKVELT, M. C., COLIER, W. N., WEYERS, R. A. & VAN ENGELEN, B. G. (2001). 
Performance of near-infrared spectroscopy in measuring local 0(2) consumption and 
blood flow in skeletal muscle. J Appl Physiol90, 511-519. 

VOLIANITIS, S., KRUSTRUP, P., DAWSON, E. & SECHER, N.H. (2003). Arm blood flow and 
oxygenation on the transition from arm to combined arm and leg exercise in humans. J 

..fhysio/541, 641-648. 

W AHREN, J. (1966). Quantitative aspects of blood flow and oxygen uptake in the human 
forearm during rhythmic exercise. Acta Physiol Scand Supp/269, 1-93. 

WALLIN, B. G. & ECKBERG, D. L. (1982). Sympathetic transients caused by abrupt 
alterations of carotid baroreceptor activity in humans. Am J Physio/242, H185-190. 

W ALLOE, L. & WESCHE, J. (1988). Time course and magnitude of blood flow changes in 
the human quadriceps muscles during and following rhythmic exercise.PG - 257-73. J 
Physio/405. 

WISE, A., CARR, I. C., GROARKE, D. A. & MILLIGAN, G. (1997). Measurement of agonist 
efficacy using an alpha2A-adrenoceptor-Gilalpha fusion protein. FEBS Lett 419, 141-
146. 

WRAY, D.W., FADEL, P.J., SMITH, M.L., RAVEN, P.B., AND SANDER, M. (2003). Inhibition 
of a-adrenergic vasoconstriction in human thigh muscles. J.Physiol., In press. 

ZHANG, R., BEHBEHANI, K., CRANDALL, C. G., ZUCKERMAN, J. H. & LEVINE, B. D. 
(2001). Dynamic regulation of heart rate during acute hypotension: new insight into 
baroreflex function. Am J Physiol Heart Circ Physio/280, H407-419. 

ZHANG, R., ZUCKERMAN, J. H., GILLER, C. A. & LEVINE, B. D. (1998). Transfer function 
analysis of dynamic cerebral autoregulation in humans. Am J Physio/214, H233-241. 

171 







_) 






