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Abstract Voluntary muscle contractions activate sympa-

thetic efferent pathways. Using a fatiguing electrical

stimulation protocol designed specifically to enhance sym-

pathetically-mediated vasoconstrictor tone, we explored the

temporal profile and mechanistic bases of the evoked

vasoconstrictor response and its role in muscle fatigue.

Spinotrapezius muscles of Wistar rats were exteriorized and

stimulated tetanically (100 Hz, 6–8 V, stimulus duration

700 ms) every 3 s for 2.5 min. The extent and time course

of diameter changes in arterioles (1A and 2A) and venules

(1V and 2V) were determined after each of 10 discrete sets

of muscle stimulation at 5-min intervals. At first, to com-

pare the effect of stimulation parameters in this preparation,

stimulations were performed with rectangular pulses of

either 0.2- or 4-ms pulse duration. As expected the 0.2-ms

pulse stimulation did not affect arteriolar diameter or

muscle fatigability. In contrast, during and following 4-ms

pulse stimulations, there was a surprising arteriolar

vasoconstriction rather than the expected vasodilation.

Arteriolar (but not venular) vasoconstriction (reduced

arteriolar diameter by 38.6 ± 2.6% in the 10th set)

increased progressively with muscle fatigue (to 29 ± 12%

of initial tension in the 10th set) for the 4-ms pulse condi-

tion. Superfusion with the selective a1-adrenergic receptor

antagonist prazosin (1 lM) and/or a2-adrenergic receptor

antagonist rauwolscine (10 lM) abolished both the arteri-

olar vasoconstriction and significantly reduced fatigue (i.e.,

% initial tension, a1: 46.8 ± 10.3%; a2: 39.0 ± 5.8%;

a1 ? a2: 48.7 ± 16.3% in the 10th set; all P \ 0.05 vs.

control). We conclude that sequential bouts of contractions

induce a progressively greater degree of a-adrenergic

receptor-induced arteriolar (but not venular) vasoconstric-

tion which contributes significantly to fatigue in this model.

Keywords Spinotrapezius muscle � Microcirculation �
Fatigue � Sympathetic nerve � Intravital microscopy

Introduction

Skeletal muscle blood flow increases in proportion to the

metabolic demands during exercise [2]. Although muscle

blood flow increases in an exercise intensity-dependent

manner, muscle sympathetic nerve activity also increases

in the same manner [12, 25]. Sympathetic activation plays

an important role in the distribution of blood flow during

exercise by causing vasoconstriction in non-exercising

tissue. In addition, sympathetic activation is likely to be the

mechanism by which increased respiratory muscle work

and fatigue reduces blood flow and performance in loco-

motory muscles [1, 10, 11, 15, 28, 31]. Half a century ago,

Remensnyder et al. [27] coined the term ‘functional sym-

patholysis’ to describe the relative insensitivity of the
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exercising muscle vascular bed to sympathetic vasocon-

striction. However, despite the presence of functional

sympatholysis, some sympathetic vasoconstriction may

still constrain the increase of muscle blood flow during

exercise [6, 12, 14, 29]. Although controversial, there is

evidence that sympathetic activation leading to vasocon-

striction is attenuated in the active muscles, in part due to

an effect of muscle metabolites and nitric oxide which act

to diminish the vasoconstrictor response to a-adrenergic

receptor activation [3, 7, 35–37]. However, it has not been

established whether such increases of sympathetic nerve

activity or alternatively reduced functional sympatholysis

mediate the attenuated vasodilator response observed dur-

ing muscle fatigue evoked by repeated bouts of tetanic

contractions [3, 7, 35–37].

Previous studies suggest that a-adrenergic receptors play

an important role in functional sympatholysis during exer-

cise [7, 36]. Furthermore, it is well known that an inverse

relationshiip exists for resistance vessel diameter and the

sensitivity to sympathetically-mediated vasoconstriction

[5, 22, 26]. Specifically, in the rat cremaster muscle,

Ohyanagi et al. [26] demonstrated that during sympathetic

nerve stimulation the effect of inhibiting a1- and a2-adren-

ergic receptors was different in large (1A) versus small (3A)

arterioles. The distribution of a-adrenergic receptors is

stratified along the arterial tree, and both a1 and a2 have

been implicated in vascular control during contractions.

Thus, it is necessary to use specific antagonists in order to

examine effectively the role of each a-adrenergic receptor

on vasomotor control during contractions.

The purpose of the present investigation was to explore

the role of functional sympatholysis on vasomotor control

and fatigue during and following isometric tetanic con-

tractions in the rat spinotrapezius muscle microcirculation.

Specifically, using a stimulation protocol designed to

increase sympathetically-mediated vasoconstrictor tone in

combination with a-adrenergic blockade (prazosin and/or

rauwolcine), we tested the hypotheses that: (1) fatiguing

contractions would alter the vasoconstriction–vasodilation

balance towards vasoconstriction; and (2) this vasocon-

striction would be partially or wholly ablated by a1 and/or

a2 receptor antagonism and fatigue would be reduced.

Methods

Animal care and preliminary surgery

Male Wistar rats (n = 30, 9–15 weeks of age; Japan SLC)

were used in this study. All procedures were approved by

the University of Electro-Communications Institutional

Animal Care and Use Committee and conducted under the

guidelines established by the Physiological Society of

Japan. Rats were maintained at 24�C on a 12:12-h light:-

dark cycle and received food and water ad libitum. Surgical

procedures were performed under a stereo microscope.

Rats were anaesthetized with sodium pentbarbital

(70 mg/kg i.p.) and supplemental doses of anesthesia were

administered as needed during surgery. Cannulae were

secured in the right carotid artery to monitor blood pres-

sure. Body temperature was maintained near 37�C by

placing the animal on a heating pad during surgery. At the

end of the experimental protocol, animals were sacrificed

by pentobarbital sodium overdose.

Muscle preparation

Following preliminary surgery, the right spinotrapezius

muscle was prepared for in vivo microscopic observation

as previously described [19, 32, 33]. This muscle has been

likened to the human quadriceps femoris with respect to

containing each of the major muscle fiber types and

possesses a similar oxidative capacity [9, 21] which

strengthens its relevance to understanding vascular control

in humans. Exteriorization of the right spinotrapezius

muscle, accessed through a midline incision, was per-

formed with as little disruption as possible to minimize

tissue damage. The exposed tissue was kept moist by su-

perfusing with warmed Krebs–Henseleit buffer solution

(KHB; 132 NaCl, 4.7 KCl, 21.8 NaHCO3, 2 MgSO4, 2

CaCl2 mM), equilibrated with 95% N2–5% CO2 and

adjusted to pH 7.35–7.4, at 37�C. Loose connective tissue

covering the muscle surface was carefully removed. The

exposed spinotrapezius muscle with principal vascular and

neural pathways maintained was attached to a wire horse-

shoe around the caudal periphery by 6 equidistant sutures

placed around the caudal perimeter [19, 32, 33]. This

procedure has been demonstrated not to impact the blood

flow or O2 delivery-to-VO2 relationships at rest or in

response to muscle contractions [4]. For the contraction

protocols, two partially-insulated electrodes were placed on

the dorsal spinotrapezius surface along the caudal periph-

ery at least 10 mm away from the viewing area, facilitating

whole muscle contractions. The fixed horse shoe attach-

ment prevented reduction of the origin (scapula)-to-horse-

shoe insertion length of the muscle. However, some

movement occurred during stimulation as the series elastic

component allowed for a modest reduction of mean sar-

comere length. After the surgical preparations, the rat was

placed on a 37�C glass hotplate (Kitazato Supply, Japan)

and mounted to reduce any movements due to breathing

and cardiac contractions. Then, the rat was switched from

pentobarbital to urethane (4 g; a-chloralose, 25 g; Urethan,

100 ml; Polyethylene Glycol 200, 2 ml/kg, i.p.) anesthesia.
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Experimental protocols

Animals were allowed to stabilize for *30 min after com-

pletion of the surgical procedure. Each spinotrapezius

muscle was subjected to 10 discrete sets of isometric muscle

stimulations in a manner similar to that described previously

[32, 33]. Specifically, each set consisted of the muscle being

stimulated tetanically, with isometric contractions evoked

by trains of stimuli (700 ms duration, 100 Hz frequency) at

3 s intervals for 2.5 min (i.e., 50 contractions) interspersed

with 5-min rest intervals using an electro-stimulator (model

3F46; NEC, Tokyo) via a stimulus isolation unit (model

5384; NEC). To excite the sympathetic nerve activity and

muscle contractions simultaneously, stimulations were

performed, unless otherwise stated, with rectangular pulses

of 8 V and 4 ms duration [17, 20].

Protocol 1: effect of stimulation parameters

In the first experiment designed to compare the effect of

stimulation parameters in this preparation, stimulations

were performed with rectangular pulses of 8 V intensity

and 4 ms duration (n = 8) or of 6 V intensity and 0.2 ms

duration (n = 6).

Protocol 2: effect of pharmacological sympathetic

nervous system activity inhibition

To investigate the role of sympathetic nerve activity during

muscle fatigue, the selective a1-adrenergic receptor

antagonist prazosin (1 lM, dissolved in KHB) and/or

selective a2-adrenergic receptor antagonist rauwolscine

(10 lM, dissolved in KHB), were added to the superfusion

solution. These concentrations represented approximately

the IC50 concentration to inhibit the vasoconstriction

evoked with each agonist (10 lM phenylephrine, 10 lM

clonidine and 10 lM norepinephrine) superfused in this

preparation. Subsequently, spinotrapezius muscles were

stimulated tetanically at resting sarcomere length under (1)

control (rectangular pulses of 8 V intensity and 4-ms

duration in protocol 1) and (2) prazosin (n = 6), (3)

rauwolscine (n = 5) and (4) prazosin ? rauwolscine

(n = 5) superfused conditions.

In vivo measurements

Arterial pressure was monitored by computer throughout

the experiment using a DTX Plus pressure transducer

connected to Multi-channel Amplifier (Nihon Koden,

Tokyo). Data were analyzed offline to calculate the abso-

lute changes in mean arterial pressure (MAP) and heart rate

(HR). To measure muscle force during contractions, the

wire horseshoe that was attached to the spinotrapezius

muscle was connected by a fine wire to a strain gauge.

Torque (0–10 mN, full scale deflection) was monitored by

computer using Mac Lab/8s (A/D Instruments, USA) via a

strain gauge-linked motor device (Model RU-72; NEC)

during all contraction protocols. In preliminary investiga-

tions, we determined that there was a certain modest var-

iability in force production amongst different muscles

presumably related to differences in muscle cross-sectional

area and also architectural differences. Accordingly, as is

standard in many investigations and to more clearly show

the responses to the experimental conditions within and

among groups, at any given time and condition, the force

was expressed relative to the initial force for that muscle.

Our preliminary investigations also determined that, in

agreement with Honig and Frierson [17], there were no

changes in force induced by different pulse width stimu-

lations. In addition, in the same rat spinotrapezius muscles

superfused in random order, there was no difference in

absolute initial force induced by a-adrenergic blockade

(0.2 ms: -8.4 ± 2.5%; prazosin: -1.8 ± 3.4%; rauwols-

cine: -8.4 ± 4.4%, compared with 4-ms pulse condition,

P [ 0.05 for all comparisons). Among the 10 sets of 50

contractions the first 5 and last 5 contractions of set num-

bers 1, 5 and 10 were averaged and plotted graphically as

an index of fatigue.

The microcirculation of the spinotrapezius muscle was

transilluminated and observed under an intravital micro-

scope using a 910 objective lens (0.30 numerical aperture;

Nikon, Japan). The microscopic images were captured by a

charge-coupled device digital camera (DP70; Olympus,

Japan) and viewed at 1.55 pixel/lm using image-capture

software (DP Control; Olympus). Vessels were classified

according to location within the arteriolar network [22].

Briefly, the arterial vessels are arranged in two anastomosing

networks, one composed of primary arterioles (22–50 lm,

1A) and the other of secondary arterioles (13–18 lm, 2A).

Images of 1A or 2A arterioles and venules were obtained in

the resting muscles every 5 s for the first minute and every

30 s for the next 4 min after each of 10 discrete sets of

muscle contractions. Each designated captured area inclu-

ded the vessel branch and mean vessel diameters reported

were the average diameters at 0, 50, and 100 lm upstream

from each branch. Captured images were analyzed after the

experiments using ImageJ software (National Institutes of

Health, USA). The diameter measurements of arterioles and

venules were reproducible to within ±1 lm.

Statistical analysis

All statistical analyses were performed in Prism version 4.0

(GraphPad Software, USA). A two-way repeated-measures

ANOVA and Bonferroni post-hoc test were used for control

versus each a-adrenergic receptor antagonist superfused
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condition. A one-way repeated-measures ANOVA and

Bonferroni post-hoc test was used for comparison of relative

force, MAP and HR among conditions. Peason product

moment correlation coefficients (r) were calculated to

evaluate the relationship between baseline diameter

and vasoconstriction. Measured values are presented as

mean ± SE. Significance was established at P \ 0.05.

Results

Mean arterial pressure during the resting period was

90–110 mmHg and did not change significantly during

superfusions and/or muscle contractions in any group

(Table 1).

Figure 1 shows the changes of relative tetanic force

production. In the 0.2-ms pulse duration condition, tetanic

force decreased 20–40% within a set, and recovered to the

initial level after each interval. Thus, there was no signif-

icant attenuation of the tetanic force at the initiation of

subsequent contraction sets. In marked contrast, while the

4-ms pulse duration condition also demonstrates decreasing

tetanic force within a given set, there was a progressive

inability to recover the initial tension across sets such that,

by the end of the final 10th set, tetanic force was decreased

significantly to 21.4 ± 9.7% of initial force (P \ 0.01).

Figures 2 and 3 show the changes of arteriolar and

venular inner diameter (relative to pre-contraction values)

immediately after contractions in both conditions. In the

0.2-ms condition, arteriolar diameter did not change sig-

nificantly and the changes were within 10%. In contrast,

arteriolar vasoconstriction increased systematically with

subsequent sets of contractions in the 4-ms condition, such

that a significant decrease of arteriolar diameter was

observed after 10 sets of contractions (-38.6% vs. pre-

contraction, P \ 0.01). In neither the 0.2-ms nor the 4-ms

condition did venular inner diameter change significantly.

The time courses of change in arteriolar and venular

inner diameter for 0.2- and 4-ms conditions during recov-

ery are shown in Fig. 4. Specifically in the 4 ms condition,

there was a tendency for arteriolar vasoconstriction after

set 5 (-16.6 ± 1.4%) which reached significance after set

10 (-38.6 ± 2.6%). The time constant (s) of diameter

recovery also increased progressively with sets and after

sets 5 and 10 was 25 ± 7 s and 46 ± 13 s (P \ 0.05

between sets 5 and 10). The data for set 1 was not analyzed

in this manner because no reduction was observed after

stimulation. The relationship between arteriolar baseline

diameter and vasoconstriction during fatigue in the 4-ms

pulse duration condition is shown in Fig. 5. There was no

correlation after 1 or 5 sets of contractions. However, a

strong correlation became manifested after the 10th set as

muscle fatigue became more extreme (Fig. 1).

Table 1 Effects of muscle

contraction and each

a-antagonists on heart

rates and blood pressures

Values are means ± SE. No

significant differences were

detected

Pre-incubation Post-incubation After 1 set After 5 sets After 10 sets

MAP (mmHg)

0.2 ms 112 ± 14 – 116 ± 5 107 ± 10 101 ± 11

4 ms (cont) 111 ± 4 – 113 ± 5 115 ± 8 115 ± 9

a1 Blockade 109 ± 9 109 ± 9 107 ± 8 99 ± 10 98 ± 6

a2 Blockade 93 ± 6 103 ± 6 107 ± 9 109 ± 6 113 ± 9

a1, a2 Blockade 96 ± 7 96 ± 8 98 ± 8 95 ± 12 87 ± 5

Heart rate (bpm)

0.2 ms 394 ± 32 – 382 ± 27 386 ± 35 377 ± 38

4 ms (cont) 400 ± 33 – 378 ± 42 409 ± 32 407 ± 34

a1 Blockade 410 ± 28 399 ± 21 400 ± 23 356 ± 17 377 ± 38

a2 Blockade 351 ± 11 353 ± 6 363 ± 12 368 ± 8 378 ± 5

a1, a2 Blockade 359 ± 19 379 ± 33 370 ± 37 371 ± 34 393 ± 33
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Fig. 1 Change of relative tetanic force during contraction protocols.

Force normalized to initial (100%) denotes the average of first and

last 5 contractions of sets 1, 5, and 10 from 0.2-ms pulse duration

condition (closed circles) and 4-ms pulse duration condition

(open circles). Values are means ± SE (0.2 ms: n = 5; 4 ms:

n = 4). Significance compared with initial value for each condition:

*P \ 0.01
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The changes in relative tetanic force production during

stimulation with superfused a-adrenergic receptor antago-

nists are shown in Fig. 6. Compared with control (4 ms),

force attenuation was reduced substantially at the final

set (i.e., 10th set: a1, 46.8 ± 10.3%; a2, 39.0 ± 5.8%;

a1 ? a2, 48.7 ± 16.3%). The time course of change in

arteriolar inner diameter during recovery after the 1st, 5th

and 10th sets for each a-adrenergic receptor inhibition

condition is shown in Fig. 7. The progressive arteriolar

vasoconstriction observed in subsequent bouts in the con-

trol conditions was almost completely abolished. This was

especially evident with both a1- and a2-antagonists.

Indeed, in this instance, the arteriolar inner diameter was

more dilated after 10 sets of muscle contractions compared

with sets 1 and 5.

Figure 8 shows the changes of arteriolar inner diameter

(relative to pre-contraction values) immediately after con-

tractions for sets 1, 5 and 10 in each condition. After 10

sets the significant decrease of luminal diameter observed

in control was abolished by each a-adrenergic receptor

antagonist.

Discussion

The principal original finding of this investigation was that

repetitive, fatiguing muscle contractions of the mixed fiber

type spinotrapezius muscle [9] evoke a progressive

vasoconstrictor response that is: (1) blocked by a1- and a2-

adrenergic receptor antagonists, and (2) intimately associ-

ated with the fatigue process.

Effect of stimulation parameters

Static or isometric locomotor muscle contractions elicit the

exercise pressor response, and MAP and HR are increase

immediately after the onset of exercise [16, 23]. In this

study, however, MAP and HR did not change significantly

in the temporal proximity of the stimulations. This differ-

ence is likely to have resulted from the small size of the
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Fig. 2 Captured images of arteriole before stimulation, after 1 set

and 10 sets of contractions in 0.2- and 4-ms pulse duration conditions.

Captured areas include the branch of each vessels, and mean vessel

diameters were represented the average diameter of 0, 50, and

100 lm distance from each branch. Arrow indicates the 50-lm part of

the analyzed arteriole. Bar 20 lm
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Fig. 3 Relative changes of arteriolar and venular diameter immedi-

ately after contractions. Arteriolar and venular diameter changes

relative to pre-contraction values (which was unchanged during the

course of the experiment) at sets 1, 5 and 10 from 0.2-ms pulse

duration condition (open bars) and 4ms pulse duration condition

(closed bars). Measurements were made immediately after contrac-

tions in each condition. Values are means ± SE. Significance

compared with pre-contraction diameter for each condition:

*P \ 0.05
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spinotrapezius muscle compared to locomotor muscles, and

the fact that the stimulation protocol was localized to this

muscle. Thus, circulating catecholamine concentrations

and afferent nerve activity levels were not likely to change

following stimulations. This paradigm isolates the response

investigated to a degree not possible in conscious, volun-

tarily exercising rats where the balance of central and local

vasomotor control may be uncertain.

Regarding the central purpose of the present investiga-

tion, Kjellmer [20] confirmed that sympathetic axons asso-

ciated with the motor nerve are not activated by very short

stimulus duration (0.1 ms) and it is generally accepted, and

supported herein, that electric stimulation using shorter

pulse duration excites skeletal muscle motor but not auto-

nomic nerves. Additionally, Honig and Frierson [17] dem-

onstrated that, in canine skeletal muscle, stimulation of

obturator nerves with 2- and 5-ms pulses elicited maximal

tension and arterial vasoconstriction, while 0.2- and 0.5-ms

pulse stimulation elicited similar tension but a substantial

and well-sustained vasodilation. In order to examine the

functional sympatholysis phenomenon during exercise in
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Fig. 4 Time course of arteriolar

and venular diameter changes

during recovery after 1, 5, and

10 sets for each contraction

protocols. Values of vessel inner

diameter are normalized to each

pre-contracting baseline

diameter which was unchanged

during the time course of the

experiment. In the 0.2- and 4-ms

pulse duration conditions,

relative arteriolar and venular

diameter changes are shown.

Values are means ± SE

(0.2 ms: n = 6; 4 ms: n = 8)

Fig. 5 Relationship between arteriolar baseline diameter and sym-

pathetic vasoconstriction during fatigue in 4-ms pulse duration

condition. The line indicates the relationship between arteriolar

diameter and vasoconstriction after the 10th set of contractions

(r = 0.752, *P \ 0.05)
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Fig. 6 Change of relative tetanic force during contraction protocols

in alpha adrenergic blocker superfused condition. Force normalized to

initial (set 1) denotes the average of first 5 and last 5 contractions

from sets 1, 5, and 10 from all groups. Values shown are

means ± SE. Significance compared with initial value for each

group: *P \ 0.05
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anesthetized animals, it is necessary to elicit motor nerve

stimulation and sympathetic nerve stimulation simulta-

neously. VanTeeffelen and Segal [38] examined the changes

of proximal (FA and 1A) and distal arterioles (2A and 3A)

directly using combined direct muscle stimulation and

sympathetic stimulation in hamster retractor muscle. Thus,

as contractile activity and sympathetic nerve activity (SNA)

increased, total blood flow into the muscle was restricted

progressively through constriction of feed artery and prox-

imal arterioles while sympathetic vasoconstriction was

antagonized by muscle contractions in the distal arteri-

oles. Importantly, local stimulation of muscle fibres and

sympathetic nerves did not change the systemic blood

pressure [38]. In the present study, 0.2-ms pulse stimulation

did not affect arteriolar diameter, while arteriolar vasocon-

striction occurred progressively with increasing numbers of

contraction sets in the 4-ms pulse stimulation condition.

Rowell et al. [29] and Harms et al. [15] demonstrated the role

of the SNA in limiting muscle blood flow during maximal

exercise. Therefore, the 4-ms pulse stimulation condition

likely serves to increase SNA and, as such decrease muscle

blood flow, which we demonstrated exacerbated fatigue in

the spinotrapezius muscle. If the muscle contracts in

the absence of electrically-stimulated SNA with 0.2-ms

pulses, there should have been a vasodilation and contrac-

tion-induced hyperemia. However, a definite vasodilator

response was not observed in the 0.2-ms pulse stimulation

condition. Whilst there were individual examples of arteri-

olar dilatation at our measurement sites (e.g., Fig. 3, left

hand middle panel) it is probable that a more robust dilatator

response may have occurred in more distal arterioles. At least

one previous study [18] suggested that the exercise hyper-

emia for moderately intense contraction is likely controlled

by downstream (i.e., 3A) rather than proximal (i.e., 1A)

arterioles. According to Fig. 5, the smaller arterioles seemed

to be more fatigue-sensitive than larger arterioles. The

mechanistic bases of this phenomenon are still unclear,

however, putative mechanisms include: (1) the distributions

of a- adrenergic receptor subtypes are heterogeneous within

the arteriolar tree, and (2) the magnitude of arteriolar sym-

pathetic innervations may also be heterogeneous.

Effect of a-adrenoceptor blockade

Sympathetic nerves innervate feed arteries and arterioles

throughout the rat spinotrapezius muscle microcirculation
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[22]. a2-adrenergic receptors are located predominantly in

distal branches (3A) while both a1- and a2-adrenergic

receptors are located in proximal arterioles (1A and 2A)

[13]. Buckwalter et al. [7] demonstrated that exercise may

attenuate both a1- and a2-mediated vasoconstriction in dog

hindlimbs dependent, in part, upon its intensity: specifi-

cally, a2 responsiveness was blunted throughout mild to

heavy exercise levels while a1-mediated vasoconstriction

was attenuated only during heavy exercise. Moreover, a2

adrenergic receptor-mediated vasoconstriction is more

sensitive than a1-mediated vasoconstriction to metabolic

modulation such as decreases in PO2 (70–10 mmHg) and

pH (7.4–7.0) [24, 34], or NO via KATP channel activation

[35]. In the present study, there was a progressively greater

degree of arteriolar vasoconstriction following stimula-

tions. This vasoconstriction was attenuated substantially by

both a1- and/or a2-adrenergic inhibition, and the effect of

selective and non-selective a-adrenergic blockade on

arteriolar inner diameter during and following stimulation

was similar. Thus, the doses of both a-adrenergic receptor

antagonists were sufficient to prevent the sympathetically-

evoked vasoconstrictor response and yet, crucially, did not

result in sufficient systemic spillover to impact MAP or HR

regulation. However, a definitive vasodilator response was

not observed in either a-adrenergic receptor antagonist

superfusions until the 10 sets of contractions where

blockade reduced the magnitude of vasoconstriction below

that seen under control conditions. Our data suggest that

the distribution of a1 and a2-adrenergic receptor in 1A and

2A arterioles of rat spinotrapezius muscle may be similar.

On the other hand, the protocol devised for this study did

not impact venous vessel diameter following muscle con-

tractions and this finding is consistent with previous reports

that venules are not under sympathetic control [22]. Also,

this observation suggests that there was little or no change

in muscle internal pressure, which, had it occurred, might

be the consequence of mechanical alterations of the

vasculature.

Functional sympatholysis during skeletal muscle

fatigue

In the present study, there was a progressive sympathetic

vasoconstriction with muscle fatigue. It has long been

recognized that studying the interaction between functional

vasodilation and sympathetic vasoconstriction is funda-

mental to understanding blood flow control during exer-

cise. Although the local vasodilator responses override the

sympathetic vasoconstriction during exercise, as fatigue

increases, sympathetic vasoconstriction may become more

pronounced. Saito et al. [30] showed that muscle sympa-

thetic nerve activity was enhanced during fatigue induced

at 25% of maximal voluntary contraction of the forearm

musculature. Jacobs and Segal [18] reported that post-

contraction vasodilation was attenuated with muscle fati-

gue in the feed artery and proximal arterioles. Previous

studies in animals demonstrated that functional sympath-

olysis is due mainly to blunting of postjunctional a2-

adrenergic receptor-mediated vasoconstriction [3, 7, 24,

36]. From the results of these investigations, the increase of

vasoconstriction with muscle fatigue observed in the

present investigation might be caused by metabolites/ions,

for example, potassium, the muscle release of which (and

vascular and perivascular concentrations of) decrease with

the decline of muscle force [8]. Together, these previous

findings and the results of the present investigation suggest

that the competing balances of local vasodilator responses

and sympathetic vasoconstriction shift in favor of vaso-

constriction with muscle fatigue. This compliments the

observations made herein and supports the proposed

mechanistic bases for increased respiratory muscle work

and fatigue decreasing locomotory muscle blood flow and

contractile performance [1, 10, 11, 15, 28, 31].

In summary, using a fatiguing stimulation protocol

designed specifically to enhance sympathetically-mediated

vasoconstrictor tone, we explored the temporal profile of the

evoked vasoconstrictor responses, quantitatively assessed

changes in sympatholysis, and determined the role of

a-adrenergic receptor-mediated vasoconstriction on muscle

performance. The principal findings were as follows: (1)

fatiguing contractions induced by 4-ms pulses increased the

vasoconstriction–vasodilation balance towards vasocon-

striction; and (2) this vasoconstriction was largely ablated by

the a1-adrenergic receptor antagonist (prazosin) or

a2-adrenergic receptor antagonist (rauwolscine) and wholly

ablated by combining a1- and a2-receptor antagonism.

Muscle fatigue was significantly decreased concomitant

with the increased arteriolar diameter and presumably

enhanced blood flow during a-adrenergic inhibition. These

results demonstrate that, in this preparation, as muscle

fatigue becomes more pronounced there is a greater sym-

pathetically-mediated vasoconstriction (i.e., partial attenu-

ation of sympatholysis) relief of which can improve muscle

performance, presumably, in part, through restoration of

muscle blood flow.
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