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Abstract

 

Metabolic products of skeletal muscle contraction activate

metaboreceptor muscle afferents that reflexively increase

sympathetic nerve activity (SNA) targeted to both resting

and exercising skeletal muscle. To determine effects of the

increased sympathetic vasoconstrictor drive on muscle oxy-

genation, we measured changes in tissue oxygen stores and

mitochondrial cytochrome 

 

a,a

 

3

 

 redox state in rhythmically

contracting human forearm muscles with near infrared

spectroscopy while simultaneously measuring muscle SNA

with microelectrodes. The major new finding is that the

ability of reflex-sympathetic activation to decrease muscle

oxygenation is abolished when the muscle is exercised at an

intensity 

 

.

 

 10% of maximal voluntary contraction (MVC).

During high intensity handgrip (45% MVC), contraction-

induced decreases in muscle oxygenation remained stable

despite progressive metaboreceptor-mediated reflex increases

in SNA. During mild to moderate handgrips (20–33%

MVC) that do not evoke reflex-sympathetic activation, ex-

perimentally induced increases in muscle SNA had no effect

on oxygenation in exercising muscles but produced robust

decreases in oxygenation in resting muscles. The latter de-

creases were evident even during maximal metabolic va-

sodilation accompanying reactive hyperemia.

We conclude that in humans sympathetic neural control

of skeletal muscle oxygenation is sensitive to modulation by

metabolic events in the contracting muscles. These events

are different from those involved in either metaboreceptor

muscle afferent activation or reactive hyperemia. (

 

J. Clin.

Invest. 

 

1996. 98:584–596.) Key words: sympathetic nervous

system
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Introduction

 

The sympathetic nervous system produces many of the cardio-
vascular adjustments during exercise, including reflex in-
creases in blood pressure, heart rate, and regional vascular re-

sistance. Although these adjustments match oxygen delivery to
the metabolic demands of exercising skeletal muscle, the un-
derlying mechanisms by which this matching occurs remain
poorly understood.

As early as 1841, A.W. Volkmann (1) proposed that the ac-
cumulation of chemical products of contraction in skeletal
muscle somehow signals the brain of a mismatch between mus-
cle blood flow and metabolism and evokes compensatory neu-
rocirculatory responses to minimize this perfusion mismatch.
There now is unequivocal evidence that metabolic products of
contraction (such as H

 

1

 

) activate chemically sensitive skeletal
muscle afferents that reflexively increase efferent-sympathetic
vasoconstrictor discharge (2–15). This reflex mechanism (termed
the “muscle metaboreflex”) has been shown to trigger parallel
sympathetic activation in resting and exercising human skele-
tal muscle (16), but the resultant effect of this reflex-sympa-
thetic activation on muscle blood flow and oxygenation re-
mains poorly understood.

In quiescent skeletal muscle, reflex-sympathetic activation
produces vasoconstriction (10), which is thought to optimize
blood flow to metabolically active muscles. However, the func-
tional consequence of reflex-sympathetic activation in con-
tracting skeletal muscle has been the subject of considerable
debate. Previous studies in intact animals and humans have
suggested that sympathetic vasoconstriction in contracting
muscle is both (

 

a

 

) well preserved (17–28), thereby partially off-
setting metabolic vasodilation to maintain blood pressure (29);
and (

 

b

 

) largely negated by metabolic vasodilation (30–38),
thereby optimizing muscle perfusion. The latter concept, ini-
tially termed “functional sympatholysis” (30) recently has
been extended by reductionist microcirculatory preparations
(39–45) demonstrating that certain local metabolic conse-
quences of contraction (e.g., intramuscular acidosis, hypoxia)
interfere with specific signal transduction pathways mediating
alpha-adrenergic vasoconstriction. Furthermore, the alpha
adrenergic receptors that are most susceptible to such meta-
bolic inhibition are those located on the distal nutrient arteri-
oles, which are most accessible to metabolic products of con-
traction; in contrast, adrenergic receptors located on more
proximal resistance arteries are not so accessible to these met-
abolic products (42). Our recent studies (33) further extend
this concept by implicating a key role for intramuscular acido-
sis, since sympathetically mediated vasoconstriction in rat
hindlimb muscle was greatly attenuated during intense con-
traction of highly glycolytic, but not of oxidative, muscles.

Taken together, these recent animal studies led us to hy-
pothesize that contraction-induced metabolic inhibition of
sympathetic vasoconstriction in mainly nutrient arterioles ne-
gates an otherwise deleterious effect of reflex-sympathetic ac-
tivation on muscle oxygenation. The ability to continuously mea-
sure changes in tissue oxygen stores and mitochondrial oxygen
availability in contracting skeletal muscle with near infrared
spectroscopy, while simultaneously measuring muscle sympa-
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thetic nerve activity (SNA)

 

1

 

 with intraneural microelectrodes,
provided a new opportunity to test this hypothesis in humans.
Specifically, we asked: (

 

a

 

) do reflex increases in muscle SNA
lead to decreased oxygenation in resting, but not in contracting
skeletal muscle; and (

 

b

 

) is such functional sympatholysis evi-
dent mainly during intense rather than mild muscle contrac-
tion? We postulated that the minimum level of contraction
that elicits functional sympatholysis is the same high intensity
that is needed to elicit metaboreflex-mediated increases in
muscle SNA. This would implicate a common metabolic mech-
anism, such as glycolytic production of H

 

1

 

, in the coordinate
regulation of reflex-sympathetic activation and mitochondrial
oxygenation in human skeletal muscle.

 

Methods

 

The study protocols were approved by the Institutional Review
Board at University of Texas Southwestern Medical Center, and writ-
ten informed consent was obtained from each subject prior to the study.
We studied a total of 29 healthy volunteer subjects, 21 male and 8 fe-
male, 19 to 47 years of age (mean age of 25). Several of the subjects
participated in more than one protocol on separate occasions.

 

General methods

 

Subjects were studied in the supine position. Heart rate was mea-
sured continuously by electrocardiography and arterial pressure by
finger photoplethysmography (Finapres; Ohmeda, Englewood, CO).
Respiratory excursions were monitored with a strain-gauge pneumo-
graph; during the experimental protocols, subjects were instructed to
avoid performance of a Valsalva maneuver or prolonged expiration
because these respiratory maneuvers can stimulate sympathetic nerve
activity (46). All measurements were recorded continuously on an
FM tape recorder (R-71; TEAC, Japan) and on an electrostatic re-
corder (ES 1000; Gould Inc., Cleveland, OH).

 

Recording of sympathetic nerve discharge

 

Multiunit recordings of postganglionic SNA targeted to the skeletal
muscle bed were obtained with unipolar tungsten microelectrodes in-
serted selectively into muscle nerve fascicles of the peroneal nerve
posterior to the fibular head by microneurography (47). Briefly, the
neural signals were amplified (by 20–50 

 

3

 

 10

 

3

 

), filtered (bandwidth of
700 to 2,000 Hz), rectified, and integrated (time constant of 0.1 s) to
obtain a mean voltage display of sympathetic activity. A recording of
muscle SNA was considered acceptable when the neurograms re-
vealed spontaneous, pulse-synchronous bursts of neural activity, with
a minimum signal-to-noise ratio of 3:1, that increased during phases
II and III of the Valsalva maneuver but not during arousal stimuli
(loud noise, skin pinch).

Sympathetic bursts were detected by inspection of the filtered
and mean voltage neurograms; the interobserver and intraobserver
variability in identifying bursts is 

 

,

 

 10 and 

 

,

 

 5%, respectively (6). In-
advertent contraction of the leg muscles adjacent to the recording
electrode produces electromyographic artifacts that are easily distin-
guished from sympathetic bursts; neurograms that revealed such arti-
facts were excluded from analysis. SNA was expressed as (

 

a

 

) the
number of bursts of sympathetic activity per minute, and (

 

b

 

) the num-
ber of bursts per minute multiplied by the mean burst amplitude in
that minute (total activity).

 

In vivo near infrared multiwavelength spectroscopy

 

Near infrared spectroscopy was performed according to the method

of Piantadosi and co-workers (48–50). Detailed descriptions of near
infrared spectroscopy applied to skeletal muscle, cardiac muscle, and
brain have been published previously (e.g., references 51–56) and the
theoretical background and in vivo validation studies have been re-
viewed (48–50, 57–61).

Briefly, the near infrared method exploits the principle that laser
light with wavelengths in the 700–900-nm range penetrates tissues
with relative ease, and is absorbed by the copper moiety (Cu

 

A

 

) in cy-
tochrome 

 

a,a

 

3

 

 and by the iron-porphyrin moieties in oxygenated and
deoxygenated hemoglobin and myoglobin. Changes in absorption are
proportional to changes in the relative concentrations of oxidized cy-
tochrome 

 

a,a

 

3

 

, oxygenated hemoglobin and myoglobin, and deoxy-
genated hemoglobin and myoglobin. Thus, the technique provides
continuous measurement of several indices of the adequacy of muscle
oxygen delivery relative to use at the intracellular and microcircula-
tory level. These include:

 

Redox state of cytochrome a,a

 

3

 

. 

 

Cytochrome 

 

a,a

 

3

 

 is the terminal
member of the electron transport chain and is located on the inner
mitochondrial membrane where it catalyzes the transfer of electrons
to molecular oxygen, thereby making free energy available for the
synthesis of ATP via oxidative phosphorylation. The final step in mi-
tochondrial respiration is a four-electron transfer between cyto-
chrome 

 

a,a

 

3

 

 and oxygen. In view of the high affinity constant, rapid
rate, and compartmental properties of the reaction between cyto-
chrome 

 

a,a

 

3

 

 and molecular O

 

2

 

, the redox state of cytochrome 

 

a,a

 

3

 

 is a
sensitive indicator of relative changes in mitochondrial oxygen avail-
ability. Thus, a decrease in cytochrome 

 

a,a

 

3

 

 (cyt 

 

a,a

 

3

 

) redox state sug-
gests diminished mitochondrial O

 

2

 

 availability relative to the rate of
electron transport, which is determined by metabolic demand.

 

Tissue oxygen stores. 

 

The near infrared method also permits
measurement of changes in the absorption by iron–porphyrin moi-
eties in oxygenated hemoglobin plus myoglobin (tHbO

 

2

 

1

 

MbO

 

2

 

, or
“tissue oxygen stores”), and deoxygenated hemoglobin plus myoglo-
bin (tHb

 

1

 

Mb). It is not possible to estimate the fraction of O

 

2

 

 in tis-
sue hemoglobin vs myoglobin, since the absorption spectra of oxyhe-
moglobin and oxymyoglobin (and the spectra of deoxyhemoglobin
and deoxymyoglobin) are nearly identical. Importantly, the oxygen-
dependent changes in the hemoglobin absorption reflect changes oc-
curring mainly in the microvessels, rather than in the resistance ves-
sels. Due to the high extinction coefficients of whole blood, vessels
greater than 1 mm in diameter must be considered maximal absorb-
ers of photons. Thus, photons that successfully migrate through mus-
cle will primarily proceed through minimal absorbers, such as small
arterioles, capillaries, and venules (61). Furthermore, since most of
the hemoglobin is located in capacitance vessels, the hemoglobin
component of the optical signals is most sensitive to changes in capil-
lary and venous O

 

2

 

 content. In the present study, similar directional
changes in the cytochrome 

 

a,a

 

3

 

 redox state and tHbO

 

2

 

1

 

MbO

 

2

 

, and
reciprocal changes in tHb

 

1

 

Mb reflect changes in muscle oxygen-
ation.

In the present experiments, near infrared signals were obtained
by means of two fiber optical bundles (optrodes), which were placed
over the region of the flexor digitorum profundus muscle of the left
arm, which is the main active muscle mass recruited during the type
of handgrip performed (62). The optrodes were applied to the skin
oriented parallel to each other 

 

z 

 

2.3 cm apart for optimal reflectance
measurements. The average depth of penetration of the near infrared
light is a function of the distance between the optrodes (57). The pho-
tons traverse a banana-shaped region underlying the two optrodes
with the average depth of penetration equaling half the distance be-
tween the optrodes (

 

z 

 

1.2 cm). In preliminary experiments, we found
that rhythmic handgrip can cause two types of motion artifacts, which
are readily detectable and preventable: (

 

a

 

) complete loss of contact
between optrodes and skin, which leads to an obvious loss of all opti-
cal signals, and (

 

b

 

) inadvertent movement of the optrodes from their
optimal placement, but without complete displacement from the skin.
This latter motion artifact is readily detectable by (

 

a

 

) abrupt changes
in all optical signals and (

 

b

 

) failure of the signals to return to the pre-

 

1. 

 

Abbreviations used in this paper:

 

 cyt 

 

a,a

 

3

 

, cytochrome 

 

a,a

 

3

 

; LBNP,
lower body negative pressure; MVC, maximal voluntary contraction;
SNA, sympathetic nerve activity; TLS, total labile signal.
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exercise baseline values during recovery. Such motion artifacts were
avoided with the use of a spring loaded stereotactic instrument that
effectively maintained the stable position of the optrodes during rhyth-
mic handgrip. In each experiment, we documented absence of a base-
line shift by ensuring that during recovery all optical signals returned
to within 5% of the total labile signal (TLS) (54). All near infrared
measurements (i.e., cyt 

 

a,a

 

3

 

, tHbO

 

2

 

1

 

MbO

 

2

 

 and tHb

 

1

 

Mb) were ob-
tained at a sampling rate of 1 Hz, and each data point displayed as the
mathematical average of 10 consecutive measurements. The maximal
change in the near infrared signals was determined in each experi-
ment as the difference between baseline and complete deoxygenation
accomplished with circulatory arrest (pneumatic cuff at 280 mmHg at
the level of the brachial artery for 8 min in resting muscle or for 2 min
after handgrip exercise). The magnitude of this difference defines the
TLS for each parameter, and all changes are expressed as a percent-
age of the total labile signal (52). The reproducibility of changes in
optical density to a given intervention in a given subject was deter-
mined in preliminary studies where handgrip at 45% maximal volun-
tary contraction (MVC), lower body negative pressure (LBNP) at

 

2

 

20 mmHg, and forearm circulatory arrest (to obtain the TLS) was
performed twice on four subjects. The differences (mean

 

6

 

SD) in the
change in optical density between the two tests were (cyt 

 

a,a

 

3

 

,
tHbO

 

2

 

1

 

MbO

 

2

 

, tHb

 

1

 

Mb): HG: 

 

2

 

0.02

 

6

 

0.04, 0.01

 

6

 

0.06, and 0.05

 

6

 

0.02. TLS: 

 

2

 

0.01

 

6

 

0.04, 

 

2

 

0.01

 

6

 

0.04, and 0.01

 

6

 

0.03. LBNP: 

 

2

 

0.02

 

6

 

0.02, 

 

2

 

0.01

 

6

 

0.01, and 

 

2

 

0.01

 

6

 

0.02. This corresponds to coefficients
of variability (SD of the difference/mean change with intervention) of
optical density changes between 4 and 16%.

The near infrared spectrophotometer, which was constructed in
Dr. Claude Piantadosi’s laboratory (53–55), consists of four GaAIAs
laser diodes and circuitry for photodetection, demodulation, and log-
arithmic amplification of the optical signals. The four lasers in se-
quence provide pulses of monochromatic light (1.5-nm bandwidth) at
775, 810, 870, and 904 nm. One fiber-optic bundle was used for laser
pulse transmission and monitoring of incident light by a reference
photomultiplier tube, and a second fiber-optic bundle was used to re-
ceive photons from the tissue region of illumination, for detection by
a second photomultiplier tube. Photocurrents were integrated, de-
multiplexed, and fed through a log-ratio amplifier. These voltages
were then input to a microprocessor and algorithms for the contribu-
tion of each absorber at each wavelength were used to solve for three
unknowns: changes in cyt 

 

a,a

 

3

 

, tHbO

 

2

 

1

 

MbO

 

2

 

, and tHb

 

1

 

Mb. These
metabolic signals were displayed on a computer screen in real time as
changes in optical density (

 

D

 

OD).
Near infrared spectroscopy has been validated extensively (48–50,

59–61) and the algorithms used to separate cyt 

 

a,a

 

3

 

, tHbO

 

2

 

1

 

MbO

 

2

 

,
and tHb

 

1

 

Mb signals have been published (54, 55, 60). The validity of
these algorithms has been established in experimental animal models
using exchange transfusions with perfluorocarbon blood substitutes
(60). The seminal observation is that after five exchanges, cyt 

 

a,a

 

3

 

from rat brain remains stable (decreases by 

 

,

 

 4%), despite a 75% re-
duction in tHbO

 

2

 

1

 

MbO

 

2

 

 (60). Furthermore, supporting evidence has
been obtained using venous occlusion in the human forearm, a tech-
nique that does not alter arterial inflow of oxygenated blood such
that the tHbO

 

2

 

1

 

MbO

 

2

 

 signal remains unchanged, but which redis-
tributes the oxygenated blood away from the nutrient circulation, re-
sulting in a 58% decrease in cyt 

 

a,a

 

3

 

 (59). The main limitations of near
infrared spectroscopy currently are (

 

a

 

) the difficulty in assessing the
precise degree of separation between the cyt 

 

a,a

 

3

 

 and the tHbO

 

2

 

1

 

MbO

 

2

 

 and tHb

 

1

 

Mb signals; and (

 

b

 

) the optical responses reflect rela-
tive rather than absolute changes in the concentrations of the absorb-
ers, because the exact pathlength of transmitted photons is unknown
(50). These limitations, however, are not relevant to the interpreta-
tion of the present experiments, where all the optical indices of mus-
cle oxygenation were used to indicate changes in oxygen delivery rel-
ative to metabolic demand.

 

Venous occlusion plethysmography

 

Forearm blood flow during LBNP was measured with venous occlu-

sion plethysmography according to the technique of Siggaard-Ander-
sen (63). An air-filled latex cuff was placed 

 

z 

 

5 cm distal to the an-
tecubital fossa and the arm was elevated to produce venous drainage.
Circulation to the hand was arrested by inflating a cuff on the wrist to
250 mmHg during determinations of forearm flow. The pressure of
the venous congesting cuff on the upper arm was 40 mmHg. Forearm
blood flow was measured at 15-s intervals and expressed in milliliters
per minute per 100 ml of forearm volume. Forearm vascular resis-
tance was calculated as mean arterial pressure/forearm blood flow.
Mean arterial pressure was calculated as diastolic pressure 

 

1

 

 (pulse
pressure/3).

 

Handgrip exercise

 

Handgrip exercise was performed with a custom-made handgrip dy-
namometer connected to a force transducer (Interface; MFG, Scotts-
dale, AZ). Force output from the handgrip device was recorded on
paper and displayed on an oscilloscope to provide the subject with vi-
sual feedback. Before the experiment, each subject’s MVC was deter-
mined as the best of four to five trials with verbal encouragement to
improve at each trial. The exercise protocols consisted of 5 min of in-
termittent isometric exercise where subjects matched force produc-
tion to a visual target, to the rhythm of a metronome (40 beats/min)
with a 50% duty cycle.

Rhythmic handgrip at 45% MVC is accompanied by increases in
muscle SNA due to activation of the muscle metaboreflex (7–9). In
contrast, rhythmic handgrip at 5, 10, 20, or 33% MVC does not en-
gage the muscle metaboreflex and does not increase muscle SNA (7–9).

 

Lower body negative pressure 

 

The subject’s lower body was enclosed in a negative pressure cham-
ber to the level of the iliac crest. An opening was created on one side
of the chamber to allow performance of the microneurographic tech-
nique for recording SNA from the peroneal nerve in the right leg.
Once a stable recording of SNA was obtained, the opening was
closed and sealed during the protocol. The pressure inside of the
LBNP chamber was measured by a Statham transducer (Gould Inc.,
Oxnard, CA). LBNP at 

 

2

 

20 mmHg was used to selectively unload
the cardiopulmonary baroreceptors, thereby producing highly repro-
ducible increases in muscle SNA, without concomitant changes in sys-
temic arterial pressure (64, 65).

 

Administration of pharmacologic agents 

 

In some studies, bretylium tosylate (Astra Scientific Intl., Westbor-
ough, MA) was administered to one forearm by a regional intrave-
nous technique (“Bier-block”) to selectively inhibit sympathetic neu-
rotransmission in the forearm (66). An intravenous catheter was
inserted into a forearm vein, the forearm was elevated above heart
level and exsanguinated with a compressing bandage. A tourniquet
cuff was inflated on the upper arm and kept at a constant pressure of
280 mmHg. Bretylium tosylate (1 mg/kg body wt) was dissolved in 40
ml saline and instilled into the forearm, which was kept ischemic for
20 min after the bretylium administration. We determined in pilot-
studies that this technique selectively abolishes sympathetic vasocon-
striction in the experimental forearm, as evidenced by absence of the
forearm vasoconstrictor response to LBNP, for at least 4 h after the
procedure, but it has no effect on systemic blood pressure or on sym-
pathetic vasoconstriction in the contralateral forearm.

 

Specific protocols

 

Protocol 1. 

 

Temporal relations between changes in muscle sympa-
thetic nerve activity (SNA) and muscle oxygenation during high in-
tensity rhythmic handgrip (10 experiments performed on 10 subjects).
By examining closely the temporal relations between changes in mus-
cle SNA and muscle oxygenation during handgrip at 45% MVC, we
sought to determine if the characteristically slow and progressive
time course of reflex-sympathetic activation in skeletal muscle during
exercise is reflected in the time course of the decreases in oxygen-
ation of exercising skeletal muscle.
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Blood pressure, heart rate, respiration, force output, muscle SNA
(recorded from the peroneal nerve), and near infrared signals (from
the left flexor digitorum profundus muscle) were recorded at baseline
and during 5 min of rhythmic handgrip at 45% MVC performed with
the left forearm. Immediately before the end of the exercise, a tourni-
quet cuff was inflated around the upper arm and kept at 280 mmHg
for 2 min to produce postexercise forearm ischemia. This maneuver
rapidly elicits the maximal response in the near infrared signals and it
sustains activation of the muscle metaboreflex by trapping the meta-
bolic products of contraction in the forearm (6).

The near infrared signals were recorded from the exercising fore-
arm muscles. However, because of the technical difficulty in recording
SNA to exercising forearm muscles, SNA to resting leg muscle was used
as an index of SNA to exercising forearm muscle. The validity of this
approach is provided by our previous experiments in which we docu-
mented that metaboreflex activation triggers parallel increases in
SNA to resting and exercising human skeletal muscle in the lower leg

(16), and the documentation that, during handgrip exercise, the mus-
cle metaboreflex has been demonstrated to trigger parallel increases
in SNA targeted to the skeletal muscle of both the arm and leg (67).

 

Protocol 2. 

 

Effects of reflex-sympathetic activation on muscle
oxygenation in resting human skeletal muscle (4 experiments per-
formed on 4 subjects). The aim of this protocol was to validate the
assumption that, during nonhypotensive LBNP, decreases in the oxy-
genation of resting forearm muscle are mediated by reflex-sympa-
thetic vasoconstriction.

Blood pressure, heart rate, near infrared signals, and forearm
blood flow (plethysmography) were measured for 2 min each before,
during, and after application of LBNP at 

 

2

 

20 mmHg. This level of
LBNP reproducibly increases muscle SNA by selectively unloading
mainly cardiopulmonary baroreceptors, without changing arterial
blood pressure (i.e., muscle perfusion pressure) (65). These experi-
ments were performed both before and 1 h after regional forearm
sympathetic blockade with bretylium.

Figure 1. Segments of an original record showing simultaneous recordings of near infrared optical signals from forearm muscle (top), mean volt-
age neurogram of muscle-sympathetic nerve activity (center), and handgrip force (bottom). Continuous tracings are shown at rest, during 5 min 
of rhythmic handgrip at 45% MVC, 2 min of post-exercise forearm vascular occlusion, and recovery. In this subject, handgrip produced rapid de-
creases in cyt a,a3 and in tissue oxygen stores (tHbO21MbO2), and a corresponding increase in deoxyhemoglobin and deoxymyoglobin 
(tHb1Mb). The majority of this change occurred within 30 s of the onset of exercise. In contrast, sympathetic nerve activity increased slowly and 
progressively, with the majority of the change occurring after the 1st min of exercise, demonstrating a clear temporal dissociation between the 
two responses. Complete forearm vascular occlusion (Occl.) after the exercise produced the peak deoxygenation that was used to determine the 
TLS, indicated by the arrow. Of note, the increase in muscle sympathetic nerve activity was maintained during occlusion, demonstrating activa-
tion of the muscle metaboreflex.
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Protocol 3. 

 

Effects of forearm sympathetic blockade on the
changes in muscle oxygenation during high intensity rhythmic hand-
grip (4 experiments performed on 4 subjects). The aim of this proto-
col was to determine if pharmacologic blockade of sympathetic neu-
rotransmission in the exercising arm would alter the magnitude or
time course of muscle deoxygenation during handgrip. If the re-
sponses to handgrip were similar after sympathetic blockade, it would
support our hypothesis that the effect of functional sympatholysis
normally produced during handgrip equals the effect of chemical
sympatholysis in these experiments.

Blood pressure, heart rate, force output, and near infrared signals
(from the left flexor digitorum profundus muscle) were recorded at
baseline and during 5 min of rhythmic handgrip at 45% MVC per-
formed with the left forearm before and 1 h after forearm sympa-
thetic blockade with bretylium. Each exercise bout was followed by 2
min of forearm circulatory arrest to establish the maximal decrease in
the near infrared signals. The efficacy of sympathetic blockade was
documented by loss of reflex deoxygenation in the forearm in re-
sponse to 2 min of LBNP at 

 

2

 

20 and 240 mmHg.
Protocol 4. Effects of reflex-sympathetic activation on muscle

oxygenation in exercising human skeletal muscle (16 experiments per-
formed on 10 subjects). The aim of this protocol was to test our main hypo-
thesis that the ability of reflex-sympathetic activation to elicit decreases
in muscle oxygenation is attenuated when the muscle is exercised. To test
this, reflex increases in muscle SNA evoked by a given level of LBNP
(220 mmHg) were superimposed on levels of rhythmic handgrip ex-
ercise (20 or 33% MVC) that by themselves do not alter muscle SNA.

Blood pressure, heart rate, respiration, handgrip force, muscle
SNA, and near infrared signals were recorded in response to LBNP
(220 mmHg for 2 min) and rhythmic handgrip (20 or 33% MVC for 5
min each) performed alone or in combination. The LBNP was ap-
plied during the 3rd and 4th min of each 5-min exercise period. Each
exercise bout was followed by two min of forearm circulatory arrest
to establish the maximal decrease in the near infrared signals. All 10
subjects performed handgrip at 20% MVC and in 6 of these subjects
the experiments were repeated using a handgrip at 33% MVC, a level
that causes greater muscle deoxygenation than handgrip at 20%
MVC, but without producing reflex increases in muscle SNA.

Protocol 4a. Effects of mechanical vascular occlusion on muscle
oxygenation in exercising human skeletal muscle (5 experiments per-

formed on 5 subjects). The aim of this subprotocol was to compare
the effects of reduced oxygen delivery on the time-dependent de-
creases in cyt a,a3 and tHbO21MbO2 at rest and during rhythmic
handgrip. In preliminary experiments, we determined that 1 min of
complete circulatory arrest (pneumatic cuff inflated to 280 mmHg) of
a resting forearm produced decreases in muscle oxygenation equiva-
lent to those produced by 2 min of LBNP at 220 mmHg. The brief
circulatory arrest was used as an internal control for decreases in oxy-
gen delivery resulting from reflex-sympathetic vasoconstriction.

Blood pressure, heart rate, handgrip force, and near infrared sig-
nals were recorded in response to 1 min of complete forearm circula-
tory arrest at rest and during rhythmic handgrip (33% MVC for 5 min)
performed alone or in combination. The forearm circulatory arrest
was applied during the 3rd min of each 5-min exercise period. Each
exercise bout was followed by 2 min of forearm circulatory arrest to
establish the maximal decrease in the near infrared optical signals.

Protocol 4b. Effects of reflex-sympathetic activation on muscle
oxygenation in resting forearm muscle during handgrip exercise with
the contralateral arm (4 experiments performed on 4 subjects). In the
above subprotocol, near infrared signals were recorded from the ex-
ercising forearm muscles. The aim of this subprotocol was to test the
hypothesis that functional sympatholysis is localized to the exercising
muscle and is not caused by some systemic effect of exercise. To ac-
complish this aim, near infrared signals were recorded from the rest-
ing left forearm during exercise of the contralateral right forearm.

Blood pressure, heart rate, force output, and near infrared signals
from the left forearm were measured during LBNP at 220 mmHg
and rhythmic handgrip at 33% MVC with the right arm performed
alone and in combination.

Protocol 5. Effects of reflex-sympathetic activation on muscle
oxygenation in exercising human forearm skeletal muscle during
graded low intensity handgrip (12 experiments performed on 4 sub-
jects). The aim of this protocol was to determine the minimum inten-
sity of rhythmic handgrip at which functional sympatholysis could be
detected, as evidenced by attenuation in the decrease in muscle oxy-
genation evoked by LBNP.

Blood pressure, heart rate, force output, and near infrared signals
were measured in response to LBNP alone and superimposed during
rhythmic handgrip performed as separate 5-min bouts of 5, 10, or
20% MVC. The order was random with at least 15 min of recovery

Table I. Responses during Rhythmic Handgrip at 45% Maximal Voluntary Contraction and Posthandgrip Forearm
Vascular Occlusion

Rhythmic handgrip, at 45% maximal voluntary contraction

Baseline 30 s 60 s 90 s 120 s 150 s 180 s 210 s 240 s 270 s Vascular occl.*

Mean arterial
pressure (mmHg)

10564 11264 11664* 11965‡ 12364‡ 12665‡ 13066‡ 13266‡ 13366‡ 13266‡ 12364‡1

Muscle SNA
Total activity (U) 168634 211657 214646 271646‡ 268677 290661‡ 288655‡ 324658‡ 361681‡ 351659‡ 375650‡

D Total activity
(percentage)

0 20613 31611 77616 57618 81616 87619‡ 120636‡ 136642‡ 140632‡ 169652‡

Near infrared
optical responses
D cyt a,a3

( percentageTLS)
0 24666‡ 25266‡ 25362‡ 25361‡ 25464‡ 25464‡ 25265‡ 25265‡ 25464‡ 2100‡

D tHbO21MbO2

(percentage TLS)
0 25066‡ 25466‡ 25265‡ 25164‡ 25165‡ 25064‡ 25064‡ 24764‡ 24764‡ 2100‡

D tHb1Mb
(percentage TLS)

0 4167‡ 4767‡ 5066‡ 5165‡ 5366‡ 5666‡ 5567‡ 5466‡ 5666‡ 100‡

Data shown as mean6SEM for 10 subjects; *occl., occlusion; ‡significant responses (P , 0.05 vs baseline).
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between exercise bouts. 8 min of complete circulatory arrest was per-
formed at the end of the protocol.

Protocol 6. Effects of reflex-sympathetic activation on muscle
oxygenation during reactive (as opposed to exercise-induced) hyper-

emia (4 experiments performed on 4 subjects). Reactive hyperemia
was used as an internal control for any nonspecific effects of exercise-
induced hyperemia on the changes in muscle oxygenation induced by
a given reflex increase in muscle SNA (evoked by LBNP).

Figure 2. (A) Segments of original near infrared optical measurements 
of forearm muscle oxygenation (top) and plethysmographic tracings of 
forearm blood flow (bottom) in response to nonhypotensive LBNP be-
fore (left) and 1 h after (right) forearm-sympathetic blockade with 
bretylium. Before bretylium, LBNP produced marked reflex vasocon-
striction in the forearm as evidenced by the decrease in forearm blood 
flow and increase in calculated vascular resistance. This reflex vasocon-
striction was accompanied by reductions in muscle oxygenation that 
were sympathetically mediated, because, like the decreases in forearm 
blood flow, they were abolished after forearm-sympathetic blockade 
with bretylium. (B) Summary data showing the changes in forearm 
muscle oxygenation (tHbO21MbO2, percentage of total labile signal) 
(top) and calculated forearm vascular resistance (bottom) in response 
to LBNP before and after forearm sympathetic blockade with bretyl-
ium. Data represent mean6SEM, n 5 4.
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Blood pressure, heart rate, and near infrared signals were mea-
sured in response to LBNP (2 min at 220 mmHg applied at baseline,
and 30 sec after release of a complete ischemia (pneumatic cuff at 280
mmHg for 8 min) of the resting forearm.

Data analysis

Statistical analysis was performed using repeated measures analysis
of variance with Dunnett’s post hoc test to detect values that were
different from baseline values. Responses to handgrip before and af-
ter bretylium were compared using two-factor analysis of variance for
repeated measures. Single comparisons were performed using a t test
for paired or unpaired comparisons. P , 0.05 was considered signifi-
cant. Data are expressed as mean6SEM.

Results

During high intensity rhythmic handgrip, decreases in muscle

oxygenation are temporally dissociated from metaboreflex-medi-

ated increases in muscle sympathetic nerve activity (Protocol 1,

Fig. 1, and Table I). During the 1st min of rhythmic handgrip
at 45% MVC, both cyt a,a3 and tHbO21MbO2 decreased rap-

idly to new steady state levels, but muscle SNA remained un-
changed from baseline. During the subsequent 4 min of the ex-
ercise, no additional changes in muscle oxygenation were
observed even though muscle SNA increased progressively.

Reflex sympathetic vasoconstriction evokes a decrease in the

oxygenation of resting forearm muscle (Protocol 2, Fig. 2).

Nonhypotensive LBNP evoked reflex decreases in forearm blood
flow and increases in forearm vascular resistance that were ac-
companied by decreases in muscle oxygenation. These decreases
in muscle oxygenation indeed were sympathetically mediated
because, like the decreases in forearm blood flow, they were
abolished by regional sympathetic blockade with bretylium.

During high intensity rhythmic handgrip, contraction-induced

decreases in muscle oxygenation are unaffected by local block-

ade of sympathetic neurotransmission in the forearm (Protocol

3, Fig. 3). Decreases in muscle oxygenation and increases in
systemic blood pressure (muscle perfusion pressure) were in-
distinguishable during high intensity handgrip before and after
regional sympathetic blockade of the exercising arm, demon-
strating that forearm-sympathetic neural activation was not an
important determinant of oxygenation in the contracting mus-
cle. Sympathetic blockade was highly effective since it abol-
ished optical responses at rest to LBNP at 220 mmHg
(DtHbO21MbO2: 21363 vs 0.161.2% total labile signal be-
fore vs after bretylium, P , 0.05) and 240 mmHg (DtHbO21

MbO2: 21662 vs 2162% of the total labile signal before vs.
after bretylium, P , 0.05). Corresponding changes were ob-
served in the cyt a,a3 and tHb1Mb signals.

Sympathetically mediated decreases in muscle oxygenation

are eliminated when the forearm muscle is exercised, providing

direct evidence for functional sympatholysis in human skeletal

muscle. (Protocol 4, Figs. 4 and 5, and Table II). The reflex in-
crease in muscle SNA induced by LBNP was identical when
LBNP was applied before, during, or after performance of
rhythmic handgrip at 20 or 33% MVC. The magnitude of this
response, a fourfold increase in SNA over baseline, was at
least as great as (and actually greater than) that produced by
metaboreflex activation during handgrip at 45% MVC. This
reflex increase in muscle SNA, which produced reproducible
decreases in muscle oxygenation both before and after hand-
grip, had no detectable effect on muscle oxygenation when the
same muscle was exercised during rhythmic handgrip at either
20 or 33% MVC. Thus, handgrip at 20 and 33% MVC pro-
duced steady state decreases in cyt a,a3 (23264 and 24565%
of the total labile signal, respectively) and tHbO21MbO2

(23365 and 24567% of the total labile signal), but when the
LBNP was superimposed during rhythmic handgrip, no addi-
tional decrement in these signals was observed.

In contrast, the decrease in muscle oxygenation elicited by
brief mechanical occlusion of the forearm circulation was pre-
served and even augmented during handgrip. When the vascular
occlusion was applied to the resting forearm, tHbO21 MbO2

decreased by 1362% of the total labile signal (P , 0.05). Dur-
ing rhythmic handgrip at 33% MVC alone, tHbO21MbO2 de-
creased by 3266% of the total labile signal (P , 0.05 vs base-
line), to a new steady state level. Most importantly, when the
vascular occlusion was applied to the exercising forearm,
tHbO21MbO2 decreased by an additional 3966% of the total
labile signal (P , 0.05 vs response at rest). Corresponding
changes were observed in the cyt a,a3 and tHb1Mb signals.

The observed exercise-induced impairment in sympatheti-
cally mediated decreases in muscle oxygenation (i.e., func-

Figure 3. Summary data showing the decreases in muscle oxygen-
ation (tHbO21MbO2) and increases in mean arterial pressure (MAP) 
during 5 min of rhythmic handgrip at 45% maximal voluntary con-
traction performed before and after forearm-sympathetic blockade 
with bretylium. Data represent mean6SEM, n 5 4. During intense 
handgrip, the increases in mean arterial pressure and decreases in 
muscle oxygenation were unaffected by sympathetic blockade, indi-
cating that local forearm-sympathetic neural activation is not an im-
portant determinant of these responses.
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Figure 4. (A) Segments of an original record showing simultaneous re-
cordings of near infrared optical signals from forearm muscle (top), 
muscle SNA (center), and handgrip force (bottom). Measurements are 
shown in response to lower body negative pressure (LBNP) at rest, 
during handgrip at 20% MVC, and 10 min after the exercise. LBNP 
produced marked and virtually identical reflex increases in muscle 
SNA before, during, and after exercise. This reflex increase in muscle 
SNA reproducibly decreased muscle oxygenation before and after ex-
ercise, but had no effect on oxygenation when the muscle was exercis-
ing, indicating functional sympatholysis. (B) Summary data showing 
the changes in forearm muscle oxygenation (tHbO21MbO2, percent-
age of total labile signal) (top) and muscle sympathetic nerve activity 
(bottom) in response to LBNP before, during, and after rhythmic hand-
grip at 20% MVC. Data represent mean6SEM, n 5 10.
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tional sympatholysis) is localized to muscle that is being exer-
cised. Thus, the same LBNP-induced increase in muscle SNA
evoked equivalent decreases in the oxygenation of a resting
forearm muscle regardless of whether the contralateral fore-
arm was resting or exercising (rhythmic handgrip at 33%
MVC): DtHbO21MbO2: 21262% vs 21161% of the total la-
bile signal (P 5 NS, rest vs contralateral forearm exercise).

10–20% MVC is the minimum level of rhythmic handgrip

needed to detect functional sympatholysis by near infrared spec-

troscopy (Protocol 5, Fig. 6). Handgrip alone at 5, 10, and 20%
MVC produced graded decreases in muscle oxygenation that

reached steady state within the first 2 min of exercise:
DtHbO21MbO2: 2862, 21365, and 24064% of the total labile
signal, respectively, with corresponding changes in the cyt a,a3

and tHb1Mb signals. Reflex increases in muscle SNA induced
by LBNP produced similar decreases in the oxygenation of
forearm muscle when the muscle was at rest or when it was ex-
ercised during rhythmic handgrip at 5 or 10% MVC. In contrast,
this sympathetically mediated decrease in muscle oxygenation
was abolished during rhythmic handgrip at 20% MVC.

Sympathetically mediated decreases in forearm muscle oxy-

genation, although abolished during the hyperemia that accom-

Figure 5. (A) Original near infrared optical re-
cordings of forearm muscle tHbO21MbO2 in 
response to brief (1 min) periods of forearm 
vascular occlusion (Occl.) performed at rest 
and during rhythmic handgrip at 33% MVC. 
After handgrip, forearm vascular occlusion was 
maintained for 2 min. At rest, 1 min of vascu-
lar occlusion produced a decrease in muscle 
oxygenation comparable to that normally pro-
duced by 2 min of LBNP. When the muscle 
was exercised, vascular occlusion produced a 
much greater decrease in muscle oxygenation, 
suggesting that the sensitivity of the method to 
detect decreases in oxygenation (e.g., from re-
flex-sympathetic vasoconstriction), if present, 
would be at least as great in exercising as in 
resting muscle. (B) Summary data showing 
changes in muscle oxygenation (tHbO21MbO2, 
percentage of total labile signal) in response to 
lower body negative pressure and brief vascu-
lar occlusion at rest and during rhythmic hand-
grip at 33% MVC. Responses to LBNP at rest 
and during rhythmic handgrip at 33% MVC 
are reproduced from protocol 3 for compari-
son. Data represents mean6SEM, n 5 5 for 
vascular occlusion data, n 5 6 for LBNP data.

Table II. Responses to LBNP before, during, and after Rhythmic Handgrip at 20 and 33% MVC

Rhythmic handgrip at 20% MVC Rhythmic handgrip at 33% MVC

Before During After Before During After

D Mean arterial
pressure (mmHg) 461 461 161 162 762* 2162

D Muscle SNA
(percentage total activity) 292672* 305659* 300678* 3336119* 266670* 321627*

D cyt a,a3

(percentage TLS) 21262* 2264 22062* 21762* 2164 21764*
D tHbO21MbO2

(percentage TLS) 21261* 2164 21762* 21662* 464 21863*
D tHb1Mb

(percentage TLS) 761* 2164 1062* 1162* 266 1363*

Data shown as mean6SEM from 10 subjects (20% MVC) and 6 subjects (33% MVC); *significant responses (P , 0.05). 
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panies mild forearm exercise, are well preserved during maxi-

mal reactive hyperemia after ischemia of the resting forearm

(Protocol 6, Fig. 7). Sympathetically mediated decreases in
forearm muscle oxygenation elicited by LBNP were compara-
ble at baseline and during peak reactive hyperemia after 8 min
of forearm ischemia.

Discussion

Contraction-induced metabolic inhibition of sympathetic vaso-
constriction (i.e., functional sympatholysis) has been demon-
strated recently in anesthetized animal preparations (33, 44).

We now have provided new evidence for functional sym-
patholysis in conscious humans using near infrared spectros-
copy. Reflex sympathetic activation, which consistently de-
creased oxygenation in resting forearm muscles, had no effect
on oxygenation when the muscles were exercised. We also
found that the threshold intensity of contraction required to
evoke functional sympatholysis is unexpectedly mild, 10–20%
MVC. Because this threshold intensity is far below that re-
quired for muscle metaboreflex activation (i.e., 33–45% MVC),
the data suggest that the two processes are governed by differ-
ent mechanisms.

By using several different experimental approaches, we re-
peatedly dissociated decreased oxygenation from increased
SNA in contracting skeletal muscle. During high intensity
rhythmic handgrip (45% MVC), the contraction-induced de-
crease in muscle oxygenation reached a nadir before the onset
of reflex-sympathetic activation and it did not decrease further
despite the subsequent slow and progressive increase in mus-
cle SNA. This temporal dissociation provided the first clue to
the existence of functional sympatholysis, since the decreases
in muscle oxygenation were far from maximal and therefore
would not have precluded detection of an additional decre-
ment in muscle oxygenation when muscle SNA was increasing
during the latter part of the exercise. We further dissociated
muscle oxygenation from muscle SNA during high intensity
handgrip by showing that the contraction-induced deoxygen-
ation was unaffected by eliminating sympathetic neurotrans-
mission in the exercising muscles. During milder levels of
rhythmic handgrip (20–33% MVC), experimentally induced
(i.e., baroreflex-mediated) increases in muscle SNA had no ef-
fect on oxygenation in the exercising muscles, but they de-
creased oxygenation in the resting muscles. From these obser-
vations, we conclude that reflex-sympathetic activation in
contracting skeletal muscle is not an important determinant of
muscle oxygenation.

That these observations demonstrate functional sym-
patholysis is predicated on the assumption that the sensitivity

Figure 6. Summary data showing the effect of LBNP-induced re-
flex-sympathetic activation on forearm muscle oxygenation 
(tHbO21MbO2) at baseline and during graded rhythmic handgrip 
at 5, 10, and 20% MVC. Data represent mean6SEM, n 5 4. From 
these data, the threshold intensity of handgrip required to produce 
functional sympatholysis is between 10 and 20% MVC.

Figure 7. (A) Original near infrared optical recordings of forearm muscle tHbO21MbO2 in response to LBNP (top) at baseline and during peak 
reactive hyperemia after 8 min of forearm ischemia (Occl.). The response to forearm ischemia alone (bottom) is shown for comparison. Reflex 
sympathetic activation with LBNP evoked a comparable decrease in muscle oxygenation at rest and during reactive hyperemia after forearm 
vascular occlusion. (B) Summary data showing forearm muscle oxygenation (tHbO21MbO2, percentage of total labile signal) in response to 
LBNP before and during reactive hyperemia after 8 min of ischemia. Data represent mean6SEM, n 5 4.
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of near infrared spectroscopy to detect decreased oxygen de-
livery is preserved when muscle blood flow and oxygen con-
sumption are increased as during exercise. Because near infra-
red indices of muscle oxygenation reflect the balance between
oxygen delivery and demand, a given decrease in oxygen deliv-
ery would be expected to produce, if anything, a larger de-
crease in muscle oxygenation during contraction (high de-
mand) than at rest (low demand). Indeed, Mancini et al. (61)
demonstrated that brachial artery infusion of vasoconstrictor
agents produced decreases in forearm muscle oxygenation that
were greater during mild rhythmic forearm exercise than at
rest. We demonstrated that elimination of oxygen delivery
with forearm circulatory arrest produced a larger decrease in
muscle oxygenation when applied during handgrip than at rest.
We also demonstrated that sympathetically mediated reflex
decreases in muscle oxygenation were well preserved during
reactive hyperemia; i.e., during increases in blood flow and he-
moglobin in the muscle vessels of similar magnitude to those
occurring during exercise.

The present experiments demonstrate that functional sym-
patholysis is localized to the exercising muscles, which is con-
sistent with our previous findings in rats (33). Because sympa-
thetically mediated decreases in muscle oxygenation were
preserved in resting forearm muscles during contralateral fore-
arm muscle contraction, we conclude that functional sym-
patholysis is mediated by some local metabolic event(s) and
not by some blood-borne factor.

The demonstration of functional sympatholysis by near in-
frared spectroscopy by no means refutes previous hemody-
namic data indicating sympathetic vasoconstriction in exercis-
ing human skeletal muscle (20–28). In this regard, near
infrared spectroscopy provides several important advantages
over traditional hemodynamic approaches to study metabolic
modulation of sympathetic vasoconstriction in exercising hu-
mans. First, the technique provides continuous measurement
of oxygen availability at the level of microcirculation, the part
of the vascular tree most accessible to metabolic products of
contraction (48–50, 61). In contrast, measurements of whole-
limb blood flow with techniques such as venous occlusion
plethysmography (21–24, 26, 28) or indicator dilution (20, 27)
reflect the vasomotor tone of mainly resistance vessels, which
are not so accessible to metabolites produced in the muscle in-
terstitium. We speculate that during exercise sympathetic vaso-
constriction in upstream resistance vessels contributes to blood
pressure regulation while sympatholysis in mainly the down-
stream nutrient vessels optimizes muscle perfusion (33, 34, 42,
68). Second, the optrode placement is sufficiently stable to ac-
quire measurements even during high intensity rhythmic con-
traction. This is a major advantage over techniques (e.g.,
venous occlusion plethysmography) that permit blood flow
measurements only after the cessation of exercise, since many
of the neurocirculatory adjustments during exercise return to
baseline within seconds after the cessation of exercise (6, 69).

Third, and most importantly, the spatial resolution of near
infrared spectroscopy is sufficient to reflect changes in oxygen-
ation in the truly active (rather than adjacent inactive) small
muscle groups of the forearm. This is a major advantage for
studying sympatholysis, a phenomenon localized to only active
muscle. In contrast, venous effluent blood is an admixture of
blood draining active and adjacent nonactive muscle groups,
thereby reducing the sensitivity of venous oxygen saturation to
detect changes in oxygenation in the active muscle (25, 26). We

suggest that sympatholysis in the active muscle coupled with
sympathetic vasoconstriction in adjacent inactive muscle opti-
mally redistributes intramuscular blood flow to the most active
fibers (33, 34, 42, 70).

The present study does not determine whether functional
sympatholysis is mediated primarily via a pre- or postjunc-
tional site of action. In ex vivo vascular preparations, prejunc-
tional inhibition of norepinephrine release from peripheral
sympathetic nerve terminals has been demonstrated by cotrans-
mitters such as neuropeptide Y (71) or substances such as ni-
tric oxide, adenosine, or K1 (72–75), whose intramuscular con-
centration may increase during exercise. In humans, however,
norepinephrine spillover from exercising skeletal muscle
clearly is not inhibited during contraction; during unilateral
quadriceps exercise, norepinephrine spillover is even greater
from the exercising than from the nonexercising muscle (76).
In previous animal studies, functional sympatholysis was evi-
dent with either sympathetic nerve stimulation or direct appli-
cation of exogenous alpha-adrenergic agonists, indicating a
postjunctional site of action (33).

Although the local metabolic events mediating functional
sympatholysis remain to be defined, we performed several ad-
ditional sets of experiments that provide some important clues
regarding potential underlying mechanisms. Sympathetically
mediated decreases in muscle oxygenation, while abolished
during contraction-induced hyperemia, were well preserved
during reactive hyperemia. This observation demonstrates that
functional sympatholysis is specific for exercise and is not
merely a nonspecific effect of muscle hyperemia overwhelm-
ing sympathetic vasoconstrictor drive. This observation further
suggests that the various local vasodilator metabolites that
have been implicated in mediating reactive hyperemia (ade-
nosine, inorganic phosphate, histamine, and prostaglandins,
reference 73) all are unlikely candidates to be primary media-
tors of functional sympatholysis.

Hydrogen ion (H1) initially was an attractive candidate to
mediate functional sympatholysis in humans for several reasons.
Our previous animal experiments (33) advanced the hypothe-
sis that glycolytic production of H1 mediates functional sym-
patholysis in rat hindlimb muscle. This is consistent with micro-
circulatory studies demonstrating that adrenergic vasoconstriction
is impaired by experimental acidosis (39, 42). Previous human
microneurographic studies (8, 11, 13) advanced the hypothesis
that glycolytic production of H1 in exercising skeletal muscle
mediates activation of the muscle metaboreflex. This is consis-
tent with single-fiber recordings of muscle metaboreceptor af-
ferent discharge in cats, demonstrating that lactic acid is one of
the most potent stimuli to these afferents (5). Taken together,
this previous work led us to hypothesize that glycolytic produc-
tion of H1 is involved in the coordinate regulation of reflex-sym-
pathetic activation and mitochondrial oxygenation in contract-
ing skeletal muscle. Based on the present experiments however,
H1 is unlikely to be the primary mediator of functional sympa-
tholysis in humans, because sympathetically mediated decreases
in muscle oxygenation were eliminated completely during
even mild rhythmic handgrip (as low as 20% MVC), which does
not cause cellular acidification and does not activate the mus-
cle metaboreflex (7–9). This was a surprising finding because
our previous rat experiments (33) suggested that near maximal
contractions were required to elicit functional sympatholysis.
The precise explanation for this apparent difference in the
conclusions derived from these different models is unknown,
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but may be related to several factors including species, general
anesthesia, mode of contraction (electrically evoked vs volun-
tary), or sensitivity for the detection of functional sympatholy-
sis using Doppler velocimetry vs near infrared spectroscopy.

A salient finding of the present study is that even mild lev-
els of exercise (10–20% MVC) are accompanied by sizable de-
creases in muscle oxygenation, raising the possibility that skel-
etal muscle hypoxia per se is a primary determinant of
functional sympatholysis. This is an attractive hypothesis be-
cause tissue hypoxia has been shown to impair sympathetic
vasoconstriction in rodent and feline skeletal muscle microves-
sels both (a) directly, by interfering with oxygen-sensitive adren-
ergic signal transduction pathways (such as those involving
ATP-sensitive K1 channels) in vascular smooth muscle, and
(b) indirectly, by causing release of vasodilator metabolites
from the surrounding skeletal muscle tissue in which the ves-
sels are embedded (41, 45). The relative importance of such
cellular mechanisms in mediating functional sympatholysis is
beyond the scope of the present study.

Regardless of the precise underlying mechanisms involved,
the present study demonstrates in humans that sympathetic
neural control of skeletal muscle oxygenation normally is very
sensitive to modulation by local metabolic events in the con-
tracting muscles. Based on our experimental findings in
healthy humans, we speculate that, in the clinical setting, im-
paired functional sympatholysis may contribute to decreased
exercise capacity in pathophysiologic conditions such as heart
failure or renal failure, which are characterized by profound
alterations in both skeletal muscle metabolism and sympa-
thetic nerve activity.
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