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Abstract

Weused phosphorus nuclear magnetic resonance spectroscopy
(31P-NMR) to probe the cellular events in contracting muscle
that initiate the reflex stimulation of sympathetic outflow dur-
ing exercise. In conscious humans, we performed 3"P-NMR on
exercising forearm muscle and simultaneously recorded muscle
sympathetic nerve activity (MSNA) with microelectrodes in
the peroneal nerve to determine if the activation of MSNAis
coupled to muscle pH, an index of glycolysis, or to the concen-
trations (0) of inorganic phosphate (Pi) and adenosine diphos-
phate (ADP) which are modulators of mitochondrial respira-
tion. During both static and rhythmic handgrip, the onset of
sympathetic activation in resting muscle coincided with the
development of cellular acidification in active muscle. Further-
more, increases in MSNAwere correlated closely with de-
creases in intracellular pH but dissociated from changes in
phosphocreatine (IPCrI), [Pi], and [ADPI. The principal new
conclusion is that activation of muscle sympathetic outflow
during exercise in humans is coupled to the cellular accumula-
tion of protons in contracting muscle.

Introduction

Although many of the cardiovascular adjustments during ex-
ercise are mediated by the sympathetic nervous system, the
precise mechanisms that regulate sympathetic outflow during
exercise are still unknown. Two principal theories have been
proposed. The first is that the central command signal from
the rostral brain that initiates voluntary muscle contraction
also projects to autonomic circuits in the brainstem to cause
parallel activation of motor and sympathetic neurons (1). The
second theory is that sympathetic excitation is triggered by a
somatic reflex arising in the contracting skeletal muscle (2, 3).
Although there is experimental support for both theories, this
report focuses only on the reflex mechanism because recent
technological advances have improved our ability to test this
theory in conscious humans.

There is increasing evidence that the reflex stimulation of
sympathetic outflow by muscle contraction is mediated in part
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by local metabolites acting on thin fiber muscle afferent nerve
endings (4, 5). Although the discharge of these chemosensitive
afferents is thought to signal the brain of a mismatch between
muscle blood flow and metabolism (6), little is known about
the specific metabolic events that are involved.

Oxidative phosphorylation and glycolysis are the primary
pathways for the production of high-energy phosphates in
mammalian skeletal muscle. The goal of this study, therefore,
was to determine whether the stimulation of sympathetic out-
flow during exercise is coupled either to the production of
inorganic phosphate (Pi)' and ADP, which are regulators of
mitochondrial respiration in working muscle, or to muscle cell
pH, an index of glycolysis. To test these possibilities, we mon-
itored cellular high energy phosphates and pH in exercising
forearm muscle with 31p nuclear magnetic resonance (NMR)
spectroscopy and simultaneously recorded sympathetic nerve
discharge to resting leg muscle with intraneural microelec-
trodes in conscious humans.

Methods

11 healthy volunteers (eight men and three women), aged 24-37 yr,
participated in this study after providing informed written consent.
The experimental protocol was approved by the Institutional Review
Board for human investigation. All subjects were normotensive (arte-
rial pressure < 140/90 mmHg), were taking no medications, and had
no evidence of cardiopulmonary diseases on history or physical exami-
nation.

Subjects were studied in the supine position with the left arm
placed in a 30-cm horizontal bore 1.9 Tesla superconducting magnet
(Oxford Instruments, Oxford, UK) interfaced to a NT-80 console (for-
merly Nicolet Magnetics Corp., now GE/NMR, Fremont, CA). A 3.5-
cm surface coil, tuned to the 31P resonance frequency of 32.54 MHz,
was placed over the region of the flexor digitorum profundus muscle.
Magnetic resonance spectra were acquired in 60-s intervals and repre-
sented the time average of 24 acquisitions. The radiofrequency pulse
width (30 ps) was adjusted empirically to provide the optimum signal-
to-noise ratio. Peak heights and areas were calculated to estimate rela-
tive changes in the cellular concentrations of phosphocreatine [PCr],
inorganic phosphate [Pi], and adenosine triphosphate [ATP]. The
chemical shift (5) of Pi relative to PCr was used to estimate intracellular
pH (7) according to the following equation (8): pH = 6.75 + log (6
- 3.27)/(5.69 - 5).

The creatine kinase equilibrium reaction (9) was used to calculate
the free intracellular [ADP]: [ADP] = ([Cr] [ATP])/([PCr] [PJ] keq),
with keq = 1.66 X 109 kg/mol. A value of 5.5 mmol/kg was assumed
for [ATP] and of 32 mmol/kg for [PCr] + [Cr] (9).

Both ADP(10) and Pi (1 1) have been implicated as regulators of
mitochondrial respiration; [PCr]/[P1] has been proposed as an index
of mitochondrial respiration state (12). pH was used as an index of
glycolysis.

1. Abbreviations used in this paper: MSNA, muscle sympathetic nerve

activity; MVC, maximal voluntary contraction; NMR, nuclear mag-
netic resonance; PCr, phosphocreatine; Pi, inorganic phosphate.
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Multiunit recordings of postganglionic sympathetic nerve activity
were obtained with unipolar tungsten microelectrodes inserted into
muscle nerve fascicles of the right peroneal nerve posterior to the
fibular head by microneurography (13). The neural signals were am-
plified, filtered (bandwidth of 700-2,000 Hz), rectified, and integrated
to obtain a mean voltage display of muscle sympathetic nerve activity
(MSNA). A recording of MSNAwas considered acceptable when the
neurograms revealed spontaneous, pulse-synchronous bursts that in-
creased during the Valsalva maneuver, but not during arousal stimuli
(loud noise, skin pinch). Sympathetic bursts were identified by inspec-
tion of the filtered and mean voltage neurograms. The NMRradiofre-
quency pulses produced spike artifacts on the neurograms at a rate of
one every 2.5 s; the neural recordings were transcribed from FMtape
to hardcopy at a rapid paper speed so that these artifacts could be
excluded from the analysis of nerve traffic. The neurograms and NMR
spectra were analyzed independently.

In seven subjects, we succeeded in obtaining NMRspectra and
sympathetic nerve recordings simultaneously as well as measurements
of arterial pressure and heart rate (Dinamap oscillometric sphygmo-
manometer, Critikon Inc., Tampa, FL) during both static and rhyth-
mic handgrip. Static exercise was performed using a handgrip dyna-
mometer in the magnet for 2 min at 30% of maximal voluntary con-
traction (MVC). The rhythmic protocol lasted 4 min and was
incremental: intermittent contractions (_ 1 Hz) for 2 min at 30%
MVCfollowed immediately by an additional 2 min at 50% MVC.
Static and rhythmic modes of contraction were used because both
would stimulate muscle oxygen demand, whereas only the static con-
traction should limit oxygen delivery due to a sustained mechanical
hindrance to muscle blood flow. Immediately after both the static and
the rhythmic exercise periods, the circulation to forearm was arrested
by inflating a pneumatic cuff to suprasystolic pressure for an additional
2 min; the goal was to trap local metabolites in the vicinity of the
muscle afferents while eliminating central command.

In four additional subjects, we examined responses to 2 min of
forearm ischemia alone without preceding exercise. The order of in-
terventions was random.

Statistical analysis. Data are presented as mean±standard error.
Statistical analysis was performed using repeated measures analysis of
variance with the Bonferonni adjustment for multiple comparisons. A
P value < 0.05 was considered statistically significant.

Results

Static handgrip at 30% MVCincreased [ADP], decreased
[PCr]/[Pi] and pH, and increased MSNA(Table I and Fig. 1).

During the first and second minutes of rhythmic handgrip
(30% MVC), [ADP] increased and [PCr]/[P,] declined precipi-
tously, but pH and MSNAwere unchanged. In contrast, dur-

ing the third and fourth minutes of the exercise (50% MVC),
there was little further change in [PCr]/[Pi] and [ADP] re-
turned toward control, but MSNAincreased progressively as
pH decreased (Table II; Figs. 2 and 3).

Fig. 3 compares responses during static and rhythmic
handgrip in the same subjects. Whenboth modes of contrac-
tion were performed to comparable decreases in [PCr]/[Pi],
only the static exercise decreased pH and increased MSNA. In
contrast, when static and rhythmic handgrip were matched for
comparable decreases in pH, they produced comparable in-
creases in MSNA,even though [PCr]/[Pi] decreased more with
the rhythmic than with the static exercise.

During the forearm ischemia following both static and
rhythmic handgrip, exercise-induced changes in [ADP],
[PCr]/[Pi], pH, MSNA, and arterial pressure were all main-
tained, but heart rate returned rapidly to control (Tables I
and II).

Resting forearm ischemia alone (2 min) had no effect on
[ADP], [PCr]/[Pi], pH, MSNA, arterial pressure, or heart rate.

None of these interventions significantly altered [ATP].

Discussion

The data herein represent the first simultaneous determina-
tions of cellular high-energy phosphates and pH in exercising
human skeletal muscle with 31P-NMR spectroscopy and of
sympathetic nerve discharge with microneurography. The
principal new conclusion is that activation of sympathetic dis-
charge to nonexercising muscle is coupled to the cellular accu-
mulation of protons in the contracting muscle.

The present findings suggest that a specific chemical prod-
uct of contraction maybe important in causing the reflex stim-
ulation of sympathetic outflow during exercise in humans. By
comparing responses to static and rhythmic handgrip at the
same metabolic endpoints in the same subjects, we were able
to dissociate changes in pH from changes in [PCr]/[Pi] and
examine their relationships to muscle sympathetic outflow.
Wefound that exercise-induced increases in MSNAwere di-
rectly proportional to decreases in forearm muscle cell pH but
were unrelated to the decreases in [PCr]/[Pi] produced by these
forms of exercise. The changes in pH and MSNAwere closely
related in time course as well as in magnitude. During both
static and rhythmic handgrip, the nerve traffic did not increase
at the onset of exercise but rather at the onset of intracellular
acidification in the contracting muscle. 2 min of static hand-

Table I. Responses to Static Handgrip and to Post-Handgrip Forearm Ischemia

Static handgrip (30% MVC)
Post-handgrip

Control Ist mm 2nd mnu forearm ichemia Recovery

[PCr] (mmol/kg wet wt) 26.3±0.12 21.2±0.8* 18.6±0.8* 19.5±0.9* 24.2±0.7
[PJ] (mmol/kg wet wt) 2.7±0.4 8.9±0.8* 11.5±0.8* 9.1±1.6* 2.7±0.4
[ADP] (mmol/kg wet wt) 4.7±0.5 20.0±2.6* 16.3±2.0* 10.2±1.4* 4.7±0.5
pH 7.0±0.1 7.0±0.1 6.7±0.1* 6.6±0.1* 7.0±0.1
MSNA(U)t 335±45 402±66 700±124* 694±118* 382±63
MAP(mmHg) 89±2 97±3* 109±4* 104±3* 88±3
HR(beats/min) 63±4 72±4* 78±4* 64±4 65±4

Entries are mean±SE for seven subjects. Abbreviations: HR, heart rate; MAP, mean arterial pressure. * P < 0.05 vs. control values. t MSNA
given in units (burst/min X mean burst amplitude).
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Figure 1. Illustrative 3IP-NMR spectra and simultaneous recordings
of muscle sympathetic nerve activity at rest and during static hand-
grip at 30% of maximum. The arrows denote a multiunit burst of
sympathetic activity on both the actual and mean voltage neuro-
grams. In contrast, the tall single spikes (one every 2.5 s) are artifacts
produced by NMR. On the NMRspectra, the signal intensities are

proportional to [Pi], [PCr], and [ATP].

grip at 30% MVCpreviously has been shown to increase
MSNAwith a latency of - 60 s from the onset of contraction
(14). The present findings indicate that this delayed pattern of
sympathetic activation is related to the time required for cel-
lular accumulation of protons in the contracting muscle.

In contrast to static handgrip, 2-min bouts of rhythmic
handgrip at either 30% or 50% MVCpreviously have been
shown to have no effect on MSNA(15); the conclusion was
that brief periods of rhythmic contraction do not increase
MSNAbecause the metabolic changes resulting from this ex-
ercise are insufficient to activate chemosensitive muscle affer-
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Figure 3. (a-c) Responses to static and rhythmic handgrip at compa-
rable decreases in [PCr]/[Pi]. Values represent control (C) and exer-
cise (E) for seven subjects (mean±SE, *P < 0.05 static vs. rhythmic
handgrip). (d-f ) Responses to static and rhythmic handgrip at com-

parable decreases in estimated muscle cell pH in the same subjects.
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Figure 2. Responses of forearm muscle cell pH (i) as determined by
3P-NMRand of peroneal muscle sympathetic nerve activity (o) dur-
ing 4 min of rhythmic handgrip (2 min at 30% MVCfollowed by 2
min at 50% MVC). Data represent mean±SE for seven subjects (*P
< 0.05 vs. control).

ents. Our findings during a 4-min protocol of incremental
rhythmic handgrip (2 min at 30%MVCfollowed immediately
by an additional 2 min at 50% MVC) provide additional sup-

port for this concept. As previously reported, MSNAdid not
increase during two minutes of rhythmic handgrip at 30%
MVC. The important new finding is that this period of exercise
did not decrease muscle cell pH, even though PCr stores de-
creased by 33%.

Another important new finding is that MSNArose during
the rhythmic handgrip at 50% MVC. This observation might,
at first glance, appear to differ importantly from previously
reported findings (15). However, in the previous study, 2 min
of rhythmic handgrip at 50% MVCwere preceded by rest;
whereas, in the present study, this level of exercise was imme-
diately preceded by 2 min of handgrip at 30%MVC. Thus, it is
not surprising that the sympathetic responses were different in
the two studies because the exercise stimulus was not the same.

Indeed, the incremental protocol was designed specifically to
increase the preexisting rate of muscle metabolism upon which
the response to rhythmic handgrip at 50%MVCwas superim-
posed.

In this regard, several observations indicate that the stimu-
lation of MSNAevoked by incremental rhythmic handgrip
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Table II. Responses to Rhythmic Handgrip and Post-Handgrip Forearm Ischemia

Rhythmic handgrip

(30% MVC) (50% MVC)
Post-handgrip

Control Ist min 2nd min 3rd min 4th min forearm ischemia Recovery

[PCr] (mmol/kg wet wt) 26.3±0.2 22.2±0.8* 17.6±1.5* 15.7±0.8* 14.2±0.6* 14.1±0.7* 26.3±1.2
[Pi] (mmol/kg wet wt) 2.7±0.4 7.2±1.1* 11.6±1.7* 13.5±1.1* 15.0±0.7* 15.1±0.9* 2.7±0.4
[ADP] (mmol/kg wet wt) 4.7±0.5 16.2±3.0* 28.3±6.8* 19.8±4.1* 14.6±3.0* 13.0±2.3* 4.7±0.5
pH 7.0±0.1 7.0±0.1 6.9±0.1 6.6±0.1 * 6.4±0.1 * 6.4±0.1 * 7.0±0.1
MSNA(L)t 348±50 329±50 402±94 592±82* 773±104* 814±83* 444±36
MAP(mmHg) 87±2 92±2* 96±2* 108±2* 112±4* 109±4* 88±2
HR(beats/min) 65±4 70±4* 73±4* 84±5* 90±6* 66±4 67±4

Entries are mean±SE for seven subjects. Abbreviations as in Table I.
X mean burst amplitude).

was linked to decreases in muscle cell pH rather than to in-
creases in either muscle tension or central command. During
the third and fourth minutes of rhythmic exercise, MSNArose
steadily as pH decreased progressively even though developed
tension (i.e., dynamometer force) remained constant. During
postexercise forearm vascular occlusion, handgrip-induced
decreases in intracellular forearm pH and increases in peroneal
MSNAwere maintained even though muscular relaxation
eliminated central command. This maintained sympathetic
response might possibly have occurred because forearm vascu-
lar occlusion per se stimulated glycolysis or activated mecha-
nosensitive muscle afferents (suprasystolic external tissue
pressure). These possibilities are unlikely because brief fore-
arm occlusion alone, without preceding exercise, had no effect
on pH or MSNA.

The relationship between intracellular pH and reflex sym-
pathetic activation suggests several possible mechanisms for
the chemical stimulation of the extracellular muscle afferent
receptors. The simplest mechanism is that these receptors are
directly activated by cellular efflux of hydrogen ions. Alterna-
tively, the receptors may be stimulated by some other metabo-
lites whose cellular transport is pH-dependent. Furthermore,
because pH determinations by 3"P-NMR are thought to reflect
primarily the intracellular rather than the extracellular com-
partment, we cannot exclude the possibility that the receptors
are stimulated by metabolites such as bradykinin (16), potas-
sium (17), or arachidonic acid (18), whose accumulation ac-
companies augmented glycolytic activity.

Our findings are consistent with several recent reports. In
anesthetized animals, infusion of lactic acid, but not of lactate
ions at neutral pH, into the arterial supply of resting muscle
activated unmyelinated muscle afferents (18) and caused re-
flex increases in arterial pressure and heart rate (19). In con-
scious dogs, the arterial pressure response to progressive mus-
cle ischemia during exercise was highly correlated with venous
effluent pH (20). Taken together, these findings in experimen-
tal animals and our findings in humans suggest that glycolytic
production of lactic acid may be important in the stimulation
of the muscle afferents that reflexly increase sympathetic out-
flow.

Unlike pH, exercise-induced changes in [ADP], [Pi], and
[PCr]/[P,] were dissociated both in time course and magnitude
from changes in sympathetic traffic. This was an unexpected

* P < 0.05 vs. control values. $ MSNAgiven in units (burst/min

finding because previous observations had suggested that che-
mosensitive muscle afferents might be activated by some of the
same metabolites that stimulate mitochondrial respiration
(21). For example, during large muscle dynamic exercise, heart
rate and cardiac output consistently increase in direct propor-
tion to increases in total body oxygen consumption (22, 23).
Furthermore, uncoupling of mitochondrial respiration from
phosphorylation with dinitrophenol in anesthetized dogs has
produced increases in heart rate and cardiac output of compa-
rable magnitude to the increases that normally accompany the
stimulation of oxygen consumption produced by actual mus-
cle contraction (24). Although we have not excluded the possi-
bility that muscle afferent regulation of muscle sympathetic
outflow is influenced by ADP, Pi, or other metabolites that
stimulate mitochondrial respiration, no simple relationship is
suggested by the data. Furthermore, our ability to dissociate
heart rate from [ADP], [Pi], and [PCr]/[Pi] during postexercise
forearm ischemia suggests that heart rate is not closely linked
to mitochondrial respiration state during this form of exercise.

In summary, this study documents a strong relationship
between muscle cell pH and sympathetic outflow during fore-
arm exercise in humans. These observations strengthen the
concept that the reflex sympathetic response to contraction is
coupled to specific biochemical events in the exercising mus-
cles and suggest that glycolysis may be important in the acti-
vation of this contraction-induced sympathetic reflex. The
findings may have important clinical implications regarding
the reflex autonomic control of the circulation during exercise
in patients with alterations in skeletal muscle glycolysis due to
cardiac failure, peripheral arteriosclerosis, or inborn errors of
muscle metabolism.
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