
It is well recognized that sympathoactivation of
cardiovascular and neuroendocrine responses in exercise
is regulated by neural feedback from chemosensitive
nerve endings in the interstitium of working muscle
(Kaufman & Forster, 1996). It is unknown, however,
which chemical substances elicit this reflex. A drop in pH,
related to lactate production in exercise, has repeatedly
been suggested to be a potent stimulator of the muscle
reflex (Victor et al. 1988; Pryor et al. 1990; Ettinger et al.
1991; Sinoway et al. 1992). This has been inferred from
both animal and human studies where a temporal
correlation between sympathetic activation and the

development of muscle acidosis in exercise has been
observed (Thimm et al. 1984; Victor et al. 1988; Rotto et
al. 1989; Stebbins & Longhurst, 1989). Furthermore,
conditions that lower lactate production, such as glycogen
depletion, myophosphorylase deficiency and dichloro-
acetate infusion, have been associated with an attenuated
sympathetic activation during exercise (Pryor et al. 1990;
Ettinger et al. 1991; Sinoway et al. 1992).

Another potential mediator of the exercise reflex is
ammonia, which in intense exercise is produced primarily
from the deamination of AMP by myoadenylate
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1. In McArdle’s disease, muscle glycogenolysis is blocked, which results in absent lactate and
enhanced ammonia production in working muscle. Using McArdle patients as an experimental
model, we studied whether lactate and ammonia could be mediators of the exercise pressor
reflex. 

2. Changes in muscle interstitial ammonia and lactate were compared with changes in blood
pressure and muscle sympathetic nerve activity (MSNA) during static arm flexor exercise at
30 % of maximal contraction force. Muscle interstitial changes in lactate and ammonia were
assessed by microdialysis of the biceps muscle, and MSNA by peroneal nerve
microneurography, in six McArdle patients and 11 healthy, matched controls. One McArdle
patient also had myoadenylate deaminase deficiency, a condition associated with abolished
ammonia production in exercise.

3. Exercise-induced increases were higher in McArdle patients vs. controls for MSNA (change of
164 ± 71 vs. 59 ± 19 %) and blood pressure (change of 47 ± 7 vs. 38 ± 4 mmHg). Interstitial
lactate increased in controls (peak change 1.3 ± 0.2 mmol l_1) and decreased in McArdle patients
(peak change _0.5 ± 0.1 mmol l_1) during and after exercise. Interstitial ammonia did not change
during exercise in either group, but was higher post-exercise in McArdle patients, except in the
patient with myoadenylate deaminase deficiency who had a flat ammonia response. This
patient had an increase in MSNA and blood pressure comparable to other patients. MSNA and
blood pressure responses were maintained during post-exercise ischaemia in both groups,
indicating that sympathetic activation was caused, at least partly, by a metaboreflex. 

4. In conclusion, changes in muscle interstitial lactate and ammonia concentrations during and
after exercise are temporally dissociated from changes in MSNA and blood pressure in both
patients with McArdle’s disease and healthy control subjects. This suggests that muscle
acidification and changes in interstitial ammonia concentration are not mediators of
sympathetic activation during exercise. 
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deaminase (Hellsten et al. 1999). Plasma ammonia
concentration has been found to correlate closely with
heart rate and fatigue during exercise in both healthy
subjects (Roeykens et al. 1998; Harris et al. 1999) and
patients with exaggerated ammonia production due to
blocked muscle glycogenolysis (Coakley et al. 1992). These
observations indicate that ammonia could be a mediator
of the exercise reflex. 

The study of potential chemical mediators in muscle that
may activate reflex sympathetic responses in exercise has
been limited by the inability to study metabolic events
occurring in the interstitium of contracting muscle.
Metabolic changes in muscle assessed by 31P-magnetic
resonance spectroscopy preferentially reflect intracellular
and not interstitial changes. Furthermore, the use of
metabolite concentration in effluent venous blood from
exercising muscle as an index of interstitial metabolite
concentration relies on assumptions of steady state for
metabolism and transport. Quantitative measurement of
interstitial metabolites by microdialysis can more directly
illustrate changes in the interstitial milieu of muscle. The
use of this technique on resting skeletal muscle was first
reported by Maggs et al. in 1995, and has subsequently
been applied to contracting muscle (MacLean et al. 1999).

In the present study, microdialysis of exercising muscle
was performed simultaneously with direct micro-
neurographic recordings of muscle sympathetic nerve
activity (MSNA). Specifically, we aimed to test whether
interstitial accumulation of lactate and/or ammonia
could be mediators of the exercise metaboreflex, leading
to increased sympathetic traffic and blood pressure. To
accomplish this we studied patients with myo-
phosphorylase deficiency (McArdle’s disease) and the rare
combination of myophosphorylase and myoadenylate
deaminase deficiencies. A lack of production or
accumulation of lactate and an increased ammonia
production during exercise characterize patients with
McArdle’s disease (McArdle, 1951; Rumpf et al. 1981;
Haller & Bertocci, 1994; Vissing & Haller 2001). In
contrast, myoadenylate deaminase deficiency is
characterized by a lack of ammonia production during
exercise.

METHODS
The study was approved by the ethical committee of Copenhagen
and Frederiksberg and the institutional review board of the
University of Texas, Southwestern Medical Center and Presbyterian
Hospital, Dallas. The study conformed to the standards set by the
Declaration of Helsinki. The subjects were informed of the nature
and risks of the study, and gave written consent to participate.

Subjects

Three women and three men, aged 25–50 years (mean 36 years), with
McArdle’s disease and six healthy subjects individually matched for
age (22–50 years, mean 37 years), sex, weight and approximate arm
strength were used for the experiments. Another five healthy
subjects, also matched for age, sex, weight and approximate arm
strength, were used for a series of additional experiments aimed at

disclosing the effect of post-exercise ischaemia on sympathetic
responses. 

In muscle biopsies of each McArdle patient, myophosphorylase
activity had been documented to be absent by biochemical analyses.
In addition to myophosphorylase deficiency, one McArdle patient
had myoadenylate deaminase deficiency (MADD) as demonstrated
by histochemical staining, a previous ischaemic forearm exercise test
showing no increase in venous effluent ammonia and genetic analysis
demonstrating the common homozygous C⁄T point mutation at
nucleotide 34 in the second exon of the MAD gene on chromosome 1.
All patients had lifelong exercise intolerance and had experienced
myoglobinuria after strenuous exercise. All subjects had normal 12-
lead ECGs and neurological examination. No subject took any
medication. 

Experimental set-up

All subjects were studied supine. The exercising arm was in a flexed
position and supported by a cast to avoid changes in force
transduction. At the beginning of each protocol, the individual
maximal voluntary contraction force (MVC) was determined.

Microdialysis technique. Probes were made from artificial kidney
dialysis tubes (GFE 18) with a molecular mass cut-off at 3000 Da.
Each end of the probe was inserted into a nylon tube (inner
diameter = 0.50 mm, outer diameter = 0.63 mm) and glued. The free
probe length between the two nylon tubes was approximately 3 cm
with an inner diameter of 0.20 mm and an outer diameter of
0.22 mm. The sites on the skin where probes entered and exited were
anaesthetized with xylocain containing adrenaline. Care was taken
not to anaesthetize the underlying muscle. Three microdialysis
catheters were placed in the biceps muscle of the dominant arm by
use of a 16 g curved cannula inserted parallel to the muscle fibres.
The distance between the probe entry and exit points on the skin was
6–7 cm and the distance between probes in the muscle was 2–3 cm.
One patient had only two probes inserted because her biceps muscle
was small. All probes were perfused at a rate of 7.5 µl min_1 with the
same Ringer–acetate solution, containing 3.0 mM of glucose and
0.5 mM of lactate, in order to minimize the risk of draining the
interstitial space (Lonnroth et al. 1987), and approximately
0.2 µCi ml_1 of L-[U-14C]lactate, which acted as an internal reference
for determination of the recovery rate of lactate as previously
described (Scheller & Kolb, 1991). The probes were perfused for at
least 60 min before data collection was started, to allow the tissue to
recover from possible changes in the interstitial environment induced
by the insertion. The distal exteriorized tip of the dialysate catheters
was placed in a microtube for dialysate collection at rest, and during
exercise and recovery. The timing of dialysate collections was
delayed according to the transition time of the perfusate in the
probes. To determine the actual probe perfusion rate, each dialysate
tube was weighed before and after each collection. Dialysate samples
were collected 1 h after the exercise bout to ensure that the
interstitial concentration of lactate and ammonia returned to
baseline values following exercise. Dialysates from different probes
were not pooled. 

Due to the limited volume of dialysate that could be collected during
exercise, not all probes could be evaluated for lactate and ammonia at
all time points. For this reason, results are presented both as data
from all probes with sufficient volume of dialysate to permit analysis
(Table 2) and as paired data derived from probes that could be
evaluated at all time points (Fig. 1). The number of probes from
which probe recovery and concentrations of lactate and ammonia
were obtained is provided in Fig. 1 and Tables 1 and 2. 

Microneurographic technique. Multiunit recordings of post-
ganglionic muscle sympathetic nerve activity (MSNA) were obtained
with tungsten microelectrodes inserted into muscle nerve fascicles of

J. Vissing and others642 J. Physiol. 537.2



the peroneal nerve, using the microneurographic technique of Vallbo
et al. (1979). The neural signals were amplified, filtered (bandwidth
of 700–2000 Hz), rectified and integrated to obtain a mean voltage
display of MSNA. Requirements for an acceptable recording have
been described in detail previously (Vissing, 1997). Nerve traffic was
expressed both as bursts per minute (an index of the frequency of
sympathetic discharge), and as bursts per minute multiplied by the
mean burst amplitude, which was expressed as a percentage of the
control value (an estimate of relative changes in integrated activity).
All subjects undergoing microdialysis had microneurography
performed simultaneously. 

The response of MSNA to baroreceptor unloading during a Valsalva
manoeuvre was used as a standard non-exercise stimulus to evaluate
the validity of MSNA responses obtained during exercise (Vallbo et
al. 1979).

Specific protocols 

Biceps muscle interstitial lactate and ammonia and reflex
sympathetic activation during fatiguing isometric arm flexion.
The aim of this protocol was to test whether sympathoexcitation
during exercise is influenced by changes in interstitial lactate and
ammonia in contracting muscle. In five patients with McArdle’s
disease, one with combined McArdle’s disease and MADD, and six
age- and sex-matched healthy subjects, MSNA, blood pressure
(Finapres BP monitor, Ohmeda, Englewood, CO, USA), heart rate
(from ECG) and force of muscle contraction were recorded and
microdialysate was collected simultaneously before, during and after
static arm flexor exercise to exhaustion at 30 % of MVC. The exercise
was performed by pulling a hand-held lever upwards against a force
transducer. In this way, the subjects recruited both upper arm and
forearm flexor muscles during exercise. One dialysate sample from
each probe was collected at rest and one during recovery. The
sampling time was the 4 min immediately preceding and following
exercise. One sample from each probe was also collected during
exercise, but since the average duration of exercise was only a little
more than 2 min, dialysate sample volume was correspondingly
lower than rest and recovery samples.

Venous effluent blood lactate and ammonia during fatiguing
isometric handgrip. It was not possible to sample venous effluent
blood from the exercised biceps muscle. However, to investigate the
relationship between interstitial and effluent venous changes in
lactate and ammonia concentrations, handgrip exercise at 30 % MVC
was performed in the same subjects with the arm contralateral to the
microdialysis site. Plasma levels of lactate and ammonia were then
measured in effluent blood from a cubital vein at the times depicted
in Fig. 4. The duration of the handgrip exercise was the same as that
of the exercise performed during the arm flexor protocol. 

Reflex sympathetic activation and blood pressure during
isometric biceps flexion and post-exercise ischaemia. To
investigate whether exercise-induced sympathetic activation was
caused by mechanisms other than a metaboreflex (i.e. baroreceptor
resetting, central command or muscle mechanoreflexes), we restudied
three of the McArdle patients and five new healthy subjects during
post-exercise ischaemia. All eight subjects were studied with
microneurography at rest, during static elbow-flexing exercise at
30 % MVC until near exhaustion, during 1 min of post-exercise
ischaemia induced by inflating a narrow blood pressure cuff to above
280 mmHg as proximal as possible on the upper arm, and during
recovery. Ischaemic forearm exercise produces painful cramps in
McArdle’s disease. Therefore, post-exercise ischaemia was limited to
1 min, the subjects were not pushed quite to exhaustion and exercise
was performed with isolated elbow flexion by having the subjects
pull a strap around the wrist instead of pulling a handle with their
hands as in the main experiments. 

Data analysis and calculations

Blood was spun at 4000 r.p.m. for 4 min in a cooled centrifuge and
the plasma was stored with dialysate samples at _80 °C until analysis
for lactate (using a YSI 2300 STAT glucose/lactate analyser) and
ammonia (Kun & Kearney, 1974). The volume of dialysate needed for
analysis of ammonia and lactate was 5 and 12 µl, respectively. Before
the dialysates were frozen, 5 µl of the dialysate from each probe was
added to 3 ml of scintillation fluid and counted in a scintillation
counter to determine the activity of L-[U-14C]lactate, so that recovery
of lactate could be calculated for individual probes. Recovery of
lactate was calculated according to the internal reference method
(Scheller & Kolb, 1991), as:

Recovery = (Pdpm _ Ddpm)/Pdpm,

where Pdpm and Ddpm represent disintegrations per minute in the
perfusate and dialysate, respectively, for labelled lactate. The
interstitial concentration of lactate was then calculated as:

Interstitial concentration = (Dc _ Pc)/(recovery + Pc),

where Dc and Pc represent dialysate and perfusate concentrations of
lactate, respectively.

Statistical analysis was performed with Page’s test for ordered
alternatives followed by multiple comparisons with a control, or by
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Figure 1

Changes during and after exercise in interstitial
lactate and dialysate ammonia concentrations in
biceps muscle of six patients with McArdle’s disease
and six healthy matched controls. Changes are from
pre-exercise resting levels to: (1) exercise, (2) the first
4 min of recovery from exercise and (3) at rest 1 h
following static arm flexor exercise, in probes from
which data could be obtained at all time points. The
number of probes evaluated at all time points was
(McArdle/control) 6/7 for ammonia and 4/3 for
lactate. Ammonia results do not include data from
the patient with combined myophosphorylase and
myoadenylate deaminase deficiency. Ammonia data
from this patient are shown separately in Table 2.
Values are means ± S.E.M. † Significantly different
change from pre-exercise rest in all patients vs.
controls. * Significantly different change from pre-
exercise rest in all subjects.



Wilcoxon’s ranked sum test. Results are expressed as means ± S.E.M.
P < 0.05 was considered significant.

RESULTS
Rest and Valsalva manoeuvre data

At rest, plasma and interstitial concentrations and probe
recovery of lactate (Fig. 4, Tables 1 and 2), plasma and
dialysate concentrations of ammonia (Fig. 4, Table 2),
MSNA, heart rate and blood pressure (Table 3) did not
differ between McArdle patients and controls. Interstitial
lactate and dialysate ammonia concentrations returned
to pre-exercise values 1 h after static arm flexor exercise
in all subjects (Fig. 1, Table 2). The Valsalva manoeuvre
evoked comparable increases in total MSNA in McArdle
patients (change of 230 ± 131 %) and healthy subjects
(change of 314 ± 118 %). 

Exercise duration and force of contraction

In the main protocol, MVC did not differ significantly
between McArdle patients (23 ± 5 kg) and healthy
controls (27 ± 6 kg). Thus, the average force development

during arm flexor exercise was similar in the two groups
(McArdle patients 7 ± 2 kg; controls 8 ± 2 kg). The
duration of exercise in the intended 3 min protocol was
similar in the McArdle patients (155 ± 11 s) and control
subjects (144 ± 16 s).

In the isolated biceps exercise protocol with post-exercise
ischaemia, the MVC was lower in McArdle patients
(11 ± 3 kg) than in healthy subjects (16 ± 2 kg). The
duration of exercise was similar in the two groups
(McArdle patients 160 ± 26 s; healthy subjects 168 ± 7 s). 

Muscle sympathetic discharge and cardiovascular
responses to exercise

MSNA, heart rate and blood pressure all increased
significantly with exercise in both groups. After 1.5 min
of exercise, MSNA was higher in McArdle patients than
in corresponding control subjects, and at exhaustion both
MSNA and increases in blood pressure were higher in
every McArdle patient vs. the corresponding control
(Table 3, Fig. 2). MSNA and pressor responses in the
patient with combined McArdle’s disease and
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Figure 2

Integrated neurograms of muscle sympathetic nerve activity and force development during static arm
flexor exercise at 30 % of MVC in a patient with McArdle’s disease and a corresponding, healthy, control
subject.

Table 1. Probe recoveries of lactate at rest, during static arm flexor exercise at 30 % of MVC and
during recovery, and at rest 1 h after exercise

Post-exercise

Rest Exercise Recovery Rest

McArdle 12.8 ± 1.8 (15) 21.8 ± 3.8 * (7) 18.4 ± 2.0 * (9) 13.5 ± 1.8 (13)
Controls 12.7 ± 1.7 (17) 21.2 ± 6.5* (7) 17.3 ± 2.0 (12) 14.4 ± 2.0 (16)

Values (%) are means ± S.E.M. * Significant change (P < 0.05) from Rest. Numbers of probes from which
data are derived are shown in parentheses.



myoadenylate deaminase deficiency were comparable to
those in other McArdle patients (Table 3). Heart rate
responses to exercise were comparable in McArdle
patients and controls (Table 3). 

Where responses to post-exercise ischaemia were
evaluated, the same pattern of sustained MSNA and
pressor responses during post-exercise ischaemia was

observed in the two groups (Fig. 3). MSNA and blood
pressure returned to basal levels during recovery in both
groups. The magnitude of exercise-induced increases in
MSNA and blood pressure was numerically higher in
healthy controls due to very high responses in two of the
five healthy subjects, but changes did not differ
statistically between groups.
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Figure 3

MSNA expressed as bursts min_1 (BPM) and mean arterial
blood pressure in three patients with McArdle’s disease
and five healthy matched subjects at rest, at the end of
2–3 min of static elbow flexing exercise at 30 % of MVC
(Exercise), during post-exercise ischaemia (PEI) and
during recovery. Values are means ± S.E.M. * Significantly
different from Rest values in all subjects. All data points
are based on observation in three McArdle patients and
five healthy subjects, except blood pressure data, which
are missing for one healthy subject, and recovery data,
which are missing for one of the McArdle patients. 

Table 2. Interstitial and dialysate concentrations of lactate and ammonia in biceps muscle at
rest, during exercise and recovery, and at rest 1 h after exercise

Post-exercise

Rest Exercise Recovery Rest

Lactate (mM)
McArdle 2.3 ± 0.2 (16) 1.8 ± 0.3 *† (5) 2.0 ± 0.2 † (9) 2.9 ± 0.2 (13)
Controls 2.2 ± 0.2 (16) 2.5 ± 0.2 * (3) 3.5 ± 0.5 * (6) 2.5 ± 0.2 (17)

Ammonia (µM)
McArdle 23 ± 3 (15) 28 ± 8 (7) 50 ± 7 *† (12) 24 ± 4 (13)
Controls 16 ± 2 (16) 12 ± 3 (7) 24 ± 4 (13) 19 ± 2 (15)
McArdle + MADD 22 (1) 13 (1) 27 (1) 17 (1)

Values are means ± S.E.M. The exercise protocol was static arm flexor exercise at 30 % of MVC in six
patients with McArdle’s disease and six healthy control subjects. † Significantly different change from
Rest in all McArdle patients compared to controls. * Significant change from rest in all subjects. Ammonia
results in the combined myophosphorylase- and myoadenylate deaminase-deficient patient
(McArdle + MADD) are shown separately. Numbers of probes from which data are derived are shown in
parentheses.



Interstitial lactate and dialysate ammonia
concentrations in biceps muscle during and after
exercise

As evident from Table 1, probe recoveries for lactate
increased similarly in McArdle patients and control
subjects with exercise. During exercise, interstitial lactate
decreased in all McArdle patients and increased in all
healthy controls (Table 2). During recovery, interstitial
lactate increased further in controls. Dialysate
concentrations of ammonia did not change significantly

with exercise in either of the two groups but, during
recovery from exercise, dialysate ammonia increased
significantly in McArdle patients above that observed in
controls (Table 2). In the patient with combined
McArdle’s disease and myoadenylate deaminase
deficiency, lactate responses were similar to findings in
other McArdle patients, and therefore lactate data from
this patient were pooled with those from other McArdle
patients. In contrast, the patient showed no increase in
dialysate ammonia compared to other McArdle patients
(Table 2). Muscle interstitial lactate and ammonia
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Table 3. MSNA, heart rate and blood pressure (BP) responses to static arm flexor exercise at
30 % MVC

Exercise
Exhaustion

Rest 0.5 min 1.0 min 1.5 min 2.0 min or 3 min Recovery ∆Max

MSNA (bursts min_1)
McArdle 25 ± 5 28 ± 5 33 ± 6 44 ± 7† 44 ± 8 † 47 ± 7 † 31 ± 6 22 ± 6 †
Controls 20 ± 3 20 ± 4 24 ± 4 25 ± 5 23 ± 4 30 ± 4 19 ± 4 10 ± 2
McArdle + MADD 22 34 34 41 46 41 25 24

MSNA (total activity)
McArdle — 25 ± 27 48 ± 22 130 ± 64 128 ± 77 † 164 ± 71 † 29 ± 15 † 164 ± 71 †
Controls — 0 ± 21 14 ± 16 22 ± 23 28 ± 25 59 ± 19 4 ± 22 59 ± 19
McArdle + MADD — 72 74 92 159 92 14 159

Heart rate (beats min_1)
McArdle 70 ± 3 78 ± 5 81 ± 5 85 ± 5 89 ± 7 90 ± 6 75 ± 4 20 ± 3
Controls 66 ± 2 84 ± 3 84 ± 2 86 ± 2 89 ± 2 92 ± 2 67 ± 4 25 ± 2
McArdle + MADD 66 69 73 90 93 93 79 27

Mean BP (mmHg)
McArdle 108 ± 12 130 ± 16 135 ± 17 142 ± 14 143 ± 14 160 ± 13 † 132 ± 13 47 ± 7 †
Controls 122 ± 11 134 ± 12 142 ± 15 147 ± 14 155 ± 14 160 ± 13 125 ± 17 38 ± 4
McArdle + MADD 117 134 138 152 160 160 138 43

Data are from five patients with myophosphorylase deficiency (McArdle), six healthy sedentary subjects
(Controls) and one patient with combined myophosphorylase and myoadenylate deaminase deficiency
(McArdle + MADD). MSNA is expressed both as bursts per min and total activity (% change from rest).
∆Max, maximal increase from Rest to Exercise. The separately shown results in the myophosphorylase-
and myoadenylate-deficient patient are also integrated in the grouped data for all McArdle patients.
Values are means ± S.E.M. † Significantly greater increase from rest in McArdle patients compared to
controls (P < 0.05).

Figure 4

Plasma concentrations of lactate and ammonia in cubital
venous blood at rest and after exhaustive static handgrip
exercise at 30 % of MVC in six patients with McArdle’s
disease (•) and six matched healthy controls (1). Values
are means ± S.E.M. Ammonia data from the patient with
combined myophosphorylase and myoadenylate
deaminase deficiency (9) are shown separately from those
of the other five McArdle patients in the top panel. All
other data points are based on findings in six subjects in
each group.



concentrations assessed by pooling data from all probes
that could be evaluated (Table 2) were similar to the
concentrations obtained from probes that could be
evaluated at all time points (Fig. 1).

Plasma lactate and ammonia

Systemic plasma lactate and ammonia levels were similar
to those reported at rest in Fig. 4, and did not change at
any time during the microdialysis protocol. In line with
the changes in dialysate ammonia and interstitial lactate,
McArdle patients had higher post-exercise ammonia and
lower lactate levels in venous effluent plasma from the
exercised arm than controls (Fig. 4). Thus, plasma changes
mirrored interstitial conditions for these substances.

DISCUSSION
Using inborn errors of muscle lactate and ammonia
metabolism as models, this study evaluated whether
exercise-induced sympathetic activation is affected by
changes in muscle interstitial lactate and ammonia
concentrations in contracting muscle. The principal
findings were twofold. First, muscle acidification related
to exercise-induced lactate production is not needed to
produce a reflex sympathoexcitation during exercise.
Thus, MSNA and cardiovascular pressor responses to
static exercise were preserved in patients in whom lactate
production was abolished, and peak interstitial lactate
levels coincided with a drop in MSNA to basal values in
the immediate recovery period after exercise in healthy
controls. Second, ammonia does not seem to be a mediator
of the exercise reflex either. This is suggested by normal
increases in blood pressure and MSNA in a patient in
whom ammonia production was abolished, and the
finding in other patients with enhanced ammonia
production of high interstitial ammonia concentrations
only in the recovery period after exercise when pressor
and MSNA responses had returned to basal values. In
addition, sustained exercise-induced pressor and MSNA
responses to post-exercise ischaemia in both McArdle
patients and healthy control subjects, indicate that the
exercise-induced sympathetic activation was at least
partly caused by a metaboreflex arising in the muscle. 

Other studies have suggested a pivotal role of muscle
acidosis/lactate for reflex sympathoactivation in
exercise. This proposal has been based on a temporal
correlation between changes in muscle pH and
sympathetic activation during exercise (Thimm et al.
1984; Victor et al. 1988; Rotto et al. 1989; Sinoway et al.
1989; Stebbins & Longhurst 1989) and an attenuation of
sympathetic responses in conditions associated with low
lactate levels (Pryor et al. 1990; Ettinger et al. 1991;
Sinoway et al. 1992). These studies did not assess muscle
interstitial lactate or pH. They also did not address the
contradiction to the pH theory represented by the fact
that a fall in sympathetic activity to basal levels
immediately post-exercise coincides with a further

decline in muscle pH (Arnold et al. 1984), and with an
increase in muscle interstitial lactate levels, as shown by
the present study. Lactate is an important surrogate
marker for mitochondrial energy metabolism, but our
results indicate that lactate accumulation is merely an
epiphenomenon with respect to sympathetic reflex
activation during exercise. 

We have previously investigated the role of muscle
pH/lactate for reflex sympathoactivation in McArdle
patients (Vissing et al. 1998), in a study where forearm
muscles, and not combined forearm and upper arm flexor
muscles, as in the present study, were exercised. In the
previous study, we correlated sympathetic responses to
31P-magnetic resonance spectroscopy-assessed intra-
cellular and not interstitial metabolic changes. Since the
metaboreflex is elicited by chemical stimulation of nerve
endings in the muscle interstitium, the present
microdialysis study provides the opportunity to better
correlate metabolic changes to sympathoexcitation.
Furthermore, by using inborn errors of ammonia
metabolism, the present study provides new information
on the role of ammonia for sympathetic activation during
exercise. 

The higher sympathetic activation in McArdle patients
during exercise in the present study compared to findings
in the previous study (Vissing et al. 1998) could relate to
the recruitment of a larger muscle mass in the present
study. In line with this, McArdle patients also have an
enhanced pressor and neurohormonal response when
larger muscle masses are recruited during cycling
(Andersen et al. 1969; Vissing et al. 1992). Similar
exercise-induced increases in MSNA and blood pressure in
patients and controls in the post-exercise ischaemia
protocol, where subjects were not pushed quite to
exhaustion, may also indicate that part of the exercise
MSNA and pressor responses to exhaustive exercise in the
main protocol could be caused by increased central
command in the patients. 

Microdialysis probe recovery rates of lactate at rest and
during exercise were virtually identical in patients and
healthy subjects, suggesting that changes in interstitial
lactate were directly comparable in the two groups.
Furthermore, absolute concentrations of interstitial lactate
were very similar to venous effluent lactate levels, which is
in agreement with the rapid diffusion and exchange of
lactate in working muscle (Juel & Halestrap, 1999). 

Although an internal reference marker for ammonia was
not used, the fivefold difference in magnitude of
dialysate ammonia change between groups cannot be
explained by differences in recovery. However, dialysate
ammonia levels were lower than those observed in venous
effluent blood from an exercised arm, indicating that
dialysate ammonia concentration underestimates
absolute interstitial ammonia levels, probably because of
low probe recovery rates for ammonia. This indicates that
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absolute interstitial ammonia levels were higher during
exercise and immediately post-exercise than reflected by
dialysate levels. Still, the time course of ammonia
changes, with higher levels post-exercise when
sympathetic activity had returned to basal levels, and the
normal sympathetic activation during exercise in the
myoadenylate deaminase-deficient patient in whom
ammonia production was abolished, indicate that
ammonia does not reflexly stimulate sympathoexcitation
in exercise. Like lactate, the association of ammonia with
sympathoexcitation in exercise has previously been based
exclusively on a temporal correlation between changes in
the two parameters (Coakley et al. 1992; Roeykens et al.
1998; Harris et al. 1999). 

The results of the present study call for the search for
chemical compounds in muscle that can potentially act as
mediators of the exercise reflex. Using the microdialysis
technique while simultaneously monitoring sympathetic
activity, as performed in the present study, will provide
an opportunity to test temporal associations between
changes in chemical compounds in the muscle interstitium
and sympathetic exercise responses. Substances of
interest to study have been reviewed recently (Vissing,
2000). Potassium may be particularly interesting to study
because, unlike lactate and muscle pH, changes in
potassium in effluent venous blood from an exercised
limb, and therefore in all likelihood also muscle
interstitial levels, appear to follow changes in
sympathetic activity during and after exercise.
Furthermore, changes in interstitial potassium have been
implicated as a mediator of the exercise pressor reflex in
healthy subjects (Wildenthal et al. 1968; Rybicki et al.
1985). In McArdle patients, potassium may also be an
important mediator that can explain enhanced
sympathetic activation in this condition during dynamic
exercise (Vissing et al. 1992), where exercise consistently
elicits an abnormally high increase in plasma potassium
levels (McArdle, 1951; Kono et al. 1984; Paterson et al.
1990; Haller et al. 1998). A lower level of Na+–K+-
ATPase in the sarcolemma of McArdle patients (Haller et
al. 1998) may in part explain this increase. 

In summary, the present study has provided evidence
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