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Isometric exercise elevates heart rate (HR) and mean

arterial pressure (MAP) and increases muscle and skin

sympathetic nerve activities (Mitchell, 1985; Secher, 1985;

Victor et al. 1989; Vissing et al. 1991). Sweating rate also

increases during isometric handgrip exercise (IHG)

without changes in core or skin temperatures (van

Beaumont & Bullard, 1966; Crandall et al. 1995; Kondo et
al. 1999; Shibasaki et al. 2001). An increase in sweating rate

during IHG in the absence of changes in core and skin

temperatures, suggests that sweating can be modulated by

non-thermal factors such as central command,

stimulation of muscle afferents (mechano- and metabo-

sensitive receptors), and perhaps baroreceptor loading.

Sweating rate remains elevated during post isometric

exercise ischaemia (PEI), even when MAP is returned to

pre-exercise levels via administration of a depressor agent

during the ischaemic period, while sweating rate returns to

pre-IHG levels upon release of PEI (Shibasaki et al. 2001).

These findings provide evidence that muscle

metaboreceptor stimulation is capable of modulating

sweating rate, while increases in MAP during IHG are

unlikely to contribute.

In addition to muscle metabo/mechanoreceptors, central

command is an important mechanism by which HR and

MAP increase during exercise (Mitchell, 1990). Although

central command may contribute to the modulation of

sweating rate during exercise (van Beaumont & Bullard,

1966; Yamazaki et al. 1994), this hypothesis has not been

tested. Partial neuromuscular blockade, using agents such

as curare derivatives, augment central command during

exercise at a given workload resulting in greater increases

in HR and MAP (Leonard et al. 1985, Mitchell, 1985;

Iwamoto et al. 1987). Using a similar protocol, Vissing &

Hjortsø (1996) showed greater increases in skin

sympathetic nerve activity during IHG when central

command was augmented, but sweating responses were

not measured in that study. Given multiple signals in the

integrated skin nerve recording (i.e. cutaneous

vasoconstrictor, sudomotor, and possibly cutaneous
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Isometric handgrip exercise (IHG) increases sweating rate without changing core or skin

temperatures. The contribution of central command resulting in increases in sweating rate during

IHG is unknown. To investigate this question, seven subjects performed IHG (35 % maximum

voluntary contraction (MVC) for 2 min) followed by 2-min of post-exercise ischaemia (PEI), with

and without partial neuromuscular blockade (PNB). PNB was performed to augment central

command during the IHG bout. These trials were conducted while the subject was normothermic,

mildly heated, and moderately heated. On the non-exercising arm, forearm sweating rate was

monitored over a microdialysis membrane perfused with neostigmine (acetylcholinesterase

inhibitor), and at an adjacent untreated site. In normothermia with PNB, despite reduced force

production during IHG (17 ± 9 versus 157 ± 13 N; P < 0.001), the elevation in sweating rate at the

neostigmine-treated site was greater relative to the control IHG bout (P < 0.05). During subsequent

PEI, for the PNB trial mean arterial blood pressure (MAP) and sweating rate returned towards pre-

IHG levels, while during the control trial these variables remained elevated. During IHG while

mildly heated, the elevation in sweating rate was greater during the PNB trial relative to the control

trial. In contrast, during moderate heating sweating increased during IHG for both trials, however

the elevation in sweating rate during the PNB trial was not greater than during the control trial.

These results suggest that central command is capable of modulating sweating rate in all thermal

conditions, however its effect is reduced when body temperatures and/or sweating rate are

substantially elevated.
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vasodilator), it remains unanswered whether central

command is capable of modulating sweating.

The purpose of this study was to test the hypothesis that

central command is capable of modulating sweating in

humans, and to identify whether the level of heat stress

affects the contribution of central command in

modulating sweating. These objectives were accomplished

by assessing sweating responses during IHG with and

without partial neuromuscular blockade under

normothermic conditions, when sweating responses were

sensitized via local acetylcholinesterase inhibition

(Shibasaki et al. 2001), as well as during mild and moderate

heat stress.

METHODS 
Seven healthy subjects aged 21–39 years participated in this study.
All subjects were of normal weight (74 ± 1 kg) and height
(182 ± 3 cm), and each subject was informed of the purpose and
risks of this study before providing their written consent. An
approved informed consent document, by the Ethical Committee
of Copenhagen, Denmark (KF01-080100), was reviewed and
signed by all participants. All experiments were performed in
accordance with the Declaration of Helsinki.

Upon entering the laboratory (room temperature: 22–23 °C),
each subject swallowed a telemetry pill for measurement of core
(intestinal) temperature, and was instrumented for the
measurement of mean skin temperature, from the weighted
electrical average of six thermocouples attached to the skin
(Taylor et al. 1989), and electrocardiogram. The subject was then
dressed in a tube-lined suit that permitted the control of mean
skin temperature. The suit covered the entire body surface except
for the head, feet, and forearms. A thermistor was inserted in the
oesophagus from the nose at a distance equal to one-quarter of the
subject’s height, except for two subjects who were unable to insert
the oesophageal temperature probe. Reported internal
temperature data are from the oesophageal probe with the
exception of the aforementioned two subjects in whom internal
temperature was indexed from the telemetry pill.

Each subject rested in the supine position, while a microdialysis
probe (BAS, West Layfette, IN, USA) was placed in the dermal
space of dorsal forearm skin. The purpose of this microdialysis
probe was to locally administer the acetylcholinesterase inhibitor
neostigmine, which permits the assessment of sweating responses
at this site in normothermia (Shibasaki et al. 2001). The semi-
permeable cellulose membrane window for the probe was 10 mm
in length. The probe was placed by piercing a 25-gauge needle in
the dermal space without anaaesthesia, and then having the needle
exit 20~25 mm away from the point of entry. The microdialysis
probe was inserted through the lumen of the needle and the needle
withdrawn, leaving the probe in place. After placement, the
probes were perfused with Ringer’s solution at a rate of 2 ml min_1.
Chambers having a small window (10 w 5 mm, i.e. surface area of
0.5 cm2) were positioned over the membrane. A compressed dry
gas mixture (90 % of N2 and 10 % of O2) was perfused through the
capsules at a rate of 150 ml min_1. Absolute humidity was
calculated from relative humidity and temperature of the effluent
gas exiting the chambers (HMP 233, Vaisala Inc.), with the
detector positioned 1 m from the capsule on the skin. Sweating
rate (in mg cm_2 min_1) was calculated as: sweating rate

(mg cm_2 min_1) = absolute humidity (mg m_3) w gas flow
(m3 min_1)/chamber window (cm2). Location of capsule
placement was aided through the use of markings on the tubing
that indicated the centre of the membrane portion of the
microdialysis probe. Another sweat capsule (surface
area = 2.83 cm2) was attached at least 3 cm away from the
aforementioned capsule. This distance is sufficient that the effects
of the drug infused through the microdialysis membrane do not
affect the response at the adjacent sweat capsule (Shibasaki &
Crandall, 2001). Capsules were attached on the skin by using
circular double sided tape.

The MAP was recorded from the integrated signal obtained from a
finger (Finapres, Amsterdam, The Netherlands) of the hand not
performing exercise. The HR was obtained from the
electrocardiogram signal, and respiratory frequency was
monitored via piezoelectric pneumography to confirm the
absence of Valsalva manoeuvres during IHG. Data collection did
not begin until a minimum of 60 min after microdialysis probe
placement to allow for the hyperaemic response associated with
probe placement to subside. Following this period, neostigmine
(100 mM), was administered through the microdialysis membrane
at a rate of 2 ml min_1. Ten minutes following the administration
of neostigmine, subjects performed two maximum voluntary
handgrip contractions (MVC) using the contralateral arm relative
to the arm from which sweating rate and MAP were obtained. The
higher of these two values was used to calculate the workload to be
performed during all ensuing IHG bouts.

Following a brief rest period, subjects performed IHG at 35 %
MVC for 2 min. During the final 5 s of the 2 min exercise bout, a
cuff around the upper portion of the exercising arm was inflated to
350 mmHg and remained inflated for 2 min. The IHG + PEI
protocol was performed twice in normothermia separated by a
minimum of 5 min. The first bout of IHG + PEI was to familiarize
the subject with the protocol, while responses from the second
bout were analysed. The subjects were then heated by the water-
perfused suit to two levels of heat stress, first mild heating
(increased core temperature ~0.5 °C) followed by moderate
heating (increased core temperature ~1.0 °C). Subjects repeated
the IHG + PEI protocol in both of these heated conditions.

Using a randomized crossover design, on a different day, but
within a week of the prior test, the aforementioned protocol was
repeated. However, prior to each bout of exercise the non-
depolarizing neuromuscular blocking agent cisatracurium
besylate (Nimbex; GlaxoSmithKline) was administered
intravenously using the following dosing regimen. Initially, a
2 mg ml_1 bolus of cisatracurium was administered.
Supplemental doses were administered until MVC was reduced to
less than 50 % of the force obtained prior to receiving the first dose
of cisatracurium in normothermia. Five minutes after the
appropriate dose was administered and subsequent identification
of reduced strength, each subject performed the IHG + PEI
protocol. As the recovery period following cisatracurium
administration was 15–20 min, dosing of the drug and subsequent
confirmation of reduced strength was repeated prior to each IHG
bout for both heating stages. At all times an Ambu-E
(Copenhagen, Denmark) resuscitator apparatus, neostigmine,
and atropine were available; however it was not necessary to use
these in the present protocol. The order of the first test performed
(i.e. control day or PNB day) was randomised.

For both trials, subjects were given verbal feedback as to the force
necessary to maintain 35 % MVC. If, during the PNB trials the

M. Shibasaki and others1000 J Physiol 553.3
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were encouraged to maintain whatever force they could produce.

Statistical analysis
Data were recorded at 200 Hz via a 16-bit A/D converter (Biopac,
Santa Barbara, CA, USA) and stored as 20 s averages. Data
represent an average of the final 20 s from each of the following
stages: a pre-exercise period, minutes 1 and 2 of IHG, minute 2 of
PEI, and recovery.

To assess sweating responses in normothermia, sweating rate at
the neostigmine-treated sites was compared between control and
PNB trials, since IHG does not increase forearm sweating rate at
untreated sites in normothermia (Shibasaki et al. 2001). In
contrast, sweating occurred as a result of mild and moderate
heating at the untreated sites, and thus sweating responses to IHG
between control and PNB trials were statistically analysed at these
sites.

Data obtained within each IHG bout and subsequent PEI were
compared by one-way repeated measures ANOVA followed by a
Dunnett’s test when the significant main factor (time) was
identified. Differences in response (i.e. D) between the resting
period and the end of exercise were compared using Student’s
paired t test. Two-way repeated measures ANOVA, followed by
Sheffe’s post hoc test, was used to identify the drug and thermal
effect on responses such as HR, MAP, and sweating rate prior to
exercise. In addition, a two-way repeated measures ANOVA was
used to identify the drug and thermal effect on the increase (i.e. D)
of the variables and force due to IHG. All data are expressed as
means ± S.E.M. The level of statistical significance was set at
P < 0.05.

RESULTS
The following doses of cisatracurium were administrated

prior to IHG: normothermia: 1.39 ± 0.06 mg; mild

heating: 0.79 ± 0.06 mg, and moderate heating:

0.80 ± 0.05 mg. These doses were sufficient to cause at

least a 50 % reduction in MVC and significantly reduced

force production during the IHG bouts.

For the normothermic IHG bouts, sweating was observed

at the site in which acetylcholinesterase was inhibited

during both the control and PNB trials, while sweating was

not observed at the untreated site with the exception of one

subject. Importantly, the increase in sweating at the

neostigmine-treated site during the normothermic PNB

trial occurred earlier and was significantly greater relative

to the normothermic control trial (Table 1). These

augmented sweating responses occurred despite reduced

force production throughout the PNB trial, such that IHG

force was close to zero at the end of the bout. During PEI of

the PNB trial, sweating rate and MAP returned towards

pre-IHG baseline, while these responses remained elevated

during PEI for the control trial. These results suggest that

during the PNB trial insufficient metabolites were

produced during IHG to stimulate metabosensitive

receptors during IHG exercise and PEI. Core temperature

did not change during this bout of exercise, whereas subtle

increases in mean skin temperature (~0.1 °C) were

observed. However, it is unlikely that the large elevation in

sweating rate observed during the normothermic PNB

trial was due to this small increase in skin temperature.

Regardless of PNB, HR increased during IHG, followed by

a return to baseline during PEI. Respiratory frequency

during IHG and PEI remained normal regardless of

whether cisatracurium was administered.

Prior to IHG, at both mild and moderate heating stages,

there were no differences in skin and core temperatures,

sweating rate, blood pressure, or HR between control and

Modulation of sweating during exerciseJ Physiol 553.3 1001

Figure 1. Average thermal and haemodynamic responses
during each thermal condition prior to isometric
handgrip exercise
For both the control (0) and the cisatracurium (1) trials, whole-
body heating, at both mild and moderate levels, significantly
increased core and mean skin temperature, heart rate, and
sweating rate. n.s.: Not significantly different between control and
PNB main effects from the ANOVA.
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PNB trials (Fig. 1). Force production during IHG was

dramatically reduced at all thermal levels for the PNB trial

(Fig. 2). Although there was a tendency for HR to be

elevated during IHG with PNB, relative to the control trial,

these differences were not significant. In contrast, the

increase in MAP during IHG was greater during the

control trial relative to the PNB trial at each thermal stage.

During mild and moderate heating trials, IHG did not

significantly alter core or skin temperatures.

For the mild heating period, despite considerably reduced

force production during the PNB trial, sweating rate was

significantly elevated relative to the control trial (Fig. 2).

However, during the moderate heating IHG bout, the

elevation in sweating rate was slightly greater during the

M. Shibasaki and others1002 J Physiol 553.3

Figure 2. Changes in thermal and
haemodynamic responses due to isometric
handgrip exercise (IHG) across differing
thermal loads
For both the control (0) and the cisatracurium (1)
trials, data were obtained by calculating the increase
in the response between pre-exercise levels relative to
the last minute of IHG. A significant interactive effect
was identified for sweating rate from the ANOVA,
while a significant main factor effect (control versus
partial neuromuscular blockade trials) was identified
for blood pressure, and force. During IHG with
partial neuromuscular blockade, the increase in
sweating rate was greater during the normothermic
and mild heated conditions despite a significantly
lower IHG force. However, while moderately heated,
the increase in sweating during IHG was attenuated
for both trials relative to the mild heating condition.
* Significantly greater than the control trial, P < 0.05.
† Significantly lower than the control trial, P < 0.05.



Jo
u

rn
al

 o
f P

hy
si

ol
og

y
P

hy
si

ol
og

y 
in

 P
re

ss

control trial relative to the PNB trial. Nevertheless,

increases in sweating rate occurred during the moderate

heating PNB trial even though IHG force production was

very low relative to the control IHG bout.

DISCUSSION
A primary finding of the present study is that, despite

reduced force production, when central command during

IHG exercise was augmented by PNB, the increase in

sweating rate during the normothermic and mild heat

trials was greater compared to the control trials. In

contrast, during moderate heating the increase in sweating

rate during IHG was slightly lower during the PNB trial

relative to the control trial, although this slightly lower

sweating rate occurred in response to dramatically

reduced force production. These data suggest that central

command is capable of modulating cholinergic nerve

activity governing sweating rate from non-glabrous skin in

all thermal conditions tested.

During the normothermic control trial, sweating rate at

the neostigmine-treated site, as well as HR and MAP,

increased during IHG. During subsequent PEI, sweating

rate and MAP remained elevated relative to pre-IHG

levels, while HR return to the baseline; consistent with our

prior observations (Crandall et al. 1995; Kondo et al. 1999;

Shibasaki et al. 2001). Conversely, in the normothermic

PNB trial, during PEI sweating rate and MAP decreased to

a level not different from pre-IHG levels. Presumably,

during the PNB trial accumulation of exercise-induced

metabolites was insufficient to engage the metaboreflex

during IHG due to attenuated force production (Table 1

and Fig. 2). However, subjects continued to attempt to

exercise throughout the entire 2 min IHG bout. Despite

reduced force production during the PNB trials, sweating

rates for the normothermic and mild heating bouts were

greater than in the respective control bouts. Taken

together, these data suggest that the elevation in sweating

rate during IHG with partial neuromuscular blockade was

primarily due to central command with little or no

influence from muscle metaboreceptors.

Previously Vissing & Hjortsø (1996) and Vissing et al.
(1991) reported that central command increases

integrated skin sympathetic nerve activity. Although this

finding is consistent with the present findings, variations

exist. For example, in normothermic subjects, despite

central command-induced increases in skin sympathetic

nerve activity, neither cutaneous vasoconstriction nor

sweating responses were observed at skin sites within the

field of innervation of the recorded nerve. In addition,

during PEI Vissing et al. (1991) report that integrated skin

sympathetic nerve activity returned to pre-exercise

baseline, whereas we showed that sweating remains

elevated in PEI during heat stress and in normothermia at

neostigmine-treated sites (Crandall et al. 1995; Kondo et
al. 1999; Shibasaki et al. 2001). Thus, there is an apparent

disconnection between the integrated neural signal and

the associated efferent response that may be related to

multiple signals within integrated microneuographic

recordings, such as cutaneous vasoconstrictor,

sudomotor, piloerector, and possibly cutaneous

vasodilator signals. Nevertheless, the present data reveal

that central command is capable of modulating sweating,

however the effects of central command in modulating

this response may be dependent on thermal load and/or

the level of sweating.

IHG increased sweating rate during mild and moderate

heating, and at the neostigmine-treated site in

normothermia, and this increase occurred without

appreciable changes in core or skin temperatures.

However, the magnitude of the increase in sweating rate

appeared to depend on the thermal status, as the largest

increase in sweating during IHG occurred during mild

heating stages when core temperature and sweating

responses were relatively low (Fig. 2); which is consistent

with prior observations (Kondo et al. 2002). The increase

in sweating rate was greater when central command was

augmented via PNB under normothermic and mild

heating conditions when compared to non-PNB trials.

Interestingly, in the moderately heated condition the

increase in sweating rate during IHG with PNB was slightly

less than during the control trial. The mechanism resulting

in this observation is unclear, but two possible hypotheses

are raised. First, the influence of central command in

modulating sweating may be attenuated when body

temperature and/or sweating rate is substantially

increased (i.e. reduced sweating responsiveness to a given

level of central command). Another possibility is that as

core temperature rises, activation of central command is

attenuated during an exercise bout resulting in attenuated

modulation of sweating rate (i.e. reduced central

command during exercise while moderately heated).

However, if the latter is correct, during IHG with PNB the

elevation in HR should also be attenuated, which was not

the case.

Limitations of the interpretation of the findings
During the final minute of PEI for the mild and moderate

heating trials, slight increases in core temperature were

observed (0.03 °C to 0.15 °C). Given this rise in core

temperature, we chose to not report these data because

during this period the thermal contribution leading to

changes in sweating could not be separated from the

potential effects of non-thermal factors. Nevertheless,

during PEI for the mild and moderate heating PNB trials,

sweating rate decreased relative to the last minute of IHG

despite the slight increase in core temperature. However,

Modulation of sweating during exerciseJ Physiol 553.3 1003
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sweating rate at the end of PEI remained greater than pre-

IHG baseline. Thus, it is likely that a component of the

increase in sweating during PEI was due to slight increases

in core temperature notwithstanding our attempts to

clamp core temperature during IHG and subsequent PEI.

Nevertheless, the observation of greater increases in

sweating during the normothermic and mild heating PNB

trials, when force production was very low, coupled with

the absence of detectable changes in core temperature,

suggests that a major component of the increase in

sweating rate during IHG was due to central command.

Neostigmine was locally administered to inhibit the

breakdown of acetylcholine at one of the sites where

sweating was measured. Our prior work demonstrates that

this technique sensitizes the sweating response such that

changes in sweating rate are observed due to perturbations

that otherwise would not results in measurable increases in

sweating (Shibasaki & Crandall, 2001; Shibasaki et al.
2001). These prior observations also indicate that as

sweating rate increases, the effectiveness of neostigmine in

sensitizing the sweating response is diminished. Given

this, in some subjects the monitoring of sweating rate from

the neostimine-treated sites was discontinued during the

mild and moderate heating bouts. Thus, reported sweating

responses during the heated conditions are solely from the

untreated site. It is important to emphasize that, in

contrast to normothermic conditions, analysis of sweating

rate at the neostigmine-treated site during mild and

moderate heating was not necessary to identify whether

central command is capable of modulating sweating rate.

In conclusion, a number of studies have shown that central

command is capable of modulating variables such as heart

rate, blood pressure, and muscle and skin nerve activities.

Results from the present study add to that list by

demonstrating that central command is capable of

modulating sweating rate. In addition, sweating

throughout PEI during the control IHG bouts supports

our previous findings suggesting that metaboreflexes are

also capable of modulating sweating rate. Finally, the

contribution of central command to increasing sweating

rate during IHG is minimized when body temperature

and/or sweating rate is substantially elevated.
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