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Abstract. We investigated the effects of ambient tem-
perature on the sudomotor and vasoconstrictor compo-
nents of skin sympathetic nerve activity (SSNA). The
sympathetic traffic was measured by simultaneous mi-
croneurographic recording from post-ganglionic nerve
fibres in the tibial and the peroneal nerves. When the
ambient temperature was raised from 25°C to 34°C,
both sudomotor and vasoconstrictor components of
SSNA were enhanced in the peroneal nerve but were
suppressed in the tibial nerve. The sudomotor and va-
soconstrictor sympathetic outflows were elevated in
both nerves when the temperature was lowered from
34°C to 18° C. Our resuits suggested that the sudomo-
tor and the vasoconstrictor components of SSNA are
differently modulated by ambient temperature. The
difference in sudomotor and vasoconstrictor compo-
nents of SSNA in the tibial and the peroneal nerves at
different ambient temperature may have been respon-
sible for the differences observed in sweating and vaso-
constriction in glabrous and hairy skin.
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Introduction

It has been shown that the sympathetic outflows from
the central nervous system are distributed to different
effector organs according to regional differentiation
(Kullman et al. 1970; Hales and Iriki 1975; Hales et al.
1978, 1979). In addition to animal studies, simulta-
neous microneurographic recording from skin and
muscle sympathetic nerves in human subjects has ena-
bled differentiation between the sympathetic outflow
efferents to muscle and skin in human subjects (Wallin
1986). In humans, two components of the sympathetic
outflow to the skin, sudomotor and vasoconstrictor
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nerves, can also be differentiated by changes in the ef-
fector responses induced in the skin electric potential
and the photo-electric plethysmography, respectively
(Bini et al. 1980a, b). In particular, Bini et al. (1980b)
have recorded skin sympathetic nerve activity (SSNA)
from two nerves simultaneously and have discussed the
regional differentiation. However, they did not analyse
SSNA by classifying sudomotor and vasoconstrictor
bursts quantitatively. The qualitative and quantitative
relationships between sweating and SSNA, as well as
between vasoconstriction and SSNA have been exten-
sively studied (Iwase et al. 1988, 1990; Sugenoya et al.
1990; Mano 1990) but regional differences have not yet
been investigated.

Ambient temperature is known to alter SSNA, and
modulate thermal sweating and vasoconstriction in gla-
brous and hairy skin. Previously, we have reported an
ambient temperature-dependent difference in reflex
sympathetic bursts in the tibial and peroneal nerves
(Iwase et al. 1990) but differences in resting activity
have not yet been analysed. The aim of the present
study was to elucidate the ambient temperature-de-
pendence of the sudomotor and vasoconstrictor re-
sponses of SSNA to glabrous and hairy skin. In the
present study, SSNA was recorded simultancously
from skin nerve fascicles of the tibial nerve that inner-
vate mainly glabrous skin and the peroneal nerve that
innervates mainly hairy skin using the double record-
ing technique of microneurography.

Methods

Subjects. Five healthy male volunteers (aged 23-30 years, mean
27.8 years) were fully informed about the aims of the study and
gave their written consent to participate in the experiment. This
study was approved by Human Research Committee, Research
Institute of Environmental Medicine, Nagoya University, Japan.

Recordings and identification of skin sympathetic nerve activity.
All experiments were performed with the subjects in the supine
position. Micro-electrodes with an impedance of 3-5 M(} and a
tip diameter of 1 pm were inserted percutaneously without



anaesthesia into the skin nerve fascicles of the tibial and peroneal
nerves at the popliteal fossa to record SSNA. The spontaneous
SSNA from these nerves was recorded simultaneously. The
SSNA was identified using the criteria of previous studies (Hag-
barth et al. 1972; Iwase et al. 1988, 1990; Mano 1990; Wallin
1992). The four criteria for identification of SSNA were:

1. Non-synchronous with heart beat, and irregular burst activity
with a duration of 300-500 ms

2. Generation of reflex bursts during mental or somatosensory
(sound, pain, light, or electrical) stimuli

3. To be followed by sweating or a reduction in skin blood flow
4. Dependence on ambient temperature.

The sympathetic nerve signals from the tibial and peroneal
nerves were fed into two high impedance input pre-amplifiers
(WP Instruments DAM-6A), with band-pass filters set at 500-
5000 Hz. During the experiment, the filtered neurogram was
monitored with a cathode-ray oscilloscope (Tektronix-5113) and
an audio amplifier, and stored on magnetic tape for later analysis.
Nerve signals were fully rectified, integrated with a time constant
of 0.1s and displayed by a thermal pen recorder (NEC-San-ei
Recti-Horiz) as a mean-voltage neurogram. The SSNA was quan-
tified by the integrated value of the mean voltage neurogram,
and expressed as SSNA bursts per minute (burst rate).

Identification and quantification of sudomotor and vasoconstric-
tor nerve activities. An occurrence of SSNA burst activity fol-
lowed by sweat expulsion with a latency of 2.4-3.0 s was classified
as a sudomotor burst, while that followed by a reduction in skin
blood flow with a latency of about 6.3 s was classified as a vaso-
constrictor burst (Iwase et al. 1988, 1990; Mano 1990). Any SSNA
bursts followed by both sweat expulsion and reduction in skin
blood flow were classified as mixed activity (Sugenoya et al.
1990). Any SSNA bursts that induced no effector response were
classified as unidentified activity (Sugenoya et al. 1990).

Quantification of sweating. The ventilated capsule method (Four-
tion: Hidrograph AMU-2) was employed for determination of
the sweat expulsion. Two plastic capsules, each with an open sur-
face area of 1 cm? were fixed on the sole of the foot and the
dorsum pedis ipsilateral to the microneurographic recording. Dry
nitrogen was allowed to flow into the capsules at a rate of 0.2
1-min ~%, and was withdrawn into highly sensitive capacitance hy-
grometers to determine the humidity change. Sweat expulsion
(Ogawa and Sugenoya 1993) was used for the identification of
sudomotor nerve activities.

Measurement of skin blood flow. Laser Doppler flowmetry (Ad-
vance: ALF 21) was employed to measure skin blood flow. Two
probes were attached to the skin of the sole of the foot and the
dorsum pedis ipsilateral to the microneurographic recording. Re-
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duction in skin blood flow was used to identify vasoconstrictor
activities.

Experimental protocol. The subjects reclined on a bed in a sound-
and light-proof room. Initially, ambient temperature was main-
tained at 25° C for 30 min, during which spontaneous SSNA from
the two nerves were recorded for 20 min. Ambient temperature
was then raised to 34°C; simultaneously, in some cases, water
blankets (Blanketrol) were applied to warm the subjects. After
body heating for 30 min, the spontaneous SSNA was recorded for
20 min, after which the ambient temperature was lowered to
18°C, and in some subjects their bodies were simultaneously
cooled using the water blankets. The SSNA were recorded for
20 min after 30 min of cold exposure.

Data analysis. The data obtained were quantified as the burst
number per minute (burst rate) since there was no way to gua-
rantee that the tip of the electrode would not become dislodged
and thus alter the signal:noise ratio during the long period of the
experiment. They were compared among the ambient tempera-
tures in tibial or peroneal nerves using Student’s paired #-test.
Any P values less than 0.05 were considered significant.

Results

Resting skin sympathetic nerve activity at various
ambient temperatures

The tibial and peroneal SSNA discharges were fairly
synchronous under different ambient temperatures.

Tibial SSNA was moderately active [21.2 (SEM 4.5)
bursts-min ~'] at the thermoneutral ambient tempera-
ture of 25°C, and was suppressed to 10.9 (SEM 5.6)
bursts-min ~* (P<0.05, vs 25°C) when the ambient
temperature was raised to 34° C. On the other hand, an
increase was observed to 29.4 (SEM 3.0) bursts-min ~*
(P<0.05, vs 25°C) when the ambient temperature was
lowered to 18°C.

The SSNA burst rate in the peroneal nerve in-
creased from 17.8 (SEM 6.1) bursts-min~! to 36.6
(SEM 6.5) bursts-min ' when the ambient tempera-
ture was raised from 25° C to 34° C (Fig. 1). During air
cooling from 34°C to 18°C, the peroneal SSNA burst
rate decreased to 24.7 (SEM 6.4) bursts-min ~*, which
was still significantly higher than the basal value at
25°C (P<0.05).

e ]
W]
S N

00 005
mg;,cm'z-min‘1

<

05

} Fig. 1. Changes in skin
sympathetic nerve activity
(SSNA) from the tibial and
the peroneal nerves at var-
jous ambient temperatures.
Tibial and peroneal SSNA
discharged almost synch-

10 sec. ronously, while the activity
was different at different
ambient temperatures

0,

100
mismin~7 «100g tissue

o

34°C



462

Changes in sudomotor and vasoconstrictor
components of SSNA under various ambient
temperatures

Figure 2 shows changes in the sudomotor and vasocon-
strictor components of SSNA as well as mixed and un-
identified bursts at various temperatures in the tibial
and the peroneal nerves.

In the tibial nerve, both sudomotor and vasocon-
strictor components showed reduced activities with an
increase in ambient temperature (25 to 34°C) and en-
hanced activities upon cooling (34 to 18° C). The sudo-
motor component showed a tendency to decrease from
4.6 (SEM 1.6) bursts-min ! at 25°C to 2.1 (SEM 3.6)
bursts-min ~! at 34°C (0.15<P<0.1, NS). Upon cool-
ing from 34° C to 18° C, sudomotor activity increased to
a value of 6.7 (SEM 1.1) bursts-min~"' (P<0.01 vs
25°C). The vasoconstrictor component of tibial SSNA
decreased from 9.6 (SEM 1.9) to 3.7 (SEM 1.2)
bursts-min ~! (P<0.001 vs 25° C) with warming (25 to
34°C) and increased to 14.2 (SEM 2.0) bursts+min ~*
(P<0.05 vs 25° C) while cooling from 34°C to 18°C.

The overall sudomotor activity in the peroneal
nerve (sudomotor and mixed activities) was similar at
25°C to that in the tibial nerve. The peroneal sudomo-
tor burst rate at 25° C was 5.0 (SEM 3.1) bursts-min %,
increased significantly upon warming to 34°C [12.7
(SEM 2.6) bursts-min ™!, P<0.01 vs 25°C] and de-
creased to 4.1 (SEM 4.3) bursts-min ~' at 18°C (not
significant vs 25° C). The vasoconstrictor component in
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Fig. 2. Changes in the components of skin sympathetic nerve ac-
tivity from the tibial and peroneal nerves at ambient tempera-
tures of 18°C, 25°C, and 34°C. Sudomotor and vasoconstrictor
components as well as mixed components of both in the tibial
nerve were suppressed with an increase in ambient temperature,
whereas only the sudomotor component in the peroneal nerve
was increased with an increase in ambient temperature. Activity
in the vasoconstrictor and mixed components in the peroneal
nerve was highest at an ambient temperature of 34° C, but lowest
at 25° C. The unidentified component in the figure corresponds to
a sympathetic burst discharge which affected neither skin blood
flow nor sweat rate. [0 Unidentified; Vasoconstrictor;
Mixed; B Sudomotor
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the peroneal nerve was lower at the thermoneutral
temperature (25°C) than that of the tibial nerve. Pe-
roneal vasoconstrictor activity increased from of 5.0
(SEM 2.2) bursts-min ~! at 25° C with both cooling and
warming, to 18°C [102 (SEM 1.0) bursts-min~?,
P<0.01 vs 25°C] and 34°C [35 (SEM 2.7)
bursts-min ~', P<0.01 vs 25° C], respectively.

Discussion

Regional differentiation in sympathetic nerve activity
was first reported by Dastré and Morat (1884). It was
found that in animal experiments, visceral blood flow
decreased, whereas skin blood flow increased in re-
sponse to hypoxic stimulation (Dastré and Morat
1884). This phenomenon was also observed in humans
by Bini et al. (1980b) who compared skin sympathetic
nerve activities in the median and the posterior ante-
brachial nerves, and estimated that the variability was
due to a qualitative difference in the fibre composition.
The thermal dependency of sympathetic differentia-
tion to the palm of the hand and the forearm has been
investigated with regard to sweating by Ogawa 1975,
Mental stimuli increased not only sweating in the gla-
brous skin of the palm of the hand and the sole of the
foot, but also sweating in the general body surface of
the skin. On the other hand, thermal stimuli enhanced
not only sweating over the general body surface area,
but also suppressed palmar sweating in some subjects.
The tibial nerve innervates the glabrous skin of the
sole of the foot, and it is conceivable that the sudomo-
tor component of this nerve is influenced mainly by
mental stimuli, contributing to mental sweating in this
area of skin. The peroneal nerve that innervates hairy
skin is affected mainly by thermal stimuli, and is thus
involved in thermal sweating in the dorsum pedis.

In the present study, we investigated the differences
in sympathetic outflow between two nerves that inner-
vate glabrous and bairy skin. Simultaneous analysis of
individual neural bursts and their effector organ re-
sponses allowed the evaluation of the differentiation of
sudomotor and vasoconstrictor components of the
SSNA ftraffic in these nerves. The assignment of sudo-
motor activity was performed by confirming sweafing
activity and that of the vasoconstrictor components by
observing skin biood flow changes.

The effects of ambient temperature on nerve traffic
and its components were tested by warming (to 34° C)
or cooling (18° C) from the thermoneutral ambient en-
vironment (25°C). Raising the ambient temperature
from 25°C to 34° C caused a marked reduction in the
sudomotor component of the tibial nerve, with a con-
comitant increase in the same component of the peron-
eal nerve. This behaviour was consistent with previous
observations of enhanced thermal sweating and sup-
pressed mental sweating in the general body surface
with warming (Ogawa 1975). It would be expected that
sudomotor nerve activity in the peroneal nerve would
be stimulated by exposure to heat in the environment
to facilitate sweat excretion. On the other hand, re-



duced activity in the tibial nerve may be a good mental
adjustment to a temperature of 34°C, leading to a
marked reduction of sweating in glabrous skin.

Lowering the ambient temperature to 18°C caused
similar sudomotor reactions in both nerves. The slight-
ly higher sudomotor activity in the tibial nerve at 18°C
would indicate enhanced mental sweating in the sole of
the foot, whereas the sudomotor response in the pe-
roneal nerve to the same ambient temperature appears
to reflect the mental responses in the general body sur-
face (Kuno 1956) since the thermal stimuli would have
been totally removed under such ambient conditions.

The vasoconstrictor component in the two nerves
showed variable activity in reaction to temperature
changes. The peroneal nerve showed enhanced vaso-
constrictive activity at both 18°C and 34° C compared
to the thermoneutral (25°C) state, while the tibial
nerve showed a marked increase in activity responding
to cooling, and a marked suppression responding to
warming, Under cold environmental conditions, the
overall tendency was for vasoconstriction in the pe-
ripheral skin vasculature to prevent heat loss from the
skin surface. The parallel course of the reactions in the
two nerves at 18° C would indicate poor differentiation
of vasoconstrictive activity between those peripheral
nerves in a cold environment.

On the other hand, differentiation of vasoconstric-
tor activity in the tibial and peroneal nerves was
marked in a warm environment, being higher in the pe-
roneal nerve. In hairy skin, active vasodilatation oc-
curred when the subject was heated. With regard to
this vasodilatation, two causative mechanisms can be
postulated. One possibility is the involvement of sudo-
motor nerve activity. Some co-transmitters, such as va-
soactive intestinal polypeptide, have been postulated
to be released at the cholinergic sudomotor nerve end-
ings around eccrine sweat glands to dilate the peripher-
al vasculature (Lundberg et al. 1980). Another possible
mechanism of active vasodilatation could be the in-
volvement of vasodilator nerve fibres, although vasodi-
lator nerve activity has not been sufficiently demon-
strated in humans (Sugenoya et al. 1991). Increased va-
soconstrictive activity in the peroneal nerve in the
warm environment may have been associated with the
observed active vasodilatation in the hairy skin. This
may be a mechanism for sustaining cutaneous vascular
tone and maintaining the systemic circulation in warm/
hot environments. In fact, the heat-induced vasocon-
striction as has been suggested to be caused in the fin-
ger by extreme thermal stress (Nagasaka et al. 1990)
could be a highly probable cause of increased vasocon-
strictive activity in the hairy skin at high ambient tem-
peratures. Otherwise, the possibility must be consid-
ered that the vasodilator bursts in the peronecal nerve
were largely misidentified as being vasoconstrictor
bursts under warm environmental conditions, since we
do not have a method of identifying cutaneous vasodi-
lator nerve activity.

In conclusion, our study would indicate that skin
sympathetic nerve activity changes its sudomotor and
vasoconstrictor components differently in the tibial
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and peroneal nerves depending on ambient thermal
conditions, and that regional differentiation exists in
sudomotor and vasoconstrictor components of SSNA
leading to glabrous and hairy skin, respectively.

Acknowledgements. We would like to thank Dr. A. J. Banes, Pro-
fessor in the Division of General Surgery, Dr. J. Faber, Associate
Professor in the Division of Physiology at the University of North
Carolina, and Dr. N. Askenasy, Visiting Researcher to Research
Institute of Environmental Medicine, Nagoya University, for
their help in preparing the manuscript.

References

Bini G, Hagbarth K-E, Hynninen P, Wallin BG (1980a) Ther-
moregulatory and rhythm-generating mechanisms governing
the sudomotor and vasoconstrictor outflow in human cuta-
neous nerves. J Physiol (Lond) 306:537-552

Bini G, Hagbarth K-E, Hynninen P, Wallin BG (1980b) Regional
similarities and differences in thermoregulatory vaso- and su-
domotor tone. J Physiol (Lond) 306:553-565

Dastré A, Morat J-P (1884) Influence du sang asphyxique sur
I’appareil nerveux de la circulation. Arch Physiol Norm Path
16:1-45 (cited in: Iriki M (1983) Regional differentiation of
sympathetic efferents evoked by thermal, hypoxic and other
stimulations. Nihon Seirigaku Zasshi 45:181-199)

Hagbarth K-E, Hallin RG, Hongell A, Torebjork HE (1972)
General characteristics of sympathetic activity in human skin
nerves. Acta Physiol Scand 84:164-176

Hales JRS, Iriki M (1975) Integrated changes in regional circula-
tory activity evoked by spinal cord and peripheral thermore-
ceptor stimulation. Brain Res 87:267-279

Hales JRS, Iriki M, Tsuchiya K, Kozawa E (1978) Thermally-
induced cutaneous sympathetic activity related to blood flow
through capillaries and arteriovenous anastomosis. Pfliigers
Arch 375:17-24

Hales JRS, Rowel LB, Kong RB (1979) Regional distribution of
blood flow in awake heat-stressed baboons. Am J Physiol
237:H705-H712

Iwase S, Mano T, Sugenoya J, Saito M, Hakusui S (1988) Rela-
tionship among skin sympathetic nerve activity, sweating, and
skin blood flow. Environ Med 32:55-67

Iwase S, Sugenoya J, Sugiyama Y, Mano T, Yamamoto K (1990)
Skin sympathetic nerve activity from the tibial and peroneal
nerves (in Japanese). Ann Res Inst Environ Med Nagoya
Univ 41:308-313

Kullman R, Schénung W, Simon E (1970) Antagonistic changes
of blood flow and sympathetic activity in different vascular
beds following central thermal stimulation. 1. Blood flow in
skin, muscle and intestine during spinal cord heating and
cooling in anesthetized dogs. Pfltigers Arch 319:146-161

Kuno Y (1956) Human perspiration. Thomas, Springfield, IlL
(cited in: Ogawa T (1975) Thermal influence on palmar
sweating and mental influence on generalized sweating in
man. Jpn J Physiol 52:525-536)

Lundberg JM, Anggdrd A, Fahrenkrug J, Hokfelt T, Mutt V
(1980) Vasoactive intestinal polypeptide in cholinergic neu-
rons of exocrine glands: functional significance of coexisting
transmitters for vasodilation and secretion. Proc Natl Acad
Sci USA 77:1651-1655

Mano T (1990) Sympathetic nerve mechanisms of human adapta-
tion to environment. Environ Med 34:1-35

Nagasaka T, Hirata K, Mano T, Iwase S, Rosseti Y (1990) Heat
induced finger vasoconstriction controlled by skin sympathet-
ic nerve activity. J Appl Physiol 68:71-75

Ogawa T (1975) Thermal influence on palmar sweating and men-
tal influence on generalized sweating in man. Jpn J Physiol
52:525-536



464

Ogawa T, Sugenoya J (1993) Pulsatile sweating and sympathetic
sudomotor activity. Jpn J Physiol 43:275-289

Sugenoya J, Iwase S, Mano T, Ogawa T (1990) Identification of
sudomotor activity in cutaneous sympathetic nerves using
sweat expulsion as the effector response. Eur J Appl Physiol
61:302-308

Sugenoya J, Iwase S, Mano T, Ogawa T (1991) Relationship be-
tween cutaneous vasodilatation and skin sympathetic nerve
activity in humans in Japanese. Ann Res Inst Environ Med
Nagoya Univ 42:272-275

Wallin BG (1986) Functional organization of sympathetic out-
flow in man. In: Christensen NJ, Henriksen O, Lassen NA
(eds) The sympathoadrenal system, physiology and pathophy-
siology. Munksgaard, Copenhagen, pp 52-66

Wallin BG (1992) Intraneural recordings of normal and abnor-
mal sympathetic activity in man. In: Banister R, Mathias CJ
(eds) Autonomic failure: a textbook of clinical disorders of
the autonomic nervous system, 3rd edn. Oxford University
Press, Oxford, pp 359-377



