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Abstract
Hynninen, P. 2020. Studies of sympathetic nerve activity in cutaneous nerves in healthy
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The aim of the research presented in this thesis is to gain new knowledge of the characteristic
features of sympathetic nerve activity of cutaneous nerves in healthy adult humans using
intraneural microneurography. One further goal is to study the relationship between nerve
activity and effector organ response.

The study has three main aims: I) to study temperature regulating mechanisms in human
subjects, rhythm generating mechanism of nerve activity and the relationship between nerve
activity and effector organs, including sweat glands and blood vessels, II) to study regional
similarities and differences in sympathetic nerve activity recorded from different cutaneous
nerves, III) to study effector organ response, without central nervous system influences, through
intraneural stimulation after proximal nerve blocking.

The most important results are as follows: 1) By exposing a human subject to warm and
cold environments, it is possible to obtain selective activation of either the sudomotor or
vasoconstrictor neural system. 2) Bursts of both sudomotor and vasoconstrictor activity occur
at certain intervals and several types of rhythmic activity can be observed. 3) Sudomotor
bursts have a shorter duration compared to vasoconstrictor bursts. 4) The rhythm generating
mechanisms may help to restrict the firing rates of individual nerve fibres to low ranges,
which provides high gain in the neuroeffector transfer function. 5) Simultaneous double nerve
recordings provide evidence that in the distal glabrous skin area the thermoregulatory functions
are mainly executed via vasoconstrictor nerve fibres. Instead, sudomotor fibres are brought
into action only at relatively high temperatures. In the hairy skin of forearm and hand reflex
thermoregulation is to large extent executed via sudomotor nerve fibres. 6) Intraneural electrical
stimulation of sympathetic postganglionic axons in human skin nerves after proximal nerve
blocking shows differences between sudomotor and vasoconstrictor effector organ responses.

These results improve our knowledge of the function of the sympathetic nervous system in
healthy human subjects.
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Introduction 

Embryonal development and maturation of the 
autonomic nervous system in humans 
Neural crest cells and neurotrophic factors in the development of the 
autonomic nervous system 
During embryonal development, sympathetic neuroblast cells originate from 
the neural crest of the thoracic region of the embryo. In the fifth week of ges-
tation, a subdivision of these neuroblasts migrate to both sides of the spinal 
cord, building sympathetic chains (1-3). Another subdivision of the sympa-
thetic neuroblasts migrates to form the medulla of the adrenal gland. 

Neurons in the brainstem form preganglionic parasympathetic nerve fibres 
by travelling via the oculomotor (III), facial (VII), glossopharyngeal (IX), and 
vagal (X) nerves (1, 2). 

When autonomic nerve axons begin to innervate their target tissue, neu-
rotrophic factors from target tissues and from other sources are needed. Neu-
rotrophic factors maintain the neurons before they establish contact with their 
targets and are responsible for the final maturation. Both developing and adult 
sympathetic neurons express proNGF (pro Nerve Growth Factor) and adult 
parasympathetic cardiac ganglion neurons synthesize and release NGF. Neu-
rotrophins and inflammatory cytokines have an important role in the develop-
ment and maturation of autonomic nervous system (3). 

Noradrenergic or cholinergic transmission 
Induction of the noradrenergic or cholinergic transmitter phenotype occurs via 
so called transcriptional regulators. Major transcriptional regulators for nora-
drenergic transmitter phenotype are Phox2b (paired-homeodomain factor), 
Gata2 and Gata3 (zinc finger transcription factor) and Hand2.  

Sudomotor neurons have initially noradrenergic properties. There are two 
alternative models for cholinergic neuron differentiation, namely the target 
dependent and the target independent model.  

In the target dependent model, after contacting the target tissue, sudomotor 
neurons undergo a transient stage with mixed noradrenergic and cholinergic 
features and then finally show a mature cholinergic transmitter phenotype. 
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These changes occur under the influence of the target tissue, and several ani-
mal studies support the target dependent hypothesis (4-6). It is presumed that 
the cholinergic-inducing factor belongs to neuropoietic cytokine family (3). 

In the target independent model of acquisition of cholinergic innervation 
of sweat glands, it is assumed that both sets of transmitter marker genes are 
already expressed before the target tissue is innervated. According to this 
model, the cholinergic phenotype is stabilised rather than induced by the target 
tissue (7).  

Sympathetic function in infants and in early childhood 
The sympathetic system develops earlier than the parasympathetic system (8). 
Infants at 36-37 weeks of gestation show autonomic nervous system activation 
with palmar sweating reaction after painful stimuli. Upon arousal, they also 
display a sweating response. This indicates some degree of functional maturity 
of the autonomic (sympathetic) nervous system already at this early age. In 
general, sympathetic function has a relatively low maturation grade in early 
childhood and sympathetic effects arise mainly from circulating catechola-
mines from the adrenal medulla (2).  

During maturation the function of the parasympathetic part of the auto-
nomic nervous system improves. Autonomic maturation is impaired in a 
premature extrauterine environment in neurologically normal premature in-
fants without destructive brain injury (8). 

Cardiac autonomic function 
Development of the cardiac autonomic innervation has four phases:1) The mi-
gration of neural crest cell to the dorsal aorta, 2) differentiation of neural crest 
cells into neurons, 3) migration of neurons to form either sympathetic chains 
paravertebrally or parasympathetic cardiac ganglia and 4) extension of axonal 
projections into cardiac tissue and terminal differentiation (3). 

Cardiovagal autonomic function is strongly related to the baroreflex func-
tion via stretch-sensitive baroreceptors. The baroreflex starts to function late 
in gestation, and baroreflex sensitivity increases only gradually, being much 
lower in neonates than in young adults. Central parasympathetic signal pro-
cessing may play a role in the maturation of cardiovagal autonomic function 
(9). In adults, cardiovagal baroreflex sensitivity decreases from 20 years of 
age, and by 70 -80 years of age it is reduced significantly (10, 11). 

Myelination in the nervous system 
Some parts of the autonomic nervous system myelinate, for example pregan-
glionic sympathetic nerve fibres will gain features of thin, myelinated B-fi-
bres. Maturation of the myelinating process in the nervous system varies with 
the anatomical structure and developmental age, and some structures will be 
myelinated several years after birth. The formation of myelin in the spinal cord 
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starts at 11-14 weeks of gestation and continues until 1 year after birth. Mye-
lination of the brain is complete by 2 -3 years of age, whereas myelination of 
peripheral nerves is completed later (12-14). Some changes in peripheral my-
elinated nerve function occur even in later childhood and adolescence pertain-
ing to general maturation and growth of the limbs (12). 

The autonomic nervous system from spinal cord to 
target organ 
Sympathetic and parasympathetic nervous system 
The autonomic nervous system regulates and integrates the functions of inter-
nal organs and it is largely outside of voluntary control. The system has two 
divisions consisting of the sympathetic and parasympathetic part. The viscera 
of our body are innervated mainly by sympathetic and parasympathetic nerve 
fibres. Effects on the viscera result from a combination of nerve activity from 
both parts of the autonomic nervous system (15), namely the sympathetic and 
parasympathetic nervous system. The sympathetic nervous system is also 
called the thoracolumbar division and the parasympathetic nervous system is 
called craniosacral division, referring to their respective spinal cord innerva-
tion levels.  

Organization of the autonomic nervous system with sympathetic (thoracol-
umbar) and parasympathetic (craniosacral) divisions and effector organs are 
presented in Figure 1. 

Preganglionic and postganglionic segments 
The sympathetic and parasympathetic nervous system both have pregangli-
onic and postganglionic segments. Between the preganglionic and postgangli-
onic part there is a ganglion containing synapses. The cell bodies of the pre-
ganglionic neurons are situated in the brain or spinal cord, while the cell bod-
ies of the postganglionic neurons are situated in the autonomic ganglia. Sym-
pathetic preganglionic nerve fibres consist of thin myelinated nerve fibres (B 
fibres), while sympathetic postganglionic fibres are thin unmyelinated nerve 
fibres (C fibres).  

Both animal and human studies of sympathetic pathways indicate a lower 
number of preganglionic neurons compared with the number of postgangli-
onic sympathetic neurons. In humans, the ratio of pre- to postganglionic is 
roughly estimated to be as high as 1:200 (16). Each postganglionic neuron 
receives several inputs, and these convergent inputs allow integration of in-
formation arising in several preganglionic neurons. Human sympathetic para-
vertebral neurons have more dendrites than those of laboratory animals. Fur-
thermore, it is predicted that at least 20 preganglionic inputs converge on each 
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ganglion cell in the human (16). About 1-2% of the neuronal surface is cov-
ered with synapses and the rest of the neuronal surface is enclosed by Schwann  

 
Figure 1. Organization of the autonomic nervous system with the sympathetic 
(thoracolumbar) and parasympathetic (craniosacral) divisions and effector organs. 
Illustration by Maarika Liik. 
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cell processes. Preganglionic neurons diverge widely in order to provide input 
to large number of autonomic postganglionic neurons (17). 

Individual preganglionic neurons have between 10 and 50 synaptic con-
tacts. This variation is probably one of the reasons for the different synaptic 
strengths observed in autonomic ganglia (17). Only one or two suprathreshold 
or “strong” inputs are involved in activating each postganglionic neuron (16, 
18). 

Intraneural sympathetic single unit recordings with microneurography pro-
vides evidence that most postganglionic sympathetic neurons are controlled 
by at least two preganglionic neurons, in turn forming strong synaptic linkages 
(19).  

Transmitter substances  
Between preganglionic and postganglionic neurons, the transmitter substance 
is acetylcholine both in the sympathetic and parasympathetic nervous systems. 
In the sympathetic nervous system, noradrenaline is the transmitter substance 
between postganglionic neuron and effector organ apart from the effector or-
gans sweat glands. The transmitter substance between the postganglionic sym-
pathetic neurons and sweat glands is acetylcholine. In the parasympathetic 
nervous system, acetylcholine is the transmitter substance between the post-
ganglionic neuron and the effector organ (20). Fast ganglionic transmission is 
mediated by acetylcholine via nicotinic receptors. Some slow components of 
ganglionic transmission might be non-cholinergic (18). 

Other transmitter substances that modulate autonomic nervous system ac-
tivity and have effects on the viscera include for example substance P and 
vasoactive intestinal peptide (VIP).  

The enteric nervous system 
Neurons in the walls of the gastrointestinal tract form a separate part of the 
nervous system called the enteric nervous system. It consists of two plexuses, 
the myenteric and submucosal plexus. The myenteric plexus regulates motility 
of the gastrointestinal tract and the submucosal plexus controls secretory ac-
tivity and blood flow to the gut, and receives signals from the intestinal epi-
thelium and from stretch receptors in the gut wall. Acetylcholine is also the 
primary excitatory neurotransmitter in the enteric nervous system neurons (20, 
21).  

Neurons in the enteric nervous system can be affected by sympathetic and 
parasympathetic nerve fibres. Many sympathetic nerve fibres terminate within 
the myenteric and submucosal plexuses, while parasympathetic nerve fibres 
terminate within the myenteric plexus. Neurons in the enteric nervous system 
are able to function independently of the autonomic nervous system, and for 
that reason, the enteric nervous system is sometimes referred to as the third 
part of the autonomic nervous system (22).  
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Figure 2. Anatomy of the skin and effector organs of sympathetic nerve fibres in cu-
taneous nerve. Illustration by Maarika Liik, modified from Wang et al. 2013. 
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Effector organs of sympathetic nerve fibres in cutaneous nerves 
Within the epidermal layer of the skin, no autonomic nerve fibres are found in 
skin biopsy (23). Just below the basement membrane bundles of nerve fibres 
are observed on skin biopsy, and these nerve fibres have been described as the 
subdermal plexus. Sympathetic effector organs such as sweat glands, blood 
vessels, hair follicles and piloerector muscles are situated within a deeper part 
of dermal tissue (24). Effector organs of sympathetic fibres in cutaneous nerve 
are illustrated in Figure 2. 
 
Sweat glands. There are two types of sweat glands, named eccrine and apo-
crine sweat glands. Eccrine sweat glands are simple, tubular glands, extending 
from epidermis to the lower dermis. The lower part of eccrine sweat glands 
has a secretory function, one cell type secreting mucous material and the other 
cell type is responsible for the passage of water and electrolytes. Secretory 
cells are surrounded by myoepithelial cells, which by contracting excrete 
sweat. Eccrine sweat glands have a rich vascularization, and the sympathetic 
innervation is primarily cholinergic. Within a sweat gland there is a network 
of capillaries, which have their own innervation (25). 

The apocrine glands are found in the skin of axilla, the areola region of 
mammary gland and in the skin of anal region. Apocrine sweat glands are not 
responsible for thermoregulation (26). 
 
Blood vessels. Blood vessels, especially smooth muscle cells in arteriolar 
walls, are innervated by sympathetic noradrenergic nerve fibres throughout 
the body, including sympathetic vasoconstrictor fibres in cutaneous nerves. 
Arterioles give rise to a group of capillaries, which drain into postcapillary 
venules. Arteriovenous anastomoses are predominantly found in the skin of 
the hands, feet, ears, nose and lips, these anastomoses have a rich sympathetic 
innervation (27). 

There is a controversy regarding the existence of sympathetic vasodilator 
nerve fibres in human cutaneous nerves (28-34). 
 
Piloerectors. The piloerector muscle has close contact with hair follicles and 
receives sympathetic innervation. Even the base of the hair follicle is inner-
vated by autonomic nerve fibres, primarily sympathetic cholinergic and some 
adrenergic nerve fibres, based on mouse experiments (35). Hair follicles ex-
tend from the deep dermal tissue through the epidermal and epithelial layer. 
Furthermore, hair follicles possess a rich number of sensory fibres, with con-
tact to the base of follicle, extending up the shaft of the hair to the epidermal 
surface. Since hair follicles undergo continuous changes of growth and repair, 
they are regarded as a potential source of stem cells (35, 36). 
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Adipose tissue. Adipose tissues are richly innervated by the sympathetic nerv-
ous system. The sympathetic nervous system modulates the metabolism in 
brown, white and beige adipose tissues. Increased sympathetic outflow pro-
motes fat mobilization, stimulates non-shivering thermogenesis and is in-
volved in the development of beige adipose tissue (37-40). The adipocyte hor-
mone leptin has adrenergic sympathetic influences, leptin modulates adrener-
gic sympathetic cardiovascular function and there is an interaction between 
leptin and the arterial baroreflex (41, 42). Leptin increases overall sympathetic 
nerve activity, facilitates glucose utilization and improves insulin sensitivity 
(43). It has been proposed that leptin has an effect on body temperature regu-
lation, but is not by itself thermogenic (40). 

Effector organ response of piloerectors and adipose tissue was not included 
in our studies of sympathetic neural function in cutaneous nerves and effector 
organ response.  

Donadio et al. (44) studied the autonomic innervation of human hairy skin 
using immunofluorescent technique and confocal microscopy. Sweat glands, 
skin arterioles and piloerector muscles had both sympathetic adrenergic and 
cholinergic innervation, but in different proportions. Sympathetic adrenergic 
fibres were found especially around arterioles and piloerector muscles. Sym-
pathetic cholinergic fibres were seen around sweat glands.  

Neuropeptide Y (NPY) was found in sympathetic adrenergic fibres around 
skin arterioles but not in adrenergic fibres of piloerector muscle. It was found 
very seldom in sweat glands. Calcitonin-gene related peptide (CGRP), sub-
stance P (SP) and vasoactive intestinal peptide (VIP) were found in sympa-
thetic cholinergic fibres (45, 46). 

Central autonomic network with a focus on sympathetic 
function 
The central autonomic network was first characterized in animal studies. 
Functional neuroimaging studies in humans have shown activation of many 
of the same areas of the brain as seen in animals during autonomic responses. 
Results from these studies lay the foundation for our present knowledge of the 
central autonomic network in human subjects. 

In some studies postganglionic muscle sympathetic nerve recording with 
microneurography in leg or arm has been combined with functional magnetic 
resonance imaging (fMRI) in brain to gain knowledge of cortical and subcor-
tical connections in the sympathetic nervous system in humans (20, 47-50). 
Saito (51) has studied thermal sudomotor pathways in patients with focal 
brainstem lesion by using thermoregulatory sweat test. James et al. (52) rec-
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orded skin sympathetic nerve activity (SSNA) with microneurography in com-
bination with magnetic resonance imaging (MRI) to study brain regions re-
sponsible for the generation of spontaneous SSNA in humans at rest. The re-
sults are shortly described under the heading of studies of sympathetic nerve 
activity in peripheral nerves and simultaneous recording of brain function. 

 
Figure 3. The central autonomic network areas. Illustrated by Maarika Liik and 
modified from Cersosimo et al. 2013. 
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Central autonomic network 
Telencephalic, diencephalic and brain stem structures together create the cen-
tral autonomic network (20, 46, 53, 54). The central autonomic network areas 
are illustrated in Figure 3. 

Telencephalic structures consist of the insular cortex, anterior cingulate 
cortex and amygdala. The insular cortex, via the thalamus, integrates visceral, 
pain and temperature sensations, which are elicited by activation of visceral, 
muscle and skin receptors (50). The insular cortex controls both sympathetic 
and parasympathetic output via the lateral hypothalamic area. The anterior 
cingulate cortex is subdivided into ventral and dorsal regions, which have con-
nections with the insular cortex. Different regions in the anterior cingulate 
cortex will be activated depending on experimental tasks and associated sym-
pathetic or parasympathetic response. The amygdala has many connections 
with the hypothalamus and brain stem, for example with the medullary retic-
ular formation. Via connections the amygdala initiates autonomic and endo-
crine responses and gives rise to motor activation, for example during the fear 
response. 

In diencephalic structures the hypothalamus has an important role, inte-
grating autonomic and endocrine responses, which is necessary for homeosta-
sis and adaptation of the body. The hypothalamus gives rise to a specific pat-
tern of autonomic responses depending on the stimulus, such as body temper-
ature changes, or external stressors. In addition, the hypothalamus modulates 
stress response, cerebral blood flow, glucose metabolism, thermoregulation, 
cardiovascular, renal, gastrointestinal and respiratory function. 

The autonomic nervous system has connections to the cerebral cortex, to 
the limbic part of the central nervous system and to the hypothalamus. Infor-
mation from the viscera may elicit autonomic reflexes such as the baroreceptor 
and micturition reflexes mediated by spinal neurons. When we are exposed to 
different types of mental stress, for example trying to solve difficult mathe-
matical tasks, we may become tachycardic and the palms of our hands may 
break out in sweat. This is due to the connection between higher cortical func-
tion and the autonomic nervous system. When we visit places with high envi-
ronmental temperature, we perhaps experience vasodilatation and start to 
sweat. The purpose of this reaction is to maintain a stable internal body tem-
perature. The anterior hypothalamus and the preoptic area play an important 
role in thermoregulatory sweating. 

Brain stem structures consist of the periaqueductal grey matter, para-
brachial nucleus, nucleus of solitary tract, rostral ventrolateral and ventro-
medial medulla, dorsal motor nucleus of the vagal nerve (DMV) and nucleus 
ambiguous (NA) (20, 46, 53). 

The periaqueductal grey matter (PAG) has an important role in the integra-
tion of autonomic function with arousal and pain modulation. The para-
brachial nucleus (PBN) is involved in thermoregulation and cardiovascular, 
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respiratory and gastrointestinal reflexes. The solitary tract nucleus (NTS) is 
the first central relay station for visceral afferents that trigger medullary re-
flexes regulating cardiovascular function, respiration and gastrointestinal mo-
tility. Some neuron groups in the rostral ventrolateral medulla (RVLM) pro-
ject directly to sympathetic preganglionic neurons and control cardiac output, 
arterial blood pressure, blood flow to skeletal muscle and baroreflexes.  

The rostral ventromedial medulla (RVMM), in particular the raphe neurons, 
have a direct input to preganglionic sympathetic neurons mediating responses 
to cold and give rise to cutaneous vasoconstriction and non-shivering thermo-
genesis in the brown adipose tissue (20). 

Studies of sympathetic nerve activity in peripheral nerves and 
simultaneous recording of brain function 
Macefield et al. (49) studied cortical and subcortical connections to rostral 
ventrolateral medulla (RVLM) by combining muscle sympathetic nerve activ-
ity (MSNA) and functional magnetic resonance imaging (fMRI) of the brain 
in humans. He found that RVLM is functionally coupled to the generation of 
spontaneous burst of MSNA and changes in vasoconstrictor drive.  

Recording SSNA with microneurography and using fMRI to study brain 
function, James et al. (52) found, that spontaneous bursts of SSNA were pos-
itively correlated with brain activity in the left ventromedial nucleus of the 
thalamus, the left posterior and right anterior insula, the right orbitofrontal and 
frontal cortices and bilaterally in the mid-cingulate cortex and precuneus. 
When emotional stimuli increased SSNA, Macefield et al. (55) noticed in-
creases in brain activity in the central and lateral amygdala, dorsolateral pons, 
thalamus, nucleus accumbens and in the cerebellar cortex, but no activation of 
the insula in response to emotional stimuli. 

Studies of thermoregulatory sudomotor pathway from brainstem to 
spinal cord level  
Saito (51) studied location and characteristics of the central thermoregulatory 
sudomotor pathway in the brainstem in patients with focal brainstem lesion 
and he found ipsilateral hypohidrosis in thermoregulatory sweat test in these 
patients. Saito suggested that the hypothalamus-spinal pathway controlling 
thermoregulatory sweating may pass through the posterior hypothalamus and 
descend in the dorsolateral part of brainstem. The pathway may descend to-
gether with tracts related to the oculo-sympathetic and vasoconstrictor sys-
tems and a majority of central thermoregulatory sweating fibres may reach 
ipsilateral sympathetic sudomotor neurons of the spinal cord (51). There might  
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be another fibre group passing the central to dorsal paramedian part of the 
brainstem, which may even result in asymmetric sweating, but seldom in oc-
ulo-sympathetic disturbances. Korpelainen et al. (56) found ipsilateral hypohi-
drosis in patients with brain stem infarction.  

Studies of peripheral nerve function after cerebral lesion 
Labar et al. (57) reported transient unilateral hyperhidrosis, occurring contra-
lateral to acute cerebral infarction. Korpelainen et al. (58) reported sweating 
asymmetry in patients with hemispheral brain infarction. Studies of children 
with cerebral palsy (14) has shown an asymmetric function of peripheral mo-
tor and sensory nerves, and the asymmetry remained even after temperature 
correction and could not explain by spasticity or length difference of the ex-
tremities.The sympathetic effector organ response was not included in this 
study.  

Physiological effects mediated by the autonomic 
nervous system  
Some common physiological effects are presented here (59, 60). 

Increased activation of the sympathetic nervous system may have several 
effects, mainly aiming at awakening the human instinct to confront or flee 
from an attacker (known as the “fight or flight” response). In order to achieve 
optimal physical power, the consequences include increased blood flow to 
skeletal muscles (with decreased circulation to the gastrointestinal tract, skin 
and kidneys), increased heart rate and bronchodilatation.  

Activation of the parasympathetic nervous system has the opposite effect, 
causing relaxation of the body to save energy, decreased blood flow to skeletal 
muscles (and increased circulation to the gastrointestinal tract), reduced heart 
rate, increased motility and secretions within the gastrointestinal tract as well 
as bronchial wall constriction. 

Clinical symptoms associated with dysfunction of 
autonomic nervous system 
Autonomic dysfunction gives rise to an wide spectrum of clinical symptoms 
depending on the target organ affected and which part of the autonomic reflex 
pathways fails (15, 59, 61).  
Symptoms which arise when the autonomic nervous system fails, include or-
thostatic hypotension, reduced sweating ability, disturbance of the gastroin-
testinal motility (62), disturbance of urinary bladder function and sexual func-
tion. Sympathetic disturbances can also result in pain, known as the complex 
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regional pain syndrome (CRPS). Furthermore, lesions in the central auto-
nomic nervous system may give rise to heart rate abnormalities or epileptic 
seizures.  

Methods to study the autonomic nervous system in 
clinical practice 
Tests of autonomic function for clinical purposes should meet a variety of cri-
teria. The test should be 1) reproducible, 2) non-invasive if possible, 3) easy 
to perform, 4) sensitive enough to indicate the difference between health and 
disease, and 5) relevant, measuring autonomic nervous system function (60, 
63, 64). 

Heart rate variation (R-R tests) 
This method is based on physiological sinus arrhythmia in healthy humans. 
During inspiration heart rate increases and during expiration it decreases. 
Heart rate variation can be tested at rest, during controlled deep breathing, 
during Valsalva, and on standing up or with passive tilting. The analysis pe-
riod is usually 60 seconds. To interpret these tests properly the heart muscle 
needs to be healthy. 

Heart rate variation during controlled deep breathing can be used as a vagal 
nerve test (parasympathetic test). Heart rate variation during Valsalva and   
standing upright reflects both sympathetic and parasympathetic effects.  

Sweating response (SSR, GSR and QSART tests) 
Increasing activity in sympathetic sudomotor nerve fibres causes a sweating 
reaction from sweat glands. This sweating reaction can be measured as a sym-
pathetic skin response (SSR) or galvanic skin response (GSR). In order to in-
duce the sweating response, several types of stimuli are used, such as sudden 
noise, slight touch, deep inspiration, unexpected electrical stimuli, and an oc-
currence of the response can be measured. The most important observation in 
clinical practice is the presence or absence of the sweating reaction. SSR and 
GSR both measure sweat glands response (effector organ response) and only 
indirectly give information about sympathetic sudomotor nerve fibre function. 
There are also other sweat tests, for example the thermoregulatory sweat test.  

The quantitative sudomotor axon reflex test (QSART) will show patholog-
ical findings when there is a damage to sympathetic sudomotor nerve fibres 
innervating sweat glands (63, 65). Some laboratories use QSART test rou-
tinely as a part of their autonomic test battery.  
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Blood vessel reaction such as vasoconstriction 
Increasing nerve activity in sympathetic nerve fibres to blood vessels in the 
fingers or toes elicits vasoconstriction in the blood vessels, and this can be 
measured by pulse plethysmograph or the Laser doppler method. These meth-
ods are non-invasive, measuring effector organ response and receiving only 
indirectly information about neural traffic in sympathetic vasoconstrictor 
nerve fibres. 

Noradrenaline levels 
Measurement of noradrenaline levels in blood plasma may give some infor-
mation about activity in the sympathetic nervous system. Noradrenaline levels 
have been used to differentiate between disturbances in the preganglionic (not 
noradrenaline mediated part) or postganglionic sympathetic nerve function. 
There are considerable variations in noradrenaline levels in plasma and it is 
not a very sensitive indicator of sympathetic nerve function (53).  

Some studies show a relationship between intraneural sympathetic activity 
to muscle and blood noradrenaline level in healthy subjects and subjects with 
essential hypertension (66, 67), but there is no difference in plasma level of 
noradrenaline between normotensive and hypertensive subjects (68). Esler et 
al. (69) started to use radiotracer technology to assess noradrenaline spill over 
as an index of regional sympathetic nerve activity, and that is regarded as a 
standard for quantifying changes in sympathetic nerve activity. 

Studies of the sympathetic nervous system in animals  
The first recordings of electrical activity of sympathetic nerves on animal were 
made by Adrian, Bronk and Phillips in 1932 (70, 71). Studies of sympathetic 
nervous system in animals were often performed in anesthetized or decere-
brated animals. This method was successful in obtaining new knowledge of 
the sympathetic regulation of circulation, such as functions and pathways of 
sympathetic reflexes, in animals (70). Sympathetic nerve activity was com-
pared with blood pressure, heart rate, blood flow, pupil size, sweat secretion 
or stomach contractions, and these vegetative parameters could be defined as 
indicators of sympathetic activity (70, 72, 73). The disadvantages of studying 
anaesthetized animals lie in changes in physiological responses during anaes-
thesia compared with the conscious state. 

Recording of sympathetic nerve activity in humans is mostly limited to 
nerves which innervate muscle and skin. Studies on animals instead also allow 
for analysis of other target organs, which are important in cardiovascular reg-
ulation (74).  
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Kirchner (70, 75) reported the first recordings in non-anaesthetized cats us-
ing chronically implanted electrodes and noticed marked differences in sym-
pathetic nerve activity between sleep states and during emotional stress. Sym-
pathetic nerve activity or target organ response has been studied also in other 
animals during conscious awake states, for example in sheep, dogs, rabbits, 
rats and mice (72, 73, 76, 77). Using radiotelemetry it is possible to record 
nerve activity from implanted electrodes, when the animal is living outside the 
laboratory environment (73). Simultaneous sympathetic nerve recording from 
several regions has been performed for example in conscious rats and sheep 
(76).  

Jänig et al. (78) studied sympathetic nerve activity to muscle and skin both 
in anaesthetized cats and conscious humans. They found that muscle vasocon-
strictor neurons react in a similar way in both species and that these neurons 
are under control of arterial baroreceptors. Cutaneous vasoconstrictor neurons 
are under weak or no control of arterial baroreceptors, and they are influenced 
by thermal stimuli in the same way in both species. Other somatic or visceral 
stimuli elicited inhibition of cutaneous vasoconstrictor neurons in cats but ex-
citation in humans. Differences could depend on anaesthesia in cats. The sudo-
motor neurons are involved in thermoregulation in humans but not in cats. 

In addition, single unit recordings of sympathetic nervous system have per-
formed in anaesthetized animals. The nerve is then prepared and the nerve 
bundles are split into fine filaments until only a few spikes are seen in the 
recording (73).  

There is an effort to standardize the experimental environment to obtain a 
good quality of nerve recording, standardize analysis methods and reports, 
which allows for comparison of results between different species including 
human subjects (73, 79). 

Microneurography in human subjects; a historical 
perspective 
Microneurography is a unique method used to record intraneural impulse traf-
fic in the peripheral nerves of an awake human subject. Before the develop-
ment of microneurography it was possible to study sympathetic function on 
humans mainly indirectly by recording effector organ responses.  

The first official data on microneurography was presented by Vallbo and 
Hagbarth 1966 at a meeting of the Scandinavian EEG society in Copenhagen 
(80) The intraneural nerve activity was recorded in human muscle nerves. The 
term microneurography was suggested by professor Zotterman, a leading pro-
file in Swedish neurophysiology at that time. The microneurography method, 
as well as its role in sympathetic research, developed further from 1966 and 
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onward. The development started at the Department of Clinical Neurophysi-
ology at Uppsala University Hospital and later expanded to several research 
units in Europe, North and South America, Australia and Japan.  

After several experiments with various materials for electrodes, Hagbarth 
and Vallbo found the tungsten electrodes most appropriate for intraneural 
nerve recording. It became apparent that afferent multiunit activity from skin 
and muscle nerves could be recorded with sufficient quality. In some experi-
ments it became obvious that the microneurographic method allowed for re-
cording of impulses from a single nerve fibre (81-83).  

In 1974 Torebjörk and Hallin showed that the microneurographic method 
allowed for recording of single-unit activity from unmyelinated nerve fibres 
in human subjects. Single-unit activity could be recorded both from afferent 
nerve fibres and from efferent sympathetic nerve fibres (84-86).  

The main research areas of microneurography became cutaneous sensation, 
proprioceptive control of voluntary movements and sympathetic efferent ac-
tivity.  

In 1973, the first multiunit recording of skin sympathetic nerve activity was 
performed in a hypertensive patient (87, 88). The authors recorded intraneural 
sympathetic nerve activity simultaneously in two peripheral nerves, recording 
muscle sympathetic nerve activity from one nerve and skin sympathetic nerve 
activity from the other nerve. They noticed differences in impulse traffic be-
tween these two types of efferent sympathetic nerve activity (89-91). 

Recordings of intraneural multiunit sympathetic nerve activity made it ob-
vious that the motor nerve sympathetic and skin nerve sympathetic activity 
had different characteristics. This represented a new understanding of sympa-
thetic nervous system function; that sympathetic outflow differs between tar-
get tissues. By applying the criteria regarding differences in nerve character, 
the authors were then able to identify the type of sympathetic nerve activity 
(90-92). 

Muscle sympathetic versus skin sympathetic nerve 
activity in human subjects 
Identification of muscle nerve versus skin nerve fascicle 
In their research with intraneural nerve recording, Vallbo et al. (93) and Hag-
barth et al. (94) identified first whether the microelectrode was impaled in 
muscle nerve or skin nerve fascicle. The nerve fascicles were identified de-
pending on the type and the site of test stimuli required to induce afferent 
responses. For skin nerve fascicles the receptive field was mapped with light 
touch stimuli. Muscle nerve fascicles were identified by taps on the muscle 
belly and muscle stretch. If afferent impulses could be evoked by both skin 
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and muscle stimuli the fascicle was considered as a mixed one and was dis-
carded from the study. When the nerve fascicle was identified, small electrode 
adjustments were made until the characteristic spontaneous activity was no-
ticed in the neurogram. 

Sympathetic origin of signals 
Evidence for the sympathetic origin of the signals (89) is as follows:  
1) Effects of local anaesthetics. After injection distal to the recording site, af-
ferent signals (elicited by mechanical stimuli within the receptive field) can 
not be recorded. After injection proximal to the recording site, spontaneous 
nerve activity disappears, providing the efferent origin of impulses (91, 95).  
2) Effector responses showing a relationship between nerve activity and 
changes in pulse plethysmography and skin resistance is noticed during re-
cording (92).  
3) The effect of blocking the sympathetic ganglia with Trimethaphan, where 
spontaneous bursts disappear first. Reflex induced bursts can still be elicited 
but disappear during prolonged infusion. The response reappear after the in-
fusion is stopped. Afferent impulses can be elicited by touch stimuli within 
the receptive field and they are not influenced by the drug.  
4) The conduction velocity of the impulses is approximately 1 m/sec (84, 91, 
95). 

Identification of multiunit sympathetic nerve activity to muscle 
versus skin 
MSNA and SSNA show synchronized multiunit activity as distinct bursts sep-
arated by quiescent periods on mean voltage neurogram recordings (90, 92). 
The different features of MSNA and SSNA (90, 95, 96) allow identification 
of the two signals on mean voltage neurogram during an ongoing recording.  

MSNA is characterized by a pulse-synchronized pattern of sympathetic 
bursts, rhythmic MSNA bursts occurring during spontaneous reduction of 
blood pressure (95). Voluntary breath holding after expiration or Valsalva 
elicits increases in MSNA. Arousal stimuli such as a loud clap, do not increase 
MSNA (90, 91, 93, 95).  

SSNA is not obviously pulse synchronized, the burst shape show more var-
iation and bursts have longer duration compared with MSNA bursts (92). In-
dividual SSNA bursts are followed by effector organ response (sweating re-
sponse or vasoconstriction). Spontaneous SSNA bursts do not have correla-
tion with fluctuations in blood pressure. In contrast to MSNA, SSNA show 
marked changes in responses to arousal stimuli, deep inspiration, and during 
changes in skin temperature (89, 92). The thermoregulatory control of SSNA 
to skin effector organs is illustrated in Figure 4. 
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Figure 4. Thermoregulatory control of skin sympathetic nerve activity to effector or-
gans in skin. DRG, dorsal root ganglion; POA, preoptic area of the hypothala-
mus;RMR, rostral medullary raphe. SSNA controls vasoconstriction and piloerec-
tion at cold temperatures and vasodilatation and sweating at warm temperatures. Il-
lustration by Maarika Liik, modified from Greaney et al. 2017. 
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Methods to quantify multiunit MSNA and SSNA in humans 
Because MSNA bursts are pulse synchronized, the most accepted method to 
quantify multiunit MSNA is to calculate bursts per minute (burst frequency) 
and bursts per 100 heart beats (burst incidence) (73, 97-101). The third method 
to quantify multiunit MSNA is based on measuring the amplitude or area of 
the burst (burst strength). In the amplitude method of burst strength, measur-
ing the largest burst in the neurogram during baseline recording will get a peak 
value of 100 or 1000 arbitrary units (AU), and a period with no bursts will get 
a value of 0 AU. The mean amplitude of the bursts in the baseline neurogram 
is then calculated. Furthermore, the area of each burst is calculated using the 
integral between the start and end time point of respective burst. The mean 
area and total integrated activity (total MSNA) can then be calculated (73, 79). 
When using burst strength measuring it is recommended to make analyses in 
the same recording (73).  

Nordin et al. (99) calculated total outflow of MSNA (TMSNA) using the 
sum of the amplitude of all bursts during each analysis period. This is a mod-
ified amplitude method to calculate burst strength. 

SSNA from a relaxed subject can be quantified by measuring the total area 
under the mean voltage neurogram. A change in SSNA is calculated as percent 
change in the total area of the mean voltage neurogram relative to baseline 
(73, 102). Since the SSNA can be a combination of activity recorded from 
several types of cutaneous sympathetic fibres (vasoconstrictor, sudomotor, pi-
loerector nerve fibres) it is recommended not to compare absolute values be-
tween groups (103). It is also difficult to quantify the number of bursts because 
of irregular shape and duration of SSNA. Therefore, a common alternative to 
measuring SSNA frequency is to measure the total area under all bursts de-
tected during a specific time period. The strength of the burst depends mainly 
on recruitments of additional neurons. Increase of firing frequency of individ-
ual nerve fibres is of minor importance (104). In the same way as measuring 
MSNA burst strength, the highest SSNA burst will get a value of 100 and the 
baseline segment without bursts will get a value of 0 (29). 

As mentioned before, there is an effort to standardize the method with in-
traneural recordings both in animals and humans (73, 79). 

Single unit recordings and firing pattern of 
postganglionic sympathetic signals in humans 
Single-unit recording provides information about the neural activity of an in-
dividual sympathetic nerve fibre. Neural activity includes information on how 
often a fibre is active, whether a fibre fires several spikes in a burst, whether 
the fibre also fires between bursts, how firing occurs in relation to cardiac 
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rhythm, arterial blood pressure and respiration and how firing occurs in rela-
tion to external stimuli (73). Single unit recording cannot be used instead of 
multiunit (burst) recording, because the single unit and multiunit regordings 
give different type of information about the sympathetic neural traffic. 

Hallin and Torebjörk (84) recorded single unit activity from postganglionic 
sympathetic axons in cutaneous fascicles of the median and peroneal nerves. 
They did not differentiate between vasoconstrictor and sudomotor fibres. The 
single cutaneous sympathetic neurons had low levels of activity at rest. Acti-
vation with arousal stimulus generated only one to seven spikes resulting max-
imal instantaneous frequencies of up to 35 Hz. 

Macefield, Vallbo and Wallin published studies concerning single fibre 
sympathetic activity in muscle nerves (105). Macefield, Elam and Wallin stud-
ied firing characteristics in different types of sympathetic fibres in healthy 
subjects and in patients with cardiovascular diseases (19, 106-108). The com-
mon finding in these studies is a low firing frequency both at rest and during 
provocations (109) The conclusion is that the interindividual variation in sym-
pathetic multi-unit activity in muscle nerves during rest depends on the num-
ber of active fibres. The higher the number of active nerve fibres, the higher 
the number of bursts. The firing frequency of the individual nerve fibre is 
however not increased. 

Macefield and Wallin (110) studied the discharge behaviour of single sym-
pathetic neurons innervating human sweat glands. There is a relationship be-
tween some of the firing sudomotor neurons and electrocardiogram, diastolic 
blood pressure and changes in arterial pressure. The conclusion is that barore-
ceptor input could modulate sudomotor neuron discharges. Macefield et al. 
(111) studied firing properties of individual sudomotor neurons in patients 
with idiopathic palmar-plantar hyperhidrosis and thermally-induced sweating 
in healthy subjects. The firing properties are similar in both groups and the 
authors conclude, that hyperhidrosis reflects an increase in central sympathetic 
drive. 

The firing properties of single postganglionic sympathetic neurons rec-
orded with microneurography in human subjects can be characterized. Indi-
vidual sympathetic neurons have very low firing frequencies, around 0,5 Hz, 
in muscle sympathetic vasoconstrictor, skin sympathetic vasoconstrictor and 
skin sympathetic sudomotor neurons. Thus, a multiunit burst of sympathetic 
activity is primarily composed of many neurons, each of them generating a 
single spike (108). 

Different changes occur in various conditions, such as hypertension with 
or without obesity. Hypertensive human subjects have increased multiunit 
MSNA level compared with normotensive controls (112). Single unit record-
ing reveals a different pattern between these two groups. In normal-weight 
hypertensive subjects, single vasoconstrictor fibres show increased firing rate, 
increased firing probability per heartbeat and higher incidence of multiple 
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spikes per heartbeat. Instead, in obesity-related hypertension single unit re-
cording shows recruitment of previously silent fibres. This exemplifies how 
single unit recording brings new knowledge, that was not possible to extract 
from multiunit recordings. 

Effect of increased efferent sympathetic nerve traffic on 
afferent discharges from muscle and skin.  
Manoeuvres that activate sympathetic flow to the muscles do not change the 
spontaneous muscle spindle afferent discharge in humans (113) . Elam et al. 
(114) studied the effects of SSNA on afferent discharges from skin mechano-
receptors and suggested that the sympathetically mediated changes in afferent 
firing properties were indirect, i.e. secondary to changes in the mechanorecep-
tor´s tissue environment rather than a direct sympathetic effect on sensory 
endings. Elam et al. (107, 115-117) elicited sympathoexcitation by a mental 
arithmetic task and studied the effects on nociceptors in healthy subjects. Their 
findings indicate that sympathoexcitation does not directly influence afferent 
neural traffic from muscle and skin sensory receptors in healthy subjects. 

Microneurography and human face innervation with 
focus on sympathetic nerve activity 
The innervation of the human face has been studied with microneurography, 
recording intraneural nerve activity in facial, infraorbital and supraorbital 
nerves of healthy subjects (32, 118, 119). Sympathetic activity is not observed 
in the infraorbital or facial nerve recordings. In the supraorbital nerve record-
ings, there is usually no spontaneous sympathetic outflow at room tempera-
ture, but different provocations, for example arousal stimuli and body heating, 
evoke sympathetic burst activity. Furthermore, no sympathetic vasoconstric-
tor activity is observed during body cooling. Body heating induces sympa-
thetic vasodilatation in the skin of the human forehead that could be mediated 
by sudomotor fibres or vasodilator fibres firing in synchrony with sudomotor 
fibres (32). 

Microneurography as a tool in clinical neurophysiology 
to study neurological disorders 
Over the years, the sympathetic microneurography research field expanded to 
include patients with cardiovascular diseases, neurological and neurodegener-
ative diseases, polyneuropathies and spinal cord injury (46, 120-132).  
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Microneurography has been considered as a tool in the clinical neurophys-
iology toolbox to study neural traffic in humans (33). Like conventional elec-
tromyography (EMG), microneurography is an invasive neurophysiological 
method, but no serious or permanent damages have been reported (133). Mi-
croneurography has mainly been used to gain knowledge of neural mecha-
nisms concerning autonomic regulation, motor control and sensory functions 
in humans under physiological and pathological conditions.  

Muscle sympathetic nerve function in neurological diseases 
MSNA is influenced by physiological factors such as age, sex, respiration etc. 
(134). MSNA studies have been performed in a large variety of neurological 
(135) and pathophysiological conditions, including orthostatic and non-or-
thostatic hypotension, sympathetic neural mechanisms related to sleep apnoea 
(115), narcolepsy-cataplexy (136), amyotrophic lateral sclerosis (137), Par-
kinson´s disease, multiple system atrophy (126), cerebellar degeneration, spi-
nal cord injury (123), polyneuropathy (121, 122, 138) and Guillain-Barré syn-
drome (139, 140), metabolic myopathy, cardio- and renovascular diseases and 
liver cirrhosis (33, 135). 

Skin sympathetic nerve function in neurological diseases 
Lower SSNA at rest and weaker response to mental arithmetic test were no-
ticed in patients with Parkinson´s disease (PD) (128) compared with healthy 
subjects. This together with dysfunction in MSNA suggest widespread dis-
turbances in autonomic sympathetic function in PD (135). Patients with amy-
otrophic lateral sclerosis (ALS) have higher frequency of SSNA at rest but 
weaker response to mental arithmetic test compared with healthy subjects 
(141). Patients with pure autonomic failure (PAF) or multiple system atrophy 
(MSA) show symptoms of chronic dysautonomia, but PAF patients showed a 
marked postganglionic sympathetic denervation in the immunofluorescence 
analysis in skin biopsy. MSA patients show a generally preserved skin auto-
nomic innervation, although they are anhidrotic and no SSNA signals could 
be detected, supporting the hypothesis of preganglionic sympathetic nerve fi-
bre disturbance in MSA patients (139, 142).  

Patients with PD and MSA show abnormal accumulation of alpha-synu-
clein in neurons and glial cells with both central and peripheral nervous system 
involvement of alpha-synuclein (143, 144). Patients with PAF have cytoplas-
mic alpha-synuclein inclusions in the peripheral autonomic thin nerve fibres 
(131), which is consistent with skin biopsy findings (145). Shindo et al. (129) 
studied cutaneous sympathetic vasomotor function in MSA patients using mi-
croneurography and suggested that the impairment of blood circulation in-
cluding limb coldness might depend on combination of pre- and postgangli-
onic dysfunction. 
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SSNA and even MSNA studies have been investigated on patients with 
Ross syndrome characterized by tonic pupil, areflexia and anhidrosis (44, 135, 
146, 147). No SSNA signals could be recorded with microneurography, show-
ing a disturbance in sympathetic neural traffic to skin. MSNA showed normal 
characteristics in these patients. The same results were seen even in a follow 
up study several years later (147). 

Stjernberg and Wallin (123-125) were the first ones to report microneurog-
raphy MSNA and SSNA recordings on patients with spinal cord injury. The 
spontaneous SSNA was sparse and vasoconstriction had a longer duration af-
ter a single sympathetic burst compared with healthy subjects. Changes in am-
bient temperature did not change sympathetic nerve traffic, suggesting that the 
sympathetic thermoregulatory reflexes do not have an active function at spinal 
levels in humans. Cariga et al. (148) studied sudomotor function in patients 
with spinal cord lesion using sympathetic skin response (SSR) as an effector 
organ response. Supraspinal connections were necessary for the SSR, together 
with integrity of central sympathetic pathways of the upper thoracic segments 
for palmar SSR.  

Fagius et al. (121, 122) studied patients with polyneuropathy including di-
abetic patients, and the results suggest that in polyneuropathy conduction ve-
locities of postganglionic sympathetic fibres are normal as long as the fibres 
are conducting signals. The impairment of sympathetic neural traffic occurred 
frequently and earlier in diabetic polyneuropathy compared with many other 
types of polyneuropathy.  

Yamamoto (149) recorded SSNA from patients with Guillain-Barré syn-
drome (GBS) in the acute and remission phase. He suggested that some of the 
autonomic nerve symptoms in GBS were related to increased SSNA, espe-
cially during the acute phase of the syndrome. Fagius (140) found considera-
ble higher level of MSNA in GBS patients in the acute phase compared with 
after recovery state. 
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Aims 

The general aim of this PhD thesis consists of three main parts: 1) to study the 
temperature regulating and rhythm generating mechanisms in sympathetic cu-
taneous nerves and quantitative neural-effector organ response, 2) to study re-
gional similarities and differences in sympathetic cutaneous nerves in healthy 
human subjects and 3) to study the sympathetic effector organ response while 
using intraneural electrical stimulation of postganglionic nerve fibres in cuta-
neous nerves. 

Specific aims  
The specific aim of this research is to study the characteristics of sympathetic 
nerve function in cutaneous nerves in conscious healthy human subjects and 
to study the relationship between nerve activity and its effector organ response 
(sweat response or vasoconstriction). 

Study I 
To study the temperature regulating mechanisms to determine characteristic 
changes in sympathetic cutaneous nerve activity in response to changes in 
temperature.  
To study the relationship between sympathetic nerve activity and its effector 
organ response, during arousal stimuli and muscle exercise. 
To study the relationship between nerve activity and intensity of vasoconstrictor 
and sudomotor effector organ response during changes in ambient temperature. 
To characterize and differentiate sympathetic sudomotor and vasoconstrictor 
nerve activity. 
To study rhythm-generating mechanisms in skin sympathetic nerve activity. 

Study II 
To study regional similarities and differences between cutaneous nerves with 
simultaneous double nerve recordings. 
To determine the effects of muscular exercise, mental stress and electrical 
stimuli on sympathetic nerve activity in double nerve recordings. 
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Study III 
To assess whether effector organ response depends on stimulus properties (i.e. 
a single intraneural electrical stimulus with varying stimulus intervals and 
continuous intraneural stimulation). 

Study design   

The aims of study I, II and III are illustrated in Figure 5. 

 
Figure 5. Illustration of the aims of studies I, II and III. 
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Methods 

Ethics 
All subjects were healthy volunteers and they gave their informed consent to 
participate in the studies. The studies were approved by the Ethical Committe 
for human studies at the Medical Faculty, Uppsala University (§20 and § 67; 
decisions 1975 and 1977; from Uppsala University Archive). 

Subjects and nerve recordings 
Number of subjects, range of age, nerves, number of experiments and recep-
tive field are presented in table concerning respective study. 

Study I  

21 healthy adults, 22 -52 years old. 
 

Intraneural nerve recording with mi-
croelectrodes 

Number of 
experiments 

Receptive field 

Median nerve recording at elbow 
level 

15 Volar side of hand 

Posterior cutaneous antebrachial 
nerve 

19 Dorsal side of forearm 

Peroneal nerve recording at knee 
level 

9 Dorsolateral side of foot 

Supraorbital nerve recording 6 Forehead 

Study II 

11 healthy adults including 8 males and 3 females, 21 -32 years old. 
 

Simultaneous intraneural double 
nerve recording from two different 
extremities 

Number of  
experiments 

Receptive field 

Two median nerves 1 Palmar and digital cutaneous fields 
Two peroneal nerves 2 Dorsolateral side of foot 
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Median and peroneal nerve 4 Palmar and digital cutaneous field (for me-
dian nerve) and dorsolateral side of foot 
(for peroneal nerve) 

Median and posterior cutaneous an-
tebrachial nerve 

3 Palmar and digital cutaneous fields (for 
median nerve) and dorsal side or forearm 
(for posterior cutaneous antebrachial 
nerve) 

Superficial radial and posterior cuta-
neous antebrachial nerve 

1 Dorsal side of hand (for superficial radial 
nerve) and dorsal side of forearm (for pos-
terior cutaneous antebrachial nerve) 

Study III 

20 healthy adults including 11 males and 9 females, 23 -46 years old. 
 

Intraneural nerve stimulation with 
microelectrodes 

Number of 
experiments 

 

Median nerve recording 14 Successful experiments 
Sural nerve recording 8 Successful experiments 

 22 Failed for technical reason 

Nerve electrodes, recordings and display system in 
study I, II and III 
Microneurography recordings 
Intraneural sympathetic nerve activity in cutaneous nerves was recorded with 
insulated tungsten microelectrodes, the uninsulated tip of which had a diame-
ter of 1-5 µm (90, 92, 150). The shaft diameter of the electrodes was 0.2 mm. 
The recording electrode was inserted manually through intact skin into the 
skin nerve fascicle and adjustments were made until the sympathetic impulses 
could recorded. 

The reference electrode, similar but with a larger uninsulated tip, was in-
serted subcutaneously 1-2 cm from the intraneural electrode.  

During the experiments the neural activity was monitored continuously on 
a storage oscilloscope and a loudspeaker. To improve the signal- to-noise ratio 
the signal was fed through a bandpass filter with 700 -2000 Hz and thereafter 
through an amplitude discriminator to reduce remaining noise. A RC integrat-
ing network with a time constant of 0.1 sec was used to obtain the mean volt-
age display of multiunit neural activity. Unfiltered nerve recordings, inte-
grated neurograms, electrocardiogram and inputs from different transducers 
mentioned below were stored on and mean voltage neurograms were stored 
on eight-channel FM analogue tape recorder (Sangamo IV or Sangamo VI) 
and displayed on an inkjet recorder (Mingograph 800, Siemens Elema Ltd).  
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Two similar equipment for tungsten electrodes, amplifiers, filters and inte-
grating circuits were used for simultaneous double nerve recordings in study 
II. 

Recording of sweat responses 

Sweat responses (electrodermal responses, sudomotor effector organ re-
sponses) were recorded by measuring skin resistance changes with 
Van Gogh GSReflec Module, type IGSR–7A (a.c. coupled), with Ag/AgCl 
electrodes (Beckman) applied within the receptive skin area of the fascicle 
impaled on the microelectrode. 

Recording of blood vessel reaction 

Blood vessel reaction (vasoconstrictor effector organ response) was recorded 
using Van Gogh light plethysmograph, type ILP – 7A. The probe was kept 
firmly in contact with the receptive skin area by adhesive tape or a band 
placed around a finger or a toe. Photo plethysmographic method is based on 
the fact that the amount of backscattered light from illuminated tissue is de-
pendent on the volume fraction of red cells in the tissue. During vasocon-
striction the volume fraction of red cells is diminished. In study III an extra 
pulse plethysmograph was placed in the contralateral hand. 

Electrocardiogram and respiratory movements 
Electrocardiogram (ECG) was recorded by surface electrodes on the chest.  
Respiratory movements were recorded by a strain gauge attached around the 
chest with a rubber strap. 

General procedure in study I, II and III 
The subject was awake, fully alert but relaxed, lying or sitting in a comfortable 
position (study I, II and III) The microelectrode was inserted manually through 
the skin into the cutaneous nerve fascicle. Insertion into the skin nerve fascicle 
gave rise to impulses accompanied by skin paraesthesia. Touch stimuli on fas-
cicular receptive field gave rise to afferent impulses from mechanoreceptors. 
Further small electrode adjustments were made until it was possible to record 
spontaneous or evoked sympathetic nerve activity. SSNA had a characteristic 
burst pattern of multiunit impulses which occurred in a less or more rhythmi-
cal way and the nerve activity could be triggered by arousal and emotional 
stimuli.  The impulse bursts were followed by sudomotor and/or vasoconstric-
tor effector organ responses. They were not followed by a sensory paraesthe-
sia. 
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The intraneural electrode position with sympathetic impulse recording 
could be kept in place for several hours and various manoeuvres could be 
tested. It was carefully noticed that no stimulus was allowed on the receptive 
skin field of the skin nerve fascicle in order to avoid afferent impulse record-
ing through the microelectrode. 

Changes in environmental temperature in study I and II 
In five experiments (in study I) healthy subjects were exposed to changes in 
ambient temperature in order to study temperature regulating mechanisms 
governing postganglionic sympathetic function in cutaneous nerves. The sub-
jects lay inside a box used for hypothermic surgery (auto hypoderm mod. 
superautomatic Neural surgery XM. M. T. I. Heljestrand). The arm on which 
the recordings were performed passed through an opening and was exposed 
to conventional room temperature (22-24 °C). 

Sympathetic nerve activity was first recorded at a box temperature of 22-
24°C. After that the temperature in the box was increased gradually to 45°C 
and the high level of temperature was kept for 5-20 min until the subject 
started to sweat profusely. Effects of various stimuli were tested. The temper-
ature was reduced to 15°C and kept at that temperature while the tests were 
repeated.  

In six other experiments (in study I) changes of environmental temperature 
between 18°C and 30°C were achieved by exposing the subject to chilly air 
from an electric fan, to cool air coming from an open window or by warming 
the room with electrical heating elements. 

Changes in environmental temperature occurred in the same manner even 
in study II. 

Arousal stimuli, mental stress and muscle exercise as 
provocative tests in study I and II 
Arousal stimuli were elicited by sudden noises, taps or electrical stimuli ap-
plied on a free extremity. Mental stress was obtained by asking the subject to 
solve arithmetical tasks. Muscular exercise was performed as strong isometric  
contractions of muscles in the free arm and hand for 30-45 sec. 
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Quantitative estimations of long-term changes in SSNA 
in study II 
The mean voltage neurogram was feeded through a voltage -to-frequency con-
verter (Tetronix Function Generator–FG 502) and then counted as a number 
of standard pulses per minute. The strength of individual bursts was calculated 
manually by measuring the amplitudes of individual bursts in the mean volt-
age neurogram, which was displayed by ink writer. 

Nerve blocking and criteria for starting the experiment 
in study III 
After the microneurographic recording of SSNA was successful and effector 
organ response tested, local anaesthetic (2% prilocaine with 0.5% epineph-
rine) was injected 7 cm proximal to the nerve recording site. 

As an effect of anaesthesia, pulse plethysmographic recording showed in-
creased amplitude like vasodilatation and minimal amplitude variations. Skin 
resistance increased slowly and spontaneous variations in sweating response 
disappeared. These effects were sign of sympathetic nerve traffic blocking 
proximal to recording site. The effect of anaesthesia was tested by using elec-
trical stimuli through the intraneural electrode. 

Criteria for starting the experiment were following: a) The subject did not 
feel the stimuli (usually 5-15 V with duration of 0.4 msec), which elicited 
effector organ response and b) the stimuli did not evoke reflex effector organ 
responses in the contralateral extremity. 

Statistical analysis 
Many of the results were reported using descriptive terminology. In quantita-
tive correlation analysis of parametric data, linear regression was performed. 
The coefficient for linear regression and significance for slope different from 
zero were tested. A p value < 0.01 was considered significant. 
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Results 

Results of study I 
Thermoregulatory influences on cutaneous nerve sympathetic 
activity  
Discrimination between vasoconstrictor and sudomotor neural signals 
We examined 21 healthy subjects (range 22 – 52 years). At room temperature 
(22-24C), both spontaneous and reflex induced bursts of sympathetic activity 
were found in nerve fascicles of the median and peroneal nerves at elbow or 
knee level. Intriguingly, there were differences in spontaneous and evoked 
sympathetic bursts in different cutaneous nerves. Spontaneous sympathetic 
activity in fascicles of the posterior antebrachial nerve occurred very seldom 
and no subject in our study had spontaneous or evoked sympathetic nerve ac-
tivity in the supraorbital nerve.  

Next, we analysed the relationship between the sympathetic nerve activity 
in the skin nerve and its effector organ response. We found that most of the 
spontaneous and evoked sympathetic bursts in the median and peroneal nerves 
were followed by an effector organ response, in terms of transient plethys-
mography signs of vasoconstriction. Some bursts were also followed by elec-
trodermal responses in the hand and foot. Bursts followed only by electroder-
mal responses were exceptional.  

Moving the recording electrode from one site to another within the fascicle 
did not change the relationship between sympathetic bursts and subsequent 
plethysmography and electrodermal responses.  

Changes in skin nerve sympathetic activity during variations in ambient 
temperature 
In all subjects moderate warming (34-40C) caused a reduction in the fre-
quency and amplitude of spontaneous sympathetic bursts in the median nerve. 
With further increases in temperature, the relative sympathetic silence was 
followed by reappearance of sympathetic bursts in all subjects. Gradually, 
these bursts increased in frequency and amplitude.  

Soon after lowering the ambient temperature to below 45C, the sympa-
thetic bursts decreased in frequency and amplitude. Relative neural silence 
remained until the temperature approached or fell below room temperature, 
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when sympathetic bursts reappeared again. At 15C most subjects exhibited a 
similar strength of sympathetic activity as they did with intense warming.  
Similar neural changes were observed in recordings from the peroneal nerve. 

Most subjects showed no spontaneous sympathetic activity from the poste-
rior cutaneous antebrachial nerve recorded at normal temperature or during 
moderate cooling. During warming, sympathetic bursts were seen.  

Changes in effector organ response during variations in ambient 
temperature  
Moderate warming (34-40C) resulted in plethysmographic signs of vasodila-
tation, while skin resistance remained relatively stable, indicating little or no 
change in sudomotor activity. Sympathetic skin nerve recording in the median 
nerve showed at the same time relative silence in nerve activity. With further 
increases in temperature the subjects started to sweat and rhythmical fluctua-
tions appeared in skin resistance. During the same period the sympathetic 
bursts increased.  

When temperatures started to decrease below 45C, the electrodermal re-
sponses diminished clearly and median nerve showed at the same time relative 
silence in sympathetic skin nerve activity. Cooling below room temperature 
resulted in plethysmographic signs of vasoconstriction. At that time, sympa-
thetic bursts reappeared. At 15C, healthy subjects showed strong vasocon-
striction and no electrodermal signs of sudomotor activity.  

The thermoregulatory changes in median nerve activity with accompany-
ing vasomotor and sudomotor effects are shown in Figure 6. 

Thermoregulatory mechanisms governing the sudomotor and 
vasoconstrictor neural traffic in human cutaneous nerves 
Changes in environmental temperature were followed by changes in the 
amount of the sympathetic neural traffic in cutaneous nerves, accompanying 
respective effector organ response. Thus, an important function of the human 
body, thermoregulation, i.e. maintenance of a steady body temperature, re-
quires sympathetic neural traffic in the cutaneous nerves. Furthermore, we 
managed to show that selective activation of sudomotor or vasoconstrictor 
neural system is possible. By exposing the healthy subject to warm (43C) or 
cold (15C) environments, it was possible to obtain selective activation of ei-
ther the sudomotor or vasoconstrictor neural system.  

Effects of arousal stimuli on the median and peroneal nerves in different 
environmental temperature  
In all subjects, sudden unexpected stimuli easily evoked sympathetic bursts in 
the median and peroneal nerves both at normal room temperature and during 
warming and cooling. At room temperature, the evoked sympathetic bursts 
were regularly composed of both vasoconstrictor and sudomotor impulses and 
followed by succeeding plethysmography and electrodermal responses. On  
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Figure 6. Thermoregulatory changes in sympathetic skin nerve activity (SSNA) in 
the median nerve accompanying vasomotor and sudomotor effects. A-C show de-
creasing vasoconstrictor activity with rising temperature (from 15 to 41 ). Panel D 
shows strong sudomotor activity at 45 . With permission from John Wiley and 
Sons. 
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the other hand, at moderately warm temperatures, including low vasoconstric-
tor nerve activity, many of the bursts evoked by weak arousal stimuli were 
composed exclusively of sudomotor impulses. By cooling to obtain low sudo-
motor activity, pure vasoconstrictor impulses occurred. 

Effects of arousal stimuli on the posterior cutaneous antebrachial nerve 
in different environmental temperature  
At room temperature, arousal stimuli evoked sympathetic bursts and electro-
dermal responses in the hairy skin of the forearm. At cold temperatures it was 
difficult to evoke this type of impulses. Transient vasoconstrictor effector or-
gan responses were not seen in the forearm plethysmograms. Electrical skin 
stimuli elicited sympathetic burst at neutral temperature (22-24C). At cold 
temperatures (15-20C), the sympathetic impulses were followed by signs of 
piloerection, seen in neurogram as afferent impulses from hair follicle mech-
anoreceptors.  

Effect of muscle exercise at different environmental temperature in 
various nerves  
Both at conventional room temperatures and at moderately increased ambient 
temperature, muscle exercise resulted in similar sympathetic nerve responses. 
At high environmental temperature (40-45C) muscle exercise produced or 
increased sweating. Subjects also had a strong sensation of increasing warmth. 
Thermoregulatory sudomotor responses in the median and peroneal nerve 
were more prominent at high than at low environmental temperatures. How-
ever, in the posterior antebrachial nerve, sudomotor sympathetic bursts were 
less prominent at room temperature and they occurred after a longer period of 
muscle exercise. At high environmental temperatures (40-45C) muscle exer-
cise produced rapid increase of sudomotor bursts with accompanying electro-
dermal responses. At low environmental temperatures (15C) muscle exercise 
did not produce any neural or electrodermal signs of sudomotor activity. The 
subject was shivering and some of the neural bursts seen may have been af-
ferent impulses from low threshold cutaneous mechanoreceptors. 

Quantitative neural-effector relationship 
Sudomotor system  
During the initial phases of thermoregulatory sweating the number of the sym-
pathetic sudomotor bursts was low enough to allow a quantitative study be-
tween the mean voltage amplitude of individual sympathetic bursts and the 
amplitude of corresponding transient changes in skin resistance, with a linear 
relationship  
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During profuse sweating, no simple quantitative relationship could be seen 
between the size of individual sudomotor bursts and accompanying electro-
dermal responses. The explanation for that could be that when sudomotor 
burst activity was high, electrodermal deflections merged and the electroder-
mal apparatus had non-linear characteristics. 

Vasoconstrictor system 
Cooling produced an increasing number of sympathetic vasoconstrictor 
bursts. They were followed after 2-4 sec by a transient reduction in pulse am-
plitude lasting 4-5 sec. When the number of bursts further increased, individ-
ual plethysmographic responses merged resulting a sustained decrease of 
pulse amplitude in plethysmography. 

The results were quantified in two ways: (1) The number of bursts in mean 
voltage neurogram/min was plotted against mean finger pulse amplitude. (2) 
Sympathetic impulses per 20 sec were plotted against the mean amplitude of 
corresponding pulsations in the plethysmogram. In both cases hyperbolic (ex-
ponential) relationships were obtained as shown in Figure 7. 

 
Figure 7. Left, the quantitative relationship between SSNA bursts/min (x-axis) and 
finger pulse amplitude (y-axis). Right, the relationship between sympathetic im-
pulses /20 sec (x-axis) and finger pulse amplitude (y-axis). With permission from 
John Wiley and Sons.  
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Some characteristic features of sympathetic sudomotor and 
vasoconstrictor bursts 
Duration of sudomotor and vasoconstrictor bursts 
Sudomotor bursts generally appeared more distinct and had a shorter duration 
than vasoconstrictor bursts. Mean duration for sudomotor bursts was 0.6 sec 
and for vasoconstrictor bursts 1 sec. Both sudomotor and vasoconstrictor 
bursts had linear relationship between burst amplitude and burst duration. 
Sudomotor burst amplitudes rose more steeply relative to burst duration, 
which indicates a smaller temporal dispersion of sudomotor impulses in com-
parison with vasoconstrictor impulses. 

Rhythm-generating mechanisms in skin sympathetic nerve 
activity 
Respiratory related rhythms in SSNA were seen in our study. That has also 
previously been shown in microneurography from cutaneous nerves (89). 

Sudomotor and vasoconstrictor rhythms 
In some recordings successive sudomotor bursts occurred at certain intervals 
with integer multiples of a period of about 0.6 sec. In another recording of 
sudomotor activity from the cutaneous antebrachial nerve at 45 ºC the sudo-
motor bursts occurred in short sequences, separated by silent periods with du-
ration of 4-5 sec (Figure 8). The predominant burst intervals were 1.0-1.2 sec, 
whereas other intervals centred around 0.6 and 1.8 sec. Later, still at 45 ºC, 
when the sweating was more pronounced, the predominant burst interval was  
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Figure 8. Sudomotor rhythms. Sympathetic activity recorded from the posterior cu-
taneous antebrachial nerve after exposure to a high environmental temperature of 45 

 for 10 min (A) and for 25 min (B). Left, integrated neurograms showing rhythmi-
cally occurring sudomotor bursts. Inthe upper trace A, the accompanying electroder-
mal responses are also shown. Right, burst interval histograms. The histogram data 
was obtained at the 11th (A) and the 26th (B) minutes after 45  was reached. The 
asterisks in B, left, indicate the moments when the subject signalled the experience 
of waves of heat sensations. With permission from John Wiley and Sons. 

0.6 sec. The healthy volunteers experienced grouping of sudomotor bursts at 
interval of 4-5 sec followed by similar rhythmical fluctuations in skin re-
sistance. Sudomotor rhythms are illustrated in Figure 8. 

Successive vasoconstrictor bursts occurred at preferred intervals, which 
were similar to intervals for sudomotor bursts. During high vasoconstrictor 
activity the predominant intervals were about 0.6 sec. 

Results of study II  
Regional similarities in thermoregulatory sudomotor and 
vasoconstrictor sympathetic nerve activity in cutaneous nerves in 
humans 
Synchrony of sudomotor bursts in different skin nerves 
Upon double recording from the superficial radial and posterior cutaneous an-
tebrachial nerves, no spontaneous sympathetic nerve activity was observed at 
rest at normal room temperature. During muscle exercise at increased room 
temperature sympathetic bursts appeared and the bursts were time locked in 
the two nerves. 

In most subjects, emotional excitement or mental stress also produced re-
petitive sympathetic bursts in the posterior antebrachial and superficial radial 
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nerves. The bursts were accompanied by transient electrodermal responses but 
no transient plethysmograph responses. 

Synchrony of vasoconstrictor bursts in different skin nerves  
In simultaneous double nerve recordings of SSNA from different nerves, 
spontaneous sympathetic vasoconstrictor bursts showed a high similarity in 
median–median, peroneal–peroneal and median–peroneal recordings. Most of 
the bursts occurred synchronously in the two nerves and even variations of 
relative strength of individual bursts, measured as amplitude, occurred in par-
allel way in double recording. There was an obvious linear relationship be-
tween the relative amplitudes of individual bursts in the two nerves. 

In the median–peroneal nerve paired recording, both the spontaneously oc-
curred bursts and bursts evoked by sudden arousal stimuli showed a time dif-
ference of about 0.3 sec between the bursts from the median and peroneal 
nerves. The temperature-induced changes in sympathetic vasoconstrictor 
nerve activity occurred in a parallel way in all double recordings involving the 
median and peroneal nerves. 

Cooling, mental stress or emotional excitement gave the same type of in-
crease in vasoconstrictor sympathetic nerve activity in median and peroneal 
nerve. There was also a close correlation between the timing and strength of 
individual bursts in median–median and median–peroneal paired recordings. 

Regional differences in thermoregulatory sudomotor and 
vasoconstrictor sympathetic nerve activity in cutaneous nerves 
In single nerve recordings there were regional differences in thermoregulatory 
nerve activity in different skin nerves. This was confirmed with simultaneous 
double recordings from the posterior antebrachial nerve and from median 
nerves while the subject was exposed to more extreme variations in external 
temperature using the hypothermia box.  

Posterior antebrachial nerve in simultaneous double nerve recording  
At normal room temperature (and up to 27C) little or no spontaneous SSNA 
could be seen in the recordings. At 35-40C repetitive bursts appeared (fol-
lowed by electrodermal responses). The sudomotor bursts increased in fre-
quency and strength and profuse sweating started between 40 and 45C. Dur-
ing profuse sweating the SSNA increased more in the posterior antebrachial 
nerve compared with simultaneous nerve activity in the median nerve. This 
occurred in all three experiments.  

Median nerve in simultaneous double nerve recording 
At normal room temperature spontaneous repetitive bursts occurred. During 
moderate warming to about 30-35C the nerve activity decreased (and finger 
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plethysmogram showed signs of vasodilatation). With further rises in temper-
ature the number of sympathetic bursts increased and followed by electroder-
mal responses. The sympathetic bursts were mainly composed of sudomotor 
impulses, evidenced by accompanying electrodermal responses and by the fact 
that the bursts had smaller temporal dispersion than vasoconstrictor bursts. 

By simultaneous skin resistance and plethysmograph recordings the nerve 
activity increasing in the two nerves during warming was mainly of sudomotor 
origin, whereas the nerve activity in the median nerve in the early part of the 
warming session was mainly composed of vasoconstrictor impulses. 

During a rapid fall in temperature (from 45 to 15C) there was an initial 
reduction of SSNA in both nerves in all subjects. When the temperature de-
creased below 25-30C median nerve activity increased and the finger ple-
thysmogram showed signs of increasing vasoconstriction.  

At the end of the cooling period an increase in SSNA in the posterior an-
tebrachial nerve and plethysmographic signs of vasoconstriction in the fore-
arm skin was observed in one experiment. In the other experiments, there were 
no obvious neural signs of vasoconstrictor impulses to this skin region. 
At the end of the cooling session it was difficult to evaluate the neurogram 
because of movement artefacts caused by shivering. 

When sympathetic bursts occurred in both the posterior antebrachial nerve 
and the median nerve during simultaneous recording, burst could be seen in 
only one of these nerves and the amplitude correlation between synchronous 
bursts in the two neurograms was less pronounced than for median–median 
and median–peroneal nerve pairs. 

Influences of electrical skin stimuli, muscle exercise, arousal 
stimuli and mental stress on simultaneous nerve recording from 
the cutaneous posterior antebrachial nerve and the median nerve 
Electrical skin stimuli of constant strength repeated with irregular intervals 
evoked sympathetic bursts in both nerves and the amplitude varied from one 
stimulus to the next. These random variations in burst amplitude occurred in 
a similar way in the two nerves.  

Even moderate arousal stimuli or mental stress associated with solving of 
an arithmetical problem evoked repetitive bursts in both nerves. Many of these 
individual bursts occurred synchronously in the two nerves but they did not 
show such a close correlation between burst amplitudes as there was for bursts 
evoked by electrical skin stimuli. 
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Results of study III 
Intraneural stimulation as a method to study sympathetic 
function in human skin 
Sudomotor effector organ response during intraneural sympathetic 
stimulation 
The degree of skin resistance reduction to a given stimulus depended on a) 
whether a previous stimulus had been delivered, b) the number of previous 
stimuli and c) the time elapsed from the last preceding stimulus (Figure 9).  

When the subject first had a silent period of approximately 3.5 min duration 
with no stimulation and then received a train of stimuli (a train of 11 stimuli 
at 2 Hz), the skin resistance reduction was minimal (Figure 9 a and d). When 
the subject first received single intraneural stimuli every 30 sec for 3.5 min 
before and received after that a train of stimuli (a train of 11 stimuli at 2 Hz), 
the skin resistance reduction was much larger (Figure 9 b and c). The duration 
of the conditioning effect of a single stimulus may differ between subjects. 

Continuous stimulation led to a decrease in skin resistance level until a 
steady state level was attained for each respective stimulation frequency. 

With lower stimulation frequencies below 1-2 Hz each individual stimulus 
gave rise to a small transient decrease in skin resistance. At higher stimulation 
frequencies responses to individual stimuli could no longer be identified. 

Vasoconstrictor effector organ response during intraneural sympathetic 
stimulation 
Intraneural stimulation led to plethysmographic signs of vasoconstriction. Ple-
thysmography responses were not always seen. When they occurred the de-
gree of pulse amplitude reduction (vasoconstriction) was small or moderate. 

Vasoconstrictor responses were relatively independent of intraneural stim-
ulation frequency and strength. In contrast to the findings for skin resistance, 
vasoconstrictor responses were not potentiated by previous stimuli. 
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Figure 9. Effects of electrical intraneural stimuli (6 V, 0.4 msec) on effector organ 
response. Stimulations were performed in the left median nerve fascicle innervating 
the middle finger on finger pulse plethysmogram (upper trace) and skin resistance 
record (lower trace) monitored from the middle finger. Individual pulsations in the 
plethysmogram are not visible due to a compressed time scale. Reduction of pulse 
amplitudes (narrowing of tracing) indicates vasoconstriction. Reduction of skin re-
sistance is shown by upwards deflections. Note the difference between the amplitude 
of skin resistance responses to trains of 11 impulses (open arrows) when these are 
preceded by 3.5 min silence (a and d), and when preceded by single impulses deliv-
ered every 30 sec during 3.5 min. Modified from paper III (Wallin B., Blumberg H., 
Hynninen P. Neurosci Lett, 1983). With permission from Elsevier. 
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Discussion 

Study I 
Discrimination between sudomotor and vasoconstrictor impulses 
Both types of sympathetic impulses often occur simultaneously but can even 
be activated independently of each other. 

In a given nerve, at least in the hands and feet, there was no site in a fascicle 
where only sudomotor and no vasoconstrictor impulses could be recorded or 
vice versa. Strong impulses at normal temperature conditions always gave rise 
to both electrodermal and vasoconstrictor responses. Both types of fibres 
could even be activated independently of each other.  

There were regional differences in plethysmograph recordings, that could 
be clearly seen in finger plethysmography, but not in the forearm. Finger ple-
thysmograph changes seem to be a reliable indicator of the presence or ab-
sence of vasomotor impulses in an impaled nerve fascicle. 

Thermoregulatory control of sudomotor and skin vasoconstrictor 
fibres 
Our findings confirm previous microneurography observations (92), that there 
is a) spontaneous vasoconstrictor activity in human skin nerves to the hands 
and feet, b) the nerve activity increases during cooling and decreases in re-
sponse to moderate warming, c) at high environmental temperatures the nerve 
activity increases again, dependent on the activation of sudomotor fibres 
(151). These changes in the central excitatory drive in the two systems were 
observed in our study even in the arousal responses to variations in ambient 
temperature. At room temperature arousal stimuli gave rise to both sudomotor 
and vasoconstrictor responses, at moderately warm temperatures many of the 
sympathetic bursts appeared to be composed of sudomotor impulses, and at 
cold temperatures pure vasoconstrictor arousal responses occurred. 

The role of thermoreceptors in thermoregulation 
Cutaneous thermoreceptors play an important role in thermoregulation, for 
example when the ambient temperature started to fall below a very high am-
bient temperature of 43 , we noticed a very sudden cessation of sudomotor 
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activity. Our findings suggest a high dynamic sensitivity of the cutaneous ther-
moreceptors in thermoregulation. 

Thermosensitive receptors were probably even involved in sudomotor re-
sponses during muscle exercise.  

Sudomotor and skin vasoconstrictor rhythms 
Sudomotor and vasoconstrictor postganglionic fibres recorded with multiunit 
burst activity showed a tendency towards rhythmical behaviour. Since the 
SSNA bursts tend to appear bilaterally synchronously in both arm and leg skin 
nerves, suprasegmental structures are involved in temporal modulation of 
SSNA from the spinal cord. We noticed both respiratory rhythms and a series 
of harmonically related faster rhythms at about 100/min. The rhythms could 
be generated from brain stem centres or partly from afferent impulses from 
the periphery. Arterial baroreflexes may also contribute to the rhythmical 
modulation of sympathetic neural traffic in cutaneous nerves(41, 152-155). 
Baroreflex role in sudomotor unit activity has also been discussed in more 
recent studies(110). 

Quantitative relations between vasoconstrictor neural activity 
and finger plethysmography events 
In the median nerve skin fascicle we found an approximately hyperbolic re-
duction of finger pulse amplitude with increasing sympathetic vasoconstrictor 
activity and this agrees well with previous data from animal experiments(156) 
It is difficult to compare the absolute firing frequencies since our analyses 
were not based on single unit recordings.  

Possible functional relationships between rhythm generating 
mechanisms and neuroeffector functions 
The rhythm generating mechanisms may help to restrict the firing rates of in-
dividual nerve fibres to low ranges, which provides high gain in the neuroef-
fector transfer function 

Single unit recordings from postganglionic C-fibres in human cutaneous 
nerves have previously shown that an increase in sympathetic traffic is both 
due to increase in the mean firing rate of previously active units and a recruit-
ment of previously silent units(19, 84, 110). 
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Temporal dispersion of sudomotor as compared to 
vasoconstrictor impulse bursts 
Sudomotor impulse bursts are more synchronized and show smaller temporal 
dispersion compared to vasomotor impulse bursts. The reason for temporal 
dispersion might be differences in central drive or a different peripheral con-
duction velocity for these two fibre systems. The latter hypothesis is consistent 
with animal and human studies (157, 158). The different conduction rates 
could not be explained by the passive effects of temperature. 

Study II 
Regional differences in sudomotor and vasoconstrictor tone. 
Previous studies in healthy subjects have reported regional differences in 
sudomotor and vasoconstrictor responses to changes in environmental tem-
perature (159). The more distal part of the extremities has a relatively more 
pronounced response to changes in environmental temperature and there are 
local differences in thermoregulatory sweating response. From these studies it 
is difficult to draw any definite conclusions as to whether the regional varia-
tions depend on differences in sympathetic neural traffic or differences in ef-
fector organ response. 

The present microneurographic findings provide direct evidence that in the 
distal skin areas, innervated by the median and peroneal nerves, thermoregu-
latory function is mainly executed by vasoconstrictor fibres. The sudomotor 
fibres in these nerves are activated mainly at relatively high environmental 
temperatures. In the skin on the dorsal side of forearm and hand innervated by 
cutaneous posterior antebrachial and superficial radial nerves, the thermoreg-
ulatory functions are mainly executed by sudomotor fibres in these nerves. 
Vasoconstrictor fibres are activated at such low temperatures that shivering 
even occurs.  

Possible reasons for increased sympathetic nerve traffic during warming 
are that there are both sudomotor and vasodilator impulses, or that vasodilata-
tion is due to formation and action of bradykinin. In several later studies the 
results regarding vasodilatory nerve fibres have been inconclusive (31, 32, 
160). 

Synchrony of rhythms in different skin nerves 
The present recordings of spontaneous vasoconstrictor impulse bursts in me-
dian and peroneal nerves showed a clear similarity in the timing of individual 
bursts. We conclude that the vasoconstrictor nerve traffic in these nerves is 
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governed by the same rhythm-generating mechanisms. Besides the slow vas-
oconstrictor rhythms, the neural activity shows even faster rhythms, including 
100/min rhythm with subharmonics. These faster rhythms showed a clear syn-
chrony between different limbs. The faster rhythms could not be detected in 
the effector organ response measured with pulse plethysmograph, but they 
could be seen in intraneural nerve recording.  

The median and peroneal nerves showed a close relationship with respect 
to the timing and strength of individual vasoconstrictor bursts indicating the 
similar central drives for temporal pattern of impulses and thermoregulatory 
control of vasoconstrictor nerve activity.  

A close correlation with respect to the timing and strength of impulses was 
observed between posterior antebrachial and superficial radial nerves. The 
bursts were mainly of sudomotor origin, but they showed similar rhythms as 
was found in vasoconstrictor bursts. 

Effect of arousal stimuli, mental stress or emotional stress 
Arousal stimuli and mental or emotional stress are generally associated with 
a wide-spread activation of the vasoconstrictor and sudomotor systems. 
Changes in environmental temperature may give rise to pleasant or unpleasant 
emotional feelings, and the sympathetic responses to thermal stimuli could 
partly depend on emotional reactions. In the present study the sudden fall in 
environmental temperature down to 15C was generally experienced as un-
pleasant and the increase in neural vasoconstrictor activity could partly depend 
on emotional stress.  

Study III 
Advantages and disadvantages of the intraneural stimulation 
method  
It can be difficult or even impossible to decide whether the abnormality in 
sympathetic function is due to disturbances in sympathetic neural traffic or to 
changes in effector organ response. A very high stimulation intensity is re-
quired in order to activate postganglionic sympathetic nerve fibres via surface 
electrodes, and that could be harmful to the skin or impossible to perform.  

There are some advantages with intraneural stimulation: With this method 
it is possible to stimulate a group of sympathetic fibres which have already 
been identified functionally before start of intraneural stimulation. Another 
advantage is that the technique could be used to map sympathetic innervation 
areas on skin anatomically in different nerves and compare them with soma-
tosensory dermatomes. This method could be used for physiological and phar-
macological studies. 
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The intraneural stimulation method also has disadvantages: It is difficult to 
estimate the number of stimulated nerve fibres. Sometimes the nerve blocking 
proximal to stimulation site failed because of double innervation. 50 % of ex-
periments failed for various reasons, for example due to incomplete local an-
aesthesia, electrode movements, or that spontaneous vasoconstrictor and skin 
resistance variation did not disappear despite eliminated cutaneous sensibility. 

Potentiation of sudomotor effector organ response by preceding 
single stimuli 
The sudomotor response potentiation occurred for up to 2-3 minutes using 
single stimuli. The reason for this might be a change in membrane character-
istics in the sweat glands or accumulation of sweat in the glands or ducts. 

The present results are similar to animal studies by Lloyd (161, 162) who 
measured sweat production and skin impedance responses to electrical stimu-
lation of sudomotor nerves innervating foot-pad of the cat. According to ani-
mal experiments, the autonomic (161, 162) functions approach a maximum at 
the same impulse rates as found previously in animal experiments.  

Effects of vasomotor effector organ response to intraneural 
stimulation 
The effect of intraneural stimulation to vasomotor function was different com-
pared with sudomotor function. For example, vasoconstrictor responses were 
not potentiated by previous stimuli. It is difficult to interpret the results of 
vasomotor function. Possible vasodilator mechanisms were discussed, by ac-
tivation vasodilator nerve fibres or by releasing vasoactive substances via an-
tidromic stimulation of sensory nerve fibres. The vasodilator fibre hypothesis 
has tested in several studies, but the interpretation of results has been incon-
clusive (31, 32, 163). 
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Future perspectives 

There are continuing efforts in optimizing the microneurography method, 
mainly through standardization of analysis methods. Standardization, such as 
maintaining the room temperature constant as well as considering hormonal 
fluctuations, is crucial in order to be able to translate results from humans to 
animals and vice versa. More attention is being paid to the importance of var-
iability in-between subjects as well as developing the different measurement 
methods.  

More advanced methods would work like a magnifying glass in order to 
discover new angles of the sympathetic nervous system.  

One exciting idea for future projects would be to continue studying the lo-
calization of the sympathetic system in the human brain. I look forward to a 
new and exciting era of neuromapping with focus on the sympathetic nervous 
system, possibly combining microneurography with other methods such as 
magnetoelectroencephalography.  

Microneurography in humans in space has been reported and further ex-
pansion to study sympathetic nervous system function in detail in space envi-
ronment would be an interesting new research area.  
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Conclusion 

In conclusion, the main findings are the following: 
 
 By exposing a human subject to warm and cold environments, it is pos-

sible to obtain selective activation of either the sudomotor or vasocon-
strictor neural system. 

 
 Bursts of both sudomotor and vasoconstrictor activity occur at certain 

intervals and several types of rhythmic activity can be observed. 
 

 Sudomotor bursts have a shorter duration compared to vasoconstrictor 
bursts  

 
 The rhythm generating mechanisms may help to restrict the firing rates 

of individual nerve fibres to low ranges, which provides high gain in 
the neuroeffector transfer function. 

 
 Simultaneous double nerve recordings provide evidence that in the dis-

tal glabrous skin area the thermoregulatory functions are mainly exe-
cuted via vasoconstrictor nerve fibres, whereas sudomotor fibres are 
brought into action only at relatively high temperatures. In the hairy 
skin of forearm and hand reflex thermoregulation is to large extent ex-
ecuted via sudomotor nerve fibres. 

 
 Intraneural electrical stimulation of sympathetic postganglionic axons 

in human skin nerves after proximal nerve blocking shows differences 
between sudomotor and vasoconstrictor effector organ responses. 
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Sammanfattning på svenska- Summary in 
Swedish 

Mikroneurografi är en unik metod, som tillåter intraneural registrering av 
sympatisk nervaktivitet i en perifer nerv hos en vaken människa. Metoden har 
utvecklats av prof Hagbarth och Vallbo vid Avdelningen för Klinisk Neuro-
fysiologi vid Akademiska sjukhuset i Uppsala och presenterades officiellt 
1966 vid ett möte i Köpenhamn. Sedan dessa har användningen av metoden 
expanderat till flera forskningsinstitut i Europa, USA, Australien och Japan. 

 
I denna avhandling studerar jag sympatisk nervaktivitet i olika perifera ner-

ver till huden hos friska vuxna individer. Denna forskning har tre huvudsyften: 
 

I Studera, hur sympatisk nervaktivitet deltar i temperaturreglering hos 
människa, studera rytmisk aktivitet i nervsignaler samt studera förhållan-
det mellan nervaktivitet och dess målorgans (svettkörtlarnas och blodkär-
lens) reaktion. 

II Studera regionala likheter och skillnader i nervaktivitet från olika hud-
nerver hos en frisk individ.  

III Med hjälp av intraneural stimulering studera reaktion i målorgan (svett-
reaktion och blodkärlens sammandragning).  

De viktigaste forskningsresultaten är följande: 
 

1. Genom att undersöka friska personer i varm och kall omgivningstempe-
ratur kunde man åstadkomma en selektiv aktivering av antingen svett-
ningsrelaterat neuralt system i varm temperatur eller neuralt system rela-
terat till blodkärlens sammandragning (vasokonstriktion) i kall tempera-
tur. 

2. Nervaktivitet förekommer med ett rytmiskt mönster och flera olika rytmer 
kan urskiljas. 

3. Ihopsatta nervsignaler, så kallade bursts, har kortare duration, är smalare, 
vad gäller svettningsrelaterade bursts jämfört med bursts relaterade till 
vasokonstriktion. 
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4. Mekanismer, som ger upphov till rytmisk aktivitet i nervsignaler, kan ha 
betydelse för att optimera nerv-effektorgan-reaktionen vid olika situat-
ioner. 

5. Samtidig registrering av nervsignaler i två olika nerver visar skillnader i 
nervaktivitet, när man jämför hårfattiga/ hårlösa hudområden i arm och 
hand med håriga hudområden. I hårlösa hudområden sker temperaturre-
glering huvudsakligen via nervtrådar som ger blodkärlreaktion. Svett-
ningsrelaterad nervaktivitet kommer igång vid relativt höga temperaturer. 
I de håriga hudpartierna sker temperaturreglering i stor utsträckning via 
svettningsrelaterade nervsignaler. 

6. Intraneural nervstimulering (efter proximal nervblockering) visar skillna-
der i effektorgan-respons i svettkörtlar och blodkärl.  

Dessa forskningsresultat har bidragit till ny kunskap om det sympatiska nerv-
systemets beteende i vila och vid olika manövrar i olika nerver hos människa 
samt hur den sympatiska nervaktiviteten deltar i människokroppens tempera-
turreglering vid olika omgivningstemperatur. 



 63

Acknowledgements 

The work in this thesis was conducted at the Department of Neuroscience, 
Uppsala University and the Department of Clinical Neurophysiology, Uppsala 
University Hospital. 

I would like to thank everyone who directly or indirectly has contributed to 
this work. You have helped me to fulfil this thesis. Thank you!  

I would like to express my sincere gratitude to: 
 

Professor Anna Rostedt Punga, my main supervisor and colleague, who with 
a plenty of enthusiasm and encouragement has guided me through the research 
process to dissertation. With your help the completion of this thesis has been 
possible! Thank you! 
 
Professor Pernilla Åsenlöf, my examiner, who made it possible to fulfil this 
research work 
 
Docent Roland Flink, my co-supervisor and colleague for support and valua-
ble discussions, especially at the beginning of the thesis work.  
 
Professor emeritus Gunnar Wallin and Karl Erik Hagbarth, for introducing me 
to microneurography and supporting me as a co-worker in these research pro-
jects.  
 
Helmut Blumberg and Giorgio Bini for a good fellowship during research pro-
jects. 
 
Professor emeritus Erik Torebjörk for discussions on microneurography, es-
pecially that time the sympathetic nerve recordings were being performed and 
professor emeritus Erik Stålberg for help to find literature. 
 
Maarika Liik, my colleague and an artist, thank you for illustrating beautiful 
pictures for this book.  

 



 64 

Laura O´Connor, my colleague, for invaluable help with language correction 
and for discussion of the content of this thesis and Carl Johan Molin, my col-
league, for sharing his experience of completing a PhD. 
 
Karin Edebol Eeg-Olofsson, my colleague, for encouraging and supporting 
me during the PhD student period. 

Lena Eriksson for illustrating figures in publications and Urban Wallin for 
technical support during microneurography recordings. 
 
All the volunteers for intraneural nerve recording, thank for your kindness and 
tolerance during the experiments. And the best of all, you are still my friends!  

Eva-Lena Wahlberg for information and help with many practical things dur-
ing the thesis writing period and Håkan Drufva for his efforts to find archive 
documents from Ethical committee.  
 
My many colleagues at the Department of Clinical Neurophysiology who took 
on extra clinical duties to give me time to concentrate on writing the thesis 
and the whole staff at the Department of Clinical Neurophysiology for encour-
agement during the research work.  
 
Maggan, thank you for your friendship and good company! 
 
Olga, thank you for the nice conversations during the long evenings at the 
office. 
 
My relatives for their love and kindness. 



 65

References 

1. Larsen WJ. Development of the peripheral nervous system. In: Sherman L S 
PSS, Scott W J, editor. Human Embryology. 3rd ed: Philadelphia PA: Elsevier; 
2001. p. 113-31. 

2. Sadler TW. Central nervous system. In: Sun B DC, Kerins R, editor. Lang-
man´s Medical Embryology. 9th edn ed. Baltimore, MD: Lippincott Williams 
& Wilkins; 2004. p. 477. 

3. Hasan W. Autonomic cardiac innervation: development and adult plasticity. 
Organogenesis. 2013;9(3):176-93. 

4. Apostolova G, Dorn R, Ka S, Hallbook F, Lundeberg J, Liser K, et al. Neuro-
transmitter phenotype-specific expression changes in developing sympathetic 
neurons. Mol Cell Neurosci. 2007;35(3):397-408. 

5. Schotzinger R, Yin X, Landis S. Target determination of neurotransmitter phe-
notype in sympathetic neurons. J Neurobiol. 1994;25(6):620-39. 

6. Schotzinger RJ, Landis SC. Acquisition of cholinergic and peptidergic proper-
ties by sympathetic innervation of rat sweat glands requires interaction with 
normal target. Neuron. 1990;5(1):91-100. 

7. Apostolova G, Dechant G. Development of neurotransmitter phenotypes in 
sympathetic neurons. Auton Neurosci. 2009;151(1):30-8. 

8. Mulkey SB, Kota S, Swisher CB, Hitchings L, Metzler M, Wang Y, et al. Au-
tonomic nervous system depression at term in neurologically normal prema-
ture infants. Early Hum Dev. 2018;123:11-6. 

9. Lenard Z, Studinger P, Mersich B, Kocsis L, Kollai M. Maturation of cardio-
vagal autonomic function from childhood to young adult age. Circulation. 
2004;110(16):2307-12. 

10. Lipsitz LA, Novak V. Aging and Autonomic Function. In: Low PA, Benarroch 
EE, editors. Clinical Autonomic disorders Third Edition ed. Baltimore: Lip-
pincott Williams and Wilkins; 2008. p. 164-78. 

11. Monahan KD. Effect of aging on baroreflex function in humans. Am J Physiol 
Regul Integr Comp Physiol. 2007;293(1):R3-R12. 

12. Lang HA, Puusa A, Hynninen P, Kuusela V, Jantti V, Sillanpaa M. Evolution 
of nerve conduction velocity in later childhood and adolescence. Muscle 
Nerve. 1985;8(1):38-43. 

13. Namer B. Age related changes in human C-fiber function. Neurosci Lett. 
2010;470(3):185-7. 

14. Lang AH, Sillanpaa M, Hynninen P. Asymmetric function of peripheral nerves 
in children with cerebral palsy. Acta Neurol Scand. 1983;67(2):108-13. 

15. Pocock G RC. The autonomic nervous system.  Human Physiology The Basis 
of Medicine. Third Edition ed: Oxford University Press; 2006. p. 165-72. 

16. McLachlan EM. Transmission of signals through sympathetic ganglia--modu-
lation, integration or simply distribution? Acta Physiol Scand. 
2003;177(3):227-35. 



 66 

17. Gibbins IL, Morris JL. Structure of peripheral synapses: autonomic ganglia. 
Cell Tissue Res. 2006;326(2):205-20. 

18. Gibbins I. Functional organization of autonomic neural pathways. Organogen-
esis. 2013;9(3):169-75. 

19. Macefield VG, Elam M, Wallin BG. Firing properties of single postganglionic 
sympathetic neurones recorded in awake human subjects. Auton Neurosci. 
2002;95(1-2):146-59. 

20. Benarroch EE. Physiology and Pathophysiology of the Autonomic Nervous 
System. Continuum (Minneap Minn). 2020;26(1):12-24. 

21. Delvalle NM, Fried DE, Rivera-Lopez G, Gaudette L, Gulbransen BD. Cho-
linergic activation of enteric glia is a physiological mechanism that contributes 
to the regulation of gastrointestinal motility. Am J Physiol Gastrointest Liver 
Physiol. 2018;315(4):G473-g83. 

22. Cheshire WP, Jr. Autonomic Physiology. In: Rubin DI, Daube JR, editors. 
Clinical Neurophysiology. Contemporary Neurology Series. Fourth Edition 
ed: Oxford University Press 2016. p. 617-34. 

23. Wang N, Gibbons CH. Skin biopsies in the assessment of the autonomic nerv-
ous system. Handb Clin Neurol. 2013;117:371-8. 

24. Yousef H, Alhajj M, Sharma S. Anatomy, Skin (Integument), Epidermis.  
StatPearls. Treasure Island (FL): StatPearls Publishing StatPearls Publishing 
LLC.; 2020. 

25. Low PA, Fealey RD. Evaluation of sudomotor function. In: Mathias C, J, Ban-
nister Rs, editors. Autonomic failure A textbook of Clinical Disorders of the 
Autonomic Nervous System. Fifth edition ed: Oxford University Press; 2013. 
p. 395-403. 

26. Pocock G RC. The regulation of body temperature. In: Pocock G RC, editor. 
Human Physiology The Basis of Medicine. Third ed: Oxford University Press; 
2006. p. 529-36. 

27. Pocock G RC. The heart and circulation.  Human Physiology The Basis of 
Medicine. Third ed: Oxford University Press; 2006. p. 261-310. 

28. Benarroch EE. Peripheral Autonomic System: Anatomy, Biochemistry and 
Physiology. In: Low PA, Benarroch EE, editors. Clinical Autonomic disorders. 
Third ed. Baltimore: Lippincott Williams and Wilkins; 2008. p. 29-42. 

29. Greaney JL, Kenney WL. Measuring and quantifying skin sympathetic nerv-
ous system activity in humans. J Neurophysiol. 2017;118(4):2181-93. 

30. Blumberg H, Wallin BG. Direct evidence of neurally mediated vasodilatation 
in hairy skin of the human foot. J Physiol. 1987;382:105-21. 

31. Wallin BG, Batelsson K, Kienbaum P, Karlsson T, Gazelius B, Elam M. Two 
neural mechanisms for respiration-induced cutaneous vasodilatation in hu-
mans? J Physiol. 1998;513 ( Pt 2):559-69. 

32. Nordin M. Sympathetic discharges in the human supraorbital nerve and their 
relation to sudo- and vasomotor responses. J Physiol. 1990;423:241-55. 

33. Mano T, Iwase S, Toma S. Microneurography as a tool in clinical neurophys-
iology to investigate peripheral neural traffic in humans. Clin Neurophysiol. 
2006;117(11):2357-84. 

34. Sugenoya J, Iwase S, Mano T, Sugiyama Y, Ogawa T, Nishiyama T, et al. 
Vasodilator component in sympathetic nerve activity destined for the skin of 
the dorsal foot of mildly heated humans. J Physiol. 1998;507 ( Pt 2):603-10. 

35. Botchkarev VA, Peters EM, Botchkareva NV, Maurer M, Paus R. Hair cycle-
dependent changes in adrenergic skin innervation, and hair growth modulation 
by adrenergic drugs. J Invest Dermatol. 1999;113(6):878-87. 



 67

36. Buffoli B, Rinaldi F, Labanca M, Sorbellini E, Trink A, Guanziroli E, et al. 
The human hair: from anatomy to physiology. Int J Dermatol. 2014;53(3):331-
41. 

37. Caron A, Lee S, Elmquist JK, Gautron L. Leptin and brain-adipose crosstalks. 
Nat Rev Neurosci. 2018;19(3):153-65. 

38. Harms M, Seale P. Brown and beige fat: development, function and therapeutic 
potential. Nat Med. 2013;19(10):1252-63. 

39. Fischer AW, Schlein C, Cannon B, Heeren J, Nedergaard J. Intact innervation 
is essential for diet-induced recruitment of brown adipose tissue. Am J Physiol 
Endocrinol Metab. 2019;316(3):E487-e503. 

40. Fischer AW, Cannon B, Nedergaard J. Leptin: Is It Thermogenic? Endocr Rev. 
2020;41(2). 

41. Grassi G. Leptin, sympathetic nervous system, and baroreflex function. Curr 
Hypertens Rep. 2004;6(3):236-40. 

42. Grassi G, Quarti-Trevano F, Seravalle G, Dell'Oro R, Dubini A, Mancia G. 
Differential sympathetic activation in muscle and skin neural districts in the 
metabolic syndrome. Metabolism. 2009;58(10):1446-51. 

43. Ren J. Leptin and hyperleptinemia - from friend to foe for cardiovascular func-
tion. J Endocrinol. 2004;181(1):1-10. 

44. Donadio V, Incensi A, Vacchiano V, Infante R, Magnani M, Liguori R. The 
autonomic innervation of hairy skin in humans: an in vivo confocal study. Sci 
Rep. 2019;9(1):16982. 

45. Donadio V, Nolano M, Provitera V, Stancanelli A, Lullo F, Liguori R, et al. 
Skin sympathetic adrenergic innervation: an immunofluorescence confocal 
study. Ann Neurol. 2006;59(2):376-81. 

46. Cersosimo MG, Benarroch EE. Central control of autonomic function and in-
volvement in neurodegenerative disorders. Handb Clin Neurol. 2013;117:45-
57. 

47. Macefield VG, Henderson LA. Real-time imaging of the medullary circuitry 
involved in the generation of spontaneous muscle sympathetic nerve activity 
in awake subjects. Hum Brain Mapp. 2010;31(4):539-49. 

48. Sander M, Macefield VG, Henderson LA. Cortical and brain stem changes in 
neural activity during static handgrip and postexercise ischemia in humans. J 
Appl Physiol (1985). 2010;108(6):1691-700. 

49. Macefield VG, Henderson LA. Identifying Increases in Activity of the Human 
RVLM Through MSNA-Coupled fMRI. Front Neurosci. 2019;13:1369. 

50. Benarroch EE. Insular cortex: Functional complexity and clinical correlations. 
Neurology. 2019;93(21):932-8. 

51. Saito H. The location and characteristics of the thermal sudomotor pathways 
in the human brainstem: A reappraisal. Auton Neurosci. 2019;217:80-90. 

52. James C, Henderson L, Macefield VG. Real-time imaging of brain areas in-
volved in the generation of spontaneous skin sympathetic nerve activity at rest. 
Neuroimage. 2013;74:188-94. 

53. Mo J, Huang L, Peng J, Ocak U, Zhang J, Zhang JH. Autonomic Disturbances 
in Acute Cerebrovascular Disease. Neurosci Bull. 2019;35(1):133-44. 

54. Westerhaus MJ, Loewy AD. Central representation of the sympathetic nervous 
system in the cerebral cortex. Brain Res. 2001;903(1-2):117-27. 

55. Macefield VG, James C, Henderson LA. Identification of sites of sympathetic 
outflow at rest and during emotional arousal: concurrent recordings of sympa-
thetic nerve activity and fMRI of the brain. Int J Psychophysiol. 
2013;89(3):451-9. 



 68 

56. Korpelainen JT, Sotaniemi KA, Myllyla VV. Ipsilateral hypohidrosis in brain 
stem infarction. Stroke. 1993;24(1):100-4. 

57. Labar DR, Mohr JP, Nichols FT, 3rd, Tatemichi TK. Unilateral hyperhidrosis 
after cerebral infarction. Neurology. 1988;38(11):1679-82. 

58. Korpelainen JT, Sotaniemi KA, Myllyla VV. Asymmetric sweating in stroke: 
a prospective quantitative study of patients with hemispheral brain infarction. 
Neurology. 1993;43(6):1211-4. 

59. Low PA, Benarroch E, E. Clinical Autonomic disorders. Third Edition ed: Lip-
pincott Williams & Wilkins; 2008. 

60. Hynninen P. Evaluation of the autonomic nervous system. In: Edebol Eeg-Ol-
ofsson K, editor. Pediatric Clinical Neurophysiology. International review of 
child neurology series: Mac Keith Press for International Child Neurology As-
sociation; 2006. p. 133 -49. 

61. Mathias CJ, Bannister Rs. Autonomic Failure. Atextbook of Clinical Disorders 
of the Autonomic Nervous system. Fifth Edition ed: Oxford University Press; 
2013. 

62. Osterberg A, Graf W, Edebol Eeg-Olofsson K, Hynninen P, Pahlman L. Re-
sults of neurophysiologic evaluation in fecal incontinence. Dis Colon Rectum. 
2000;43(9):1256-61. 

63. Illigens BMW, Gibbons CH. Autonomic testing, methods and techniques. 
Handb Clin Neurol. 2019;160:419-33. 

64. Weimer LH. Autonomic testing: common techniques and clinical applications. 
Neurologist. 2010;16(4):215-22. 

65. Schmidt R, Weidner C, Schmelz M. Time course of acetylcholine-induced ac-
tivation of sympathetic efferents matches axon reflex sweating in humans. J 
Peripher Nerv Syst. 2011;16(1):30-6. 

66. Wallin BG, Sundlof G, Eriksson BM, Dominiak P, Grobecker H, Lindblad LE. 
Plasma noradrenaline correlates to sympathetic muscle nerve activity in nor-
motensive man. Acta Physiol Scand. 1981;111(1):69-73. 

67. Wallin BG. Muscle sympathetic activity and plasma concentrations of nora-
drenaline. Acta Physiol Scand Suppl. 1984;527:21-4. 

68. Morlin C, Wallin BG, Eriksson BM. Muscle sympathetic activity and plasma 
noradrenaline in normotensive and hypertensive man. Acta Physiol Scand. 
1983;119(2):117-21. 

69. Esler M, Jennings G, Korner P, Blombery P, Sacharias N, Leonard P. Meas-
urement of total and organ-specific norepinephrine kinetics in humans. Am J 
Physiol. 1984;247(1 Pt 1):E21-8. 

70. Kirchner F. Correlations between changes of activity of the renal sympathetic 
nerve and behavioural events in unrestrained cats. Basic Res Cardiol. 
1974;69(3):243-56. 

71. Adrian ED, Bronk DW, Phillips G. Discharges in mammalian sympathetic 
nerves. J Physiol. 1932;74(2):115-33. 

72. Kirchheim HR, Ehmke H, Hackenthal E, Lowe W, Persson P. Autoregulation 
of renal blood flow, glomerular filtration rate and renin release in conscious 
dogs. Pflugers Arch. 1987;410(4-5):441-9. 

73. Hart EC, Head GA, Carter JR, Wallin BG, May CN, Hamza SM, et al. Record-
ing sympathetic nerve activity in conscious humans and other mammals: 
guidelines and the road to standardization. Am J Physiol Heart Circ Physiol. 
2017;312(5):H1031-h51. 

74. Janig W, Habler HJ. Neurophysiological analysis of target-related sympathetic 
pathways--from animal to human: similarities and differences. Acta Physiol 
Scand. 2003;177(3):255-74. 



 69

75. Kirchner F. Spontaneous activity of the renal sympathetic nerve in the unanes-
thetized cat. Acta Physiol Pol. 1973;24(1):129-34. 

76. Miki K, Yoshimoto M. Differential effects of behaviour on sympathetic out-
flow during sleep and exercise. Exp Physiol. 2005;90(2):155-8. 

77. Yoshimoto M, Yoshida I, Miki K. Functional role of diverse changes in sym-
pathetic nerve activity in regulating arterial pressure during REM sleep. Sleep. 
2011;34(8):1093-101. 

78. Janig W, Sundlof G, Wallin BG. Discharge patterns of sympathetic neurons 
supplying skeletal muscle and skin in man and cat. J Auton Nerv Syst. 
1983;7(3-4):239-56. 

79. White DW, Shoemaker JK, Raven PB. Methods and considerations for the 
analysis and standardization of assessing muscle sympathetic nerve activity in 
humans. Auton Neurosci. 2015;193:12-21. 

80. Vallbo AB, Hagbarth KE, Wallin BG. Microneurography: how the technique 
developed and its role in the investigation of the sympathetic nervous system. 
J Appl Physiol (1985). 2004;96(4):1262-9. 

81. Hagbarth KE, Vallbo AB. Mechanoreceptor activity recorded percutaneously 
with semi-microelectrodes in human peripheral nerves. Acta Physiol Scand. 
1967;69(1):121-2. 

82. Vallbo AB, Hagbarth KE. Impulses recorded with micro-electrodes in human 
muscle nerves during stimulation of mechanoreceptors and voluntary contrac-
tions. Electroencephalogr Clin Neurophysiol. 1967;23(4):392. 

83. Vallbo AB, Hagbarth KE. Mechnoreceptor activity recorded from human pe-
ripheral nerves. Electroencephalogr Clin Neurophysiol. 1968;25(4):407. 

84. Hallin RG, Torebjork HE. Single unit sympathetic activity in human skin 
nerves during rest and various manoeuvres. Acta Physiol Scand. 
1974;92(3):303-17. 

85. Torebjork HE, Hallin RG, Hongell A, Hagbarth KE. Single unit potentials with 
complex waveform seen in microelectrode recordings from the human median 
nerve. Brain Res. 1970;24(3):443-50. 

86. Hallin RG, Torebjörk HE. Methods to differentiate electrically induced affer-
ent and sympathetic C units responses in human cutaneous nerves. Acta phys-
iol scand. 1974;92:318-31. 

87. Wallin BG, Delius W, Hagbarth KE. Comparison of sympathetic nerve activity 
in normotensive and hypertensive subjects. Circ Res. 1973;33(1):9-21. 

88. Wallin BG, Delius W, Hagbarth KE. Sympathetic activity in peripheral nerves 
of normo-and hypertensive subjects. Clin Sci Mol Med Suppl. 1973;45 Suppl 
1:127s-30. 

89. Hagbarth KE, Hallin RG, Hongell A, Torebjork HE, Wallin BG. General char-
acteristics of sympathetic activity in human skin nerves. Acta Physiol Scand. 
1972;84 pa SSNA(2):164-76. 

90. Delius W, Hagbarth KE, Hongell A, Wallin BG. Manoeuvres affecting sym-
pathetic outflow in human muscle nerves. Acta Physiol Scand. 1972;84(1):82-
94. 

91. Hagbarth KE, Vallbo AB. Pulse and respiratory grouping of sympathetic im-
pulses in human muscle-nerves. Acta Physiol Scand. 1968;74(1):96-108. 

92. Delius W, Hagbarth KE, Hongell A, Wallin BG. Manoeuvres affecting sym-
pathetic outflow in human skin nerves. Acta Physiol Scand. 1972;84(2):177-
86. 

93. Vallbo AB, Hagbarth KE, Torebjork HE, Wallin BG. Somatosensory, propri-
oceptive, and sympathetic activity in human peripheral nerves. Physiol Rev. 
1979;59(4):919-57. 



 70 

94. Hagbarth KE, Hongell A, Hallin RG, Torebjork HE. Afferent impulses in me-
dian nerve fascicles evoked by tactile stimuli of the human hand. Brain Res. 
1970;24(3):423-42. 

95. Delius W, Hagbarth KE, Hongell A, Wallin BG. General characteristics of 
sympathetic activity in human muscle nerves. Acta Physiol Scand. 
1972;84(1):65-81. 

96. Delius W, Wallin G, Hagbarth KE. Role of sympathetic nerve impulses in reg-
ulation of peripheral circulation. Scand J Clin Lab Invest Suppl. 1973;128:47-
50. 

97. Sundlof G, Wallin BG. The variability of muscle nerve sympathetic activity in 
resting recumbent man. J Physiol. 1977;272(2):383-97. 

98. Fagius J, Wallin BG. Long-term variability and reproducibility of resting hu-
man muscle nerve sympathetic activity at rest, as reassessed after a decade. 
Clin Auton Res. 1993;3(3):201-5. 

99. Nordin M, Fagius J. Effect of noxious stimulation on sympathetic vasocon-
strictor outflow to human muscles. J Physiol. 1995;489 ( Pt 3):885-94. 

100. Wallin BG. Regulation of sympathetic nerve traffic to skeletal muscle in rest-
ing humans. Clin Auton Res. 2006;16(4):262-9. 

101. Hart EC, Joyner MJ, Wallin BG, Johnson CP, Curry TB, Eisenach JH, et al. 
Age-related differences in the sympathetic-hemodynamic balance in men. Hy-
pertension. 2009;54(1):127-33. 

102. Muller MD, Sauder CL, Ray CA. Mental Stress Elicits Sustained and Repro-
ducible Increases in Skin Sympathetic Nerve Activity. Physiol Rep. 2013;1(1). 

103. Young CN, Keller DM, Crandall CG, Fadel PJ. Comparing resting skin sym-
pathetic nerve activity between groups: caution needed. J Appl Physiol (1985). 
2009;106(5):1751-2; author reply 3. 

104. Macefield VG, Wallin BG. Respiratory and cardiac modulation of single sym-
pathetic vasoconstrictor and sudomotor neurones to human skin. J Physiol. 
1999;516 ( Pt 1):303-14. 

105. Macefield VG, Wallin BG, Vallbo AB. The discharge behaviour of single vas-
oconstrictor motoneurones in human muscle nerves. J Physiol. 1994;481 ( Pt 
3):799-809. 

106. Elam M, Macefield V. Multiple firing of single muscle vasoconstrictor neurons 
during cardiac dysrhythmias in human heart failure. J Appl Physiol (1985). 
2001;91(2):717-24. 

107. Macefield VG, Rundqvist B, Sverrisdottir YB, Wallin BG, Elam M. Firing 
properties of single muscle vasoconstrictor neurons in the sympathoexcitation 
associated with congestive heart failure. Circulation. 1999;100(16):1708-13. 

108. Macefield VG, Wallin BG. Physiological and pathophysiological firing prop-
erties of single postganglionic sympathetic neurons in humans. J Neurophys-
iol. 2018;119(3):944-56. 

109. Macefield VG, Elam M. Comparison of the firing patterns of human postgan-
glionic sympathetic neurones and spinal alpha motoneurones during brief 
bursts. Exp Physiol. 2004;89(1):82-8. 

110. Macefield VG, Wallin BG. The discharge behaviour of single sympathetic 
neurones supplying human sweat glands. J Auton Nerv Syst. 1996;61(3):277-
86. 

111. Macefield VG, Sverrisdottir YB, Elam M, Harris J. Firing properties of sudo-
motor neurones in hyperhidrosis and thermal sweating. Clin Auton Res. 
2008;18(6):325-30. 



 71

112. Lambert E, Straznicky N, Schlaich M, Esler M, Dawood T, Hotchkin E, et al. 
Differing pattern of sympathoexcitation in normal-weight and obesity-related 
hypertension. Hypertension. 2007;50(5):862-8. 

113. Macefield VG, Sverrisdottir YB, Wallin BG. Resting discharge of human mus-
cle spindles is not modulated by increases in sympathetic drive. J Physiol. 
2003;551(Pt 3):1005-11. 

114. Elam M, Macefield VG. Does sympathetic nerve discharge affect the firing of 
myelinated cutaneous afferents in humans? Auton Neurosci. 2004;111(2):116-
26. 

115. Elam M, McKenzie D, Macefield V. Mechanisms of sympathoexcitation: sin-
gle-unit analysis of muscle vasoconstrictor neurons in awake OSAS subjects. 
J Appl Physiol (1985). 2002;93(1):297-303. 

116. Koba S, Hanai E, Kumada N, Kataoka N, Nakamura K, Watanabe T. Sympa-
thoexcitation by hypothalamic paraventricular nucleus neurons projecting to 
the rostral ventrolateral medulla. J Physiol. 2018;596(19):4581-95. 

117. Elam M, Olausson B, Skarphedinsson JO, Wallin BG. Does sympathetic nerve 
discharge affect the firing of polymodal C-fibre afferents in humans? Brain. 
1999;122 ( Pt 12):2237-44. 

118. Nordin M, Hagbarth KE, Thomander L, Wallin U. Microelectrode recordings 
from the facial nerve in man. Acta Physiol Scand. 1986;128(3):379-87. 

119. Nordin M. Low-threshold mechanoreceptive and nociceptive units with unmy-
elinated (C) fibres in the human supraorbital nerve. J Physiol. 1990;426:229-
40. 

120. Wallin BG, Delius W, Sundlof G. Human muscle nerve sympathetic activity 
in cardiac arrhythmias. Scand J Clin Lab Invest. 1974;34(4):293-300. 

121. Fagius J, Wallin BG. Sympathetic reflex latencies and conduction velocities in 
patients with polyneuropathy. J Neurol Sci. 1980;47(3):449-61. 

122. Fagius J. Microneurographic findings in diabetic polyneuropathy with special 
reference to sympathetic nerve activity. Diabetologia. 1982;23(5):415-20. 

123. Stjernberg L, Blumberg H, Wallin BG. Sympathetic activity in man after spinal 
cord injury. Outflow to muscle below the lesion. Brain. 1986;109 ( Pt 4):695-
715. 

124. Stjernberg L, Wallin BG. Sympathetic neural outflow in spinal man. A prelim-
inary report. J Auton Nerv Syst. 1983;7(3-4):313-8. 

125. Wallin BG, Stjernberg L. Sympathetic activity in man after spinal cord injury. 
Outflow to skin below the lesion. Brain. 1984;107 ( Pt 1):183-98. 

126. Shindo K. [Sympathetic neurograms in patients with neurodegenerative disor-
ders--an overview]. Brain Nerve. 2009;61(3):263-9. 

127. Shindo K, Fukao T, Kurita N, Satake A, Tsuchiya M, Ichinose Y, et al. Sym-
pathetic outflow to skin predicts central autonomic dysfunction in multiple sys-
tem atrophy. Neurol Sci. 2020. 

128. Shindo K, Iida H, Watanabe H, Ohta E, Nagasaka T, Shiozawa Z. Sympathetic 
sudomotor and vasoconstrictive neural function in patients with Parkinson's 
disease. Parkinsonism Relat Disord. 2008;14(7):548-52. 

129. Shindo K, Tsuchiya M, Ichinose Y, Koh K, Hata T, Yamashiro N, et al. Pre- 
and postganglionic vasomotor dysfunction causes distal limb coldness in mul-
tiple system atrophy. J Neurol Sci. 2017;380:191-5. 

130. Weis J, Katona I, Muller-Newen G, Sommer C, Necula G, Hendrich C, et al. 
Small-fiber neuropathy in patients with ALS. Neurology. 2011;76(23):2024-
9. 



 72 

131. Mendoza-Velasquez JJ, Flores-Vazquez JF, Barron-Velazquez E, Sosa-Ortiz 
AL, Illigens BW, Siepmann T. Autonomic Dysfunction in alpha-Synucleino-
pathies. Front Neurol. 2019;10:363. 

132. Hu F, Jin J, Qu Q, Dang J. Sympathetic Skin Response in Amyotrophic Lateral 
Sclerosis. J Clin Neurophysiol. 2016;33(1):60-5. 

133. Eckberg DL, Wallin BG, Fagius J, Lundberg L, Torebjork HE. Prospective 
study of symptoms after human microneurography. Acta Physiol Scand. 
1989;137(4):567-9. 

134. Baker SE, Limberg JK, Ranadive SM, Joyner MJ. Neurovascular control of 
blood pressure is influenced by aging, sex, and sex hormones. Am J Physiol 
Regul Integr Comp Physiol. 2016;311(6):R1271-r5. 

135. Donadio V, Liguori R. Microneurographic recording from unmyelinated nerve 
fibers in neurological disorders: an update. Clin Neurophysiol. 
2015;126(3):437-45. 

136. Donadio V, Plazzi G, Vandi S, Franceschini C, Karlsson T, Montagna P, et al. 
Sympathetic and cardiovascular activity during cataplexy in narcolepsy. J 
Sleep Res. 2008;17(4):458-63. 

137. Nygren I, Fagius J. High resting level and weak response of baroreflex-gov-
erned sympathetic outflow in amyotrophic lateral sclerosis. Muscle Nerve. 
2011;43(3):432-40. 

138. Liguori R, Giannoccaro MP, Di Stasi V, Pizza F, Cortelli P, Baruzzi A, et al. 
Microneurographic evaluation of sympathetic activity in small fiber neuropa-
thy. Clin Neurophysiol. 2011;122(9):1854-9. 

139. Donadio V, Cortelli P, Elam M, Di Stasi V, Montagna P, Holmberg B, et al. 
Autonomic innervation in multiple system atrophy and pure autonomic failure. 
J Neurol Neurosurg Psychiatry. 2010;81(12):1327-35. 

140. Fagius J, Wallin BG. Microneurographic evidence of excessive sympathetic 
outflow in the Guillain-Barre syndrome. Brain. 1983;106 (Pt 3):589-600. 

141. Shindo K, Watanabe H, Ohta E, Nagasaka T, Shiozawa Z, Takiyama Y. Sym-
pathetic sudomotor neural function in amyotrophic lateral sclerosis. Amyo-
troph Lateral Scler. 2011;12(1):39-44. 

142. Donadio V, Nolano M, Elam M, Montagna P, Provitera V, Bugiardini E, et al. 
Anhidrosis in multiple system atrophy: a preganglionic sudomotor dysfunc-
tion? Mov Disord. 2008;23(6):885-8. 

143. Donadio V. Skin nerve alpha-synuclein deposits in Parkinson's disease and 
other synucleinopathies: a review. Clin Auton Res. 2019;29(6):577-85. 

144. Donadio V, Incensi A, Del Sorbo F, Rizzo G, Infante R, Scaglione C, et al. 
Skin Nerve Phosphorylated alpha-Synuclein Deposits in Parkinson Disease 
With Orthostatic Hypotension. J Neuropathol Exp Neurol. 2018;77(10):942-9. 

145. Donadio V, Doppler K, Incensi A, Kuzkina A, Janzen A, Mayer G, et al. Ab-
normal alpha-synuclein deposits in skin nerves: intra- and inter-laboratory re-
producibility. Eur J Neurol. 2019;26(10):1245-51. 

146. Donadio V, Cortelli P, Giannoccaro MP, Nolano M, Di Stasi V, Baruzzi A, et 
al. Muscle and skin sympathetic activities in Ross syndrome. Clin Neurophys-
iol. 2012;123(8):1639-43. 

147. Fileccia E, Liguori R, Cortelli P, Donadio V. Absent cardiac and muscle sym-
pathetic nerve activities involvement in Ross syndrome: A follow-up study. 
Auton Neurosci. 2017;208:161-4. 

148. Cariga P, Catley M, Mathias CJ, Savic G, Frankel HL, Ellaway PH. Organisa-
tion of the sympathetic skin response in spinal cord injury. J Neurol Neurosurg 
Psychiatry. 2002;72(3):356-60. 



 73

149. Yamamoto K, Sobue G, Iwase S, Nagamatsu M, Mano T, Mitsuma T. Skin 
sympathetic nerve activity in Guillain-Barre syndrome: a microneurographic 
study. J Neurol Neurosurg Psychiatry. 1997;63(4):537-41. 

150. Burke D, Sundlof G, Wallin G. Postural effects on muscle nerve sympathetic 
activity in man. J Physiol. 1977;272(2):399-414. 

151. Normell LA, Wallin BG. Sympathetic skin nerve activity and skin temperature 
changes in man. Acta Physiol Scand. 1974;91(3):417-26. 

152. Bini G, Hagbarth KE, Wallin BG. Cardiac rhythmicity of skin sympathetic 
activity recorded from peripheral nerves in man. J Auton Nerv Syst. 
1981;4(1):17-24. 

153. Eckberg DL, Rea RF, Andersson OK, Hedner T, Pernow J, Lundberg JM, et 
al. Baroreflex modulation of sympathetic activity and sympathetic neurotrans-
mitters in humans. Acta Physiol Scand. 1988;133(2):221-31. 

154. Grassi G, Elam M. Leptin, sympathetic and baroreflex function: another step 
on the road to sympathetic differentiation. J Hypertens. 2002;20(8):1487-9. 

155. Fagius J, Nordin M, Wall M. Sympathetic nerve activity to amputated lower 
leg in humans. Evidence of altered skin vasoconstrictor discharge. Pain. 
2002;98(1-2):37-45. 

156. Folkow B. Impulse frequency in sympathetic vasomotor fibres correlated to 
the release and elimination of the transmitter. Acta Physiol Scand. 
1952;25(1):49-76. 

157. Janig W, Kummel H. Functional discrimination of postganglionic neurones to 
the cat's hindpaw with respect to the skin potentials recorded from the hairless 
skin. Pflugers Arch. 1977;371(3):217-25. 

158. Fagius J, Wallin BG. Sympathetic reflex latencies and conduction velocities in 
normal man. J Neurol Sci. 1980;47(3):433-48. 

159. Hertzman AB. Vasomotor regulation of cutaneous circulation. Physiol Rev. 
1959;39(2):280-306. 

160. Wallin BG, Hultin L, Pegenius G, Krogstad AL. Thin fibre territories of nerves 
innervating hairs in the human forearm estimated from axon reflex vasodilata-
tions. J Physiol. 2001;535(Pt 1):249-60. 

161. Lloyd DP. Secretion and reabsorption in sweat glands. Proc Natl Acad Sci U 
S A. 1959;45(3):405-9. 

162. Lloyd DP. Averige behavior of sweat glands as indicated by impedance 
changes. Proc Natl Acad Sci U S A. 1959;45(3):410-3. 

163. Noll G, Elam M, Kunimoto M, Karlsson T, Wallin BG. Skin sympathetic nerve 
activity and effector function during sleep in humans. Acta Physiol Scand. 
1994;151(3):319-29. 

 
 
 



Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 1670

Editor: The Dean of the Faculty of Medicine

A doctoral dissertation from the Faculty of Medicine, Uppsala
University, is usually a summary of a number of papers. A few
copies of the complete dissertation are kept at major Swedish
research libraries, while the summary alone is distributed
internationally through the series Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of
Medicine. (Prior to January, 2005, the series was published
under the title “Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Medicine”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-410272

ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2020


	Abstract
	List of Papers
	Related publications during the PhD period
	Content
	Abbreviations
	Introduction
	Embryonal development and maturation of the autonomic nervous system in humans
	The autonomic nervous system from spinal cord to target organ
	Central autonomic network with a focus on sympathetic function
	Physiological effects mediated by the autonomic nervous system
	Clinical symptoms associated with dysfunction of autonomic nervous system
	Methods to study the autonomic nervous system in clinical practice
	Heart rate variation (R-R tests)
	Sweating response (SSR, GSR and QSART tests)
	Blood vessel reaction such as vasoconstriction
	Noradrenaline levels

	Studies of the sympathetic nervous system in animals
	Microneurography in human subjects; a historical perspective
	Muscle sympathetic versus skin sympathetic nerve activity in human subjects
	Identification of muscle nerve versus skin nerve fascicle
	Sympathetic origin of signals
	Identification of multiunit sympathetic nerve activity to muscle versus skin
	Methods to quantify multiunit MSNA and SSNA in humans

	Single unit recordings and firing pattern of postganglionic sympathetic signals in humans
	Effect of increased efferent sympathetic nerve traffic on afferent discharges from muscle and skin.
	Microneurography and human face innervation with focus on sympathetic nerve activity
	Microneurography as a tool in clinical neurophysiology to study neurological disorders
	Muscle sympathetic nerve function in neurological diseases
	Skin sympathetic nerve function in neurological diseases


	Aims
	Specific aims
	Study I
	Study II
	Study III


	Study design
	Methods
	Ethics
	Subjects and nerve recordings
	Study I
	Study II
	Study III

	Nerve electrodes, recordings and display system in study I, II and III
	Microneurography recordings
	Recording of sweat responses
	Recording of blood vessel reaction
	Electrocardiogram and respiratory movements

	General procedure in study I, II and III
	Changes in environmental temperature in study I and II
	Arousal stimuli, mental stress and muscle exercise as provocative tests in study I and II
	Quantitative estimations of long-term changes in SSNA in study II
	Nerve blocking and criteria for starting the experiment in study III
	Statistical analysis

	Results
	Results of study I
	Thermoregulatory influences on cutaneous nerve sympathetic activity
	Quantitative neural-effector relationship
	Some characteristic features of sympathetic sudomotor and vasoconstrictor bursts
	Rhythm-generating mechanisms in skin sympathetic nerve activity

	Results of study II
	Regional similarities in thermoregulatory sudomotor and vasoconstrictor sympathetic nerve activity in cutaneous nerves in humans
	Regional differences in thermoregulatory sudomotor and vasoconstrictor sympathetic nerve activity in cutaneous nerves
	Influences of electrical skin stimuli, muscle exercise, arousal stimuli and mental stress on simultaneous nerve recording from the cutaneous posterior antebrachial nerve and the median nerve

	Results of study III
	Intraneural stimulation as a method to study sympathetic function in human skin


	Discussion
	Study I
	Discrimination between sudomotor and vasoconstrictor impulses
	Thermoregulatory control of sudomotor and skin vasoconstrictor fibres
	Sudomotor and skin vasoconstrictor rhythms
	Quantitative relations between vasoconstrictor neural activity and finger plethysmography events
	Possible functional relationships between rhythm generating mechanisms and neuroeffector functions
	Temporal dispersion of sudomotor as compared to vasoconstrictor impulse bursts

	Study II
	Regional differences in sudomotor and vasoconstrictor tone.
	Synchrony of rhythms in different skin nerves
	Effect of arousal stimuli, mental stress or emotional stress

	Study III
	Advantages and disadvantages of the intraneural stimulation method
	Potentiation of sudomotor effector organ response by preceding single stimuli
	Effects of vasomotor effector organ response to intraneural stimulation


	Future perspectives
	Conclusion
	Sammanfattning på svenska- Summary in Swedish
	Acknowledgements
	References



