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Abstract There is increasing interest about the possi-
ble involvement of the sympathetic nervous system
(SNS) in initiation and maintenance of chronic muscle
pain syndromes of different aetiology. Epidemiological
data show that stresses of different nature, e.g. work-
related, psychosocial, etc., typically characterised by
SNS activation, may be a co-factor in the development
of the pain syndrome and/or negatively affect its time
course. In spite of their clear traumatic origin, whiplash
associated disorders (WAD) appear to share many
common features with other chronic pain syndromes
affecting the musculo-skeletal system. These features
do not only include symptoms, like type of pain or sen-
sory and motor dysfunctions, but possibly also some of
the pathophysiological mechanisms that may concur to
establish the chronic pain syndrome. This review
focuses on WAD, particular emphasis being devoted to
sensorimotor symptoms, and on the actions exerted by
the sympathetic system at muscle level. Besides its
well-known action on muscle blood flow, the SNS is
able to affect the contractility of muscle fibres, to mod-
ulate the proprioceptive information arising from the
muscle spindle receptors and, under certain conditions,
to modulate nociceptive information. Furthermore, the
activity of the SNS itself is in turn affected by muscle
conditions, such as its current state of activity, fatigue
and pain signals originating in the muscle. The possible
involvement of the SNS in the development of WAD is
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discussed in light of the several positive feedback loops
in which it is implicated.
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Introduction

Whiplash neck injuries are induced mainly by rear-end
motor vehicle collisions and by front- or side-impact,
which produce sudden acceleration—deceleration
forces acting on head and neck, causing a swift neck
flexion-hyperextension involving compression and/or
torsions of the cervical spine. This may result in bone
or soft-tissue injuries, which produce a large variety of
clinical manifestations, grouped under the term of
whiplash-associated disorders (WAD) or WAD syn-
drome (Spitzer et al. 1995).

With increasing traffic, the occurrence of this illness
is progressively increasing. Statistics indicate that a
whiplash injury occurs in every second car accident
(e.g., Ottosson 2005); the estimated incidence in the
population is 3.8 per thousand (Barnsley et al. 1994).
Most individuals suffering from whiplash recover
within a few weeks, but a significant proportion of
them develop chronic symptoms that require medical
treatment. According to different studies, their propor-
tion ranges from 10 to 25% (Lovell and Galasko 2002),
from 14 to 42% (Barnsley et al. 1994; Spitzer et al.

! The Quebec task force suggested for whiplash the term
whiplash-associated disorders that includes a wide range of symp-
toms in one clinical syndrome, and classified with a grading system
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1995; Rodriquez et al. 2004). Most studies report that
6-18% of the patients are left with permanent severe
pain and disability, whereas higher figures are reported
by others (see reviews by Barnsley et al. 1994; Lovell
and Galasko 2002; Rodriquez et al. 2004). The causes
of such long-term disability are unknown. Whiplash-
associated disorders are a common cause of acute and
chronic pain and musculoskeletal impairments, a sig-
nificant health problem in the Western world. The pro-
longed or persistent symptoms are responsible not only
for the inflicted subjects’ suffering but also for the for-
midable financial burden associated with this condi-
tion, in terms of sick leave, medical and rehabilitative
treatments and early retirement.

Soon after injury, whiplash-injured subjects present
with a broad range of systemic physical and cognitive
symptoms, which vary widely irrespective of the degree
of recovery. Among these symptoms are stiffness and
pain in neck and shoulder area, sensory deficits, motor
dysfunction, muscle fatigue, local cervical mechanical
hyperalgesia, temporo-mandibular dysfunction, often
associated with dizziness, tinnitus, intermittent head-
ache, signs of autonomic dysfunction, cognitive dys-
functions such as memory and concentration
disturbances and psychological distress, depression and
anxiety, and sleep disturbances (for review and refs,
see Gimse et al. 1997; Eck et al. 2001; Horner 2003;
Bergholm et al. 2004; Rodriquez et al. 2004; Ferrari
et al. 2005; Sterling et al. 2005). The Quebec task force
classification of WAD (Spitzer et al. 1995) is based on
the type and severity of signs and symptoms observed
shortly after injury, rather than on the specific type of

Footnote 1 continued

from 0 to IV (Spitzer et al. 1995). Grade 0 designates no symp-
toms; grade I neck pain, stiffness and tenderness, with no objec-
tive physical signs; grade II neck complaints and musculoskeletal
signs (point tenderness, decreased range of movements); grade
III: neck pain or stiffness associated with neurological signs
(weakness, paresthesias into the arm, reflexes decreased or ab-
sent due, e.g., to nerve root compression by a disk protrusion);
grade IV: neck pain or stiffness associated with cervical fracture
and/or dislocation. All the other numerous physical and psycho-
logical problems of a diffuse nature listed below in this introduc-
tion may be present in all grades. Patients included in grades I and
II represent more than 90% of “whiplash injury claims” (Holm
et al. 1999; Hartling et al. 2001; Ferrari et al. 2005). As compared
to grades I1I and IV in which the cause of the injury is more obvi-
ous, grade I and II are the most controversial cases, in terms of
pathophysiology, diagnosis and prognosis, and therefore also for
the insurance compensation system, because of the absence of
clearly detectable anatomic injuries and of specific and generally
accepted pathological signs. For these reasons most of the studies
presented in the literature, and quoted in the present article, refer
to this group of patients, some of them also include grade III.
Grade IV patients (neck problems due to fracture or dislocations)
are excluded.
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lesion produced. In fact, lesions are often difficult to
identify and/or evaluate as to their magnitude, and may
be quite diversified in different patients (Volle and
Montazem 2001; reviewed by Lovell and Galaxo 2002;
Bergholm et al. 2004; Ferrari et al. 2005). As a result,
WAD is a heterogeneous group. The numerous inju-
ries occurring at the same time are responsible for a
variety of pathogenetic mechanisms that may account
for such diversity in symptoms and evolution of the dis-
order. The pathological processes underlying the wide
spectrum of symptoms of WAD are still controversial
and debated. Computer tomography and magnetic res-
onance imaging of the brain and cervical spine do not
usually evidence abnormalities and do not usually cor-
relate well with clinical and subjective symptoms, nei-
ther are there reliable and generally accepted tests that
allow an objective diagnosis of WAD (for review and
refs see Lovell and Galaxo 2002; Bergholm et al. 2004;
Rodriguez et al. 2004; Ferrari et al. 2005; Kaale et al.
2005). However, most patients suffering from chronic
pain in the neck region, irrespective of the anatomical
injury, present with the above symptoms, most of
which seem to be the expression of dysfunctional
behaviour of the central nervous system (CNS). In
addition, symptoms may develop a long time after the
accident, so that the relation of cause and effect is not
always obvious. Symptoms may change in the different
stages of the illness and are often intermittent. As a
consequence, the credibility of these patients may be
frequently and greatly underestimated by their doctors
and insurance companies, leading to incorrect diagnos-
tic labels of psychosomatic disease, psychogenic dis-
ease, or malingering, and subsequent referral to
psychiatric specialists. While these patients often expe-
rience psychological depression, it has been debated in
the literature whether depression/psychiatric symp-
toms are causes or effects of their pain. More recent
studies seem to qualify depression as a consequence of
pain and not vice versa, i.e., the symptoms arise from
the injury, and are modulated by psychological condi-
tions and psychosocial environment (e.g., Wallis et al
1996, 1997; Peebles et al. 2001; Ferrari et al. 2005). This
still supports the need for judiciously applied, adjunc-
tive psychiatric intervention to address the psychiatric
component of a given patient’s nociceptive or central
experience of pain. However, psychiatric labelling and
referral should not be dismissive of the patient. It does
not absolve the health care community from investigat-
ing and addressing what may be the primary issue
propagating and sustaining the patient’s true experi-
ence of a nociceptive neuromusculoskeletal problem.
In this review, we intend to investigate the role that
the sympathetic nervous system (SNS) might play in the
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development of WAD syndromes. Its involvement in this
syndrome is suggested by epidemiological data that
report the frequent association between WAD and phys-
ical and psychosocial stress (e.g., Sterling 2004; Sterling
et al. 2005; Tomlinson et al. 2005; Hendriks et al. 2005;
Holm et al. 2006), i.e., a condition that implies sympa-
thetic nervous system activation. In addition, there is evi-
dence to show that, besides physical factors,
psychological factors play a role in the recovery, and that
psychological distress and post-traumatic stress reaction
are psychological predictors of poor outcome (e.g.,
Nederhand et al. 2004; Hendriks et al. 2005; Sterling et al.
2005, 2006). While a number of different mechanisms
have been identified and suggested to mediate the sym-
pathetic maintenance of chronic pain, little information is
available to explain a role for the SNS in the develop-
ment of a chronic muscle pain syndromes. However, the
SNS exerts several actions at the muscle level that affect
sensorimotor functions: besides controlling muscle blood
flow, catecholamines modulate contractility of skeletal
muscle fibres and sensory activity of muscle-spindle
receptors thereby potentially affecting proprioception
and motor control. These notions, mainly provided by
basic research work performed on animal experimental
models, appear to be largely neglected in the current lit-
erature. The mechanisms of sympatho-motor interaction
are here reconsidered and their possible involvement in
positive feedback loops underlying the development/
maintenance of muscle pain syndromes is discussed and
put forward as working hypothesis.

Before dealing with the known and hypothesized
interactions between the sympathetic nervous system
and sensorimotor functions, we will first summarize
some general signs and symptoms of WAD, with a
focus on sensorimotor dysfunction.

Disturbances in WAD patients
Pain

Most of the recent clinical studies on chronic cervical
pain carefully group patients according to the origin and
onset of pain (e.g., traumatic, post-traumatic, non-trau-
matic). However, the different groups may, in fact, share
common features as to alterations in conduction and
processing of nociceptive information. In this context, it
is noteworthy that symptoms and pain extension to near
and often distant territories observed in WAD patients
may be common to several other types of chronic pain of
non-traumatic origin (see below, Pain processing).

In WAD patients, pain is the predominant symptom
and mostly, but not always, the onset symptom. When

pain appears, it is often initiated by exercise or stress,
may initially migrate for a while, then generalise
throughout the body and is often intermittent (e.g.,
Bergholm et al. 2004; Ferrari et al. 2005).

Origin

Pain may originate from acute lesions in various struc-
tures in the occipito-atlanto-axial segments, such as lig-
aments, capsules, facet joints (Volle and Montazem
2001; Bergholm et al. 2004; Kaale et al. 2005). Lesions
or their consequences (swelling, inflammatory pro-
cesses), can affect nociceptors, afferent and efferent
pathways and pain processing mechanisms, thus pro-
ducing symptoms of different severity.

The cervical facet joints are reported to be the most
common source of neck pain in WAD patients (Barns-
ley et al. 1994; Hartling et al. 2001). The strain on these
structures increases during flexion-extension loading
when a pre-torque is applied. That would explain why
position/pre-rotation of the head at the time of impact
is a risk factor and cause of increased symptom severity
and persistence among persons with whiplash injury
(e.g., Sturzenegger et al. 1995; Winkelstein et al. 2000;
Vibert et al. 2001; Kumar et al. 2005). The presence of
both mechanoreceptors and nociceptors in the human
cervical facet capsules suggests that neural input from
these structures is able to elicit proprioceptive reflexes
aimed at increasing joint stability.

In addition, other receptors/pathways conveying pro-
prioceptive information, usually responsible for correct
motor control, may be affected. The consequent mal-
function or misuse of the affected muscles, maintained
over time, may in turn enhance and/or maintain the pain.
In addition, in the acute stage of injury, the “pain-related
fear” and “avoidance” behaviours are common auto-
matic reactions, aimed at minimizing the probability of
pain and further injury, and, at the same time, enabling
healing of the damaged tissues. In a number of injured
subjects, this avoidance pattern persists after the initial
injury has apparently healed, leading to a “disuse syn-
drome” that causes detrimental changes in musculoskele-
tal and cardiovascular systems, with impairment of
muscle coordination This condition is also believed to
play a role in the development and exacerbation of
chronic pain (for review and refs see Vlayen and Linton
2000; Asmundson et al. 2004). These alterations in motor
control will be further discussed in the next section.

Pain processing

Nociceptive processes are qualitatively altered in
patients suffering from pain of different aetiology
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(Banic et al. 2004; for review and refs see Woolf and
Salter 2000; Blair et al. 2003; Windhorst 2003a, b; Keh-
let et al. 2006), and this also applies to WAD-patients
(Curatolo et al. 2001, 2004; Nederhand et al. 2002).
Due to aberrant signal processing at peripheral and
central levels, pain sensation may be largely indepen-
dent of the magnitude of the actual nociceptive stimu-
lus, and/or the generation of pain may occur in
response to a low mechanical stimulus. Behavioural
models indicate that a persistent small afferent input,
as generated by tissue injury, may result in chronic
alteration in sensory processing, i.e., hyperalgesia at
the injury site and tactile allodynia in adjacent areas.
Hyperalgesia is based on both peripheral and central
sensitisation, while allodynia is due to central facilita-
tion. Each of the mechanisms involved in hyperalgesia
is subjected to, or is the expression of, neuronal plastic-
ity, i.e., the capacity of neurons to change their func-
tion, chemical profile, structure, as well as synaptic
circuitry and connectivity in the spinal cord. A condi-
tion of “central hypersensitivity” may explain, at least
in part, the presence of pain in the absence of detect-
able tissue damage, as is often the case in whiplash
injury, idiopathic neck pain and fibromyalgia (Banic
et al. 2004; Scott et al. 2005). A generalized sensitisat-
ion of the nociceptive system is suggested by the pres-
ence of widespread hyperalgesia to stimulation of the
painful muscles (Koelbaek Johansen et al. 1999), as
well as generalized hypersensitivity to mechanical and
thermal stimuli over the cervical spine sites (Sterling
et al. 2003a, 2005). While the above findings are com-
mon to WAD and idiopathic neck pain patients,
chronic WAD subjects may exhibit additional hyper-
sensitivity in distant areas, such as in legs (Scott et al.
2005). In addition, the higher prevalence of temporo-
mandibular pain disorder in patients with WAD than
in chronic neck pain patients (Haggman-Henrikson
et al. 2004; Klobas et al. 2004; Visscher et al. 2005) led
Visscher et al. (2005) to suggest that the temporoman-
dibular disorder in WAD is part of a more widespread
chronic pain disorder.

Unfortunately a standardized animal model of whip-
lash is not available; current evidence for plastic
changes in central pathways processing nociceptive
information comes from investigations carried out on
several different simplified animal models of chronic
pain. In an experimental rat model, cervical facet
injury is associated with phenotypic changes in neurons
innervating C5/6 (labelled in the dorsal root ganglion:
DRG) and pain sensations in the cervical spine (Ohtori
et al. 2001, 2003). In particular, the facet joint capsules
contain small unmyelinated nerve fibres immunoreac-
tive to calcitonin gene-related peptide (CGRP), a
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marker of sensory neurons involved mainly in pain per-
ception. After cervical facet lesions, a subpopulation of
large myelinated DRG neurons, usually sensitive to
mechanical stimuli (not to pain) and not normally pro-
ducing CGRP, start to generate it. Another important
piece of information comes from experiments first per-
formed by Woolf and colleagues in the lumbar terri-
tory, which revealed what is now considered to be a
ubiquitous mechanism (Woolf et al. 1995; review and
refs in Woolf and Salter 2000). They showed that, after
peripheral nerve injury, phenotypic changes occur in
sensory A-fibres, which are the morphological corre-
late of a central reorganization and altered sensory
processing. Terminals of A-fibres sprout from their
deep dorsal horn laminar location, (laminae III-1V,
where non-nociceptive inputs are processed), to the
area where usually small nociceptive C fibres terminate
(laminae I-IT), and make functional synaptic contacts
with the C-fibres. As Woolf and Salter point out, “the
resultant change in connectivity might be a factor in
the intractable nature of many neuropathic pains”. The
above-mentioned phenotypic change in large neurons,
at the level of dorsal horn neurons (Windhorst 2003b),
may provide the pathophysiological basis for the
diffuse neck and shoulder pain, as well as for the head-
ache, experienced by patients with cervical facet
lesions.

Different mechanisms have different time courses

The study of sensitisation processes not only shows the
functional complexity of the events that occur second-
ary to a focal injury, but also suggests that chronic pain
depends on a cascade of events that is initiated, but not
necessarily sustained, by the injury stimulus. In addi-
tion, emotional and stress-related influences (see Stress)
may have a powerful modulating action on the evolu-
tion of the sensitisation process and pain perception via
an imbalance of supraspinal and descending pain-mod-
ulating neuronal circuits (Fields 1992; for review and
refs see Mense 1997; Baron etal. 1999; Windhorst
2003b; Curatolo et al. 2004). The multiple mechanisms
potentially involved in the sensitisation process exhibit
different time courses, and the symptoms exhibit a
great inter-individual variability (see below), which
makes it difficult to identify the stage of the illness and
to compare the data collected from different patients.
In view of the chain reactions induced by the persis-
tence of pain of different origin, the suggestion of
Cousins (2002) and Sterling et al. (2003a) that “an
early management of WAD patients at risk with appro-
priate expeditious treatment might help to prevent the
transition from acute to persistent pain” (Sterling et al.
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p. 516), seems theoretically appropriate and is sup-
ported by observations of the time course of the pain
symptoms. These symptoms as well as motor dysfunc-
tions often stabilize within 3 months, then increase
again after 6 months (Sterling et al. 2003a, b), and fluc-
tuate in severity (Tomlinson et al. 2005) (see Modula-
tion of nociceptive activity).

Possible neuroanatomical regional differences

In this context, we wish to mention that a number of
studies performed on experimental animals (reviewed
by Neuhuber 1998) indicate that the innervation of the
head and neck muscles differs from that of other
regions of the body. For instance, unlike the arrange-
ment seen in hind limb muscles, a relevant number of
thick-calibre neck muscle afferents, mostly from the
C2-C3 segments, project directly to the vestibular
nuclear complex, while thin-calibre fibres, mainly noci-
ceptive afferents from cervical segments, are chan-
nelled to limbic structures different from the targets of
thoracolumbar afferents. Neuhuber (1998) comments
“it is tempting to consider these neuroanatomical pecu-
liarities relevant for the pathogenesis of the puzzling
symptoms after whiplash injury”.

Individual pain sensitivity

Evaluation of pain level is not only important for the
treatment of patients but also, as mentioned in Intro-
duction for WADX, in connection with the financial
costs related to working environment and insurance
claims. In this context we wish to briefly remind that
sensitivity to pain exhibits, in general, a wide inter-indi-
vidual, as well as intra-individual variability. Cognitive
and emotional states such as fear of pain or of
(re)injury, uncertain expectations, anxiety (e.g., Plog-
haus et al. 2003; Asmundson et al. 2004), as well as
environmental (Chesler et al. 2002) and genetic factors
play relevant roles in the development and exacerba-
tion of chronic pain of different aetiology. As for cogni-
tive and emotional states, the possible mechanisms
were briefly commented above. As for genetic factors,
studies performed on animal models, particularly on
mice inbred for nociceptive traits, have shown that
hypersensitivity pain responses to thermal, chemical
and mechanical stimuli are distinct and genetically dis-
sociable phenomena (Lariviere etal. 2002; Wilson
et al. 2003), and the relevant genes are being identified
on the DNA sequence level in such models. To date we
know only a few examples of single gene mutations or
polymorphism associated with specific pain conditions
in humans (Mogil etal. 2000; Zubieta etal. 2003;

Fischer et al. 2005; Diatchenko et al. 2005, 2006). In the
context of myalgias, the most common metabolic disor-
der of human skeletal muscles is the myoadenylate
deaminase deficiency that is associated with exercise-
induced myalgia (Fischer et al. 2005; refs in Gross et al.
2002). It is observed in approximately 2% of the Cau-
casian population and in African-Americans, even
though most of the deficient subjects are asymptomatic.
Exercise-induced myalgia is also the most frequent
symptom of muscle carnitine palmitoyltransferase II
deficiency, an autosomal recessive disorder of fatty
acid oxidation characterized by attacks of myalgia and
myoglobinuria (Deschauer etal. 2005). Recently a
single nucleotide polymorphism of the gene that codes
for catecholamine-O-methyltransferase (COMT), an
enzyme that metabolizes catecholamines and catechol-
substances and which is known to play a crucial role in
mediating physiological and psychological responses to
environmental stressors, is reported to substantially
affect pain sensitivity in human population (Zubieta
et al. 2003; Diatchenko et al. 2005, 2006). In particular
it contributes to developing a chronic musculoskeletal
pain condition, i.e., temporomandibular joint disorder
(Diatchenko et al. 2005), and possibly other chronic
pain conditions. One of the hypothesized mechanisms
by which COMT activity inversely correlates with pain
sensitivity is the following. Reduced COMT activity
entails elevated levels of catecholamines that, by
stimulating beta2-adrenergic receptors in the periph-
eral and central nervous system, may produce persis-
tent pain states (Khasar et al. 2003; Diatchenko et al.
2005, 2006).

The possibility is being investigated that complex
qualitative pain traits, as well as susceptibility to pain,
may depend on alterations in the expression of the
numerous genes that code for proteins involved in the
complex neurochemical mechanisms processing noci-
ceptive messages in the spinal cord and in the brain
stem.

Motor control

It is generally accepted that movements and posture are
altered in WAD patients. All these patients exhibit a
reduction of different extent in the range of active cervi-
cal movement (range of motion), in movement precision
and coordination, in head—neck balance, and show jerky
and disharmonic movement patterns. The few studies
that have compared motor disturbances in subjects
suffering from chronic neck pain of traumatic and non-
traumatic aetiology could not evidence clear-cut charac-
teristics that are peculiar or specific to WAD patients,
which suggests that musculoskeletal disturbances in
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chronic neck pain syndromes share common pathophys-
iological mechanisms, irrespective of the aetiology.

Postural control

Postural control appears to be impaired in both WAD
patients and chronic neck pain patients, as indicated by
the larger postural trunk sway before the balance is
reached, both in stance tasks and more complex gait
tasks (Sjostrom et al. 2003; Michaelson et al. 2003;
Madeleine et al. 2004). Head stability also appears to
be reduced, as observed by Michaelson et al. (2003)
who specifically monitored head and trunk postural
adjustments in response to unexpected or self-adminis-
tered perturbation, the postural deficits being more
pronounced in WAD as compared to work-related
chronic pain patients.

Possible alterations in muscle activity and motor
patterns have been investigated in many studies by
means of surface electromyography (EMG).

In superficial neck muscles such as the sternocleido-
mastoid and upper trapezius muscles, the magnitude of
EMG activity is reported to be increased in patients as
compared to healthy subjects when performing differ-
ent tasks (Sterling et al. 2004; Jull et al. 2004; Neder-
hand etal. 2000; Falla etal. 2004a) the extent of
increase being related to the severity of symptoms.
Electromyographic activity of the superficial neck
flexor muscles is increased during the cranio-cervical
flexion test, the increase persisting for 3 months in all
groups, i.e., from mild to severe pain and disability
(Sterling et al. 2003b). Stronger co-activation of antag-
onist muscles during physical exercise and a decreased
ability to relax muscles after physical exercise are com-
mon traits in patients suffering from chronic pain, as
observed in patients suffering from WAD (Nederhand
et al. 2000; Elert et al. 2001), as well as fibromyalgia
(Elert et al. 2001). Indeed, a decreased ability to relax
the trapezius muscles after exercise has been suggested
to identify patients with WAD (Nederhand et al.
2000). However the picture is not as simple, heteroge-
neity within groups of patients with the same chronic
pain disorder is a frequent finding (Elert et al. 2001)
and EMG levels have also been reported to inversely
correlate with the “neck pain disability” (Nederhand
et al. 2003).

Models linking muscle activity and pain
Whether muscle hyperactivity occurs and possibly
plays a role in development or maintenance of chronic

muscle pain syndromes has long been debated and two
major hypotheses have been put forward.
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A vicious circle hypothesis was initially advanced by
Travell et al. (1942) and later reconsidered by Schmidt
et al. (1981) and Johansson and Sojka (1991). In this
latter formulation the model states that activation of
group IIT and IV muscle afferents (high threshold mec-
hano-chemical and pain receptors) increases muscle
activity by exciting alpha motoneurons through an
action exerted on muscle spindles via gamma motoneu-
rons. The increase of muscle activity will in turn
increase muscle fatigue and pain thereby further excit-
ing muscle group III and IV receptors, giving rise to a
vicious circle that maintains muscle hyperactivity and
pain (Travell et al. 1942; Johansson and Sojka 1991).

Conversely, the “pain-adaptation model” (Lund
etal. 1991), which in cognitive behavioural term is
often formulated as the “fear-avoidance model”, pre-
dicts decreased activity in painful muscles, resulting
from a learned protective behaviour aimed at reducing
amplitude and speed of movement in order to mini-
mize the use of the painful muscles and joints (for
review and refs, see Lund et al. 1991; Graven-Nielsen
et al. 2003; Asmundson et al. 2004).

The hypothesis about the development of a vicious
circle, along with its possible extensions and variants
(Johansson et al. 2003, see later Feedback loops) is
attractive and, although mainly supported by results
from animal experiments performed on several territo-
ries (Johansson et al. 1993; Djupsjobacka et al. 1994,
1995a, b; Pedersen et al. 1997; Thunberg et al. 2001;
Hellstrom et al. 2002; but see also, in humans, Svens-
son et al. 2004), it would account for the frequent clini-
cal observation of contractures and muscle spasms in
chronic muscle pain patients (Rivner 2001; Simons
2004). However, a longitudinal study, in which a group
of WAD patients was followed from 1week to
6 months after injury, failed to evidence any change in
trapezius muscle activity during static and dynamic
tasks as well as in response to exercise (Nederhand
etal. 2003), i.e., detecting no initiation of muscle
hyperactivity in the transition from acute to chronic
muscle pain. On the contrary EMG levels appeared to
be inversely related to a “disability index” obtained
from subject reports; on this basis the authors sug-
gested the presence of an altered motor strategy in
these patients, compatible with the pain adaptation
model.

Altered motor strategies

Evidence for a change in motor strategies also comes
from several recent studies that investigated the activa-
tion patterns of specific muscle groups in response to
rapid arm movements, based on sophisticated EMG



Eur J Appl Physiol (2006) 98:423-449

429

recording techniques (Falla et al. 2004a, b, ¢; Jull et al.
2004). The results show that, as compared with healthy
controls, patients suffering from neck pain (of both
traumatic and not traumatic origin) exhibit altered spa-
tio-temporal patterns of activation in several neck mus-
cles (Falla etal. 2004d). Reduced and delayed
activations of the deep cervical muscles (Falla et al.
2004b, ¢) and increased activations of superficial acces-
sory neck muscles (Falla et al. 2004a; Jull et al. 2004)
have been reported. Anticipatory activation of neck
muscles during rapid arm movement is known to take
place in order to ensure stability of the head during
voluntary movements (Gurfinkel etal. 1988). The
delayed activation of deep cervical muscles during vol-
untary arm movements suggests an altered feedfor-
ward control of the cervical spine (Falla et al 2004c;
Gurfinkel et al. 1988).

Another example of reorganization of motor pat-
terns in WAD patients has been reported by Kelders
etal. (2005). They found the cervico-ocular reflex
increased over a wide range of peak velocities of head
rotation. This reflex, which operates in conjunction
with vestibulo-ocular and optokinetic reflexes in stabi-
lizing the eyes in space following neck movements,
exhibits long-term and short-term plasticity depending
on subject age and training (Kelders et al. 2003; Rijka-
art etal. 2004). The increase in the cervico-ocular
reflex in WAD-patients may indicate a central adjust-
ment of reflex gains as part of a modified motor strat-
egy aiming at avoiding neck pain in the end-range of
motion. Given the consistency of their observations,
Kelders et al. (2005) suggest that testing the cervico-
ocular reflex might be an appropriate and objective
technique to assess cervical injury. However, its speci-
ficity as a test suitable for the diagnosis, prognosis, and
possibly monitoring therapeutic effects in WAD-
patients requires further study.

The reorganization of motor strategies in the pres-
ence of pain is a rather quick process to the extent that
it could be observed in healthy subjects under experi-
mental pain or threat of pain in different body areas
(Lund et al. 1991; Arendt-Nielsen et al. 1996; Graven-
Nielsen et al. 1997; Moseley et al. 2004; Moseley and
Hodges 2005). The general picture supports the pain
adaptation model in that in activity of painful muscles is
reduced as well as movement of threaten or painful
joints. This may imply the recruitment of antagonist
and/or accessory muscles aimed at reducing the extent
of movement and stiffening the threatened joint. Ini-
tially, the modulation of the motor performance was
attributed to a “direct” (reflex) action of nociceptive
afferents (pain interference) (Lund et al 1991; Graven-
Nielsen et al. 1997). However, Moseley and Hodges

(2005) recently observed that repeated nociceptive
stimuli did not produce habituation of the response,
and removal of the nociceptive stimulus did not imme-
diately restore the original motor strategy. On this
basis they suggested that the switch to a protective
motor strategy during pain is mediated at a higher level
in the CNS.

In conclusion, many studies have demonstrated that
in pain conditions an alteration of the motor strategy
takes place, in agreement with the pain adaptation
model. However, if such protective motor strategy is
maintained for long time, a vicious cycle of pain and
motor dysfunction may secondarily be promoted by
the abnormal activity requested to accessory (auxiliary,
antagonists) muscles as well as by the increased com-
pressive load of cervico-spinal segments (Panjabi et al.
1989; Moseley and Hodges 2005).

A glance to proprioception

An interesting hypothesis followed by a number of
investigators is that the postural symptoms that charac-
terize WAD patients may also be partly attributed to a
proprioceptive deficit.

Proprioception is based on afferent signals emanat-
ing from mechanosensory receptors in ligaments, joints
and muscles, to some extent also in skin. Propriocep-
tive information, particularly from muscle spindles, has
an important role in motor control for movement coor-
dination and joint stability, and contributes to
moment-to-moment reflex corrections of the ongoing
movement (feedback control of movement). In addi-
tion, this information subserves higher level functions,
such as the construction and updating of the body
schema, the provision of initial conditions for motor
acts, the planning of motor programs (feedforward
control of movement), the learning of motor tasks and
the calibration of other sensory systems (for review
and ref see Prochazka 1996; Lackner and DiZio 2000;
Roatta and Passatore 2006). Distortion of this informa-
tion may thus disrupt the normal perception of the own
body and the control and coordination of movements
by acting at several levels of the CNS.

Only few studies specifically addressed the proprio-
ceptive issue in WAD as well as in other chronic neck
pain patients. Cervical proprioception, generally
assessed through tasks requiring postural corrections
and head repositioning, was found to be consistently
reduced, as compared to control subjects (Revel et al.
1991; Michaelson et al. 2003; Kristjansson et al. 2003;
Treleaven et al. 2003, 2005).

In addition, impaired proprioception has also been
implicated in dizziness. In fact, postural control
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involves the interaction between visual, vestibular
and somatosensory information, in which propriocep-
tive inputs from the cervical segments play a major
role. If information on motion coming from these
different sensory systems is incongruent, the resulting
“sensory mismatch”, if powerful enough, produces a
sensation of spatial disorientation and dizziness. This
leads to less stable postural control and unsteadiness
(Karlberg et al. 1995; Magnusson and Karlberg 2003),
often associated with episodes of loss of balance,
which are frequent complaints in patients suffering
from persistent WAD. WAD-patients reporting high
neck pain and dizziness also exhibit greater joint posi-
tion errors in head-repositioning tasks than do sub-
jects reporting mild or low pain (Treleaven et al.
2003, 2005). An interesting model suggesting a hypo-
thetical vicious circle in cervical dizziness was
recently presented by Magnusson and Karlberg
(2003): dizziness per se is a strongly alarming and
alerting sensation that, together with pain, may cause
anxiety and consequent enhancement in sympathetic
drive. This in turn may disturb proprioceptive infor-
mation (Roatta et al. 2002b, see also below), thereby
further worsening the above-mentioned condition of
sensory mismatch and dizziness. Such a model may
also apply to WAD-patients.

A possible mechanism underlying the disturbance of
proprioception in WAD, as well as in chronic neck
pain patients, has been suggested by Michaelson et al.
(2003) on the basis of results from animal experiments.
Namely activation of chemo- and nociceptive sensory
afferents from muscles and joints, elicited by injecting
inflammatory substances in limb (Johansson et al. 1993;
Djupsjobacka et al. 1994, 1995a, b) and neck muscles
(Pedersen et al. 1997; Thunberg et al. 2001; Hellstrom
et al. 2002), strongly affects proprioceptive activity of
muscle spindle afferents via involvement of gamma-
motoneurons (Jovanovic et al. 1990). Likewise, chemo-
receptors and nociceptors could be stimulated by
injury/inflammation following the whiplash and
thereby reflexly change (and derange) muscle spindle
behaviour.

Another possible mechanism accounting for
impaired proprioception involves whiplash-induced
stretch/damage to cervical ligaments. In fact, ligament
mechanoreceptors have a role in muscle coordination
and reflex regulation of joint stability, through their
action on muscle spindle afferent activity via gamma
motoneurons (Sjolander et al. 2002).

Finally, proprioception may be impaired by the
action exerted by the sympathetic nervous system on
muscle spindle receptors. This possibility will be dis-
cussed more thoroughly in the next sections.
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The emphasis on proprioceptive deficits is here jus-
tified by the fact that it may produce similar modifica-
tion of motor strategies as described for the pain
adaptation model and give rise to similar possible con-
sequences. In fact, a proprioceptive deficit may result
in inaccurate perception of head or limb position. To
overcome the ensuing loss of movement accuracy and
precision, the system may adopt a different motor strat-
egy in performing a given movement, in terms of the
muscles or groups of muscles or motor units activated,
the time of onset and the sequence in their individual
patterns of activation and relaxation, the co-activation
of antagonist muscles (co-contraction) (Ghez and Sain-
burg 1995; Gribble et al. 2003). In general, a sub-opti-
mal strategy will be adopted, such as stiffening and
stabilizing the affected structures, which may lead to a
less efficient and, in a long run, possibly harmful muscle
function. In particular, the presence of long-lasting
static contractions (like stabilizing co-contractions) is a
well-known risk factor for chronic muscle pain (Veier-
sted et al. 1993; Veiersted 1996; Sjogaard et al. 2000).
These mechanisms will be further discussed below (see
Positive feedback loops).

As a final consideration, it should be pointed out
that plastic changes might occur in the brain due
chronic pain conditions that may distort the body
image and body schema (Birklein and Rowbotham
2005; Moseley 2005; Moseley et al. 2005). This in turn
may be one of themechanisms that cause a change in
the motor program.

Systemic dysfunctions

Disturbances in cardiovascular function, such as heart
rate and arterial blood pressure instability, disturbance
in temperature regulation, blushing, are often reported
in WAD-patients (Bergholm et al. 2004; Ferrari et al.
2005). These disturbances suggest an impaired auto-
nomic control whose mechanism has been and is being
investigated. One of the proposed possibilities is that
the trauma-induced deformation might induce a long-
lasting or permanent alteration of the mechanical
properties of ligaments and capsules of the upper cervi-
cal spine segment, i.e., the structures aimed at mechan-
ically limiting head movement and thus exerting a
protective function on the spinal cord. This condition
may affect the structural behaviour and stability of the
upper cervical spine, thus altering the complex kine-
matics of the craniocervical region (Brolin and Halldin
2004). The instability of the craniocervical junction
may in turn produce, during particular head move-
ments, compression of the cervical spinal cord and
medullary areas, as it could be evidenced in a number
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of these patients, through magnetic resonance, during
head rotations (Volle and Montazem 2001).
Disturbances in cardiovascular function are reported
not only in grade IV and grade III WAD patients, in
whom cervical fracture and/or dislocation may produce
a visible compression of spinal-medullary areas (Spitzer
et al. 1995), but also in WAD lower grades in which
injuries are not easily identifiable. Recent clinical work
points out that disturbances in the vertebrobasilar circu-
lation are frequently occurring in WAD-patients, creat-
ing ischemic problems that could justify the reported
occurrence of apparently unrelated pathologies. In a
large number of WAD patients presenting no X-ray
evidence of bone lesion, Seric et al. (2000) recorded
blood flow in vertebral and basilar arteries, through
transcranial Doppler sonography. They report the pres-
ence of significant disturbances attributed to spasm
that, in a large percentage of patients, persisted
throughout the 6 months following the accident, and
correlated well with the severity of clinical picture.
Mayor and minor neurological symptoms were
reported, attributed to ischemia in the territories inner-
vated by vertebrobasilar arteries, as a result of even
minor trauma inducing lesions of the vertebrobasilar
system (review and refs in De Decker et al. 2003).
Finally, Ferrari et al. (2005), in a recent re-examina-
tion of a large population of patients, also suggest the
systemic nature of WAD: “Neck pain was only one of
many diffuse and intense symptoms, including, often,
low back pain. The range of symptoms including con-
centration problems, fatigue, dizziness, paresthesiae,
headache, spinal pain, nausea, and jaw pain could be
interpreted as a systemic disorder that cannot be
explained by a single anatomic region of injury and
extends well beyond what can be labelled as a neck
injury” (p. 1,337). It may be added that many of the
above mentioned symptoms would be justified by the
presence of an ischemic condition of medullary areas
(see also Seric et al. 2000; De Decker et al. 2003; Syme
2005). In this context, we wish to mention a provoca-
tive recent hypothesis (Syme 2005) linking three syn-
dromes characterised by altered pain appreciation and
autonomic imbalance: cardiac syndrome X, irritable
bowel syndrome and reflex sympathetic dystrophy.
Syme (2005) proposes that microvascular ischaemia of
the caudal lateral/posterior medullary region of the
brain stem, due to minor injury of the vertebral artery
inducing abnormality or occlusion at microvascular
level, is responsible for these (all three) syndromes.
According to Syme, the patients suffering from such
pathologies “present in their thirties, with no vascular
risk factors and without florid neurological signs, often
have a previous history of significant whiplash or head

injury” (p. 146). He comments that the vertebral artery
may be especially vulnerable to whiplash injury, due to
its long transforaminal course, and that the frequency
of these lesions after trauma is probably underesti-
mated.

Involvement of the sympathetic nervous system
in WAD

It is generally accepted that sympathetic activation is
largely aimed at supporting motor function by exerting
a number of generalized preparatory actions on vege-
tative functions to meet the varying metabolic require-
ment of the active muscle. These actions are centrally
programmed to be appropriate for each particular
motor task and are realized by central commands that
activate sympathetic preganglionic neurons parallel to
the motoneurons innervating the exercising muscles
(Goodwin et al. 1972; McCloskey 1981; Seals and
Victor 1991; Suzuki et al. 1999; Mano 1999). However, in
modern life, stressful situations often produce activa-
tion of the sympathetic system that for different reason
(e.g. social constraints) may not be accompanied by its
motor counterpart. The increased sympatho-adrenal
outflow will then result to be excessive and inappropri-
ate to serve an organism during quite or sedentary
activity. Such unbalance is one important component
of the stress response and has been implicated in vari-
ous diseases not exclusively related to the cardiovascu-
lar system but concerning virtually all body functions,
including immune system (e.g., Boscarino 2004; Con-
nor et al. 2005; Elzinga and Roelofs 2005; and see, for
review and refs, Habib et al. 2001; Thayer and Bross-
chot 2005).

Epidemiological data report the frequent associa-
tion between chronic musculoskeletal pain in the neck—
back areas, including WAD, and psychosocial stress,
(e.g., Skov etal. 1996; Eriksen 2004; McLean and
Clauw 2004). In a recent prospective study, Sterling
et al. (2005) maintain that both physical factors and
psychological distress play a role in the recovery or
non-recovery from whiplash injury. According to
several studies (e.g., Wallis et al. 1996, 1997; Richter et al.
2004; Miettinen et al. 2004; Nederhand et al. 2004;
Ferrari et al. 2005; Hendriks et al. 2005; Guez et al.
2005), socio-demographic, cultural and psychological
factors add to physical factors in affecting the short-
and long-term outcome after whiplash injury, and are
listed among the predictive factors for the subjects to
develop chronic neck pain disability (see Pain).

There are several levels at which excessive sym-
patho-adrenal outflow may be involved in producing
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skeleto-motor disturbances and pain. Sympathetic acti-
vation exerts a number of actions at muscular level,
such as vasoconstriction in skeletal muscles (see Vascu-
lar control), modulation of skeletal muscle contractility
(see Modulation of skeletal muscle contractility), mod-
ulation of the discharge of numerous receptors (in par-
ticular muscle spindles which carry key-information for
motor control: see Modulation of proprioceptive activ-
ity) and, in chronic pain states, modification in the
excitability of pain receptors (see A debated issue). In
turn, sympathetic outflow is affected by what is going
on in the muscle, i.e., by intramuscular chemistry
(Roatta et al. 2002a; see also somato-sympathetic refl-
exes: reviewed by Sato et al. 1997).

After a brief introduction about stress, the above
listed different actions will be detailed and discussed in
terms of their possible role in the chronic pain and
motor dysfunctions reported in WAD.

Stress

There is no universally accepted definition of stress (for
review and refs see Habib et al. 2001; Kalezic et al.
2003). It may be defined as that particular state in which
the brain interprets the quantity of stimulations as
excessive or its quality as threatening, thus responding
in a generalized way (Chrousos 1998). These stimuli or
“stressors” may be physical, psychological or psychoso-
cial. They produce adaptive responses whose magni-
tude is related to the stress stimulus as well as to the
individual’s perception of it. Such responses are very
finely tuned, ranging from very localized reactions to a
generalized and systemic state. In this condition, the
brain can influence virtually any organ or body system
through the activation of the hypothalamic-pituitary-
adrenal axis and of the sympatho-adrenal system,
accompanying the behavioural/motor responses. The
generalized response to stress classically consists of
mobilising body resources to acutely prepare the organ-
ism for a powerful motor reaction, the so-called “fight
or flight” reaction, taking place within seconds. Stored
energy is mobilized, and the relevant transport systems
are activated, resulting in increases in respiration, blood
pressure and heart rate, redistribution of blood to rele-
vant organs, mobilization and enhanced delivery of
energy substrates to brain and muscles, as well as de-
activating systems not acutely needed, such as alimen-
tary tract, kidney, sexual function, immune system etc.
Cannon (1929) defined fear and anxiety as being the
“emotional manifestation” of the “fight or flight”
response, characterized by activation of the sympathetic
nervous system and parasympathetic withdrawal.
Another important effect of stress concerns sensory
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perception, in particular perception of pain, which may
range from stress-induced short-lasting analgesia (e.g.,
soldiers wounded in battle, athletes injured during sport
events), to development and maintenance of chronic
pain states and hyperalgesia (e.g., sympathetically-
maintained pain), determined by the activation of
endogenous antinociceptive pathways and facilitatory
modulatory systems (Fields 1992; reviewed by Mense
1997; Baron et al. 1999; Windhorst 2003b).

The reactions listed above are usually beneficial in the
acute state of stress, in that they support the increased
motor activity and realize efficient adaptive adjustments
that help organisms to cope with changing environmen-
tal conditions and re-obtain homeostasis, thus promot-
ing health and survival. In our modern life, however, the
motor component of the stress response is most often
suppressed by social constraints; this leaves an “unbal-
anced” autonomic (sympathetic) activation that is no
longer appropriate and beneficial to the organism. In
fact, whenever the stress is excessive and prolonged, i.e.,
it becomes a chronic state that keeps the above-men-
tioned actions going, it generally impacts negatively on
physiological homeostasis, being the recognized cause,
or the possible con-cause, of a variety of diseases (for
review and refs see Damasio 1998; Selkowitz 1992;
Habib et al. 2001; Kalezic et al. 2003; Asmundson et al.
2004; Boscarino 2004; Thayer and Brosschot 2005).

Human subjects vary widely as to their response to
the same stressor, and strong heterogeneity of
responses is also reported in animals (Cohen and
Zohar 2004). Genetic as well as environmental influ-
ences, such as bringing up, cultural differences, motiva-
tion, previous traumas etc., contribute to the
psychological make-up characteristics of every individ-
ual, and to his/her response to both stress and pain
(e.g., Chrousos 1998; Habib et al. 2001; Nederhand
et al. 2004; Asmundson et al. 2004; Richter et al. 2004,
De Kloet and Derijk 2004). Recent studies suggest that
genetic polymorphisms and alterations in the expres-
sion of genes, e.g., the one encoding the alpha,-adren-
ergic receptors (Finley et al. 2004), as well as the one
encoding beta2-adrenergic receptors (see Individual
pain sensitivity), are involved in the regulation of mag-
nitude of autonomic response to stress, thus in the indi-
vidual’s susceptibility to stressors.

It merits emphasis that pain is one of the most pow-
erful stressors; therefore the presence of pain per se
may enhance the sympathetic outflow.

Vascular control

The blood supply to skeletal muscles is regulated by
two competing mechanisms. As in all sympathetically
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Fig. 1 Effect of catecholamines on the contractile force of fast-
and slow-contracting muscles in various territories, in mammals.
Intravenous injection of adrenaline (ADR) increases amplitude
and duration of the twitch response in fast-contracting tibialis
muscle of rabbit as indicated by the arrow (a) and increases force
developed by sub-tetanic contraction (b control and after ADR).
Conversely, reductions are observed in slow-contracting muscles,
such as soleus m. in cat (¢, d). Amount of adrenaline injected:
a 10 wkg, b 8 pg/kg, ¢ 1 pg/kg, d 2 pg/kg. (modified from Bowman
1981, with kind permission of Springer Science and Business
Media) Co-operation between noradrenaline and NPY in
enhancing the force developed by a fast-contracting muscle, rabbit

innervated organs, activation of the sympathetic sys-
tem, via central command or reflex actions, induces a
generalized tonic constriction.” of arterioles and pre-
capillary sphincters. In active tissues and organs, the
blood flow may increase, provided that the neurogenic
vasoconstriction is antagonized and overridden by
metabolite-induced vasodilatation, which also occurs
in working skeletal muscles (for review and refs see
Thomas and Segal 2004). An imbalance between these
two actions toward insufficient flow, either due to
“excessive” sympathetic vasoconstriction or to insuffi-
cient metabolic dilatation, produces hypoxia and toxic
effects for inadequate washout of metabolites. Under

2 Besides vasoconstrictor sympathetic supply to blood vessels,
which is largely predominant, sympathetic cholinergic fibres pro-
ducing vasodilatation have been reported in experimental ani-
mals. However the existence of neurogenic dilatation is still
doubtful in human skeletal muscles since morphological and
functional data were unable to prove its presence (for review and
refs see Joyner and Halliwill 2000; Joiner and Dietz 2003; Passa-
tore and Roatta 2003). Therefore we are not dealing with neuro-
genic vasodilatation in this article.

Phenylephrine (ngkg1)

NPY (pmol kg )

digastric, is shown in e-g. Cervical sympathetic nerve (CSN) stim-
ulation at 10imp s~! (e) increases amplitude and duration of
maximal twitches. In this territory/species the effect of CSN
stimulation is reproduced by close arterial injection of both
al-adrenoceptor agonist phenylephrine, and neuropeptide
Y (NPY) with a dose-response relationship (f, g, respectively),
(modified from Grassi etal. 1996, with permission). For all
twitches, control and effect of ADR administration/ CSN stimula-
tion (indicated by arrows) are superimposed. Calibrations:
vertical lines correspond to 5 N in a-d, to 1 N in (e); horizontal
lines under single twitches to 50 ms (a, ¢, e); horizontal lines under
subtetanic contractions to 0.25 s (b, d)

this condition, free radicals are produced, which
change the intracellular oxidation-reduction balance
toward oxidation. The ensuing oxidative stress may be
responsible for the exercise-induced muscle inflamma-
tion, damage and chronic pain (Sjogaard and S6gaard
1998; Jenkins 2000). A persistent condition of oxida-
tive stress is held responsible for deposition of connec-
tive tissue undergoing fibrotic degeneration in
numerous tissues and organs, among which are mus-
cles (fibromyalgia). In the context of muscle hypoxia,
an additional factor should be evaluated, i.e., the
intramuscular pressure produced by the contractile
activity that may reduce or arrest blood flow. This
occurs in all muscles for contractions that constitute
small percentages of the maximal voluntary effort and
varies in relation to mass and shape of muscle, type of
contraction, limb position and external loads (Mgller
et al. 1979; Jarvholm et al. 1988; see for review and
refs Sjogaard et al. 2000). This factor becomes particu-
larly relevant in long-lasting contractions such as the
static contractions/co-contractions required for the
maintenance of posture.
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Clinical and experimental data from animal models
are accumulating in the literature, which suggest a
cause—effect relation between hypoxic/ischaemic condi-
tions and chronic myalgia. However, the matter is still
unsettled. Even though data on muscular blood flow or
morphological changes occurring in subjects affected
by WAD are not available, data coming from myalgias
of different aetiology may be relevant. Larsson et al.
(1988, 1998, 1999), who recorded microcirculation in
patients suffering from chronic trapezius myalgia (cerv-
ico-brachial pain syndrome), found muscle blood flow
to be significantly lower on the more painful side and
muscle tension to be somewhat elevated. In addition,
morphological data relevant in this context come from
studies performed by Thornell’s group (Kadi et al.
1998; Henriksson et al. 1993) on muscle biopsies of
patients suffering from chronic work-related trapezius
myalgia. These data indicate the occurrence of struc-
tural changes in this muscle. These changes concern an
imbalance between the capillary supply and the cross-
sectional area of both type I (slow oxidative) and type
ITa (fast, non-fatigable) muscle fibres. In particular,
there are indications of: (a) presence of “ragged red”
and “moth-eaten” fibres, typically associated with
mitochondrial myopaties, which is similar to the pic-
ture emerging in animal models of ischaemic muscles;
(b) a correlation between pain scores and low capil-
lary-to-fibre-area ratio for both I and II fibre type. The
above findings suggest disturbances in microcircula-
tion. The consequence is an impairment of the diffu-
sion of nutrients, of O, delivery and washout of
metabolic inflammatory substances and CO,, a condi-
tion that, if prolonged, is likely to develop degenerative
processes and induce and/or maintain muscle pain
(Sjogaard et al. 2000).

The altered metabolite concentration in the intercel-
lular muscle interstitium may activate chemosensitive
group III and IV muscle afferents (which include mus-
cle nociceptors) that are known to exert complex reflex
actions on spinal neurons, thus starting a number of
vicious circles or “positive feedback” loops, which in
turn may lead to less efficient intramuscular and inter-
muscular coordination, as well as to changes in the cen-
tral processing of nociception (discussed in Positive
feedback loops).

In summary, impaired regulation of intramuscular
microcirculation, regardless of whether it is due to
excessive sympathetic outflow or to damage in the
mechanisms involved in metabolic dilatation, may be a
causal factor of deterioration of motor coordination
and of inducing or maintaining muscle pain. Interest-
ingly, not all muscles behave the same way during
stress. In healthy humans undergoing a mental stress

@ Springer

task, the sympathetically induced haemodynamic
response is reported to vary widely among different jaw
muscles (Hidaka et al. 2004a, b). If this variability in
the sympathetic influence on different muscles is con-
firmed in other muscles, this factor is likely to have
important implications in the susceptibility of the
different muscles to myalgia.

Modulation of skeletal muscle contractility

It has been known for a long time that catecholamines
affect the force developed by muscle fibre contraction.
The effect is classically described through the modifica-
tion exhibited by the muscle twitch (muscle response to
single-pulse electrical stimulation): the developed force
is increased and longer lasting in fast contracting mus-
cle fibres (Fig. 1a, b), while it is decreased and shorter
lasting in slow-contracting fibres (Fig. 1c, d) (for review
and ref see Bowman 1981). The potentiating effect on
fast-contracting fibres, that in the masticatory muscle
was shown to be partly mediated by the noradrenaline
co-transmitter NPY (Fig. le—g) was generally observed
in limb muscles at relatively high doses of injected
adrenaline or at relatively high frequencies of splanch-
nic sympathetic stimulation, casting doubts on its
actual physiological significance. On the contrary, the
inhibitory effect on slow-twitch muscle fibres could be
evoked with much lower doses of injected adrenaline
(Bowman and Zaimis 1958) as well as thorough reflex
sympathetic activation obtained with hypoxic stimulus
(Bowman 1981) and is therefore expected to have an
impact in physiological conditions.

Few more recent experiments performed on in
vitro preparations from different muscles, i.e., iso-
lated muscles or muscle fibre bundles, confirm the
above mentioned effects of catecholamines on muscle
contractility observed in in vivo, except that increases
in twitch amplitude are occasionally reported also for
slow-twitch muscle fibres. This discrepancy was attrib-
uted to the difference between the in vivo and in vitro
experimental models, namely, possible effects of ana-
esthetics and of circulating hormones and different
basal levels of the involved intracellular mediators
(Cairns and Dulhunty 1993; Ha et al. 1999). As for the
receptors responsible, there seems to be some vari-
ability in different muscles and species. Beta2-adreno-
ceptors are mainly involved and the mechanism
responsible has been recently elucidated. These
receptors are diffusely present on the sarcolemma,
particularly of slow contracting muscle fibres (Elfel-
lah and Reid 1987; Jensen et al. 2002). The increase in
muscle force is related to increased Ca** release by
the sarcoplasmatic reticulum, while the decreased



Eur J Appl Physiol (2006) 98:423-449

435

twitch duration (slow fibres only) is attributed to
accelerated Ca** re-uptake. These effects would be
achieved by phosphorylation of both ryanodine
receptors and the sarcoplasmic pump regulatory pro-
tein phospholamban, respectively, via the cAMP-
PKA pathway (Cairns and Dulhunty 1993; Ha et al.
1999). In addition, beta2-adrenoceptors also stimu-
late the Na/K pump. Due to the ensuing hyperpolariz-
ing effect, activation of beta2 receptors potentiate
muscle force during hyperkalemia-induced muscle
weakness (e.g., Clausen etal. 1993; Hansen et al.
2005), a mechanism that is considered to mediate the
“anti-fatigue” or Orbeli effect (Orbeli 1923).

Adrenergic modulation of muscle contractility was
largely investigated in the past but appears to be
mostly neglected by the recent literature. Our opinion
is that these mechanisms deserve to be reconsidered.
In particular, it is relevant in this context the twitch-
duration shortening effect in slow-contracting fibres,
the relevant fibre type in antigravity muscles, such as
neck muscles, the long muscles of the back and the leg
extensors. Shorter twitch duration implies a reduction
in the force developed by subtetanic contractions, the
usual working mode of skeletal muscles. Hence, as a
consequence of sympathetic activation, the motor com-
mands to alpha-motoneurons innervating slow-con-
tracting muscle units (essentially postural antigravity
muscles) should be enhanced in order that the muscle
produces the same force and thus maintains the correct
posture/upright position. In other words, during an
increase in sympathetic outflow, antigravity muscles
may need a different activation pattern, e.g., increase in
the number of active motor units or the discharge fre-
quency of individual motor units or both. For any
motor action involving muscles with a “mixed” motor-
unit composition, motor units are recruited in a certain
order, based on the “size principle” of Henneman
(1957). In general, the small type I motor units are
recruited first (at low forces) and are therefore
involved in virtually all motor acts, irrespectively of the
strength of the contraction, thus remaining active for a
long time and having less time to rest (“Cinderella”
fibres: Higg 1991). The weakening effect of sympa-
thetic activity on type I fibres worsens their working
condition and performance. To this effect that has been
described in animal models, has been attributed the
sensation of muscle weakness that humans experience
in antigravity muscles under conditions of stress and
fear, as well as in patients suffering from phaeochromo-
cytoma (Bowman and Nott 1969). It remains to be
established whether the sensation of muscle weakness
often experienced by WAD patients may have the
same origin.

Modulation of proprioceptive activity

There is an abundant literature showing that SNS activa-
tion and sympathomimetic drugs are able to modulate
the discharge of numerous mechanical and chemical
receptors, through an action exerted on the receptors
themselves or on their first neurons (reviewed by Akoev
1981; Koltzenburg 1997; Roatta et al. 2003), thereby
affecting reflex actions mediated by these receptors.

For skeletomotor functions, sensory afferents from
muscle spindles are the most relevant ones since they
provide information on muscle length and its changes,
and possibly contraction parameters (e.g., Prochazka
1996). As discussed above, such proprioceptive infor-
mation is widely employed in motor reflexes as well as
in higher functions connected with motor control. In a
number of experimental animal models, e.g., rats, rab-
bits and cats, activation of the SNS has been shown to
affect sensory information from spindles in jaw, neck
and limb muscles (Hunt 1960; Hunt et al. 1982; Matsuo
et al. 1995; Roatta et al. 2002b; Hellstrom et al. 2005).
This action that is particularly pronounced in jaw
and neck muscles, is generally characterized by a
depression of the sensitivity to muscle length changes
(Fig. 2), while the basal discharge shows reductions or
enhancements, as shown in Fig. 2a, b, respectively. The
reduction in spindle sensitivity may explain the sympa-
thetically induced decrease in the magnitude of both
jaw jerk and tonic vibration reflex in jaw muscles
shown in Fig. 3 (Grassi et al 1993a, b). This means that
the quality of proprioceptive information on muscle
length changes is worsened, which should negatively
impact on feedback correction of movements, i.e., on
the ability of the motor system to correct perturba-
tions. The latter effect was recently confirmed by
Roatta et al. (2005) in an experimental rabbit model, in
which rhythmical jaw movements were induced by
electrical stimulation of the cortical masticatory area.
In these experiments, the sympathetic stimulation
induced: (a) a powerful reduction in the excursion of
the mandibular movements, preceded by a transient
enhancement (Fig. 4), this effect reproducing the sign
and time course of the effects exerted by sympathetic
activity on the jaw-closing spindle afferent discharge,
and (b) a considerable change in the characteristics of
the rhythmic movements in response to ramp-and-hold
force pulses delivered to jaw-closing muscles, which
shows a sympathetically induced reduction in the abil-
ity to correct perturbations.

As mentioned above, sympathetic activation also
affects the basal discharge rate of the spindle afferents,
inducing reductions or enhancements (Roatta et al.
2002b; Hellstrom et al. 2005). Even though the origin
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Fig. 2. Changes in sensitivity of muscle spindle afferents (MSA)
induced by sympathetic stimulation. Typical examples of the
effect of sympathetic stimulation at 10 imp s~' on a group Ia (a)
and a group II (b). MSA located in the masseter muscle, while
trapezoidal stretches were delivered by lowering the mandible.
The left side shows records of integrated afferent activity (upper
traces in a and b) and the tension signal detected by the puller
(lower traces; calibration: 2 N), providing a reference of the

of this difference is not clear as yet, this effect is of obvi-
ous importance since the baseline activity of spindle
afferents, through its support to alpha-motoneurons,
contributes to muscle tone. Moreover, the observation
that effects on stretch sensitivity and basal discharge
rate also have different time courses suggest that more
than one mechanism mediates the response; different
sites on the muscle spindles may be the target of sym-
pathetic transmitters, in particular extra-junctional
regions of intrafusal muscle fibres, sensory endings of
group I and II spindle afferents and the encoding site
have been hypothesized (Roatta et al. 2002b).

A debated issue

The issue of sympathetic modulation of muscle spindle
afferent activity is being debated since many years for
different reasons, namely: sympathetic innervation of
muscle spindles was thought to concern only a percent-
age of muscle spindles ranging between 8 and 65% in
different muscles (Barker and Saito 1981) and the
10 Hz stimulation frequency of sympathetic pathways
employed in several studies (e.g., Grassi et al. 1993a, b;
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Time (s)

stretch stimulus. The heavy horizontal bars indicate CSN stimula-
tion. On the right side are shown averages of MSA responses to a
number of consecutive trapezoidal stretches, selected before
(control: close circles) and during sympathetic stimulation (open
circles); the traces below are the corresponding length signals:
2 mm for a, 1 mm for b. The stretch responses selected for aver-
aging are marked with the same symbols on the left records (from
Roatta et al. 2002, with permission)

Hunt el al. 1982; Matsuo etal. 1995; Roatta et al.
2002a, b, 2005; Hellstrom et al. 2005) is considered to
be beyond physiological limits. A number of investiga-
tors therefore considered the sympathetically induced
effects as being secondary to the concomitant reduction
in blood flow, and devoid of any physiological meaning
(Hunt et al. 1982). On the other hand, the effects of
sympathetic stimulation on MSAs (a) were not appre-
ciably affected by occlusion of the blood supply to the
relevant muscles (Roatta et al. 2002b; Hellstrom et al.
2005), (b) were often produced also by 3-5 Hz stimula-
tion frequencies. Incidentally, a large amount of stud-
ies based on microneurography have indicated
surprisingly low firing rates (<1 Hz) in postganglionic
sympathetic fibres, particularly in human subjects
(Macefield and Wallin 1999; Macefield et al. 2002).
However the preganglionic fibres in the cervical sym-
pathetic trunk appear to have rather high firing fre-
quencies 1.4-2.9 Hz (Mannard and Polosa 1973; Jénig
and Schmidt 1970; refs in Janig 1985) in resting condi-
tions while, in response to sympathetic activation
stimuli, firing frequency in sympathetic fibres has, in
some case, been reported to exceed 10 Hz on average
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Fig. 3 Effects of CSN stimulation on tonic vibration reflex (TVR)
in jaw elevator muscles. TVRs are elicited by 5 s-lasting vibra-
tions repeated every 15 s (170 Hz, 30 us peak-to-peak amplitude).
Stimulations at 10 imp s~! are performed on left (a), right CSN
(b) and bilaterally (¢). In each trial, traces from top to bottom:
tension developed by each reflex contraction, EMG records from
right and left masseter muscles. Tension calibration: 0.5 N

(Dorward et al. 1987). As a final methodological con-
sideration, it should be reminded that, the electrical
supramaximal stimulation at constant frequency
remains a rather different pattern of activation as com-
pared to the selective recruitment of sympathetic
fibres, firing asynchronously and in “bursts”, as occurs
in physiological conditions. Therefore the physiologi-
cal MSA response to sympathetic activation is likely to
be different to the one observed experimentally.

A conclusive support for a direct control operated
by the sympathetic innervation on muscle spindle is
provided by the recently reported presence of adrener-
gic receptors on the surface of the large majority of
intrafusal muscle fibres (Bombardi et al. 2006), in rab-
bit masticatory muscles. Bombardi et al.( 2006) confirm
the presence of sympathetic fibres, visualized by immu-
nofluorescent labelling of the noradrenaline-synthesiz-
ing enzymes tyrosine hydroxylase and dopamine beta-
hydroxylase, along the entire length of the spindles,

within the capsule lamellar layers or within the periax-
ial fluid space and in close apposition to intrafusal
fibres. In addition a high density of o,,-adrenorecep-
tors is revealed by immunohistochemical fluorescent
method, at the polar region of both bag and chain
intrafusal fibres, in 88.1% of the muscle spindles tested.
Localization of the o,,-adrenoreceptors in the polar
regions of the spindles suggests that the sympathetic
mediator modulates the spindle afferent discharge by
altering the mechanics of both types of intrafusal
fibres. Along the same lines are preliminary observa-
tions suggesting the presence of NPY release sites and
receptors in a large number of muscle spindle fibres,
both bag and chain, in human lumbrical muscles (L-E.
Thornell, personal communication).

Human studies

Although sympathetic modulation of muscle spindle
afferent activity is well documented in animal studies,
its relevance for human beings has been debated in the
recent literature. Several research groups have investi-
gated possible alterations in proprioception or in
motor control in healthy humans, in whom acute
increases in sympathetic activity were provoked by
stimuli of different type. Matre and Knardahl (2003)
showed that proprioceptive acuity at the ankle joint
was not reduced by sympathetic activation induced
either by a cold-pressor test or glucose ingestion. A
similar conclusion was reached by Macefield et al.
(2003) who stated that inspiratory capacity apnoea and
maximal expiratory apnoea, i.e., manoeuvres increas-
ing muscle sympathetic nerve activity, did not affect
MSA activity as assessed by microneurography from
relaxed ankle extensor muscles. On the contrary,
Christou et al. (2004) reported an increase in the fluc-
tuations of the pinch-grip force, i.e., a decreased con-
trol of muscle force, when stressing the subject with
painful electrical stimuli. In the last study, the effective-
ness of the stressor was evidenced by both the results
of cognitive assessment and by the significant increase
in the plasma concentrations of stress hormones (epi-
nephrine, norepinephrine, ACTH). In another study,
handgrip, post-handgrip ischemia and mental stress
were shown to increase the stretch reflex in soleus mus-
cle (Hjortskov et al. 2005). In other studies, stressors of
various qualities and intensities have been shown to
impair motor performances in humans, with the same
stressor eliciting different effects, depending on the
intensity as well as basal conditions of anxiety of the
subjects (e.g., Noteboom et al. 2001; Sade et al. 1990).
The variability of results in human studies may depend
on three main reasons: (a) the adopted stimuli may
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Fig. 4 Effect of CSN stimulation on a sequence of rhythmic jaw
movements induced by electrical stimulation of the masticatory
cortex, in a rabbit detail of masticatory cycles collected before
starting CSN stimulation (a), at the initial transient excitatory
phase induced by the stimulation (b), during full effect of the stim-
ulation (¢), and return to control pattern (d). From top to bottom:

produce changes in the central sensory-motor circuitry,
including changes in gamma fusimotor activity, which
is difficult to control in awake humans; (b) it may be
difficult to effectively stress enrolled volunteers, (c)
SNS is known to differentially affect different target
depending on the different stressors (for review and
refs see Jinig and Habler 2000a) and it is not known as
yet which is the adequate stressor that activates sympa-
thetic pathways to muscle spindles.

Implications

Provided that results from animal studies will be con-
firmed in humans, the possible implications may be
hypothesized on the basis of what is known about the
role of this proprioceptive information in body function
(see above, Motor control). In particular, the powerful
inhibition exerted by the sympathetic nervous system on
proprioceptive information could contribute to explain
several disorders in sensorimotor functions observed in
subjects suffering from WAD, such as impairments of
position sense and postural performance during pertur-
bations (Michaelson et al. 2003; Treleaven et al. 2003,
2005; Madeleine et al. 2004). As already discussed, the
reduced quality of proprioceptive information might be
responsible for the reduction of the efficiency and preci-
sion of movements, which, if maintained over time, may
produce a reorganization in the activation of neck-shoul-
der muscles. Such re-adjustments of the motor strategy
often consist in additional co-contraction of accessory
muscles aimed at stabilizing the joints, thus reducing the
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EMG from masseter muscle (Ma-EMG), from digastric m. (Dig-
EMG) and mandibular displacements: downward movement
indicating jaw opening (arrow) and dotted line indicating full
mouth closure (tooth contact). CSN stimulation at 10 imp s~
(from Roatta et al. 2002b, with permission)

degrees of freedom of moving structure (Messier et al.
2003; Laursen etal. 1998; Ghez and Sainburg 1995;
Gribble et al. 2003). In turn, in the long run, static con-
tractions such as co-contractions may progressively acti-
vate a number of vicious circles (also discussed below)
leading to musculoskeletal problems and to the develop-
ment and/or maintenance of myalgias (Veiersted et al.
1993; Bjorklund et al. 2000; Van Dieén et al. 2003).

The above-described action of the sympathetic sys-
tem on muscle spindles has also been implicated in the
mechanisms behind myofascial trigger points (TrPs).
TrPs are generally defined as “hyper-irritable nodules
of spot tenderness in a palpable taut band of skeletal
muscles” (Simons 2004). They are the main manifesta-
tion of the myofascial pain syndrome (Rivner 2001;
Simons 2004) but are also reported in many other mus-
culoskeletal disorders including WAD (Dommerholt
2005; Packard 2002; Friedman and Weisberg 2000).
Hubbard and Berkoff (1993) first hypothesized that a
hyperactive muscle spindle excited by the sympathetic
system lay at the TrP site: Electrical activity (detected
by needle EMG) of presumed intrafusal muscle fibres
was seen to increase with stress and to cease with
alpha-adrenergic blockade, and a muscle spindle was
found in a biopsy performed at a TrP in one patient
(Hubbard and Berkoff 1993; McNulty et al. 1994; Hub-
bard 1996). Treatment with local injections of the
alpha-blocker phenoxybenzamine proved effective in
reducing muscle pain in the long term (4 months). This
attractive hypothesis, although accounting for a num-
ber of clinical and experimental observations, is still
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debated and competes with alternative explanations
(Rivner 2001; Simons 2004).

Modulation of nociceptive activity

The sympathetic nervous system is able to modulate
sensory information through actions exerted both at
the receptor level and along the transmission pathways
(for review and refs see Koltzenburg 1997; Roatta et al.
2003; Windhorst 2003b). These actions, even though
reported for a number of receptors, are not considered
relevant in modifying nociceptive information under
physiological conditions. However, they may become
powerful under pathological conditions, when some
“precipitating factor” intervenes, such as peripheral
nerve lesions resulting from injury or compression,
trauma of soft tissues, inflammatory processes or previ-
ous sensitisation of the relevant receptors. Whiplash
trauma, which implies most of the above conditions, is
certainly one possible “precipitating factor”. More-
over, there are several forms of chronic regional pain
syndromes that manifest autonomic symptoms, such as
sweating and temperature dysregulation in the affected
area. In these syndromes, pain is maintained by sympa-
thetic efferent innervation or by circulating catechol-
amines, and is relieved by sympathetic blockade
(Bonica 1979; Nathan 1983; Merskey and Bogduk
1994; Schwartzman and Popescu (2002): a symptom
defined sympathetically-maintained pain (SMP, see
also footnote 3). Moreover, acute stress was shown to
induce/increase pain in patients affected by various
chronic pain syndromes, the effect being generally
independent of changes in EMG activity in the rele-
vant muscles (Bansevicius et al 2001; Ge et al. 2006).
As suggested by Koltzenburg (1997) and summarized
in Fig. 5A, a, SMP may be a symptom of several dis-
eases. Also, the intensities of SMP and sympathetically
independent pain may vary in the different diseases, as
well as in different stages of the same disease, as exem-
plified by the points X and Y in Fig. 5A, b.

The sympathetic action is exerted particularly on
scarcely myelinated or unmyelinated fibres, type III and
IV, respectively, which convey information on pain as
well as on the chemical-metabolic status of the muscle.

Some of the mechanisms through which the sympa-
thetic system may change nociceptive transmission,
that have been identified in animal experimental mod-
els, are illustrated in Fig. 5B, a—c (for review and refs
see Koltzenburg 1997; Baron et al. 1999; Windhorst
2003a, b). In particular, at peripheral level, a nerve
lesion may induce loss of normal electrical insulation in
the afferent fibres, which makes these neurons more
accessible to diffusible substances and may trigger the
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Fig. 5 Modulation of nociception by the sympathetic outflow.
Sympathetically-maintained pain (SMP) may be a symptom in
many chronic pain syndromes (A, a). The relative proportion be-
tween SMP and sympathetically-independent pain (SI/P) may
vary widely in the different diseases, as well as in the different
stages of the same disease, as exemplified by the points X and Y
(From Koltzenburg 1997, with permission). Possible mechanisms
underlying SMP in disease states of different aetiology, which in-
volve nerve injuries or inflammation (B, a—¢). CRPS complex re-
gional pain syndrome, PAN primary afferent neuron, PGN
sympathetic preganglionic neuron, SPGN sympathetic postgan-
glionic neuron, NA noradrenaline, NGF nerve growth factor, PG
prostaglandins (from Baron et al. 1999, with permission)

production of alpha-adrenoceptors on the membrane
of primary afferent neurons. In this condition, nor-
adrenaline released by sympathetic terminals as well as
circulating catecholamines released by the adrenal
glands can evoke pain by producing excitation of a
number of skin nociceptors and/or enhancing their
responsiveness to nociceptive stimuli. The injured fibres
may develop abnormal electrogenic membrane proper-
ties that accompany the loss of normal electric insula-
tion. This may lead to non-synaptic communication
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between different classes of neurons (“ephaptic trans-
mission”, i.e., a type of electric coupling between con-
tiguous neurons entailing a direct transfer of current).
This mechanism may lead to the production of pain
and aberrant sensations such as mechano-hyperalgesia
and allodynia (Shyu et al. 1989a, b for review and refs
see Baron etal. 1999). In addition, morphological
changes are reported, such as sprouting of sympathetic
postganglionic fibres around cell bodies in dorsal root
ganglia to form “basket-like” structures (Fig. 5B, a).
These close contacts with sensory neurons would
enhance their excitability, increase their spontaneous
activity and/or evoke activity in silent neurons (Chung
et al. 1996, 1997; McLachlan et al. 1993). In a rat model
of sciatic nerve lesion, these catecholaminergic baskets
start to appear 4 weeks after the lesion and increase in
number up to 8 months afterwards (for review see
Janig and Hébler 2000b). However, it is not yet estab-
lished to what extent the pain symptom in this model
follows the time course of these morphological
changes. In addition, varicosities may be generated in
efferent sympathetic fibres and alpha-adrenoceptors be
produced at the plasma membrane of axotomized
afferent neurons (Fig. 5B, b). In recent work on chronic
constriction injury to innervation of rat lower lip (Gre-
lik et al. 2005) and hind paw (Yen et al. 2006), a signifi-
cant sympathetic sprouting is reported, temporary and
permanent, respectively, to areas of the upper dermis
usually not containing sympathetic fibres. The observa-
tion that such ectopic sympathetic fibres do not inner-
vate blood vessels but form a novel fibre arrangement,
being wrapped around sprouted peptidergic nocicep-
tive fibres, induce Yen et al. to suggest that this novel
fibre arrangement after nerve lesion may play an
important role in the development and persistence of
sympathetically maintained neuropathic pain after par-
tial nerve lesions.

Sensitivity to noradrenaline may also develop in
non-injured (intact) primary afferents as a consequence
of tissue inflammation. Levine et al. (1986) suggested
that such sensitisation is not due to the direct action of
noradrenaline on the sensory fibre, but is mediated by
the release of prostaglandins from o,-adrenergic recep-
tors at the sympathetic terminals (Fig. 5B, c). Sympa-
thetic terminals seem to be involved in bradykinin- and
NGF-induced nociceptor sensitisation, both substances
being released upon tissue injury and inflammation.
Incidentally, the same mechanism may contribute to
synovial plasma extravasation, which is dependent on
the presence of intact postganglionic sympathetic neu-
rons, even when they are not active (Miao et al. 1996).

In chronic pain conditions, the picture may be compli-
cated by the intrinsic plastic properties of the sympathetic
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nervous system and by the influence it exerts on tro-
phism and phenotype of neighbouring cells.

In the sympathetically-dependent pain states, chem-
ical or surgical sympathectomy usually alleviates pain
and mechanical allodynia in a number of human and
animal models, while the symptoms may be repro-
duced in asymptomatic subjects by local administration
of catecholamines (Procacci etal. 1975; Price et al.
1998; Baron et al. 1999; Janig and Hébler 2000b) even
though this does not occur in all stages of the illness
(e.g., Fig. SA, a, from Koltzenburg 1997).

It clearly emerges from the above that a stress-
induced increase in sympathetic activity may, in the
presence of a “precipitating factor”, influence the gen-
eration, maintenance and perception of pain.

The experimental data reviewed above do not tell
what happens in WAD patients following a lesion in
nervous structures, such as fibres innervating facet
joints, dorsal root ganglia, etc. (e.g., Taylor et al. 1998;
Hartling et al. 2001). However, provided the concepts
can be extrapolated to WAD, the important point is
that, among the numerous mechanisms contributing in
neuropathic pain, some act very fast since they rely on
physiological changes at existing structures, while
others, which require the development of new anatomical
structures (new nerve fibres or connections, new blood
vessels) may appear much later.

In more general terms, the knowledge of the multi-
farious mechanisms involved in pain, as well as the
time course of each of them and the relationship
between them, would be obviously of great importance
to intervene with therapeutic measures at the right
time, with the aim, as pointed out by Woolf (2004), to
move from symptom control toward mechanism-
specific pharmacological management of pain.

Positive feedback loops

Above, the interactions between the sympathetic
nervous system and the somatosensory system have
been dealt with separately in order to detail the
underlying mechanisms. In this section, we intend to
provide a more integrated and global view. The
emphasis is now on the potential vicious circles that
may develop and reinforce each other, sustained by
the individual processes discussed above, as well as
by others mechanisms not involving the sympathetic
nervous system.

The concept is schematised in Fig. 6, in which the
main sympathetic action at muscle level are repro-
duced; note that group III and IV muscle afferents
provide one possible positive feedback pathway.
These afferents may in fact be activated in response to
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Fig. 6 Actions of the sympathetic system on muscle function,
which may play a role in the development and maintenance of
chronic muscle pain states (see text). From the left, continuous
line boxes list physiological actions that may account for the
“development” phase. All of them contribute to increase the local
concentration of metabolites thus activating group III and IV

local increase in metabolite concentration provoked/
enhanced by excessive sympathetic activation, acting
through various mechanisms. From left to right in the
figure, an increased metabolite concentration can be
expected from (a) reduced interstitial washout result-
ing from reduced blood flow secondary to vasocon-
striction; (b) increased muscle metabolism due to
increased activity in type I muscle fibres, consequent
to their reduced contractility; (c) increased activity of
accessory muscles, as it may occur when motor strate-
gies are altered with the aim of coping with impaired
proprioception. Activation of group III and IV affer-
ents may thus further excite the sympathetic system
through the so-called somato-sympathetic reflexes
(reviewed by Sato etal. 1997) thus giving rise to a
vicious cycle. The final global effect will of course
result from the integration of these actions with many
other plausible mechanisms. For instance, type I mus-
cle fibres are also involved in the already mentioned
Cinderella hypothesis (Hdgg 1991), stating that these
low-threshold fibres are subjected to overwork and

Pain |€---

afferents; these, in turn, further activate the sympathetic system
(somato-sympathetic reflexes), thus potentially establishing mul-
tiple positive feedback loops, which may maintain the pain state.
On the right, dashed box, sympathetic action in chronic pain
states may increase pain sensation and, consequently, further in-
crease sympathetic activity (pain-mediated vicious circle)

little rest and are thereby likely to be the first to
develop signs of fatigue, derangement or inflammation
(Larsson et al. 1988; Kadefors et al. 1999). As for the
change in motor strategy, it was previously shown that
the fear-avoidance model predicts, just like the com-
pensation for reduced proprioception, recruitment of
accessory muscles, joint stiffening, static (stabilizing)
co-contraction of antagonist muscles, a working mode
recognised as being a risk factor for development of
chronic myalgias (Veiersted etal. 1993; Veiersted
1996; Sjogaard et al. 2000).

All these mechanisms, some of them largely
acknowledged and some still debated, may take part in
the development of muscle pain, and in particular to
the transition from acute to chronic pain. Sympathetic
system activation is in fact one of the recognized fac-
tors involved in pain maintenance (see syndromes
labelled “sympathetically maintained pain”), and the
presence of pain itself is a stress condition that may in
turn further activate the SNS, giving rise to an addi-
tional positive feedback pathway (Fig. 6, right).
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Many other positive feedback loops can be envis-
aged and have been proposed based on different mech-
anisms, in most cases the afferent branch still being
group IIT and IV muscle afferents, the major/unique
“voice” of the suffering muscle. These afferents have in
fact been shown to affect many spinal neural targets
involved in motor control, such as gamma-motoneu-
rons, Renshaw cells, alpha-motoneurons, as well as to
project to supraspinal centres involved in pain control
(for review and refs see Windhorst 2003a, b; Johansson
etal. 2003). Given this “final common output”, all
vicious cycles would reinforce each other; thus a multi-
tude of mechanisms may be involved in the pathogene-
sis of WAD, and this may apply as well to other
chronic muscle pain syndromes of non-traumatic ori-
gin.

The possibility that chronic muscle pain may be a
pathological state sustained by multiple positive feed-
back loops is attractive and may explain the effective-
ness of different treatments targeted at interrupting
one or more of the loops involved. In fact, breaking
any of the vicious circles at any peripheral or central
point, even for a short time, may diminish the insidious
stimuli (e.g., the concentration of metabolites in the
muscle) and make the system shift towards its “nor-
mal” state, below the “threshold” that triggers the pos-
itive feedback reactions.

This mechanism may account, for instance, for the
therapeutic effect of the temporary blockade of sympa-
thetic ganglia in CRPS.? In I and II patients, the relief
from pain was shown to outlast by an order of magni-
tude the duration of the anaesthetic blockade (Procacci
etal. 1975; Price el al. 1998; De Monte et al. 2003;
Schattschneider et al. 2006; see also Jénig and Hébler
2000b). It may be observed that the temporary inter-
ruption of the loop does not per se prevent a subse-
quent re-establishment of the vicious circle, along with
its pathologic symptoms. However, temporary suppres-
sion of the vicious circle and the ensuing tissue relief
could, for example, allow for some desensitisation of
muscle afferents, which would decrease the gain of the
loop thus stabilizing the physiological status (as stated
by control theory a positive feedback loop does not

3The term complex regional pain syndrome, subdivided in Type
I and II (CRPS I, CPRS 1I) was recommended by the taxonomic
Committee of the International Association for the Study of Pain
(Mersky and Bogduk 1994). In CRPS I minor injuries precede on-
set of symptoms while CRPS II develops after major peripheral
nerve injury (for rev and ref, and diagnostic criteria, see Mersky
and Bogduk 1994; Blair 2003). Sympathetically maintained pain
(SMP) is a pain that is maintained by sympathetic afferent inner-
vation or by circulating catecholamines; it may occur in several
conditions and is not limited to CRPS I or II (see, for review and
refs, Mersky and Bogduk 1994; Blair 2003, see also Fig. 5a).
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produce instability as far as its “open loop gain”
remains below 1). If this interpretation is correct the
efficacy of the treatment should increase with duration
of the blockade or repetition of the treatment. This
mechanism may account for the reported complete and
“long lasting” remission of pain, which may occur after
repeated anaesthetic ganglion blockades, as reported
in several types of SMP (e.g., Linson et al. 1983; Rho
et al. 2002; for review and refs see Baron et al. 1999;
Janig and Habler 2000b), as well as in WAD patients
(De Monte et al. 2003).

Final considerations

In this paper we reviewed the main actions exerted by
the sympathetic nervous system on motor function,
with a focus on their possible involvement in the mech-
anisms underlying the onset and maintenance of
chronic muscle pain in general, and WAD in particular.
Sympathetic pathways are involved in a number of pos-
itive feedback loops that, under certain conditions,
may destabilize homeostasis and lead to pathological
states. On this basis, it is suggested that stress may
facilitate the development of chronic pain states, irre-
spective of their non-traumatic (e.g., work-related) or
traumatic (WAD) origin.

Many of the experimental data reported above have
been collected under conditions of “acute” activation
of sympathetic pathways in animal models and healthy
humans, and are therefore not directly applicable to
chronic pain and/or chronic stress conditions. In fact,
the former produces plastic changes in the relevant tis-
sues and sensitisation of peripheral and central noci-
ceptive pathways while the Ilatter also involves
activation of the hypothalamic-pituitary-adrenal axis
affecting virtually all body functions. Thus, even
though the results obtained in “acute” experiments
should be interpreted with caution, they suggest the
existence of the positive feedback loops outlined in
Fig. 6 (the first three from the left), which may be trig-
gered by acute sympathetic activation in an initially
healthy tissue. Activation of a positive feedback loop
may induce a healthy condition to degenerate into a
pathological one by activating a cascade of events, pos-
sibly including other vicious circles, so that the final
chronic pain condition may be maintained even if the
original triggering event has faded away. It is tempting
to speculate that the mechanisms and vicious circles
involved in this chronicization process could be trig-
gered by different stimuli/conditions (e.g., stress, mus-
cle fatigue, injury/inflammation, etc.) and thereby
underlie the pathophysiological process of many
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chronic pain syndromes of different actiology. Each
vicious circle in principle leads to an alteration of the
physiological states that, if maintained “long enough”,
may produce plastic, i.e., permanent, changes in the
system. The identification of these mechanisms and the
characterization of their time course would be of great
relevance for advances in prevention, treatment and
successful rehabilitation.
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