P1: KWW/KKL
GRBT050-69

P2: KWW/HCN QC: KWW/FLX
Olesen- 2057G  GRBT050-Olesen-vé.cls

T1: KWW
August 5, 2005

Chapter 69

20:24

Human Studies of Experimental
Pain From Muscle

Peter Svensson and Messoud Ashina

Experimental pain studies in healthy subjects and patients
with well-defined pain complaints represent one of many
approaches to gaining more insight into the pathophysio-
logic mechanisms involved in headache as well as in other
musculoskeletal pain conditions. In research on tension-
type headache, special emphasis has been given to the
function of the epicranial, temporomandibular, and neck
muscles. This chapter describes human experimental mod-
els developed and used specifically to investigate pain orig-
inating from muscle tissue.

In general, experimental pain research involves a stan-
dardized induction of pain and the appropriate assessment
of the responses (Fig. 69-1). The evoked pain responses can
be recorded by multiple techniques ranging from simple
measures of self-reported pain to advanced psychophysi-
cal and electrophysiologic testing, biological markers, and
sophisticated imaging of nociceptive processing. The par-
ticular assessment technique depends on the specific aim
of the experimental study; the reader is referred to recent
reviews for more detailed descriptions (23). This chapter
focuses on the models available to induce pain in the cervi-
cotrigeminal system, including chemical, mechanical, and
electric stimulation and exercise-induced activation of hu-
man muscle nociceptors and their contribution to the un-
derstanding of muscle pain mechanisms.

CHEMICAL STIMULATION

Hypertonic Saline

Injection of hypertonic saline (4 to 6%) has been by far the
most frequently used chemical stimulus in human exper-
imental muscle pain research and therefore is described
in detail. A major reason for the popularity of hypertonic
saline is the safety and reliability of this technique; no
side effects after numerous intramuscular injections have
been reported (71). Kellgren (35) was the first to use hyper-

tonic saline to evoke pain in various muscles including the
temporomandibular and suboccipital muscles. He noted a
rapid increase in pain intensity shortly after a bolus injec-
tion of 0.1 mL of 6% saline into the masseter muscle asso-
ciated with a spread of pain to adjacent regions of the face,
including the teeth. The pain peaked after 1 to 2 minutes
and faded over a period of 3 to 5 minutes. This prelimi-
nary description of one subject was later verified in larger
study populations both with bolus injections into the tem-
poralis muscle and masseter muscle (28,63,66-68). The
bolus injection technique has also been refined so that a
computer-controlled syringe pump can maintain a contin-
uous slow infusion of hypertonic saline for up to 15 to
20 minutes with relatively constant pain in the temporo-
mandibular muscles (72,79). This type of tonic experimen-
tal pain seems to have similar qualities to clinical pain
conditions (62) and allows sufficient time for elaborate
studies of sensory motor interactions or other physiologic
effects of pain (33,71). The osmolarity of the hypertonic
saline solution probably contributes to the pain responses
by a direct mechanical effect on the terminal endings and
sodium channels and/or a release of substance P (SP) (12).
Recordings from nociceptive C-fiber afferents from the rat
masseter muscle have indeed documented strong activity
evoked by injection of hypertonic saline (12). Furthermore,
the dominant sensation caused by injection of hypertonic
saline is a deep, diffuse pain sensation (71). Interestingly,
it has been shown that injection of hypertonic saline in
the vicinity of motor end plate regions is associated with
higher pain scores than injection in other muscle sites sug-
gesting focal areas within the muscle with a higher density
of nociceptors (52). This evidence indicates that hyper-
tonic saline is a potent chemical stimulus for activation
of muscle nociceptors.

A particularly interesting feature of intramuscular
saline injection is the spread and referral of pain to ad-
jacent regions. Pain induced in the suboccipital muscles
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of one subject was perceived as a headache (35), and re-
peated injections into the temporalis muscle of another
single subject caused pain in the neck muscles (57). More
recent studies in larger populations showed that pain from
the temporalis muscle can be referred to both the upper
and lower jaw, ear, and eye region (28,68) and that pain
from the masseter muscle is described as being located
above the temporomandibular joint, posterior teeth in the
upper and lower jaw, and temple region (63,68,72) (Fig.
69-2). The available data do not suggest major differences
in the quality or intensity of the pain from hypertonic
saline injections into the anterior part of the temporalis

Posterior
temporalis

Anterior
temporalis

Masseter

FIGURE 69-2. Spread of pain evoked by standardized injection
(0.2 mL) of hypertonic saline into the masseter, anterior tempo-
ralis and posterior temporalis in healthy subjects (n = 20). Note
the overlap between the two first figures. (From Schmidt-Hansen
PT, Svensson P, Jensen TS, et al. Patterns of experimentally-
induced pain in pericranial muscles. [Submitted].)

FIGURE 69-1. Overview of ex-
perimental design. A computer
program can be used to control
a syringe pump and sample the
perceived pain intensity as indi-
cated on an electronic visual ana-
log scale and the infusion pres-
sure. Healthy volunteers can be
examined at baseline and dur-
ing muscle pain caused by infu-
sion of, for example, hypertonic
saline. The effects of muscle pain
on somatosensory (e.g., pressure
pain thresholds, von Frey stimu-
lation) and motor function (e.g.,
electromyogram [EMG]) can be
determined.

or masseter muscles, and the localization of pain is partly
overlapping (68). However, major differences in the pain
patterns are clear when the posterior part of the temporalis
muscle is injected with hypertonic saline because the pain
spreads toward the neck, vertex, and temple but rarely to-
ward the lower jaw region (54). Thus, pain patterns evoked
by stimulation of the masseter muscle seem to resemble
pain patterns reported by patients with temporomandibu-
lar disorders and pain patterns evoked by stimulation of
the posterior temporalis muscle and neck muscles look
similar to pain patterns from patients with tension-type
headache (54).

The neurophysiologic mechanisms responsible for the
spread and referral of muscle pain are not entirely clear,
but are likely to involve central convergence of peripheral
afferents onto wide dynamic-range neurons in the dorsal
horn and subnucleus caudalis (55). It has also been shown
that intramuscular administration of hypertonic saline re-
sults in neuronal activity in convergent spinal dorsal horn
neurons and in neurons encoding nociceptive information
in the nucleus submedius in the thalamus (34). Central sen-
sitization of wide dynamic-range and nociceptive specific
neurons and unmasking of new receptive fields owing to
the central sensitization are also likely to mediate referred
pain (55).

In addition to standardized descriptions of somatosen-
sory changes induced by experimental muscle pain (72),
the model with hypertonic saline also can be used to ex-
amine the effects of pain on motor function. Muscle dys-
function has long been thought to be an important eti-
ologic factor for the development and maintenance of
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myofascial pains. Thus, induction of pain in healthy sub-
jects may provide insight into the cause-and-effect rela-
tionship between pain and muscle function, which is dif-
ficult to establish from clinical studies of patients with
tension-type headache or temporomandibular disorders
(71). Experimental pain from the masseter muscle has a
profound effect on dynamic repetitive movements such as
chewing; that is, the amplitude of the jaw movements are
smaller, and there is less electromyographic (EMG) activ-
ity in the jaw-closing phase and more EMG activity in the
jaw-opening phase, suggesting a guarding and protective
effect (66). These experimental results are in accordance
with the pain-adaptation model presented by Lund et al.
(40). The model with hypertonic saline also shed light on
the classic, yet still controversial, problem of increased
or nonincreased postural EMG activity in patients with
tension-type headache and temporomandibular disorders.
Stohler et al. (64) showed a small increase (1 to 2 uV) in
the temporalis and masseter muscles during a period of
saline-induced pain from the masseter muscle in healthy
subjects; however, these authors attributed the small EMG
activity recorded by using surface electrodes to contami-
nation from mimic muscles, because similar changes were
observed in control experiments in which pain was “imag-
ined.” Svensson et al. (73) used intramuscular electrodes
but could not show any relation between pain intensity and
EMG changes. Interestingly, it has recently been shown
that painful stimulation of the masseter muscle is associ-
ated with significant EMG increases in the cervical muscles
pointing to functional relationships between pain in the
trigeminal and cervical regions (75). Additionally, trigem-

FIGURE 69-3. Positron emis-
sion tomography scans showing
rCBF changes evoked by injec-
tion of hypertonic saline into the
right masseter muscle (muscle
pain) or by repetitive (0.5 Hz) tac-
tile stimulation with a nonpainful
von Frey filament (n = 10). Note
that muscle pain is associated
with marked activation of the
contralateral (left) anterior cin-
gulate, cerebellum and prefrontal
cortices. Von Frey stimulation
evokes pronounced activity in the
contralateral primary somatosen-
sory cortex. (From Kupers RC,
Svensson P, Jensen TS. Cere-
bral processing of muscle pain
and mechanical hyperesthesia in
the orofacial region: a positron
emission tomography study. Pain.
2004;108:284-293.).
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inal reflex pathways and jaw tremor have been shown to
be modulated by saline-evoked muscle pain (25,78), for
example the short-latency jaw-stretch reflex is facilitated
during jaw muscle pain, which could contribute to a reflex-
mediated stiffness of the jaw. However, no experimental ev-
idence has so far been found to suggest a long-lasting mus-
cle hyperactivity induced by pain in temporomandibular
muscles.

Brain imaging techniques have also been used to
examine the central processing of pain from the temporo-
mandibular muscles. A recent positron emission tomogra-
phy study showed that saline-evoked masseter pain is asso-
ciated with significant increases in regional cerebral blood
flow (rCBF) in the dorsal-posterior insula, anterior cingu-
late and prefrontal cortices, right posterior parietal cortex,
brainstem, cavernous sinus, and cerebellum, whereas no
rCBF changes occurred in the primary (SI) or secondary
somatosensory (SII) cortices (37) (Fig. 69-3). Nonpainful
von Frey stimulation produced a significant rCBF increase
in the contralateral SI face representation, whereas von
Frey stimulation in combination with ongoing muscle pain
produced mechanical hyperesthesia and significant rCBF
increases in the subgenual cingulated and the ventropos-
teromedial and dorsomedial thalamus. These results sug-
gest that mechanical hyperesthesia has a unique represen-
tation in the brain (37). Saline-evoked jaw muscle pain
has also been shown to induce regional release of endoge-
nous opioids and activation of p-opioid receptor system
in the ipsilateral amygdala and contralateral ventrolateral
portion of the thalamus (81). Furthermore, activation of
the p-opioid system is linked to reductions in sensory

Muscle pain (r.s.)

£ o’

Medial (r.s.) Medial (I.s.)
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and affective ratings of the jaw muscle pain (81). Stud-
ies on the genetic polymorphism of the catechol-O-
methyltransferase enzyme have revealed striking associa-
tions between genotypes, the endogenous w-opioid system
activation and phenotypic responses such as sensory and
affective ratings of jaw muscle pain (80).

In conclusion, the model with hypertonic saline may
help us to explore peripheral and central mechanisms
in various chronic pain conditions including tension-type
headache. Brain imaging studies used in combination with
hypertonic saline model seem to be a fruitful avenue to
study the complex neurobiology and psychophysiology re-
lated to muscle pain at a system level.

Endogenous Algogenic Substances

Intramuscular injections of numerous endogenous al-
gogenic substances and neuropeptides also have been
used for chemical activation of human muscle nociceptors
(Table 69-1). Substantial evidence has been found
from studies in animal models that bradykinin and 5-
hydroxytryptamine (5-HT) can trigger action potentials in
nociceptive group IIT and IV fibers (42). When injected into
the human temporalis muscle, 5-HT does not induce sig-
nificant levels of pain, and bradykinin induces only rel-
atively low levels of pain (30). However, Ernberg et al.
(19,20) have shown that injection of 5-HT into the human
masseter causes a significant reduction in pressure-pain
thresholds, that is, allodynia to mechanical stimuli. Injec-
tions of combinations of 5-HT and bradykinin cause sig-
nificantly more pain than injections of isotonic saline and
a significant reduction of pressure-pain thresholds, a find-
ing that supports the importance of presensitization with
5-HT for bradykinin-induced neural activity (7,8,30). E-
type prostaglandins also can sensitize muscle afferents to
bradykinin, which releases prostaglandin E, (PGE,) from
tissue cells, thereby potentiating its own action (42). SP has

D TABLE 69-1 Chemical Substances Used for
Activation of Human Muscle
Nociceptors

Hypertonic saline (4-20%/0.2—1.0 mL)
Hypotonic saline

Potassium chloride (100 mmol/0.2 mL)
Bradykinin (10 mmol/0.2 mL)
Serotonin (10 mmol/0.2 mL)
Substance P (1 mmol/0.2 mL)
Calcitonin gene-related peptide (1 mmol/0.2 mL)
ATP (9,000-36,000 nmol/L)

Neurokinin A (1 mmol/0.2 mL)
Capsaicin (0.01%, 1 mL)

Nerve growth factor (0.03-1.9 mg/kg)
Glutamate (0.5-1.0 mol/0.2 mL)

been studied extensively in cutaneous pain, but it does not
appear to sensitize muscle nociceptors to mechanical stim-
uli (42). In itself, SP does not produce pain when injected
into the human temporalis muscle (31); however, in com-
bination with calcitonin gene-related peptide (CGRP) and
bradykinin, it does induce muscle pain and a significant re-
duction of pressure-pain thresholds in the temporal mus-
cle (31,49). Recently, an extensive examination of various
combinations and concentrations of 5-HT, bradykinin, his-
tamine, PGE,, and adenosine triphosphate (ATP) injected
into the trapezius muscles was carried out and this “inflam-
matory soup” was shown to produce both pain and pro-
longed tenderness in healthy subjects (45). ATP (>18,000
nmol/mL) was associated with unacceptable side effects,
but did not appear to be essential for the development of
pain or tenderness; thus injections of 5-HT (156 nmol),
bradykinin (92 nmol), histamine (140 nmol), and PGE,
(1.95 nmol) were suggested to be valuable model for the
study of myofascial pain mechanisms (45).

Other neuropeptides and excitatory amino acids have
recently implicated in the modulation of muscle nocicep-
tors, especially glutamate, and the NMDA receptors may
play an important role in deep pain (43). Indeed, intra-
muscular injections of 1.0 mol glutamate in humans reli-
ably evoke both muscle pain and mechanical sensitization,
which may, in part, be mediated by activation of peripheral
NMDA receptors (10-12,69). It has also been shown that
intramuscular injection of glutamate in rats excites pre-
dominantly slowly conducting (<10 m/s) masseter affer-
ent fibers thought to mediate nociceptive function and that
activation of peripheral NMDA and non-NMDA receptors
appears to be responsible for the glutamate-induced me-
chanical sensitization of masseter muscle afferent fibers
(10,11). Peripheral administration of the NMDA recep-
tor antagonist ketamine has recently been shown to have
analgesic properties in the glutamate-evoked muscle pain
model (12). These findings direct attention toward the
peripheral levels of glutamate in myofascial pain condi-
tions, although recent microdialysis studies have failed to
identify increased levels of glutamate in tender points in
the trapezius muscle of patients with chronic tension-type
headache (6) or during experimental muscle pain induced
by chemical mixture (5-HT, bradykinin, histamine, and
PGE;) (5).

Intramuscular injection of capsaicin (chili pepper ex-
tract) has also been used to elicit pain in the temporo-
mandibular muscles (2,58,59). The evoked muscle pain is
cramplike, severe, and has been shown to be associated
with significant increases in neural activity of group III
and IV muscle afferents in humans (41). The advantage
of the capsaicin pain model is the extensive information
on the receptor binding mechanisms through the TRPV
receptors (13).

Finally, an intriguing finding is that systemic adminis-
tration of human nerve growth factor (NGF) in 45 healthy
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subjects induced pain, particularly in the temporo-
mandibular muscles. The pain was more pronounced in
women than in men and tended to worsen during function
(50). It has now been shown that injection of NGF into the
human masseter muscle causes local signs of mechanical
allodynia and hyperalgesia that persist for at least 7 days as
well as pain during strenuous jaw movement (70). Estro-
gen and NGF may interact in the regulation of nociceptive
processes, and this could be important to explaining the
female preponderance in tension-type headache and tem-
poromandibular disorders (61).

In conclusion, injection of endogenous algogenic sub-
stances and neuropeptides can be helpful in characterizing
the neurobiological basis of human muscle pain, which in
turn may be of clinical importance in headache conditions
if intracranial changes can trigger the release of critical
neuroactive substances by antidromic mechanisms influ-
encing the peripheral conditions for myogenous nocicep-
tion (26). Furthermore, this experimental approach will
give insight into possible pharmacologic interventions and
allow the testing of specific antagonists.

MECHANICAL STIMULATION

Few studies have applied mechanical stimuli to the tem-
poromandibular muscles to induce pain. In contrast, me-
chanical stimuli delivered with pressure algometers have
been used to assess the sensitivity of deep tissues. Intense
mechanical stimuli activate nociceptors in the muscle but,
unfortunately, also in the skin. Thus, the evoked pain sen-
sation may have a component from both types of tissue.
Anesthetizing the skin causes a significant elevation of the
pressure-pain thresholds on temporomandibular muscles
(53). Few studies have used mechanical stimulation of the
epicranial muscles and tissues to evoke pain. An original,
old study applied a head screw device in which the rubber-
coated tips barely touched the scalp (57). Nevertheless, af-
ter 15 minutes, all the three of the tested subjects reported
excruciating pain coming from the neck and scalp, which
was associated with an increase in EMG activity of the
neck muscles. Thus, the authors suggested that sustained
painful mechanical stimulation of the epicranial muscles
would lead to muscle hyperactivity of the neck muscles
and that this was the cause of the developing neck pain.
Many subsequent controlled EMG studies in headache pa-
tients, however, have been unable to demonstrate this mus-
cle hyperactivity and interpretation of the results should be
viewed with caution.

ELECTRIC STIMULATION

Direct stimulation of muscle afferents can be accom-
plished by using intramuscular electrodes (77). Thus, the
elicited sensation is described as a cramplike pain, often in

combination with a visible muscle contraction. One disad-
vantage of this technique is activation of non-nociceptive
afferents, and it cannot be regarded a specific pain stim-
ulus. Furthermore, the peripheral receptors are bypassed
and the axons stimulated directly. Nevertheless, this model
is able to elicit referred pain areas in a reliable fashion
(39) and, in contrast to chemical stimuli, can start and ter-
minate the pain immediately. Using intramuscular electri-
cal stimulation Ashina et al. (4) compared pain sensitiv-
ity and temporal summation in the trapezius and anterior
tibialis muscles. It was found that muscle pain sensitiv-
ity was higher in the trapezius than in the anterior tibialis
muscle. Furthermore, temporal summation was more pro-
nounced in muscle than in skin in the trapezius but not in
the anterior tibialis region. These data may help to explain
why chronic muscle pain most frequently is located in the
shoulder and neck regions (4).

Intraneural microstimulation (INMS) is an advanced
and powerful, but invasive, technique for selective stimula-
tion of single human muscle afferents. The projected pain
area increases as a function of stimulus duration (temporal
summation) and as a function of a number of stimulated
afferents (spatial summation) (41,56,76). So far, intramus-
cular electric stimulation of temporomandibular muscles
or INMS of trigeminal nerves have not been attempted, but
might be an interesting technique in headache research be-
cause of the easy control of the stimulus parameters and
the possibility of eliciting referred pain areas.

EXERCISE-INDUCED STIMULATION

It is a common experience that heavy and unaccustomed
physical exercise can lead to significant levels of muscle
soreness and pain. Thus, many experimental studies have
used various muscle exercises to test the development of
head pain (71). Generally, two different approaches can
be used. One technique is based on repeated or sustained
concentric contractions of the temporomandibular, epicra-
nial, or suboccipital muscles. The other method involves
repeated eccentric contractions that cause forced length-
ening of the muscle fibers.

Concentric Contraction Models

In conditions with overloading and insufficient resting
periods, concentric dynamic and isometric contractions
elicit muscle pain thought to share the same pathophysi-
ologic mechanisms as ischemic pain (48). Ischemia alone
is not sufficient to produce pain, but if it is combined with
contractions, strong pain can develop. Accumulation of
metabolites, such as lactate and potassium, or the lack of
oxidation of metabolic products, in addition to mechanical
determinants like the number of contractions, duration,
and force may play a significant role (42). Furthermore,
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hypoxia and the release of bradykinin, PGE,, and CGRP,
in association with a reduced pH, can cause sensitization
of muscle nociceptors, leading to pain evoked by mechan-
ical stimulation during contractions (42).

In the cervicotrigeminal system, many studies have
tried to establish an experimental model to induce head
pain. A combination of dynamic concentric contractions
(chewing) and ischemic block of the superficial temporal
artery in healthy subjects causes a continuously increas-
ing, bilateral dull frontal headache (22) with significantly
more head pain and significantly shorter onset of pain than
chewing without an ischemic block (44). In these models,
the ischemia is achieved using scalp sphygmomanometers
wrapped around the head, which not only reduce blood
circulation but also cause activity in cutaneous and deep
mechanoreceptors like the head screw device of Simons et
al. (57).

Sustained or repeated static tooth clenching procedures
have long been known to cause intense pain with a rapid
onset (9,16). The pain quickly disappears, however, and
most studies have failed to show any significant pain in
the temporomandibular muscles the following days after
exercise. A recent study showed that even with 5 days of
repeated submaximal tooth clenching, it is difficult to elicit
longer-lasting muscle pain and soreness in healthy subjects
(65). Also, studies with sustained submaximal contraction
of the frontalis muscles have failed to produce significant
levels of head pain (38).

Thus, it can be concluded that pain in the temporo-
mandibular muscles cannot be readily induced in healthy
subjects using the concentric contraction models. The con-
traction levels and duration have generally been in excess
of what is found in clinical populations, which seems to
suggest that simple concentric contraction of muscles may
be inadequate to explain the pathophysiology of tension-
type headache and temporomandibular disorders.

Eccentric Contraction Models

In contrast to the immediate and short-lasting muscle pain
evoked by concentric contractions, eccentric contractions
are more effective to induce a delayed onset of muscle
pain or soreness. The mechanisms underlying this kind
of muscle pain seem to be different from that of ischemic
muscle pain. Muscle injuries at the ultrastructural level
or damages in the connective tissue have been implicated
because histologic studies have shown disorganization of
myofilaments and extensive disruption of muscle struc-
tures localized particularly in the regions of the Z-discs
(48). An increased level of intracellular calcium may dam-
age muscle tissues, probably by activating phospholipase
A, which acts on membrane phospholipid components
and increases the availability of arachidonic acid. Forced
lengthening of tetanic-stimulated masticatory muscles in
mice demonstrated decreased contractile tension and ele-

vated levels of plasma creatine kinase as indices of mus-
cle injury (24). Experimental tooth grinding for 30 min-
utes, presumably involving eccentric contractions, origi-
nally was reported to cause significant levels of facial pain
lasting for several days in nine healthy subjects (14). In a
recent study, 45 minutes of strong tooth grinding in 12 sub-
jects caused only moderate levels of pain and tenderness
during the following 3 days (1). The distribution of pain
was quite similar to the experimental models with hyper-
tonic saline infusion, and it was notable that the temporal
region was involved less often than the masseter region.

These results from exercise-induced activation of hu-
man muscle nociceptors show that excessive and strong
contractions of the muscles can cause pain in the head,
but the pain is usually of rather short duration. No ex-
perimental evidence has been established showing that a
self-perpetuating, vicious cycle can be initiated by mus-
cle hyperactivity, leading to pain that again should lead to
more muscle hyperactivity.

EXPERIMENTAL MODELS USED
IN PATIENTS AND TO STUDY
GENDER DIFFERENCES

An intriguing possibility is to use the experimental pain
models in patients to obtain a better understanding of pain
responses under controlled conditions. For example, pa-
tients with widespread muscle pain and a clinical diagnosis
of fibromyalgia report significantly more pain and larger
spread of pain induced by hypertonic saline into the ante-
rior tibialis muscle than do healthy control subjects (60).
Patients with chronic whiplash syndrome also show this
kind of facilitation of pain responses, probably suggesting
a state of hyperexcitability in the central nervous system
(36). Injection of hypertonic saline into the jaw muscles of
patients with temporomandibular disorders have shown a
substantially larger spread of pain and higher pain ratings
as compared with matched control subjects (74). Control
injections in a leg muscle did not, however, show similar
differences suggesting some regional differences in pain
sensitivity in these patients, although other test modalities
(e.g., pressure-pain) indicate a more generalized increase
in pain sensitivity (74). Preliminary data from patients
with tension-type headache have indicated similar exag-
gerated pain responses (54). Injection of an “inflammatory
soup” in the trapezius muscle of patients with tension-type
headache has also shown higher pain ratings and a ten-
dency to increased tenderness (46,47). These findings have
been interpreted as indications of peripheral sensitization,
which would fit the observations from direct recordings of
primary nociceptive afferents in animal models (10,12).
Moreover, a recent study reported lower electrical pain
thresholds in muscle and skin of the cephalic region, but
not in lower limb muscle and skin in patients with chronic
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tension-type headache than in healthy controls (3). These
findings indicate that increased sensitivity in nociceptive
pathways from cephalic region may be of importance in
the pathophysiology of chronic tension-type headache.

The exercise models have also been used to study the
pain responses in tension-type headache patients. Thus,
clenching the teeth for 30 minutes at about 10% of the
maximum bite force evoked progressive increases in pain
and a headache after 24 hours in 40 out of 58 patients
(29). This may suggest a relationship between sustained
muscle activity and development of headache in at least
some patients, but also points out that modifying factor
like activation of endogenous pain inhibitory pathways
may play a role (29). Jensen et al. (27) used a sustained
tooth clenching task to provoke migraine attacks in mi-
graineurs, but they were unable to show any effect on per-
icranial tenderness, although patients reported pain in the
temporomandibular muscles immediately after the exer-
cise. Recently, Christensen et al. (15) investigated the im-
pact of static contraction of the shoulder and neck muscles
on muscle tenderness and headache in 20 patients with
frequent episodic tension-type headache and 20 healthy
age- and gender-matched controls. The subjects performed
static contraction of the trapezius muscles (active proce-
dure) or the anterior tibial muscles (placebo procedure)
with 10% of maximal force for 30 minutes. Sixty percent
of the patients and 20% of the healthy controls developed
headache after the active procedure. Fifty percent of the
patients and none of the controls developed headache af-
ter the placebo procedure. There was no significant differ-
ence in headache development between the active and the
placebo procedure in either patients or controls. From that
study it was concluded that some tension-type headache
patients are more liable to develop shoulder and neck pain
in response to static exercise than healthy controls. In a
similar way, studies on chewing-evoked pain have shown
that 50 to 80% of patients with temporomandibular dis-
orders experience an increase in their pain after intense
chewing, but also that 15 to 30% of the patients experi-
ence a significant relief of pain (18,21). These findings raise
the possibility to use exercise models to classify subgroups
of patients, which could be related to different underlying
pathophysiologic mechanisms.

Experimental models have also been used extensively to
address the question of gender differences in muscle pain
responses and several reviews have concluded that there
appears to be greater responses in women particularly to
stimuli of longer duration (17). For example, injection of
glutamate into the jaw muscles evokes significantly higher
pain scores in women than in men; a finding mirrored
by a greater glutamate-evoked muscle afferent discharge
in female rats than male rats (11,69). Experimental pain
models may be useful to screen for gender differences in,
for example, analgesic response before large-scale clinical
trials. Several studies have also documented gender differ-

ences in pain evoked by mastication, clenching, and other
jaw functions (32,51) and it seems important to determine
if such findings play a role in the pathophysiology of, for
example, tension-type headache.

CONCLUSIONS

The experimental muscle pain models must be chosen af-
ter careful consideration of the aim of the planned study,
because each model has a number of distinct advantages
and also some potential disadvantages. It is important that
some of the hypothesized etiologic factors for tension-type
headache and temporomandibular disorders can be tested
by using the experimental approach. Thus, muscle pain
can be induced, and the sensory, motor, and autonomic ef-
fects can be described in standardized settings; it is also
possible to induce putative painful motor tasks and then
analyze the sensory outcome, which allows assumptions
about the cause-and-effect relationship between pain and
muscle (dys)function that are difficult to derive from basic
animal studies and cross-sectional clinical studies. Finally,
experimental muscle pain models can be applied to pa-
tients with well-defined pain conditions and used to study
potential gender differences related to muscle pain.
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