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I. Introduction 

The practical relevance of muscle pain is usually 
underestimated in the public, although its prevalence 
and severity compare with those of other painful condi- 
tions. A recent survey has shown that 14.4% of the 
United States population suffers from chronic pain 
related to the joints and musculoskeletal system (Magni 
et al. 1990). The prevalence of myofascial pain in pain 
patients ranges from 30% to more than 80% (Fishbain 
et al. 1986; for a short review on the epidemiolo~ of 
myofascial pain, see Fricton 1990). Interestingly, the 

bulk of the data on neurophysiology of pain has been 
obtained in studies of cutaneous nociception, although 
skin pain is clinically much less relevant than muscle 
and visceral pain. 

Muscle pain differs in many ways from other types 
of pain. Subjective differences are that pain associated 
with muscle lesions is described as aching and cramp- 
ing, while cutaneous pain is characterized by its sharp, 
pricking, stabbing or burning nature. First and second 
pain elicited by electrical activation of thin myelinated 
and non-myelinated afferent fibers in a muscle nerve 
have the same dull and aching quality (‘Torebjiirk et al. 
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1984a). In contrast to cutaneous pain, which is local- 
ized with great accuracy, muscle pain is difficult to 
localize, with the exception of pain from fascia and 
periosteum that is often perceived as originating in a 
sin&e spot (Kellgren 1938; Lewis 1942; Staff 1988). 
Visceral pain, like muscle pain, is difficult to localize 
and is hard to distinguish from muscle pain. Both show 
referral, i.e., pain is not (only) felt at the site of the 
tissue lesion but (also) remote from this site (see be- 
low). The main difference between these two forms of 
pain is that visceral pain is mainly referred to the skin, 
whereas muscle pain is generally referred to other 
deep somatic (non-visceral) structures such as muscle, 
fascia, tendon, joint, and ligament (Kellgren 1938), if it 
is referred at all. 

Tissue-threatening (noxious) stimulation of any mus- 
cle and of skin always elicits pain. However, noxious 
stimulation of viscera does not always produce pain 
and not all viscera are sensitive to noxious stimuli 
(Gebhart and Ness 1991). Viscera generally refer pain 
to the skin; the skin very rarely, if ever, refers pain to 
other regions (Lewis 1942). Both muscle and visceral 
pains are associated with autonomic symptoms such as 
drop in blood pressure, sweating, and nausea (Fein- 
stein et al. 1954). Cutaneous pain does not show this 
association. 

Considering objective differences between nocicep- 
tion from muscle and other tissues, it is generally 
assumed that innervation density decreases in the or- 
der skin, muscle, and viscera, although exact figures 
are neither available nor easily obtained in view of the 
fact that skin is approximately 2-dimensional and mus- 
cle 3-dimensional. In the nerve to the cat gastrocne- 
mius-soleus (GS) muscle, approximately one-half of all 
fibers are afferent (Langford 1983; Mitchell and 
Schmidt 1983). 

Most of the dorsal horn cells processing information 
from muscle nociceptors receive additional (conver- 
gent) input from cutaneous receptors (Craig and Knif- 
fki 1985; Hoheisel and Mense 1990). In many studies 
on dorsal horn cells with input from cutaneous noci- 
ceptors, neurons have been described that appeared to 
be specifically driven by noxious stimulation of the 
skin. The actual degree of input convergence onto 
these neurons is difficult to assess, however, since deep 
tissues have often not been searched for receptive 
fields (RFs) (for general reviews on nociception, see 
Dubner and Bennett 1983; Per1 1984; Willis 1985a; 
Besson and Chaouch 1987). Dorsal horn neurons driven 
by visceral receptors likewise exhibit convergent input 
from the skin and/or deep somatic structures (Cervero 
1983; Foreman et al. 1984). Recent data indicate that 
information from muscle and cutaneous nociceptors is 
processed differently in the spinal cord. One example 
is that the input to dorsal horn neurons from muscle 
nociceptors is subject to a stronger descending inhibi- 

tion than is the input from cutaneous nociceptors (Yu 
and Mense 1990a). 

In the present review, data are presented from the 
standpoint of a basic scientist; therefore, the clinical 
aspects may be considered rather theoretical by some. 
The aim of the article is to build a few bridges across 
the gap between clinical and basic research in the field 
of muscle pain. This includes the risk of misunder- 
standings and misinterpretations. 

The term ‘muscle pain’ is used for pain originating 
in striated muscle including its fascia and tendinous 
insertions. Nociception is defined as the sum of all 
those neuronai events that are involved in the identifi- 
cation of and reaction to a noxious (tissue-threatening) 
stimulus. In contrast to pain, which requires conscious- 
ness for its occurrence, nociception can be studied in 
anesthetized animals. Of course, in interpreting experi- 
mental results, possible effects of the anesthesia have 
to be taken into consideration. 

II. Anatomy and physiology 

Available clinical and experimental evidence indi- 
cates that small-diameter afferent fibers from muscle 
have to be activated in order to elicit pain. These fibers 
conduct action potentials at a relatively slow velocity 
(below 30 m/set in the cat) (Gasser and Grundfest 
1939; Brock et al. 1951). Histologically they are either 
thin myelinated (A-6 or group-III fibers) or non- 
myelinated (C or group-IV fibers). In this article the 
afferent fiber types are named groups I-IV according 
to the nomenclature of Lloyd (1943) which was devel- 
oped specifically for muscle afferent fibers. An afferent 
fiber together with its receptive ending is called an 
afferent unit. A receptive ending typically consists of 
several branches or terminals which together form the 
receptor in the physiological sense. An afferent neuron 
is called ‘primary’ if its cell body is located outside the 
central nervous system (CNS). 

II-A.I. Fiber composition of muscle nerrjes 
The nerve to a locomotor muscle in the cat (the 

lateral GS) is composed of approximately one-third 
myelinated and two-thirds non-myeIinated fibers (Ta- 
ble I) (Stacey 1969; Mitchell and Schmidt 1983). Of the 
latter, 50% are sensory and, of these, 43% have been 
found to be nociceptive (Mense and Meyer 1985). In 
the sternomastoid nerve of the rat, the (afferent) 
group-IV fibers likewise constitute approximately one- 
half of all the non-myelinated fibers and thus the great 
majority of afferent units in that nerve (Gottschall et 
al. 1980; Sandoz and Zenker 1986). Data obtained 
from one muscle nerve cannot be transferred to other 



TABLE 1 

FIBER COMPOSITION OF THE NERVE TO THE LATERAL 

GAST~OCNEMIUS-SOLE~~S MUSCLE IN THE CAT (from 

Mitchell and Schmidt 1983). 

Spindle primary sens. endings (Ia) 144 3W 

Tendon organs (Ih) 72 1sri 

Spindle second. sens. endings 144 30% 

Spray (Ruffini) endings 5 < 10,; 

Lamellated (pacinif~~rrn) endings 5 < 1’5 

‘Free‘ nerve endings 110 2i? 

Unmyelinuted 2000 

Motor 

c Vasomotor 

Sensory 
IV Sensory 

l(NU~ SW; 

1 wo SW4 

muscle nerves. as considerable differences have been 
reported to exist between different muscles. For in- 
stance, neck muscle nerves of the cat are known to 
contain unusually high numbers of sensory and gamma 
motor fibers (Richmond et al. 1976), and the receptive 
properties of group-III receptors in hindlimb muscles 
differ from those in neck muscles. One possible expla- 
nation for these differences is that the muscles have 
different functions and environmental conditions; in 
contrast to neck muscles, locomotor hindlimb muscles 
often have to contract with maximal strength and un- 
der ischemic conditions (Abrahams 19%). 

Ii-A.2. Structure and pastime content of muscle nocicep- 
ton 

Electron microscopic investigations have shown that 
the main type of receptive ending connected to small- 
diameter afferent fibers is the free nerve ending. In the 
light microscope, this type of ending lacks a corpuscu- 

HTM (C.V. 1.3m/‘s) 

Fig. 1. Immunocytochemical data from a rat DRG cell that terminated in a HTM (presumably nociceptive) ending in skeletal muscle. A: 

fluorescent soma of the DRG cell (arrow) marked with intracellular iontophoresis of Lucifer Yellow. The arrowheads indicate histological 

landmarks (e.g., blood vessels). B: same section as in (A) following incubation with antibodies to CGRP. Scale: SO ym. C: enlargement of fB). 

Scale: 50 pm. D: location of RF in the anterior tibia1 muscle. The receptor required noxious pressure stimulation (Nox. P.) for activation. 

Conduction velocity (C.V.1 of afferent fiber, 1.3 m/set (from Mense 1991). 
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lar receptive structure. Group-IV fibers are assumed to 
terminate exclusively in free nerve endings while 
group-III fibers supply both free nerve endings and 
other types of muscle receptors (e.g., paciniform cor- 
puscles). The typical location of free nerve endings in 
skeletal muscle is the wall of arterioles and the sur- 
rounding connective tissue; the capillaries proper are 
not supplied with these endings (Stacey 1969). The 
marked sensitivity of free nerve endings to chemical 
stimuli, particularly to those associated with distur- 
bances of the microcirculation, may be related to their 
location in or close to the wall of blood vessels. 

More recent data demonstrate that ‘free’ nerve end- 
ings are not free in the strict sense, as they are almost 
completely ensheathed by Schwann cells. Only small 
areas of the axonal membrane remain uncovered by 
Schwann cell processes and are directly exposed to 
interstitial fluid (Andres et al. 1985; Heppelmann and 
al. 1990). The exposed membrane areas are supplied 
with mitochondria and vesicles and show other struc- 
tural specializations characteristic of receptive areas; 
they are assumed to be the site where external stimuli 
act. The electron microscopic reconstruction of free 
endings in the calcaneal tendon of the cat revealed the 
existence of different morphological types of ending 
connected to group-111 and -IV afferent fibers (Andres 
et al. 1985). At present, it is not possible to correlate 
morphological with functional types observed in elec- 
trophysiological experiments (see below). Therefore, it 
can be stated that muscle nociceptors are most proba- 
bly free nerve endings, but their exact ultrastructure is 
unknown. Whether all nociceptors look alike is like- 
wise an open question. The existence of different mor- 
phological types supports the notion that the free nerve 
endings of skeletal muscle do not form a homogeneous 
population but comprise functionally different (e.g., 
nociceptive and non-nociceptive) receptors. 

Neuropeptides are assumed to modulate the trans- 
mission of sensory information in the CNS (Hokfelt et 
al. 1980; Buck et al. 1982; Cuello 1987; Kow and Pfaff 
1988). They are present in primary afferent units of 
small diameter and can be released from their termi- 
nals in the spinal cord together with transmitter sub- 
stances (e.g., glutamate). No neuropeptide has been 
found that can be considered specific for afferent fibers 
from muscle. Dorsal root ganglion (DRG) cells project- 
ing in a muscle nerve have been shown to contain 
substance P (SP), calcitonin gene-related peptide 
(CGRP) and somatostatin (SOM) and thus present a 
peptide pattern similar to that of cutaneous nerves, 
whereas visceral afferent units lack immunoreactivity 
to SOM (Molander et al. 1987; O’Brien et al. 1989). 
Whether a particular neuropeptide or combination of 
neuropeptides is associated with a particular type of 
muscle receptor is unknown. Preliminary data from 
experiments in which single DRG cells with receptive 

endings in muscle were first functionally identified and 
then injected with a dye indicate that at least some cell 
bodies the peripheral processes of which terminate in 
muscle high-threshold mechanosensitive (HTM, pre- 
sumably nociceptive) receptors exhibit CGRP-like im- 
munoreactivity (CGRP-like IR) (Fig. 1). 

It has to be emphasized, however, that CGRP-like 
IR is not only present in nociceptive units but also in 
other types of muscle receptors (e.g., muscle spindles 
and other low-threshold mechanosensitve (LTM) units). 
SP-like IR likewise has been found in LTM receptors, 
e.g., in nerve fibers of Krause corpuscles in the dog’s 
tongue (Ichikawa et al. 1988). Most of the cutaneous 
and deep receptor types studied so far showed CGRP- 
like IR in some of their cell bodies in the DRG 
(Hoheisel and Mense 1989a). The only condition for 
the presence of CGRP-like IR seemed to be that the 
afferent unit had a small soma size and/or a slow 
conduction velocity. This finding suggests that CGRP 
may be present in many thin myelinated or non- 
myelinated muscle afferent units irrespective of their 
function. Of the two types of CGRP (alpha- and beta- 
CGRP, which differ in one amino acid in the rat) 
(Ishida-Yamamoto and Tohyama 1990) the former is 
present in large DRG cells, whereas small and 
medium-sized neurons contain both types (Noguchi et 
al. 1990). 

In skeletal muscle, CGRP also exerts important 
influences via motor fibers. The peptide coexists with 
acetylcholine (ACh) in a subpopulation of alpha- 
motoneurons; it enhances the contractions of striated 
muscle (Takami et al. 198.5) and increases intracellular 
cyclic adenosine monophosphate (CAMP) levels and 
the spontaneous release of ACh (Takami et al. 1986; 
Jinnai et al. 1989). The synthesis of ACh receptors at 
the neuromuscular junction is likewise increased by 
CGRP (Fontaine et al. 1986; New and Mudge 1986). 

It has to be kept in mind that neuropeptides also 
influence immune cells (for a review, see Morley et al. 
1987) and synoviocytes (Lotz et al. 1987). These actions 
may be of particular importance for the development 
and maintenance of chronic arthritis and other inflam- 
matory disorders of deep somatic tissues. 

Of the above-mentioned neuropeptides, SP is of 
particular interest since it has been and still is dis- 
cussed as a transmitter or modulator of pain sensations 
(Nicoll et al. 1980; Dubner and Bennett 1983; Duggan 
et al. 1988). On the other hand, there is also evidence 
speaking against such a function (Buck et al. 1982; 
Frenk et al. 1988; Kellstein et al. 1990). An important 
finding in this regard is that the great majority (10 of 
12) of individually identified nociceptive DRG cells of 
the cat did not show SP-like IR (Leah et al. 1985). 
Virtually all primary afferent units exhibiting SP-like 
IR also show CGRP-like IR (Lee et al. 1985; Ju et al. 
1987; Cameron et al. 1988; Garry et al. 1989); both 



peptides are presumably released together when the 
fiber is active. In the spinal cord, CGRP has been 
reported to prolong the action of SP by inhibiting its 
degradation (Le Greves et al. 1985) and to facilitate 
synaptic transmission in general by enhancing the cal- 
cium influx into afferent fibers (Ryu et al. 1988). Not 
all noxious stimuli appear to release SP in the dorsal 
horn: formalin injected into the rat hindpaw has been 
reported to lead to an inhibition of SP release (McCar- 
son and Goldstein 1991). 

Neuropeptides are released not only from the spinal 

terminals of afferent fibers but also from the receptive 
endings in the periphery (Kruger 1987). By their strong 
vascular and other biological actions, SP and CGRP 
are likely to influence the biochemical environment of 
the receptors from which they are released (Holzer 
1988). Actually, it has been shown that the bulk of SP, 

after being synthesized in DRG cells, is transported to 
the peripheral nerve endings (Brimijoin et al. 1980). 
The release of this neuropeptide from nociceptive pe- 
ripheral nerve endings is the central factor in a cascade 
of events that leads to neurogenic inflammation 
(Lembeck and Holzer 1979). In this regard the perme- 
ability increasing action of SP and of the neurokinins A 
and B is of importance (Gamse and Saria 1985; Cou- 
ture and Kerouac 1987), whereas CGRP acts as a 
vasodilator (Brain et al. 1985; GhlCn et al. 1987). There 
is evidence showing that CGRP enhances the plasma 
extravasation induced by SP and the neurokinins A 
and B (Gamse and Saria 1985) but reduces the va- 
sodilatory action of SP by desensitizing muscle arteri- 
oles to the peptide (GhlCn et al. 1988). 

The role of SP and CGRP in the mediation of 
muscle pain is a matter of discussion. In comparison to 
skin nerves, muscle nerves have been reported to con- 
tain less SP (McMahon et al. 1984). This finding has 
been teleologically explained by assuming that the va- 
sodilation and plasma extravasation caused by release 
of SP from afferent fibers in skeletal muscle would be 
deleterious for muscle tissue, since it is surrounded by 
a fascia. Because of the fascia, a SP-induced muscle 
edema would result in an extremely high increase in 
interstitial pressure and could cause muscle necrosis. 
Red muscles are possibly more endangered, as they 
contain more SP than white ones (Zenker et al. 1988). 

On the other hand, SP-like IR and CGRP-like IR 
have been shown to be more common in the cell bodies 
of afferent fibers from muscle than in those from skin 
(O’Brien et al. 1989). Therefore, SP and CGRP are 
likely to be involved in painful alterations of muscle 
tissue. The mechanisms by which these neuropeptides 
contribute to muscle pain may be complex; intramuscu- 
lar injections of CGRP or SP alone have been reported 
not to elicit pain in humans, whereas a combination of 
both, or of CGRP with neurokinin A, was painful 
(Pedersen-Bjergaard et al. 1991a,b). 

A comparative study on the distribution of various 
peptides in the nervous system of the horse and pig 
(Merighi et al. 1990) has yielded data similar to those 
obtained in the cat and rat; therefore, neuropeptides 
can be expected to have a comparable distribution and 
function in man. 

II-A.3. Spinul terminutions of fine afferent fibers from 

muscle 

II-A.3.a. Whole nenv stuining. The method of trans- 
ganglionic transport of the enzyme horseradish peroxi- 

dase (HRP, in some studies conjugated to wheat-germ 
agglutinin (WGA)) has been extensively used to visual- 
ize the spinal terminations of peripheral nerves. In 
these experiments HRP is injected into peripheral tis- 

sues or applied to the proximal end of a cut nerve; it is 
picked up by the nerve fibers and transported across 
the DRG to the spinal terminations of the fibers. The 
enzyme can be detected by its reaction with a chroma- 
gen (usually tetramethylbenzidine) which stains the 
HRP-containing fibers dark blue. 

From the various muscle nerves studied so far simi- 
lar results were obtained with regard to the termina- 

tion of afferent fibers in the ventral horn and central 
spinal gray, but they disagree with regard to the dorsal 
horn. Bakker et al. (1984) observed no projection to 
the superficial dorsal horn from the suboccipital mus- 
cle nerve, and Abrahmas et al. (1984) reported only 
sparse labeling in the substantia gelatinosa (lamina II) 
from neck muscle nerves in the cat. In contrast, Nyberg 
and Blomqvist (1984) and Abrahams and Swett (1986) 
described labeling in the spinal laminae 1 and V from 
cat neck and forelimb muscles. Other groups found 
projections to the superfical dorsal horn from some, 
but not all, neck muscles (Amman et al. 1983). 

Differing results have likewise been obtained in 
studies of the projections of the GS muscle. Molander 
and Grant ( 1987) did not find any projections from the 
rat GS to the superficial dorsal horn; Brushart and 
Mesulam ( 1980) and Brushart et al. (1981) reported a 
dense projection to the substantia gelatinosa in the rat, 
and Kalia et al. (1981) described a diffuse projection of 
GS afferent fibers to laminae I-V. Other groups found 
clear terminations from the cat GS muscle in laminae I 
and V, but not in lamina II (Mense and Craig 1988). 

These conflicting results are difficult to interpret. 
Methodological differences (WGA-HRP and free HRP 
may be picked up differently by myelinated and non- 
myelinated fibers) and differences between the species 
and muscles studied may contribute to heterogeneity of 
the data. If positive findings (presence of labeling) are 
rated higher than the lack of labeling in certain lami- 
nae, the bulk of the data indicates that the fine muscle 
afferent fibers terminate mainly in laminae 1 and V in 
the cat and thus have a termination pattern similar to 
that of visceral afferents (Kuo et al. 1983; Nadelhaft et 



al. 1983; Cervero and Connell 1984). In contrast, affer- 
ent fibers from the skin show dense terminations in 
laminae II-IV and only few projections to Iamina I 
(Koerber and Brown 1980; Marfurt 1981). Another 
interesting difference between musde and skin nerves 
has been reported by Ygge (1989) who found that 
spinal projections of the cutaneous branch of the radial 
nerve are somatotopicahy organized, whereas those of 
the muscle branch lack a somatotopy. This arrange- 
ment may contribute to the diffuse nature of muscle 
pain. It has to be kept in mind, however, that the 
somatotopy of primary afferent fibers is not necessarily 
also present at the level of dorsa1 horn neurons. Some 
of the latter cells possess extended dendritic trees and 
sample their input from large portions of the dorsal 
horn. 

II,A.3.b. Zntra-Golan ~taj~~~~g of single fibers. With 
this method the spinat terminations of a physioIogically 
identified fiber can be visualized. First, the functional 
properties of the receptive ending are determined by 
recording the impulse activity intra-axonally with a 
micropipette containing a dye, and then the dye (e.g., 
HRP) is injected into the axon (Brown et al. 1977; 
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Light and PerI 1979). The results obtained from HTM 
afferent units supplying skeletal muscle and other deep 
somatic tissues indicate that these units project either 
to lamina I only or to lamina I and deeper laminae (IV 
and V; Fig. 2) (Mense et al. 1981; Hoheisel et al. 1989). 
By contrast, afferent fibers from non-proprioceptive 
LTM receptors in deep tissues terminated mainly in 
laminae II and IV-VI. The differential termination of 
presumably nociceptive and non-nociceptive afferent 
units supports the assumption that these neurons really 
form different functional groups and are not part of 
one single polymodal receptor population (see below). 

The above single-fiber data were obtained from 
myelinated afferent units conducting in the group II 
and III range (2.5-40 m/set in the cat). The method 
of intra-axonal injection of dyes is not (yet) applicable 
to non-myelinated fibers because of their small diame- 
ter (< 1 pm in the cat) (Stacey 1969). The spinal 
terminations of group-IV afferent units have been 
studied by Sugiura et al. (1986, 1989) by injecting a dye 
into the soma of identified neurons in the DRG. In 
these experiments, group-IV afferent units from the 
skin and viscera of guinea pigs were studied; the main 

HTM units terminating in both lamina I and the deep dorsal horn 

Fig. 2. Schematic trajectories of the spinal terminals of five HTM units with endings in deep tissues of the cat. The units were reconstructed from 
serial sections and projected onto a standardized cross-section of the lumbar spinal cord. The approximate border between laminae I and II is 
indicated by the dotted line. The thick bar outside the dorsal horn represents the stem axon; filled circles indicate areas containing synaptic 
boutons. Collaterals ending without visible boutons are marked by a short bar at their end. In cases where two or more collaterals ran closely 
together, only one is drawn for reasons of clarity. The approximate size of the RF in the deep tissues is indicated by the hatched area. D and E: 
the skin overlying the RFs in the triceps surae muscle was opened. LGS, lateral gastrocnemius-soleus muscle; MG, medial head of gastrocnemius 

muscle; C.V., conduction velocity of afferent fiber (from Hoheisel et al. 1989). 



terminations of cutaneous receptors were in laminae 1 
and If if they were nociceptive and in inner and outer 
lamina II if they had a low mechanical threshold. 

Whether lamina II is a major projection area for 
muscle group-IV afferent fibers is an open question. In 
many studies using transganglionic transport of dyes, 
this lamina was free from labeling (cf., Nyberg and 
Bl~~mqvist 1984; Mense and Craig 1988). On the other 
hand, te~inations of a limited number of muscle 
group-IV afferents in lamina fl have been described by 
McMahon and Wall (1985) in a neurophysiological 
study. 

It has to be kept in mind that information from 
muscle nociceptors may reach the spinal cord not only 
via dorsal but also via ventral roots. Coggeshall and lto 
(1977) described afferent fibers running in the ventral 
root of the cat. These units had a small diameter and 
some of them terminated in deep nociceptors. The 
non-myeiinated sensory fibers in the ventral root have 
been shown to arise from DRGs (Coggeshall et al. 
1980). 

II-A.4 Properties of’ muscle nociceptors under physiologi- 
ctrl conditions 

A nociceptor has been defined as a receptive ending 
that is aCtiKitcd by noxious ttissue-threatening, subjec- 

tively painful) stimuli and that is capable by its re- 
sponse behavior to distinguish between innocuous and 
noxious events. As an additional feature the nociceptor 
may have a high stimulation threshold; this characteris- 
tic is useful for the recognition of nociceptors in animal 
experiments when mechanical or thermal stimuli are 
applied (Dubner and Bennett 1983; Per1 1984; Besson 
and Chaouch 1987). 

Recordings of the electrical activity of single muscle 
afferent units in anesthetized cats and rats have shown 
that, in skeletal muscle, nociceptors as defined above 
are present. If tested with a variety of different natural 
stimuli (mechanical and chemical), these receptors do 
not respond to everyday stimuli such as weak local 
pressure. contractions and stretches within the physio- 
logical range but require noxious intensities of stimula- 
tion for being activated (Bessou and Laporte 1960; 
Paintal 1960; Mense and Meyer 19851. As can be seen 
in Fig. 3, a liminal activation of a muscle nociceptor 
may occur if the intensity of stimulation approaches 
noxious levels without being frankly tissue damaging. 
e.g., during unphysiological stretch (Fig. 3A) or during 
maximal contractions (Fig. X3). Teleologically, this 
property is presumably highly important, since a noci- 
ceptor is supposed not (only) to signal tissue damage 
but to prevent its occurrence. 

Nocrceptrve Unrt (Group III) 

Stretch (mm) 
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B Force 
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Fig. 2. Response behavior of a nociceptive group-111 afferent unit from the soleus muscle in the cat. The discharge activity (impulses/7 set) is 

plotted on the ordinate against time on the abscissa. Periods of stimulation are marked by short bars underneath the abscissa. A: Touch. t~~uching 

the RF with a painter’s brush: Mod. P.. moderate (innocuous) local pressure; Nox. P., noxious local pressure (the pressure stimuli were applied 

by hand using a forceps with broadened tips); Stretch, stretching the muscle by pulling at the caicaneal tendon. A stretch of approximately 6 mm 

was the upper limit that could be produced by bending the paw. B: contraction, rhythmic isometric contractions of the triceps surae muscle 

induced by electrical stimulation of the GS muscle nerves (every second a train of 500 msec duration at a frequency of 50 Hz was applied). The 

force of contraction is shown by the strain gauge recording above the histogram (arbitrary units); the force was set to the kP figures by adjusting 

the stimulus intensity. The figures of warm and cold stimulation indicate temperatures of water circulating through thermodes in contact with the 

RF. Please note that the receptor behaved like a mechanonoc~c~ptor in that it responded to Nox. P. but not to an injection of the algesic agent 

hradykinin (Brad.) into the RF. Unphysio~ogicai stretch (exceeding 6 mm) and maximal contractions th kP) elicited liminal activity in this receptor 

(modified from Mense and Meyer 1988). 
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if-A.4.a. Conduction uelocify and resting activity. In 
the GS muscle of the cat, the conduction velocity of 
nociceptive afferent units spans the entire spectrum of 
groups III and IV units (0.3-30 m/see) (Paintal 1960; 
Iggo 1961; Mense and Meyer 1985; Mense 1986). Noci- 
ceptors have been found to be more numerous among 
group-IV than group-III units (43% vs. 33%) (Mense 
and Meyer 1985). Recent microneurographic data have 
shown that muscle nociceptors in humans likewise pos- 
sess afferent fibers conducting in the group III and IV 
range (0.6-13.5 m/set> (Sirnone et al. 1991; Marchet- 
tini 1992). 

In contrast to the skin where nociceptors usually 
have no resting activity (defined as discharges in the 
absence of intentional stimulation) a small proportion 
of cat muscle nociceptors (approximately 25%) have 
been found to exhibit such an activity (Berberich et al. 
f988). The discharges consist of single or grouped 
impulses at irregular intervals; the mean frequency is 
very low and does not exceed a few impulses per 
minute in intact muscle. The functional significance of 
the resting discharge is unknown. It will probably not 
elicit subjective sensations because single impulses in 
(cutaneous) nociceptive fibers have been reported not 
to reach consciousness (Torebjork and Hallin 1974; 
Torebjdrk 1985). 

II-A.4.b. Mechanical sensitivity. In the original stud- 
ies by Paintal (1960) and Bessou and Laporte (1960) on 
group-III and by Iggo (1961) on group-IV muscle re- 
ceptors many units were found that could be activated 
by local pressure stimulation. Some of these had a high 
mechanical threshold and also responded to noxious 
chemical stimuli. Paintal denoted these receptors 
‘pressure-pain receptors’ and assumed that one of their 
functions was to elicit pain sensations from muscle. 
Most of the group-IV and many of the group-III units 
lack a sensitivity to small degrees of muscle stretch 
(Iggo 1961; Franz and Mense 1975; Kumazawa and 
Mizumura 1977; Kaufman et al. 1982). Stretching a cat 
gastrocnemius muscle with forces exceeding 4 N re- 
sulted in activation of a small proportion of group-IV 
receptors all of which did not respond to local pressure 
stimulation (Kniffki et al. 1978). This finding indicates 
that mechanosensitive group-IV units possess a direc- 
tion sensitivity. 

The most effective stimulus for activating muscle 
nociceptors in animal experiments is squeezing the 
muscle with a forceps with broadened tips. The force 
required for receptor activation is close to that needed 
to elicit pain from a muscle of similar size in humans; 
repeated application of a stimulus of this intensity 
leads to visible tissue damage (Paintal 1960; Iggo 1961; 
Franz and Mense 1975). 

The size of the RF of a muscle nociceptor can only 
be determined with limitations, particularly if it is 

located deep within the muscle. The reported sizes of 
superficially located fields or the projections of deep 
RFs on the muscle surface range from spotlike to 
several square centimeters in the gastrocnemius muscle 
of the cat and dog (Kumazawa and Mizumura 1977; 
Mense and Meyer 198.5). In microneurographic record- 
ings from fascicIes of the common peroneal nerve in 
humans the mean RF sizes of muscle receptors with 
moderate to high mechanical thresholds were found to 
be 3.2 cm* for group-III and 4.7 cm2 for group-IV 
units (Simone et al. 1991). The RFs of cutaneous 
polymodal nociceptors appear to be smaller: cat, < 2 
mm* (Bessou and Per1 1969); rabbit, 6-32 mm2 (Kenins 
1988). 

An unexpected finding was that many afferent units 
had two RFs, i.e., they could be activated from two 
separate areas in the muscle. In the deep tissues of the 
cat tail, afferent units were found that had one RF in 
deep tissues (muscle, joint, periosteum) and another 
one in the skin distal to the deep RF (Mense et al. 
1981). The anatomical basis of this feature may be 
branching of the afferent fiber close to its area of 
termination. Anatomical and neurophysiological stud- 
ies (Devor et al. 1984; Pierau et al. 1984) have shown 
that afferent units with long branched axons are rela- 
tively rare (a few percent of all afferent fibers), but 
they may be functionally relevant since they are likely 
to reduce the spatial resolution of the nociceptive 
system and thus could contribute to the diffuse nature 
of deep pain. 

A relatively high proportion (approximately one- 
third) of all group-IV units recorded from dorsal 
rootlets were found not to respond to mechanical prob- 
ing of the muscle (Franz and Mense 197.5). Many of 
these (44%) could be excited by close intra-arterial 
injection of the endogenous algesic agent bradykinin 
(BKN) and therefore may be nociceptors. Under the 
conditions of an in vivo experiment it is difficult to tell 
whether an afferent unit really lacks a mechanosensi- 
tivity or whether the mechanosensitive RF has not 
been found because of its small size and/or unfavor- 
able location. The recently detected ‘silent’ or ‘sleep- 
ing’ nociceptors offer a new interpretation of this set of 
data (see below). 

II-A.4.c. Chemical excitability. Particularly effective 
stimulants for free nerve endings in skeletal muscle of 
laboratory animals are endogenous pain-producing 
substances such as BKN, 5-hydroxytryptamine (5HT), 
and potassium ions in concentrations of 60 mM or 
higher (Fock and Mense 1976; Kumazawa and Mizu- 
mura 1977; Kaufman et al. 1982). Hypertonic NaCl 
solutions (4..5-6.0%) are likewise effective excitants of 
group-III and -IV muscle receptors but, similar to 
potassium, its stimulating effects are considered to be 
unspecific (i.e., not mediated by pharmacological re- 
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ceptors), since all muscle receptors including primary 
endings of muscle spindles are excited by this stimulus 
(&go 1961). 

On a molar basis, the nonapeptide BKN has been 
found to be the most effective stimulant for muscle 
nociceptors (Fock and Mense 1976). It is cleaved from 
its precursor molecule kallidin (which is present in 
plasma proteins), if pathological deviations from the 
normal environmental conditions occur (e.g., lowering 
in pH, ischemia, blood clotting). 5-HT is released from 
platelets following vascular damage, and large amounts 
of potassium are present in the sarcoplasm of each 
muscle cell from which it leaks into the interstitial fluid 
if the cell membrane is injured. BKN and 5-HT also 
have strong actions on blood vessels and appear to 
influence the vasculature at lower concentrations than 
nerve endings; these substances belong to the so-called 
‘vasoneuroactive substances’ (Sicuteri 1967). 

It has to be pointed out that the above substances, 
particularly BKN, excite not only nociceptors but also 
non-nociceptive endings in muscle (Mense 1977). There 
may be a quantitative difference, however, as nocicep- 
tors in the skin have been shown to be activated at 
lower concentrations of BKN than are other receptor 
types (Szolcsinyi 1987). Some of the mechanisms by 
which BKN activates neurons have been elucidated. By 
acting on molecular BKN receptors (B, and B,) 
(Barabe et al. 1984) it increases neuronal excitability by 
inhibiting after-hyperpolarization (Weinreich and 
Wonderlin 19871, influences neuronal activity by acti- 
vating phospholipase C and increasing chloride con- 
ductance (Wood et al. 1990) and has a general activat- 
ing effect on second messengers (Burgess et al. 1989). 
These mechanisms are probably also involved in sensi- 
tization processes (see Section II-B). 

The typical muscle nociceptor responds to both nox- 
ious local pressure and injections of BKN (close arte- 
rial or intramuscular), but there are also receptors that 
can be activated by only one type of noxious stimula- 
tion (mechanical or chemical). This finding may indi- 
cate that different types of nociceptors are present in 
skeletal muscle, similar to the skin where mechano-, 
mechano-heat, and polymodal nociceptors have been 
found (Per1 1984; Willis 1985; Besson and Chaouch 
1987). 

The doses of pain-producing substances required to 
excite muscle nociceptors in animal experiments are 
similar to those eliciting muscle pain in humans (Lin- 
dahl 1961; Coffman 1966). The same applies to the 
time course of receptor activation (latency and dura- 
tion) which, in the case of BKN injections, closely 
resembles that of painful sensations elicited by BKN in 
humans. These findings increase the probability that 
chemically induced muscle pain is really due to activa- 
tion of that subset of free nerve endings that are 
classified as nociceptors in animal experiments. 

BKN activates almost exclusively the slowly conduct- 
ing afferent units (groups III and IV) and not the 
encapsulated stretch receptors (Mense 19771, but an 
excitability by BKN cannot be taken as an indication of 
the nociceptive nature of a receptor. It is well known 
that slowly adapting mechanoreceptors of the skin also 
respond to BKN (Fjallbrant and Iggo 1961; Beck and 
Handwerker 1974). Identification of a receptive ending 
ideally includes administration of all possible stimuli 
that may act on the ending under physiological circum- 
stances. If only mechanical stimuli are used, the major- 
ity of the units classified as HTM will be nociceptive, 
but some receptors will be included which actually are 
thermosensitive (see below). 

II-A.4.d. Thermal sensitil?ty. All the studies con- 
ducted so far on muscle group-IV receptors agree that 
some of these units (19%, in the study of Mense and 
Meyer 1985) respond to small temperature changes in 
the innocuous range (20-400 (Iggo 1961; Kumazawa 
and Mizumura 1977). Many thermosensitive endings 
exhibit a discharge behavior similar to that of cuta- 
neous thermoreceptors and may fulfill thermoreceptive 
functions. They differ from nociceptors in that most of 
them do not respond to BKN (Hertel et al. 1976; 
Mense 1986). Upon mechanical stimulation they have a 
very high threshold and do not encode the stimulus 
intensity very well in their discharges. The response to 
noxious local pressure is probably not an indication of 
HTM properties but reflects an activation of thermore- 
ceptors by a tissue-threatening mechanical (i.e., inade- 
quate) stimulus. Such responses are known to occur in 
warm and cold receptors if the intensity of the mechan- 
ical stimulus exceeds physiological limits. Taken to- 
gether, these properties speak against a nociceptive, 
and for a thermoreceptive, function of these afferent 
units from muscle. Possibly, they form an input channel 
for thermoregulation (cf., Jessen et al. 1983). 

Other group-IV muscle receptors have been re- 
ported to have a thermal threshold in the noxious 
range (> 43°C or < 20°C) (Iggo 1961; Kumazawa and 
Mizumura 1977). Most of these units also respond to 
endogenous algesic agents and noxious local pressure 
(Mense, unpublished) and thus behave like polymodal 
nociceptors in the skin. 

It has to be kept in mind that many cutaneous 
mechanoreceptors exhibit a certain dependence of their 
discharges on temperature; these receptors may behave 
like ‘spurious thermoreceptors’ (Iggo 1969). Therefore, 
a susceptibility of a receptive ending to temperature 
changes does not necessarily reflect a thermoreceptive 
or thermonociceptive function. 

II-A.4.r. Effects of hypoxia and adrenaline in rsitro. 
Many painful conditions are associated with ischemia 
and/or altered function of the sympathetic nervous 
system. In experiments in vivo, the effects of cate- 
cholamines and of ischemia (hypoxia) are difficult to be 
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studied separately, since administration of cate- 
cholamines also influences the blood supply to the 
receptors. The in vitro preparation offers the opportu- 
nity to apply catecholamines without interfering with 
the oxygen supply. 

Data obtained from a rat hemidiaphragm-phrenic 
nerve preparation have shown that in the diaphragm 
LTM and HTM receptors can also be distinguished. 
The latter require high intensities of mechanical stimu- 
lation which are unlikely to occur under physiological 
conditions and probably fulfill nociceptive functions 
(Kieschke et al. 1988). 

In this preparation, hypoxia of approximately 20 
mmHg in the organ bath had an excitatory action on 
both LTM and HTM units. In some receptors, the 
mechanical threshold determined with von Frey hairs 
was lowered during hypoxia. These data indicate that 
hypoxia may be an important factor in the control of 
the excitability of nociceptors in deep tissues. 

Adrenaline concentrations of 0.5-5 ,uM in the organ 
bath had a differential effect on LTM and HTM recep- 
tors. About one-half of the latter responded with an 
increase in discharge frequency, whereas the sensitive 
mechanoreceptors showed little activation. A finding of 
probable clinical significance was that nociceptors 
which initially were not responsive to adrenaline often 
developed a sensitivity to the catecholamine when their 
RFs were irritated by a constant mechanical stimulus 
of noxious intensi~ (Kieschke et al. 1988). This finding 
suggests that damaged nociceptors, e.g., in pathologi- 
cally altered tissue, are more sensitive to adrenaline 
than receptors in intact tissue. 

Ii-A.4.f. Recordings of muscle nociceptors in man. 
The technique of recording the activity of single fibers 
in human nerves with percutaneously introduced nee- 
dle electrodes has been extensively used in studies of 
cutaneous nociceptors (for a review, see Torebjork et 
al. 1984a1, but data on muscle nociceptors are largely 
missing. Only recently was it possible to record from 
single group-111 and -IV muscle afferent units in man 
(Simone et al. 1991; Marchettini 19921. The prelimi- 
nary results show that the response behavior of human 
muscle nociceptors is indistinguishable from that of 
nociceptors in the cat and rat. The receptors respond 
to strong local pressure and algesic substances with a 
discharge frequency and time course similar to that 
observed in animal experiments. 

A particularly useful feature of the microneuro- 
graphic set up is that the recording electrode can also 
be used for stimulating the afferent fiber under study 
(Torebjiirk et al. 1984b1. Repetitive electrical stimula- 
tion of muscle afferent units classified as nociceptive 
led to the cramp-like sensations that are characteristic 
of muscle pain (Simone et al. 1991). These data sup- 
port the assumption that the muscle receptors charac- 
terized as nociceptive in animal experiments are the 

ones that mediate muscle pain in humans. 

II-A.5 Receptor polymodality versus receptor specificity 
Interpretation of the data presented above is based 

on the concept of specificity of sensory afferent units. 
This means that the endings are specialized for the 
reception of a particular adequate stimuIus and that 
the activation of such an ending always elicits the same 
subjective sensation. Thus, nociceptors elicit pain irre- 
spective of the stimulus that activates them. Because of 
the broad responsiveness of some muscle afferent units 
when tested with mechanical and chemical stimuli, 
some authors consider these units to be polymodal 
receptors fulfilling nociceptive as well as ergoreceptive 
functions (Kumazawa and Mizumura 1977). Ergorecep- 
tors are muscle receptors with slowly conducting fibers 
which are activated during muscular contractions 
(Kaufman et al. 1983,1984a; Mense and Stahnke 1983) 
and are assumed to be involved in the circulatory and 
respiratory adjustments during physical activity (Kao 
1963). 

In the present paper the specificity concept has 
been favored for the following reasons. Cl> In each 
species and type of preparation used, LTM and HTM 
could be clearly distinguished. The difference in re- 
sponse behavior between these receptors was so great 
that the alternative interpretation, namely that they 
form two subgroups of one receptor population, ap- 
pears unlikely. Group-111 and -IV receptors classified 
as LTM in animal experiments respond to weak me- 
chanical stimuli with a discharge frequency that reaches 
a considerable percentage of their maximal discharge. 
Therefore, these responses cannot be considered as 
liminal activations of nociceptors by weak stimuli. (2) 
The broad sensitivity of many units to mechanical and 
chemical stimuli does not mean that every receptor 
responds to every stimulant. In contrast, most recep- 
tors have a preferential sensitivity to a certain stimulus 
or a combination of stimuli. When ischemic contrac- 
tions are used as a stimulus, only a small proportion of 
receptors are activated, although all endings in the 
contracting muscle are under the influence of the same 
biochemical changes. (3) The experiments employing 
intra-axonal injections of HRP into single group-III 
units showed that the spinal terminations of units 
classified as nociceptive differed from those of LTM 
receptors (Hoheisel et al. 19891. These morphological 
data support the view that slowly conducting afferent 
units from deep somatic tissues do not form a function- 
ally homogeneous population of receptors. The critical 
experiment for testing the validity of this interpretation 
is to stimulate single LTM and HTM units in a human 
muscle nerve and record the subjective sensations of an 
awake subject (cf., Macefield et al. 19901. 

The actual degree of specificity of muscle nocicep- 
tors is difficult to assess. It is unknown, for instance, 
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whether the various subjective forms of muscle pain 
(e.g., aching and cramping) are mediated by different 
types of muscle nociceptors. It also has to be kept in 
mind that the relationship between receptor type and 
subjective sensation is lost when the central processing 
of the afferent information is disturbed. An example is 
neuropathic pain which can be elicited by activation of 
non-nociceptive myelinated fibers. 

A serious problem for the interpretation of the data 
obtained in animal experiments is the possible sensiti- 
zation of nociceptors by the unsterile surgical exposure 
of deep tissues or by repetitive testing of the receptors 
with noxious stimulus intensities (see below). As sensi- 
tized nociceptors often lower their mechanical thresh- 
old into the innocuous range, they could be mistaken 
as LTM receptors. In fact, for a particular LTM unit 
under study, sensitization cannot be ruled out (unless it 
has an intermittent discharge of high frequency which 
is usually an indication of sensitization). It is unlikely, 
however, that all or a large proportion of the LTM 
muscle receptors described in the literature are sensi- 
tized nociceptors, since LTM group-III receptors have 
also been found in intact muscles that were not surgi- 
cally exposed (Hoheisel and Mense 1990). 
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II-A. 6. Section summary 
Small-diameter (0.5-6 pm), slowly conducting (0.5- 

30 m/see) afferent fibers from muscle have to be 
activated in order to elicit pain. Histologically, these 
fibers are either thin myelinated (A-6 or group-III 
fibers) or non-myelinated (C or group-IV fibers). Of 
the latter, more than 40% terminate in free nerve 
endings with nociceptive properties. A nociceptor is a 
receptive ending that is activated by noxious (tissue- 
threatening, subjectively painful) stimuli and is capable 
by its response behavior to distinguish between innocu- 
ous and noxious events. DRG cells projecting in a 
muscle nerve exhibit immunoreactivity to the neu- 
ropeptides SP, CGRP and SOM. CGRP-like im- 
munoreactivity appears to be present in many nocicep- 
tive and non-nociceptive muscle receptors. Muscle af- 
ferent fibers, including nociceptive ones, terminate in 
lamina I and in and around lamina V of the dorsal 
horn. Particularly effective stimuli for free nerve end- 
ings in skeletal muscle are strong mechanical forces 
and endogenous pain-producing substances such as 
BKN, 5-HT, and potassium ions. Hypoxia and in- 
creased levels of adrenaline likewise activate nocicep- 
tors in deep tissues. In awake subjects, cramp-like 
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Fig. 4. Sensitization of cat group-IV muscle receptors to bradykinin (Brad.) by PGE, and 5-HT. Injections of Brad., PGE,, and 5-HT were given 

into the muscle artery. A: unit conducting at 2.09 m/set. Insets show peak fiber activity during the Brad. response before (left) and 5 min after 

(right) injection of PGE,. Bin width of histogram: 4 sec. B: statistical evaluation of experiments in which a sequence of intra-arterial injections of 

Brad.. PGE,, and 3 times Brad. at intervals of 3 min was given (0). In the control series. the vehicle Tyrode solution was injected instead of 
PGE, (01. ** P < 0.01 (U test). C: same evaluation as in (B) for S-HT (modified from Mense 1981). 



sensations that are characteristic of muscle pain can be 
elicited by electrical stimulation of nociceptive afferent 
units from muscle. These and other data support the 
assumption that specific nociceptors are present in 
skeletal muscle. 

II-B. Modulatory influences at the receptor site 

II-B. 1. Endogenous substances 
II-B. 2.a. Bradykinin. Experiments employing chemi- 

cal stimulation have shown that the sensitivity of mus- 
cle nociceptors is not constant but can be easily in- 
creased by endogenous vasoneuroactive and other sub- 
stances. This process of receptor sensitization accom- 
panies all types of tissue lesions (e.g., trauma, inflam- 
mation) and is the main peripheral mechanism under- 
lying the clinical symptoms of tenderness and hyperal- 
gesia. 

Besides an excitatory action, BKN has also a sensi- 
tizing effect on muscle nociceptors. A nociceptor sensi- 
tized by BKN has a lowered mechanical threshold and, 
therefore, can be activated by innocuous stimuli. 
BKN-induced sensitization differs from that observed 
in inflamed tissue in that most receptors do not exhibit 
an increase in resting activity following BKN adminis- 
tration. A possible explanation for this difference is 
that during inflammation many sensitizing substances 
are released together in a particular combination which 
induces resting activity. The BKN dose required for 
sensitizing muscle nociceptors was found to be lower 
than that required for activating the units, i.e., excita- 
tion of nociceptors is not a prerequisite for their sensi- 
tization (Mense and Meyer 1988). 

The BKN-induced sensitization appears to be a quite 
specific process because (1) slowly conducting muscle 
afferent units with LTM properties (presumably non- 
nociceptive receptors) were not sensitized, and (2) sen- 
sitization affected not all aspects of the nociceptor 
function. Some units were sensitized to stretch and 
contractions but not to local pressure stimuli, whereas 
other receptors exhibited increased sensitivity predom- 
inantly to local pressure (Mense and Meyer 19881. A 
differential sensitization has also been observed in 
cutaneous nociceptors, which can be sensitized by car- 
rageenan to heat but not to mechanical stimuli 
(Handwerker and Reeh 1991). These findings under- 
line the fact that sensitization of a (cutaneous) nocicep- 
tor is not necessarily associated with enhanced me- 
chanical excitability (Kocher et al. 1987). Similar re- 
sults have been obtained from articular group IV re- 
ceptors sensitized by prostaglandin E, (PGE,) (Schai- 
ble and Schmidt 1988). Such a differential sensitization 
of nociceptors appears to be a general phenomenon. 

II-B. 1. b. Combined actions of substances. Prostaglan- 
dins (PGs) of the E type and 5-HT have been shown to 
sensitize slowly conducting muscle afferent units to 
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Fig. 5. Reduction of the bradykinin-induced activations of a muscle 

group-IV receptor by ASA. The receptor did not respond to mechan- 

ical stimuli; C.V., 2.05 m/set. Arrows mark injections of the follow- 

ing solutions: Tyrode (Tyr) La. as a control, bradykinin (B) 130 pg 

La., and ASA i.v. Bin width of histogram: 3 set (from Mense 1982). 

BKN, i.e., following administration of PGE, and 5-HT, 
respectively, BKN has a stronger excitatory action on 
the receptors (Fig. 41 (Mense 1981). BKN on the other 
hand is known to release PGE, from tissue cells (Jose 
et al. 1981) and also from sympathetic efferent fibers 
(Levine et al. 1986). By this mechanism, BKN is capa- 
ble of potentiating its own action. Other examples of 
such a cascade-like liberation of endogenous sub- 
stances is the release of PGE, from synoviocytes by SP 
(Lotz et al. 1987) and the release of PGs from sympa- 
thetic fibers by noradrenaline (Levine et al. 1986). 
There is evidence indicating that PG-induced sensitiza- 
tion of nociceptors is mediated by the CAMP second- 
messenger system (Taiwo et al. 19901. Presumably, 
such interactions between endogenous substances are 
quite common, since the agents are released together 
from pathologically altered tissue. 

The findings that BKN releases PGs from tissue 
cells and that PGs potentiate the stimulating action of 
the kinin on muscle afferent units led to the assump- 
tion that acetylsalicylic acid (ASA), by its blocking 
effect on the PG synthesis, should be capable of reduc- 
ing or abolishing the excitatory action of BKN. In fact, 
BKN-induced activations of slowly conducting muscle 
afferent units were found to be strongly reduced by 
ASA (Fig. 5). The complete lack of a BKN effect 15 
min after injection of ASA in Fig. 5 indicates that BKN 
itself (without the sensitizing effect of PGs) had only a 
subthreshold action on the unit. These results demon- 
strate that in the BKN-induced excitation of muscle 
group-IV receptors there is a PG component which can 
be abolished by ASA. Moreover, these data prove the 
peripheral site of action of ASA, since they were 
obtained from primary afferent fibers whose connec- 
tions with the CNS had been cut. 

II-B.Z.c. Leukotrienes. Leukotrienes (LTs) are like- 
wise released from tissue cells under pathological con- 
ditions, and some (e.g., LTB,) have been shown to 
promote inflammatory processes and induce hyperalge- 



sia in behavioral experiments (Samuelsson 1983; Piper 
1984; Samuelsson et al. 1987). LTD, appears to be the 
only LT whose influence on single muscle receptors 
has been tested so far (Mense and Hoheisel 1990). This 
type of LT did not have a sensitizing but rather a 
desensitizing effect on rat muscle nociceptors. The 
desensitization after infiltration of the RFs with 100 
ng/pg LTD, expressed itself in a reduction of the 
response magnitude to mechanical stimulation. 
Whether this effect is associated with subjective hy- 
poalgesia is unknown. The increased synthesis of LTs 
by lipoxygenase following a drug-induced block of cy- 
clo-oxygenase has been discussed as a mechanism that 
may contribute to the analgesic action of cyclo- 
oxygenase blockers (Schweizer et al. 1984). 

II-B.1.d. Other chemical influences. The following 
factors have been shown to possess a modulatory ac- 
tion on cutaneous nociceptors, but they have not yet 
been tested systematically on muscle receptors. 

Protons are very effective stimulants and modulators 
of mechano-heat nociceptors with non-myelinated af- 
ferent fibers. A lowering of the pH to 6.1 has been 
shown to excite approximately 40% of the receptors 
without signs of adaptation and tachyphylaxis. (Hand- 
werker and Reeh 1991; Steen et al. 1992). In contrast 
to BKN and inflammatory lesions (Kocher et al. 1987), 
a low pH also sensitizes cutaneous nociceptors to me- 
chanical stimuli. 

3o”c 

As to the peripheral function of the neuropeptides 
that are present in muscle afferent units, CGRP and 
SP have been studied in more detail. CGRP-like IR 
can be found in fibers associated with the vasculature 
of striated muscle and in motor end plates where it 
binds to specific pharmacological receptors and in- 
creases the synthesis of a ACh-receptor subunit 
(Popper and Micevych 1989). In receptive nerve end- 
ings and primary afferent neurons in general, trophic 
functions of the neuropeptide (maintenance of tissue 
integrity and renewal following lesions) may dominate 
over nociceptive ones (Kruger et al. 1989). Under 
pathological conditions (experimental arthritis in rats) 
the CGRP content of DRGs has been found to be 
increased (Kuraishi et al. 1989). 

SP may exert its main functions not in the dorsal 
horn but in the periphery. as the bulk of the neuropep- 
tide is transported from the DRG into the peripheral 
branches of the neuron (Brimijoin et al. 1980). Injected 
locally into the hind paw of rats, SP induces hyperalge- 
sia which has been ascribed to a sensitization of noci- 
ceptors to inflammatory mediators (Nakamura-Craig 
and Smith 1989). 

Preliminary results obtained from a rat hemidi- 
aphragm-phrenic nerve preparation in vitro (Reinert et 
al. 1992) have shown that diaphragmatic HTM units 
increase their resting discharge in the presence of SP 
(lo-100 PM). The responses of the receptors to local 
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Fig. 6. Thermal effects on the BKNinduced responses of a polymodal visceral receptor of the dog in vitro. The left column of data shows 

responses at 30°C. the right column at 36°C. BKN concentrations are given in the middle. The periods of BKN administration are marked by the 

bars underneath the abscissa. Note that at the higher temperature the latency to onset of the response was shorter and the maximal discharge 

rate higher (from Kumazawa et al. 1987). 
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pressure stimulation were not significantly altered by 
SP, however. The data suggest that SP may have a 
modulatory function in muscle pain, but does not sensi- 
tize muscle nociceptors to mechanical stimuli. The 
neuropeptide may be of clinical importance in situa- 
tions where its concentration in nervous tissue is in- 
creased, e.g., during chronic inflammation (Lembeck et 
al. 1981). 

In recent years, data have accumulated indicating 
that opioids, in addition to triggering antinociceptive 
mechanisms at the spinal and supraspinal level, have 
an analgesic action at the peripheral receptor site. The 
responses of dorsal horn cells to a peripheral inflam- 
matory stimulus have been shown to be reduced by 
local injection of a kappa-agonist into the inflamed 
tissue (Haley et al. 1990). Likewise, the p-receptor 
agonist fentanyl has been reported to increase the 
pressure pain threshold in inflamed paws by a periph- 
eral action (Stein et al. 19881. A possible mechanism 
for the peripheral effects of opioids is that they bind to 
opioid receptors on axons of small-diameter nerve 
fibers (Young et al. 1980) and influence the release of 
SP from nerve endings (Yaksh 1988). These events are 
thought to lead to an inhibition of the CAMP second- 
messenger system in nociceptive endings, which is fol- 
lowed by a decreased neuronal excitability (Levine and 
Taiwo 1989). At present, the significance of the periph- 
eral action of opioids for muscle pain is still obscure. 

II-B.2. Temperature 
The effects of temperature on the chemically in- 

duced discharges of nociceptive afferent units have 
been studied in a spermatic nerve preparation in vitro 
(Kumazawa et al. 1987). Subthreshold increases in tem- 
perature enhanced the responses of the receptors to 
algesic stimulants such as BKN (Fig. 6). This mecha- 
nism may contribute to the hyperalgesia of inflamed 
tissue and could explain the beneficial effects of cool- 
ing on inflammatory pain. 

H-B-3. Section summary 
The sensitivity of muscle nociceptors is not constant 

but can be increased by a variety of endogenous sub- 
stances (e.g., BKN, PGE,, 5-HT) which are released 
from pathologically altered tissue. The PC-induced 
sensitization of nociceptors is probably mediated by the 
CAMP second-messenger system. The depressing ac- 
tion of ASA on muscle nociceptor activity can be 
explained by assuming that the drug abolishes the 
PG-induced receptor sensitization by blocking cyclo- 
oxygenase. In contrast, LTD, appears to have a desen- 
sitizing effect on muscle nociceptors. Other factors 
with a probable sensitizing action on nociceptors are 
increase in temperature and lowering of pH. Nocicep- 
tor sensitization accompanies all types of tissue lesions 
(e.g., trauma, inflammation) and is the main peripheral 

mechanism underlying the clinical symptoms of tender- 
ness and hyperalgesia. 

II-C. Behavior of muscle nociceptors under pathophysio- 
logical conditions 

II-C. I. Ischemic contractions 
Interruption of the blood supply to a resting extrem- 

ity for prolonged periods of time (20 min) is not painful 
(Lewis et al. 1931) and does not evoke cardiovascular 
reflexes (Staunton et al. 1964). However, if the muscle 
is forced to contract under ischemic conditions, pain 
develops within about 1 min (Lewis et al. 1931). The 
mechanisms underlying this type of ischemic pain are 
still a matter of controversy. Accumulation of acidic 
metabolites including lactate (Moore et al. 19341, 
potassium ions (Harpuder and Stein 1943) or the lack 
of oxidation of metabolic products (Pickering and 
Wayne 1933-1934) have been proposed as causal fac- 
tors. 

A substance probably involved in nociception from 
an ischemic muscle is BKN. The kinin is released from 
plasma proteins during ischemia (Sicuteri et al. 1964; 
Nakahara 1971; Gomazkow 1975) and, because of its 
strong action on nociceptors, is likely to contribute to 
the pain of intermittent claudication. In contrast to 
lactate, phosphate, and potassium ions, BKN is an 
effective stimulant for muscle group-III and -IV affer- 
ent units (Kniffki et al. 1978). 

Ischemia alone is not an effective stimulus for slowly 
conducting muscle afferent units unless it lasts for long 
periods of time. Ligation of an artery to a resting 
muscle for 5 min in an anesthetized cat does not 
activate muscle group-III and -IV units (Mense and 
Stahnke 1983). Following a longer-lasting complete in- 
terruption of the bIood supply (experimentally induced 
by circulatory arrest), most of the slowly conducting 
muscle afferent units developed a bursting background 
activity 15-60 min after the onset of ischemia. The 
increase in activity lasted for periods of several minutes 
up to half an hour, before the units fell silent and 
could no longer be activated by electrical stimulation of 
the muscle nerve (Mense 1993). The latter finding 
indicates that the ischemia affected not only the recep- 
tive ending but also the afferent fiber. Possibly, the 
lack of energy associated with the ischemia caused a 
depolarization of the axona membrane which, after 
transient activation, led to a block of the action poten- 
tial generating system. 

Bessou and Laporte (1958) were the first to show 
that during ischemic contractions muscle group-IV af- 
ferent units are activated. They used the technique of 
antidromic coilision to record the activity of group-IV 
fibers from intact GS muscle nerves in cats and found 
that a large proportion of these units became active 
during tetanic contractions under ischemia. Single-fiber 



recordings from group-III and -IV muscle receptors 
yielded a relatively small population of units (ap- 
proximately 10%) which reacted in a way that sug- 
gested an involvement in the mediation of ischemic 
pain (Mense and Stahnke 1983). Most of the receptors 
tested did not react at all, although the ischemic stimu- 
lus was extremely strong (the contractions were contin- 
ued until the muscle was no longer capable of main- 
taining its contractile force). 

The receptors responding to ischemic contractions 
were not or oniy weakly activated during contractions 
without arterial occlusion but showed strong excita- 
tions when the same amount of muscle work was 
repeated under ischemic conditions (Fig. 7). The time 
course of the activation was similar to that of the pain 
induced in human volunteers performing ischemic con- 
tractions (Lewis et al. 1931): there was a delay of 
almost 1 min after onset of the contractions before the 
receptor activity rose, and the discharge frequency 
remained at an elevated level after the contractions 
had been discontinued but ischemia maintained. All 
the receptors exhibiting strong reactions to ischemic 

contractions were group-IV units: group-III receptors 
were not or only liminally affected (Paintal 1960; Kauf- 
man et al. 1984b). 

The mechanisms of receptor activation during is- 
chemic contractions are unknown. The analysis of the 
time course of temperature and force during the con- 
tractions showed that thermal and mechanical changes 
can be largely excluded as stimulating factors. A specu- 
lative interpretation is that the ischemia-induced de- 
crease in p0, or pH releases BKN, PGE, and potas- 
sium ions (Harpuder and Stein 1943; Uchida and Ueda 
1969; Jennische et al. 19821 which sensitize muscie 
nociceptors so that they respond to the force of con- 
traction. When the contractions are discontinued un- 
der maintained ischemia, a basal level of receptor 
activation and pain persists because of the high intra- 
muscular concentration of chemical stimulants. Recent 
data indicate that CGRP may also be involved in 
nociception during ischemia; the peptide has been 
shown to be released from ischemic heart muscle with 
BKN enhancing the release (France-Cereceda et al. 
1989). In view of the fact that during exhausting work 
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Fig. 7. Activation of group-IV muscle receptors by ischemic contractions. The upper trace in (A) and (B) shows the force developed by the 

muscle in percent of maximal contraction (MC), the middle trace the intramuscular temperature measured with a needle thermistor, and the 

lower trace the histogram of the fiber activity (bin width 4 set). A: unit not responding to contractions (Contr.) of 50% MC without ischemia, but 

showing clear excitation during contractions after occlusion of the muscle artery (occlusion). C.V. of afferent fiber: 1.10 m/set. B: receptor with a 

delayed. small response to contractions without ischemia, and a strong excitation by ischemic contractions. C.V. of afferent fiber: 0.70 m/set. In 

this case, the force of contraction was set to 100% M.c. Neither unit could be activated by muscle stretch (from Mense and Stahnke 1983). 
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the pH inside the muscle may drop to 6.0-6.6 (Cald- 
well 1956; Sahlin et al. 1976) and that a low pH is a 
powerful sensitizing factor for cutaneous nociceptors 
(Steen et al. 1992) an ischemia-induced increase in 
proton concentration may contribute to ischemic pain. 

II-C.2. Inflammation 
Data on the behavior of group-III and -IV receptors 

in inflamed muscle are available from the cat and rat. 
In these animals, an experimental myositis can be 
induced by infiltrating the triceps surae muscle with 
carrageenan, a sulfated polysaccharide. The car- 
rageenan-induced myositis is thought to be a neuro- 
genie inflammation mediated by the release of SP and 
other agents from nociceptive afferent units. In the 
knee joint of the rat, SP has been shown to have strong 
inflammatory actions (Lam and Ferrell 1990). In the 
case of myositis the role of SP is questionable because 
of the reported low concentration of this peptide in 
skeletal muscle (see above). A few hours after car- 
rageenan injection the muscle exhibits all the signs of 
myositis (hyperemia, edema, infiltration by polymor- 
phonuclear leucocytes) (Berberich et al. 1988). These 
changes are known to be associated with the release of 
vasoneuroactive substances which appear in an in- 
flamed rat paw in a temporal order, namely 5-HT and 
histamine first (up to 1.5 h after the carrageenan 
injection), then BKN, and finally PGs (> 2.5 h after 
carrageenan) (DiRosa et al. 1971). 

In cat and rat the inflammation-induced changes in 
the response behavior of slowly conducting muscle 
afferent units are qualitatively the same although 
quantitative differences exist. As the main effect of an 
inflammation, an increase in the resting activity of the 
receptors has been described. Both the proportion of 
units exhibiting resting discharge and the mean dis- 
charge frequency were higher in inflamed muscle 
(Berberich et al. 1988; Diehl et al. 1988). 

The resting discharge was irregular, often of inter- 
mittent nature, with phases of bursting activity alter- 
nating with long periods of silence. Such discharges are 
likely to cause (spontaneous) pain if they occur in 
nociceptive afferent units. An increased resting dis- 
charge was not only present in HTM (presumably 
nociceptive) units but also in receptors responding to 
innocuous pressure. In inflamed tissue, the latter ones 
probably comprise true LTM receptors and sensitized 
(originally high-threshold) units. 

Another inflammation-induced change in the re- 
sponse behavior of muscle receptors was an increase in 
the proportion of receptors responding to weak me- 
chanical stimuli. In normal muscle of the cat, approxi- 
mately 80% of the group-IV units required noxious 
pressure for being activated; this proportion dropped 
significantly in inflamed muscle. A possible reason for 

this change is a sensitization of nociceptive (originally 
HTM) units which have a lowered mechanical thresh- 
old in inflamed muscle and respond to weak stimuli 
such as innocuous local pressure. This mechanism of- 
fers an explanation for the tenderness of inflamed 
muscle and the pain during movement. Apparently, 
tenderness is mainly due to a sensitization of group-IV 
receptors as the mechanical threshold of group-III 
units did not change significantly. In contrast, sponta- 
neous pain and dysesthesias are probably caused by 
activity in group-III units, as these were the only ones 
that showed a significant increase in background activ- 
ity in inflamed muscle (Berberich et al. 1988). 

The inflammation-induced sensitization of muscle 
receptors is probably caused by a release of vasoneu- 
reactive substances and neuropeptides from the in- 
flamed tissue. It appears that in the course of neuro- 
genie inflammation SP can be released from nerve 
endings independent of their electrical activity (Holzer 
1988). The neuropeptide induces the release of his- 
tamine from tissue mast cells whose direct vasodilating 
action in inflamed tissue is still a matter of debate 
(Barnes et al. 1986; Holzer 1988; Coderre et al. 1989). 

Other substances probably involved in the induction 
and/or maintenance of inflammatory processes are 
CGRP and neurokinin A (Wallengren and Hakanson 
1987). The results of a recent study suggest that the 
local release of nitric oxide may be involved in the 
vasodilation of a carrageenan-induced inflammation 
(Ialenti et al. 1992). The action of these latter sub- 
stances on nerve endings remains to be established. 

II-C.3. Section summary 
The mechanisms underlying the pain of ischemic 

contractions are still a matter of controversy. Accumu- 
lation of lactate and potassium ions or the lack of 
oxidation of metabolic products have been proposed as 
causal factors. Single-fiber recordings from group-IV 
muscle receptors in cats yielded a small population of 
units which were not or only weakly activated during 
contractions without arterial occlusion but showed 
strong excitations when the same amount of muscle 
work was repeated under ischemic conditions. Possibly, 
the ischemia-induced decrease in p0, or pH releases 
BKN and PGE, which sensitize muscle nociceptors so 
that they respond to the force of contraction. In in- 
flamed muscle, group-III and -IV receptors had a 
higher level of resting discharge and the proportion of 
units responding to weak mechanical stimuli was higher. 
A possible reason for the latter change is a sensitiza- 
tion of nociceptive units by inflammatory substances 
(e.g., BKN and PGE,; possibly also CGRP and neu- 
rokinin A). This mechanism offers an explanation for 
the tenderness of inflamed muscle and the pain during 
movements. 



II-D.4. Silent nociceptors 

In tissues other than muscle (joint, skin, viscera) 
so-called silent or sleeping nociceptors have been de- 
scribed (Grigg et al. 1986; Habler et al. 1988; Meyer 
and Campbell 1988; Handwerker et al. 1991). In nor- 
mal, intact tissue, these receptors cannot be activated 
by mechanical stimuli. but in inflamed tissue the end- 
ings respond readily to local pressure stimulation or 
joint movement. The afferent input from these recep- 
tors may have an enhancing effect on pain sensations, 
since the recruitment of formerly silent receptors is 
likely to lead to spatial summation in dorsal horn 
neurons. In skeletal muscle such receptors have not yet 
been found. 

II-E. Non-nociceptil-e muscle receptors with slowly con- 
ducting afferent fibers 

Under experimental conditions many group-III and 
-IV muscle afferent units can be activated by innocu- 
ous deformations of the muscle, by forceful stretch and 
muscle contractions. It appears that a relatively high 
proportion of the slowly conducting muscle afferent 
units, particularly those conducting in the group-II1 
range, are LTM receptors. Their thresholds are above 
those of muscle spindles and tendon organs but still 
clearly within the physiological range. In contrast to 
LTM receptors in the skin which show saturation in 
their discharges upon high-intensity stimulation, LTM 
receptors in muscle continue to increase their dis- 
charge frequency when the stimulus reaches noxious 
intensities (Mense and Meyer 1985). 

One subtype of the non-nociceptive group-111 and 
-IV muscle receptors is strongly activated during mus- 
cle contractions (Fig. 8) (Kaufman et al. 1983, 1984aI 
and shows an almost linear relationship between mus- 
cle force and discharge rate (Mense and Stahnke 1983). 
As stated above, these units may function as ergore- 
ceptors; recently, evidence has been presented that 
they release neurokinins from their spinal terminals 
during muscle contractions (Duggan et al. 1991). 

Whether the non-nociceptive group-III and -IV 
muscle receptors elicit subjective sensations is un- 
known. Judging from their response behavior, the LTM 
units could mediate pressure and force sensations from 
skeletal muscle and also from the tendon, where these 
endings are likewise present (Mense and Meyer 1981). 
Intrafascicular microstimulation of single joint affer- 
ents has been reported to elicit innocuous deep sensa- 
tions in subjects (Macefield et al. 1990). 

There is some evidence in the literature indicating 
that muscle receptors with slowly conducting fibers 
may form the afferent limb for acupuncture effects. 
The analgesia produced by needling of the point Ho-ku 
on the hand has been shown to be abolished after 
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Fig. X. Stimulation of a group-111 afferent unit froin the triceps surae 

of the cat by static (a) and rhythmic twitch contractions (b). The 

period of muscular contraction is depicted by the bar. c: discharge of 

the group-III unit during the period of time depicted by the bracket 

with the (0 over it in (a). Note that the impulse generated by the 

group-III afferent rises above the stimulus artifact (from Kaufman et 

al. 1984a). 

infiltration of the deep tissues with a local anesthetic, 
whereas local anesthesia of the skin overlying the 
acupuncture point was without effect (Chiang et al. 
1973). An input via fast-conducting deep afferents is 
apparently not required; such an input could easily be 
evoked by stretching muscles and moving joints, but 
these maneuvres are not part of the acupuncture treat- 
ment. 

Muscle afferent units that are activated during mus- 
cle contractions are being discussed as the afferent 
limb for exercise-induced analgesia or hypalgesia. Rats 
running in a wheel have been shown to exhibit an 
increased threshold for vocalization upon electrical 
stimulation of the tail (Shyu et al. 1984). The increase 
in pain threshold during exercise was associated with 
the release of endorphins (Shyu et al. 1982). A specula- 
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tive interpretation of these data would be that the 
excitation of non-nociceptive group-II1 and -IV muscle 
receptors (in isolation during physical exercise, to- 
gether with nociceptors during acupuncture) activates 
brain-stem neurons which inhibit spinal nociceptive 
neurons via the descending antinociceptive system 
(Chang 1980; He 1987). It has to be emphasized, how- 
ever, that at present the connection between muscle 
receptors and acupuncture effects is very indirect and 
far from being proven. Recent evidence indicates that 
even the established concept of exercise-induced anal- 
gesia may be the product of a misinterpretation of 
experimental data (Padawer and Levine 19921. 

Ii-E.l. Section summary 
A relatively high proportion of the muscle receptors 

with slowly conducting afferent fibers, particularly of 
the group-III units, have LTM (non-nociceptive) prop- 
erties. They respond strongly to weak mechanical stim- 
uli or muscle contractions. Judging from their dis- 
charge behavior, these units could mediate pressure 
and force sensations from skeletal muscle or may func- 
tion as ergoreceptors. The assumption that muscle 
receptors with slowly conducting fibers form the affer- 
ent limb for acupuncture effects or for exercise-in- 
duced analgesia is not proven. 

U-F. Properties of dorsal horn cells driven by nociceptive 
input from muscle 

II-F. 1. Location and morphology 
The first studies dealing with slowly conducting in- 

put from muscle to dorsal horn neurons were per- 
formed in the cat; cells receiving input from muscle 
group-III fibers were found mainly in the neck of the 
dorsal horn (famina V) (Pomeranz et al. 1968). Later 
studies showed that the superficial dorsal horn (laminae 
1 and II) likewise is an important region for nocicep- 
tion from deep somatic tissues (Cervero et al. 1976). A 
considerable proportion of cat iamina-I neurons that 
could be driven by noxious stimulation of muscle were 
found to project to the thalamus, i.e., they were part of 
the spinothalamic tract (SIT) (Craig and Kniffki 1985). 
In the cat, input from slowly conducting muscle affer- 
ents is relayed to higher centers also by the spinocervi- 
cal tract &CT) (Hong et al. 1979) whose neurons of 
origin are located in laminae III-V (for a review of the 
XT’, see Brown 1973). Further ascending tracts that 
probably convey information from deep nociceptors to 
higher centers are the spinoreticular tract (SRT) (Fields 
et al. 1977; Maunz et al. 1978), the dorsal column 
postsynaptic system (DCPS) (Angaut-Petit 1975) and 
possibly also the spinomesencephalic tract (Wiberg and 
Blomqvist 1984; Hylden et al. 1986). 

Similar data have also been obtained from the rat 
and monkey. In the monkey, nociceptive input from 

muscle and tendon has been shown to influence cells 
of the STT (Yoss 1953; Foreman et al. 1979a,bl. lnter- 
estingly, some of the STT cells with deep RFs are 
located not in the dorsal but in the ventral horn 
(Iamina VIII) and many show convergent input from 
deep tissues and skin (Willis 3985b). In the rat, noci- 
ceptive cells are mainly located in laminae I and IV-VI, 
including those responding to noxious stimulation of 
deep tissues (Menetrey et al. 1977; Yu and Mense 
1990a). The rat SRT has been reported to contain a 
portion which carries info~ation predominantly from 
high-threshold receptors in deep tissues. The cells of 
origin of this part of the SRT are situated in the 
dorsolateral funiculus rather than in the dorsal horn 
(Menetrey et al. 1980). Recently, evidence for the 
existence of a spinohypothalamic tract which may me- 
diate autonomic and emotional reponses to pain has 
been found in the rat (Burstein et al. 19901. 

The location of dorsal horn cells that are probably 
involved in muscle pain fits well with that of primary 
afferent fibers from muscle nociceptors. In the few 
studies dealing with the spinal terminations of identi- 
fied single fibers from muscle and other deep tissues, 
nociceptive afferent units have been found to form 
synaptic boutons mainly in Iaminae I and IV-V (Mense 
et al. 1981, Hoheisel et al. 19891, i.e., in the same 
laminae in which nociceptive dorsal horn cells are 
located. This close spatial arrangement may be indica- 
tive of a monosynaptic connection between primal 
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Fig. 9. Intracellularly stained dorsal horn neuron with convergent 
input from the skin and muscle in the cat. The cutaneous RF on the 
dorsum of the paw had a low mechanical threshold and could be 
activated by touch (LTM cutaneous); the deep RF in the triceps 
surae muscle required noxious pressure (Nox. p.) for activation 
(HTM deep). The neuron had the shape of a stalked cell; its soma 
was located within lamina II at the border to lamina I. The arrows 
point to the presumable axon which terminated with several boutons 
en passant et terminaux in lamina I (Hoheisel and Mense unpub- 

lished). 
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and secondary afferent neurons that mediate muscle 
pain. 

The mo~holo~ of dorsal horn neurons processing 
input from muscle nociceptors seems to be heteroge- 
neous. They include marginal cells in lamina I, stalked 
cells (presumably non-projecting interneurons) in lam- 
ina II (Fig. 9), and large multipolar cells in lamina V 
and VI. From the work of several groups (e.g., Light et 
al. 1979; Bennett et al. 1984; for reviews see Brown 
1981; Mense 1990) no evidence has been obtained 
indicating that the functional properties of a dorsal 
horn cell are reflected in its morphology. Therefore, 
dorsa1 horn cells mediating muscle pain cannot be 
recognized by their morpholo~. 

11-F. 2. Response types 
II-F.2.a. Neurons drilten exclusiL~ely by input from 

deep tissues. When recording from dorsal horn neurons 
with deep input (particularly in the ventral layers of the 
dorsal horn), many units are encountered that have 
properties of proprioceptive cells in that they are domi- 
nated by input from muscle spindles and tendon or- 
gans; such cells are usually disregarded in studies on 
deep nociception. 

Dorsal horn neurons responding exclusively to acti- 
vation of muscle nociceptors are extremeiy rare in the 
cat (Craig and Kniffki 1985). In a sample of several 
hundred cells with deep input studied in the author’s 
laboratory during the last years, less than 10 neurons 
belonged to this type. However, approximately 20% of 
the dorsal horn cells with deep input were found to be 
exciusively driven by nociceptors in other deep tissues 
such as joint, ligament, and tendon (Hoheisel and 
Mense 1990). The neurons did not respond to innocu- 
ous mechanical stimuli but required noxious intensities 
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of stimulation for activation. These units apparently 
represent a HTM or nociceptive-specific (NS) cell pop- 
ulation for nociception from deep tissues similar to the 
NS cells described in studies on cutaneous nociception. 
In the above study on cat dorsal horn neurons, the 
activity from muscle nociceptors was found to be pro- 
cessed by convergent cells which received additional 
input from the skin. 

In a recent study on rat dorsal horn neurons tYu 
and Mense 1990a), the great majority (approximately 
80%) of the cells with exclusively deep input belonged 
to the HTM type (‘HTM deep neurons’). In contrast to 
data obtained from the cat, many HTM deep neurons 
in the rat had RFs in skeletal muscle. The remaining 
cells with exclusively deep input had a mechanical 
threshold in the innocuous range and responded 
strongly to weak deformation of muscle and other deep 
tissues (‘L,TM deep neurons’). The discharge frequency 
of these neurons increased with the stimulus strength 
from innocuous to noxious intensities, i.e., they be- 
haved like multireceptive or wide-dynamic-range 
(WDR) cells which, in studies of cutaneous nocicep- 
tion, are characterized by a combined input from non- 
nociceptive and nociceptive receptors. In neurons with 
deep input, however, the occurrence of maximal dis- 
charge frequency during noxious stimulation may be 
due either to addition of nociceptive input or to exclu- 
sive input from LTM muscle receptors, since the latter 
likewise respond maximally to noxious stimuli (see 
above). 

In the above study (Yu and Mense 1990a) LTM 
neurons, in the sense of cells that have a low threshold 
and show saturation in their discharge frequency upon 
strong stimulation, were missing among the dorsal horn 
cells with deep input. Nevertheless, the neurons with 

B KCI 

C Noxious squeeze GS 

Fig. 10. Responses of a lamina-I SIT neuron in the cat dorsal horn to noxious stimulation of the GS muscle. A: constant latency activation by 

electrical stimulation of the thalamus at a frequency of 300 Hz. B: increase in discharge frequency following injection of a painful dose of KC1 

(0.3 ml of a 0.32 M solution) into the muscle artery. C: response to noxious local pressure applied to the distal end of the GS muscle (from Craig 

and Kniffki 1985). 
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deep input and low mechanical threshold were de- 
noted ‘LTM deep’, since their strong responses to 
weak mechanical stimuli was their characteristic prop- 
erty. 

The LTM and HTM deep neurons differed not only 
in the mechanical threshold of their RFs but also in 
their stimulus response functions. The HTM deep cells, 
many of which had RFs in skeletal muscle, had a 
positively accelerating stimulus response function, 
whereas the response curve of the LTM deep cells 
decelerated. The steeper response characteristic of 
HTM deep neurons may explain why muscle pain of 
increasing intensity, e.g., during ischemic contractions, 
becomes intolerable very fast. 

II-F.2.b. Neurons with convergent input. It has long- 
been known that many of the non-proprioceptive dor- 
sal horn neurons with muscle input have additional 
input from other sources such as cutaneous and other 
deep receptors (Pomeranz et al. 1968). Cutaneous no- 
ciceptors and cold receptors are particularly effective 
in driving these cells (Craig and Kniffki 1985). Upon 
mechanical stimulation, the convergent cells exhibit 
multiple (mostly two or three) separate RFs in the skin 
and deep tissues (Hoheisel and Mense 1990). The 
responses of a convergent SIT neuron to noxious 
stimulation of the GS muscle are shown in Fig. 10. 
Investigations of neurons with input from the knee 
joint (Schaible et al. 1987a) or from craniofacial recep- 
tors (Sessle and Hu 1991) yielded the same result, 
namely that the afferent input from a large proportion 
of the deep nociceptors converges on dorsal horn neu- 
rons that can be also driven by other input sources. 

In a systematic study on mechanosensitive non-pro- 
prioceptive dorsal horn neurons in the rat, 17.7% of 
the cells were found to have convergent input from 
deep and cutaneous receptors, 35.5% had exclusive 
input from deep somatic tissues, and 46.8% could be 
driven from the skin only. The actual degree of conver- 
gence is probably greater than is apparent from these 
figures, since in the standard experimental set-up not 
all possible input sources can be tested. In fact, some 
of the neurons with ‘exclusively’ deep or mixed cuta- 
neous-deep input also responded to inflation of a small 
balloon in the rectum or to squeezing the testes (Yu 
and Mense 1990a). These data indicate that a consider- 
able proportion of dorsal horn cells have convergent 
input from deep, cutaneous, and visceral receptors. 

In a study directed specifically at dorsal horn neu- 
rons processing input from muscle nociceptors in the 
cat, no cell was found that was exclusively driven by 
this receptor type (Hoheisel and Mense 1990). All the 
units with nociceptive input from muscle also re- 
sponded to innocuous or noxious mechanical stimula- 
tion of the skin. In contrast to cutaneous nociception 
which is partly mediated by NS neurons, nociception 
from muscle seems to operate without dorsal horn cells 

that are exclusively driven by muscle nociceptors. The 
situation is similar to visceral nociception, where a 
marked viscerosomatic convergence and an almost 
complete lack of NS neurons with exclusive input from 
visceral nociceptors has been described (Cervero 1983; 
Foreman et al. 1984). 

Whether the HTM deep neurons alone or together 
with the convergent neurons are responsible for the 
induction of deep pain is unknown. Input convergence 
from different sources does not rule out the possibility 
that a neuron fulfills a specific function. In studies on 
dorsal horn cells with cutaneous input in monkeys, 
WDR cells have been reported to participate in the 
encoding process by which noxious stimuli to the face 
are perceived (Dubner et al. 1989). In contrast, NS 
cells were assumed to mediate the affective component 
of pain sensations. Other authors, however, have dis- 
cussed the NS neurons as mediating the quantitative 
(discriminative) aspects of pain sensations (Per1 1980). 

Extensive convergence at the level of the second 
order neurons is one possible explanation for the ill- 
localized nature of muscle and other forms of deep 
pain; it makes it difficult, however, to understand how 
third- and higher-order neurons extract the informa- 
tion on muscle pain from the activity of second order 
neurons. 

II-F.3. Arrangement of receptive fields 
In more than 70% of the neurons with convergent 

input from cutaneous and deep receptors, the arrange- 
ment of RFs was such that the deep RF was located 
proximal to the cutaneous one. Among the cells with 
input from muscle nociceptors this arrangement was 
the only one existing (Hoheisel and Mense 1990). As 
convergence in the spinal cord is considered to be the 
neuroanatomical basis for pain referral (see below), 
this finding may be of importance for referred pain or 
referred tenderness from muscle. It has to be empha- 
sized, however, that the sensations possibly evoked by 
the convergent cells are unknown. 

A statistical analysis in which the proximo-distal 
location of the RF on the hindlimb was correlated with 
the medio-lateral location of the recording site in the 
dorsal horn, showed that cells with deep RFs on the 
distal hindlimb were located medially in the dorsal 
horn and those with proximal RFs were located later- 
ally (Yu and Mense 1990b). Interestingly, in convergent 
neurons with RFs in both skin and deep tissues the 
correlation was significant for deep but not for cuta- 
neous RFs. Assuming that the cells with nociceptive 
input from deep tissues mediate deep pain, this soma- 
totopy combined with relatively small RF sizes could 
form the neuroanatomical basis for a good localization 
of the pain, but apparently it is not used for this 
purpose. Possibly, the somatotopical arrangement is of 
importance for the control of local motor reflexes. 



The well-known diffuse character and poor localiza- 
tion of muscle and other forms of deep pain is proba- 
bly due to other, as yet unknown, factors. Among these 

possible factors are the large rostro-caudal extent of 
the spinal projection of muscle nerves (see Mense and 
Craig 19881 and the descending influences that inhibit 
the spinal processing of nociceptive information from 
deep tissues (see below). 

II-F.4. Beharior under pathological conditions 
Systematic studies of the discharge behavior of dor- 

sal horn neurons during pathological alterations of 
skeletal muscle are missing. Preliminary results ob- 

tained in the author’s laboratory indicate that an acute 
carrageenan-induced myositis leads to a raised back- 
ground discharge in rat dorsal horn neurons and to an 
expansion of the spinal region in which cells can be 
driven by input from that muscle (U. Hoheisel, K. 
Koch and S. Mense, unpublished). In the literature, 
information is available on the behavior of dorsal horn 
neurons driven by joint receptors in chronic pol- 
yarthritic rats (Calvin0 et al. 1986), in cats with an 
acute arthritis (Schaible et al. 1987bJ, and in rats with a 
subacute adjuvant-induced inflammation of the subcu- 
taneous tissues of the hindpaw (Hylden et al. 19891. 
Although the results were obtained from different 
species under different experimental conditions, they 
led to the same conclusion, namely that an inflamma- 
tion of deep tissues induces an enhanced excitability in 
dorsal horn neurons which is expressed in increased 
background discharge, enlarged and/or multiple RFs. 
enhanced responsiveness to mechanical stimuli, and 
increased convergence from peripheral sources (e.g., 
skin and deep tissues). There is evidence indicating 
that the inflammation-induced increase in excitability 
is associated with an increased expression of c-fos 
mRNA in the nuclei of the neurons followed by an 
elevation in preprodynorphin mRNA (Draisci and 
Jadorola 1989). The c-FOS protein acts as a transcrip- 
tion factor; it influences the synthesis of cellular pro- 
teins and thus is capable of changing the functional 
properties of the cell (Dragunow et al. 1989). 

The increased background activity in nociceptive 
and other cells may cause the spontaneous pain and 
dysesthesia that are present in many arthritis and 
myositis patients. The tenderness of the inflamed tis- 
sue is probably due not only to a sensitization of 
peripheral nociceptors but also to a sensitization of 
dorsal horn cells (see below). This central sensitization 
may cause tenderness and/or hyperalgesia not only by 
a general enhancement of excitibility but also by an 
enlargement of the RFs. A larger mean size of the RFs 
is likely to lead to a greater overlap between RFs and 
thus to an increase in the number of neurons that are 
excited by a given noxious stimulus (Dubner 1992). 

II-F.5. Section summary 
Neurons probably involved in nociception from mus- 

cle and other deep somatic tissues are situated in 
lamina I and in and around the neck of the dorsal horn 

(laminae IV-VI). In the cat, input from slowly conduct- 
ing muscle afferents is relayed to higher centers mainly 

by the spinothalamic and spinocervical tracts; other 
possible pathways are the spinomesencephalic and 

spinoreticular tracts and the DCPS. No evidence has 
been obtained indicating that nociceptive cells possess 
particular morphological features. Neurons with input 
from deep nociceptors exhibit a somatotopical arrange- 
ment in that cells with RFs in the distal hindlimb arc 
located medially in the dorsal horn and those with 
proximal RFs are located laterally. Dorsal horn neu- 

rons responding exclusively to activation of muscle 
nociceptors are extremely rare in the cat and rat: the 
activity from muscle nociceptors is processed to a large 
extent by convergent cells which receive additional 
input from the skin. Whether neurons with exclusive 
input from muscle nociceptors and/or convergent neu- 
rons are responsible for the induction of muscle pain is 
unknown. A longer lasting painful lesion (e.g., an acute 

experimental myositis) leads to raised background dis- 
charge in dorsal horn neurons and to an expansion of 
the spinal region in which cells can be driven by input 
from the inflamed muscle. The inflammation-induced 
increase in excitability of dorsal horn neurons (central 
sensitization) is associated with an increased expres- 
sion of the c-fos mRNA in the nuclei of the neurons. 
The central sensitization may cause tenderness and 
hyperalgesia in patients by a general enhancement of 
neuronal excitibility. 

II-G. Signs of neuroplasticity in neurons processing input 
from muscle nociceptors 

The term ‘modulation’ is mostly used for character- 
izing a change in the discharge of a neuron under the 
influence and in the presence of a modulating factor 
(e.g., a sensitizing substance). This definition implies 
that the neuron regains its original properties if the 
modulating factor is no longer present. In contrast, 
‘neuroplasticity’ describes longer-lasting alterations of 
neuronal properties (e.g., during development or learn- 
ing processes). In animal experiments, the latter term 
is often used to characterize changes that outlast a 
triggering stimulus. 

After their induction by a nociceptive input, neuro- 
plastic changes may become independent of the input 
as has been shown in a study of the hyperexcitability of 
rat dorsal horn neurons following inflammation of the 
paw (Hylden et al. 1989). On a long time scale the 
neurons do not only change their discharge behavior 
but also their morphological appearance; particularly 
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remarkable changes have been described for axoden- 
dritic synapses (Calverley and Jones 1990). 

In dorsal horn neurons, neuroplastic changes re- 
quire input via non-myelinated or thin myelinated af- 
ferent fibers, i.e., afferent activity in thick myelinated 
A fibers is not sufficient. For unknown reasons, input 
via muscle C fibers is more effective than cutaneous 
input in inducing prolonged changes in neuronal be- 
havior (Wall and Woolf 19841. In experiments on anes- 
thetized animals, plastic changes in dorsal horn neu- 
rons can be easily demonstrated following noxious 
chemical stimulation of skeletal muscle. 

An example is given in Fig. 11. The first injection of 
BKN into the RF in the semitendinosus muscle led to 
a lowering in the mechanical threshold of the injected 
RF and to a large expansion of its size. Simultaneously, 
the threshold of the non-injected RF in the GS muscle 
dropped to innocuous levels. The lowering in mechani- 
cal threshold of the injected RF can be attributed to a 
BKN-induced sensitization of the nociceptors in the 
semitendinosus muscle, but the expansion of the in- 
jected RF and the lowering in threshold of the RF in 
the GS muscle suggest that the excitability of the 
recorded dorsal horn neuron has increased, i.e., a 
central sensitization has occurred. Following the sec- 
ond injection of BKN, the lowering in threshold of the 
non-injected RF in the GS muscle persisted for more 
than 30 min (at that time the recording of the neuron’s 
activity was discontinued). This means that the BKN- 
induced CNS effect lasted much longer than the affer- 
ent activity elicited by intramuscular injection of the 
kinin (Mense and Meyer 1988). 

The sensitization of the dorsal horn neuron in Fig. 
11 was probably induced by a strong activation of the 
slowly conducting afferent fibers connecting the neu- 
ron with its RFs, since fast-conducting afferent units 
from muscle are not excited by BKN (cf., Mense 1977). 
Injections of BKN into muscles outside the RF of the 
recorded neuron showed that by such a procedure 
similar changes in response behavior can be induced; 
approximately one-half of the neurons tested devel- 
oped new RFs. The neurons were not excited by the 
BKN injection, i.e., the activation of a cell was not a 
prerequisite for its sensitization. 

One possible explanation for these findings is that 
slowly conducting muscle afferents are activated by 
BKN and release neuropeptides from their spinal ter- 
minals which alter the responsiveness of dorsal horn 
neurons. A similar hypothesis was derived from experi- 
ments in which the flexor reflex of rats was increased 
for prolonged periods of time following activation of 
muscle C fibers as a conditioning stimulus (Woolf and 
Wall 1986). Since the afferent limb of the reflex was 
not activated by the conditioning stimulus, the underly- 
ing mechanism was called ‘heterosynaptic facilitation’. 

Results from experiments in which SP was applied 
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Fig. 11. Changes in RF properties induced in a cat dorsal horn 

neuron by intramuscular injection of a painful dose of bradykinin 

(Brad., 100 pg in 1 ml of Tyrode). A (left panel): situation before 

injection of Brad. The neuron had two RFs, one in the semitendi- 

nosus (ST) and the other in the GS muscle; both had a high 

mechanical threshold and required noxious local pressure (Nox. p.1 

for activation. (middle panel): 3 min after infiltration of the RF in 

the ST muscle with Brad. The injected RF is enlarged and now 

responds to moderate (innocuous) pressure (Mod. p.). The RF in the 

GS muscle likewise shows a decrease in threshold. (right panel): I2 

min after injection of Brad. The RF in the GS muscle has regained 

its high mechanical threshold. B (left panel): situation 20 min after 

injection of Brad., time of second injection. The Brad. effects were 

reproducible and lasted for more than 30 min. The electrical thresh- 

old of the neuron dropped from 750 mV at the beginning of (A) to 

400 mV at the end of (Bl. C: histogram of the neuron’s responses to 

Mod. p. 35 min after the second injection of Brad. to show that this 

weak stimulus evoked strong activations in the formerly high- 

threshold cell. D: location of recording site in lamina VII of the 

dorsal horn. RFs marked in black had a high, shaded ones a low 

mechanical threshold (from Hoheisel and Mense 1989b). 

iontophoretically to dorsal horn neurons have demon- 
strated that the neuropeptide may be involved in the 
induction of neuroplastic changes by causing long-last- 
ing depolarization in many of these cells, predomi- 
nantly in nociceptive ones (Henry 1976; Randic and 
Miletic 1977; Zieglgansberger and Tulloch 1979). The 
SP-induced depolarization could be an important step 
in triggering neuroplastic processes in that it abolishes 
the Mg2+ block of the N-methyl-p-aspartate (NMDAl- 



-sensitive Ca*+ channel. Normally, the block prevents 
Ca’+ ions from entering the cell and acting as an 

intracellular second messenger which, among other 
effects, induces the expression of immediate early genes 
(IEGs) such as c-&s (Hunt et al. 1987; Marx 1987; 
Morgan and Curran 1989; Dickenson and Sullivan 1991; 
Spitzer 1991; Dubner and Ruda 1992). In fact, the 
combined action of SP and NMDA channel activation 
has been proposed as a possible mechanism for the 
sensitization of SIT cells which may underly the devel- 

opment of hyperalgesia in patients (Dougherty and 
Willis 1991). The importance of NMDA receptor acti- 

vation for the developement of hyperalgesia has also 
been stressed in behavioral experiments in rats (Sher et 
al. 1992). There is evidence indicating that the release 

of nitric oxide may be an important link in the pathway 
from NMDA receptor activation to neuroplastic 
changes (Garthwaite 1991; Moncada et al. 1991). 

Systematic studies of the neuroplasticity-inducing 
properties of SP in neurons mediating nociception 
from muscle are still lacking. In the author’s labora- 
tory, the action of SP on the responsiveness of dorsal 
horn neurons with input from deep tissues was exam- 
ined in anesthetized rats. The lumbosacral spinal cords 

of the animals were superfused with defined concen- 
trations of SP and the excitability of the neurons tested 
by electrically stimulating the major spinal nerves of 
the hindlimb. The effects of the neuropeptide were 
heterogeneous; some neurons acquired a new A- or 
C-fiber input, other cells lost an existing input, and 
again others showed a decrease in spike amplitude so 
that the neuron could no longer be used for recording. 
At a concentration of 100 PM in the superfusate, SP 
affected 75% of the neurons studied, the main effect 
being the unmasking of a formerly ineffective input. 
The unmasking of fiber connections to dorsal horn 
neurons may be of clinical relevance, particularly if 
A-fiber input from LTM receptors gains access to 
nociceptive dorsal horn cells. This situation may lead 
to allodynia in patients (Woolf and Thompson 1991). 

At a concentration of 100 PM, SP not only influ- 
enced the electrical excitability of the neurons but also 
induced marked RF changes in a large proportion of 
the cells tested. The SP-induced changes were compa- 
rable to those observed after intramuscular BKN injec- 
tions and consisted of expansion of existing RFs and 
formation of new RFs. 

The data show that at least part of the dorsal horn 
neurons possess synaptic connections which are inef- 
fective under normal circumstances. Activation of mus- 
cle nociceptors by a strong noxious stimulus can un- 
mask these connections (similar processes can occur 
following input interruption) (cf., Wall 1977). The un- 
masking leads to a change in RF size and/or response 
properties of the cells. Comparable effects have been 
observed in neurons of the subnucleus caudalis and 

oralis of the trigeminal spinal tract nucleus (Hu et al. 
1992). SP is surely one of the factors that is capable of 
unmasking neuronal connections in the dorsal horn. 
The finding that the time course of the induction of 
c-fos expression and that of SP effects are similar 

(Bravo 1990) supports the assumption that SP is in- 
volved in neuroplastic changes including hyperalgesia 
following carrageenan-induced inflammation of deep 
tissues (Satoh et al. 1992). 

II-G. I. Section summury 
The term neuroplasticity describes longer-lasting al- 

terations of neuronal behavior and morphology in re- 
sponse to a triggering stimulus. Input via muscle C 

fibers is particularly effective in inducing such changes; 
activity in thick A fibers is not sufficient. One possible 
mechanism for the induction of neuroplastic changes is 
that slowly conducting muscle afferents release SP 
from their spinal terminals which alters the responsive- 
ness of dorsal horn neurons. A SP-induced depolariza- 
tion could allow Ca” + ions to enter the cell through an 
NMDA-sensitive channel. The Ca*+ ions could act as 
an intracellular second messenger which induces the 
expression of immediate early genes such as c-fos. A 
considerable proportion of dorsal horn neurons ap- 
pears to possess synaptic connections which are inef- 
fective under normal circumstances. Activation of mus- 
cle nociceptors by a strong noxious stimulus can un- 
mask these connections. possibly via SP release. If 
A-fiber input from LTM receptors gains access to 
nociceptive dorsal horn cells, allodynia may result. 

II-H. Spinal reflexes and muscle nociception 

II-H.l. The flexor reflex 
In 1951, Brock and coworkers studied the effects of 

afferent volleys in muscle nerves on motoneurons and 
found that the actions of group-11 and -111 muscle 
afferents were similar in that both elicited a flexor 
reflex pattern by activating flexor motoneurons and 
inhibiting extensor motoneurons. From these findings 
the concept of the ‘flexion reflex afferents’ comprising 
group-II, -III, and -IV fibers emerged. It has to be 
emphasized that the concept is based on data from 
experiments dealing with locomotion rather than noci- 
ception. Therefore, the term ‘flexion reflex afferents’ 
does not imply that the afferent units are nociceptive 
and the reflex is nocifensive (Eccles and Lundberg 
1959; Holmqvist and Lundberg 1961). 

Whereas the occurrence of a flexor reflex upon 
activation of cutaneous nociceptors is a common expe- 
rience, elicitation of the reflex by nociceptors in deep 
tissues has been less well studied. O’Leary et al. (1935) 
were among the first to demonstrate that electrical 
stimulation of small-diameter afferent fibers in a mus- 
cle nerve leads to a reflex contraction of flexor (and 



extensor) muscles. As electrical stimulation excites all 
nerve fibers irrespective of their function, and as not 
all of the slowly conducting muscle afferent units can 
be considered nociceptive (Mense and Meyer 1985), 
experiments employing natural stimuli had to be per- 
formed in order to show that the nociceptors or ‘pres- 
sure-pain receptors’ (Paintal 1961) of skeletal muscle 
are capable of facilitating the flexor reflex. Electrical 
stimulation of articular nerves at group-III and -IV 
fiber strength (Gardner 1950) and inflammation of the 
knee joint (Ferrell et al. 1988) likewise has been re- 
ported to elicit or facilitate the flexor reflex. 

Intracellular recordings from alpha-motoneurons in 
cats have shown that input via muscle group-III and 
-IV afferent units induced by noxious chemical stimula- 
tion of the GS muscle (an extensor) inhibits most of the 
GS motoneurons, whereas flexor motoneurons are fa- 
cilitated (Kniffki et al. 1981). These effects are associ- 
ated with the appearance of excitatory and inhibitory 
postsynaptic potentials (EPSPs and IPSPs), respec- 
tively. 

Most of the above studies were performed in spinal- 
ized animals; therefore, the data cannot be directly 
transferred to human beings with intact neuraxis. 

More recent data indicate that a short-lasting input 
via non-myelinated afferent fibers from muscle facili- 
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tates the flexor reflex for a long period of time, the 
duration of facilitation lasting much longer than that 
induced by a comparable input from the skin (Wall and 
Woolf 1984). Reflex facilitations for prolonged periods 
of time have also been observed following intrathecal 
application of SP and CGRP (Woolf and Wiesenfeld- 
Hallin 1986). NMDA receptor activation appears to be 
involved in the reflex facilitation, as it can be abolished 
by NMDA antagonists (Woolf and Thompson 1991). 

Induction or facilitation of the flexor reflex by noci- 
ceptive afferent units from muscle is of clinical inter- 
est, since these mechanisms could offer an explanation 
for long-lasting muscle spasms. According to a widely 
held concept, the spasms are due to a vicious cycle 
which is triggered by nociceptive input from joint or 
muscle. The nociceptive input elicits the flexor reflex, 
and the contracting muscle compresses its own vascula- 
ture and/or consumes large amounts of oxygen if the 
contraction is of sufficient strength and duration. Thus 
the muscle is forced to perform contractions under 
ischemic conditions. Ischemic contractions activate 
muscle nociceptors which maintain the flexor reflex 
(Dorpat and Holmes 1962; Emre and Mathies 1988). 

Direct experimental evidence supporting this con- 
cept of a vicious cycle is missing. In fact, results from 
animal experiments indicate that a prolonged patholog- 
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Fig. 12. Impulse activity of a single gamma-motoneuron supplying the medial gastrocnemius muscle during induction of an inflammation in the 

lateral gastrocnemius-soleus (LGS) muscle. A: background activity before induction of the inflammation. B: at the time indicated by the arrow, 

the LGS muscle was infiltrated with the inflammation-inducing agent carrageenan. C: at the beginning of the panel, the reflex threshold (Trcn) 
was higher than the 100 V available. Electrical stimulation of the sciatic nerve (Direct el. stim.) was performed after the unit had become silent in 

order to show that the neuron’s action potentials could still be recorded. Please note that the carrageenan injection itself caused an activation 

which was followed by a complete inhibition of the background activity and reflex excitability (from Mense and Skeppar 1991). 
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ical input from deep tissues abolishes the capability of 
C fibers from muscle to facilitate the flexor reflex for 
prolonged periods of time (Wall et al. 1988). A further 
problem for the understanding of muscle spasms is the 
fact that according to the above-mentioned flexor re- 
flex concept, spasms should be present predominantly 
in flexor muscles. which is not the case. 

II-H.2. Gamma rejlexes as a possible cause of muscle 
spasms 

In older clinical literature, there are reports postu- 
lating that an increased activity or excitability of the 
gamma-motoneuron system is the reason for the rigid- 
ity of parkinsonian patients and for the painful spasms 
that sometimes develop in cases of rheumatism and 
stiff-man syndrome (Brochocki 1962; Dietrichson 1971; 
Mertens and Ricker 1968). The increased activity in 
gamma-motoneurons is assumed to lead to a higher 
discharge frequency in muscle spindle afferent fibers 
which in turn activate alpha-motoneurons. By this 
mechanism the same vicious cycle as described above 
can be triggered, if the activation of alpha-motoneurons 
is so strong that it leads to ischemic contractions. 

It has to be emphasized that the concept of an 
involvement of gamma-motoneuron reflexes in disor- 
ders of muscle tone has been strongly objected to by 
other authors (for a review, see Burke 1983). Experi- 
mental support for the assumption that activation of 
muscle nociceptors leads to increased activity in 
homonymous gamma-motoneurons is weak. There is 
general agreement that group-I afferent units from 
muscle have only negligible effects on homonymous 
fusimotor neurons, and that group-II units mainly elicit 
activations (Noth and Thilman 1980; Appelberg et al. 
1983a,b). The actions of the slowly conducting afferent 
units are less clear. In the literature, both excitatory 
and inhibitory influences of these units on gamma- 
motoneurons have been reported (Tanji and Kato 1972; 
Ellaway et al. 1982; Appelberg et al. 1983~). Appar- 
ently, the flexor reflex concept cannot be applied to the 
gamma system (Appelberg et al. 1983~). 

In a study in which muscle group-III and -IV recep- 
tors were activated by intra-arterial injections of algesic 
chemicals, both extensor and flexor gamma- 
motoneurons were excited (Hong et al. 1978). As the 
input elicited by this type of stimulation is probably not 
purely nociceptive (Mense 1977), the results obtained 
with administration of algesic agents do not mean that 
muscle nociceptors generally have an excitatory action 
on homonymous fusimotor neurons. 

Recently, the effects of an experimental myositis of 
the lateral GS muscle (LGS) on the activity of gamma- 
motoneurons supplying the synergistic medial head 
were studied (Mense and Skeppar 1991). The main 
findings were that the resting activity of the gamma- 
motoneurons was significantly reduced by inflamma- 

tion (Fig. 12) and that the reflex excitability of the 
neurons by electrical and mechanical stimulation of 
afferent units from the inflamed muscle was likewise 
inhibited. In contrast, the electrical excitability of 
gamma-motoneurons supplying the antagonistic ante- 
rior tibia1 muscle was (slightly) enhanced in animals 
with a myositis of the LGS muscle. 

The results were interpreted as indicating that input 
via nociceptive muscle afferent units (some of the 
group III and most of the group IV) inhibits the 
homonymous gamma-motoneurons whereas input via 
non-nociceptive fibers (most of group II and some of 
group III> has an excitatory influence. In order to 
explain the net activation by noxious chemical and 
mechanical stimuli (which produce a mixed input via 
non-nociceptive and nociceptive fibers) the additional 
assumption has to be made that the excitatory influ- 
ences are stronger than the inhibitory ones. 

Teleologically, the inhibition of homonymous 
fusimotor neurons induced by myositis may be an ad- 
vantage, since it could reduce the forces acting on the 
damaged muscle. The postulated activation of the 
gamma system by a muscle lesion was not present; it 
apparently requires an input different from that elicited 
by a myositis. There is evidence in the literature indi- 
cating that an increase in gamma activity may occur (at 
least in part of the neurons) if the site of the lesion is 
outside the muscle, e.g., in a neighboring joint (Free- 
man and Wyke 1967; He et al. 1988). 

II-H.3. Sympathetic activity as a possible enhancing fac- 
tor in muscle nociception 

Available data concerning the contribution of sym- 
pathetic efferent activity to pain in general is contro- 
versial. As to muscle pain, an additional problem is 
that most of the studies have been performed on 
cutaneous pain. At the level of the primary afferent 
neuron, the bulk of the data indicate that a normal 
nociceptor is neither activated nor sensitized by sympa- 
thetic efferent activity (Barasi and Lynn 1986). There is 
evidence, however, that nociceptive endings that have 
been sensitized by noxious stimuli may be activated by 
sympathetic efferent activity (Roberts and Elardo 1985). 
Whether these findings can be generalized is unclear at 
present, since other groups arrived at a different con- 
clusion (Shea and Per1 1985). 

Data obtained from receptors in a rat hemidi- 
aphragm-phrenic nerve preparation in vitro (see Sec- 
tion II-A.4.e) have shown that adrenaline increases the 
resting discharge in HTM receptors and sensitizes them 
to mechanical stimulation. Particularly susceptible to 
adrenaline were endings that were under the continu- 
ous influence of a noxious mechanical stimulus 
(Kieschke et al. 1988). Hypoxia likewise sensitized some 
of the diaphragmatic receptors. These results support 
the assumption that nociceptors in a damaged muscle 
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may be directly activated and/or sensitized by sympa- 
thetic efferent activity. A new aspect is that sympa- 
thetic postganglionic fibers in pathologically altered 
tissue are able to release PGE, (Basbaum and Levine 
1991) which in turn may sensitize nociceptors. 

Data obtained from patients point in the same di- 
rection, namely that sympathetic efferent activity may 
enhance pain only under special circumstances. Sympa- 
thetic ganglionectomy has been reported by Lewis 
(1942) not to influence pain sensations from the upper 
extremity, but a stellate blockade in fibromyalgia pa- 
tients has been shown to relieve the pain, possibly by 
improving the microcirculation in painful muscles (Be- 
ngtsson and Bengtsson 1988). 

There is evidence in the literature indicating that 
sympathetic activity may be involved indirectly in mus- 
cle pain by increasing the neuromuscular muscle tone. 
The increase in tone may be brought about by a 
sympathetically induced activation of the intrafusal 
muscle fibers of the muscle spindle. This mechanism 
may contribute directly to the mechanical tension of a 
muscle or may induce muscle contractions via the 
monosynaptic stretch reflex (for a review of this aspect, 
see Grassi and Passatore 1988). 

An interesting new concept states that in cases of 
sympathetically maintained pain, the pain is not caused 
by an increased sympathetic outflow but by a supersen- 
sitivity of vessels and/or nerves to sympathetic trans- 
mitter substances (Drummond et al. 1991). Results 
from animal experiments support this assumption by 
showing that following a partial nerve lesion nocicep- 
tors of the skin become sensitive to sympathetic effer- 
ent activity and noradrenaline (Sat0 and Per1 19911. 
When considering possible effects of sympathetic effer- 
ent activity on nociception from muscle it has to be 
kept in mind that the functional organization of post- 
ganglionic sympathetic fibers to muscle is different 
from that of fibers supplying the skin. Therefore, both 
subsystems can react differently under the influence of 
an adverse stimulus. For instance, the sympathetic 
activity in a muscle nerve can rise and that in a skin 
nerve remain unchanged during immersion of a hand 
in ice water (Fagius et al. 1989). 

II-H. 4. Section summary 
Electrical stimulation of small-diameter muscle af- 

ferent fibers or activation of muscle nociceptors leads 
to a reflex contraction of flexor muscles and facilitates 
the flexor reflex for a long period of time. The latter 
effect can also be elicited by intrathecal application of 
SP and CGRP. NMDA receptor activation appears to 
be involved in the reflex facilitation. A widely held 
concept states that chronic spasms are due to a vicious 
cycle which is maintained by a pain-spasm-pain feed- 
back. The feedback loop to alpha-motoneurons has not 
been proven to exist, however, and the activity of 

gamma-motoneurons has been shown to be reduced 
during a longer-lasting experimental muscle lesion. In- 
crease in alpha or gamma activity is more likely to 
occur if the site of the lesion is not inside but outside 
the muscle, e.g., in a neighboring joint. Sympathetic 
efferent discharges are probably not capable of activat- 
ing or sensitizing normal muscle nociceptors, therefore, 
the existence of a vicious cycle between muscle noci- 
ceptors and sympathetic efferent fibers is doubtful. 
Sympathetically maintained pain may be caused by a 
supersensitivity of vessels and/or nerves to sympa- 
thetic transmitter substances rather than by an in- 
creased sympathetic outflow. 

II-I. Descending influences on spinal neurons processing 
information from deep nociceptors 

Cooling the spinal cord rostra1 to the recording site 
is a widely used technique to block neuronal activity 
traveling in tracts of the dorsal half of the spinal cord. 
The technique is particularly useful for abolishing the 
influence of descending antinociceptive tracts some of 
which are known to course in the dorsolateral funicu- 
11.1s (Basbaum and Fields 1984). Systematic studies em- 
ploying this method have been performed in the cat 
and rat. In dorsal horn neurons driven by input from 
deep somatic tissues, cooling of the spinal cord in- 
duced an increase in resting activity, in response mag- 
nitude to noxious stimulation of muscle, in conver- 
gence from different receptor types, and in the number 
of RFs per neuron (Hong et al. 1979; Hoheisel and 
Mense 19901. These data indicate that dorsal horn 
neurons which presumably mediate deep pain are sub- 
jected to a strong descending inhibition which is toni- 
cally active. The inhibition controls not only the ex- 
citability of the neurons by external stimuli but also the 
degree of convergence from different input sources. 

Parts of the descending antinociceptive system ap- 
pear to act quite specifically on the input from nocicep- 
tors in deep tissues. This interpretation is based on the 
finding that in dorsal horn neurons with convergent 
input from cutaneous and deep nociceptors, the re- 
sponses to stimulation of deep tissues were strongly 
enhanced by the spinal cold block, whereas the effects 
of cutaneous stimulation on the same neuron were 
more or less unaffected (Yu and Mense 1990al. A 
similar tonic descending inhibition has been observed 
in neurons with input from joint (Cervero et al. 1991). 

The tonic nature of the descending inhibition sug- 
gests that a transmitter substance is continuously re- 
leased at the supraspinal origin of the antinociceptive 
tract(s). Injections of transmitter antagonists into the 
third cerebral ventricle in rats have demonstrated that 
the tonic inhibitory influence on dorsal horn neurons 
with input from deep nociceptors can be abolished by 
naloxone, but neither by the alpha-adrenergic receptor 



blocker phentolamine nor by the serotoninergic blocker 
methysergide (Yu et al. 1991). 

In neurons with convergent HTM input from deep 
tissues and skin, the intracerebroventricular injection 
of naloxone enhanced the responses to deep stimula- 
tion with little effect on the responses to activation of 
cutaneous nociceptors (Fig. 13). The data suggest that 
at the supraspinal level the inhibitory pathways that act 
tonically on deep nociception use endogenous opioids 
as a transmitter substance. 

[l-l. 1. Section summary 
Dorsal horn neurons with input from deep nocicep- 

tors are subjected to a strong descending inhibition 
which is tonically active. In convergent neurons the 
input from deep nociceptors is more strongly inhibited 
than is the input from cutaneous nociceptors. The 
inhibitor pathways appear to include opioidergic 
synapses at the supraspinal level. 
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II-J. Supraspinal mechanisms of nociception from muscle 

11-J. I. Trigeminal level 
In comparison to limb muscles, much less informa- 

tion is available on the afferent fibers from masticatory 
and other head muscles. The data indicate that many 
of the slowly conducting muscle afferent units, includ- 
ing nociceptive ones, project to the subnucleus caudalis 
(laminae I and IV-V) and interpolaris of the trigeminal 
spinal tract nucleus (Nishimori et al. 1986; Shigenaga 
et al. 1988; Arvidsson and Raappana 1989; Nazruddin 
et al. 1989). In this area, second-order neurons can be 
found that behave similarly to those in the spinal 
dorsal horn (Dubner and Bennett 1983). Only a few 
cells receive an exclusively nociceptive input from deep 
tissues, and many nociceptive neurons (WDR and NS 
cells) have convergent input from several sources in- 
cluding masticatory muscles, the temporomandibular 
joint (TMJ), facial or intra-oral skin, and viscera (e.g.. 
larynx). Neurons of this type are located predominantly 

Fig. 13. Effect of 20 pg naloxone i.c.v. on the mechanically induced responses of a HTM neuron with convergent input from the skin and deep 

tissues. A: response curve to repeated stimulation of the deep RF (I ) and cutaneous RF (D ). The curve was normalized relative to the control 

response ( = 100%) which was defined as the mean of the pre-injection responses to deep or cutaneous stimulatit~n. B: histogram of the neuron’s 

activity from which the data of (A) were obtained. Bin width: 1 sec. C: location of RFs. Both the cutanous RF in the plantar skin of toes 2 and 3 

(shaded) and the deep RF (black) required noxious pressure stimulation for activation (Nox. p. cut. and deep, respectively). The stimuli were 

applied using a forceps with broadened tips (area 2 cm’) which was closed with a force of 3.q N (from Yu et al. 1001~. 
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Fig. 14. Responses of a neuron in the feline trigeminal subnucleus caudalis to noxious stimulation of the facial skin and temporalis muscle. (left 

column): histograms of the neuron’s activity in response to injections of algesic agents into one of the arteries of the temporalis muscle. Injection 

of 0.9% NaCl served as a control. Arrows indicate time of onset of injection that lasted 8-10 sec. (right column): responses to stimulation of the 

cutaneous RF with innocuous pressure, noxious pinch, and noxious heat. Arrows indicate time of stimulus onset and offset. The inset shows the 

histologically verified recording locus in the trigeminal subnucleus caudalis (modified from Amano et al. 1986). 

in the superficial layers (laminae I and II) and in extensors), muscle input at the trigeminal level has the 
laminae V and VI of the subnucleus caudalis (Fig. 14) same action on the ipsi- and contralateral motoneurons 
(Amano et al. 1986; Sessle and Hu 1991). of a given muscle (Nakamira et al. 1973). 

The extensive convergence and large RF size of the 
WDR and NS cells in the subnucleus caudalis have 
been considered as the neurophysiological basis of the 
diffuse nature and referral which are typical features of 
craniofacial and TMJ pain. Signs of neuroplastic 
changes in convergent trigeminal neurons following 
noxious stimulation of hypoglossal muscle afferents 
have likewise been described (Sessle and Hu 1991). An 
interesting finding that may be of relevance for the 
understanding of temporomandibular disorders in pa- 
tients is that noxious chemical stimulation of the TMJ 
in cats leads to reflex activation of masticatory muscles 
(Broton and Sessle 1988). Such reflexes may induce 
long-lasting increases in tension of craniofacial mus- 
cles. When considering motor reflexes at the trigeminal 
level, differences in organization between spinal and 
trigeminal reflex pathways have to be kept in mind. 
Whereas input via muscle afferent fibers at the spinal 
level induces reciprocal effects ipsi- and contralaterally 
(e.g., inhibition of ipsi- and activation of contralateral 

II-J. 2. Thalamic level 
Little information is available concerning the pro- 

cesssing of information from muscle nociceptors in the 
thalamus. In experiments employing electrical stimula- 
tion of muscle nerves and recording of thalamic-evoked 
potentials, Mallart (1968) found a sole input from 
high-threshold (group III) muscle afferents from the 
cat hindlimb to the ventrobasal (VB) complex and the 
medial thalamus. More recent data show that a small 
number of nociceptive neurons with musculotendinous 
input are present in the ventral and dorsolateral pe- 
riphery of the ventroposterolateral (VPL) nucleus and 
in the transitional zone between VPL and ventrolateral 
nucleus of the cat (Kniffki and Mizumura 19831, i.e., in 
one of the regions SIT cells are known to project to in 
this species (Carstens and Trevino 1978). The location 
of nociceptive neurons in the periphery of the VPL 
appears to be typical for the cat; in the rat, nociceptive 
cells with cutaneous and articular input have been 



found intermingled with tactile neurons within the VB 
proper (Hellon and Mitchell 197.5; Guilbaud et al. 
1980; Guilbaud 1991). 

In polyart~ritic rats, cells of the VB have unusual 
response characteristics with long afterdischarges and 
lowered mechanical thresholds (Gautron and GuiIbaud 
1982). Interestingly, cells of the nucleus centralis later- 
alis in arthritic rats acquire an input from the inflamed 
joints which is not present in normal animals, These 
data suggest that under pathological conditions noci- 
ceptive pathways to the thalamus may be opened which 
are silent or ineffective in the intact animal ~~uilbaud 
1991). Such changes are probably associated with a 
(central) sensitization of thalamic neurons (Guilbaud et 
al. 1989). 

In humans, an area ventral to the VB, the ventro- 
caudal pa~ocellular nucleus of Hassler, is considered 
to be specific for the mediation of pain (Has&r 1976). 
It is possible, however, that other nuclei of the thala- 
MUS (e.g., the posterior and medial nuclei) also process 
information from fine deep afferents, at least from 
nociceptive ones. The posterior nuclei in the cat have 
been found to contain cells with nociceptive properties 
(Guilbaud et al. 195% and some of the units in the 
medial thalamus were reported to respond to noxious 
stimulation of deep tissues in this species (Dong et al. 
1978). It is questionable, however, whether WDR and 
NS cells in the medial and posterior thalamic nuclei 
are capable of mediating the sensor-discriminative 
component of pain, since recordings in awake monkeys 
have shown that these neurons have large, often bilat- 
eral RFs. In contrast, the ventral posterior nuclei (VPL 
-t VPM) of the monkey contain neurons that respond 
differentially to innocuous and noxious stimuli and 
have small, contralateral RFs (Casey and Morrow 
1983). Whether muscle and joint pain are processed in 
different thalamic nuclei is unknown. There is evidence 
indicating that at least the proprioceptive information 
from muscle and joint projects to separate areas near 
the nucleus ventralis intermedius (Hardy et al. 1980). 

The significance of the somatosensory cortex for the 
processing of nociceptive information is still difficult to 
assess, and this is particularly true for nociception from 
muscie. fn areas 3b and 1 of the monkey, neurons have 
been shown to exist which receive input from cuta- 
neous nociceptors (Kenshalo and Isensee 1983). Many 
cells in the primate primary somatosensory cortex (SI) 
fulfill an important requirement of nociceptive neurons 
in that they not only respond differentially to innocu- 
ous and noxious stimuli but also encode the intensity of 
a stimulus in the noxious range (Kenshalo et al. 1988X 
The somatosenso~ cortex of the rat likewise receives a 
remarkable nociceptive input as has been shown in a 
study performed by Lamour et al. (1983a). Out of 292 
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Fig. 15. Localization of neurons receiving nociceptive input in the rat 
somatosensory cortex. Please note that in the normal rat (left half) 
the neurons were approximately evenly distributed in laminae V and 
VI. whereas in arthritic animals (right half) the great majority was 

Iocated in lamina V (from Guilhaud 19X8). 

cells with peripheral RFs, 91 responded to noxious 
stimulation, Among these 13 units were driven from 
deep tissues. The proportion of cortical neurons driven 
by deep input has been reported to change if patholog- 
ical alterations occur in the periphery. In arthritic rats, 
the nociceptive mput from joints shifts from cortical 
layers V-VI to. layer V, and the pathological input 
invades cortical areas that normally do not respond to 
joint input (Fig. 151 (Lamour et al. 1983b,c; Guilbaud 
1991). 

As to the input from skeletal muscle, data from the 
cat and monkey show that activity in group-I muscle 
afferent units mainly influences neurons in Brodmann 
areas 3a and 3b CSirisko and Sessle 1983; Iwata et al, 
I@$), whereas group-If and -111 mu&e input projects 
to area 4 and the secondary somatosensory cortex @II) 
(Wiesendanger 1973; Hore et al. 1976; Hanson 1985). 
The segregation between these two input sources is not 
very distinct, however, and in the face region of SI of 
the awake monkey (areas 3b, 1 and 2) very few neurons 
were encountered that responded to deep input at all 
(Huang et al. 19891. Up to now, there are only a few 
reports that deal specifically with the input from mus- 
cle nociceptors to cortical neurons, In one of theses 
studies (Iwamura et al. 1981), noxious stimuli (strong 



local pressure and injections of algesic substances) 
have been applied to the GS muscle in cats during a 
systematic search for neurons in area 3a responding to 
these stimuli. The authors found a small fraction (< 
10%) of the cells with deep input from the contralat- 
era1 hindlimb to be responsive to n~iceptive input 
from muscle. In the anterior ectosylvian area of the 
cat, neurons have been described which responded in a 
specific way to high-intensity electrical and mechanical 
input from the hypoglossal nerve and muscle (Hanson 
1985). 

Recent data obtained in awake humans with the use 
of positron emission tomography (PET) and magnetic 
resonance imaging (MRI) demonstrate that noxious 
stimulation of the skin leads to an increase in blood 
flow (indicative of neuronal activation) in the contralat- 
era1 SI and SII and in the anterior cingulate cortex, 
although such a pain-specific activation of the so- 
matosensory cortices has not been found in all of the 
studies (Jones et al. 1991; Talbot et al. 1991; Roland 
1992). The nociceptive region in the anterior cingulate 
cortex (Brodmann area 24) is assumed to mediate the 
aversive component of pain. Comparable studies em- 
ploying noxious stimulation of muscles in humans have 
not been performed. Since patients with thaiamic Ie- 
sions may have cutaneous analgesia, but still feel deep 
pain elicited by intramuscular injections of hypertonic 
saline (Marshall 1951), it is possible that at the thala- 
mic and cortical level deep pain is processed differently 
from cutaneous pain. 

U-J.4 Section summary 
In experimental animals, nociceptive afferent fibers 

from masticator and other head muscles project to the 
subnucleus caudalis and interpolaris of the trigeminal 
spinal tract nucleus. Many nociceptive neurons in this 
region have convergent input from several sources in- 
cluding masticatory muscles, the TMJ, and facial or 
intra-oral skin. In the cat thalamus, nociceptive neu- 
rons with musculotendinous input are present in the 
periphery of the VPL nucleus; in the rat and monkey, 
nociceptive cells have been found intermingled with 
tactile neurons in the nucleus proper. There is experi- 
mental evidence indicating that under pathological 
conditions nociceptive pathways to the thalamus may 
be opened which are silent or ineffective in the intact 
organism. The significance of the somatosensory cortex 
for the processing of nociceptive information from 
muscle is unclear. Slowly conducting muscle afferent 
fibers, including nociceptive ones, project to areas 3a 
and 4 of SI and to SII. The anterior ectosylvian area of 
the cat is another area of interest for muscle nocicep- 
tion. In arthritic rats, the nociceptive input from joints 
invades cortical areas that normally do not respond to 
this input. 

III. Possible mechanisms of various types of clinical 
muscle pain 

III-A. Nociceptor pain 

HZ-A.2.a. Tear and blow. Strong mechanical forces 
acting on muscle tissue excite nociceptors mechanically 
and disrupt blood vessels and muscle fibers. Tissue 
damage triggers several mechanisms which result in an 
increase in the tissue concentration of endogenous 
biologically active substances. (1) From the broken 
muscle fibers potassium leaks into the interstitial fluid 
and depolarizes nerve endings and fibers. (2) The ex- 
travasation of blood from damaged blood vessels leads 
to liberation of S-HT from platelets and of BKN from 
plasma proteins. BKN in turn releases PGs from vari- 
ous tissue cells; all these substances sensitize muscle 
receptors. (3) The activation of muscle nociceptors is 
associated with a release of neuropeptides from the 
nerve endings (e.g., CGRP and SP, see above). This in 
turn triggers the liberation of further substances such 
as histamine from tissue mast cells. 

The muscle pain accompanying an acute trauma can 
be explained by assuming that the immediate pain is 
caused by the direct mechanical activation of muscle 
nociceptors whereas the ensuing tenderness is due to a 
sensitization of the receptors by vasoneuroactive and 
other substances released from the damaged tissue 
and/or blood constituents. 

III-A.1.b. Overload. A muscle that is forced to per- 
form physical work of unaccustomed intensity or dura- 
tion is likely to be physically damaged. An impressive 
example is the pectoralis muscle in migrating birds 
which exhibits massive histological alterations including 
swelling and necrosis of muscle fibers following a one 
night’s flight without rest (Schumann and Berger 1974). 
Similar changes have been observed in biopsy material 
from human muscle 48 h after heavy eccentric exercise 
(Stauber et al. 1990). The histological picture resem- 
bles that of a necrotic inflammation with disruption 
and swelIing of muscle fibers and cellular infiltration of 
the extracellular space (Round et al. 1987). Other 
groups have stressed the relevance of muscle fiber 
swelling as the main feature following eccentric exer- 
cise but have questioned the interpretation of the 
histological changes as inflammatory (Friden et al. 
1988). 

The characteristics of eccentric contractions (or neg- 
ative work) are that the external forces acting on the 
muscle are greater than those produced by the muscle 
itself (Cavanagh 1988). The muscle performs lengthen- 
ing contractions; walking downhi or downstairs is the 
typical situation in which extensor muscles of the leg 
contract in this way. The;damage to the muscle fiber 
has been explained by assuming that during negative 



work a smaller number of motor units is active than 
during positive work of the same intensity. Therefore. 

mechanical stress to the Z bands and connective tissue, 
particularly to the in series elastic elements, is higher 
(Hough 1902; Asmussen 1956; Jones et al. 1989). This 
view has been supported by histological data showing 

that the histological muscle damage is greater after 
eccentric than after concentric (shortening) contrac- 
tions (Armstrong et al. 1983). Isometric contractions 
are likewise capable of producing fatigue and soreness, 
particularly if they are performed at long muscle length 
(Jones et al. 1989). 

A common symptom following unaccustomed exer- 
cise is muscle soreness (tenderness and stiffness) (cf., 
Jones et al. 1987) which usually occurs with a delay of 
more than 12 h after the end of the exercise. Owing to 
this long delay, it is unlikely that an increased lactate 
concentration is a causal factor for the soreness. Mus- 

cle lactate has been reported to decrease with a half- 
time of 9.5 min after exhausting work (Sahlin et al. 
1976). This means that within about 1 h the lactate 

concentration will have returned to normal values. 
Muscle enzymes such as glucose-6-phosphate dehydro- 
genase and creatine kinase (Jones et al. 1987) exhibit a 
more delayed increase, but whether these enzymes 
contribute to soreness is unknown. 

Another hypothesis attempting to explain the pain 
of a sore muscle is the ‘spasm theory’ by DeVries 
(1966). It is based on the finding that increased electri- 
cal activity is present in sore muscle. The spasms are 
assumed to be the source of pain and tenderness; static 
stretching of the muscle was found to reduce the EMG 
activity and to relieve the pain. Other groups, however. 

were unable to reproduce the postulated close rela- 
tionship between EMG activity and pain of a sore 
muscle (McGlynn et al. 1979). More recent data ques- 
tion the presence of increased EMG activity in relaxed 
sore muscles (Lund et al. 1991). The shortening of the 
affected muscle appears to be due to swelling of the 
connective tissue and not to neuromuscular activity 
(Howell et al. 1985; Jones et al. 1987). 

The above-cited histological data rather support the 
original ‘torn-fiber theory’ of Hough (1902), which 
states that during unaccustomed exercise fibers of the 
connective tissue are ruptured by contracting muscle 
fibers. The reason for the ruptures is that in an un- 
trained muscle the fibers lack coordination and exert a 
higher mechanical stress on the connective tissue. The 
damage leads to repair processes which are accompa- 
nied by local swelling and sensitization of nociceptors 
and thus exhibit some aspects of an inflammation (Sta- 
ton 1951; Jones et al. 1987). PGs do not appear to play 
an important role in these events, since PG synthesis- 
inhibiting drugs have been reported not to influence 
the subjective soreness after eccentric exercise (Kuipers 
et al. 1985). 

111-A. 2. Myositis 
The different forms of myositis (e.g., polymyositis, 

dermatomyositis, myositis due to infections) are associ- 
ated with the subjective symptoms of weakness, sponta- 
neous pain, tenderness, and paresthesias (DeVere and 
Bradley 1975; Ansell 1984). The raised background 
discharge in nociceptive nerve endings in inflamed 
muscle (Berberich et al. 1988) may account for sponta- 
neous inflammatory pain. With regard to central ner- 

vous transmission the bursting type of discharge that is 
typical of afferent units from inflamed muscle is proba- 
bly very effective because of temporal summation at 
spinal and higher-order synapses. 

Tenderness of inflamed muscle is probably due to 

the sensitization of nociceptors by inflammatory sub- 
stances. A sensitized nociceptor has a lowered mechan- 
ical threshold and is likely to be activated by weak 
physiological stimuli. It is unknown at present whether 

all muscle nociceptors have the capability of being 
sensitized to mechanical stimuli or whether tenderness 
is caused by the sensitization of a special subset of 

receptors. Since in animal experiments muscle nocicep- 
tors have been found that were sensitized to local 
pressure but not to stretch (and vice versa) (Mense and 

Meyer 1988), tenderness upon palpation and pain dur- 
ing movement may be elicited by different populations 
of muscle nociceptors. 

The paresthesias (sensations of pressure and ten- 
sion) of some myositis patients may be due to the fact 
that not only nociceptive but also non-nociceptive 
(LTM) receptors with slowly conducting afferent fibers 
exhibit sensitization and increased resting activity in 
inflamed muscle (Berberich et al. 1988). It is unknown, 
however, if LTM muscle receptors elicit subjective 
sensations at all. Indirect evidence from animal experi- 
ments suggests that this may be the case. In area 2 of 
the monkey cortex, neurons are present which respond 
to slight mechanical distortion of deep tissues without 
being sensitive to muscle stretch (Mountcastle and 
Powell 1959; Dreyer et al. 1974). These findings sug- 
gest that activity from deep LTM receptors, which are 
different from muscle spindles, has access to cells in 
the postcentral gyrus and therefore may be capable of 
eliciting conscious sensations. 

The reason for the weakness of an inflamed muscle 
is unknown, although many deviations from normal 
laboratory figures can be found in myositis patients 
(Robinson 1991). A mechanism that might contribute 
to the sensation of weakness is that inhibition of 
homonymous gamma-motoneurons (see above) and the 
accompanying decrease in muscle spindle input lead to 
a disfacilitation of alpha-motoneurons which under 
these conditions require more central effort for their 
activation. 
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Ill-A.3. Intermittent c~aad~cat~o~ 
The various substances possibly involved in the pro- 

duction of ischemic pain have been addressed in Sec- 
tion II-C.1. Lactate does not appear to be of impor- 
tance for the pain of intermittent claudication, since it 
activates muscle nociceptors only at high concentra- 
tions that are unlikely to occur in a contracting muscle 
(Kniffki et al. 1978). A combined action of lactate with 
other substances cannot be excluded, however. Is- 
chemic pain arising in cardiac muscle does not seem to 
be dependent on lactate, since patients with McArdfe’s 
disease, who cannot produce lactate due to an enzyme 
deficiency, tend to have strong angina1 pain (Rodbard 
1975). 

The situation is complicated by the fact that in a 
muscle that performs ischemic contractions an un- 
known but presumably large number of chemical and 
physical factors are continuously changing. In 1931, 
Lewis and coworkers rejected the theory that lack of 
oxygen elicits the pain of intermittent claudication and 
proposed a physicochemicaf mechanism (‘factor P’) as 
the cause of ischemic muscle pain. 

BKN ~presumably together with PGs) is one of 
substances that are considered to promote ischemic 
pain. One reason for this assumption is that BKN has 
the necessary sensitizing and stimulating properties for 
muscle nociceptors, another one is the clinical finding 
that treatment with a proteinase inhibitor, which pre- 
vents the release of BKN from its precursor molecule 
kalfidin, prolongs the distance patients with intermit- 
tent cfaudication are able to walk without pain (Digiesi 
et al. 1975). Another pain-enhancing or -promoting 
factor are potassium ions which leave the contracting 
muscle fiber and accumulate in the extracellular fluid 
during ischemia (Hnik et al. 1976). 

In animal experiments, only group-IV muscle recep- 
tors have been found to be strongly excited by ischemic 
contractions (Mense and Stahnke 1983; Kaufman et al. 
1984b); therefore, the pain of intermittent claudication 
may be an example of muscle pain that is excfusivefy or 
predominantly due to activity in non-myefinated (as 
opposed to thin myelinated) nociceptive fibers. 

III-A.4. Changes in muscle tension 
Iii-A.4.a. Cramp. A cramp has been defined as a 

sudden, involuntary painful contraction of voluntary 
muscles (Joekes 1982; Layzer 1985). EMG activity dur- 
ing cramp has been reported to be higher than during 
maximal voluntary contractions (MVC) (Lanari et al. 
1973). As possible reasons for the increased electrical 
activity, excessive activation of alpha- and gamma- 
motoneurons by descending impulses, decreased inhi- 
bition of spinal neurons, and impulse generation in the 
motoaxon itself, have been proposed (Layzer and Row- 
land 1971). Cramps are most easily provoked if the 
muscle is contracted unstretched, i.e., with a minimal 

distance between its insertion points, so that only little 
tension builds up within the tendons. This suggests that 
lack of activation of tendon organs, which are known to 
inhibit homonymous motoneurons (Granit 1950; Eccles 
et al. 19571, may promote the development of cramps 
(Lanari et al. 1973; Weiner and Weiner 1980). 

The mechanisms of the pain during cramps are 
largely unknown. There is evidence indicating that the 
characteristic feature of a cramp is a contraction of 
only part of the muscle at an extremely high frequency 
(Layzer 1985). The resulting shearing forces between 
contracting and inactive portions of the muscle may 
activate muscle nociceptors directly and thus elicit pain. 
An interesting hypothesis is that the mechanical forces 
may also activate intramuscular motor nerve terminals, 
a mechanism which could maintain the cramp (Layzer 
1985). 

HI-A.4.b. Long-lasting increase in muscle tone. For a 
long time, increased muscIe tone has been regarded as 
a possible source of pain. This assumption has never 
been proven by scientific studies, however. An addi- 
tional problem is that the term ‘muscle tone’ is not 
unequivocally defined. For the purpose of this article, a 
visco-elastic tone which is determined by the physical 
properties of the tissue (osmotic pressure of fluids, 
elastic tension of connective tissue, pressure exerted by 
fascia), is distinguished from a neuromuscular tone 
which is caused by a weak and constant activation of a 
small number of motor units (cf., Cfemmesen 1951). 

It is generally agreed that a completely relaxed 
muscle is silent in the EMG (Taverner 1954; Douglas 
et al. 19891, i.e., under these conditions there is only a 
visco-elastic tone. In the sense of the above definition, 
a muscular hypertonus can be due either to a change in 
passive tissue factors (e.g., in~ammato~ swelling) or to 
an increase in neuromuscular activity. The clinical defi- 
nition of muscle tone often implies resistance to pas- 
sive movements, i.e., besides properties of the muscle 
itself spinal reflex phenomena may come into play 
which contribute to the muscle ‘stiffness’ ~Heffiwefl et 
al. 1988; Douglas et al. 1989). 

Moderate increases in neuromuscular tone such as 
occur during mental or psychic stress are usually not 
perceived as painful and can be abolished by voluntary 
relaxation. Examples of painful changes of neuromus- 
cular muscle tone are spasms which have been defined 
as sustained involuntary contractions which can be 
painful or not (Taverner 1954). Both cramps and spasms 
cannot be terminated by voluntary relaxation. 

Painful spasms are often accompanying symptoms of 
other diseases such as skeletomotor disturbances in 
general, rheumatism, or multipIe sclerosis (Brochocki 
1962; Ashworth 1964). It is unlikely that the pain of 
muscle spasms is due to a direct mechanical activation 
of muscle nociceptors by the increased muscle tension, 
since the increase in intramuscular pressure is probably 
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not sufficiently high. Another possible mechanism for 
the activation of nociceptors is that in spastic muscle 
the blood vessels are compressed so that the muscle 
contracts under ischemic conditions. As described in 
Section III-D.2 this situation is assumed by some to 
lead to a vicious cycle that maintains the spasm. 

III-A.5. Section summary 
Nociceptor pain is characterized by a peripheral 

tissue lesion which activates nociceptors. The immedi- 
ate pain accompanying an acute muscle trauma is 
probably caused by direct mechanical activation of 
muscle nociceptors, and the ensuing tenderness by 
sensitization of the receptors by endogenous sub- 
stances. The muscle soreness that follows heavy eccen- 
tric exercise is accompanied by massive histological 
alterations such as necrosis of muscle fibers and cellu- 
lar infiltration. The tenderness of a sore muscle is most 
likely due to a chemical sensitization of nociceptors. 
Inflammatory muscle pain is probably caused by a 
raised background discharge in muscle nociceptors 
which are excited by inflammatory substances. These 
substances are also responsible for the sensitization of 
nociceptors and the associated tenderness. The pain of 
intermittent claudication does not seem to be depen- 
dent on the accumulation of lactate. BKN, PGs and 
potassium ions are candidate substances that may pro- 
mote ischemic pain. The pain of a muscle cramp may 
be due to a contraction of only part of the muscle at a 
high frequency. The resulting shearing forces could 
activate muscle nociceptors directly. Muscle tone can 
be considered as consisting of two components, a 
visco-elastic and a neuromuscular tone. A muscular 
hypertonus can be due to a change in either compo- 
nent. Examples of a painful increase of neuromuscular 
muscle tone are spasms. A possible factor for the 
activation of nociceptors in spastic muscle is compres- 
sion of blood vessels which results in ischemic condi- 
tions for the contracting muscle. 

III-B. Referred muscle pain 

It is well known that muscle pain and tenderness, 
similar to visceral pain, is not (only) perceived at the 
site of a lesion but usually is referred. If only the 
referred muscle pain or tenderness is present, localiza- 
tion of the pain source may be difficult (Staff 1988). As 
muscle lesions often show a typical and constant pat- 
tern of pain referral, the patterns can be used for 
locating the muscle that contains the source of pain. 
This is particularly true for the pain caused by trigger 
points which consist of palpable and tender hardenings 
within a taut band of muscle fibers. Forced palpation 
of the trigger point elicits a twitch of the taut band and 
reproduces the referred pain (Travel1 and Rinzler 1952; 
Travel1 and Simons 1983). A remarkable feature of the 

referral of muscle pain is that it is not confined to the 
borders of one dermatome or myotome, although its 
constancy suggests that it follows fixed anatomical 
pathways (Travel1 and Rinzler 1952). The elegant ex- 
periments of Bogduk (1980) have shown, however, that 
referral of deep pain from the dorsal to the ventral 
ramus of a lumbar spinal nerve, i.e., within the same 
segment, can be particularly effective. 

A discussion of the mechanisms of pain referral is 
not within the scope of this article. As the connectivity 
of dorsal horn neurons with input from muscle noci- 
ceptors is similar to those involved in visceral nocicep- 
tion, the referral concepts developed for visceral pain 
(convergence-projection theory by Ruth (1949) and 
convergence-facilitation theory by MacKenzie (1909)) 
may also apply to muscle pain. A central assumption of 
these concepts is that higher central nervous centers 
are unable to localize the peripheral lesion correctly 
because the information provided by neurons in lower 
centers (e.g., in the spinal cord) is equivocal. The 
reason for the mislocalization of the pain source is 
seen in the fact that nociceptive neurons in lower 
centers receive convergent inputs from various tissues 
so that higher centers cannot identify the actual input 
source. All recent animal studies on dorsal horn neu- 
rons have supported this aspect of the convergence- 
projection theory by showing that cells driven by noci- 
ceptive afferent fibers from muscle (Hoheisel and 
Mense, 1989a; Yu and Mense, 1990a), joint (Schaible 
and Schmidt 1987a) and viscera (Cervero 1983; Fore- 
man et al. 1984) exhibit an extensive convergence from 
these sources, often in addition to input from the skin. 

It is tempting to speculate that the dorsal horn 
neurons receiving convergent input from, e.g., muscle 
and joint are responsible for the referral of muscle 
pain to neighboring joints (Kellgren 1938), but this 
explanation is probably too simple. Many of the neu- 
rons with muscle input have additional RFs in the skin, 
but referral of muscle pain (experimental and patho- 
logical) to the skin does not seem to occur (Kellgren 
1938; Lewis 1942). The asssumption that convergent 
cells mediate cutaneous pain does not solve the prob- 
lem, because then there is no function for the deep 
RF; referral of skin pain to deep tissues has not been 
described. The statement that neurons with RFs in 
both skin and muscle may be involved in the cutaneous 
hyper- and hypoalgesia that often accompanies muscle 
pain (Sinclair et al. 1948; Hockaday and Whitty 1967) is 
so general that it does not explain anything. 

Another relatively new problem for the understand- 
ing of referred muscle pain is the finding that dorsal 
horn neurons can change the size, number and nature 
(high-threshold or low-threshold) of their RFs rapidly 
in the presence of noxious stimuli to muscle (Hoheisel 
and Mense 1989b; Hu et al. 1992). Thus the input 
convergence onto a given neuron is not a constant 
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feature; it may develop acutely under the influence of a 
peripheral lesion. A finding supporting this view is that 
the stimulus-induced formation of new RFs or changes 
in existing RFs in animal experiments often take sev- 
eral minutes during which new synaptic connections 
may become effective (see above). Evidence obtained 
in clinical studies likewise suggests that referral of 
deep pain may not be brought about by the use of fixed 
connections; referral occurs only (or predominantly) if 
the pain reaches a high intensity (Sinclair et al. 1948; 
Torebjijrk et al. 1984b), and it needs time to develop 
(Inman and Saunders 1944). A possible interpretation 
of these data is that referral of muscle pain reflects the 
formation of new central nervous connections and thus 
may be another aspect of neuroplasticity. 

Whether the mechanisms causing spread or radia- 
tion of muscle pain are different from those underlying 
referral is unknown. Parallels are that radiation is 
marked only if the pain is intense, that it has a slow 
time course and that radiation to the skin does not 
occur (Inman and Saunders 19441. Possibly, referral of 
muscle pain to closely neighboring regions is perceived 
as spread or radiation. 

An interesting aspect of muscle pain and referral is 
that visceral pain can be referred not only to the skin 
but also to skeletal muscle (Sinclair et al. 19481. Thus 
pain in the pectoralis muscle can accompany coronary 
infarction (Travel1 and Rinzler 1952). The muscle to 
which visceral pain is referred often shows signs of 
hyperalgesia (Vecchiet et al. 1990). 

III-B. 1. Section summary 
Referred muscle pain is perceived remote from the 

site of a muscle lesion. The pain is usually referred to 
other deep tissues and often to sites outside the der- 
matome or myotome that contains the lesion. One 
possible reason for the mislocalization of the pain 
source is that nociceptive dorsal horn neurons receive 
convergent inputs from various tissues so that higher 
centers cannot identify the actual input source. A new 
finding is that the input convergence onto a given 
neuron may develop acutely under the influence of a 
peripheral lesion. Thus, referral of muscle pain may 
reflect the formation of new central nervous connec- 
tions and may be another aspect of neuroplasticity. 

III-C, Other forms of muscle pain 

Every nerve lesion that affects primary afferent neu- 
rons that are involved in muscle nociception can lead 
to neurogenic muscle pain which is projected to the 
region supplied by the neurons. This type of muscle 
pain is often associated with cutaneous and visceral 
pain (or dys- and paresthesias) because of concomitant 
lesions of neurons supplying the skin and viscera. The 
causes of neurogenic muscle pain are multifold: inter- 

ruption of peripheral nerves followed by neuroma for- 
mation, nerve inflammation, compression of dorsal 
roots by a herniated disk or a narrow spinal canal, 
radiculitis or radiculopathy, root avulsion, alcoholic 
and diabetic neuropathies. 

Chronic axotomy distal to a DRG is followd by an 
increase in the synthesis of the neuropeptides galanin 
and vasoactive intestinal peptide in DRG cells which 
normally do not express these peptides. In contrast, SP 
is depleted in the ganglion cells (Villar et al. 1989; Xu 
et al. 19901. It is unclear, however, whether the changes 
in neuropeptide expression, which are followed by 
changes in neuropeptide content in the spinal cord, are 
causally related to the pain of nerve lesions. 

Central muscle pain can occur as a direct sequel of 
injury to the spinal cord or higher central nervous 
centers. A theoretical mechanism, for which direct 
evidence is still lacking, would be that in the course of 
chronic muscle pain central nervous neurons are sensi- 
tized to such an extent that they become the source of 
central pain. 

Another form of muscle pain for which a central 
nervous pathogenetic component has been discussed is 
fibromyalgia. The syndrome is characterized by a com- 
bination of widespread pain with tenderness of multi- 
ple points of the musculoskeletal system (American 
College of Rheumatology 19901. The mechanisms un- 
derlying the spontaneous pain and formation of tender 
points in muscle and tendinous insertions are un- 
known. There is evidence indicating that a sensitization 
of muscle nociceptors due to disturbances of the micro- 
circulation may be of importance (Henriksson and 
Bengtsson 1991). Histological signs of an inflammation 
have not been found by most authors; the moth-eaten 
appearance of some muscle fibers has been assumed to 
be caused by local ischemia and spasms (Fassbender 
and Wegner 1973; Kalyan-Raman et al. 1984). This 
view is supported by the finding that the levels of 
high-energy phosphates in the muscles of fibromyalgia 
patients are lower than normal (Bengtsson et al. 1986). 
The painful muscles exhibit neither increased tension 
nor raised activity in the surface EMG (Zidar et al. 
1990). Published data on the intramuscular p0, in 
patients with fibromyalgia (or generalized tendomyopa- 
thy as it is called in many European countries) (Miiller 
1991) are conflicting: both a trend to a decrease (Lund 
et al. 1986) and increase (Briickle et al. 1990) have 
been reported. This discrepancy may be partly due to 
the fact that Lund and coworkers used surface elec- 
trodes and Briickle and coworkers needle electrodes 
for measuring PO,. 

The beneficial effect of a sympathetic block on 
spontaneous pain and pain arising from tender points 
has been interpreted as indicating that sympathetic 
efferent activity may be a pathogenetic factor in fi- 
bromyalgia (Bengtsson and Bengtsson 19881. However, 



recent microneurographic data have not supported the 
assumption that in fibromyalgia patients the sympa- 
thetic activity in muscle nerves is increased (Elam et al. 
1992). The analgesic effect of a sympathetic block can 
therefore not be attributed to the reduction of an 
increased sympathetic activity but must be due to other 
reasons, e.g., hypersensitivity of blood vessels or noci- 
ceptors to normal levels of sympathetic activity and 
transmitters (see above). 

The hypothesis that changes in the CNS may be 
relevant for the pathogenesis of fibromyalgia rests 
largely on the lack of pathological findings in routine 
laboratory tests. More special tests revealed that the 
cerebrospinal fluid level of SP is increased Waeroy et 
al. 1988) and the serum level of 5-HT decreased in 
fibromyalgia patients (Moldofsky 1982). As SP is con- 
sidered to be a pain-promoting substance, and 5-HT is 
known to be a transmitter in the descending antinoci- 
ceptive system (Basbaum and Fields 19841, these find- 
ings may be indicative of an altered processing of the 
pain information in central nervous pathways (for a 
discussion of possible pathogenetic factors of fi- 
bromyalgia, see Russell 1989; Henriksson and Bengts- 
son 1991). 

Chronic muscle pain can also be due to the myofas- 
cial pain syndrome which resembles fibromyalgia in 
some respects. The syndrome is characterized by the 
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presence of single or multiple trigger points in skeletal 
muscle and/or fascia which are palpable as localized 
muscle hardenings. Similar to the tender points in 
fibromyalgia, myofascial trigger points are tender to 
palpation, but upon pressure stimulation the latter 
exhibit additional features which are lacking in fi- 
bromyalgia, e.g., elicitation of a local twitch response, 
of referred pain, and of autonomic symptoms (Travel1 
and Simons 1983, 1992). The presence of trigger points 
is the main feature that distinguishes myofascial pain 
from fibromyalgia (Simons 1988). The basic pathologi- 
cal process underlying the formation of a trigger point 
appears to be a local disturbance in the muscle tissue, 
often a trauma due to overload. The mechanisms that 
may lead to a chronic perpetuation of an acutely formed 
trigger point are discussed in Section III-D.l. 

Ill-C.I. Section summary 
Every nerve lesion that damages primary afferent 

neurons involved in muscle nociception can lead to 
neurogenic muscle pain which is projected to the re- 
gion supplied by the neurons. As causes of neurogenic 
muscle pain, interruption or mechanical irritation of 
peripheral nerves, nerve inflammation, and alcoholic 
or diabetic neuropathies have to be considered. Fi- 
bromyalgia is characterized by a combination of 
widespread pain with tenderness of multiple points in 
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the musculoskeletal system. Pathological alterations of 
the tissue at the tender points as well as altered pro- 
cessing of the pain information in central nervous 
pathways are being discussed as mechanisms underly- 
ing the disease. The myofascial pain syndrome is char- 
acterized by the presence of trigger points in skeletal 
muscle and/or fascia. Trigger points are also tender to 
palpation but, in contrast to the tender points of fi- 
bromyalgia, the former elicit local twitches, referred 
pain, and autonomic symptoms following local pressure 
stimulation. 

111-D. Possible mechanisms for the transition from acute 
to chronic muscle pain 

III-D. 1. Chronic sensitization of peripheral nociceptors 
Data obtained in behavioral experiments indicate 

that following a tissue lesion nociceptive nerve endings 
can maintain a state of subthreshold sensitization for 
prolonged periods of time (Nakamura-Craig and Smith 
1989). In this state, minute amounts of SP, which are 
not sufficient for sensitizing nociceptors under normal 
conditions, can induce a long-lasting sensitization. A 
similar action has also been described for neurokinin A 
which is 10 times more potent than SP in this respect 
(Nakamura-Craig and Gill 1991). 

A chronic sensitization of nociceptors can also be 
due to a persistent tissue lesion that constantly releases 
sensitizing substances. Such a mechanism may con- 
tribute to the maintenance of trigger points in skeletal 
muscle. A possible mechanism for the formation and 
maintenance of a trigger point is that a muscle lesion 
leads to ruptures of the sarcoplasmic reticulum and 
releases calcium from the intracellular stores. The in- 
creased calcium concentration causes sliding of the 
myosin and actin filaments; the result is a local con- 
tracture (myofilament activation without electrical ac- 
tivity) which has a high oxygen consumption and causes 
hypoxia. The hypoxia is followed by a drop in intracel- 
lular ATP which is required as an energy source by the 
calcium pump. If the function of the pump is impaired, 
intracellular calcium remains elevated, and the actin 
and myosin filaments are permanently activated. In- 
stead of a rupture of the sarcoplasmic reticulum, local 
ischemia can also start the vicious cycle (left-hand cycle 
in Fig. 16). 

An additional factor may be the traumatic or is- 
chemic release of vasoneuroactive substances which 
produce a local edema that in turn compresses venules 
and enhances ischemia and hypoxia. 

Hypoxia is known to be one of the main factors 
promoting the release of BKN from plasma proteins 
(right-hand cycle in Fig. 16). Thus, two vicious cycles 
can be constructed which are interconnected and per- 
petuate the contracture (modified after Travel1 and 
Simons 1983). Whether local reflex contractions via 

alpha- or gamma-motoneurons contribute to the main- 
tenance of such a trigger point is an open question. 

The above vicious cycle concept is largely hypotheti- 
cal; the central role of ischemia, however, is supported 
by the recent finding that the oxygen tension inside 
myogeloses (which are probably equivalent to trigger 
points in muscle) is extremely low (Briickle et al. 1990). 
Thus, the chronic pain and tenderness of a trigger 
point may be due to a local focus of ischemia that 
continuously releases BKN and other vasoneuroactive 
substances which in turn activate and/or sensitize no- 
ciceptors. 

III-D.2, Vicious cycles at the spinal level 
The formation of a muscle pain-spasm-muscle pain 

vicious cycle as a cause of chronic muscle pain is an old 
clinical concept (Travel1 et al. 1942; Cobb et al. 1975). 
As stated in Section II-H, there are two main types of 
vicious cycle that have to be discussed as possible 
explanations of chronic pain, namely motor reflexes via 
alpha- or gamma-motoneurons (causing spasms) and 
sympathetic reflexes (leading to ischemia or sensitiza- 
tion of nociceptors). It has to be emphasized that most 
of the components of the cycles have not been tested 
experimentally and that available experimental data do 
not support the vicious cycle concept. This is particu- 
larly true for the alpha- and gamma-motor reflexes. A 
persisting muscle-to-muscle reflex via alpha- 
motoneurons has never been proven to exist in patients 
with painful muscle spasms, and results from animal 
experiments suggest that the gamma-activity to a dam- 
aged muscle is reduced rather than increased (see 
above). 

There are further, more general, considerations that 
speak against a positive feedback mechanism via mus- 
cle nociceptors and motoneurons. A fact often over- 
looked is that according to the flexion reflex concept 
(Holmqvist and Lundberg 1961) a vicious cycle via 
alpha-motoneurons should be functional mainly in 
flexor muscles, because alpha-motoneurons of extensor 
muscles are inhibited by activation of nociceptors of 
the homonymous muscle (Paintal 1961). For extensor 
muscles, an activation of the gamma loop by muscle 
nociceptors can be postulated as a cause of reflex 
spasms but available experimental data do not support 
this assumption. The gamma system can also be acti- 
vated by descending impulses in extrapyramidal motor 
pathways. These pathways are under the control of 
higher cortical centers and are likely to be more active 
under conditions of psychic stress. Via this connection 
psychogenic increases in muscle tone might occur. In 
those patients with tension headache whose facial mus- 
cles exhibit increased EMG activity, the pain may be 
due to such a mechanism. 

In patients with temporomandibular dysfunction, the 
painful masticatory muscles have been reported not to 
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show increased EMG activity. Instead, the force of 
MVCs of the painful muscles was reduced (Lund et al. 
1YYl). These data do not support the assumption that 
painful muscles are reflexly driven to higher activity. In 
their short review of pain mechanisms in masticatory 
muscles, Lund et al. (1991) arrive at the conclusion 
that, at least for temporomandibular pain, the vicious 
cycle model is incorrect. 

One of the crucial assumptions of the vicious cycle 
concept, namely that a spastic muscle compresses its 
vasculature, is likewise questionable. Although there is 
compelling evidence that during MVC the high intra- 
muscular pressure occludes the muscle arteries (Sylvest 
and Hvid 19591, moderate degrees of static exercise (up 
to 30% MVC) have been shown to lead to an increase 
in muscle blood flow in humans (Richardson 1981) and 
experimental animals (Hilton et al. 1978). Under these 
conditions the muscular p0, is likewise increased 
(Harrison et al. 1984). Recent data from patients show 
that the p0, inside muscles exhibiting increased ten- 
sion may be higher than normal (Briickle et al. 1990). 
However, there are muscles (like the supraspinatus) 
which show significant reductions in blood flow during 
static contractions of as little as 16% of MVC (Jarvholm 
et al. 1988). 

For a long time, there have been clinical case re- 
ports describing muscle inhibitions rather than activa- 
tions as a sequel to lesions of the musculoskeletal 
system. An example is the Chassaignac (18.56) syn- 
drome which is characterized by an acute paralysis of 
the arm muscles in children caused by a forceful trac- 
tion to the upper extremity such as occurs when adults 
try to keep children from falling down. Reflex inhibi- 
tions of muscle groups can also be induced by lesions 
of joints, ligaments, and bones which must not neces- 
sarily be painful (DeAndrade et al. 1965; Brucini et al. 
1981; Spencer et al. 1984). On the long-term scale, 
these inhibitions lead to atrophy of the affected mus- 

cle. 
At present, no generally accepted concept seems to 

exist which could explain why muscles react with a 
spasm in one case of a peripheral lesion and with an 
inhibition in the other. Possible mechanisms are that 
postural muscles tend to become hyperactive, and pha- 
sic (locomotor) muscles atrophic (Lewit 1984), or that 
painful muscles are inhibited whereas those muscles 
that protect the damaged muscle from painful move- 
ments become hypertonic (Briigger 1984). Another 
possibility is that the spasms and involuntary EMG 
activity observed in some patients with muscle pain are 
not caused by reflexes at all but by a permanent 
activation of descending motor pathways because of 
psychic stress. 

The hypothesis that increased sympathetic activity 
or reflexes contribute to muscle pain is an open ques- 
tion. At least in fibromyaigia patients such a mecha- 

nism does not seem to be present, since microneuro- 
graphic data do not show a sympathetic overactivity 
(Elam et al. 1992). 

111-0.3. Sensitization of central nervous neurons 

In view of the well-established findings that dorsal 
horn neurons can be easily sensitized and that input 
from muscle via slowly conducting afferent fibers is 
particularly effective in this regard, it is likely that 
strong and long-lasting muscle pain leads to a sensitiza- 
tion of central nervous neurons. The sensitization is 
probably associated with increased expression of IEGs 
which in turn lead to changes in the protein synthesis 
of the cell (Morgan and Curran 1989) and to morpho- 
logical changes (Gobel 1984). These events are likely to 
perpetuate the abnormal discharge behavior of the 
cells and to make an effective treatment more difficult. 

Taken together, these data suggest that sensitized 
nociceptive neurons show plastic changes in their be- 
havior, metabolism, and morphology. If the peripheral 
lesion persists for a prolonged period of time or occurs 
repeatedly, a maintained state of increased neuronal 
activity and sensitivity may result which may subjec- 
tively be perceived as chronic pain. 

111-0.4. Disturbances of’ the descending antinociceptirle 

system 

This mechanism may be of particular importance for 
muscle pain, as evidence from animal experiments sug- 
gests that the nociceptive information from muscle is 
subjected to a much stronger descending inhibition 
than is the information from cutaneous nociceptors 
(Yu and Mense 1990a; Yu et al. 1991). The inhibition 
of dorsal horn neurons that process input from muscle 
nociceptors is tonically active; therefore, a pathological 
alteration of the antinociceptive system may lead to an 
increased activity and responsiveness of the neurons. 
Such changes might be perceived as muscle pain by 
patients. At present, this hypothesis rests solely on 
data obtained in animal experiments. A possible clini- 
cal example of muscle pain which may be partly due to 
this mechanism is the pain of fibromyalgia. It is not 
proven, however, that the decreased serum levels of 
5-HT in fibromyalgia patients are an indication of an 
impaired function of the descending antinociceptive 
system. 

Ill-D.5 Section summary 
Following a tissue lesion nociceptive nerve endings 

have been reported to maintain a state of chronic 
subthreshold sensitization. Chronic sensitization of no- 
ciceptors can also be due to a persistent tissue lesion 
that constantly releases sensitizing substances. The two 
main types of vicious cycle that are being discussed as 
possible explanations of chronic pain, namely motor 
reflexes via alpha- or gamma-motoneurons and sympa- 
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thetic reflexes, are not supported by the available ex- 
perimental data. The gamma system can also be di- 
rectly activated by descending impulses in extrapyrami- 
da1 motor pathways, e.g., under conditions of chronic 
psychic stress. The pain of muscle contraction headache 
may be due to such a mechanism. Strong and long-last- 
ing muscle pain is likely to lead to a sensitization of 
central nervous neurons. The sensitization is associated 
with increased expression of IEGs which in turn lead 
to metabolic changes in the sensitized cell. If a periph- 
eral lesion persists for a prolonged period of time or 
occurs repeatedly, a maintained state of central sensiti- 
zation (hyperexcitability) may result which could sub- 
jectively be perceived as chronic pain. A pathological 
alteration of the descending antinociceptive system may 
be followed by a similar state of central hyperexcitabil- 
ity. 

IV. Unresolved questions 

IV-A. What does a muscle nociceptor look like? 
Available data indicate that free nerve endings in 

deep somatic tissues show marked differences in their 
morphology (Andres et al. 1985; During and Andres 
1990; Heppelmann et al. 1990). However, the questions 
as to which type of ending has a nociceptive function 
and whether there are different morphological types of 
muscle nociceptor cannot be answered. This problem 
could be solved in experiments in which single nocicep- 
tive afferent units are injected with a marker substance 
and reconstructed in the electron microscope. 

IV-B. Where in the spinal cord do muscle group-IV fibers 
terminate? 

Together with lamina I, lamina II is the main area 
of termination of cutaneous non-myelinated fibers, but 
lamina II does not appear to be a projection site for 
group-IV fibers from muscle, since it is free from 
labeling following application of HRP to a cat muscle 
nerve (Nyberg and Blomqvist 1984; Mense and Craig 
1988). If one assumes that HRP labels all the spinal 
terminations of a muscle nerve, one has to conclude 
that cat muscle group-IV fibers terminate in laminae I 
and V, but not in lamina II. Muscle group-IV fibers 
have been reported to drive neurons in lamina I the 
axons of which do not project in the SIT, whereas cells 
of origin of this tract do not receive input from muscle 
group-IV fibers (Craig and Kniffki 1985). This raises 
the question by what pathway the information from 
group-IV muscle nociceptors reaches higher-order cen- 
tral nervous centers in the cat. In the primate, SIT 
cells driven by group-IV fibers from muscle have been 
found (Foreman et al. 1979a). 

In an anesthetized experimental animal, the numer- 

ous non-myelinated afferent fibers of a muscle nerve 
(Mitchell and Schmidt 1983) have a surprisingly weak 
action on dorsal horn neurons. Out of several hundred 
cells with deep RFs recorded from in the cat and rat 
(Hoheisel and Mense 1990; Yu and Mense 1990a) only 
a few showed a muscle group-IV fiber input. In con- 
trast, a large proportion of the dorsal horn neurons 
with cutaneous RFs exhibited C fiber-induced re- 
sponses under identical experimental conditions. Possi- 
ble explanations are that in anesthetized animals the 
group-IV fiber input from muscle is more susceptible 
to anesthetics than is that from the skin (a particularly 
strong action of barbiturates on group-IV input has 
been described by Wall (1967)) and/or that the muscle 
group-IV fiber input is tonically inhibited (Yu et al. 
1991). It is also possible, however, that the efficacy of 
synaptic connections between muscle group-IV fibers 
and dorsal horn neurons is completely different from 
that of cutaneous non-myelinated fibers. 

IV-C. How do higher central nervous centers extract the 
information on muscle nociception from dorsal horn 
neurons? 

Subjectively, muscle pain can be clearly distin- 
guished from cutaneous and visceral pain. However, 
pain from muscle does not seem to be due to activity in 
a specific set of central nervous neurons. In studies on 
dorsal horn neurons in anesthetized cats, an extremely 
small number of cells with exclusive input from muscle 
nociceptors were found, if any (Hoheisel and Mense 
19891-3, 1990). The bulk of the neurons receiving input 
from muscle nociceptors had additional input from 
other receptors in the skin and/or other deep somatic 
tissues. Of course, in animal experiments the anesthe- 
sia has a strong influence on the results. On the other 
hand, the assumption that in the non-anesthetized 
individual, neurons specific for muscle pain will be 
present appears to be unlikely since in awake, drug-free 
cats the proportion of dorsal horn neurons with pre- 
sumably nociceptive properties (WDR cells) was found 
to be smaller than in lightly anesthetized animals (Col- 
lins 1987). Probably, the neuronal processing of noci- 
ceptive information from muscle at spinal and higher 
levels is highly complicated and not (only) based on the 
activation of muscle nociceptors and central nervous 
pathways specific for muscle pain. 
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