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“… The progress of science is tremendously disorderly, and the 

motivations that lead to this progress are tremendously varied, and the 

reasons why scientists go into science, the personal motivations, are 

tremendously varied. I have said ... that science is a haven for freaks, 

that people go into science because they are misfits, and that it is a 

sheltered place where they can spin their own yarn and have 

recognition, be tolerated and happy, and have approval for it…” 
 

Interview with Max Delbrück (1978), p. 87. Oral History Project, California Institute 
of Technology Archives, Pasadena, California. 

 
 

 

“… If you're too sloppy, then you never get reproducible results, then 

you never get reproducible results, and then you never can draw any 

conclusions; but if you are just a little sloppy, then when you see 

something startling, (...) you nail it down (...). So I called it the 

"Principle of Limited Sloppiness"…” 

 

Interview with Max Delbrück (1978), p. 76-77. Oral History Project, California 
Institute of Technology Archives, Pasadena, California. 

 

 

 

 

 

 

 



IV   

 

  

Summary 
Injury of limb nerves leading to neuropathic pain mostly affects also deep somatic 

nerves including muscle nerves. The role of the afferent and efferent innervation of deep 
somatic tissues in triggering and maintaining neuropathic pain remains unclear and has not 
been studied so far. Ectopic impulses in the injured myelinated and unmyelinated afferents 
occurring spontaneously or being evoked by mechanical or thermal stimulation are considered 
to be crucial for the development of neuropathic pain. Functional discharge characteristics and 
molecular transduction mechanisms underlying the mechano- and thermosensitivity of injured 
muscle afferents have to date not been systematically studied and are practically unknown.  

This study on rats concentrates on the discharge characteristics of myelinated (A-fibers) 
and unmyelinated (C-fibers) muscle afferent neurons using neurophysiological techniques in 
vivo, 4-13 hours or 4-7 days following crush lesion of the lateral gastrocnemius-soleus nerve. 
The injured muscle afferent neurons were studied for: (a) their responsiveness to mechanical 
and thermal stimulation; the rate and pattern of spontaneous activity; the conduction velocity 
of the injured axons with respect to their response properties to the physiological stimuli and 
to the spontaneous activity; the response pattern (combinations of responses) to physiological 
stimuli; (b) their responsiveness to local application of the transient receptor potential (TRP) 
agonists capsaicin (TRPV1), menthol (TRPM8) and mustard oil (TRPA1); (c) their 
responsiveness to activation of postganglionic axons by electrical stimulation of the 
sympathetic chain; and (d) their afterdischarge to electrical stimulation of the muscle nerve. 

(1) Four to 13 hours after muscle nerve injury ectopic activity is almost absent in A-
fibers but already present in many C-fibers. Four to 7 days after lesion of the muscle nerve 
almost all injured afferent A- and C-fibers develop ongoing and/or evoked activity originating 
at the injury site. Mechanosensitivity is prominent in the majority of A- and C-fibers. Heat 
and cold sensitivity in injured A-fibers and cold sensitivity in injured C-fibers appear to be 
novel functional properties. In the first two weeks after a nerve injury the proportion of A-and 
C-fibers exhibiting ectopic activity are double as high in a muscle nerve then in a skin nerve.  

(2) Capsaicin dose-dependently activates most heat-sensitive C- and some heat-
sensitive A-fibers and desensitizes almost all heat-sensitive muscle afferents for heat stimuli 
without affecting cold- or mechanosensitivity. Thus heat-sensitivity of most C- and some A- 
muscle afferents may be dependent on the TRPV1 channel. Heat-sensitivity of the capsaicin-
insensitive A-fibers might be mediated by other channels (e.g., the TRPV2 channel, which is 
reported to be present mainly in medium- to large-diameter primary afferent neurons). 
Menthol dose-dependently activates all cold-sensitive C-fibers and sensitizes their cold 
response. Most cold-sensitive A-fibers are depressed in their activity and desensitized in their 
responses to cold stimuli by menthol. Cold-sensitivity of injured unmyelinated muscle 
afferents is probably mediated by the TRPM8 channel. However, other channels (e.g., the 
TRPA1 channel) may be involved in the novel cold- sensitivity of injured muscle A- 
afferents. 

(3) Sympathetic-afferent coupling is probably absent 4-7 days after the lesion of the 
muscle nerve. Longer regenerating time periods are probably required to accomplish this 
afferent-efferent cross-talk. 

(4) About 20% of the myelinated muscle afferents, but no afferent C-fibers, show 
afterdischarges in response to suprathreshold electrical stimulation of the muscle nerve with a 
few impulses at 1 Hz. Lidocaine without causing conduction block or affecting the rate of 
spontaneous activity, dose-dependently decreases the afterdischarge arguing that the 
afterdischarge is probably mediated by specific sodium channels.   

Whether and to what degree the discharge properties of injured muscle afferents 
contribute to deep neuropathic pain, dysesthesias and paresthesias as well as other functional 
changes in patients with nerve injury has to be explored.  
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 Zusammenfassung 
Schädigung von Extremitätennerven, welche zu neuropathischen Schmerzen führen, 

betreffen meistens tiefe somatische Nerven einschließlich Muskelnerven. Die Rolle der 
afferenten und efferenten Innervation tiefer somatischer Gewebe in der Erzeugung und 
Aufrechterhaltung neuropathischer Schmerzen ist unklar und wurde bisher experimentell mit 
neurophysiologischen Methoden wenig untersucht. Die spontane oder evozierte ektop 
erzeugte Impulsaktivität in geschädigten afferenten Neuronen mit myelinisierten oder 
unmyelinisierten Axonen ist wichtig in der Erzeugung und Aufrechterhaltung neuropathischer 
Schmerzen. Das funktionelle Entladungsverhalten und die molekularen 
Transduktionsmechanismen, welche der Mechano- und Thermosensibilität geschädigter 
Muskelafferenzen zugrunde liegen, sind bisher nicht systematisch untersucht worden und 
praktisch unbekannt.  

Die vorliegende experimentelle Arbeit an der Ratte beschreibt das Entladungsverhalten 
myelinisierter (A-Fasern) und unmyelinisierter (C-Fasern) Muskelafferenzen, welches mit 
neurophysiologischen Methoden in vivo 4-13 Stunden und 4-7 Tage nach Quetschläsion des 
Nervus gastrocnemius-soleus zu lateralen Wadenmuskulatur der Rattenhinterextremität 
herausgearbeitet worden ist. Folgende Merkmale der geschädigten afferenten Muskelneurone 
wurden untersucht: (a) Die Entladungen auf mechanische und thermische Reizung; die Höhe 
und das Muster der Spontanaktivität; die Leitungsgeschwindigkeiten der Afferenzen aufgeteilt 
nach ihrem Entladungsverhalten. (b) Die Erregbarkeit der Afferenzen auf die lokale 
Applikation der transient receptor potential (TRP) Agonisten Capsaicin (TRPV1), Menthol 
(TRPM8) und Senföl (TRPA1). (c) Die Erregbarkeit der Afferenzen bei Aktivierung der 
postganglionären Neurone, die in den geschädigten Muskelnerven projizieren, durch 
elektrische Reizung des (sympathischen) lumbalen Grenzstranges. (d) Die Nachentladung der 
Muskelafferenzen auf elektrische Reizung des Muskelnerven.  

(1) Vier bis 13 Stunden nach Nervenläsion sind A-Fasern fast nicht ektop aktiv, 
während viele C-Fasern schon ektope Aktivität zeigen. Vier bis 7 Tage nach Nervenläsion 
zeigenpraktische alleafferenten A- und C-Fasern Spontanaktivität und/oder mechanisch oder 
thermisch erzeugte Aktivität, die am Läsionsort entsteht. Die meisten A- und C-Fasern sind 
mechanosensibel. Hitze- und Kaltsensibilität sind neue funktionelle Eigenschaften der 
geschädigten afferenten A- und C-Fasern. Die Zahl von afferenten A- und C-Fasern mit ektop 
erzeugter Aktivität ist doppelt so hoch in den geschädigten Muskelnerven als im geschädigten 
Hautnerven. 

(2) Capsaicin aktiviert dosisabhängig die meisten hitzesensible C-Fasern und einige 
hitzesensiblen A-Fasern und desensibilisiert praktisch alle hitzesensiblen Afferenzen für 
Hitzereize ohne die Antworten auf Kaltreize oder mechanische Reize zu beeinflussen. Die 
Hitzesensibilität der geschädigten Afferenzen scheint deshalb durch den TRPV1-Kanal 
vermittelt zu werden. Bei Capsaicin-insensiblen aber hitzesensiblen A-Fasern kann der 
TRPV2-Kanal, der in afferenten Neuronen mit großen Zellkörpern nachwiesen worden ist, 
eine Rolle spielen. Menthol aktiviert dosisabhängig alle kaltsensiblen C-Fasern und 
sensibilisiert sie für Kaltreize. Menthol hemmt die ektope Aktivität in den meisten 
kaltsensiblen A-Fasern und desensibilisiert diese Fasern für Kaltreize. Die Kaltsensibilität 
geschädigter  C-Fasern wird wahrscheinlich durch den TRPM8-Kanal vermittelt. Andere 
TRP-Kanäle (z.B. der TRPA1-Kanal) können die Kaltsensibilität in geschädigten A-Fasern 
vermitteln.  

(3) Eine funktionelle Kopplung von sympathischen efferenten Fasern zu geschädigten 
Muskelafferenzen ist 4 bis 7 Tage nach Nervenläsion praktisch nicht nachweisbar. Längere 
Zeitintervalle nach Nervenläsion sind vermutlich nötig für die Entwicklung dieser 
pathologischen Kopplung nach Nervenläsion.  
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(4) Überschwellige elektrische Reizung des Muskelnerven mit wenigen Impulsen 
erzeugt Nachentladungen in etwa 20% der myelinisierten Afferenten, jedoch nicht in 
unmyelinisierten Afferenzen. Diese Nachentladung ist abhängig von der Reizstärke and kann 
vollständig blockiert werden durch Applikation von Lidokain an den Reizelektroden in 
Konzentrationen, die weder die Fortleitung noch die evozierten Aktivitäten blockieren. Die 
Nachentladungen werden vermutlich durch spezielle Natriumkanäle vermittelt.  

Ob und in welchem Ausmaß das ektope Entladungsverhalten  mechanisch geschädigter 
Muskelafferenzen zu neuropathischen Schmerzen, Dysästhesien, Parästhesien und sonstigen 
funktionellen Störungen bei Patienten mit Nervenläsionen beiträgt, werden zukünftige 
Untersuchungen zeigen müssen. 
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Chapter 1 

Introduction  

1.1 Overall description  

Nerve injury is followed by multiple changes in the peripheral and central nervous 

system resulting in neuropathic pain and other somatosensory abnormalities (Jänig 2009, 

Jänig and Kirillova 2012, Fig. 1.1). Lesioned primary afferent neurons undergo biochemical, 

morphological, and physiological changes expressed in up- or down-regulation of voltage-

gated ionic channels, transduction channels for physiological stimuli, membrane receptors for 

various chemical (in particular inflammatory) mediators, and the intracellular pathways 

coupled to them (McMahon et al 2006). Overall the lesioned primary afferent neurons switch 

to a state of regeneration, sprouting at as well as proximal to the lesion site in the nerve. The 

neurons may shrink. Neurons with unmyelinated (C-) fibers may die with time if no 

regeneration to the target tissue occurs (Degn et al 1999; Hu and McLachlan 2003; Jänig and 

McLachlan 1984; Lekan et al 1997; Tandrup et al 2000). Physiologically lesioned afferent 

neurons develop spontaneous and evoked ectopic excitability (see a in Fig. 1.1; Devor 2006). 

Starting within 4–6 h after the lesion, this ectopic activity can persist for weeks and months 

(Blenk et al 1996; Blumberg and Jänig 1984; Gorodetskaya et al 2003; Grossmann et al 2009; 

Jänig et al 2009; Michaelis et al 1995, 1999). 

Also intact (non-lesioned) afferent neurons with C-fibers and possibly A-fibers may 

change functionally as a consequence of a peripheral nerve lesion. Signalling to intact afferent 

neurons may occur at three sites: in the nerve, in the target tissue, and in the dorsal root 

ganglion (see b, c and d in Fig.1.1). After partial nerve lesion intact nerve fibers are 

surrounded by degenerating nerve fibers, activated Schwann cells, macrophages, and other 

inflammatory cells distal as well as proximal to the nerve lesion (Scholz and Woolf 2007). 

This inflammatory milieu may influence the excitability of the afferent neurons, enhance 

sensory transmission in the dorsal horn of the spinal cord, and/or induce spontaneous activity  
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Fig. 1.2. Consequences of peripheral nerve lesion. For details see overview. Modified from Jänig et al (2009). 

 

in unlesioned afferent nerve fibers (see b and d in Fig. 1.1; Ali et al 1999; Wu et al 2001; 

Djouhri et al 2006).  

In the dorsal root ganglion (DRG), signalling from the axotomized DRG cells may 

influence the intact (non-lesioned) DRG cells, either directly or via non-neural cells (e.g., 

satellite and other cells) involving neurotrophic factors and their receptors in neurons and 

satellite cells (McMahon et al 2006; Mendell 2009), followed by changes of excitability and 

generation of ectopic activity in the cells bodies (see d in Fig. 1.1; Michaelis et al 2000). 

Changes of lesioned afferent neurons entail short- and long-term plastic alterations in 

the central representations of the somatosensory system, including the spinal or trigeminal 

dorsal horn (see e in Fig. 1.1) as well as higher brain structures. These central molecular, 

morphological, and physiological changes may become with time irreversible, depending on 

the size and type of nerve lesion (Hökfelt et al 2006; Ossipov and Porreca 2008).  

Clinical observations and quantitative measurements on patients show, that the efferent 

sympathetic nervous system can generate or enhance pain, leading to sympathetically 

maintained pain (SMP) (Baron 2002, 2009; Jänig 2009). Experiments on animals have shown 

that after complete or partial nerve injury, both damaged and undamaged primary afferent 
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neurons may express adrenoceptors, develop chemical sensitivity to adrenoceptor agonists 

and can be activated by electrical stimulation of the sympathetic trunk (Michaelis et al 1996, 

Chen et al 1996, Baron 1999, Jänig 2009). The mechanisms underlying this sympathetic-

afferent coupling are little understood and remain to be explored. The investigation of the 

coupling of sympathetic fibers to injured muscle afferent fibers is therefore of special interest 

since almost 50% of the unmyelinated muscle nerve fibers are efferent postganglionic (Mense 

1993). 

Thus, neuropathic pain and other somatosensory abnormalities following nerve lesion 

are dependent on multiple changes in the peripheral and central nervous system. Ectopic 

activity in the lesioned afferent neurons is an important peripheral component triggering and 

maintaining central hyperexcitability. Thus central hyperexcitability and the plastic changes in 

the central sensory representations are the mechanistic basis of neuropathic pain. Now 

discharges in injured and uninjured afferent nociceptive and non-nociceptive neurons may 

trigger various signs of neuropathic pain (e.g., spontaneous pain, mechanical, or cold 

allodynia), paresthesias, or dysesthesias (Baron 2009). Up to the present most experimental 

investigations in the field of neuropathic pain focussed on cutaneous pain following nerve 

injury. Peripheral and central mechanisms following injury of deep somatic nerves including 

muscle nerves are largely unexplored. Up to now no quantitative studies of the 

mechanosensitivity, thermosensitivity, and spontaneous activity of afferent muscle fibers 

following muscle nerve injury have been conducted.  

So far the most important investigations on small diameter muscle afferents and 

mechanisms governing muscle pain have been done in experiments on animals, mainly cat 

and rat (Paintal 1960; Iggo 1961; Kumazawa and Mizumura 1977; Kaufman et al 1983; 

Mense and Meyer 1985; Diehl et al 1993; Ge and Khalsa 2003) and humans (Simone et al 

1994; Marchettini et al 1996) as described in the reviews of Mense (1993, 2012), Graven-

Nielsen (2004) and Kaufman (2002). Preliminary results show that the response pattern of 

muscle nociceptors in humans is indistinguishable from that of muscle nociceptors in animals 

(cat, dog or 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. 

Repetitive electrical microstimulation of the bundles of unmyelinated muscle afferents using 

tungsten wire electrodes inserted into a muscle nerve generates cramp-like pain sensations 

that are characteristic of muscle pain (Simone et al 1994). These data support the notion that 

muscle receptors characterized as nociceptive in animal experiments are the ones that trigger 

muscle pain in humans when excited. 
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1.2 Muscle afferents under physiological conditions 

1.2.1 Fiber composition of muscle nerves 

Afferent fibers innervating skeletal muscle are large-diameter myelinated (A�D- or group 

I fibers; A�E- or group II fibers), small-diameter myelinated (A�G- or group III fibers) or 

unmyelinated fibers (C- or group IV fibers). The nomenclature used to classify these afferent 

fibers was created by Lloyd (1943) (roman numbers) and by Gasser and Grundfest (1939) 

(Mense 1993). The most detailed experimental investigation of the properties of small-

diameter muscle afferents including muscle nociceptive ones have been conducted by Mense 

and co-workers in cat and rat (Mense 1993) and by Kumazawa and Mizumura in dog and rat 

(Kumazawa and Mizumura 1977) (Table 1.1).  

In the cat the nerve to the lateral gastrocnemius-soleus muscle is composed 

approximately of one-third myelinated and two-thirds unmyelinated fibers (Mitchell and 

Schmidt 1983). Approximately one-half of all fibers are afferent and the other half efferent 

(myelinated motoaxons, sympathetic postganglionic axons) (Langford 1983, Mitchell and 

Schmidt 1983) (Fig. 1.2). 

 

 
 
Fig. 1.2. Composition of axons in the nerve to the lateral gastrocnemius-soleus (GS) muscle in the cat 
(according to Mitchell & Schmidt 1983). 
 

1.2.2 Physiological properties of muscle afferent fibers 

Morphological and neurophysiological investigations have shown that the large- 

diameter myelinated fibers innervate muscle spindles or Golgi-tendon organs. They are 

mechanosensitive and involved in regulation of length and tension of skeletal musculature. 

Small-diameter afferent (A�G-, C-) fibers innervating skeletal muscle or its tendon consist 

functionally of various types as far as their responses to physiological stimuli are concerned. 
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 �$�.����-fibers �$�/-fibers C-fibers 
SA Many show high rate 

regular “ongoing” 
activity originating in 
muscle spindles 

Up to 90% C-fibers exhibit spontaneous activity consisting of single or 
grouped impulses at irregular intervals and �”�����������L�P�S���V 

Mechano- 
sensitivity 
 
 

pressure or force 
sensitive, muscle 
stretch sensitive 

1) pressure sensitive:  
44% low threshold 
mechanosensitive (LTM)  
33% high threshold 
mechanosensitive  (HTM) 
tissue-threatening pressure R 
answering to chemical agents 
– “pressure pain R” 

2) 23% static contraction 
and stretch-sensitive 

1) pressure sensitive: 
49% HTM; responsive to 
chemical agents (“pressure pain 
R”) 
32% LTM; responsive to 
innocuous muscle stretch, 
physiological contractions and 
weak pressure stimuli 

2) 19% static contraction sensitive 

Thermo-
sensitivity 

not described not described 50-60% are heat-sensitive and/or 
very few cold-sensitive 
1) low threshold (20°C-40°C), most 

of them do not respond to BKN, 
HTM, – thermoregulation R 

2) high threshold (>43°C, <20°C), 
polymodal nociceptors 

Function Stretch and 
contraction sensitive; 
tactile pressure or 
force sensation  

Static contraction sensitive; 
metaboreception in innocuous 
and noxious range (sympathetic 
pressor responses evoked by 
active muscle contraction; 
pressure sensation, pain 
sensation (fast responses) 

Static contraction sensitive; 
metaboreception in innocuous and 
noxious range; thermoregulation; 
pressure sensation; pressure pain 
sensation (slow responses); ischemic 
pain sensation 

 
Table 1.1. Physiological properties of muscle afferent fibers (adapted from Adreani et al 1997, Adreani and 
Kaufman 1998, Hayes et al 2005, Hoheisel et al 2005, Kaufman et al 1983, Light et al 2008, Mense and Meyer 
1985, 1988; Mense and Stahnke 1983; Taguchi et al 2005; for review see Kumazawa and Mizumura 1977, 
Mense 1993, Mense 2012). SA – spontaneous activity, BKN - bradykinin, HTM – high threshold 
mechanoreceptor, LTM – low threshold mechanoreceptor, R - receptor. 
 

Afferent muscle A�G-fibers are either nociceptive, low pressure sensitive or contraction-

sensitive. Unmyelinated muscle afferents are either nociceptive, low pressure sensitive, 

contraction-sensitive or thermosensitive (Table 1.1). The main type of receptive endings 

connected to small-diameter afferent fibers is the free nerve endings, mostly associated with 

small-diameter arterial blood vessels. 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 corpuscles). The Schwann cells ensheathing the small-

diameter afferents leave small patches of the axonal membrane uncovered, the so-called 

exposed axon areas, which are presumably the sites of action for chemical agents that are 

present in the normal active skeletal muscle as well as in pathologically altered skeletal 

muscle.  
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In vitro investigations of muscle afferent neurons using calcium imaging of dorsal root 

ganglion (DRG) cells show that small-diameter muscle afferent neurons may be divided, 

according to their chemo-sensitivity, into low and high metabolite-responsive afferent neurons 

(Light et al 2008). The small-diameter muscle afferent neurons are involved in activation of 

cardiovascular and respiratory systems during muscular exercise (Kaufman and Foster 1996; 

Mitchell et al 1983), in sensations during exercise, as well as muscle fatigue, deep pressure 

sensation (Graven-Nielsen et al 2004; Rivers and Head 1908), and pain sensations 

(Marchettini et al 1996, Simone et al 1994; Torebjörk et al 1984). 

The separation of the small-diameter afferent neurons innervating skeletal muscle into 

distinct types that are associated with several functions as propagated by Mense and others 

(Mense 1986, 1993) is still a matter of discussion. After all there is considerable overlap in 

the functional characteristics of the different groups of small-diameter muscle afferents. 

Therefore, the different functions mediated by the central nervous system (sensations 

including pain; adaptation of cardiovascular system and respiration) could also be triggered 

and supported by one population of small-diameter muscle afferents being mechanosensitive 

as well as chemosensitive in which the mechanical thresholds range from low-threshold to 

high-threshold. 

 

a. Conduction velocity and spontaneous activity:  

The conduction velocities (CV) of the large-diameter myelinated afferent fibers 

innervating skeletal muscle in the rat are: A�D- > 50 m/sec, A�E- 50-20 m/sec; small-diameter 

myelinated A�G- 20-2 m/sec, and unmyelinated C-fibers - < 2 m/sec (Lawson & Waddell 1991, 

Waddell et al 1989, Kirillova et al 2011a). The conduction velocity of muscle afferents may 

vary according to species, age, body size, nerve type and the temperature of the preparation 

(Djouhri and Lawson 2004). In the GS muscle of the cat, the conduction velocity of 

nociceptive afferent units spans the entire spectrum of 0.3-30 m/sec (Paintal 1960; Iggo 1961; 

Mense and Meyer 1985; Mense 1986). Also fibers of the same neurons may conduct more 

slowly in the dorsal root than in the peripheral nerve (Waddell et al 1989). Microneurographic 

data have shown that muscle nociceptors in humans likewise possess afferent fibers 

conducting in the range 0.6-13.5 m/sec (Simone et al 1994; Marchettini 1996). However other 

groups report that the propor�W�L�R�Q���R�I���Q�R�F�L�F�H�S�W�R�U�V���D�P�R�Q�J���$��-fibers (>20m/sec) is also relatively 

high (rating from 18% to 30%) in various nerves in different species (Djouhri and Lawson 

2004). 



Introduction  7 

 

 

Whether non-insured muscle afferents have spontaneous activity is very much debated. 

Many of the large-diameter myelinated afferents show high rate regular spontaneous activity 

originating in muscle spindles. It has been shown by some groups that intact muscle A�G-

afferents (Kumazawa and Mizumura 1977) and up to 90% of the intact muscle C-fibers 

exhibit a low rate of spontaneous activity (less than 0.1 imp/s) (Berberich et al 1988; Diehl et 

al 1993, Kumazawa and Mizumura 1977; Taguchi et al 2005). The functional significance of 

the spontaneous discharge is unknown. It will probably not elicit subjective sensations 

because single impulses in (cutaneous) nociceptive fibers have been reported not to reach 

consciousness (Torebjörk and Hallin 1974). Other studies reported no spontaneous activity 

inintact muscle afferents in humans (Marchettini 1996). 

 

b. Mechanosensitivity:  

Direct probing of muscle tissue may excite group II muscle afferent fibres (Lewin and 

McMahon 1991). Thus �$��-fibers are the main candidates for mediating the pressure or force 

sensation. Approximately 40% of the group IV units have a low mechanical threshold and 

respond to everyday stimuli such as weak deformation of muscle tissue, and some of them 

respond to stretch and active contractions over a wide range of force (Paintal 1960, Kaufman 

et al 1983; Mense and Meyer 1985; Abrahams 1986). Furthermore, non-painful pressure 

sensations can be evoked mechanically from muscle tissue in humans (Graven-Nielsen et. al. 

2004). These low-threshold mechanosensitive (LTM) units likely mediate innocuous pressure 

sensations from muscle, i.e. they are mechanoreceptors (Graven-Nielsen et al 2004; Hoheisel 

et al 2005). Another possible function the LTM receptors is that of “ergoreceptors”, i.e. they 

help adjust respiration and circulation during muscular exercise (Leshnower et al 2001).  

Most group IV and many group III muscle afferent fibers cannot be excited by small 

degrees of muscle stretch (Iggo 1961; Kumazawa and Mizumura 1977; Kaufman et al 1982). 

These afferents have a high mechanical threshold and also respond to noxious chemical 

stimuli. Paintal (1960) denoted these receptors “pressure-pain receptors” and suggested that 

one of their functions was to elicit pain sensations from muscle. In a recent study about 60% 

of the group IV muscle receptors did not respond to innocuous muscle stretch, physiological 

contractions, and weak pressure stimuli but required noxious (tissue-threatening) pressure for 

activation (Hoheisel et al 2005). Their discharge rate still increased at stimulus strengths 

within the noxious range. They thus fulfilled the major requirements for a nociceptor. Often, 

muscle nociceptors exhibiting these response properties are called high-threshold 
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mechanosensitive (HTM) receptors. Among group III muscle receptors, the proportion of 

HTM endings is smaller than among group IV units. The membrane of HTM receptors may 

be equipped with as yet unidentified mechanosensitive transient receptor potential (TRP) 

channels (e.g., TRPV4 channel) that have a high mechanical threshold (Liedtke 2005; for a 

review see Hu et al 2006). 

 

c. Thermosensitivity:  

There is little evidence in the literature suggesting that subjective sensations of warmth 

or cold can be elicited from deep tissues. The group of Graven- Nielsen (2002) showed that 

i.m. injections of hot 48°C isotonic saline in humans induced muscle pain in contrast to 

isotonic saline at lower temperatures (8-38°C). In contrast to thermal skin stimuli, the i.m. 

injections of warm orcold isotonic saline did not cause any thermosensation. The only 

function of the thermosensitive units which could be speculated upon is a participation in 

thermoregulation, meaning that thermosensitive receptors in deep tissues might form an 

additional input channel to thermoregulatory centers. 

Heat sensitivity has been reported in about 40 to 60% of intact muscle mechanosensitive 

C-fibers (Kumazawa and Mizumura 1977; Taguchi et al 2005). 50% of intact muscle 

mechanosensitive C-fibers are capsaicin-sensitive (Hoheisel et al 2004). Cold sensitivity was 

observed only in a few intact muscle C-fibers (Kumazawa and Mizumura 1977; Mense 1986, 

1993; Taguchi et al 2005). Activation of intact muscle A-fibers by heating or cooling the 

muscle has not been reported in the literature.  

All studies conducted 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 (20-40°C). Many thermosensitive endings exhibit a discharge behavior 

similar to that of cutaneous thermoreceptors and may fulfil thermoreceptive functions. They 

differ from nociceptors in that most of them do not respond to BKN (Mense 1986). Possibly, 

they form an input channel for thermoregulation and do not trigger a conscious sensation 

when activated (Jessen et al 1983, Graven-Nielsen et al 2002).  

Other group-IV muscle receptors have been reported 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 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 
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receptors may behave like “spurious thermoreceptors”. Therefore, a susceptibility of a 

receptive ending to temperature changes does not necessarily reflect a thermoreceptive or 

thermonociceptive function (Mense 1993). 

Many deep tissues including skeletal muscle, dura, testis and colon are reported to be 

innervated by polymodal mechano-heat-sensitive primary afferents. The heat sensitivity of 

deep tissues and the transduction mechanism involved in it are believed to subserve a 

nociceptive function sensing inflammatory changes after tissue injuries (Reeh and Pethö 

2000). This hypothesis is supported by growing evidence that several inflammatory 

mediators, including bradykinin, PGE2, histamine, low pH act on nociceptors, at least partly, 

by lowering the threshold of their heat and cold transduction mechanisms so profoundly that 

normal body temperatures become a driving force of excitation resulting in deep pain 

sensation. The specificity of muscle afferent’s thermosensitivity at the molecular level has 

almost not been studied so far. Only Mense´s group has shown that half of the unmyelinated 

muscle afferent fibers exhibit capsaicin sensitivity (Hoheisel et al 2004). 

 

d. Chemical excitability:  

In addition to the involvement in pressure sensation, static contraction, 

thermoregulation, muscle pain, muscle primary afferent neurons are very important as the 

afferent arm of sympathetic reflexes evoked by muscle contraction (see review by Kaufman 

and Hayes 2002). Thus, primary afferent endings in muscle could detect and encode muscle 

work using both mechanical and metabolic information. These “work receptors” were defined 

as “ergoreceptors”, a subset of which could be “metaboreceptors”, i.e. sensory endings that 

encode the metabolic state in skeletal muscle during muscle work (Kniffki et al 1981). 

Many reports have suggested the existence of at least two populations of 

metaboreceptive group III and group IV muscle afferents. According to this classification, one 

population is suggested to detect innocuous levels of metabolites contributing to sympathetic 

pressor responses evoked by active muscle contraction, but not to muscle pain. The other 

population is suggested to detect noxious levels of metabolites contributing to muscle pain 

(Kniff ki et al 1981; Mense 1993). Recent in vitro investigations of muscle afferent neurons 

using calcium imaging of dorsal root ganglion cells confirmed this idea and showed that 

small-diameter muscle afferent neurons may be divided, according to their chemosensitivity, 

into low metabolite responsive (46,5%) and high metabolite (53,5%) responsive afferent 

neurons (Light et al 2008). 
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Most high metabolite-responding DRG neurons innervating muscle were found among 

the smallest neurons innervating muscle and therefore have most likely unmyelinated (group 

IV) or thinly myelinated (group III) axons. It is likely that at least some of these afferent 

neurons have high thresholds to mechanical or thermal stimuli; thus these muscle afferents are 

polymodal nociceptive afferents (Adreani and Kaufman 1998; Berberich et al 1988; Haouzi et 

al 1999; Kaufman et al 1984; Mense and Meyer 1985).   

Molecular receptors found on cardiac and skeletal muscle afferent neurons do not 

respond to a single metabolite in the physiological range, but rather to a combination of two 

or more factors produced by muscle contraction (Naves and McCleskey 2005). Studies of 

Light and co-workers also showed that combinations of high concentrations of protons, 

lactate, and ATP activate more DRG neurons than individual or pairs of metabolites (Light et 

al 2008).  

In general, according to the literature, the following types of molecular receptors are 

likely to be present in small diameter muscle afferent neurons (Caterina and Julius 1999, 

Mense and Meyer 1985, McCleskey and Gold 1999, Light et al 2008, Mense 2009, Mense 

2012, in press):  

�x receptors for inflammatory substances, like bradykinin (BKN, B1 and B2 receptor), 5-

hydroxytryptamine (5-HT, serotonin, 5-HT3 receptor), and prostaglandins (PGE2, EP2 

receptor).  

�x receptors for protons, like acid-sensing ion channels (ASIC1) and the transient receptor 

potential vanilloid receptor (TRPV1). ASIC receptors are likely to be major mediators 

of responses to increased concentrations of metabolites produced in contracting muscles 

(Light, 2008). TRPV1 is sensitized by and responds to an increase in protons 

concentration and to heat and is important under exhaustive muscle work, ischemia, 

inflammation or tonic contraction. A specific agonist for this receptor molecule is 

capsaicin. In inflamed tissue, TRPV1 receptors have been reported to be upregulated 

(Carlton and Coggeshall 2001). Many investigators have proposed that TRPV1 

receptors could play a role in muscle pain (Hoheisel et al 2004; Kaufman et al 1983; 

Marchettini, 1996; Rau et al 2007). They showed that capsaicin injected into a muscle 

immediately excite group III and IV afferents with moderate or high mechanical 

thresholds followed by a sustained discharge of these fibers. Under these conditions 

subjects reported cramping muscle pain. 

�x purinergic receptors, which bind adenosine triphoshate (ATP) and the products of ATP 

degradation such as adenosine (P2X receptors). ATP is released from damaged muscle 
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cells. When injected i.m. in humans, ATP causes pain (Mörk et al 2003). ATP is a 

potent modulator of ASIC3, dramatically enhancing the responsiveness to pH in the 

normal physiological range (Naves and McCleskey 2005). It is thus possible that both 

ASIC and P2X receptors are necessary to detect muscle metabolites in the physiological 

range. 

�x receptors for growth factors, such as nerve growth factor (NGF) (TrkA receptor) or 

brain-derived neurotrophic factor (BDNF) (TrkB receptor). NGF excites exclusively 

high threshold mechanoreceptors (HTM) (Hoheisel et al 2005). NGF is present in free 

nerve endings of the muscle of rats (Reinert et al 1998), and is synthesized in muscle 

tissue. In inflamed muscle, its synthesis is increased (Petzet and McMahon 2006). 

�x receptors for excitatory amino acids, like glutamate receptors. In humans, injection of 

glutamate into skeletal muscle elicits pain, which was stronger in women than in men 

(Svensson et al 2005, Ge et al 2005). 

�x opioid receptors, which are upregulated during tissue inflammation. 

Other algesic agents may activate muscle nociceptors without binding to specific 

receptor molecules, for example, high intracellular concentrations of potassium ions, high 

sodium concentrations or hypertonicity of the solutions. ATP, protons, capsaicin, and 

hypertonic saline excite both HTM and LTM endings, and therefore are not specific 

stimulants for nociceptors (Mense 2012, in press). Receptors for bradykinin, potassium, and 

arachidonic acid metabolites such as prostaglandin E2 and various cytokines are likely to 

sensitize muscle afferent endings under a variety of conditions and may be responsible for 

enhanced perceptions of fatigue and pain (Hayes 2006, Hoheisel 2005; Kaufman 1983, 

Kaufman and Rybicki 1987, Mense 1993; Rotto and Kaufman 1988, Rotto 1990). Muscle 

nociceptive afferent neurons are equipped with tetrodotoxin-resistant (TTX-r) Na+ channels as 

are nociceptive cutaneous afferent neurons (Steffens et al 2003). Muscle low threshold 

�S�U�H�V�V�X�U�H���V�H�Q�V�L�W�L�Y�H���$�.����-fibers are blocked by TTX, thus being TTX-sensitive (TTX-s). 

  

1.3 Injured muscle afferents 

Various techniques can be applied to produce experimental muscle pain. Among them 

are: 1) intramuscular injection of inflammatory agents, such as hypertonic saline or capsaicin; 

2) mechanical stimuli, such as eccentric exercise, compression by a tourniquet or electrical 

stimulation of muscles; or 3) injury of the muscle nerves.  
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1.3.1 Inflammatory injuries  

Carrageenan injected into the cat hindlimb muscles generates within 1 to 2 hours a 

powerful inflammatory response in the muscle associated with the release of 5-

hydroxytryptamine, histamine, bradykinin, and prostaglandins. These substances stimulate or 

sensitize muscle nociceptors (Berberich et al 1988). The main effect of inflammation on 

muscle group III nociceptors is that they develop spontaneous activity. Interestingly, their 

mechanical thresholds do not change. This finding led the investigators to conclude that this 

group of receptors might trigger spontaneous pain and dysesthesias associated with myositis, 

an inflammatory disease of skeletalo muscle; assuming that “carrageenan-evoked 

inflammation” is a realistic model of this disease (Gautam et al 2010).  

Another technique to induce muscle pain is injection of an algogenic substance, like 

capsaicin. It produces a cramp like pain, and microneurographic recordings in humans show a 

continuous activation of group III and IV afferents (Marchettini et al 1996, Mense 2009). 

In animal experiments, a long-lasting inflammation (exceeding 2 weeks) can be induced 

by injecting complete Freund’s adjuvant (CFA) into a muscle or other substances. One of the 

inflammation-induced changes in muscle group III/IV units is spontaneous activity in 

normally silent units. However, even in chronic inflammation the mean discharge rate in 

group IV units did not exceed 1 Hz (Diehl et al 1993). Another effect is sensitization of HTM 

receptors for mechanical stimuli. In inflamed tissue they respond to weak stimuli, i.e. former 

HTM receptors behave like LTM units. The inflammation-induced sensitization of muscle 

nociceptors is at least partly due to the release of PGE2. Cyclooxygenase blockers abolish the 

resting discharge and restored the high mechanical threshold of group IV units in inflamed 

muscle (Diehl et al 1993). Chronic CFA myositis is associated with an increased “innervation 

density” with substance P (SP)-containing nerve endings in rats (Reinert et al 1998). SP is 

predominantly present in nociceptive afferent neurons. Therefore, these changes may 

contribute to an enhanced pain sensation of an inflamed muscle. 

Activation of microglia appears to be a key factor in the generation of nociceptive 

behavior of myositis rats. After prevention of the microglial activation by intrathecal 

administration of the glial blocker minocycline, the myositis-induced allodynic behavior and 

the reduction of the exploratory motor activity was largely attenuated (Chacur et al 2009). 

 

 



Introduction  13 

 

 

1.3.2 Muscle injuries 

Some painful cases of muscle damage can be produced by eccentric exercise. There are 

two prominent signs of damage in a muscle immediately after it has been subjected to a series 

of eccentric contractions: Sarcomeres in myofibrils are disrupted and the excitation–

contraction (E–C) coupling system is damaged. During repeated eccentric contractions the 

number of disrupted sarcomeres increases, until a point is reached where membrane damage 

occurs. Finally the damage to elements of the E–C coupling machinery becomes apparent and 

the muscle fibers may die (Proske, 2001). 

The question of whether eccentric exercise leads to damage of afferent muscle receptors 

remains open. Proinflammatory cytokines (especially IL-6, but not TNF�D) are likely to be 

involved in maintaining muscle hyperalgesia, by sensitizing high threshold mechanosensitive 

muscle afferents (HTM) (Sluka et al 2007). The sensory neuron is suggested to be the 

functionally important site in the processing of this type of hyperalgesia.  

 

1.3.3 Muscle nerve injuries 

The discharge properties developing in large-diameter and small-diameter muscle 

afferents after injury of a muscle nerve were not systematically investigated up to now. Up to 

the present most experimental investigations in the field of neuropathic pain focussed on 

cutaneous pain following nerve injury. The knowledge about the ectopic discharge pattern of 

injured somatic afferent neurons innervating skeletal muscle could make a major contribution 

to unravel the peripheral mechanisms of neuropathic pain. It is not far-fetched suggesting that 

the discharge pattern of injured muscle afferent neurons and those of injured cutaneous 

afferent neurons are different. 

 

1.4 Cutaneous afferents: behavior after nerve injury 

Injured cutaneous afferent fibers were quantitatively studied for their responses to 

mechanical, cold and heat stimuli applied to the nerve injury site and to the nerve distal to the 

injury site 7 to 14 days after crush lesion of the sural nerve when the fibers could not have 

regenerated to the target tissues and 1 – 15 months after crush lesion of the sural nerve when 

the afferent nerve fibers could have regenerated to the target tissue assuming regeneration 

rates of about 1 mm/day for unmyelinated fibers and 2-4 mm/day for myelinated fibers 
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(Sunderland 1978, 1991, Gorodetskaya et al 2003, 2009, Grossmann et al 2009a). In total, in 

the first two weeks after sural nerve injury 43% myelinated and 49% unmyelinated cutaneous 

lesioned afferent fibers show distinct responses to mechanical and thermal stimuli applied to 

their regenerating terminals in the injured nerve (Gorodetskaya et al 2003, Jänig et al 2009). 

That could mean that many neurons innervating skin shrink and could die after nerve lesion 

(Hu and McLachlan 2003). The quantitative distribution of these response characteristics to 

physiological stimuli are statistically not significantly different from those observed in intact 

cutaneous afferent fibers. Thus the molecular transductions mechanisms for innocuous and 

noxious cold stimuli, for mechanical stimuli and for heat stimuli are fully preserved in the 

injured cutaneous afferent neurons, when compared to the control, whether they regenerate to 

the target tissue or stop regenerating and terminate in the injured nerve months (and probably 

years) after injury. (Gorodetskaya et al 2003, 2009; Grossmann et al 2009a,b; Jänig et al 

2009).  

 

C-FIBERS: 

Afferent cutaneous C-fibers were divided functionally into three groups based on their 

responses to the physiological stimuli: 

�x Cold-sensitive non-nociceptive C-fibers (type 1 cold-sensitive). These fibers exhibit 

graded responses to cooling of skin or nerve, have a low threshold to cold stimuli, are 

depressed in their activity by warming and have rates of spontaneous activity of about 

3-5 imp/s at 30�qC. They are practically mechanoinsensitive; some are excited by heat 

stimuli. These fibers can be activated by the TRP (transient receptor potential) M8 

agonist menthol (Teliban, 2012). 

�x Nociceptive type 2 cold-sensitive C-fibers. These afferent fibers have a high threshold to 

cold stimuli (most below 10�qC). Most of them are mechano- and/or heat-sensitive. 

These fibers are menthol-insensitive (Teliban, 2012).  

�x Cold-insensitive C-fibers which are heat- or mechanosensitive or both. Most of these 

fibers are nociceptive. A few are non-nociceptive.  

 

A-FIBERS: 

Injured A-fibers and control A-fibers are predominantly mechanosensitive, very few are 

weakly cold-/heat-sensitive; only 7% have spontaneous activity. The thresholds of 

mechanosensitive A-fibers range from 0.7 to >70 mN (median 7.5 mN), some being low-
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threshold (threshold �”�� ������ �P�1���� �P�H�G�L�D�Q�� ���� �P�1���� �D�Q�G�� �V�R�P�H�� �K�L�J�K-threshold (threshold �•�� ������ �P�1����

median 45 mN).  

 

1.5 Sympathetic-afferent coupling 

For almost a century it has been suggested that in certain clinical syndromes that are 

characterized by severe pain, activity in the sympathetic nervous system may be involved in 

the generation of pain. This assumption is mainly based upon two observations: (1) the pain is 

spatially correlated with signs of autonomic dysfunction; and (2) blocking the efferent 

sympathetic supply to the affected extremity relieves the pain in some patients (Bonica 1990, 

Price et al 1998, Baron and Jänig 2010). The pain component that is relieved by specific 

sympatholytic procedures is called “sympathetically maintained pain” (SMP) (Raja et al 

1991).  

There is no obvious indication for direct or indirect coupling between the efferent 

sympathetic systems and the afferent systems in the peripheral tissues leading to pain, 

discomfort or other sensations maintained by the sympathetic outflow. This situation may 

change after trauma with or without a nerve lesion. Activity in sympathetic neurons may now 

lead to SMP (Baron and Jänig 2010). During inflammation or following nerve lesion, the 

efferent (noradrenergic) innervation of the affected tissue may feed back to the primary 

afferent neurons and activate them, enhancing their spontaneous activity or increasing their 

responsiveness to mechanical or thermal stimuli. This in turn would amplify the physiological 

impulse transmission in the spinal or trigeminal dorsal horn (sensitization of dorsal horn 

neurons) or would enhance hyperexcitability of these neurons after a nerve lesion (Jänig 

2009).  

Several animal models for neuropathic pain involving controlled nerve lesions, have 

been used to determine the contribution of the sympathetic nervous system to neuropathic 

pain (for review see Jänig 2009, Baron and Jänig 2010). The interventions performed were 

surgical or chemical sympathectomy, systemic or local application of adrenoceptor blockers 

such as phentolamine (�.1, �.2), prazosin (�.1), or yohimbine (�.2), or of adrenoceptor agonists 

such as epinephrine, norepinephrine or clonidine (�.2), or intraperitoneal application of 

guanethidine (which is taken up by the noradrenergic terminals and depletes norepinephrine).  

After complete or partial nerve injury in experimental animals, surviving afferents may 

develop noradrenergic sensitivity (Fig. 1.3). Some myelinated and unmyelinated afferents 

innervating a stump neuroma can be excited by epinephrine or by stimulation of sympathetic 
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efferents that project into the neuroma (Blumberg and Jänig 1984, Burchiel 1984, Devor and 

Jänig 1981, Scadding 1981, Sato 1991, O’Halloran 1997). However, in the early stages after 

the nerve injury the activation of afferent fibers requires rather high (nonphysiological) 

frequencies of stimulation of the sympathetic supply. In a chronic neuroma model or in a 

chronic nerve cross-union model (�•�� ���� �\�H�D�U�� �D�I�W�H�U�� �L�Q�M�X�U�\������ �H�O�H�F�W�U�L�F�D�O�� �V�W�L�P�X�O�D�W�L�R�Q�� �R�I�� �W�K�H��

sympathetic trunk at physiological frequencies (0.5–4 Hz) were capable of activating 

regenerated C-fibers, probably with nociceptive functions (Häbler et al 1987); this activation 

was mediated by an adrenergic or by a nonadrenergic mechanism (Jänig 1990). 

 
 
Fig. 1.3. Influence of sympathetic activity and catecholamines on primary afferent neurons following nerve 
injury. Sympathetic and afferent neurons start to sprout in the periphery and dorsal root ganglion (DRG). 
Afferent neurons express adrenoceptors in their membranes. The sympathetic-afferent coupling is located in the 
periphery and in the DRG. It occurs in lesioned and possibly unlesioned afferent neurons. It is mediated by 
norepinephrine (noradrenaline; NAd) released from sympathetic postganglionic neurons and by �.-
adrenoreceptors expressed at the plasma membrane of afferent neurons. The type of adrenoceptor is mainly �.2 in 
rats and possibly �.1 in humans (taken from Baron and Jänig 2010). 
 

 

In addition to these peripheral interactions, coupling of sympathetic and afferent 

neurons may also occur within the dorsal root ganglion (DRG; Fig. 1.3). After a complete 

nerve lesion, some DRG somata with A��-fibers and a few with C-fibers develop ectopic 

activity. Electrical stimulation of sympathetic efferents innervating the DRG may lead to an 

�.2-adrenoceptor mediated increase of this spontaneous activity (Chen et al 1996, Devor et al 

1994, Michaelis et al 1996). This increased adrenergic sensitivity is paralleled by 
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morphological changes within the DRG (Fig. 1.3). After the nerve lesion, sympathetic 

postganglionic fibers that normally innervate blood vessels within the DRG sprout to form 

basket-like terminals around large primary afferent somata that project into the injured nerve 

(Chung et al 1996, Chung et al 1997, McLachlan et al 1993). The study of Chung (1997) also 

suggests that not only axo-somatic interactions between sympathetic and sensory neurons but 

also axo-axonal interactions are possible.  

The relevant findings are summarized as follows (Baron and Jänig 2010): (1) In the first 

2–3 weeks after nerve lesion, most A-fiber neurons with spontaneous activity and very few 

silent A-fiber neurons are excited. At later time periods, when the catecholaminergic 

sprouting in the DRG is more prominent, most spontaneously active A-fiber neurons are 

inhibited during stimulation of the sympathetic supply and are rarely excited. (2) Very few 

afferent neurons with unmyelinated axons respond to electrical stimulation of the sympathetic 

trunk; most of them are inhibited in their activity (Devor et al 1994, McLachlan et al 1993, 

Michaelis et al 1996). (3) The coupling from sympathetic postganglionic fibers to the afferent 

cell bodies in the DRG probably occurs only with spontaneously active muscle afferent 

neurons with A-fibers (Michaelis et al 2000). (4) Activation of the afferent neurons, via the 

DRG, requires high-frequency stimulation of the sympathetic neurons at 5 to 20 Hz. 

Sympathetic pre- and postganglionic neurons rarely discharge at these high frequencies under 

physiological conditions. (5) Mechanical allodynic and hyperalgesic behavior shown by rats 

with L5 spinal nerve injury (transection and ligation) is not dependent on the innervation of 

the DRG by sympathetic neurons (Ringkamp et al 1999). The rate of ectopic activity 

originating in the DRG, 15 to 45 days after spinal nerve injury, is not dependent on activity in 

sympathetic neurons (Liu et al 2000). (6) Afferent neurons in the DRG may be activated 

indirectly by ischemia generated by decrease of blood flow during vasoconstriction in the 

DRG following electrical stimulation of the sympathetic trunk and not directly via 

adrenoceptors expressed in the DRG cells (Häbler et al 2000). (7) Axotomized medium- to 

large-diameter DRG neurons express �.2A-adrenoceptors after sciatic nerve injury (Birder and 

Perl 1999). However, these upregulated adrenoceptors disappear after several weeks as 

perineural catecholaminergic sprouting develops, and only small depolarizations can be 

generated by high concentrations of norepinephrine in axotomized DRG somata (de Armentia 

et al 2003). 

Any hypothesis about chemical norepinephrine mediated coupling between sympathetic 

and afferent neurons would have to explain how functional adrenoceptors appear in the 

membrane of nociceptive and other afferent neurons as a consequence of a nerve lesion or 
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inflammation. The cellular mechanisms underlying the increased sensitivity are unknown. An 

obvious explanation is either novel expression or upregulation of existing adrenoceptors. 

Alternatively, the receptors may normally be present on primary nociceptive afferents but not 

be functional; they may become uncovered and effective during the response to damage or 

�L�Q�I�O�D�P�P�D�W�L�R�Q���� �7�K�L�V�� �S�R�V�V�L�E�L�O�L�W�\�� �L�V�� �F�R�Q�V�L�V�W�H�Q�W�� �Z�L�W�K�� �W�K�H�� �I�L�Q�G�L�Q�J�� �W�K�D�W�� �.2A- �D�Q�G�� �.2B-adrenoceptor 

mRNA is normally constitutively present in DRG cells (Pieribone 1994). After nerve lesion, 

�P�5�1�$�� �I�R�U�� �.2A-adrenoceptors is clearly upregulated mainly in large-diameter afferent DRG 

neurons (Shi et al 2000). Importantly, injured as well as uninjured neurons showed this 

phenotypic switch. However, these changes only lasted for up to 72 days, arguing that this 

noradrenergic sensitivity is very unlikely to be relevant for the chronic changes seen in 

patients. 

Although this situation appears to be clear, the mechanisms underlying this coupling are 

still unclear. Indeed, although we have relatively good animal models about the sympathetic-

afferent coupling after the nerve lesion (Jänig and Koltzenburg 1992, Jänig and Häbler 2000; 

Jänig and Baron 2001; Jänig 2012; Jänig and Levine 2006), (a) in some animal nerve lesion 

models sympathetic-afferent coupling plays practically no role (or this role can be shown only 

under unphysiological stimulation of sympathetic neurons (Häbler et. al. 2000)); (b) some 

findings suggest that adrenergic sensitivity of afferents and sprouting of sympathetic fibers in 

dorsal root ganglia are not sufficient for the development of sympathetically maintained pain 

(McLachlan et al 1993; Michaelis et al 1996); (c) so far, it is unknown which efferent 

sympathetic outflow channel (e.g., to the skin or to deep somatic tissues, such as skeletal 

muscle) is involved in the pathologic sympathetic afferent coupling (Schattschneider et al 

2006); (d) most studies were done on cutaneous afferents or afferents in mixed nerves and so 

there is no data about the sympathetic-afferent coupling in deep somatic tissues; and (e) there 

is no data about the mechanisms of this coupling in the case of pain without nerve lesion (e.g., 

type CRPS I patients with SMP (Price et al 1998; Baron et al 2002, Jänig & Baron 2002, 

2003, Jänig 2009)). 

Baron and co-workers (Baron et al 2002) have clearly shown that in patients with CRPS 

I (no nerve lesion present) and sympathetically maintained pain (SMP), the sympathetic-

afferent coupling must take place in the deep somatic tissues of the affected extremity. In 

addition to a coupling in the skin, a sympathetic-afferent interaction is likely to happen in 

other tissues, particularly in deep somatic domains such as bone, muscle, or joints, which are 

richly innervated by sympathetic fibers. These structures are rather painful in patients with 

complex regional pain syndromes (Wasner et al 1998, Baron 1999, 2001, Veldman 1993), 
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which lends support to this notion. Furthermore, patients might exist who are characterised by 

a selective or predominant sympathetic-afferent interaction in deep somatic tissues sparing the 

skin. Later the same group (Schattschneider et al 2006) showed that SMP in deep somatic 

tissues is prominent in first 6 months after trauma. The investigation of the coupling of 

sympathetic fibers to injured muscle afferent fibers is therefore of special interest. 

 

1.6 Aims of the study  

Small and large diameter muscle afferents are involved in regulation of motor activity, 

adaptation of cardiovascular system and respiration during muscle effort, thermoregulation, 

non-painful sensations and painful sensations. According to these global functions are the 

deep somatic afferent neurons innervating skeletal muscle differentiated into several types 

characterized by their responses to physiological mechanical, thermal or chemical stimuli. 

The mechanisms underlying these responses are based on several types of transduction 

channels, membrane channels for chemical signals, and ionic channels related to excitability 

and conduction. Nerve injuries followed by neuropathic pain, dysesthesias and paresthesias 

mostly involve (in addition to skin nerves) deep somatic nerves including those to skeletal 

muscle. Functional discharge characteristics and molecular transduction mechanisms 

underlying thermosensitivity of injured muscle afferents have to date not been systematically 

studied and are practically unknown when compared to the functional discharge 

characteristics of injured cutaneous afferent neurons. Therefore, this study concentrates on the 

discharge characteristics of myelinated and unmyelinated muscle afferent neurons using 

neurophysiological techniques, 4-13 hours or 4-7 days following crush lesion of a muscle 

nerve. The injured muscle afferent neurons were studied for: 

�x their responsiveness to mechanical and thermal stimulation; the rate and pattern of 

spontaneous activity; the conduction velocity of the injured axons with respect to their 

response properties to the physiological stimuli and to the spontaneous activity; the 

response pattern (combinations of responses) to physiological stimuli; 

�x their responsiveness to local application of the transient receptor (TRP) agonists 

capsaicin (TRPV1), menthol (TRPM8) or mustard oil (TRPA1); 

�x their responsiveness to activation of postganglionic axons by electrical stimulation of 

the sympathetic chain; and 

�x their afterdischarge to electrical stimulation of the muscle nerve. 
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Chapter 2 

Methods 
The neurophysiological experiments were performed on 99 male Wistar rats weighting 

between 300-570 grams. The animals were housed singularly in plastic cages with sawdust as 

bedding material and were provided with water and food ad libitum. The experimental 

protocols were approved by the local Animal Care Committee. 

 

2.1 Nerve lesions and groups of animals 

The animals were assigned to the following experimental groups: 

�x Group A1 experiments: Rats with an acute gastrocnemius-soleus nerve lesion. 

      In 22 rats the lateral gastrocnemius-soleus nerve was crushed 4-13 hours (7.2 �r 0.3 

hours) before the recording from afferent fibers started (time period I [TP I]).The 

responsiveness to mechanical and thermal stimulation and the rate and pattern of 

spontaneous activity of the injured afferent nerve fibers were studied. 

�x Groups A2, B and C experiments: Rats with a chronic gastrocnemius-soleus nerve 

lesion. 

      In 67 rats the lateral gastrocnemius-soleus nerve was crushed under general anesthesia 

(pentobarbital sodium [Narcoren, Merial GmbH, Halbergmoos, Germany], 60 mg/kg, 

i.p.) and aseptic conditions 4-7 days before the neurophysiological experiments (called 

chronic nerve lesion; time period II [TP II]). The nerve was exposed in the left 

hindlimb. Under visual control through a stereomicroscope, a length of about 0.5 mm of 

the nerve was crushed 5-10 mm proximal to its entry into the skeletal muscle, using fine 

watchmaker’s forceps. The crush was repeated three times each for a few seconds 

resulting in a translucent nerve. The wound was closed and healing was uneventful. In 

the time period of 4-7 days after nerve injury nerve fibers do not regenerate to the 

skeletal muscle assuming a regeneration speed of 1-3 mm/day (Sunderland 1978, 1991). 

In the rats with chronic GS nerve lesion the injured afferent fibers were investigated for 
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their responses: 1) to mechanical and thermal stimulation and for their rate and pattern 

of spontaneous activity (15 rats; group A2); 2) to local application of the transient 

receptor (TRP) agonists capsaicin (TRPV1), menthol (TRPM8) and mustard oil 

(TRPA1) (25 rats; group B); 3) to activation of postganglionic axons by electrical 

stimulation of the sympathetic chain (17 rats; group C). 

�x Group D1 and D2 experiments: Rats without or with acute GS nerve lesion. 

      10 rats without nerve lesion or with crush injury of the GS nerve, performed acutely 

during recording from intact afferent fibers, were used to investigate three questions: 

1) Testing for afterdischarge (before and after the crush injury). 2) Physiological 

characterisation of the muscle nerve fibers in the first minutes after nerve lesion. 

3) Testing of the afterdischarge after local application of the sodium channel blocker 

lidocaine. 

 

2.2 Anesthesia and animal maintenance during the experiments 

On the day of the final experiments the rats were re-anesthetised with Pentobarbital-

Sodium (Narcoren, 40-50 mg/Kg, i.p.). A catheter was inserted into the jugular vein for the 

administration of drugs and Tyrode’s solution (Fig. 2.1). Tyrode's solution is a solution that is 

roughly isotonic with interstitial fluid and used in physiological experiments and tissue 

culture. It contains NaCl (0.8%), KCl (0.02%), CaCl2 (0.02%), MgCl2 (0.01%), NaHCO3 

(0.1%), NaH2PO4 (0.025%) and glucose (0.1%). Additional doses of Pentobarbital were given 

regularly (10 mg/kg/h, i.v.) in order to maintain a sufficient level of anesthesia as judged from 

the absence of spontaneous blood pressure fluctuations. Arterial blood pressure was measured 

continuously via a catheter inserted into the tail artery. For this purpose a transducer was used 

(LM-22 provided by List, Darmstadt). A controlled administration of drugs and fluid was 

maintained during the experiment. The mean arterial blood pressure measured via a catheter 

in the tail artery was always �t80 mmHg. 

The acid-base status regularly determined was in the range of pH = 7.4, PCO2 = 35-40 

mmHg, PO2�t100 mmHg. The trachea was cannulated, the rats were paralysed with 

Pancuronium (Organon, initially 1mg/kg, i.v.; maintenance with 0.4 mg/kg/h) and artificially 

ventilated. The ventilation was performed with 20% O2-enriched room air under positive 

pressure (ventilation pump RUS 1300, FMI, Egelsbach, Germany) at a frequency of 70 

strokes/minute. Rectal temperature was monitored and kept close to 37.0°C by means of a  
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Fig. 2.1. Preparation of the animal. The catheter inserted into the jugular vein was used for regular 
administration of the anesthetic (Pentobarbital-Sodium), the relaxant (Pancuronium Organon) and Tyrode’s 
solution. Over a catheter inserted into the tail artery the arterial blood pressure was measured as well as blood 
samples were taken at regular intervals (every hour) for determination of the acid-base status (pH, base excess, 
PO2, PCO2). A cannula was inserted into the trachea for artificial ventilation of the rat. Recording was done from 
fine filaments pulled out either from sciatic nerve (sciatic nerve pool) or from the dorsal root (DR) L4 or L5. The 
zoom-out photo of the left hind paw shows the original set-up of the experiment, when recording was performed 
from the sciatic nerve. The pools were made from the surrounding skin flaps, the sciatic nerve or dorsal roots 
were placed on a black perspex platform and electrodes for recording were positioned above. Gastrocnemius-
soleus (GS) nerve fibers were identified electrically using stimulation electrodes positioned under the lateral GS 
nerve. In the group C rats a specially designed pair of electrodes was implanted around the sympathetic chain 
(SC) for activation of postganglionic axons by electrical stimulation (SCS). 
 

servo-controlled heating blanket under the rat. At the end of the experiments, the animals 

were killed under deep anesthesia by an intravenous injection of a saturated potassium  

chloride solution. All experiments had been approved by the local animal care committee of 

the state administration and were conducted in accordance with German Federal Law. 

 

2.3 Surgery, recording and electrical stimulation 

2.3.1 Surgery and recording 

In 77 rats the left lateral gastrocnemius-soleus nerve and the sciatic nerve up to the 

sciatic notch were exposed. In these experiments the sciatic nerve was put on a rigidly fixed 

small black perspex platform approximately 10 mm proximal to the separation of the 

gastrocnemius-soleus nerves from it. A pool was formed from the skin flaps and filled with 

warm (30°C) paraffin oil (Fig. 2.1; 2.2).  

Dorsal roots and spinal cord were covered by paraffin oil in a pool made of the 

surrounding skin. The dorsal root L4 or L5 was put on a rigidly fixed small black Perspex  
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Fig. 2.2. Schematic representation of the gastrocnemius soleus (GS) nerve fiber preparation. Fine filaments 
teased either from dorsal root L4 or L5 (recording 1) or from sciatic nerve (recording 2) were put on a platinum 
recording electrode to measure the activity in the afferent nerve fibers; the reference electrode was connected to 
the nearby tissue. The GS nerve was isolated from the surrounding tissue and put on a pair of electrodes for 
electrical stimulation and identification of the nerve fibres as C- or A-fibres. In the group A1 experiments the GS 
nerve was crushed 4-13 hours before the recording from afferent fibers started. In the group A2, B and C 
experiments the nerve was crushed 4-7 days before the neurophysiological experiments. Afferent A- and C-
fibers were physiologically characterized by their responses to mechanical and thermal (cold, heat) stimuli 
applied directly to the GS nerve from 3mm proximal to 3mm distal to the injury site of the nerve. In the group B 
experiments, after the physiological characterization of the nerve fibres, menthol, capsaicin, mustard oil or 
tyrode was applied to the nerve injury site. Group C animals underwent additional implantation of a pair of 
stimulation electrodes at the sympathetic chain. In these rats the fiber responses to activation of postganglionic 
axons by electrical stimulation of the sympathetic chain were examined. In the group D1 and D2 experiments the 
nerve was crushed during recording of the afferent fibers (D1) or was left intact (D2). 
 

platform. Before isolating filaments from the sciatic nerve or from the dorsal root L4 or L5 

the common peroneal nerve (after carefully separating it from the sciatic nerve), the sural 

nerve and the tibial nerve were transected. 

On the black perspex platforms fine strands were teased out of the dorsal site of the 

sciatic nerve or from the dorsal root L4 or L5 and put on a platinum electrode for recording; 

the indifferent electrode being connected to the nearby tissue. The registration usually started 

with the recording of spontaneous activity followed by electrical identification of the nerve 

fibers in this filament (Fig. 2.3). After the electrical identification was done the stimulation 

electrodes were removed from the nerve for further recording of spontaneous activity and 

responses to mechanical, thermal stimulation or local application of capsaicin, menthol or 

mustard oil (Fig. 2.2). 

The signals recorded from the afferent nerve fibers in the nerve strands were 

differentially amplified 1000 times using a differential amplifier �������� �0�
�� �L�Q�S�X�W�� �L�P�S�H�G�D�Q�F�H����

(Fig. 2.4). The signals were filtered by a bandpass filter between 120 Hz to 1-1.2 KHz for  
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Fig. 2.3. Identification of A- and C-fibers in the lateral gastrocnemius-soleus nerve. The conduction velocity 
was determined from the latency of the responses in filaments isolated from the sciatic nerve (A) or isolated 
from the dorsal root L4 or L5 (B) to single pulse stimulation of the gastrocnemius-soleus nerve (upper records, 
several times superimposed; stimulus indicated by the square). The shapes of these electrically evoked responses 
were compared with those of the action potentials occurring spontaneously or being evoked by mechanical or 
thermal stimulation (evoked ectopically) of the nerve injury site (lower records, several times superimposed). 
The A-fiber in A was an A�D/�E-fiber and in B probably an A�G-fiber (conduction velocity 12 m/s).  
 

unmyelinated fibers and between 120 Hz to 12 KHz for identifying myelinated fibers. The 

network interferences were filtered by the noise eliminator (Quest Scientific, Hum Bug, 

Canada). Action potentials (APs) generated by different axons could also be discriminated 

using a window discriminator. The output of the window discriminator was connected to a 

loud-speaker for the audio control of the recording. The arterial blood pressure, 

electrocardiogram (ECG), intratracheal pressure, thermal stimuli, marker signals and neural 

activity were recorded simultaneously and were analog-digital converted using the System 

Spike II (Cambridge Instruments) and fed into a computer. During the experiments a 

preliminary template analysis of the neural activity was done using the Spike II System to 

discriminate the APs generated by different fibers. In this way we were able to discriminate 

spikes of the same size but with different shapes. Files were stored on hard disc for the off-

line analysis. APs recorded from the axons were additionally monitored in real time using a 

digital storage oscilloscope (Classic 5000, Gould Instrument System) (Fig. 2.4). 
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Fig. 2.4. Set-up of the recording situation. Nerve fiber action potentials were amplified and filtered (120 Hz to 1-
1.2 KHz for unmyelinated fibers; 120 Hz to 12 KHz for identifying myelinated fibers). Additionally an active 
frequency filter was used (Hum Bug). Neuron action potentials, intratracheal pressure, arterial blood pressure, 
electrocardiogram (ECG), thermal stimuli, data from laser Doppler flowmeter and the marker signal for stimuli 
were fed into the computer program Spike II (for the online computer recording) and digital oscilloscope (for the 
signal monitoring) via an analog-to-digital convertor (ADC). 
 

The lateral gastrocnemius-soleus nerve was isolated from the surrounding tissue by a 

semiflexible plastic sheet on a length of 5-6 mm between the site where it was connected to 

the skeletal muscle and the site where it joined the sciatic nerve, the injury site being in the 

middle (Fig. 2.1). The nerve was positioned on a pair of platinum electrodes for electrical 

stimulation with square wave pulses of 0.1 ms (A-fibers) or 0.5 ms (C-fibers) duration at 

strengths of up to 30 Volts (A-fibers 0.3 – 2 Volts; C-fibers 3-30 Volts). The distance between 

the proximal stimulation electrode and the recording electrode at the sciatic nerve or the 

recording electrode at the dorsal root was 13.9 ± 0.3 mm (range 9-20 mm) and 74.6 ± 1.1 mm 

(range 61-83 mm), respectively. In TP I 88% of the A-fibers and 62% of the C-fibers and in 

TP II almost all A-and C-fibers were identified electrically on the basis of their conduction 

velocities (by measuring the latency of the responses to single pulse stimulation of the 
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gastrocnemius-soleus nerve; see upper records in Fig. 2.3). The distinction between afferent 

A- and C-fibers in the rat based on the conduction velocity of their axons was made according 

to Lawson and co-workers (Lawson and Waddell 1991, Waddell et al 1989; see also Lawson 

2005). Fibers conducting at >2 m/s were considered to be myelinated and fibers conducting at 

�d2 m/s as unmyelinated. Waddell and Lawson (1991) show that afferent neurons with axons 

conducting at 1.3 – 2 m/s belong either to C-fiber or A�G-fiber afferent neurons. Neurons with 

these fibers were rare in our sample (see Fig. 3.1).  

In the remaining A- or C-fibers (most of them in TP I) the exact latency of response to 

electrical stimulation of the muscle nerve was not measured because of the overlap of the 

electrically evoked action potentials. However, in these cases it was always possible to 

classify the fibers as A- or C-fibers on the basis of the size and shape of the action potentials 

in relation to the electrically or ectopically evoked action potentials (Blenk et al 1996). Under 

our filter conditions (see above) action potentials recorded from A-fibers were usually two-

phasic and larger than action potential recorded from C-fibers (see superimposed action 

potentials in Fig. 2.3, right part). Action potentials recorded from C-fibers were usually tri-

phasic (see superimposed action potentials in Fig. 2.3, left part).  

 

2.3.2 Lumbar sympathetic trunk stimulation 

In 17 rats (group C), before the dorsal root surgery, the left lumbar sympathetic trunk 

(LST) was exposed between paravertebral ganglia L2 and L4 (Baron et al 1988) using a 

retroperitoneal approach and carefully freed from the surrounding connective tissue. The 

isolated sympathetic chain between ganglion L2 and L3 was placed on a self-designed pair of 

silver cuff electrodes (Fig. 2.5) (Fenik et al 2001).  

The teflon insulated silver wires (wire Ø 0,125mm, Ø with Teflon cover 0,15mm, A-M-

System INC) were freed from their cover and stretched through the soft flexible tube (Ø 0.5 

mm) opened from one side. After positioning the tube with the electrode wires around the 

sympathetic chain, it was embedded by silicone elastomer without harming the tissue (“Kwik-

Cast”, World Precision Instruments). Then the LST was crushed rostral to the cuff holder and 

caudal to ganglion L2. The auxiliary plastic electrode holders were glued to the tissue with 

super glue (cyanoacrylate). The lateral opening of the body was closed by suturing deep 

tissues and skin and the silver wires were attached via mini-connectors with the electrical  
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Fig. 2.5. Schematic representation  
of the electrodes at the lumbar 
sympathetic chain 
 

 

 

 

 

 

 
 

Fig 2.6. Simultaneous 
measurement of the 
blood pressure (mmHg) 
and relative blood flow 
within the L5 
innervation territory on 
the plantar skin of the 
left hindpaw before, 
during and after 
repetitive electrical 
stimulation of the 
sympathetic chain 
stimulation (SCS) (7V, 
5Hz). 

stimulator. As a control for the correct 

electrode’s implantation the blood flow 

changes within the cutaneous innervation 

territory of the segment L5 were measured 

on the plantar skin of the 

left hindpaw using a laser Doppler 

flowmeter device (MBF3D, Moor 

Instruments, Axminster, Devon, UK). The 

output of this device does not provide 

absolute values of blood flow, but arbitrary 

units which are called “flux”. Repetitive 

electrical stimulation of the LST (e.g. at 

7V and 5 Hz as shown in Fig. 2.6) leads to 

a decrease in blood flow in skin. This 

functional test, monitoring the correct 

positioning of the pair of stimulation 

electrodes at the LST, was performed at 

the beginning of every group C 

experiment. The threshold stimulus 

strength to elicit a blood flow change and 

the stimulus strength to elicit the maximal 

blood flow decrease were determined. 
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2.3.3 Suprathreshold electrical stimulation 

Since the event of afterdischarge (AD) was not fully investigated earlier, in this project 

we included suprathreshold electrical stimulation (ES) in the testing protocol of noninjured 

and injured muscle afferent fibers (group D1 and D2 experiments). Standard ES used were 5 

stimuli of 30Volt (0.5ms, 1Hz). In some afferent fibers the strength-dependent response was 

studied, by increasing successively the strength of the ES (2V, 4V, 6V, 8V, 10V, 12V, 14V, 

16V, 18V, 20V, 30V; 5 stimuli, 0,5ms, 1Hz).  

 

2.4 Physiological stimulation 

In the animals with GS nerve injury mechanical and thermal stimuli were applied from 

3 mm proximal to 3 mm distal to the injury site of the nerve. In the control animals without 

nerve injury physiological stimuli were applied to the hind paw area (bending) and to the GS 

muscle (mechanical probing with a fine-tipped blunt glass rod). 

 

2.4.1 Mechanical stimulation of the muscle nerve 

Mechanosensitivity of injured muscle afferents was tested first qualitatively with a fine-

tipped blunt glass rod (tip diameter 0.5 mm). Activation thresholds were determined with 

calibrated von Frey fiberglass filaments with circular plain tips of 0.5 mm diameter and forces 

of 0.3 to 100 mN (Table 2.1., Marstocknervtest, Fruhstorfer, Marburg, Germany).  

 

von Frey Filament  1 2 3 4 5 6 7 8 9 10 11 12 

mN 0,3 0,45 0,7 1 2 7,5 10 20 30 45 70 100 

 
Table 2.1. Conversion table of the von Frey filament in mN. 
 

The mechanical stimuli were applied repetitively at 70 stim/min to the nerve which was 

attached to and held in position by the semiflexible plastic sheet that isolated the nerve from 

the surrounding tissue. This way of mechanical stimulation was reproducible for the weak von 

Frey filaments but less so for von Frey filaments >10 mN. Therefore, we could reliably 

determine the mechanical thresholds of the injured afferent fibers, but not the stimulus-

response functions for mechanical stimuli using von Frey filaments >10 mN. An afferent fiber 
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was considered to be mechanosensitive if it generated �•�����D�F�W�L�R�Q���S�R�W�H�Q�W�L�D�O�V���L�Q���������V���G�X�U�L�Q�J���W�K�H��

repetitive mechanical stimulation of the nerve in silent fibers or in fibers with spontaneous 

activity �”���������L�P�S���V�����,�Q���I�L�E�H�U�V���Z�L�W�K���V�S�R�Q�W�D�Q�H�R�X�V���D�F�W�L�Y�L�W�\���R�I���!���������L�P�S���V���P�H�F�K�D�Q�R�V�H�Q�V�L�W�L�Y�L�W�\���Z�D�V��

defined as an increase of activity by about 50% during the repetitive mechanical stimulation.  

 

2.4.2 Thermal stimulation of the muscle nerve 

Thermosensitivity of the injured nerve fibers was tested qualitatively using a fine-tipped 

metal rod (tip diameter 1.5 mm) at temperatures of 5�qC or about 50�q. After identification of 

the exact “receptive field”, the thermosensitivity was tested quantitatively using a U-shaped 

water-perfused thermode (Fig. 2.7).The length of the contact site with the nerve was 2 mm. 

The stimulus covered a distance of 4 mm along the nerve. The temperature was measured at 

this contact site (see Gorodetskaya et al 2003). 

 

 
 

The nerve fibers were stimulated either with a series of cold stimuli of 5-28°C (5, 10, 

15, 20, 25°C) or with a series of heat stimuli of 35-50°C (48-50, 45, 40, 35°C) both in 

ascending or descending order. All thermal stimuli lasted for approximately 20–30 seconds 

starting from a baseline temperature of about 30°C. A fiber was considered to be cold or heat 

Fig. 2.7. Device used for thermal stimulation of the nerve. 
The thermode consisted of a U-shaped tube which is 
inserted in a brass tube of approx. 75 mm in length and 5 
mm in diameter. The outer walls of the U-tube are thermally 
isolated. At its convexity (the contact areas with the nerve) 
the thermal isolation of the U-tube was interrupted at 1 mm 
x 2 mm to allow an optimal thermal conduction to the nerve. 
To achieve different temperatures at the contact site, water 
at temperatures ranging from about 3 to 52�qC was perfused 
through the tube. A small thermo-sensor about 1mm in 
diameter (KTY 21-7, Siemens, Germany; time constant 1.5 
s) was placed in the concavity of the U-tube, opposite to the 
nerve, in order to measure continuously the temperature on 
the surface of the U-tube (see Gorodetskaya et al 2003). 
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activated either if at least 3-5 action potentials were evoked during a stimulus in a silent fiber 

or in fibers with spontaneous activity at rates of �”�������� �L�P�S���V�� �R�U�� �L�I�� �W�K�H�� �U�D�W�H�� �R�I�� �V�S�R�Q�W�D�Q�H�R�X�V��

activity increased by 50% in fibers with spontaneous activity of >0.5 imp/s. 

 

2.5 Experimental protocols 

Initially when the project started the 3 experimental protocols A1, A2 and C were 

planed (Fig. 2.8) to functionally characterize the muscle afferents 4-13 hours after nerve 

injury (time period I [TP I], group A1 experiments) and 4-7 days after nerve injury (time 

period I [TP II], group A2 experiments), and to study the modulation of the ectopic discharges 

by the electrical stimulation of the sympathetic chain (time period II [TP II], group C 

experiments). The group B and most group D experiments were conducted after the group A 

and group C experiments. 

 

2.5.1 Group A1 and A2 experiments: functional identification of the injured 

muscle fibers 

The lateral GS nerve was crushed either 4-13 hours (time period I [TP I], group A1, 22 rats) 

or 4-7 days (time period II [TP II], group A2, 15 rats) before recording from the afferent 

fibers started. Every filament isolated from the sciatic nerve or dorsal root was tested for 

nerve fibers by electrical stimulation of the GS nerve (Fig. 2.8). If the filament contained a 

small number of GS nerve fibres (�”������ �I�L�E�H�U�V�� �H�O�H�F�W�U�L�F�D�O�O�\�� �L�G�H�Q�W�L�I�L�H�G�� �R�U�� �”�� ��-4 fibres activated 

ectopically) with sufficient signal-to-noise ratio the fibers were further analysed for their 

spontaneous activity (SA) and responses to physiological or chemical stimuli. In case of a 

filament which contained a fiber with SA, first the SA was recorded for 3-5 minutes in order 

to determine its rate and pattern. This was followed by a series of thermal stimuli using the 

thermode (Fig. 2.7) and of mechanical stimuli using von Frey filaments applied from 3mm 

proximal to 3 mm distal to the injury site of the nerve. In this way, all individual nerve fibres 

were characterized within a filament in relation to their ectopic SA and evoked activity. 

2.5.2 Group B experiments: testing of TRP agonists 

In the group B (35 rats) the lateral gastrocnemius-soleus nerve was crushed 4-7 days 

before the neurophysiological experiments (TP II) and filaments with afferent fibers were 
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Fig. 2.8. Experimental procedures. Functional identification: studying the rate and pattern of spontaneous 
activity (SA), electrical identification (EI), and qualitative measurement of the responsiveness to mechanical 
(mech) and thermal stimulation (cold, heat) were done in the group A1 (time period I [TP I], 22 rats) and group 
A2 (time period II [TP II], 15 rats) experiments. The responses to the local application of the transient receptor 
(TRP) agonists capsaicin (TRPV1), menthol (TRPM8) or mustard oil (TRPA1) and the qualitative comparison of 
the thermal and mechanical responses before and after application of one of the agonists were tested in the group 
B experiments (TP II, 35 rats). TRP agonist substances were washed out using Tyrode´s solution. The responses 
to activation of postganglionic axons by electrical stimulation of the sympathetic chain (SCS) were examined in 
the group C experiments (TP II, 17 rats). Afterdischarge (AD) in afferent fibers was studied before and after 
crush injury of the nerve in the group D1 experiments (7 rats). Five electrical 0.5 ms stimuli (ES) at 1 Hz and 30 
Volt were applied to the GS nerve. In some neurons the stimulus-response relation was studied by applying the 
ES in ascending order (2V, 4V, 6V, 8V, 10V, 12V, 14V, 16V, 18V, 20V; 5 stimuli, 0,5ms, 1Hz). The afferent 
nerve fibers investigated for AD were characterized by their responses to physiological stimulation of the nerve 
injury site or of the GS muscle. In the group D2 experiments (3 rats) after an afferent fiber with AD was found 
lidocaine (1mg/mL) was applied locally to the electrical stimulation site. After washing out the lidocaine with 
Tyrode, the afferent fiber was repeatedly tested for AD by suprathreshold ES for �•30 min.  
 

teased from the sciatic nerve. First it was tested whether a filament contained fibres with at 

least one of the following functional properties: cold sensitivity or/and heat sensitivity or/and 

mechanosensitivity. After the nerve fibers in the filament were fully characterized as in the 

group A protocol (see testing procedure in 2.5.1), the transient receptor potential (TRP) V1 

agonist capsaicin (50µM, 100µM, 1mM and 10mM), the TRPM8 agonist menthol (10µM, 

50µM, 100µM, 1mM, 4mM) or the TRPA1 agonist mustard oil (100µM, 1mM) in ascending 
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concentration were applied to the receptive fields of the afferent nerve fibers in the nerve, 

followed by a washout with Tyrode´s solution. For the topical application small pieces of 

filter paper (4 x 4 mm) soaked in the respective capsaicin, menthol or mustard oil solution 

were placed on the nerve covering about 6-8 mm of the nerve that included the lesion site and 

the nerve up to 3 mm distally from which the fiber could be excited by mechanical or thermal 

stimulation. The volume of these solutions was �•���—�/���� �W�K�L�V�� �Y�R�O�X�P�H�� �Z�D�V�� �D�E�R�X�W�� ���� �W�R�� ������ �W�L�P�H�V��

larger than the volume of the lateral gastrocnemius-soleus nerve covered by this volume. 

Thus, the concentration of menthol, capsaicin or mustard oil at the nerve surface was the 

concentration of menthol or capsaicin in the solution. Every dose was applied for 3-4 min and 

followed by a wash-out period with Tyrode´s solution for at least 2 min.  

The spontaneous activity was recorded before, during and for 3-5 minutes after 

application of the TRP agonists. To measure the degree of sensitization or desensitization of 

the afferent fibers by the TRP agonists for thermal or mechanical stimulation, after the 

application of TRP agonists, the responsiveness to physiological stimulation of the afferent 

fibres was tested again (Fig. 2.8). When more than one concentration of TRP agonists was 

applied, the responses of the nerve fibres to the physiological stimuli were tested after every 

application.  

Capsaicin, menthol and mustard oil are water-soluble in picomolar concentrations only. 

To solve menthol or mustard oil we used pure ethanol and then reached our final testing 

concentrations by further diluting it with Tyrode´s solution, so that 4mM, 1mM, 100µM 

menthol solutions contained 0.2%, 0.05% and 0.005% ethanol respectively; and 10mM, 1mM, 

100µM mustard oil solutions contained 1%, 0,1%, 0,01% ethanol. Before most applications of 

menthol or mustard oil we tested the effect of 0.1, 0.2, 0.5, 1% solution of ethanol (vehicle) 

on the nerve fibers. Ethanol is a TRPV1 agonist at concentrations �•�������������7�U�H�Y�L�V�D�Q�L���������������� 

According to pharmacological investigation of Turgut at al (2004) 10mM, 1mM and 100µM 

capsaicin solutions could be reached only in 20%, 2% and 0.2% of ethanol, respectively. 

Therefore we solved capsaicin in Tyrode´s solution heated to 65-67°C and obtained in this 

way seemingly clear suspensions of 50µM, 100µM, 1mM and 10mM capsaicin which had 

concentration-dependent effects on the afferent nerve fibers. 

 

2.5.3 Group C experiments: testing of sympathetic stimulation 

In group C (17 rats) fine filaments were recorded from the dorsal root L5 or L4 

(recording 1, Fig. 2.2). At the beginning of every experiment the strength of sympathetic 
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chain stimulation (SCS) at 2-10 Hz to obtain maximal decrease of blood flow through the 

plantar skin, using laser Doppler flowmetry, was determined (Fig. 2.6). This strength was 

used throughout the rest of the experiments.  

The recording started with the identification of the nerve fibers (Fig. 2.3). In case of a 

filament which contained a spontaneously active (SA) fiber, first the SA was recorded for 3-5 

minutes. This was followed by the SCS for 60 sec and then again recording of SA for 3-5 

minutes (Fig. 2.8). Then the testing series of mechanical stimuli using von Frey filaments and 

of thermal stimuli using the thermode were applied with and without SCS (Fig. 2.9). The 

duration of SCS alone or in combination with the physiological stimuli was 60 sec. In this 

way, all individual nerve fibres were characterized by their ectopic excitability and the 

activation thresholds in relation to the SCS. 

 

 
 
Fig. 2.9. Activation of an injured afferent nerve fiber by cold (5°C, 20s) stimulation applied to the nerve injury 
site with and without repetitive electrical stimulation of the sympathetic chain (SCS, 5V, 5Hz). 

 

2.5.4 Group D1 experiments: testing of the afterdischarge 

In group D1 (7 rats) afterdischarge (AD) in afferent fibers to electrical nerve stimulation 

was studied before and after crush injury of the nerve (Fig. 2.8). A train of 5 suprathreshold 

electrical stimuli (ES) at 30 Volt (0.5 ms, 1 Hz) was applied to the GS nerve. In some afferent 

fibers the stimulus-response relation of the AD was studied by varying the strength of the ES 

in an ascending order (2V, 4V, 6V, 8V, 10V, 12V, 14V, 16V, 18V, 20V; 5 stimuli, 0,5ms, 

1Hz). Before the nerve injury the nerve fibers were tested for their responses to mechanical 
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probing of the GS muscle and after nerve injury to mechanical and thermal stimuli applied to 

the injury site according to protocol A1. 

 

2.5.5 Group D2 experiments: testing of the effect of lidocaine on the 

afterdischarge 

In 10 experiments the hypothesis was tested whether the AD in muscle afferent fibers 

generated by electrical stimulation of the muscle nerve is dependent on the presence of 

sodium channels in the nerve fibers. Lidocaine (sodium channel blocker) in a concentration of 

0.01, 0.1 and 1mg/mL (corresponding to solutions of approximately 0.04, 0.4 and 4mM/L) 

was applied locally to the stimulation electrode site of the GS nerve for 4 min in the same way 

as described for the application of the TRP agonists (see 2.5.2). After the application lidocaine 

was washed out with Tyrode`s solution and the response of the afferent fiber to ES of the 

nerve (5 stimuli, 30V, 0,5ms, 1Hz) was tested repeatedly every 30 min.  

 

2.6 Data analysis 

Neural activity, temperature of the thermode for stimulation of the injured nerve, arterial 

blood pressure, electrocardiogram and intratracheal pressure were simultaneously fed into a 

computer using the Spike II System (Cambridge Electronic Design Ltd, 4 Science Park, 

Milton Road, Cambridge, UK) (Fig. 2.4). All parameters were continuously monitored to 

guarantee that we were recording from the same fiber since the action potentials sometimes 

changed in size and shape with time. Data analysis was performed offline using the general 

purpose capture and analysis package Spike II. In this analysis size and shape of the action 

potentials recorded from the nerve fibers were used to discriminate the signals recorded from 

the afferent fibers (see lower records in Fig. 2.3 and Fig. 2.10).  

For multi-unit recordings, the Spike II System contains tools for sorting spikes based on 

the spike waveform shape. For this purpose several similar action potentials were added 

together to a template, so that all action potentials whose image points were at least 70-90% 

similar to the template and whose amplitude differed by not more then 5-20% from the 

amplitude of the template, were assigned as one nerve fiber (Fig. 2.10). 

The neural activity during the various stimuli was evaluated quantitatively. The initial 

rate (impulses per second) of spontaneous activity (SA), which was recorded before the 
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Fig. 2.10. Off-line template analysis window and allocation of action potentials to single individual nerve fibers. 
The template analysis window contains four main regions: a status and tool bar at the top, a data display area 
with the trigger levels, a control area on the right and a region with up to 20 templates at the bottom. The 
program scans the data in the channel set, displays triggered action potentials and creates their templates. The 
criteria for the new template creation are user-defined by setting the percentage of the width change in the 
amplitude (maximum per cent amplitude change for the match, 3-20%) and the shape (minimum percentage of 
points in template, e.g. 70-90%). The analysis of the action potentials of the two-fiber data recording is shown in 
this specific example. The thick black lines mark the borders of the templates. The thin grey lines show several 
times superimposed individual action potentials corresponding in their shape to the respective template. Thus 
they are assigned to two separate units (fiber 1 or fiber 2). 
 

testing period was taken as baseline (Fig. 2.8). In most figures the baseline rate of SA is 

deducted from the activity evoked by thermal or mechanical stimuli or application of TRP 

agonists or vehicle. 

Quantitative measurements are either expressed as mean ± standard error of the mean 

(SEM) or median ± interquartile range (Fig. 2.11). For statistical analysis the �$2-test, the 

Student’s t-test, ANOVA or the Wilcoxon-Mann-Whitney U-test were used. The normality of 

the distribution was measured by means of the Shapiro-Wilk tests with random checks (n<50) 

or the Kolmogorow-Smirnow test (n>50). The distributions of the discharge frequency were 

modified as a Velleman-Hoaglin (1981) boxplot with median (2nd quartile), 1st and 3d 

quartile, upper and lower whisker (± 1.5 x interquartile range) (Fig. 2.11). 

 

Fig. 2.11. Boxplot modified from Velleman and Hoaglin 
(1981). Upper and lower ends correspond to the closest 
observations to the whisker value (±1.5x interquartile range). 
The box (box between 3rd and 1st quartile) encloses the 
middle 50% of the distribution. The line in the box marks the 
median. The boxplot is a quick way of examining one or 
more sets of data graphically. Boxplots do have some 
advantages taking up less space and are therefore particularly 
useful for comparing distributions between several groups or 
sets of data. 



 

 

 

 

Chapter 3 

Results 

3.1 Ectopic sensitivity of injured muscle afferents (groups A1 and 

A2)  

Muscle afferent fibers are usually referred to as group I to group IV afferent fibers, 

groups I and II afferents being large diameter myelinated (A�D/�E-) fibers, group III afferents 

small diameter myelinated (A�G-) fibers and group IV afferents unmyelinated (C-) fibers. In 

our study we had no criteria to discriminate between groups I, II or III fibers. Therefore we 

will use throughout the text the terms A-fibers (or myelinated fibers) and C-fibers (or 

unmyelinated fibers) (see Fig. 3.1).  

 

 
 

Fig. 3.1. Conduction velocity of A- and C-fibers in the lateral gastrocnemius-soleus nerve. Distribution of 
conduction velocities in time period II (TP II) (4-7 days after nerve crush). Data from 23 experiments in which 
all electrically identified fibers were tested. Black parts of the columns: Fibers showing spontaneous activity 
and/or responses to mechanical and/or thermal stimuli applied to the nerve injury site. Open parts of the 
columns: Fibers which did not show spontaneous activity, mechanosensitivity or thermosensitivity. 
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In 22 rats with acute lateral gastrocnemius-soleus nerve lesion (4-13 hours after nerve 

injury, time period I (TP I)) and in the 67 rats with a chronic gastrocnemius-soleus nerve 

lesion (4-7 days after nerve injury, TP II) we studied systematically all nerve fibers in the 

filaments, which were isolated either from the sciatic nerve or from dorsal root L4 or L5 and 

activated by electrical stimulation of the lateral gastrocnemius-soleus nerve (Fig. 2.2, 2.8), for 

their ectopic spontaneous and evoked activity and for their conduction velocity.  

The study of the functional characterization of the injured muscle fibers is based on the 

recording from 208 injured afferent A-fibers and 165 injured afferent C-fibers which could be 

activated by electrical stimulation of the lateral gastrocnemius-soleus nerve and exhibited at 

least one form of discharge property (spontaneous activity, mechanosensitivity, cold 

sensitivity and/or heat sensitivity). 

 

3.1.1 Proportions of injured muscle A- and C-fibers with ectopic activity 

The term “ectopic activity” of an afferent fiber denotes activity originating 

spontaneously at the injury site or in dorsal root ganglion cells of afferent neurons and activity 

evoked by mechanical or thermal stimulation of afferent neurons at the injury site. The first 

signs of the developed ectopic activity in the injured muscle nerve appeared 4 hours after 

nerve lesion. This is in accordance with previous studies on an acutely damaged skin nerve 

(Michaelis et al 1995, Blenk et al 1996). 

In time period I (TP I) (4-13 hours after nerve injury) 5.4% of the electrically identified 

A-fibers and 37.9% of the electrically identified C-fibers isolated from the sciatic nerve 

exhibited ectopic activity (Table 3.1).  

 

 4-13 hours 
rec. sciatic n. 

 
�$2-test 

4-7 days 
rec. sciatic n. 

 
�$2-test 

4-7 days 
rec. dorsal r. 

A-fibers 12/224 
(5.4%) 

p<0.000 153/278 
(55.0%) 

p<0.05 41/61 
(67.2%) 

C-fibers 39/103 
(37.9%) 

p<0.02 98/160 
(61.3%) 

p<0.05 20/24 
(83.3%) 

 
 
Table 3.1. Percentages of electrically identified fibers with spontaneous and/or evoked ectopic activity. Values 
are percentages of electrically identified fibers with spontaneous activity (SA) and/or activity evoked by 
mechanical and/or thermal stimulation of the nerve injury site. The fibers recorded from the sciatic nerve (rec. 
sciatic n.) were obtained in 19 experiments (4-13 hours) and 36 experiments (4-7 days). The fibers recorded from 
the dorsal root (rec. dorsal r.) L4 or L5 were obtained in 19 experiments. 
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In 36 experiments (all group A2 (13 rats) and part of group B (23 rats)) of TP II (4-7 

days after nerve injury) we studied fibers in the filaments which were isolated from the sciatic 

nerve. In these experiments 55% of the electrically identified A-fibers and 61.3% of the 

electrically identified C-fibers were ectopically active (Table 3.1). Thus, the proportion of 

ectopically active afferent A- and C-fibers significantly increased in TP II compared to TP I 

(p<0.0001 for A-fibers and p<0.02 for C-fibers, �$2-test).  

The distribution of the conduction velocity of these fibers shows a clear separation 

between C- and A-fibers, only one fiber conducting in the range of 1.3 to 2 m/s. The 

distribution of the conduction velocities of A-fibers did not show a separation between A�G- 

(group III) and A�D/�E- (group I/II) fibers (Fig. 3.1). 

About 50% of the myelinated axons in the gastrocnemius-soleus nerve are somatomotor 

axons (Mitchell and Schmidt 1983; Peyronnard et al 1986; Sittiracha and McLachlan 1986) 

and 45% of the unmyelinated axons are sympathetic postganglionic axons (Baron et al 1988). 

Assuming that injured somatomotor and postganglionic axons do not exhibit spontaneous or 

evoked ectopic activity originating at the injury site (Schmelz et al 1998; Schmidt et al 1995) 

we conclude that all or most myelinated and unmyelinated fibers showing no ectopic activity 

are efferent fibers (Fig. 3.1) and that therefore all or most injured muscle afferents show 

ectopic activity in TP II. This conclusion is supported by the finding that the proportions of 

electrically identified A- and C-fibers which were isolated from the dorsal root L4 or L5 and 

exhibited ectopic activity were significantly higher than the proportions of electrically 

identified A- and C-fibers with ectopic activity which were isolated from the sciatic nerve 

since motoneurons and postganglionic neurons do not project through the dorsal roots to the 

periphery (Table 3.1).  

Seventy-nine per cent of the A-fibers and 83% of the C-fibers with ectopic activity were 

recorded from filaments isolated from the sciatic nerve and the remaining fibers were isolated 

from the dorsal root L5 (see upper part of Tables 3.2 and 3.3). There were no statistically 

significant differences in the functional characteristics (incidence of spontaneous activity, 

mechano- or thermosensitivity or their combinations) between the afferent fibers isolated 

from the sciatic nerve and the afferent fibers isolated from the dorsal root. Therefore both 

populations of afferent fibers will be described together.  
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Numbers and discharge characteristics of A-fibers 4-13 hours (time period I) and 4-7 days 
(time period II) after crush injury of the lateral gastrocnemius-soleus nerve 

 

 4-13 hours 4-7 days 
 rec sciatic 

nerve 
rec dorsal 

root 
total rec sciatic 

nerve 
rec dorsal 

root 
total 

Number of fibers with 
ectopic activity 

12 2 14 153 41 194 

Number of electrically 
identified fibers 

224 6 230 278 61 339 

 
INDIVIDUAL DISCHARGE CHARACTERISTICS 
 
Spontaneous activity 
(SA) 

4 1 5 (35.7%) 79 18 97 (50%) 

Mechanosensitivity 8 1 9 (64.3%) 140 37 177 (91.2%) 
Cold sensitivity 0 0 0% 103 19 122 (62.9%) 
Heat sensitivity 0 0 0% 87 14 101 (52.2%) 

 
COMBINATIONS OF DISCHARGE CHARACTERISTICS 
 
Mech only/SA 8/0 1/0 9/0 (64.3%) 33/11 13/4 46/15 (23.7%) 
Cold only/SA 0 0 0% 6/1 0 6/1 (3.1%) 
Heat only/SA 0 0 0% 4/2 0 4/2 (2.1%) 
Mech and cold/SA  0 0 0% 25/5 10/2 35/7 (18%) 
Mech and heat/SA  0 0 0% 11/5 5/2 16/7 (8.2%) 
Cold and heat/SA 0 0 0% 1/1 0 1/1 (0.5%) 
Mech, heat & cold/SA 0 0 0% 71/52 9/6 80/58 (41.2%) 
SA only 4 1 5 (35.7%) 2 4 6 (3.1%) 

 

 
Table 3.2. Numbers and discharge characteristics of injured afferent A-fibers 4-13 hours (TP I) and 4 to 7 days 
(TP II) after crush injury of the lateral gastrocnemius-soleus nerve. The fibers recorded from the sciatic nerve 
(rec. sciatic nerve) were obtained in 19 experiments (4-13 hours) and 36 experiments (4-7days). The fibers 
recorded from the dorsal root (rec. dorsal root) L4 or L5 were obtained in 19 experiments. The numbers behind 
the slash indicate the numbers of fibers with spontaneous activity (SA) (included in the number before the slash). 
The percentages of individual discharge characteristics are expressed in respect to the total number of fibers 
showing ectopic discharges.  
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Numbers and discharge characteristics of C-fibers 4-13 hours (time period I) and 4-7 days 

(time period II) after crush injury of the lateral gastrocnemius-soleus nerve 
 

 4-13 hours 4-7 days 
 rec sciatic 

nerve 
rec dorsal 

root 
total rec sciatic 

nerve 
rec dorsal 

root 
total 

Number of fibers  
with ectopic activity 

39 8 47 98 20 118 

Number of electrically 
identified fibers 

103 10 113 160 24 184 

 
INDIVIDUAL DISCHARGE CHARACTERISTICS 
 
Spontaneous activity 
(SA) 

23 2 25 (53.2%) 54 12 66 (55.9%) 

Mechanosensitivity 29 6 35 (74.5%) 48 11 59 (50%) 
Cold sensitivity 5 6 11 (23.4%) 33 14 47 (39.8%) 
Heat sensitivity 22 3 25 (53.2%) 66 12 78 (66.1%) 

 
COMBINATIONS OF DISCHARGE CHARACTERISTICS 
 
Mech only/SA 13/8 1/0 14/8 (29.8%) 15/7 1/0 16/7 (13.6%) 
Cold only/SA 0 2/0 2/0 (4.3%) 6/1 2/1 8/2 (6.8%) 
Heat only/SA 9/5 0 9/5 (19.1%) 30/18 2/2 32/20 (27.1%) 
Mech&cold/SA  3/1 2/1 5/2 (10.6%) 8/2 4/2 12/4 (10.2%) 
Mech&heat/SA  11/7 1/1 12/8 (25.5%) 17/7 2/2 19/9 (16.1%) 
Cold&heat/SA 0 0 0 11/9 4/2 15/11 (12.7%) 
Mech,heat&cold/SA 2/1 2/0 4/1 (8.5%) 8/7 4/2 12/9 (10.2%) 
SA only 1 0 1 (2.1%) 3 1 4 (3.4%) 

  
 
 
Table 3.3. Numbers and discharge characteristics of injured afferent C-fibers 4-13 hours (TP I) and 4 to 7 days 
(TP II) after crush injury of the lateral gastrocnemius-soleus nerve. For details see legend Tab. 3.2. 
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3.1.2 Response characteristics 

I will first describe the discharge properties of the injured A- and C-fibers evoked by 

physiological stimulation. Then I will describe the spontaneous activity and the pattern of 

discharge of the injured afferent fibers. The numbers of afferent neurons exhibiting individual 

and combinations of discharge characteristics to the physiological stimuli are shown in Tables 

3.2 and 3.3. All percentages will be expressed with respect to the total numbers of afferent A- 

or C-fibers that exhibited at least one type of ectopic activity. 

 

a. Mechanosensitivity 

 
Table 3.4. Numbers of mechanosensitive injured afferent fibers 4-13 hours (TP I) and 4 to 7 days (TP II) after 
crush injury of the lateral gastrocnemius-soleus nerve. The percentages of mechanosensitive fibers from all 
electrically identified fibers are given in the first column; the second column shows percentages of 
mechanosensitive fibers from all ectopically active ones. 
 

A-FIBERS. 

In TP I only very few (9/230) A-fibers showed mechanosensitivity (4%) (Table 3.4). In 

4 A-fibers the early stages of the development of the mechanosensitivity were observed (Fig. 

3.2), but since the level of sensitivity was not strong enough (increase of the activity was less 

than 50%) these fibers were not characterized as mechanosensitive.  

 

 

 Mechanosensitive A-fibers Mechanosensitive C-fibers 
 Numbers of electrically 

identified fibers 
Numbers of fibers 

with ectopic activity 
Numbers of electrically 

identified fibers 
Numbers of fibers 

with ectopic activity 
TP I 9/230 

(4%) 
9/14 

(64%) 
35/113 
(31%) 

35/47 
(74.5%) 

TP II 177/339 
(52%) 

177/194 
(91%) 

59/184 
(32%) 

59/118 
(50%) 

Fig. 3.2. Mechanosensitivity of an A-
fiber (TPI). Recording 10 hours after 
crush injury. Mechanosensitivity tested 
qualitatively with a fine-tipped blunt 
glass rod (tip diameter 0.5 mm) applied 
repetitively at 70 stim/min to the nerve 
injury site. During the repetitive 
mechanical stimulation an increase of its 
activity was less then 50%.  
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Fig. 3.3. Mechanosensitivity of A- and C-fibers. A-B. Responses of injured A- (A) and C-fibers (B) to 
mechanical stimulation of the nerve injury site. Mechanical stimuli were applied with glass fiber von Frey 
filaments at suprasthreshold strengths and at a rate of 70 stim/min under visual control through a 
stereomicroscope. In A1 and B1 the single stimuli are indicated to show the phasic responses of the afferent 
fibers. The A-fiber in A2 switched from phasic responses to a tonic response during repetitive stimulation. The 
C-fiber in B2 did not respond phasically to most repetitive stimuli. Insets on the right, action potentials several 
times superimposed. C. Distribution of activation thresholds of injured A- and C-fibers to mechanical 
stimulation of the nerve. The strength of the von Frey filament applied to the receptive field in the nerve 
generating �•���� �D�F�W�L�R�Q�� �S�R�Wentials in the first 10s of stimulation in fibers being silent or having an spontaneous 
activity �”�������� �L�P�S���V�� �Z�D�V�� �G�H�I�L�Q�H�G�� �D�V�� �D�F�W�L�Y�D�W�L�R�Q�� �W�K�U�H�V�K�R�O�G���� �,�Q�� �I�L�E�H�U�V�� �Z�L�W�K�� �V�S�R�Q�W�D�Q�H�R�X�V�� �D�F�W�L�Y�L�W�\�� �!�������� �L�P�S���V�� �W�K�H��
threshold was an increase of activity by 100%. Thresholds of A-fibers measured in TP II. Distributions of 
thresholds of C-fibers were not significantly different between TP I and TP II (p>0.05, Wilcoxon-Mann-Whitney 
U-test, Fig. 3.5). The data from both time periods were therefore pooled together. Activation thresholds of A-
fibers and C-fibers were not significantly different in TP II (p>0.05, Wilcoxon-Mann-Whitney U-test). 
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In TP II 177/339 (52%) of all electrically identified A-fibers could be activated 

mechanically, thus 91% of the injured A-fibers with ectopic activity were mechanosensitive. 

Most A-fibers showed brisk responses with high instantaneous frequencies to repetitive 

mechanical stimulation at about 1 Hz (Fig. 3.3A1). Some of them switched to tonic discharge 

during this repetitive mechanical stimulation (Fig. 3.3A2). The mechanical thresholds ranged 

from 0.3 - >10 mN (median 0.7 mN, n=76) and showed a bimodal distribution with modal 

values of about 0.3 – 0.45 mN and 7.7 mN (Fig. 3.3C). Although not systematically 

investigated it was obvious that the mechanosensitive A-fibers were also very stretch-

sensitive. During the positioning of the thermode on the lateral gastrocnemius-soleus nerve 

(for thermal stimulation) the nerve was always slightly stretched leading sometimes to strong 

activation of the A-fibers (Fig. 3.4) followed sometimes by the depression of spontaneous 

activity. 

  

 
 
Fig. 3.4. Stretch-sensitive injured muscle afferents. Original records from an unmyelinated (upper recording) and 
an myelinated (lower recording) highly mechanosensitive fiber activated during the positioning of thermode. 
 

C-FIBERS. 

35/113 (31%) in TP I and 59/184 (32%) in TP II of the electrically identified C-fibers 

showed mechanosensitivity (Table 3.4). The incidence of mechanosensitivity in TP I in C-

fibers was significantly higher than in A-fibers (35/113 (31%) C-fibers versus 9/230 (4%) A-

fibers, p<0.000, �$2-test). In TP II it was significantly lower than in A-fibers (59/184 (32%) C-

fibers versus 177/339 (52%) A-fibers, p<0.000, �$2-test). The magnitude of the responses to 

mechanical stimulation of the nerve injury site was lower than in A-fibers. Mechanosensitive 

C-fibers responded usually only with one impulse to a brief stimulus applied with a 

suprathreshold von Frey filament or a glass rod (Fig. 3.3B1) or they responded rather 

irregularly to repetitive mechanical stimulation of the nerve injury site (Fig. 3.3B2). 

Distributions of mechanical thresholds of C-fibers were not significantly different between TP 
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I and TP II (p>0.05, Wilcoxon-Mann-Whitney U-test, Fig. 3.5). The data from both time 

periods were therefore pooled together (Fig. 3.3C). The thresholds ranged from 0.3 - >10 mN 

(median 0.7 mN, n=43) and showed a bimodal distribution similar to that of A-fibers with 

modal values of 0.45 and 7.5 mN. They were statistically not significantly different from 

those in A-fibers (p>0.05, Wilcoxon-Mann-Whitney U-test). 

 

 
 

Fig. 3.5. Distribution of activation thresholds of injured C-fibers (TP I and TP II) to mechanical stimulation of 
the nerve. Distributions of thresholds of C-fibers were not significantly different between TP I and TP II 
(p>0.05, Wilcoxon-Mann-Whitney U-test).  
 

b. Cold sensitivity 

 

Table 3.5. Numbers of cold-sensitive injured afferent fibers 4-13 hours (TP I) and 4 to 7 days (TP II) after crush 
injury of the lateral gastrocnemius-soleus nerve. 
 

A-FIBERS.  

In TP I cold sensitivity was absent in injured A-fibers (Table 3.5). In 2 A-fibers the 

early stages of the development of the cold sensitivity were observed (Fig. 3.6). The 

responses of these A-fibers were delayed and/or not reproducible and/or weak (increase of the 

activity was less than 50%), thus these fibers were not characterized as cold-sensitive. 

 Cold-sensitive A-fibers Cold-sensitive C-fibers 
 Numbers of electrically 

identified fibers 
Numbers of fibers 

with ectopic activity 
Numbers of electrically 

identified fibers 
Numbers of fibers 

with ectopic activity 
TP I 0/230 

(0%) 
0/14 
(0%) 

11/113 
(10%) 

11/47 
(23.4%) 

TP II 122/339 
(36%) 

122/194 
(63%) 

47/184 
(25.5%) 

47/118 
(40%) 
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In TP II 63% of the A-fibers with ectopic activity were cold-sensitive showing graded 

responses to cold stimuli (Fig. 3.8A). The pattern of the response to cold stimuli was always 

not bursting in contrast to the mostly bursting pattern of the response to heat stimuli (Fig. 

3.13). Cold-sensitive A-fibers were separated into two groups. Cold-sensitive A-fibers with 

spontaneous activity showed larger responses to cold stimuli than silent cold-sensitive A-

fibers (Fig. 3.9A and B). The maximal responses in spontaneously active A-fibers occurred 

mostly at 10 to 15�qC (Fig. 3.9B2) and in silent A-fibers at <10�qC (Fig. 3.9A2). The thresholds 

to cold stimuli ranged from 6 to 27�qC. They were significantly lower in spontaneously active 

A-fibers than in silent A-fibers (Fig. 3.7; p<0.001, Wilcoxon-Mann-Whitney U-test). 

  

 
 

Cold sensitivity in the injured myelinated afferents in TP II was mostly combined with 

mechano- and/or heat sensitivity (Table 3.2). The largest population of injured A-fibers was 

mechano-cold-heat-sensitive (80/194); most of these fibers (58/80) were spontaneously active 

and had low mechanical and thermal thresholds. 

Fig 3.6. Cold-sensitivity of an A-
fiber recorded 11 hours after 
nerve injury (TP I). The cold 
stimulus of 4-5°C was applied 
with a thermode to the lesion site 
of the nerve. The response of the 
A-fiber was delayed and not 
reproducible when the same 
stimulus was applied again 10 
minutes and 30 minutes later. 
 

Fig. 3.7. Distribution of 
cold thresholds of A-fibers 
in TP II. The afferent fibers 
were separated into silent 
fibers (no spontaneous 
activity [SA]) and fibers 
with SA. 
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Fig. 3.8. Cold sensitivity of A- and C-fibers. A. Graded responses of an A-fiber to cold stimulation of the nerve. 
The fiber was silent at 30°C. Inset, action potential several times superimposed. Data from TP II. B. Graded 
responses of a C-fiber to cold stimulation of the nerve. The fiber was silent at 30°C. Inset, action potentials 
several times superimposed. Data from TP II. 
 

 

C-FIBERS. 

The frequency of C-fibers with cold sensitivity was higher in TP II (40%) than in TP I 

(23.4%; p<0.05, �$2-test). It was significantly lower than that of injured cold-sensitive A-fibers 

in TP II (47/118 fibers versus 122/194 fibers; p<0.000, �$2-test; Table 3.5). The response 

pattern to cold stimuli was mostly tonic and not bursting (Fig. 3.8B), but varied considerably 

between C-fibers (Fig. 3.10B). In most C-fibers these responses were maximal at 

temperatures of �”�����ƒ�&�� ���)�L�J���� ���������%������ �7�K�H�� �W�K�U�H�V�K�R�O�G�V�� �U�D�Q�J�H�G�� �I�U�R�P�� ���� �W�R�� �����ƒ�&�� ���P�H�G�L�D�Q�� �����ƒ�&����

inset in Fig. 3.10). The discharge rate at 5°C was significantly lower in C-fibers than in cold-

sensitive A-fibers (p<0.001, Wilcoxon-Mann-Whitney U-test; Fig. 3.9 and 3.10).  
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Fig. 3.10. Stimulus-response functions of C-fibers to cold stimuli in TP II. A. Population responses (median plus 
interquartal range). B. Responses of single afferent fibers. The rate of SA in 12 fibers was subtracted from the 
response to cold stimuli. The ordinate scales are the activity in imp/s during stimuli of 20 s duration (see Fig. 
3B). Inset: Distribution of cold thresholds of C-fibers in TP I and TP II. 
 
































































































































































































































































